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Electric and Magnetic Field Minimization
using Optimal Phase Arrangement Techniques
for MEA Overhead Power Transmission Lines
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ABSTRACT

In order to minimize the electric and magnetic
fields generated by Metropolitan Electricity Au-
thority (MEA) overhead power transmission lines,
optimal phase arrangement techniques were ap-
plied for 3-circuit overhead power transmission lines
(69/230 kV). In this paper, a mathematical model was
designed using a MATLAB program. Its correctness
was validated by comparing the simulated results
with measured results from the South Thonburi
power transmission lines at Rama 2 Road (outbound
side). Both were evaluated with the same conditions.
We show that optimal phase arrangement techniques
can minimize the generated electric and magnetic
fields, lowering them so they are less than the safe
limits given by the World Health Organization.

Keywords: Phase Arrangements, Electric Field,
Magnetic Field, Overhead Power Transmission Lines

1. INTRODUCTION

Nowdays, the Metropolitan Electricity Author-
ity (MEA) in Thailand has been installing power
transmission lines taking into account the generated
electric and magnetic fields to address safety concerns
according to the World Health Organization (WHO)
[1]. Various research efforts have been focusing on
the possibility of health effects from extremely low
frequency (ELF) electromagnetic fields (EMF). The
WHO and International Commission on Non-Ionizing
Radiation Protection (ICNIRP) have released human
safety limits for ELF-EMF as shown in Table 1 [1,
2]. Tt is worth noting that the electric field from the
natural areas near the earth is normally less than
200 V/m and may be as high as 50 kV/m during
lightning strikes. Theoreticality speaking, when one
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stands under a high-voltage overhead transmission
line, the electric field can pass through the whole
body. The electric charge distributes over the surface
of the whole body causing electricity to flow through
the body to the ground [3]. Magnetic field radiates
around power transmission lines; their impact on
human brain is negative [4]. Furthermore, the
electric and magnetic fields are also used in medicine
to diagnose and treat various diseases [5,6]. A
human body is more sensitive to magnetic field than
to electric field [2,7]. For those who have been
exposed to intense and prolonged ELF-EMF, they
should be aware that it can increase the risk of
leukemia, cancers, and neurodegenerative diseases,
etc. This is especially true for children [8-10].
However, currently, there is no clear evidence to
be allow reaching a definitive conclusion [11-13].
Therefore, much research has been proposing various
approaches in order to reduce the electric field values
generated by overhead power transmission lines that
are encountered in everyday life.

R. M. Sarmento [14] presented a charge simulation
method to calculate the electric and magnetic fields
generated by 400 kV overhead power lines at Batalha-
Pego [15]. The simulated results were validated by
comparing with the measured results. It showed the
good agreement between them.

S. S. Razavipour et al. [16] used two different
methods to evaluate the electrical field quantities.
The Semi-numerical method uses the laws of elec-
trostatic techniques to simulate the two-dimensional
electric field under the high-voltage overhead trans-
mission lines, and the finite element method (FEM)
uses specific boundary conditions to compute the
two-dimensional electric field. FEM provided more
accurate results. In [17], the electric field distribution
of a high-voltage overhead transmission line has
been analyzed with 2 different approaches, one using
2-D FEM or boundary element method (BEM), and
another with an analytical method using the formulas
derived from full expression of Maxwell’s equations
[18]. The simulated results were compared with the
measured values obtained on double-circuit 400-kV
transmission lines. The experiment showed a good
agreement of the results.

A. Diamantis and A. G. Kladas [19] developed a
mix of 3-D FEM, analytical solutions, and equivalent
surface impedance methodology for the computation
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Table 1: Maximum exposure limits of electromag-
netic fields at 50 Hz [1, 2].
Electric field | Magnetic field
Category
(kV/m) (mG)
Public 5 1,000
Occupational 10 5,000

of electric and magnetic fields distributions under
single-circuit 400 kV overhead transmission lines.
The conductors are carrying rms phase currents
of 1000 A at height of 1.5 m from the ground.
The analytical formulas of electric and magnetic
fields were applied by Coulomb’s and Biot— Savart’s
laws, respectively [20]. The computed values were
practically half of the admissible limits of ICNIRP
[2]. In [21], the authors proposed to find the
optimal phase arrangement techniques only for the
electric field generated by MEA overhead power
transmission lines where the generated magnetic field
was ignored. As a result, the main contribution of
this paper is to expand the works of [21] by proposing
optimal phase arrangement techniques that provide
the minimum of both electric and magnetic fields
for MEA overhead power transmission lines using an
analytical approach. Moreover, to verify the accuracy
of our proposed technique, the simulated results were
compared with the experimental results.

