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Abstract: - This paper proposes a mathematical model of electric and magnetic fields caused by high voltage
conductors of electric power transmission systems by using a set of second-order partial differential equations.
This study has considered the effect of conductor phase-sequence orientation on electromagnetic fields emitted
around a double-circuit, extra high-voltage, power transmission line. Five typically-used phase-sequence
orientations in Thailand and one three-phase fault for 500-kV double-circuit transmission lines are examined.
Computer-based simulation utilizing the two dimensional finite element method in the time harmonic mode,
instructed in MATLAB programming environment with graphical representation for electric and magnetic
field strength have been evaluated. Biraulation results showed that the phase-sequence orientation is one
among key factors to influence the electromagnetic field distribution around the transmission line.
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1 Introduction field effects around the transmission line caused by

For decades, due to the increasing of electricalCircular cross-section of high voltage conductors.
powe demands in Thailand, Electricity Generating N this paper, 500-kV, double-circuit, extra high-
Authority of Thailand (EGAT) decides to enlarge voltage power transmission I|ne§ are §tud|ed with six
transmission capacity by installing 500-kV extra conductor phase-sequence orientation. Computer-
high-voltage power transmission lines in both AC based simulation ut_lllzmg the_two d|men3|(_)nal finite
and DC. In the AC system, double-circuit €lément method in the time harmonic mode,
transmission lines consist of six conductors runninginstructed in MATLAB programming environment

in parallel. Orientation of the six conductors results With graphical representation for electric and
in electric and magnetic field distribution that may magnetic field strength have been evaluated. In
cause some serious harm to electronic equipment ogeneral, elgctrlc field strength of the _system depends
living things. From literature, basic electromagnetic O Operating voltage level applied to phase
theory [1] or image theory [2] are widely used for conduc_tor_s. Due to the voltage regulation of the
electromagnetic field calculation in high voltage fransmission systems, the conductor surface
power transmission lines. Even the study by EpR|p9tentlal does not chr_:mg_e to result in remarkable
[3], the basic electromagnetic theory was emp|oyedd|fference of the glec;rlc field contours. In the same
to analyze electric field strength resulting from Manner, magnetic field strength of the system
orientation of conductor phase-sequences. So fardépends strongly on the phase currents flowing
there is no report on electric and magnetic field through the phase conductors. As mentioned where

calculation in this scope by using Finite Element@ normal steady-state operation is assumed, the
Method (FEM). current does not suddenly change its value.

The FEM is one of the most popular numerical Therefore, both field distribution are quasi-static.
methods used for computer simulatiofhe key

advantage of the FEM over other numerical methods M odeling of Electric and Magnetic

in engineering applications is the ability to handle : : : ;
nonlinear, time-dependent and circular geometryFIeIdS mVOIVmg Electric  Power

problems. Therefore, this method is suitable for 1 ransmission Lines

solving the problem involving electric and magnetic A mathematical modedf electric fieldE) radiating
around a transmission line is usually expressed in
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the wave equation (Helmholtz's equation) as Eq.(1)approximate electric field solutions for the PDE

[4-5] derived fronfFaraday’s law. described in Eq.(3) [7-9].
2 . . .
VE —ou= o7 E o @) 3 System Description with the FEM
ot ot 3.1 Discretization

This paper determines a four-bundled, double-
..., where ¢ is the dielectric permittivity of media, circuit, 500-kV power transmission line. Fig. 1
u and o are the magnetic permeability and the shows the power transmission line with the low-
conductivity of conductors, respectively. reactance orie_ntatior_\ type. He_ight of condu_c_tors
A mathematical model of magnetic fieldB) (for shown in the figure is the maximum sag position.
transmission lines is performed in form of the The lowest conductors are C anda the height of
magnetic field intensity H), which related to the 13.0 m above the ground level [10]. Each phase
equation,B = xH . This model can be characterized conductor is 795 MCM (0.02772 m - diameter). The

by using the wave equation (Helmholtz's equation) géerlzeidtﬁéoggfnggeo?ﬁ 5d/8 EZZ—G 3IZ<’:|1rr]net;>rl::sllgn 2
as Eq.(2]4-5] derived from thémpere’s law. play y g by g

linear triangular elements.

