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The objective of this research is the analysis and mitigation of the electromagnetic fields 

emanating from the ultra-high-voltage (UHV) transmission line installed in a delicate 

location. The approach involves employing a hybrid technique that integrates the current 

simulation technique (CST) with the equilibrium optimizer (EO) algorithm in determining 

the optimal design of compensating devices. This includes the optimal number of 

filamentary currents, passive loop dimensions, and the necessary capacitor sizes. The 

results show that the magnetic induction follows a Gaussian distribution centered on the 

power line axis and decreases with lateral distance. The optimized passive compensation 

loops significantly reduce the magnetic field along the corridor. A single passive loop 

achieves a maximum reduction of 40.64%, while a double passive loop provides a higher 

attenuation of up to 60.34%. In conclusion, the double passive loop configuration offers 

the most effective solution for magnetic field mitigation. Furthermore, the comparison 

between CST-based simulations and transmission line analytical results demonstrates 

excellent agreement, confirming the validity of the proposed approach. 
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1. INTRODUCTION

Electricity plays a fundamental role in modern society by 

improving living conditions, meeting basic needs, and 

supporting sustainable development. It is also a key driver of 

economic and social progress, and per capita energy 

consumption is commonly used as an indicator of a country's 

level of development [1, 2]. Global electricity demand 

continues to increase due to rapid economic growth, industrial 

expansion, population growth, and urbanization. To meet 

these growing needs, power systems must be expanded and 

upgraded with more efficient extra-high and ultra-high voltage 

transmission infrastructures. Electrical energy generated in 

power plants is delivered to consumers through interconnected 

grids composed of transmission lines, substations, and 

distribution systems [3, 4]. 

Over the past four decades, increasing attention has been 

given to the potential impacts of electric and magnetic fields 

(EMFs) emitted by high-voltage power transmission lines on 

human health and the environment. Studies conducted by 

international organizations, including the World Health 

Organization (WHO), indicate that exposure to EMFs can 

induce electric currents in the human body, potentially leading 

to biological effects such as tissue heating, stimulation of the 

nervous system, and visual disturbances [5-8]. 

Some epidemiological studies suggest a possible 

association between long-term exposure to power-frequency 

magnetic fields and childhood leukemia, although evidence 

for adults remains inconclusive [9-11]. In addition to human 

health concerns, EMFs may also affect wildlife, particularly 

avian species, influencing their reproductive biology and 

behavior [12, 13]. Despite extensive theoretical and 

experimental investigations, significant scientific 

uncertainties remain regarding the long-term effects of EMF 

exposure [14-16]. 

From a public health perspective, these uncertainties have 

led many countries to adopt precautionary approaches aimed 

at minimizing exposure levels, especially in residential and 

sensitive areas [17-20]. 

In order to mitigate risks, there are international guidelines 

that restrict human exposure to EMFs. ICNIRP, an 

organization recognized by the WHO, suggests that maximum 

exposure to electric fields should not exceed 5 kV/m and to 

magnetic fields should not be more than 200 µT for the general 

population, while for occupational exposure, maximum limits 

are 10 kV/m and 1 mT [21-23]. 

These guidelines have been adopted by many countries as 

national standards. However, some countries enforce stricter 

limits, particularly in densely populated areas, near schools, 

and around hospitals, to ensure higher levels of protection [24-
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26]. The variation in international policies reflects the ongoing 

debate regarding the biological effects of low-frequency 

electromagnetic fields and the need for precautionary 

measures. 

Considering the problems associated with the EMF effects, 

it becomes necessary to analyze and model the magnetic fields 

produced by the high-voltage transmission lines accurately. 

There are different mathematical models developed for 

determining the magnetic field distribution along overhead 

lines. These include the Biot-Savart law approach, current 

simulation methods, and finite element methods [27-33]. 

To reduce EMF exposure, various mitigation techniques 

have been proposed. These include both passive shielding 

methods, such as passive loop conductors and optimized 

conductor arrangements, and active shielding techniques, 

which use controlled currents to counteract magnetic fields 

[30-33]. Due to their low cost and ease of deployment, passive 

loop systems remain the most widely studied configurations in 

this category. 

Numerous studies have investigated the effectiveness of 

passive shielding configurations for magnetic field reduction 

[34-42]. However, most existing works primarily focus on 

single-loop compensation strategies, with limited comparative 

analysis of double-loop configurations and their performance 

under different operating conditions. 

The design of effective shielding systems requires solving 

complex optimization problems involving multiple parameters 

such as loop position, geometry, and current. Traditional 

optimization methods have been widely applied, including 

genetic algorithms, simulated annealing, and particle swarm 

optimization [36-40]. 

More recently, metaheuristic optimization techniques have 

significantly improved the performance and robustness of 

magnetic shielding designs. A variety of algorithms have been 

developed for addressing such challenges, among which the 

equilibrium optimizer (EO) algorithm is considered a very 

promising approach. The EO algorithm was put forward by 

Faramarzi et al. [43] in 2020 and is based on the behavior of 

particles that tend to achieve equilibrium in a chemical system. 

This algorithm has proved to be highly useful in addressing 

various types of optimization problems encountered in 

engineering contexts.  

The objective of this paper is to construct an appropriate 

model for calculating the magnetic field produced by single 

and double-circuit overhead ultra-high voltage transmission 

lines, along with devising an appropriate strategy for 

mitigating these magnetic fields. Numerical simulations are 

carried out using a hybrid approach that combines the current 

simulation technique (CST), well-suited for modeling bundled 

conductors used in ultra-high-voltage (UHV) transmission 

systems, with a metaheuristic optimization algorithm [44]. 

The surface current distribution within each of the sub-

conductors of the bundle conductor is modeled as a finite 

number of filamentary current distributions over an imaginary 

internal surface. The location and number of such filaments 

are optimized in order to satisfy certain boundary conditions 

via the EO algorithm [45, 46].  

To mitigate magnetic fields near transmission lines, passive 

shielding loops made of conductive or magnetic materials can 

be installed beneath the phase conductors. Through 

electromagnetic induction, currents induced in these closed 

loops generate secondary magnetic fields that partially oppose 

the original field [47, 48]. The geometric and electrical 

parameters of these compensation loops are optimized using 

EO to enhance shielding performance. Finally, the results are 

validated by comparison with the multi-conductor 

transmission line method. 

