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ARTICLE INFO ABSTRACT

Keywords: This article examines the effects of HVDC link and Electric Vehicles (EVs) on multi-area Power Systems (PS). The
AGC ) suggested system features with EVs, HVDC link a thermal unit. A novel controller, termed the integral minus tilt
;\(]B\C link double derivative (I-TD?N), has been developed as an auxiliary controller. The controller settings were effectively

I-TD?N controller

optimized through the application of the Mayfly optimization algorithm (MOA). Comparing the dynamic re-
sponses of the system with PID, TID, and I-TD*N controllers, it was found that I-TD?N controller offered best

performance. Further, a comparative study was made to deliberate the best performance index over ISE, ITSE,
IAE and ITAE. Studies suggest that ISE exhibits faster convergence over others. The study with incorporating of
HVDC link showed that HVDC links enhance the system’s dynamic performance. Furthermore, integrating HVDC
link and EVs significantly improved dynamic responses. Additionally, a sensitivity analysis was carried out to
evaluate the suggested I-TD?N controller’s resilience under various loading scenarios.

1. Introduction

The modern power system (PS) is marked by significant inherent
complexity due to its continuous expansion. This growth introduces new
challenges in maintaining nominal system frequency and balancing
megawatt power among generation and demand side. Automatic Gen-
eration Control (AGC) successfully tackles these issues. The principal
aim of this mechanism is to provide a dependable control system that
maintains a consistent frequency profile throughout the connected sys-
tem by distributing power between the generating and load sides [1,2].

The foundational work on AGC initially focused on single-area

* Corresponding authors.

thermal systems and later expanded to multi-area systems that ac-
count for factors such as Governor Deadband (GDB), communication
time delays, and Generation Rate Constraints (GRC) [3-5] among others

An improvement in intra-area actual power transfer capability is
required due to the steadily rising load demand. An HVDC link [6-8] can
be added to the power grid to remedy this. Historically, two-area AGC
studies have frequently used a traditional model of the HVDC link.
Traditionally, two-area systems have been the main focus of AGC
research. Thus, an HVDC link is used in this paper for multi-area PS.

Emerging technologies such as distributed energy storage and
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Table 1
A brief review of AGC literature.
Reff System Description Controller Algorithm
No.
[5] Three-area with RDSTS, PWTS, PI-PIDN Hybrid crow search
AHVDC, GRC and GDB
[6] Two-are thermal-hydro (1+PD)-FOPID Genetic algorithm
deregulated system with RFB
and TCPS
[10] Two-area thermal-hydro with FOPDN-TID Artificial flora
EV and RDSTS considering GRC algorithm
and GDB
[11] Three-area thermal-STPP with PID Grey wolf
GRC, GDB optimization
[12] Two-area thermal with DGs PIDN-FOPD Whale optimization

[141 Three-area hydro-thermal with TIDD? Artificial humming

GRC and GDB bird algorithm
[15] Seaport hybrid microgrid with FOPI-(1+TD) flow direction
RES algorithm
[16] Two-area micro gird with FOPID- flow direction
distributed generators (DG) (1+TD) algorithm
[17] Two-area thermal system Mode control Golden jack
with PID algorithm
[18] Three-area hybrid system with Type-2fuzzy Arithmetic
EV optimization
[19] Two-area deregulated system Type-2fuzzy Hybrid AO with
with EV and DGs African vulture
[20] Two-area deregulated thermal- FOPID Aquila Optimizer

wind-hydro-gas unit

[21] Two-area thermal with DGs Deep neural Particle swarm

networks

[22] Two-area hydro-thermal with (1+PI)-PI-PID Hybrid
capacitive energy optimization

[23] Three-area thermal-DGs 3DOEF-PID Hybrid whale

optimization

[24] Three-area thermal-DSTS-GTPP FOPI-FOPD Sine cosine
with GRC, GDB optimization

[25] Three-area thermal-HVDC FOPI-PDN Hybrid crow with
system pattern search

[26] Three-area thermal-hydro- PID Grey wolf
nuclear

[27] Three-area thermal-DSTS with FOPI-FODF Crow search
GRC and GDB

electric vehicle (EV) technology are expected to greatly improve emer-
gency reliability services. Furthermore, EV adoption in power systems
has been fueled by a wide range of applications, such as wireless
charging systems, high-power usage like EV charging, energy efficiency,
and cost savings [9].

