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Determination of the electric field strength of high-voltage substations

The electric field strength is one of the main factors influencing sensitive microprocessor equipment and personnel on power stations
and substations, power lines. Determining its level is an important applied task for ensuring the safe operation of electrical installations.
The aim is to develop calculation relationships for determining the electric field strength created by the busbar of high-voltage
substations in the working areas of personnel. The solution of the problem was based on the use of the method of equivalent charges to
determine the strength of the electric field created by the complex busbar of high-voltage substations. Methodology. The development
was based on solving the problem of the potential of the electric field of a point charge located in a dielectric half-space for a cylindrical
coordinate system. By representing the electrode in the form of a set of point charges and subsequent integration, an expression for
calculating the potential is obtained, created by a busbar of arbitrary orientation of finite length in an analytical form. Using the
principle of superposition of fields and the definition of the derivative, expressions were obtained for calculating the vertical component
of the electric field strength at given heights. Results. Based on the obtained expressions, using Visual Basic, the simulation of the
distribution of the electric field strength under a three-phase power line with a voltage of 150 kV was performed. Comparison with the
known calculation results obtained on the basis of analytical expressions for infinitely long conductors showed that the obtained
expressions have an error of no more than 7%. The scientific novelty lies in the fact that for the first time expressions were obtained for
determining the electric field strength created by a system of electrodes of finite length, based on the analytical method for solving
differential equations. Practical significance. The proposed technique is implemented as a test module of the LiGro specialized software
package, which allows modeling complex busbar systems typical for power stations and substations and power lines. A test calculation
was carried out for an operating substation of regional electric networks with a voltage class of 110 kV. By comparing the duration of
the calculation of switchgears with a diagonal of about 500 m, it was found that the calculation time in the LiGro complex based on the
analytical method is several tens of times less than the calculation based on the finite element method. In addition, a more powerful
computer was used for the end element simulation. References 14, tables 1, figures 5.
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B enexmpuunux cmanyisix ma niocmanyisx, aiHisx enekmponepeoayi HanpyjiCeHicmy eNeKmpUYHO20 NOJisi € OOHUM 3 20JI06HUX (PAKMOPIE
6NIUGY HA uYymMIUGe MikponpoyecopHe 001a0Hanus ma nepconan. Busmauenns ii pieHa € 6adciugor0 npukiadHolo 3aoaueio O
3abe3neuenns besneunoi excniyamayii enekmpoycmanogok. Mema pobomu — po3pooka po3paxyHKo8ux cnieioHouiens 0 GUIHAYEHHS
HANPYJICEHOCMI  eNeKMPULHO20 NOJA, WO CMBOPIOEMbCS OWUHOBKOI BUCOKOBOIGMHUX NIOCMAHYIL 8 pOOOYUX 30HAX NEPCOHATY.
Pose'sazanns 3aoaui 6azysanocs na ukopucmanui memooy exgieaneHmHux 3apsoie 05l BUSHAYEHHs HANPYIHCEHOCI eeKMPUIHO20 NOIA,
CMBOPIBAHO20 CKIAOHOIO OUUHOBKOIO BUCOKOGOIbIMHUX niocmanyii. Memoouka. B ochogy pospobku noxknadeno pos3e asanns 3a0aui
npo Nnomenyian enreKmpuyHo20 NOJsA MOUKOBO20 3apAdy, PO3MAUIOBAHO20 6 OleIeKMPUYHOMY HANNIGNPOCMOPL, ONA YUNIHOPUUHOT
cucmemu koopounam. Llnsaxom npeocmasnenns enekmpooy y 6uensioi MHOJMCUHU MOYKOGUX 3aps0ie ma NOOANbUIO20 [HmMe2py6aHHs
OMpUMano upaz O PO3PAXYHKY NOMEHYIATY, W0 CMEOPeHULl OUWUHOBKOI 008iNbHOI OpicHmayii KiHyegoi 00BICUHU 8 aHATIMUYHOMY
6unA0i. Bukopucmosyrouu npuHyun cynepnosuyii nonie i eusHaueHHs NOXiOHOI, OMPUMAHO 6UPA3U Ol PO3PAXYHKY 6EPMUKATbHOT
CKNIA0060I HANPYICEHOCMI eleKmPUIHO20 Nouad Ha 3a0anux eucomax. Pesynemamu. Ha ocnosi ompumanux eupazie 3a 0onomozoio
Visual Basic euxonano mooOenio8anHs po3nooily HANPYICEHOCMI eNeKmpuuHo20 noas nio mpu@asnolo niHiclo erekmponepeoayi
nanpyeoio 150 kB. Ilopignamnns 3 gioomumu pe3yrbmamamiu po3paxyHKie, OMPUMAHUMU HA OCHOGI AHANIMUYHUX GUPA3I6 O/isl
HeCKIHYEHHO 0062UX NPOGIOHUKIB, NOKA3AN0, WO OMPUMAHT 6Upa3u Maioms noxudbky e dinvue 7%. HayKkoea Hosu3Ha noiseae 6 momy,
Wo enepuie OMpUManO Upa3iL ONisl BUSHAYEHHS HANPYIHCEHOCMI eNeKMPUYHO20 NOA, CBOPIOBAHO20 CUCMEMOIO eNeKmpPOOdi8 CKiHYeHHOT
006IICUHU, HA OCHOGI GHANIMUYHO2O0 MEMOoOy po38 s3yeants Jupepenyiansnux pieHsans. Ilpakmuuna 3nauumicme. 3anpononosanuii
cnocib peanizosano y 6uenadi mecmogozo MOOYNIO cneyianizogano2o npozpamuo2o xomnaexcy LiGro, wjo 0osgonse euxonyeamu
MOO€NI0BAHHA CKIAOHUX CUCEM OWUHOBOK, XAPAKMEPHUX Ol eleKMPUYHUX cmauyiti ma niocmawnyin i JiHill enekmponepeoadi.
Buxonano mecmosuii pospaxynox 0na Oitouoi niocmanyii pe2ioHanvHux erekmpuynux mepexc xiacom Hanpyeu 110 kB. [llisxom
NOPIGHAHHA MPUBANIOCHI] PO3PAXYHKY PO3NOOINbUUX Npucmpois 3 odiazonannto 6auzbko 500 m ecmanoeneno, wjo 4ac po3paxyHky 6
xomnnexci LiGro na ocnogi ananimuuno2o memooy 6 0eKinbka 0ecsmKié pazie MeHuull, Hidc PO3PAXYHOK HA OCHOBI Memooy KiHyeaux
enemenmis. Kpim moeo, 01 MOOenoeanns mMemooom KiHYeux eleMenmie GUKOPUCHIOBY8ABCSA KOMN lomep 3 Oibl NOMYNCHUMU
xapaxmepucmuxamu. bion. 14, Tabn. 1, puc. 5.

