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EnekmpuyHi mawuHu ma anapamu

YK 621.314

https://doi.org/10.20998/2074-272X.2022.3.01

O.A. ABneesa, JI.B. Baxonina, O.C. Cagosuii, P.A. CtaBuncekuii, O.M. I{uranos

IloxpanieHHs1 OCHOBHHX NMOKA3HUKIB TPaHC(OPMATOPiB 3 BATUMH HEePO3’€MHUMH
MAarHiTONPOBOJAAMY HLISIXOM 3MiHU GOPMYBAHHSI KPYTOBHX BUTKIB 00MOTKH

Buxonano ananiz koncmpyKmueHO-mexHoN02IYHUX 0COOIUBOCTEN eNeKMPOMACHIMHUX CUCHeM MPAHCHopMamopie 3 sumumu He-
P03’ EMHUMU MASHIMONPOBOOAMU | KPY2OGUMU YMEOPIOIOUUMU KOHMYPAMU CHMPUIICHIE MaA OOMOMKOGUX 6UmKie. 3anpononosano
KOHCMPYKYIl0 0OMOMKOBOI KOMYWIKU 3 308HIUHBOIO PYXOMOK Md GHYMPIUHBLOIO HEPYXOMOK UYACMUHAMU ONOPHO-I30JAYIUHO20
Kapkacy ma 3aminy 6MOmMKU 6UMKI6 Ha mexHoaozito namomxu. Ilokazano, wo uxopucmanHs 3amicms 408HUKOBOI 6MOMAHOI KOHC-
MpYKYii GUKOHAHHA OOMOMKU 3 308HIUNBLOIO YACMUNOIO (301AYIUHO20 KapKaca, wjo 06epmacmvcs, npu3eooums 00 NONINUEHHS
MacoeabapumHux i eHepeemuiH020 NOKA3HUKIE mpancgopmamopa. biodmn. 14, Tadmn. 2, puc. 4.

Knrouoei cnosa: BuTHIl TpanchopmMaTop, Hepo3’€MHHIT MATHITONPOBIN, i3oasuiiiHnii kKapkac, 00MOTKa, HAMOTKA.

IHoctanoBka mnpoOaemu. 3arajgbHa TOTYXHICTH
TpaHc(hOPMATOPIB CHCTEM IIepeladi MEepEeBHIIYE MOTYX-
HICTB reHepalii B 6-7 pasiB, IpU [bOMY OCHOBHI BUTpaTH
pecypciB 1 OCHOBHI BTpaTH II’SITH-IIECTUKPATHOI TpaHC-
(dopmanii enexTpoeHeprii MpuxoasiThcs Ha TpaHchopma-
topu I-III rabGapuriB macoBoro Bumycky [1]. 3 mouaTky
XXI cromiTrs B pO3BMHEHHX JAEpXKaBaX HPUHHATI HOBI
CTAHJAPTH, IO PETJIAMEHTYIOTh CYyTTEBE 3HW)KCHHS BTPAT
Hepobodoro pyxy TpaHCPOpPMATOpiB Maoi i cepemaHbol
MOTY>KHOCTI Ta 3HW)KSHHS BTPAT HABAaHTAXXCHHS BEJIMKUX
TpanchopmaropiB [1-5]. CTpykTypHi cXeMHu i KOHCTPYK-
mii enextpoMardiTaux cuctem (EMC) tpanchopmatopis,
10 nepebyBaoTh Y BUPOOHUITBI € HE3aMiHHUMH IIPOTS-
TOM CTOJITTSI, @ 3HM)KEHHSI BTPAT B1IOYBAa€ThCS BUKOPHUC-
TaHHSM I1HHOBALlii Marepialo3HaBCTBA Ta 3HWKECHHAM
€JIEKTPOMArHiTHUX HaBaHTaxeHb [6]. [lomambime 3poc-
TaHHS BHMOT JI0 EHEPropecypco30epexeHHs MOTpedye
3aCTOCYBaHHS HOBMX IHHOBaliHHMX TEXHIYHUX pilIeHb
YIOCKOHAIECHHS TpaHchopmaropis [1-6].

