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AHOTAIII

Hisicescokuti  1.B. YIOCKOHAJICHHS METOMIB MOJEpPHI3alii 1 KOHTPOIIO
napamMeTpiB  3a3eMJIIOBAJILHOTO  MPUCTPOIO  MIChKMX — mifcTaHiii.—Ha mpaBax
PYKOTIHCY.

Hucepraiiisi Ha 3100yTTSI HAYKOBOTO CTYIEHS KaHIWJATa TEXHIYHUX HayK 3a
cnerianibHicTIO 05.14.02 «EnextpuuHi craHiii, Mepexi 1 cucteMuy. —HartioHansHuii
TEXHIYHUH YHIBEPCUTET «XapKIBChKUN MOMITEXHIYHUHN 1HCTUTYT», Xapkis, 2017.

JlucepTallisi IpUCBSYCHA aKTyalbHIM HAyKOBO-TIPAKTUYHIN MPOOIEMI MOITYKY 1
pPO3pOOKH HOBHUX CIOCOOIB JUIsl BUMIPIOBaHHS OMNOPY 3a3€MJIIOBAJbHUX IPUCTPOIB
(3I1), po3poOku HOBUX KOHCTPYKIIiid 31, M0 JO3BOJISIFOTH CIIPOCTHTH PEKOHCTPYKIIIFO
MIJCTAHIIIA, a TaKOX CTBOPEHHS 1 BJIOCKOHAJICHHS MaTEMaTUYHUX MoJeneil 1
IIporpam JJIs pO3paxyHKy eJeKTpUIHUX XapakTepucTuk 311 MoBIIBHUX KOHCTPYKIIIH.
AHani3 pe3ynbTariB oOcTexeHHs icHytounx 3I1 mijmcraHIiiii, BUSBUB CEpHO3HI
MOPYIICHHS, $AKI TNPU3BOAATH O BIAXWICHHS MapaMeTpiB Bil HOPMU 1 [0
HeoOx1qHocTi MozepHizauii 3I1 migcranmiid. Ilokazano, mo wmoxepHizamis 311
MPU3BOUTH /10 BITHOBJICHHS 1OT0 HOPMOBAHUX MapaMeTpiB.

[IpoananizoBano ocHoBHi (GyHkiii 311 migcradimiii, BUILIEHI OCHOBHI
napamMeTpu, SKi BU3HAYAIOTh MOTO0 TEXHIYHUW CTaH 1 Mpale3aaTHICTh B TEPIOJ
eKCIuTyaTallii, TOOTO TOTOBHICTh BHKOHATH CBOI (YHKIIII 13 3aJIaHOI0 HATIMHICTIO B
Oyab-sikuii MOMEHT. J[0 OCHOBHMX mapameTpiB BigHocsThes: omip 311, moTeHmian Ha
311 1 HanpyTra JOTHKY.

BusBieHo  OCHOBHI ~ TEHIEHIIi  yJAOCKOHAJCHHS  BHUKOPHUCTOBYBAHHUX
KoHCTpyKIiH 311 icHyrounx migcTaHIin.

[IpoBeneno anami3 ICHYIOYMX BHUMOT JI0 TEPIOJUYHOTO  KOHTPOJIIO
enexkTpuuHux mnapametrpiB 3II, a Takoxx cmoco6iB 1 METOJIB iX BUMIPIOBAaHHA 1
TEHJICHIIIT 1X PO3BUTKY.

Ha mincraBi 1iporo anamizy copMyibOBaHI MeTa 1 HAyKOBa 3aj1aya PO3poOKH i
JTOCITIKeHHST HOBUX KOHCTPYKIiN 3I1 1 HOBUX cIOCOOIB KOHTPOJIIO 1X €JIEKTPUUHUX
napamMeTpiB 3 ypaxyBaHHSM BHUMOT, SKi BHIUIMBAaIOTH 3 ymoB pobotu 311 B

CJIICKTPUYIHUX MCPCIKaAX.
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[Tokazano, 110 B ymMOBax HIUIbHOT 3a0yJJOBH TEPUTOPII B MICIIl pO3TallyBaHHS
MiACTaHILli  HEMOXXJIMBOBMKOHATH  HEOOXIJHI BHUMIPIOBaHHA B  3B'SI3Ky 3
HEMOXKJIUBICTIO PO3HOCY €JIEKTPOIIB B CXeM1 BUMIPIOBAHHS Ha BEJIMKI BIJICTaHI, SK
ILOr0 BUMarae icHyro4da meroauka (3/1, xe /1 - Benuka giaronans 311).

Po3pobneno marematnyni mozeni 311 mpocTux ABOpIBHEBUX KOHCTPYKINHN 3
TOPU3OHTAIBHUX a00 KUIBIIEBUX CIEKTPOMAIB. B  pe3ynbTaTi  JOCIHIIKEHHS
CJICKTPUYHOTO TIOJISI BUSBIICHO, IO IOTEHINIA] HA TOBEPXHI 3eMJI HaJ IEHTPOM
KBa/IpAaTHOTO 3a3eMIIIOBaya MOKe OyTH BHILE, HI’K HaJl €JIEKTPOIOM.

Bnepmie po3pobiieHO MareMaTH4Hy MOJENb IS aHalli3y eJIeKTPUUYHUX
xapakrepuctuk 3I1 miacTaHuiid B ABOMIAPOBOMY I'PYHTI, IO BIAPIZHAETHCSA TUM, LIO
JT03BOJISIE BU3HAYMTH EJIEKTpUUHI Xapaktepuctuku 3II, sike CckIagaeThcs 3 JIBOX
PIBHIB 3 JOBUIBHUM PO3TallyBaHHAM iX 100 KOPJOHY PO3JALTY LIapiB.

