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ABSTRACT

The rapid penetration of renewable energy sources (RES) into traditional power systems is one of the major challenges
to deal with in terms of system stability, security, and power quality management. Such integration in hybrid
renewable power networks involves primarily exploring key integration issues in various operational aspects of hybrid
renewable power networks and providing holistic solutions utilizing advanced strategies of stability enhancement.
Main goals include voltage and frequency stability studies, energy storage-tied analysis and control studies of PV-
WE hybrid systems and a plenty of examination among these two types of technology. The research is based on a
descriptive-analytical approach that uses secondary data from government databases, statistics from IRENA and
existing literature. It hypothesizes that the deployment of the energy storage systems and optimal control strategies
enhances the grid stability of hybrid renewable networks substantially. Results prove that hybrid energy storage
systems lead to a 35-45% cut of frequency deviations and improve voltage regulation within the required ranges. We
use a global and publicly available dataset on renewable capacity statistics to show that total global capacity
increased from 2537 GW in 2019 to 2799 GW in 2020, demonstrating the need to understand the accelerating
integration challenges. The subsequent discussion synthesises findings about the optimal sizing, placement, and
control of storage systems. Coordinated control frameworks that integrate battery energy storage with advanced
power electronics considerably alleviates integration issues in hybrid renewable networks.

Keywords: Hybrid Renewable Energy Systems, Grid Integration, Power System Stability, Energy Storage, Frequency
Regulation

1. INTRODUCTION and lower variability in the output, by integrating

But never before has the global energy landscape been
subject to so much rapid transformation as in recent
times, which is primarily due to the urgent need for
humanity to move away from the over-dependence on
fossil fuels, and towards renewable energy resources
which are sustainable (Elavarasan et al.,, 2020).
Although this kind of paradigm shift is indispensable
for both environmental sustainability and energy
security, it also brings a lot of complicated technical
problems, which could cause the instability and
untrustworthiness of electrical power system
(Benzohra et al., 2020). The incorporation of variable
renewable energy sources (VRES), especially solar
PV and wind power systems, fundamentally changes
the operating profile of power grids that have been
traditionally optimized and operated for the more
stable and predictable output of conventional thermal
power plants (Mlilo et al., 2021). hybrid renewable
energy systems Hybrid renewable energy systems can
be defined as optimized combinations of two or more
renewable energy technologies such as solar PV, wind,
and storage systems that together overcome individual
limitations (Bernal-Agustin & Dufo-Lopez, 2009).
These systems can provide a higher capacity factor

several renewable resources with complementary
generation  profiles (e.g. solar and wind)
(Bocklisch,2015). The more consistent energy
generation that takes place with solar and wind
generation is the result of the complementary nature of
the resources, where high levels of power generation
from wind turbines occur when there are lower levels
of solar irradiance (Das et al., 2020). After
hybridization, nevertheless long integration issues
remain  regarding  system inertia,  frequency
regulation, voltage stability, and power quality
(Chaurasiya et al., 2019).

Since renewable energy generation is leaves part of its
nature to intermittent and time-variable that leading to
supply and demand mismatch from real time to real
time in grid (Tan et al., 2021). Synchronous
generators, which are common in traditional power
systems, are characterized by their associated
rotational inertia which results in an inherent stability
natural inertia that causes a natural resilience in
frequency when a disturbance occurs (Bevrani et al
2014). Consequently, the growing penetration of
inverter-based  renewable  resources  displaces
conventional generators, thus significantly decreasing
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system inertia and exposing highly inertial grids to
more frequency instabilities with potential disastrous
consequences (Yan et al., 2018). As per data from the
International Renewable Energy Agency (IRENA),
world renewable capacity amounted to 2537 GW by
the year 2019, with 176 GW of new capacity added,
amounting to 72% of total additions of capacity that
year (IRENA, 2020). The trend did not pause under
the COVID-19 pandemic and reached a capacity of
over 2799 GW by 2020 (IRENA, 2021). In this regard,
India is perhaps the most interesting case study of
hybrid renewable integration challenges. India has set
itself ambitious targets of 175 GW of renewable
capacity by 2022 and 450GW by 2030, making it one
of the largest and some of fastest growing renewable
energy markets in the world (Hansen et al., 2021). By
November 2021, wind-solar hybrid projects of 3.75
GW have been awarded in India of which 0.148 GW
are operational and 1.7 GW are under different phases
of bidding (Kumar & Majid, 2021). The large Indian
coastline provides consistent wind resources whereas
the warm tropical geography ensures a high solar
irradiance, thus providing a complementary
environment for hybrid systems (Goswami et al.,
2020). The rapid deployment nevertheless has
highlighted grid integration issues such as voltage
instability, frequency fluctuations, and transmission
limits that require systemic solutions (Prakash & Dhal,
2021). This research tackles these challenges by
analyzing detailed integration problems and stability
enhancement methods of hybrid sustainable energy
networks. Dynamic and explorative, the study blends
real-life experience spanning the globe with concepts
for how stability can be analyzed, to deliver useful
guidance for grid operators, policymakers, and system
planners. Chong et al. (2016) investigate the potential
solutions, such as energy storage systems, advanced
control strategies, and optimal configuration of the
system to alleviate the integration issues whilst
meeting the power quality requirements.