Kniouosi cnosa: migcranuis, JiHis e1ekTponepenayi, eJJleKTpUYHe 110JIe, METO eKBiBaJeHTHUX 3apsaiB.

Analysis of the problem. Ensuring the resistance of
technical objects to the action of powerful
electromagnetic fields of natural and artificial origin is an
important technical problem, without solving which the
reliable and safe use of modern equipment, objects of
military equipment and critical infrastructure is
impossible.

Distribution devices of electrical stations and
substations represent a complex technical system that
combines power and measuring equipment of various
voltage classes, control and telemechanics devices,
including those based on microprocessor technology,
cable products and busbars, as well as grounding and
lightning protection devices. In such systems, the electric

field strength E is one of the main factors affecting
sensitive microprocessor equipment and personnel.
Therefore, its permissible value is regulated in a number
of normative documents [1-3]. For personnel, this is 5
kV/m for the vertical component of the electric field
strength at height of 1.8 m above ground level. If this
value is exceeded, the duration of staff stay at the
workplace is limited. For example, in electric field with
strength of 20 to 25 kV/m, the working time should not
exceed 10 minutes, and at 25 kV/m and above, special
personal protective equipment should be used. The
boundaries of sanitary protection zones for active power
transmission lines are determined at the level of 1 kV/m.
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Limitations regarding the value of the electric field
strength for microprocessor equipment are regulated in
the relevant documentation regarding the conditions of its
operation.

