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Frequency stability improvement

in EV-integrated power systems
using optimized fuzzy-sliding mode
control and real-time validation
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The rapid growth in power demand, integration of renewable energy sources (RES), and intermittent
uncertainties have significantly challenged the stability and reliability of interconnected power
systems. The integration of electric vehicles (EVs), with their bidirectional power flow, further
exacerbates the frequency fluctuation in the power system. So, to mitigate the frequency & power
deviations as well as to stabilize the power system integrated with distributed generators (DGs) and
EVs, robust & intelligent control strategies are indispensable. This study dedicates a novel Fuzzy-
Sliding Mode Controller (FSMC) utilized for load frequency control (LFC). First, the dynamic response
has been evaluated by using a Sliding Mode Controller (SMC), showcasing its robustness against
external disturbances and parameter uncertainties. Second, to enhance the performance, fuzzy

logic is integrated with SMC, leveraging its adaptability to create the FSMC controller. This FSMC has
achieved the superiority by handling non-linearities, communication delays and parameter variations
in the system. A significant contribution like the design and tuning of the controllers using a Modified
Gannet Optimization Algorithm (MGOA) has been established. The potential of MGOA over GOA has
been corroborated by convergence speed and precision through benchmark functions. Furthermore,
the paper extensively analyzes the impact of EV integration to the frequency and tie-line power
dynamics under varying regulation capacities and uncertain operating conditions. Comparative
studies demonstrate that the MGOA-tuned FSMC achieves faster settling times, reduced overshoot,
and improved stability metrics compared to conventional and state-of-the-art methods. Finally, the
MATLAB-based simulation results are validated through real-time implementation on the OPAL-RT
4510 platform, confirming the robustness and practicality of the proposed methodology in addressing
modern power system challenges involving high renewable penetration and EV integration.

Keywords Frequency stability, Load frequency control, Fuzzy-sliding mode controller, Sliding mode
controller, Gannet Optimization Algorithm, Modified Gannet Optimization, Electric vehicles integration,
Real-time simulation

At present, hybrid generating units are quintessential to integrate in an interconnected power system due to
incessant power demand. In this context, hard efforts have been zeroed in to integrate the renewable sources
(RSs) with the existing conventional power system. So, the intricacy of the system is magnified in the view of
operation, reliability and stability of the system. The aberrant fluctuation of power demand and the intermittent
characteristics of renewable sources create a gap between generation and demand'2. But to yield a stable, secured
and smooth operation of a power system, balance between generation and demand must be maintained. This
insurmountable issue can’t be solved by without a supplementary control as highlighted in** and the power
balance technique is called as load frequency control (LFC). It controls the frequency deviation, power flow
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in the tie-line with effectual load sharing. Inadequate control causes oscillations in the system frequency and
incessant fluctuation culminates to blackouts.

Now-a-days, attraction of electric vehicle (EV) is increasing rapidly to substitute the fossil fuel based vehicle,
in turn the environment can be freed from chemical laden gases®. In this perspective, the vehicle to grid
technology is advancing swiftly and the growth of plug-in hybrid EVs may surpass hundred million a year by
2050 as inculcated by Falahati et al.b. In EV aggregators the battery charges or discharges with a high rate. So, the
change in power output of EV aggregator is faster than the other generating sources, in turn causes a huge power
imbalance in the power network. To maintain the power balance in the system, LFC is quintessential which
has been discussed eloquently in’~%. Also, the EV aggregators introduce time varying delays in the LFC system.
This time delay deteriorates the system performance and even causes instability in the system!°. So, integration
of EVss, RSs and distributed generators (DGs) to the existing power system is more vulnerable to the frequency
deviation in the system.

For the above problem, an effective LFC control strategy is imperative to balance the power generation and
demand swiftly. So, various control strategies like conventional control'’~!7 non-integer based conventional
control'>!#-23 gptimal control**-%¢, intelligent control?’~*°, non-linear & robust control*~* and many more have
been addressed to mitigate the LFC issues. Pappachen et al.!! proposed a proportional- integral (PI) controller to
eradicate the frequency deviation in a three-area power system under different power transaction condition &
under superconducting magnetic energy storage device. Nanda et al.'* has carried a work to regulate the frequency
using only I controller dwelled with governor speed regulation parameter & frequency bias parameter. But, in
this case the response has performed sluggish response showing a very magnified undershoot and overshoot.
A new kind of work like integration of distributed generators (DGs) to a conventional power system has been
presented by Das et al.!. In this work, the authors have discussed elaborately the issues of DGs in a system and
the LFC problem has been tackled by using a PI controller. To have a prompt control action, a 2-stage controller
has been modeled as highlighted in'?!° to mitigate the frequency and power fluctuation in the power network.
Further, the fractional order (FO) classical controllers have produced better proven ameliorated performance in
the LFC strategy. A cascade controller aided with FO'>?* has been endorsed in a multi-area system to regulate
the frequency and also the improved performance over its cascade controller has been corroborated adequately.
Arya® has employed the FO-ID controller to a system to reap better frequency stability in the presence of EV.
Further, Arya?? has performed the LFC issue using tilted-ID controller in an interconnected power system.
Similar kinds of work have been carried out like Sahu et al.'$, Gorripotu et al.'’, Ahmed et al.?%, Guha et al.>!. In
these works, the authors have presented the extra features of FO controller aided with classical controllers. But
the settling times is sacrificed to yield better response. And, the system response with renewable sources has not
produced an astounding response.

Jabari et al.® proposed an innovative artificial intelligence-based multistage controller that enhances
load frequency control (LFC) by dynamically adapting to system uncertainties. The controller demonstrated
significant improvements in frequency regulation through its ability to address multi-stage dynamics and
optimize performance in real-time. Dev et al.*! introduced the Walrus optimization algorithm to improve both
LFC and automatic voltage regulation in interconnected power systems. The study highlighted the algorithm’s
superior performance in achieving faster convergence and enhanced stability metrics. Daraz et al.*? examined
frequency stabilization in interconnected systems with high penetration of renewable energy sources and energy
storage systems. Their work demonstrated the efficacy of coordinated control strategies in mitigating frequency
deviations and managing power imbalances caused by renewable intermittency. Mahmoud et al.** employed
whale optimization algorithm-based fractional-order proportional-integral (FOPI) controllers to mitigate
harmonics and voltage instability in modern distribution grids. The study emphasized the controller’s robustness
in maintaining system stability under varying operating conditions. Ardjoun et al.** proposed a robust control
strategy to enhance the frequency support capability of grid-tied photovoltaic systems, addressing the challenges
posed by the variable nature of solar energy. The study demonstrated significant improvements in system
stability through advanced control techniques. Davoudkhani et al.*> presented the maiden application of the
mountaineering team-based optimization algorithm for optimizing a 1PD-PI controller in islanded microgrids.
Their work highlighted the controller’s efficacy in managing renewable energy sources and achieving robust
frequency regulation. Ekinci et al.* introduced a hybrid educational competition optimizer combined with
pattern search techniques to regulate the frequency of a photovoltaic and reheat thermal power system. The
study demonstrated enhanced controller performance through a cascaded PDN-PI configuration. Gopi et al.*’
proposed a novel rat swarm optimization algorithm for tuning LEC controllers, emphasizing the algorithm’s
efficiency in improving the stability and dynamic response of power systems. Davoudkhani et al.*® developed a
robust LFC strategy using a 1PD-3DOF-PID controller integrated with mobile EV energy storage for islanded
urban microgrids. The study highlighted the controller’s ability to handle disturbances and improve frequency
regulation in complex microgrid scenarios. Daraz et al.*’ investigated the stabilization of load frequency in
hybrid power systems with renewable energy integration, EVs, and capacitive energy storage. The research
demonstrated effective stabilization of frequency deviations and power fluctuations through advanced control
mechanisms. Begum et al.* applied an intelligent fuzzy logic-based sliding mode controller to address frequency
stability issues in deregulated power systems, validating their results through OPAL-RT simulations. Their
study demonstrated the controller’s ability to handle uncertainties and improve dynamic performance. Daraz
et al.>! explored frequency regulation strategies for interconnected hybrid power systems with EV integration,
emphasizing the importance of robust control mechanisms to mitigate system disturbances. Kalyan et al.>
investigated the frequency regulation of geothermal power plant-integrated systems using a 3DOFPID controller.
Their work demonstrated the controller’s capability to manage complex dynamics and achieve enhanced
frequency stability. Additionally, Kalyan et al.>* employed the water cycle algorithm to optimize a Type II fuzzy
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controller for LFC in multi-area systems with communication time delays, achieving superior stability metrics
and addressing delay-induced challenges effectively.