AHaji3 ocTa”HHIX JocCaiKeHb i myOJikamiii.
Y MHHYIIOMY CTONITTI BHPOOHHIITBO MAaTHITOIIPOBOJIB
TpaHc(hOpPMATOPiB HA OCHOBI IIUXTYBaHHA IDIACTHH JIOTIO-
BHEHO TEXHOJIOTiSIMA HAaBUBKHU CTPIUKH (PYJIOHY) €NeKT-
porexniunoi crani (ETC). Buti MaraitonpoBoau TpaHC-
(bopMaTopiB Majoi MOTY>KHOCTI BUKOHYIOThCS PO3PI3HH-
MHU. HasBHICTh CTHKIB HPU3BOAUTH IO 3POCTaHHS BTpat
10 30 %. Tomy BUTI MarHiTONnpoBOJH, 1[0 BUKOPUCTOBY-
I0TbCsl Y BUPOOHHMUTBI OJHO(A3HUX 1 TpU(Da3HUX TpaHC-
(dopmartopie motyxHicTio 10 2000 kB-A, BHKOHYHOTBCS
Oe3nepepBHUMHU (HEPO3’€MHUMH) 3 KPYTOBHMH YTBOPIO-
IOYUMH KOHTYpaMH CTPHJKHIB 1 OOMOTKOBHX KOTYIIIOK
(puc. 1,a,6). OGMOTKH 3 KPYTOBUMHU BHTKaMH BMOTYIOTh-
Csl Ha YOBHHMKOBHX BepcCTaTax, 10 Iepeadavyae TeXHOJO-
riuHe 30UIbIIEHHS KOHCTPYKTHBHOTO MPOMIXKY MIX
CYMDKHHMH KOTYLIKAMH OOMOTOK 1 MK OOMOTKamH Ta
sipMaM# TPaHC(POPMATOPIB 3 CTPHIKHEBUMH 1 OPOHBOBUMH
MarHiToNnpoBoJaMu. 3pOCTalOTh METAIOMICTKICTb, rada-
pUTH Ta BTpaTH, L0 3HWXKYE €()EKTHBHICTH TEXHOJIOTIT
HaBuBkd ETC mpu BupoOHuUITBI omHOda3HuX 1 Tpudas-
HUX TpaHC(HOPMATOPIB.

OCHOBHUM i3 Cy4acHHX 3ac00iB eHeproeeKTHBHO-
CTi TpaHc(hOpMaTopiB BBAXKAETHCSI BUKOPUCTAHHS CTPid-
koBoi amopduoi ETC 3 MiHIMampHUMH BTpaTaMu, aje
MEHIIOK POOOYO0I0 iHAYKIIEO Ta MiABUIICHOIO BaPTiCTIO
[1,7, 8].

3HaYHI MOXKIJIMBOCTI BIOCKOHAICHHS Tpu(asHUX
TpaHcdopmaropiB 3rigHo [S] 3a0e3neuyroTh CUMETPUYHI

MIPOCTOPOBI BHUTI akKciajgbHiI Maruitomnposoau (puc. 1,a)
3 amopduoi ETC. Tlpu upomy tpudasni tpancdopmaro-
pu, 3okpema TC3M i TC3MB MOpChKOro BHKOHAHHS
(puc. 1,0) 3 aHI30TPONHMMH MarHiTONPOBOJAMH BHIY
(puc. 1,a) ocBoeni y BupoOHunTBI B 60-X pokax XX cro-
JITTS Ta BUIYCKarOThCs B aHuid yac (TexHHueckoe omnu-
caHue U MHCTpyKuus 1o sxcmayatanuu OBT. 140.240. —
M.: UadpopmOnektpo, 1975, 3ak. 1265. — 21 c).