Ha miacraBi icHyrouoi MareMaTWyHOI MOJENI INUIAXOM ii YJAOCKOHAJICHHS
po3pobiieHa MaTeMaTH4Ha MOJAENb CKiIagHoro pasopiBHeBoro 31 mixcranmii.
Po3pobieHo MeTon po3paxyHKy —eleKTpuuHuX — xapaktepuctuk 31,  saxuit
peamizoBanuii y Burisani nporpamu «BEKTOP» B makeri Mathcad. Tounicth
pPO3pAaxXyHKy OLIHIOETbCS LUISXOM TMOPIBHSHHSA pPE3yJbTaTiB PO3PAXYHKIB 3
EKCIIEPUMEHTAIbHUMU 3HAUYECHHSIMU MOJICIbHHUX 1 HATYPHUX 3a3€MJIFOBAUiB, a TAKOXK 3
pe3yJbTaTaMy PO3pPaxyHKIB IHITUX aBTOPIB.

[Ipoanasni3oBaHO HEJOJIKH ICHYIOUHMX pekoMeHJauiid no pexkoHctpykiii 3I1 1
3aMpoNOHOBaHA iX MOJepHi3allisa. HaBeneHo MeTou BUMIpIOBaHHS OMOPY MPOCTHUX 1
cxyaguux 311, 1m0 3aCTOCOBYIOThCS B YKpaiHi.

OTpuMaHO aHATITUYHI BUpA3U ISl PO3PaXyHKY €JIEKTPUYHOTO MOJs 1 Onopy
PO3TIKaHHS TPAAUIINHO €JIIEMEHTApHUX (TOPU3OHTAIBHUN, KUIBIIEBOI) E€JIEKTPO/IIB
311, po3TamoBaHuX Ha PI3HUX PIBHAX MO TIIMOMHI B OAHOPIAHOMY 1 JBOIIAPOBOMY
IPYHTI.

JlocmipKeHO eNEeKTpUYHI XapakTepucTHKU BopiBHeBoro 31 mixcraHmii sk B
OJIHOP1/IHIM, TaKk 1 B JABOIIAPOBIA CTPYKTYpl IPyHTY. BupilIeHHS LbOr0 3aBIaHHS
BUKOHYBAJIOCSI METOJOM OOYHMCIICHHS TMOTEHIIHHUX KOe(]IIlieHTIB Ha OCHOBI

BEKTOPHUX OIepalii.
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[IpoBeneHo AOCTIKEHHS BIUIMBY TTTMOMHU 3aJSITAHHS CITKU BEPXHBOTO PIBHS
311 migcraHiliid, TOBIIMHY MIAPY 3BOJIOKEHHS, POCUXAHHSI a00 TPOMEP3aHHS TPYHTY
1 koHCcTpyKIii 311 Ha HOTO eNeKTPUYHI XapaKTePUCTHKU.

3anponoHOBAHO 1 JOCHIKEHO JBa MOXJIMBUX BaplaHTH MOJEpHI3allii
icayrouoro 3I1 miacranmii. Ilepmmii BapiaHT nependadyae ykJIagaHHS T0JAaTKOBHUX
TOPU3OHTAIBHUX €JICKTPOJIIB CITKH B 3eMJII Ha JIPyroMy (BepXHLOMY) PiBHI, TOOTO Ha
rmbuHi 0,3 ... 0,35 M, a He Ha rMbwuHI 0,7 M, K 11 TepeadaYeH0 PEeKOHCTPYKITIETO.
Hpyruii BapiaHnT niepeadayvae ykiagaHHs Ha APYroMy piBHI TOBHOI CITKH.

AHali3 pe3yJbTaTiB BUKOHAHUX JOCHIKEHb IOKa3aB, M0 3 MOTIPIICHHSIM
crany BuxigHoro 3II BHacaiIOK KOpo3ii a00 MNOMMIOK HPOEKTYBAJIBHUKIB 1
MOHTQ)XHHKIB 3aCTOCYBaHHS JBOPIBHEBOTO 3a3eMIIIOBaya Ha MiJCTaHIIi JO3BOJISIE HE
TIIbKM BIJHOBUTU MHOrO €JIEKTPUYHI XapaKTEpPUCTUKH, aje 1 MOJIMNIIATU iX.
BcranoBneno, 1mo rauOWHA 3aKiiaaHHs CITKM BEPXHBOTO PIBHS MOBHHHA OyTH HE
Menmre 0,3 M, Tak SK TOAAJIbIIE 3MEHIIEHHS TJIMOMHHM MPU3BOAUTH JI0 301IbIICHHS
HaIpyTH JOTHKY.

BcranoBneno, 1o 3actocyBaHHS CITKM BEPXHBOTO piBHS JBopiBHEBOTO 3II B
NOpiBHAHHI 3 i1cHytounM 311 a1 BCiX BUNAAKIB Jae HailmeHlie 3HaueHHs onopy 311, a
TaKOXK HAaHOUIBIITY BETUYMHY BIIHOCHOTO MOTEHIIIANY B OYy/Ib-sKili TOUIll HA MOBEPXHI
3eMJIi, B TOMY YHUCIIi 1 B KyTOBOMYBIUKY.

Bnepmie 3anpononoBano Meton BuOoOpy koHcTpykuii 311 mifgcraHmiid, 1o
BIJIPI3HSIETHCS] THM, 110 B HHOMY BPaXxOBY€THCS BIUIMB TOBIIUHU IIAPY 3BOJIOKECHHS,
npoMep3aHHs ab0 BHCHXaHHS TPYHTY Ha eleKTpudHi Xapaktepuctuku 3II, m1o
JT03BOJISIE ICTOTHO MiABUILMTH KOTO €KCILTyaTallliiHl XapaKTepUCTUKH.