Similarly, there have been studies those collectively emphasize advanced control strategies and optimization
techniques in addressing stability, performance, and dynamic challenges in energy and control systems. They
highlight the interconnection between robust control mechanisms, optimization methods, and the need for
adaptive solutions in systems with renewable energy sources and hybrid configurations. Dunna et al.>* explore
a super-twisting MPPT control integrated with a higher-order sliding mode observer (HOSMO) for grid-
connected PV and battery systems. The focus is on enhancing the efficiency and stability of maximum power
point tracking (MPPT) under dynamic and fluctuating conditions, highlighting the critical role of advanced
control mechanisms in renewable energy systems. Izci et al.>> address the stability of automatic voltage regulation
(AVR) systems using a fractional-order PID controller combined with a double-derivative controller, optimized
via the Mountain Gazelle Optimizer (MGO). This study emphasizes the importance of robust control strategies
and optimization for ensuring stability in systems experiencing dynamic changes. Aribowo et al.>® and*’ focus
on optimizing PID controllers for DC motors using the Mountain Gazelle Optimizer. These works highlight the
effectiveness of advanced optimization algorithms in tuning control parameters, ensuring system performance
and stability. The use of such optimization techniques is particularly relevant for managing systems with
dynamic operational characteristics. Premkumar et al.’® propose an intelligent multi-objective optimization
approach for hybrid power systems, incorporating stochastic renewable sources and FACTS devices. The
study demonstrates the significance of multi-objective optimization in balancing reliability, stability, and
performance in hybrid systems, particularly in environments with uncertain and variable inputs. Pandya et al.”
extend this concept by analyzing hybrid power systems through a multi-objective RIME algorithm, addressing
security constraints and uncertainty in load dispatch and power flow. This work integrates techno-economic
considerations with optimization, illustrating the critical role of adaptive strategies in managing hybrid systems.
Alsmadi et al.%° utilize fuzzy logic for digital system model order reduction while preserving system behavior,
providing insights into simplifying and optimizing control systems without compromising performance. This
methodology is applicable for maintaining operational efficiency in complex interconnected systems. Abualigah
et al.%! present a filtered PID controller for aircraft pitch control, tuned using the Sinh-Cosh optimizer. While
centered on aviation, the principles of optimization and fine-tuned controller design can be applied broadly
to other dynamic systems requiring precise control. Alrashed et al.%? introduce a control strategy for a DVR
compensator using an optimized PD controller with an adaptive notch filter. This method improves system
stability during disturbances, demonstrating the adaptability of control strategies in managing dynamic load
and fault conditions in power systems. Fadheel et al.%® propose a hybrid Sparrow Search Optimized Fractional
Virtual Inertia Control strategy for frequency regulation in multi-microgrid systems. This work addresses the
challenges of decentralized control and frequency stability in microgrids with renewable energy integration.
Abualigah et al.%* integrate an artificial rabbits optimizer with a PID-F controller for dynamic systems. This
approach highlights the utility of novel optimization techniques for enhancing controller performance in
environments with fluctuating operational demands. Izci et al.%> refine AVR system control using the Sinh-Cosh
optimizer, focusing on enhancing stability through precise controller parameter tuning. The study demonstrates
the value of innovative optimization approaches in achieving robust control in dynamic systems. Izci et al.®
propose a novel AVR control scheme using a modified artificial rabbits optimizer, emphasizing the flexibility
of optimization methods in improving control performance across varying system conditions. Altawil et al.®’
apply the Slap Swarm Algorithm to optimize fractional-order PI controllers for voltage regulation in grid-
connected PV systems. Their work highlights the importance of advanced optimization techniques in managing
the challenges posed by renewable energy systems, such as variability and integration complexities. Abualigah
et al.®® use the Elite Opposition-Based Artificial Hummingbird Algorithm for designing fractional-order PID
controllers, demonstrating the role of innovative optimization techniques in improving system performance and
dynamic response. Sarayrah et al.%” study damping control strategies for inter-area power systems, emphasizing
predictive control to mitigate oscillations. This work underscores the necessity of effective damping strategies in
maintaining stability in interconnected power systems.

Some researchers have paid their interest in optimal control to execute frequency response in different types
of power systems. Elaydi and Mohammed?* have designed a linear quadratic regulator (LQR) to address the LFC
issue in a power system. Ali et al.?> proposed a sister controller called a linear quadratic Gaussian (LQG) and
used this controller to performed the transient response of a system with respect to the power imbalance in the
system. Alhelou et al.?® proposed a state observer with dynamic state estimation to evaluate the performance of a
power system under various generation and demand characteristics. Although, these controllers show inherent
robustness but it is too difficult to measure all these states during its system dynamic. Also, the performance of
these controllers under all sorts *of intermittent uncertainties have not discussed profusely.

For a prompt and effective control action in LFC, some researchers have laid a great emphasis on intelligent
control strategy. In this context, Biswas et al.”” have included the Dish-Stirling Solar-thermal system in every
area to study the LFC problem. To find the frequency response, PID controller assisted by fuzzy logic has been
employed. Also, the paper has addressed the load sharing pattern to find the control areas. Sahoo et al.? have
formulated a self-adapted fuzzy controller to stabilize the frequency under different critical operating conditions.
The proficiency of the fuzzy controller has been augmented by a two branched type-2 configuration. In this
perspective, Kumari et al.?° have performed and compared the response produced by type-2 fuzzy controller
in comparison to conventional fuzzy controller. In this work, the LFC of the system has been determined by
integrating renewable sources. Another piece of work has been corroborated by composing the predictive
control theory with fuzzy logic as explored by Wang et al.*. In this work, the LFC has been discussed in the
presence of wind energy conversion system. In these works, it has been observed that the intelligent control has
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stabilized the power system under power imbalance condition. Still, the application of fuzzy controller combined
with other control topology has a great scope in this field which is yet to be explored.

In practical, the integration of DGs including renewable sources, EV's and micro-grids causes the instability
in the power system. So, these uncertainties including low/no inertia generating units puts the system in
trouble by which the frequency deviation becomes a critical issue. In this regard, some researchers have focused
in robust control technology. Tianand Chen’! proposed Hoo controller to stabilize the system frequency
effortlessly in a power system. In this work, the robustness of the controller has been articulated under different
deception threat. A similar kind of work carried by Xiahou et al.*? and in this work, a perturbation observer
has been designed corresponding to the perturbation caused by the power imbalance caused in the system. The
designed controller has performed significantly to control the system frequency deviation. Also, the controller
has performed remarkably to the time-delay threat that happens in a system. Shen et al.’* has presented an
H o robust controller to find the transient behavior against external disturbance in a power system. Here, the
designed controller has performed better in comparison to other techniques and the controller has supported
extensively to the wide range of delay. Apart from these controllers, non-linear controller named sliding mode
controller (SMC) has been bestowed in different power systems integrated with/without renewable sources,
DGs, EVs or micro-grids for LFC study. The severe uncertainties and the discrepancies (external perturbation/
parameter variation of plant or controllers/parasitic dynamics) occurs between the dynamics of real system and
the model designed with controllers force the control engineers to design a non-linear and robust controller as
discussed in**%. Wang et al.* have designed a SMC controller to study the LFC in a multi-area system injecting
wind energy system and EV. An SMC controller having third order sliding surface designed by Shouran et al.’”
has been applied to a 2-area system to evaluate the frequency response. In this work, the superior performance
of SMC over FLC has been highlighted. The potential of SMC controller in the conglomeration with FL has
been illustrated in*%. The capability of this controller for the stability of the system has been advocated under
time delay and external perturbation condition. Ansari et al.* proposed an event triggered SMC controller to
execute the transient response under various uncertainties and disturbances in a system. In LFC, to reduce the
disturbance effect, the designed observer controls the control signal in feed forward way. So, the SMC controller
becomes more robust.

With a suitable control structure, paramount design of controller is necessary to have robust performance.
For this, optimization technique is indispensable. In the perspective of LFC work, various researchers have
applied different algorithms extensively such as genetic algorithm!»!42>, selfish herd optimization'?, bacterial
foraging'®, whale optimization!®, differential evolution!®, imperialist competitive algorithm?’, particle swarm
optimization”® etc. Despite having their own edge to particular problem may not produce satisfactory result for
other kinds of problems. So, the newly evolved algorithms may be endorsed to optimize the problems effectively.

Contemplating the literature review as discussed above, the key findings have been amassed as:

i. Integration of renewable energy sources causes power fluctuation which creates a challenge for frequency
security. To mitigate this frequency and tie-line power oscillations, an effective and robust controller is ob-
ligatory.

ii. Penetration of EVs into an interconnected power system makes the system more intricacy. So, to handle this
impact, an intelligent controller is quintessential to address the LFC issue in a system.

ifi. Again, to regulate the frequency deviation due to communication delay and parameter variation in EV sys-
tem, a robust controller is necessary.

iv. SMC controller is the best approach to reap stable and robust dynamic response in a system incurring inter-
mittent and external disturbances, parametric variation in the system and communication delay.

v. Again, fuzzy assisted SMC (FSMC) controller may enrich the performance immensely which has not ad-
dressed adequately. So, it has a greater scope to investigate and employ in an interconnected system for the
LFC problem.

The above findings suggest that the effective LFC technique can be executed by a robust controller designed by
an optimization technique. Here, the proposed model has been established by an intelligent FSMC controller
and its parameters have been enumerated by using Gannet Optimization Algorithm (GOA) and modified-GOA
(MGOA) algorithms.

