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Mema pobomu. Busignenns 36°s3Ky pieHsa empam mpugaznozo mpancghopmamopa 3 HOMydHCHICMIO CHOMBOPEHH S
BUKTIUKAHOI 2APMOHIKAMU CIMPYMY.

Memoou docridscennsn. 11i0 uac npogedents 00CHiOHCeHHA BUKOPUCIAHO MEMOOU BUSHAYEHHS 8MPAT NOMYHCHO-
cmi ma 000amKo8ux 6mpam 6 eneMenmax eieKmpudHoi cucmemu 6i0 GUIYUX APMOHIK CMPYMY | Hanpyau, Memoo Gizy-
ANbHO20 NPOSPAMYBANHS, MEMOO NAAHYEAHHS eKCNEPUMEHMY MAa Memo0 OPMO2OHANbHO20 YEHMPAIbHO20 KOMNOZUYIL-
HO20 NIaHy.

Ompumani pesynomamu. IIpogedeno ananiz nOKA3HUKIE AKi XapaKmepusyloms CNOMEOPeHHs Hanpyeu ma Cmpymy,
BUABTIEHO, WO HAlOITbUW NOGHO 3A3HAYUEHI CHOMBOPEHHS XAPAKMeEPU3yIomsb HOMYICHICMb CHOMEOPEHb CIMPYMY Ma No-
MYXHCHICMb CHOMEOPEHb HANpY2U. 3a3HaueHi NOKAZHUKU GUKOPUCMAHL Ni0 4ac anaiizy nepedadi eleKmpuiHoi enepeii
mpancgopmamopom ma2060i niocmanyii. Biosnaueno, wjo nopaoox 2apMOHIK 6 NOMYAHCHOCMI CHOMBOPEHHS HeGiNio-
€MbCS, a UYL 2APMOHIKU BPAXOBYIOMbCS BIONOGIOHUM eheKMUBHUM CIPYMOM 8UWUX 2apMOHIK. Bpaxosano cneyugixy
NPUEOHAHD GMOPUHHOL OOMOMKU MPAHCHOPMAMOpPa 00 CROACUBAUd, A came 3a3eMIeHHs 0OHIEL 3 (a3 6MOpuHHOL 00-
momku. J{ns imimayii cnomeopens cmpymy UKOPUCMAHULL PO KOMOIHAyil 2apmoHik cmpymy. Memoodom niaanysanus
eKCNepUMeHmMoM BUKOHAHO JaHKY 0ocaiodcens. Ompumano KoepiyicHmu KeaopamuuHo2o pieHAHHA pezpecii, sKe
n08 A3y€ GMpamu NOMYICHOCMI 3 pigHeM 2aPMOHIK CIPYMY HABAHMAIICEHHS. MPEeMbO20, N AM020 Ma CbOMO20 NOPAO-
Ki6. J{sl 6UBHAYEHHSI 3HAYYUWOCI OMPUMAHUX KOe(IiyicHmie PIGHAHHS peapecii po3paxoeano oucnepcii ma 6i0n0GioHI
sHauenns kpumepii Cm’100enma, 8 pesynrvmami usHayeni pakmopu AKi He 8NAUBAIOMb HA NPOYEC MAa MOICYMb OYmu
BUKTIIOUEHT 3 DIBHAHHA pecpecii. Adekeammuicmb ompumMano2o pieHAHHA pezpecii nepesipeno 3a Kpumepiem Diutepa.
Ananiz egpexmis ma ix 63aemo0ii noxazas wo cmanoapmua nomuaka eubipku ne nepesuwye 1,66 %. B pesyromami
aHanizy KOMOIHAYili 2apMOHIK CMpPYMY, 5IKi 3a0A6aIUCs 8 X00i eKCNePUMEHMY, BIOMIYeHO W0 0esKi 3 HUX NPU3800mbo
00 001020 11 Mo20 JHce 0il04020 cmpyMy Gas, npu Ybomy ROMYHCHICMb CHOMBOPEHL CIMPYMY BUABTAEMbCA Pi3HON0. Bu-
3HAYEHO HAUDLIbULY 3HAYUMICIb PIBHS MPemboi 2apMOoHIKu cmpymy. Biosnaueno nocmitinuil pieeHb akmusHOi nomyic-
HOCMI HA CMOPOHI BUCOKOT HANPY2U MpPaHcGopmamopa, wo 3yMOo8LeH0 8IOCYMHICMIO CHOMEOPEHb HANPY2U HA Hill.

Hayxosa noeusna. Buseneno eunadxu xomobinayiil piHi@ 2apMOHIK CmMpymy Bpu SKUX NOKA3HUK NOMYAICHOCHI
CHOMBOPEHHSL CIMPYMY 3ANUUAEMbCA HE3MIHHUM, NPU YbOMY 3MIHIOEMbCA PiGenb 6Mpam nOMYICHOCHI mpanc@opma-
mopa, AKUtl 3yMOBIeHUL 2APMOHIKAMU CIPYMY.

IIpakmuuna yinnicms. /lani 00CHiONCEHHA MOJCIUBO 3ACMOCY8AMU OIS OYIHKU MA 3MEHUIEHHS DIGHs 6mpam no-
MYIHCHOCME 8 MPAHCHOPMAMOPT WISAXOM DITbMPAYI] NEGHUX 2APMOHIK CIPYMY.

