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NIIBUIIEHHS IIBUIKOIAII CACTEMU KEPYBAHHS TUPUCTOPHUM .
KOMIIEHCATOPOM PEAKTHUBHOI IOTYKHOCTI EJIEKTPOJAYTOBUX NNEYEH

Emextponyrosi nedi (EII) mictars mivni TpancopmaTopu 3 koedimieHToM moTyxHOCTI 0,3, AKi mpu
HECHHYCOIHUX CTpyMax CTPHOKaMHM BHIIAJKOBUM YHHOM CIIOKMBAalOTh PEAKTHBHY IOTYXKHicTb. Jlis
KOMIIEHCalii OCTaHHBOI BUKOPHCTOBYIOTh THPHUCTOpHI KommeHcatopu peakTuBHOI mortyxHocti (TKPII). Ilpu
CTpUOKax peakTHBHOI MOTYXHOCTI Bimoma cucteMa kepyBaHHs TKPII 3a0esmeuye gac perymroBanas 0,02 c,
OCKIJIbKM BH3HAYA€ KyT KEPYBaHHS TUPUCTOPIB 32 OCTAHHIN 1epio]i MepexxHoi Hanpyru. [Ipy oMy BIIPOIOBK
nepexinnux npoieciB peryiroands TKPII peaktuBHa noryxHicts EJIIT He koMnieHCy€eThCS.

Mertoro poboTH € mifBuIIeHHs WBHAKOAIT cuctemu kepyBanHs TKPII amst 3MeHIIEeHHST HEKOMIIEHCOBaHOT
peakTHBHOI MOTY)KHOCTI B TEPEXiTHUX Npolecax peryioBaHHs. [locTaBieHa MeTa JOCATaeTbCs TUM, 110, HA
BIIMIHY BiJI BIZIOMOi CHCTEMHU KepyBaHHs, KyT KEpPyBaHHS BU3HAYA€THhCS KOXXHHUU IMIBIEPiO] BHUPILICHHIM
pIBHSIHHS MiHIMI3alil (YHKI[IOHAJIa CepelHbOKBAAPATUYHOI MOXHMOKM DIBHOCTI CTPyMy peakTopa i CTpyMmy
TpaHcopmaropa 3 KOHIECHCATOPOM B MOMEHTH aMIUIITYJHOTO 3HA4YCHHS MeEpexHol Hampyru. B pesynbraTi
MIBUAKO/ISI CHCTEMH KepyBaHHS miasuinyetses 1o 0,01 c.

HaykoBa HOBH3Ha poOOTH TOJISITae B MOJAIBIIOMY PO3BUTKY BUpa3y (yHKIIOHaJIA ISl BU3SHAUEHHS KyTa
kepyBauHs TKPII Ha ko>kHOMY miBIIepioni Hanpyrd. [IpakTHyHa 3HAYMMICTB: MiABUIICHHS IIBUAKOIIT CHCTEMHU
kepyBanHs TKPIT B nBa pa3su 3MeHIIye B JABa pa3d CIIOKMBAHHS PEAKTHBHOI MOTY)XHOCTI B TEpeXiIHUX
IpoLecax PeryiIioBaHHS 1 MiJBUILYE Pe3yNbTYIOUMH KOS]Ii€HT MOTY)XHOCTI 0 oauHHLi. Poboro3nmarHicTh
3anporoHoBaHoi cuctemu kepyBanHst TKPII nepeBipeHa Ha MmaremaTuuHii Mozeni.

KITIOYO0BI CIIOBA: enexmpodyeoea niy, peakmugHa HOMYNCHICMb, KOMNEHCAYis, CROCiO Kepy8anHs,
MinimMizayis QyuKyionany.
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Enextpomyrosi medi (EAIT) €
KIIOYOBUMU TEXHOJOTIYHUMH 00’ €KTaMU B
MeTaypriiHii MIPOMHUCIIOBOCTI, SIK1
3a0e3neuyoTh BUIUIABKY 10 11% cBiroBoro
o0csary crami. OpHak X  eKCIUTyaTtaris
CYIPOBO/DKYETHCSI  3HAYHHUMU  BUKIIMKAMH,
30KpeMa HU3BKUM KOe(]iIliEHTOM MOTYXHOCTI
(cosp = 0,3) yepe3 BHCOKY IHAYKTHUBHICTH
pO3citoBaHHS MiYHMX TpaHcpopMaTopiB, LIO
CIIPUYMHSIE  CTPHUOKOTOMIOHE  CIIOXKWBAaHHS
PEaKTUBHOI TMOTY)XHOCTI TPH HECHHYCOITHIX
ctpymax. Lli mpouecum TpU3BOAATH IO
HECTaOUTBFHOCTI HAINPYTH B  EJIEKTPOMEPEXKi,
30KpeMa A0 sBUIIa Quiikepa, 10 HETaTHBHO
BIUIMBAE HAa SAKICTh EJNEKTPONOCTaYaHHS Ta
e(hEeKTUBHICTh E€HEPrOCIIOKUBAHHS. st
BUpIIICHHS i€l mpooeMu IIPOKO
3aCTOCOBYIOTBCS. THUPUCTOPHI KOMIIEHCATOPH
peaktuBHoi motyxkHocTi (TKPII), sixi 3abe3-
NEeYyIOTh MIBHAKE DPEryJIOBaHHSI PEaKTUBHOI
MOTY>KHOCTI 32 JIONOMOTOI0 (Pa30oKepOBaHUX
peakropiB. [IpoTe cydacHi cucTeMu KepyBaHHS
TKPIT matoTh 0OMEXEHY IIBHIKOAIKD (4ac
perymoBanas craHoButh 0,02 c), mo He
JIO3BOJISIE TTOBHICTIO KOMIICHCYBAaTH PEAKTUBHY
MOTYXHICTh y  MEpexilHUX  mpoliecax,
0COOJIMBO TiJT 9aC TUHAMIYHAX PEKHIMIB

Beryn

3aIlaJIIOBAHHS €JIEKTPUYHOI AyTH.