2. MATHEMATICAL FORMULATIONS OF
ELECTRIC FIELD AND MAGNETIC
FIELD BY OVERHEAD POWER TRANS-
MISSION LINES

2.1 Electric field

To reduce the calculation complexity, the electric
field generated by overhead power transmission lines
were computed using analytical approach. The
simulation considered the 69 kV and 230 kV overhead
power transmission lines as infinite line charges.
Fig. 1 shows the layout of overhead transmission
lines to calculate the electric field. To represent the
three-phase transmission line systems, there are three
infinite line charges A, B, and C placed at positions
(21,91), (x2,92), and (x3,ys3), respectively. Each of
the conductors is a straight line and they parallel to
each other and to the ground plane. According to the
image theory, there are three infinite line charges A’,
B’, and C’ placed at positions (z1,y1), (z2,y2), and
(z3,ys) under the ground plane. However, to simplify
the calculation, the following assumptions were made
[22].

o The refraction of the electric field was ignored.

o The sag lines between the pole and the deduction
of the conductors are also neglected.

With the mentioned assumptions, the electric field

(E) at point P(z.,y.) can be derived as shown in

y
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0 ground plane
x
i
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Fig.1: Layout of overhead transmission lines for
electric field calculations.

Eq. (1) [23].

Ly (sin fd, + cos0d,) (1)
Rln (%)
a

where E is the generated electric field (kV/m). V
is phase voltage (V). y is the distance between the
earth and line conductors (m). a is radius of the line
conductors (m). d, and @, are the unit vector along
the x-axis and y-axis, respectively.

Assuming that the ground is perfectly infinite
conducting plane, the electric field at point P(z., y.)
generated by six infinite line charges A, B, C, A’, B’,
and C’ can be decomposed into 6 parts as follows:

E=

Eq = Lyl(sm 03, + cos0d,) (2)
Rl In (;)
= Va e .
Ep = 7y2(sm 0d, + cos 0dy) (3)
R2 111 (;)
Eo = 73%(5111 0d, + cos 0dy) 4)
Rsln (;)
Ey = —71%(5111 0, + cos 0d,) (5)
T1 In (Z)
= -V s "
Ep = 7212(5111 0d, + cos ba,) (6)
roln (Z)
Eor = —73%(3111 0@, + cos 0d,) (7)
r3ln (;)

where Vi, Vo, and V3 are phase voltage (V). z. and
Yo are the distance from the point (0,0) to point of
considering the electric field at point P(z¢,y.) (m). R
is the distance from each cables to the point P(z., y.)
(m). r is the distance between the image conductor
and the observation point P(x.,y.) (m).
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Fig.2:  Layout of measuring point of overhead
transmission lines.

From Eqgs. (2)—(7), the total electric field generated
by the overhead power transmission lines A, B, and
C, including the image projection of A’, B’, and C’
from Fig. 1, can be found with Eq. (8).

Eiotal = |Ea+ Ea + Ep + Ep + Ec + Eci| (8)

2.2 Magnetic field

Similarly, in order to formulate the generic equa-
tion of the magnetic fields caused by MEA overhead
power transmission lines, the physical model was
converted into a mathematical model as shown in
Fig. 3. To simplify the calculation complexity of
the magnetic flux density (B) at point P(z.,y.), the
following assumptions were made.

e The earth has no effect on the magnetic field
produced by the overhead power transmission lines.

o The total magnetic field at any point is determined
by linear superposition of the magnetic field
produced by the currents flowing in each individual
conductor and can be combined into a vector.

e The effect of induced shield/sheath currents on the
magnetic field is negligible.

o The lines were considered to be infinitely long and
linear.

e The current through the conductors flows out of
the paper.

The magnetic flux density B is related to the
circuit current I as shown in Eq. (9).

= /’LOMTI(; -
B=—— 9
or R (9)
where B is the magnetic flux density produced by
each conductor (T). I.. is current flowing through an
individual conductor where its direction is out of the
paper (A). R is the distance from each line to the
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Fig.3: Layout of overhead transmission lines for

magnetic field calculations.

point P(z.,y.) (m). p, is the relative permeability.
o is the permeability of free space (H/m).

As shown in Fig. 3, the magnetic field density can
be decomposed into two parts along the x-axis and
y-axis as shown in Egs. (10) and (11).

_ o My (yl - yc)140°
By = — 2 2
2m [(ze —21)” + (Y1 — ¥e)
RS AIE e
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(xe — x9)1£120°
(mc - .’E2)2 + (y? - yc)2
(xe — x3)1£240°

R e ] IRCD

+

From Egs. (10) and (11), the total magnetic
flux density produced by three-phase current flowing
through the MEA overhead power transmission lines
can be found with Eq. (12).

B=\/B2 + B3 + B2 + B, (12)
where B, and B,; are the real and imaginary parts of
B, whereas By, and B, are the real and imaginary
parts of By, respectively.

