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Abstract. The main purpose of this paper is to model and analyze the electrostatic and 

electromagnetic interferences between a HV overhead power line and an aerial metallic 

pipeline situated parallel at a close distance. The modelling of these interferences is typically 

done for safety reasons, to ensure that the induced voltage does not pose any risk to the 

operating and maintenance personnel and to the integrity of the pipeline. The adopted 

methodologies respectively for electrostatic and electromagnetic interferences are based on 

the charge and current simulation methods combined with the Teaching learning based 

optimization (TLBO) algorithm. The Friedman test  analysis indicate that teaching learning 

based optimization (TLBO) algorithm can be used for parameters optimization, it showed 

better results. In the case where the induced currents and voltages values exceed the limit 

authorized values by the international CIGRE standard, mitigation measures become 

necessary. The simulation results obtained were compared with those provided respectively 

by the admittance matrix analysis and Carson's method, good agreement was obtained. 
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1. INTRODUCTION 

The hydrocarbon and water transport metallic pipelines (buried or aerial) that share 
common right-of-way with high-voltage overhead transmission power lines network are 
subject to the influence of electrostatic and electromagnetic interferences created by the 
electric and magnetic fields emitted by these HV power lines in normal operating condition. 
These fields can induce voltages and currents in the metallic pipelines installed in the 
immediate vicinity of these HV power lines. In some cases, these induced voltages can 
reach to high levels enough to be hazardous to the safety of operating personnel coming 
into contact with the metallic pipeline, causing severe damage to metallic pipeline safe 
operation and associated equipment, cathodic protection systems and the pipeline itself 
[1-4]. Consequently, the induced voltages on the metallic pipelines must be reduced to 
acceptable levels for the safety of workers personnel, and to ensure the integrity of the 
pipeline. Based on the above, it is important and necessary to assess electrostatic and 
electromagnetic interference between transmission power lines and pipelines for performance 
and safety reasons in normal operation condition of the electric network. 

Interference problems involving HV overhead power lines and metallic pipelines have 
been commonly deal in the literature, where several important researches have been devoted 
to evaluating the inductive and capacitive interference phenomenon based on various 
analytical and numerical methods. Different simulation methodologies have been used [5,6], 
which are generally relied on transmission line approach [7-15], or by finite element method 
(FEM) alone [16-20], or in combination with circuit analysis [21-26]. In addition, the nodal 
network analysis [27,28], the finite difference method (FDM) [29,30] and the charge 
simulation method (CSM) [31-35]. The transmission line approach utilizes Thevenin 
equivalent circuits as its basic assumption and provides almost good results for the induced 
voltage, the finite element method (FEM) is a most robust approach with reliable and accurate 
results for calculating induced voltage, the circuit theory approach gives more conservative 
results because it does not take into account the effects of infinite transmission line length, the 
nodal network analysis (NNA) can predict the induced voltage with sufficient accuracy, the 
finite difference method (FDM) is sufficiently rigorous, leading to accurate results, the charge 
simulation method (CSM) is one of the most widely used approaches for its various 
advantages of optimization and accuracy which leads to better accuracy of results. 

This present paper proposes a numerical modeling analysis of electrostatic and 
electromagnetic couplings between HV overhead power lines and a proximity aerial metallic 
pipeline using hybrid simulation methods. The computation methodologies used were 
successively designed on the basis of the charge simulation method (CSM) and the current 
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simulation technique (CST) [36-38]. The main constraints of these analysis methods consist 
respectively in the number and position of the fictitious charges and the line current filaments. 
For solving this associated optimization problem in order to obtain the optimal values of these 
parameters, which provide a solution of sufficient precision of these couplings, Evolutionary 
computation algorithms (EAs) are commonly used. Evolutionary algorithms (EAs) are 
stochastic optimization methods based on a rough simulation of the natural evolution of 
populations. One of the most important and best types of evolutionary algorithms is teaching 
learning based optimization (TLBO).  

The Teaching Learning Based Optimization (TLBO) is a new stochastic optimization meta-
heuristics that was originally proposed by Rao et al in 2011[39]. This population search 
algorithm is inspired by the teaching learning process and is based on the effect of the influence 
of a teacher on the production of students in a classroom; it is widely used due to their best 
performance, its efficiency and simplicity of implementation [40]. It has been successfully 
applied to solve optimization problems in many scientific applications and techniques in recent 
years. 

Finally, the validity of the simulation results obtained by the two proposed combined 
methods is demonstrated by a comparison with those yielded respectively by the analytical 
approaches based on the admittance matrix analysis and Carson's equations [15,35]. 

2. COUPLING MECHANISMS 

In electricity, coupling is the transfer of energy from element to another element of the 

electrical system. There are mainly three types of couplings by which alternating voltages and 

currents can be induced on metallic pipelines near HV power transmission lines, these sources 

of interference are electrostatic, electromagnetic and conductive coupling. 

2.1. Electrostatic Coupling from HV Power Line to Pipeline  

Only metallic pipeline installed above ground level is subject to the electrostatic 

coupling, the buried pipeline is protected by the good shielding effect caused by the 

ground. If a pipeline is located near a HV power line above ground level, it can undertake 

a large voltage to ground. The voltage is due to the charges accumulation through the 

capacitance between the HV power line conductors and pipeline in series with the 

capacitance between the pipeline and ground, which form a capacitive voltage divider; 

this is illustrated in Figure 1[1-3]. 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Electrostatic coupling from HV power line to a metallic pipeline 
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2.2. Electromagnetic Coupling from HV Power Line to Pipeline  

