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A METHOD OF COMPLEX AUTOMATED MONITORING OF UKRAINIAN POWER
ENERGY SYSTEM OBJECTS TO INCREASE ITS OPERATION SAFETY

The paper describes an algorithm of the complex automated monitoring of Ukraine’s power energy system, aimed at ensuring
safety of its personnel and equipment. This monitoring involves usage of unmanned aerial vehicles (UAVs) for planned and un-
planned registration status of power transmission lines (PTL) and high-voltage substations (HVS). It is assumed that unscheduled
overflights will be made in emergency situations on power lines. With the help of the UAV, pictures of transmission and HV'S will
be recorded from the air in the optical and infrared ranges, as well as strength of electric (EF) and magnetic (MF) fields will be
measured along the route of flight. Usage specially developed software allows to compare the recorded pictures with pre-UAV
etalon patterns corresponding to normal operation of investigated transmission lines and the HVSs. Such reference pattern to-
gether with the experimentally obtained maps of HV'S’s protective grounding will be summarized in a single document — a pass-
port of HVS and PTL. This passport must also contain the measured and calculated values of strength levels of EF and MF in the
places where staff of power facilities stay as well as layout of equipment, the most vulnerable to the effects of electromagnetic
interference. If necessary, as part of ongoing monitoring, recommendations will be given on the design and location of electro-
magnetic screens, reducing the levels of electromagnetic interference as well as on location of lightning rods, reducing probability
lightning attachment to the objects. The paper presents analytic expressions, which formed the basis of the developed software for
calculation of the EF strength in the vicinity of power lines. This software will be used as a base at UAV navigation along the
transmission lines, as well as to detect violations in the transmission lines operation. Comparison of distributions of EF strength
calculated with the help of the elaborated software with the known literature data has been presented also. The difference be-
tween the proposed method of monitoring and the existing methods is full automation of the complex control of a number of pa-
rameters characterizing the state of the external power grid facilities, as well as its basic electrical parameters. This will be possi-
ble due to usage of specially developed software for recognition of optical and infrared images, as well as pictures of lines of
equal EF and MF strength. References 12, figures 4.
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Cmampsa noceaujeHa ORUCANUIO ANIZOPUMMA KOMNIEKCHO20 A8MOMAMUIUPOSARHO20 MOHUMOPUH2A 00bEKM08 IHEePeMuU1ecKoll
cucmemul YKpauHwl, Hanpasiennozo Ha obecneuenue 6e3onacnocmu YYHKUUOHUposanus ee 06opyoosanus u nepconana. /lan-
Hblil MOHUMOPUHZ NPednonazaem Ucnoab308anue decnunomuvlx aemamensuvix annapamos (bIIVIA) ona nnanosoii u eénenna-
HOB0Il pecucmpayuu cocmoanua aunuil nekmponepeoauu (JI2I) u evicoxosonvmnuvix noocmanyuit (BII). Ilpeononazaemcs,
umo eHenanogvle 001emul Oyoym npouszeodoumscsa npu asapuiinvix cumyayuax na JI3I1. C nomowwio BIIVIA 6yoym 3anucel-
samuca c 6030yxa kapmunwl JIDIT u BII ¢ onmuueckom u un@hpaxkpacuom ouanazoHax, a maxKHce UsMepamycsa HanpANCeHHoCmu
ux anekmpuuecxkozo (I11) u maznumnozo (MII) noneii 60onb mpaccel nponema. Hcnonv3oeanue cneyuanbHo papadomannozo
npozpamMmnozo odecneuenus nozeonum cpasuums pecucmpupyemsie BIIVIA kapmunol ¢ npedsapumenbHo CO30AHHbIMU IMA-
JIOHHBIMU KADMUHAMU, COOMEEMCMEYIOWUX WIMAMHBIM pexcumam padomol konmponupyemoix JIII u BIl. Takue smanonnsle
KapmuHovl 8 COBOKYRHOCHU ¢ IKCHEPUMEHMATILHO NOIYUEHHbIMU Kapmamu 3aujumnslx 3azemnenuii BII 6yoym ceedenvt ¢ eou-
Holil 0okymenm — nacnopm BII u JIDII. /lannvtit nacnopm 001cen cooepicams maKice UsmMepeHHble U paccuumantble 3Haue-
Hus ypoeneit nanpaxcennocmeii 311 u MII ¢ mecmax npedviganus nepconana IHePzemMuUyeckKux 00veKmog u pacnonoiceHus
000pydosanus, naubonee ya36uUMo20 K 6030€liCHEUIO ITNeKMPOMAZHUMHBIX nomex. IIpu neodxooumocmu 6 pamKax 6blnOJIHEHUA
npo6oOOUMO20 MOHUMOPUHZA OYOYM OAHbI PEKOMEHOAUUU NO KOHCHMPYKUUU U PACHONOHCEHUIO ITIEKMPOMAZHUMHBIX IKPAHOB,
CHUMCAIOWUX YPOBHU INEKMPOMAZHUMHBIX 6030 CMEUIl, U MOJIHUEOME0008, YMEHLILAIOWUX 6EPOAMHOCING NOPANHCEHUA MOII-
Hueil uccnedyemvlx 00vexkmos. B pabome npuseooamea ananumuyeckue gulpajx;cenus, KOmopuvle 1e2iu 6 0CHO8Y pa3padomaHHo2o
npozpammnozo odecneuenusn ona pacuema nanpax;cennocmu I 6 okpecmnocmu JIJII. /lannoe npozpammuoe odecneuenue
O6yoem ucnonv3oeano é Kauecmee 6azoeozo npu nasuzayuu BIIVIA eéoonv JIDII, a maksce ona pacno3nasanus Hapyulenui 6
pabome JIIII. Ilpusedeno maksice cpasnenue 3asucumocmeit nanpsaxycennocmu 11, paccuumannvix ¢ nOMousbI0 OAHHO20 RPO-
2PAMMHO20 0Decneyenus, ¢ OAHHLIMU, U36ECMHLIMU U3 Tumepamypvl. Omauyue npeonazaemoii MemoOuKu MOHUMOPUH2A Om
CYULEeCMBYIOWUX COCIOUN 8 MOM, YN0 KOMNJIEKCHbLI KOHMPOb PAOG RAPAMEMPOS, XAPAKMEPUZYIOUWUX 6HeUIHee COCHOANHUE
00beKmoe Inepzocucmemol, @ MAKHce ee OCHOGHBLIX INEKMPUUECKUX NAPAMEmPOE OyOym HOIHOCHbIO AGMOMAMUIUPOEAHDL.
Dmo cmanem 603M0icHbIM 6 pe3yibmame UCNONb306ANUA CREYUATILHO PA3PAOOMANHO20 NPOZPAMMHOZ0 0fecneuenus no pac-
NO3HAGANHUIO ORMUYECKUX U UHPPAKPACHBIX U300padceHUll, a makKyce Kapmuu aAunuil paenoil nanpayxcennocmu 11 u MII.
bu6n. 12, puc. 4.

