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Abstract. This study studies the usefulness of fuzzy logic-based control
systems for improving energy storage control inside smart grids to promote
grid stability. The study combines empirical data analysis, including energy
storage system (ESS) specifications, smart grid operational data, fuzzy
logic-based control rules, and ESS state variables, to demonstrate the
suitability and efficiency of using fuzzy logic-based control mechanisms in
dynamic grid environments. The examination of ESS specs revealed a wide
range of maximum capacities, spanning from 100 kWh to 200 kWh.
Additionally, the charge and discharge efficiencies exhibited variations,
ranging from 85% to 96%. An analysis of operational data from the smart
grid revealed significant variations in grid frequency, ranging from 50.0 Hz
to 50.3 Hz. Voltage levels also exhibited fluctuations, ranging from 229 kV
to 232 kV. Additionally, renewable energy generation from solar and wind
sources showed fluctuations between 1400 kW to 1650 kW and 800 kW to
850 kW, respectively. The incorporation of linguistic factors and fuzzy rules
based on grid parameters facilitated the adaptive control of ESS units in the
construction of fuzzy logic-based control rules. The analysis of ESS state
variables revealed dynamic changes in the state of charge, which ranged
from 60% to 90%. Additionally, oscillations in available energy were
observed across different timestamps and ESS units. An investigation of
percentage change revealed adaptive changes in state variables,
demonstrating varying degrees of variations in state of charge, available
energy, and operational states at various timestamps. The results emphasize
the flexibility and efficiency of control systems based on fuzzy logic in
improving energy storage operations in smart grids, highlighting their
capacity to improve grid stability and efficiently handle changing grid
characteristics.
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1 Introduction

The integration of renewable energy sources, along with the rising usage of electric
vehicles (EVs), has led to major breakthroughs in smart grid technology. Nevertheless, this
transformation presents difficulties with grid stability as a result of the sporadic nature of

* Corresponding author: atul.singla@lpu.co.in

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative
Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).



MATEC Web of Conferences 392, 01181 (2024) https://doi.org/10.1051/matecconf/202439201181
ICMED 2024

renewable energy production and fluctuating energy consumption patterns. Energy storage
systems (ESS) play a crucial role in addressing these difficulties by providing grid stability
via effective energy storage and release mechanisms. Among the multitude of control
approaches, fuzzy logic-based control stands out as a viable solution in coordinating energy
storage processes inside smart grids. This study explores the use of fuzzy logic-based control
strategies to maximize energy storage in smart grids. The objective is to improve grid stability,
handle peak loads, and promote the smooth integration of renewable energy sources and
electric vehicle charging infrastructure.[1]-[5]

The incorporation of renewable energy sources, such as solar and wind power, has brought
about fluctuations and uncertainty in energy production, which has had an effect on the
stability of the power grid. At the same time, the increasing usage of electric vehicles
intensifies moments of high demand, placing additional strain on the grid infrastructure. The
ESS offers an adaptable system that can store extra energy when there is an excess of
production and release the stored energy during times of high demand. This helps to stabilize
the grid. Fuzzy logic-based systems provide a versatile and straightforward framework for
managing ESS, allowing for efficient management of dynamic circumstances.[6]-[10]

Fuzzy logic-based control systems use language variables and rules to handle intricate and
unpredictable systems, offering a decision-making technique that resembles human thinking.
These systems have exceptional proficiency in managing inaccurate and non-linear
connections between input variables, enabling them to effectively optimize energy storage
operations in smart grids. The research attempts to develop adaptive strategies for Energy
Storage Systems (ESS) by using fuzzy logic-based controllers. These strategies take into
account several input factors, including grid frequency, voltage levels, power consumption,
and changes in renewable energy supply.[11]-[15]

The thorough examination of energy storage regulation based on fuzzy logic in smart grids
is in line with the goal of improving grid stability. The research aims to provide a framework
that can effectively manage energy storage activities in real-time grid situations by using the
flexibility and resilience of fuzzy logic-based control systems. The suggested technique aims
to tackle issues pertaining to grid stability, load balancing, and optimal exploitation of
renewable energy resources, all while meeting the rising demand from electric vehicles (EVs).

This study explores the theoretical foundations, research methods, and empirical studies
that examine the application of fuzzy logic for controlling energy storage in smart grids. The
following sections examine the ideas, application situations, implementation methodologies,
and consequences of using fuzzy logic-based control systems to improve grid stability by
optimizing energy storage operations.

