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ABSTRACT:

This research looks into Using renewable energy sources like wind and solar photovoltaic (PV) systems is crucial to
achieving a sustainable, low-carbon energy future. These systems are becoming more and more feasible because of
their scalability and affordability. However, because of their intrinsic unpredictability, it is difficult to manage energy
distribution, balance supply and demand, and preserve grid stability. Advanced control technologies including Phasor
Measurement Units (PMUs), energy storage systems (ESS), and artificial intelligence (AI) can help wind and solar
PV work together to maximize power generation, reduce waste, and improve grid resilience. Nigeria's energy
landscape offers insights on the unrealized promise of renewable energy, especially in areas that continue to rely on
fossil fuels. The study also looks at modern control strategies, such as machine learning and Al-based energy
management, to reduce intermittency and increase operational effectiveness. The findings demonstrate how different
technologies must be integrated in order to create a reliable and sustainable energy system.
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depend on an understanding of the link between these
two sources (Meister et al., 2025). Because wind and
solar energy have so many benefits, they are
developing quickly and gradually replacing fossil fuel.
Figure 1 shows the yearly variations in energy

I. INTRODUCTION

Achieving a sustainable and low-carbon energy
system requires a growing proportion of electricity
generation from renewable energy sources (Meister et

al., 2025). Wind power and solar energy systems are
two of the most popular renewable energy
technologies because of their accessibility, scalability,
and declining costs. Nevertheless, the power grid has
difficulties in balancing supply and demand due to the
stochastic production patterns of both sources.
Optimizing energy generation, reducing curtailment,
and guaranteeing a steady supply of electricity all

generation per source, expressed in terawatt-hours
(TWh), between 2019 and 2025. It shows a substantial
fall in coal generation, especially in 2020, and a
notable growth in renewable energy generation,
particularly after 2021 (IEA,2023) . In Nigeria, where
gas, coal, and oil now make up the majority of the
energy mix, there is a growing trend toward renewable
energy sources. With abundant solar, wind, hydro, and
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biomass resources, the country is well-positioned to
address its energy challenges and transition to a more
sustainable future (Adeshina et al., 2024) . Nigeria
possesses substantial renewable energy resources,
with an estimated annual solar power potential
exceeding 427,000 GWh. The country receives
abundant solar irradiation, ranging from 4.0 to 6.5
kWh/m?/day across different regions (Adeshina et al.,
2024). For wind energy, northern states including
Sokoto and Katsina show promising average wind
speeds of 5.0—7.0 m/s, which are technically viable for
power generation (Adeshina et al., 2024). To enhance
renewable energy adoption in Nigeria, tailored
solutions such as rural microgrids and urban financing
models are essential. In remote communities where
extending the national grid is impractical, hybrid
solar-diesel-battery microgrids have proven effective
in providing reliable electricity, as seen in places like
Torankawa, Sokoto State. For urban areas, alternative
financing options like renewable energy leasing and
collaborations between the public and private sectors
have facilitated broader access to solar technologies by
lowering initial investment barriers. These strategies
support Nigeria’s transition to clean energy while
promoting inclusive energy access and strengthening
the resilience of the power system (Ukoba et al.,
2024a). The integration of PV and wind energy
systems is justified by their potential to significantly
reduce dependence on fossil fuels, lower greenhouse
gas emissions, and promote long-term energy
sustainability. Although these renewable sources are
inherently variable and can create supply-demand
imbalances, advancements in technology, energy
storage solutions, and smart grid systems are actively
addressing these issues. Furthermore, diversifying
energy sources enhances grid resilience and reliability.
Thus, the benefits of integrating PV and wind energy
far outweigh the challenges, making them a critical
part of the global transition to clean energy (Al-
Fatlawy et al., 2024). Even though we are not
producing as much renewable energy as we should,
Nigeria has a wealth of energy resources, particularly
wind and photovoltaics. Control devices are
incorporated into the system to increase efficiency and
economic benefits, and modern power grids are highly
networked with cutting-edge technologies (Ali et al.,
2021). Planning an energy system now heavily
considers the balance between solar and wind output,
especially in areas where variable renewable energy is
widely used. Wind and solar PV are somewhat
complementary, but in order to find the best
combination that increases energy generation while

minimizing reserve deficiencies, their combined
production characteristics must be carefully examined.
The primary obstacle stems from these energy sources'
sporadic character, necessitating efficient methods to
improve grid stability, regulate (Rekioua, 2023a)em
and Phasor Measurement Units.
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Figure 1:Global change of energy generation
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Figure 2: Sources of energy generation in Nigeria
(Jager-Waldau, 2020).