3. EXPERIMENTAL VALIDATIONS

The generated electric and magnetic fields were
measured at the South Thonburi power transmission
lines, Rama 2 road (outbound side). Practically, the
electric and magnetic fields were measured using a
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Fig.4: Installation of electricity recorder of overhead
transmission lines [22].

Fig.5: Electric and magnetic fields measurement
setup at South Thonburi [22].

monopole antenna as a starting point. The monopole
antenna was placed 1 m above ground [22,24] as
shown in Figs. 4-5. The measurement was recorded
every 1 m with a total distance of 50 m with an ELF
survey meter (Holaday, HI-3604) where the frequency
response is in the range of 50 up to 1000 Hz. It can
measure the electric field from 1 V/m to 199 kV/m,
and the magnetic field from 0.1 mG to 20 G. It
was deployed with a three-leg stand model 491009
Dielectric Tripod, recording the current of the MEA
overhead power transmission lines using a supply
network analyser AR5 and a LEM TOPAS 1000 [22,
25].

3.1 Electric field

The electric field has been evaluated using derived
formulas as shown in Section 2.1. The simulated
results by MATLAB were validated by comparing
them with the measured results under the same
conditions. The line-to-line voltages are 69 kV and
230 kV. The installation patterns are shown in Fig. 2.

The mathematical simulation was designed using
derived equations, Egs. (1)—(8), and implemented
by a MATLAB Program. It should be noted that
the calculation used the same assumptions as the
measurements.

Figs. 6 and 7 show the comparison of the electric
field of the MEA overhead power transmission lines
before and after applying our phase arrangement
technique. That measurement was considered to be
at a height of 1 m above ground to allow comparison
between simulated and measured results. The result
graphs show a good agreement of the results. The
value obtained from the simulation of the electric field
is higher than the value from the measurement by

Electric Field approximation(One Meter Above Ground)
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Fig.6: Comparison of electric field produced by
3-circuit overhead power transmission lines before
applying phase arrangement technique between the
simulation and the actual measured values.
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Fig.7:  Comparison of electric field produced by
3-circuit overhead power transmission lines after
applying phase arrangement technique between the
simulation and the actual measured values.

about 0.4 kV/m at position (0,0). These error values
depend on many factors such as real environment,
metal fences, trees, towers, electric poles, etc. All
mentioned factors can have an affect on the refraction
of the electric field.

3.2 Magnetic field

To assure the accuracy of the derived equations
of the magnetic fields produced by 3-circuit overhead
power transmission lines (69/230 kV), the simulated
results and the measuerd results were compared
under the same conditions. The magnetic field was
investigated with a 3-circuit installation as shown in
Fig. 2. The magnetic field generated by the MEA
overhead power transmission lines was measured at
a height of 1 m above the ground. The distance at
x-axis varied from 0 to 50 m and measurements were
taken by an ELF survey meter (Holaday, HI-3604).

For the MATLAB simulation using Egs. (9)-(12),
the same conditions as existed at the measurement
test site were chosen.

Figs. 8 and 9 show the comparison between
simulated and measured results of the magnetic
field generated by MEA overhead power transmission
lines before and after applying phase arrangement
techniques. They are comparing the magnetic field
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Fig.8: Comparison of magnetic field produced by

3-circuit overhead power transmission lines before
applying phase arrangement technique between the
simulation and the actual measured values.
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Fig.9: Comparison of magnetic field produced

by 3-circuit overhead power transmission lines after
applying phase arrangement technique between the
simulation and the actual measured values.

at 1 m height above the ground level for 69 kV
and 230 kV overhead power transmission lines. The
resulting graphs have shown a positive outcome.

Since the magnetic field depends on the current of
the transmission lines, Table 2 shows that the average
current values which were measured before and after
phase arrangement techniques have different values.
Therefore, the maximum value of the measured
currents was used to find the best and the worst
cases of both electric and magnetic fields after phase
arrangement techniques were applied.

Table 2: Measured current of the MEA overhead
power transmission lines

The measured current values by MEA (A)

L Before applying phase After applying phase
Circuits ) )
arrangement technique | arrangement technique
1 550 590
440 500
370 515
N The worst phase
arrangerent
s
Y, & —
s
R, & b
v
B & —fi
Street side Property side
Yo g | e By
C"tacsvu:\% B qupy | e Rs C';Cgu;:\;
Ro amy | e Y
Fig.10: Mazimum electric field value provided by

the worst phase arrangement.

~ The best phase o~ The best phase ~ The best phase.
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Fig.11: Proposed best phase arrangements which

provide the minimum electric field.

