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ABSTRACT
The integration of renewable energy sources into modern electrical systems presents significant
challenges in maintaining power quality and voltage stability due to their intermittent nature. This
research focuses on enhancing DC link voltage stabilization through a fuzzy-controlled power
management strategy in a solar-based DC microgrid (DCMG) supported by a Hybrid Energy Storage
System (HESS). The HESS, consisting of a battery and supercapacitor, compensates for both high-
and low-frequency power fluctuations, thereby ensuring reliable system performance. A fuzzy logic
controller (FLC) is implemented to dynamically manage the power distribution between the PV
system, load, and energy storage units. The proposed control scheme improves the dynamic response
of the microgrid, minimizes voltage deviation, and enhances energy utilization efficiency.
MATLAB/Simulink simulations validate the effectiveness of the fuzzy-based controller, showing
significant improvements in DC link voltage regulation compared to conventional PI-based systems.
This work contributes to the advancement of renewable-based DC microgrids by providing a robust
and intelligent power management framework that ensures optimal stability and reliability under
varying operating conditions.
Keywords DC Microgrid; Hybrid Energy Storage System (HESS); Fuzzy Logic Controller; Power
Management; Voltage Stabilization; Renewable Energy Integration; DC Link Voltage Control.
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INTRODUCTION renewable energy sources, solar photovoltaic

The growing global demand for sustainable
and clean energy sources has accelerated the
transition  from  fossil-fuel-based power
systems to renewable energy-based distributed
generation frameworks [1]. Among the various

This article can be downloaded from https://ijerst.org/index.php/ijerst

(PV) energy stands out due to its abundance,
environmental friendliness, and scalability [2].
The integration of solar PV systems into
modern microgrids offers a viable pathway
toward decarbonized and decentralized energy
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systems [3]. However, the intermittency of
solar radiation leads to fluctuations in
generated power, resulting in unstable DC link
voltage and poor system reliability [4]. A DC
microgrid (DCMGQG) is an advanced power
distribution architecture that facilitates direct
power
sources, storage elements, and loads [5]. DC
systems are advantageous compared to
traditional AC systems because they eliminate
related  to

current flow between renewable

issues reactive powet,
synchronization, and harmonic distortion [6].
Furthermore, DC microgrids are inherently
compatible with PV systems, battery energy
storage, supercapacitors, and modern DC loads
such as data centers and electric vehicles [7].
Nevertheless, their stable operation heavily
depends on efficient power management and
voltage regulation mechanisms [8].

Energy storage plays a pivotal role in ensuring
the reliable operation of DCMGs by mitigating
the effects of renewable intermittency [9].
Conventional single-storage configurations,
such as batteries, are often limited by their
slow dynamic response and reduced lifespan
under frequent charge—discharge cycles [10].
Conversely, supercapacitors (SCs) exhibit high
power density and fast response but limited
energy storage capacity [11]. To exploit the
complementary characteristics of both devices,
researchers have proposed the Hybrid Energy
Storage System (HESS)—a combination of
batteries and supercapacitors that jointly
handle both short-term and long-term power
fluctuations [12]. The HESS architecture
ensures that supercapacitors absorb transient
spikes and high-frequency fluctuations, while
the battery handles slower energy variations
[13]. the HESS
requires an intelligent control mechanism to
coordinate the power flow between the two

Despite its advantages,

storage elements and maintain a stable DC link
voltage [14]. Traditional control methods, such
as Proportional-Integral (PI) controllers, have
been extensively wused in  microgrid
applications [15]. Although PI control offers
simplicity and ease of implementation, it

struggles  with  nonlinearity, parameter
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variations, and rapid load disturbances [16]. To
overcome these limitations, Fuzzy Logic
Control (FLC) has emerged as a robust and
adaptive control strategy [17]. Unlike
conventional controllers that depend on
precise mathematical models, fuzzy controllers
employ heuristic rules and linguistic variables
to emulate human reasoning and decision-
making [18]. This feature enables them to
handle uncertainties, nonlinearities, and
parameter variations effectively [19].

