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This study explores the implementation of a novel control strategy within
hybrid power systems, leveraging a Grey Wolf Optimization (GWO)-
tuned Fuzzy Proportional-Integral-Derivative (Fuzzy-PID.) controller to
enhance the integration of renewable energy sources. By addressing the
critical challenge of grid frequency deviations, this approach significantly
bolsters the stability and efficiency of power flow, ensuring a more
reliable electricity supply. Employing MATLAB simulations, the
research underscores the superior performance of the GWO-tuned Fuzzy-
PID. controller, which necessitates fewer control interventions and yields
lower oscillation frequencies than its conventional PID. and Fuzzy-PID.
counterparts. The robustness of this optimized controller is further

validated through extensive tests, demonstrating its resilience across a
spectrum of parameter adjustments and operational scenarios, including
the hypothetical removal of system components. The findings reveal that
this advanced control method markedly surpasses traditional solutions in
maintaining stable electricity flow and enhancing the system's overall
resilience and adaptability to the variable nature of renewable energy.
Thus, the GWO-tuned Fuzzy-PID. controller emerges as a significant
innovation in hybrid power system management, heralding a new era of
optimization and efficiency in renewable energy integration.

This is an open-access article under the CC-BY-SA license.

1. Introduction

The pressing need for sustainable and environmentally friendly energy solutions has never been
more critical than in our current era. As the detrimental effects of traditional fossil fuels on the
environment become increasingly apparent, the search for alternative, renewable energy sources has
intensified [1]. The PID controller, recognized for its extensive application, is widely utilized in
various control systems [2]. Despite the higher costs and pollution associated with fossil fuels, the
global energy sector continues to rely heavily on these diminishing and environmentally harmful
resources to meet the world's growing electricity demands [3]. This reliance underscores a
significant challenge in transitioning toward greener energy solutions, highlighting the inherent
trade-offs between economic costs, energy security, and environmental sustainability.
PID controllers are preferred in industries for their simplicity and reliability in regulating DC motor
speed, resulting in faster response times, decreased error, and minimized overshoot [4].
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Renewable energy sources, including solar, wind, geothermal, and tidal power, offer promising
pathways to address these challenges [5]-[15]. These technologies harness natural processes to
produce clean, abundant, and sustainable energy, presenting viable alternatives to fossil fuels.
However, the adoption of renewable energy is not without its challenges. One of the primary
obstacles is the inherent variability of these energy sources. The output from solar panels and wind
turbines, for example, can fluctuate significantly due to changing weather conditions, posing
challenges for integrating these sources into the existing power grid reliably [16].

To mitigate the impacts of this variability, advanced energy storage technologies such as
ultracapacitors, flywheels, and batteries have been developed [5], [17]-[20]. These systems play a
crucial role in stabilizing the power grid by storing excess energy generated during peak production
times and releasing it during periods of high demand or low production. The integration of these
storage solutions into hybrid power systems, which combine multiple renewable energy sources,
represents a critical advancement in efforts to enhance grid stability and ensure a consistent energy

supply [21].

The complexity of managing the dynamic interactions between various renewable energy
sources and storage systems in hybrid power systems necessitates sophisticated control strategies.
Traditional control methods, such as Proportional-Integral-Derivative (PID.) controllers, have been
widely used across various industries for their simplicity and effectiveness. However, the unique
challenges posed by hybrid power systems, characterized by non-linear dynamics and unpredictable
fluctuations in energy production and demand, require more adaptable and resilient control solutions
[21].

Recent advancements in control strategies for hybrid power systems have focused on enhancing
performance and stability through various innovative approaches. Among these, the Grey Wolf
Optimizer-tuned Fuzzy Proportional-Integral-Derivative controllers stand out as a promising
solution to meet the dynamic demands of modern power systems. The integration of intelligent
control mechanisms, such as fuzzy logic and hybrid models, has shown significant improvements
over conventional control techniques in stabilizing the net frequency against load variations and
improving control performance.

Doan et al. explored a novel fuzzy logic-based load frequency control method for multi-control-
area interconnected power systems. Their research demonstrated the potential of intelligent control
methods to outperform traditional controllers, such as Integral, P1, and PID controllers, in stabilizing
frequency variations [22]. Similarly, [23] compared the effectiveness of Adaptive Neuro Fuzzy
Inference System (ANFIS) controllers with conventional PID and Fuzzy logic controllers in
managing load frequency control of a three-area interconnected power system. Their findings
highlighted the comparative advantages of ANFIS controllers in enhancing system performance.