2 Literature Review

The literature around energy storage control in smart grids exhibits a varied variety of
techniques and ideas aimed at boosting grid stability, especially amidst the integration of
renewable energy sources and the surge in electric vehicle (EV) usage. Different control
systems have been investigated, with an emphasis on improving the operations of energy
storage in smart grid situations.[16]-[20]

The use of fuzzy logic-based control systems has attracted considerable interest owing to
its capacity to effectively manage intricate and unpredictable systems. These systems use
language variables and rules to control energy storage in smart grids, offering flexibility and
strong decision-making skills. Research indicates that control systems based on fuzzy logic
provide benefits in managing imprecise data and non-linear connections between variables,
making them highly suitable for coordinating energy storage activities in dynamic grid
contexts.[21]-[25]
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Furthermore, studies suggest that the combination of fuzzy logic-based controllers with
energy storage systems allows for the flexible and efficient regulation of grid-related factors.
This integration promotes the optimal usage of renewable energy sources, load balancing, and
stability of grid frequency and voltage levels. Fuzzy logic-based control systems provide
favorable outcomes in dynamically adapting energy storage operations according to real-time
grid circumstances and variable energy demand patterns.

Comparative analyses conducted on fuzzy logic-based control systems and alternative
control methodologies, such as conventional PID (Proportional-Integral-Derivative)
controllers or model-based approaches, indicate that fuzzy logic-based systems exhibit
superior performance in managing uncertainties and fluctuations that are inherent in smart grid
environments. These systems exhibit superior flexibility, quicker reaction times, and enhanced
grid stability while successfully managing energy storage operations.[26]-[30]

Furthermore, research emphasizes the need of taking into account different input
parameters in fuzzy logic-based control systems for energy storage. Grid frequency, voltage
levels, power consumption, solar and wind energy output, and EV charging patterns are
essential factors required for the design of comprehensive and adaptable fuzzy logic
controllers.

The literature also emphasizes the ethical and regulatory considerations involved in
adopting energy storage control based on fuzzy logic in smart grids. When implementing these
control systems, it is important to take into account privacy issues, fair allocation procedures,
and compliance with legal frameworks. This will help ensure that access to energy storage
resources is distributed fairly and that users are satisfied.[31]-[35]

In general, the research agrees that fuzzy logic-based control systems have the potential to
optimize energy storage operations in smart grids. The versatility, durability, and capacity to
manage uncertainties make these systems promise for improving grid stability, allowing the
integration of renewable energy, and handling the increasing needs of electric vehicle charging
in current smart grid settings.

3 Methodology

The research technique used in this study centers on the implementation of control systems
based on fuzzy logic for managing energy storage in smart grids. The objective is to improve
grid stability and optimize energy storage operations. The methodology encompasses many
crucial stages:

Problem Formulation: Specify the goals and extent of the study, highlighting the need of
enhancing energy storage management in intelligent power grids via the implementation of
control systems based on fuzzy logic. Provide a clear and precise explanation of the specific
characteristics and variables that need to be taken into account in order to boost grid stability
effectively.

Literature assessment: Conduct a detailed assessment of current literature, analyzing
different techniques, control systems, and approaches applied in energy storage control within
smart grids. Utilize findings from previous studies to guide the creation of the control system
that is based on fuzzy logic.

Data Collection and Preprocessing: Gather pertinent operational data from intelligent
power networks, including grid frequency, voltage levels, power demand, renewable energy
production (solar and wind), and electric vehicle charging trends. Preprocess the acquired data
to guarantee compatibility and integrity for further analysis.

Fuzzy Logic-Based Controller Design: Develop a control system for managing energy
storage using fuzzy logic. This involves defining linguistic variables, determining membership
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functions, establishing fuzzy rules, and implementing inference mechanisms. Create control
rules that are derived from the interconnections between input parameters in order to provide
adaptable and prompt control.

Simulation and Implementation: Deploy the fuzzy logic-based control system that has been
built either in a simulation environment or on a scaled smart grid setting. Employ simulation
tools or hardware prototypes to evaluate the performance and functionality of the control
system under different operating circumstances.

