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ABSTRACT
Paper presents electric and magnetic field computation of 35 kV voltage level of transformer substation 35/10 kV using CDEGS
software. Based on well known theoretical considerations of electric and magnetic fields, a realistic simulation model of transformer
station 35/10 kV was develop. All calculations are made for horizontal plane with height of 1,5 m above the soil changing
coordinates along x and y axes. The simulation results indicate that the values of electric and magnetic fields of the transformer
station 35/10 kV are within the limits of regulations in Croatia. Furthermore, the simulation yields symmetric spatial distribution of
the electric and magnetic fields on the observed plain, with maximal values at the points of geometric overlapping of conductor

resultant fields.
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1. INTRODUCTION

Electromagnetic fields are closely associated with
development of technology and proportionally with new
discoveries and number of widely used electric devices,
the number of man-made -electromagnetic sources
increases. Starting from large power plants up to the finest
home appliances and mobile phones, the number of
sources of electromagnetic fields is increasing every day.
Scientist’s interest and deep attention on the impact of
electromagnetic radiation on human health are increasing
proportionally resulting in specified regulations on the
limits of electromagnetic fields.

Republic of Croatia adopted the Legislations on Non-
Ionizing Radiation Protection defining decision-action
rules (article 10) and permitted levels of marginal electric
and magnetic fields (Narodne Novine - Official Gazette
204/03). Legislations enact obligation of power object’s
owners to perform measurements of electric and magnetic
fields of existed transformer substation as the non-ionizing
radiation sources and to perform electric and magnetic
field computation for almost all new planned transformer
substations.

Norms divided the overall affected population and thus
limits of exposure, in two different groups: professional
population (working population) and general population.
It is presumed that a part of the population is more
sensitive to electromagnetic radiation (patients, pregnant
women, children, elderly) and that this group should be
protected carefully. On the other hand, occupational
exposure is defined as an exposure to electromagnetic
radiation that occurs during planned activities and it is
presumed that workers are aware of the risks, undergoing
regular health checks which control any harmful effects
on their health.

In general, 35/10 kV transformer station generates
continuous electromagnetic field at frequency of 50 Hz, so
the marginal levels of intensity of electric field E and
magnetic flux density B are defined according to the so
called Book of regulations, namely:

e For the professional exposure (8 h/day) Eygn, =
5000 V/m and Bygp= 100 uT

e Increased sensitivity exposure (24 h/day) Eypgn =
2000 V/m and BM24h: 40 MT

Subject of this paper is therefore comparison of
calculated values of electric and magnetic field in the near
proximity to energized power lines and transformer
substations, particularly in the close neighborhood
(outside the protective fence) where human exposure is
expected to above listed limits according to Croatian
regulations.

2. THEORETICAL MODEL

The author presents his main ideas, mathematical
Fundamental source of electric and magnetic fields on 35
kV voltage level of transformer station 35/10 kV are
overhead power lines 35 kV and 35 kV parts of
transformer substation’s busbars and equipment. Analyzed
transformer substation 35/10 kV has rather simple “H”
shape of 35 kV power lines and it is presented by three-
dimensional model to compute claimed electromagnetic
parameters. Electric and magnetic fields calculation are
conducted for quasi-static states at the rated frequency of
power system in Croatia (50 Hz).

Results of computation of electric and magnetic field
are calculated as spatial distributions in horizontal planes
at different coordinates z along the points on x and y axes.
Maximum densities of electric and magnetic fields are
induced by coordinate components of a vector potential
caused by maximum currents of each segment of the
busbar. The maximum current I, flowing through the
segment impedance Z of the busbar, is defined by voltage
drop U between marginal points of the conductor
segment:
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2.1. Conservative electric field

The density of conservative electric field can be
computed only on the base of known potentials of
busbars. Although all electric charges are on the surface of
conductors and it should be imperative duty to be acquaint
with charges distribution. Here, an assumption is made to
simplify calculation: busbar geometry is neglected and
only one-dimensional wire model is used. Sources of
electric fields are three-phase currents along the power
lines while influence of ground is considered using the
mirror technique. All vectors are summed by
superposition theorem in time domain.

The conductor surface is modeled with a thin-wire
approximation which means that the conductor diameter is
assumed much smaller than the length of the conductor.
The phasor of the electric potential of selected space point
P (x, y, z) can be presented as an infinite sum of potentials
induced by elemental time variable line charges existed on
the surface of the conductor and their mirrored images
caused by ground-air discontinuity of permittivity
parameter. Since the thin-wire approximation is used, an
infinite sum of the charge can be represented as phasor of
line-charge distribution and electric potential phasor as
following integral equation:

R (40 1o | K W (s
¢_4He! F-F| +4Hg|[ [F =7

©)

Where:

A(F") - phasor of line charge density of the original
busbar/wire (A/m),

A(F") - phasor of line charge density of the mirrored
busbar/wire (A/m),

|f - f'| - distance between the observation point P and the

phasor of line charge density of the original busbar (wire)
(m),

|F - F"| - distance between the observation point P and the

phasor of line charge density of the mirrored busbar (wire)
(m),

€ - permittivity parameter of the space electric field is
computed in (air and soil),

I" - integration line between observation point P and
selected segment of original busbar (wire),

I” - integration line between observation point P and
selected segment of mirrored busbar (wire).