The fact that EVs have a beneficial environmental impact and lessen
dependency on fossil fuels, such as lowering carbon dioxide emissions, is
another factor contributing to their rising popularity [9]. Researchers
have investigated EV technology in low inertia power systems, taking
into account both Grid-to-Vehicle and Vehicle-to-Grid operations [10].
The literature suggests that EV integration into multi-area power sys-
tems needs careful consideration and additional investigation.

In recent decades, significant attention has been focused on
designing secondary controllers in the field of AGC. AGC studies have
seen the development of various secondary controllers such as integer
[11], cascade [12], fractional order (FO) [13], tilt integral derivative
(TID) [14], cascade such as FOPI-(1+TD) [15], FOPID-(1+TD) [16],
mode with PID [17], type-2 fuzzy [18,19], FOPID [20], deep neural
networks [21] and (1+4PI)-PI-PID [22]. This article introduces a new
secondary controller, called I-TDN, for three-area PS.

To enhance the AGC system’s performance, a variety of optimization
techniques have been applied, such as flow direction [15,16], golden
jackal [17], arithmetic optimization (AO) [17], hybrid AO with African

Results in Engineering 25 (2025) 103901

vulture [19], Aquila optimizer [20], particle swarm [21], hybrid opti-
mizer [22], whale [23], sine cosine [24], crow search [25] gray wolf
[26], cuckoo search [27], coyote [28], firefly [29], etc. A more recent
addition to these optimization techniques is the Mayfly Optimization
approach (MOA), a contemporary meta-heuristic method [30] that
draws inspiration flight patterns and breeding activities of the mayflies.
Evolutionary algorithms and swarm intelligence are combined in MOA.
While MOA has proven to be useful in other domains, its applicability in
the setting of AGC has not yet been assessed. This emphasizes the ne-
cessity of doing a thorough investigation to ascertain whether MOA is
effective in maximizing controller settings for AGC.

Modifications to system parameters including tie-line power, inertia
constant, system loads etc., have been the basis of sensitivity analyses
carried out by the authors in [31,32]. On the other hand, the
MOA-optimized I-TDN controller is used to conduct sensitivity analysis
in this paper by taking various system loadings into account. Also, a
detailed AGC literature is stated in Table 1.

Drawing from the previously described literature, the aims of this
work are as follows:

a) To build the simulation model of three-area PS consists of thermal,
HVDC link and EVs.

b) To analyze the behaviour of suggested system by employing PID,
TID, and I-TD?N controllers.

c) Utilization of MOA to improve secondary controller performance

d) Analyze the influence of HVDC links and EVs on system performance.

e) To assess the reliability of the I-TD?N controller at various system
loading.

2. Suggested system discription

A three-area PS illustrates in Fig. 1(a), with thermal units in all
control areas. For practical modeling purposes, a rate of the generation
of 3 % per minute is considered reasonable for the thermal units. Details
about the models of EVs and HVDC can be found in references [31] and
[32]. The power transfer via AC-HVDC link is described by Egs. (1) — (2).

