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EKCHHEPUMEHTAJIBHE JOCJILJIP)KEHHS BIPOT'TJTHUX XAPAKTEPUCTHUK
MNPOLHECY EJEKTPOCHOXUBAHHA HIAITPUEMCTBA

Hocniodcenna npucesueno ananisy pooomu cucmemu eieKmpOoiCUGNeHHsT NiONPUEMCMEA i3
3HAYHOI KINbKICMIO MUPUCTMOPHUX nepemeopiosayis. Pe3yromamu excnepumeHmanbHux 6UMIpie no-
Ka3anu HAsAGHICMb BUWUX 2APMOHIK CIPYMY | Hanpyau 0ydce 8UcoKo20 nopsaoky (0o 40-i ekuouno) y
medxncax 2—4 % 6i0 HominanbHOI Hanpyau. 3a pe3yIbmamamu 00CiONHCEHHs pO3PaAXo8ani i noOYO08aHi
Kopenayiuni QYHKYii ma cnekmpanbHi WitbHOCMI 8URAOKO8UX npoyecie 3minu cmpymy i Hanpyeu. Ta-
KOJIC 3aNPONOHOBAHT HeOOXIOHI PeKOMEHOayil Wo00 MemoOUKYU BUMIPIOGAHHS GUUIUX 2APMOHIK.

Knrouoei cnosa: suwi capmoHiku; eKcnepumeHmanbti umipu; Kopeaayitina yHKyis, cnekm-
PANbHA WITIbHICNb.

The study is devoted to the analysis of the operation of the power supply system of an enterprise
with a significant number of thyristor converters. The results of experimental measurements showed the
presence of higher harmonics of current and voltage of a very high order (up to the 40th inclusive). with-
in 2—4 % of the nominal voltage. Based on the results of the study, correlation functions and spectral
densities of random processes of current and voltage changes were calculated and constructed. The nec-
essary recommendations on the methodology for measuring higher harmonics are also proposed.

Keywords: higher harmonics; experimental measurements; correlation function; spectral density.

MocTranoBka npodaemu

VY sikocTi 00’€KTa TOCIIPKEHHS MPUHHSTA MiACTAHINS TJIMO0OKOr0 BBOY IiJANPHEMCTBA 13 I10-
TY>KHHUMH TIepeTBOproBadaMu. Sk HaciiJIOK, repeadadacTbesi CIIOKUBAHHS 3 MEPEXki HECHHYCOT/1alb-
HOT'O CTPyMY, IO TOTpeOy€e 3aCTOCYBaHHS CHIOBHUX (DimbTpiB. ToMy JOCHIIKEHHS TOBUHHO JaTH BiJl-
MIOBiJIb HA TaKi MUTAHHS: SIKUH PiBEHb BUIIMX FAPMOHIK IPH Pi3HOMY HaBaHTa)XKEHHI Ta 4 € oTpeda y
cuIioBHX (UTBTPAxX, a 0COOIMBO HOMEpaxX rapMOHIK, SKi HEOOXiTHO BpaXOBYBaTH MPH BU3HAYCHHI KO-
ediLieHTiB HECUHYCOITaIbHOCTI CTPYMIB 1 HAIPYT.

AHaJIi3 0OCTAHHIX JOCTIUKeHb Ta myOJaiKanin

JlocmiKeHHsT y 1[bOMY HANpsIMKY BHKOHaHi (axiBismu [1, 2], a Takox mpoBeseHi y podoTi
[3]. OcHOBHMIF HAIIPSIMOK MPOBEACHUX JAOCIIKEHb — I1€ CKJIaJ 1 piBEHb BUIIMX TAPMOHIK Y MepexkKax
NPOMHCIIOBUX IMiANPHUEMCTB, OOIPYHTYBaHHS 3ac00iB 3 0OMEXEHHSI HETaTUBHOT'O BIIMBY Ha €JEKTPH-
yHe 00JaJJHaHHS, & TAKOXK IMOBIPHICHE MOJICITIOBAHHS MPH PO3PAXYHKAX €JIEKTPUYHUX HABAHTAXKEHBb
CHOXXHMBaYiB. 3HAUHY yBary TakKoXX MPHJIUICHO JTOCTIHKEHHIO eIeKTPOMArHiTHUX MPOIECIB Y Mepekax
3 BEHTHWJIbHUMH KOMYTaTOPaMHU.
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DopMyBaHHSI METH JT0CTiTKEHHS

