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Approximate method for calculating the magnetic field of 330-750 kV high-voltage power line
in maintenance area under voltage

Problem. In order to organize effective protection of working personnel from the action of strong electromagnetic influence when
performing work on live high-voltage power lines (HVPL), the existing methods of calculating the magnetic field (MF) need to be
developed in the direction of their simplification during operational use. Goal. The purpose of the work is to develop an approximate
method and a simplified methodology for calculating the magnetic field flux density near the surface of the 330-750 kV HVPL wires
for the prompt determination of the safe distance of the working personnel to the surface of the HVPL wires at the current value of
their operating current. Methodology. A new approximate method of calculating the flux density of the MF in the area of work on
live HVPL based on the Biot-Savart law and determining the maximum values of the flux density of the MF on the axes of symmetry
N of the suspension of N wires, which are decisive for the protection of working personnel, is proposed. Results. Exceeding the
maximum acceptable level of the MF for individual power lines at their nominal currents, adopted in the European Union, and the
need to implement measures to reduce MF were revealed. Originality. It is shown that the distribution of the 330-750 kV HVPL near
N of its split wires with an error of no more than 2.5 % can be determined by the current of only one of the phases of the HVPL. This
distribution of MF, which is uneven, is determined by the order of axial symmetry N with the maximum values of the flux density of
the MF lying on the axes of symmetry N of the suspension of the phase wires. Practical value. The development of an approximate
method and a simplified methodology for calculating the flux density of the MF near the surface of the wires of 330-750 kV HVPL,
which allows you to quickly, without the use of a computer, calculate the safe distance to the wires of a specific HVPL at the current
value of its operating current, as well as determine the necessary measures for the protection of personnel from the MF, which can
be implemented either by physically limiting the minimum distance from the worker's body to the surface of the wires to a dangerous
one, or by necessary reduction of the HVPL operating current during repair work. Verification. An experimental verification of the
proposed method and methodology was carried out on a laboratory installation with a mock-up of a phase of a 330 kV HVPL from
AC 400 type wires at 1500 A current, which confirmed the correctness of the proposed calculation relationships. References 30,
figures 9.
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Ilpoonema. /[na opeanizayii epexmugno2o saxucmy pob6o4o2o0 nepconany 6i0 Oii CUNbHO20 eNeKmpoMAazHimHO20 GNIUEY Npu
BUKOHAHHI pOOIM HA BUCOKOBONbMHUX NIHIAX enekmponepedadi (JIEII) nio nanpyzoio, nompebyiomv po3eumy iCHYIOYi mMemoou
po3paxyuky maznimmnozo noas (MII) e nanpami ix cnpowenns npu onepamusHomy euxopucmanui. Mema. Memoio pobomu €
PO3POOKA HAOAUNCEHO20 MEMOOY MA CHPOWEHOT MEeMOOUKU POPAXYHKY THOYKYIL MAcHImMHO20 noas nobausy nosepxui nposodie JIEIl
330-750 kB ons onepamusHozo susnaueHHs b6e3neuroi oucmanyii pobouoeo nepcouany 0o nosepxti npoeodis JIEII npu nomounomy
3HauenHni ix pobouoco cmpymy. Memooonozia. 3anpononogano Ho8ull Habaudxicenull memoo po3paxyuxy inoykyii MII 6 3omi
suxonanns pooim na JIEII nio nanpyeoio, wo rpynmyemucs na 3axoui bio-Casapa, ma susnauenni MakcumanbHux 3Havens iHoyKyii
MI1 JIEII na ocsax cumempii N niogicy N npo6o0is, wo € eusHauanbHumu 015 3axucmy pobouoeo nepconany. Pezynemamu. Busigneno
nepesuwents npulinamozo 6 €epocoiosi epanuuno donycmumozo piens MII ons okpemux JIEII npu ix HominanvHux cmpymax, ma
HeoOxionicme peanizayii 3axo0ie i3 smenuwienna MI1. Opuzinansnicme. [lokazano, wo posnodin MII JIEII 330-750 kB nobausy N ii
po3ujenienux npogooie 3 noxubkoro He oinvut 2,5 % moowce susnavamuca sa MIT minoxu ooniei i3 ¢paz JIEIL Leii posnodin MII, wo e
HEPIBHOMIDHUM, BUSHAYAEMbCA NOPAOKOM 0Cb080i cumempii N 3 MAKCUMATbHUMY 3HAYEHHAMU THOYKYIL MASHImMHO2O0 NONs, WO
nexcamv Ha ocax cumempii N niogicy npogodie ¢as. Ilpakmuuna wuinnicme. Buxonana pospodxa HabaudscenHozo memoody i
CHPOWeHOl MemoOUKY PO3PAXYHKY THOYKYIT MASHIMHO20 NOAs NOOAU3Y NOBEPXHI nPoeodie sucokogorvmuoi JIEIT 330-750 kB, wo
0038071410Mb ONEPAMUBHO, 6e3 BUKOPUCMAHHS KOMN Tomepa, po3paxogysamu 6e3neuny iocmans 00 npogodie konkpemnoi JIEIT npu
NOMOYHOMY 3HAUeHHI T pobouoeo cmpyMy, a MaKodic eusHavamu HeoOXiOHI 3axoou i3 3axucmy nepcouany 6io MII, sxi moscymo
bymu peanizoéani abo WIAXOM DI3UUHO20 0OMEHCeHHsT MIHIMANbHOI 8I0Cmani 6i0 mina pobImHUKA 00 NOBEPXHI NPo6odie 00
Hebesneunoi, abo HeobXiOH020 3meHwenHa pobouozo cmpymy JIEIl na uyac pemonmuux pobim. Bepugpikayia. 3oiticneno
EeKCNEePUMEHMAIbHY NePeipKY 3anponoHOBAHUX Memooa ma MemoouKuy Ha rabopamopuiti yemanosyi 3 makemom gpasu JIEIT 330 kB
i3 npogodie muny AC 400 npu cmpymi 1500 A, axa niomeepouna KOpeKmuicms 3anpONOHOBAHUX PO3IPAXYHKOBUX CNIB8IOHOULIEHD.
Bi6m. 30, puc. 9.

