A. S. Car$imamovié, ef al.: Low Frequency Electric Field Radiation Level around ...

Nuclear Technology & Radiation Protection: Year 2018, Vol. 33, No. 2, pp. 201-207

201

LOW FREQUENCY ELECTRIC FIELD RADIATION LEVEL
AROUND HIGH-VOLTAGE TRANSMISSION LINES AND IMPACT
OF INCREASED VOLTAGE VALUES ON THE CORONA ONSET

VOLTAGE GRADIENT
by

Adnan S. CARSIMAMOVIC ", Adnan Z. MUJEZINOVIC?,
Zijad F. BAJRAMOVIC 2, Irfan M. TURKOVIC 2, and Milodrag P. KOSARAC'!

! Independent System Operator in Bosnia and Herzegovina, Sarajevo, Bosnia and Herzegovina
2 Faculty of Electrical Engineering, University of Sarajevo, Sarajevo, Boshia and Herzegovina

Scientific paper
http://doi.org/10.2298/NTRP1802201C

In this article the summary of measurement and calculation values of low frequency electric
field radiation around the high-voltage transmission lines and impact of the increased voltage
values on the AC corona onset voltage gradient are presented. The measurements of the low
frequency electric field radiation level were performed under the 400 kV transmission lines of
horizontal configuration with standard and compact dimensions. In all cases analyzed in this
article, the measurements are performed in the middle of the span, because at this point the
conductors are closest to the ground. The analysis in this article has been initiated by the in-
creased voltage values of long duration that have been registered in nodes of the 400 kV net-
work in Bosnia and Herzegovina and the neighbouring countries during the last years. The
calculation of the low frequency electric field radiation of the different configuration of the
high-voltage transmission lines will be useful for determining the non-ionization radiation
exposure levels of the general public in the future as well as to determine their impact on the
AC corona onset voltage gradient.
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INTRODUCTION

The low frequency (LF) electric fields radiation,
generated from the high-voltage transmission lines is
very important from the aspects of its influence on hu-
man beings and animal bodies, as well as its impact on
surrounding objects and the environment. The
high-voltage (HV) transmission lines are partially lo-
cated in populated areas. In the general public, there is a
socio-phenomena opinion about the negative influence
of 'radiation’ from different electric power objects, spe-
cifically the HV transmission lines. The exposure to LF
electric field radiation may cause a well-defined biolog-
ical response, ranging from the perception to the annoy-
ance, through the surface electric-charge effects [1] as
well as their impact on the surrounding objects (pipe-
lines, telecommunication lines, efc.). In last couple of
years several scientific articles have been published, in
which the human dosimetry quantity for the LF electro-
magnetic field exposure was analyzed although the ba-
sic restrictions for human exposure to the time-varying
LF electric field are well defined [1, 2]. The low fre-
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quency electric field radiation has an impact onto envi-
ronment through the origin AC corona discharge. The
formation of AC corona discharge due to the ionization
of'the air around the stranded conductor is caused by the
increased values of power frequency voltage. The AC
corona discharge has light effects, the electromagnetic
interference (EMI), the audio noise (AN) and the ozone
as well as the corona losses (CL). In the analyzed period
(01.01.2010 up to 31.12.2017) the increased maximum
values of voltage up to 439.95 kV (2017) were regis-
tered with the time duration in yearly percentage up to
71 % (2017). The registered increased voltage values
are above the maximum permitted values of 420 kV.
It is well known that the value of the LF electric
field radiation and the AC corona onset voltage gradi-
ent depends on the value of the applied voltage. This
effect is especially emphasized for the HV objects
(Power Plants — PP and Substations — SS) and trans-
mission lines. In recent years, high voltage values in
the 400 kV network of Bosnia and Herzegovina have
been registered. This phenomenon is noticeable in all
nodes of the 400 kV network in Bosnia and
Herzegovina. Also, in some nodes of the 400 kV net-
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work, the maximum voltage values, as well as their du-
ration, increase every year. This is caused by the con-
struction of new production facilities and due to the
domestic production of reactive energy with the con-
tribution of interconnection transmission lines with
neighbouring countries. Taking into account the ten-
dency of increasing the voltage values and their dura-
tion during the year, it is very useful to know the values
of the LF electric field radiation both due to the influ-
ence on human beings and from the aspect of the ap-
pearance of the AC corona discharge. The voltages
above the permitted values adversely affect the insula-
tion level of the equipment, the shortening of its life-
time, and at the same time increase power losses due to
the AC corona. Using the measuring equipment and
the mathematical model for the calculation of the LF
electric field radiation it is possible to confirm the real
values of electric field, including the measures for
their mitigation.

