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AHOTALIIS

Ine606 O.1O. «BrockoHaneHHs 3a3eMIIOBAIbHUX MPUCTPOIB €NEKTPUUHUX ITi-
ACTaHIlI /i 3a0e3nedueHHs Oe3aBapiiiHOi poOOTH BTOPUHHUX KU». — KBamidikarii-
Ha HayKOBa Mpallsd Ha MpaBax pyKOMuUCY.

Hucepraiiiss Ha 3700yTTsI HAYKOBOI'O CTYINEHS KaHAWAATa TEXHIYHMX HAyK 31
cnemianbHocTi 05.14.02 — «EnexTpuuHi craHuii, Mmepexi Ta cuctemu». Hamionanb-
HUN TEXHIYHUN YHIBEPCUTET «XapKIBChbKUI NOMITEXHIYHUM IHCTUTYT», MIHICTEpCTBO

OCBITH 1 HayKu YKpainu, Xapkis, 2019.

VY nucepraniiinii poOOTi HaBeJIEHO OCHOBHI (YHKIIII Ta HOPMATUBHI BUMOTH 3
JIarHOCTUKH 3a3€MJTIOBAIBHUX MPHUCTPOiB, MPOBEACHO aHaNI3 pe3yJbTaTiB JllarHOC-
TUKH Ta HaBEJECHO OCHOBHI HEJIOJIIKU 3a3€MJIIOBAJIbHUX MPUCTPOiB. BcTaHOBIEHO, 110
nepeBakHa OUTBIIICTh OOCTEKEHUX 3a3€MIIIOBATBHUX MPUCTPOIB HA MOMEHT MpPOBE-
JICHHS 1IarHOCTUKHU HE BIJMOBiJajda BUMOTaM HOPMAaTHBHHUX JIOKYMEHTIB SIK 32 KOHC-
TPYKTUBHUM BUKOHAHHSM, TaK 1 3a3HaYE€HHSAMH HOPMOBaHUX napameTpiB. OOIpyHTO-
BaHA AKTyaJIbHICTh BJOCKOHAJIEHHS 3a3€MJIIOBAJIbHUX MPUCTPOIB €JIEKTPOYCTAHOBOK
Harnpyroro noHaja 1 kB y enekTpuuHuX Mepexax i3 TiyXo3a3eMJIeHOI abo edeKTuB-
HO 3a3€MJICHOI0 HEUTpaJLIIo, K€ CIPSIMOBAaHO HAa 3a0€3MeyYeHHsl eIEeKTPOMArHiTHOI
CYMICHOCTI NMEPBUHHUX Ta BTOPMHHHUX KUJI, a caMe€ Ha 3aroO0iraHHs MOIIKOKEHHS
130151111 KaOeJiB BTOPMHHUX KIJ1 BUMIPIOBIBHUX TpaHCHOPMATOPIB CTPYMY Ta Ha
3anmo0iraHHs XuOHUX CTpallOBaHb CTPYMOBHX 3aXHUCTIB.

Ha ocHoBi1 anamnizy cydacHoro crany npobsemu 0yno chopMyIbOBaHO 3aaadi
JUIsE  BIAOCKOHAJIEHHS  3a3€MJIIOBAJIbHUX  MPUCTPOIB  MIACTAHUIA  HAMNPYrolo
330(220)/150(110) kB 3a xputepieM 3amo0iraHHs TMOMIKOMKEHHS 130111l KabeiB
CTPYMOBHUX 3aXHUCTIB MPU KOPOTKOMY 3aMHKaHHI Ha IIMHAX PO3MOAUILHOIO TMpHU-
CTpOIO BKazaHUX KkjaciB Hanpyru. [loctaBieHi 3aBnaHHs OyiM BHUPIIICHI Ha OCHOBI
PO3PAXYHKOBUX, TEOPETUYHUX Ta €KCIIEPUMEHTAIBbHUX JOCHIIKEHb Ha JIIFOYUX BUCO-
KOBOJIBTHUX €Heprood’ekrax Ykpainu. [Ipu mpomy Oyiau BUKOpPHUCTaHI: METOIU TEO-

