International Journal of Engineering Science and Advanced Technology (IJESAT) Vol 26 Issue 06, June 2026

OPTIMIZES ANFIS BASED ROBUST NONLINEAR CONTROL OFF
GRID CHARGING STATION FOR ELECTRIC VEHICLE

'Mr. D. NAVEEN KUMER, 2Dr.Y.V. BALARAMA KRISHNA RAO,’B. RAGHU ARYA VARDHAN,
“B. SANDEEP, °G. SAI NAVEEN

! Associate Professor, *Professor,*Students, Department of Electrical and Electronics Engineering, Guru Nanak

Institutions Technical Campus, Ibrahimpatnam, Ranga Reddy District, Hyderabad.
Abstract

This project presents an optimized off-grid electric vehicle (EV) charging station powered by photovoltaic (PV)
energy integrated with advanced intelligent control techniques. The system is designed to operate independently
of the conventional power grid, making it highly suitable for remote and rural areas. A key feature of the proposed
model is the implementation of Maximum Power Point Tracking (MPPT) using an Adaptive Neuro-Fuzzy
Inference System (ANFIS), which effectively enhances the efficiency of solar energy extraction under varying
environmental conditions such as temperature and irradiance. To ensure stable and robust operation, a conditioned
super-twisting sliding mode controller (CST-SMC) is developed, overcoming common drawbacks like chattering
and windup associated with conventional controllers. The system incorporates a quadratic buck-boost converter
to regulate voltage levels efficiently for battery storage and EV charging applications. Additionally, the controller
parameters are optimized using intelligent techniques, improving dynamic response characteristics such as rise
time, overshoot, and settling time. The proposed system is validated through simulation in MATLAB and
hardware-in-the-loop (HIL) implementation, demonstrating superior performance compared to traditional
methods. Results indicate improved energy management, enhanced stability, and reliable charging performance,
making the system a sustainable and efficient solution for modern EV infrastructure. Overall, this work contributes
to the advancement of renewable energy-based EV charging systems with improved control strategies and

practical applicability.
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T INTRODUCTION [1]. However, the widespread adoption of EVs

depends heavily on the availability of efficient and

The rapid growth of electric vehicles (EVs) has accessible charging infrastructure [2]. In remote and

emerged as a promising solution to address . e
& p & rural areas, where grid connectivity is limited or

environmental challenges such as air pollution, unreliable, off-grid EV charging stations provide a

reenhouse gas emissions, and dependence on fossil . . .
& use g ’ p viable alternative [3]. These systems utilize

fuels. EVs contribute significantly to sustainable .
renewable energy sources such as solar photovoltaic

transportation by offering higher energy efficiency (PV) panels to generate clean electricity locally [4].

and - reduced  carbon  footprint  compared - to Solar-based charging stations are particularly

nventional internal combustion engin hicl . -
o K ¢ © shon engine vehicies advantageous due to their scalability, low
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maintenance, and environmental benefits [5].
However, the intermittent nature of solar energy
poses challenges in maintaining consistent power
supply [6]. To overcome this, energy storage
systems such as batteries are integrated to store
excess energy during peak generation and supply it
during low irradiance conditions [7]. Furthermore,
efficient power conversion and control mechanisms
are essential to ensure optimal energy utilization and

system stability [8].
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Fig.1 Block diagram of off-grid charging station.

One of the key techniques used in PV systems is
Maximum Power Point Tracking (MPPT), which
ensures that the solar panels operate at their
maximum efficiency under varying environmental
conditions [9]. Conventional MPPT methods such as
Perturb and Observe and Incremental Conductance
often suffer from slow response and oscillations
around the maximum power point [10]. To address
these limitations, intelligent techniques like
Adaptive Neuro-Fuzzy Inference System (ANFIS)
have been introduced, combining the advantages of
neural networks and fuzzy logic for improved
performance [11]. In addition, power electronic
converters such as quadratic buck-boost converters
are employed to regulate voltage levels efficiently
for battery charging and EV supply [12]. Controlling
these nonlinear systems requires robust control
strategies, where Sliding Mode Control (SMC) has
been widely used due to its robustness against

disturbances and parameter variations [13].
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However, traditional SMC suffers from issues like
chattering and steady-state error [14]. Advanced
techniques such as Super-Twisting Sliding Mode
Control (ST-SMC) and Conditioned ST-SMC (CST-
SMC) have been developed to overcome these
drawbacks and enhance system performance [15].
Therefore, integrating intelligent MPPT algorithms
with advanced nonlinear control techniques plays a
crucial role in improving the efficiency, reliability,

