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A. Operational Transconductance Amplifier
OTA is a fundamental component in the majority of 
analog circuits with linear input-output characteristics. 
It is essentially identical to conventional operational 
amplifiers in which differential inputs are present. The 
primary distinction between OTA and traditional OPAMP is 
that the output of OTA is in the form of current, while the 
output of conventional OPAMP is in the form of voltage. 
The comparator has two special properties.

• Input Swing
• Output Swing

Our target is a small change of ∆VGS as if we get a sharp 
digital output in the comparator. We know, Inverter has 
a very high gain. We make the OTA stage by connecting 
a differential amplifier with an Inverter. All the MOSFETs 

of the MOSFETs was increased to four times of the nominal 
length which has provided the design with a better Noise 
Figure, PSRR, Gain, and CMRR performance.

relAted work

Over decades, the design of a comparator has been 
implemented. With the use of various process technology, 
several researchers have produced a variety of acceptable 
comparator structures for a variety of applications.

Developed a three-stage voltage comparator 
concentrated on improving comparator sensitivity and 
total gain in this design. B. Prathibha et al.[2] suggested a 
three-stage CMOS comparator with a high-speed operation 
to gain a lower static & dynamic power dissipation and a 
smaller offset voltage. Satyabrata et al.[3] compare the 
traditional comparator to the latched and hysteresis-
based comparator. Zbigniew[4] presented the design of 
a comparator for a high-linearity flash ADC, which was 
realized in a 22nm FDSOI process with a 0.8V supply. The 
architecture of a pipelined ADC mismatch insensitive 
dynamic comparator.[5] High-resolution comparators have 
also been designed utilizing offset measurement and 
a cancellation technique involving dynamic latches.[6]  
Consequently, it was suggested to build a dynamic 
comparator with high accuracy and low offset.

This paper focused on the highly linear, low offset 
voltage, high resolution, and low power performance of the 
Comparator. The comparator design given in this paper is 
designed that can be used with flash ADC.

ArchItecture of compArAtor

The comparator circuit is the essential element of every 
ADC. The total performance of the ADC is determined by 
the properties and performance of the comparator. Fig. 
1 depicts the block diagram of the proposed comparator. 
This topology comprises two blocks in it.

• OTA Stage
• Output Stage

Up to the OTA, the stage amplification of analog input 
is performed. Then the buffer stage further amplifies to 
give a level as well as strengthen the OTA OUTPUT signal 
for load driving. After the output buffer stage, a digital 
signal is created on the output side. Fig. 2 depicts the 
schematic of the entire idea.

Fig. 1: Block diagram of the suggested Comparator
Fig. 3: Differential Pair, OTA Stage, and Current Mirror 

for The Comparator

Fig. 2: Schematic of the 45nm CMOS-based 
Comparator
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Abstract
Incorporating sources of renewable energy (RES) which include solar and wind power 
is critical towards the attainment of cleaner and more sustainable power networks. 
But such sources are intermittent and variable and present extraordinary challenges to 
grid security, dependability, and effectiveness. Smart hybrid renewable-energy storage 
systems (HRESS) are a paradigm shift as it is enabled by synergetic integration of several 
energy storage types, e.g. batteries, pumped hydro and supercapacitors, with intelligent 
management systems. Such mixed arrangements blend the specific capabilities of the 
different types of storage to cushion renewable intermittency and allow both short-
term peak-power and long-term energy dispatch and improve grid reliability. In this 
proposed study, a thorough survey of new developments in the area of HRESS as well as 
their architecture, components, intelligent control schemes and their applications will 
be carried out. It examines the role of artificial intelligence (AI), machine learning, and 
hierarchical control in facilitating dynamic, adaptive energy management, maximization 
of storage usage, and allowing it to be responsive to changing supply and demand. 
The focus is on power conversion, monitoring systems and effective scheduling that 
can all provide better stability, load balancing and backup capacity under both grid 
connected and stand alone conditions. General case studies of deployed global HRESS 
indicate value, in a practical sense, to urban, rural and industrial power networks, such 
as more renewable penetration, less curtailment, frequency regulation, and heightened 
supply security in load shedding. The paper evaluates critically the ongoing technical, 
economic, and environmental flaws to offer brief details on the emerging solutions to 
these challenges as provided by the use of sustainable materials, optimum sizing, and 
the recycling procedures. This study has outlined the future research lines with special 
references to the progression of intelligent control and sustainability design of systems, 
thus, making HRESS an inevitable cornerstone in the realization of resilient, secure, 
environmentally responsible power infrastructures to eventually ensure the adoption of 
a carbon-neutral energy future.