Knroyoei crnosa: zapmoniku, cnomeopeHHs, mpancgopmamop, ROMYHCHICHb CROMBOPEHHA.
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I. BCTYII

3nificHeHHsT BIOKPUTHX TIpHUYMX POOIT CynpoBO-
JUKY€TBCSl TIepeMillleHHsIM KOpUCHOI KomanuHu. [ipchka
Maca TepeMIlIyeThCS MPH BHPOOHHYOMY IIPOIECi: MPH
BiIBAHTA)KCHHI EKCKaBaTOpPaMU; ITIPH TPAHCIOPTYBaHHI
aBTOMOOUTHHUM, 3aIIi3HHYHAM, KOHBEEPHUM 1 IHIINMH
BUJIaMHU TpaHCHIOPTY. i1 Kap'€pHOTO TPaHCIIOPTY Xapak-
TEpHi: HEBEJIWKi BiACTaHI MEpEeMilIeHHs; 3HadHI 00'eMH
HepeBe3eHb; 3aJCKHICTh €(EeKTHBHOCTI POOOTH IHIIOTO
yCTaTKyBaHHS BiJl HaJIHHOCTI TpaHCHOPTY; 3HAYHUN Ha-
XWJI TMiJHOMIB 3 BAaHTa)KEM; BUTPATH Ha TPAHCIIOPTYBaHHS
CKJIaJiatoTh He MeHte 45 % [1].

Crerupiuamii Tpadix poOOTH JIOKOMOTHUBY MOi3IY
OyMIKapiB, HaKIaJa€ BiIOWTOK HA PEXUM CHOXHBAHHSI
€JIEKTPUYHOT eHepril TaroBoi miacrauiii. HecrartionapHuii
XapakTep eJeKTPUYHUX HABAHTAXKEHb, SIKHUH CTBOPIOETHCS
EJIEKTPOPYXOMHM CKJIJIOM B CHUCTEMIi EJIEKTPONOCTavaH-
H#, Ta iX 3/IaTHICTh IEPEMIIIyBAaTHCh Y MTPOCTOPI BITHOCHO
TATOBUX IiJICTAHITIH MPU3BOASATE JI0 3aJICKHOCTI HANIPYTH 1
CIIO’KMBAHHS CTPYMy BiJl XapakTepy pyxy MOi3liB Ta 0co-
6mmBocreil enexTpudikoBanoi ninsHkKM. Hanpyra Oesmo-
CEepeIHbO Ha CTPYMOIIpHIMavax eIeKTPOBO3iB KOJIMBAETH-
Csl B IOCUTh MINPOKHX MeXaX. Takoxk CiiJl BpaxyBaTH TOH
(axT mo npu pobOTi eTEKTPOBO3 MPHU3BOIAUTE O CIIOTBO-
PeHb HampyTd Ta CTpyMy. BumeBkazani mpoOiemu mpu-
3BOZSITH 10 BUHUKHEHHS BUIIMX TAPMOHIK [2].

I1. AHAJII3 JTOCJILKEHD I ITYBJIKAIIA

Buiii rapMoHiKH B 3aJIe)KHOCTI Bij iX Xapakrepy, iH-
TEHCHBHOCTI Ta TPUBAJIOCTI HETaTUBHO BIUIMBAIOTH HA
poboTy cHCTEM aBTOMATHKH Ta TEJIEMEXaHiKH, 3HHKYIOTh
€KOHOMIYHICTh Ta HaJiiHICTh POOOTH EJIEKTPUYHHX Me-
pPeX, 3MEHUIYIOTh TEPMiH eKCILIyaralii eneKTpoobian-
HaHHS Ta TMPU3BOJTH IO 0araThoX IHIIMX HETaTHBHHUX
HacmiakiB [3].

Baromuii BHECOK y BHBUCHHS BHIIMX TaPMOHIK, PO3-
POOKY METO/IMK BHMIpPIOBaHHS, PO3PaxyHKy Ta HOpMaJli-
3aIii HecM BITUM3HAHI Ta 3apyOixHi BueHi: Iemain, C. M.,
Baiimonnia M. Kysuenos B. I'., T'op6ani, [Ix., Ta iH. [4]-
[7]. IIpore ocHOBHMMH poboTamu B cdepi aHai3y HecH-
HYCOIIbHUX PEXHUMIB CUCTEM E€JIEKTPOIIOCTAYaHHS IPo-
MUCIIOBHX MiATIpreMcTB € mpari 3aros K. B fioro mparsix
PO3KpHUTa HAWOUTBIIA TIMOMHA THUTAHHS, SKi ITOB’s3aHi 3
BUIIMMHY TApPMOHIKaMH TSI MEPEX MPOMHUCIOBHX MiIIpH-
emcTB [8].

Jlnist BU3HAa4YEHHS BIUIMBY BUIIMX FAPMOHIK BUKOPHC-
TOBYIOTh aHaJli3 HECHHYCOIQIbHUX PEXUMIB 3 BUKOPHUC-
TaHHSAM TOTY)XHOCTEH 3yMOBJICHHX B3a€MOJIEI0 HANPYTH
TIepIIoi TapMOHIKH 31 CTPYMOM BHIIMX TapPMOHIK Ta CTPyM
OCHOBHOT I'apMOHIKH 3 HaIlpyTrolo CIIOTBOPEHHS [9].