In the domain of robust and fuzzy controllers, Falkner and Heck identified that these controllers
exhibited superior overall behavior in enhancing the power system performance [24]. This study
provides a foundational understanding of the potential of robust and fuzzy logic controllers in power
system applications. De Carvalho Neto [25] furthered this research by applying a hybrid control
method to a DC-DC boost converter, aiming to maintain a constant output voltage and ensure high
power quality. Their approach combined signals from robust and fuzzy controllers based on
operational conditions, offering an effective solution for power quality improvement.

Giri and Sinha [26] introduced a Hybrid Neuro-Fuzzy (HNF) controller for load frequency
control in a four-area interconnected power system. Their work demonstrated the HNF controller's
superior speed and effectiveness in managing nonlinearities compared to traditional controllers such
as fuzzy, artificial neural network (ANN), and conventional PI controllers. Complementing this,
Mishra in [27] implemented a robust trapezoidal membership function-based type-1l fuzzy PID
controller for automatic generation control (AGC) in multi-area power systems, showcasing the
benefits of intelligent controllers in power generation monitoring.
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These studies collectively underline the shift towards integrating fuzzy logic and hybrid
intelligent control systems in power system management. The emphasis on such innovative
approaches stems from their ability to efficiently address system nonlinearities, disturbances, and
load variations, which are crucial for the development of more reliable and efficient power systems.

The optimization of controller parameters is a critical aspect of deploying effective control
strategies in hybrid power systems. Among the various optimization techniques explored in recent
studies, Grey Wolf Optimization has emerged as a particularly effective method for tuning the
parameters of Fuzzy-PID. controllers. Inspired by the social hierarchy and hunting behavior of grey
wolves, G.W.O. is a meta-heuristic optimization algorithm that has demonstrated superior
performance in identifying optimal solutions for complex, multi-dimensional optimization problems.
In the realm of VVLSI integration for low power applications, the quest for enhancing hybrid power
system performance takes center stage [28]-[30].

Despite the advances in control strategies and optimization techniques, several research gaps
remain, particularly regarding the comparative effectiveness of different control approaches under
varying operational conditions and parameter uncertainties. This study aims to fill these gaps by
conducting a comprehensive analysis of Fuzzy-PID. controllers optimized with G.W.O. in hybrid
power systems. Through a detailed examination of the performance of these controllers in managing
the variability of renewable energy sources and ensuring grid stability, this research seeks to
contribute to the ongoing efforts to develop more resilient, efficient, and sustainable energy systems.

As the world continues to grapple with the challenges of transitioning to a sustainable energy
future, the findings of this study hold significant implications for the design and management of
hybrid power systems. By providing insights into the effectiveness of optimized control strategies in
enhancing the reliability and performance of these systems, this research contributes to the broader
goal of achieving a sustainable, reliable, and clean energy supply for future generations.

2. Renewable Energy Sources and Hybrid Power Systems

The quest for sustainable, reliable, and clean energy sources has directed substantial scholarly
attention towards renewable energy technologies and their integration into power systems. This
section delves into the expansive body of literature on renewable energy sources and hybrid power
systems, underlining the significance of these discussions in the context of global energy
transformation.

The global shift towards sustainable development has significantly increased the focus on
renewable energy sources and hybrid power systems as vital components in achieving energy
security and environmental sustainability. Renewable energy sources, such as solar, wind,
geothermal, and tidal energy, are pivotal in the transition from conventional fossil-fuel-based power
systems to more sustainable alternatives due to their low environmental impact and potential to
provide clean, abundant, and sustainable energy [1]. These sources represent the cornerstone of a
green energy future, offering the promise of reducing greenhouse gas emissions and mitigating the
adverse effects of climate change.

Hybrid power systems, which integrate multiple renewable energy sources with conventional
power generators and energy storage technologies, emerge as a compelling solution to address the
intermittency and unpredictability of renewable energy sources. By combining various energy
sources and storage systems, hybrid power systems can offer more reliable and stable energy supply,
enhancing grid stability and reducing dependency on fossil fuels [4]. The integration of energy
storage technologies, such as batteries, flywheels, and ultracapacitors, into hybrid systems plays a
critical role in balancing energy supply and demand, storing excess energy during peak production
periods, and releasing it during high demand or low production periods [27].