Determination of the electric field strength level is
carried out experimentally [4, 5] and/or by calculation
[4-101].

Experimental determination is performed with the
help of electric field strength meters, unidirectional or
tridirectional. The specified devices when used at power
stations and substations should have a wide range of
measurements (approximately from 1 to 50 kV/m), not
distort the field lines, be insensitive to electromagnetic
interference, be resistant to vibration and shocks and be
able to work in difficult weather conditions, etc. This
leads to a significant complication of the design and an
increase in the cost of the specified devices. In addition,
measurement in the field is quite time-consuming and
does not allow to build detailed plans of strength zones on
the territory of switchgear. In addition, there are zones in
which it is practically impossible to carry out
measurements (the presence of an internal fence,
proximity to current-carrying parts, etc.).

In the conditions of targeted strikes by the Russian
army on energy facilities of Ukraine and the prompt
restoration of critical infrastructure, including by
installing new power transmission line supports, the
express assessment of field strength and boundaries of
sanitary protection zones becomes even more relevant.
Operationally, such an assessment can be performed only
with the help of calculation methods. Here, it is enough to
know the voltage class of the line and its geometric
parameters.

The listed factors increase the relevance of the
calculation way of determining the electric field strength
for both planned and operating electrical stations and
substations. As a rule, calculations for electric power
facilities with a wvoltage class of 35-1000 kV are
performed using numerical methods, among which the
finite volume method has become the most common [9,
10]. By finite we mean a small volume around each grid
mesh. In this method, volume integrals that contain
expressions with divergence are transformed into surface
integrals using the Ostrogradsky formula. Finite
difference and finite element methods are also used [4—6].
The application of such methods is quite complicated,
requires significant computing resources and is
characterized by a long calculation time for large objects,
which is explained by the iterative process and the size of
the mesh cell. The calculation step should be comparable
to the diameter of the busbar, which is tens of millimeters
with object sizes up to several hundreds of meters. Thus,
with a uniform mesh step, we have a large number of
calculation points. Reducing their number is possible
thanks to the use of special algorithms for irregular
dividing of the computational volume [9, 10], which
significantly complicates the modelling of objects with
arbitrary orientation of busbars. In addition, in [11] it is
stated that these methods are highly dependent on «human
experience and trial and error.»

Analytical formulas for determining the electric field
strength are given in a number of works, in particular in

[6, 8]. They are, as a rule, easier to use, the mathematical
expression shows the dependence of the field on all
parameters of the line [6], they do not require significant
computer resources. Traditionally, in such calculations,
the busbar is replaced by a charged axle, and the method
of equivalent charges is used to take into account the
diameter. However, the main drawback of the existing
expressions is that they consider infinitely long
conductors (busbars). This leads to the limitation of the
use of analytical formulas only for the simplest cases of
the location of busbars of power transmission line
supports. Here, expressions for determining the equivalent
bus radius are usually used to take into account phase
splitting. Taking into account that in the distribution
devices of electrical stations and substations, the busbar is
arbitrarily oriented in space, there are several voltage
classes, split phases of different diameters, etc., the use of
existing analytical expressions for them is practically
impossible. In [4, 11], the implementation of the charge
simulation method is proposed, which is actually a
combination of numerical and analytical solutions for
modelling the field of a substation with a voltage class of
500/220 kV, but in these works it is noted that the given
method has similar disadvantages to numerical calculation
methods.

Taking into account the perspective of using
analytical expressions, their potentially higher accuracy
and acceleration of calculation for complex objects of the
electric power industry, the solution of the problem of the
electric field of an arbitrarily oriented conductor of finite
size (electrode) located above the earth's surface is
relevant.