II. MODERN TECHNOLOGY OF RE AND CONTROL
STRATEGIES

Developments in power electronics devices guarantee
the quality of electricity and allow WECS and PV
energy generation. To meet the demands of the wind
energy sector in the future, however, more research on
different kinds of electric generators such as double
fed induction generator (DFIG) and permanent magnet
synchronous generator (PMSQ) is required (Dani et
al., 2024). In order to provide mission-critical data on
voltage, current, frequency, and phase in the grid,
smart grids nowadays rely on Phase Measuring Units.
PMU monitor the power system data in real time.
Although wind energy is a known source of
unpredictability, Static Synchronous Compensator
(STATCOM) is also the best control system.
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Figure 3: Schematic representation of integrated RE
power plant

A. Al-Application in RE

Al approaches are used to analyze real-time data and
optimize energy production, distribution, and
consumption. Integrated Energy Management
Systems estimate energy demand and supply, schedule
generation and transmission activities, and balance
load and generation in real time. The system can also
incorporate customer preferences and demand
response programs to enable more flexible and
efficient energy consumption. Recently, researchers
have focused on Al-based IEMS for improving the
optimization process in SG, Virtual Power Plant.
Moreover, IEMS has also been implemented in
different systems, such as SBs, smart home, smart
industry, and RES (Ukoba et al., 2024a).

Al can also be a key component in creating solutions
that give underserved populations access to
inexpensive, clean energy. Data-driven research and
Al predictive modeling can also help the tidal and
wave energy, as these renewable energy sources are
frequently disregarded but have great potential
(Bennagi et al., 2024). Al applications make it simple
to identify system failures and offer real-time
monitoring, the Al application explain in figure 4. the
classification of Al-based methods and algorithms.
Almost all RE systems, including hydro, wind,
geothermal, solar, and ocean systems, as well as solar
photovoltaic systems, have adopted smarter systems
like artificial intelligence (AI) to make them more
robust and responsive. As a result, RE-based
technologies are becoming more sophisticated
(Bennagi et al., 2024).

Al algorithms such as Artificial Neural Networks
(ANN), Support Vector Machines (SVM), and Deep
Reinforcement Learning (DRL) have been employed
in hybrid energy systems for optimal energy dispatch,
load forecasting, and fault detection. For instance,
ANN models trained on solar irradiance and load
demand data have achieved forecasting accuracies

above 95%, enabling real-time control through
predictive modeling (Ukoba et al., 2024b).
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Figure 4: Application of Al in RE (Ukoba et al.,
2024a)

B. PMU

High-speed sensors known as phasor measuring units
detect the power system's voltage and current synchro
phasors with an accuracy of one microsecond,
(Appasani & Mohanta, 2019). Large numbers of PMU
and the capacity to compare voltage phase angles at
strategic grid locations could enable automated
systems to transform power system management by
quickly and dynamically reacting to system conditions
(Appasani & Mohanta, 2019).Using the Global
Positioning System (GPS), which has exact reference
timing signals, PMU can attain accuracy and
precision. The voltage and current phasors are
measured in unison thanks to this timing. The use of
PMU has grown quickly in order to enhance power
grid monitoring. The number and placement of PMU
must be optimized, because they are expensive
devices. PMU can be deployed on specific buses
utilizing optimization methods to make the system
observable with the fewest possible PMU, as opposed
to installing these devices on every bus to improve full
observability in the power system (Sefid & Rihan,
2019).
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Figure 5: PMU technology (Samuelsson et al., n.d.)