BcranoBneHo, 1mo MakCUMalbHO JTOMyCTUMUN po3Mip aBiuka citku 311 Oinbiie,
HIDK JIUI1 KBQJIPaTHOTO 3a3eMIIIOBava MPH OJTHAKOBOMY BUPIBHIOBaHHI CICKTPHYHUX
MOTEHI[IaJIiB 10 MOBEPXHI 3€MJIl, 1 MOXKE BH3HAYATHCS IO CIIBBIIHOIIECHHIO a =t /
0,2. Takum YHHOM, MaKCUMaJIbHO JOMYCTUMHUN pO3MIp BIYKa CKJIQJHOTO
3a3eMJII0Bava 3aJICKUTh K BiJl TIIMOMHU MOTO 3ajsiraHHs, TakK 1 BiJ YKCJa OCEPEJIKiB

IIpY HEe3MIHHIN 3aliMaH1li HUM TUTOIII].
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BcranoBneHo, 1m0 HEOJHOPIAHICTH IPYHTY HE BIUIMBAE Ha OTpPUMaHi
pe3ynbTaTH, sIKI JO3BOJISIOTH OOTPYHTOBAHO ONTUMI3YBAaTH BUTPATH METally 1 0OcCsT
3eMJISTHUX poOIT mpu MojepHizamii 3II, a TakoX ICTOTHO MIJBUINUTH HAJINHICTH
BUKOHAHHS BUMOT €JIEKTPOOE3IEKH.

VY 1ockoHalIeHO METOJI BUPIBHIOBAHHS €JIEKTPUYHUX MOTEHIIAJIB 1O MOBEPXHI
3emuti Haj BiukaMu3I1 migcraniiil 1 3a Mexxamu KOHTYpy 311, 110 BiAPI3HIETHCS THM,
10 BCTAHOBJIEHO 3B'S30K PO3MIPIB BiUKa CITKH 3 TJIMOMHOKO ii YKJIaJaHHs, IO
JIO3BOJIUJIO PIBHOMIPHO PO3MOIIIMTH TOTEHINATIM 1 3a0e3MeUuTH MIiHIMAJIbHY
HANpPYyTy JTOTHKY.

3anpornoHOBAaHO  METOJ BU3HayeHHs Ha Tepuropii 311 migcranuii
pO3TallyBaHHsI BUMIPIOBAIBHOIO €JIEKTPOJia 3 OJM3bKUM JI0 HYJS MOTEHINAJIoOM 1
OL[IHKK omnopy 3a3emyieHHs1 Takoro 3II, sikuil A03BOJSE€ OLIHUTH TMOTEHLIAT B
po3paxyHKoBOMYy pexkuMmi poboru 3l mijmcraHmii okpemoro 3a3emiroBadya Ha
MIJICTAHINT 32 YMOBH BHUKIIIOYCHHS TajlbBaHIYHOTO 3B'S3KYy I[LOTO 3a3eMIIiOBava 3
KoHTypoMm 311,

VY nockonaneno meton BuMmiproBaHHs omnopy 3II migcTaHIii 3a JTOMOMOTOIO
TPHOXEJIEKTPOJIHOT YCTAHOBKH, IO BIJAPI3HAETHCS THUM, IO MO 4Yep3l 3MIHIOIOTHCS
GbyHKIII{ BUMIPIOBAIBHUX €JIEKTPOJIIB, 110 JO3BOJIKIIO MTPOBOJUTH BUMIPIOBAaHHS 0€3
BIJITYKAHHS TOYKH HYJILOBOTO MOTEHIIIAITY.

BukoHaHo TeopeTnyHe OOIPYHTYBaHHsSI METOAY Ta po3poOJeHo Crociod
BuMiproBanHs onopy 31 miacraniiii B ymoBax miiibHoi 3a0ya0BHu TepuTopii. MeTos
NPUAATHUUNPU OyAb-SIKOMY XapaKTepl HEOJHOPITHOCTI IPYHTY, Oyb-SIKUX pO3Mipax
1 koH(irypamii 311 1 AOBUIBHOMY pO3MIIIEHHI BUMIPIOBAIBHUX €JIEKTPOMIB 0Oe3
BIJIITYKAHHS TOYKH HYJIHOBOTO TOTEHIIIAITY.

ExcniepuMeHTanbHO JOCHIIKEH] €JNEKTPUYHI XapaKTEPUCTHUKU JIBOPIBHEBOIO
311 migcranmii MerogaoM (I3UYHOTO MOJETIOBAHHS B EIEKTPOJIITHYHIA BaHHI.
OTtpumaHi pe3yabTaTh MOKa3aJId XOPOIIHA 301T 3 pe3yabTaTaMu PO3PAXYHKIB.

Po3pobiieHo airoput™ 1 mporpamy po3paxyHKy elekTpuuHux napametpis 311y
BUTJISIAI  BOPIBHEBOI  KOHCTpykmii. [Iporpama  mo3Bomisie  aBTOMAaTU3yBaTH

po3paxyHKoBi pobotu npu Buodopi 311.
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OcHOBHI HayKOBI pe3yJabTaTH pOOOTHM 3HAWNUIM CBOE€ 3aCTOCYBaHHS B
CTBOpPCHHI JBOpiBHEBOI KOHCTpyKMii 311, 1m0 m03BOAMIO TIPOBOAUTH  iX
MojiepHi3allito. 3anpornoHoBaHo 1 3anateHToBaHo 3II (matent Ykpainu Ne 18292),
ke peanizoBaHo B AK «XapkiBoOnenepro» mnpu mogaepnizauii 311 migcranmii
«ITaBmiBChKay.

3anponoHOBAHO 1 3aMIaTEHTOBAHO JIBa HOBUX criocoOu BUMiptoBaHHs onopy 311
(matentu Ykpainu Ne 19760 ta Ne 58994), sxi MOXKyTb 3aCTOCOBYBATHUCS AJisi Oy/b-
SAKOTO 00'eKTa 6€3 MOro BIIKIIIOYEHHS 1 B yMOBaX MPOMHUCIIOBO1 1 MIChKOi 3a0y/T0BH.