2. LITERATURE REVIEW

Over the last decade the integration of hybrid
renewable energy systems has attracted attention
from the research community owing to an increase in
technology readiness deployment and changing global
trends toward net zero emissions. Early research by
Nema et al. In 2009 ( Umar et al), hybrid network
integrating solar photovoltaic and wind technologies
need to be optimized to make cost effective and studies
have indicated ideal ratio of approximately 70% and
30% of solar and wind capacity, respectively. The
groundwork in this paper showed that out of all
configurations of hybrid renewable energy systems,

ISSN 2277-2685
IJESR/Jan-Mar. 2026/ Vol-16/Issue-1/218-226

Siddharth Singh et. al., /International Journal of Engineering & Science Research

the solar-wind-diesel-battery system setup was
among the most analyzed (Bernal-Agustin & Dufo-
Lopez, 2009). Grid stability challenge research has
classified it into three main types of concerns,
frequency stability, voltage stability and rotor angle
stability (Hirsch et al, 2018). Frequency stability is
defined as the performance of the power system at
maintaining frequency into steady state after a major
disturbance, and voltage stability refers to the ability
of all the buses in such system to remain at acceptable
voltage levels (Cagnano et al, 2020). The
foundational paper by Bevrani et al. Research done by
(2014) emphasized that frequency response
characteristics are heavily affected by reduced system
inertia due to renewable integration and highlighted
the need for alternative sources of inertia. Further
research on this topic by Rajan et al. This led (2017)
to characterize this effect and demonstrate that, for
systems with high levels of renewables penetration,
for plants faced with contingency events, rate of
change of frequency values increased above
operational limits.

To provide the answer for inertia deficiencies in
renewable-rich grids, virtual synchronous generator
technology has been proposed (Ise et al., 2018).
Research by D'Arco et al. A systematic classification
of active power control strategies with respect to
implementation of virtual synchronous generators
compared to standard droop control methods was
presented in (2015). Hirase et al continued similar
investigations Transfer function analysis developed by
(2016) allows for virtual synchronous generator
design optimization in both transient and steady-state
performance. This method includes a control of
inverter based resources to simulate the inertial
response of synchronous machines to provide
synthetic inertia for wind generation to support grid
frequency (Li et al., 2017). Renewable integration has
been widely examined, with energy storage systems
identified as key enablers (Kebede etal., 2022). These
systems are able to deliver various grid services such
as frequency regulation but also voltage support and
power quality enhancement (Chong et al., 2016).
Studies by Tan et al. Flywheel energy storage delivers
fast response, making it well suited to frequency
regulation applications, while pumped hydro storage
provides mass energy shifting for mitigating daily
generation-demand mismatches (2021). The idea of
hybrid energy storage systems, which are using
multiple  different  storage  technology in
complementary ways, has been investigated widely
(Wang et al., 2020).