The prime objectives accompanying the major contribution in this work have been articulated as follows:

i. An interconnected power system carrying conventional, RESs and EVs has been modeled to regulate the
fluctuation of frequency and power flow in the tie-line.
ii. An SMC controller has been designed endorsing GOA algorithm to deploy in LFC technique for the pro-
posed model.
iii. Further, to improve the dynamic response of the system, an intelligent GOA-FSMC controller has been
utilized.
iv. To enhance the potential of the GOA algorithm, it has been modified and the modified algorithm has been
applied to design the SMC and FSMC controller to bestow a robust performance in the system.
v. To corroborate the potential of the modified GOA, some benchmark functions’ performance and conver-
gence curve of GOA and MGOA has been examined.
vi. The efficacy of MGOA over well-established particle swarm optimization (PSO) has been presented.
vii. Robustness of the controller has been presented by varying EV parameters and system parameters.
viii. Finally, the dynamic response of the test model under MATLAB environment has been validated through
OPAL-RT-4510.
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System modeling

A power system model of three-area has been taken to study and enhance the response as shown in Fig. 1. The
model includes thermal, hydro, gas, distributed generators and EVs. In area-1, thermal unit has been integrated
with DGs and EVs. In DG system, renewable sources like solar and wind energy conversion systems have been
integrated. Besides this, geo-thermal power plant (GTPP) in addition to conventional diesel engine generator
(DEG) has been integrated in it. In area-2, two conventional sources like hydro and thermal power stations have
been integrated. Another variant of power source like gas energy conversion system has been integrated with
the thermal power plant. In addition to this, EVs have been integrated in area-2 and area-3, also. The necessary
non-linearities like generation rate constraint (GRC), governor dead band (GDB), boiler dynamics (BD) and
up/down regulation in respective generating units have been considered. With an extensive study, the model
of each generating unit has been illustrated below. The proposed model in transfer function domain has been
portrayed in Fig. 2.

Thermal power system

The linearized model of the thermal power generator in frequency domain has been presented in the Fig. 2.
The model has been expressed in transfer function form which is consisting of reheat unit, GRC, GDB and BD.
The GRC and BD transfer function blocks have been shown in Fig. 3. Here, a GRC of 3%/min has been taken.
The model and the necessary parameters have been followed from®?%7! and it's modeling equations have been
provided below. The transfer function of the turbine and the reheat turbine has been given in Egs. (1) and (2).

1
Grrr(s) = 75— (1)
1
1+ K T s
Crne) = Lt g

where, T'r g, is the time constant of thermal turbine, Kr71& Trr1 are the gain and time constant of reheat-
turbine.

Hydro-power system

The hydro-power generation system has governor, transient droop compensator and turbine units. The model
& it's parameters have been taken from’!. The data of these parameters have been provided in appendix
(supplementary material file). The nonlinearity, GRC of 270%/min for rising & 360%/min for lowering operation
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Fig. 1. Three-area interconnected power system.
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Fig. 2. Block diagram of proposed system.

A

has been adopted in this proposed model as discussed in the article®®. The transfer function of governor, droop
compensation and turbine is given in Eq. (3)-(5) respectively.

_ 1

Gua(s) = 14+ sTrc (3)
1+ 8Tk

Girpc(s) = T — (4)
_ 1-— STW1

Giur(s) = 11055 T (5)

where, T c1 =time constant of governor,T'r1 = speed governor rest time,7’rzr1 = droop constant of the governor,
&Tw1 =nominal start time of the turbine.
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Fig. 3. Block diagram of GRC and BD.

Gas power system

The gas power unit consists of valve position block, transient droop compensation block, fuel system and
compressor discharge system block. The dynamic equation of each block is given in Egs. (6)-(9). The data of
each block has been taken from”! and depicted in the appendix. Here, the GRC of 2%/min has been taken as
discussed in'?7!.

Crvp(s) = m ©)
Garpe(s) = % (7)
Grrs(s) = %;F"j; (®)
Greps(s) = ﬁ ©)

Geothermal power plant (GTPP)

In geothermal system, the thermal energy is extracted and utilized from the Earth’s interior. The thermal energy
is extracted through wells. The reservoirs are called as hydrothermal or enhanced geothermal according their
process of extraction. The governor and turbine model of GTPP have been provided in Egs. (10) & (11).

1

R e 10
1
O = gt "

where, Tytpp, g = time constant of governor & Typp ¢ =time constant turbine which have been taken from>’! as
provided in appendix.

Solar photovoltaic (SPV)

Generally, power extraction in PV depends on degree of irradiance and ambient temperature’?. Based on this,
the harvested power has been expressed in Eq. (12). The required expression and data have been followed
from??271, For the irradiance, a range 200W/m? to 1200W/m? has been considered.

Pip = Nsp A mod uie Qirra (1 — 0.005 (Tos + 25)) (12)

Here,nsp = efficiency of the solar cell, A mod uie =irradiance-swept area, @;rq =irradiance, and T,¢ =ambient
temperature. The transfer function model of SPV has been expressed as in Eq. (13).

K
GlSPV(S) = ﬁ (13)

where, K15pv and T1spyv are the gain & time constant of SPV plant. The data of modeling parameter are taken
from’! and the same has been given in the appendix.
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Diesel engine generator (DEG)

In DG unit, wind and solar system generates very fluctuating power due to their intermittent nature. To overcome
this fluctuation, a diesel engine is employed in a DG unit with speed governor. The frequency domain dynamic
model of DEG>!*1° has been provided in Eq. (14).

K; deg

= 14
1 + STI deg ( )

Gipec(s)

where, K1 deg&T deg are the gain & time constant of DEG. The model and it’s parameters have been taken
from’! and the data are given in the appendix.

Wind turbine system

In wind energy system, power fluctuates vehemently. So, in turn, the power fluctuates. Here, the total power
captured by the swept area (A1 r) of the blade is not converted into electrical energy. The converted power to
the total power is called the conversion ratio (C1p) under a particular air density (p1a4:r). The extracted power
equation has been provided in Eq. (15). For this power extraction, a wind speed (V1.,) range has been chosen
i.e. ranging from cut-in (6 m/s) speed to cut-out speed (24 m/s).The necessary data and the power equation have
been followed from’!. And, the expression for the C1 p has been given in Eq. (16).

Pruwts = 0.5p10ir A1r C1p Vi, (15)
Cip = (044 — 0.1678)sin [ 22 =3 ) _ 0018401 — 3)3 (16)
= ' 15— 0.38 '

where, A and 3 are tip speed ratio & pitch angle respectively.

The frequency domain model for WTS'3*% is given in Eq. (17).

Klwts

_ 17
1 + Slets ( )

Giwrs(s)

where, K1w¢s,T1wts are the gain and time constant of WTG. The data of the modeling parameters are taken
from’! and given in appendix.

Electric vehicle

The transfer function model of Electric Vehicle (EV)®*% is given in Fig. 2, including a dead band. Here, the
control of EV with different regulation capacity has been considered. Further to make the model more realistic,
a time delay””> has been added. Due to the available regulation capacity the EV’s parameters exhibit very strong
uncertainty’*7°. Generally, we have upper regulation capacity (URC) and down regulation capacity (DRC). URC
is found by minimizing loading effect and DRC is found by increasing the loading effect in EV. Under this
process, power is transferred in to-and-fro with the grid. The detailed variation and the values of DRC & URC
have been given in Table *9. The model and it’s data are taken from’®. Equation (18) is the transfer function
model which has been used in this work. Here, K gy =gain for and Tev = charging/discharging time constant.

K
Grv(s) = ﬁ (18)

Power system

From Fig. 2, the dynamic equation for the power system can be expressed as in Eq. (19).

Af;
Tpe

Kps
Tps

(APs; — APr; — APyic ij) —

Af= (19)

APSJ = APrhermal + APpa + APgy
A A A 20
= GThermal (usmcl - fl) + GDG <'LLsmc2 - f1> + GEV <Us'mc3 - fl> ( )

R R R
27T 277
APuicpz = =22 (Afi = Af2) + =2 (A1 = Afy) 2D

where, ¢ = 1, 2&3. Grhermal Gpa & Geyv are transfer function of thermal plant, DGs & EV respectively.
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Methodology

A multi-area power system as in Fig. 2 has been taken for the LFC study. A DG unit including EV has been
integrated. In EV, regulation capacity has been considered as carried by the researcher in’. To mitigate the
frequency deviation, PID, SMC and Fuzzy-SMC controllers have been employed. These controllers have been
designed by applying GOA technique. Further to enhance the performance, modified GOA has been applied to
reap better response. The errors of this model during the optimization have been evaluated by ITAE objective
function which has been provided by Eq. (22).

T
Jovjective fn = / HAfi] -t + |Af2| -t + |Afs| -t + |Aptier2] - t + |Aptic23| - t + |Apriesi| - t] dt  (22)
0

Also, in the process of tuning various constraints have been considered as given below.

0<k,<5
0<k; <5 for PID/FPID controllers
0<ke<5h
-20< 2 <20
—20<y <20 for SMC/FSMC controllers
—20<2<20

Finally, to validate the MATLAB result, OPAL-RT has been used by keeping the same tuned parameters of these
controllers.