The goal of the work is to develop calculation
relationships for determining the electric field strength
created by the busbar of high-voltage substations in the
working areas of the personnel.

Research materials. When using analytical
methods to calculate the electric field strength of energy
objects, the following assumptions are accepted [9, 10]:

» the electric field of the power frequency is quasi-
static, which is explained by the propagation speed of the
electromagnetic field in the air of 3-10% m/s at frequency
of 50 Hz, so the expressions for the instantaneous value of
the electric potential or strength will be valid for lines of
size << 6000 km;

* busbars are long cylinders, the charge of which is
regularly distributed along their axes;

* the voltage on the busbar changes according to the
sinusoidal law with constant power frequency;

* the time shift between the busbar voltage phases is
120°;

 the earth's surface is flat, and it is an infinite
electrical conductor compared to air and, accordingly, has
zero potential;

» the air-ground separation boundary is plane-
parallel;

« the influence of buildings and structures of electric
stations and substations is not taken into account;

* the relative dielectric permittivity of air is assumed
tobees. = 1.

Taking into account the above assumptions for
solving the problem of the electric field strength of an
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arbitrarily oriented electrode, consider the electric field of
a point charge located above a conductive surface.

The electric field of a point charge has axial
symmetry. Therefore, it is advisable to use a curvilinear
orthogonal cylindrical coordinate system (7, z, ) with an
axis perpendicular to the boundary of the half-space with
dielectric permittivity ¢ and passing through the point
charge itself (see Fig. 1).

The formulation of the problem under consideration
consists of the Laplace equation and additional
conditions. The potential does not depend on the
coordinate i, so the Laplace equation takes the form [12]:

82(/) 1og %0 O
a? o o
Additional conditions are as follows:
e the condition at the air-ground boundary looks like
this:

?._,=0; 2

e when the coordinate z increases, the potential ¢ goes
to zero:

P = 0. 3)
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Fig. 1. A point charge located in the dielectric half-space

The solution of such a problem for the observation
point P(rp, zp) according to the method of mirror images
and the principle of superposition is the sum of potentials
from an electric dipole [6]:

1 3 1

= Vi +p=2)7 it +(p+z)
where z; is the coordinate of the point charge along the
axis z; ¢ is the static dielectric permittivity, which is equal
to & = g,60 = 8.8541878176-10 " F/m.

We denote the two fractions in the brackets of
expression (4) as a; and ay, respectively.

To obtain relationships for calculating the total
potential of a system of arbitrary configuration, consider a
separated electrode, uniformly charged with length L;, in the
form of a set of point charges located along its axis (Fig. 2).
In fact, the electrode is an infinitely thin rod. Here, the linear
charge density of such a source, located on the axis of the
i-th electrode, has the form:

L
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Fig. 2. An electrode in the form of a set of point charges located
in a dielectric half-space

When moving from the cylindrical to the Cartesian
coordinate system, the distance between the point charge
located on the axis of the electrode and the observation
point P can be rewritten as:

S S ©6)

where xp, yp are the Cartesian coordinates of the
observation point P; x4 Vs 2z are the Cartesian
coordinates of the point charge of the i-th electrode.

In turn, the coordinates of a point charge (Fig. 2) can
be given in the form:

beg + (x beg) ’
=y ™
_ beg +(Z _ beg) ,

where x,¢, y, ¢ 2z and x9, y,- 4 229 are the Cartesian
coordinates of the beginning and end nodes of the i-th
electrode, respectively; /; is the current distance of the
point charge from the beginning of the electrode.

Taking into account (6) and (7), the two fractions in
expression (4) can be represented in the general form:

o, = ! : ®)

' A B,
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where £ = 1 or 2 to account for positive or negative
charge (Fig. 1)

A = (xlend _xbeg)2 ( lend y[beg)z ( beg _ Ziend )2;
By; = 2[( beg -x, )(xend beg) ( lbeg v )><
( lend ybeg )+ (Zbeg —Zp )(Ziend - Z;Mg )],
( beg )2 ()/beg _yp)z ( beé )2;
P PR IS NV
( lend ybeg ) +( beg +z, e )( end _ lbeg )]’

Czi:(x[beg x)z ([beg yp)2+(zlbeg+zp)z.