The electromagnetic interference is the result of the magnetic field temporal variation 

generated by the HV power lines, as shown in Figure 2. Aerial and buried pipelines 

running parallel to or in close proximity to HV transmission lines are subjected to 

induced voltages by the time varying magnetic flux produced by the HV transmission 

line currents according to Faraday's law of electromagnetic induction. The induced 

voltage causes currents circulation on the pipeline and voltages between the pipeline and 

the surrounding earth [1-3]. 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Electromagnetic coupling from HV power line to a metallic pipeline 

2.3. Conductive Coupling from HV Power Line to Pipeline  

Conductive coupling appears when a phase-to-earth or phase-to-phase-to-earth default 

had occurred. In this case, a large amount of current flows to earth through the pylon 

earthing, as shown in Figure 3 below. This current raises the ground potential in 

proximity to metallic pipeline. This high voltage stresses the coating of pipelines and can 

cause arcs that damage the pipeline coating or the pipeline itself. In addition, this high 

voltage difference could pose an electric shock hazard to person directly touching the 

pipeline [1-3]. 

 

Fig. 3 Conductive coupling from HV power line to a metallic pipeline 
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3. ELECTROSTATIC COUPLING CALCULATION  

Charge simulation method (CSM) is a numerical calculation tool for the solution of 

boundary value problems of Laplace's equation. This method was initially proposed by 

Steinberger in 1969 [41], and then it was well developed and turned into a very powerful 

and efficient tool for calculating the electric field for high-voltage equipment. In fact, this 

method is very simple to use and implement; it can quickly deal with the problem to be 

solved while providing an accurate solution [42, 43-45]. 

In the principle of this method, each conductor is simulated by a number of simulated 

fictitious infinite line charges placed inside the conductor around a cylinder of fictitious 

radius. In most problems concerning the solution by the charge simulation method (CSM), 

there is a plane of symmetry which is generally represented by the earth conventionally 

assumed that its reference potential is zero, this procedure makes it possible to take into 

account the ground effect, by introducing the concept of image charges [46-50]. Therefore, the 

number of boundary points selected on the conductor's surface is assumed to be equal to the 

number of simulated charges; these charges are placed in such a manner while satisfying the 

Dirichlet type boundary conditions. Once the magnitudes of these simulated charges are 

determined, the potential at any point in space outside the region of the conductors can be 

determined using the superposition theorem as follows [50-53]:  

 
1

cn

i ij j

j

V P q
=

=   (1) 

Where, nc is the total number of simulated charges; Pij is the Maxwell's potential 

coefficient at the contour point ( )i created by the simulated charge qj. 

Firstly, the magnitudes of simulated charges are computed by solving the system of nc  

linear equations for nc unknown charges in the form described below in Equation (2) [50-53]: 

 1[ ] [ ] [ ]
c cc cj n ij ci nn nq P V  (2)  

Where, qj is the column vector of the simulated charges on the conductors; Vci is the 

column vector of the known potentials at the boundary points of the conductors; Pij is the 

matrix of the Maxwell potential coefficients of the conductors. 

As an example, in Figure 4, we consider three point charges in free space placed at 

different distances from the point Mi. According to the superposition principle, the 

potential Vi at this point will be [41]: 

 1 2 3
1 1 2 2 3 3

0 1 0 2 0 3

 
4 4 4

i i i i

q q q
V P q P q P q

R R R  
= + + = + +  (3)   

Once the magnitudes of the simulated charges are calculated after solving the system 

of Equation (2), it is necessary to check whether these calculated magnitudes produce the 

same real boundary conditions fixed on the conductors’ surface; in order to get the best 

calculation precision. Firstly, by selecting several checkpoints around the conductors, the 

new potential can be computed by these checkpoints on the surface of conductors. 

Secondly, by determining the relative error between the new calculated potential and the 

real potential applied to the contours of the conductors, which makes it possible to 

indicate the simulation accuracy. If this accuracy does not satisfy the simulation criterion, 

it is necessary to change the number and/or location of the simulated charges. Once this is 

done, the electric field strength at any point can be computed [50-53]. 
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Fig. 4 Three point charges in free space 

The charge simulation method (CSM) is widely used to calculate the electric field 

strength in the vicinity of very high voltage overhead transmission lines. Generally, the 

type of charges used for overhead power lines are of infinite length, because the radius of 

the conductor is negligible compared to its length. The typical emplacement of simulated 

charges and contour points in the conductor/pipeline cross-section is shown in Figure 5. 

 

 

 

 

 
 

Fig. 5 Two-Dimensional arrangement of simulation charges and contour points for the 

line conductor and the pipeline 

The general form of coordinates for contour points and simulated charges along the 

orthogonal frame is described by the following equations [35,36,51]: 

( ) ( )0 0

2 2
cos 1 , sin 1k k

k k

x x R k y y R k
n n

    
= +   − = +   −   

   
     (4) 

Where,
1 2 
  ,   R r if k i r if k j= = = , 0y is the height of conductors/ pipeline above ground level; 

x0 is the horizontal coordinates of conductors/ pipeline. 

The electric field calculation generated by an electric charge is described by Gauss's Law. 

For a three-phase transmission line, in a rectangular coordinate system, the horizontal and 

vertical components of the electric field intensity along the two perpendicular axes due to all 

the simulated charges, including the image charges, are expressed by the equations described 

below [50-53]: 

 

1 1

,
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n n
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= =   (5) 

Where, fxi
 and fyi

 are the electric field intensity coefficients between the contour points 

and the simulated charges qj. 

The total electric field strength at any observation point is calculated as follows [43]: 

 2 2

res xi yiE E E= +  (6)   
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The induced voltage on the aerial metallic pipeline due to the capacitive effect of all 

electrical charges that simulate the conductors is evaluated as follows [1,33]: 

 

2 2

2 2
10

( ) ( )1
.ln

2 ( ) ( )

cn
j j

ind j

j
j j

x x y y
V q

x x y y  =

 − + +
 =
 − + −
 

   (7)   

Where, (x,y) are the coordinates of the observation point; (xj,yj) are the coordinates of the 

simulated charges. 