pii MJIaHyBaHHS KCIEPUMEHTY JJIs aHali3y (akTopiB, sIK1 BIUIMBAIOTh HAa MapamMeTpu
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3a3eMJIIOBAJIbHUX MPUCTPOIB, 3 METOK0 BU3HAUEHHS PEAIbHOTO J11ala30Hy iX 3HaY€Hb
JUTSL PO3TISIHYTUX MIJICTAHLIN, 7151 TOOYIOBM MaTeMAaTUYHUX MOJEJNIeH 3a3eMIII0OBaIb-
HOTO MPUCTPOIO, a TAKOXK JJIsl aHaJli3y HOPMOBAaHUX MApaMETPIB 3a3€MIIIOBAIBHOTO
MPUCTPOIO B aBapiifHUX pekuMax poOOTH; METOAM TEOpii eIEeKTPUUHUX KT JJIsl aHa-
73y MEXaHI3MiB BUHUKHEHHS €JIEKTPOMArHITHUX 3aBajl Y BTOPUHHHUX KOJIaX TpaHC-
dbopmaropiB cTpymy, TpaHcGopMaTopiB Hanpyru ta QUITPIB NPUETHAHHS BUCOKO-
YaCTOTHOTO 3B'SI3KYy; METOAM (PI3UYHOTO EKCIIEPUMEHTY MPHU NEPEBIPIl TEOPETUUHUX
BHUCHOBKIB Ta METOJMKA €JIEKTPOMArHiTHOI J1arHOCTUKHU JIIOUUX 3a3€MIIOBAIbHUX
IIPUCTPOIB.

VY po60Ti BUKOPUCTOBYETHCS BiJoMa MaTeMaTU4YHA MOJIEbh 3a3€MJIFOBAJILHOTO
MPUCTPOIO, SIKA OCHOBaHAa Ha METOJI 3aMIHM 3a3eMJII0Ba4a MHOXHHOI TOYKOBHX
JDKEepes CTpyMy Ta TaKUM Mi100pOM CTPyMY, IIPU SIKOMY €KBIIOTEHI[1aTbHa TOBEPXHS
PE3YJIBTYIOUOT0 €JIEKTPUYHOTO TOJI B IPYHTI Ma€ Taky X (popmy, 110 1 MOBEpXHS 3a-
3emiitoBava. BkazaHa Mojiesb BUKOPUCTOBYETHCS [JIsl IPOBEJEHHS MOBHUX Oararto-
(baKTOpHUX JIBOPIBHEBUX €KCIEPUMEHTIB. Y aucepTalliiiHiii poOOTI HaABEAEHO OTJIs
HOPMOBAHUX KPUTEPIiB BUKOHAHHS 3a3€MIIIOBATLHUX MPUCTPOIB, SIK1 CIIPIMOBAHO Ha
3a0€3IeUeHHsI eJIEKTPOOEe3NEeKH MEPCOHATY Ta Ha 3aMo0IraHHs MOIIKOIKEHHS 130J1s1-
1117 BUCOKOBOJIbTHUX Ka0eJiB, 1110 BUXOIATh 32 MEKHU 3a3€MIIFOBAJILHOTO MPUCTPOIO.

VY pobori Briepiie chopMybOBAHO TPH AOAATKOBUX KPUTEPIi BAKOHAHHS 3a3€M-
JOBAJILHUX MPUCTPOIB MiacTaniiil Hanpyrowo 330(220)/150(110) kB, siki cnpsmoBa-
HO Ha MOTEPEKEHHSI TTOIIKOHKEHHS 13011111 KabelliB CTPyMOBUX 3aXHCTIB MPH ya-
p1 OJMCKaBKU Ta MPU KOPOTKOMY 3aMUKaHHI HAa MIMHAX PO3MOJUIBHOTO MPUCTPOIO, a
TAaKOX Ha TMONEPEIKEHHS XMOHOTO CIPAIIOBAHHS CTPYMOBUX 3aXMCTIB Y BHIAJKYy
MOIIKOJIKEHHS 130J15111 BKa3aHUX KaOeJiB.