a o
Puc. 1. BuTnii TpucekmiiHuii MarHiTonposiz (a) Ta BUJ 3BEpXy
tpanchopmaropa TC3M-40-74.0MS 3i 3HATOIO KPHUIIKOIO
060110HKH (0)

JlonaTkoBO 10 BUKOPUCTAHHS CTPIYKOBUX aHi30TPO-
nHO1 MikpokpucTaiiuHoi 1 amopduoi ETC Ta Tpudaznux
EMC 3 BUTHMH TPUCEKLIHHUMH POCTOPOBUMH MarHiTo-
MpoBOJaMH [5-7] OCHOBHMMH IHHOBAIISIMH BBaKAIOTHCS
«xabenbHI» OOMOTKHM Ta 3aCTOCYBaHHS BHCOKOTEMIIEpa-
TypHOI HajxnposigHocti obmorok [1]. Takox icCHYyIOTH
MOJKJIMBOCTi YAOCKOHAJICHHS TPAaHC(POPMATOPIB CTPYKTY-
PHO-KOHCTPYKTHBHUMH  TNIEPETBOPCHHSAMU  CJIICMEHTIB
EMC [6]. BimomumMu mnpukiazamu BiTHOCHO IPOCTOTO
CTPYKTYPHOT'O HEPETBOPEHHS BHTHX MAarHiTOIPOBOIIB €
3actocyBaHHs KoMmOiHamii mapok ETC 30H BHyTpimHIX i
30BHINIHIX Ta cepennix mapis ETC Ta 3amina 30BHIIIHBOT
cekilii Tpu(a3HOro TPUCTPIIKHEBOTO IIAHAPHOTO MarHi-
TOMPOBOAY Ha J1BI OOKOBI CEKIil BIBOE MEHIIOT IIUPUHU
[9-11]. Onnak, BigmosigHo mo [1, 5] icHye mpoTupidds
MDK BUMOTAaMH PUHKa 110 37€IIEBICHHs TpaHchopmaTop-
HOI TPOJYKIII i CBITOBOIO TCHJCHIIIEID SHEPropecypcos-
OepekeHHs] Ha OCHOBI IHHOBAaLlIHHUX KOHCTPYKLIH 1 Tex-
HoJoriii. KpimM Toro, icHye MOXIHBICT yJOCKOHAJICHHS
TpaHc(hOPMATOPIB NUISIXOM BHKOPHCTaHHS «3aJHIIKOBHX
pe3epBiB» TPAAWIIHHUX KOHCTPYKIIH 1 iHHOBAI[iHHX
croco06iB BuroToByeHHs enementiB EMC [6].

OcTaHHIM YacoM BHTI MarHiTOIIPOBOIM TpaHCHOp-
MaTopiB OOMEKEHOT IMOTYXKHOCTI BHTHCKAIOTHCS aHAJO-

© O.A. Aneega, JI.B. Baxonina, O.C. Canosuii, P.A. CraBuncekuii, O.M. [{uranos
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raMu 3 YMOBHO KOCUMH CTHKaMH 1 TEXHOJIOTIE€0 (hopmy-
BaHHS OXOIUTIOIOYMX IIAPiB PO3AUICHHSIM 1 BUTHHOM Ji-
JITHOK CTPIYKH JIOBXHHH, 1110 3MIHIOEThCS. BUKkopucTOBY-
€ThCs crielianbHe o0naaHaHHs it (GOpPMyBaHHS ILIapiB
crami 3i 3cyBoMm cTukiB («UNiCOre» — MarHitompoBOIM)
[1, 12]. OnHak BHKOpHCTaHHS HA3BAHOI TEXHOJIOTII NpH
BupoOHNITBI EMC 3 KpyroBMMH yTBOPIOIOUMMH KOHTY-
pamu (puc. 2,a,0) 3 BUTHX cekuiil (puc. 3,a) 3 KoHQirypa-
Li€I0 PO3TOPTKHU cTaii (puc. 3,0) 00yMOBIIOE TOIATKOBI
ckiamHocTi. Takok Kpuxka amopdHa cTanmb (CKISTHHMA
MeTall) He IOIYCKa€E MaJIHuX pajiyCiB BUTHHY.

