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Abstract:

This paper investigates relation and influence between electromagnetic fields generated by high voltage transmission
lines and human health. A novel pylon with optimal phase arrangement through possible configuration is presented by
optimizing a multi-objective cost function consists of the electric field, magnetic field, and the segments cost. For
comparison between current pylons and the proposed pylon, the human model is placed below high voltage overhead
lines and then electromagnetic fields and current density is simulated. Electromagnetic fields from overhead lines are
calculated by using PLS-CADD and PLS-TOWER software based on Maxwell’s method. The human body is modeled
by the Finite Element Method (FEM) in MATLAB. Results show that the new pylon decreases electromagnetic fields
distribution on the human body and this pylon also mitigates the right-of-way width by its special position of phase
conductors.
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1. Introduction

Developing urban and constructing transmission lines
have concerned increasingly about their effects on human
health and the environment. There are strong electric and
magnetic fields (EMF) around high voltage transmission
lines, soawarenessand prevention of its risks are
necessary. For over 40 vyears, scientists have been
researchingthe possible risks of EMF on human health.
Until now, hundreds of research and epidemiological
studies have been carried out and their results have been
used.[1-3].

Nowadays, each country has certain guidelines for
protection againstelectromagnetic fields and several
recommendations and instructionshave been
providedbythe international organizations like WHO
(World Health Organization), IEEE (Institute of
Electrical and Electronics Engineers) and ICNIRP
(International Commissions on Non-lonizing Radiation
Protection). The recent research according to ICNIRP
(which issimilar to guidelines in Iran) and other studies
propose that the electric field should belessthan 5 to 10
kV/m and the magnetic field shouldlimited to 100 to 500
uT. [4-7].

The aim of this paper is introducing and designing a

new pylon for overhead transmission lines with a
different arrangement of phases that has less impact of
electromagnetic fields on human and environment.
In this paper, a 400 kV - double circuit pylon is used for
simulation. It is modeled by using PLS-TOWER, PLS-
CADD software for electromagnetic simulation and
Finite Element Method from MATLAB software for
current density calculation on the human body.

2. Method of EMF Calculation

There are many methods for calculating the electric and
magnetic fields. For Simulating of EMF,we usedPLS-
CADD software.All of EMF calculations in PLS-CADD
are based on EPRI red book methodology [8, 9] that the
following is explained.

2.1. Calculation of Electric Field

The electric field is calculated using the method of
Maxwell’s potential coefficient [10]. It is done for a
singlephase and will be extended to the threephases. In
this method bundle conductors are replacedwith a single
conductor and equivalent diameter (r;)may determine by
applying the following expression (Eg. 1) [11, 12].

T = m’mrngm‘l 1)

d 2
R=—rt 2
2sin (;)

Wherer;,,, is the radius of sub-conductors within the
bundle, m is the total number of sub-conductor within

one bundle, R is the radius of the bundle and d is the
distance between the adjacent conductors.
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In this method, at first, matrix [q]is calculated using

the matrix [v]and Maxwell’s potential coefficient
matrix[p] as shown Eq.3.
lq] = [p]7*[v] ®)

For overhead lines,composed of parallel conductors
(i, j ...)and plane and Maxwell’s potential, coefficient
matrix [p] is determinedby Eq.4 and Eq.5.
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Where x;and x;are horizontal coordinates of conductors
and y; and y; are heights of conductors above the ground.
Solving Eq.3, which determines the charge of each
conductor, the electrical field at a point N of coordinate

(xnyn) is calculated by Eq.6 using its image relative to
the ground surface.

Ei = Ex,iﬁx + Ey,iay (6)

ij

u,andu, are unit vectors, E, ; and E,, ;are calculated using
the Eq. 7 and Eq. 8.

o qi(xy — x;)
w0 2me[(xy — %)% + (yw — ¥i)?]
_ q;(ey — x;) (7)
2me[(xy — x)% + (Y + y:)?]
E . = ainv —¥i)
Yt 2me[(xy — x)% + (yw — i)
qi(yn +¥1) 8

" 2me(xy — %)% + (v + ¥1)?]