VY poboTi mpoBeIeHO aHalI3 eKCIePUMEHTANbHUX JaHuX, oTpuMaHux Ha 80 mi-
I04YMX MmijicTaniigx Ykpainu Hanpyroro 330(220)/150(110) kB, nans Bu3HaueHHs He3a-
JEXKHUX (DAKTOPIB 3 TOUKH 30py TEOPil MJIaHYBaHHS €KCIIEPUMEHTY, a TAKOK He3HAUM-
MUX (aKTOPIB 13 psAy He3aneKHUX. B pe3ynbTaTi mpoBeaeHHs 0JHOPAKTOPHUX EKC-
MEPUMEHTIB BCTAHOBJICHO, IO U BU3HAYEHHS OINOPY 3a3€MIIOBAIBHOTO MPHUCTPOIO

HC3aJICXKHNMU (l)aKTOpaMI/I € IJI0IIa 3a3¢MIIFOBAJIBHOTO ITPUCTPORO, CKBIBAJICHTHUH IH-
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TOMUI OIIp IPYHTY, PO3MIP YapPYHKU CITKH 3a3€MIIIOBAJIBHOTO MPHUCTPOIO, IEPUMETP
nepepizy ropu30HTANIBHHUX 3a3€MJIIOBAYiB, MIMOWHA 3aKiIa/laHHs TOPU3OHTAIBHUX 3a-
3eMJII0BayiB, CTPYM OJHO(A3HOTO KOPOTKOrOo 3aMUKaHHS. J[JIi BU3HAYEHHS HANPYTH
Ha 130JIS1111 Ka0esliB BTOPUHHUX KT TpaHCPopMaTopy CTPyMY, SIKHW € HaWBiIAaeHi-
IIMM BiJ 3211 peJeHHUX MaHesel, He3aIeKHUM (DaKTOpOM, Ha JOJATOK A0 HaBEJIEHUX
BUIIIE, € KOHCTPYKTUBHUN KOEQIIIEHT, IKUNA € BITHOIIEHHSM BIACTaHI MK TpaHC(Op-
MaTOpOM CTPYMY Ta 3aJI0I0 peJeHMX MaHesed 70 JiaroHail 3a3eMJII0BaJIbHOrO MpH-
cTporo. BcTaHOBIEHO pealibHI Jlana30Hu 3HAYEHb He3aJeKHUX (haKTOpIB: IUIONIA 3a-
3eMITIOBAJIBHOTO TIPUCTPOIO 3MiHIoeThes Bin 1x10* M> mo 9x10* M%; posmip wapyHkn
CITKH 3MIHIOETBCS BT 5 M 110 25 M; IepUMeTp Tepepizy rOpU30HTAIBHUX 3a3€MITFOBA-
YiB 3MIHIOEThCS Bif 32 MM 10 152 MM; €KBiBaJl€HTHUM MUTOMUN OMIp IPYHTY 3MIHIO-
eTbest BiT 5 OMxM 10 250 OMXM; CTpyM KOPOTKOTO 3aMUKAaHHS 3MIHIOEThCS Bia 1 KA
10 43 KA; KOHCTpYKTUBHUH KoedilieHT 3MiHI0eThes Bin 0,3 10 0,9. B pe3ynbraTi po-
BEJICHHSI OJJHO(PAKTOPHUX €KCIIEPUMEHTIB BCTAHOBJICHO, 1110 TJIMOMHA 3aKJIaJaHHS TO-
PU30HTAJILHUX 3a3€MJIIOBAUIB € HE3HAUMMUM (DAaKTOpPOM B Jiana3oHi 3Ha4eHb Bix 0,4 M
10 1,4 M 7151 BU3BHaYEHHS OMOPY 3a3€MIIIOBAJIBLHOIO MPUCTPOIO Ta HANIPYTH HA 13011111
Ka0etiB.