The management of these complex systems requires advanced control strategies to optimize the
dynamic interactions between the different components of hybrid power systems. Traditional control
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methods like Proportional-Integral-Derivative (PID.) controllers, while widely used for their
simplicity and effectiveness in various applications, often fall short in addressing the unique
challenges presented by the nonlinear dynamics and variable nature of hybrid power systems. As
such, there is a growing research interest in developing more sophisticated and adaptive control
strategies that can better handle the complexities of hybrid power systems, ensuring efficient
operation and maximizing the utilization of renewable energy sources.

Renewable energy sources and hybrid power systems represent critical elements in the global
transition towards a more sustainable energy future. The continuous development and integration of
these systems hold the potential to significantly reduce reliance on fossil fuels, decrease carbon
emissions, and provide a resilient and sustainable energy supply. However, the effective
management and optimization of hybrid power systems necessitate innovative control strategies that
can accommodate the inherent variability of renewable energy sources and ensure the reliable and
efficient operation of these complex systems.

2.1. Challenges in Hybrid Power System Control

The control of hybrid power systems, which integrate renewable energy sources with
conventional power generation and energy storage, is fraught with challenges. These systems'
inherent variability, complexity, and the need for reliability present significant hurdles. Recent
research has aimed to address these issues, offering insights and solutions to optimize hybrid power
system control. One of the primary challenges is managing the intermittent nature of renewable
energy sources. Espina in [31] have investigated the use of predictive control strategies to mitigate
the impacts of solar and wind energy variability. Their study emphasizes the importance of
forecasting tools in predicting renewable outputs, enabling more responsive and adaptive control
strategies.

Energy storage is critical in compensating for renewable energy's fluctuating nature, yet its
integration poses operational challenges. A study by [32] on battery management systems has
highlighted the necessity of sophisticated algorithms to manage the charging and discharging of
batteries effectively, ensuring energy availability during demand peaks and minimizing storage
costs. The complexity of coordinating multiple energy sources and storage technologies within
hybrid systems calls for advanced control frameworks. [33] proposed a modular control architecture
that facilitates the integration and scalable expansion of hybrid systems, ensuring efficient operation
across diverse configurations.

Economic operation and optimization are vital for the viability of hybrid power systems.
Research by Zhao [34] on economic dispatch models has shown how real-time pricing and demand
forecasts can optimize the use of renewable energies and storage, reducing reliance on fossil fuels
and lowering operational costs. Integrating hybrid systems into the existing grid infrastructure
without compromising stability is a significant concern. Studies by [35] have explored solutions for
voltage regulation and frequency stabilization in grids with high renewable penetration, highlighting
the role of hybrid systems in enhancing grid resilience.

2.2. Previous Approaches in Control Strategies

The evolution of control strategies for hybrid power systems has been marked by significant
advancements and research efforts aimed at optimizing the performance and reliability of these
complex systems. Over the years, several approaches have been explored, each addressing specific
challenges associated with the integration of renewable energy sources, conventional power
generation units, and energy storage systems. This literature review delves into the key
developments and methodologies that have shaped the landscape of control strategies for hybrid
power systems.

Early control strategies predominantly relied on Proportional-Integral-Derivative controllers
due to their simplicity and proven effectiveness in various industrial applications. However, the
intricacies of hybrid power systems, characterized by non-linear dynamics and unpredictable

Meetpal Singh (Enhancing Hybrid Power System Performance with GWO-Tuned Fuzzy-PID Controllers: A
Comparative Study)



International Journal of Robotics and Control Systems
Vol. 4, No. 2, 2024, pp. 709-726

ISSN 2775-2658 713

renewable energy outputs, quickly highlighted the limitations of PID controllers. In Camacho’s [36]
comparative study, the performance of PID controllers in hybrid systems, identifying the need for
more adaptive and robust control solutions to handle system complexities and variability were
evaluated.

The recognition of these limitations led researchers to explore advanced control strategies, such
as Model Predictive Control (MPC) and Adaptive Control. MPC emerged as a powerful tool for
managing the dynamic interactions within hybrid power systems, offering the ability to predict
future system states and make informed control decisions. A seminal work by [37] demonstrated the
efficacy of MPC in optimizing energy management and distribution in hybrid systems, underscoring
its potential to enhance system efficiency and stability.

Adaptive control strategies further expanded the capabilities of hybrid system management by
introducing mechanisms that adjust control parameters in real-time based on system performance
and environmental conditions. Pao and Johnson in [38] explored the application of adaptive control
in wind energy conversion systems, showcasing its advantages in accommodating the variability of
wind speeds and improving energy capture efficiency.