RN

—
J

D,=280(155)

g

D,=412(335)

i

| rd N
<
o0
)
= - 370(301)—
T
<

|

b=170(121)
6

Puc. 2. 'eomeTpuyHi apaMeTpy elNeKTPOMArHiTHOT CHCTEMH
tpancpopmaTtopa TC3M-40-74.0MS 3 K,,/=0,177 ta iforo
anaiora 3 K,'=0,3 y nonepeunomy po3pi3i () Ta Bursai 300Ky (6)

Buxonsun 3 BHKJIAAEHOro, BHPILICHHS 3aBJaHHA
3HIDKEHHS MacH, MaTepiaJloEMHOCTI Ta BTpaT, a TaKOX
BHUTpAT Tpari npu BUPOOHUIITBI TpaHCPOpPMATOPIB 3 BH-
THUMH MaFHiTOHpOBOﬂaMM € aKTyaJIbHHUM.

MeTo10 €TATTi € MiABHUIIEHHS OCHOBHHMX IOKa3HU-
KiB TpaHcopMmaropa Ha MPHKIIA/I BapiaHTIB eJEKTpOMa-
THITHUX CHUCTEM 3 BMOTAHOI0 «4OBHHKOBOIO» Ta HAMOTa-
HOI0O OOMOTKaMHM, a TaKo)XX OOIPYHTYBaHHS IOLUIBHOCTI
MiIBUINEHHS 3alIOBHEHHS MPOBITHUKaMH OOMOTKOBOTO
BiKHa Ha OCHOBI 3MiHH CIIOCOOY HAMOTKHA OOMOTKOBHX
BHTKIB.

Metoau Ta pe3yJbTaTH AOCTilxkeHHs. Pezepom
YIOCKOHAJEHHS TpaHCPOpMaTopiB 3 BUTHMH  He-
pPO3’€EMHUMH MAarHiTONPOBOJAMHU MOKHA BBa)KATH ITiJIBH-
meHHs koMnaktHOcTi EMC yCyHeHHSIM TEeXHOJIOTIYHUX

MPOMIDKKIB B OOMOTKOBHX BikHax. Take TiABHIIEHHS
€ MOXIIUBHUM 3MIHOIO KOHCTPYKLIi i30JAIii 1 3MIiHOIO
31 CIIPOIICHHSIM TEXHOJIOTii BUTOTOBJICHHS OOMOTOK BH-
JYYCHHSM KIHEMATUYHHUX JIAHOK PyXy HAMOTYBaJbHHX
YOBHUKIB.

120°

0

Puc. 3. Cxemu cekuii MarHitonpoBoy (@) Ta CeKmiiHol
PO3TOPTKH IOJIOCH EJIEKTPOTEXHIUHOT cTati (6)