VY po6oTi chopMyTLOBAHO YMOBH Ta MPOBEACHO KCIIEPUMEHTH JIJIsI BU3HAYCHHS
OTIOPY 3a3eMJIIOBAJILHOTO MPUCTPOIO MPU KOPOTKOMY 3aMHUKaHI Ha IIMHAX BIIKPUTOTO
PO3NOJAUILHOTO MPUCTPOIO: MOBHUM ABOPIBHEBUM YOTUPHOX(PAKTOPHUN E€KCIIEPUMEHT
(IIDE-2%); moBHwmii aBopiBHEBNMI 'aTH(akTOpHHiT excriepument (ITOE-2°). Otpumana
MOJIeTh 3a0e3Meuye aJIeKBaTHICTh Ta MPEJCTaBIIsie COO0I0 CYKYMHICTh IIECTH IMOJIIHO-
MIB MEPIIOro MOPSAKY, SKI B 3aJI€KHOCTI BiJl KUIBKOCTI (paKTOPIB Ta YMOB BHKOPHC-
TaHHs MatoTh Bif 10 10 13 3HaunMux koedirieHTIB perpecii. Y poOOTi HaBeAECHO pe-
3yJbTAaTU PO3PAXYHKY OMOPY 3a3eMIIOBATILHOTO MPUCTPOIO I pealbHUX 3HaYeHb (a-
kTopiB 80 miacTaHIii 32 OTpUMaHUMU (hopMynamu Ta 3a GopMyJiaMu, SIK1 BiIOM1 3 HO-
PMaTUBHOI Ta TEXHIYHOI JIiTepaTypu. BeTaHOBIIEHO, 110 BIIHOIIEHHS 3HAY€Hb OMOPY,
BHU3HAYEHUX B KyTl Ta B LIEHTP1 CITKHU 3a3€MJIIOBAIILHOTO MPUCTPOIO, ISl PI3HUX MiJIC-
TaHlA carae Big 1,06 no 2,59. 3naueHHs onopy, Bu3HadeHe 3a (HopMys00 HOpMaTUB-

HOTO JIOKYMEHTY, I OUTBIIOCTI MIJACTAHII MEHIIIE, H’)K BU3HAUCHE 3a PIBHSIHHSAMU
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perpecii (haKTOpHUX €KCIIEPUMEHTIB, TOMY € OLIIHKOIO 3HU3Y. 3HaY€HHs OMOpYy, BU3HA-
yeHl 3a gopmynamu Jlopana ta Onenmopda-Jlopana, BiIpi3HSIOTHCSA BiJ 3HAYCHHS
OTOpy, BU3HAYEHOTO 3a (hOpMYJIOK0 HOPMATHBHOTO JIOKYMEHTY, HE OuIblle, HIK Ha
10 % B peanpHOMY J11ama30Hi 3Ha4Y€Hb (PAKTOPIB.

VY poGoTi Briepie chopMyIL0BaHO YMOBH Ta MPOBEJCHO MOBHUI JTBOPIBHEBUN
mectuaxTopunii excrniepument (ITOE-2°) 11s BU3HAYCHHS HATIPYTH Ha {301l Ka-
0eJt0 BTOPMHHUX KT TpaHChOpMaTopy CTpyMy, KM € HaWBIIAJICHIIINM BiJl 3aJIH
peNieiHUX MaHeleH, Ipu KOPOTKOMY 3aMUKaHHI Ha MIMHAX PO3MOAUTEHOTO MPUCTPOIO.
Otpumana mMozesnpb 3a0e3neuye aleKBaTHICTb Ta MPEACTaBIsie OO0 CYKYMHICTh 4O-
TUPHOX MOJIHOMIB MEPIIOro MOPSAAKY, Kl B 3aJ€KHOCTI BiJl KUIBKOCTI (paKkTOpIB Ta
YMOB BUKOPUCTaHHS MaroTh BiJl 24 110 42 3HauMMuX Koe(ilieHTIB perpecii. Y poOoTi
HABEJICHO Pe3yJIbTaTH PO3PaxXyHKy BKa3aHOI HAIPYTH JJIsl pealbHUX 3HaYeHb (PaKTOPIB
80 mizcraHuii 3a oTpuManuMu popmynamu. BcraHoBieHO, 1110 3HAYEHHS HAPYTH IS
OJIHI€T 3 TACTAHINIHN 31 CTPYyMOM KOPOTKOTO 3aMUKaHHS 27,8 KA M0OXKe 30UIbIITyBaTUCS
3 855,93 B 10 2186,12 B nipu 3011b11I€HI PO3MIPY YaPYHKH CITKH 3 5 M 710 25 M.