If a person is in contact with the ground and at the same time touches this pipeline, he 

gets an electric shock whose current passing through his body is given by the following 

relationship [1, 32]: 

 shock p p indI j C L V=  (8) 

Where, Lp is the length of the pipeline exposed to the electrostatic coupling; Cp is the 

pipeline’s capacitance to earth per unit length; is the angular frequency.  

When the discharge current in human body exceeds the safe limit in steady state 

conditions defined by the CIGRE standard at 10 mA [1], its reduction below the admissible 

level is required; the best protection is to connect the metallic pipeline to the ground 

through an adequate resistance Rg, its value must be less than [1,54]: 

 
1

body

g

R
R

 −
(9) 

Where, Rbody is the body resistance;  is a ratio which is given by (I / I )
shock adm

ß = .  

 According to the American standard IEEE 80:2013, the overall resistance of the human 

body is usually taken equal to 1000 Ω [1,55]. 

3. ELECTROMAGNETIC COUPLING CALCULATION 

Many analytical and numerical methods are available for modeling and simulating 

magnetic induction due to very high voltage (VHV) overhead transmission lines. The current 

simulation technique (CST) is the most suitable method for two-dimensional computation, as 

it represents a reliable and efficient evaluation tool in the numerical solution of the magnetic 

induction equation for open boundary problems. Its basic principle is very similar to that of 

the charge simulation method (CSM) [37, 38]. High voltage transmission lines may use the 

bundled conductors (multiple sub-conductors per phase) to increase the electrical transport 

capacity. This approach consists by representing each current passing through a sub-conductor 

by a set of finite number of current filaments nf. In this method, each current passing through a 

sub-conductor is considered as a set of finite number of current filaments nf, which are 

allocated across a cylinder surface of fictitious radius Rj. In a three-phase transmission line 

with bundled conductors, if each phase conductor consists of (m) identical sub-conductors, the 

total number of sub-conductors is (3m), as shown in Figure 6. The number and position of 

simulated filament currents depends on the total number of power line conductors, their 

spatial arrangements and boundary conditions. 

 For the full number of currents filaments line, the simulation currents along the all 

sub-conductors )  1 ....3(
i f

I i mn=     must satisfy the following conditions [56-59]: 

1 - The normal component of the magnetic field intensity on the sub-conductor surfaces 

is zero, according to the Biot-Savart's law.  
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2 - The sum of the filamentary currents which simulates the current in the sub-conductor 

must be equal to the real current passing through the sub-conductor. 

After selecting several contour points on the sub-conductors surface, the unknown 

simulation currents can be assessed by solving the system of equations given below: 

 
3

1

0 , 1, 2,3,........,3 ( 1)
fn m

ij ij i f

i

A K I j m n
=

= = = −  (10) 

 
( 1) 1

, 1, 2,3,..............,3
f

f

n q

i cq

i q n

I I q m
= − +

= =
 

(11) 

Where, m is the number of sub-conductors per phase; nf is the number of filament line 

currents; Kij is the coefficient of normal magnetic field defined by the coordinates of the 

ith contour point and the jth filament line current, it is given by [37,38]: 

 0 ln
2

j

ij

ij

R
K

R




=  (12) 

Where, Rij is the distance between the simulation current point (j) and the contour point 

(i) at sub-conductor surface, Rj is the fictitious radius of current filament simulation (see 

Figure 7). 

 

Fig. 6 Three phase transmission line above ground with the images of line conductors 

 

Fig. 7 Normal and tangential field components at a point on the sub-conductor surface 
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Having calculated the values of the current line filaments by solving the equations 

system mentioned above in Equations (10) and (11). It can be checked about the values 

and position of the currents filaments by adopting the same steps mentioned above in the 

charge simulation method (CSM). In quasi-static analysis, the magnitude of the magnetic 

induction B is derived from the curl of the vector potential A, thus, the horizontal and 

vertical components of the magnetic induction vector according to the two perpendicular 

axes (x and y) can be determined as follows [37,38]: 

 ij ij

xi yi

A A
B A B and B

x y

→ →  
=  = =

 

  

(13)

 
Where, Aij is the magnetic potential generated by the HV power line conductors’ currents, 

it can be expressed by the following relation [37,38]:  

 
3

0

12

n m

ij i ij

i

A I K


 =

=   (14) 

In this magnetic induction calculation, taking into account the earth effect. The induced 

currents in the earth represented by the filament image currents, which are located at a 

depth of penetration De below the surface of the earth, it can be calculated using the formula 

below [37,38]: 

 658.87  s
eD

f


=    (15) 

Where, s is the electrical resistivity of the soil; f is the frequency of the source current. 

Finally, the resulting magnetic induction intensity at a given point in space can be 

obtained by adding the horizontal and vertical components mentioned above in Equation 

(13), as indicated below [37,38]: 

 2 2

res xj yjB B B= +
   

(16)
     

Also, in this magnetic induction calculation, it is desirable to take into account the effects 

of induced currents circulating in the earth wires and metallic pipeline, which are caused by 

the three-phase currents passing through the phase conductors, they can be calculated by the 

following expression [60,61]: 

 1 [ ]=-[ ] [ ] [ ]g gg gc cI Z Z I−   (17)  

Where, Zgg are the self impedances of the earth wires and metallic pipeline; Zgp are the 

mutual impedances between the phase conductors and earth wires / metallic pipeline; Ic are 

the currents passing through the three-phase conductors of the power line; Ig represents the 

induced currents in the earth wires and metallic pipeline. 