Po3pobneno Mopem Ta METOAM, $KI MOXYTb OYTH BUKOPHCTAaHI IpHU
JOCIIJKEHHAX €JIeKTpUYHUX mnapamerpiB 311 B Ail0YMX ENEeKTPUYHUX Mepexax
BUCOKOI Harmpyru. B pamkax moroBopy 3 AK «XapkiBoOsienepro» OyB BHUKOHaHUMN
aHaji3, po3poOJICHO Ta 3alpolOHOBAHO PEKOMEHJAIll W00 MOAEpHi3alil
(BukoHaHHs) ABopiBHEBOTO 311,

Buxopucranns aBopiBaeBoro 3I1 go3Bosisie  3amoOIrTH  MONIKOIKEHHIO
OCHOBHOT'O 00JIaJHAHHS MIACTAHIIIM, a TAKOXK BIIMOBU CHUCTEM PEIEHHOTO 3aXUCTY 1
aBTOMATHKH, ikl Morii O OyTu BukiukaHi aedexkramu 311 1o fioro moaepHizaiiii.

3anponoHOBaHO TAKOX MPAKTUYHE 3aCTOCYBAHHS PE3YJIbTAaTiB HOBOTO METOMY
BUMIPIOBaHHS ONOpY po3TikaHHA ckiagHoro 3II, mo mnonsrae B TOoMy, 10 3a
pe3yibTaTaMi BUMIPIOBAaHb BUKOHYETHCS PO3PAXYHOK PO3MOJITY TMOTEHIIANIB B
cucteMi B3aeMoBIuinBaounx 311 mpu KOpoTKKX 3aMUKaHHAX. TeopeTHyHi MOT0KEHHS
1 TMpaKkTHUYHI BUCHOBKM BUKOPUCTOBYIOTHCS B HAYKOBO-JOCIITHUX poOOOTax Ta
HaBuasibHOMY mporieci kadenpu [IEE HTY «XIII» nas miaroroBKu CTYJICHTIB 3a
cnemianbHIicTIO 05070102 - «EnexkTpuyHi CUCTEMH 1 MEPEKID».

Knwuosi  cnosa:  wmicbka — TIACTaHINS,  3a3€MIIIOBAIBHHN  MPHUCTPIH,
MOJIepHi3allisi, TBOPIBHEBA KOHCTPYKIIiS, €JIEKTPUUHI XapaKTEepPUCTUKH, MaTeMaTUYHa
MOJIeNIb, METOJ] BHUMIPIOBAHHS OINOpY, TEOPETUYHE OOTpyHTYBaHHS, (izuuHe

MOJICITIOBAHHS, EKCIIEPUMEHTAJIBHI JOCTIPKEHHS, HOPMOBaH1 TapaMeTpu
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Nizhevskiy 1.V. Improvement of methods of modernization and control of
parameters of grounding device of city substations. - Manuscript.

Dissertation for the degree of candidate of technical sciences in specialty
05.14.02 - electrical stations, networks and systems. —National Technical University
«Kharkiv Polytechnic Institute». — Kharkov, 2017.

The Dissertation is devoted to the actual scientific and practical problem of
searching for and developing new methods for measuring the resistance of grounding
devices (GD), developing new designs of GD that allow simplifying the
reconstruction of substations, as well as creating and improving mathematical models
and programs for calculating the electrical characteristics of arbitrary structures.

The analysis of the results of the survey of existing substation storage facilities
revealed serious violations that lead to deviation of parameters from the norm and to
the need to upgrade the substation GD. It is shown that the modernization of the GD
leads to the restoration of its normalized parameters.

The main functions of the substation GD are analyzed, the main parameters are
identified, which determine its technical state and operability during operation, i.e.
Readiness to perform its functions with a given reliability at any time. The main
parameters include: resistance, GD potential and touch voltage.

The main tendencies of improvement of the used substation structures of
existing substations are revealed.

The analysis of the existing requirements for the periodic monitoring of the
electrical parameters of the GD, as well as the methods for measuring them and the
trends in their development.

On the basis of this analysis, the goal and scientific task of developing and
researching new designs of GD and new methods for monitoring their electrical
parameters are formulated, taking into account the requirements that arise from the
conditions of work of GD in electrical networks.

It is shown that in conditions of dense development of the territory at the

location of the substation, it is often impossible to perform the necessary
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measurements in connection with the impossibility of spacing the electrodes in the
measurement circuit for large distances, as required by the existing technique (3D,
where D is the large diagonal of the GD).

Mathematical models of GD of simple two-level structures from horizontal or
ring electrodes are developed. As a result of the investigation of the electric field, it is
revealed that the potential on the surface of the earth above the center of the square
earth electrode can be higher than above the electrode.

For the first time, a mathematical model has been developed for analyzing the
electrical characteristics of substation storage in two-layer soils, which is
distinguished by the fact that it allows to determine the electrical characteristics of
GD that consists of two levels with an arbitrary arrangement of them relative to the
interface of the layers.

Based on the existing mathematical model, by improving it, a mathematical
model of a complex two-level substation has been developed. A method for
calculating the electrical characteristics of GD is developed, which is implemented as
a "VECTOR" program in the Mathcad package. The accuracy of the calculation is
estimated by comparing the results of calculations with the experimental values of the
model and natural grounding switches, as well as with the results of calculations by
other authors. The shortcomings of the existing recommendations for the
reconstruction of the GD are analyzed and their modernization is suggested. The
methods used in Ukraine for measuring the resistance of simple and complex GD
devices are given.

