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In this ar ti cle the sum mary of mea sure ment and cal cu la tion val ues of low fre quency elec tric
field ra di a tion around the high-volt age trans mis sion lines and im pact of the in creased volt age
val ues on the AC co rona on set volt age gra di ent are pre sented. The mea sure ments of the low
fre quency elec tric field ra di a tion level were per formed un der the 400 kV trans mis sion lines of
hor i zon tal con fig u ra tion with stan dard and com pact di men sions. In all cases an a lyzed in this
ar ti cle, the mea sure ments are per formed in the mid dle of the span, be cause at this point the
con duc tors are clos est to the ground. The anal y sis in this ar ti cle has been ini ti ated by the in -
creased volt age val ues of long du ra tion that have been reg is tered in nodes of the 400 kV net -
work in Bosnia and Herzegovina and the neigh bour ing coun tries dur ing the last years. The
cal cu la tion of the low fre quency elec tric field ra di a tion of the dif fer ent con fig u ra tion of the
high-volt age trans mis sion lines will be use ful for de ter min ing the non-ion iza tion ra di a tion
ex po sure lev els of the gen eral pub lic in the fu ture as well as to de ter mine their im pact on the
AC co rona on set volt age gra di ent.

Key words: non-ion iza tion ra di a tion, low fre quency elec tric field, high volt age trans mis sion line,
AC co rona, co rona on set volt age gra di ent

IN TRO DUC TION

The low fre quency (LF) elec tric fields ra di a tion,
gen er ated from the high-volt age trans mis sion lines is
very im por tant from the as pects of its in flu ence on hu -
man be ings and an i mal bod ies, as well as its im pact on
sur round ing ob jects and the en vi ron ment. The
high-volt age (HV) trans mis sion lines are par tially lo -
cated in pop u lated ar eas. In the gen eral pub lic, there is a
socio-phe nom ena opin ion about the neg a tive in flu ence
of 'ra di a tion' from dif fer ent elec tric power ob jects, spe -
cif i cally the HV trans mis sion lines. The ex po sure to LF
elec tric field ra di a tion may cause a well-de fined bi o log -
i cal re sponse, rang ing from the per cep tion to the an noy -
ance, through the sur face elec tric-charge ef fects [1] as
well as their im pact on the sur round ing ob jects (pipe -
lines, tele com mu ni ca tion lines, etc.). In last cou ple of
years sev eral sci en tific ar ti cles have been pub lished, in
which the hu man do sim e try quan tity for the LF elec tro -
mag netic field ex po sure was an a lyzed al though the ba -
sic re stric tions for hu man ex po sure to the time-vary ing
LF elec tric field are well de fined [1, 2]. The low fre -

quency elec tric field ra di a tion has an im pact onto en vi -
ron ment through the or i gin AC co rona dis charge. The
for ma tion of AC co rona dis charge due to the ion iza tion
of the air around the stranded con duc tor is caused by the 
in creased val ues of power fre quency volt age. The AC
co rona dis charge has light ef fects, the elec tro mag netic
in ter fer ence (EMI), the au dio noise (AN) and the ozone
as well as the co rona losses (CL). In the an a lyzed pe riod 
(01.01.2010 up to 31.12.2017) the in creased max i mum
val ues of volt age up to 439.95 kV (2017) were reg is -
tered with the time du ra tion in yearly per cent age up to
71 % (2017). The reg is tered in creased volt age val ues
are above the max i mum per mit ted val ues of 420 kV. 

