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around the substation. The analysis conducted only on high
voltage switchgear. Analyses were performed using
MATLAB 2016a applications.

Abstract— Paper simulates the electric field distribution
around a conventional 150 kV switchgear of Cawang (East
Jakarta) Substation. Charge Simulation Method (CSM) was
used to determine the distribution of electric fields generated
by electrical 150 kV equipments to the environment around,
both for horizontal distribution and vertical distribution.
Calculation is done in horizontal axis (x-axis) and vertical axis
(y-axis). The simplified model is taken to ease and fasten the
calculation. The analysis conducted only on high voltage
switchgear. Analysis were performed using MATLAB 2016a
applications. Comparison between calculated and measured
results of electric field values around the 150 kV equipments
with the standard dimensions of Cawang Substation was
performed. The difference of permittivity will affect the
amount of cargoes around discrete measurement area. Because
the air permittivity is smaller than the insulator relative
permittivity, the electric field around the conductor will be
greater than the electric field around the transformer, CT, PT,
LA, CB, DS, and high voltage fence in line with increasing
breakdown voltage. Thus, it can be seen how much the electric
field distribution impact due to high voltage equipment to the
operator. The electric field around the high voltage equipment
inside the high voltage substations should keep in the standard
safety limit.
Keywords— CSM, horizontal
distribution, electric field, MATLAB

I.

distribution,

Since its first development by Loeb in 1950, CSM
becomes a simple and applicative method for electric field
calculation including for multi homogeneous media [1]. This
numerical method based on integral concept. Principle
concept of CSM is substitute distributed field of conductor
and polarization field on dielectric surface with amount of
distributed fictitious charge. Magnitude of this fictitious
charge should be calculated so that comply with boundary
condition on some point exactly. Due to using of fictitious
charge, CSM also known as Point Matching Method.
CSM was stated as effective and simple method among
other to solve Laplace and Poisson equation, to analyze
optimum design of electrode surface, and two-dimensional
elasticity problem, and it has good applicability for threedimensional field problems without axial symmetry [1].
Electric field calculation in CSM does not always use the
method of cargo shade using zero-voltage reference point as
shown in Figure 1 [1]. Fictitious charge can also be used on
reference points that have the same voltage but have a
different phase angle.

vertical

INTRODUCTION

Conventional high and extra high voltage substation need
large space to get enough clearance among equipment itself
and with ground. This clearance is a voltage isolated space
purposed for normal operation condition, switching
operation, or transient state. Although this clearance is
fulfilled, the electric field remains spread to all substation
areas, varied in intensity, even up out of it.

a.

b.

Fig. 1. Image charge method: a. Point charge and b. Line charge

This paper simulates the electric field distribution in a
conventional substation of 150 kV using the Charge
Simulation Method (CSM). The purpose of this paper is to
determine the distribution of electric fields generated by
electrical equipment 150 kV substation to the environment
around, both for horizontal distribution and vertical
distribution. By analyzing the distribution of the horizontal
(x-axis) and vertical (y-axis), it can be seen the influence of
an electric field both to the operator and the people living

Electric field calculation on high voltage substation is
done on conductor that connect all high voltage equipment.
Therefore, substation layout is needed to get accurate result.
Calculation of the electric field distribution is done on a
conventional substation which is still maintained by
operators. Thus, it can be seen how much the electric field
distribution impact due to high voltage equipment to the
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operator. The calculation was performed on one of PLN 150
kV substation namely Cawang 150 kV substation. Cawang
substation is under the responsibility of APP Cawang.
Cawang substation is a conventional 150 kV substation that
has:

For multi-charge source, i.e. E1 , E 2 ,... En , the produced
electric field is a vector summation of individual electric
field [3] that is shown by the following equation.
E = E1 + E 2 +  + En