Mertorw pgaHoi poboTu € po3poOka Ta
oOrpynTyBanHs criocoOy kepyBanHs TKPII i3
MiABUILECHO0 IIBUAKOAIEID Ul 3a0€3MeYeHHS
MHUTTEBOT KOMIIeHCcalii peaKkTuBHOL
notyxkHocti EJIl y mepeximHux pexuMax.
3anpornoHoBaHMK  Tinxim  Oa3yeThcs  Ha
BHU3HAYEHHI KyTa KEpyBaHHA TUPUCTOPAMHU

KOXKHI ~ MIBIEPIOAM  HANpPYrH  LUIAXOM
MiHiMi3amii (hyHaKIIiOHATA
CepEeIHbOKBAAPATHIHOL ITOXHOKH MIK

CTpyMOM  (ha30KEpOBaHOI'O  peakTopa Ta
CyMapHHUM CTPYMOM Mi4HOTO TpaHchopMmaropa
1 KoHaeHcaTopa. lle 103BoJIsie CKOPOTUTHU Yac
perymroBansst 10 0,01 ¢, mo BaBiYi migBHILYE
e(peKTHBHICT,  KOMIICHCAI[li Ta  CIpHSE
3HDKCHHIO  HEKOMIICHCOBAHOI  PEaKTHBHOI
moTy)xHocti. HaykoBa HOBu3Ha poOoTu

TOJIATAE y BIOCKOHAJICHHI BUpPa3y
(dhyHaKIIIOHATA TUTS MiBYEPIOAMIHOTO
KepyBaHHA, a TNpakTWYHa MIHHICT — ¥

nifBuIneHHI koedimienta motyxHocti EJIT no
OJIMHUII Ta 3MCHIICHHI BIUIUBY (uiikepa Ha
enekTpomepexy. EdexTuBHICTE 3amporoHo-
BaHOTO METOJY HiJATBEp/KEHA MaTeMaTHYHUM
MOJICTFOBAaHHSIM y TPOTPAMHOMY CEpPEIOBHII
MATLAB.

AHaJi3 ocTaHHIX J0ocaiTKeHb | myOaikamiii

3rigHo 3 [1] y cBiTi 6xu3eko 11% crami
BUILIABIISIETHCS 3 BUKOPUCTAHHIM
enektpoayrosux mneueit (EAIl) motyxaicTio
no 50 «kBr. IIpu 1pomy KoedimieHT
noryxknocti  EJIIl  mpubnusHo  ckiamae
cos@=0,3, ockinbkM MiYHI TpaHchomMaTopu
MalOTh 3HAa4YHI BEJIWYMHU  1HIYKTUBHOCTI
PO3CitOBaHHS ISl 3MEHIICHHS! KUAKIB CTPyMy
B MOMEHTH 3aI1alFOBaHHs eJIEKTPUIHOT TYTH.

JuHaMiuHI ~ peXWMH  3amajioBaHHS
€JIEKTPUYHOT IyTH 3aliMaroTh B
TEXHOJIOTIYHOMY IIMKJIi TUIAaBKH  METAlliB
ommszpko  14%. Tlpu 1pomMy  BHACIIIOK
HeJiHIHHOCTI BOJIBT-aMIIEPHOL
xapaktepuctuku (BAX) enextpuuHoi myru
CITOKMBAHUH CTPYM CTa€ HECUHYCOimHUM [2].

3 anamizy mgiteparypu [3] Bimomo, mo
BAX enekTpuuHOi IyrM MOZETIOETHCS abo
EMITIPUYHUM PIBHIHHSIM.

U, _A+Bl+—C ()
D+1

a

ne A, B, C, D — emmipuuni xoedimientu; | —
JoBXkHuHA nyry; la — crpym nyru; Ua — Hanpyra
JyTH;

abo LUIIXOM PO3B*s3aHHS
T epeHIiHHOTO PIBHSHHS OTpUMaHOTO B [4].

ar  k, .
k" +k2ra: i? (2)
ne m, n, k1, k2, k3 — emmipuysi koediieHTH;
— paaiyc Oyru;i — CTpyM AyTH.
3 MeTor KOMIIEHcalii peakTUBHOI
notyxaocti E/IIl mmpoko 3acTocoByroThCs

m+2

TUPUCTOPHI ~ KOMIICHCATOPU  PEAKTUBHOI
notyxHocti  (TKPII), sxi 3abe3mnedyrorh
HIBUIKY KOMIICHCAIIi0 peaKTUBHOI
notykHocTi.  ExemenToMm, mo 3abe3neuye

IIBUAKE 1 TUIABHE PEryJIOBaHHS PEaKTHBHOI
notyxaocti EJIIl, €, Ttak 3Bauwmii, @Qa3o-
kepoBaHuii peaktop (PP), cxema sikoro sBise
co0OI0 TOCHiIOBHE 3’€JHAHHS peakTopa Ta
THPUCTOPHOTO peryisTopa Hanpyru (puc. 1).
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Puc. 1 — Cunosa cxema EJIIT 3 TKPII
Fig. 1 — Power diagram of EDP with TCRP

B MoMeHTH 3amamroBaHHS €IEKTPUYHOI
Iyrd  BiAOyBarOTbCS ~ MHTTEBI  KOPOTKI
3aMUKaHHS, SKi CTBOPIOIOTH MIPOBATM HAMPYTH
(dnikep) B enekrpomepexi [5-10]. HeoOxigHo
3a3HaYUTH, IO 32 PaxXyHOK KOMIIEHCaLil
pEeaKTUBHOI MOTYXHOCTI BiZIOyBa€eThCA
3HW)KEHHS piBHS (uiikepa, SK JOJATKOBUH
MO3UTHBHUN (HaKTOP.