and sustainability of off-grid EV charging stations.
II LITERATURE SURVEY

Recent studies highlight the growing importance of
integrating renewable energy sources, particularly
photovoltaic (PV) systems, with electric vehicle
(EV)  charging infrastructure to  achieve
sustainability and energy independence. Off-grid
and hybrid PV-based EV charging stations have been
widely investigated due to their ability to operate
without reliance on conventional power grids,
especially in remote locations [1]. Researchers have
explored PV-battery integrated systems to ensure
continuous power availability despite the
intermittent nature of solar energy [2]. Advanced
energy management strategies involving battery
energy storage systems (BESS) have been proposed
to improve system reliability and reduce power
fluctuations [3]. Maximum Power Point Tracking
(MPPT) techniques play a crucial role in enhancing
PV efficiency, with various classical methods such
as Perturb and Observe (P&O) and Incremental
Conductance being commonly used [4]. However,
these conventional techniques suffer from
limitations such as slow convergence and
oscillations around the maximum power point [5].
To overcome these drawbacks, artificial
intelligence-based approaches including fuzzy logic,
artificial neural networks, and hybrid techniques
have gained significant attention [6]. Among these,

Adaptive Neuro-Fuzzy Inference System (ANFIS)
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has been identified as a powerful tool due to its
ability to handle nonlinearities and adapt to
changing environmental conditions [7]. Studies
demonstrate that ANFIS-based MPPT provides
improved tracking accuracy and faster response

compared to traditional methods [8].

In addition to MPPT advancements, significant
research has been conducted on control strategies for
power converters and EV charging systems. Sliding
Mode Control (SMC) has been widely adopted due
to its robustness against system uncertainties and
disturbances in nonlinear systems [9]. Comparative
studies show that SMC-based approaches
outperform classical controllers in terms of dynamic
response and stability under varying operating
conditions [10]. However, conventional SMC
suffers from chattering issues, which can degrade
system performance and cause wear in power
electronic components [11]. To address these
challenges, advanced variants such as Super-
Twisting Sliding Mode Control (ST-SMC) and
hybrid intelligent controllers have been developed
[12]. Recent works integrate SMC with artificial
intelligence techniques like neural networks and
ANFIS to further enhance system performance and
reduce control errors [13]. Moreover, modern EV
charging systems incorporate bidirectional power
flow and microgrid integration, requiring
sophisticated control algorithms for efficient energy
management [14]. Hardware-in-the-loop (HIL)
validation and real-time implementation have also
been emphasized to ensure practical feasibility and
reliability of proposed systems [15]. Overall, the
literature indicates a clear trend toward intelligent
control techniques and hybrid renewable energy
systems to improve the efficiency, stability, and

adaptability of off-grid EV charging stations.

III PROPOSED SYSTEM
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The proposed system presents an advanced off-grid
electric vehicle (EV) charging station powered by a
photovoltaic (PV) energy source integrated with a
battery storage system and intelligent control
techniques. The system is designed to operate
independently of the conventional grid, making it
highly suitable for remote and rural applications.
Solar PV panels are used as the primary energy
source to generate electricity, which is then
regulated through a DC-DC boost converter to
maintain a stable voltage level. To ensure maximum
energy extraction from the PV system under varying
environmental conditions such as temperature and
irradiance, an Adaptive Neuro-Fuzzy Inference
System (ANFIS)-based Maximum Power Point
Tracking (MPPT) technique is implemented. The
generated energy is either directly supplied to the EV
or stored in a battery system for later use during low
solar availability. A quadratic buck-boost converter
is employed to efficiently manage the power flow
between the PV system, battery, and EV load,
providing both step-up and step-down voltage

capabilities.
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Fig.2 Circuit diagram of charging station.

To achieve robust and stable system performance, a
Conditioned  Super-Twisting  Sliding  Mode
Controller (CST-SMC) is designed to regulate
voltage and current within the system. This
controller effectively eliminates issues such as
chattering and windup that are commonly associated

with conventional sliding mode controllers. The
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CST-SMC ensures smooth operation during both
constant current and constant voltage charging
modes, thereby enhancing battery life and charging
efficiency. Additionally, intelligent optimization
techniques are applied to tune controller parameters
for improved dynamic response, including reduced
rise time, minimal overshoot, and faster settling
time. The proposed system is modeled and simulated
in MATLAB/Simulink and wvalidated through
hardware-in-the-loop (HIL) testing to ensure real-
time applicability. Overall, the integration of
intelligent MPPT and advanced nonlinear control
strategies significantly enhances the -efficiency,
reliability, and performance of the off-grid EV