Author e-mail: ms.haitham@gmail.com

How to cite this article: Snousi HM, Fatem BF. Intelligent Hybrid Renewable–Energy
Storage Systems for Resilient and Sustainable Power Networks. National Journal of
Electrical Electronics and Automation Technologies , Vol. 1, No. 3, 2025 (pp. 27-34).  
 

Introducion
The growing sense of necessity to deal with climate 
change problem, the decreasing fossil fuel sources, and 
the spirit of more advanced energy policies reinforced the 
worldwide process of transformation to the renewable 
sources of electricity. Hybrid renewable energy systems 
are at the leading edge of this evolution, being a 
strategic combination of two or more energy-generation 
technologies--normally, solar photovoltaics and wind 

turbines--that take advantage of the complementary 
nature of each source of energy. Besides boosting the 
overall efficiency of the production of energy and 
improving reliability, this synergy addresses the spikes 
that accompany single-source renewable generation. 
Figure 1 shows the conceptual diagram of how smart 
hybrid renewable energy storage systems combine 
multiple renewable energy sources with sophisticated  
AI-based control that maintain the infrastructure 
resilient and sustainable.
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Fig. 1:  Conceptual illustration of intelligent hybrid 
renewable energy storage systems integrating solar, 
wind, battery storage, AI-driven control, and grid 

connection for resilient and sustainable power 
networks.

With the rising demand of the electricity supply that 
is continuous and sustainable, the frustrating facts of 
standalone renewable system are getting clear. Solar 
and wind energy are intermittent due to the weather 
variations and the influence of the daylight, which 
bring difficulties of matching supply and demand 
on power systems. As a solution, the latest energy 
storage technologies are utilised in hybrid systems 
that significantly contribute to playing a buffering 
excess generation, energy storage and providing power 
on occasions where there is low renewable energy 
generated. The combination means that energy can be 
smoothed over, a better capacity factor can be achieved 
and grid reliability augmented.

These developments in storage, which include lithium-
ion batteries, pumped hydro and new potential storage 
options like flow batteries, have also enhancing 
the resilience of hybrid renewable systems. Energy 
management systems together with intelligent control 
systems, usually utilizing artificial intelligence and 
predictive analytics, provide dynamic scheduling, flexible 
operation and resource optimization, all prerequisites of 
both grid-connected and off-grid installations.

The series of developments together show promise 
to mark a paradigm shift in modern power networks, 
when hybrid renewableenergy storage systems not 
only eliminate the sole shortcomings of intermittent 
generation but also enable mass renewable penetration. 
These intelligent systems have the potential to become 
core components of resilient and future-proof energy 
infrastructures by improving grid stability and ancillary 
service support, as well as by adding sustainability value.

Related Work / Literature Review

Over the past years, there has been a substantial body 
of research that identifies the significance of the hybrid 
renewable energy storage systems (HRESS) in the context 
of resiliency to power networks and challenges of variable 
renewable sources integration. Variable solar, wind, and 
other renewable forms of energy continue to be a dire 
challenge when current grid platforms are faced with 
the intermittence, rendering them largely unstable and 
impairs power quality and reliability.[1] In order to address 
these concerns, hybrid energy storage systems (HESS) 
comprising of various technologies, including lithium-ion 
batteries, flow batteries, supercapacitors, and pumped 
hydro, have been proposed as a potential solution that 
both leverages the unique capabilities of an individual 
storage modality to both discharge power and attribute 
energy on a short term or long term basis.[2, 3]