It is well known that the value of the LF elec tric
field ra di a tion and the AC co rona on set volt age gra di -
ent de pends on the value of the ap plied volt age. This
ef fect is es pe cially em pha sized for the HV ob jects
(Power Plants – PP and Sub sta tions – SS) and trans -
mis sion lines. In re cent years, high volt age val ues in
the 400 kV net work of Bosnia and Herzegovina have
been reg is tered. This phe nom e non is no tice able in all
nodes of the 400 kV net work in Bosnia and
Herzegovina. Also, in some nodes of the 400 kV net -
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work, the max i mum volt age val ues, as well as their du -
ra tion, in crease ev ery year. This is caused by the con -
struc tion of new pro duc tion fa cil i ties and due to the
do mes tic pro duc tion of re ac tive en ergy with the con -
tri bu tion of in ter con nec tion trans mis sion lines with
neigh bour ing coun tries. Tak ing into ac count the ten -
dency of in creas ing the volt age val ues and their du ra -
tion dur ing the year, it is very use ful to know the val ues 
of the LF elec tric field ra di a tion both due to the in flu -
ence on hu man be ings and from the as pect of the ap -
pear ance of the AC co rona dis charge. The volt ages
above the per mit ted val ues ad versely af fect the in su la -
tion level of the equip ment, the short en ing of its life -
time, and at the same time in crease power losses due to
the AC co rona. Us ing the mea sur ing equip ment and
the math e mat i cal model for the cal cu la tion of the LF
elec tric field ra di a tion it is pos si ble to con firm the real
val ues of elec tric field, in clud ing the mea sures for
their mit i ga tion.

THE MEA SURE MENT OF THE LF
ELEC TRIC FIELD RA DI A TION

In this ar ti cle, the hor i zon tal ar range ment of the
stranded con duc tor of 400 kV trans mis sion lines SS
Sarajevo 10-SS Sarajevo 20 (stan dard di men sions)
and SS Tuzla 4-SS Višegrad (com pacted di men sions)
and the sin gle cir cuit with hor i zon tal con fig u ra tion are 
an a lyzed, fig. 1 [3, 4]. The stranded con duc tor of bun -
dle, ACSR 2 ´ 485/63 mm2 has the alu mi num wire
num ber equal to 54 while the steel wire num ber is 7.
The di am e ter of the sub-con duc tor d is 30.42 mm and
the di am e ter of the alu mi num wire is 3.38 mm. The
num ber of outer strand is 24 with bun dle spac ing equal 
to 400 mm.

The mea sure ments of the LF elec tric field ra di a -
tion were per formed in the mid dle of the span. At these 

points the high est val ues of the LF elec tric field ra di a -
tion are ex pected, be cause the po si tion of the
trans mis sion line is the near est to the ground. The
mea sure ment of the LF elec tric field ra di a tion un der
the 400 kV trans mis sion lines with stan dard and com -
pact di men sions were per formed on 1 m above the
ground with two dif fer ent mea sur ing in stru ments. One 
in stru ment is main tained in a fixed po si tion for re cord -
ing the time vari a tions of elec tric field and the other in -
stru ment is moved un der the trans mis sion line for re -
cord ing the space vari a tion [5, 6]. The mea sured
val ues of the LF elec tric field ra di a tion un der the HV
trans mis sion lines are given in fig. 2.  The mea sure -
ments of the LF elec tric field ra di a tion val ues are per -
formed dur ing 22.06.2014. and 23.06.2014, re spec -
tively [3].

Some un cer tainty dur ing the mea sur ing of the
LF elec tric field ra di a tion may be caused by the tem -
po ral vari a tion of the mea sured field in re la tion to the
time con stant of the field me ter as well as the vari a tion
of the height of con duc tor dur ing the mea sure ment
[7-9].

THE CAL CU LA TION MODEL
AND RE SULTS

The val ues of the LF elec tric field ra di a tion on
the sur face of the stranded con duc tor and its im me di -
ate vi cin ity as well as at 1 me ter above the ground un -
der the trans mis sion lines were in ves ti gated in many
re searches and sci en tific pa pers [3, 10-12]. For the cal -
cu la tion of the LF elec tric field ra di a tion on the sur face 
of the stranded con duc tor and its im me di ate vi cin ity,
the charge sim u la tion method (CSM) was used [3].
For the pur pose of the cal cu la tion, the height of the
con duc tors and the ground wires above the ground in
the mid dle of the span were used. These heights are de -
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Fig ure 1. Three phase hor i zon tal con fig u ra tion of 400 kV trans mis sion line with di men sions; (a) SS Sarajevo 10-SS
Sarajevo 20, (b) SS Tuzla 4-SS Višegrad (OPGW – Op ti cal ground wire, o sub-con duc tors 1-6) [3, 4]