Y po6oTi chopMyIbOBaHO MPOLEAYPY E€KCIEPUMEHTAIHLHOIO BU3HAYCHHS Ha-
MPYry Ha 130J1s111T Kabento BTOPUHHUX KUT TpaHchopMmaTopy CTpyMy, KU € HalBi/I-
JAJCHIIINM BiJ] 3a1M peJICHHUX MaHeNiel, pH IMITaIlii KOPOTKOr0 3aMUKAaHHS Ha IIU-
Hax I[bOro TpaHchopmaropy crpyMy. s mpoBeeHHs] BKa3aHOI MPOIEAypPH METOIOM
aMIepMeTpa-BoJIbTMETPA 3aNPONOHOBAHO BUKOPUCTOBYBAaTH YOTHPHOXIIPOBIIHY CXe-
MY BUMIpPIOBaHHS 13 3aCTOCYBaHHSM BuUMIproBaibHOro komruiekcy KJI3-1VY abo Bumi-
ptoBaua onopy C.A 6470N. [Inst 3MEHIIIEHHS BIUTUBY €JIEKTPOMArHiTHUX 3aBajl 3aIpo-
MMOHOBAHO BUKOHYBATH BUMIPIOBAHHS Ha TPbOX PI3HUX YACTOTaX, HE PIBHUX MPOMUC-
7oBii yacToTi. Ilicis nporo ¢ BUKOHATH almpOKCHUMAIIII0 OTPUMAHUX Pe3yJbTaTiB 3
MOJIAJIBIIIOI0 eKCTpanossiieto 10 yactotu S50 '

VY poboti Brepie 0ysio po3poOJICHO METOAUKY Ta HaBEACHO MPUKIAIA BU3HA-
YeHHs] KOHCTPYKTUBHHMX HapaMeTpiB Ta MaTepiajJbHUX BUTpPAT HA BUKOHAHHS 3a3€M-
TOBaBHUX TpUcTpoiB mijgctaniin 330(220)/150(110) kB 3 BuUKOpHUCTaHHIM OTpUMa-
HUX B poOOTI MaTeMaTUYHHUX MOJEJIeH 3a KpUTEPIEM 3aM00IraHHs MOIIKOKEHHS 130-

71T kKabelliB CTPYMOBHX 3aXUCTIB MIPU KOPOTKOMY 3aMUKAaHHI HA IIMHAX PO3MOILTb-



5

HOTO MPUCTPOIO, a TAKOXK 3a KPUTEPIEM 3aroOIraHHs XUOHOTO CHPAIFOBAHHS CTPYMO-
BUX 3aXMCTIB y BUIAJKY 3aMUKAHHS Ha 3eMJII0 (a3HOro ado HyJIbOBOI'O MPOBITHUKIB
Ka0eJ0 BTOPUHHUX K1JI.

[Tpu BUKOHAHHI TUCEPTAIIHHOTO JOCIIKEHHS 0Y10 po3p00IeHO METOIUKH:

— KCIIEPUMEHTAILHOTO BU3HAYCHHSI HANPYTd Ha 130JiLii KaOeato BTOPUHHHUX
KU1 TpaHcopMaTopy CTpymy, SIKMd € HaWBIIIAJIECHIIITUM BiJ] 3aJIU peJIeHHUX MaHemeH,
IpH IMITallli KOPOTKOI'O 3aMUKaHHs Ha IIMHAX IIbOTO TpaHCc(HOpMaTOpy CTPyMY;

— BU3HAUEHHS KOHCTPYKTUBHUX MapaMeTpiB Ta MaTepiallbHUX BUTPAT HA BUKO-
HaHHS 3a3eMJIIOBAILHUX mpucTpoiB mifactaniin 330(220)/150(110) kB 3a kpurepiem
3armo0iraHHs MOUIKOXKEHHS 130JIA1111 KaOeliB CTPYMOBHUX 3aXUCTIB MPU KOPOTKOMY
3aMHKaHHI Ha IIMHAX PO3MOAUIBHOTO MPUCTPOIO;

— BU3HAYEHHS KOHCTPYKTUBHUX MapaMeTpiB Ta MaTepiajibHUX BUTPAT HA BUKO-
HaHHS 3a3eMJIIOBAJILHUX mpucTpoiB mifactaniii 330(220)/150(110) kB 3a kpurepiem
3arno0iraHHs XUOHOTO CIIPAIIOBAHHS CTPYMOBHUX 3aXHUCTIB Y BUIAJKY 3aMHKaHHS Ha
3eMITI0 (pa3HOTo 200 HYJIBOBOTO MPOBIAHUKIB KAOEII0 BTOPUHHUX K1JI.