Kniouesvie ciosa: TMHUM J1eKTpoONepeaun, YIeKTPUIeCKoe H MATHUTHOE 1oJIe, AaBTOMATH3HPOBAHHBII MOHHTOPHHT, GecIH-
JIOTHBIE JIeTaTeIbHbIe aNNapaThl.

Introduction. Currently, the problem of guarantee- is extremely important. Such a monitoring should be di-
ing the energetic security of Ukraine is very important.  rected to prevent emergency switching of power transmis-
Here, the monitoring of the state of electrical energy sion lines (PTL) as well as to recover as soon as possible
transmission systems from producer to electrical customer  their working capacity if such a switching takes place.
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One of more perspective modern methods of the PTL
state diagnosing is monitoring by using unmanned aerial
vehicles (UAVs). Such a monitoring is developed in Rus-
sian Federation (RF) [1], as well as in Europe [2], China
[3], Brazil [4] and other countries. Here, the PTL state
check is carried out by the way of its optical registration,
registration by using infrared imagers, as well as registra-
tion of partial discharges taking place in insulation.

As analysis of reasons of PTL faults in RF which
power network is rather like Ukrainian one shows they
take place mainly on PTL 110 kV — 86 %, 11 % — PTL
220 kV, and 3 % — PTL 330-750 kV [1]. Such a distribu-
tion of fault numbers is proportionate to the correspond-
ing PTL length. Most number of PTL faults in RF is re-
sulted by damage of wires and lighting guard ropes —
56 %. Other reasons of PTL faults are such damages as
insulator breakdowns — 19 %, tower damage — 15 %, and
damage of other PTL elements — 10 %. In the correspon-
dence with present statistics sharp increase of PTL faults
takes place in spring and summer because of bridging of
insulation gaps by green plantations. There are a lot of
PTL faults because of vandalism such as insulator chain
damage, theft of wires and PTL tower elements, throwing
over on PTL wires, etc. [1].

Problem definition. From above-stated it is follow-
ing that on-line testing of the state of PTL as well as high-
voltage substations which represent an integral part of the
power-supply system and removal of the fault sources can
be very effective. The aim of this paper is to develop an
algorithm of the complex automated monitoring of ob-
jects of the power network of Ukraine directed to guaran-
tee its safety operation.