Here, the line charge density is an unknown
mathematical function as a source of electric field, so
numerical method is used to solve the problem [1].

The total length of conductor is substituted by N
segments of finite lengths Al (j = 1,..,N), where N depends
on the desired accuracy. Thereafter, the unknown
distribution of electric potentials needs to be approximated
with basic mathematical functions 4;:

(6)

(N

Here, phasor’s constant values of line charge densities
A" and A" are premised function for each busbar (wire)
segment and lengths of each segment must be very short
(less than 1 m) due to n high precision needed in the
computation. Parameter aj is set on 1 if it is observed

segment for calculation, otherwise is set on 0. Now, N
conductor segments of one phase wire (bus) with its
known line charge density functions form a system of N
equations with N unknown variables, which has the matrix
form of:

o]l ®

Constituent elements p;; of the matrix [p] present

electric potential’s portion at selected point “i” situated on
the surface of the wire (bus) surface with line charge
density 4. Determination of matrix equation is resolved

by iterative walkthrough Gauss-Seidel method until
relative accuracy of 107 is achieved.

Since the electric field is caused by the line charge
density phasors of the three-phase system that are phase
shifted by 120° with variety of possible phase’s location
in space (phase’s distances, phase’s heights above the
ground and their disposition geometry) each component of
the electric field has a different momentary value and
phase shift:

E (D) = B, ux sin(0t +9,) )
E, () =E, .. sin(ot+¢,) (10)
E,(1) = B, sin(@t +9,) 11

Absolute momentary value of electric field vector
density is:

E()= \/Ef O+EyO+E; (1) (12)

Effective value of electric field vector (root mean
square value) is:

1
E=—E° . +E +E 13
\/5\/ ,max y,max ,ma; ( )

2.2. Conservative magnetic field

Open air space around busbars and power lines inside
transformer substation is modeled as a linear isotropic
half-space (g, Lo, k = 0) with discontinuity on horizontal
plane (ground), defined by height 0 m (coordinate z = 0).
Half-space under horizontal plane (ground) is modeled by
the soil’s electric parameters (Lo, k = 0,01 S/m).

Magnetic field is caused by the phase currents:

o

lg=1-e 3 (14)
_j2u

Iy=1e?
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The magnetic field is then expressed as:

a_ﬂlf Idl x (7 —7")

4l (13)

= =
|I”—I"

When calculating the electric field CDEGS [8] uses
the thin-wire approximation. In order to meet the above
approximation, the following conditions must be met:

e transverse currents are neglected relative to axial
currents on the conductor,

e circumferential variation of the axial currents is
neglected too,

e current can be represented by a line situated on
the busbar’s axis,

e Dboundary condition on the electric field need to
be enforced in the axial direction only.

As already mentioned, these conditions are met if the
diameter of the conductor is much smaller than the length
of the conductor and the wavelength.

The calculation of electric and magnetic fields was
performed via observation points. Observation points are
arranged in a rectangular network of size 20x20 m in x-y
plane i.e. the plane parallel to the ground, at height of z =
1.5 m. Higher voltage level (35kV part) of transformer
station where the calculations are made, is covered by the
whole plane by default. The distance between observation
points is 0.25 m which provides sufficient resolution and
output data. The height is set at 1,5 m above the ground to
be as close as possible to height of an average human.
Since in CDEGS point zero on the z-axis is considered
buried in the earth, to compute the electromagnetic field
on the surface, it is recommended to set the height to 0.1
m in z-axis for the exact result.

3. CALCULATION OF THE ELECTRIC AND
MAGNETIC FIELD

Model of 35/10 kV transformer station used in the
calculation of the electric field is shown graphically on
Figure 1. Whereas distances of calculation points
(horizontal plane with height 1.5 m) are much larger then
busbar and conductor geometry, all conductive parts are
presented as thin one-dimensional wire grid. Notice that
the model is set in a way that the negative z-plane is above
the ground. After consisted elements with their lengths,
inter distances and heights of the transformer substation
(busbars, power lines and busbar interconnection) are
entered in CDEGS software, physical model is finished.