In the Extremely Low Frequency domain, the self and mutual longitudinal impedances of 

the conductors with ground return can be obtained by the simplified  formulas of Carson-

Clem as shown below, respectively [60,61]:   

 0 0 [ln ( )]
8 2

e
gg g

GM

D
Z R j

R

   


= + +  (18) 

 0 0 ln ( )
8 2

e
gc

gc

D
Z j

d

   


= +  (19) 

 

https://brilliant.org/wiki/curl/


358 R. DJEKIDEL, M. LAHDEB, S. S. M. GHONEIM, D. MAHI 
 

 

Where, Rg is the DC conductor resistance, RGM is the geometric mean radius of the conductor; 

dgc is the mutual distance between two conductors;  is the angular frequency; De is the 

penetration depth of earth return; 0 is the permeability of free space. 

The induced voltage on the aerial metallic pipeline due to the magnetic effect can be 

calculated through Faraday’s Law of electromagnetic induction. This law explains that 

magnetic induction that changes with time will induce a voltage in the pipeline; the total 

flux t due to all currents flowing through the conductors and change with time onto the 

pipeline is calculated as a surface integral as shown in [62-64]. 

 
t res

S

B dS =   (20) 

Where, t is the total flux density produced by all power line conductors; S is the total 

surface area. 

The metallic pipeline conductors form a closed loop, they are located at the position 

of the coordinates as shown in Figure 8, the total magnetic flux t flowing through the 

surface S defined by the set of coordinates of the power line conductors and the pipeline 

can be expressed as following [62-64]: 

 
2 2

0
2 2

1

( ) ( )
ln

4 ( ) ( )

n
p i p e i

t i

p i p i

x x y D yL
I

x x y y






+ + + +
= −

+ + −
  (21) 

Where, (x,y) are the coordinates of the power line conductors; (xj,yj) are the coordinates 

of the metallic pipeline. 

Finally, using the total magnetic flux, the induced voltage on the metallic pipeline due 

to the magnetic coupling can be expressed as follows [62-64]: 

t
ind tV j

t





= − = −


                                                   (22) 

In case of direct accidental contact with the metallic pipeline, the value of the shock 

current flowing through the human body can be calculated by this equation below [15,55]: 

 ind
shock

pipe body c

V
I

Z R R
=

+ +
 (23) 

Where, Rbody is the human body resistance; Rc is the ground contact resistance of a person; 

Zpipe is the total impedance of the metallic pipeline, it is calculated by the equation given 

below [1]: 

 
1 1

0 0 00 0
3,7

[ ln ( )]
8 22 2

p p p p s

pp p

j
DD D

             

 

− −

+ + +

 

(24) 

Where, Dp is the pipeline’s diameter; p is the relative permeability of the pipeline’s 

metal; p  is the pipeline’s resistivity. 



 Combined Effects of Electrostatic and Electromagnetic Interferences...  359 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 Fig. 8 Determination of the induced voltage on the metallic pipeline 

 

For touch voltages, for a soil with a surface resistivity, the contact resistance Rc is 

calculated as [15]: 

  3,125c sR =   (25) 

In some cases, the induced voltage exceeds the acceptable limit recommended by 

international standards; the international CIGRE regulations insist that safety measures be 

taken into account if the voltage on the pipeline exceeds 50V in steady state [1]. In this 

case, the mitigation is necessary to maintain the voltage within the permitted limit; it is 

enough to connect the metallic pipeline to the ground with two identical electrodes at 

each end of the pipeline. 

4. TEACHING LEARNING BASED OPTIMIZATION (TLBO) 

Teaching learning based optimization (TLBO) is a meta-heuristic optimization algorithm 

proposed by Rao et al. [39]. This is inspired from the teaching-learning process and is based 

on the effect of a teacher's influence on the output of students in a classroom environment. 

The teacher-students interaction is the fundamental inspiration for this algorithm, a group of 

learners in a classroom is considered as a population size and the different subjects offered 

to the learners are similar to the different design variables of the optimization problem. The 

results of the learner are analogous to the objective function value of the optimization 

problem, and the number of exams is the number of iterations, the best solution in the 

whole population is considered the teacher. The major advantage of this algorithm is the 

fact that it does not require specific control parameters. The teacher and the learners are the 

two essential components of the algorithm, thus, this algorithm describes two learning 

processes, through teacher (known as the teacher phase) and through interaction with other 

learners (known as the learner phase) [65-70]. 

Pipeline 
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4.1. Teacher Phase 

During this phase, the teacher aims to impart knowledge to the learners and tries to 

improve the average result of the classroom, making the maximum efforts to increase the 

level of knowledge of those learners who acquire his knowledge depending on the quality 

of the teaching provided by this teacher and the skills of the learners present in the class. 

Taking this into account, the difference between the teacher's result and the learner's 

average result in each subject is expressed as follows [65-70]: 

 ,( )i i T i F iDiff r X T M= −   (26) 

Where, ri is a random number in [0, 1]; TF is a random number that accounts for the 

teacher factor that depends on teaching quality, and equals either 1 or 2. The value of TF 

is calculated at random by the following formula [65-70]: 

  [1 (0,1){1,2}]FT round rand= +  (27) 

Through the processes of teaching and transferring knowledge to learners and their 

acquisition, their new results being modified in the upcoming test, this difference is 

represented by the following expression [65-70]: 
'
, ,j i j i iX X Diff= +                                                          (28) 

Where, '
,j iX and ,j iX are the new and old grades learner ( )j earned in exam ( )i , respectively. 

The best result among the two possible will be accepted and to be used as input for 

the learner phase. 