21Ty

APtiemnAC = (AmeAFn) (1)

APgiemnanvpc(s) = (27Teqy/s) X (AFp(s)—AF,(s)) 2)

The suggested system is equipped with an I-TD?N controller, and the
MOA is utilized to optimize the I-TD?N settings. The optimization pro-
cess aims to achieve optimal performance by minimizing the Integral of
Squared Error (ISE) as shown in Eq. (3), subject to a 1 % disturbance in
Area-1.

s = / {(AFn)® + (AP ,)*} dt 3)
0

3. I-TD?N controller

This paper introduces a novel control framework named I-TDN,
derived from the TID controller by incorporating an additional second
order derivative component. The resulting I-TD?N controller offers
enhanced control capabilities. Eq. (4) presents the transfer equation
governing the behavior of the I-TD?N controller.

K K,
Frpan(s) = s(l/zi) + ?I +S

K;
2 DD
s2+N )

The structure of I-TDN is depicted in Fig. 1(c). To achieve optimal
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Fig. 1(b). MOA working flow chart.
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Fig. 1(c). Control design of I-TD?N controller.

Table 2a
Optimal control setting of TID, PID, and I-TD2N controller.

Controller ~ Optimal control settings

PID K*pp1 = 0.5910; K*ppp = 0.7902; K*pp3 = 0.8305; K*;; = 0.3841; K¥1;»
= 0.3156; K*yi3 = 0.1850; K*pp1= 0.1625; K*pp2 = 0.1530; K*pp3 =
0.1010

TID K*rr1 = 0.7210; K*pr2 = 0.1001; K*1p3 = 0.3630; K*j;; = 0. 2301; K¥p»

= 0.2900; K*1;3 = 0.5560; K*pp; = 0.2015; K*pp, = 0.0220; K*pps =
0.2003; y*; = 4.1260; y*; = 3.1010; y*3 = 2.0540

I-TD?N K¥rr = 0.5901; K¥rpg = 0.3022; K¥p3 = 0.5280; K*; = 0.2905; K* 115
= 0.4530; K*;3 = 0.2030; K*$= 0.2800; K*3 = 0.3200; K*3= 0. 356;
y*1 = 4.9100; y*5 = 3.2500; y*3 = 2.5205; Nt *; = 96.520; Ny*5 =
99.001; Ny *3 = 98.220
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performance for the I-TD2N controller, the MOA is employed, adhering
to constraint (6).

0 <KrrKpp <1,2<y<7 6)
0<Kp,Ky<1,0<Kpp <1

4. Mayfly optimizationAlgorithm (MOA)

The MOA, a metaheuristic optimization technique inspired by the
mating behavior of mayflies, was initially introduced by Konstantinos
et al. [30]. Drawing inspiration from the brief lifespan of mayflies,
known for their one-day lifespan, this algorithm efficiently tackles
complex optimization problems. While the MOA is being carried out, a
population of solutions is considered. Each contender within this pop-
ulation represents a distinct potential resolution to the current problem.
The process emulates the iterative improvements and adjustments
observed in the mating behavior of mayflies. micking their behavior.
During each iteration, the algorithm revises the gender distribution
within the population. Males are scattered randomly throughout the
search space, whereas females are attracted to emitted pheromones. A
fitness function assesses the females’ fitness levels by considering the
extent of improvement in solutions. Following the selection of their
partners by the females, the algorithm advances to mating and crossover
methods to generate offspring solutions. These offspring undergo mu-
tation to inherit traits from both parents, thus expanding exploration
within the search space. Subsequently, a selection process evaluates the
newly created offspring solutions, determining which individuals will
progress to the next iteration based on their superior fitness values. This
iterative process continues for a specified number of iterations until a te
The tuned parameters for this particular work include a maximum
iteration of 100, a population size (comprising males and females) of 30,
an inertia weight of 0.8, a personal learning coefficient of 1, a distance
sight coefficient of 2, a random flight coefficient of 1, a damping ratio of
0.81, an offspring size of 30, and a mutation rate of 0.01. The MOA flow
chart is illustrated in Fig. 1(b).

