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Abstract. This paper proposes a 3D quasi-static numerical model for the magnetic
induction calculation produced by the high voltage overhead power lines by using the
Current Simulation Technique (CST) combined with the Particle Swarm Optimization
Algorithm (PSO), in order to determine the appropriate position and number of the
filamentary current loops for an accurate computation. The exact form of the catenary
of the power line conductors is taken into account in this calculation. From the
simulation results, the effect of the conductor sag is largely noticed on the magnetic
induction distribution, especially at the mid-span length of the power line where the
magnetic induction becomes very significant, the maximum magnetic induction strength
at 1 m above the ground level recorded at mid-span point is 8.87 uT, at the pylon foot,
the maximum value is significantly reduced to 3.94 uT. According to these values, we
note that the limits set by the ICNIRP guidelines for magnetic induction strength are
respected for occupational and public exposure. The simulation results of magnetic
induction are compared with those obtained from the 3-D Integration method, a fairly
good agreement is found.

Key words: Current Simulation Technique (CST), Magnetic Induction, Sag Effect, 3-D
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1. INTRODUCTION

The increase in the population leads to raise the energy needed which causes the
evolution of the electric energy demand and accelerates the concentration of the
transmission lines with a high operating voltage level. These power lines create electric
and magnetic fields, and therefore raised serious questions about the potential health and
environmental effects associated with high levels of intensity of these fields around these
lines. The possible effects of electric and magnetic fields on human health and the
environment are discussed in several research projects [1-4]. The limits of exposure to
electromagnetic fields (EMF) are derived from the International Commission on Non-
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lonizing Radiation Protection (ICNIRP). At Low Frequency 50 Hz, the reference levels
for public exposure are 200 pT (magnetic induction) and 5kV/m (electric field).
Respectively, the reference levels for occupational exposure are 1 mT and 10kV/m [5].

The accurate evaluation of electric and magnetic fields generated by electric power
lines is very important in many areas of research, and necessary in many applications.

In recent years, several publications have been made to calculate the electric and
magnetic fields created by power transmission lines. Most assume that the power lines
are horizontal straight parallel to a flat ground, and the sag due to the power line weight is
neglected or introduced by taking an average height between the maximum and the
minimum height of the power line [6-8].

In this paper, in order to obtain a more accurate computational result of the magnetic
induction strength distribution around electric power transmission lines, a 3-D quasi-
static numerical modeling combining the Current Simulation Technique (CST) with
Particle Swarm Optimization (PSO) can be used. The Current Simulation Technique
(CST) is an effective approach and more adapted to the simulation of overhead power
transmission lines and their particularities such as conductors in bundles and constraints
posed by the power lines geometry. It should be noted that this calculation takes into
account the effects of the catenary form of the overhead power line conductors.

The major problem in this technique is the optimal number and position coordinates of
the filamentary line currents in the sub-conductors [9]. To solve the constraint optimization,
we appeal to the Particle Swarm Optimization (PSO) method. PSO is a powerful
optimization algorithm that is inspired from the behavior of a flock of birds which is
capable of finding global optimum solution [10,11].

In order to verify the accuracy of the combined method, the obtained results are
compared with those obtained using 3-D integration approach.

2. CURRENT SIMULATION TECHNIQUE (CST)

By analogy with the Charge Simulation Method (CSM) applied to transmission lines
to calculate the electric field, it is possible to have a Current Simulation Technique (CST)
for calculating the magnetic field on the conductor’s lines. In this technique, for a three
phase bundled conductor line with m sub-conductors per phase, each sub-conductor
current is simulated by a finite number n of filamentary line currents distributed on a
fictitious cylindrical surface of radius R;. The simulation currents I;, must satisfy the
following conditions [9,12,13]:

1. Zero normal component of the magnetic field strength on the sub-conductors'
surfaces, following Biot—Savart law.

2. The sum of the filamentary line currents simulating the sub-conductor current must
be equal to the sub-conductor current.