charging station.
IV SYSTEM DESIGN

The system design of the proposed off-grid electric
vehicle (EV) charging station is based on the
integration of a photovoltaic (PV) energy source,
power electronic converters, battery storage, and an
advanced control unit. The PV array acts as the
primary energy source, converting solar energy into
electrical power. This output is fed into a DC-DC
boost converter, which regulates and steps up the
voltage to a desired level suitable for further
processing. To ensure optimal energy extraction, an
Adaptive Neuro-Fuzzy Inference System (ANFIS)-
based Maximum Power Point Tracking (MPPT)
controller continuously adjusts the operating point
of the PV system according to variations in
irradiance and temperature. The regulated DC power
is then connected to a quadratic buck-boost
converter, which plays a crucial role in managing
power flow between the PV array, battery storage
system, and EV load. The battery serves as an energy
buffer, storing excess energy during peak generation
and supplying power during low or no sunlight

conditions, ensuring uninterrupted operation.
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Fig.3 PV reference generation through MPPT.
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Fig.4 Fuzzy inference system network structure.

The control architecture of the system is designed to
maintain  stability and improve dynamic
performance under varying operating conditions. A
Conditioned  Super-Twisting  Sliding  Mode
Controller (CST-SMC) is implemented to regulate
the voltage and current of the converters efficiently.
This controller minimizes chattering effects and
prevents windup issues, ensuring smooth and
reliable operation. The system operates in two main
modes: charging mode, where energy is stored in the
battery or supplied to the EV, and discharging mode,
where stored energy is utilized to meet load
demands. Sensors are used to measure key
parameters such as voltage, current, and
temperature, which are fed back to the controller for

real-time decision-making. The entire system is
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modeled and simulated using MATLAB/Simulink to
analyze performance characteristics such as
efficiency, response time, and stability. This well-
structured design ensures high efficiency, reliability,
and adaptability, making it suitable for sustainable

EV charging applications in off-grid environments.
V RESULTS & ANALYSIS

The performance of the proposed off-grid EV
charging system was evaluated through
MATLAB/Simulink simulations and hardware-in-
the-loop (HIL) implementation. The results
demonstrate that the system achieves superior
dynamic performance compared to conventional
control techniques. The Conditioned Super-Twisting
Sliding Mode Controller (CST-SMC) exhibits a
faster rise time of 0.0564 seconds, significantly
lower overshoot of 0.00389, and a reduced settling
time of 0.4256 seconds, whereas the conventional
ST-SMC shows slower response characteristics with
higher overshoot and longer settling time. The
ANFIS-based MPPT effectively tracks the
maximum power point under varying irradiance and
temperature conditions, ensuring optimal power
extraction from the PV array. Additionally, the
system maintains stable voltage and current during
both constant current and constant voltage charging
modes. The battery performance is also improved
due to smooth power regulation, resulting in

enhanced efficiency and reliability.

TABLE 2. Parameters of the hybrid energy system.

PV array
Parameters Values
10
0
2007
L Lac 70844

Open circuit voltage, Ve 3631

Current st MPP. 1., 70.35A
Maximum power 21315W
Battery
Battery maximum current 35A
Batlery nominal voltage 238V
Batiery capacity TODAR

TABLE 3. Circuit parameters.

Parameter Value

UC module Cy, C2, Cs, Cy 20004 F

Resistance Ry, R, Ry, Ry 0.0250

Inductor Ly, Ly, Ly, Ly. Ls, Lg, L7 0.0033H

Switching frequency 100K H =
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TABLE 4. Parameters of the controller

Parameters Values
kyy ke K K ke 2000, 3000, 2000, 5000, 50600
1),02,03,04,04 101, 20, 400004, 100600

ay, 09, 0} 00.00.08
my, ma,my 3, 0,0033, 000005
0 .8

TABLE 5. EV charger specifications.

Parameters Values

Cy.C 1.79, 900000 F

Resistance R,, R, 0.0006, 100002

\2 400

TABLE 6. Parameters of grey wolf optimization.

Parameters Symbols  Values
No. of scarch entities N 10
No. of iterations t 40

TABLE 7. Comparative analysis of various nonlinear controllers.