E,andE, are resulted by adding horizontal and vertical
components E,;and E,; for all conductors (i,j,...) as
shown by Eq.9 and Eq.10 :

Be= ) By ©)
E, = ZEW- (10)

and the magnitude of the field vector is defined by Eq.11:

Ey = ’E;?N + E)%,N (11)

The field is spinning and describing anelliptical trajectory
in the coordinate plane (x-y) and the maximum of the
electrical field is half of the biggest diameter of the
ellipse.

2.2. Calculation of Magnetic Field

The magnetic field of overhead lines is calculated
assuming line conductors to be paralleled above flat

YA



ground. The magnetic field is the sum of all magnetic
fields resulted fromthe current of phases and is obtained
by Eq.12 [8-11].

o= M\ EXTw 1 l_la
N 2m i A 2 — Tin N (12)

7;nis the unit vector of the vectorwhich relates point
N to point i and that isdetermined by Eq.13.

riv =/ Gon — %)% + (Y — ¥0)? (13)
@;yis the unit vector that isthe product of the current
vector and position vector. It is calculated by Eq.14.
. ZJ/N _yiﬁx XN _xiﬁy
Tin Tin (14)

S

3. Introduction of Lattice Tower

Thelow height lattice pylon has 35m height (11m shorter
than standard lattice pylons) with 7m length in the base
of the tower. This pylon has two cross arms with 21m
and 30m heightabove the ground. The larger arm has a
length of 29.2m and the length of the lower arm is 17.8m.
These pylons are used for standard conductor span of
310m andalso are designed for 30degrees in maximum
deviations. Dimensions of the tower are shown in Fig. 1
[13].

M‘

X1}

Fig. 1. Dimensions of low height lattice pylon

4. Definitionof Simulation Characteristics

4.1. Conductor

Choosing the suitable conductor is considered so
important in designing transmission lines and for
distributing of electric and magnetic fields [14]. In this
paper, ACSR (Aluminum Conductor Steel Reinforced)
conductor is applied for transmission line.Characteristics
of ACSR conductor are presented in Table. 1.

Table.1.Characteristicsof ACSR conductor [15]

Code Name curlew
Nominal
diameter of No./m m 54/3.51
wires
Overall
Diameter mm 31.59
foniel mm2 522,51
Area
Approximate
Weight kg/km 1977.6
Breaking
Load KN 153.90
Nominal DC
Resistance ohm/km 0.0553
at20°C
Current
Rating (*) A 716

4.2. Technical Characteristics of Overhead
line

Calculation for the 400kV overhead lines have been
performed at the pre-fault continuous rating of a twin
Curlew conductor bundle that spaced 400mm with
3000Amps in each circuit. The nominal voltage is400kV
and the electric and magnetic fields have
beenconsideredat 1.8m above the ground. All spans
would have a minimum conductor design clearance to
ground of 9m and the transmission line has untransposed
phasing arrangement. Fig. 2 shows phases arrangement
for considered transmission line by PLS-CADD software.
Phase differences are also specified with their colors.
Simulation has been done for flat ground.

Span 300m

Nominal Voltage 400KV /r

Tower type mark L12 -
Curlew \/L

Type of conductor
Phasing arrangement untransposed

L
- e Phase difference
// () +120
7 @ -
’ // - . 0

Fig. 2. Spotting towers in transmission lines by PLS-CADD
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5. Simulation Results for EMF below
Power Transmission Lines

The electric and magnetic fields of low height lattice
pylon based on EPRI red book methodology [8] are
simulatedby using Pls-Cadd software.The results of the
simulation are shown in Fig. 3 and Fig. 4. Table. 2 shows
the maximum of the electric and magnetic field below
thetower.