 

 

2. GEOMETRIC MODEL OF AN OVERHEAD POWER 

LINE CONDUCTOR 

 

In the field of rational mechanics, a flexible overhead 

conductor suspended between two supports of equal elevation 

and subjected to its own uniformly distributed weight assumes 

the geometric profile of a catenary (see Figure 1). The sag (S) 

is the vertical distance between the conductor’s lowest point 

and the midpoint of the span, while L denotes the span length 

between suspension points. For mathematical modeling, the 

catenary is commonly approximated by a parabolic curve [49, 

50]. The mathematical equation that represents the parabola is 

given by the following form [51-53]: 

 

𝑦(𝑧) = ℎ𝑚𝑖𝑛 + (
2𝑍

𝐿
)
2

× S (1) 

 

where, ℎ𝑚𝑖𝑛 is the lowest ground clearance in the middle of the 

span, S is the highest sag of the conductor, L is the length of 

the conductor, and z is the point along the span length where 

the conductor is longest. 

 

 
 

Figure 1. Simplification of longitudinal geometry of 

conductor power line 

 

In practice, the conductor height above ground varies along 

the span and depends on weather conditions. To simplify 

overhead line geometry, an average height is defined, 

assuming the conductor is horizontal and parallel to flat 

ground. This approximation facilitates field calculations and is 

determined using the following equation [53, 54]: 

 

ℎ𝑎𝑣𝑒 = ℎ𝑚𝑎𝑥 −
2

3
× 𝑆 (2) 

 

In this context, ℎ𝑚𝑎𝑥  represents the peak elevation of the 

conductor above the ground surface. 

The maximum sag of the parabola can be calculated using 

the following formula [51-53]: 

 

𝑆 =
𝑊𝐿2

8T
 (3) 

 

where, 𝑊 is the weight per unit length of the conductor; 𝑇 is 

the tension in the conductor;  𝐿  is the horizontal distance 

between the two towers. 

The ground plays a crucial role in studying overhead power 

transmission lines, acting as a return path for current and 
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influencing the distribution of electromagnetic fields, as it 

constitutes a boundary interface between two different media. 

Modeling ground effects generally relies on two main 

assumptions. In the case of perfectly conductive soil, 

electromagnetic fields are completely reflected without 

penetrating the ground. This assumption allows the use of 

image theory, which considerably simplifies calculations by 

replacing the ground effect with frequency-independent 

equivalent sources. Conversely, for real soil with finite 

conductivity, electromagnetic fields partially penetrate the 

ground to a certain depth that depends primarily on the source 

frequency, where the fields are subject to attenuation and 

phase shift [55-57]. 

3. MAGNETIC INDUCTION CALCULATION

In magneto-statics, the magnetic field calculation is 

generally based on Beau-Savart's law. This physical law 

explains how an electric current (Ic) flowing in a straight wire 

generates a magnetic field at a precise point in space located 

at a distance (d) from the current source; this field is calculated 

as follows [58, 59]: 

𝐵𝑇 =
𝜇0

2𝜋

𝐼𝑐
𝑑

(4) 

The current flowing through the wire is  𝐼𝑐 , the distance

between the conductor and the point where the magnetic field 

is calculated is d, and the magnetic permeability of free space 

is 𝜇0.

Figure 2. The normal and tangential components of the field 

at a point on the surface of the sub-conductor 

For very high-voltage three-phase overhead transmission 

lines, conductor bundles are widely used to improve energy 

efficiency. These bundles consist of several symmetrically 

arranged sub-conductors per phase, electrically connected so 

that the current is evenly distributed among them. As a result, 

the current in each sub-conductor remains constant and 

proportional to the total phase current [49]. In this context, the 

CST, derived from the Biot-Savart law, is an efficient method 

for calculating magnetic induction. It offers the advantage of 

solving a reduced number of linear equations. In this method, 

the actual surface current of each sub-conductor is represented 

by discrete filamentary currents distributed over a fictitious 

cylindrical surface within the conductor (see Figure 2) [60-64]. 

The number and placement of filament currents in the 

simulation are not random but depend on the number and 

spatial configuration of the conductors and must meet the 

following requirements: 

1. The normal component of the magnetic field at the

surface of the conductor is zero. 

2. The sum of the filament current simulation of the

conductor should be equivalent to the current intensity of the 

conductor itself. 

In considering the earth as a perfect conductor, the influence 

of the earth can be simulated by introducing image currents of 

the ground plane at a complex penetration depth in the 

opposite direction of the source currents [45-48]. 

In order to determine the current densities in the filaments, 

a system of equations is set up for as many contour points on 

the surface of the conductors as there are unknown current 

densities to meet the boundary conditions below [60-64]. 

∑ 𝑘𝐼𝐽𝐼𝑖

𝑁𝐶×𝑛𝑓×𝑚𝑠

𝑖=1

= 0 , 𝑗 

= 1,2, …… . , (𝑁𝐶 × 𝑚𝑠) × (𝑛𝑓

− 1)
(5) 

∑ 𝐼𝑖

𝑛𝑓×𝑞

𝑖=(𝑞−1)𝑛𝑓+1

= 𝐼𝑐𝑞 , 𝑞 = 1,2, …… . , (𝑁𝐶 × 𝑚𝑠)

where, 𝑛𝑓 denotes the number of filamentary line currents, 𝑁𝐶

represents the number of power line conductors;  𝑚𝑠  is the

number of sub-conductors per phase. 𝐾𝑖𝑗  the coefficient of

normal magnetic field depends on the coordinates of the 

contour point 𝑖𝑡ℎ  and the filamentary current point 𝑗𝑡ℎ   it is

expressed by [60-64]: 

𝑘𝐼𝐽 =
𝜇0

2𝜋
 𝑙𝑛

𝑅𝑗

𝑅𝑖𝑗
(6) 

𝑅𝑖𝑗 is the distance between the simulation current point (i)

and the contour point (j) at the surface of the sub-conductor. 

𝑅𝑗 is the imaginary radius of the filamentary current point.

After determining the equivalent currents representing the 

currents flowing through the transmission line conductors by 

solving the aforementioned system of linear equations, the 

corresponding magnetic potential can be estimated according 

to the following equation [60-64]: 

𝐴𝐼𝐽 =
𝜇0

2𝜋
∑ 𝐼𝑖

𝑛𝑓×𝑞

𝑖=(𝑞−1)𝑛𝑓+1

𝑘𝐼𝐽 , 𝑞

= 1,2, …… . , (𝑁𝐶 × 𝑚𝑠)

(7) 

To ensure accurate results, the calculated filament currents 

must be validated. First, several verification points are selected 

on the conductor surface, and the magnetic potential is 

recalculated. The relative error between the computed 

magnetic potential and the actual potential applied to the 

energized conductor is subsequently evaluated to assess the 

accuracy of the simulation.  