Jl1st BU3HAUEHHST BTpAT MOTY>KHOCTEH BUKOPHUCTOBY-
FOTh METOJIM OLIIHKU JTOJJATKOBUX BTPAT B €JIEMCHTAaX clie-
KTPUYHOI CHCTEMH BiJl BUIIUX TAPMOHIK CTPYMY 1 HAlpyTH
[10], sixi BU3HAYAFOTHCS 32 BUPA30OM:

AP, =31}R,k, (1)
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ae I, — cTpyM rapMoHik, Ry, R,, —omip KOpOTKOro 3aMu-
KaHHA TpaHc(hOpMaTopa Ha OCHOBHIHN 4acToTi, kj,— Koedi-

IIEHT SIKUA BPaxoBYye 30UTBIIEHHS OMOPY KOPOTKOTO 3a-
MHKaHHSI JJIsl BULLX TAPMOHIK.

Bimomi mocmimkeHHS B SKHX IJIs aHAJI3y CIIOTBO-
PEHHS €JICKTPHYHOI €Heprii aBTOpH BUKOPHUCTOBYIOTH Ta-
pMoHIKE ToTyx)HOCTi [11] Ha BHBOmax kabeipHOI JiHil.
[Ipu oMy CIIUPAIOYMCH Ha PE3yJIbTaTH aHaJi3y TapMOHIK
CTPyMy Ta HANpPYTH, BiI3BHAYAETHCS X HEAOCKOHAJICTh Ta
HEOOX1AHICTE ITOJAJIBIIOTO TOCIIIKEHHS.

B pobori [12] mpoBeneHO IOCTIIKEHHS pPEXUMY
TpaHC(hOpPMAaTOpa TOHIKYBAIBHOI TIJICTAHINI SKUH KH-
BUTh KOMIUIEKCHE HAaBaHTAXXEHHA 3 KOTEHEpaIiHHOI0
YCTaHOBKOIO. ABTOpPaMH BiJI3HA4aeThcs (akT CYTTEBOTO
BIUIUBY Ha PEKUM T'apMOHIK KpaTHHX TPhOM Ta 3aIpoIrio-
HOBAHO aJbTEPHATHBHI NMOKAa3HUKH NOTYXHOCTI. Li moka-
3HUKH MalOTh y3arajlbHEHE TEOpeTHYHE OOIPYHTYBaHHS,
IpU [[bOMY 3B'S30K IOKa3HUKIB 3 BIUIMBOM Ha €JIEMEHTH
CHCTEMH EJIEKTPOIIOCTaYaHHS HE HABEJICHUH.

3Ba)kaloud Ha MOXIIMBICTH ICHYBaHHSI TOro (haxry,
110 KOKHAa TapMOHIKa CTpyMy MO pi3HOMY BILUIMBAa€ Ha
€JIEMEHTH ENIEKTPUYHOI MepeKi Ta ii KOMIIOHEHTH, BUHH-
Kae 3a/1a4a 110 BU3HAYEHHIO 3HaYyIIOCTI TapMOHiKH, abo iX
KOMOIHAIl{, Ha BTpaTH MMOTYXHOCTI B TpaHC(OpMATOpi.

III. META POBOTH

Amnaii3 3Bs’3Ky piBHS BTpaT TpHdazHoro tpancdop-
Maropa 3 IMOTYXHICTIO CIIOTBOPEHHSI BUKJIMKAHOI rapMo-
HIKaMH CTPyMy.

IV. BUKJIAJEHHS OCHOBHOI'Y MATEPHUAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

IcHye mBa OCHOBHMX CIOCOOM JIJIsl BU3HAYCHHS PiBHA
rapMOHIYHUX CIIOTBOPEHb. B mepiiomMy BHIIAIKy BH3HA-
4aroTh KOe(illi€HT, SKAW MMOKa3ye 3araJlbHUl BIUTUB Trap-
MOHIK HaIlpyrd Yu CTpyMy — KOe(IiLliEHT 3arajbHUX rap-
MOHIIHUX CIOTBOpEHb. [ Hanpyru AaHuid KoedilieHT
BU3HAYAIOTh 3 BUPa3y:

U @)

ge U, - piroue 3Hau€HHs HAIPYTd OCHOBHOI FapMOHIKHM;
U, - niroye 3HaYCHHs HANpyTu BUIIOi rapMoHiku. Hapsny

3 3a3HAYCHUM NOKa3HUKOM BHKOPHCTOBYIOTh KOE(Illi€HT
SKHAH 1OKa3ye BIUIMB KOXXHOI OKpEMOI T'apMOHIKH CTPyMY
4y Hanpyry. s Hanpyru gaHuil KoeillieHT BU3HAYAIOTh
3a (hOPMYJIOFO:

3)

Juist GBI AeTaNbHOTO JOCIIIKCHHS BIUTHBY KOX-
HOT TapMOHIKH 260 X KOMOiIHAaIlii Ha PO3TOII MMOTYKHOC-
Tel B TpanchopMaTopi HEOOXiAHO BU3HAYUTH TOTY>KHOC-
Ti CHOTBOpPEHH CTPyMy Ta Hampyru. s mporo BU3Haya-
10Th 3HaUCHHs eheKTUBHOTrO cTpy™my [11]:
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P+ +12+17
9

, “4)

ne I

a,b,c

— Zitoul 3Ha4eHHs CTpyMy KoxHoi dasu; I/,
HEUTpaNbHUIl CTPyM.