4.1. Learner Phase 

In this second phase, the learners increase their knowledge through the interaction 

between them, also by discussing and interacting with other better learners by working as 

a collective team which helps to produce the best results X ”. Considering a population 

size of N , the helping interaction learning phenomenon between two learners A and B in 

each exam for minimization problems is explained as follow [65-70]: 

 

' ' ' ' '
'' , , , , ,

, ' ' ' ' '
, , , , ,

( ) ( )

( ( )

 

)

 

A i i A i B i A i B i
A i

A i i B i A i B i A i

X r X X if X X
X

X r X X if X X

 + −
= 

+ −
 (29) 

X ” is accepted into the population if it gives a better function value. 

The implementation steps of TLBO algorithm can be summarized as follows [71-73]:  

Step 1: Define the optimization problem (minimization) and initialize the parameters of 

algorithm, the population size, number of variables, the maximum number of iterations, 

and the objective function f(X). 

Step 2: Randomly initialize the grades (solutions) (Xi,j) of n learners (j = 1, 2, ..., n) in 

exam (i = 1). 

Step 3: Calculate the objective function for n students in exam (i)  

Step 4: Calculate (Mi) and (XT,i), identify the best solution as teacher according to  

( ) minteacher f XX X ==   

Step 5: Calculate Diffi for exam (i) according to Equation (26) by utilizing the teaching 

factor TF. 
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Step 6: Calculate X’j,i  for n learners in exam (i) according to Equation (28), compare the 

two solutions X’j,i  and Xj,i, accept the best solution for transferring to the next step. 

Step 7: Choose randomly each pair of learners and update the solution according to (4) 

and accept the better for the next step. 

Step 8: Calculate the objective function for all learners, check if the stopping criterion is 

met (the optimal solution is obtained), otherwise the algorithm will iterate from step (4). 

For charge simulation method (CSM), the objective function used for the relative 

error is very simple and has the form given in the following equation [38]: 

 
1

1

1
100

nc
ci vi

i
c ci

V V
OF

n V=

−
=   (30)

  

Where: Vvi is the exact potential to which is subjected the conductor and Vci is the actual 

voltage of the check points; nc is the total number of check points. 

For current simulation technique (CST), the employed objective function is expressed 

by the relative error of the magnetic potential as follows [38]: 

 
2

1

1
100

n f
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Where, Aci is the magnetic potential calculated by the current filaments points; Avi is the 

new magnetic potential estimated by the matching filaments points; nf is the total number 

of matching points. 

5. FRIEDMAN'S STATISTICAL TEST 

In fact, to prove the superiority and the best performance of an optimization algorithm 

in comparison with the analytical results obtained by different algorithms, we most often 

use the Friedman nonparametric test to determine if the algorithms are statistically 
different and to classify them in terms of performance and speed, in order to implement 

the best of them in the optimization problem. Generally, to conclude on the result of a 

statistical test, the procedure employed consists in quantifying the p-value and compare it 

to a previously defined threshold (traditionally 5%). If the p-value is less than this 

threshold, the null hypothesis is rejected in favor of the alternative hypothesis, and the 

test result is declared statistically significant [74-77]. 

In this paper, the Friedman’s statistical test will be used to analyze the minimum 

values of the objective function obtained from different optimization algorithms such as 

the teaching learning based optimization (TLBO) [78], flower pollination algorithm 

(FPA) [79], harmony search algorithm (HS) [80], particle swarm optimization (PSO) and 

genetic algorithm (GA) [81], in order to identify the most efficient algorithm. 

6.  VALIDATION METHODS  

In case of electrostatic coupling, the induced voltage on the metallic pipeline caused by 

the HV power line conductors can be evaluated using the admittance matrix technique. 

Under steady-state operation condition, for a symmetrical HV overhead transmission power 
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line system with an aerial metallic pipeline, the shunt admittance matrix per unit length of 

the proposed electric circuit is determined by the following equation [1,54,82-85]. 

 1[ ]  [ ]
ij ij

Y j P −=   (32)  

Where, Pij is the potential coefficients matrix of the proposed circuit (overhead power 

line conductors and metallic pipeline). 

Then the current-voltage relations for this electric system can be represented in matrix 

form as follows: 

    i ij i
I Y V =    (33)   

  
The resulting matrix of shunt admittances for the total number of conductors (including 

three-phase conductors, earth wires and metallic pipeline) is represented below [1,53,81-85]: 
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=     
     
     

  (34)

  

 

Where, c, p and g are subscripts which represent respectively the three-phase conductors, 

metallic pipeline and earth wires. 

The current through the earthed earth wires is equal to zero; they can be removed by 

replacing (Ig = 0) in Equation (34), which gives: 
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For an insulated metallic pipeline, the current flowing through it is zero Ip = 0, by 

substituting it in Equation (35), the resulting pipeline voltage to earth due to the electrostatic 

coupling with the HV power line can easily be deduced and given by the following relation 

[1,53,81-85]: 

 ' 1 '[ ]=-[ ] [ ] [ ]
p pc pp c

V Y Y V−  (37)

  

 
 

Where, Vc is the column of the known three-phase voltages to earth of the HV power line 

conductors.  
 

In electromagnetic coupling case, under steady state conditions, the induced voltage on 

the metallic pipeline can be obtained by applying Carson’s method. This approach is 

based on the principle of mutual impedances between the conductors of the HV power 

line and the metallic pipeline, the determination of these impedances is done using 

Carson's formula mentioned previously in Equation (19) [4,85-90]. 