4. APPROPRIATE PHASE ARRANGEMENT electric field, the following assumptions must be

PATTERNS

Normally, there are three types of installations:
1-circuit, 2-circuit, and 3-circuit. In this paper, only
3-circuit cases were investigated. The line-to-line
voltage of circuit#1 was 230 kV, whereas circuit#2
and circuit#3 were 69 kV as shown in Fig. 2.

4.1 Electric field

When using Eqs. (1)—(8) to find the optimal phase
arrangement techniques of the electric field produced
by MEA overhead power transmission lines, before
investigation what patterns provide the minimum

defined.

o We consider the electric field to be at 1 m above
ground level, where the z-coordinate range varies
from 0 to 50.

o We ignore both ground and neutral currents.

All possible phase arrangements of 3-circuit that
provide the maximum and minimum electric field
values are summarized as shown in Figs. 10 and
11, respectively. In addition, Fig. 12 shows the
comparisons of electric field produced by 3-circuit
overhead power transmission lines after applying
phase arrangement techniques between the best
and worst phase arrangements. The worst phase
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Table 3: The optimal phase arrangement techniques

Electric field | Magnetic field
Phase arrangements
(kV/m) (mG)
The worst 2,241 48.83
The best 0.03738 10.72

Calculated Electric Field(One Meter Above Ground)

o5 230&69kV comparision

' * The worst phase arrangement
o “u, ==The best phase arrangement
;;5 ..".. g g ot
Z15
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s o,
z 1 ".,_'
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0

0 5 10 15 20 25 30 35 40 45 50
Distance From Center Line(m)

Fig.12: Comparison of electric field produced by

3-circuit overhead power transmission lines after
applying phase arrangement technique between the
best and the worst phase arrangements.

arrangement is at about 2,241 kV/m. The best
phase arrangements are at 0.03738 kV/m, as shown
in Table 3.

4.2 Magnetic field

All configurations of overhead power transmission
lines were installed by MEA as shown in Fig. 2 where
all possibilities of phase arrangement produced by
MEA overhead power transmission lines for 3-circuit
were evaluated using the average current values after
phase arrangement techmique. Assumptions below
were made to simplifying the problems.

« Balanced loads were assumed.

o Both ground and neutral current were ignored.

e The fields measured at 1 m above ground where
the x-coordinate range varied from 0 to 50 m were
calculated.

The optimal phase arrangement techniques that
provide the maximum and minimum magnetic field
values generated by MEA overhead power transmis-
sion lines using Eqgs. (9)—(12) are shown in Figs. 13
and 14, respectively. Fig. 15 shows the comparisons of
magnetic field produced by 3-circuit overhead power
transmission lines after applying phase arrangement
techniques between the worst and the best phase
arrangements. However, the worst and best phase
arrangements produce magnetic field at 48.83 mG
and 10.72 mG, respectively, at the position (0,0) as
shown in Table 3.

5. CONCLUSIONS

To minimize the generated electric and magnetic
fields, optimal phase arrangement techniques for

The worst phase
arrangement

Circuit |
- 230kV
By o5— —i

Ry og— —p

Street side Property side

B, omy | jm® Bs
Circuit 2 Circuit 3

okv Y2 gy | @ Y3
Ry gy | e Rs

Fig.13: Mazimum magnetic field value provided by
the worst phase arrangement.

=~ The best phase =~ The best phase
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7 7
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Fig.14: Proposed best phase arrangements which
provide the minimum magnetic field.
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Fig.15: Comparisons of magnetic field produced

by 3-circuit overhead power transmission lines after
applying phase arrangement technique between the
best and the worst phase arrangements.

3-circuit MEA overhead power transmission lines
(69/230 kV) are proposed. To simplify the problems,
the electric and magnetic fields were calculated using
an analytical approach derived from equations an
implement with 2-D MATLAB. The accuracy of the
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derived equations was evaluated by comparing the
simulated results with measured results from the
South Thonburi power transmission lines at Rama 2
Road (outbound side) evaluated under the same
conditions. The comparison results show that the
simulated electric field is about 0.4 kV/m higher than
that found by measurement at the position (0,0). The
value obtained from the simulation of the magnetic
field before applying phase arrangement technique
is higher than the value from the measurement by
MEA by about 6.48 mG, but the simulated result is
lower than the measured result by about 0.95 mG
at the origin after applying the phase arrangement
technique. The result graphs show similar trends.
These error values depend on many factors such as
real environment, metal fences, trees, towers, electric
poles, etc.

The best phase arrangement generates electric
and magnetic fields at about 0.03738 kV/m and
10.72 mG, respectively. Those are the lowest electric
and magnetic fields values, and lower than that of
the limits given by the WHO. Hence, the phase
arrangement techniques proposed in this paper can
definitely be used as a guideline to reduce both the
electric and magnetic fields of MEA overhead power
transmission lines.
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