oH 0°H 9.40
2 _ < P
V°H -ou p &l e = (2 ) %
OHGl~_]—0HC2 l 13,;5' 00, iBa
=M 00 - Coo
Dueto the similarity between Eq.(1) and Eq.(2),  a¥ | ¢ 110 =2 |
formulation of the FEM used for the magnetic field T, ¥ o9g g
problems is mathematically the same. One can poin Bj_,_ oy 151G =18 |
out this similarity by replacing the electric field)( g\:/ 1 \;} Bty oo | £9%%04s7
with the magnetic field intensity). A I le 1584 >l
This paper has considered the system governin ‘55 s :
by using the time harmonic mode and representing 1) ‘
the electric field in complex formE = Ee'“[6], I/ \ || :
4 \ 8
therefore, — ey I
) Fig.1 500-kV double-circuit, four-bundled power
JoE = joE and o°E - —w’E transmission line with low-reactance orientation
ot ot?

..., wherew is the angular frequency.

From Eq.(1), by employing the complex form of the
electric fields and assuming that the system is
excited with a single frequency source, Eq.(1) can
be transformed to an alternative form as follows.

V?E - jooiE + o’suE =0

When considering the problemtefo dimensions i
in Cartesian coordinafg,y), hence

0 10 ] a0 40 a0 60 70
% ()

E(EEJ +E(EEJ —('a)a— a)zg)E -0(3) Fig.2 Discretization of the system given in Fig. 1
M OX 1 oy

X oy
3.2 Finite Element Formulation
Analytically, there is no simple exact solution of An equation governing each element is derived from
the above equation. Therefore, in this pape i the Maxwell's equations directly by using Galerkin

is chosen to be a potential tool for finding approach, which is the particular weighted residual
method for which the weighting functions are the
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same as the shape functions [11-12]. According to For one element containing 3 nodes, the
the method, the electric field is expressed as follows.expression of the FEM approximation is a33
matrix. With the account of all elements in the
E(x, y) =EN, +E;N; + BN, (4) system ofn nodes, the system equation is sizable as
the rxn matrix.
..., whereN, , n =i, | ,k is the element shape

function and thée, , n = i, j ks the approximation 3.3 Boundary Conditions and Simulation
of the electric field at each nodg { ,k) of the Parameters

elements, which is In this paper, 500-kV, double-circuit, extra high-
voltage power transmission lines are studied with six
a,+b x+c.y conductor phase-sequence orientation [3] as shown
N, = oA in Table 1. The boundary conditions applied here are

e

that both electric and magnetic fields at the ground
_ _ level and the OHGW are set as zero. In contrast, the
..., where A is the area of the triangular element poundary conditions at the conductor surfaces are

and, practically different. They are strongly dependent
upon the load current for the magnetic case.
a =X Y~ %Y, b = Yi—Yer € =X —X However, in this paper, the boundary conditions of

both electric and magnetic fieldsf conductor
& =XY = XY, by=Yy-V, ¢ =%X-X sufaces in 500-kV power lines are assigned as
=XVy. —-X.V., b=y -y, c =X —-X. given in [3, 10, 13] under the maximum loading of
* ) M =N “ : ' 3.15 kA/phase [10]. This simulation uses the system
frequency of 50 Hz. The power lines are bared
conductors of Aluminum Conductor Steel
Reinforced (ACSR), having the conductivity | =

0.8x10" S/m, the relative permeabilityz4, ) = 300,
the relative permittivity £,) = 3.5. It notes that the

IN g[£§j+g[lﬁj 4 free space permeabilitys() is 4mx10’ H/m, and
lox u ox u oy the free space permittivity &, ) is 8.85410" F/m

The method of the weighted residue with Galerkin
approach is then applied to the differential equation,
Eq.(3), where the integrations are performed over
the element domaif .

2%
—INn(ja)O'—a)zg)Edﬂzo [14].

Q

Table 1 Six cases of phase sequence orientation

, Or in the compact matrix form typel | type2| typed typed typeb fallt
AAIAB|AA|AB|AC|AG
[M +K]{E}=0 ® lse|BA|BC|BC|BB |BG
ccljccljcB|CA|CA|CG

M= (ja)O'— a)zg)j N,N,dQ

Q Notes for the table, letter A, B and C reserve for
each phase of the first conductor circuit, whereas A
B’ and C indicate those of the second circuit. G
represents the ground potential (0 V).