Using the superposition principle in Cartesian coordinates, 

the horizontal and vertical components of the magnetic 

induction generated by the line currents at a given point can be 

determined using the following equations [65-67]. 

𝐵𝑥 = −
𝜇0

2𝜋
∑ 𝐼𝑖

𝑁𝐶×𝑛𝑓×𝑚𝑠

𝑖=1

[
𝑦𝑖 − 𝑦𝑗

𝑟𝑖𝑗
2

−
𝑦𝑖 + 𝑦𝑗 + 𝐷𝑒

𝑟𝑖𝑗 ′
2

] 

𝐵𝑥 =
𝜇0

2𝜋
∑ 𝐼𝑖

𝑁𝐶×𝑛𝑓×𝑚𝑠

𝑖=1

[
𝑥𝑖 − 𝑥𝑗

𝑟𝑖𝑗
2

−
𝑥𝑖 − 𝑥𝑗

𝑟𝑖𝑗 ′
2

] 

(8) 
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In this context, 𝐼𝑖 represents the current flowing through the 

conductors of the power line; 𝑟𝑖𝑗  is the distance between each 

conductor and the desired point (P); 𝑟𝑖𝑗
′  is the distance between 

each image conductor and the desired point (P);  𝐷𝑒  is the 

complex penetration depth as illustrated by Figure 3, and is 

given by the following expression [67]: 

 

𝐷𝑒 = √2 𝛿𝑒−𝑗
𝜋
4 , 𝛿 = √

𝜌𝑠

𝜋𝑓𝜇0

 (9) 

 

where, 𝜌𝑠 denotes the soil resistivity, 𝑓 is the frequency of the 

current source, and 𝛿  represents the earth skin depth of the 

ground. 

When calculating the magnetic field above perfectly 

conductive soil, the return current induced in the ground must 

be considered. This is modeled as an image current located 

below the surface at a depth equal to the conductor height plus 

the penetration depth, which depends on soil resistivity and 

frequency. Total magnetic induction is obtained by summing 

the components, as described in this equation [65-68]. 

 

𝐵𝑡 = √(𝐵𝑥)
2 + (𝐵𝑦)

2  (10) 

 

 
 

Figure 3. The magnetic field generated around a current 

traversing a conductor 

 

It should also be noted that in this magnetic field 

assessment, the induced current in the earth wire resulting 

from the current effect that passing in the overhead conductor 

can be taken into consideration. It can be calculated using the 

equation below [53, 54]: 

 

[𝐼𝑔] = [𝑍𝑔𝑔]
−1

[𝑍𝑔𝑝][𝐼𝑝] (11) 

 

where, 𝐼𝑔 represents the vector of earth wires induced currents; 

𝐼𝑝 represents the vector of currents in the phase conductors; 

𝑍𝑔𝑔 is the matrix of self-impedance of the earth wires; 𝑍𝑔𝑝 is 

the matrix of mutual impedances between earth wire and each 

phase conductor. 

The self and mutual impedances per unit length can be 

obtained using Carson’s equations with ground return concept, 

as indicated below [69, 70]: 

 

𝑍𝑔𝑔 = 𝑅𝑔𝑔 + 𝑗𝜔
𝜇0

2𝜋
 𝑙𝑛 (

𝐷𝑒

𝑟𝑔𝑔

) (12) 

 

where, 𝑅𝑔 is the resistance per unit length of earth wire; 𝑑𝑔𝑝  is 

the mutual distance between phase conductor and earth 

wire; 𝑟𝑔𝑔 is the geometrical mean radius of earth wire. 

 

 

4. MAGNETIC PASSIVE COMPENSATION 

 

Mitigation strategies aimed at reducing magnetic induction 

fall into two distinct approaches. Passive compensation relies 

on generating an induced current in a conductive loop under 

the influence of the power line. Active compensation, on the 

other hand, involves injecting a current, using an externally 

powered coil, with its amplitude and phase appropriately 

adjusted [71-74]. 

 

 
 

Figure 4. Arrangement of three-phase overhead power line 

conductors and a passive compensation loop 

 

Passive magnetic compensation involves installing one or 

more short-circuited conductive loops beneath overhead 

power conductors (see Figure 4). Electromagnetic induction 

from the line currents generates induced currents in these 

loops, producing a secondary magnetic field that opposes the 

main field and reduces its intensity in the protected area [34-

42]. According to Faraday’s law, time-varying currents in the 

overhead conductors create a changing magnetic flux through 

the loop, inducing an electromotive force (EMF). In practice, 

this induced EMF is treated as an induced voltage, described 

by the following mathematical expression [36-42, 72-79]. 

 

𝑉𝑖𝑛𝑑 = −
𝑑∅𝑙

𝑑𝑡
= 𝑗𝜔∅𝑙 (13) 

 

In this expression, 𝑉𝑖𝑛𝑑 represents the induced EMF within 

the closed loop, while 𝑑∅𝑙  denotes the variation in magnetic 

flux penetrating the circuit over time, and ω is the angular 

frequency. The negative sign indicates the application of 

Lenz’s law to mathematics, as it shows the direction in which 

the polarity of the generated voltage should oppose the change 

in the magnetic flux that caused it. 

The magnetic flux created by the sinusoidal change in the 
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currents flowing in the conductor wires of the overhead power 

lines across the surface of the closed path can be obtained 

using the following equation [36-42, 72-79]:  

 

∅𝒍 = ∬𝐵⃗ 𝑡 𝑑𝑠  (14) 

 

where, 𝐵⃗ 𝑡 is the magnetic induction vector at the given point; 

𝑑𝑠  is an elemental area vector on the given surface. 

It should be noted, as shown in Figure 4, that the magnetic 

compensation loop plane is placed parallel to the phase 

conductors of the power line; therefore, only the vertical 

component of the magnetic field crosses the surface of the loop 

and contributes to the magnetic flux calculation. 