OcHoBHa "acTrHa TyOsiKarii (MoHOTrpadiil) 3 aHali3y TMPOIECIB y ENEKTPUIHIX MEpexKax Top-
Ka€ThCS 3arajibHUX, Cyry0O TEOPETHYHHMX ACIEKTIB MpOOIEeMH BHINMX TapMOHIK. Y TOHM e dYac, IesKi
MiINpUEMCTBA — B CHITy ceUU(]iKK eeKTPOKUBICHHS a00 ENEeKTPOCTIOKIBAaHHS — MAIOTh MPOOJIEMH 3
POOOTOIO ENEKTPHUYHOTO 00JIaJHAHHA Y pa3i BiICYyTHOCTI BapiaHTIB 3 BUPILIEHHS CBOiX KOHKPETHHX IIPO-
onem. Tak, KprBopispkuii MeTamypriifHuii KOMOIiHAT MaB JeKiTbKa mpobieM 3 KabeIs MU y pasi MOIIKO-
JOKEHHSI 130111111 BUITUME TapMOHIKaMu. ToMy TaHe TOCHiHDKEHH Ma€ Ha METi BHPIIIUTH 1€ TTMTaHHS.

Bukaan ocHoBHOro MaTtepiaay

1. Xapaxmepucmuxa 06’ ekma ma pe3yiomamu eKCnepuMeHmanibHUx 00CIi0NHCEeHD.

VY skocTi 00’€KTa MOCTiIKEHHSI OOPaHO MiICTAHINI0 TIIHOOKOT0 BBOAY 3 TpaHC(hOopMaTOpamMu
150/10 xB. Ha koHy cekuito muH (IBi CeKIil) yBIMKHEHI CHUJIOBI pe30HAHCHI (DiNbTpH, HANAIITOBaHI
Ha 3—5—7—11 rapmoHiku.

Y mporeci KoCmipKeHHs 3apeecTpoBaHi PiBHI KAHOHIYHIX TAPMOHIK: ApyTa Ta TPETS TapMOHi-
ku 0,3—0,7 %; xaHoHiuHi rapmoHiku 5—7 Ha piBHi 1,8—2,2 %; rapmoniku 11—13 Ha piBHi 1,7—0,9
% BIAMOBITHO; MPH IIbOMY KoedillieHT cuHycoinambHocTi Hanpyru (Kgc) 3HaxomuBes y mexax 4,5—
8,7 % [3], 110 He BiAMOBIa€ HEBSIUKUM 3HAYCHHIM KAHOHIYHUX TapPMOHIK.

TakuM 9yuHOM, OCHOBHY Bary y ¢opMyBaHHI Kpyc BU3HaUalOTh TapMOHIKA BHCOKOTO ITOPSI-
Ky — Big v = 20 mo v = 39. Tak Oynu 3adikcoBani 3HaueHHs: v = 22—0,9 %; v=25—-13 %; v=
29—4.6 %; v=36—1,8 %; v=39—1,8 %. [losBy y ciekTpi mapHHUX i HEMAPHUX TAPMOHIK BUCOKOTO
MOPSAIKY MOXKHA TTOSICHUTH B OCHOBHOMY HECHUMETPIEIO IMITYJIhCiB BMUKAHHS THPHCTOPIB.