Analytical expressions are obtained for calculating the electric field and
resisting the spreading of traditionally elementary (horizontal, ring) GD electrodes
located at different depth levels in a homogeneous and two-layer soil,

The electrical characteristics of a two-level substation GD in substations as
well as in a homogeneous and in a two-layer soil structure are investigated. The
solution of this problem was carried out by the method of calculating potential

coefficients on the basis of vector operations.
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The influence of the depth of the grid of the upper level of the substation
storage substation, the thickness of the humidification layer, the drying or freezing of
the soil and the design of the storage device on its electrical characteristics was
studied.

Two possible options for upgrading the existing substation GD are proposed
and investigated. The first option involves laying additional horizontal grid electrodes
in the ground at the second (upper) level, i. e. at a depth of 0.3 ... 0.35 m, and not at a
depth of 0.7 m, as provided for in the reconstruction. The second option involves
laying the complete grid on the second level.

Analysis of the results of the performed studies showed that with deterioration
of the state of the GD due to corrosion or errors of designers and installers, the use of
a two-level grounding switch at the substation allows not only to restore its electrical
characteristics, but also to improve them. It has been established that the depth of the
upper level mesh shall not be less than 0.3 m, since a further decrease in depth leads
to an increase in the contact voltage.

It is established that the application of the upper-level grid of a two-level GD in
comparison with the existing GD for all cases gives the lowest value of the storage
resistance, and also the largest value of the relative potential at any point on the
surface of the earth, including in the corner cell.

For the first time, a method for selecting the design of substation storage is
proposed, which is characterized by the fact that it takes into account the effect of the
thickness of the humidifying layer, the freezing or drying of the soil on the electrical
characteristics of the storage device, which allows to significantly increase its
operational characteristics.

It is established that the maximum permissible size a of the grid cell is larger
than for a square grounding electrode with equal equalization of electrical potentials
over the earth's surface, and can be determined from the ratio a=t / 0.2. Thus, the
maximum permissible cell size of a complex earth electrode depends both on the

depth of its laying and on the number of cells with a constant area occupied by it.
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It was found that the heterogeneity of the soil does not influence the results
obtained, which allow to optimally optimize the metal consumption and the volume
of excavation during the modernization of the storage facility, and significantly
improve the reliability of the electrical safety requirements.

The method of equalizing the electrical potentials over the ground surface
above the substation storage cells and outside the GD circuit is improved, which is
characterized by the connection of the grid cell size with the depth of its packing,
which allowed to distribute the potentials evenly and ensure a minimum contact
voltage.

A method is proposed for determining the location of a measuring electrode in
the substation location with a potential close to zero and estimating the earth
resistance of such a storage device, which makes it possible to estimate the potential
in the design mode of the substation operation of a substation of a separate earth
electrode at the substation, provided that the galvanic connection of this grounding
switch to the GD circuit is excluded.

The method of measuring the resistance of substation GD with the help of a
three-electrode installation is improved, characterized in that the functions of the
measuring electrodes change in turn, allowing measurements without finding a zero
potential point.

The theoretical substantiation of the method is fulfilled and a method for
measuring the resistance of substation storage in the conditions of dense development
of the territory is developed. The method is applicable for any character of ground
heterogeneity, any size and configuration of GD, and arbitrary placement of
measuring electrodes without finding a zero potential point.

The electrical characteristics of a two-level substation GD have been
experimentally investigated by physical modeling in an electrolytic bath. The results

obtained showed good agreement with the results of calculations.
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An algorithm and a program for calculating the electrical parameters of the GD
in the form of a two-level design are developed. The program allows you to automate
the calculation work when selecting GD.

The main scientific results of the work have found their application in the
creation of a two-level GD structure, which allowed them to be modernized.
Proposed and patented GD (patent of Ukraine no. 18292), which was realized in the
AK "Kharkivoblenergo™ in the modernization of the substation "Pavlovskaya."

Two new methods for measuring the resistance of the GD are proposed and
patented (patents of Ukraine no. 19760 and no. 58994), which are applicable for any
facility without its disconnection and in the conditions of industrial and urban
development.

Models and methods have been developed that can be used to study the
electrical parameters of GD in existing high-voltage electrical networks. Within the
framework of the agreement with AK "Kharkivoblenergo", an analysis was carried
out, recommendations were developed and proposed for the modernization
(implementation) of a two-level storage device.

The use of a two-level GD allows to prevent damage to the main equipment of
substations, as well as failures of relay protection and automation systems that could
be caused by GD defects before its modernization.

A practical application of the results of a new method for measuring the
resistance to spreading a complex GD is also proposed, which consists in the fact
that, based on the measurement results, the potential distribution is calculated in a
system of mutually interfering storage devices in case of short circuits. Theoretical
propositions and practical conclusions are used in the research work and educational
process of the Department of PEE NTU «KhPI» for the preparation of students in
specialty 05070102 —«Electrical systems and networksy.

Keywords: urban substation, grounding device, modernization, two-level
design, electrical characteristics, mathematical model, resistance measurement
method, theoretical justification, physical modeling, experimental studies,

standardized parameters.



List of publications of aspirant

1. Nizhevskiy LV. Elektricheskie  harakteristiki  dvuhurovnevogo
ekvipotentsialnogo zazemlitelya iz odinochnih gorizontalnyih elektrodov / V.1.Gul,
V.I.Nizhevskiy, 1.V.Nizhevskiy // Elektrotehnika i Elektromehanika. — 2006. — no. 5.
— pp. 33-35.

2. Nizhevskiy L.V. Opredelenie na territorii zazemlyayuschego ustroystva
mestoraspolozheniya izmeritelnogo elektroda s blizkim k nulyu potentsialom i
otsenka soprotivleniya zazemleniya takogo zazemlyayuschego ustroystva / V.1.Gul,
V.I.Nizhevskiy, 1.V.Nizhevskiy, A.A.Makovetskiy // Visnik NTU «HPI». Zb. nauk.
pr. Tem. vip.: Elektroenergetika i peretvoryuyucha tehnlka. — Harkiv: NTU «HPI». —
2006. — no. 28. — pp. 43-46.