PerymroBaHHSI peakTHBHOI MOTY)KHOCTI
®P 37iHCHIOETBCS LUIAXOM 3MIHH — KyTa
KEpYBaHHS TUPUCTOPIB CHCTEMOIO KEPyBAaHHS
(CK). Ilpu npoMy BUHHKA€E akTyajdbHa 3adada
MiJBUINCHHS [IBUAKOIII CUCTEMH KepyBaHHS
TKPIIT JUTS KOMITeHcaL1 peaKkTHUBHOL
notyxxHocti EJIIl B mepeximHux mporecax
pEryJIOBaHHS TMPH CTPUOKAX CIIOKUBAHHS
pPEaKTUBHOI MOTYXKHOCTi, y TOMY 4YHCIi, B
JUHAMIYHUX peKUMax 3aratOBaHHs
€JIEKTPUYHOT IyTH.

OTtxe, HaOyBae BHCOKOi aKTYaIbHOCTI

3a7a4da T IBUIICHHS JTUHAMIYHAX
xapakrepuctuk TKPII mpu HecunycoigHux
peKMMax  CIOXKUBAHHSA  €JICKTPOCHEpTii.

Ocuogoto poszutky TKPII B qanomy Hampsimi
CIiI BU3HATH YAOCKOHAIEHHS CIOCOOIB iX
KepyBaHHS.

Metoro poboTH € CcHHTE3 crocoly
kepyBanHaa TKPII 3 nmiaBuIieHo0 IIBUIKOAIEIO
JUTSE KOMIICHCAITii IIIBUIKO3MIHHOI PEaKTHBHOT
nortyxnocti EJIIT.

3aranpHu aHali3 CHOCOOIB KepyBaHHS
TKPII 14 peakTMBHMX  HaBaHTA)KEHb
MPOMHCIIOBUX MiANPUEMCTB HaBeleHu B [11-
14]. Cmnocobu kepyBanns TKPII s
€JIeKTPOTPaHCIIOpTy HaBeneHuM B [15-16], nus
PEaKTHBHUX HaBaHTAXXEHb MiCBKHX
enekTpoMepexk HamenmeHuid B [17-19]. Vi
PO3MIIHYTI clOcOOM KepyBaHHS 3aCHOBaHI Ha
CTYIIHYaCTOMY peryoBaHHi €MHOCTI
KOHJICHCATOPHUX Oarapeil i Ha 3a0e3mmeuyroTh
MUTTEBOT KOMITCHCAITi{ pEaKTUBHOL

MTOTY>KHOCTI HaBaHTa)KEHHS MPH ii BUMAIKOBIN
KOPOTKOYACHIH 3MiHi.

Hnsa  emektpuunoro  kxoma  EJIII
XapakTepHUM € IIBUAKO 3MiHA PEaKTUBHOTO
OTIOPY PO3CIFOBaHHS MIYHOTO TpaHchopMaTopa
3 NpUYMHHM HemdiHiHocTi BAX enektpuuHoOi
nyrd. BrwB 3MiHM 1HIYKTHBHOTO OMOpY Ha
xapaktepuctuku Ta  napametpu — TKPII
mocimimkeno B [20]. 3’acoBaHO, MO TpH
301IBLICHHI PEaKTUBHOTO OIMOPY PO3CIIOBAHHS
MaKCUMaJIbHE 3HAYCHHS PEaKTUBHOI
MOTY>KHOCTI, III0 MOKE T'€HEPYBaTH Y MEPEexXy
TKPII, Tex 30LIbIIYEThCS, ajie TPU I[LOMY
rmbuHa peryJIrOBaHHS peaKTUBHOI
MOTY>KHOCTI 3MeHIyeTbes. [ mokpamieHHs
skocti  BximHoro crpymy TKPII, ToGTO
3MEHIIIEHHsI Horo KoedillieHTa TapMOHIK 10
3Ha4eHb MeHUMX 5%, MpPONOHYETbCA B
MPOLIECI PEryJIOBaHHS i HaBAHTAXXCHHSIM
3MIHIOBAaTH I1HIYKTUBHICTh peakTopa y KOIi
TOpiHHA CJIEKTPUIHOT IYTH. Take
peryiroBaHHS BiIOyBAa€ThCS CTPUOKOIIOMIOHO
IUISXOM MEPEMUKAHHS BiJIAiOK BiJi OOMOTKH
peaxTopa 3a IOTIOMOT 00 CHMHCTOPIB.

B [21] posrnsiHyTHI cTTOCOO KepyBaHHS
TKPII 3 BHUKOPHUCTaHHSM  JOJAaTKOBOTO
(biTBTPOKOMITEHCYIOUOTO TpUCTporo. B [22]
JIOCHIJDKEHO TKPII 3 MIPUMYCOBOO
KOMYTAlli€l0  THPUCTOPIB 32  HAasBHOCTI
BOJIBTO/IOZABAHHS ¥ BU3HAYEHO IHTErpaibHI
MOKa3HUKH HOro eHepreTHYHoro mporecy. B
[23] nmochiKeHO BIUIMB  MApaMETPUYHOI
MoayJsLii iHAYKTHBHOCTI PP Ha iHTErpaibHi
nokasHuku eHeprerndHoro npomecy TKPIT i3
3a3€MJIEHOIO HEUTpaILTIO. B [24,25]
JIOCHIJDKEHO BILTUB crioci0 UIUPOTHO-
imynbcHoi Moayisiii TKPIT i3 mpumycoBoro
KOMYTAli€l0 THPHCTOPIB.