In addition to these technical approaches, optimization-based control strategies have also
gained prominence, focusing on the economic operation of hybrid power systems. Optimization
techniques aim to minimize operational costs while maximizing the utilization of renewable energy
sources. A pivotal study by Connolly [39] employed genetic algorithms to optimize the energy mix
in hybrid systems, achieving significant improvements in cost-effectiveness and renewable energy
penetration.

More recently, the integration of Artificial Intelligence (Al) and Machine Learning (ML)
techniques into control strategies has opened new avenues for enhancing the performance and
adaptability of hybrid power systems. Al-based approaches enable sophisticated data analysis and
decision-making processes, facilitating the real-time optimization of system operations. Chang [40]
highlighted the potential of Al and ML in predicting renewable energy outputs and optimizing
storage management, marking a significant advancement in control strategy development.

2.3. Optimization Techniques in Control Parameter Tuning

The intricate dynamics of hybrid power systems, characterized by their integration of
renewable energy sources, conventional generators, and energy storage technologies, necessitate
precise and adaptive control strategies. A pivotal aspect of these strategies is the tuning of control
parameters to achieve optimal system performance. Recent advancements in optimization
techniques have significantly contributed to the refinement of control parameter tuning, enhancing
the efficiency, reliability, and economic viability of hybrid power systems. This literature review
encapsulates key developments and applications of optimization techniques in the context of control
parameter tuning for hybrid power systems.

One of the cornerstone methodologies in this domain is the application of Genetic Algorithms
(GAs). GAs have been widely recognized for their ability to solve complex optimization problems
by simulating the process of natural selection. A seminal contribution by [41] introduced the concept
of Particle Swarm Optimization (PSO), a GA variant, which has since been applied to various
aspects of hybrid power system control, including parameter tuning. The versatility and efficacy of
PSO in navigating multi-dimensional optimization landscapes have made it a preferred choice for
optimizing control parameters in these complex systems.

Model Predictive Control (MPC) strategies, another critical area of optimization, rely on the
accurate prediction of future system states to make informed control decisions. The work by [42]
highlights the integration of MPC with optimization techniques to dynamically adjust control
parameters in response to predicted changes in system conditions, thereby ensuring optimal
performance under varying operational scenarios.
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Recent years have seen a surge in the application of Artificial Intelligence (Al) and Machine
Learning (ML) techniques for optimization in hybrid power systems. Al and ML offer sophisticated
tools for analyzing vast amounts of data, learning system behaviors, and identifying optimal control
parameters. A notable study by [43] demonstrates the use of Reinforcement Learning (RL), a subset
of ML, for optimizing control strategies in energy systems. RL algorithms iteratively learn the best
actions to take in different states of the system, enabling the fine-tuning of control parameters to
minimize energy consumption and operational costs.

Furthermore, the integration of Big Data analytics with optimization algorithms has opened
new avenues for enhancing the precision of control parameter tuning. Big Data technologies enable
the processing and analysis of large datasets generated by hybrid power systems, providing deep
insights into system dynamics and performance. Zhang [44] explored the use of Big Data analytics
in conjunction with optimization algorithms to develop predictive models for system performance,
facilitating the real-time adjustment of control parameters for optimal operation.

3. Components of Hybrid Power System

Hybrid power systems represent a cutting-edge integration of energy storage and power
generation components, designed to harness and optimize the use of renewable energy. These
systems synergize the strengths of various energy sources to ensure a stable, reliable, and sustainable
power supply. Fig. 1 illustrates the comprehensive layout of a hybrid power system, highlighting its
complexity and the interconnectivity of its components.
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Fig. 1. Simulation diagram of complete hybrid power system
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3.1. Modelling of the Power Generation Station

At the core of any hybrid power plant are its power generation units, each contributing unique
characteristics to the system's overall performance and efficiency. Predominantly, a hybrid power
plant encompasses wind turbine generators (WTGs), solar photovoltaic cells, and diesel engine
generators (DEGS), among others. The modeling of these components is crucial for understanding
their behavior within the system and optimizing their operation and were obtained by [45] given by:

e Wind Turbine Generators (WTGs): The WTG model captures the conversion of kinetic wind
energy into electrical power. The dynamic response of a WTG can be represented by a first-
order transfer function, where G, 1 (S) is given by Eq. (1).

Kwra _ APwrg 1)

Here, Kwre and Tyt denote the system gain and time constant, respectively, characterizing the
WTG's efficiency and response time to wind speed variations.