When integrating (4) along the electrode and taking
into account the transition to the cylindrical coordinate
system, we obtain:
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With a known value of the voltage on the electrode,
we can determine the value of the linear density of the i-th
electrode using the principle of «replacing the electrode
surface with an equipotential» (method of equivalent
charges):

.= 4rep; ' (10)
(Gl - Ga:)

Here, the observation point P is located on the
surface of the electrode in the middle of its length.

The total potential from the system of electrodes
(busbars) is determined by the principle of superposition
of fields:

QCOU
o= 0
i=1
where Q,,, is the number of electrodes in busbar system.

The electric field strength is a vector equal to the
gradient of the electric field potential with a minus sign.
When determining the distribution of the electric field
strength, the vertical component of the vector is used to
control its impact on the personnel, i.e. the projection of E
on the z axis, which is numerically equal to the derivative
of the potential along the applicate axis. According to the
definition of the derivative, this can be represented as a
limit:

(11

op
S (12)

Thus, having set the calculation step along the
applicate axis Az << zp, we can determine the modulus of
the vertical component of the electric field strength at the
height zp.

The obtained expressions (9)—(12) allow to calculate
the electric field strength of busbar systems when they are
replaced by electrodes of arbitrary orientation in space.

To determine the electric field strength, which is
created by a three-phase bus system, the equivalent linear
charge density of one of the phases is calculated
according to (10), and for the other two, it is taken
according to the sinusoidal distribution of the
instantaneous value of the voltage at a fixed moment in
time. For example, for phases B and C it is assumed that
75,c =+0.57, at the time corresponding to 210°.

On the basis of the obtained expressions (9) — (12) in
the MS Excel software product using the Visual Basic
application, the busbar of a three-phase power
transmission line was modelled with the following
parameters: busbar suspension height 10 m, length 1000
m, radius 0.04 m, voltage class 150 kV, interphase
distance 6.2 m. The calculation was performed along an

lim 22
A—0 Az

E. =

z

axis perpendicular to the busbar at distance of 500 m from
the beginning of the span. The analysis was carried out at
height of 1 m and 3 m, respectively (see Fig. 3,a,b).
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Fig. 3. Comparison of the results of calculating the field strength
under the busbar of the power transmission line portal according
(9)—(12) for height: @ — 1 m; b — 3 m and according to [6]
for height: c— 1 m;d—3m
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The use of the presented initial data allows to
compare the calculation results with the known ones [6],
which were obtained for a three-phase line based on
analytical expressions for infinitely long conductors (see
Fig. 3,c,d).

Figures 3,c,d show the curves according to the
calculation data [6]: the dashed line is for the approximate
expression, and the solid line is for the exact expression.
To assess the correspondence of the results obtained by
the authors Table 1 summarizes the characteristic values
of the vertical component of the electric field strength E,
at the given heights of the analysis zp and the relative
error of the calculation 4.

Table 1
Data for comparative calculation analysis
E., kV/m
X, m zp=1m zp=3m
developed | exact [6] |0, % | developed | exact [6] | J, %
0,7481132 | 0,7461 | 0,3 | 1,2135346 | 1,2913 | 6,0
5 11,2347961 | 1,1997 | 2,9 | 1,4629176 | 1,5576 | 6,1
6,2 | 1,4413401 | 1,4195 | 1,5 | 1,6597963 | 1,6518 | 0,5
10 | 1,3458512 | 1,3254 | 1,5 | 1,4358176 | 1,4423 | 0,4
15 10,8472474 | 0,8584 | 1,3 | 0,8140060 | 0,8733 | 6,8
20 | 0,4807888 | 0,4853 | 0,9 | 0,4532538 | 0,4823 | 6,0
25 10,2822402 | 0,2901 | 2,7 | 0,2679740 | 0,2833 | 5,4
30 [ 0,1756019 | 0,1778 | 1,2 | 0,1684291 | 0,1785 | 5,6
40 | 0,0794274 | 0,0789 | 0,7 | 0,0773403 | 0,0822 | 6,0
50 |0,0419541 | 0,0426 | 1,4 | 0,0412079 | 0,0441 | 6,6