1. Double busbar configuration
2. Two transformers bay @ 150kV/20 kV 60 MVA
3. Two transformers bay @ 150kV/20 kV 100 MVA
4. Four 150 kV transmission bay lines
5. A set of PT bus
6. A spare bay
Cawang substation layout can be seen in Figure 2 as
follow [2]:

(3)

B. CSM WITH COMPLEX CHARGE
CSM principle is to approach the value of the electric
field in the area being measured using a fictitious charge
placed anywhere if it is not exactly on the border of two
dielectric material or on the electrode surface. Forms of
fictitious charge, among others, the point charge, the charge
line charge, and the charge ring. Potential distribution is done
using the following equation [3]:
N

ϕ (i ) =  P (i, j ) . Q ( j )

(4)

ϕ (i ) =  P (i, j ) . Q ( j )

(5)

j =1

j

(for complex fictitious charge)
For calculating the contour point i ,
N

 P(i, j ) . Q( j ) = V

(6)

i

j =1

Where P(i, j ) is Potential coefficient between the boundary
point i and the j -th simulated charge, dependent of charge
shape and distance between point i and the j . As for
calculating the field strength E , use the following equation:

Fig. 2. Layout of Cawang Substation (top view)

II.

BASIC THEORY

N

A. ELECTRIC FIELD
The electric field E which is located around the charge
+ Q will form a circle around the charge + Q , with the
direction out of the charge + Q . The opposite occurs when
there is a charge − Q the electric field will lead the charge
− Q . These are shown in Figure 3.

E (i ) =  F (i, j ) . Q ( j )

(7)

 P(i, j ) . Q( j ) = V

(8)

j =1

1

j

(for complex fictitious charge)
Where F (i, j ) is field strength coefficient between the
boundary point i and the j -th simulated charge, dependent
of charge shape and distance between point i and the j .
This equation is applicable to complex fictitious charge.
For three phase sources, as for Figure 4, the equations
become [3]:

V1 = V2 = Vk = V
Fig. 3. Electric Field around +Q and –Q charge [1]

Vk +1 = Vk + 2 = Vm = Ve
This circle is a representation of equipotential. General
electric field equation is shown as:

E=

E=

F
q

1 Q
4πε 0 r 2

Vm +1 = Vm + 2 = Vn = Ve

2π
j
3
4π
j
3

(9)

Vn +1 = Vn + 2 = V N = 0

(1)
Where V = (2 / 3)V 0 and contour point was labeled as
1 ~ k , k +1 ~ m , m +1 ~ n , n +1 ~ N .

(2)
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charges in the system, then the electric field across the
system is calculated by the following equation:

Vn =

L
L
ρ
ρ1
ln n1' +  + n ln nn '
2πε Ln1
2πε Lnn

(12)

Detailed dimension layout are as follows:
•
•
•
•
•
•
•

Fig. 4. Fictitious charge model on three phase systems [1]

The WHO in 2007 advises that health impact related to
short-term, high-level exposure have been established and
form the basis of two international exposure limit guidelines
(ICNIRP, 1998; IEEE, 2002). At present, these bodies
consider the scientific evidence related to possible health
impact from long-term, low-level exposure to ELF fields
insufficient to justify lowering these quantitative exposure
limits [6]. The electric field Reference Levels for relevant
international exposure guidelines is as in Table I.

Procedures to conduct of CSM are [1]:
1.

Place the fictitious charge outside of the room that
the field is going to be calculated, for example
inside the electrode.

2.

Placed j -th contour point on the boundary, for
example, on the surface of the electrode.

3.

Place a check point on the boundary where i⋛j
checking point.

4.

Calculating P(i, j ) by inserting boundary
conditions (potential value of ϕ is given) according
to the equation 4.

5.

Calculating potential ϕ at point of checking using
Equation 4 by ignoring the contour point i .

6.

If the difference between the point of checking the
boundary conditions known to be quite large,
change the location or number of fictitious charge
and repeat steps 1 through 5.

7.

Calculating the potential ϕ or field strength Er ,
Ez at an optional point (r, z) in the space field.
III.