Knrouoei cnosa: BHCOKOBOJIBTHA JiHiA ejiekTponepenadi, poéoru 0e3 3HATTS HANPYrH, MArHiTHe moJie M00/M3y NPOBOIIB,
MeTO/I pO3PaxXyHKY.

Introduction. One of the effective ways of
increasing the profitability of main power networks is to
carry out the repair work on overhead power lines (PLs)
of ultra-high voltage under working voltage [1-6]. This
allows to preserve the power supply of consumers during
the repair period. However, when organizing such works,
which are carried out in Ukraine by the staff of the
National Energy Company NPC Ukrenergo near power
lines (Fig. 1), there is a problem of protecting personnel
from the action of a strong electromagnetic field of power
frequency, which is characterized by the current values of
the strength E of the electric field (EF) and the flux

density B of the magnetic field (MF) and can reach a
dangerous level [7, 8].

At present, the problem of personnel protection from
the EF is practically solved with the help of special
shielding protective suits (Fig. 1) made of electrically
conductive material [9-13]. But these suits do not shield
the MF [14, 15]. The known methods for passive and
active shielding of the PL’s MF used to reduce it in
residential and public buildings [16-20] also cannot
be applied near PLs’ wires, as they require a significant
amount of free space for placing shielding elements,
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Fig. 1. Execution of repair works by NPC «Ukrenergo»
on the 330 kV power line under voltage

which is not near PL’s wires. Therefore, the protection of
personnel from the PL’s MF near its wires, which is
potential [21, 22] and decreases when moving away from
the PL, can be carried out in the traditional way — distance
protection [19] by introducing a safe distance between the
wires and the worker's body. Such distance should ensure
that the flux density of the MF on the worker's body falls
to the maximum permissible level (6 mT), which is
regulated by the requirements of the European Union
[7, 8]. To determine this safe distance, it is necessary to
quickly, in the field, after receiving data on the current
load of the PL, perform calculations of the flux density of
the MF in the working area of the PL (Fig. 1). The
working zone is formed at a distance of 2 mm to L mm
from the surface of the PL’s wires. Here, 2 mm is the
thickness of the protective suit, which limits the minimum
distance between the wire and the worker's body when
he/she touches the wire, and L is the safe distance at
which the flux density of the PL’s MF is guaranteed to
fall to the maximum permissible level.