The induced voltage calculation that appears between the metallic pipeline and the 

adjacent earth is done in two steps, firstly, the determination of the electromotive force 

(EMF) induced along the metallic pipeline due to variable magnetic field, and then the 

induced voltage along the metallic pipeline can be obtained. 
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The total longitudinal electromotive force (EMF) induced on the metallic pipeline is 

obtained through the mutual impedances between the pipeline and the power line 

conductors, carrying a time varying alternating currents in the power line conductors. In 

the case where the overhead power line is equipped by one earth wire, the induced 

electromotive force (EMF) is calculated according to the following equation [4,85-90]: 

 

2 3 31 1 2 1 1ind c pc c pc c pc g pg
E I Z I Z I Z I Z= − − − −                               (38)

  

 

 

This relation can be easily reduced to the general form below: 

 

1

ni
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E I Z
=

= −                                                      (39)

  

 

 

Where, zpi are the mutual impedances between the conductors of the power line (phase 

conductors, earth wires) and the metallic pipeline; Ii are the currents passing through the 

three-phase conductors and the earth wires of the power line; ni is the total number of 

conductors in the HV power line. 

 

The induced voltage on the metallic pipeline for an exposed length of exposure L  to 

the electromagnetic coupling can be found using the formula given below [4,85-90]: 

ind ind
V E L=                                                        (40) 

As can be see; this applied approach assumes that the induced voltage is constant over 

the entire length of the metallic pipeline. 

  

Consider an HV overhead vertical single circuit transmission line of 275 kV, with one 

earth wire and an aerial insulated metallic pipeline in the immediate vicinity; the arrangement 

and geometric coordinates of the 

overhead power line and metallic 

pipeline are shown in Figure 9. The 

pipeline is placed in perfect parallel 

to the axis of the HV power overhead 

line at a separation distance of 45 m; 

its height above the ground is 1 m 

with a radius of 0.3m. The metallic 

pipeline length of exposure to the AC 

interference is 25 km. The three-

phase currents in HV power line 

have been assumed under balanced 

operation with the magnitude of 

500 A, with a nominal system 

frequency of 50 Hz. The earth is 

assumed to be homogeneous with a 

resistivity of 100 (Ω m), the AC 

resistance of the phase conductor is 

0.1586 (Ω/km), for the earth wire is 

0.1489 (Ω/km) and 0.5 (Ω/km) for 

the metallic pipeline. 

 
Fig. 9 Single circuit HV vertical configuration with 

an aerial metallic pipeline 
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7. RESULTS AND DISCUSSIONS 

Firstly, the aim is to select the best parameters to insert in the simulation methods to 

achieve results with satisfactory accuracy. In order to obtain the optimal number and location 

of fictitious charges and current filaments, it is necessary to use a robust and powerful 

optimization algorithm. 

In this context, a comparison of the performances of different optimization algorithms 

(PSO, FBA, HS, TLBO, GA) was made using the statistical Friedman test under the same 

conditions, in order to be able to classify them according to their performance. To ensure 

a fair comparison, these algorithms were implemented in the Matlab interface (R2014a), 

the experiments for each algorithm were repeated 10 times on the same computer running 

with Windows 10 operating system.  Parameter settings of all optimization algorithms are 

shown in Table 1. 

Table 1 Parameters Settings of each algorithm 

Algorithms Parameters  Setting (100 iterations) 

Particle Swarm Optimization (PSO) Swarm size N =20; Learning factor c1=2, c2=2; Inertia 

weight wmax=1.2; wmin=0.4. 

Flower Pollination Algorithm (FPA) Population size N=20; switch probability  p=0.8 

Harmony Search Algorithm  (HS) Harmony Memory Size HMS=5; Harmony memory 

consideration rate HMCR=0.95; Pitch adjustment rate 

PAR=0.25; Band width distance bw=0.02*( Ub- Lb). 

Teaching  Learning Based Optimization  

(TLBO) 

Population Size N=20 

 

Genetic Algorithm (GA) Population size N=20, Mutation probability =0.2, 

Crossover probability =0.4, Number of bits =25. 

The statistical and comparative analysis of the obtained results by the different selected 

optimization algorithms following the Friedman ranking test is presented in Table 2. 

Table 2 Results of Friedman's statistical test of the optimization algorithms 

Test Statistics Algorithms Mean Rank 

Friedman's chi-square statistic 84 PSO 3 

Degrees of freedom (df)   4 FBA 4 

Number of observations N 21 HS 5 

Standard Deviation (Sigma) 1.5811 TLBO 1 

Prob>Chi-sq (P-value) 2.47e-17 GA 2 

Based on the Friedman's statistical test, it shows that the difference between the 

performance of different proposed algorithms is significant, the level of probability (P) is 

very low and well below the critical value (P=0.05). Moreover, it was observed that the 

TLBO algorithm achieved the first rank with minimum simulation accuracy and could 

provide the best performance compared to other algorithms. 

Consequently, the TLBO algorithm can be used to solve the optimization problems in 

the adopted methods for induced voltages calculation. 

The variation of the objective functions (OF) mentioned in Equations (30 and 31) with the 

number of iterations is represented in Figure 10, it shows the search process adopted by this 

algorithm and the optimization based on the minimization of these objective functions. It can 
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be clearly observed that the objective functions values decrease as a number of iterations 

increase to converge towards a minimum solution. 

The optimization results for the optimal values of the parameters to be inserted in 

these simulation methods are summarized in Table 3. 

Table 3 Optimum Value of the Simulation Methods (CSM and CST) 

Algorithm+ Method   Phase conductor   Earth wire  Pipeline   OF value 

CSM+ TLBO 
Fictitious  charges number 22 15 23 

2e-14 
Fictitious radius [m] 0.036 0.008 0.14 

 CST+ TLBO 
Current filaments   number 25 19 30 

9.9e-07 
 Fictitious radius [m] 0.03 0.01 0.1 
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Fig. 10 Objective functions variation with number of iterations 

For electrostatic coupling analysis, Figure 11 shows the lateral profile of the electric 

field distribution with and without the presence of the metallic pipeline. It is clear from 

the graph that the initial electric field distribution is symmetrical at a distance of 7 m near 

the suspension pylon, the presence of the metallic pipeline has a relatively significant 

effect on the maximum value of the electric field at the exact location where this pipeline 

is located, at this point the electric field is subjected to a slight increase on the pipeline’s 

surface due to the induced electrical charges accumulated on this surface. Therefore, it 

can be concluded that the presence of a metallic pipeline in the immediate vicinity of an 

overhead power line causes a distortion of the electric field at the emplacement where 

this pipeline is implanted. 