Bignosigao o [11] sx y cTpymi Tak i Hanpy3i BUmi-

JA0TH OCHOBHY (1, , U, ) Ta Bumi rapmoniku (1, , U, ):
Ie = Iel + Ieh
~ ©)
Ue = Uel + Ueh

EdextuBHHi cTpyM OCHOBHOI rapMOHIKM BH3Haua-
I0Tb 3 BUpa3y:

2 2 2 2
I ]a1+1b1+[c1+1n1
el 9 ’

(6)

ae I, . — Oi0di 3HAYEHHS CTPyMy IepuIoi TapMOHIKH
KOXHOT (ha3m.

EdexTuBHMI CTpyM BUIIMX TapMOHIK:

/ _\/Ifh +[13h +13h +13h
eh — 9 s

(7)

I (] ]ahﬁ Ibh’ 1

oy — AlI04l 3HaYEHHsS CTPYyMIiB BHINUX rap-

MOHIK KOXHO1 (hazu.

EdexTnBHa Harpyra 0CHOBHOI T'apMOHIKH:

U. = 3(U51+U§1+U31)+U5bl+U§cl+Uczal
el 18 5
ae Uy, Uy, U

cl

(8)

— pmirode 3Ha4YeHHs (a3HOI HANPYTH

ocHoBHOI rapmoHiku, U, , Uy, U, — Mixdasna Ha-

cal

npyra OCHOBHOI TapMOHIKH.

EdexTnBHa Hanpyra rapMoHiK:

3(U3h +U§h +U3h)+U3bh +szch +U,,

U, = cah , 9
eh 18 ( )

ae Uy, Uy, , U, — nitoui 3HaUeHHs HAaNpyT BUIIUX Ta-

pmoHik; U, Upas U,

cah — MDK(ha3HI HapyTru BHIIUX

TapMOHIK.

Buxonsun 3 pekomenaaniii crangapty [11] npuiins-
TO JI0 yBaru HaCTyIIHE:

MOTYXHICTb CTIOTBOPEHb CTPYMY:

De[ :3U€1]Eh; (10)
HOTy)KHiCTb CIIOTBOPCHDL HAIIPYTH:
DeU :3Ueh1e1; Del/ :3Uehlel’ (11)

Jlns BU3HAUYCHHS BTPAT AKTHBHOI TMOTYXKHOCTI B
TpaHchopMaTopi MOTPiOHO po3paxyBaTH aKTUBHY IIOTY-
JKHICTh TIEPBHHHOI Ta BTOpWHHOI oOMOTOK. Ile MokHa
3po0OUTH, BUKOPHUCTOBYIOUH THUIIOBI PiBHSIHHS.

18

MuTTEBa MOTY)XHICTH Ha CTOPOHI BHIINOI HAIpyTH,
BHU3HAYaI0Th 3 BUPA3Y:

(12)
e u,, U, U, i,, iy, i, — MUTT€B] 3HAUCHHS HAIPYIH
Ta cTpyMy (has.

AKTHBHA TOTYXHICTb MOXXe OyTH pO3paxoBaHa SIK
IHTerpaJbHUH MOKA3HHK:

pW = uala + ublb +uclc 4

T
1
B, _?lpwdt, (13)

ne T — mepioj] BUMIPIOBAHHS, ¢ — Yac.

[ToTyXHiCTh HAa CTOPOHI HIDKYOI HANIPYTH, BU3HAYA-
€ThCS AHAJIOTIYHUM YMHOM. B pesynbrari BTpaTu moTyx-
HOCTI B TparchopmaTopi:

AP =Py, — Py, . (14)

OOmMmoTkHM TpaHcdopmaropa TAToBolI TpaHchopMaTo-
pHOI migcraHii MaroTh cxemy 3’exHaHHS Y \A. Takox
CIIiJI 3BEPHYTH yBary Ha MiJKIIOYEHHS TpaHchopmaTopa
JI0 KOHTAKTHOI MepeXi, BOHO € CHEeIU(pITYHUM OCKUTbKH
¢aza C 3’eqHyeThCA 3 KOHTAaKTHHUM pelbcoM. BoueBmnap
HECHMETPUYHE HABAHTAKCHHS CYTTEBO BIUIMBAE€ Ha pe-
KM TpaHcopmaropa [12].

Juis BU3HaUeHHS KOE(]ili€HTIB CIOTBOPEHH KOXKHOI
TapMOHIKH, BHKOPHCTOBYIOTh MACHB JaHHX CTpyMy Ta
HaTpyTH 3HATHX 3 TpaHcdopmarTopa TSTOBOI MiACTAHIIII
[13] xoHTakTHOI Mepexi TipHHY030aradyBaIbHOTO KOM-
Oinary. 3a momomororo po3paxyHkoBoi moxeni [13], [14]
BEJIMYMHHU MIHIMaJbHUX Ta MaKCUMAaJbHUX 3HAU€Hb KOE-
GbIIieHTIB A1 TPETHOI, I1’ATOI Ta CbOMOI TAPMOHIK CTPY-
My Bu3Ha4yeHuit Ha piBHi 0,05 Ta 0,18 Big ocHOBHOI rap-
MOHIKH.

Bepyun no yBaru BHIEBKa3aHE B CEpEIOBHILI Bi3y-
AIBHOTO MPOTPaMyBaHHS CTBOPEHO Monenb (puc. 1) cyTh
SIKOI B JIOCHTIDKEHHI BIUIMBY Ha BTPaTH IOTYXKHOCTI
TpaHchopMaTopa KOXKHOI OKPEeMOi TapMOHIKH Ta iX KOM-
OiHamii.