Fig. 1 Physical model 35/10 kV for the calculation of
electric and magnetic fields

To define the type of soil, a homogeneous soil profile
with resistivity of 100 Qm and relative permeability and
relative permittivity of 1 was used inside air half-sphere
space. Analyzed transformer substation 35/10 kV is
constituted therefore by two power lines, two power
transformers and interconnections of lines and buses. To
simulate model of transformer substation by plant design
documentation data, HIFREQ [6, 7] module is used.
Computation method used in HIFREQ module is based on
current distribution along conductor’s segments which is
kind of mathematical method of moments, taking into
consideration changes in conductor’s impedances. The
highest daily measured currents’ value during 15 minutes
time intervals is I = 75A. Phase voltages of conductors on
the 35 kV side are respectively: g, =20 207 e’ V;: ¢
=20207 & V: pc=20207 /' .

3.1. Normal operational state

Two methods are used for the calculation. The first
method is based on the values of current and ground
potential rise. Potentials are entered according to the phase
voltages and the current value is, the already mentioned,
maximal daily current load of I = 75 A. The second way is
based on voltage and electrical load in each of the phases.
Load is modeled with resistor with predefined value
normally attached on the bus conductor. Phase voltages of
conductors on the 35 kV side and the load resistance of R,
=270 Q (given the current of 75 A) are considered too.

It is important to carefully define the potential because
CDEGS currently supports energized conductors type of
calculation only for the conductors where initial
coordinates are not connected to the network. In both
modes, the same results of electric and magnetic fields
were obtained.

Spatial distribution and strength of electric field of
transformer station 35/10 kV are shown in the figures
below. Figure 2 presents the 2D distribution of electric
field, at height of 1.5 m (approximation of the average
human height).
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Fig. 2 2D distribution of electric field

It is easy to see that the electric field distribution is
symmetric. Note that the maximal values of the electric
field are at the points of geometric overlapping of
conductor resultant fields. The maximal value of the
electric field obtained by simulation is E = 657.814 V/ m
which is far below the increased sensitivity limit (24 h /
day), which is Eyy, = 2000 V / m. Mild dissymmetry can
be attributed to the power line inter-connection bus
geometry.
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Fig. 3 3D line distribution of electric field

Distribution and strength of magnetic field of
transformer station 35/10 kV are shown in the pictures
below. Figure 5 shows the 2D distribution of electric field,
at a height of 1.5 m. Figure 6 shows the 3D distribution of
magnetic field.

The distribution of the magnetic field is also
symmetric. Also, maximal values are noted at the points
of geometric overlapping of conductor resultant fields.
Results that barely exceed the value of B = 2uT are far
below the marginal level of magnetic flux density for the
increased sensitivity (24 h / day) By, = 40 pT.

3.2. Short-circuit conditions
Figure 7 and 8 show the distribution of the magnetic

field for the I35 = 2.846 kA, the effective value of short-
circuit current.
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Fig. 4 3D distribution of electric field
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Fig. 7 2D magnetic field distribution for short-circuit in phase

R, for I.z5 = 2.846 kA
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Fig. 5 2D distribution of magnetic field
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Fig. 8 3D magnetic field distribution for short-circuit in
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phase R; for I.3s = 2.846 kA

- It is easy to notice that only in the case of short circuit
e magnetic field levels exceed the limit of occupational
T exposure (8 h/day) which is B = 100 uT. However, the
o magnetic field is significantly decreased with greater
distance from the short-circuit phase. For example, in the
case of short circuit phase current of l.55s = 2.846 kA

Fig. 6 3D distribution of electric field

magnetic field takes on values that are within the
boundaries of occupational exposure at the distance of 5
meters Considering the fact that the short circuit current is
of very limited duration (until the reaction of relay
protection turning the breaker off — within 1 s) one can
conclude that there is no explicit danger from magnetic
fields in short-circuit conditions.
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4. CONCLUSIONS

Results obtained by performed simulation the electric
and magnetic field of transformer station 35/10 kV
indicated that all values are within the permissible limits
of legislation, even for unlikely case of human residential
exposure during 24h per day, while reality is that the
calculated fields within spatial parameters considered (20
m around the transformer station) will be more suitable for
professional population exposure, i.e. the workers. This
paper presents results of applied CDEGS software to
verify real intensities of electric and magnetic fields inside
the transformer substation 35/10 kV according to
permissible values for the electric and magnetic field
intensity defined in Croatian regulations. In addition, the
calculation of magnetic field in short-circuit case have
been performed. Although magnetic field exceeds the
legal framework in such case, due to the limited duration
and the fact that concentration of the magnetic field
rapidly decreases already with a few yards away it is not
considered as a real threat to human health, at least
according to the legislation. Nevertheless, safety and
health issues of particularly endangered populations
should be a driver for further more detailed analysis and
calculation.
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