Control technique

Fuzzy-PID controller

Classical controller seldom shows robust performance against wide range of perturbation and uncertainties.
Also, PID controller is very sensitive to non-linearities present in a complex higher order system. But, the PID
controller becomes more intelligent in the conglomeration with fuzzy logic, although the design of membership
function is a very cumbersome and difficult task. In this controller, the error (e(t)) and the derivative of
error (e'(t)) are processed through the PID controller by which the actuating signal becomes more effective
to minimize the error. The details of fuzzy logic can be referred from?’-%°. The expression for PID controller
has been provided in Eq. (23). In this equation, kp s,k s,kq,; are the proportional integral and derivative gains
respectively. Here, ¢ stands for no of controllers.

uprp,i(t) = kpi *e(t) + ki * dz(tt) +kaq * /e(t)dt (23)

The FPID control structure has been portrayed in Fig. 4a. The triangular membership functions of a set five has
been provided as in Fig. 4b. The fuzzy rules have been set as given in Table 1 which has been referred from?®. In
Table 1,’ Negl,,” Negem,' Posiy,’ Posgm & 'Z’ stand for negative large, negative small, positive large, positive
small& zero respectively.

/
1g»

Fuzzy-sliding mode controller

The non-linear control structure, named as SMC controller, was proposed by Russian engineers in the early
195077, Subsequently, the SMC controller has gained a high momentum in the field of research around the
globe due to it’s substantial stable & robust performance against intermittent uncertainties. To design an SMC
controller, three key steps to be endorsed as stated below.

a. Designing of sliding surface (S(t, €)): A suitable sliding surface is modeled by which convergence and stabil-
ity are enabled.

b. Existence condition with switching logic: Existence condition is stressed by which it slides around the sliding
manifold. And the switching logic dictates the controller to change it’s designed gain according to the state’s
position change.

c. Designing of control law: A properly designed control law ensures the states of the proposed system to ad-
here the desired trajectory being on the sliding surface.

The sliding surface for SMC controller in this proposed non-linear system has been provided in Eq. (24) and it
has been referred from”7.

S:<%+ax> *e (24)

Here, error in terms of area control error (ACE) can be represented ase = AACE, .y — AACE cqs and from
Fig. 2, AACE = — (B % Afi + APy ij). @z (designed constant) > 0,n=order of the sliding surface. For,
n = 1, the sliding surface is given in Eq. (25).
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Fig. 4. (a) Fuzzy-PID Control structure. (b) Membership function structure of Fuzzy-PID controller.

e(te)() Neg), Neg,.| Z Pos,,, Poslg

Negy, | Negy, | Negy,| Negy, | Nego| Z

Neg,,, Neg, Neg.,, | Neg,,| Z |Pos

sm
7 | Neg,,| Neg,,| Z Pos,, | Pos,,,

Pos,, | Neg,,| Z |Pos Pos Pos),

sm sm

Posy| Z | Posy,|Pos, | Pos, Posy,

Table 1. Applied rule-base for Fuzzy-PID controller.

de
S = E + Qg€
AACEre; — AACEreas
UAACE s 7 ¢ ) 4 02 (AACE, e — AACEmeas) (25)

= _BlAfz:,'r‘ef - AP){ie ij,ref + BlAfz:,meas + APtze ij,meas
+ ay (_BlAfi,ref - APtie ij,ref + BlAfi,meas + A-Ptie ij,meas)

For area-1, the sliding surface as in Eq. (25) can be simplified using Egs. (19)-(21):
S = BlAfi,meas + APt‘ie 12,meas + Qg (BlAfl,meas + APtie 12,meas)

B1Kps A
= % (APSJ — APLJ — APt»L'eJQ) — Tfl + 27Ty2 (Afl — AfQ) + 2713 (Afl — Afg,) (26)
ps ps

‘o, (BlAfl,meas + APtie 12,meas)

For the existence condition, a Lyapunov function has been endorsed from3787° as provided in Eq. (27).

82

V=3
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To be stable, the first differentiation of the energy function should be negative which has been provided in
Eq. (28).

V' <0

. (28)
=585 <0

Proof: Here, the sliding surface function, S has been taken as derived in Eq. (26)

Vi =8%§
B1K,s A
d L2p (APs;1 — APp 1 — APyje,12) — h +27T12 (Af1 — Afo) + 2nThs (Af1 — Afs)
=S df Tps Tps

4oz (BiA f1,meas + APric 12,meas)
Bi1Kps _ _ . Af . _ _ _
=S % (AP, — APpy — APy 15) — T—fl +21Tia (Af; — Afs) + 2nTis (Af; — Af3)
pSs

ps
+az (BlAfi,meas + APf?P 12,m,eas)

Here, Afi = Afi,meas> APrie,12 = APgic,12, meas& e is a positive number. So, V' is a negative definite
function.
In this work, the proposed control law (#sw,<) is having only switching law which has been given in Eq. (29).

Usw,x = _kS]MC,m X SgH(S) (29)

where, sgn(.) is a signum function and ksarc,« is a positive gain value designed tightly to diminish the error
to zero.

The control signal produced by the Eq. (29) contains chattering. To mitigate these chattering, a saturation
function is added into Eq. (30).

usw_sat,z - 71’931\{0,1 X Sgn()\) (30)
where, A is given in Eq. (30).
1 S > Pupper
S
A= ; Plower < S < Pup (31)

-1 S < Plower

where, Qiower &Pupper are the defined boundary limit in which the switching is carried out.

Both SMC and fuzzy logic controller work well independently as it has been introspected in the literature survey.
But the flaws imbibing in each controller may put the system to performance inefliciently, e.g. the SMC controller
produces chattering and improper membership function design in FL may cause sluggish response. So, to reap
an efficient, prompt and noise-free response, the SMC controller has been conglomerated with FLC as shown in
Fig. 5. Here, the controlled signal is composed of the signal produced by FLC and SMC controllers. The effective
control law has been given in Eq. (32).

UFSMC,x = usw_sat,z +urrLc

32
= —ksmc, X sgn(A) + urrLc (32)

AACE FLC
—>

SMC

Fig. 5. Structure of fuzzy-SMC controller.
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Here, urrc is the signal generated by FLC controller & is a saturation function as given in Eq. (31).

Gannet optimization algorithm (GOA)
GOA is a flock-based meta-heuristic algorithm® which is inspired by the extraordinary predatory ballet of the
Northern Atlantic Gannet. These majestic sea birds, the largest to grace the northern Atlantic waters, boast
slender neck and eyes that pierce the very depth of the ocean, for that it is very difficult for fish to escape
from their eyes. The hunting strategy unfolds in two distinct stages i.e. Exploration and Exploitation. In the
Exploration phase, the gannet embarks upon a quest to locate a suitable hunting ground once a promising
region is found they plan for strategically dives like U-shaped and V-shaped. After that the ballet of exploitation
commences, showcasing the gannet’s remarkable capacity of capture. The details analysis of Exploration and
Exploitation phases are listed below in the form of equations.

Like every optimization technique, GOA also starts with an initial phase, in which a solution matrix of size
[NP, D] is randomly generated within the predefined search space using the relation:

X = Xomin + (Xmaz — Xmin) x rand[NP, D] (33)
Exploration Phase Gannets regulate their dive pattern into the water from the air as per the position of prey in

the water. Generally, they follow two types of dive pattern namely (i) a U-shaded dive which is long and deep, or
(ii) V-shaped dive which is short and shallow. These two dive patterns are mathematically modelled as follows:

a = 2cos(2mr1) X t
b=2xV(2mry) xt

where, r; and r, are random numbers in the range [0, 1] and t =1 — ; iter |
itermax

number, itermax is the maximum number of iterations, and V(x) is given as:

iter is the current iteration

V(z) = { =Lz + lwhenz € [0, ) (34)

Lz — lwhenz € [, 27]

Gannets choose the V-shaped or U-shaped diving strategy with the same probability in order to catch their prey.

So, the following equation is used to update the initial position of the gannets i.e. the initial population.

Xlz{ X + w1 +u2ifp>0.5

X +v1 +v2ifp<0.5 (35)

where, ul (U-dives) and v1 (V-dives) are random numbers generated in the range [—a,+a] and [-b,+b]
respectively, and u, and v, are calculated using the relations:

us =A% (X — X,)

va =B X (X — Xm)
where,

A=2x(rs—1)xa

B=2x(ra—1)xb

X is a randomly selected probable solution and X _ is the mean position of the whole population and is given as:
L

Exploitation Phase In this phase, gannets spend lot of energy to capture the prey. Here the capturing capability
i.e. capturability is calculated using the relation:

Capturability = X T
2

where, Th = 1 + —-ter

Itermax

M x v
L

L=02+(2-02) x7s

R:

where, M is the weight of the gannet which is taken as 2.5 kg, v is the velocity of the gannet which is taken as
1.5 m/s and r, is a random number taken in the range [0-1].
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If the catching ability of the gannet is less than the capturability, the gannet updates its position by taking a levy
flight to search for the next prey.