Consequently, the previous equation of magnetic flux can be 

simplified as follows [36-42, 72-79]: 

 

∅𝑙 = 𝑙𝑙 ∫ 𝐵⃗ 𝑦

𝑥2

𝑥1

𝑑𝑥  (15) 

 

where, 𝑙𝑙 is the compensation passive loop length. 

The two conductors of the passive compensation loop are 

positioned at (x₁, y₁) and (x₂, y₂) beneath the overhead phase 

conductors. Considering the effect of ground-induced currents 

on the power line’s magnetic field, the resulting magnetic flux 

leakage is expressed as follows [72-79]: 

 

∅𝑙 = −
𝜇0𝑙1
4𝜋

∑𝐼𝑖

𝑛

𝑖=1

𝑙𝑛
[(𝑥2 − 𝑥𝑖)

2 + (𝑦𝑖 − 𝑦2)
2]

[(𝑥1 − 𝑥𝑖)
2 + (𝑦𝑖 − 𝑦1)

2]

×
[(𝑥1 − 𝑥𝑖)

2 + (𝑦𝑖 + 𝑦1 + 𝐷𝑒)
2]

[(𝑥2 − 𝑥𝑖)
2 + (𝑦𝑖 + 𝑦2 + 𝐷𝑒)

2]
 

(16) 

 

The per-unit-length self-impedance 𝑍𝑙𝑜𝑜𝑝  of a magnetic 

compensation loop is represented as the series combination of 

its resistance 𝑅𝑙 , self-inductance 𝐿𝑙 , and distributed 

capacitance 𝐶𝑙. It is generally calculated using the following 

formula [41, 42]: 

 

𝑍𝑙𝑜𝑜𝑝 = 𝑅𝑙 + 𝑗 (𝜔𝐿1 −
1

𝜔𝐶1

) (17) 

 

The self-inductance of a closed compensation loop depends 

on its geometry, with two conductors separated by a distance 

𝑆𝑘 and each having a radius 𝑟𝑙. The inductance is calculated 

using the following expression [36-42, 72-79]. 

 

𝐿𝑙 =
𝜇0

𝜋
𝑙𝑛

𝑆𝑘

𝑟𝑙
 (18) 

 

where,  𝑟𝑙  is the radius of the loop's conductor;  𝑆𝑘  is the 

horizontal distance separating the passive loop conductors (see 

Figure 5). 

The compensating magnetic field is proportional to the 

induced current in the loop, which is limited by the loop’s 

impedance. To increase this current, a series compensating 

capacitor is added to reduce the inductive reactance, with its 

capacitance carefully selected. The induced loop current is 

determined from the following relationship [36-42, 72-79]: 

 

𝐼𝑖𝑛𝑑 =
𝑉𝑖𝑛𝑑

𝑍𝑙𝑜𝑜𝑝

 (19) 

 

 
 

Figure 5. Mitigation of magnetic induction by a passive 

compensating loop 

 

 
 

Figure 6. Mitigation of magnetic induction by two passive 

compensating loops 

 

The induced current generates a magnetic field that 

counteracts the magnetic field produced by the source current.  

For a geometric closed loop with the coordinates of the 

conductors (𝑥𝑘 , 𝑦𝑘)  and the observation point (𝑥𝑗 , 𝑦𝑗) , the 

amplitude of the compensation magnetic field can be written 

in the analytical form as follows [79-81]: 

 

𝐵𝑚𝑖𝑡 =
𝜇0

2𝜋
∑ 𝐼𝑖𝑛𝑑

𝑛

𝑘=1

[
(𝑥𝑗 − 𝑥𝑘)𝑖 + (𝑦𝑗 − 𝑦𝑘)𝑗

(𝑥𝑗 − 𝑥𝑘)
2 + (𝑦𝑗 − 𝑦𝑘)

2
] (20) 

 

The resultant magnetic field is obtained as the vector sum 

of the primary field and the field generated by the closed loop, 

and can be expressed as follows [69-72]: 

 

𝐵⃗ 𝑟𝑒𝑠 = 𝐵⃗ 𝑡 + 𝐵⃗ 𝑚𝑖𝑡 (21) 

 

For two adjacent closed compensation loops of the same 

conductor type (Figure 6), electromagnetic induction causes 

each time-varying induced current to generate a magnetic flux 

in the other loop, producing an EMF. This mutual induction 

depends on the distance between the loop conductors, the 

geometry of each loop, and the conductor material [37-40, 72-

82]. 

The values of the self and mutual coupling impedances of 

the compensation loops are calculated from the equations 

given below [37-40, 72-82]: 
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(22) 

 

At power frequency, mutual induction governs the behavior 

of compensation loops, as induced currents are significant and 

the effect of mutual capacitance on mutual impedance can be 

neglected. After computing self and mutual impedances, the 

induced currents and compensating magnetic field are 

determined as previously described. The effectiveness of the 

magnetic compensation is quantified by the shielding or 

reduction coefficient, defined as the ratio of the principal 

magnetic field before and after compensation at the same point 

[37, 82, 83]. 

 

𝑆𝑐 =
𝐵𝑡

𝐵𝑟𝑒𝑠

 (23) 

 

 

5. EQUILIBRIUM OPTIMIZER ALGORITHM 

 

The EO is a metaheuristic algorithm inspired by dynamic 

equilibrium processes in physical systems, such as fluids. 

Proposed by Faramarzi et al. [43] in 2020, it efficiently solves 

complex optimization problems using a controlled attraction 

toward the best solutions, balancing exploration of new 

regions and exploitation around promising areas. The 

algorithm begins by generating an initial population randomly 

within the search space, forming the basis for iterative 

optimization toward the global optimum [84-87]. 

 

𝐶𝑖
𝑑 = 𝐶𝑚𝑖𝑛 + 𝑟𝑎𝑛𝑑𝑖

𝑑(𝐶𝑚𝑎𝑥 + 𝐶𝑚𝑖𝑛) 𝑖 = 1,2, … . . 𝐷 (24) 

 

The parameter D defines the number of dimensions, with 

𝐶𝑚𝑎𝑥  and 𝐶𝑚𝑖𝑛  serving as the boundary limits for each 

dimension. The position of each individual particle (i) is 

represented by C, which is updated using a random vector 

𝑟𝑎𝑛𝑑 generated within the range [0, 1]. 