C. Energy Storage System

ESS technologies, especially Lithium-ion batteries
and Flywheels, help balance generation and load while
enhancing grid stability and inertia (Rekioua, 2023b).
In hybrid solar and wind systems, energy storage
devices are essential for guaranteeing a steady power
supply. During periods of strong production, they store
excess energy, which they then release when output is
low or demand is high. Advanced energy management
systems and smart grid technologies provide smooth
integration with the main grid, improving energy flow
and stability (Nwagu et al., 2025).

1) Batteries Energy Storage Systems

Batteries generate a flow of electrons through a
chemical reaction that can be used to power electrical
loads such as electronic devices. Energy storage
devices use several different kinds of batteries. The
BESS are categorized according to life cycle, cost,
efficiency, energy density, and technology (Rekioua,
2023b).

2) Flywheel Energy Storage (FES)

High-speed rotating flywheels composed of
lightweight materials, such as carbon fiber, are used in
Flywheel Energy Storage (FES) systems to store and
release energy. They are perfect for uninterruptible
power supplies and grid stabilization because of their
extended lifespans, great efficiency, and quick
reaction times. However, because they gradually lose
energy over time, they are less appropriate for long-
term storage (Rekioua, 2023b) and other ESS are
studies in (Dunn et al., 2011; Elalfy et al., 2024).
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Figure 6: Types of ESS (Rekioua, 2023a)

III. FACTORS EFFECTING RE INTEGRATION

Because wind and solar PV power are intermittent and
can cause grid instability, controlling frequency and
voltage is essential for their successful integration into
power grids. Robust control strategies are needed to
maintain stable frequency and voltage, and the
challenges associated with wind and PV integration
are covered in detail in (Osman & Alsokhiry,
2022)(Sanni et al., 2024).Although the mechanical
functioning of wind turbine rotors is not directly
impacted by PV integration, it can have an effect on
how the wind turbines function within the larger
energy generation and grid system. Grid stability,
electricity quality, and both wind and PV system
operational strategies are the primary areas of impact.
Combining PV with wind energy can increase total
system efficiency and reliability if these aspects are
appropriately managed, but for seamless operation,
sophisticated control systems and cautious grid
management are needed (Wind/PV Integration
Studies, 3rd Edition Task 14 PV in the 100%
Renewable Energy System, n.d.).

The total system inertia is decreased when traditional
synchronous generators are swapped out for
renewable energy sources like wind and solar. The
frequency response of the grid is weakened since solar
PV has no inertia and wind turbines are connected
through power converters. This decreased inertia
speeds up frequency changes, increasing the grid's
susceptibility to instabilities and causing load
shedding even in the event of small disruptions.
Frequency stability thus becomes essential to
preserving grid resilience (Alam et al., 2023).
Controller for the machine similar to 2-fuzzy cascade
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It is possible to implement a PI fractional order
controller (Sahu & Samantaray, 2023). The frequency
deviation equation is given in equation (Sahu &
Samantaray, 2023b).

d
J =T~ T, 1)

Convert torque to power P

P=TpeXw (2a)
multiply through by w
d
Jo =2 =Pp—P, (2b)

J is the moment of inertia in kg-m?, w is th angular
velocity in rad/s, Tm is the mechanical torque in N-m
and Te is th electrical torque in N-m.

Using base power

Jw? dw

Sp dt =(Pn— Pe)p.u (3)
d
2H %d—": = AP, (4)

w, is the rated angular velocity

9 —H (5)

2w3

For small deviations around nominal frequency

w = 2nf = 2nf, (6a)
dw E
T 27 o (6b)

d
put w and =
at

2nf af
2H o) o= AP, 4, @)
2H df
EE = APpu (8)

For suitable imbalance AP and frequency stabilize at

Y_o
dt
APp X fo
Af = pz—s )
_ AP fo
Af T Ys2H (10)

where, AP is the power imbalance between the
generation and the load., }'S summation of apparent
power, fis the system's nominal frequency., and H is
the system inertia. The system frequency is inversely

proportional to the inertia, as the mathematical
definition makes evident.