PoGora [26] mpucesueHa po3poOIL
crioco0y kepyBanHs TKPII mHa ocHOBI
BUAUICHHS CHTHQJIYy TIEPIIOi  TapMOHIKH
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CTpyMy 3 TOJAJIbIIMM BU3HAUYEHHSAM KyTa
KEepyBaHHS THPUCTOPAMH Ha OCHOBI (hopMyIH,
110 TOB‘SI3y€ aMIUTTYy PEaKTUBHOTO CTPyMY
nepuoi rapmMoHiku ®P 3 KyToM KepyBaHHS
THPHUCTOPIB, TOOTO

200 sin2a
I =Im(1—n—nj 3)
ne Imax =U/(owl) — ammmityma ctpymy, Lo
MPOTiKae B peakTopi 3 IHAYKTHBHICTIO L Tmifg
Jiero Hampyrd Mmepexi 3 amrorityzgoro U 1 3
KYTOBOIO YacTOTOIO ®; 0. — KyT BiJKpHBaHHSI
THPHUCTOPIB B pajiaHax.

OcCHOBHA CKIIQ/IHICTh CIIOCO0Y TOJIATAE Y
HEOOX1THOCTI BUAUICHHS CUTHATY PEaKTUBHOI
CKJIa[IOBOT MEPIIOi TAPMOHIKH CTpyMy. 3 LI€I0
METOI0 HPOTIOHYIOTh BHUKOPHCTOBYBAaTH
¢inpTpamito  ctpymy abo  iHTerpyBaHHs
JOOYTKy MHTTEBHX 3HA4eHb CTpyMy Ha
OTIOPHHUI CWTHANl, MPOTe TaKWH MiAXix He
JTO3BOJISIE JTOCSITTH TPAHWYHOI IIBHIKOMII Ta
BHUCOKO1 TOYHOCTI KOMIIEHCcaIil, 110
00yMOBIIEHO HEIJCaNbHICTIO XapaKTePUCTHK
¢inpTpa. OkpiMm 1BOTO, 3 BUpasy (3) crmigye,
I0 KyT KepyBaHHS THPHCTOPIB MOe OyTH
3aJJaHUI HE YacTillle OJIHOrO pa3 Ha Mepio/.

B pobori [27] 3ampornoHoBaHU CHOCiO
kepyBanHa TKPII, skuit rpyHTyeThCS Ha
BUPpIIIICHH] 3a7a4i MiHIMi3aIlil (pyHKIIOHATY

III0YOTO 3HAYEHHS CIIOKHBAHOTO 3 MEpexi
CTpyMy, SIKHH JIOpIBHIOE CyMi CTpyMiB
koHmeHncaropa TKPII, mepBuHHOI OOMOTKH
miyHoro TpaHcopmaropa ikT(t) Ta CcTpymy
(hazoxepoBanoro ®P peaxropa iL.

T

3, = [ii, (e :} (i,,, (1) +i, (@, 1)?dt (3)

0

ne iM — cTpyM CHOoXHBaHUH 3 Mepexi; iKT(t) —
CTPYM INEPBUHHOI OOMOTKH Ta KOHJEHCATOpa,;
T — mepiog mepmoi TapMOHIKA CTPyMy.
iL(a,t) — cTtpym uepe3 ®P, mo BupaxkaeTscs
dhopmyioro

u, . .

—(sinwt —sin o )npua < ot < 7 -

i (@)= (5)

u, . .
—L(sm ot +sina)pur +a <ot <21 -a
[0

[Ipore, nmodymora CK TKPII Ha ocHoBi
MIPUHIAITY MiHiMi3anii ¢yakmionany (4) He
JIO3BOJISIE JOCSATTH MaKCHMalbHOI MIBHUAKOIIT
Ta BUKOPUCTATH BCl TIepeBard METOIy,
OCKLIBKH KYT KEPYBaHHS 3MIHIOETHCS OIHH pPa3
3a mepiof, a Tpeba OAMH pa3 3a MiBIepio.

Taxkum YUHOM, B PO3TIAHYTIN
JiTepaTypl He BUpIilIeHa 3ajada ITiJBUIICHHS
mBuAKo T cucremu kepyBanus TKPIL.

BuKJ1a] 0CHOBHOTO MaTepiaay

Jnst mobynoBu mBunkozirouoi CK mmst
TKPIIT HeoOXiHO BHUMIpPIOBAaTH MHUTTEBE
3HaueHHs cTpymy @OP npu t=0,01c, xomum
Hampyra Mepexi Ha0yBae MIHIMaIBHOTO
3HadyeHHsA. B 1eil MOMEHT HeoOXigHO
BU3HAYaTH KyT KepyBaHHs Thpucropamu OP
JUISL APYTOrO MiBIIEPiOAy HAPYTH KHUBJICHHS.

MurreBe 3HAYEHHS CTpyMY,
CIIOKMBAHOTO 3 MEpexi, OyJe MiHIMalbHHM,
Koy MUTTeBUHA cTpym PP Oyne piBHHMH 3a
MOJYJIEM 1 NPOTWICKHHMH 32 3HAKOM CyMi
CTpyMiB KOHZIEHCaTopa i MIYHOTO
tpaHcopmaropa, ToO6TO iL(t)=  —ikT(t).
Ockinbku B MOMeHT t=0,01c 3Ha4eHHS CTpyMy
IKT 3a3JlaJIeri/{b HEeBIIOMi, TO KyT KepyBaHHS
®P MOXIMBO BHU3HAYaTH 3a MHHYJIOIO
HaiBXBWJICIO ~ CTpyMy  TpaHcdopmaTopa,
BUXOJASYM 3 JONYLICHHS, IO CTPYM IT Mae
MiBXBHJIBOBY  CHUMETpif0, TOOTO  iT(t)=—
iT(t+T/2). Toni 3amagero CK B moment t=0,01c
€ BU3HAYCHHS KyTa KepyBaHHs THPHCTOPOM Ha
JIIpyroMy IMiBIEpioni, mpu skoMmy ctpym OP
MiHIMaJIbHO BIOXWJISBCS BlJ 3HA4YEHb, IO IX

Ha0yBaB CTpyM
NEepIIOMY MiBIIEPiOi.