Controller  Rise time (sec)  Overshoot%  Settling time(sec)

CSTSMC___ouses oo 4256
VI CONCLUSION

In conclusion, the proposed off-grid electric vehicle
(EV) charging station demonstrates an efficient and
sustainable solution for addressing the growing
demand for clean transportation and reliable
charging infrastructure, particularly in remote and
rural areas. By integrating photovoltaic (PV) energy
generation with battery storage, the system ensures
continuous power availability despite the
intermittent nature of solar energy. The
implementation of an Adaptive Neuro-Fuzzy
Inference System (ANFIS)-based Maximum Power
Point Tracking (MPPT) technique significantly
enhances the efficiency of solar energy extraction
under  varying  environmental  conditions.
Furthermore, the use of a quadratic buck-boost
converter enables effective voltage regulation and
flexible power flow management between the PV
system, battery, and EV load. The incorporation of a
Conditioned  Super-Twisting  Sliding  Mode
Controller (CST-SMC) addresses the limitations of

conventional control methods by reducing

chattering, eliminating windup issues, and
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improving overall system stability and dynamic
performance. Simulation and hardware-in-the-loop
(HIL) validation confirm that the proposed system
achieves faster response, reduced overshoot, and
improved settling time compared to traditional
approaches. Additionally, the system ensures
smooth operation during both constant current and
constant voltage charging modes, thereby enhancing
battery life and charging efficiency. Overall, this
work highlights the potential of combining
intelligent control strategies with renewable energy
systems to develop reliable, efficient, and eco-
friendly EV charging solutions, contributing to the
advancement of sustainable energy infrastructure

and the widespread adoption of electric vehicles.
References

1. Esram, T., & Chapman, P. L. (2007).
Comparison of  photovoltaic  array
maximum power point tracking techniques.

IEEFE Transactions on Energy Conversion,

22(2), 439-449.

2. Villalva, M. G., Gazoli, J. R., & Filho, E.
R. (2009). Comprehensive approach to
modeling and simulation of photovoltaic

arrays. [EEE Transactions on Power

Electronics, 24(5), 1198—1208.

3. Koutroulis, E., Kalaitzakis, K., &
Voulgaris, N. C. (2001). Development of a
microcontroller-based photovoltaic

maximum power point tracking control

system. [EEE Transactions on Power

Electronics, 16(1), 46-54.

4. Liu, F, Duan, S., Liu, F., Liu, B., & Kang,
Y. (2008). A variable step size INC MPPT
method for PV systems. [EEE Transactions
on Industrial Electronics, 55(7), 2622—
2628.

www.ijesat.com

International Journal of Engineering Science and Advanced Technology (IJESAT)

10.

11.

12.

Vol 26 Issue 06, June 2026

Hiyama, T., & Kitabayashi, K. (1997).
Neural network based estimation of
maximum power generation from PV
module using environmental information.

IEEE Transactions on Energy Conversion,

12(3), 241-247.

Jang, J. S. R. (1993). ANFIS: Adaptive-
network-based fuzzy inference system.
IEEE Transactions on Systems, Man, and
Cybernetics, 23(3), 665—685.

Utkin, V. 1. (1992). Sliding modes in control

and optimization. Springer.

Levant, A. (2003). Higher-order sliding
modes, differentiation and output-feedback
control. International Journal of Control,

76(9-10), 924-941,

Sira-Ramirez, H., & Moreno, J. A. (2014).
Control of nonlinear systems using sliding

modes. Springer.

Khaligh, A., & Dusmez, S. (2012).
Comprehensive topological analysis of
conductive and inductive charging
solutions for plug-in electric vehicles.
IEEE  Transactions  on Vehicular

Technology, 61(8), 3475-3489.

Tan, K. M., Babu, T. S,
Ramachandaramurthy, V. K., Rajasekar, N.,
& Mihet-Popa, L. (2016). Optimization of
photovoltaic power extraction using
ANFIS. Energy
Management, 118, 317-327.

Conversion and

Singh, B., Singh, S., & Chandra, A. (2014).
Power quality improvement in electric
vehicle battery chargers. IEEE
Transactions on Industry Applications,

50(1), 500-508.

Page 1754 of 1755



International Journal of Engineering Science and Advanced Technology (IJESAT) Vol 26 Issue 06, June 2026

13. Krithiga, S., & Ganasaskthi, V. (2014). A
new MPPT algorithm for photovoltaic
system using fuzzy logic. Energy Procedia,

61,1934-1937.

14. Mahmoud, M. S., & Hussain, S. A. (2015).
Energy management strategies for hybrid
renewable energy systems. Renewable and
Sustainable Energy Reviews, 52, 1181—
1192.

15. Rashid, M. H. (2013). Power electronics:
Circuits, devices, and applications (4th

ed.). Pearson Education.

ISSN No: 2250-3676 www.ijesat.com Page 1755 of 1755