Materials of investigations. An algorithm to carry
out monitoring of objects of the power network of
Ukraine. Patented engineering solutions are known
which aim is to guarantee the traffic control of UAVs by
using electric field (EF) strength or magnetic field (MF)
strength [5, 6]. These solutions can be used to develop a
method of monitoring of objects of the power network
of Ukraine safety. Such a method envisages creation of
passports — etalon patterns describing PTL and substa-
tions operation in normal mode. Passport data — etalons
should include optical images of investigated objects
and their images in infrared band obtained by infrared
imagers. Besides, such passports should include distri-
butions of electric and magnetic fields strength obtained
by using calculations and measurements in determined
distances over the PTL as well as in determined dis-
tances under high-voltage substations. It is supposed that
UAVs with given periodicity will carry out aerophoto-
graphy of investigated objects in optical and infrared
bands as well as to measure their EF and MF strength. It
is supposed that extraordinary flies will be carried out at
PTL faults to determine place and character of damage.
Comparison by the developed software of data collected
during UAVs’ flies with passport data as investigated
object’s etalon will permit to take operative decisions on

its current state: to remote arose failures which presence
can result in faults, or to find places of faults if it was
impossible to avoid them.

Utilization of an unmanned system to compare most
important parameters describing normal operation of in-
vestigated objects (PTL and high-voltage substations) will
also prevent illegal power takeoff from the power net-
work. Analysis of such parameters can be used for opti-
mization of operation modes as well as structure of inves-
tigated energetic objects.

Besides, such passports should include maps of
placement of high-voltage substations’ systems of protec-
tive grounding which play a key role to guarantee safety
operation of personnel and equipment. Here, such maps
should be obtained as a result of MF strength measure-
ments during the current flow by protective grounding. To
obtain reliable information on actual state of the protec-
tive grounding system (PGS) it is proposed to connect a
current generator to it and measure the MF density over
the earth surface. The map obtained in such a way will
reflect real placement of the protective grounding sys-
tem’s elements. It will give a possibility to assess the reli-
ability of protection of the investigated object by the pro-
tective grounding system at various short-circuit failures
and, if necessary, to develop recommendations on restora-
tion of damaged parts of the PGS as well as on its devel-
opment and modernization. Obtained in such a way data
on placement of elements of the protective grounding
system are used as initial data for the developed software
which permits to build distributions of equipotential lines
and EF strength on the earth surface, to determine levels
of step voltages and touch voltages as well as impedance
of the grounding system. By these distributions conclu-
sions on the reliability of the existing protective ground-
ing systems are done. If necessary, in the frame of the
carried out monitoring recommendations on the design
and placement of electromagnetic shields utilization of
which permits to decrease electromagnetic exposures
level will be made [7].

The next important system which secures safety op-
eration of energetic systems is their lightning protection
system. By the developed software using the method [8]
distributions of probability of lightning hit on the high-
voltage substations’ territory will be built and, if neces-
sary, recommendations on development and moderniza-
tion of existing lightning protection system will be given.

By using maps of EF and MF strength distributions
at PTL and high-voltage substations operation obtained as
a result of measurements and calculations of the EF and
MF strength as well as by using reliable maps of the pro-
tective grounding systems, plans of the safety movement
of the high-voltage substations’ technical personnel and
placement of equipment especially sensitive for possible
electromagnetic exposures will be prepared.

To develop the monitoring system of the energetic
system objects’ safety, methods for EF and MF strength
calculation are necessary. Here, at the absence of the per-
sonnel in the EF exposure zone analytical methods can be
used.
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The main parameter which characterizes the PTL
electromagnetic field and does not depend on the kind of
the PTL load is the EF strength. Let’s describe in detail
principles of the developing the software used to realize
the proposed method of the complex monitoring of ener-
getic system’s objects.

Analytical methods of PTL EF calculation.

To use analytical methods for the PTL electrical
field strength calculation the following assumptions
should be taken:

e it is supposed that PTL wires are parallel infinite
long cylinders which charge is uniformly distributed
along their axes;

e voltage in the PTL wires changes by the sinusoidal
low with frequency of 50 Hz;

e phase displacement in time between PTL wires’
voltages equals 120°;

e the earth surface is supposed flat, and earth proper is
supposed absolutely conductive in the comparison with
air and having zero potential;

e presence of towers, buildings, technical and biologi-
cal objects in the PTL zone is not taken into account;

e presence of additional strands (lightning protective,
compensative, etc.) is not taken into account;

e it is supposed that the PTL wires are in the air with
relative dielectric capacitivity equals €, = 1;

e root-mean-square values of the electric field strength
are determined near a plain which is perpendicular to the
PTL wires’ direction in the area of the maximal wires
approaching to the earth.

At the mentioned assumptions values of potentials,
specific charges and EF strength can be written in the
symbolic form for complex quantities, and the electric
field can be presented as a sum of the PTL wires’ electric
fields and their mirror images relatively the earth surface
[9, p. 84, 93].