Po3pobiieni B qucepTartiiiniii po60Ti METOUKHU Oysin 3acTocoBaHi B HaykoBo-
JIOCTIIHOMY Ta MPOEKTHO-KOHCTPYKTOPCHKOMY 1HCTUTYTI «MOJHIS» Mia  yac
IPOBEJCHHS EJIEKTPOMArHITHOI JIIArHOCTUKUA CTaHy 3a3eMIIIOBATBHUX MPHUCTPOIB
MaricTpajibHUX MIJCTAHIIN YKpaiHU MpU BUKOHAHHI FOCIOTOBIPHUX POOIT MPOTATOM
2017-2018 pp., a TakoX MPHU BUKOHAHHI JIBOX MPUKIATHUX HAYKOBO-IOCIITHUX POOIT
3a OIOJIPKETHOIO TeMaTUKOI0 MiHICTepCTBa OCBITH 1 HAYKH Y KpaiHH.

Ha ocHoOBI pe3ynbTaTiB AoCHiKeHHS CHOPMYIHOBAHO MPOIO3UIIIO 010
BHECEHHS 3MIH 110  HopMatuBHoro  gokymenty COVY 31.2-21677681-19
«BunpoOyBaHHS Ta KOHTPOJb MPHUCTPOIB 3a3€MJICHHS €JIEKTPOYCTaHOBOK. TumoBa
THCTPYKIIIS», MO MOJSATae y BKIIOYEHHI B MOTO HACTYMHY PEAAKIi0 BUMIPIOBAJIbHOI
OpOLEAYpPH JJIi EKCIEPUMEHTAIBHOTO BHU3HAUEHHS HAINpPYrd Ha 130JMii Kabelto
BTOPUHHUX KUI TpaHchopmaropy cCTpyMy, SKAW € HaWBIIAAJIEHIIIMM Bl 3ajd
peNieiHUX TMaHeded, npu IMITalii KOpPOTKOrO 3aMHMKaHHS Ha IIMHAaX LbOro
TpaHcopMaTopy CTPyMy, a TaKOX PEKOMEHJAlill 3 BHUKOHAHHS PEKOHCTPYKIIT

3a3eMJTIOBIBHUX MPUCTPOIB JIIFOUMX €JIEKTPOyCcTaHOBOK Harpyroro 330(220)/150(110)
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kB 3a kpurtepiem 3amnobiraHHs MOLIKOHKEHHS 1301111 KabelliB CTpPYMOBUX 3aXHUCTIB
IIPU KOPOTKOMY 3aMUKaHH1 Ha MIKHAX PO3MOALUTEHOTO MPUCTPOIO.

Knrouogi crnosa: 3a3eMI0OBaIbHAN MPUCTPid, BUCOKOBOJBTHA MIACTAHILIS, OIIp
3a3eMJIIOBAJIBHOTO TPHUCTPOIO, HAaNpyra Ha 13011, CTPYMOBHUH 3aXHCT, IOIIKO-
JOKEHHS 13011111, KaOellb BTOPUHHUX K11, MaTeMaTU4YHa MOJIEJb, €JIEKTpoOe3IeKa,

€JIEKTPOMAarHiTHa CyMICHICTb.
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In the dissertation the basic functions and normative requirements for ground-
ing system diagnostics are given, the analysis of the diagnostics results is carried out
and the main disadvantages of grounding system are given. It was established that the
overwhelming majority of surveyed grounding system at the time of diagnostics did
not meet the requirements of normative documents as for constructive parameters, as
well as values of normalized parameters. The urgency of improvement of the ground-
ing systems of electrical installations with the voltage of more than 1 kV in electric
networks with a grounded or effectively grounded neutral is substantiated. The im-
provement is aimed at ensuring the electromagnetic compatibility of primary and
secondary circuits, namely, at ensuring the prevention of damage to the insulation of
cables of secondary circuits of measuring current transformers and at ensuring the
prevention the false triggers of current protections.