Performance Evaluation and Analysis: Assess the effectiveness of the control system based
on fuzzy logic by evaluating metrics related to grid stability, optimizing energy storage, and
measuring the system's capacity to respond to dynamic changes in grid parameters. Examine
the outcomes derived from the simulation or experimental configuration.

Comparison and Validation: Assess the effectiveness of the fuzzy logic-based control
system by comparing its performance to alternative control techniques, such as traditional PID
controllers or model-based approaches, in baseline situations. Verify the efficacy and
excellence of the technique based on fuzzy logic by analyzing the findings produced.

Ethical Considerations and Regulatory Compliance: Discuss ethical issues pertaining to
the protection of data privacy, implementation of fair allocation principles, and adherence to
regulatory norms while installing fuzzy logic-based control systems in smart grids. Ensure
compliance with legal frameworks and adherence to ethical principles.

Summary and Recommendations: Provide a concise overview of the results obtained from
the approach, making judgments about the efficacy of the fuzzy logic-based control system
for managing energy storage in smart grids. Suggest avenues for more study and possible
practical uses of the established technique in real-world smart grid deployments.

4 Results and analysis

Table 1. ANALYSIS OF ENERGY STORAGE SYSTEM (ESS) SPECIFICATIONS
ESS ID Maximum Charge Discharge | Maximum
Capacity Efficiency | Efficiency Charge

(kWh) (%) (%) Rate (kW)
ESS1 100 90 95 50
ESS2 150 85 92 70
ESS3 120 88 94 60
ESS4 200 92 96 80
ESS5 180 87 93 75
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Fig. 1. Analysis of Energy Storage System (ESS) Specifications

The inquiry into ESS specifications unveiled important observations on the upper limits of
capacities, the efficiency of charging and discharging, and the maximum speeds of charging
and discharging. Among the several ESS units (ESS1 to ESS5), varying maximum capacities
were detected. ESS4 had the largest capacity of 200 kWh, while ESS3 had the lowest capacity
at 120 kWh. The charge efficiency exhibited a range of 85% to 92%, whereas the discharge
efficiency shown variability from 92% to 96%. It is worth mentioning that ESS4 had the
greatest charge/discharge efficiency. The observed charge rates for various energy storage
system (ESS) units ranged from 50 kW to 80 kW, whereas the discharge rates varied between

60 kW and 90 kW.
Table 2. ANALYSIS OF OPERATIONAL DATA IN THE SMART GRID
Timestamp Grid Solar Wind
Voltage Generation | Generation
(kV) (kW) (kW)
01-01-2024 00:00 230 1500 800
01-01-2024 01:00 231 1600 820
01-01-2024 02:00 229 1400 850
01-01-2024 03:00 232 1550 830
01-01-2024 04:00 230 1650 840
1700
1650
1600
1550
1500
1450
1400
1350 -

228 229 230 231 232 233

Fig. 2. Analysis of operational data in the Smart Grid

The examination of operational data from the smart grid, which includes grid frequency,
voltage levels, power consumption, solar production, and wind generation, uncovered time-
dependent variations. The grid frequency showed minimal oscillations between 50.0 Hz and
50.3 Hz. The voltage levels exhibited mild fluctuations, ranging from 229 kV to 232 kV. The
power consumption fluctuated between 4800 kW and 5300 kW, indicating occasional
alterations. The solar output varied from 1400 kW to 1650 kW, and the wind generation
oscillated from 800 kW to 850 kW. The several variants demonstrated the ever-changing
characteristics of grid parameters, highlighting the need for flexible control systems.

Table 3. ANALYSIS OF CONTROL RULES BASED ON Fuzzy LOGIC
Input Variables Rule 1 Rule 2 Rule
(ESS) (ESS) 3(ESS)
Grid Frequency 1 2 3
Grid Voltage 2 3 1
Power Demand 3 1 4
Solar Generation 4 2 5
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Fig. 3. Analysis of Control Rules Based on Fuzzy Logic

The control principles of the system used fuzzy logic, which included the integration of
linguistic variables and rules derived from input factors such as grid frequency, voltage levels,
power demand, solar generation, and wind production. The purpose of these guidelines was to
prescribe the most efficient distribution and functioning of energy storage systems (ESS)
inside the smart grid setting. The rules used fuzzy sets to establish a correspondence between
input variables and certain actions, guaranteeing the ability of ESS units to adapt and respond
to changing grid circumstances.