To determine the unknown filamentary currents, a set of equations is formulated at a
number of boundary points chosen on the sub-conductors’ surface to satisfy the boundary
conditions as follows [9,12,13]:
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Where, Pj is the magnetic normal field coefficient determined by the coordinates of
the i" boundary point and the j™ filamentary line current and is given by [12]:
R.
R = o n L 3)
27 R”
Where, Ry is the distance between simulation current point ( j ) and match point ( i);
R; is the radius of filamentary line current, as shown in Fig. 1.
We find another expression [9, 13] which uses Equation (4) to calculate the magnetic
coefficient.
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With, 6}1 = —¢j (see Fig. 1).
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Fig. 1 Normal and tangential field components at a point on the sub-conductor surface

Once the set of Equations (1) and (2) are solved for the unknown filamentary line
currents, the deviation of the normal component of the magnetic field strength from the
zero value is calculated at a set of check points (match points) chosen on the sub-
conductor’s surfaces, the values and positions of simulation currents are known, the
distribution of the magnetic field in any region can be calculated easily. The horizontal
and vertical components of the magnetic flux density at any point in the space around the
HV power line can be calculated by the following equations [12-15]:
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Where, (x;, y;) and (;, y;) are the coordinates of the observation point and location of
simulation line current, respectively; r; is the distance between each conductor and
observation point above ground,; r'i,- is the distance between each image conductor and
observation point (see Fig. 2).

For magnetic field calculation, the image of a filamentary current for a sub-conductor
is located at depth different from the real sub-conductor height above ground, is called
the depth of penetration; it can be expressed as follows [14]:

D, = 658.87. f% 6)

Where, ps is the electrical resistivity of the earth expressed as Q.m; f is the frequency
of the source current in Hz.

Real current

Ground level

Image current

Fig. 2 Magnetic field generated by a real current and its image in an observation point

The magnitude of the total magnetic induction at any desired point P is calculated by
the summation of the horizontal and vertical components.

B, = /B +B: (7)
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3. PARTICLE SWARM OPTIMIZATION (PSO)

PSO is a robust stochastic optimization algorithm developed by Russell C. Eberhart
and James Kennedy in 1995, inspired by the social behavior of bird flocking and fish
schooling, it uses a number of agents (particles) that constitute a swarm moving around in
the search space for finding global optimal solutions in nonlinear and high-dimensional
spaces. In the main loop of the algorithm, the velocities and positions of the particles are
iteratively updated by making use of the following equations [16-18]:

Vigg =WV +C - Ry - (Res, =) +C2 - Ry - (Gpesy, — %) (8)

X1 =X +Vig %)

Where, xi and are vi the position and velocity of particle i; (Ppesti ,Gresti) are the local
best position obtained by the particle i and the Global best position ever found in the
entire population respectively; w is a parameter controlling the flying dynamics; R; and
R, are random variables in the range [0, 1]; c; and c, are factors controlling the related
weighting of corresponding terms.

The PSO algorithm consist the following steps:

1. Initialize the swarm form the solution space

2. Evaluate the fitness of each particle

3. Update individual and global bests

4. Update velocity and position of each particle

5. Go to step2, and repeat until a termination condition has been reached

The objective function (fitness function) used in this method is based on the calculation
of the relative error between the magnetic coefficient estimated by the match current points
and the magnetic potential of the simulation current points; it is given by the equation
below.

Oini—A‘i —An

. 100 (10)
N

i=1

Where, A is the magnetic potential calculated by the current points; A.; is the new
magnetic potential estimated by the match simulation current points; n, is the total
number of check points.

4, 3D INTEGRATION TECHNIQUE

Fig. 3 shows a span of conductor suspended freely between two adjacent pylons,
which are at the same level and separated by a horizontal distance L, takes the form of a
catenary curve providing the conductor is perfectly flexible and conductor weight is
uniformly distributed along its length [19-25].
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Fig. 3 The basic catenary geometry for a single conductor line

The equation of the catenary shape of conductor placed in the yz plane is given by:

y(2) =y +2.02.5inh? [i] (11)
2.
Where,
z is the longitudinal position of the conductor about z axis, for a symmetrical line, you
normally choose z = 0 at the mid-span;
hmin is the minimum height at mid span;
Hiax is the maximum height on the extremes of the line;
a is the solution of the transcendental equation.