However, the known methods of calculating MF,
near PL’s wires [23-27], are based on numerical
calculations that are quite difficult for the practical use
and require the use of the computer special code. This
makes it difficult to perform an operational determination
in the field of the flux density of the MF near the PL’s
wire, which is necessary for the organization of safe work
of personnel from point of view of the MF when
performing repair work on the PL under load under
voltage. Analytical methods based on Biot-Savart law
21, 22, 28] are more acceptable for operational
calculation of the MF of the PL. But these methods are
justified only for calculating the MF at a significant
distance from the PL, which exceeds the interphase
distance between its wires [21, 22, 29]. In addition, the
specified methods do not take into account such a feature
of the design of the phase wires of the 330-750 kV PL’s
wires as their splitting, which is essential for the
calculation of the MF [2, 3, 30] and also require the use of
a computer. Thus, the known methods of calculating MF
near 330-750 kV PL’s wires need to be developed.

The goal of the work is to develop an approximate
method and a simplified technique for calculating the flux
density of the magnetic field near the surface of 330-750 kV
PL’s wires for operational determination of the safe

—

distance of working personnel to the surface of PL’s wires
at the current value of their operating current.

Design of 330-750 kV power lines. The analysis of
the geometric dimensions of the suspension of wires of
real 330-750 kV PLs [2, 30] shows that their phases are
performed by split into N € (2-5) wires, the axes of which
lie at the vertices of regular symmetrical polygons (Fig. 2)
with the radius of the circumscribed circle R.
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Fig. 2. Design of the suspension of the wires of the 330-750 kV
PLs working in Ukraine

As follows from Fig. 2, diameters d of the PL’s
wires of 27-31 mm is an order of magnitude smaller than
the distance D of 0.4-0.6 m between split phase wires
and the interphase distance of 8.4-18.5 m. This makes it
possible to ignore the non-uniformity of the current
density in the wires caused by the proximity effect when
calculating the MF, and to successfully use the
analytical method [22] for the approximate calculation
of the MF’s flux density of the PL at observation points
P (Fig. 3), which are located near the surface of the
wires (/. € (0.002-500 mm).

Method of calculation of the MF. We substantiate
the possibility of performing the calculation of the flux
density of the MF when placing the observation point P
(Fig. 3) near the surface of the PL’s wires, based on the
use of the method proposed by the authors in [22, 29],
which is based on the Biot-Savart law and has undergone
thorough experimental verification.
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Fig. 3. Coordinates of the location of the wires of the PL’s

phases and observation point P on the example of a 750 kV PL
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We perform the analysis on a plane oriented normal
to the direction of the PL’s axis direction for the
suspension of wires in accordance with Fig. 4 with typical
assumptions [21, 22] about potentiality and plane-
parallelism of the PL’s MF. These assumptions must be
supplemented with the provisions that the currents in the
split wires of the individual phases of the PL are identical,
have a uniform density, and the wires are made of a
homogeneous material and have the correct right shape
with diameter d.
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Fig. 4. Geometry of the suspension of the phase wires of the
330-750 kV PLs

330 kV.N=2

750 kV, N=4

Then, according to [22, 29], the effective values of
the components of the MF’s flux density vector of each
phase £€4,B,C at the observation point P (Fig. 3) when
the phases of the power line are split into N wires can be
calculated as:

1Y yp—Y
Bx,f,n(P): £ < =

2z N5 (xP —xg,n)z + (yP —yé,n)z

b (1)

e
e 2z anl (xP_xcf,n)z"'(yP_yf,n)z

B,(P)=/(B.(P)P +(8,(P)F . 3)

where [ is the phase current of the PL; xp, yp are the
coordinates of the observation point P; xs,, yg, are the
coordinates of the intersection of the axes of the wires of
n phases £€A4,B,C of the plane, perpendicular to the axis
of the PL, B,(P) is the module of the MF’s flux density
vector at the point P.

The results of the calculation of the magnetic flux
density distribution of phase A4 of the PL according to
(1)-(3) at different N (Fig. 2) and nominal current are
presented in Fig. 5. The distribution of the MF for other
phases of the PL is identical.
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Fig. 5. Distribution of the MF’s flux density near phase wires of different PLs in a plane normal to its axis

The analysis of the nature of the distribution of the
MF’s flux density (Fig. 5) shows that it is irregular and has
zones with maximum values that coincide with the
directions ¢ (Fig. 4, 5), which are determined by the order
of axial symmetry of N wires of the PL’s phase. Therefore,
it is proposed to calculate the MF on the axes of symmetry
under the conditions P € ¢, which correspond to the worst
cases for the working personnel with the maximum values
of the MF’s flux density and at the same time make it
possible to significantly simplify the calculation.