Gwre ) =

e Solar Photovoltaic Cells: Solar cells convert sunlight directly into electricity. The model for
solar thermal power generators (STPGS) involves a transfer function that accounts for the solar
irradiance's impact on power output. It is given by Eq. (2).

KS N KT — APSTPG (2)
14+(S*Ts) 1+ (S*Tp) APgy

where Kg and Kr, along with Tg and Tr, represent the gains and time constants associated with
solar energy conversion and thermal storage dynamics.

Gstpe (S) =

o Diesel Engine Generators (DEGSs): DEGs serve as a reliable backup, ensuring power supply
continuity during periods of low renewable energy generation. Their behavior is modeled by

Eq. (3).

KpEg _ APpgg
1 + (S * TDEG) Au

with Kpgg and Tpgg indicating the generator's efficiency and responsiveness to control inputs.

Gpec(S) = (3)

o  Fuel Cells (FCs): Fuel cells offer a clean, efficient way to produce electricity from chemical
energy stored in fuels. The transfer function for a fuel cell, Gg¢, (S) is given by Eq. (4).

Kee APy
1+ (S * TFC) APAE

Reflects its power output relative to the input energy, with K. and Tgc encapsulating the
conversion efficiency and dynamic response characteristics. The parameters outlined in these
models, detailed in Table 1, provide a foundational framework for simulating and analyzing the
performance of hybrid power systems. Through these models, engineers and researchers can predict
system behavior under various operational scenarios, enabling the optimization of power generation
and the strategic management of energy resources within the hybrid system.

Grek(S) = (4)

3.2. Implementation of Different Energy Storage Components

Energy storage plays a pivotal role in hybrid power systems, providing a buffer that mitigates
the variability of renewable energy sources and ensures a steady and reliable power supply. This
section delves into the functionality and modeling of key energy storage components employed
within these systems, including fuel cells, battery systems, ultra-capacitors, and aqua electrolyzers.
Each component's unique characteristics contribute to the overall efficiency and resilience of the
power system.
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e  Flywheel System: The flywheel system operates on the principle of Kinetic energy storage,
where energy is stored in the form of rotational energy. The system accelerates a rotor to high
speeds, and this rotational energy is converted back into electrical energy when needed. The
dynamic behavior of a flywheel system can be represented by the transfer function as given in

Eq. (5):

KFs
1+ (S * Tgs)

Where Grs(S) is the transfer function, Kgs denotes the system gain, Trs is the time constant. This
model captures the efficiency of energy conversion and the response time of the flywheel system to
changes in energy demand.

Gps(S) = (5)

e  Ultra-capacitor (UC): Ultra-capacitors excel in energy storage density and charging speed,
storing significantly more energy per unit volume or mass than conventional electrolytic
capacitors. They support numerous charge and discharge cycles without degradation, making
them ideal for rapid energy transfer applications. The transfer function for an ultra-capacitor is
given by Eq. (6):

— _ Kuc
Guc(s) = Trs+To0) (6)

Where Guc(s) is the transfer function, Kuc is the capacitor gain, Tuc is the time constant for UC

system.

o Battery System (BS): Battery systems are integral for long-term energy storage, offering a
balance between energy density and charge cycles. They play a crucial role in maintaining the
structural integrity, safety, performance, and lifespan of the hybrid power system. The
behavior of a battery system can be modeled as given in Eq. (7):

KFs
1+ (S * Tgs)

Where Ggs(S) = Transfer function, Kgs is the gain, Tes are the time constant for Battery system
respectively.

Gps(s) = (7)

e Modelling of the Aqua Electrolyzer: Aqua electrolyzers utilize clean energy sources to
electrolyze water into hydrogen, which can then be stored or used directly by fuel cells to
produce electricity. This technology bridges renewable energy production with hydrogen
economy, offering a sustainable pathway for energy storage and utilization. The operation of
an aqua electrolyzer is described by the transfer function as given in Eq. (8):

AE = KAE/l + STAE (8)

e  Transfer Function Modelling for Power System: The essence of managing a hybrid power
system lies in its ability to maintain stability and efficiency despite the fluctuations in power
generation and demand. A fundamental tool in achieving this stability is through the
development of a transfer function that models the system's response to changes. The transfer
function, represented as Gsystem(s), encapsulates the dynamics of the power system,
particularly focusing on how it reacts to deviations in power and load demand. The transfer
function for the power system is expressed as:

Gsystem(s) = Af /AP, =1/D + I 9)