JIisT  BHKIJIFOUCHHST TEXHOJIOTIYHUX OOMOTKOBHX
MPOMDKKIB Ta CTUKOBHUX 3a30piB, 10 3a0€3MeIyI0Th MOXK-
JIMBOCTI BIAIOBIAHO «YOBHHUKOBOT OOKATKM 130JISII{ITHOTO
nuriHapa (mapiB BUTKIB) Ta BCTAHOBJICHHS BHTKOBHX
KOTYILIOK Ha pO3’€MHY CTPH)KHEBY YaCTHHY MarHiTONpoO-
BOJly, NPOMOHY€EThCS KOHCTPYKIIisS 3 ABOILAPOBOIO OIOP-
HO-130J1s1L1iHHOI0 6a3010 0OMOTOK (pHc. 4,a). BHyTpimHii
I30JISIIIMHIHA UITIHIP OOMOTKOBOTO Kapkaca, L0 OXOIl-
JIFOE CTPYOKEHb, HEPYXOMHHUA. 30BHIMIHIH 11ap 0OMOTKOBO-
ro Kapkaca € pyXOMHM LIWIIHIPOM, SIKMH 3’€IHaHWil 3
KUTBIICBAMH 130JIALIHHAMHA €JIeMEHTaMH, [0 PO3TaIIoBa-
Hi HaJ TOPISIMH OOMOTKOBHX KOTYIIOK. [loBepxHi 30H
30BHIIIHIX JiaMeTpiB KiTEIh YTBOPIOIOTh KiHEMATHIHHUHA
3B’S30K 3 IepefaBadeM OOEpTOBOTO PyXy Bia mIpuBOIa
HaMOTYBaJIFHOTO MPHUCTOCYBaHHA (puc. 4,6).

HamotyBanHS 0OMOTOK Ha CTPHXHI 3a0€3MEUy€ETHCS
o0epTaHHAM 30BHIIIHBOT YaCTUHH 30ipHOTO 0OMOTKOBOTO
kapkaca. [liciss HamoTyBaHHsI (Da3HMX KOTYLIOK 30BHILI-
Hill nmiaap Qikcyerbcs Hepyxomo. KoHIeHTpuuHi 00-
MOTKOBI KapkacH (OpPMYIOTbCS CKPIIUICHHSM, 30KpeMa
KJICEHHSIM, HAITIBKIJIBIICBUX 3ar0OTiBOK.

[opiBasinas BapiantiB EMC (puc. 2) BUKOHYy€eThCS
Ha OCHOBI YHIBEpCaJbHOTO METONY CTPYKTYPHOTO Ta
CTPYKTYPHO-TIapaMETPUIHOTO CHHTE3y €JIeKTPOMEXaHid-
HUX MpUCTPOiB [6]. BukopucTOBYIOTHCS HTBOBI (QyHKIIIT
Macu Fp, 1 BTpaT aktuBHOI moTykHOCTI Fe 3 Ge3po3mip-
HUMH OITHMI3AlliIHHUMA CKJIaJOBUMU I*m(Xc, Vw) Ta
I (Xe:YonZ)) TA BITHOCHUME KEPOBAHMMHU 3MiHHIMH [6]:

Fm = (|T)3/4Va|;(xc,yW,K;§")); @))]

Fe :(IT)3/4V$|;(XC> VW5Ze’K\'/€/”))’ @)
Je |t — Mmoka3HUK BHXIIHHMX JaHUX Ta eJIEKTPOMarHiTHUX
HaBaHTaXXeHb TpaHchopmartopa [6]; X, — BiTHOIIEHHS
niametpiB D; ta D, po3paxyHKOBHX OKpY)KHOCTEH MarHi-
tonpoBoay (puc. 2,a); Yw — BimHomeHHs BucoTH h, Ta
upuan b, 06MoTKOBOTO BikHa (puc. 2,6); K ), — koedi-
IIEHT 3aloOBHEHHS OOMOTKOBOTO BikHa Mimmio (Kiacy
HampyTH); Z. — eJIeKTPOMAarHiTHa KepoBaHa 3MiHHa,
y&, P4 —TyctuHa Ta muromi BTpatu ETC BiamosigHO.