ter mined by the mea sure ments us ing a la ser tele me ter.
The volt age val ues cor re spond to the volt age val ues at
the time when the mea sure ments of the LF elec tric
field ra di a tion were taken. The dis trib uted charge of
stranded con duc tor is mod eled by the n fic ti tious point
charges q n   in each outer stranded wire of the sub-con -
duc tor of bun dle and placed uni formly in the semi cir -
cle within each wire with ra dius rp = 0.75 rw, fig. 3. The 
fic ti tious point charges are placed out side the re gion
where the field so lu tion is de sired. The test points, Pn,
are placed on the sur face of the wire. The in flu ence of
the soil sur face is taken into ac count by us ing the re -
flec tion co ef fi cient whose value is ap prox i mately
equal to –1 [13].

The used math e mat i cal model for cal cu lat ing the 
value of the LF elec tric field ra di a tion on the sur face of 
stranded con duc tor and their im me di ate vi cin ity is
given in [3]. This math e mat i cal model was also used in 
[3] to cal cu late the LF elec tric field ra di a tion un der the
trans mis sion line at the height 1 me ter above the
ground. For the ver i fi ca tion of the pre sented math e -
mat i cal model, the re sults of the mea sure ment val ues
of LF elec tric field ra di a tion un der the high-volt age
trans mis sion lines SS Sarajevo 10-SS Sarajevo 20 and
SS Tuzla 4-SS Višegrad were used [3]. The com par i -
son of the mea sured and cal cu lated val ues of the LF
elec tric field ra di a tion by the adopted math e mat i cal
model showed a good agree ment be cause the dif fer -

ence does not ex ceed 1.4 %, thus con firm ing the cred i -
bil ity of the de vel oped math e mat i cal model [14].

The dis tri bu tion of the cal cu lated LF elec tric
field ra di a tion around the sur face of the sub-con duc tor 
“6”, phase “8” (a), and the LF elec tric field ra di a tion
dis tri bu tion in im me di ate vi cin ity of the tip of the outer 
strand (b) for the trans mis sion line SS Sarajevo 10-SS
Sarajevo 20 and SS Tuzla 4-SS Višegrad are shown in
figs. 4-5, re spec tively.

THE CO RONA ON SET CRI TE RION

For the stranded con duc tor of the HV trans mis -
sion lines, the de ter mi na tion of the con di tions in which 
the AC co rona on set cri te rion is based on the ar ti cle by
Yamazaki and Olsen [15]. The AC co rona on set cri te -
rion take into ac count the dis tri bu tion of the LF elec -
tric field ra di a tion around the con duc tor sur face and its 
im me di ate vi cin ity. Also, in the pro cess of ap ply ing
the AC co rona on set cri te rion, it is nec es sary to take
into ac count the char ac ter is tics of the trans mis sion
line, i. e., the ar range ment and the size of the stranded
con duc tor as well as the at mo spheric con di tion of the
air around the con duc tor. For sub-con duc tor of the
bun dle, fig. 3 as sumes the cre ation of K (d) free elec -
trons at the lo cal po si tion, s = r1 + d, where r1 is a sur -
face of the con duc tor and d is the bound ary where the
ion iza tion co ef fi cient a equals the at tach ment co ef fi -
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Fig ure 2. The mea sured LF elec tric field ra di a tion at 1 m above the ground un der the HV trans mis sion line con duc tor;
(a) SS Sarajevo 10-SS Sarajevo 20 (June 22, 2014), (b) SS Tuzla 4-SS Višegrad (June 23, 2014)