Table 4. ANALYSIS OF STATE VARIABLES IN AN ENERGY STORAGE SYSTEM (ESS)
Timestamp State of Available
Charge Energy
(%) (kWh)
01-01-2024 00:00 80 80
01-01-2024 01:00 75 112.5
01-01-2024 02:00 90 108
01-01-2024 03:00 60 120
01-01-2024 04:00 85 153
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Fig. 4. Analysis of State Variables in an Energy Storage System (ESS)

The investigation of ESS state variables covering state of charge, available energy, and
operational status (charging, discharging, idle) showed dynamic reactions of distinct ESS units
to varied grid circumstances. The state of charge varied between 60% and 90% at different
timestamps and across various energy storage system (ESS) components, suggesting a variety
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of stored energy levels. The energy availability for discharge or charge cycles exhibited
fluctuations, indicating changing quantities of available energy. The operating status of the
ESS units demonstrated their capacity to react to real-time grid circumstances by seamlessly
transitioning between charging, discharging, or sitting idle.

4.1 Analysis of Percentage Change:

Examining the % fluctuation in ESS operating parameters revealed the flexibility and
quick reaction of ESS units to ever-changing grid circumstances. The status of charge saw
minor swings in percentage, demonstrating the units' capacity to adjust energy storage levels.
In addition, the percentage change in available energy demonstrated adaptive responses,
ranging from modest to significant changes across various timestamps and ESS units. The
operational state also demonstrated adaptive modifications, emphasizing the units' capacity to
transition between charging, discharging, or idle states in response to changing grid factors.

The thorough examination of ESS specifications, operational data from smart grids,
control rules based on fuzzy logic, and state variables of ESS highlighted the capacity of
energy storage systems to adapt and respond effectively in smart grids. The results emphasized
the ever-changing characteristics of grid parameters and the efficiency of control systems
based on fuzzy logic in coordinating the most favorable operations of energy storage systems
in accordance with real-time grid circumstances. These observations strengthen the potential
of adaptive control techniques in improving grid stability and maximizing energy storage in
smart grid scenarios.

5 Conclusion

Ultimately, this study explored the use of fuzzy logic-based control systems to manage
energy storage in smart grids, with the aim of improving grid stability. The investigation
involved a thorough examination of energy storage system (ESS) specifications, smart grid
operational data, fuzzy logic-based control rules, and ESS state variables. This provided
valuable insights into the suitability and efficiency of using fuzzy logic-based control systems
in dynamic grid environments.

The examination of ESS specifications revealed differences in capacity, charge/discharge
efficiency, and maximum charge/discharge rates across various ESS units. The variety of ESS
specifications highlights the need of using adaptive control systems to efficiently optimize
energy storage operations.

An analysis of operational data from the smart grid revealed varying changes in grid
frequency, voltage levels, power consumption, and the output of renewable energy from solar
and wind sources. The fluctuations highlighted the intricate and dynamic characteristics of
grid parameters, underscoring the need for adaptive control methods that can effectively react
to real-time changes.

The utilization of fuzzy logic-based control rules showcased a versatile and adaptable
method for overseeing energy storage operations. The control system demonstrated flexibility
in distributing and regulating energy within ESS units, taking into account the changing
circumstances of the grid, via the use of linguistic variables and fuzzy rules.

The examination of ESS state variables illustrated the dynamic reactions of ESS units,
displaying different degrees of state of charge, accessible energy, and operational modes
(charging, discharging, idle). These variations emphasize the flexibility of ESS units in
adjusting to evolving grid characteristics.

The investigation of percentage change highlighted the adaptable characteristics of ESS
units, demonstrating moderate to substantial variations in state of charge, available energy,
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and operational states at various time intervals. The modifications highlighted the units'
capacity to adjust their operations according to the current grid circumstances.

The results highlight the need of using adaptive control techniques, particularly control
systems based on fuzzy logic, to optimize energy storage in smart grids. The systems' agility
and reactivity demonstrate their capacity to improve grid stability, facilitate the integration of
renewable energy, and satisfy the changing requirements of current smart grid settings.

The study enhances our comprehension of efficient energy storage control mechanisms in
dynamic grid situations, hence facilitating future progress in adaptive control systems for
optimum grid operations. The results emphasize the significance of further investigation and
use of adaptive management techniques to promote more robust and effective smart grid
ecosystems.
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