3. Nizhevskiy 1.V. Issledovanie elektricheskogo polya v grunte v
okrestnostyah koltsevogo zazemlitelya / V.1.Nizhevskiy, 1.V.Nizhevskiy //
Vostochno-Evropeyskiy zhurnal peredovyih tehnologiy. — 2008. — no. 3/4 (33).
— pp. 54-57.

4. Nizhevskiy 1.V. Elektricheskie  harakteristiki  dvuhurovnevogo
ekvipotentsialnogo  zazemlitelya iz odinochnyih  koltsevyih elektrodov /
V.1.Nizhevskiy, 1.V.Nizhevskiy // Elektrotehnika i Elektromehanika. — 2008. — no. 4.
— pp. 44-47.

5. Nizhevskyi 1.V.Die Erarbeitung des neuen Herangehens nach der
Versorgungder normierten Parameter die Erdungsanlagen auf den existierenden
Unterstationen (Umspannungwerken) /1.V.Nizhevskyi, V.l.Nizhevskyi // Eastern-
European Journal of Enterprise Technologies. — 2009. — N24/11 (40). — pp. 53-54.

6. Nizhevskiy 1.V. Eksperimentalnoe issledovanie dvuhurovnevogo
zazemlyayuschego ustroystva podstantsii na fizicheskih modelyah / 1.V.Nizhevskiy,
V.1.Nizhevskiy // Vostochno-Evropeyskiy zhurnal peredovyih tehnologiy. — 2009. —
no. 5/6 (41). — pp. 61-65.

7. Nizhevskiy 1.V. Issledovanie vliyaniya glubinyi ukladki zazemlyayuschey
setki verhnego urovnya dvuhurovnevogo zazemlitelya podstantsii na raspredelenie

potentsialov po poverhnosti zemli / 1.V.Nizhevskiy, V.I.Nizhevskiy, S.L.Shishigin //



7

Vostochno-Evropeyskiy zhurnal peredovyih tehnologiy. — 2009. — no. 6/6 (42).
— pp. 41-45.

8. Nizhevskiy L.V. lIssledovanie vliyaniya konstruktsii zazemlyayuschego
ustroystva podstantsii na ego soprotivlenie rastekaniyu / 1.V.Nizhevskiy,
V.I.Nizhevskiy, V.E.Serdyuk // Vostochno-Evropeyskiy zhurnal peredovyih
tehnologiy. — 2010. — no. 4/7 (46). — pp. 21-23.

9. Nizhevskiy I.V. Vosstanovlenie normiruemyih parametrov
zazemlyayuschih ustroystv na deystvuyuschih podstantsiyah // Vestnik NTU «HPI».
Zb. nauk. pr. Tem. vyip .: Problemi udoskonalennya elektrichnih mashin i aparatlv. —
Harklv: NTU «HPI». — 2010. — no. 16. — pp. 83-88.

10. Nizhevskiy LV. K voprosu izmereniya s priemlemoy pogreshnostyu
soprotivleniya zazemleniya ob'ekta v usloviyah ogranicheniya raznosa elektrodov
shemyi izmereniya / 1.V.Nizhevskiy, V.I.Nizhevskiy, V..Gul // Elektrotehnika i
Elektromehanika. — 2010. — no. 5. — pp. 62-65.

11. Nizhevskiy 1.V. Raschet potentsialov na kazhdom iz otdelnyih
vzaimovliyayuschih zazemlyayuschih ustroystv / 1.V.Nizhevskiy, V.I.Nizhevskiy,
V.I1.Gul // Vestnik NTU «HPI». Zb. nauk. pr. Tem. vyip.: Energetika: nadiynist ta
energoefektivnist. — Harkiv: NTU «HPI». — 2010. — no. 1. — pp. 141-144.

12. Nizhevskiy 1.V. Issledovanie vliyaniya promerzaniya (prosyihaniya)
verhnego sloya zemli na soprotivlenie zazemlyayuschego ustroystva podstantsii //
Vestnik NTU «HPI». Zb. nauk. pr. Tem. vyip.: Problemi udoskonalennya
elektrichnih mashin i aparativ. — Harkiv: NTU «HPI». — 2011. — no. 60. — pp. 135-
140.

13. Nizhevskiy LV. K voprosu rascheta sobstvennyih 1 vzaimnyih
soprotivleniy treh vzaimovliyayuschih zazemliteley / 1.V.Nizhevskiy, V.l.Nizhevskiy
Il Vestnik NTU «HPI». Zb. nauk. pr. Tem. vyip.: Energetika: nadiynist ta
energoefektivnist. — Harkiv: NTU «HPI». — 2012. — no. 23. — pp. 124-134.

14. Nizhevskiy 1.V. Issledovanie raspredeleniya potentsialov na poverhnosti
grunta u Vv'ezdov (vhodov) i uglov zazemlyayuschego kontura podstantsii /
I.V.Nizhevskiy, V.I.Nizhevskiy, A.A.Krupenko // Vestnik NTU «HPI». Zb. nauk. pr.



8

Seriya: Energetika: nadiynist ta energoefektivnist. — H.: NTU «HPI». — 2013. — no.
59 (1032). — pp. 112-116.

15. Nizhevskiy 1.V. Issledovanie vliyaniya uvlazhneniya, prosyihaniya ili
promerzaniya verhnego sloya zemli na  elektricheskie  harakteristiki
zazemlyayuschego ustroystva / 1.V.Nizhevskiy, V.I.Nizhevskiy // Elektrotehnlka i
Elektromehanika. — 2014. — no.1. — pp. 62-65.