H—h

2. U =sinh?(u) (12)

With: u=(L/4.c)
L is the length of the conductor beween two pylons, in meters.

The parameter o is also associated with the mechanical parameters of the line
(Catenary constant):
— Th
A

a (13)

Cc

Where, Ty, is the horizontal tension at the low point of the conductor curve (N); w, is
the linear weight of conductor (N/m).

Fig. 4 shows the profile of the catenary of an overhead conductor. The magnetic
induction generated by a sagging conductor of an overhead power line with span L
between pylons in an arbitrary point P(Xo,Y0,20) can be determined by applying Biot-
Savart law, as [21-25]:

- gy 1.l
B=-2.
4.;zL |r|3 (14
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Where,
Ho is the permittivity of free space; | is the line current; r is the distance vector from the
source point (x,y,z) to the field point P(x0,y0,z0), it is given by:

r=(x=%)i +(y—Yo)i+(z—2)k (15)

dl is the differential element at the direction of the current, from the geometry shown in
Fig. 4 it results,

dl = dy, j +dzyk =sinh (ﬁj dzy j + dzoK (16)
o

The magnetic field produced by a multi-phase sagging conductors (M), and their
images by taking the effect of a conducting ground into account, in any point above the
ground placed at span length would be determined applying the superposition principle.
The expression for the total magnetic field is given by [14, 21-25]:

M
éres =Z|:(§xi)-ax +(§yi)'ay +(§zi)-52:| (17)
i=1
Where:
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Fig. 4 Sagging conductor of an overhead power line between two adjacent pylons
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With:
di =[(x—%)? +(y - y;)? +(z—;)°1*? (21)

d; =[(x=%)* +(y+Y; +Dore)? + (2217 (22)

Where, (xi,yi,zi) being the coordinates of the conductor and L the distance between
two towers (the span length).

It should be recalled that this calculation takes into account the induced currents
circulating in the earth wires. These currents can be calculated by the relation given
below [18].

U F-1Zi"1[1Z;1-[0c] (23)
Where,
Z;; is the self impedances matrix of the earth wires;

Zjj is the mutual impedances between the phase conductors and earth wires;
I is the matrix of currents passing through the phase conductors.

The self and mutual impedances per unit length by means of Carson-Clem formulae
are given by [18-26]:

Zi =R +7°.£.107" + j.w.z.lo*‘.{ln[ﬁﬂ {g} (24)
M km
Z; =n".1.10" + j©.2.10™".In Dere {3} (25)
Dj km

Where, R; is the DC resistance per unit length of conductor in (Q/km); Rgy is the
geometric mean radius of the conductor in (m); Dj; is the distance between the centers of
two conductors of the power line; o is the angular frequency and De is the depth of
equivalent earth return conductor given in Equation (6).
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Fig. 5 Tower-to-tower geometry, showing mid-span between two towers
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In the present work, a single-circuit overhead power line of 275 kV, with a symmetrical
horizontal phase conductor configuration and two earth wires is considered (see Fig. 5). The
three-phase currents on the power line have been assumed under balanced operation with the
magnitude of 500A. The Earth is assumed to be homogeneous with a resistivity of 100 Q.m.
Nominal frequency f =50 Hz.

The simplified schematic diagram of this transmission line structure used in this
proposed study, with the arrangement and geometric details in the vicinity of the
suspension pylon is shown in Fig.6.

7m Radius
D LRIy /146 mm
P— 6 o
26 m 10m .
........................ > Radius
AOIO o) O'O 31.8 mm
z 0.4m
20m

Fig. 6 275 kV Single circuit three phase overhead transmission line

6. RESULTS AND DISCUSSIONS

The first step in this study is to determine the values of the currents induced in the
ground wires of the power line in order to take into account the effect of these currents.