In the proposed system, a fuzzy logic-based
power management strategy is implemented
for a solar-based DCMG integrated with HESS
[20]. The controller
monitors the DC link voltage and dynamically
adjusts the power sharing between the PV
array, battery, and supercapacitor [21]. When
solar irradiance is sufficient, the PV system
supplies the load and charges the storage units
[22]. During low irradiance or high load

fuzzy continuously

conditions, the HESS compensates by
discharging energy into the DC bus to
maintain  voltage stability [23]. The

controller’s rule-based decision mechanism

ensures real-time adaptability  without
requiring an explicit mathematical model of
the system [24]. The control structure is
designed using MATLAB/Simulink to validate
system performance under varying load and
irradiance conditions [25]. The proposed FLC
is compared with a conventional PI controller
in terms of voltage ripple, response time, and
system efficiency [26]. Simulation results
demonstrate that the fuzzy-based approach
provides
smoother DC link voltage regulation and

improved transient response [27]. Moreover,

superior performance, achieving

the proposed design enhances the energy
utilization rate by optimally distributing power
between the battery and supercapacitor [28].
LITERATURE SURVEY

Over the past two decades, numerous
researchers have focused on developing
control strategies for DC microgrids to

enhance stability, reliability, and power quality
[1]. Shahzed [2] highlighted the urgent need
for renewable energy adoption to overcome
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the depletion of fossil fuels and mitigate
environmental pollution. Hairata and Ghosh
[3] critically reviewed India’s solar mission
and identified challenges in achieving 100 GW
solar power generation by 2022, emphasizing
the need for efficient control and local
manufacturing capabilities. Kumar et al. [4]
proposed a power management strategy for
solar-based DC microgrids enabled by solid-
state transformers, focusing on multi-level

control techniques to balance load and
generation. Similarly, Agarwal et al. [5]
reviewed control mechanisms for DC

microgrids, classifying them into centralized,
decentralized, and hierarchical structures.
Their work established that effective energy
management is critical for achieving voltage
stability in islanded and grid-connected modes.
The role of hybrid energy storage has gained
increasing attention. Safari and Mekhilef [6]
discussed the limitations of PI controllers in
standalone PV systems, noting their inability
to handle nonlinearities and rapid disturbances
effectively. Villalva et al. [7] presented a
comprehensive PV modeling approach and
highlighted the
Power Point Tracking (MPPT) for optimizing
energy extraction. In this context, hybrid

importance of Maximum

storage systems combining batteries and
supercapacitors emerged as a promising
solution [8]. Bhattacharjee [9] and Kalirasu &
Dash [10] further explored DC-DC converter
topologies (buck, boost, and buck—boost)
suitable for PV applications, emphasizing the
need for efficient MPPT and dynamic voltage
regulation. Recent studies have focused on
intelligent control strategies for microgrids.
Chermitti et al. [11] demonstrated that direct
control of converters through MPPT improves
efficiency but requires adaptive tuning under
variable conditions. Fuzzy logic and neural-
based control methods have been increasingly
used for this purpose [12]. Zadeh [13]
pioneered fuzzy logic theory, enabling systems
to emulate human-like reasoning. Mamdani
[14] later developed practical fuzzy controllers
for industrial which

systems, inspired
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numerous applications in renewable energy
[15].

In microgrid applications, fuzzy controllers
have been applied to regulate DC link voltage,
balance energy storage operation, and
coordinate multiple distributed sources [16].
Wu et al. [17] demonstrated fuzzy-based
coordination in hybrid microgrids, showing
improved performance under uncertain load
conditions. Similarly, Hosseini et al. [18§]

integrated fuzzy and neural adaptive
controllers to handle nonlinearity in DC
microgrids. These approaches achieved

enhanced transient stability compared to linear
control systems [19]. In addition to fuzzy
logic, researchers have investigated hybrid
control frameworks that combine fuzzy,
neural, and genetic algorithms [20]. Pal et al.
[21] proposed an adaptive neuro-fuzzy
inference (ANFIS) for power
management in renewable microgrids. Their
system dynamically tuned control parameters
using learning algorithms to maintain voltage

system

regulation. Zobaa and Bansal [22] reviewed
advancements in DC microgrid control,
concluding that fuzzy-based systems provide
superior adaptability to renewable
intermittency.
Regarding converter design, Middlebrook [23]
developed the state-space averaging technique
for DC-DC converters, enabling efficient
control modeling for boost and buck—boost
topologies. Hossain et al. [24] applied this
approach in
stable
changes.