4
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Puc. 4. Bun 3BepXy akTHBHOI YacTHHU () Ta IPHHIIUIIOBA CXeMa
o0JaiHaHHsI HAMOTKH 0OMOTOK Ha 00€pTOBI CKJIaI0BI 13071s1iii-
HHX KapkaciB (6): TpaHcdopmaTopa 3 BATUM HEPO3’ EMHUM
MarHiTonpoBoaoM: 1 — Kapkac; 2 — CTpIKEHb; 3 — MarHiTompo-
BiZ; 4, 5 — 0OMOTKOBI BUTKH HU3BKOI Ta BUCOKOI HAaIpYT;

6, 7 — HepyXOMHUII Ta pyXOMUI1 130JIA1iHHI mapu; 8 — KijbLeBHit
130MsIiiHMI eneMenT; 9 — kiHeMaTnuHa napa; 10 — nmepeaBayq
006epToBOro MOMeHTY; 11 — Bich; 12 — KOTYyIIIKa 3aTOTOBKH
BUTKIB 00MOTKY; 13 — Baw; 14 — penykrop; 15 — npuBinHuit
IBUTYH; 16 — ocHOBa; 17 — omopa

[Toka3HWKM Machd Ta BTpPAT MaTeMaTHYHOI MOJEINi
tpanchopmaropa 3 EMC (puc. 1,6 Ta puc. 2) Bu3Haua-
FOTbCs piBHAHHAME [13, 14]:

I Yo KL= 2,07 [K O O )]

o \ RNE)

Kl + 11— 00718, X, ~ 1 +0.657(% ~ 1P+
+3,482K 0y, (1-0,0718%. (1 -0,0718% )yey /yi},

* 't 't 3/4

a2 ol

KO Ky + 11 0.0718% M ~ 1 +0.657(x ~1) ]+
+3,4822.K )y, (1-0,0718%. (1 —0,0718xc)},
(% Yu) = V(1= 0,0718x ) (xc ~ 1),

ne Ky — koeoimieHT 3amoBHeHHss MarHitonpoBony ETC;
Kr — KoedilieHT 3aloBHEHHS KPYTOBOTO YTBOPIOIOYOTO
KOHTYpY TIOIIepedHnM riepepizoMm cTprkas;, Kig — koedimi-
€HT JIOATKOBUX BTPAT HEPOOOUOTO PYXY; Yoy — FYCTHHA MiIIi.

Po3paxyHkoBe OOTpYHTYBaHHA MOIIEHOCTI 3MiHU
KOHCTPYKIIIi 130JIAITHOTO KapKacy Ta coco0y yKIaJaH-

HS1 OOMOTKH B HEPO3’€MHHI MarHiTONPOBiA BUKOHAHO Ha
npukiaamgi  TpudasHoro Ttpanchopmaropa TC3M-40-
74.0MS5 (puc. 1,6). OCHOBHI JjaHi TEXHIYHOI XapaKTepuc-
TUKH 3a3HaueHoro tpancopmaropa (mani TT-40) i pos-
paxyHKOBI JaHi HOro KOMIIAKTHOTO aHajora HaBeleHI
B Tabx. 1.

Tabmuus 1

OCHOBHI TEXHIUHI XapaKTEPUCTUKH BapiaHTiB TpU(pa3HOTO
tpanchopmaTopa «TT-40»

Bapiant | Howminane- | Hampyra Maca Koedimient
Ha MOTYX- U,/U,, B AKTUB- KOpPHUCHOT il
HiCTb, KBT HOI
Y4acTH-
HH, KT
TC3M-
40- 40 380/230 182 0,973
74.0M5
Amnarnor 40 380/230 | 154,15 0,976

Po3paxyHOK BelMUYMHU BTpaT Ta KOe(illieHTy KOpHC-
Hoi aii BapianTiB TT-40 (tab:n. 1) BUKOHaHWIA TPy 3HAYEHHI
BiJIHOCHO{ €JIEKTPOMarHiTHOI KepoBaHoi 3MiHHO] [14]

_ KiewreuPeadu _
Kistyst Pt

(6))
~1,04-8900-2,4-107" -(2-106)2 _ 788
1,34-76500-1,1 T
ne Ky, Poy 1 Jy — BIAMOBIAHO KOE(DILIEHT TOMATKOBHX
BTPaT KOPOTKOTO 3aMHUKaHHS, TIOKa3HUK ITUTOMHUX BTpAT 1
TYCTHHA CTpyMy MinHHX 00MOTOK BapiaHTiB TT-40 cyxo-

TO BUKOHAHHS.