Immediately afterward, the population will be estimated 

using the fitness function to assign the four best solutions 

obtained. The next step involves defining the equilibrium state 

of the algorithm, where five particles, the four best solutions, 

and their average are used to define the equilibrium pool 

according to the equation below [84-87]: 

 

𝐶 𝑒𝑞,𝑝𝑜𝑜𝑙 = {𝐶 𝑒𝑞(1), 𝐶 𝑒𝑞(2), 𝐶 𝑒𝑞(3), 𝐶 𝑒𝑞(4), 𝐶 𝑒𝑞(𝑎𝑣𝑒)} (25) 

 

During the algorithm optimization process, an exponential 

term 𝐹 is constantly involved to maintain the balance between 

global and local search. It is defined as follows [84-87]: 

 

𝐹 = 𝑒−𝜆(𝑡−𝑡0) (26) 

 

where, 𝜆  is a random vector within the interval [0, 1]; 𝑡 

denotes a non-linear function and is calculated by the 

following equation [84-87]: 

 

𝑡 = (1 −
𝐼𝑡𝑒𝑟

𝑀𝑎𝑥𝐼𝑡𝑒𝑟
)
(𝛼−

𝐼𝑡𝑒𝑟
𝑀𝑎𝑥𝐼𝑡𝑒𝑟

)
 (27) 

 

where, 𝐼𝑡𝑒𝑟 is the current iteration; 𝑀𝑎𝑥𝐼𝑡𝑒𝑟 is the maximum 

number of allowed iterations; 𝛼 is a constant used to control 

the exploitation capacity;  𝑡0  denotes a parameter used to 

improve exploration and exploitation capacities, it is defined 

by the equation given below [84-87]: 

 

𝑡0 =
1

𝜆
ln(−𝛽𝑠𝑖𝑔𝑛(𝑟 − 0.5)[1 − 𝑒−𝜆𝑡]) + 𝑡 (28) 

 

where,  𝑟  is a random vector in the interval [0, 1]; 𝛽  is a 

constant used to control the phase of the exploration 

capability. Often 𝛼 and 𝛽  are taken to be equal to 1 and 2, 

respectively. 

By replacing the parameter indicated in Eq. (28) into Eq. 

(26), the new exponential term becomes as follows [84-87]: 

 

𝐹 = 𝛽𝑠𝑖𝑔𝑛(𝑟 − 0.5)(𝑒−𝜆𝑡 − 1) (29) 

 

The generation rate 𝐺 is a key factor in the operation of the 

EO algorithm. It controls the search capacity, contributing to 

providing the best results through optimal performance of the 

exploitation phase, and is formulated by the following 

equation [84-87]: 

 

𝐺 = {
0.5𝑟1(𝜆 𝐶 )𝐹  , 𝑟2 ≥ 𝐺𝑃

0      , 𝑟2 < 𝐺𝑃
} (30) 

 

where, 𝑟1  and 𝑟2  are random values between 0 and 1; 𝐺𝑃 

represents the generation rate and is set to 0.5. With this value, 

𝐺𝑃  creates the best balance between exploration and 

exploitation phases. The update rule of the EO algorithm is 

described as follows [77-80]: 

 

𝐶 = 𝐶 𝑒𝑞 + (𝐶 − 𝐶 𝑒𝑞)𝐹 +
𝐺 

𝜆 𝑉
(1 − 𝐹 ) (31) 

 

The simplified basic pseudocode of the EO algorithm is 

described in Table 1 [88, 89]. 

 

Table 1. Pseudo-code of the basic equilibrium optimizer 

(EO) algorithm 

 
Steps Pseudo-Code of Basic EO Algorithm 

1 

Select initial parameters of algorithm, maximum number 

of iterations, parameters α, β, r, r1, r2, t, GP, number and 

limits of variables. 

2 
Randomly initialize the number of populations 

(candidate solutions). 

3 
Define and evaluate the objective function for all 

solutions. 

4 
Select the four best solutions, calculate the average 

value and the equilibrium milieu using Eq. (25). 

5 

For each solution, update according to the parameters of 

exponential term F and generation rate G mentioned in 

Eqs. (29) and (30), respectively. 

6 
Update the solution (concentration) using Eq. (31) to 

generate a new solution. 

7 Evaluate the new solution and replace if improved. 

8 
Update the Equilibrium Pool. Check if the stopping 

condition is satisfied; otherwise, the algorithm iterates 
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Steps Pseudo-Code of Basic EO Algorithm 

from step (3). 

 

Under the CST, to determine the proper placement and 

number of line filamentary currents, the objective function 

employed in the optimization process could be formulated as 

the relative error of the magnetic vector potential as shown 

below [90]: 

 

𝑂𝐹 =
1

𝑛𝑓

× ∑ |
𝐵𝑡(𝑥𝑘 , 𝑦𝑘) − 𝐵𝑟𝑒𝑠(𝑥𝑘 , 𝑦𝑘)

𝐵𝑡(𝑥𝑘 , 𝑦𝑘)
|

𝑚×𝑛𝑓

𝑖=1

× 100 (32) 

 

where, 𝐵𝑡  is the magnetic induction produced by the power 

line at the given position (before compensation); 𝐵𝑟𝑒𝑠  is the 

resultant magnetic induction at the same position (after 

compensation). 

The objective function employed to find the optimal 

coordinates of the closed loop conductors is given by [69]: 

 

𝑂𝐹 = −√𝐵𝑡 − 𝐵𝑟𝑒𝑠(𝑥𝐾 , 𝑦𝑘)
2 (33) 

 

The negative sign shows the maximization of this objective 

function [53]. 

 

 

6. TRANSMISSION LINE APPROACH 

 

The transmission line approach allows us to study 

propagation phenomena along a conductor. It relies on solving 

two differential equations, known as the telegraph equations. 

An overhead power transmission line can be considered as a 

succession of circuits whose parameters are uniformly 

distributed along its entire length. These circuits consist of an 

infinite number of identical elements, such as linear 

resistances and inductances in the longitudinal direction and 

leakage conductance’s with linear capacitances in the 

transverse direction. As illustrated in Figure 7, the operation 

of the two-wire line per unit length is modeled by a line 

segment where the input voltage and current (source) are 

related to the output voltage and current (receiver) through the 

parameters of a two-port network A, B, C, and D, as shown 

below [91-94]: 

 

𝑉(𝑠) = 𝐴𝑉(𝑟) + 𝐵𝐼(𝑟) 

𝐼(𝑠) = 𝐶𝑉(𝑟) + 𝐷𝐼(𝑟) 
(34) 

 

 
 

Figure 7. Simplified model of a medium-length electrical 

transmission line 

 

The four parameters of the two-port network depend on the 

transmission line constants. A, B, C and D are characteristic 

parameters that depend on the transmission line constants R, 

L, C, and G. For a fully transposed three-phase system of 

average length, Z represents the series impedance of the 

system and Y its parallel admittance; they can be described by 

[91-94]: 

 

𝑍 = 𝑅 + 𝑗𝜔𝐿 

Y=G+j𝜔𝐶 
(35) 

 

Placing a closed, two-conductor shielded loop beneath the 

transmission lines allows the induced current to be determined 

by the mutual coupling between the power line conductors and 

the loop, as illustrated in Figure 8. 