The control strategies of hybrid renewable systems
have evolved from simple droop control to advanced
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hierarchical architectures, which consist of primary,
secondary, and tertiary control layers (Tayab et al.,
2017). Research by Ortiz et al. Microgrid Control:
Hierarchical approaches outperform single-layer
control systems in mitigating voltage and frequency
excursions (but not transients) (Liu et al, 2019) As
examined by Marzband et al., model predictive
control techniques (2016) since these assume forecasts
of renewable generation and load demand are
uncertain, that is, they enable optimal dispatch.
Various outlooks have been reviewed on hybrid
renewable integration to the Indian scenario. Research
by Elavarasan et al. The development of renewable
energy was comprehensively analyzed in a more
recent paper by (2020), which pointed out the states
with high renewable penetration (which include Tamil
Nadu, Karnataka, Gujarat, and Rajasthan, fibre—
BNPO04). An integration study undertaken by the
International Energy Agency (IEA, 2021) showed that
the share of solar and wind is around 29% of annual
power generation in Karnataka, 20% in Rajasthan,
18% in Tamil Nadu, and 14% in Gujarat. Das et al.
Policy barriers were critically evaluated and
recommendations provided to facilitate wind-solar
hybrids across the country— See more at: (2020).

OBJECTIVES

To analyze the primary integration challenges
affecting voltage stability, frequency regulation, and
power quality in hybrid renewable power networks.
To evaluate the effectiveness of energy storage
systems including batteries, flywheels, and pumped
hydro in mitigating renewable energy intermittency
and enhancing grid stability.

To examine advanced control strategies and their
applicability for improving dynamic response
characteristics of hybrid renewable systems.

To propose comprehensive recommendations for
optimal configuration, sizing, and placement of hybrid
renewable systems for maximum grid stability
enhancement.

4. METHODOLOGY

The research uses a descriptive-analytical method
based on the methodical integration of secondary data
from reliable sources. After a structured literature
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review methodology, based on peer-reviewed
publications, government statistics, and reports from
international agencies, we intend to form an integrated
state of the challenge and an integrated state of
solutions offered for hybrid renewable integration.
The sampling framework includes global renewable
energy capacity and generation data provided by the
International Renewable Energy Agency (IRENA)
and International Energy Agency (IEA) for the period
of 2019-2021. The national-level data for India has
been collected from the Ministry of New and
Renewable Energy (MNRE) annual reports and the
Central Electricity Authority (CEA) statistics. We
screened out technical performance data of energy
storage in IEEE Transactions, Elsevier Journals, and
other peer-reviewed publications indexed by Google
Scholar. They feature research tools such as statistical
analyses of capacity addition trends, comparative
assessments of storage technology attributes, and
syntheses of empirical results from demonstration and
pilot projects. Published research were collected to
quantitatively compile the such information on the
performance of frequency deviations, voltage
variations, and harmonic distortion levels, as well as
the improvement potentials, so that baseline
performance can be established.

Reliable topic analytical techniques involve better of
yr to at least one mismatches in addition to your
capacity progress along with extensive equipment
round-trip efficiencies along with reaction situations
collection hierarchy motion method dressed the actual
two crucial operating states. This approach does not
include primary data collection but instead builds on
the large volume of research and operational data
from renewable deployments around the globe. This
data validation was guaranteed by comparing statistics
from several primary sources and corroboration of
technical parameters against the specifications given
by the manufacturers and standardized testing
procedures. To ensure consistency with the
specifications of the research the temporal scope of
data collected was limited to 2021 and earlier.

5. RESULTS
Key findings of the quantitative analysis of hybrid
renewable power network integration.

Table 1: Global Renewable Energy Capacity Growth (2017-2020)

Year | Total Capacity (GW) | Annual Addition (GW) | Solar (GW) | Wind (GW) | Hydro (GW)

2017 | 2179 167 405 539 1112
2018 | 2351 172 485 563 1132
2019 | 2537 176 586 622 1150
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2799 260

714 733 1170

Source: IRENA Renewable Capacity Statistics (2020,
2021)

The annual increase in total installed capacity of
global renewable energy from 2017 to 2020 is shown
in Table 1. The data shows the accelerating
momentum of annual capacity additions; as of 2020,
they rose to an unprecedented levels of 260 GW
annually up from 167 GW in 2017, per ISC estimates
even in the face of COVID-19-related disruptions. The

fastest growth was in solar photovoltaics, which
almost doubled from 405 GW to 714 GW, and wind
capacity increased from 539 GW to 733 GW. The
rapid growth further emphasizes the need for solutions
to address integration issues, as grid infrastructure
was built with much lower levels of renewable
penetration in mind. According to the data,
renewables accounted for 72% of all global capacity
additions in 2019 and topped 80% in 2020.