THE MEASUREMENT OF THE LF
ELECTRIC FIELD RADIATION

In this article, the horizontal arrangement of the
stranded conductor of 400 kV transmission lines SS
Sarajevo 10-SS Sarajevo 20 (standard dimensions)
and SS Tuzla 4-SS ViSegrad (compacted dimensions)
and the single circuit with horizontal configuration are
analyzed, fig. 1 [3, 4]. The stranded conductor of bun-
dle, ACSR 2 x 485/63 mm? has the aluminum wire
number equal to 54 while the steel wire number is 7.
The diameter of the sub-conductor d is 30.42 mm and
the diameter of the aluminum wire is 3.38 mm. The
number of outer strand is 24 with bundle spacing equal
to 400 mm.

The measurements of the LF electric field radia-
tion were performed in the middle of the span. Atthese
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points the highest values of the LF electric field radia-
tion are expected, because the position of the
transmission line is the nearest to the ground. The
measurement of the LF electric field radiation under
the 400 kV transmission lines with standard and com-
pact dimensions were performed on 1 m above the
ground with two different measuring instruments. One
instrument is maintained in a fixed position for record-
ing the time variations of electric field and the other in-
strument is moved under the transmission line for re-
cording the space variation [5, 6]. The measured
values of the LF electric field radiation under the HV
transmission lines are given in fig. 2. The measure-
ments of the LF electric field radiation values are per-
formed during 22.06.2014. and 23.06.2014, respec-
tively [3].

Some uncertainty during the measuring of the
LF electric field radiation may be caused by the tem-
poral variation of the measured field in relation to the
time constant of the field meter as well as the variation
of the height of conductor during the measurement
[7-9].

THE CALCULATION MODEL
AND RESULTS

The values of the LF electric field radiation on
the surface of the stranded conductor and its immedi-
ate vicinity as well as at 1 meter above the ground un-
der the transmission lines were investigated in many
researches and scientific papers [3, 10-12]. For the cal-
culation of the LF electric field radiation on the surface
of the stranded conductor and its immediate vicinity,
the charge simulation method (CSM) was used [3].
For the purpose of the calculation, the height of the
conductors and the ground wires above the ground in
the middle of the span were used. These heights are de-
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Figure 1. Three phase horizontal configuration of 400 kV transmission line with dimensions; (a) SS Sarajevo 10-SS
Sarajevo 20, (b) SS Tuzla 4-SS Visegrad (OPGW - Optical ground wire, o sub-conductors 1-6) [3, 4]



A. S. Car$imamovié, ef al.: Low Frequency Electric Field Radiation Level around ...

Nuclear Technology & Radiation Protection: Year 2018, Vol. 33, No. 2, pp. 201-207 203
.9 -}
' 8 ‘s 8/
[&] o
27 2 7|
w w
o i k] 6.
2 5 £ 5
£ £4
8 &
o 3 o 3
2 2
0 5 10 15 20 0 2 4 6 8 10 12 14 16 18 20
(@) Distance [m] (b) Distance [m]

Figure 2. The measured LF electric field radiation at 1 m above the ground under the HV transmission line conductor;
(a) SS Sarajevo 10-SS Sarajevo 20 (June 22, 2014), (b) SS Tuzla 4-SS Visegrad (June 23, 2014)
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termined by the measurements using a laser telemeter.
The voltage values correspond to the voltage values at
the time when the measurements of the LF electric
field radiation were taken. The distributed charge of
stranded conductor is modeled by the # fictitious point
charges ¢, ineach outer stranded wire of the sub-con-
ductor of bundle and placed uniformly in the semicir-
cle within each wire with radius r,,=0.75 r,,, fig. 3. The
fictitious point charges are placed outside the region
where the field solution is desired. The test points, P,,
are placed on the surface of the wire. The influence of
the soil surface is taken into account by using the re-
flection coefficient whose value is approximately
equal to —1 [13].

