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TRANSMISSION LINES WITH TOWERS AND UNMANNED AERIAL VEHICLES PRESENCE
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The results of mathematical modeling of the electric field of overhead power transmission lines (TL) are presented
taking into account presence of towers and unmanned aerial vehicles (UAVs) for various cases of the TL lines layout:
vertical, horizontal and triangular. Numerical calculations of electric field (EF) were performed using finite
integration technique and uniaxial perfectly matched layer. In this case the TL lines under the electrical potential were
replaced by linear charges located on their axes. The obtained numerical results for the case of towers and UAV
absence were compared with the analytical solutions, which showed coincidence of the EF strength moduli within the
range of the assigned accuracy of the numerical calculations— 3%. The results of calculations are necessary to
determine the flight height of UAVs, safe from the point of view of electromagnetic compatibility of the on-board
electronics to influence of the TL EF and TL towers. References 13, figures 6.
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Introduction. At present, unmanned aerial vehicles (UAVs) are used to ensure reliable functioning
of electric power systems [1,2]. UAVs are used to monitor condition of overhead power transmission lines
(TLs) with the help of their optical, thermal and partial discharges recording. There are technical solutions
aimed on providing control of UAVs movement by measuring of the magnetic or electric field (EF) strength
[3]. The magnetic field strength depends on current and, consequently, on the type of a transmission line
electrical load. The parameter independent on such a load is the EF strength; therefore this parameter is most
suitable for UAVs navigation.

For reliable functioning of UAV, electromagnetic compatibility of the electronic equipment installed on
it with EF of transmission line should be provided. For this it is necessary to investigate power transmission
lines EF in the zone above the wires, taking into account the presence of power line towers, as well as
conducting elements of UAVs. The results of calculations of power transmission lines EF described in the
literature, as a rule, refer to zones located below the power line wires [4]. Information on the EF strength levels
above the wires and transmission lines towers is also necessary for estimation of the conditions of corona
discharges formation, as well as for choosing the means for their lightning protection. These factors cause the
necessity of obtaining information about distributions of the TLs electric field strength.

Calculations of electric and magnetic fields of power transmission lines at presence of such objects
as lightning protection cables and cable screens are described elsewhere [4]. Such calculations are carried out
mainly with the help of analytical methods [5]. Then it is assumed that the values of potentials, charges and
EF strength may be written as complex variables, and their values are calculated using the symbolic method.
The electric power transmission line is represented as the sum of EF of its wires and their mirror images
relatively the earth's surface [5]. With such a representation of power line for the case of arbitrary wires
layout, the capacitance per unit length may be written as [5]
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where h,, h,, h; are the distances from the earth’s surface to each wire; 7., 123, 31 are the distances between
power line wires; r'|,, r',;, r'y, are the distances between the wires and their mirror images; r is the radius
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of power lines wires; &, is the relative permittivity of the medium with power line wires; £=0.885-10"" F/m.
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To take into account presence of conducting objects in the vicinity of TL, it is necessary to use
numerical methods, for example, the finite integration technique [6]. Such calculations are also necessary for
lightning protection means selection [7, 8].

The aim of the paper is to obtain the EF strength distributions over TLs, taking into account
distortion of the electric field near TLs’ towers and in the vicinity of the conducting parts of UAVs.

Numerical calculation of EF distribution in the vicinity of TLs. The problem of EF calculation in
the vicinity of an overhead power transmission line may be considered in quasi-stationary approach. It is
assumed that the phases of TL lines potentials (U;, U,, Us) are shifted by an angle 120° and vary by
sinusoidal law with 50 Hz frequency. It is assumed also that EF distributions are identical in the cross
sections perpendicular to the direction of the lines axes when there are no conducting objects in the TL zone.

Calculation of EF strength (E) may be carried out with the help of scalar electric potential (¢)
E=—gradg. (2)
The source of the TL electric field may be represented as charges distributed with a uniform linear
density 1 along the lines axes [5]. Complex values of T may be determined by capacitance of TL per unit
length C; with the help of (1), taking into account the TL lines layout and the diameter of wires 7, =C ,U 0

t,=CU,; t,=CU,, where U, =Ue’" , U, :Uemoo, U, =Ue™" are the complex line electric
potentials; U is the RMS of phase voltage; j=+/-1.
The equation under consideration is written after application the divergence operator to both sides of

. -~ = 0D
the Maxwell equation [9] rot H =yE +E +J. s 3)
(where H is the magnetic field strength; y is the specific conductivity; D is the electric induction; jex, is
the current density of external sources) and the integration by the volumes of the elementary cells which
cover computational domain. In this case, the continuity equation expressing the law of charge conservation

is used [9] divJ,, =-op,, /ot, (4)
where p,,, is the external sources charge density.