Fig ure 3. The cen tral and the outer
phases of three phase hor i zon tal
ar range ment for the twin-bun dle
cy lin dri cal stranded con duc tor
and the charge rep re sen ta tion [3]
(OPGW – Op ti cal ground wire)



cient h, i. e., no ion iza tion can take place. When the
elec tron ob tains a suf fi cient ki netic en ergy, it col lides
with an air mol e cule and causes an ini tial elec tron av a -
lanche [16, 17]. In the ion iza tion re gion, the col li sion
ion iza tion co ef fi cient a is greater than the elec tron at -
tach ment  co ef fi cient  h.  At  the  ion iza tion bound ary,
a = h, and the ion iza tion pro cess cease. In non-uni -
form field gap, the on set of a self-sus tained dis charge
can be writ ten as [15]
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This term is used as the AC co rona on set cri te -
rion. The LF elec tric field ra di a tion, for which the con -
di tion a  = h is sat is fied, is de fined as the AC co rona
on set volt age gra di ent. The co ef fi cients a and h are
func tions of the value of the LF elec tric field

(kVcm–1), the tem per a ture (t), the pres sure (p) and the
rel a tive hu mid ity of the air (h). The ex pres sion for a 
and h in the at mo spheric air given by Sarma and
Janischeskyj [18], was used for the AC co rona on set
volt age gra di ent [4]. On the ba sis of the ex per i men tal
data for the ion iza tion co ef fi cient a/d = f(E/d) and the
at tach ment co ef fi cient  h/d = f(E/d) [18] and the cal cu -
lated max i mum val ues of the LF elec tric field ra di a -
tion on the sur face of the stranded con duc tor and its
im me di ate vi cin ity, it is pos si ble to de ter mine the AC
co rona on set volt age gra di ent, fig. 6.

The high est value of the AC co rona on set volt -
age gra di ent is 28.4924 kVmaxcm–1, i. e., 20.1477
kVr.m.s.cm–1 for 400 kV trans mis sion line SS Sarajevo
10-SS Sarajevo 20 and 28.4923 kVmaxcm–1, i. e.,
20.1471 kVr.m.s.cm–1 for 400 kV trans mis sion line SS
Tuzla 4-SS Višegrad.
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Fig ure 4. The trans mis sion line SS Sarajevo 10 – SS Sarajevo 20; (a) the dis tri bu tion of the LF elec tric field ra di a tion
around the sur face of sub-con duc tor '6' of outer phase '8', (b) the dis tri bu tion of the value of the LF elec tric field ra di a tion
near the tip of the outer strand of the sub-con duc tor '6' of outer phase '8' 

Fig ure 5. The trans mis sion line SS Tuzla 4 – SS Višegrad; (a) the dis tri bu tion of the LF elec tric field ra di a tion around the
sur face of the sub-con duc tor '6' of outer phase '8', (b) the dis tri bu tion of the value of the LF elec tric field ra di a tion near the 
tip of the outer strand of the sub-con duc tor '6' of outer phase '8'

Fig ure 6. The ion iza tion  a/d and  the at tach ment h/d co ef fi cients as the func tion of E/d on the sur face of the stranded
con duc tor and its im me di ate vi cin ity; (a) SS Sarajevo 10-SS Sarajevo 20, (b) SS Tuzla 4-SS Višegrad



In or der to ver ify the ob tained val ues of the AC
co rona on set volt age gra di ent us ing the de vel oped
math e mat i cal model, the com par i son is car ried out
with the ef fec tive val ues of the AC co rona on set volt -
age gra di ent ob tained from the widely used Peek's
equa tion, [19]
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where m is the rough ness co ef fi cient which takes into
ac count the con duc tor sur face con di tion (m = 0.79), r – 
the ra dius of the stranded con duc tor in cm (r = 1.57
cm),  d – the co ef fi cient which takes into ac count the
air pres sure p and the tem per a ture t of the sur round ing
air by equal
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where p0 is the ref er ence air pres sure 760 mmHg and t0

is the ref er ence air tem per a ture 20 °C [20].
The com par i son be tween the val ues of the AC

co rona on set volt age gra di ent us ing the math e mat i cal
model and the val ues us ing Peek's equa tion are given
in tab. 1.