2. AHaniz npu4uH nos6U HEKAHOHIYHUX 2APMOHIK.

CuMeTpyBaHHSI CHCTEMH iMITyJIbCcHO-(azoBoro kepyBants (IOK) mepeTBoproBaviB 3a MOCTO-
BOIO CXeMOI0 a00 3 TIOPIBHIOBAIBHUM PEAKTOPOM € eEeKTUBHUM 3aCO00M 3HWKEHHS Koe(ilieHTa He-
CHHYCOianbHOCTi. He3Baxxaroun Ha Te, IO MEpEeTBOPIOBAYi MPALIOIOTh Y PEKUMI, OITU3BKOMY 10 €K-
BiBaJIeHTHOTO 12-TH (ha3HOTO, 3MEHILIEHHS IyJIbCAIlid CTPyMY 1 HalpyTH TMepeBakac HOPMATHBHI 3Ha-
YEeHHS Ha BUXOJIi IEPETBOPIOBAYA.

[Tix cTpykTyporo koedimieHTa HECHHYCOIAAaIBHOCTI MH PO3YMIEMO CKJIaJ 1 PiBEHb BHIIMX Ta-
pmosik [3]. CroxacTuuHuil XapakTep KoeQili€HTiB HECHHYCOIaTbHOCTI BU3HAYAETHCS B OCHOBHOMY
PEKMMOM HaBAaHTAXKECHHS IEPETBOPIOBAYIB.

3. Obrpynmyeants memooy 00CiONHCEHHS.

Maremarudne ouikyBaHHs X(2) 1 mucnepcis Dx(t) e ocHOBHI XapaKTepUCTUKK BUIAIKOBOT (yH-
kiii. Po3rnsiHeMo jBa BumamkoBux mporecu (puc. 1), 110 MaroTh NPUOIKM3HO OIHAKOBI MaTeMaTHYHI
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Puc. 1. ®parmenTtu peaiizaiiii 3MiHd Hanpyru (a) i ctpymy (0) Tpanchopmaropa
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ouikyBaHHS 1 mucrniepcii. Tak, s BUnaakoBoi GyHKIIT 3MiHM Hanpyru TpaHcdopmaropa (puc.1, a) xapa-

KTepHEe IDTaBHE, TIOCTYIOBE 3HIKEHHS;, BUTIAKOBa (DYHKILS 3MIiHU CTpyMy TpaHcpopmaropa (puc. 1, 0)

Ma€ Pi3Ko KONMBAIFHUN XapaKTep 1 CIPOrHO3yBaTH 3HaUYeHHA (DYHKIIIT y pa3i 30UIbIIEHHS mapaMeTpa Bif

t mo t”mabaraTo cxmaaHimre. TakuM 4HOM, BHYTPIIIHS CTPYKTYpa 000X BHUIAIKOBHX MPOIECIB IUITKOBH-

TO pi3Ha, OHAK IIs BiIMIHHICTH HE MMOMIYAa€THCSA HI MaTEMATUYIHUM OYIKYBaHHSM, Hi mucriepciero. Lo

BIJIMIHHICTh MO>KE BH3HAYUTH TUILKH CIICIliallbHA XapaKTePUCTHKA — Kopesiiiina GyHkiis (KD).
Amnamitnyanii Bupa3 KO 3anumemo y BATIISIIL

.
Ku(¥) = 1im % -Ix(t)-x(t+r)~dt. 1)
T—>0 0

Taxum yraOM, KO BHmagkoBoi ¢yHKIii X(2) — 11e HeBUmaakoBa (YHKIS TBOX apTyMEHTIB
Kx(t, t), TobTO

(o] (o]
Ky(t, t)=M {x (t)X (t’)}, )
ne

o] (0]

X()=X(t)—=my (t); X(t)=X(t")—my (). (3)
BaxxnmBa ocobmuBicte KO momsirae y Tomy, mo y pasi t = t"maemo:
2

Ky (t, t) =M (X%t)] =Dy (1), 4

T00TO TIpH t = t” K@ mepeTBOpIOEThCS Y AUCHEPCii0 BUMAAKOBOI (QYHKII. 3BiJKM BHUIUIMBAE, IO Y
SKOCTI OCHOBHHX XapaKTEPUCTHUK JTOCTATHBO PO3MIISIATH MaTeMaTH4He ovikyBaHHS i KO.
BusnadenHs xoe]ilieHTiB KOpemsIii HaBeneHo y Taour. 1.