TABLE I.

METODOLOGY

Horizontal

E x = E rx + jE ix
-

or

E x = E x ∠θ tx

Vr = Vk =

150
150
2e0 j =
2 (cos 0 + j sin 0)
3
3

Vs = Vm =

j
150
150
2e 3 =
2 cos( −120) + j sin( −120))
3
3

2π

(10)

Vertical

E y = E ry + jE iy

IEEE AND ICNIRP’S ELECTRIC FIELD REFERENCE LEVELS
AT FREQUENCY 50 HZ [6]

A. HORIZONTAL DISTRIBUTION OF ELECTRIC FIELD
Because of the nature of the electric field spreads out in
all directions, so to determine the distribution of the electric
field horizontally, calculation was carried out using a topview layout of Cawang substation. After that, place the
contour points and fictitious charges in accordance with the
layout as shown below. The value of the complex is known,
is calculated using the equation 10 [4].

In order to perform accurate calculation, it is necessary to
get accurate layout. In this paper, the calculation is done on
either for horizontal or vertical axis. A strong electric field is
expressed by complex equation in vertical and horizontal
directions, respectively with the real and imaginary parts, or
with a large and a phase angle. The components are:
-

Minimum of busbar height : 9,0 m
Max of conductor sag
: 0,5 m
Height of DS
: 4,5 m
Height of CB
: 5,0 m
Height of CT & CVT
: 4,5 m
Height of Bushing
: 5,0 m
Height of LA
: 4,5 m

4π

or

E y = E y ∠θ ty

j
150
150
2e 3 =
2 cos120 + j sin 120
3
3
VN = VN = 0

(13)

Vt = Vn =

(11)

The difference of permittivity will affect the amount of
cargoes around discrete measurement area. Because the air
permittivity ( ε 0 ) is smaller than the insulator relative
permittivity ( ε r ), the electric field around the conductor will
be greater than the electric field around the transformer, CT,
PT, LA, CB, DS, and high voltage fence in line with
increasing breakdown voltage. Because there are multiple n

Busbar modelling is made as simple as possible to use
line fictitious charge to ease and fasten the calculation [5].
So, grounding fence and dropping conductor are not included
in the modelling as show in Figure 5. Fictitious line charge is
drawn in cross symbol, while contour point is symbolled
with circle.
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In accordance to accuracy, error of this calculation can be
calculated by comparing the result with the actual electric
field measurement. Regarding to Rankovic [5], simplified
model also gives more error rather than full model. In
addition, placement and form of the fictitious charge also
give contribution of error to the result. Nevertheless, this
calculation could be used as a reference as electric field
magnitude with error keep in mind. The result of calculation
shows that there are some white spots on the high-density
area of electric field. Maybe, this due to accuracy of the
calculation.

Fig. 5. Busbar modelling (top view)

B. VERTICAL DISTRIBUTION OF ELECTRIC FIELD
Calculating electrical field on vertical direction is
done by calculating only from front view of substation.
This calculation aims to view electrical field distribution
inside the switchgear. The model is drawn in Figure 6.
The same as top view modelling, front view modelling is
drawn as simple as possible, so the grounding fence and
drop-down conductor are neglected.
Modelling busbar using front view need less
fictitious charge. From front view, most modelling only
show 1 phase because switchgear only represented in 2-D
draw.

Fig. 7. Result of potential distribution in horizontal distribution

Fig. 8. Result of electric field distribution in horizontal distribution
Fig. 6. Busbar modelling (front view - from control room)

IV.

DISCUSSION

Calculation is done using MATLAB r16a on windows 10
64-bit. Top view model gives checking point as much as 540
points. It takes more than 70 seconds to get the result. While
the front view model gives checking point only 60 points and
consumes only 10 seconds to get the result. It means that the
more checking point, the more time to be consumed to get
the result. It also makes sense that accuracy of the result
depends on the number of checking point. All the result in
horizontal ditribution is shown in Figure 7 for potential
distribution, Figure 8 for electric field distribution and Figure
9 for electric field magnitude inside the switchgear. While
results in vertivcal distribution can be seen in Figure 10 for
potential distribution, Figure 11 for electric field distribution
and Figure 12 for electric field magnitude inside the
switchgear.