In this equation, Af denotes the fluctuation in frequency deviation within the power system, an
indicator of the system's stability in response to changes. AP, represents the error between the power
generated and the power demanded, a critical factor in ensuring the balance between supply and
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demand. The denominator combines two pivotal constants: the damping constant (D) and the inertia
constant (I;).

e  Modelling of Solar, Wind, and Demand Load Power: The dynamic interplay between power
generation from renewable sources and the demand load presents a complex challenge for
hybrid power systems. To navigate this challenge, a mathematical model has been developed
to simulate the variations in wind and solar power generation, as well as fluctuations in
demand load. This model is pivotal for understanding how these variables impact the overall
power system and for designing effective strategies to maintain balance and reliability. The
model encapsulates the power generation and demand dynamics through the following
equation:

P=E*<pﬁ(1—c(s))+n)*$*¥ (10)

In this context, load power is represented by P, indiscriminate power element is represented by
&, average power is represented by n, and time-based signal switching with gain that controls the
sudden change in mean output of power is represented by ¥. The low pass transfer-function is
denoted by G (s) and constants (¢ and ) are utilized to standardize powers of & to achieve per unit
level coordination.

Parameters of the equation for generation of solar power is given by Eq. (11):
&~U (-1, 1); 9=0.7; n=2; =0.1; ¥ =1.1111H(t)-0.5555H(t—40);

1
— 11
6) = Toa5 71 (1)
Parameters of the equation for generation of demand load is given by Eqg. (12):
¢~U (-1, 1); ¢ =0.8; n=100, § =0.1, ¥ =H(t) —0—: H(t—40);

G(s) = 300 1 12
)= B00+s)+1  (1800+s) + 1 (12)

Equation for the parameters used for the generation of wind power is given by Eq. (13):

§~U(-1,1), ¢ =0.8, n=2, =10,

_ 13
6) = Toa5 71 (13)

where H(t) is Heaviside step function.

Table 1. Parameters of different components in a hybrid power system

Component Gain (K) Time Constant (T)

TS = 1.80,

Solar Power (STPG) KS=1.80,KT=1 TT = 0.30
Wind Power (WTG) KWP =1 TWP = 1.50
Diesel Engine Generator (DEG) K DEG = 0.0030 TDEG =2
Flywheel System KFS = —0.010 TFS=0.10
Battery System KBS = —0.0030 TBS =0.10

Ultra Capacitor Kuc=-0.70 TUC=0.90

Aqua Electrolyzer K AE = 0.0020 T AE = 0.50

Fuel Cell KFC=0.010 TFC =4

Fig. 2 illustrates the open-loop response of the system, showcasing the interactions between
generated powers (Psp, and Py,), demand load (P,), and the total power reaching the grid (P;). The
model highlights the stochastic nature of renewable energy sources and demand, underscored by
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abrupt changes at random intervals. This variability necessitates robust control mechanisms capable
of minimizing frequency deviations and ensuring a consistent supply of electricity to meet the
demand.

SOLAR POWER . WIND POWER:
& gt
®mog =
= F
0.0 |
1) o
] 40 50 60 o &0 20 100 0 10 20 30 40 0 &0 T 80 @0
Tme (seconds Teme (saconds)

TOTAL POWER . LOAD POWER

P{T}
PiL}

00 L 10 20 30 40 50 &0 ] 80 &0

Fig. 2. Open loop response of system

4. Design of Controller

The PID controllers use controls based on the derivative, proportional, and integral of the
system. Integral can improve steady-state by integrating available error, and derivative can improve
transient response by deriving error. Error is directly proportional to the proportional part. The
proportional component determines error. Error is equal to part of proportion. Here e(t) is error
signal which is difference between reference frequency (Frr) and frequency obtained at the output
f(t). Fig. 3 demonstrates demand power and renewable power realization.

e(®) = frer(® — f(H) (14)

The output of controller is denoted by y(t) in time domain such that, K,= the proportional
gain, K; =derivative gain, K; is integral gain. In this study, the parameters were optimized using the
GreyWolf Optimization software (GWO).

5. Results and Discussions

The study's objective to enhance the operation of hybrid power systems through advanced
control strategies has led to a comprehensive simulation analysis. Utilizing MATLAB, the hybrid
power system's behavior was meticulously simulated over a duration of 100 seconds, incorporating a
range of controller tuning configurations to closely mimic real-world operational scenarios. The
simulation accounted for environmental variables such as weather changes, which significantly
affect renewable energy inputs, and demand load fluctuations that occur cyclically every one minute
and eighty seconds.