Figure 6 presents the results of the calculation
according to (1)-(3) of the flux density of the MF phases
of different PLs at nominal currents and remote
observation points from the surface of the wires by
distance /.. As follows from Fig. 6, at nominal currents,
the flux density of the MF at the minimum distance from
P to the wires (2 mm) ranges from 11.4 mT for 330 kV
PL to 6.4 mT for 750 kV PL and exceeds the maximum
permissible level of 6 mT in 1.9-1 .07 times.
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Fig. 6. Dependence of maximum values of the MF’s flux density
of different PLs on the distance /. to the surface of their wires
(1-PL 330, N=2,1,=1.7kA; 2-PL 750, N=4, =2 KA,

3 —PL 750, N=5, I,=2 kA)
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For the worst case (for 330 kV PL, Fig. 2,a), the flux
density of the MF drops to the maximum permissible
level only at /. = 17 mm, which indicates the need to limit
the working distance by 15 mm, or to reduce the load of
the PL and its operating current accordingly to 0.52 from
the nominal. Here, the working zone L of the PL in the
calculation can be limited to a distance of /. = 20 mm, at
which the mutual influence of the MF from the currents of
different phases of the PL can be neglected. Then the
calculation of the maximum values of the flux density of
the MF near the PL’s wires can be performed for one
phase and according to (1)-(3) will be described by the
following relationships:

Peé,\/(xp—xn)z+(yp—yn)2>Ra “)

Yp~Vn

to 1 <
B P)= 5
maxx,n( ) o N’;(xp_xn)2+(yp_yn)2 ,(5)
Mo 1 < Xp—Xn
Bmaxy,n(P): Z 5 (6)

27 Nn=1 (xP_xn)2+(yP_yn)

Biaxa (P) = \/(Bmaxx(P))z + (Bmaxy(P))z , (D
where ¢ is the vector the direction of which coincides
with one of the N axes of symmetry of split PL’s wires.

Here, the relative error of the calculation when using
(4)-(7), which do not take into account the mutual
influence of the MF from the currents of different phases
of the PL compared to the calculation based on (1)-(3),
does not exceed 2.5 % (Fig. 7) and is quite acceptable for
approximate calculation.
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Fig. 7. Calculated by (4)-(7) and (1)-(3) the relative error of
calculation of the MF of different PLs near wires of one phase
without taking into account the influence of the MF from
currents of other phases (N € 2-5)
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To further simplify the calculation, we transform the
ratios (4)-(7), moving from the coordinates of the location
of the wires xp, yp, X,, , to the geometric parameters
of the suspension of the wires R, D and the distance /
(Fig. 2-4) and obtain the following simplified calculation
relations for different V:

By_o(l)=1 .&M

27 I(1+2R)’ ®

o1 2(1+1.5R)
Bys()=1-20| 2y 2120 9
w=sl) 67TL+12+3RZ+3R2 O
3
By_u()=1.L0_(+R) (10)

2 m ’

By_s(1)= I'S—;BJF

N 2(I+ R—Rcos(27/5))
(1+R—Rcos(27/5)f +(Rsin(27/5))

. 2(/+ R— Reos(4r/5)) }
((+R-R cos(47z/5))2 +(R sin(47r/5))2 ’

an

where R = ; [ is the distance from the axis of

2sin(z/N)
the wire to the point of observation P.

The obtained calculation relationships (4)-(11) are
the scientific basis for a simplified calculation method and
allow to quickly, with the help of a calculator, calculate
the maximum values of the magnetic flux density of the
PL for the current values of the load current as a function
of the distance / to the PL’s wires, taking into account the
geometry of their suspension.

Thus, on the basis of the above analysis, an
approximate calculation method (4)-(7) and a simplified
calculation technique (8)-(11) built on its basis can be
proposed for the operational determination of the flux
density of the MF in the area of performance of works on
live PL, which is based on the Biot-Savart law and
determining the maximum values of flux density for any
of the phases lying on the axes of symmetry of the
suspension of the split wires and determining the safe
distance to the wires of a specific PL at the current value
of its operating current.

The use of the proposed method and technique
allows to quickly determine specific measures to protect
personnel from the MF when performing work under
voltage, which can be implemented either by limiting the
minimum distance from the worker's body to the wires
(installation of capes or mats of the required thickness on
the PL’s wires in the working area), or a corresponding
reduction in the operating current of the PL for the period
of repair works.