Recent literature shows that multi-technology storage 
systems dampen the fluctuations in renewable 
generation, enhance load-leveling, offer frequency 
response, and boost back-up. As a case in point, it is 
demonstrated by Wang et al. (2020) that incorporating 
both high-energy and high-power types of storage in the 
same HESS system can result in the higher stabilization of 
the grid and effective requirements response and deficit 
coverage. There are documented cases of successful HESS 
implementation both in the grids of large urban areas, 
remote microgrids and industrial parks, all resulting in 
higher renewables penetration and operational flexibility 
at reduced dependence on fossil fuel reserves globally.[4]

Optimization and control methodologies have gained 
a focus within the present-day research. Real-time, 
dynamic charging, discharging and resource allocation 
can be performed using Model Predictive Control (MPC) 
and intelligent algorithms (artificial intelligence, neural 
networks, and adaptive neuro-fuzzy inference systems) 
in order to optimise operations in the face of ever-
changing grid conditions.[5, 9] Such enhanced control 
structures manage the limitations of the system and the 
predicted requirement of energy, leading to high gains 
in the reliability of the system, peak load reduction and 
operational consistency.[7, 10]

Also, there have been studies on the use of consolidated 
power quality conditioners in the integration of hybrid 
systems in distributions networks as well as to enhance 
the stability of grids by helping to reduce the instability 
incurred by the energy sources and the fluctuations 
in voltages/frequencies. Economic, environmental 
and lifecycle impacts are also under scrutiny, with 
researchers observing that selection of materials, sizing 
of systems and protocols on recycling are key to making 
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sure that hybrid energy storage deployments are viable 
and sustainable.[6, 8]

Those critical issues that have been recognized in the 
current literature include complexity of integration with 
systems, high initial investment, and the requirement 
of improved energy management systems. We all agree 
that there is still a demand to advance regulation 
systems, resourceful materials, and recyclable processes 
at scale.[11] In totality, our current studies define the 
fact that intelligent hybrid energy storage systems are 
very critical on achieving resilient, sustainable power 
networks, as well as promoting the global shift to clean, 
dependable energy sources.

Hybrid Renewable Energy Systems Design
System Architecture

Hybrid renewable energy systems are networks of 
generation resources (e.g. solar PV, wind, micro-
hydro, and, in some cases, fuel cells) combined with 
complementary forms of storage, which are used to 
balance power and energy demands over time. With 
power-electronic interfaces (DC/DC converters, AC/
DC rectifiers, DC/AC inverters), two-way energy flows 
between sources, storage, and loads may be enabled, 
and with energy management layers dispatch can 
be coordinated to operate within grid and microgrid 
constraints. Resilient battery management systems (BMS) 
monitor cell- and pack-level safety, state estimation, 
balancing, thermal management, and communications, 
usually on microcontroller-based platforms that interact 
with inverters and supervisory controllers to permit 
smart operation and predictive maintenance. In grid-
connected settings, the architecture facilitates ancillary 
services (e.g. frequency and voltage control), black-
starting, peak shaving, and maintenance of stationary 
service during seamless islanding, and in standalone 
microgrids can provide stability under the variability of 
supply by dynamically apportioning fast and slow storage 
to ride fast variability and permit prolonged deficit. The 
hybrid renewable energy system which is shown in Figure 
2 combines several sources of generation, such as: solar 
photovoltaics (PV), wind turbines, diesel generator, to a 
battery energy storage system (BESS) and is connected 
to the grid and user loads. This set-up allows proper 
management of flows of energy and contributes to the 
achievement both of reliability and resilience targets.

Energy Storage Technologies

Electrochemical storage (primarily lithium-ion) dom-
inates hybrid systems because of high round-trip effi-

ciency, energy density and the rapidly decreasing cost; 
however, limitations regarding thermal safety, lifecy-
cle at high C-rates, and materials criticality are driv-
ing integration of other chemistries and modalities like 
lead-acid, redox flow, sodium-sulfur, supercapacitors, 
flywheels, pumped hydro, and compressed-air energy 
storage. Hybrid Energy Storage Systems (HESS) purposely 
combine high-energy storage (e.g. Li-ion, flow batteries) 
and high-power storage (e.g. supercapacitors, flywheels) 
to separate energy and power roles: fast responding 
storage provides transient support, power smoothing 
and frequency regulation whereas energy-dense storage 
provides bulk shifting and resource adequacy over longer 
periods of time. Modern design practice stresses size op-
timization and control co-design where cycling that may 
cause degradation is assigned to the suitable device, 
current excursions limited on current and temperature, 
and converters act in coordination to reduce loss and ex-
tend useful life, improving overall system performance, 
safety and total cost of ownership in both grid-tied and 
islanded deployments.