Based on the analysis of the present day state of the problem, the tasks for the
grounding systems improving of substations 330 (220) / 150 (110) kV were formu-
lated by the criterion for preventing damage to the insulation of current protection ca-
bles with short-circuit on the bus bars of the switchgear. The tasks were solved on the
basis of design, theoretical and experimental research on existing high-voltage power
facilities of Ukraine. In this case, the methods of the theory of planning the experi-
ment were used to analyze the factors that affect the grounding systems parameters,
in order to determine the real range of their values for the substations under consid-
eration, to construct mathematical models of the grounding systems, as well as to

analyze the normalized parameters of the grounding systems in emergency modes of
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operation; methods of the theory of electric circuits for analysis of the mechanisms of
electromagnetic interference in secondary circuits of current transformers, voltage
transformers and high-frequency attachment filters; methods of physical experiment
in checking theoretical conclusions and the method of electromagnetic diagnostics of
existing grounding systems.

A well-known mathematical model of a grounding system is used in this work.
The model is based on the method of replacing the grounding electrode with a plural-
ity of point current sources and with such a current selection, in which the equipoten-
tial surface of the resulting electric field in the soil has the same shape as the surface
of the soil. This model is used for executing full multi-factor two-level experiments.
In dissertation work the review of standardized criteria of the grounding systems im-
plementation, which is aimed at providing the electrical safety of personnel and to
prevent damage to insulation of high voltage cables beyond the boundaries of the
grounding systems.

In the work, for the first time, three additional criteria for the implementation
of grounding systems of 330 (220) / 150 (110) kV substations are formulated, which
are aimed at preventing damage to the insulation of current protection cables with
lightning strike and with short circuit on the bus bar of the switchgear, as well as to
prevent current protection false triggering in the event of damage to the insulation of
the specified cables.

The paper analyzes the experimental data obtained at 80 operating substations
330 (220) / 150 (110) kV of Ukraine, to determine the independent factors from the
standpoint of the theory of experiment planning, as well as insignificant factors from
a number of independent ones. As a result of single-factor experiments, it was estab-
lished that for determination of the grounding systems resistance the independent fac-
tors are follows: the area of the grounding systems, the equivalent specific soil resis-
tance, the size of the grounding systems mesh cell, the perimeter of the horizontal
electrodes section, the depth of the horizontal electrodes, the current of the single-
phase short circuit. In order to determine the insulation voltage of the secondary cir-

cuits cables of the current transformer, which is the most remote from the relay pan-
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els hall, the independent factor, in addition to the above, is a constructive coefficient
which is the ratio of the distance between the current transformer and the relay panels
hall to the diagonal of the grounding system. Real ranges of independent factors val-
ues are established: the area of the grounding systems varies from 1x10* m* to 9x10"
m’; the size of the grounding systems mesh cell varies from 5 m to 25 m; the perime-
ter of the horizontal electrodes section varies from 32 mm to 152 mm; the equivalent
soil specific resistance varies from 5 ohm>xm to 250 ohmxm; short circuit current var-
ies from 1 kA to 43 kA; the constructive coefficient varies from 0,3 to 0,9. As a result
of single-factor experiments, the depth of the horizontal electrodes was found to be
insignificant in the range of values from 0.4 m to 1.4 m to determine the grounding
systems resistance and the voltage on cable insulation.

In the paper the conditions were formulated and experiments were carried out to
determine the grounding system resistance with short-circuiting on the bus bars of the
open switchgear: a complete two-level four-factor experiment (CFE-2%); complete two-
level five-factor experiment (CFE-2%). The resulting model ensures the adequacy and
represents a set of six first-order polynomials, which, depending on the number of fac-
tors and conditions of use, have from 10 to 13 significant regression coefficients. The
results of calculation of the grounding system resistance for the real values of the fac-
tors of 80 substations based on the formulas obtained and the formulas known from
normative and technical literature are presented in the work. It was established that the
ratio of resistance values determined in the corner and in the center of the grid of the
grounding device for various substations ranges from 1.06 to 2.59. The value of the re-
sistance, determined by the formula of the normative document, for the majority of
substations is less than determined by the regression equations of factor experiments,
therefore, is a lower estimate. The values of the resistance, determined by the Laurent
and Olendorf-Laurent formulas, differ from the resistance value determined by the
formula of the normative document by no more than 10% in the real range of the val-
ues of the factors.