By presenting E in the form of (2) and applying Gauss's theorem, the final equation written for
complex values and derived from (3) and (4) is expressed as
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where S is the side surface of the cells of computational domain; ¢,,, = I P dV 1s the charge of the external
14
sources, located inside the cell volume V; o is the circular frequency.
It is assumed that the charge g,,, is equal to zero for all cells, except for those through which the TL

conductors pass. For cells embracing a wire with potential U1 Qo =A-C, -Ul, with potential U2 -

Groy =A-C,-U, , with potential U, — ¢,,, =A-C,-U, (where A is the cell length in the direction of the

current conductor, C; is calculated in accordance with (1)).

The operations of differentiation are replaced by their difference analogues at numerical realization
of (5). This approach, when the law of conservation (in this case the law of charge conservation) is used to
obtain a numerical solution, is referred as the finite integration technique [10]. The advantage of the finite
integration technique consists in the automatic fulfillment of boundary conditions on the media interfaces.

At numerical calculations of TLs EF using finite-difference methods, the problem owing to power
lines location in so-called open regions arises. The dimensions of the calculation domain at the outer
boundaries with assigned zero conditions for EF strength are very large. To solve this problem, UPML
(uniaxial perfectly matched layers) are used [11]. It is assumed that anisotropic layers are located at the
boundaries of the calculation domain, the electrical parameters of which (relative permittivity € in our case)
are proportional to some value a (¢>0) in the direction parallel to the external boundary of the calculation
domain, and ¢ is proportional to 1/a in the direction perpendicular to the external boundary of the calculation
domain. The value of € changes by exponential law in each layer, and the values of a increase near the outer
boundary of the calculation domain. For example, for the layer parallel to the plane x-y, the relative dielectric
permittivity tensor is expressed as
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At the UPML intersection in the corners of the computation domain, the tensors of intersecting layers are
al’ 00|l|la, 00| |a 00
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multiplied =0 a, 0[]0 a; 0[]0 a, 0],
00 a, Oan OOa;1

where a(x)=1+(knu—1)(x/d)"; ayy)=1+(kna—)W/d)"; a(2)=1+(knaw—1)(z/d)"; d is the thickness of UPML;
kinax=300—500 and m=3-5 are the factors [11].

To calculate the EF, the Cartesian coordinate system is used. It is assumed that the wires of the
transmission lines are parallel to axis Oz, axis Oy is perpendicular to the earth's surface, and axis Ox is
perpendicular to the transmission lines direction and parallel to the earth's surface. The coordinate system
zero point is assumed to be located on the earth surface.

Taking into account that (1) contains the relative permittivity of the medium in UPML zones with
the transmission lines wires directed along the axis Oz , the value of ¢, is set to be equal to €,=¢, or €,=¢,.

Calculations of power transmission lines EF for their different locations. Software that realizes the
described numerical method was developed using Fortran programming language. EF calculations were
performed for TL of 220 kV RMS linear voltage. Then U =220-10°/ 3 V, the distance between the TL lines
is not less than 6 m, the length of the insulator on which a wire is suspended from a TL tower is equal to 0.8 m,
layouts of the TL lines are triangular, horizontal or vertical [12]. For calculation with the help of the finite
integration technique, a rectangular grid with a step A was applied to the calculation domain. Dimensions of the
domain are Xun, Xmaxs Ymir=0s Yimaxs Zmin=0, Zmax- UPML are located at the boundaries of the calculation domain.
UPML parameters are follows: the number of layers is equal to 10, k,,=300, m=3. In the numerical
calculations, the following boundary conditions are used: O¢p/0x =0 at X=X, XXpnas @=0 at y=y,,;,=0,

0p/0y =0 at y=Yuue 00/ 0z =0 at z=z,,;,=0, z=z4 It was taken into account that due to UPML application,

the values of the EF strength in the corresponding directions at X=X, X=Xmaxs Y=Vmax> Z=Zmax €an be assigned
equal to zero. A condition ¢ =0 at y=y,,,=0 takes into account presence of the earth with zero potential. As an

assumption, condition 0¢/0z =0 at z=z,,;,=0 is accepted, as it is assumed at this problem solution that the TL

lines are infinitely long and parallel to the surface of the earth. The earth is represented as a conducting infinite
half-space. Such conditions are usually accepted at the EF of transmission lines calculation [4, 5]. The influence
of the TL wires sagging and ground surface irregularities on the EF of transmission lines distribution is not
considered in this paper. In the case of a conductive object presence near a TL, which distorts its EF
distribution, it was assumed that the Oz axis passes through its axis of symmetry.