Table 1 shows outlines and compares the most important 
performance indicators of the most frequently used 
energy storage solutions in hybrid systems.

Intelligent Control and Management
AI and Algorithmic Optimization

Hybrid renewable energy storage systems have become 
innovated due to the inclusion of artificial intelligence 
(AI) and sophisticated algorithmic optimization in the 
control and management of the system. Machine learning, 
predictive analytics and data-driven models guide the 
AI-powered platforms to adequately anticipate weather 

Fig. 2: Block diagram of a hybrid renewable energy 
storage system showing PV module, wind mill, BESS, 

diesel generator, grid, and user load.
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pattern, energy demands, and flows in renewable output. 
Cutting-edge artificial intelligence systems manage 
the dispatching, charging/discharging cycles, and 
operating of various storage technologies to maximize 
the efficiency of operations, sometimes on a moment-
to-moment basis based on transient and historical data. 
As an example, AI-designed applications have the ability 
to scan weather conditions and grid load, forecast load 
increases and automatically optimise the flow of energy 
between storage devices and the end consumer. These 
platforms facilitate operational responsiveness and 
reduce overcharging/over-discharging risks, and can 
enable support of optimal scheduling, economic dispatch 
of both grid-tied and autonomous microgrid deployments.

System Benefits

Implementing smart control results in a number of 
major advantages to power networks. To begin with, 
sophisticated load leveling facilities aid in merging 
demand and supply imbalances to minimize peak load 

capacities and therefore avoid congestion of the grid. 
Second, AI-based systems deliver strong frequency 
control by ensuring stability of grid that is affected 
by inconsistent supply of renewables. Thirdly, hybrid 
systems provide reliable backup supply when there is 
an outage or other form of low renewable generation 
with no disruption to critical services. Also, these smart 
solutions make it possible to practice energy arbitrage 
by automatically storing electricity when market prices 
are low and sending it during times of high value, 
thus enhancing economic costs and use of resources. 
Together, the implementation of AI and algorithmic 
optimization improves resilience, affordability, and 
adaptability of the current hybrid renewable energy 
storage systems to the utilities and consumers.

Within this section, we introduce a pseudocode of 
our real-time energy management algorithm based on  
AI-driven forecasting and optimization models respon-
sible to control the power flows in hybrid renewable 
energy storage systems.

Table 1: Comparison of cost, efficiency, lifetime, and response time for various energy storage technologies used  
in hybrid renewable energy systems

Technology Cost (USD/kWh) Efficiency (%) Lifetime (cycles) Response Time (s)

Lithium-ion 150 90 5,000 1

Flow Battery 220 75 10,000 10

Lead-acid 100 85 1,000 5

Supercapacitor 300 95 100,000 0.01

Sodium-Sulfur 200 80 2,500 2

Algorithm: Intelligent Real-Time Energy Management for Hybrid Renewable Energy Systems

Algorithm: Intelligent Real-Time Energy Management for Hybrid Renewable Energy Systems

Inputs:
    Forecast_Demand         // Predicted energy demand [kWh] for next time interval
    Forecast_Renewable      // Predicted renewable generation [kWh] for next time interval
    Battery_State           // Current state of charge (SOC) [%]
    Storage_Capacity        // Maximum capacity [kWh]
    Price_Signal            // Electricity price at current time
    System_Limits           // Constraints (SOC min/max, power ratings, etc.)

Steps:
1.  Obtain Forecast_Demand and Forecast_Renewable from AI-based prediction models.
2.  Calculate Net_Energy = Forecast_Renewable - Forecast_Demand.

3.  If Net_Energy > 0 then
      // Surplus renewable energy available
        Charge batteries while respecting SOC max and charge rate limits.
        If Price_Signal is low, consider charging additional storage devices.
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give a level as well as strengthen the OTA OUTPUT signal 
for load driving. After the output buffer stage, a digital 
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    Else
        // Renewable generation deficit
        Discharge batteries to meet demand, respecting SOC min and discharge rate limits.
        If Price_Signal is high, prioritize discharging for energy arbitrage.