In the paper, for the first time, the conditions were formulated and a complete

two-level six-factor experiment (CFE-2°) was carried out to determine the voltage on
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the cable insulation of the secondary circuits of the current transformer, which is the
most distant from the relay panel hall, with a short circuit on the bus bar of the switch-
gear. The resulting model ensures the adequacy and represents a set of four first-order
polynomials that, depending on the number of factors and conditions of use, have from
24 to 42 significant regression coefficients. The paper presents the results of calcula-
tion of the given voltage for real values of the factors of 80 substations based on the
obtained formulas. It was established that the voltage value for one of the substations
with a short circuit of 27.8 kA can increase from 855.93 V to 2186.12 V at an enlarged
size of the grounding systems mesh cell of 5 to 25 meters.

In the paper the procedure for the experimental determination of the voltage on
the insulation of the secondary circuits cable of the current transformer, which is the
most distant from the relay panel hall, when simulating a short circuit on the bus of this
current transformer, was formulated. For carrying out of the specified procedure by an
ammeter-voltmeter method it is suggested to use a four-wire measuring scheme with
the use of the measuring complex KDZ-1U or the resistance meter C.A 6470N. To re-
duce the influence of electromagnetic interference, it is proposed to perform measure-
ments at three different frequencies not equal to the industrial frequency. After that, the
approximation of the obtained results with subsequent extrapolation to the frequency of
50 Hz should be performed.

In the paper, for the first time, a technique was developed and examples of de-
sign parameters and material costs for the implementation of grounding system of sub-
stations 330 (220) / 150 (110) kV using the mathematical models obtained in the work
on the criterion of prevention of insulation damage of current protection cables with
short-circuit on the bus bar of the switchgear, as well as the criterion for preventing the
false triggering of current protection in the event of a grounding of the phase or zero
conductors of the secondary circuits cable.

In the course of the dissertation research, techniques were developed:

— the experimental determination of the voltage on the insulation of the secon-
dary circuits cable of the current transformer, which is the most distant from the relay

panel hall, when simulating a short circuit on the bus of this transformer;



6

— determination of design parameters and material costs for the implementation
of grounding system of substations 330 (220) / 150 (110) kV on the criterion of pre-
venting damage to the insulation of current protection cables with short-circuiting on
the bus bar of the switchgear;

— determination of design parameters and material costs for the implementation
of grounding system of substations 330 (220) / 150 (110) kV on the criterion of pre-
venting the false triggering of current protection in the event of a grounding of phase or
zero conductors of secondary circuits cable.

The methods developed in the dissertation work were applied at the Research
and Design Institute "Molniya" (NDPKI Molniya) of National Technical University
«Kharkiv Polytechnic Institute» during the electromagnetic diagnostics of the
grounding systems state of three main substations of Ukraine as part of commercial
contract during 2017-2018, as well as during of two applied research projects finan-
cially supported by of the Ministry of Education and Science of Ukraine.

On the basis of the research results, a proposal has been sent to the authors of
normative document of Standard of Ukrainian Companies (SOU) 31.2-21677681-19
«Testing and Monitoring of Electrical Installation Grounding. Standard Instructions»
to include into the next edition the measurement procedure for the experimental de-
termination of the voltage on the insulation of the secondary circuits cable of the cur-
rent transformer, which is the most distant from the relay panel hall, when simulating a
short circuit on the bus of this current transformer, as well as recommendations for the
reconstruction of the grounding systems operating electrical installations with voltage
330 (220) / 150 (110) kV according to the criterion of prevention of damage of isola-
tion of current protection cables at short-circuiting on the bus bars of the switchgear.

Key words: grounding systems, high-voltage substation, grounding system re-
sistance, isolation voltage, current protection, insulation damage, control cable,

mathematical model, electrical safety, electromagnetic compatibility.
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