Xy = { iter X delta X (X1 — Xpest) + X1, if Capturability > C

Xpest1 — (X1 — Xpest1) X P X iter if Capturability < C (36)

where,
delta = Capturability X | X1 — Xpest1|

P= Levy-OOlXMXU

o] ®

g =

(1+75) xszn(TB)
r(12) x g x 27

=l

)

C is taken as 0.2, p¢ and o are random numbers in the range [0, 1] and [ is taken as 1.5. Xpes¢1 is the best
performing solution in X;.

w‘

Modified GOA (MGOA)
In conventional mass of the gannet (M) and velocity (V) are taken as 2.5 kg and 1.5 m/s respectively. These
two parameters play a very important role in the exploration phase of the GOA. So, in this article these two
factors are optimally designed using the popular particle swarm optimization (PSO) technique’® to improve the
potential of the conventional GOA in exploration phase in searching/obtaining an improved solution. The range
of mass of gannets and their velocity are taken as [1-4] kg and [0.5-3] m/s respectively.

PSO is a very simple and powerful algorithm having only two phases. Details regarding the implementation
of PSO algorithm are explained below:

a. Initialization Phase: In this phase, initial population for the mass (M) and velocity (V) of gannets are ran-
domly initialised in the range [1-4] and [0.5-3] respectively. Old velocity matrix for Mass (V °1d) and veloc-
ity (M) of gannets are also generated randomly. Capturability of each gannet (i.e. each populatlon of X,
matrix obtalned in Eq. (35) is calculated and the position is gannets are updated using the relation given 1n
Eq. (36).

b. Updation Phase: In this phase, the mass and velocity of gannets are updated using the following relation:

M3 = w x M + Cy x randy x (Pops — M) + Ca X randy X (Pyy — M)
Vi = w x Vi 4+ Cy x randy x (Pyy — V) + Ca x randy x (Pyy — V)
M"™" = M + My (37)
VI =V 4 Ve (38)

Where, w decreases linearly from 0.9 to 0.4 with iteration count, C, & C,are taken as 2.05; rand1 and rand2 are
random numbers in the range [0, 1], P, & Pg are termed as local and global best.

After updation of gannet’s mass and velocity, once again the capturability is calculated and the gannet’s
positions are updated using Eq. (36).

Pseudo code of the MGOA is given below:

Initialization Phase:

Randomly initialize the solution matrix X of size [NP, D] in the predefined search space using Eq. (33).
Exploration Phase:

Update the initial solution matrix X using Eq. (35).
Exploitation Phase:

Using PSO Algorithm initialize the mass of gannet (M) and their velocity (V), calculate the Capturability and

update the population X1 using Eq. (36).

Update the mass and velocity of the gannets and once again calculate the Capturability using the updated

values of gannet’s mass and velocity.

Once again update the position of gannets with the new Capturability using Eq. (36).
The performance of MGOA and GOA are tested with the help of 6 popular benchmark functions namely
Booth (F1), Branin (F2), Griewank (F3), Matyas (F4), Powell (F5) and Rotated Hyper-Ellipsoid (F6). Detailed
description of this benchmark function is indicated in Table 2. Performance of both MGOA, GOA and PSO
algorithms are depicted in Fig. 6 and Table 3. From Fig. 6, it is clearly seen that in all the cases MGOA converges

Scientific Reports |

(2025) 15:5782 | https://doi.org/10.1038/s41598-025-89025-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Functions Function’s expression Dimension | Range
Booth (F1) fBootn(x) = (z1 + 232 — 7)% + (221 + 22 — 5)° 2 (- 10, 10]
Branin (F2) fBranin(x) = a(zz — bz + cxy — )2 + 5.(1 — t). cos(x1) + 5 |2 [-5,0], [0-15]
d o d
Griewank (F3) foriewant(@) =Y qobg — ] ] cos (%) +1 2 [- 600, 600]
i=1 i=1
Matyas (F4) fMatyas(z) = 0.26. (x? + ;cg) — 0.48x1 .72 2 [- 10, 10]

Tai—3 + 10.24;— 2+5. Tai—1 — Taq 2
Powell (F5) Frowen(@) = | 74 4i-2) (@as—1 = @as) 10 - 4,5]

+ (zai—2 — 2.22i-1)* + 10. (zas—3 — z45)*

d i
Rotated hyper-ellipsoid (F6) | fRothyp (%) = Z Z I? 30 [~ 65.536, 65.536]
i=1j=1

Table 2. Benchmark functions used to find the effectiveness of MGOA, GOA and PSO algorithms.

to their optimal values in less number of iterations. Table 3 also indicates that standard deviations of the
optimal values of the benchmark functions are minimum with MGOA in comparison GOA & PSO. However
computational time in MGOA is slightly more because of the inclusion of PSO algorithm in the exploration
phase to determine the most suitable values of the masses of the gannets (M) and their velocities (v).

Result analysis

A three-area multi-sources system has been designed in MATLAB/SIMULINK 2016a environment as shown
in Fig. 2. Further the system dynamics have been observed injecting EVs. Besides this, the impact of system
non-linearities in the proposed model including EVs has been investigated. To regulate the system frequency
different secondary controllers like PID, FPID, SMC and FSMC controllers have been designed endorsing GOA
and MGOA optimization techniques. To have these optimal values, the algorithm has been run for fifty times.
Also, the potential of the modified algorithm has been presented in the result section. Finally, the simulated
results have been validated in OPAL-RT 4510 environment.

Simulation result analysis

Case 1: Transient Analysis without EVs

Performance under GOA optimization technique Under this condition we have considered three area mul-
ti-sources linearized model with a slip of 1% is applied in area-1 at the initial time to analyze the transient behav-
ior. The gains of PID, FPID, SMC and FSMC are tuned with the conventional GOA technique has been provided
in Table 4. The frequency variation (A f) and tie-line power variation (Ap¢;c) have been shown in Fig. 7 (i)-(vi).
Performance parameters like undershoot (us), overshoot (0s) and settling time (¢,) have been depicted in Table
5 for the respective cases. Here, the SMC controller has produced better result than PID and FPID controllers.
Here, the FSMC controller has regulated the frequency deviation smoothly by eradicating oscillations and fast
achieving steady state unlike the responses produced by PID, FPID & SMC controllers.

Performance under modified GOA optimization technique In this case, the proposed controllers have been
designed by modifying GOA. The gain parameters have been given in Table 4. Keeping the same load variation
as in the first case, the transient response of the system has been taken at time ¢ = 0. The response of these
controllers has been compared as presented in Fig. 8. The SMC controller has given better result in comparison
to PID & FPID controllers, which is faster and incurring few cycles of oscillations with less amplitude. But, the
FSMC controller has produced a staunch response which has achieved faster steady state with very minimal
amplitude. This deviated quantity has been presented by the inset figure as shown in Fig. 8 (i)-(vi). The per-
formance of these controllers has been given in Tables 5 and 6. Introspecting the data as in Tables 5 and 6, it is
evident that the FSMC controller has performed well than other controllers.

Comparative study of proposed controller under GOA and MGOA technique Under this condition, a com-
parative study between conventional GOA-FSMC controller and MGOA-FSMC controller has been presented

as shown in Fig. 9. The overshoot and response time are shorter for the modified GOA based FSMC controller
as seen in the response curve. The settling time, overshoot and undershoot has been improved which is near
about 90.52%, 62.18% and 74.35% respectively with the MGOA-FSMC controller in frequency variation of area-
1 and about 85.75%,59.66% and 79.73% improvement has been observed in tie-line variation between area-1
and area-2. From, the analysis and performance parameters MGOA-FSMC controller have better response than
conventional GOA.

Case 2: Transient analysis with Electric Vehicle (EV)

Without varying EV parameters Under this scenario, EV unit has been inserted in all three areas. The param-
eters of the EV for URC and DRC has been taken as 0.044pu and -0.096pu as per the work carried in’®. The
parameters of the secondary proposed FSMC controller are tuned with GOA and MGOA techniques and have
been depicted in the Table 7. The dynamic behavior of the system with EV has been shown in the Fig. 10 (i)-(vi).
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Fig. 6. Convergence curves of various functions.

Generation Count

The performance parameters have been tabulated in Table 8.The frequency deviations in all the three areas under
MGOA-FSMC controller are 0.6129 mHz,0.6071 mHz and 0.6069 mHz respectively. So, the deviation is very
insignificant as it does without the presence of EV. Hence, the proposed controller and the modified algorithm
have a great potential to tackle the imbalanced caused by the integration of EV. Further, it has been observed that
the MGOA-FSMC controller has ameliorated the frequency response nearly about 26.88%, 26.79% and 26.80%as
compared to GOA-FSMC controller. Similarly, the power deviation has been improved well as noticed from the

Fig. 10 and Table 8.
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Algorithms | Functions | Optimum values | Minimum | Maximum | Mean value | Standard deviation | Computational time (s)
MGOA 0 0 0 4.8457e-19 0.2394
GOA F1 0 0 0 0 7.4260e-17 0.1550
PSO 0 0 0 9.8825e-15 0.1325
MGOA 0.397887 0.397887 0.397887 1.8285e-09 0.2707
GOA F2 0.397887 0.397887 0.397887 0.397887 3.8814e-07 0.1427
PSO 0.397887 0.397887 0.397887 5.8814e-06 0.1253
MGOA 0 0 0 0 1.0123
GOA F3 0 0 0 0 0 0.8531
PSO 0 0 0 0 0.5692
MGOA 0 0 0 3.3554e-67 0.2337
GOA F4 0 0 0 0 1.5917e-63 0.1321
PSO 0 0 0 5.6938e—59 0.0158
MGOA 0 0 0 4.2722e-41 0.7871
GOA F5 0 0 0 0 1.1667e-37 0.5144
PSO 0 0 0 5.6897e-33 0.3257
MGOA 0 0 0 7.6530e-67 0.5127
GOA F6 0 0 0 0 1.4939¢-61 0.2105
PSO 0 0 0 3.2564e-57 0.1125

Table 3. Comparative performance of MGOA, GOA and PSO techniques.