The profile of the perturbed electric field on the pipeline's surface located at different 

distances in the two right-of-way sides is shown in Figure 12. It can be observed that the 

perturbed electric field reaches its maximum value (E= 7.12 kV/m) for a horizontal 

separation distance of pipeline equal to +7 m, as it gradually moves away from either side 

of this point, the electric field intensity begins to decline where it becomes almost minimal 

very far from the point of symmetry of the electric field. As a result, it is suggested that the 
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pipeline be located as far as possible from the power line in order to effectively reduce the 

electric field effects on this pipeline. 
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Fig. 11 Electric field profile with and without the metallic pipeline at 1 m above the ground 
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Fig. 12 Perturbed electric field profile on the metallic pipeline’s surface 

Figure 13 shows the induced voltage profile on the pipeline's surface as a function of 

the separation distance of pipeline along the right-of-way. Generally, the voltage induced 

on the metallic pipeline is directly proportional to the perturbed electric field, its 

distribution is very similar to that of the perturbed electric field, the maximum value of 

the induced distance is obtained at a separation distance of pipeline equal to +7 m. As a 

general suggestion, it is highly recommended that the metallic pipeline be installed at a 

proximity distance called the critical distance where the induced voltage is below the 

values prescribed by international standards.  

Under normal operating conditions, the discharge current due to the capacitive coupling 

through a person's body touching the metallic pipeline located at different separation distances 
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along the right of way is shown in Figure 14. It is important to note that the discharge current 

level is directly related to the induced voltage value, the higher induced voltage, the more 

intense in resulting current. The discharge current in this case study is 17 (mA), this value is 

considered unacceptable from a personnel safety point of view. 
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Fig. 13 Induced voltage on the insulated metallic pipeline due to HV power line 

-60 -40 -20 0 20 40 60
0

50

100

150

200

250

300

350

400

450

500

X: 45

Y: 17

Pipeline position from the power line center [m]

D
is

c
h

a
r
g

e
 c

u
r
r
e
n

t 
[m

A
]

 

Fig. 14 Intensity of shock current flowing in human body 

Concerning the discharge current values through the human body which are greater than the 

safety limit value recommended by the CIGRE standard which is equal to 10 mA. A protection 

procedure must be implemented, it is enough simply to connect the  metallic pipeline to the 

earth through to an appropriate resistance calculated according to Equation (9). The grounding 

resistance of the pipeline as a function of its horizontal proximity distance is shown in Figure 

15. As can be seen from this figure, the behavior of the graph represented by the grounding 

resistance is inversely to that of the discharge current. Therefore, the metallic  pipeline in this 

study example is grounded by a very suitable resistance which is equal to 1429 Ω. 
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Fig. 15 Calculation of the earthling resistance of metallic pipeline 

For electromagnetic coupling analysis, Figure 16 shows the lateral profile of the magnetic 
induction distribution with and without the presence of the metallic pipeline, taking into 
account the effect of the induced currents in the earth wire and the metallic pipeline. Without 
the pipeline, it can be observed that the profile presents a symmetry close to the center of the 
power line (x = + 6 m), when it moves away from either side of this point, the magnetic 
induction intensity  decreases rapidly as a function of the lateral distance. The figure also 
indicates, that the presence of a metallic pipeline in proximity to the power line disturbs the  
of magnetic induction distribution, this profile is distorted where the metallic pipeline is 
implanted. The pipeline will be affected by the magnetic induction and this is due to the 
current generated at the ends of this pipeline by the electromagnetic coupling. 
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Fig. 16 Magnetic induction profile with and without the metallic pipeline at 1 m above 

the ground 

The effect of the metallic pipeline's location along the right-of-way on the  perturbed  

magnetic induction profile at its surface is shown in Figure 17. It can be seen that the 
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maximum value of the perturbed magnetic induction (B= 4.1 µT) is obtained directly 

near the lateral phase at a separation distance of pipeline equal to (x=+ 6 m), from this 

position the magnetic induction decreases continuously with the lateral metallic pipeline's 

location to reach less intense or lower values very far from the power line center. 
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Fig. 17 Perturbed Magnetic induction profile on the metallic pipeline’s surface 

The induced voltage on the metallic pipeline by changing the pipeline's position along 

the  right-of-way is shown in Figure 18. As can be seen in this figure that the induced 

voltage is maximum where the pipeline is located at proximity position equal to +6 m, then 

it decreases progressively as the lateral position of this pipeline increases in the two sides.  