5. Simulation results and analysis
5.1. Analysis of the system’s dynamic behavior with various controllers

The suggested system in Fig. 1(a) undergoes testing with I-TD?N,
TID, and PID controllers individually. The MOA refines the parameters
for each controller, with the optimized values listed in Table 2a. The
system’s dynamic profile to these optimized values are compared in
Fig. 2. Key indices metrics, including peak undershoots (PUs), settling
time (ST), and peak overshoots (POs), are derived from Fig. 2 and
summarized in Table 1(b).

By examining the response profiles presented of Fig. 2 and the
indices metrics in Table 2b, it is clearly reflected that the system with the
I-TD?N controller surpasses POs, ST PUs, over TID and PID controllers.
Therefore, the I-TD?N controller will be employed for the remainder
sections.

5.2. Performance index comparison

System in case study-B is evaluated with the proposed I-TD?N
controller and its gains are enhanced by MOA technique considering ISE,
ITSE, IAE and ITAE one at a time as performance indices. (optimum
values are not shown). The corresponding errors are plotted in Fig. 3.
From Fig. 3, it is evident that responses with ISE converges faster with
less error values over other indices.

5.3. Analysis of the system’s dynamic behavior with HVDC link

In the present study, the system under consideration in case study (A)
is enhanced with HVDC across all areas. The parameters of the I-TD?N
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Table 2b
Comparisons of the performance indices values from Fig. 2.
Responses Values I-TD®N TID PID
POs 0.0156 0.0175 0.0210
ST 33.404 38.500 41.108
AF, PUs 0.0410 0.0455 0.0490
POs 0.0096 0.0145 0.0160
ST 32.004 40.035 43.105
AF, PUs 0.0360 0.0381 0.0385
POs 0.0802 0.0860 0.0980
) ST 42,055 48.350 53.203
APtie;» PUs 0.0075 0.0088 0.0092
POs 0.0040 0.0046 0.0052
APtie ST 42.021 46.005 49.980
13 PUs 0.0010 0.0016 0.0020

controller are fine-tuned using the MOA, and the optimized values are
detailed in Table 3. Comparisons are made between the dynamic profiles
obtained with and without the HVDC link, illustrated in Fig. 4. The
dynamic profile depicted in Fig. 4 clearly indicates a significant
enhancement in system dynamics when the three-area thermal system is
equipped with HVDC link.

5.4. Analysis of the system’s dynamic behavior with EVs

The system studied in section (C) is included with EVs. The param-
eters of the I-TDN controller are optimized using MOA, and the optimal
values are documented in Table 4. The resulting system profile are
compared when employing the HVDC link alone and when both the
HVDC link and EVs are integrated, as illustrated in Fig. 5. Analysis of the
dynamic responses in Fig. 5 reveals a significant improvement in system

15 ' ' | |
§ g ITAE |
1 () ITAE
z (2) 1AE
g - = (3)ITSE
: —(4) ISE
g st |
2 IAE

ITSE 1 /
....... // ~ISE
P - g / ‘ ‘
0 200 400 600 800 1000

Iterations

Fig. 3. Performance index comparison.

dynamics, characterized by a reduction in subsequent oscillations, upon
the integration of both the HVDC link and EVs with the system.

5.5. Reliability test of the I-TD’N controller

This section involves performing a sensitivity analysis to assess the
robustness of the proposed controller under varying system loading
conditions. The system loading is varied within a range of +30 % from
the 50 % loading, specifically at 70 %. and 30 %. The MOA is used to
optimize the controller parameters for each scenario, and Table 5 con-
tains the values of these parameters. Following that, the generated dy-
namic profiles are contrasted with those of the system running at
nominal loading (50 %) and are shown in Fig. 6. The dynamic response
profiles analyzed in Fig. 6 demonstrate the system’s ability to maintain
stable responses under varying loading conditions, similar to those
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Table 3
MOA optimized I-TD?N control settings employing HVDC link.