Koegimient K| BU3HaYaeThCS HASBHICTIO TPETIX Ta-
PMOHIK CEKIIIHHUX MAarHiTHHX MOTOKiB MarHiTOIPOBOMY.
IMutomi BTpatH Pg BIiNNOBIZAIOTh aMIDNTYAI 1HIYKIIi
1,6 Tni ETC 3407.

3HaueHHS T'eOMETPUYHHMX Ta KOHCTPYKTHBHHX Ia-
pamerpiB BapianTie TT-40 npencraBieni B Tabm. 2. Pos-
paxyHkoBi 3HaueHHs (tabn. 1) macu EMC Ta BTpar
TC3M (puc. 1,6) mpakTHUHO 30Irar0ThCS 3 MACTOPTHUMH
JAHUMH, 10 HIiATBEP/XKYE aJEeKBaTHICTh MaTeMaTH4HOL
mozeni [13, 14]. Bka3ani 3HaYeHHS OTpUMaHi 3a PiBHSH-
HamH (3), (4), JaHUMU Ta peaJbHUMH 3HAYEHHSIMH PO3Mi-
piB EMC (puc. 2).

Tabmuus 2
I'eomeTpuyHi Ta KOHCTPYKTUBHI apamerpu BapianTiB «TT-40»
3Ha4YeHHS KEPOBAHUX Koedimientn
. 3MIHHHX, 0.€. 3allOBHEHHS
Bapiantu
00MOTKOBOT'O
Xe Y Z BiKHA
TC3M-40- | 412/208=|350/170=
74.0M5 =1,98 =2,06 7.88 0,177
335/155=|287/301=
Amnanor -2.16 =237 7,88 0,3

Po3paxyHKOBi 3Ha4YeHHS MOKa3HUKIB (Tabm. 1) Kom-
naktHoro aHanora TT-40 Bu3Ha4eHi NP iAEHTHYHUX JJIS
BapianTiB (puc. 2) 3HaueHusx |t (1), (2). EkcrpemaibHi
3HAYCHHS X, Yw PIBHSHB (3), (4) BIANOBIIAIOTh KPUTEPIIO
ontuMizanii Minimym macu EMC.

IMigpumennus sBemnuunu K'y, = 0,177 no 3HadeHHs,
o Bimnosigae kiacy Hampyru mo 1000 (K",=0,3), npu-
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3BOJIUTH JIO CYTTEBOTO MOJIIMIICHHS TEXHIYHOI Xapakre-
puctuku TT-40.

Bucnoskn.

3aMiHa BMOTaHOi «YOBHHKOBOD» KOHCTPYKIIi €IIEKT-
POMArHITHUX CHCTEM 3 Oe3MepepBHIUMH CTPIYKOBHMH
(HEepo3’€MHUMH) CEKIIISIMH MarHITOIPOBOAY Ha KOMITAKTHE
BUKOHAHHS 0€3 TEXHOJIOTTYHUX MIDKKOTYIIKOBUX HPOMIXK-
KiB ITPU3BOAUTH IO MOJIMIIEHHS TOKa3HUKIB TpaHchopMa-
TOPIB 3 BUTUMH TPUCEKLIHUMHU MarHiTOIPOBOAAMH.

SHIWKEHHSI MacH 1 TabapUTHHX PO3MIPIB eJIeKTpoMar-
HITHUX cHucTeM Kiacy Hampyru 1000 B mpm moTykHOCTI
40 xB-A cranoButs npubmisHo 15 % 1 (17-18) %. Koediwi-
€HT KOPUCHOT AT MiJBUIIy€eThCs Tproim3no Ha 0,3 %.