A. System Frequency Control

With or without supplementary devices, the frequency
of high-level renewable energy integrated wind
systems is primarily managed. A thorough description
of frequency management with various auxiliary
devices, such as flywheel energy storage, batteries,
supercapacitors, unified power flow controllers, and
superconducting magnetic energy storage (SMES), is
given in this section.

B. System Voltage control

Voltage control, which is accomplished by methods
like reactive power compensation (using devices like
Static Var Compensators or SVC) and by controlling
the DC-link voltage in the inverter, is essential for
stable grid integration in a hybrid wind and PV system
(Osman & Alsokhiry, 2022)

IV. CONTROL TECHNOLOGY/DEVICES IN PV AND
WIND ENERGY INTEGRATION

In order to regulate unpredictability, guarantee
stability, and maximize performance, wind and PV
energy sources must be integrated into the power grid
using sophisticated management methods and devices.
Numerous tactics have been investigated in recent
research to accomplish these goals (Osman &
Alsokhiry, 2022)(Liang et al., 2024).

A. Power Management in Hybrid Systems
max power point tracking (MPPT) methods for hybrid
solar-wind energy systems to maximize power
generation. The goal of the project is to integrate the
hybrid system with electrical grids and increase the
efficiency of power extraction (Salman et al., 2025)

B. Energy Storage Coordination

synchronized control approach for solar energy
storage power plants. The strategy is to extend the life
of energy storage devices, guarantee steady operation,
and improve the coordinated control impact (Salman
et al., 2025)

V. CONTROL DEVICES TECHNOLOGIES

Artificial Neural Networks (ANN) Controlled
STATCOM. New Advances in Machine Learning
Technology. In order to address power quality issues
in PV-wind power systems, a new study suggests an
ANN-based Distribution  Static ~ Synchronous
Compensator (DSTATCOM). This method improves

Nigerian Journal of Engineering Research Unicross (NJERU) ISSN No. 2971-785X 29 |Page



system stability and corrects harmonic distortions
(Irfan et al., 2025), nonlinear controllers known as
neuro-fuzzy controllers are renowned for their
capacity to learn, adapt, and draw conclusions without
the use of an exact system model. They are perfect for
use in conjunction with traditional controllers because
of their robustness, particularly in nonlinear systems
with variable parameters and uncertainties (Sabo et al.,
2020).

A. Phasor Measurement Units

PMU provide real-time monitoring of voltage
and current phasors, aiding in the dynamic
observation of the system and early detection of
instabilities.

B. Energy Storage Systems

Incorporating ESS, such as batteries and
supercapacitors, helps smooth power output,
provide grid support, and improve rotor angle
stability during disturbances.

VI. CONCLUSION

Combining solar and wind power is essential for
moving toward a low-carbon energy future because it
can significantly reduce greenhouse gas emissions and
reliance on fossil fuels. Although there are difficulties
because of their intrinsic variability, these problems
are being lessened by developments in energy storage,
control technologies, and Al-driven solutions. PMU
provides energy storage, a steady power supply, real-
time grid monitoring, and Al improves predictive
modeling and system optimization. Despite ongoing
institutional and infrastructure obstacles, Nigeria, with
its wealth of renewable resources, is a prime example
of the potential for the adoption of sustainable energy.
In addition to increasing grid efficiency and stability,
these technologies work together to achieve global
energy sustainability goals. Overcoming current
constraints and optimizing the advantages of
integrating renewable energy requires sustained
innovation and strategic execution.

VII. RECOMMENDATIONS

In order to expedite the shift to sustainable energy
systems, governments and energy stakeholders should
prioritize investments in large-scale energy storage
solutions and smart grid technologies; implement
policies that encourage the adoption of renewable
energy through tax breaks and subsidies; encourage
public-private partnerships to finance the development
of infrastructure; support research into hybrid

renewable systems and Al-driven grid management;
create training programs to increase technical capacity
for maintaining modern energy systems; and create
regulatory frameworks that make it easier to integrate
distributed renewable resources while maintaining
grid stability and reliability.
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