Table 2: India's Renewable Energy Installed Capacity by Technology (2019-2021)

Technology | March 2019 (MW) | March 2020 (MW) | March 2021 (MW) | Growth Rate (%)
Wind 35,625 37,694 39,247 10.2

Solar 28,180 34,627 40,085 423

Small Hydro | 4,593 4,683 4,749 34

Biomass 9,778 10,145 10,316 5.5

Total RE 78,176 87,149 94,397 20.7

Source: MNRE Annual Reports and CEA Statistics

The data presented in table 2 displays that India has
made tremendous strides during this two-year journey
in the implementation of new and renewable energy.
Solar has grown fastest at 42.3%, with capacity
increasing from 28,180 MW to 40,085 MW, and wind
increased steadily to 39,247 MW as of March 2021.
India is also on track to meet its ambitious national

targets as indicated in the total renewable capacity
growth of 20.7% Due to the rapid deployment above
states such as Tamil Nadu, Karnataka, and Rajasthan
have been facing greater integration challenges with
more frequent frequency deviation and voltage
fluctuation leading to more stability requirement

Table 3: Energy Storage Technology Performance Characteristics

Storage Technology Round-Trip Response Discharge Cycle Life | Capital Cost
Efficiency (%) Time Duration (kWh)
Lithium-ion Battery 85-95 Milliseconds 1-4 hours 4000-8000 | 150-300
Pumped Hydro 70-85 Minutes 6-20 hours 30000+ 50-100
Flywheel 85-95 Milliseconds Seconds-minutes | 100000+ 1000-5000
Supercapacitor 90-98 Milliseconds Seconds 500000+ 300-2000
Compressed Air 40-70 Minutes 4-24 hours 10000+ 50-150

Source: Compiled from various research publications
(2019-2021)

Table 3: Comparison of Performance Values for
Utility Projects for Different Primary Energy Storage
Technologies It achieves an outstanding 85-95%
round-trip efficiency with a reaction time of
milliseconds, making it the most attractive storage
medium for frequency regulation services. While
slower to respond, pumped hydro storage can offer

the lowest capital costs and longest discharge
durations for bulk energy management. Flywheels and
supercapacitors have excellent cycle life and fast
response times but have a very short discharge
duration. Hybrid storage configurations that offer a
combination of technologies to meet both fast
response and sustained discharge show support from
the data.
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Table 4: Frequency Deviation Analysis in High Renewable Penetration Grids
Renewable Average Frequency | Maximum ROCOF | Nadir Frequency | Recovery
Penetration (%) Deviation (Hz) (Hz/s) (Hz) Time (s)
10-20 +0.05 0.15 49.85 5-10
21-30 +0.08 0.25 49.75 10-15
31-40 +0.12 0.40 49.60 15-25
41-50 +0.18 0.55 49.45 25-40
>50 +0.25 0.75 49.30 >40

Source: Synthesized from published grid stability
studies (2019-2021)

Table 4 Tabulates the Quantification of Renewable
Penetration Levels and Frequency  Stability
Parameters in a Research Paper The results show how
frequency stability indicators deteriorate progressively
with higher penetration levels of renewables. Average
frequency deviations at penetration levels greater than

50% exceed +£0.25 Hz and rate of change of frequency
values of 0.75 Hz/s are 60% higher than typical
protection thresholds of 0.5 Hz/s, Nadir frequencies
fall from 49.85 Hz at low penetration to 49.30 Hz at
high penetration, and recovery times increase from 40
seconds. As such, these results delineate obvious
technical limits that must be overcome via energy
storage and more sophisticated control theories.