OCKUIBKH METOIO KOMITeH Al
pEakTHBHOI  HOTYXHOCTI €  3MEHILICHHS
JII0YOro 3HAYEHHS CTPYMY, IO CIIOKHUBAETHCS
3 Mepexi, a MIHIMyM Jil040oro 3Ha4eHHS
CTpyMy BIIOBifla€ MIHIMyMy IHTeTpairy
KBaJpaTa MUTTEBOTO CTPYMYy MeEpexi, TO AJs
omiHku Onmu3bkocti ctpymy @P il 1o ctpymy
iT JOUIIBHO 3aCTOCOBYBaTH IHTETpalIbHUH
KBaJIpaTUUYHUHA KPUTEPIiH.

Tomi wiga 3a0e3nedeHHs  MUTTEBOI
KoMIeHcallii peaktuBHOI moTyxHocti EJIT 3
MaKCHMaJbHOI IIBUIKOIIE€I0, HA BIJIMIHY BiJXl
(4), CKJIaIEMO (hyHKITIOHAT
CePeIHbOKBAIPATHYHOI  MOXMOKM  PIBHOCTI
ctpymiB iL @P i crpymy Tpancdopmaropa 3
KOHJICHCATOPOM IKT 3a IiBIIEPioz,.

T/2

3, = [0, @i (@.1)*dt ()

Jlis  BU3HAYCHHS KyTa KepyBaHHS
THPHUCTOPIB 3 METOIO 3a0€31eICHHS

TpaHcdopmaropa Ha
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MIHIMAJIBHOTO  JIIOYOTO 3HA4YCHHS CYMH
CTpyMiB HaBaHTAKEHHS Ta TKPII
BUKOPHCTAEMO METOJIWKY Teopii BapiamiifHOTo
oOumucnenHs. s 4oro ckiaageMo piBHSHHS
Eitnepa, B3sBIIN 9acTKOBY MOXimHY Big (6) i
MIPUPIBHSABIIN 11 10 HYIIS.

o T/z_ ] 5
P J;(|Km(t)—|L(a,t)) dt |=0 (7)

[Ticnst BUKOHAHHS PAy MaTeMaTUYHUX
MEPETBOPEHDb OTPUMAEMO PiBHSIHHS 3pOOHBIIN
migctanoBky (5) B (7),

T/2
_U‘;% [, (-1 (. )dt =0 (8)
0

BinkuHyBIIH KOPiHB PIBHSHHS 0=1/2, K
TakWi, IO HE Ma€ (I3UYHOrO CEHCY,
NPOIHTErpyBaBIIM Ta CHOPOCTUBIIA BUPA3,

OTPUMAEMO.
TI2

jim(t)dt—zTU cosa+| a—= |sina |=0 (9)
0 oL 2

Ha ocHoBi piBHsHHS (9) pOMOHYETHCS
crioci6 kepyBanHs TKPIL, amroputm skoro
HOJIATAE B HACTYITHOMY:

1) po3paxoByBaTH iHTErpasl CTPyMy i1(t)
32 MUHYJIMH MIBOEPioa B MOMEHTH JIOCATHEHHS
HANPyTOI0 MEpeXi aMIUTITYAu; 2) BHPIIIATH
piBHsHHA  (9), KOpeHeM SKOTO €  KYT
KepyBaHHA, IO Mae OyTH 3agaHuil s
BIAMOBIJTHOTO ~ THPHUCTOpa y  HACTYHHOMY
miBIEPioi.

Ockinbku PIBHSIHHS &) €
TPAaHCLUEHJCHTHUM, TO IIOUIYK KOPEHS Mae
BECTUCh OJHUM 3 YHCEIIBHHX METOZiB abo 3
BUKOPHCTAHHSM ITOIITYKOBOT TaOJIHII.

ExcniepumenTanbHy nepeBipKy
3alPOIMIOHOBAHOI MIKpOIPOIIECOPHOT CHUCTEMHU
KepyBaHHA 3 BiJNOBIJHAM IPOrPaAMHUM
3a0e3neueHHAM Ta JIPYKOBaHUMH IUIaTaMU Ha

Po3pobnennii  TeopeTHUHUIT  METOJ
kepyBanns TKPII, BamijgoBaHuii MaTeMaTHK-
HUM MOJISITIOBaHHsIM, 3a0e3revye i3 MIBUIKO-
niero 0,01 c, skuil BU3HAUa€ KyT KepyBaHHS
TUPUCTOPAMHU  KOXHI IBIEPIOAY IUIIXOM
MiHIMIZamii  (yHKIIOHaTa  CepeHbOKBAJI-
paTuvyHOi NOXMOKH MK CTpyMOM (a30KepoBa-
HOT'0 PEAaKTOpa Ta CyMapHUM CTPYMOM ITIYHOTO
Tpanchopmaropa ¥ koHaeHcartopa. Haykosa
HOBHM3HA MoJisArae y (HOpMyJItoBaHHI (YHKIIO-

TeNepiliHii 4Yac TNPOBECTH  HEMOXKIIHUBO,
OCKINBKM i CTBOpeHHS NOTpedye 3HAYHUX
(inancoBux  pecypciB. Tomy  momiibpHO
IIPOBECTH MaTEMAaTUYHE MOJCIIOBAHHS.