™~
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Fig. 3. Simulation results for electric field under low height
tower (1.8m above ground)
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Fig. 4. Simulation results for magnetic field under low
height tower(1.8m above ground)

Table. 2.Maximum of electric and magnetic fields

8 Electric field Magnetic field
Type of field
P (KV/m) Ty
Maximum 7.801 24.21
field

6. Introduction of a New Model

6.1. Optimizationof Phase Arrangement

Nowadays many arrangements for overhead power
linesare designed [16-18]. In the introduced case, the
optimization goal is to find such an arrangement of phase
conductors that the tower height, as well as
electromagnetic  fields from  overhead  power
lines,become minimal.
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6.2. Multi-objective Optimization

Non-dominated sorting genetic algorithm (NSGA) is a
multi-objective optimization algorithm for solving
various problems proposed by Srinivas and Deb in 1994
[19-21].

This paper introduces an optimization solution based
on NSGA-II technique to reduce the electromagnetic
fields together with cost by rearranging the
conductors. The model considers the objective function of
the electric field E, the magnetic field B and the segment
cost SC.

The formulation of optimization is shown in the
following:

Min Z = [E(x,y), B(x,y),SC(x,y)] (15)
Subject to:

E < Eicnirp (16)
B < Bicnire (17)
8<X,Y<20 (18)
The segment cost is as follows:

SC = Z" [ h; N Strain — sp; : (19)

i=1 hmax Strain — SPmax

Where h; is the height of the conductor above the
ground and Strain — sp;is the strain on the segments of
the structure due to loading. Strain — sp,,,,isassumed
1000N.

The steps of the optimization problem by NSGA-II is
described below:

i) Generate an initial population mnp,, and maximum
number of generation ngi*.

ii) Evaluate objective function E, B, and SC.

iii) Determine its rank and calculate the crowding
distance.

iv) Runa tournament selection by considering the rank
values and the crowd distance.

v) Apply a cross over and mutation operator for the new
population.

vi) Combine the initial and new population to maintain
elitism.

vii) Replace the current population based on the rank and
the crowd distance.

viii) Repeat step “iv” until the maximum of iterations
reached.

However, B values (order of micro) are smaller than
E values (order of kilo), the weight factor E and B are
assumed to be equal. Input values for simulation were
previously defined in section 4.2.




6.3. Pareto Optimal Front

For this Multi-objective optimization, the quality of a
solution is determined based on the concept of
dominance criterion. The non-dominated set of the entire
feasible decision space defines the Pareto optimal
solution.

The algorithm was simulated using MATLAB software.
Results of calculation were obtained after 18 iterations.

Fig. 5 shows the Pareto optimal set for the value of
horizontal and vertical coordinates of conductors above
the ground.

The boundary determined by the set of all points
mapped from the Pareto optimal solution defines the
Pareto optimal front.

Fig. 6 shows the value of the fitness functions
electromagnetic and segment cost in the final population.

-

Electromagnetic
~ @
. ® o ©
T T T
+

~

1 L )
0.88 0.9 0.82 0.94 0.96 0.98 1
Segment Cost (normalized)

Fig. 6. Pareto front after 18 iteration

The results of Pareto front represents optimal phase
arrangement oftransmission line based on minimal values
of electromagnetic and material cost, specified by dash
line.

6.4. Introduction of New Tower

In order to simplify comparison, the new pylon has been
chosen similar to that of the low height lattice design.
Fig. 7 shows the characteristics of the new pylon [22-23]
and Fig. 8 shows phases arrangement for the new pylon
in transmission lines.

=
£12]

Fig. 7. Dimensions of new pylon (left side)

5 " -
Span 300m it
Nominal Voltage 400KV = [ [
Tower type mark L12 / / /
Type of conductor Curlew / /
Phasing arrangement untransposed

s
//
I
/// Phase difference
. A () +120
-~ 7 @ -120
@ o

Fig. 8. Spotting new towers in transmission lines by
PLS-CADD

7. Simulation of EMF

Electric and magnetic fields of new pylon have been
calculated and the results of the simulation shown in Fig.
9 and Fig. 10. Table. 3shows the maximum of electric
and magnetic fields for the tower.