Comparisons with the results obtained by the authors
show that the shape of the curves is practically identical,
the maximum is observed in all cases under the extreme
phases of the busbar at distance of £6.2 m. The maximum
deviation at height of 1 m is 2.9%, and at height of 3 m
is 6.8%.

The increase in error when approaching the busbar
can be explained by the effect of the geometric size of the
conductor (the authors assumed 0.04 m, but it was not
specified in [6]). Thus, the validity of the obtained
expressions compared to the known calculation results
was confirmed.

The proposed calculation method was implemented
as a test module for the LiGro software complex [13]. The
choice of the specified complex is due to the availability
of the necessary palette of modelled objects (busbars,
portals, supports, equipment, buildings and
communications of arbitrary location and complexity,
etc.), as well as 2D and 3D visualization modules. For the
convenience of displaying the calculation results, a
gradient form of representation is used.

Figure 4 shows fragments of 2D and 3D models of
an operating distribution device of the 110/6 kV voltage
class of a substation of one of the regional energy
companies in the east of Ukraine. The substation plan,
heights and geometric parameters of the busbar, which
were determined during the diagnosis of the lightning
protection system according to the method [14], were
used as initial data. The voltage class of each bus system
and phasing, set in the parameters of each electrode
(busbar) separately, were also taken into account. This

allows to take into account all voltage classes that are
present on the object.
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Fig. 4. Fragments of 2D (@) and 3D (b) models of a functioning
substation of voltage class 110/6 kV in the LiGro complex

The simulation results for an operating distribution
device with voltage class of 110/6 kV are shown in Fig. 5.
The calculation was carried out at standardized height of
1.8 m, with a mesh with a step of 0.1 m. The calculation
did not take into account the sagging of the busbar. But, if
necessary, this can be solved by dividing it into parts at
the appropriate angle of inclination.

Fig. 5. Distribution of the electric field strength for an operating
electric power facility of voltage class of 110/6 kV, obtained in
the LiGro software complex

The calculation results show that there are areas at
the substation where the field strength exceeds the
permissible value of 5 kV/m, and the presence of
personnel in these areas should be limited. In addition, it
can be noted that the quality of the display of calculation
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results corresponds to the world level, namely to such
software as [4, 5]. Here, in [5], where the simulation was
performed on the basis of the finite element method using
ANSYS and SolidWorks codes, the calculation time for a
substation with voltage class of 1000 kV with a diagonal
of approximately 500 m was 7 hours when using a
powerful computer with the following parameters: an
Intel processor Xeon 8x2.50 GHz and 32 GB RAM. For
comparison, the calculation time in the LiGro complex of
a similar distribution device with a diagonal of 540 m and
voltage class of 750 kV of one of the nuclear power plants
of Ukraine with a calculation mesh step of 0.2 m was only
6 minutes when using a computer with significantly worse
parameters: an Intel processor Pentium G2020 2x2.90
GHz and 4 GB RAM. Therefore, the model developed by
the authors based on the analytical method allows to
significantly reduce the time spent and technical
requirements for the computer when modeling the electric
field strength of complex objects.

Conclusions.

1. On the basis of the method of equivalent charges,
for the first time calculation relationships were developed
for determining the intensity of the electric field created
by the complex busbar of high-voltage substations in the
working areas of the personnel.

2. The developed calculation relationships were used
to create a computer code that allows to calculate the
electric field strength at high-voltage substations and
other high-voltage energy facilities taking into account
the voltage class of each bus system, and at the design
stage of these facilities to determine safe working areas
for personnel by electric field.
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