The used mathematical model for calculating the
value of the LF electric field radiation on the surface of
stranded conductor and their immediate vicinity is
given in [3]. This mathematical model was also used in
[3] to calculate the LF electric field radiation under the
transmission line at the height 1 meter above the
ground. For the verification of the presented mathe-
matical model, the results of the measurement values
of LF electric field radiation under the high-voltage
transmission lines SS Sarajevo 10-SS Sarajevo 20 and
SS Tuzla 4-SS Visegrad were used [3]. The compari-
son of the measured and calculated values of the LF
electric field radiation by the adopted mathematical
model showed a good agreement because the differ-

ence does not exceed 1.4 %, thus confirming the credi-
bility of the developed mathematical model [14].

The distribution of the calculated LF electric
field radiation around the surface of the sub-conductor
“6”, phase “8” (a), and the LF electric field radiation
distribution in immediate vicinity of the tip of the outer
strand (b) for the transmission line SS Sarajevo 10-SS
Sarajevo 20 and SS Tuzla 4-SS Visegrad are shown in
figs. 4-5, respectively.

THE CORONA ONSET CRITERION

For the stranded conductor of the HV transmis-
sion lines, the determination of the conditions in which
the AC corona onset criterion is based on the article by
Yamazaki and Olsen [15]. The AC corona onset crite-
rion take into account the distribution of the LF elec-
tric field radiation around the conductor surface and its
immediate vicinity. Also, in the process of applying
the AC corona onset criterion, it is necessary to take
into account the characteristics of the transmission
line, i. e., the arrangement and the size of the stranded
conductor as well as the atmospheric condition of the
air around the conductor. For sub-conductor of the
bundle, fig. 3 assumes the creation of K (d) free elec-
trons at the local position, s = + d, where r, is a sur-
face of the conductor and d is the boundary where the
ionization coefficient ¢ equals the attachment coeffi-
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Figure 4. The transmission line SS Sarajevo 10 — SS Sarajevo 20; (a) the distribution of the LF electric field radiation
around the surface of sub-conductor '6' of outer phase '8', (b) the distribution of the value of the LF electric field radiation
near the tip of the outer strand of the sub-conductor '6' of outer phase '8’
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Figure 5. The transmission line SS Tuzla 4 — SS ViSegrad; (a) the distribution of the LF electric field radiation around the
surface of the sub-conductor '6' of outer phase '8', (b) the distribution of the value of the LF electric field radiation near the

tip of the outer strand of the sub-conductor '6' of outer phase '8’

cient 7, i. e., no ionization can take place. When the
electron obtains a sufficient kinetic energy, it collides
with an air molecule and causes an initial electron ava-
lanche [16, 17]. In the ionization region, the collision
ionization coefficient « is greater than the electron at-
tachment coefficient 7. At the ionization boundary,
o = 1, and the ionization process cease. In non-uni-
form field gap, the onset of a self-sustained discharge
can be written as [15]

n+d
K(d):exp[ j(a+n)dsJ (1)
i

This term is used as the AC corona onset crite-
rion. The LF electric field radiation, for which the con-
dition ¢ = 7 is satisfied, is defined as the AC corona
onset voltage gradient. The coefficients o and 7 are
functions of the value of the LF electric field

(kVem™), the temperature (7), the pressure (p) and the
relative humidity of the air (%). The expression for o
and 1 in the atmospheric air given by Sarma and
Janischeskyj [18], was used for the AC corona onset
voltage gradient [4]. On the basis of the experimental
data for the ionization coefficient @/ = f(E/0) and the
attachment coefficient 7/6 = f{(E/5) [18] and the calcu-
lated maximum values of the LF electric field radia-
tion on the surface of the stranded conductor and its
immediate vicinity, it is possible to determine the AC
corona onset voltage gradient, fig. 6.