photovoltaic  applications,

operation during rapid
Further,  battery—
supercapacitor integration has been
experimentally validated by Kanchanaharuthai
et al. [25], who demonstrated that hybrid
energy storage improves dynamic response
and prolongs battery lifespan. Studies such as
those by Shayeghi et al. [26] and Singh et al.
[27] controllers  with
traditional PID systems, finding that fuzzy

ensuring
irradiance

compared fuzzy

approaches reduced overshoot and response
time by over 30%. The MATLAB/Simulink-
based implementations of such controllers
have shown practicality in both grid-connected
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and islanded microgrids [28]. More recently,
Wang et al. [29] presented a fuzzy-based
hierarchical control for DC microgrids,
emphasizing the importance of multi-timescale
coordination between PV, battery, and SC
subsystems. These developments collectively
demonstrate the growing trend toward
intelligent, self-adaptive control methods in
energy management systems [30].
METHODOLOGY

The methodology adopted in this research is
centered on the development of a fuzzy-
controlled power management strategy
designed to enhance DC link voltage stability
in a solar-based DC microgrid integrated with
a hybrid energy storage system (HESS). The
research begins by modeling the core
components of the DC microgrid—namely, the
photovoltaic (PV) array, DC-DC converters,
energy storage units, and load. The PV system
serves as the primary renewable source,
converting solar irradiance into electrical
energy. However, due to variations in weather
and irradiance, its output fluctuates, leading to
potential voltage instability. To counter this, an
efficient control approach is required to
balance generation, storage, and demand in
real time. The microgrid employs a hybrid
configuration of batteries and supercapacitors,
where each device contributes uniquely to
battery
provides long-term energy support while the
manages rapid, short-term

overall system performance—the
supercapacitor
transients.

The HESS operates as an intelligent buffering
mechanism to smoothen power flow between
the PV source and the load. This configuration
ensures that high-frequency fluctuations are
handled by the supercapacitor while the
battery compensates for lower-frequency
variations. The coordination of these storage
units minimizes energy loss and prevents
stress on individual components, thus
improving their operational lifespan. The
converters interfacing these components—
typically boost and bidirectional buck-boost
converters—serve to maintain power balance
and ensure that the DC bus voltage remains
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within the prescribed range. The system
modeling phase is crucial for identifying
control parameters and operational limits that
directly influence stability and efficiency.

A fuzzy logic controller (FLC) is then
developed to intelligently manage power
distribution within the microgrid. Unlike
traditional proportional—integral (PD
controllers, which rely on fixed mathematical
models, the fuzzy approach uses heuristic
reasoning to handle nonlinearities and
parameter uncertainties effectively. The inputs
to the FLC include the deviation of the DC
link voltage from its reference value and the
rate of change of this deviation. Based on
these parameters, the controller adjusts the
converter duty cycles to maintain voltage
stability. The rule base of the FLC is designed
using linguistic variables such as “Low,”

“Medium,” and “High,” allowing the
controller to make adaptive, human-like
decisions. This design enables the system to
maintain  optimal  performance  despite
unpredictable  environmental and load
conditions.

The complete system is modeled and

MATLAB/Simulink, where
scenarios—such as changes in

simulated in
various
irradiance, load disturbances, and storage
charge levels—are tested to evaluate system
performance. = Comparative  analysis s
performed between the fuzzy controller and a
conventional PI controller to highlight
improvements in voltage regulation, response
time, and energy efficiency. The simulation
results validate that the fuzzy logic—based
DC link

response,

approach
voltage
demonstrating faster

significantly enhances
stability and dynamic
and
reduced voltage deviations. Overall, the
methodology emphasizes a holistic integration

settling  times

of renewable generation, hybrid storage, and

intelligent control, ensuring reliable and
sustainable microgrid operation under varying
conditions.

PROPOSED SYSTEM

The proposed system is a solar-based DC
microgrid (DCMG) integrated with a Hybrid
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Energy Storage System (HESS) and governed
by a Fuzzy Logic Controller (FLC) to achieve

improved voltage stability and energy
management. The system  architecture
comprises four major elements: the

photovoltaic generation unit, hybrid energy
storage system, DC load, and intelligent
control unit. The PV array serves as the main
renewable source, converting sunlight into
electrical energy, while the hybrid storage—
consisting of a battery and a supercapacitor—
supports the system during fluctuations in
generation or load. The DC load represents
practical end uses such as electric vehicle
charging stations, household DC networks, or
industrial ~ systems. The control
continuously monitors the DC link voltage and
dynamically regulates converter switching to
balance power among these subsystems.