BizyaneHa Mopenb, MpencTaBieHAa HAa PHCYHKY 1,
CKIIaa€Thes 3 mKepena sxuBieHHs (Three-Phase Source)
Hanpyroro 150 B, /=50 Tm, TtpancdopmaTopa
TpaHchopMaTopHOL miAcTaHIi1 (Three-Phase
Transformer) TAH-16000/110 3 HacTymHUMH TapameT-
pamu: Uy, =160kB; U, =11 kB; S =1600xBA; /=50
I'm;, R, =002B.0.; R,=002 L, =0,08B.0;

L, =0,1B.0.; 610Ky nat4mkiB ctpymy Ta Hanpyru (7hree-

B.O.;

Phase Measurement), 6mokiB Bi3yami3amii Hampyru Ta
CTpyMy HEpBHHHOI Ta BTOPHHHOI 0OMOTOK TpaHchopMa-
Topa (Scope 1-2), 610Ky BHW3HA4YE€HHS MOTYXXHOCTI CIHO-
TBOpEHb CTpyMy Ta Hanpyru (DUDII), 610Ky BU3HaueH-
Hs1 BTpat B Tpanchopmatopi (PQ), Ta 010Ky BIUIMBY CriO-
tBOpeHHs (DUDI) sikuii € mpkepenioM cTpyMmiB ¢as.
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Pucynok 1 — Mofenps ZOCTIIKyBaHOT CHCTEMH

3BaXkaloyM Ha METy poOOTH cTpyMHu y (hazax TpaHc-
(dbopmaTopa 3a7aHi y BUTIIAII:

i=1 sin(ot+¢)+ 1 sinBot+o¢,)+

(15)

>

+1, sin(5o,f + @) + 1, sin(7mt + @)
ae 1,,1,,1,1,— nio4i 3HAY€HHs CTPYyMy BIiJNOBIJHUX
TapMOHIK; ©,,®;,®,,®, — KyTH 3CyBY BIIIOBIIHHUX rap-
MOHIK; ®;,®;,®;,®,— KyTOBI YaCTOTH BifMOBIJHUX rap-
MOHIK.

Jiama3oH 3MiHM OifOYMX 3HAYEHb CTPYMIB BHUIIHX
rapMmoHik /1,, 1,1, npuitmaemo Bin 0,05 mo 0,18 BimHOC-

HUX OJHUHUIb O CTPYMY OCHOBHOI FapMOHIKH [, .

Tadauus 1 — Ilnan ekcriepuMeHTy Ta HOTO pe3ysIbTaTH

Jlyis BpaxyBaHHs BCiX MOXKJIHMBHX KOMOIHAIIN CIIOT-
BOPIOIOUMX BEJMYMH BHKOPUCTAHO METOJ IUIAHYBaHHS
excriepuMmenty [15].

BinmoBimHO 10 MOPSAKY CKIagaHHS LEHTPATBHOTO
KOMIIO3HUIIIHOTO IJIaHy 3 3ipKOBHMH TOYKAMH BH3HAYCHI
TOYKH Ta 3ipKH. B pe3yrnbprari oTpMMaHO IUIaH €KCIepH-
MeHTy (Tabmuns 1). 3a mIaHoM eKCHEepHMEHTY 3a JIOTO-
MOTOI0 PO3PaxXyHKOBOT MOJIEII CTBOPEHOI Y Bi3yaJbHOMY
CEpeJIOBUII MPOrpaMyBaHHS MPOBEACHO EKCIICPUMEHT
NUIAXOM peaizallii IOCiJOBHOCTI KoMOiHamii Tadmuii 1
B Mojiesi pucyHoK 1. B pe3ysibraTi mpoBeIeHOro eKcrie-
PUMCHTY OTPHUMaHO IaHi sKi HaBeneHi B TabOmwmi 1.

Buxigai gaxi PesynbraTi BUMiprOBaHb
gi 15 ,B.0. I B.0. 1, B.0. D;, Bap D, , Bap P, ,Br B, Br AP, Bt
1 0,05 0,05 0,05 513400 86410 4648000 4721000 73280
2 0,18 0,05 0,05 1356000 177200 4646000 4721000 75680
3 0,05 0,18 0,05 1025000 171900 4647000 4721000 74490
4 0,18 0,18 0,05 1621000 231300 4644000 4721000 76890
5 0,05 0,05 0,18 1625000 225200 4647000 4721000 74500
6 0,18 0,05 0,18 1621000 273300 4640000 4721000 76900
7 0,05 0,18 0,18 1356000 269900 4646000 4721000 75710
8 0,18 0,18 0,18 1848000 311100 4643000 4721000 78110
9 | 0,00568 0,115 0,115 836000 170100 4647000 4721000 73950
10 | 0,22432 0,115 0,115 1830000 263100 4643000 4721000 77990
11 0,115 0,00568 0,115 1023000 172500 4647000 4721000 74480
12 0,115 0,22432 0,115 1540000 258700 4645000 4721000 76510
13 0,115 0,115 0,00568 1023000 142900 4647000 4721000 74470
14 0,115 0,115 0,22432 1540000 305200 4645000 4721000 76530
15 0,115 0,115 0,115 1181000 198700 4646000 4721000 75010
16 0,115 0,115 0,115 1181000 198700 4646000 4721000 75010
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[TepeBarst OPTOTOHANBHOIO LEHTPAIBHOTO KOMIIO-
3UMIHHOTO IUTaHy MOJSATAa€ B HOro MpocToTi. OCKITBKH
JUIl OTPHMAHHS AaJeKBaTHOTO MAaTEeMaTH4YHOTO OIHCY
NPOLIECIB Y BUIJISAII PIBHSHHS perpecii 2-ro mopsiaky Ha
OCHOBI IIMX IUIaHIB HEOOX1THO MPOBECTH MEBHY KiJIbKICTh
JIOCITI/IIB, 3aJIe)KHE Bijl YMCIIa BILIMBAIOTh Ha Ipolec (ak-
TOpIB, MEHIIIE, HDK IIPH IHIINX BUJIAX IUIaHyBaHHs [16].