Igi — 18.4lei*(65.21) (A), Ig2 :18.51ei*(_162'98) (A)

The second step consists in determining the optimal values of the number of the
current filaments points and their locations; this optimization of the search for the best
parameters is made using a particle swarm optimization algorithm (PSO).

The input parameters used in the PSO algorithm and CST technique are presented in
Table 1.

Table 1Parameters settings used for the PSO algorithm and CST technique

Algorithm+CSM Parameters

Current Simulation Technique Range of current filam_ents points 2-30

(CST) Range of F_|ct_|t_|ous rad_lus for conductor phase: 0.01-0.1 [m]
Range of Fictitious radius for ground wire: 0.003-0.013 [m]

Particle Swarm Optimisation  swarm size N=20, learning factors c1=c2=2, Weights:

algorithm (PSO) W,in=0.5 and W,,.,=0.5, Iteration Max= 100
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The convergence of the objective function mentioned above in Equation (10) with the
number of iterations is shown in Fig. 7, in order to determine the better solution according to
the search space.

The search process of this algorithm at successive iterations with optimal solutions
are represented in Figs. 8 and 9 respectively, where it becomes clear that the PSO
algorithm converge rapidly to these values.
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Fig. 7 Convergence of objective function used in PSO algorithm
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Fig. 8 Convergence of the optimum values of number of filamentary line current

Fig. 10 shows the magnetic induction distribution under the power line in 1 m from
the ground level at pylon foot and mid-span in different points along the transmission line



Accurate Computation of Magnetic Induction Generated by HV Overhead Power Lines 277

corridor. It can be seen that magnetic induction is maximum under the middle phase
conductor and it decreases rapidly with the lateral distance. Generally, it can be said that
the magnetic induction distribution follows a nearly Gaussian shape.
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Fig. 9 Convergence of the optimum values of position of filamentary current
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Fig. 10 Magnetic induction profile at mid-span and pylon
foot calculated at 1m above the ground level

Fig. 11 illustrates the longitudinal profile of the magnetic induction under the middle
phase conductor, at the point where the magnetic induction is greatest; the magnetic
induction strength immediately below the lowest point of a power line (mid-span) is
significantly higher than in the proximity of a pylon and at some distance from the line.
This illustrates that taking into account the effect of the sag of the conductor in the
magnetic induction calculation is a very practical means to model the real behavior of the
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power line. Consequently, the maximum value of the magnetic induction increases from
3.94 uT at the pylon foot to 8.87 uT at the half span length, this is due to the sag
influence. It is important to mention that the maximum values obtained of the magnetic
induction are below the threshold defined by the ICNIRP guidelines.
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Fig. 11 Longitudinal magnetic induction profile calculated at 1m above the ground level
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Fig. 12 Contours lines of the magnetic induction strength around the phase conductors

The contour lines for the magnetic induction distribution around the power line at any
point for the xy plane are depicted in Fig. 12. The magnetic induction magnitudes are
highest around and under the power lines and decrease rapidly with the distance from the
pylon axes. The different level of magnetic induction is due to the variation of
coordinates (x, y) of the calculation points from the ground level.
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Fig. 13 Mapping of the magnetic induction generated by the HV power line
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Fig. 14 Three-dimensional (3-D) magnetic induction profile at 1m above the ground level

Fig. 13 describes the mapping of the magnetic induction of power line, in an area
defined by the vertical coordinates, and the axis of the lateral distance from the pylon
axes. It may be interesting to note that the concentrated level of the magnetic induction is
produced around the surface of the phase conductors; the magnetic induction gradually
decreases with increasing the lateral distance from the center of the power line in both
directions of the transmission line corridor.