7

ELECTRIC FIELD (KV/M)

R \

4
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Fig. 9. Simulation for electric field of new pylon
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Table.4. Loading schedule on transmission towers

16
1 / \ 7 N Loadingscenarios
e 14 \ Applied loads (daN)
2 1 Load
a 1 \ \ NO. case CONDUCTOR
% " \ Transverse Vertical Longitudinal
Q n
E High
% 10 / \ / 1 Wind 1859 1463 0
< Heavy
: 4 1/ \\ // \ 2 o 4213 2041 0
7 3 | Broken 2045 1609 2454
/ \ / \ Wire
. SHIELD WIRE
-30 -2 -2 15 10 5 b5 10 15 2 25 3
OFFSET M) Transverse Vertical Longitudinal
Fig. 10. Simulation for magnetic field of new pylon 1 wi% 647 308 0
Heavy
2 Ice 153 947 0
Table. 3. Maximum of electric and magnetic fieldsfor new 3 B\;\(/Jiljen 77 568 2926
pylon €
. Electric field Magnetic field
Type of field (KV/m) )
; Table. 5. Results for effects of loads on tower weight
Memum 6.948 16.05
Tvoe of tower Old tower New pylon
My (KN) (KN)
- - sl 200.58 22633
8. Loading Analysis of Pylon Structure Weight ' '

A pylon is exposed to various loads. The loads affect the
weight and the stress in the membersof the tower. There
are specific formulas to determine these loads [24].

In this case, three types of loading conditions have
been simulatedfor the pylon: a) High wind, b) Heavy ice
and c) Broken wire.

To simplify, loads are modeled on threedifferent
directions whichareTransverse, Vertical and
Longitudinal. The towers have been analyzed by PLS-
TOWERsoftware.Input data and then results for loading
conditions have been represented in Table 4 and Table 5.

Graphically, Fig. 11 shows the results of static loading
analysis obtained by PLS-TOWER.

B -
= 47 ANG— T T
£ £
& 2

A A
Fig. 11. Loading analysis for transmission towers by PLS-
TOWER
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8.1. Height of Tower

For decreasing electric and magneticfields, the height of
the old tower is increased.The relation between E and H
may be expressed by the following equation(Eq.20)[8]:

Ey Hy\™
6 =) @)

Where E;, E, are the maximum electric fields, H;,
Hyare the minimum height of phases to the ground and m
depends on the geometry.

Considering the maximum electric field with delta
configuration 7.891 kV/m for 21meters height and
m =~ —1.2 [8], the height of the tower will increase to
reducethe maximum electric field to

1 6.948
H; ~ 21 x 10-12"°97801= 23.35 (21)

To reach the maximum  electromagnetic
field,increasingheightfor new tower affects the curve
ofthe stress and also reduces maximum field at the
ground.

Fig. 12 shows that increases in height usually cause
decreasingin the electric field critical distance (L¢),but
the electric field does not change significantly for
distances greater than L¢.
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ELEGTRIC FIELD (KV/M)
- Y
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L L
30 25 20 0 5 0
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Fig. 12. Effect of height on electromagnetic fields

By increasing 2.35m in height of the tower, the
weight of the tower increased. Analysis of static loading
based on Table. 4 has been shown in Fig. 13.

W
—(r" ”?sﬂ’, '.7:7\
P
T \!/\\: TS,

"

Fig. 13. Analyzing loads on transmission towers by PLS-
TOWER

Static loading results that maximum weight of the
tower increases to 243.8 (KN).

9. 3D finite Element Method

For analyzing the electrical field on the human cerebral
cortex, in this paper, three-dimensional (3D) numerical
computations of electric field have been done by finite
element method(FEM)[25], [26]. The previous sections
results of electromagneticfields of the transmission line
have been directly used in these calculations.

The electrostatic Laplace equation is established as
follows [27], [28].