KommnosutiiiHi miaau Jerko IpUBOIATECS 10 OPTO-
TOHaJIbHOTO BHOOPY BIJMOBIZIHOIO «30PSIHOTO» IUIeYa i

TIepETBOPEHHSAM CTOBIIIIB X, .

Meroro peanizalii OpTOrOHAIBHOIO LEHTPAIBHOIO
KOMITIO3ULIHHOTO IUIaHy € OTPHMaHHs PiBHSAHHS perpecii
y 3araJlbHOMY BHTJISII:

y=b, +bx, +..+bx, +b,x,x, +...+
. . (16)
+b(k71)kxk71xk +b,x, +...+b,x,

ne b, — HymboBui koedimieHT perpecii, b — BHOIpKOBHUI

koedilieHT perpecii, x, — 3MiHHa.

* » I, . :
Bennunnn  x; = x; —;inj (i — HOMEpP mocmimy B
i=1
MaTpHuli IUIaHYBaHHS, j - HOMep (aKkTopy) BBOAATHCS LIS
3a0e3nevyeHHsT OPTOTOHAIBHOCTI MaTpHUI IUIaHYBaHHS 1
BUKITIOUCHHS KOpeJLil Mixk (akTopamu, Uil OTpUMaHHS
PIBHSHHS perpecii B 3BUYafHOMY BHUTIISII:

y=b, +bx, +..+bx, +b,xx, +..+
) , - an
+b(k_1)kxk_lxk +b,x; +...+b,x;

OcHOBHE 3aBJIaHHS PErPECIHOI0 aHalli3y OTPUMAaHHS
MaTreMaTUYHOI MOJIEN MpOIeCy, MepeBipka aJeKBaTHOCTI
OTpUMaHOi MOJIeli 1 OIliHKa BIUIMBY KOXKHOTO (hakTopy Ha
mporec.

Jlnst BU3HAYEHHSI 3HAYYNIOCTI OTPUMAaHUX Koedilie-
HTIB PIBHSIHHS perpecii po3paxoByroTh aucnepcii. ko
po3paxyHKoBe 3HaueHHS kputepis Ct’rofeHTa Oinbie 3a
TabnuYHe 3HA4YeHHs TO KoedilieHt b, 3Hadyuwmi, T00TO

(axrop, BiAMOBiAHUI ITBOMY KOe(IllieHTy poOUTH iCTOT-
HUi BILUIMB Ha nporiec. B inmomy Bunajxy koedimient b,

He3HauyHuH (akTop i B 061acTi GaKTOPHOTO MPOCTOPY HE
POOHTH iICTOTHOTO BIUIMBY Ha IPOIIEC, i BiH BHKIIIOYAETH-
cs1 3 pIBHSIHHS perpecii.

[epeBipka piBHSHHS perpecii Ha aJeKBaTHICTH TPO-
BOAMTHCH 3a KpuTepiem Dimrepa:

2
Sa()

2 >
Ky

¥

posp

(18)

2 . .
Je §., — AUCIepCid aJleKBaTHOCTI, 110 OOYUCIIOETHCS 3a
¢bopmymoro:

20

Z(yz' = Yi powp )2
_ iml

a0 s
‘ n—B

(19)

B SKIH Y, ., — PO3DaXyHKOBE 3HAYCHHsS BHUMIPIOBaHOI

BEJIMYMHH (TIapaMeTpa ONTHMi3alii); B — YHCIIo 3Hady-
X Koediientis b, .

Tabnuunuii kpurepiii dimepa, 3a1eXKUTH BiJ YUCIa
CTYNEHIB CBOOOIM YMCENIFHUKA 1 3HAMEHHUKA. B pe3yib-
TaTi MEPEeTBOPEHb MATPUIl IUIAHYyBAaHHS €KCIIEPUMEHTY 1
MIPOBEJICHOTO PETPEeCciifHOro aHalizy OTPUMYEMO DPiBHSH-
Hs perpecil U JOCHIUKYBaHOTO BHUIAJAKY HACTYITHOMY
BUTJISAIL:

AP =b, +b 1, +bI; +b, [, +b, L1, +b 11, + 19
+b, I 1, + b, L2 + by I + b, I '

Jis mobynoBu perpeciiiHoi Mofeni BHUKOPHUCTAHO
CIeIliai3oBaHe MpOorpaMHe 3a0e3MEYCHHST CTATHCTUYHOL
00poOKu. AHami3 eekTiB Ta iX B3a€eMOJil MMOKa3as, IO
CTaHAapTHa MOMUIIKA BUOIpKHU He nepeBuinye 1,66%. [lpu
oMy KoedillieHTH B3aemonii by,, b, Ta b,; MaloTh Hy-

JIbOBY 3Ha4MMICTh (puc.l). HaMOUIbIINI KoedilieHT iH-
¢umsmii qucnepceii ckaaB 14,33236 mns xoedimieHTiB b,

b,,1a b, .