4.  Continuously update Battery_State and Storage_Capacity based on real-time measurements.

5.  Optimize dispatch using control technique (e.g., Model Predictive Control, Fuzzy Logic, 
Genetic Algorithm)
        Objective: Minimize cost, maximize renewable utilization, and preserve storage health.
        Constraints: Respect system limits and operational requirements.

6.  Communicate setpoints to power electronics (inverters/converters) and BMS for execution.

7.  Repeat steps 1-6 for every new time interval or upon significant changes in system state.

Outputs:
    Dispatch commands for charge/discharge cycles,
    Optimized power flow,
Updated battery/storage status.
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can continue serving people without interruption during 
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Fig. 3:  Flowchart of the intelligent real-time  
energy management algorithm for hybrid renewable 

energy systems.

Enhancing Resilience and Sustainability
Grid Reliability

The hybrid renewable energy systems are important 
in the improvement of reliability of power networks 
because they tend to dampen the variability of renewable 
generation. By integrating solar, wind, and more efficient 
energy storage, these can be used to smooth the supply 
and demand curves and, thus, significantly reduce the 
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also been designed utilizing offset measurement and 
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Consequently, it was suggested to build a dynamic 
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end up with a lifetime economic saving thus making 
them permanent parts of building and practicing not 
only ecological but also socioeconomic sustainability.

Applications & Case Studies
Distributed Grids

Hybrid renewable energy systems have gained more 
prominence in the area of distributed grids, especially 
among the rural electric cooperatives in case they want 
to increase resilience and reliability of the services. 
This is because in such settings the implementation 
of hybrid plants (a combination of distributed wind 
turbines, solar power plants, and battery storage) helps 
utilities critical load support when the power grid goes 
down and when the weather conditions are extreme. 
Such systems act as grid supply reserve to absorb grid 
supply fluctuations, providing dependable backup 
power to ensure uninterrupted service continuity 
and the safeguarding of the vulnerable community 
infrastructure. Also, distributed grids have access 
to enhanced localized production, enabling remote 
population to minimize reliance on central fossil based 
energy supply and attain better ownership over local 
energy resources. Figure 4,  depicts the geographical 
location of the hybrid renewable energy systems in 
various charged case study locations by focussing on 
the capability of the systems of supporting critical loads 

in areas affected by the rural cooperatives and the city 
nuclei regions.

Urban and Industrial

The inclusion of hybrid renewable energy systems can aid 
advanced demand management practices in the context of 
urban and industrial environments, increase the resilience 
to disasters, and reduce congestion in the grids. Hybrid 
installations-frequently consisting of photovoltaic arrays, 
wind turbines, and large-scale battery energy reservoir 
or storage systems-are being used to meet peak loads, 
augment emergency response systems, and enhance 
power supply continuity as population densities increase 
and various hazards to power supplies grow in likelihood 
and severity. Hybrid systems in industrial complexes 
reduce the cost of operations, lead to optimization of 
energy consumption, and the achievement of consistency 
in supply that is needed in advanced manufacturing 
processes. Smart city objectives and sustainable city 
building would be important in the holistic adoption of 
the systems within metropolitan cities.

Microgrids

Hybrid microgrids are a radical solution to communities 
and industries which want to achieve better levels of 
local autonomy and energy security. These solutions 
allow communities to manage their energy generation, 
meet their local demands independently and seamlessly 

Fig. 4: Geographic distribution of case study sites deploying hybrid renewable energy systems for critical load 
support in rural and urban contexts
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switch between grid-tied and islanded modes of 
operation in case of disruption because they interconnect 
different sources of renewable sources (wind turbines, 
solar panels, etc.) and storage (batteries) through a 
controlledmicrogrid architecture. Hybrid microgrids have 
successfully facilitated investment in the distributed 
energy resources, innovation, and bridge the gap in 
energy supply especially in underserved areas using 
the traditional grids by the privately owned microgrids. 
Their adaptationability and scalability enables them to 
fit the bill in rural electrification, industrial parks and 
critical infrastructure where reliable, sustainable and 
flexible energy solutions are a must.