16. Nizhevskiy 1.V. Issledovanie vyiravnivaniya elektricheskih potentsialov po
poverhnosti zemli na zanyatoy zazemlitelem territorii / LV. Nizhevskiy,
V.I.Nizhevskiy, S.L. Shishigin // Elektrotehnika i Elektromehanika. — 2014. — no.4. —
pp. 71-77.

17. Nizhevskiy 1.V. Metodika izmereniya soprotivleniya zazemlyayuschego
ustroystva / 1.V.Nizhevskiy, V.l.Nizhevskiy // Elektrotehnika i Elektromehanika. —
2016. — no.3. — pp. 50-57.

18. Nizhevskiy 1.V. Eksperimentalnoe obosnovanie metoda izmereniya
soprotivleniya zazemlyayuschego ustroystva / 1.V.Nizhevskiy, V.I.Nizhevskiy,
V.E.Bondarenko // Elektrotehnika i Elektromehanika. — 2016. — no.6. — pp. 60-64.

19. Pat. 18292 Ukrayina, MPK’ NO2V 1/00. Pristriy zazemlennya / Gul V.1.,
Nizhevskiy V.l., Nizhevskiy 1.V.; zayavnik ta patentovlasnik Nizhevskiy V.I. — no.
u200603019; zayavl. 21.03.2006; opubl. 15.11.2006, byul. no. 11.-4pp.

20. Pat. 19760 Ukrayina, MPK’ GO1R 27/20. Sposib vimiryuvannya oporu
roztikannyu okremih vzaemozvyazanih zazemlyuvachiv / Gul V.1., Nizhevskiy V.I.,
Nizhevskiy L.V., Ganus O.l.; zayavnik ta patentovlasnik Nizhevskiy V.I. — no.
u200608963; zayavl. 11.08.2006; opubl. 15.12.2006, byul. no. 12.— 8 pp.

21. Pat. 58994 Ukrayina, MPK’ GO1R 27/20. Sposib vimiryuvannya oporu
roztikannyu okremih vzaemozv’yazanih zazemlyuvachiv / Gul V.I., Nizhevskiy V.I.,
Nizhevskiy 1.V.; zayavnik ta patentovlasnik Nizhevskiy V.I. - no. u201014231;
zayavl. 29.11.2010; opubl. 26.04.2011, byul. no. 8.— 6 pp.



3MICT
MEPEJIIK YMOBHUX ITO3HAYEHL 5
BCTYO 6
PO3/UI 1. CTAH 3A3EMJTIOBAJILHUX ITPHMCTPOIB TIIJICTAHIIIH,
IO TPMBAJIO EKCIUIVATYIOTBCS 12

1.1. 3azemiroBanbHI NPUCTPOI MiACTAHIINA B CyYaCHUX YMOBAX, 1X
¢GyHKIII1, HOpMYyBaHHS, MPOESKTYBAaHHS 1 KOHTPOJIb TAPAMETPIB, 1110
XapaKTEePU3YIOTh HOT0 Mpaie31aTHICTh 12

1.2. Orundan 1 aHami3 pe3ysibTaTiB 00CTEKEHHS CTaHy 3a3€MITIOBAIbHUX

MIPUCTPOIB 00'EKTIB €JIEKTPOCHEPTETUKU 18
1.3. Amnaniz MeTOAiB BUMIpIOBAHHS OTIOPY 3a3eMJIfOBaviB 30
BUCHOBKY 1O PO3IITY 1 42

PO3/I1JT 2. METO/IM PO3PAXYHKY OIIOPY 3A3EMJIIOBAUIB
MTPOCTHUX I CKJIAJIHUX KOHCTPYKIIM TA IX BIOCKOHAJIEHHST 45

2.1. MaTemaTryHa MOJIEIb Ui PO3PAXYHKY €NEKTPUIHUX

XAPaKTCPUCTHUK CKIIAAHOI'O 3a3CMJIIOBAJIbHOTO IIPUCTPOIO 45

2.2. 3acTOCOBYBaHI METO/IM BUMIPIOBAHHS OTOPY 3a3€MIIIOBAYIB o4

2.3. Hepomniku icHYIOUHX peKOMEHAAIlI 3 PpEKOHCTPYKITT

3a3eMJTIOBAJILHUX TTPUCTPOIB ITiICTAHIIII 56

2.4. EnexTpuyHi XapaKTepUCTUKU TBOPIBHEBOTO €KBIMTOTEHIIIITHOTO

3a3eMJII0BaYa 3 OAMHOYHUX TOPU3OHTAIBHUX €JIEKTPOIIB S7

2.5. JlochiKkeHHs €eKTPUIHOTO MO B TPYHTI HABKOJIO KIJIBIIEBOTO
3a3eMJII0Bava 66

2.6. EnexTpuyHi XapaKTepUCTHUKU ABOPIBHEBOTO €KBIMOTEHIIIMHOT

3a3eMJII0Bava 3 OJJMHOYHUX KUJIBLIEBUX €JIEKTPOMIB. 74
2.7. MateMaTruHe MOJICTIOBAaHHS JIBOPIBHEBOI KOHCTpYKIii 31T 81
BucHoBku 1o pozminy 2 82
PO3/1J1 3. BAPIAHTU MOJIEPHI3AIIIT 3A3EMJIFOBAJIBHUX