K¥*rp1 = 0.5802; K*ppa = 0.3802; K¥pps = 0.5370; K¥y = 0.2702; K*ppp = 0.4300; K13 = 0.2105; K*3 = 0.2885; K*3 = 0.3501; K*} = 0.3700; y*; = 5.1000; y*5 = 3.300; y*3 = 2.2520;
Nt *; = 96.430; Nt *3 = 99.50; Nt *3 = 97.990;
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Fig. 4. System’s dynamic behavior with HVDC link (a) AF; (b) AF; and (d) AP e 1-3.

Table 4
MOA optimized I-TD2N control setting employing HVDC link and EVs integration.

K#pr1 = 0.5440; K*11 = 0.3990; K13 = 0.5802; K*1py = 0.2500; K*115 = 0.4306; K¥yj3 = 0.2608; K* = 0.3005; K*3 = 0.3400; K*3 = 0.3600; y*1 = 4.6000; y* = 5.100; y*3 = 4.0500;
Nr*; = 95.030; Nt *3 = 98.00; Nt *3 = 99.090
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Fig. 5. System dynamic behaviour with HVDC link and EV (a) AF;, (b) Fa.
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Table 5
Optimal settings for I-TD?N parameters under varying loads on the system.
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At 30 % loading

K*rm1 = 0.6250; K*rra = 0.5802; K*rr3 = 0.5880; K*;; = 0.1505; K*11» = 0.1808; K*3 = 0.2000; K*§ = 0.1200; K*3 = 0.1700; K*3 = 0. 1500; y*; = 4.090; y*, = 3.8850

y*3 = 5.055; Nt *; = 95.220; Nt *5 = 96.901; N1 *3 = 96.0820
At 70 % loading

K¥*rr1 = 0.6900; K*1ps = 0.6844; K*pr3 = 0.6206; K*y = 0.2607; K*1pp = 0.1980; K13 = 0.2345; K*§ = 0.2060; K*3 = 0.2100; K*3 = 0.3600; y*; = 3.9890; y*» = 3.7820; y*3 = 4.600;

Nt *3 = 99.005; Nt *3 = 97.050; Nt *3 = 98.505
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Fig. 6. System’s dynamic behavior at various loading (a) AF; (b) APq,.

observed under nominal loading. Therefore, it can be deduced that the
proposed I-TD?N controller exhibits robustness.

6. Conclusions

A contemporary secondary controller known as the I-TD?N controller
was developed for a multi-area AGC system in this study. The Mayfly
Optimization Algorithm (MOA) was effectively employed to fine-tune
the controller and associated parameters. Comparative analysis of sys-
tem dynamics revealed that the I-TD?N controller outperformed both
PID and TID controllers, showcasing superior system dynamic responses.
Further, comparative analysis among various performance indices sug-
gests ISE over ITSE, IAE and ITAE in terms of faster convergence. Inte-
gration of an HVDC link in the multi-area PS demonstrated its role in
efficiently delivering power demanded by the load, thereby slightly
enhancing system response profiles by (30-40) % of POS, (20-50) % of
PUS and (40-50) % of ST when compared to systems without an HVDC
link. Additionally, the introduction of EVs notably improved system
dynamics by (40-50) % for POS, PUS and ST. Sensitivity analysis indi-
cated that the proposed I-TD?N controller remains robust across various
loading conditions, eliminating the need for frequent system parameter
adjustments.
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Appnedix

Thermal System: F; = 60Hz, B; = 0.425MW p.u, H; = 5.00 s, Tj; =
0.0860 p.u.MW/rad., Tg; = 0.080 s, Kps; = 120.0Hz/p.u.MW, Tps; = 20.0
S, Ri =1/2.4Hz p.u.MW, TCO =0.3 S, FIP = 0.4,FLp = 0.3, FHp = 0.3, TRH
=4.99

Syncronising coefficient of HVDC = 0.0860, loading = 50 %.

Data availability
No data was used for the research described in the article.
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