Usage of the finite integration technique allows application of a relatively large spatial step along
axes Ox, Oy, Oz: A=A=A.=A=0.4 m. The carried numerical experiments, which consisted in double increase
of the computation domain dimensions and a double decrease of the spatial grid step, have shown that further
decrease of the spatial step and increase of the computation domain dimensions do not cause changes in the
EF distributions. Dimensions of the calculation domain in the direction of the axes Ox, Oy, Oz are shown in
Figs. 1-3, 6.

Calculations of the EF distributions for various TL-220 lines layouts: triangular, horizontal and vertical
were carried out. Comparison of the EF distributions obtained with the help of numerical calculations and
analytical solutions [5, 13] for three types of TL lines layout in absence of TL towers and UAVs has shown
coincidence of the EF strength values within the assigned at numerical calculations relative error — 3 %. Fig. 1,
a shows the results of numerical (solid curves) and analytical calculations (dashed curves) of the distributions of
lines of equal EF strength (in V/m), proving their good coincidence. The lines of equal potentials, EF strength
and other dependencies were got with the help of standard programs.

Pictures of the EF distributions for TL-220, calculated with the help of the described approach, are
shown in Figs. 1-3, 6. The following designations are used: 1 is the earth, 2 are the TL lines, 3 is the TL
tower, 4 are UPML, 5 is the UAV.

ISSN 1607-7970. Texn. enexmpoodunamixa. 2018. Ne 3 5



Fig. 1

The analytical solutions for the cases for any objects absence in the TL zone are shown in Fig. 1-3
by the dashed lines. These figures show calculated distributions of lines of equal EF strength (Fig. 1, a, b, 2,
3, 6, data are given in V/m) as well as the lines of equal potential (Fig. 1, ¢, data are given in V) in the
sections perpendicular to the TL lines (z=0) in the entire calculation domain, including UPML. The results of
calculations performed taking into account presence of a TL tower are shown in Fig. 1, b, ¢, 2, 3 in the cross-
sections passing through its middle.

The height of the TL tower and the maximum height of TL lines suspension are assigned equal to
36 m and 30 m correspondingly. Fig. 1 represent the case of a triangle lines layout; distributions shown in
Fig. 1, a are calculated for the case of any objects absence of in the TL zone.

Fig. 2 shows the computed distributions of the lines of equal EF strength for the case of a horizontal
(@) and a vertical (b) layout of the TL lines in TL towers presence. The calculated EF distribution for TL
towers absence is shown in Fig. 2, a by the dotted lines.

Fig. 2

To simplify the EF calculation with regard of a TL tower presence, it was represented schematically
as having a constant cross section along its entire height, which is equal to 0.4x0.4 m. In order to estimate
the effect of a real TL tower narrowing to the top, calculations of the EF were carried with such its
representation.

Fig. 3, a shows the calculated distributions of lines of equal EF strength in the cross-section z=0 for
this case (solid lines) and also the distribution for the case of a tower with a constant cross-section along its
height (dashed lines) when the TL lines layout is a triangle. As can be seen from this figure, a character of
the TL tower representation has not significant influence on the EF distribution in the zone above the tower.
Fig. 3, b shows calculated results of the EF strength (in V/m) for this geometry in the cross-section x = 0.
This cross-section passes through the middle of the tower and the TL lines do not get into it (their projections
on this cross-section are marked by callout 1).
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The dashed and dot lines in Fig. 3, b
show the results of the analytical
solution. It is follow from Fig. 3, b, that
the EF distortion due to a TL tower
presence is observed in a relatively small
zone (5—10 m), detached from the tower
in the direction of the TL lines, mostly
near the top and the base of the tower.

As follows from analysis of the
calculated EF of transmission lines, at
the TL towers presence (see Figs. 1-3),
the magnitude of the EF strength in a
relatively small zone just around the
tower vertice increases for the
ol — considered cases by a factor 2-8

0 5 10 Zm compared with the EF strength at their
b) absence. However, the EF strength in
Fig. 3 the area further above the TL tower

decreases faster than in the case of its absence.