The power management of the proposed
system is achieved through a three-mode
operational strategy. When solar generation
exceeds load demand, the surplus energy is

unit

used to charge the battery and supercapacitor,
ensuring that excess energy is -efficiently
stored. In periods of reduced irradiance or
increased demand, the storage units discharge
energy to maintain voltage stability at the DC
link. When the generation and demand are
balanced, the storage devices remain in
standby mode to minimize converter losses
and preserve battery health. This coordinated
operation ensures that the microgrid maintains
a steady power supply without voltage sag or
overshoot, improving both reliability and
energy utilization.

The fuzzy logic controller plays a critical role
in achieving intelligent and adaptive power
management. It continuously evaluates the
voltage deviation and its rate of change,
applying predefined rules to adjust the
converters’ duty cycles. By processing inputs
as linguistic variables rather than exact
numerical values, the FLC mimics human
decision-making and adapts to unpredictable
environmental conditions. The rule base and
membership functions are designed to ensure
smooth transitions between operating modes,
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preventing abrupt switching that could cause
stress on system components. This intelligent
approach enhances real-time control accuracy,
minimizes steady-state error, and provides
superior voltage regulation compared to
traditional linear controllers.

The performance of the proposed system has
been verified through extensive simulation in
MATLAB/Simulink. The results demonstrate
that the fuzzy-controlled DCMG achieves
remarkable improvements in stability, with
minimal voltage deviation even under rapid
load changes and irradiance fluctuations. The
system exhibits faster transient response,
reduced overshoot, and improved efficiency
compared to conventional Pl-controlled
systems. Moreover, the integration of HESS
significantly =~ reduces  battery  cycling
enhancing lifespan  while
maintaining instantaneous power balance
through the supercapacitor. Overall, the
proposed fuzzy-based control system offers a
reliable, intelligent, and energy-efficient
DC
and

frequency, its

solution for next-generation solar
supporting  sustainable
resilient energy infrastructure development.
SIMULATION RESULTS

The simulation of the proposed solar-based

microgrids,

DC microgrid integrated with a Hybrid Energy
Storage System (HESS) and fuzzy logic
(FLC) i
MATLAB/Simulink to assess its performance
under varying operating conditions. The model
includes a photovoltaic (PV) array, DC-DC
converters, a battery—supercapacitor hybrid
storage system, and a variable DC load. The

controller was carried out in

fuzzy controller was designed using
MATLAB’s Fuzzy Logic Toolbox, and
simulations were executed for different

scenarios such as changes in solar irradiance,
load demand, and state of charge (SOC) of the
energy storage devices. The key objective was
to evaluate the ability of the system to
maintain a stable DC link voltage, ensure
smooth power sharing between storage units,
and achieve optimal energy utilization. The
results confirm that the proposed FLC-based
demonstrates voltage

strategy superior
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regulation, faster transient response, and
improved power management compared to the
traditional proportional-integral (PI) control
method.

In the first phase of the simulation, the system
was subjected to variable solar irradiance
ranging from 400 W/m? to 1000 W/m? to
mimic realistic weather fluctuations. The PV
array output fluctuated significantly with
irradiance; however, the fuzzy controller
efficiently adjusted the duty cycle of the DC—
DC converters to maintain the DC link voltage
within the desired range. The integration of the
hybrid energy storage system played a crucial
role in balancing power flow. During periods
of high solar radiation, surplus energy was
directed to charge the battery and
supercapacitor, while during low irradiance,
both storage devices discharged to support the
load and maintain voltage stability. The
supercapacitor handled rapid transients,
whereas the battery compensated for longer-
duration deficits, illustrating the effective
division of energy management between fast-
and slow-response devices. This cooperative
behavior minimized the voltage ripple and
improved the reliability of power delivery to
the load.

In the second phase, dynamic load variations
were introduced to analyze the system’s
transient behavior. The load demand was
suddenly increased from 50% to 100% of the
nominal value to simulate a real-world load
step change. The fuzzy-controlled system
exhibited remarkable adaptability by quickly
stabilizing the DC link voltage with minimal
overshoot and reduced settling time. Unlike
the PI-controlled microgrid, which
experienced oscillations and slow recovery, the
FLC responded rapidly by dynamically
adjusting power flow between the PV array
and the hybrid storage components. The
smooth response ensured uninterrupted power
delivery to the load, demonstrating the
controller’s capability to manage nonlinearities
and unpredictable conditions. Furthermore, the
hybrid system effectively reduced the burden
on the battery, limiting its deep discharge
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cycles, thereby enhancing its operational
lifespan.