Challenges & Future Directions

Although the adoption of hybrid renewable energy systems 
is promising in terms of resilience and sustainability, 
there are numerous issues of great concern that cannot 
afford to be overlooked to achieve the potential of such 
energy installations.

Technical Challenges:

It is technically complex to design, integrate and 
manage heterogeneous components that incorporate 
a wide variety of generation sources and variety of 
storage technologies. Real-time energy flows must be 
synchronised, the energy and power demands must be 
balanced both in grid-tied and islanded modes with 
various operation constraints. Coordinating the work of 
power electronic devices, battery management system, 
and AI-driven controllers in such a way that the work of 
one of the elements does not disturb the functioning of 
another necessitates advanced communication protocols 
and effective supervisory algorithms. Additionally, it is 
important to provide a reliable real time optimization 
and predictive scheduling which proved to be difficult 
due to the dynamic nature of the variability of renewable 
resources and changing load profile.

Economic Challenges:

Although there have been significant declines in the cost 
of renewable energy production and storage, hybrid 
systems generally require a sizeable initial capital 
investment, particularly when scaled up to include 
further advanced storage infrastructure and smart 
control solutions. The absence of determinable financing 
systems and uncertainty involving the eventual returns, 
owing to degrading technology, market fluctuations, and 
policies, may discourage mass applications. The project 
stakeholders have to consider the lifecycle costs, 
maintenance requirements, and economic run rates over 
long term project life to validate finances.

Environmental Challenges:

Sustainability in the environmental sphere does not only 
depend on how much carbon emissions are produced but 
also how system components are obtained and when they 
are to be disposed of. The use of resources like lithium 
and rare earth metals to make batteries introduces a 
problem of scarcity around these materials and the 
environmental consequences when these resources are 
mined. With the spread of hybrid systems, the notion of 
recycling in their entirety, in addition to all operations 
involving greener, more sustainable materials, are 
all necessary in order to reduce the impact on the 
environment and encourage circularity within the energy 
industry. 

Future Research Directions The importance of research 
into the effects of sustainable international trade on 
local communities is becoming increasingly recognized. 
Although things are changing fast, there is still a lot that 
needs to be done in terms of understanding exactly how 
sustainable international trade moves in and what its 
impact is to the local people. More research needs to be 
conducted on these and other issues that impact on the 
local communities due to such international trade.

The future improvement of the field will rely on the 
creation of more intelligent control systems and better 
store technologies that even increase performance, 
durability, and flexibility. Advances in the field of 
artificial intelligence, adaptive optimization algorithms, 
and combined energy management systems should have 
a beneficial contribution to real-time resource allocation 
and the reliability of such a system. Meanwhile, new 
material research into sustainable materials, new 
chemistries, and modular building blocks will enhance 
further lifecycle management and scale. Lastly, 
enabling policies and incentive regimes will be key to 
the faster deployment of hybrid and facilitating a more 
widespread adoption of resilient and sustainable energy 
infrastructures.

Conclusion

This study demonstrates that intelligent hybrid 
renewable energy storage systems are fundamental 
to building resilient and sustainable power networks. 
Through the strategic integration of multiple renewable 
sources and advanced energy storage technologies, 
hybrid systems overcome the limitations of resource 
intermittency and grid instability, ensuring reliable 
energy supply for diverse applications. The deployment 
of AI-driven control and optimization strategies enables 
dynamic resource allocation, enhances operational 
efficiency, and provides crucial ancillary services, 
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supporting both urban and rural grid infrastructures, as 
well as microgrids.

Despite technical, economic, and environmental 
challenges—such as integration complexity, high 
upfront costs, and the need for sustainable materi-
als—the ongoing advancement of smarter control 
systems, innovative storage solut0ions, and sup-
portive policy frameworks promises to accelerate 
the transition toward carbon-neutral, resilient ener-
gy landscapes. Overall, intelligent hybrid systems 
not only contribute to power network reliability and 
flexibility but also serve as a catalyst for global ef-
forts in clean energy adoption, climate change miti-
gation, and economic sustainability. Their continued 
development and widespread implementation will be 
pivotal in achieving future energy goals and support-
ing the evolving needs of communities and industries 
worldwide.
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