Fig. 4 shows calculated dependences of the maximum EF strength levels over the TL lines for different
cases of their layout: triangular (marked e), horizontal (marked o) and vertical (marked +). These distributions

E.Vim ‘ ‘ ‘ ‘ ‘ ‘ show differences in the EF strer.lgth'in the same areas
20001 S -1 for the cases of absence (solid lines) or presence
horlzf“tal (}XZ“} m-e 'Wlﬂf"m % (dashed lines) of the TL towers. These curves

5 vertical (x=0) - + - — 1 - with tower correspond to the points on a straight line

1300 \\;“Q\ trian,lgular (;:0) IR perpendicular to the earth surface, where the distor-tion
\‘\ '\\\\ of the EF because of the TL tower presence is
1000} - o~ maximal. This line is located 1 m and more above the
pdlg | \tt:\éi\qb TL tower. These maximum levels are reached at

. N T sl Jo == different magnitudes of the coordinate x shown in the

500 B C s Y O R FOSEELS “=== figure. It follows from the dependencies of Fig. 4 that
| increase in the EF strength because of a TL conduc-

Y.m  tive grounded tower presence, which takes out a zero

& 38 39 40 41 42 43 potential to its vertex, extends only in a relatively small

Fig. 4 zone (about 2—-3m for the considered TL confi-

gurations) directly above the vertex of tower, and the EF strength decreases above this height in comparison

with the case of a tower absence. It may be seen from the comparison of the solid and dashed lines in Fig. 4. As

can be seen from this figure, for the considered zones, the highest levels of the EF strength occurs when the TL

lines have a horizontal layout. Maximum levels of the EF strength with a vertical TL lines layout are achieved
not above a TL tower, but above the TL lines.

Fig. 5 shows the calculated levels of maximum EF strength above the TL lines in the zone where

there are no towers for a triangular (1), horizontal (2) and vertical (3) TL lines layout. These dependencies on

2500 E.V/m the vertical coordinate y are plotted in the cross-section
50003 z=const for different values of x corresponding to the
2 zones with maximum levels of the EF strength for the
1500 height y>35 m: curve / and 2 — for x=0, curve 3 — for
"\S,\\\ x=4 m. As can be seen from Fig. 5, the highest levels
1000 . of the EF strength occur when the TL lines layout is
500 —— horizontal, but for y>55 m the differences in the EF
strengths for all three cases of the TL lines layout are

4s 40 45 50 55 Y.mgo negligible.

Fig. 5
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Calculations of power transmission lines EF at an UAV presence. Usually some parts of UAVs are
made of conductive materials. For instance, batteries and
motors of UAVs as a rule are conductive. UAVs location over
TLs causes the EF distortion and appearance of the zones with
increased EF strength levels compared with the case of their
absence. Information on the levels of the EF strength inside
UAVs, taking into account such amplification, is necessary for
choosing the type of electronic equipment, as well as making
decisions on its shielding, if necessary. Fig. 6 shows the
calculated distributions of lines of equal EF strength (in kV/m)
in an UAV presence in the cross-section z=0, passing through
its center, for the case of TL-220 lines horizontal layout. As
follows from the calculations, increase in the EF strength
around the conducting parts of UAV for the considered model
can reach about 3 times in comparison with the case of the
UAYV absence.

Conclusions. 1. As shown by numerical
experiments, the zones with the highest EF strength levels are observed over TLs with a horizontal layout,
but differences of EF strength of TL-220 with horizontal, vertical and triangular layouts are negligible at
distances above the lines exceeding 15 m.

2. Calculations of the EF, performed taking into account presence of TL towers, have shown that the
EF strength increases in the zone located 1-2 m above a tower. When this height is exceeded, the EF
strength just above a tower decreases and becomes less than the EF strength for the case of a tower absence.
Obtained results of calculations of the EF strength distribution allow determining the zones of safe
functioning of the electronic components of UAVs and, if necessary, to take measures to ensure their
shielding. Such calculations are also necessary to assess the conditions for corona formation on power lines
and choose the means for their lightning protection.

Fig. 6
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PO3PAXYHOK PO3MOALTY EJEKTPUYHOIO IMOJISI B OKOJIHIII JTHIN EJJEKTPOIEPEIAYI 3
YPAXYBAHHSAM HAABHOCTI OIIOP I BE3IIIVIOTHUX JIITAJIBHUX AIIAPATIB