OTpumaHi MaTeMaTHYHI MOZENi € aJeKBaTHUMH.
KoediuienTy, 1mo crosrts nepesa Gpakropamu, KaxyTb Ipo
3HAYUMICTh BXIJJHUX MapaMeTpiB 1 BIUIMB iX Ha JTOCIIKY-
BaHI YNHHHKH, a TAaKOX iX MapHy B3a€MOJIII0 HAa BUXIIHY
BenmunHy. Cratmctika R-kBagparta BKkasye Ha Te, IO
MOJIeJb, SIKa BCTAHOBJICHA, Ma€ aJeKkBaTHICTH 99,9999%
3MiHHOCTI B dP. HamamToBana Ha CTaTHCTHKY R-
KBaJpara, sKa OUIbIIe MiAXOMUTH U MOPIBHAHHS MOJIe-
JIeH 3 PI3HOIO KUTBKICTIO HE3aJeKHUX 3MIHHIX, CTAHOBUTH
99,9997 %. CranmapTHa MOMMJIKA OIIHKK TOKAa3ye, IO
CTaHIAPTHE BIIXWICHHS 3aJMIIKIB MOpiBHIOE 2,35951.
Cepenus abcomotHa nmoxubka (MAE) 1,18387 € cepen-
HIM 3HaYEHHSIM 3aJIMIIKIB.

CratuctuuHa ominka Jlyp6ira-Batcona (DW) mepe-
Bipsi€ 3aJIMIIKH, 00 BU3HAYMTH, YU iCHYE SIKACh CYTTEBA
KOpeJIsillisi Ha OCHOBI TOPSAKY, B SIKOMY BOHH Tparuis-
10ThCs y Aanux. Ockinbku 3HaueHHs P nepesurye 5,0%,
HEMae O3HaK CepiifHOi aBTOKOpeJsILil B 3aMIIKaX Ha PiB-
Hi 3HauymocTi 5,0%.

Hiarpama ITaperto po3cramise 3HadeHHS (haKTOpIB
BiJl X BeJIMYMHU BIUIMBY BiJ] HAHOLIBIIOTO 10 HAHMEHIIIO-
ro. TakuM 4yuHOM pIBHSIHHS perpecii OTpUMaHOi Mozeni
Ma€ BUIJISIA:

AP =72897.1-19.3143 I, —47.4645 - I, — 41.8002- I, +

+830381.9- 17 +40633.6- 12 + 41052 I
A€ 3HAYCHHSA 3MiHHI/IX BKa3aHi Y B OAUHUILIAX.
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a)
Pucynok 2 — AHaii3 KoeQillieHTiB piBHSIHHS perpecii:

a) — koeirienty; 0) — kapra [Taperro

SIk mokazaHO Ha PHCYHKY 3a HaHOUIBII CyTTEBHH
BIUIMB HA BHXIJHY BEIWYHMHY CTBOPIOE TPETS TapMOHi-

* . . .
Ka /, clpy4MHsI0YM 3MiHy BTpar Ha 2,5 kBT, Ha BigMiHY
BIJI I’ ATOI Ta CHOMOI.
[MToBepxHs GYHKLII BIATyKy IpUBEJEHA HA PUCYHKY
3b. Takum YMHOM TpH BCIX IOCHIDKYBAaHHMX BapiaHTax
CIIiBBITHOIIIEHHSI TAPMOHIK CTPYMY CIIOCTEPIraeThcs piz-

[ 1000, 0}
7

76,5
76
L5755
75

74,5

Coefficient Estimate T T T T 1
constant 72879,1 Al
A3 -19,3143
B:15 - 47,4645 =i |
c:17 -41,8002 | B:1S |
AA 80381,9 |
AB 0,0 AR
AC 0,0 e :I
BB 40633,6 |
BC 0,0 < :I
CcC 41052,0 0 "m0 soo

74

1200 1600 2000 2400

b)

HU# piBEeHb BTpAT MOTYKHOCTI TpaHchopmaTopa. OueBu-
JHO (Tabmn.l) mo xomOinamii 2-3-5; 4-6-7; 11-13 Ta 12-14
MPU3BOJATH J0 OJHOTO M TOTO XK JIFOYOro CTpymy (as.
IIpu upomy y Bumagkax komOiHamii 4-6; 2-7; 11-13 Ta
12-14 criocTepiratoTbest OJJHAKOBI MOKA3HUKH MOTYXXHOCTI
CIOTBOpEHHA cTpyMy D, (Tabu. 1).

Desirability

= 0,0

- 0,1

0,2

1 0,3

0,4

0.8 0,5

Z 0,6

E 0,6 g:g

'g—g 04 [ 0:9

=] 02 1,0
1]

0
ﬂlm ﬂ',ﬂ'E‘ ﬂ|12 ﬂ|16‘ ﬂ,z 0,24 I
¥
I3
l)

Pucynok 3 — a) — rpadix BIMBY TapMOHiK b) — 3MiHa BTpaT MOTYXXHOCTI ITpH pi3Hiil kKombinatii /; Ta I5

V.BUCHOBKHA

3 BHUKOPUCTaHHSM BIJIHOCHHUX IIOKa3HHUKIB, IO
XapaKTepH3yIOTh BIUIMB FAPMOHIK CTpyMy Ta Halpyru Ha
KOMIIOHEHTH TOTYKHOCTI, CIJIAHOBAHO €KCIIEPUMEHT ISl
JIOCI/DKEHHS 3aJIeXHOCTI BTpar TpudasHoro tpaHchop-
Maropa TAroBOi IMiICTaHIIil.