Initial simulations employed traditional Proportional-Integral-Derivative and Fuzzy-PID
controllers as benchmarks. These controllers, while effective in many standard control applications,
showed limitations in handling the dynamic and unpredictable nature of hybrid power systems,
particularly under varying weather conditions and load demands. The application of the GWO
algorithm to optimize the Fuzzy-PID controller parameters marked a significant advancement in the
control strategy. The optimization process focused on refining the controller's ability to maintain
system stability and respond efficiently to fluctuations in power generation and demand. The
controller parameters are listed in Table 2. Because control signals initialize mechanical parts like
DEG, BS, and FS, this fuzzy-PID tuned GWO variation is very important. As a result, the
oscillations' intensity is reduced.
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Table 2. Controller constraints

Controller Kp Ki Kb Kbpi
PID 0.9548 1.8324 0.0273 -
Fuzzy-PID 2.2347 0.8123 0.0524 10.3779

GWO tuned Fuzzy-PID  2.2347 0.8123 0.0524 10.3779

5.1. Robustness Test

Variations in parameters of Ultra capacitor (UC): In assessing the robustness of the hybrid
power system under the influence of varying energy storage parameters, particular attention was
given to the UC due to its significant role in fast energy transfer within the system. Modifications in
the UC parameters, including a 30% increase in time constant and a 50% reduction in gain, were
explored to simulate potential variances in energy storage behavior and its impact on the system's
stability and efficiency. For each possible set of UC parameters, the ISE is shown in Table 3.
Compared to other controller structures the values of ISE are less for Fuzzy PID tuned with GWO
controller. The ISE value for Fuzzy PID with GWO is 1.24, when time constant, gain of Ultra
Capacitor is reduced by 30%, it is greater when compared with PID and fuzzy PID without GWO.
But in maximum cases, say in case of a Fuzzy PID with GWO controller, ISE value is least.

Fig. 4 shows representation in graphical form of Integral Square of Error (ISE) values for
various controllers while varying parameters of UC. In Fig. 4, ‘blue’ color shows the ‘PID’, ‘red’
shows ‘Fuzzy-PID’ and ‘green’ shows ‘Fuzzy PID with GWO’.
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Table 3. Variation of parameter of ultra-capacitor for robustness tst

Conditions ISE
PID Fuzzy-PID GWO tuned Fuzzy-PID
NORMAL 1.5163 1.3252 1.1527
30% INCREAMENT  1.9257 1.3538 1.2089
30% DECREAMENT 1.1924 1.3624 1.2441
50% INCREAMENT  2.3021 1.4216 1.2112
50% DECREAMENT 1.3779 0.9046 0.7648
2.5 1
EPID
2
m FUZZY PID
1.5
ISE B FUZZY PID
1 WITH GWO
0.5
0
3 ¥ ¥ 3
S8 88 £3 8%
At 85 B8t R&
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PARAMETER VARIATION

Fig. 4. Graphical presentation of ISE values for various controllers against ultra capacitor parameter variation

5.2. Robustness Test After Disconnecting Various Energy Storage Elements

We were able to confirm the parameter values of the simulated controller by removing various
hybrid system components. The disconnects of the FS, BS, and DEG occur under three different
conditions. Depending on the situation, the removal of these components may cause the system's
functionality to either improve or degrade. The GWO-tuned Fuzzy-PID controller can lessen both
frequency deviation and controller effect, as shown in Table 4. In exploring the dynamics of hybrid
power system control, a suite of figures helps illustrate the nuances of frequency regulation and the
effectiveness of optimization algorithms. Fig. 5 presents a comparison of frequency deviations
resulting from various parameter variations in ultra-capacitors, highlighting the sensitivity of system
response to changes in UC parameters. It is evident from the data that careful calibration of these
parameters is crucial for maintaining system stability.