 

 
 

Figure 8. Mutual coupling between a transmission conductor 

and a conductive loop 

 

To analyze induced currents between parallel conductors, it 

is preferable to use admittances rather than impedances. For 

medium-length overhead lines, the parallel admittance mainly 

comprises a capacitive component, while the resistive 

(conductance) component is often negligible. The conductor’s 

admittance can be expressed as follows [95-97]: 

 

𝑌𝑐 =
𝑅

𝑅2 + (𝜔𝐿)2
− 𝑗 (

𝜔𝐿 − 𝜔𝐶(𝑅2 + (𝜔𝐿)2)

𝑅2 + (𝜔𝐿)2
) (36) 

 

The closed loop can be considered as a single equivalent 

conductor characterized by the total impedance mentioned in 

Eq. (18), and consequently, its admittance is expressed as 

follows [95-97]: 

 

𝑌1 =
𝑅1

(𝜔𝐿1 −
1

𝜔𝐶1
)2 + 𝑅1

2
− 𝑗

(𝜔𝐿1 −
1

𝜔𝐶1
)

(𝜔𝐿1 −
1

𝜔𝐶1
)2 + 𝑅1

2
 (37) 

 

For a symmetrical three-phase system, a matrix of 

admittances can model the combined parameters of the 

overhead line and passive loop. In this approach, the passive 

loop is assumed de-energized. The resulting admittance matrix 

for the complete system, including line conductors and the 

passive loop, is expressed as follows [95-97]: 

 

[

𝐼𝑐
𝐼𝑒

𝐼𝑙𝑜𝑜𝑝

] = [

𝑌𝑐 𝑌𝑐𝑒 𝑌𝑐𝑙

𝑌𝑒𝑐 𝑌𝑒𝑒 𝑌𝑒𝑙

𝑌𝑐𝑙 𝑌𝑙𝑒 𝑌𝑙𝑙

] . [

𝑉𝑐
𝑉𝑒

𝑉𝑙𝑜𝑜𝑝

] (38) 

 

In the first step, since the passive loop is not energized, the 

𝑉𝑙𝑜𝑜𝑝 voltage is equal to zero. Substituting this value into the 

admittance matrix, it can be deduced [95-97]: 

 
[𝑉𝑒] = 𝑌𝑒𝑒

−1(𝐼𝑒 − 𝑌𝑒𝑐𝑉𝑐) (39) 
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In the second step, it can be substituted the expression of the 

deduced voltage into the expression for the induced current in 

the loop, which gives the following [95-97]: 

 

𝐼𝑙𝑜𝑜𝑝 = 𝑌𝑙𝑐𝑉𝑐  +𝑌𝑙𝑒(𝑌𝑒𝑒
−1(𝐼𝑒 − 𝑌𝑒𝑐𝑉𝑐)) (40) 

 

After rearranging the terms of this equation, it can be 

obtained [88-90]: 

 

𝐼𝑙𝑜𝑜𝑝 = (𝑌𝑙𝑐 −
𝑌𝑙𝑒𝑌𝑒𝑐

𝑌𝑒𝑒
⁄ )𝑉𝑐 + (

𝑌𝑙𝑒
𝑌𝑒𝑒

⁄ ) 𝐼𝑒  (41) 

 

 
 

Figure 9. Configuration schematic of single circuit 

horizontal transmission power line 

 

The magnetic field that is produced by the magnetic 

compensation coil can be determined after computing the 

induced current, as discussed previously from Eq. (21), along 

with the entire magnetic field of the whole electric system. 

The analysis is done on a portion of a three-phase 1000 kV 

transmission line system that exhibits symmetry by having its 

phase conductors mounted horizontally with two ground wires 

(Figure 9). The phase voltage system is symmetrical and in 

positive sequence [98]. The line carries 5000 MW at a 0.9 

power factor. The earth is assumed to be homogeneous with a 

resistivity of 100 Ω.m, and the system frequency is 50 Hz. DC 

resistance is 0.01 Ω/km for phase conductors and 0.063 Ω/km 

for earth wires. The mitigation loop conductors have a 1.25 cm 

radius, 0.225 Ω/km resistance. The length of the mitigation 

loop conductors and the transmission line segment is equal 1 

Km. 

 

 

7. RESULTS AND DISCUSSION 

 

In the first stage, calculate the induced current in the 

grounding cables using Eq. (11). As has been stated 

previously, this has to be done so that their impact can be 

considered in calculating the magnetic flux density. 

 

𝐼𝑔1 = 314.64𝑒𝑗(142.18)0 (𝐴), 𝐼𝑔2 = 309.1𝑒𝑗(−6.41)0 (𝐴) 

Regarding the simulation approach employed in this 

numerical modeling, an appropriate selection of the number 

and spatial distribution of simulation current filaments is 

essential to meet the requirements of accuracy and 

computational efficiency. To counter this difficulty, an 

excellent performance optimization technique was chosen 

based on a fair comparison between several proposed 

algorithms, where the tests were repeated 10 times for each 

algorithm, with a maximum of 100 iterations. This simulation 

was programmed in the MATLAB (R2016b) environment on 

a Windows 11 operating system with an Intel (R) Core (TM) 

i5-1335U processor at 1.3 GHz and 16 GB of RAM. The 

parameter settings used for the competitive optimization 

algorithms are presented in Table 2. 

 

Table 2. Parameter settings of the proposed algorithms  

 
Methods Parameters Setting 

Equilibrium Optimizer (EO) 

Algorithm  

Npop = 20, α = 2; β = 1; GP = 0.5; 

r1, r2 [0, 1]. 