MopnentoBanHs ~ TPOIECIB  MHUTTEBOI
KOMIICHcaIlii PEaKTUBHOI MOTYXHOCTI
MIPOBOJWJIOCS B IPOTPaMHOMY CEpPEIOBHILI
MATLAB Ha ocCHOBI MeTOJa CHUTHAJIBHUX
rpacdiB [28]. Koxni miBmepiogy B MOMEHTH
JOCSITHEHHSI HAIIPYTOI MEpEXi aMILTITyTHOTO
3HAa4YEeHHS Ha OCHOBI PO3pPaxOBaHUX 3HAYEHBb
ctpymy ikt CK 3mificHIOE OO4YHCICHHS KyTa
KepyBaHHA BiITOBITHUM THPHUCTOPOM ILISTXOM
3HAXO/DKCHHA KOpeHs piBHAHHA (9) MeTomoMm
JUJICHHS HaBIiJ. Pe3ynbTaT MOCIIOBaHHS
npezcTaBieHi Ha puc. 2.

a — CTPyM TEPBUHHOI OOMOTKH TIYHOTO
Tpancopmaropa; ©) — CTpyM MEPBHHHOI
oOMOTKM  migyHOrOo  TpaHcopmaropa i
KOHJIEHCATOpa; B) — CTPyM (a3oKepoBaHOTO
peaKTopa; T) — CTpyM CIIOKHBAHHS 3 MEPEKi.

Bemuunan  cTpyMiB  TIpencTaBlieHi
BiTHOCHO  CHHYCOiIHOTO  CTpyMy  IpH
MTOBHICTIO BIAKPUTUX TUpHCTOpax. OquHMII Ha
0C1 OpJIMHAT BiJIMIOBIIa€ aMILTITYIHE 3HAUCHHS
CTpyMy  TEpPBHHHOI ~ OOMOTKM  MiYHOTO
TpaHcpopmaropa. B mMoment uacy t1=0,07 ¢
BiOyBa€eThCsl 3MEHLICHHS cTpymMy Ayru. llpm
t=t2=0,15 ¢ 30inmbIIeHHS CTPyMy JAyTH.
BigmoBigHo B MomeHTH dYacy tl Ta (2
3MIHIOETBCS ~ CTPyM TEpBUHHOI  OOMOTKH
miyHoro  tpaHcdopmaropa  (puc.2a) Ta
CyMapHUil ~ CTpyM  IE€pPBUHHOi  OOMOTKH
Tpancopmaropa 1 koHmeHcatopa TKPII
(puc.26). 3 pucynky 2B BugHo, sik CK Ha
3MiHy CTPYMY MEPBHHHOI OOMOTKH BiJIlIOBia€e
3MIHOIO KyTa KepyBaHHs Tupuctopie ®P. Ha
PUCYHKY 2I TOKa3aHUM CTPyM CHOXKMBaHUN
BiJl JUKepesa KUBJICHHSL.

BucnoBxku

Haja JUisl TiBHEPIOJAWYHOTO OHOBJICHHS KyTa
KepyBaHHS, 110 BABIYI MiBHILYE IIBUIKOIIO
[TOPIBHSHO 3 MEPIOAUNYHUMHU MeTofamH. [Ipak-
TUYHA I[IHHICTh: METOJ 3MEHIIYE HEKOM-
MIEHCOBaHY PEAaKTHUBHY IOTYXHICTh YJIBI4i B
MePeXiHUX MpoIecax 1 MIBUIILYE Koe]ilieHT
notyxxaocti EJIl mo 1,0. EdexrtuBHicTh
MiITBEP/HKEHO MAaTEMAaTHYHUM MOJICITIOBAHHSIM
y MATLAB.
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Puc. 2 — Pe3ynbTaTi MoJenOBaHH: 3alpONOHOBaHOro crioco0y kepyBanus TKPII
Fig. 2 — Results of modeling the proposed method of controlling TCRP
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INCREASING THE SPEED OF THE CONTROL SYSTEM OF THE THYRISTOR
COMPENSATOR OF REACTIVE POWER OF ELECTRIC ARC FURNACES

Electric arc furnaces (EDP) contain furnace transformers with a power factor of 0.3, which randomly
consume reactive power in the form of jumps when non-sinusoidal currents are present. Thyristor reactive power
compensators (TRPC) are used to compensate for the latter. When reactive power jumps occur, the known TCRP
control system provides a regulation time of 0.02 s, since it determines the control angle of the thyristors for the
last period of the mains voltage. At the same time, during the transient processes of TCRP regulation, the
reactive power of the EAF is not compensated.

The aim of the work is to increase the speed of the TPRC control system in order to reduce
uncompensated reactive power in transient control processes. The goal is achieved by the fact that, unlike the
known control system, the control angle is determined every half-period by solving the equation of minimizing
the functional of the root mean square error of the equality of the reactor current and the transformer current with
a capacitor at the moments of the amplitude value of the mains voltage. As a result, the speed of the control
system increases to 0.01 s.

The scientific novelty of the work lies in the further development of the expression of the functional for
determining the control angle of the TCRP at each half-period of voltage. Practical significance: doubling the
speed of the TCRP control system reduces reactive power consumption in transient control processes by half and
increases the resulting power factor to unity. The performance of the proposed TCRP control system has been
verified on a mathematical model.

KEYWORDS: electric arc furnace, reactive power, compensation, control method, functional
minimization.

In cites: Kovalov V., Khomiak E., Miroshnyk Ye., Tymofieiev O., Krutko V., Shevchenko V., (2025).
Statistical methods for quality control of small-batch machining. Engineering, (35), 26-35.
https://doi.org/10.26565/2079-1747-2025-35-03 (in Ukraine)

Conflict of interest
The authors declare that there is no conflict of interest regarding the publication of the manuscript. In

addition, the authors fully complied with ethical standards, including plagiarism, data falsification, and double
publication.