V.(cVV)=0 (22)

Where o is electrical conductivity and V is electric
voltage.

The surface mesh is composed of four layers (scalp,
outer skull, inner skull, cortical surface). The head model
consists of 13,914 nodes and 80.592 elements while the
cortical surface contains 25,945 nodes and 52,052
triangles element. It takes 33 seconds to compute electric
field on the cortical surface with an Intel® core™ i5-
4200M CPU@ 2.50 GHz.

9.1. Current Density Induced in Human
Head
The current density induced by an electric field generated

by a magnetic field can be determined using the
following equations [27], [29]:

V XB = jw (23)
V.j=0 (24)
j=o0.E (25)
j=mr.f.0.B (26)

Where, j is current density in A/m% r is the radial

distance from the center of the cylinder to the evaluated
electric field (m) and f is frequency (HZ). The
dimensional of the head of a person with a radius=0.1m
and body of 0.3m and 6=0.2 s/m may be seen in Fig. 14
and in Fig. 15.

Fig. 15. Direction of electric field and typical dimensions of

9.2. Simulation of Current Density

For both the low height tower and the new pylon, the
results of simulations on the human head and the human
body have been presented by Fig. 16 and Table. 6. The
distributed electric field has been created by 400kV
double circuit overhead line.

Yy

100-ff

10

so i

50
0

e
Fig. 14. Dimensions of a human head

0.1m

human body
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CURRENT DENSITY (uA/m2)

Offset (m)
Fig. 16. Simulation current density of low height tower and
new pylon by FEM

- = Human head (New pylon)
- = Human body (New pylon)
—Human head (low height)
—Human body (low height)

10 20 30

Table.6. Results of current density

Current density Current density on
onHuman Body Human Head
(hA/M?) (uA/M?)
Low height Tower 228.17 76.05
New pylon 151.26 50.42

9.3. Simulation of Scalp with FEM

The human head below the high voltage transmission line
wasmodeled by finite element method (FEM). For
analyzing electric field on the human cerebral cortex,
electrode pads are put on the head.For current density
simulating we used transcranial directed-current
simulation (tDCS) [30-33].

The tDCS is a novel method for the electrical
simulation that can modulate cortical excitability of the
human brain with transmitting a direct current (DC)
through electrode pads attached on the scalp. The tDCS
method has been studied in a variety of clinical and
research fields [34-36].

Results of the calculation process of FEM have been
graphically shown in Fig. 17 for low height lattice and
Fig. 18 for the new pylon.

Observing simulation on the human head with 1.8m
height above ground and 0.1m radius of the head, ithas
resulted that the new pylon has lower adverse effects than
low height lattice tower on human health.

10. Conclusion

The aim of this paper was introducing a new pylon with
different phases arrangement to improve human health
against the high voltage transmission effects.

Using the optimization of phases arrangement, the
proposed method decreased the electric and the magnetic
fields and induced current density from the overhead line.

By observation of the result of simulations, the
following conclusions are drawn:

e Considering the lower and upper value of electric
field variations, low height tower has a larger
variation (13.57%) compared with the new pylon.

SV Lo — ol 0)lont — i Jlu — 30l g 1S g 3 2 (guoikited pouil &g i

e The low height tower has larger variation (51.02%)
compared with the new pylon in the magnetic field.

e  Current density on the human body and human head
in low height tower has larger variation (50.84%)
compared with new pylon.

e By increasing the height of low height tower for the
same electromagnetic fields as in the new pylon,
weight of tower is increased 16.32%.

e Weight of new tower has larger variation (7.99%)
compared with low height tower which by
considering electromagnetic fields factor, new
configuration is better than old phase arrangement.

x10%

(zw/wyn) u1 Ayisuap Juaind

Fig. 17. Cortical current density distribution of low height
tower

~x10*

100 +

504

(zw/yn) us Ayisuap Juanind

- dos

Fig. 18. Cortical current density distribution of he\}v pylon
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