Firefly Algorithm (FA) 
Npop = 20; N = α = 0.4, β0 = 1, 

γ = 0.4 

Grasshopper Optimization 

Algorithm (GOA) 

Npop = 20; F = 0.5; L = 1.5; Cmax 

= 1; Cmin = 0.00001. 

Grey Wolf Optimizer 

(GWO) 

Npop = 20, coef ϵ [0; 2], r1 and r2 ϵ 

[0; 1]. 

Particle Swarm 

Optimization (PSO) 
Npop = 20, c1 = 2, c2 = 2, w = 0.9. 

Genetic Algorithm (GA) Npop = 20, Pm = 0.2, Pc = 0.4. 

 

 
 

Figure 10. Variation of objective function with number of 

iterations for different proposed algorithms 

 

Figure 10 shows the convergence behavior of the objective 

function defined in Eq. (32). With respect to the number of 

iterations of the optimization algorithm. This process reflects 

the convergence of the optimization algorithms by minimizing 

the objective function, through a progressive decrease in the 

relative mean error, until the optimal solution is obtained in 

the considered search space. The best results obtained by these 

algorithms are listed in Table 3. 

By comparing the performance of the different algorithms 

according to the criteria defined in Table 3, the following can 

be concluded: The EO algorithm achieved the best 

performance, with the lowest objective function value, the 

fastest convergence, and a relatively short execution time. The 

GWO algorithm offers similar accuracy but requires more 

iterations and a longer execution time. The PSO algorithm 
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offers the fastest execution time, a slow convergence rate and 

lower resolution accuracy. The FA algorithm has 

demonstrated rapid convergence, but suffers from a high 

objective function value and a longer execution time. In 

contrast, the GOA and GA algorithms exhibited slower 

convergence and lower objective function values, making 

them less efficient and less effective. Indeed, the EO algorithm 

stands out as the most efficient and accurate, giving it a 

significant advantage for solving the problem under 

consideration. 

 

Table 3. Comparison criteria between the adopted algorithms 

 

Algorithms 

Objective 

Function 

Value 

Execution 

Time (s) 

Number of 

Convergence 

Iterations 

EO 2.55e-09 422.275090 15 

FA 5.64e-09 1342.207265 25 

GOA 8.13e-08 2213.555260 78 

GWO 2.65e-09 556.817109 72 

PSO 3.47e-08 390.165797 72 

GA 2.52e-08 795.755906 75 

 

Table 4 summarizes the best optimization results for the 

parameters that are incorporated into the simulation method 

and those obtained using the EO algorithm. 

 

Table 4. Best values obtained by the equilibrium optimizer 

(EO) algorithm 

 

 

Current 

Filaments 

Number 

Fictitious 

Conductor Radius 

(m) 

Objective 

Function 

Value 

Phase 

conductor 
37 0.1 

4.1e-09 
Ground 

wire 
38 0.008 

 

The optimum values of position and number of filaments of 

the simulation currents derived from the algorithm have been 

presented in Figures 11 and 12. This shows that the algorithm 

can find the optimum values very fast. 

 

 
 

Figure 11. Convergence of currents filaments position 

towards the optimal values 

 
 

Figure 12. Convergence of currents filaments number 

towards the optimal values 

 

 
 

Figure 13. Penetration depth into the ground of magnetic 

field as a function of soil resistivity and current frequency 

 

The variations in the depth of penetration of the magnetic 

field with respect to soil resistivity and frequency of the source 

current have been depicted in Figure 13, respectively. With the 

increase in soil resistivity, there is a gradual increase in the 

depth of penetration. On the other hand, an increase in 

resistivity causes a marked decrease in the depth of 

penetration. 

Figure 14 illustrates the lateral distribution of the magnetic 

field intensity at a height of 1 m above ground level. The field 

is strongest directly beneath the central phase conductor and 

drops off quickly as you move sideways across the right-of-

way. Overall, the distribution forms a symmetric, bell-shaped, 

or Gaussian curve. This is explained by the fact that the 

conductors are horizontally aligned with regular spacing 

relative to the power line center, and that the contributions of 

each conductor are equal in magnitude and opposite in 

position. 

Analysis of the simulated magnetic field reveals that the 

calculated magnetic field intensity for the power transmission 

line, taking into account its sag, is very high at the center and 

relatively low at its ends. This difference is due to the varying 

height of the conductors above the ground. 
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Figure 14. Distribution profile of magnetic induction at an 

elevation of 1 m above ground level 

 

Without considering the sag, using the average conductor 

height, the calculated magnetic field strength falls between 

these two values and is approximately equal to the average 

value calculated by taking the sag into account, with a very 

small margin of error. The maximum values of magnetic field 

strength for the four states can be summarized in Table 5 

below.  

 

Table 5. Resulting maximum values for magnetic field 

strength at point (x = 0, y = 1 m) 

 

 
Mid Span 

Length 

Pylon 

Foot 

Average 

Value 

Average 

Height 

Magnetic field 

strength (µT) 
30.51 18.27 24.39 25.42 

 

Figure 15 shows the longitudinal profile of the magnetic 

field distribution at a height of one meter from the ground 

level. Taking into consideration the conductor sag, the 

magnetic field intensity is highest at the center and then 

gradually decreases towards the edges, being lowest at the 

ends of the conductor. This demonstrates that the magnetic 

field distribution is not uniform throughout the power line. If 

the sag of the conductor is ignored, then the magnetic field 

intensity will be uniform across the entire length of the power 

line, and it will have a value equal to the average value if the 

conductor sag is considered. The magnetic field intensity is 

therefore dependent on the height of the conductor relative to 

the Earth's surface; that is, the higher the conductor height, the 

less the magnetic field intensity. The height of the conductor 

can be averaged out in order to simplify the calculation of the 

magnetic field of power transmission lines because its value 

will be roughly equal to that obtained when considering the 

conductor sag. To be able to have access to the optimal result 

of magnetic induction mitigation, it is first needed to optimize 

the coordinates of closed loops conductors and also 

compensation capacity value for the passive loop circuit with 

the help of a hybrid approach consisting of the suggested 

approach and EO. Figure 16 shows the optimization process 

of the objective function optimization, which is stated by Eq. 

(33), during a maximization process based on the number of 

iterations. It can be seen from this Figure that the values of the 

objective function increase with an increase in the number of 

iterations. This means that it gets closer to optimal values 

based on the size of the search space to keep magnetic 

induction in low levels. The optimization process takes place 

within a very small number of iterations in both cases of 

simple passive loop and double passive loop circuits. 