Table 4. Testing for robustness by disconnecting different energy storage components

Controller Removed Component ISE
Battery Storage System  1.7125
PID Energy Gen-set (Diesel) 1.7434

Flywheel System 1.4579

Battery Storage System  1.4366

Fuzzy-PID Energy Gen-set (Diesel) 1.3347
Flywheel System 1.4659

Battery Storage System  1.2671

GWO tuned fuzzy-PID  Energy Gen-set (Diesel) 1.1739
Flywheel System 1.2667

Fig. 6 showcases the convergence curve of the Grey Wolf Optimizer when applied to tune a
Fuzzy PID controller. The graph illustrates a rapid decline in the 'Alpha cost,' suggesting that the
GWO algorithm efficiently minimizes the cost function, leading to an optimized set of control
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parameters for the Fuzzy PID controller. The swift convergence indicates the potential of GWO as a
robust optimization tool in control parameter tuning.
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Fig. 5. Frequency deviations for various variations in UC parameters
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Fig. 6. Convergence plot of GWO for Fuzzy PID

Control strategies are further dissected in Fig. 7, which compares control signal deviations for
various controllers. The plot provides insight into the comparative performance of a Fuzzy PID
controller with GWO, a standalone Fuzzy PID, and a traditional PID controller. The Fuzzy PID with
GWO exhibits a closely aligned response with the standalone Fuzzy PID, suggesting that the
addition of GWO does not compromise control signal integrity and might enhance performance.
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Fig. 7. Variations in control signals across different controllers
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The role of these controllers in managing frequency deviation is underscored in Fig. 8. It
depicts the frequency deviation for the aforementioned controllers, showing that the Fuzzy PID with
GWO combination and the standalone Fuzzy PID both maintain frequency deviations within a
tighter range compared to the PID, reflecting the advanced controllers' superior ability to handle
system frequency variations.

Finally, Fig. 9 displays the power output of various elements within a hybrid power system,
including flywheel energy storage, ultracapacitors, fuel cells, diesel generators, and battery energy
storage systems. The responses indicate how different energy components react over time to demand
changes, underlining the importance of integrated control strategies that can synchronize the
disparate power outputs to ensure a steady net power supply to the grid.

Together, these figures highlight the importance of optimized control parameters and the
efficacy of advanced controllers in managing the intricate behaviour of hybrid power systems. The
convergence of GWO optimization with Fuzzy PID control strategies exemplifies the potential of
intelligent algorithms in enhancing the performance and stability of these complex systems.
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Fig. 8. Frequency variation across different controllers
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Fig. 9. Output power of various components of hybrid power system

Table 3 and Table 4 data reveal that the GWO-tuned Fuzzy-PID controller consistently has the
lowest system effectiveness indicator. The proposed strategy is contrasted with other strategies
currently in use in Table 5. The frequency, control signal deviation, and ISE can all be reduced with
a GWO-tuned fuzzy- PID Table 5 shows that the GWO-tuned Fuzzy-PID controller performs better
even with changes to the parameters and the removal of components.

The robustness tests conducted provide compelling evidence of the GWO-tuned Fuzzy-PID
controller's superior performance in managing hybrid power systems. Through rigorous simulation,
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the controller demonstrated exceptional adaptability to parameter variations and component
disconnects, ensuring optimal system operation under diverse conditions. This adaptability, coupled
with the controller's ability to maintain lower ISE values, underscores its potential to significantly
enhance the stability, efficiency, and reliability of hybrid power systems, marking a substantial
improvement over traditional control strategies. These results advocate for the broader adoption of
advanced optimization techniques, like GWO, in the design and management of future energy
systems, aiming for resilience and sustainability in the face of evolving energy landscapes.

Table 5. Comparison of results

Parameters GWO-tuned Fuzzy-PID Literature [45]

Frequency Deviation 0.6372 0.8243
Controller Signals 2.4861 3.0136
ISE 1.1529 1.5598

6. Conclusion

This research embarked on an exploratory journey to harness the capabilities of advanced
control strategies within hybrid power systems, aiming to enhance the management of energy flow
between generation sources and demand loads. The focal point of this endeavor was the comparative
analysis of three distinct control mechanisms: the conventional PID controller, the Fuzzy-PID
controller, and the innovative GWO-tuned Fuzzy-PID controller. Through comprehensive
simulations and robustness assessments, this study meticulously evaluated each controller's efficacy
in stabilizing grid frequency variations, a critical challenge in the integration of renewable energy
sources.

The investigation revealed significant insights into the performance dynamics of the examined
control strategies. Among the key findings, the GWO-tuned Fuzzy-PID controller emerged as a
superior solution, outperforming its counterparts in several critical metrics. Notably, it achieved the
lowest values in frequency deviation, control signal deviation, and the Integral Square Error,
underscoring its enhanced precision and reliability in managing the power system's stability. This
superiority can be attributed to the refined tuning of the controller's parameters through the Grey
Wolf Optimization algorithm, which effectively harnessed the nuanced capabilities of fuzzy logic to
adaptively respond to the system's fluctuating conditions.
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