The highest value of the AC corona onset volt-
age gradient is 28.4924 kV,  cm’! i e, 20.1477
kV,,  cm! for 400 kV transmission line SS Sarajevo
10-SS Sarajevo 20 and 28.4923 kV,,cm’!, i. e.,
20.1471 kV,,, ;em™! for 400 kV transmission line SS
Tuzla 4-SS Visegrad.
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Figure 6. The ionization o/ and the attachment 7/ coefficients as the function of E/5 on the surface of the stranded
conductor and its immediate vicinity; (a) SS Sarajevo 10-SS Sarajevo 20, (b) SS Tuzla 4-SS Visegrad
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Table 1. The comparison between the values using the mathematical model and the Peek's equation

400 kV Voltage level |AC corona onset voltage gradient using| AC corona onset voltage gradient | Difference
transmission line [kV] mathematical model [er_m_S_cm’l] using Peek equation [er_m_s_cm’l] [%]
SS Sarajevo 10 —SS | 422.97 kV ux _
Sarajevo 20 24421 KV, 20.1477 19.6 (620=0.914) 2.718
SS Tuzla 4 — SS 417.20 KV e _
Visegrad 24080 KV, 20.1471 19.7356 (520 = 0.941) 2.042

Figure 7. The longitudinal profile
of 400 kV transmission line

Ground wire

In order to verify the obtained values of the AC
corona onset voltage gradient using the developed
mathematical model, the comparison is carried out
with the effective values of the AC corona onset volt-
age gradient obtained from the widely used Peek's
equation, [19]

298 0301

Ep =22 mS | 14—t
' U Vo

V2
where m is the roughness coefficient which takes into
account the conductor surface condition (m=0.79), r—
the radius of the stranded conductor in cm (r = 1.57
cm), O — the coefficient which takes into account the
air pressure p and the temperature ¢ of the surrounding
air by equal

[kVgem '] (2)

_p(273+¢ty)
Po(273+1¢)

where py is the reference air pressure 760 mmHg and ¢
is the reference air temperature 20 °C [20].

The comparison between the values of the AC
corona onset voltage gradient using the mathematical
model and the values using Peek's equation are given
in tab. 1.

3)

20

THE IMPACT OF THE CONDUCTOR'S
HEIGHT ONTO THE VALUE OF THE LF
ELECTRIC FIELD

For the calculation of the dependence of the LF
electric field radiation on the surface of the stranded
conductor and its immediate vicinity from the conduc-
tor's height, the sag calculation for the supports at
equal levels as simple one are used, fig. 7. The position
of the points P(x;, ;) is determined from the exact cat-
enary, eq. [21]

Table 2. The dimensions of the single-circuit horizontal
configuration of the conductor
400 kV transmission line H (m) h(m)|d(m)| S (m)
SS Sarajevo 10-SS Sarajevo 20 | 23 | 9.3 | 13.7 | 420
SS Tuzla 4-SS Visegrad 22 | 92 | 12.8 | 323

y=h+ (;“jjﬁ (4)
where £ is the height of the conductor at the middle of
the span, d—the sag and S—the length of the span of the
analyzed the HV transmission line.

The dimensions of a single-circuit horizontal
configuration of the conductor are given in tab. 2.

The height of the conductor and the ground
wires to the ground increased from the middle of the
span toward the towers. The co-ordinates of the points
P(x;, y;) are determined by using eq. (4).

The variation of the ELF electric field radiation
on surface of the stranded conductor and the AC co-
rona onset voltage gradient with the conductor height
along the catenary is given in fig. 8.

The highest values of the LF electric field radia-
tion on the surface of the stranded conductor are at the
lowest point of catenary, P(0, /), and the drop to the
height of the conductors in which they become less than
the values of the AC corona onset voltage gradient. For
the 400 kV transmission line SS Sarajevo 10-SS
Sarajevo 20, the distance x at which the value of the LF
electric field radiation is less than the value of the AC
corona onset voltage gradient is x =94.32 m, i. e., x =
=56.28 m for the 400 kV transmission line SS Tuzla
4-SS Visegrad, respectively. It can be concluded that for
the voltage values that were at the time of measurement,
the value of the LF electric field radiation on the surface
of the stranded conductor on transmission line SS
Sarajevo 10-SS Sarajevo 20 to 44.4 % of the span
length were greater than the value of the AC corona on-
set voltage gradient, i. e., 35 % for the transmission line
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SS Tuzla 4-SS Visegrad, respectively. Reasons for

these differences are:

— the voltage value during the analyzed period at the
400 kV transmission line SS Sarajevo 10-SS
Sarajevo 20 (422.9 kV) was higher than at the 400
kV transmission line SS Tuzla 4-SS Sarajevo,
Visegrad (416.7 kV),

— the LF electric field radiation on the surface of the
stranded conductors at the 400 kV transmission
line SS Sarajevo 10-SS Sarajevo 20 (standard di-
mensions) are higher than the LF electric field ra-
diation at the 400 kV transmission line SS Tuzla
4-SS Visegrad (reduced dimensions) for the same
voltage values and the same conductor's heights
above the ground (normalized values) [22].

CONCLUSION

There are many parameters affecting the longitu-
dinal distribution of the LF electric field radiation on
the surface of the stranded conductors and their imme-
diate vicinity along the sag of the transmission line: the
conductor heights along the sag, the presence of the
grounding wires, the presence of the towers, etc. In
this article, the investigation of the impact of the
heights of the stranded conductors along the sag of the
typical 400 kV transmission lines with standard and
compacted dimensions is presented.

On the analyzed transmission lines, the LF elec-
tric field radiation on the surface of the stranded con-
ductor and its immediate vicinity is greater than the
AC corona onset voltage gradient at 45 % of the length
of the sag for transmission line SS Sarajevo 10-SS
Sarajevo 20, or 35 % for the transmission line SS Tuzla
4-SS Visegrad, respectively.
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Amnan C. YAPIIMIMAMOBUWH, Annan 3. MYJE3UHOBWH, 3ujag ®. BAJPAMOBUH,
Hpdan M. TYPKOBU, Munogpar I. KOIIA PAII

HNBO PAIUJAIIMIJE HUCKO®PEKBEHTHUX EJEKTPUYHUX
IIO/bA OKO BUCOKOHAIIOHCKUX INTPEHOCHUX /TMHUJA N YTULIAJ
IMOBERAHOT HAIIOHA HA TPAJUIJEHT HAIIOHA IMTOYETKA KOPOHE

Y pagy je mar mperdief BpEegHOCTH Mepema U MpopadyyH BpENHOCTH pajmjalyje
HICKO(PEKBEHTHOT 110Jba OKO BHCOKOHAIIOHCKUX IIPEHOCHUX JIMHNja W YTHIAj TOBAIICHAX BPEIHOCTU
HaIlOHA HAa HAMOHCKHU rpafujeHT nouetka AC KopoHe. Mepemwa HUBOA pafujanuje HUCKO(EKBEHTHOT
eNeKTPUYHOr MoJba nposefieHa cy ucnoj 400 kV nmpeHocHUX NHMHMja XOPU3OHTaIHE KOH(purypanuje ca
CTaHZApAHAM W KOMIIAaKTH30BaHWM AHMEH3WjamMa. Y CBUM aHAJIM3UPAHUM CIydIajeBAMa y OBOM pamy
Mepema Cy M3BpIIeHA Ha CPEUHM PACIOHA, jep Cy Y THM TayKaMa MPOBONHUIM HAjONVKM MOBPIITHA
3emibe. IIpoBefieHe aHanu3e y OBOM pajly HacTale Cy yciej NMOBHUIIEHUX BPEIHOCTU HANOHA KOjU CY
peructpoBanu y usopoBuma 400 kV mpeske y Bochu n XepiieroBunu u cyceiHAM 3eMibaMa, KOju yro Tpajy
y TOCIEeNmUX HEKONMKO roamHa. [IlpopauyH papmjanmje HUCKO(MPEKBEHTHUX EJICKTPUIHAX IOJha
Pa3IUIMTHAX KOH(UTypalyja BHCOKOHAIOHCKIX MPEHOCHUX JINHUja KopucTuhe ce 3a ofpehuBame HIBOA
u3narama HejoHumsyjyhe papmjanuje ommre mnomyiaanuje y OyayhHocTd, Kao W oipebuBama HUXOBOT
yTHLaja Ha HAIIOHCKU rpagujeHT noyetka AC KopoHe.
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