THE IM PACT OF THE CON DUC TOR'S
HEIGHT ONTO THE VALUE OF THE LF
ELEC TRIC FIELD 

For the cal cu la tion of the de pend ence of the LF
elec tric field ra di a tion on the sur face of the stranded
con duc tor and its im me di ate vi cin ity from the con duc -
tor's height, the sag cal cu la tion for the sup ports at
equal lev els as sim ple one are used, fig. 7. The po si tion 
of the points Pi(xi, yi) is de ter mined from the ex act cat -
e nary, eq. [21]
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where h is the height of the con duc tor at the mid dle of
the span, d – the sag and S – the length of the span of the 
an a lyzed the HV trans mis sion line.

The di men sions of a sin gle-cir cuit hor i zon tal
con fig u ra tion of the con duc tor are given in tab. 2.

The height of the con duc tor and the ground
wires to the ground in creased from the mid dle of the
span to ward the tow ers. The co-or di nates of the points
Pi(xi, yi) are de ter mined by us ing eq. (4). 

The vari a tion of the ELF elec tric field ra di a tion
on sur face of the stranded con duc tor and the AC co -
rona on set volt age gra di ent with the con duc tor height
along the cat e nary is given in fig. 8.

The high est val ues of the LF elec tric field ra di a -
tion on the sur face of the stranded con duc tor are at the
low est point of cat e nary, P0(0, h), and the drop to the
height of the con duc tors in which they be come less than 
the val ues of the AC co rona on set volt age gra di ent. For
the 400 kV trans mis sion line SS Sarajevo 10-SS
Sarajevo 20, the dis tance x at which the value of the LF
elec tric field ra di a tion is less than the value of the AC
co rona on set volt age gra di ent is x = 94.32 m, i. e., x =
=.56.28 m for the 400 kV trans mis sion line SS Tuzla
4-SS Višegrad, re spec tively. It can be con cluded that for 
the volt age val ues that were at the time of mea sure ment, 
the value of the LF elec tric field ra di a tion on the sur face
of the stranded con duc tor on trans mis sion line SS
Sarajevo 10-SS Sarajevo 20 to 44.4 % of the span
length were greater than the value of the AC co rona on -
set volt age gra di ent, i. e., 35 % for the trans mis sion line
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Ta ble 1. The com par i son be tween the val ues us ing the math e mat i cal model and the Peek's equa tion

400 kV
trans mis sion line

Volt age level
[kV]

AC co rona on set volt age gra di ent us ing 
math e mat i cal model [kVr.m.s.cm–1]

AC co rona on set volt age gra di ent
us ing Peek equa tion [kVr.m.s.cm–1]

Dif fer ence
[%]

SS Sarajevo 10 – SS
Sarajevo 20

422.97 kVmax

244.21 kVr.m.s.
20.1477 19.6 (d20 = 0.914) 2.718

SS Tuzla 4 – SS
Višegrad

417.20 kVmax

240.80 kVr.m.s.
20.1471 19.7356 (d20 = 0.941) 2.042

Fig ure 7. The lon gi tu di nal pro file
of 400 kV trans mis sion line

Ta ble 2. The di men sions of the sin gle-cir cuit hor i zon tal
con fig u ra tion of the con duc tor

400 kV trans mis sion 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 Višegrad 22 9.2 12.8 323



SS Tuzla 4-SS Višegrad, re spec tively. Rea sons for
these dif fer ences are:
– the volt age value dur ing the an a lyzed pe riod at the

400 kV trans mis sion line SS Sarajevo 10-SS
Sarajevo 20 (422.9 kV) was higher than at the 400
kV trans mis sion line SS Tuzla 4-SS Sarajevo,
Višegrad (416.7 kV),

– the LF elec tric field ra di a tion on the sur face of the
stranded con duc tors at the 400 kV trans mis sion
line SS Sarajevo 10-SS Sarajevo 20 (stan dard di -
men sions) are higher than the LF elec tric field ra -
di a tion at the 400 kV trans mis sion line SS Tuzla
4-SS Višegrad (re duced di men sions) for the same
volt age val ues and the same con duc tor's heights
above the ground (nor mal ized val ues) [22].