[IPMCTPOIB IIJICTAHLIIN, 1O TPUBAJIO EKCIUIVATYIOTbCSL 84

3.1. BapianTtu Bukonanus 311 micist o0cTexxeHHs 1 po3poOKka HOBOTO



MiAXO0Ay MO BiTHOBJIEHHIO HOpMOBaHUX napaMeTpiB 311 Ha icHyrOUnX
MACTAHIUSAX
3.2. JlocniKkeHHS BIUIUBY TIMOWHU YKJIQTaHHS 3236 MITFOBATBHOL
CITKM BEPXHBOTO PiBHS JBOPIBHEBOTO 3a3eMJIIOBaya MiACTAHIIIT HA PO3IMOJILIT
MOTEHIIAMIB MO MOBEPXHI 3€MJIIL
3.3. JlociipKeHHS BIUTMBY 3BOJIOXKEHHS, TPOCUXAaHHS a00
MIPOMEP3aHHs BEPXHBOTO IIapy 3eMJIi Ha EICKTPUYHI XapaKTEPUCTHKU
3a3eMJTIOBATIBHOTO IPUCTPOI0
3.4. JlocnipKeHHs] BUPIBHIOBAHHS €JIEKTPUYHUX MTOTEHITIAJIB 110
MOBEPXHI 3eMJTl Ha 3alHATIN 3a3eMiiroBadyem teputopii
3.5. ocnimkeHHs: po3MOAiTy MOTEHITIaliB Ha TOBEPXHI TPYHTY OIS
B'I3/11B (BXO/IiB) 1 KYTiB 3a3€MJIFOIOYOTO KOHTYPY IMiACTaHIIi
BucnoBku no po3zainy 3
PO3LI 4. BUSBHAYEHHS OITOPY 3A3EMIJIEHHS 3A JAHUMU
BUMIPIOBAHb B TPbOXEJIEMEHTHOI CUCTEMI 3A3EMJIIOBAUIB
4.1. BumiproBaHHs OTIOPY 3a3€MJICHHSI IPYU BUKOPUCTAHHI METOLY
MOTEHIIMHOTO €JIEKTPO/Ia B YMOBaX OOMEKEHHS pO3HOCY €JIEKTPOIIB CXEMHU
BUMIPIOBAHH S
4.2. BapiaHTy OTpMMaHHS BJIACHUX 1 B3AEMHHX OTIOPIB 3a3€MJTIOBAYIB,
10 BXOJIATh B CHCTEMY TPhOX B3a€MOBIUIMBAIOYHMX 3a3€MIIFOBAYIB, 3
JOTIOMOTO10 (p13MYHOT Ta MaTeMaTU4HOl Mojenen
4.3. YHiBepcanbHUI METO]] BUMIPIOBAHHS OTOPY 3a3€MIIFOBAIEHOTO
DU CT PO
4.4, JTocniKeHHs B €EKTPOTITUYHINA BaHHI MOJEN CUCTEMU 3 TPy
B3a€MOBIUIMBAIOUMX 3a3€MJIIOBAYIB_
4.5. TopiBHSAIBHUI aHAMI3 Pe3yIbTATIB (PI3UUHOTO MOICITIOBAHHS
TPHOXEJIEMEHTHOT I'PYITH 3a3€MJIIOBAYIB 1 pe3yJIbTaTiB BU3HAUCHHS 32
YHIBEpCAJIBHUM METOJIOM BUMIPIOBAHHS BJIACHUX 1 B3A€EMHUX OTIOPIB
3a3eMJIFOBaYiB

4.6. PekoMeHT0BaHA METOIMKA HATYPHUX BUMIPIOBaHb B TPYII

84

87

96

127

134

142

154

160



3a3eMJTIOBAUiB 1 00pPOOKU PE3yNIbTaTiB BUMIPIOBAHB JJII OTPUMAHHS BETHYNH

BJIACHUX 1 B3a€EMHUX Ol'IOpiB B TpBOXCHeMCHTHOI CI/ICTeMi __________________________________________________ 164
BUCHOBKU TI0 POBIILY 4o s ssseseessessssssssssssssssssssssssssssee 169
PO3/11J1 5. 3ACTOCYBAHHS OTPUMAHUX PE3YJIbTATIB HA

JIOUMX NIACTAHLUSAX 172

5.1. Po3paxyHOK TMOTEHIialiB HA  KOXHOMY 3  OKpPEMHX
B3a€MOBILUIMBAIOYMX 3a3€MJIIOBAIHUX MPUCTPOIB, 172
5.2. BuzHaueHHs Ha TEPUTOPIi 3a3eMITFOBAIBHOTO TIPUCTPOIO
pO3TalllyBaHHS BUMIPIOBAJIBHOTO €JICKTPO/1a 3 OJU3BbKUM JI0 HYJIS

MOTEHIIAJIOM 1 OIlIHKAa OIMOpPY 3a3€MJICHHS TaKoro  3a3eMJIIOBAJIbHOIO

P CT PO 176
5.3. ExcniepumenTanbHe TOCTIKEHHS JBOPIBHEBOTO

3a3€MJIFOBAJILHOTO IPUCTPOIO MIACTAHLIT HA QI3SUYHUX MOAENAX . . . 180
5.4. Oninka epeKTUBHOCTI pO3pOOJICHOTO pillieHHsT 185
BHCHOBKH 110 POSIULY 5. ..o eessesesssseressssss s sssssssssssssssssssssssssssees 185
BUCHOBKU 189
cIimcoxk sukoeuc TAHUX A KgpgJr......................... 191

JOIATOK A. Po3paxyHOK 3a3eMJIIOBaIbHUX MIPUCTPOIB 3 KIJIBLEBUX
3a3eMJIIOBaYiB 208

HOIATOK b. OGrpyHTyBaHHSI KOPEKTHOCT] pO3paxyHKIB 32

mporpaMor0 «BEK T O 213
JNOJIATOK B. [lesiki oco6imBoOCTI Ta 00MEKEHHS BUMIPIOBaHb OTIOPY

Bl 216
JNOAATOK I'. ExcriepuMeHTaNbHE AOCIIIKEHHS 3a3€MITI0BATbHUX

IPUCTPOIB IMiJACTAHIIN HA GI3UYHUAX MOJMESX 219
JNOJIATOK 1. Criucok onmyOIikKOBaHHUX TIpallh 32 TEMOIO JucepTamii 224

JHOIATOK E. Axtu BipoBa/pKeHHsI pe3yJIbTaTiB JUCepTallii 229