Fig. 14 shows the three-dimensional profile of the magnetic induction over an area
equivalent to a right of way either side of the transmission line center and a longitudinal
span between the suspension pylons. It will be noted that the concentrated level of the
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magnetic induction exists in a small area under and in the immediate vicinity of the
conductors in the mid-span, and then it decreases slowly toward the pylons and even with
the increasing of lateral distance from the power line center in both directions along the
right-of-way corridor.
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Fig. 15 Magnetic induction profiles for different
relative permeability values of soil at pylon foot
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Fig. 16 Magnetic induction profile at mid-span and pylon foot calculated at 1m above
the ground level obtained with the analytical formula of magnetostatic

Fig. 15 shows the effect of the soil relative permeability at 1 m above the ground level
on the lateral profile of the magnetic induction underneath the power line at pylon foot.
An increase in the relative permeability of the soil in the range investigated will result in
a slight increase of the magnetic induction.
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Fig. 16 shows the magnetic induction profile by modelled the original conductors
with the single current filament located in the canter of the conductor cross-section, for
the same geometrical configuration, the results obtained of the magnetic induction at
mid-span and pylon foot are approximately similar to those obtained by the Current
Simulation Technique (CST)
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Fig. 17 Magnetic induction profile in 1 m from the ground level
calculated by the 3-D Integration method

In order to validate the adopted method in this study, 3-D Integration method was
proposed taking under consideration the conductors sag.

Fig. 17 shows the lateral distribution of the magnetic induction calculated by 3-D
Integration method at 1 m above ground level at pylon foot and mid-span length, the
magnetic induction is maximum at the center of the power line and then gets
progressively reduced as one moves away from the center of the transmission line
corridor to achieve very negligible values far from the power line center.

Fig. 18 illustrates the effect of the variation of the calculation point height on the
magnetic induction above the ground at the point where the latter is maximum (under the
middle phase conductor x = 0), using the combined method and 3-D Integration
technique. It can be seen that the increase in the calculation point height can lead to an
increase in the amplitude of the magnetic induction. Therefore, the magnetic induction
values calculated in the vicinity of the surface of phase conductors using the combined
method are well correlated with those obtained by the 3-D integration technique. The
graphs of two methods are perfectly superposed.
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Fig. 18 Magnetic induction profile as a function
of the observation point height above ground

The obtained results of the lateral distribution of magnetic induction computed by the
combined method CST+PSO were compared with those calculated by the 3-D Integration
method as shown in Fig. 19, a very good agreement is achieved, the two graphs are
perfectly superimposed.
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Fig. 19 Comparison of magnetic induction levels between
the proposed method and 3-D Integration method
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Fig. 20 Comparison between the magnetic induction values using
the proposed method and with those measured described in reference [22]

In order to confirm the accuracy of the presented method, the obtained results were
compared with the measured values available in the literature [22]. As can be seen from
this comparison shown in Fig. 20, the simulated values of the magnetic induction
resemble those measured. Another point to note that the majority of the measured values
at 1 m above the ground level are lower than the calculated values because of the metallic
objects located in the immediate vicinity of the power line which act as shielding means
are neglected, and once again, a very good agreement is achieved which validates the
accuracy of the presented method.

7. CONCLUSIONS

In this paper, a 3D quasi static numerical modelling for computation of the magnetic
induction generated by overhead power lines is presented, in order to obtain the most
appropriate position and number of filamentary current loops used in Current Simulation
Technique (CST) which provides the solution of sufficient accuracy, a Particle Swarm
Optimization algorithm (PSO) is applied. From the results, it is clear that the magnetic
induction strength is maximum at the center of the power line, and then decreases with
increase in the lateral distance, the magnetic induction strength immediately below the
lowest point of the power line is significantly higher than in the proximity of the pylon
and at some distance from the line, the magnetic induction around the pylon is much
lower than at mid-span. The obtained result showed that the calculated magnetic
induction under the HV power line is within the ICNIRP safety limit for general public
and occupational exposure. The obtained results by the proposed method were compared
with those obtained by the 3-D Integration method. The simulation results are almost
identical and are visually superimposed; the comparison is satisfying enough and it
sufficient to confirm the accuracy of the combined method.
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