33


https://orcid.org/0000-0002-0026-1900
https://orcid.org/0000-0002-0026-1900
mailto:y.i.miroshnyk@khai.edu
https://orcid.org/0009-0008-5391-1066
mailto:o.p.tymofieiev@khai.ed
https://orcid.org/0009-0007-3916-8029
mailto:vyatcheslav.shevchenko@khai.edu
https://doi.org/10.26565/2079-1747-2025-35-03

ISSN 2079-1747 Maumno6ynysanns. 2025. Ne35 Metposoris Ta iHpopMariiiHO-BUMIpIOBaIbHI TEXHOJIOTTT

References:

Danylchenko, DO & Kuznetsov, DS 2024, ‘Vykorystannia prystroiv kompensatsii reaktyvnoi potuzhnosti
pry vprovadzhenni rozpodilenoi heneratsii’ [Use of reactive power compensation devices when implementing
distributed generation. ], Visnyk Natsionalnoho tekhnichnoho universytetu "KhPI". Seriia: Enerhetyka: nadiinist
ta enerhoefektyvnist, no 1(8), Pp. 24-31. DOI: https://doi.org/10.20998/2224-0349.2024.01.08. ( in Ukraine)

2. Chyzhenko, OI & Trach, IV 2020, ‘Analiz vplyvu parametriv merezhi na efektyvnist tyrystornoho
kompensatora reaktyvnoi potuzhnosti’ [Analysis of the influence of network parameters on the efficiency of the
thyristor reactive power compensator. ], Elektrotekhnika i elektromekhanika, Iss. 6, Pp. 45-50. doi:
10.20998/2074-272X.2020.6.07. ( in Ukraine)

3. Hovorov, FP & Perepechenyi, VA 2022, ‘Pytannia kompensatsii reaktyvnoi potuzhnosti v miskykh
elektromerezhakh’ [The issue of reactive power compensation in urban power grids.], Enerhetyka ta
elektryfikatsiia, Ne 3(47), |Pp. 50-56. doi: 10.31548/energiya2022.03.050. ( in Ukraine)

4. Domanskyi, IV 2021, ‘Rezhymy roboty system elektrozhyvlennia z prystroiamy kompensatsii
reaktyvnoi potuzhnosti [Operating modes of the power supply system with reactive power compensation
devices.], Elektrotekhnika i elektromekhanika, Ne 3, Pp. 59-66. doi: 10.20998/2074-272X.2021.3.09. ( in
Ukraine)

5. Kalinchyk, VV & Pobihailo, VA 2021, ‘Upravlinnia rezhymom reaktyvnoi potuzhnosti v systemakh
elektropostachannia’ [Reactive power control in power supply systems.], Visnyk Natsionalnoho tekhnichnoho
universytetu «KhPIy». Seriia: Problemy udoskonaliuvannia elektrychnykh mashyn i aparativ. Teoriia i praktyka,
Ne 2(6), Pp. 36-39. doi: 10.20998/2079-3944.2021.2.07. ( in Ukraine)

6. Pylypenko, OV & Shevchenko, VV 2022, ‘Analiz efektyvnosti tyrystornykh rehuliatoriv u systemakh
elektroduhovykh pechei’ [Analysis of the efficiency of thyristor regulators in electric oven systems.],
Elektrotekhnika i elektromekhanika, Ne 4, Pp. 38—44. doi: 10.20998/2074-272X.2022.4.06. ( in Ukraine)

7. Minenerho Ukrainy 2020, Metodyka obchmsdennia platy za peretikannia reaktyvnoi elektroenerhii :
nakaz Minenerho Ukrainy vid 30.11.2020 Ne 764 [Methodology for limiting the payment for the flow of reactive

electricity: Order of the Ministry of Energy of Ukraine dated 11/30/2020 No. 764], viewed June 23, 2025,
https://zakon.rada.gov.ua/laws/show/z0109-21#Text ( in Ukraine)

8. Takata, S, Kirnura, F, F.J.A.M. van Houten, Westkamper, E, Shpitalni, M, Ceglarek, D & Lee, J
2004, ‘Maintenance: Changing Role in Life Cycle Management’, CIRP Annals, Ne 53 (2), P. 643-655. DOI:
https://doi.org/10.1016/s0007-8506(07)60033-x.

9. Kupriyanov, O, Trishch, R, Dichev, D & Bondarenko, T 2022, ‘Mathematic Model of the General
Approach to Tolerance Control in Quality Assessment’, Advanced Manufacturing Processes Ill. InterPartner
2021. Lecture Notes in Mechanical Engineering, P. 415-423. DOI: https://doi.org/10.1007/978-3-030-91327-
4 41

10. Dichev, D, Diakov, D, Zhelezarov, Y, Nikolova, H, Kupriyanov, O & Dicheva, R 2022, ‘Accuracy
evaluation of flat surfaces measurements in conditions of external influences’, Proceedings of 2022 XXXII
international scientific symposium “Metrology and Metrology assurance” (MMA). (September 2022), P. 1-7.
DOI: 10.1109/MMA55579.2022.9992334

11. Oztemel, E & Gursev, S 2020, ‘Literature review of Industry 4.0 and related technologies’, Journal of
Intelligent Manufacturing, Ne 31, P. 127-182. DOI: https://doi.org/10.1007/s10845-018-1433-8

12. Dhobale, N, Mulik, S, Jegadeeshwaran, R & Patange, A 2021, ‘Supervision of Milling Tool Inserts
using Conventional and Artificial Intelligence Approach: A Review’, Sound &amp; Vibration, Ne 55(2), P. 87—
116. DOI: https://doi.org/10.32604/sv.2021.014224

13. Nasir, V & Sassani, F 2021, ‘A review on deep learning in machining and tool monitoring: Methods,
opportunities, and challenges’, The International Journal of Advanced Manufacturing Technology, Ne 115, P.
2683-2709. DOI: https://doi.org/10.1007/s00170-021-07325-7

14.Ko, JH & Yin, C 2025, ‘A review of artificial intelligence application for machining surface quality
prediction: From key factors to model development’, Journal of Intelligent Manufacturing. DOI:
https://doi.org/10.1007/s10845-025-02571-y

15. Kasiviswanathan, S, Gnanasekaran, S, Thangamuthu, M & Rakkiyannan, J 2024, ‘Machine-Learning-
and Internet- of-Things-Driven Techniques for Monitoring Tool Wear in Machining Process: A Comprehensive
Review’, Journal of Sensor and Actuator Networks, Ne 13(5):53. DOI: https://doi.org/10.3390/jsan13050053.