With the variation of EV parameters Here, the parameters for up-regulation and down-regulation have
been taken as mentioned in the Table 9. The dynamic response has been evaluated by applying GOA-FSMC &
MGOA-FSMC controllers. The same controller gains have been set as used in the upper case. The MGOA-FSMC
controller has improved the response curtailing the overshoots acutely as depicted in Fig. 11 (i)-(vi). The perfor-
mance has been given in Table 10. The FSMC controller has performed robustly with this parameter variation.
And also, the MGOA technique has a great capability to design the controller tightly so that the robust and stable
performance of the controller has been achieved.

Case 3: Transient analysis with the inclusion of system non-linearities

Without varying EV parameters In this case, various non-linearities like GRC, GDB and boiler dynamics (BD)
in the generating units have been included in the system as shown in Fig. 3. Also, EV has been integrated in the
system with a fixed up and down regulation. Like other cases, 1% slip has been injected in area-1. The FSMC con-
troller has been tuned by GOA and MGOA algorithms which have been amassed in Table 11. The time responses
of the nonlinear system has been shown in the Fig. 12 (i)-(vi). And the performances have been tabulated in
Table 12. From the response and the data in the table elucidates that the MGOA-FSMC controller has produced
better result in comparison to the GOA-FSMC controller. The percentage of improvement of settling time, un-
dershoot and overshoot of the proposed controller for frequency variation in area-1 and tie-line power variation
between area-1 and area-2 are 26.05%, 12.69%, 13.97% and 28.28%, 20.19%, 47.87% respectively. Further, the
dynamic response has been observed considering EV parameter variation as discussed in the next section.

With the variation of EV parameters Here, with this same test model, the up and down regulation as men-
tioned in the Table 9 have been included. Same designed parameters as used in the previous condition for the
proposed controller have been set to evaluate the transient response of the system under non-linearities. The
dynamic response has been given in Fig. 13 and the performance specifications have been tabled in Table 13. The
frequency and tie-line power curves has shown that the MGOA-FSMC controller given an ameliorated response
in comparison to GOA-FSMC controller. It is noteworthy that under such complexity, the proposed controller
has tackled the perturbation eloquently and performed robustly. And the robust performance is possible due to
the paramount tuning of the controller by the help of MGOA technique.

Case 4: System parameter variation In Case 4, system parameter variation, the deviation and standard devi-
ation of area frequency are presented in Table 14, which quantifies the impact of system parameter variations
on frequency stability. The data highlight how fluctuations in system parameters contribute to changes in area
frequency, offering valuable insights into the sensitivity of the system’s frequency response. Additionally, Table
15 shows the deviation and standard deviation of tie— line power under similar variations in system parameters.
These results demonstrate how changes in the system’s parameters influence the power exchange between in-
terconnected areas, further contributing to a comprehensive understanding of system dynamics under varying
conditions. Both tables provide essential metrics for evaluating the robustness and efficiency of the system in
response to parameter fluctuations.
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Controller | Optimization | Area controller | kp ki kq kp1 ki1 ko kay x y z kai
T3 0.4278 | 0.0012 | 1.2961
P 1.0103 | 1.7105 | 0.0126
GOA
T3 0.1438 | 1.3245 | 0.0307
T4 1.7145 | 0.6825 | 0.9771
PID
o1 0.2728 | 0.0121 | 1.6144
T2 1.0103 | 1.7105 | 0.0126
MGOA
€3 0.1438 | 1.3245 | 0.0307
T4 1.7145 | 0.6825 | 0.9771
T 1.0024 | 02018 | 0.3686 | 1.1819
T2 02316 | 1.8793 | 0.2883 |0.7878
GOA
z3 0.4993 | 0.1516 | 1.7093 | 1.1934
T4 11559 | 07102 | 1.7306 | 0.1445
FPID
1 1.0224 | 0.1863 | 1.3686 | 1.8193
T2 03167 | 1.8793 | 0.5883 | 0.8785
MGOA
T3 0.4993 | 0.1516 | 1.7093 | 1.1934
T4 11559 | 07102 | 1.7306 | 0.1445
o 10.8685 | 0.5161 | —1.7863
P -0.3530 | —7.9867 | 0.0184
GOA
z3 5.8056 | - 65.837 | 5.1727
T4 -1.7323 | - 09550 | - 3.3460
SMC
o1 25.0000 | - 0.4826 | 3.9157
T2 ~6.7545 | —4.9696 | 18.0000
MGOA
z3 ~32171 | - 0.5606 | - 2.3041
T4 22932 | 18.000 |-15.414
1 0.9145 | 14585 | 1.8569 | 17444 | 1.8900 | 1.0430 |3.2841 12103
GOA T2 3.0074 | 2.8874 | 1.9839 32130 | 2.8735 | 1.0982 | 27414 |0.5142
T3 12.8163 | —0.1355 | 156210 | 0.0100 | 4.4761 | —9.2510 | 5.7003 | 0.7868
M T4 43366 | 52677 | 63544 |5.4452 | 32824 | 8.6109 | - 1.0597 | 0.6672
1 0.9145 | 14585 | 1.8569 | 1.7444 | 12.8163 |- 0.1355 | 15.6218 |0.4322
MGOA z2 1.8900 | 1.0430 | 3.2841 | 1.2103 | 112945 | 14051 |13.8381 |0.4503
T3 3.0074 | 2.8874 | 1.9839 | 32130 | -0.0433 | 23644 |3.4765 |0.2310
T4 2.8735 | 1.0982 | 2.7414 |0.5142 | - 6.3403 | 3.9957 | 16.0259 |0.6735
Table 4. Optimal parameters of different controllers.
Hardware result analysis
The proposed model is executed in OPAL-RT to validate the result as observed in MATLAB/SIMULINK. The
hardware set up has been provided in Fig. 14. Different cases like transient behavior under load deviation in an
area, inclusion of EV and non-linearities in all areas have been studied. In the first case, different controller’s
performance designed by GOA algorithm has been analyzed against load perturbation. Further, to reap
ameliorated response, MGOA has been considered. In the last case, system performance under FSMC controller
designed by GOA and MGOA has been evaluated. The detailed study has been elaborated in the following
sections.
Transient response of the system without EV.GOA
In this case, the GOA based PID, FPID, SMC and FSMC controllers have been set in the proposed model to find
the response with a load perturbation in area-1. The time division and voltage division of individual response
have been illustrated in each figure as shown in Fig. 15. The FSMC controller has produced a significance
response such that the frequency and tie-line deviation curves adhere the steady state faster with a meager
steady state error.
Under MGOA based controllers
To improvise the dynamic response by eliminating the oscillations as incurred in the response presented in the
last section, the MGOA based controllers have been incorporated. The excursion curves have been given in
Fig. 16. Here, the PID, FPID and SMC controllers have curtailed the oscillations in frequency deviation as well as
in tie-line power deviation curves significantly as compared to the curves observed in Fig. 16. The MGOA-FSMC
controller has improved the response immensely as compared to the MGOA-SMC controller. It is evident from
the response curve as in Fig. 16 that the MGOA-FSMC response settles faster with a minimal steady state error.
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Fig. 7. Excursion of frequency and tie-line power.

Under EV and non-linearities

To investigate the robust performance of the SMC controller, different nonlinearities have been added into the
test model. In addition to that EV units have been included with its parameter variation to that same system.
The dynamic behavior of the system has been captured by OPAL-RT which has been shown in Fig. 17. Here,
the response is similar to the response evaluated by MATLAM/SIMULINK as given Fig. 13. The MGOA-
FSMC controller has ameliorated the response by curtailing its overshoots in system frequency as well as in
tie-line powers. So, the FSMC controller has gained an upper hand over SMC controller to get better results.
Simultaneously, the modified GOA has helped to produce better result than the GOA based SMC does.

Conclusion

An interconnected power system model of three areas has been executed in MATLAB/SIMULINK and real time
simulator (OPAL-RT-4510) environment under different conditions. The inevitable outcomes of this work have

been delineated as follows:
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Af1 Afz Afs

us X 1073 [0, x 1073 ug X 1072 |0, x 1072 us X 1073 [0, x 1073
Controllers in Hz in Hz ts insec | in Hz in Hz ts insec | in Hz in Hz ts in sec
GOA-FSMC -0.8616 0.0595 4.46 —-0.2873 0.0572 0.14 —-0.2906 0.0571 0.14
MGOA-FSMC | -0.2210 0.0225 0.423 —-0.0616 0.0225 7.90 —-0.0615 0.0225 7.90
GOA-SMC —2.1529 0.6204 0.08 - 1.7122 0.4969 12.23 - 1.5653 0.4046 12.22
MGOA-SMC | -1.0137 0.4684 7.81 —0.4299 0.1124 7.90 —0.4958 0.1124 7.90
GOA-FPID —3.8053 1.7832 12.13 —2.7884 1.7566 12.23 - 2.5676 1.8108 12.22
MGOA-FPID | - 2.6367 1.2542 7.81 —-2.0910 1.2563 7.90 - 1.8156 1.2245 7.90
GOA-PID —3.7588 2.7272 3.72 - 3.6894 2.4014 3.36 —-3.9092 2.8893 3.94
MGOA-PID —3.4846 2.2785 3.25 —-3.3349 2.2375 3.30 —3.5036 2.3072 3.40

Table 5. Performance indices of different controllers.

iii.

iv.