From this figure, it is important to note that the magnitude of the induced voltage in the 

metallic pipeline is directly proportional to the magnetic induction. In this case study the 

pipeline is kept location of 45 m from the pylon center, the obtained value of the induced 

voltage on the metallic pipeline is 270.9 V, this value is very higher than the maximum 

value permissible by the CIGRE  norme which is 50 V. 
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Fig. 18 Induced voltage profile on the metallic pipeline 

The variation of the electric shock current flowing through a person coming into contact 
with the metallic pipeline as a function of its separation distance from the pylon is illustrated 
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in Figure 19. As  reflected in this figure, the amount of the shock  current that flow in the 
human body accidentally is perfectly proportional to the magnitude of the applied induced 
voltage on the metallic pipeline, the form of its  graph is very similar to that of the induced 
voltage. In this case of study, during normal operation the shock current due to accidental 
contact with the metallic pipeline is 204.2 mA, which can cause a significant risk and a great 
severity for this human body by comparing it with the admissible body current. 
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Fig. 19 Intensity of shock current flowing through the human body 

For induced voltages values applied on the metallic pipeline which are greater than 
the maximum value admissible by the international CIGRE standard of 50V, that may 
pose a threat to the integrity of the pipeline and a risk to the safety of personnel. It then 
becomes imperative to implement an attenuation technique, to maintain the induced 
voltage at the recommended limit; it suffices simply to install low value shunt resistances 
at the ends of the pipeline with the earth which allow the current to be evacuated to earth 
along the pipeline section. Figure 20 shows the electrode resistance value as a function of 
the separation distance of the metallic pipeline, this graph illustrates the earthing 
resistance values that ensure the safety of personnel  and metallic pipeline, the behavior 
of the earthing resistance profile is exactly opposite to that of the electric shock current. 
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Fig. 20 Resistance of the ground electrode of metallic pipeline 
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Figure 21 shows the voltage applied to the electric system that combines in series the 

metallic pipeline and the electrode resistance to obtain a safety limit voltage (50 V). In 

this case study, it is necessary to install an earthing resistance value equal to 3.555 (Ω) at 

each end of the metallic pipeline. 
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Fig. 21 Safe voltage in the electrode resistance 

 

The results presented in Figures 22 and 23 show the combined effect due to the  

electrostatic and electromagnetic couplings, which is generally represented by the total 

induced voltage applied on the metallic pipeline, as well as the total discharge current 

passing through the human body. As can clearly see that the obtained values according to 

the position of the metallic pipeline along the right-of-way are very significant. They can 

constitute a serious danger for the safety of the agents of intervention and maintenance, a 

great threat for the pipeline integrity and perfect degradation following to the metal 

corrosion and damage of the applied coatings, the failure of the cathodic protection 

system and the various devices connected to the metallic pipeline. In order to protect the 

safety to personnel of intervention and maintenance, thus the cost-effective functioning of 

the metallic pipelines, the application of mitigation procedure is necessary. 
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Fig. 22 Total Induced voltage on the metallic pipeline due to the combined effect 
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Fig. 23 Total shock current intensity flowing through the human body due to the combined 

effect 

Finally, in order to verify the effectiveness of the proposed methods, the results obtained 

for the induced voltage intensity for the electrostatic and electromagnetic couplings were 

compared with those computed respectively by the approaches of admittance matrix 

analysis and Carson for the same data and similar geometry. Figures 24 and 25 show the 

comparisons between the values of the obtained  induced voltage, the results analysis of the 

comparison indicates that there is a very good correlation between the graphs of the 

different methods, the maximum estimated relative errors between the values of these 

different methods according to the two couplings cases were within the permissible range, 

this process is sufficient to validate the precision of the methods adopted. 
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Fig. 24 Comparison of the induced values by the two calculation methods for electrostatic 

coupling 
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Fig. 25 Comparison of the induced values by the two calculation methods for electromagnetic 

coupling 

8. CONCLUSION 

In this paper, a rigorous quasi-static modeling approach is used to analyze the 

electrostatic and electromagnetic couplings under normal operating condition between an 

HV power transmission line and an aerial metallic pipeline placed in parallel and in close 

proximity. Two hybrid simulation methods based on the charge simulation (CSM) and 

current simulation techniques (CST), which are combined with the teaching learning 

based optimization (TLBO), were presented. This algorithm is applied in order to find the 

optimal position and the appropriate number of simulation charges and current filaments 

required of these methods. The intensities of the perturbed electric and magnetic fields 

and the induced voltage on the metallic pipeline were analyzed. 

For electrostatic coupling, from the results, it is clear that the presence of an aerial 

metallic pipeline in the vicinity of HV overhead power transmission line causes the 

distortion of the electric field at pipeline's surface due to the resulting electric static 

charges accumulated on this insulated surface. The magnitude of the maximum value of 

the induced voltage on the pipeline occurs at a separation distance of 7 m, and then it 

declines rapidly on both sides of this distance, where it becomes almost negligible at a 

critical distance, at which it is recommended to lay this metallic pipeline. If the discharge 

current flowing in the human body during direct contact with the metallic pipeline 

exceeds the authorized safety limit, it is recommended that the mitigation procedure be 

installed and it is sufficient to ground the metallic pipeline with an appropriate resistance. 

For electromagnetic coupling, according to the obtained results, it is evident that the 

presence of an aerial metallic pipeline in close proximity to a HV overhead power line 

disturbs the distribution of the magnetic field at the metallic pipeline's surface due to the 

electric current induced intensity in this pipeline. The maximum induced voltage appears 

in the metallic pipeline is obtained when this pipeline is located at a proximity distance 

equal to + 6 m from the pylon, then it decreases rapidly with the increase of the separation 

distance of the metallic pipeline across the sides of pylon. 
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The amount of discharge current which passes through the human body when it 

accidentally touches the metallic pipeline is linearly proportional to the magnitude of the 

induced voltage. When the resultant of the induced voltage intensity on the metallic pipeline 

exceeds the safety threshold of 50 V, it can present risks for the safety of intervention and 

maintenance agents, also for the pipeline's equipments, these risks can be completely 

eliminated by applying the mitigation measure, it be sufficient to connect the two endings 

of the metallic pipeline to the earth through a suitable resistances.  

The numerical results presented by the hybrid developed methods are compared with 

the results obtained by two different approaches, concerning respectively the both studied 

couplings; the comparison shows a good agreement between the simulation results, which 

confirms the efficiency and the validity of the proposed methods. 
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