Tabnuys 1. KoedinienTu kopensiii ctpymie ¢a3 Tpancdopmaropa

[Mapametpu peanizamii KoediienTn HecHHYCOiTAILHOCTI CTPYMiB
Ima = 1,975 Ime = 1,989 a‘;/oA = 3,269 a‘:/o =2,774
D, =0,268 D;=0,290 D, =0,564 D,=0,361
o = 0,519 oi = 0,543 01 =0,710 0. = 0,601
KoeditieHTn KOpesIii MibK CTpyMaMu KoedimienTu kopensiii KoedilieHTin
da3z (A-0C) HECHHYCOITAJIbHOCTI CTPYMIB
Ro= 0,866 Roe = 0,774

Sk BugHO, KoedillieHTH KOpemsii cTpyMiB a3 Tpancopmaropa Ta KoedillieHTiB HECHHYCOi-
JIATBHOCT1 CTPYMIB JIOBOJII 3HAYHI, IO CBIYUATH MPO OJHOPIMHICTH CIIOKWBAYiB Ta BiJICYTHICTh MOTY-
JKHUX OJIHO(a3HUX HABAaHTAKEHb.

BusnauenHns kopensiii Mixk koeillieHTaMH HECHHYCOINATBHOCTI HANIPYTH 1 CTPYMiB HaBeJle-
HO y Ta0um. 2.

Tabnuys 2. KoedimieHTH HECHHYCOIJATBHOCTI HAIPYTH i CTPYMIB

[Mapametpu peaizamii KoedirienTn HecHHYCOiTABHOCTI CTPYMIB
o = 5,100 ol =4,184 a =6425 o= 4,104
A AB c
D, =0,187 D, =0,178 D, = 1,467 D, =0,123
o. =0,439 o, = 0,422 o, =1,211 o, =0,351
KoedinienTn kopesiii Mk KoedillieHTaMi HECHHYCOIaJIbHOCTI HAIPYTH 1 CTpyMiB (a3
ROu-uA =0,250 ROu-|B =-0,227 ROU_IC = 0,137
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Ak 6aurMo, KOpEIALlis MiX KOe(il[ieHTaMU HECHHYCOiJAJIBHOCTI HAMPYTH 1 CTPYMIB 3HAYHO
MEHIIIa, 10 MOXKHA TOSICHATH Pi3HOI0 BHYTPINTHROIO CTPYKTYPOIO IMX BUMAIKOBUX ITPOIECIB: 3MiHA
CTpyMiB BU3HAYA€THCS TAPMOHIKAMH HU3bKOTO TOPSAKY (3-1, 5-a, 7-a), a 3MiHa HANIPYTH FapMOHIKaMHI
>15, sk mapHUMH TaK 1 HemapHuMHu [4].

4. Ananiz uacmommoi cmpykmypu 6unadko8020 npoyecy.

Kopensmiitna dhysakis (prc. 2) 3MiHIOE CBiil BUTIISA y 3aJI€KHOCTI Bifl CKJIay BHUIIMX rapMo-
HIK JAaHOTO BUTIAJIKOBOTO MPOIIECY Ta XapaKTePU3ye POMOILI AUCTIEPCii 3a pI3HUMH YaCTOTaMH.

Kopensuiiina ¢ynkuis € napHa ¢yHKmis, ToMy Moke OyTu poskiazaeHa y psan @yp’e 3a map-
HUMH (KOCIHYCHUMH) TapMOHIKaMH

Ky(r) = Z Dk -coswg - T, (5)
K=0
) 2n  w
ac OJK:K(Dl, %:E:?_
Koedinientn Dk Bu3Ha4a0ThCs 32 hopMynamu
T
DO:%ij(r)-dr, (6)
0
(o]
T
Dk =_|—_jK(r)-C0$mK -t-dt, K=0. (7)
0

Hucnepcis ¢dyHKIil po3mofineHa 3a pi3HUMHU 9acTOTaMH, KM BiIMTOBIAAOTH Pi3HI BETHUNHH

mucnepcii, To0To Takuii rpadix MOXKHA Ha3BaTH CIEKTpoM aucrepciil. SAkmo 7 — oo, To gactora
2n . . .