16. Mohanraj, T, Shankar, S, Rajasekar, R, Sakthivel, NR & Pramanik, A 2020, ‘Tool condition
monitoring techniques in milling process-a review’, Journal of Materials Research and Technology, Ne 9(1), P.
1032-1042. DOI: https://doi.org/10.1016/j.jmrt.2019.10.031

17.Rong, K, Ding, H, Kong, X, Huang, R & Tang. J 2021, ‘Digital twin modeling for loaded contact
pattern-based grinding of spiral bevel gears’, Advanced Engineering Informatics, Ne 49. 101305. DOI:
https://doi.org/10.1016/j.a€i.2021.101305

34


https://doi.org/10.20998/2224-0349.2024.01.08
https://zakon.rada.gov.ua/laws/show/z0109-21#Text
https://doi.org/10.1016/s0007-8506(07)60033-x

ISSN 2079-1747 Maumno6ynysanns. 2025. Ne35 Metposoris Ta iHpopMariiiHO-BUMIpIOBaIbHI TEXHOJIOTTT

18. Topchii, NV 2024, ‘Metody ta suchasni zasoby kontroliu mekhanichnykh detalei na vyrobnytstvi’,
Vcheni zapysky TNU imeni V.I. Vernadskoho. Seriia: Tekhnichni nauky, Vol. 35 (74), Ne 6, Pp. 30-34. DOI:
https://doi.org/10.32782/2663-5941/2024.6.1/06 ( in Ukraine)

19. Kalchenko, V, Venzheha, V, Pasov, H, Kolohoida, A, Kuzhelnyi, Ya & Bohoslavskyi, V 2024,
‘Pidvyshchennia yakosti kontroliu parametriv detalei pry vyhotovlenni ta remonti avtomobiliv’, Tekhnichni
nauky ta tekhnolohii, Ne 1(35), Pp. 9-17. DOI: https://doi.org/10.25140/2411-5363-2024-1(35)-9-17 ( in
Ukraine)

20. Vasilevskyi, O 2021, ‘Assessing the level of confidence for expressing extended uncertainty through
control errors on the example of a model of a means of measuring ion activity’, Acta IMEKO, Ne 10 (2), P. 199-
203. DOI: https://doi.org/10.21014/acta_imeko.v10i2.810

21. Trishch, RM, Cherniak, OM, Artiukh, SM, Burdeina, VM & Hrinchenko, HS 2021, ‘Implementatsiia
vymoh mizhnarodnykh standartiv shchodo nevyznachenosti vymiriuvan v metrolohichnu diialnist pidpryiemstv’
[Implementation of the requirements of international standards regarding measurement uncertainty in the
metrological activities of enterprises. ], Mashynobuduvannia, Ne 27, Pp. 117-124. DOI:
https://doi.org/10.32820/2079-1747-2021-27-117-124 ( in Ukraine)

22.Sankhye, S & Hu, G 2020, ‘Machine Learning Methods for Quality Prediction in Production’,
Logistics, Ne 4(4), Rr. 35. DOI: https://doi.org/10.3390/logistics4040035

23.Hag, A & Munir, W 2018, ‘Improved CUSUM charts for monitoring process mean’, Journal of
Statistical Computation and Simulation, Ne 88 9), P. 1684-1701. DOl:
https://doi.org/10.1080/00949655.2018.1444040

24.Imran, M, Sun, J, Zaidi, FS, Abbas, Z & Nazir, HZ n.d., Multivariate cumulative sum control chart
for compositional data with known and estimated process parameters, viewed June 23, 2025,
https://onlinelibrary.wiley.com/doi/abs/10.1002/gre.3099 ( in Ukraine)

26. Montanari, G, & Loggini, M, Cavallini, A et al 1994, ‘Arc-Furnace Model for the Study of Flicker
Compensation in Electrical Networks’, IEEE Transactions on Power Delivery, Vol. 9, Ne 4, P. 2026-2033.

27.Chyzhenko, OY & Trach, YV 2017, ‘Sposob povishenyia kachestva toka vsysteme «set —
upravliaemii mostovoi tyrystornyi kompensator reaktyvnoi moshchnosty» [A method for improving current
quality in the system "set - control of a bridge thyristor reactive power compensator". ], Pratsi IED NANU, Iss.
46, Pp. 22-30. ( in Ukraine)

28. Litkovets, SP & Pietukhov, MV 2014, ‘Sposib pidvyshchennia enerhetychnoi efektyvnosti
statychnykh tyrystornykh kompensatoriv reaktyvnoi potuzhnosti z prymusovoiu komutatsiieiu’ [Method for
increasing the energy efficiency of static thyristor reactive power compensators with forced switching. ],
Elektromekhanichni i enerhozberihaiuchi systemy, Iss. 2, Pp. 56-62.

29. Fusco, G, Losi, A & Russo, M 2001, ‘Adaptive Voltage Regulator Design for Static VAR Systems’,
Control Engineering practice, No. 9.

The article was received by the editors 05/14/2025
The article is recommended for printing 06/16/2025

35


https://doi.org/10.32782/2663-5941/2024.6.1/06
https://doi.org/10.25140/2411-5363-2024-1(35)-9-17
https://doi.org/10.32820/2079-1747-2021-27-117-124
https://onlinelibrary.wiley.com/doi/abs/10.1002/qre.3099