Fig. 9. Result of electric field magnitude inside the switchgear in
horizontal distribution

It is shown also that on the lower bus, the middle phase
of bus gives light blue to the result. It means that the middle
phase gives the lower electric field distribution rather than
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Comparisons
between
simulation
results
measurements in 2017 can be seen in Table II bellow;

and

150 kV

top

540

150 kV

top

540

Simulations
3
3
3
Measurements
4
3
6
3
8
3

4
6
8

5.35
3.37
1.74
13.8
10.8
8.25

Position of
maximum field
P(x,y) in meter

Average
Electric Field
Value (kV/m)

Maximum
Electric Field
Value (kV/m)

The spacing
between
phases (m)

The height
level of
calculation (m)

ELECTRIC FIELD MEASUREMENTS AND SIMULATION
RESULTS

View

The Operating
Voltage

TABLE II.

Total no of
charge
segments

the other phase. It is confirmed that the calculation method is
right. On the contrary, the middle phase of the upper bus
shows the same color to the other bus. Maybe this due to
some misplaced of fictitious line charge. The result of Figure
9 give information that the electric field near the substation is
high and decreasing while far from the substation. It also
gives information that operator that stands right under the
substation will undergo the density of the electric field
bellow 5 kV/m, so it is still permitted according to IEEE and
ICNIRP electric field exposure standard both in general
public and occupational. But the measurement give different
results as can be seen in Table II, only in occupational that is
safe from high voltage electric field.

4.44
(3,30)
3.16 (30,33),(42,33)
1.58 (21,36),(33,36)
8.90
8.42
5.43

(51,30)
(102,33)
(117,9)

From the table above, we can conclude that
measurement results give higher level of electric field
compared to simulation results. It might because of higher
voltage level in the operation and might be affected from 70
kV and 500 kV switchyard near to the 150 kV switchyard.
Operator should be aware of positions with higher exposure,
especially out of the standard. In some positions there are
low different level of electric field of measurement and
simulation results as in Table III.
TABLE III.

SIMILAR ELECTRIC FIELD MEASUREMENTS AND
SIMULATION
Position P(x,y)
in meter

Simulations Measurements
5.08
5.30
3.07
2.80
4.85
4.70
3.07
3.40
4.85
4.90
3.07
2.80
4.85
5.05

% Error by
comparing
simulation and
measurement

top

4
6
4
6
4
6
4

Electric
Field Value
(kV/m)

The height
level of
calculation (m)

150 kV

View

The Operating
Voltage

Fig. 10. Result of potential distribution in vertical distribution

4.20% (3,3)
9.52% (30,6)
3.24% (87,3)
9.80% (90,6)
0.97% (99,3)
9.52% (102,6)
3.91% (111,3)

It’s predicted the operation voltage level is similar
between simulations (base 150 kV) and measurements at
those positions. To ensure the measurement results, it should
be considered the operation voltage level.
Fig. 11. Result of electric field distribution in vertical distribution

V.

CONCLUSION

Spatial distribution of the electric field in HV
substations is analyzed by using simple model based on
generalized CSM. The simple model neglects fences, bypass
busbar, tower, and dropper conductor. The simulation
results show that electric fields under the switchgear are
bellow from value which permitted by WHO. But
measurements show on the contrary in majority positions.
This measurement’s higher values probably due to the
higher operation voltage level and other different level of
switchyard near the boundary (70 kV and 500 kV) that are
not calculated. Nevertheless, there are some positions that
show similar value between simulation results and
measurements. It’s predicted these are caused by similar
operational voltage level.

Fig. 12. Result of electric field magnitude inside the switchgear in
vertical distribution
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