M.M. Pe3unkina, €.1. Cokoa, O.I'. I'pud, O.B. boptHikos, C.A. /INTBUHEHKO
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IIpeocmasneno pe3ynemamu MamemamuiHo20 MOOeIOBAHHS eNeKMPUYHO20 OIS NOGIMpANUX Ninill enekmponepeoayi (JIEII) 3 ypaxy-
8aHHAM HaseHocmi onop i 6e3ninomuux aimanvuux anapamie (BIIJIA) ona pisnux eunaokie posmauwysanns nposodie JIEIL: eepmu-
KabHO20, 20pU30HMANLHO20 | mpuKymHozo. Yucenvui pospaxyuxu enexkmpuunozo noas (EII) euxonysanucs 3a 0onomo2oio memooy Kit-
yesoz2o iHmezpy8anHa i 0OHOBICHO 00bpe Yy3200xceHux wapie. Ilpu ybomy cmpymonpoeoou, wo 3HAxXo00AmMsbcs nio NOMEHYIanoM, 3ami-
HANUCA NIHIHUMU 3aPAOAMU, PO3MAUOBAHUMY HA IXHIX OCAX. Bukonano nopieHANNA OMPUMAHUX YUCENTbHUX Pe3YTIbMAamie Ons GUNAOKY
giocymuocmi onop i BIIJIA 3 ananimuunumu piweHHamu, saxe nokaszano 36ie mooyuie nanpyscenocmi EI1 y medxcax 3adanoi mounocmi
uucenbHux pospaxymkie — 3%. Pesynomamu po3paxynkie HeoOXioni Ona eusHauenHs GUCOMU NONbOMY Oe3NiOMHUX NiMmanbHux anapa-
mie, bezneuHoi 3 MouKu 30py enekmpomazHimuoi cymicnocmi 60pmoeoi enekmponixu 0o 0ii’ EIT JIETT ma ixuix onop. bion. 13, puc. 6.
Knrwuoei cnosa: enekrpudHe 1oJe; MaTeMaTHYHE MOJETIOBAHHSI, MOBITPSIHI JiHII eNEKTpONepeaadi; eIeKTpOMarHiTHa CyMiCHICTb;
0E3MJIOTHI JiTANbHI amapaTH.
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PACYET PACIIPEAEJIEHUS DJIEKTPUYECKOI'O I1OJISI B OKPECTHOCTH JIMHUAM SJIEKTPOIEPEJAYM C
YUETOM HAJIMYUSA OIIOP U BECITMJIOTHBIX JIETATEJIBHBIX AIIITIAPATOB

M.M. Pe3unkuna, E.U. Cokoa, O.I'. I'pud, A.B. boprHukoB, C.A. JINTBHHEHKO

HanmnoHaibHbIN TeXHUYECKHI YHUBepPcUTeT «XapbKOBCKHI MOJINUTEXHUYECKUI HHCTUTYT»,

ya. Kupnuuesa, 2, XapbkoB, 61002, Yxpaunna, e-mail: maryna.rezynkina@gmail.com

TIpedcmagnenvt pe3ynbmamol MameMamuieckozo MOOeIUPOBAHUs. SNEKMPULECKO20 NOJA BO30VUIHBIX JUHUL 2NeKmponepeoaiu
(JIOII) ¢ yuemom manuuus onop u 6ecnulomusix iemamenvuvix annapamos (bIIJIA) ons pasnuynevix cryuaes pacnonodxHcenus npoeo-
006 JIDII: 8epmuKaibHO20, 20pU3OHMANLHO20 U Mpey2onbHo20. Qucaennvie pacyemvl dnekmpuieckoeo noas (A1) ebinOIHAIUCH ¢
NOMOWBIO MEMOOA KOHEUHO20 UHMESPUPOBAHUS U OOHOOCHO XOPOUIO CONACO8AHHBIX CNoe6. TIpu 5mom Haxoosuwuecs noo nomeH-
YUANOM MOKONPOBOObI 3AMEHANUC TUHEHHBIMU 3aPAOAMU, PACNOTONHCEHHBIMU HA UX OCAX. Bblnoaneno cpasHenue nonyueHHbIX yuc-
JIEHHBIX pe3ynbmamos 0ns cayuas omcymemeusi onop u BIIIA ¢ ananumuyeckumu pewteHusmu, noKazasuiee cosnaoenue mooyiell
nanpsicennocmeii O 6 npedenax 3a0annoll MOYHOCMU YUCIEHHbIX paciemos — 3 %. Peszynomamel pacuemos neobxooumul O
onpeoeneHus 8blCoONbl NOAEMa GECRUNONHBIX TEMAMENbHBIX ANNapamos, 6e30NACHOU ¢ MOYKU 3PEHUs. SNEKMPOMASHUNMHOU CO8MeC-
mumocmu 60pmo8ot snekmporuxu k deticmeuio 11 JIDIT u ux onop. bubn. 13, puc. 6.

Kniouegvie cnoea: >neKTpUIecKoe 10JIe, MATEMAaTHIECKOE MOJCINPOBAHNE, BO3IYIIHBIC JIMHAH JIEKTPONEepeadt, SIeKTPOMarHuT-
Hast COBMECTHMOCTD, OSCIIMIIOTHBIC JIETaTeIIbHBIC AlIapaThl.
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