CON CLU SION

There are many pa ram e ters af fect ing the lon gi tu -
di nal dis tri bu tion of the LF elec tric field ra di a tion on
the sur face of the stranded con duc tors and their im me -
di ate vi cin ity along the sag of the trans mis sion line: the 
con duc tor heights along the sag, the pres ence of the
ground ing wires, the pres ence of the tow ers, etc. In
this ar ti cle, the in ves ti ga tion of the im pact of the
heights of the stranded con duc tors along the sag of the
typ i cal 400 kV trans mis sion lines with stan dard and
com pacted di men sions is pre sented.

On the an a lyzed trans mis sion lines, the LF elec -
tric field ra di a tion on the sur face of the stranded con -
duc tor and its im me di ate vi cin ity is greater than the
AC co rona on set volt age gra di ent at 45 % of the length
of the sag for trans mis sion line SS Sarajevo 10-SS
Sarajevo 20, or 35 % for the trans mis sion line SS Tuzla 
4-SS Višegrad, re spec tively.

AU THORS' CON TRI BU TIONS

The main idea of ap ply ing th re search about the
im pact of the con duc tor's heights onto the value of the
LF elec tric field and all cal cu la tions was put for ward
by A. S. ̂ aršimamovi}. A. S. ̂ aršimamovi} and A. Z. 
Mujezinovi} have de vel oped pro gram code for the
cal cu la tion of the elec tric field. A. S. ^aršimamovi},

A. Z. Mujezinovi}, Z. F. Bajramovi}, and I. M.
Turkovi} per formed all ex per i ments and anal y sis. M.
P. Košarac par tic i pated in ed it ing and re vis ing of the
manu script. All au thors dis cussed the re sults and com -
mented on the manu script.
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NIVO  RADIJACIJE  NISKOFREKVENTNIH  ELEKTRI^NIH
POQA  OKO  VISOKONAPONSKIH  PRENOSNIH  LINIJA  I  UTICAJ 
POVE]ANOG  NAPONA  NA  GRADIJENT  NAPONA  PO^ETKA  KORONE

U radu je dat pregled vrednosti merewa i prora~un vrednosti radijacije
niskofrekventnog poqa oko visokonaponskih prenosnih linija i uticaj povi{enih vrednosti
napona na naponski gradijent po~etka AS korone. Merewa nivoa radijacije niskofekventnog
elektri~nog poqa provedena su ispod 400 kV prenosnih linija horizontalne konfiguracije sa
standardnim i kompaktizovanim dimenzijama. U svim analiziranim slu~ajevima u ovom radu
merewa su izvr{ena na sredini raspona, jer su u tim ta~kama provodnici najbli`i povr{ini
zemqe. Provedene analize u ovom radu nastale su usled povi{enih vrednosti napona koji su
registrovani u ~vorovima 400 kV mre`e u Bosni i Hercegovini i susednim zemqama, koji dugo traju
u posledwih nekoliko godina. Prora~un radijacije niskofrekventnih elektri~nih poqa
razli~itih konfiguracija visokonaponskih prenosnih linija koristi}e se za odre|ivawe nivoa
izlagawa nejonizuju}e radijacije op{te populacije u budu}nosti, kao i odre|ivawa wihovog
uticaja na naponski gradijent po~etka AS korone.

Kqu~ne re~i: nejonizuju}e zra~ewe, niskofrekventno elektri~no poqe, visokonaponska
..........................prenosna linija, AS korona, naponski gradijent po~etka korone