Typical cases of the PTL wires placements are
shown in Fig. 1.

If PTL wires are bundle the equivalent wire’s radius

is calculated by the formula [9, p. 42]:
1

r=(M~rph-aM_l)ﬁ,

where M — number of bundle wires of the PTL phases; 7,
— radius of the PTL phases wires’ section [m]; a — radius
of the circle on which PTL bundle phases are placed [m].

In the general case of the arbitrary placement of the
PTL wires the capacity value per the unit of length is cal-
culated by the formula [10, p. 96]:

2re &
CS = B
I \/h1 hy s Yngmy ey
r x/ﬁz' 3y 3y

where h,, hy, h; — distances from the earth surface to each
PTL wire; r5, 23, 131 — distances between PTL wires; 7>,
7, 1310 — distances between PTL wires and their mirror
images.
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Fig. 1. Typical cases of the PTL wires placements

In the case of the vertical placement of PTL wires as
it is shown in Fig. 1,a the PTL capacity per the unit of
length is calculated by the formula:
2re,.€

CS =
In ZD%/E .3 Pinin * Piin + D) - (Byyipy +2D)
2h

r nin T D) 2h i +2D)-(2h ;. +3D)
where D — distance between PTL wires [m]; %, — mini-
mal distance between PTL wires and earth (4, = min{#;,
hy, h3}) [Mm]; €. — relative dielectric permeability of the
medium (air) in which the PTL wires are; g, = 0.885-107°
F/m — electrical constant.

In the case of the horizontal placement of PTL wires
as it is shown in Fig. 1,b the PTL capacity per the unit of

length is calculated by the formula [10, p. 96]:
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2re &

CS:

" 2hyin - D

r~3\/(4h§ﬁn +D?) [k + D?
In the case of the PTL wires placement in the apexes
of the equilateral triangle as it is shown in Fig. 1,c the

PTL capacity per the unit of length is calculated by the
formula:

C 27e, &
G =
In| Qg h‘%‘i“'(hmin+D\/§/2)
" (4h2in +D?) [(2h_, +D3/2)* +D? /4]

Complex values of the azimuthal and axial compo-
nents of the PTL EF strength in the point P(x,, y,) (see
Fig. 1,a) are calculated by formulae [9, p. 68]:

Uph 'CS %

Ex (xp,yp)=
27e,.&)

_|: X1 —Xp _ X —Xp :|+
(i =xpf+(+yp) (o —xpf +(h-yp)

X

J{lﬂ-ﬁj,{ it B Xy —Xp 2} :
272 ) (-xpP (i +ypf  (va—xp) +(hy—yp)

+[l—j\/§}-|: X3—Xp _ X3—Xp :|
| \2 72 (5 —xpf + (s +ypf  (v3—xpf +(h3—yp)

. U, C
Ey(xp,yp)=—25x
27e,€
{ h+yp . h—-yp }r
(i —xpf +(+ypf (o —xpf+(—yp)
" +[1+j\/§]4{ hy+yp - h22*J’P 2}
272 | (xy—xpP(y+yp)f  (xa—xp) +(hy—yp)

hy+yp hy—yp }

i o
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Root-mean-square value of the electric field strength
in the point P(x,, y,) is calculated by the formula:

. 2 . 2
E(xPaJ’P):\/Ex(xPayP)| +‘Ey(xPaYP)‘

>

where |Ex(xp,yp) Ey(xp,yp)| — modules of the com-

plex values of the azimuthal and axial components of the
PTL EF strength in the point P(x,, y,).

On the base of these formulae a software permitting
to calculate EF strength in the PTL vicinity is developed.
Comparison of root-mean-square values obtained by us-
ing this software with data from [11] are presented in Fig.
2,a, 3,a and Fig. 2,b, 3,b, respectively. In Fig. 4,a, 4,b the
same comparison with data from [12] is presented.
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Fig. 2. Calculated dependences of the EF strength in the section

perpendicular to the wires of the PTL 150 kV on the distance of
1 m from the earth surface
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Fig. 3. Calculated dependences of the EF strength in the section

perpendicular to the wires of the PTL on the distance of 3 m
from the earth surface
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Fig. 4. Calculated dependences of the EF strength in the section
perpendicular to the wires of the PTL 500 kV on the distances of
0.5m, 1 m, 1.5 m from the earth surface

Conclusions.

1. A method of complex automated monitoring of PTL
and high-voltage substations representing key elements of
power supply system of Ukraine is developed.

2. A software for calculation of the EF in PTL vicinity
is developed and tested. This software is necessary for the
navigation of UAVs — the main element of the described
monitoring system as well as for assessment of electrical
parameters of investigated energetic objects.
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