In the final phase of analysis, the system’s
overall performance metrics were evaluated,
including voltage stability, power efficiency,
and energy utilization ratio. The fuzzy-
controlled system consistently maintained DC
link voltage fluctuations below 2% of the

nominal value across all tested conditions,

indicating a significant improvement in
voltage regulation. The average energy
efficiency of the system improved by

approximately 12-15%  compared to
conventional control approaches. The HESS
coordination resulted in better utilization of
stored energy, with the supercapacitor
handling high-frequency power fluctuations
effectively. The total harmonic distortion
(THD) at the DC link was minimal,
demonstrating excellent power quality and
converter performance. Overall, the simulation
results confirmed that the fuzzy logic—based
power management system achieved dynamic
stability, optimized energy flow, and ensured
continuous and reliable operation of the
microgrid, even under adverse conditions.

Fig 1 Proposed system configuration

This research presents a
comprehensive power management system for
a Solar-based battery and supercapacitor-based
Hybrid Energy Storage System (HESS). The
system is designed to optimize the utilization
of renewable energy sources and enhance grid
stability. A Proportional-Integral  (PI)
controller is employed to regulate the power
flow between the solar-based Distributed
Generation System (DCMG) and the HESS,
ensuring efficient energy conversion and
storage. The PI controller facilitates seamless
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transitions  between  grid-connected and
islanded modes, providing flexibility and
reliability. Simulation results demonstrate the
effectiveness of the proposed power
management strategy, showcasing improved
system performance, stability, and increased
renewable energy utilization.

Fig 2 MPPT controller

The Maximum Power Point Tracking
(MPPT) plays a pivotal role in the power
management of a Solar-based DC Microgrid
supported by a Hybrid Energy Storage System.
MPPT ensures that the solar panels operate at
their maximum power output by continuously
adjusting the operating point, optimizing
energy extraction. This enhances the efficiency
of the solar-based microgrid, allowing for
optimal energy utilization and effective
coordination with the hybrid energy storage
system. MPPT thus acts as a key component in
maintaining system stability, maximizing

renewable energy harvesting, and ensuring
seamless integration with energy storage for
sustainable power management.

Fig 3 dc link voltage
In the context of "Power Management of
Solar-based DC Microgrid supported by
Hybrid Energy Storage System," the
stabilization of DC link voltage plays a crucial
role in ensuring grid reliability and efficient
energy utilization. By regulating the DC link
voltage, the stability of the microgrid is
maintained, preventing voltage fluctuations
and system instabilities. This stabilization is
vital for seamless integration of renewable
energy sources, such as solar power, and
effective coordination with the Hybrid Energy

This article can be downloaded from https://ijerst.org/index.php/ijerst

Storage System (HESS). A stable DC link
voltage enhances the overall performance of
the microgrid, optimizing power management
and contributing to a reliable and sustainable
energy infrastructure.

¥
-

Fig 4 Super capacitor current and
voltage

In the power management of a Solar-based DC
Microgrid supported by a Hybrid Energy
Storage System (HESS), supercapacitors play
a pivotal role in regulating both current and
voltage. Supercapacitors act as rapid-response
energy  buffers, efficiently handling
fluctuations in solar power generation. Their
ability to quickly store and release energy aids
in stabilizing both current and voltage levels,
ensuring a smooth and reliable power supply.
This dynamic response capability enhances the
microgrid's performance, mitigates transient
variations, and contributes to overall grid
stability, making supercapacitors integral
components in the effective management of
power in solar-based DC microgrids.

-
-
-
-
-
-
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Fig 5 Battery voltage and current graphs
The battery voltage and current graphs play a
crucial role in the power management of a
Solar-based DC Microgrid supported by a
Hybrid Energy Storage System. These graphs
provide real-time insights into the state of the
energy storage system, indicating the charging
and  discharging  patterns.  Monitoring
fluctuations in voltage and current helps
optimize energy utilization, enabling efficient
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charging during surplus solar generation and
controlled discharging during high demand
periods. By analyzing these graphs, operators
can make informed decisions, ensuring grid
stability, reliability, and maximizing the
overall performance of the hybrid energy
storage system within the DC Microgrid.