OTprMaHo KOE]ILIEHTH KBaJpPaTUYHOTO PIBHSHHS
perpecii, sike TIOB’s13y€e BTpaTH MOTY>KHOCTI 3 piBHEM rap-
MOHIK CTpPYMY HaBaHTaXCHHsI TPETHOTO, IT'SITOTO Ta ChO-
MOTO TOpsi/IKy. Bu3HaueHy HalOLIbIIy 3HAYMMICTD PiBHS
TPEThOT FAPMOHIKH CTPYMY.

21

BimzHaueHo OCTIHHU piBEHh aKTUBHOI TIOTYXKHOCTI
Ha CTOPOHI BHCOKOI Hampyru Tpanchopmaropa, mo 3yMo-
BJICHO BiJICYTHICTIO CIIOTBOPEHb HAIIPYTH Ha Hiil.

BusiBneno Bumaakn KoMmOiHaIi pIBHIB TapMOHIK
CTpyMy TpH SKHX IIOKa3HHK IOTY>KHOCTI CHOTBOPEHHS
CTPYMYy 3aJIMINAETHCS HE3MIHHUM, ITPU LIbOMY 3MIHIOEThCS
PIBEHB BTpAT MOTY>KHOCTI TpaHCPOpMATOpA.
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OF LOSSES IN IT USING THE METHOD OF EXPERIMENT PLANNING

Kremenchuk Mykhailo

PhD student at the Department of Electrical Engineering, Kremenchuk Mykhailo

University,  Kremenchuk,,  Ukraine, e-mail:

D., Associate Professor, Associate Professor of the Department of Electrical

Ostrohradskyi National University,

Kremenchuk, Ukraine, e-mail: bialobrzeski@ukr.net;

BEZZUB M.A.

Ostrohradskyi ~ National

bezzubmax(@gmail.com;
BIALOBRZHESKYI O.V.

Engineering,
OLIYNICHENKO M.Y.

Ostrohradskyi

National

PhD student at the Department of Electrical Engineering, Kremenchuk Mykhailo

University, = Kremenchuk,,  Ukraine, e-mail:

oliynichenkomaxim@gmail.com;

22



ISSN 1607-6761 (Print) «EJJEKTPOTEXHIKA TA EJJIEKTPOEHEPI'ETUKA» Ne3 (2023)
ISSN 2521-6244 (Online) Po3nin «EnexTpoTexHika»

YAKUMEC S.M. D., Associate Professor, Associate Professor of the Department of Electrical
Engineering, Kremenchuk Mykhailo Ostrohradskyi National University,
Kremenchuk, Ukraine, e-mail: ysm_seem@meta.ua;

POSTIL A.O. PhD student at the Department of Electrical Engineering, Kremenchuk Mykhailo
Ostrohradskyi ~ National =~ University, = Kremenchuk,,  Ukraine, e-mail:
artur_postil@kdu.edu.ua.

Purpose. Detection the relationship between the level of losses of a three-phase transformer and the power of
distortion caused by current harmonics..

Methodology. During the research, the methods of determining power losses and additional losses in the elements
of the electrical system from higher current and voltage harmonics, the visual programming method, the experiment
planning method, and the orthogonal central composite plan method were used.

Findings. An analysis of the indicators characterizing voltage and current distortions was carried out, and it was
found that these distortions are most fully characterized by the current distortion power and voltage distortion power.
These indicators are used to analyze the transmission of electric energy by a transformer of a traction substation. It is
noted that the order of harmonics in the distortion power is not eliminated, and higher harmonics are taken into
account by the corresponding effective current of higher harmonics. The specifics of the transformer secondary winding
connections to the consumer, namely the grounding of one of the secondary winding phases, were taken into account. A
number of combinations of current harmonics were used to simulate current distortions. The experiment was carried
out using the planning method. The coefficients of the quadratic regression equation that relates power losses to the
level of load current harmonics of the third, fifth, and seventh orders are obtaine To determine the significance of the
obtained coefficients of the regression equation, the variances and the corresponding values of the Student's criterion
were calculated, as a result, factors that do not affect the process and can be excluded from the regression equation
were identified. The adequacy of the obtained regression equation was checked by Fisher's criterion. The analysis of
the effects and their interaction showed that the standard error of the sample does not exceed 1.66%. As a result of
analyzing the combinations of current harmonics that were set during the experiment, it was noted that some of them
lead to the same effective phase current, while the power of current distortion is different. The greatest significance of
the level of the third harmonic of the current is determined. The constant level of active power on the high voltage side
of the transformer is noted, which is due to the absence of voltage distortions on it.

Originality. Cases of combinations of current harmonic levels at which the current distortion power index remains
unchanged, while the level of transformer power losses caused by current harmonics changes, have been identified.

Practical value. This research can be used to assess and reduce the level of power losses in a transformer by
filtering certain current harmonics.

Keywords: harmonics; distortion; transformer; current; distortion power.
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