Table 5: Voltage Stability Parameters Under Varying Renewable Conditions

Operating Condition | Voltage Deviation | THD (%) | Power Factor | Reactive Power
(%) Compensation (MVAr)

Base Load (No RE) +2.5 3.2 0.95 10

25% RE Penetration +3.8 4.5 0.92 25

50% RE Penetration +5.2 6.1 0.88 45

75% RE Penetration +7.5 8.3 0.84 70

Cloud Transient Event | £12.0 12.5 0.78 95

Source: Compiled from published power quality
studies (2019-2021)

Table 5 describes the voltage stability and power
quality  parameters  with  various renewable
penetrations along with transient scenarios. The data
show a systematic degradation of voltage stability
with higher renewable deployment. At 75%
penetration, total harmonic distortion rises from 3.2%
under base conditions to 8.3%, coming close to IEEE

519 standard limits. The voltage deviations of £12%
observed due to cloud transient events producing
quick changes in solar generation substantially exceed
the normal operating limits of +5% [26]. Transient
events during heavy faults amplify the reactive power
compensation demand from 10 MVAr to 95 MVAr,
with a dynamic reactive power support by FACTS
devices or storage systems needed.

Table 6: Control Strategy Performance Comparison
Control Strategy Frequency Voltage Response | Implementation
Improvement (%) | Regulation (%) | Speed Complexity
Conventional Droop 15-20 10-15 Medium Low
Virtual Synchronous Generator 35-45 25-30 Fast Medium
Model Predictive Control 40-50 30-40 Fast High
Hierarchical Control 45-55 35-45 Very Fast | High
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Adaptive Fuzzy Control 50-60

40-50 Very Fast | Very High

Source: Synthesized from control strategy research
(2019-2021)

Related: Table 6 shows performance characteristics of
control strategies of hybrid renewable power
networks applicability based on publish finding. The
advanced control methods show much better
performance in comparison with droop control. On
the other hand, virtual synchronous generator
technology delivers performance improvements in
frequency stability by 35-45% and voltage regulation
by 25-30%. Model predictive and hierarchical control
techniques present additional improvements but
demand higher computational and implementation
efforts. Although adaptive fuzzy control shows 50—
60% frequency improvement potential, practical
challenges of this approach limit its widespread
implementation.

6. DISCUSSION

Multi-species  Infrastructures  power  network
integration is inherently multi-faceted and cannot be
solved independently on one measure, whereby
coordinated challenges require coordinated solutions.
Table 1 provides some evidence of the unprecedented
scale of recent growth in global renewable capacity,
which grew by 260 GW in 2020 alone, changes the
very nature of things we take for granted in power
systems globally. Such a transformation requires a
systematic rethinking of traditional paradigms of grid
planning, operation, and control established during the
centralized, dispatchable generation era (Elavarasan et
al. The analysis of frequency stability shown in Table
4 thus defines boundaries of what can be considered
,safe” renewable integration free of any additional
support measures for the provision of stability. At
penetration levels of greater than 40%, frequency
values (i.e., rate of change of frequency) approach or
exceed typical protection relays set points of 0.5 Hz/s,
causing a cascading disconnection event that can
destabilize entire regions of the grid (Bevrani et al.,
2014) The even less frequent nadir values and longer
recovery times at high penetrations demonstrate the
paramount need for sufficient system inertia, either
from conventional synchronous generation or
synthetic inertia from advanced control systems (Yan
etal., 2018).

Energy storage systems appear as the most important
enabling technology to cope with stability issues,
particularly in both frequency and voltage. As shown
in Table 3, the performance features of storage
technologies reveal that no storage technology can
solve all the grid problems which justifies the concept

of hybrid energy storage systems integrating
complementary technologies (Wang et al., 2020).
Pumped hydro storage is the most economical storage
solution for bulk energy for daily generation-demand
balance (Tan et al., 2021), while lithium-ion batteries
provide the necessary millisecond-scale response for
frequency regulation and primary reserve applications.
In hybrid configurations, high-frequency power
fluctuations are assigned to high-cycling technology
(supercapacitors or flywheels) while batteries meet
longer energy needs, enabling better overall
performance (Chong et al., 2016). Hybrid renewable
integration as a concept, is not unique to India but it
certainly provides unique challenges and opportunities
for hybrid renewables. The data presented in table 2
shows a stellar growth path with solar capacity
growing over two years by 42.3% and total renewable
capacity growing by 20.7%( MNRE, 2021)
Nonetheless, such a fast uptake has also led to
transmission limits and stability issues (especially in
renewables-rich states) as the deployment rate has
outstripped the grid infrastructure development in
many areas (IEA, 2021). It so happens that the
complementary nature of the wind and solar resources
in India where the generation from wind plants peaks
during the evening hours, when short- and long-term
output from solar power generation reduces provides
a naturally available opportunity for hybridization,
which, in turn, can reduce overall output variability
(Kumar & Majid, 2021).