o] :E—>0, a BiZICTaHP MK YacTOTaMH ®k OyJae HEOOMEXKEHO 3MEHIIYBATHCh, TOMI JUCKPETHHN
crieKTp OyJe HaOMmKaTHCh 0 Oe3nmepepBHOTO. Y TaKOMY CHEKTpPi MAIEHFKOMY IHTEPBaly YacTOTH A®
BiamoBigae enementapHa aucnepcis AD(w). Tozi Ha KO)KHOMY Bifpi3Ky A® MOXKHA MOOYAyBaTH Hpsi-
MOKYTHHK TUIOIKMHOK Dy i MH OTpHMaeMo cTymiH4acTy giarpamy, ne QyHkuiero Sk(wk) € cepents
HIUIBHICTE auctiepcii Ha AtaHil Aog. [lpu T — o, A@ — 0 ctyninvacra KpuBa Oyze HEOOMEKEHO
HabmkaTuch (puc. 3) 10 MOBIIBHOT KpUBOi Sy w).
Dk

Sk(@)=—%, Aw—>0 Toxi Dy :jsK(w)-dm. (8)

0

®ynkiisn Sx(@) Mae Ha3By CHeKTpajibHA MIUTBHICTD JUCHEPCii. 3B'130K CIEKTPAIbHOT IILTEHOC-
Ti 3 KOPEJAIIHHOW (YHKIIIEI0 MOXKHA BU3HAYUTH 32 KOCHHYC-TIepeTBOpeHHIM Dyp’e,

Sy :%jKX(T)-cosm-r-dr. (9)
0

JItst 3T Ky BaHHS CTaTUCTHYHOT 3a1exHOCTI K(t), BHKOPHCTOBYEMO (PYHKITIO BHAY:

—alT
p(r)=e?, (10)
JInst BU3HaYCHHs apaMeTpa a CKIaaeMO HACTYITHE HeliHiHHEe piBHSIHHS

| |
Domp ()™ - e =0, (12)
i=1 i=1

* . . .
ac p (Ti ) — 3HA4YCHHA CMIIIPUYHO1 HOPMOBAHO1 K® B moMeHTH qacy 7.

Bupimytoun pisasaas (11), 3Haxonumo a=0.318. Toxi anamiTHuHMiA BUupa3 HopMoBaHoi Kd
Ma€ BUTJISIL

p(‘C) _ e—0.318‘1:‘ . (12)

Kopensuifina ¢pyHKuis ogHO3HaYHO 3B's13aHa 3 (DYHKILIEI0 PO3MOALTY €Heprii mpoiecy 3a Jac-
TOTaMH, TOOTO CIIEKTPAITLHOIO HIITHHICTIO.
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S_x(COK)
A
b
1 Z
0.5
2
0
0 5 10 >
OK  Amg Ok
Puc. 2. Kopensuirina GyHKIis Puc. 3. CnekrpasibHa IIJIBHICTD

Ckopucrapiircs BupasoM (12) i hopmyiioro (8), 3HaxomumMo 0HOOGIYHY HOPMOBAHY CIIEKTpa-
JBbHY MUTBHICTH (puc. 4)

0.5

Puc. 4. T'padix 0qHOOI9HOT HOPMOBAHOI CIIEKTPAIEHOI MITEHOCTI
BUITaJIKOBOTO TIPOIIECY X(t

0

S(f)=4fe* cosnfrdr= o =% (13)
5 a‘+4n°f° 15.76+4n°f

CriekTpaJibHa HIUIBHICTh Ja€ MOXIIUBICTh I JOCIIDKEHHS YaCTOTHOI CTPYKTYPH IIPOIIECY,
sKa, Y CBOIO 4epry, BiIKpHUBa€ BaXJIMBY 1H(OPMAIIIO PO XapaKTEPUCTHKH JOCIIDKYBAHOI €IeKTpUY-
HOI CUCTEMH.