Vi.

vii.

The dynamic response produced by SMC controller over PID and FPID controllers is superior in the pres-
ence of DGs and EVs. And, the SMC controller has curtailed the overshoots and overshoots adequately with
faster response.

Anticipating the severe mismatch between load and generation due to intermittent uncertainties, non-lin-
earities, and other external disturbances, the SMC controller has been restructured to intelligent FSMC
controller. This FSMC controller has ameliorated the dynamic response splendidly that produced by the
SMC controller.

The FSMC controller has mitigated the frequency fluctuation adequately under parameter variation in EV
and the proposed power system.

From the transient response and performance indices, it is evident that the controller has been designed
meticulously by the GOA algorithm.

Further, the modified GOA has improved the performance of the system appreciably in such a way that the
robustness of the controller has been perceived.

Concurrently, the convergence curve and the performance indices of the benchmark functions suggest that
the MGOA has gained an upper hand to design these controllers tightly. Also, the MGOA algorithm is more
efficient than the PSO algorithm as examined through benchmark functions.

The real time simulator (OPAL-RT-4510) has produced an unequivocally exact response that the MAT-
LAB simulation has produced. Here, it has been observed that the FSMC controller has achieved superi-
or response in comparison to other SMC, FPID and PID controllers. Also, it can be underlined that the
proposed GOA and MGOA algorithm have designed these controllers properly such that they are able to
perform up the mark in real time simulator platform.

In future, the FSMC controller can be precious to employ in a power system to regulate the frequency under
cyber-attack, multiple time varying communication delays etc. Further, the study of LFC employing FSMC can
be extended to a micro-grid in which the occurrence of intermittent uncertainties is high and critical.
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Fig. 8. Excursion of frequency and tie-line power in the system.
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Apt'i.elg Apt’l:EQS Apti€31
us X 1073 |0y x 1073 us X 107 %in | 05 x 1073 us X 107 %in | 05 X 10723 | ¢, in
Controllers in puMW in puMW ts insec | puMW in puMW ts insec | puMW in puMW sec
GOA-FSMC | - 0.2359 0.0476 3.22 -0.0229 0.1185 12.60 -0.0247 0.1174 9.32
MGOA-FSMC | - 0.0478 0.0192 0.459 —0.0096 0.0241 6.94 —0.0096 0.0237 6.14
GOA-SMC - 1.6222 0.4644 13.77 —-0.3295 0.8061 12.60 -0.1782 0.8161 9.32
MGOA-SMC | - 0.3946 0.0954 8.29 -0.0475 0.1855 6.94 -0.0560 0.2091 6.14
GOA-FPID —-3.3630 1.3646 13.77 - 1.1086 1.9326 12.60 -0.9525 1.4621 9.32
MGOA-FPID | -2.4378 0.9044 8.29 —-0.3844 1.3450 6.94 —-0.5411 1.1037 6.14
GOA-PID —4.3555 1.8712 15.00 —-0.6752 2.2515 15.00 - 1.6799 2.1177 15.00
MGOA-PID —3.8657 1.4182 15.00 —-0.5534 1.9856 15.00 —-1.0278 1.8860 15.00
Table 6. Performance indices of different controllers.
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Fig. 9. Excursion of frequency and tie-line power in the system.

Excursion of tie-line power, AP, , .

Controller | Optimization | Area controller | Kp1 | K; Ky | Kap | o y P Ko
T 9.0374 | 0.1943 | 1.5489 | 9.0000 | — 7.6628 | — 0.9867 | 0.3431 0.8000
To 2.2906 | 6.6612 | 6.9924 | 0.8131 | 2.1200 —9.0961 | —9.4435 | 0.8000
GOA T3 0.0100 | 7.0000 | 3.4310 | 7.0000 | —5.4876 | 4.6952 —5.5857 | 0.7411
T4 3.3289 | 5.9155 | 6.2604 | 0.3120 | 1.4998 —3.4882 | 6.4911 0.6198
5 6.1297 | 3.4270 | 7.0000 | 1.8337 | —9.5407 | 7.3619 —0.5905 | 0.6984
FSMC x1 9.0374 | 2.0943 | 1.5489 | 9.0000 | — 7.6628 | —0.9867 | 0.3431 0.8000
T2 5.5290 | 6.6612 | 6.9924 | 0.8131 | 2.1200 -9.0961 | —9.4435 | 0.8000
MGOA T3 0.0100 | 7.0000 | 3.4310 | 7.0000 | —5.4876 | 4.6952 —5.5857 | 0.7411
T4 3.3289 | 5.9155 | 6.2604 | 0.3120 | 1.4998 —3.4882 | 6.4911 0.6198
T5 6.1297 | 3.4270 | 7.0000 | 1.8337 | —9.5407 | 7.3619 —0.5905 | 0.6984

Table 7. Optimal controller gains with EV.
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Frequency deviation | Specification | GOA MGOA | Tie-line power deviation | Specification | GOA MGOA
us X 1073 _ _ us X 1073 _ _
bt 0.2784 | - 0.2751 mspuMW 0.0666 | - 0.0625
_3 ; -3
Af 0s X 10 08378 | 06120 | APtieiz 0s X 10 07037 | 0.5154
in Hz in puMW
t, in sec 3.33 3.87 ts in sec 3.23 3.68
us x 1073 | _ _ us x 1073 | _ _
hats 0.0781 | - 0.0733 inspuMW 0.3504 | — 0.2566
_3 ; -3
Af2 0s X 10 08203 |o6071 | APliess 0s X 10 0.0334 | 0.0313
in Hz in puMW
ts in sec 3.41 3.96 ts in sec 2.39 2.29
us x 1073 | _ _ ws X 1073 | _ B
e 0.0780 | - 0.0732 mspuMW 0.3533 | - 0.2588
_3 ; -3
Afs 05 X 10 08291 |06069 | APties: ionspﬁlv}\?v 0.0333 | 0.0312
ts in sec 3.41 3.96 ts in sec 2.40 2.30

Table 8. Performance parameters with EV.

Parameter (per unit) | Area-1 | Area-2 | Area-3
URC 0.044 0.067 0.056
DRC -0.096 | —0.143 | - 0.119

Table 9. Parameters in URC and DRC®.
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Frequency deviation | Specification | GOA MGOA | Tie-line power deviation | Specification | GOA MGOA
us X 1073 _ _ us X 1073 _ _
inSHZ 0.2784 0.2751 inspuMW 0.0666 0.0625
Afy 0s X 1073 Aptiers 0s X 1073
in Hz 1.1582 0.7783 inspuMW 0.9752 0.6560
ts in sec 3.65 4.58 ts in sec 3.65 4.43
ug X 1073 | _ _ us x 1073 | _ _
inHz 0.0781 0.0733 inspuMW 0.4855 0.3266
-3 i -3
Afa 0s X 10 L1472 | 07713 | APties 0s X 10 0.0334 | 0.0313
in Hz in puMW
ts insec 3.73 4.67 ts in sec 3.11 3.25
us X 1073 | _ _ us X 1073 | _ _
insHZ 0.0780 0.0732 inspuMW 0.4897 0.3294
-3 ; -3
Afs 0s X 10 L1470 |o7712 | APties: 0s X 10 0.0333 | 0.0312
inHz in puMW
ts in sec 3.73 4.67 ts insec 3.10 3.23

Table 10. Performance parameters with EV parameter variation.