Fig 6 power waveforms for solar, battery and
super capacitor

In the power management of a Solar-based DC

Microgrid supported by a Hybrid Energy

Storage distinct

waveforms

System (HESS),
illustrate the
The power
exhibits periodic fluctuations corresponding to
sunlight availability. The battery waveform
demonstrates a

power
dynamic energy
waveform

interactions. solar

steady power output,
compensating for solar variations and storing
excess energy. The supercapacitor waveform
shows rapid charge and discharge cycles,
responding to quick load changes. Together,
these waveforms depict a harmonized energy
flow orchestrated by an efficient power
management system, ensuring reliable and
stable power supply in the DC Microgrid.

e

Lo
Fig 7 Fuzzy based DC micro grid system
This research introduces a fuzzy-controlled
power management system for a solar-based
DC microgrid with support from a Hybrid
Energy Storage System (HESS). The fuzzy
logic controller optimizes the energy flow
within the microgrid by intelligently managing
the solar generation and storage system. The
DC microgrid serves as a localized power
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network, and the HESS, comprising batteries
and supercapacitors, supplements power
during fluctuations. The fuzzy control system
adapts to dynamic environmental conditions,
effectively balancing energy production and
consumption. This approach enhances the
microgrid's resilience, stability, and efficiency,
making it well-suited for decentralized energy
distribution. Through simulation and analysis,
the study demonstrates the efficacy of the
fuzzy-controlled power management strategy
in maximizing renewable energy utilization
and ensuring reliable power supply within the
solar-based DC microgrid.

> II

o M\ >
Dutt
Fuzzy Logic

1 Cantrolke

W

Unit Delay2

Fig 8 proposed Fuzzy controller
In the realm of "Power Management of Solar-
based DC Microgrid supported by Hybrid
Energy Storage System," the integration of a
fuzzy controller plays a pivotal role in
optimizing energy flow and enhancing system
efficiency. The fuzzy controller serves as an
intelligent  decision-making  component,
dynamically adjusting the power distribution
between the solar-based DC Microgrid and the
Hybrid Energy Storage System (HESS). By
considering the varying levels of solar energy
generation, demand fluctuations, and state-of-
charge of the storage system, the fuzzy
controller adapts in real-time to achieve an
optimal balance. This adaptive and self-
learning nature allows the system to respond to
uncertainties and non-linearities, ensuring
smooth transitions, reduced energy losses, and
improved stability. Ultimately, the fuzzy
controller contributes significantly to the
overall effectiveness of the power management
system, fostering a more reliable and resilient

solar-based microgrid.
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Fig 9 DC link voltage comparison for PI and

fuzzy controller

The PI controller offers precise
regulation by adjusting the duty cycle of the
power electronic converter, ensuring that the
output voltage remains within the desired
range. Its  proportional and integral
components contribute to rapid responses and
steady-state accuracy. Additionally, the Fuzzy
controller adds a layer of intelligence to the
system, considering variables with linguistic
descriptors. It adapts to varying conditions,
incorporating a more nuanced understanding
of the microgrid's dynamics. By leveraging
fuzzy logic, the controller effectively manages
uncertainties and nonlinearities, contributing
to enhanced DC voltage stability. Together, the
PI and Fuzzy controllers form a robust control
strategy, optimizing the performance of the
solar-based DC microgrid and ensuring
reliable and stable power delivery.
CONCLUSION
The research successfully demonstrated an
intelligent fuzzy-controlled power
management system for a solar-based DC
microgrid supported by a Hybrid Energy
Storage System (HESS). Through
MATLAB/Simulink simulation, the proposed
method exhibited superior performance in
maintaining DC link voltage stability,
improving energy utilization, and optimizing
the coordination between the battery and
supercapacitor. The fuzzy controller’s adaptive
nature allowed it to handle nonlinearities and
varying
effectively than conventional control systems.
The results showed reduced voltage ripple,

environmental conditions more

faster transient response, and enhanced power
quality. Additionally, the integration of HESS
extended the battery’s lifespan by minimizing
its stress during rapid load variations. This
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study provides a robust framework for
implementing intelligent control in renewable
energy—based DC microgrids, contributing to
the development of sustainable and reliable
power networks for future smart grid
applications.
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