 

 
 

Figure 15. Longitudinal magnetic induction profile at 1 m 

above ground level 

 

 
 

Figure 16. Variation of the objective function as a function 

of the number of iterations 

 

Figures 17 and 18 illustrate the results from the optimization 

technique (EO) for the optimum values of the parameters of 

the attenuation loop in relation to the coordinates of the 

conductors and combined capacitances; it can clearly be seen 

that the EO technique converges quickly towards the optimum 

values. 

 

 
 

Figure 17. Variation of the coordinates values of the loops 

conductors with number of iterations 
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Figure 18. Optimal value of compensation series capacitance 

 

Figure 19 shows the lateral variation of the magnetic field 

at 1 meter above the ground level. By comparing the magnetic 

induction intensity before and after compensation using the 

simple passive loop, it is evident that there is a decrease in the 

magnetic field at each point along the overhead power line 

right-of-way. The decrease in the magnetic field was 34.66% 

for the midline right-of-way of the power line using the simple 

passive loop. 

The parametric sweep of the magnetic induction variation 

at the point of symmetry (x = 0, y = 1 m) where the residual 

magnetic field is at its maximum as a function of the change 

in attenuation amplitude around its optimum value is depicted 

in Figure 20. Varying the capacitance of the attenuation loop 

reveals a strongly nonlinear behavior. A resonance region 

appears for low capacitance values, leading to an amplification 

of the magnetic field. Optimal performance is obtained for a 

capacitance of approximately 8.87 µF, where the residual 

induction is minimal. Around this point, the shallow slope of 

the reduction curve indicates good robustness to capacitance 

variations. 

 

  
 

Figure 19. Magnetic induction distribution profile at 1 m 

above ground level in the presence of a single passive loop 

system 

 

The evolution of the lateral magnetic field profile, including 

the one that considers the double passive compensation loop, 

is depicted in Figure 21, which shows the results obtained 

when the height from the surface is 1 meter. As can be seen in 

this figure, there is a pronounced decrease in the magnetic field 

value at all positions in the transmission line corridor, where 

the percentage of this reduction becomes as high as 56.5% 

from the original value of the magnetic field, which is at the 

center of the power line. 

 

 
 

Figure 20. Variation of magnetic induction as a function of 

the attenuation loop capacitance 

 

Figure 22 depicts the effectiveness of passive loops by 

presenting the magnetic reduction coefficient. It is evident that 

the presence of these passive loops under the conductors of the 

overhead power line generally reduces the magnetic field 

intensity symmetrically along the corridor of this power line. 

For a single passive loop, the magnetic attenuation coefficient 

is on average below the power line center, and then increases 

slowly with distance from this point, reaching a maximum 

value of 1.65, which corresponds to a maximum reduction rate 

of 40.64 %. From there, it gradually decreases towards both 

lateral sides. For a double passive loop, the coefficient 

increases considerably, reaching a maximum value of 2.45, 

which corresponds to a reduction rate of 60.34%. 

Consequently, it can be concluded that the double passive loop 

significantly reduces the magnetic field at every point along 

the power line corridor, more effectively than the single 

passive loop. 

 

 
 

Figure 21. Magnetic induction profile at 1 m above ground 

level featuring a double passive loop configuration 
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Figure 22. Reduction factor for simple and double passive 

compensation loop 

 

 
 

Figure 23. Magnetic induction profile at 1 m above the 

ground with simple passive loop using transmission line 

method 

 

The final stage in the present case study involves testing the 

selected methodology by comparing the simulated results 

obtained from the use of this methodology with those derived 

using the multi-conductor transmission line technique. As 

shown in Figure 23, the graph for the magnetic field prior to 

the implementation of the simple passive loop and its 

compensation field is almost perfectly similar to that 

illustrated in Figure 19. To confirm accuracy, using the curves 

superposition, as Figure 24 shows, the graphs obtained for 

both methods are almost identical, depicting a perfect 

agreement with a very small margin of error. This comparison 

is clear and conclusive, thus confirming the validity of the 

proposed methodology. Figure 25 clearly shows how the 

relative error of the two methods is calculated, revealing that 

the maximum relative error is 2.33 %, a value well below the 

acceptable limit within the measurement range. This process 

confirms the results obtained and demonstrates the 

effectiveness of the adopted method. To confirm the accuracy 

of the proposed method, it was compared to magnetic 

induction measurement values reported in the literature for a 

similar geometric configuration [99], as shown in Figure 26. 

A slight difference was observed between the two values at 1 

meter above the ground surface. Generally, the measured 

value is lower than the calculated value, mainly due to 

measurement conditions that are far from ideal, since the 

terrain is not flat and there are objects that act as shields, 

whereas the values calculated numerically under these 

conditions correspond to an ideal situation. 

 

 
 

Figure 24. Comparison of magnetic induction values 

between the both simulations methods 

 

 
 

Figure 25. Relative error values of the magnetic field 

obtained by the two calculation approaches 

 

 
 

Figure 26. Comparison of the calculated and measured 

magnetic induction values mentioned in reference [99] 
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8. CONCLUSIONS

This study presents a robust quasi-static model combining 

the CST with the EO to obtain the optimal parameters defining 

the analysis and design process of passive compensation loops, 

thus ensuring highly accurate results. The results show that the 

magnetic field distribution is symmetric with respect to the 

power line center, reaching its maximum directly beneath the 

conductors and decreasing rapidly with lateral distance, and 

that the average value of the magnetic field, taking into 

account the conductor sag, is approximately equal to its value 

when it is neglected. The optimized configurations 

demonstrate that passive compensation loops are effective in 

reducing magnetic field exposure within the power 

transmission line corridor. In particular, the double passive 

loop provides superior performance, achieving a maximum 

reduction of 60.34% at 1 m above ground level, compared to 

40.64% for the single passive loop. The obtained results are 

compared with those produced using a simulation based on the 

multi-conductor transmission line approach; A strong 

agreement was observed, with discrepancies not exceeding 

2.33%, confirming the accuracy and reliability of the proposed 

CST-EO hybrid method. The proposed approach is applicable 

under quasi-static conditions, particularly for extremely low-

frequency (ELF) UHV transmission lines operating at power 

industrial frequency, assuming steady-state current operation, 

with a uniform geometric configuration of overhead power 

conductors and flat terrain conditions. 
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