Controller | Optimization | Area controller | K1 | K; Kpr | Kar |2 y > Ko
T 5.0000 | 5.0000 | 5.0000 |2.9525 | —7.2843 | 10.0000 | 6.1724 0.9000
T2 5.0000 | 5.0000 | 5.0000 | 4.0287 |9.2608 6.2136 | 8.6596 0.9000
GOA T3 5.0000 | 5.0000 | 5.0000 | 5.0000 | —4.4269 |4.3559 | 10.0000 |0.9000
T4 5.0000 | 5.0000 | 5.0000 | 1.1085 | 6.6710 8.7793 | 2.1738 0.9000
Ts5 5.0000 | 5.0000 | 2.5023 | 4.9034 | 9.9933 9.4321 | —1.1746 | 0.9000
FSMe T 10.000 | 8.0000 | 8.0000 | 4.2690 | —10.0000 | 10.0000 | 7.0407 0.9000
To 9.0000 | 8.0000 | 7.0000 | 1.9933 | 7.2539 8.8113 | 8.8694 0.9000
MGOA T3 5.0000 | 5.0000 | 5.0000 | 5.0000 | —8.0371 |5.8543 | 5.8765 0.9000
T4 5.0000 | 5.0000 | 5.0000 | 0.5619 | 8.6689 7.7820 | 0.9216 0.9000
Ts5 5.0000 | 5.0000 | 4.7668 | 4.9515 | 7.0476 10.0000 | —0.1861 | 0.9000

Table 11. Optimal controller gain with non-linearities under the presence of EV.
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Fig. 12. Excursion of frequency and tie-line power in the system.
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Frequency deviation | Specification | GOA MGOA | Tie-line power deviation | Specification | GOA MGOA
us X 1073 _ _ us X 1073 _ _
s 0.6631 | - 0.5961 in puMW 0.1419 | - 0.1156
_3 ; -3
Af 0s X 10 08070 | 05482 | APtierz 0s X 10 0.6573 | 0.3394
in Hz in puMW
t, in sec 473 3.49 ts in sec 4.50 3.22
us x 1073 | _ _ us x 1073 | _ _
et 0.1774 | - 0.1405 in puMW 0.3270 | —0.1700
_3 ; -3
Af2 0s X 10 07806 | 03919 | APlies 0s X 10 0.0740 | 0.0590
in Hz in puMW
ts in sec 4.81 3.57 ts in sec 3.03 3.03
ug X 1073 | _ _ us X 1073 | _ B
to s 0.1709 | - 0.1395 in puMW 0.3303 | —0.1694
_3 ; -3
Afs 05 X 10 07782 |03920 | APlies: ionspﬁlv}\?v 0.0681 | 0.0565
ts in sec 4.81 3.57 ts in sec 3.03 3.03

Table 12. Performance parameters with non-linearities under the presence of EV.
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Fig. 13. Excursion of frequency and tie-line power in the system.
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Frequency deviation | Specification | GOA MGOA | Tie-line power deviation | Specification | GOA MGOA
us X 107% | 06631 | - 0.5961 ﬁsplfn/}v%_s ~0.1419 | - 0.1156
Afr 0s X 107 | o070 | 05482 | APtic12 i‘);pﬁN}e;S 0.6573 | 0.3394
ts insec 473 3.49 ts insec 450 322
U X 107 | 01774 | - 0.1405 ﬁfp:A/Ilv(\);B ~0.3270 | - 0.1700
Af2 0 X 107 | o7806 | 039019 | APticas ?ﬁspil\/}e;B 0.0740 | 0.0590
ts insec 4.81 3.57 ts in sec 3.03 3.03
Ua X 1077 101709 | - 0.1395 ;ﬁspiMlv(\]/_g ~0.3303 | - 0.1694
Afs 05 X 107 o772 |o3920 | APties: ionspﬁN}\?\;S 0.0681 | 0.0565
to insec 481 3.57 ts insec 3.03 3.03
Table 13. Performance parameters with non-linearities under EV parameter variation.
Af1 Afz Afs
Parameters | Variation in% | w), Osh ts Ush Osh ts Ush Osh ts
-20 -0.6293 | 0.7055 | 4.00 -0.1819 [0.5150 |4.06 ~0.1814 | 0.5143 | 4.06
-10 ~0.6125 | 0.6575 |3.73 ~0.1567 |0.4445 |3.81 ~0.1595 | 0.4445 | 3.81
B +10 ~0.5801 |0.5186 |3.28 -0.1283 [0.3603 |3.37 ~0.1262 | 0.3604 | 3.37
+20 - 05656 | 0.4884 |3.07 -0.1144 03278 |3.16 -0.1144 0.3279 |3.16
-20 ~0.5961 |0.5484 |3.49 ~0.1405 [0.3913 |3.57 ~0.1395 0.3913 | 3.57
-10 ~0.5961 |0.5483 |3.49 -0.1405 |0.3917 |3.57 ~0.1395 | 0.3917 | 3.57
K +10 ~0.5961 |0.5482 |3.49 -0.1405 03922 |3.57 -0.1395 | 0.3923 | 3.57
+20 ~0.5961 |0.5481 |3.49 -0.1405 [0.3925 |3.57 ~0.1395 | 0.3925 | 3.57
-20 ~0.5992 | 0.4863 |3.48 -0.1168 [0.3907 |3.58 ~0.1178 | 0.3909 | 3.58
-10 -0.5976 | 0.5180 |3.48 -0.1289 03907 |3.57 -0.1290 | 0.3908 | 3.57
T2 +10 ~0.5946 | 0.5771 |3.50 -0.1517 03965 |3.57 ~0.1502 |0.3963 | 3.57
+20 -0.5931 |0.6045 |3.51 -0.1625 |0.4031 |3.58 ~0.1641 | 0.4028 | 3.58
-20 ~0.5060 |0.5045 |3.51 -0.1229 |0.4035 |3.59 -0.1219 | 0.4035 | 3.59
-10 - 05526 | 0.5674 |3.50 -0.1305 [0.3966 |3.58 -0.1323 |0.3967 | 3.58
Kope +10 ~0.6365 | 05974 |3.49 ~0.1525 03939 |3.57 ~0.1503 | 0.3940 | 3.57
+20 ~0.6741 | 0.6460 |3.49 -0.1589 [0.3932 |3.57 ~0.1594 | 0.3933 | 3.57
-20 ~0.6918 | 0.6847 |3.49 -0.1651 [0.3943 |3.57 ~0.1630 | 0.3944 | 3.57
- -10 ~0.6408 | 0.6018 |3.50 ~0.1534 [0.3980 |3.58 ~0.1514 |0.3979 | 3.58
P +10 ~0.5567 | 0.5731 |3.50 -0.1310 |0.3979 |3.58 -0.1331 | 0.3980 | 3.58
+20 -0.5219 05272 |3.51 ~0.1260 |0.4006 |3.59 ~0.1258 | 0.4006 | 3.59
Standard deviation 0.045021 | 0.06277 | 0.168273 | 0.017801 | 0.034463 | 0.163014 | 0.01769 |0.034314 | 0.163014

Table 14. Deviation and standard deviation of area frequency under system parameter variation.
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APtieio APtiess A Ptiesy
Parameters | Variation in% | u;, Osh ts Ush Osh ts Ush Osh ts
-20 —-0.1318 | 0.3514 3.23 -0.1757 | 0.0672 |6.31 —0.1757 | 0.0645 6.30
-10 —0.1234 | 0.3454 3.23 -0.1711 | 0.0630 |6.31 —0.1743 | 0.0604 6.30
B +10 —0.1080 | 0.3366 3.22 —-0.1663 | 0.0552 |6.31 —-0.1703 | 0.0529 6.30
+20 —0.1028 | 0.3363 3.22 -0.1669 | 0.0520 |6.31 —0.1693 | 0.0508 6.30
-20 —-0.1156 | 0.3397 3.22 -0.1701 | 0.0590 |6.30 —-0.1696 | 0.0565 6.30
-10 -0.1156 | 0.3396 3.22 -0.1701 | 0.0590 |6.30 —0.1695 | 0.0565 6.30
K +10 —0.1156 | 0.3394 3.22 -0.1700 | 0.0591 |6.30 —0.1694 | 0.0565 6.30
+20 —-0.1156 | 0.3393 3.22 —-0.1700 | 0.0591 |6.30 —0.1694 | 0.0565 6.30
=20 —-0.0957 | 0.3361 3.22 —-0.1681 |0.0487 |6.31 —0.1680 | 0.0471 6.31
-10 —-0.1059 | 0.3373 3.22 —-0.1687 | 0.0540 |6.31 —-0.1685 | 0.0519 6.30
Tz +10 —0.1249 | 0.3403 3.21 -0.1710 | 0.0640 |6.30 —-0.1693 | 0.0609 6.30
+20 —0.1339 |0.3417 3.22 —-0.1699 | 0.0687 |6.31 —0.1718 | 0.0651 6.29
-20 —0.1089 | 0.3415 3.23 -0.1691 | 0.0553 |6.32 —-0.1725 | 0.0536 6.30
-10 —0.1129 | 0.3410 3.22 —-0.1690 | 0.0575 |6.31 —0.1721 | 0.0554 6.30
K +10 —-0.1168 | 0.3392 322 —-0.1696 | 0.0598 |6.30 —-0.1696 | 0.0576 6.30
+20 -0.1213 |0.3377 3.21 -0.1673 | 0.0616 |6.31 —-0.1703 | 0.0597 6.30
-20 —-0.1233 | 0.3390 3.22 —-0.1685 | 0.0626 |6.30 —-0.1705 | 0.0607 6.30
-10 —-0.1173 | 0.3381 3.22 —-0.1706 | 0.0598 |6.31 —-0.1675 | 0.0579 6.30
s +10 -0.1132 | 0.3410 3.23 —-0.1690 | 0.0577 |6.31 —0.1720 | 0.0555 6.30
+20 —0.1104 | 0.3429 3.23 -0.1710 | 0.0562 |6.31 —0.1719 | 0.0543 6.30
Standard deviation 0.009283 | 0.003506 | 0.005871 | 0.001974 | 0.00483 | 0.005712 | 0.00206 | 0.004431 | 0.003244

Table 15. Deviation and standard deviation of tie-line power under system parameter variation.
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Fig. 14. OPAL-RT set up for the test model.
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Fig. 15. Excursion of frequency and tie-line power in the system.
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Fig. 17. Excursion of frequency and tie-line power in the system.
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