Experimental verification of the proposed
method and calculation technique. The experimental
verification of the proposed calculation relationships
(8)-(12) was carried out on an experimental installation
with a laboratory model of a phase of the 330 kV PL
(Fig. 8), which was created at the magnetomeasuring
stand of the magnetodynamic complex of the Department
of Magnetism of Technical Objects of the Institute of
AM. Pidhornyi Institute of Mechanical Engineering
Problems of the National Academy of Sciences of
Ukraine.

The model is made on the basis of 2 PL’s wires of
AC 400 type with d = 28 mm and length of 5 m and their
arrangement according to Fig. 2,a. The experimental
installation allows to carry out research with current in
each wire from 100 to 750 A (200-1500 A per phase).
A three-phase induction regulator of the IR62 type
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(P,=30kVA, U, =22-382 V), loaded on two step-down
single-phase transformers of the OSU-80/0.5 type
(P, =100 kVA, U, = 12.2 V, I, = 8140 A), which are
connected to the corresponding wires of the laboratory
installation, was used as a regulated power source. The
MF’s flux density was measured by a Gaussmeter 410
type magnetometer with a special sensor positioning
system (Fig. 8), and the current in the model wires was
measured using TNFP3000/5 A type current transformers
and E526 type ammeters.

R lﬂ

—

Fig. 8. Experiental installation with a laboratry odel ofa
330 kV PL’s phase and a magnetometer sensor positioning
device

The results of the experimental studies are presented
in Fig. 9 and confirm the coincidence of the results of the
calculation and the experiment at nominal current in the
wires of 500-750 A with a spread of no more than 10 %,
which is quite acceptable for a physical experiment.
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Fig. 9. Results of measuring the flux density of the MF
on the laboratory model of the phase of the PL 330 (Fig. 8)
at /.= 0.002-0.150 m and currents in wires of 100-750 A
and their comparison with the calculation

This spread is mainly related to the imperfection of
the AC 400 type wire (it is made of twisted cores, see
Fig. 8) and requires further analysis. When the current
decreases, the error increases which is associated with an
increase in the influence of interference from the power
supply cables of the model (Fig. 8).

Conclusions.

1. An analysis of the geometric dimensions of the
suspension of wires of typical 330-750 kV PLs was
performed, based on which it was shown that for the
approximate calculation of the magnetic flux density near
their wires, an analytical method based on the Biot-Savart
law can be used with the determination of the magnetic
field only for one of its phases, without taking into
account the influence of the magnetic field of the currents
of other phases, which allows to simplify the calculation
with a limited error not exceeding 2.5 %.

2. The calculation of the magnetic flux density near the
wires of operating overhead power lines 330-750 kV was
carried out at their nominal currents, which showed an
excess of the maximum permissible magnetic flux density
level adopted in the European Union (6 mT) for 330 kV
power lines with N=2 (at distance from the surface of the
wires of 17 mm) and 750 kV with N=4 (at distance of
3 mm) and the need to take measures to reduce the
magnetic field acting on personnel when performing live
work.

3. An approximate method of calculating the magnetic
flux density near the surface of N the split wires of the
phases of the 330-750 kV power lines, the axes of which
lie at the vertices of symmetric polygons with the order of
symmetry N, is proposed, which is based on determining
only the maximum values of the magnetic flux density
lying on the axes of symmetry of N suspension of wires
and are decisive for the organization of protection of
working personnel from the action of the magnetic field.
The method allows to significantly simplify the
calculation, performing it only for the axes of symmetry,
and not for the entire space.

4. On the basis of the proposed approximate method, a
simplified technique of calculating the magnetic field has
been developed, which can be implemented without the
use of a computer, which allows in the field to quickly
calculate the safe distance to the wires of the specific
power line at the current value of its operating current and
to determine the measures necessary to protect personnel
from the MF when performing live work, which can be
implemented either by physically limiting the distance
from the worker's body to the surface of the wires to a
dangerous distance, or by necessary reducing the
operating current of the power line during repair work.

5. Experimental  verification of the proposed
approximate method and the simplified technique of
calculating the magnetic field based on it was carried out
on a laboratory installation with a phase model of a
330 kV power line made of wires of the AC 400 type at
nominal current of 1500 A (750 A per wire). The
experiment confirmed the coincidence of the results of the
calculation and the experiment with an acceptable error
for engineering calculations of no more than 10 %, and
the correctness of the proposed calculation method, as
well as the feasibility of developing on their basis
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normative documents of the Ministry of Energy of
Ukraine on the protection of working personnel from the
negative impact of the magnetic field when performing
work on power transmission lines under voltage.
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