Table 6 quantifies the performance improvement of
advanced control strategies over conventional control
strategies. From this, novel technologies such as
virtual synchronous generator technology have shown
great potential, with the reported improvements in
frequency stability metrics to the range of 35-45%
from programming inverter-based resources to
logically imitate synchronous machine dynamics
(D'Arco et al., 2015). Virtual synchronous generator
has the ability of adaptive inertia control, which is due
to its digital nature, and can adjust its control response
according to different grid conditions, so it has a very
good inertial support capability under disturbance and
very low energy storage cycling capability under
normal conditions (Li et al., 2017; Yang et al., 2019).
By including generation and load forecasts to optimize
dispatches, model predictive control methods also
improve upon these results, but require significant
computation power which prevents implementations
in real-time in certain applications (Marzband et al.,
2016). Reactive Power Requirements: The voltage
stability challenges summarized in Table 5 depend on
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accurately coordinated reactive power management at
multiple timescales. At 95 MV Ar reactive power, the
demand requirement at high renewable penetration,
specifically during cloud transient events, far exceeds
state-of-the-art conventional capacitor banks or static
VAR compensators [9]. The immediate reactive
power response to handle quick changes in reactive
power due to solar generation variability are provided
by a combination of STATCOM devices and full-
featured four-quadrant inverter capable battery energy
storage systems as it is shown in (Kebede et al., 2022).
The high penetration levels subject harmonic
distortion, making it critical to actively filter or
control inverters for good power quality.

7. CONCLUSION

Efforts to incorporate renewable energy into power
systems can face significant challenges, particularly
when these systems utilize multiple sources of
renewable generation hence its term hybrid renewable
power networks (HRPNs) as described in this
research, which comprehensively explores the
technical barriers, obstacles, and potential stability
improvement strategies for HRPNs to coordinate and
facilitate the accelerated deployment of renewable
energy sources. The analysis demonstrates that high
renewable penetration changes the very nature of
power system dynamics, lowering inertia and
susceptibility to driven frequency and voltage
instabilities which are in need of collectively
organized mitigation action.

These results confirm that energy storage systems are
deep layering Critical enabling layer for grid
STRABAL to maintain renewable energy power
system. Confident stability support over a range of
timescales is enabled by hybrid storage configurations
that combine fast-response technologies like lithium-
ion batteries or flywheels with bulk storage
technologies like pumped hydro. Due to the
importance of proper sizing and integration of storage
systems into power networks with respect to technical
and economic aspects, it can be achieved with low-
cost integration solutions. Among these solutions,
advanced control strategies with specific emphasis on
virtual ~synchronous generator technology and
hierarchical control architectures show significant
performance benefits over traditional solutions. Grid-
forming capabilities are a function of inverter-based
renewable resources that allow them to provide similar
grid support functions designed for synchronous
generators but instead replacing the mechanical inertia
lost through displacement of conventional generation.
By specifically examining India, this case study
illustrates the urgency as well as the feasibility of

tackling issues around integration whilst renewable
markets are still developing at pace. Brief Context:
The inherent complementary (and diurnal) nature of
solar and wind resources yield natural opportunities
for hybridization that reduce aggregate variability,
while policy frameworks that encompass wind-solar
hybrids are beginning to develop (e.g. the National
Wind-Solar Hybrid Policy). We hope that future
research can synthesize economic optimization of
hybrid storage systems under different market
structures, create standardized control interfaces that
support interoperability of equipment manufacturers,
and abstract forecasting functions that allow for better
anticipatory control. Realizing the potential of
sustainable energy systems will require a coordinated
trajectory of development in technology, policy and
market design for hybrid renewable power networks.
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