Y po6oti ampokcumaiiiss AK® 3pobiieHa eKCIIOHEHIIAIbHOW (YHKIIER, KA BITHOCUTHCS 10
kJiacy He qudepenuiiioaHnx. OCHOBHA NPUYMHA Y TOMY, 110 Ha JAHOMY €Talll JTOCIiKeHHS aHai3y-
€MO €JIEKTPOIIOCTaYaHHs MPH HOPMAaJIbHIN CXeMi KUBJICHHS MiJCTAHII1, KOJIH CKJIaJ CIIOKUBAviB CTa-
OimpHMIA. Y pasi peMOHTHOI (aBapiiHOT) CXEMH, KOJIM yCi IIEXOBI MiJICTaHIIIT KHUBIATHCS BiJ| OJJHOTO
MOHM)KYIOUOro TpaHchopMaTopa Ta y CKIaji CIIOKMUBaUiB MPUCYTHIN NPOKAaTHUM cTaH (OJIIOMIHT), He-
00xigHO 3actocoByBaTH iHITy AK®, 100 He BTpayaTy NOYaTKOBHHA NpOLEC KOpesiiiHol (yHKii.

BucHosku

VY po0oTi AOCHiKEHI CTATHCTUYHI XapaKTEePUCTUKU BUIAJIKOBOIO TPOIECY 3MIHU CTPYyMY i
HaNpyrH eNeKTPOCIIOKUBAHHS MiANPHUEMCTBA. EXCriepuMeHTaIbHO BUMIPSIHI BUIL TAPMOHIKH CTPyMY
i Hanpyru (mo 40-1 rapMOHIKM BKIIIOYHO). Po3paxoBaHi aBTOKOpENsAIiiHI (YHKIII Ta CHEeKTpalbHa
HIUTFHICTH BUIAJIKOBOIO MPOIECY CTPYMY HaBaHTaXKEHHs. PeKoMeHI0BaHO, Y pa3i HasiBHOCTI y Mepe-
1 BEHTWIBHUX II€PETBOPIOBAUIB, P PO3paxyHKax Koe(illieHTa HECHHYCOINAIbHOCTI HAIPYTH BUMi-
pIOBaTH BUILI rapMOHiKH A0 40-1 BKIIOYHO.
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EXPERIMENTAL STUDY OF THE DEGENERATIVE CHARACTERISTICS
OF THE ENTERPRISE'S ELECTRICITY CONSUMPTION PROCESS

Abstract

The study is devoted to the analysis of the operation of the power supply system of an enter-
prise with a significant number of valve converters. The object is a deep-induction substation with thy-
ristor converters and power resonant filters tuned to 3—5—7—11 harmonics.

The measurement showed the presence of higher harmonics in the network, even and odd, of
very high order and significant intensity (for example: v = 29—4,2 %; v = 36—1,8 %;), which can
only be explained by the violation of the thyristor turn-on angles. It was determined that the composi-
tion and level of harmonics are influenced by the connection schemes of the converters and the load
intensity, as well as a number of technological factors of the rolling process (temperature, speed, etc.).

The main attention in the work was paid to the analysis of the structure of the non-
sinusoidality coefficients of voltage and currents. The experiments conducted confirm the stochastic
nature of the dependences between the magnitude of the non-sinusoidality coefficients and technologi-
cal factors. As a research method, a statistical correlation method was adopted, which determines the
degree of influence of various factors and non-sinusoidality coefficients. The statistical correlation
function between the transformer phase currents is approximated by an exponential function, which is
explained by the fact that the research was conducted in the case of a normal power supply scheme
and a stable group of consumers. The research showed a high level of correlation of the transformer
phase currents with the non-sinusoidality coefficient of currents (Ro = 0,866 ta Roo = 0,774). At the
same time, the degree of correlation of the transformer phase currents with the non-sinusoidality coef-
ficients of voltage is much lower, which can be explained by the different internal structure of these
random processes. The frequency structure of the process is determined by the spectral density, which
is illustrated by the graph of the normalized spectral density.

The paper gives some proposals for conducting experimental research, the main of which is to
measure higher harmonics up to and including the 40th for electrical networks with powerful valve
converters.
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