~ (j 0o — a)zg)Ae
- 12

B RN
kN R
N PR

This paper employs MATLAB programming to
simulate electric field distribution for five typical
phase-sequence orientations and one fault case.

ON, ON,, ON_ ON,,
K =v_[ +
OX 0OX oy oy

bb +cc bb;+cc; bbb +cc

J 4 Resultsand Discussion
dQ

Q

v Electric field simulated for each type can be
T b;b; +c;c; byb, +c;c, depicted in Fig. 3 — 8, respectively. Also, simulation
€ Sym b.b, +c.c, results of magnetic field distribution for the six
phase-sequence orientations can be shown in Fig. 9
..., Wherev is the material reluctivityy =1/ x). — 14, respectively.
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Fig.3 Electric field contour (kV/m) for type 1

Fig.4 Electric field contour (kV/m) for type 2
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Fig.5 Electric field contour (kV/m) for type 3
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Fig.6 Electric field contour (kV/m) for type 4
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Fig.8 Electric field contour (kV/m) for the fault case
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Fig.11 Magnetic field contou() for type 3 Fig.14 Magnetic field contoun() for the fault case
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From the simulation results, the orientation type
has the key effect on electric and magnetic field
distribution around the power transmission line. By
observing the electric field strength as showRim
3 — 8at a specific height level above the ground with
70-m horizontal span, type 1, 2, 3 and 5 are
symmetric in electric field distribution along the
vertical axis. Type 4 and the fault are asymmetric
due to unbalanced phase sequencing, especially typ
6 with all the second circuit phases located on the
right hand side shorted to ground as the three-phas
fault occurred.

For the magnetic field cases as depicted in Fig. ¢
— 14, except the fault case, all five typical phase
orientations give symmetrically magnetic field o _
distribution. Even in type 4, the magnetic field is Fig-17 Electric field for type 3 at the height of 0.1 m
also symmetric. It is because the magnetic flux lines below the lowest conductor position
are circular to enclose the conductor core, while the
electric flux lines distribute perpendicularly from the
conductor surfaces.
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@ a : : , ; : Fig.18 Electric field for type 4 at the height of 0.1 m
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Fig.15 Electric field for type 1 at the height of 0.1 m
below the lowest conductor position
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i : ; . i Fig.19 Electric field for type 5 at the height of 0.1 m
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Fig.16 Electric field for type 2 at the height of 0.1 m
bdow the lowest conductor position
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Fig.20 Electric field for the fault case at the height Fig.23 Electric field for type 3 at the height of 0.1 m
of 0.1 mbelow the lowest conductor position
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Fig.21 Electric field for type 1 at the height of 0.1 m Fig.24 Electric field for type 4 at the height of 0.1 m

Electric Field (kv/m)

Fig.22 Electric field for type 2 at the height of 0.1 m Fig.25 Electric field for type 5 at the height of 0.1 m
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Fig.26 Electric field for the fault case at the height
of 0.1 mabove the highest conductor position
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Fig.27 Magnetic field for type 1 at the height of
0.1 m béow the lowest conductor position
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Fig.28 Magnetic field for type 2 at the height of
0.1 mbdow the lowest conductor position
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Fig.29 Magnetic field for type 3 at the height of
0.1 m béow the lowest conductor position
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Fig.30 Magnetic field for type 4 at the height of
0.1 m béow the lowest conductor position
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Fig.31 Magnetic field for type 5 at the height of
0.1 mbdow the lowest conductor position
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Fig.32 Magnetic field for the fault case at the height

of 0.1 mbelow the lowest conductor position
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Fig.33 Magnetic field for type 1 at the height of
0.1 m dove the highest conductor position
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Fig.34 Magnetic field for type 2 at the height of
0.1 mabove the highest conductor position
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Fig.35 Magnetic field for type 3 at the height of
0.1 m dove the highest conductor position
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Fig.36 Magnetic field for type 4 at the height of
0.1 m dove the highest conductor position
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Fig.37 Magnetic field for type 5 at the height of
0.1 mabove the highest conductor position
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Fig.38 Magnetic field for the fault case at the height
of 0.1 mabove the highest conductor position
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