Konguaikr inTepeciB. ABTOpH CTaTTi 3asABISIOTH
TIPO BiJICYTHICTH KOHQIIIKTY iHTEpECiB.
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Improving the main indicators of transformers with twisted
one-piece magnetic cores by changing the technology of
circular winding turns formation.

Introduction. With the adoption of standards to reduce losses in
transformers it is necessary to change the design of transformers
that remain unchanged. Further energy saving is possible with the
use of non-traditional technical solutions for the improvement of
transformers. Problem. In order to reduce idle losses, the curved
magnetic circuits of power transformers are carried out in the
form of low-volume circuits. Windings are injected into assembled
magnetic conductors by shuttle machines. The shuttle of windings
provides technological gapsin winding windows, which resultsin
anincreasein size, metal capacity and losses. Goal. Rationale for
transformer performance improvement by excluding process gaps
in winding windows. Methodology. The definition of the change in
transformer indicatorsis performed using optimization functions of
the dimensionless indicators of the technological level. The ade-
quacy of the functions is confirmed by the calculation of the mass
of the electromagnetic system and the losses of the transformer.
The figures of the compact analogue are calculated from the
named serial analogue. Results. The result is a reduction in mass
and a loss in the compactness of the transformer. Originality. The
improvement of the indicators and the simplification of the wind-
ing technology are provided by a change in the design of insulat-
ing frames of winding coils. Winding on the rods is ensured by
rotating the outer part of the composite insulating frame. Practi-
cal significance. Replacement the design of the windings of trans-
former with power of 40 kVA of 1000 V voltage class with a spa-
tially twisted, small-dimensional magnetic conductor on a com-
pact analogue leads to a reduction in mass and overall dimen-
sions by 15 % and (17-18) %. Efficiency increases by 0.3 %.
References 14, tables 2, figures 4.

Key words: twisted transformer, one-piece magnetic core,
insulating frame, coil, winding.
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MartemaTH4YHe MO/ICTIOBAHHA PEOCTATHO-PEAKTOPHOIO MYCKY
ACHHXPOHHMX JBHIYHIB 3 (pa3HMM poTopom

Po3spobneno mamemamuyni mooeni, memoou i aneopummu aHanizy nyCKOBUX peicumis i Camuinux XapaKkmepucmuk acuHxpOoHHUX
06U2YHIE 3 PasHUM pOMOPOM. B po3pobnenux aneopummax MamemMamuina Mooeib 08UyHa NoOana OUpepeHyianbHuUMu piHAHHAMU,
CKNIA0eHUMU 0I5l eNeKMPUYHUX KOHMYPIG 8 CUCHEMI OPMOLOHANLHUX KOOpOuHam. Mamemamuunoio 0CHOB80I0 pO3pOOIEHUX aneopu-
MMI8 PO3PAXYHKY CMAMUYHUX XAPAKMEPUCIUK € PO36’ A3Y6ANHSA HENIHIINUX CUCTEeM CKIHYeHHUX DIGHAHb eNleKMmPUiHOi pieHoGau
memooom Hviomona 6 noeconanni 3 Memooom npoooeICeH A NO NApamempy, d nyCKOBUX PelCUMi6 — YUCI08e iHme2py6aHHs Heaitili-
HUX cucmem oughepenyianbHux pieHaHs erekmpomexaniunoi pisnogazu. Enemenmamu mampuyi Sxobi 6 pospobrenux arcopummax €
671acHI 1 83a€MHI OughepeHyianvHi IHOYKIMUBHOCII eNeKMPUYHUX KOHMYPI8, AKI BUSHAUAIOMbCA HA OCHO8I XAPAKMEPUCTNUK HAMAZHI-
YYBAMHS OCHOBHUM MASHIMHUM ROMOKOM, d MAKOIC NOMOKAMU PO3CIIO8AHHA KOHMYPI6 pomopa i cmamopa, wo 0ae 3mo2y 30iicHIo-
6amu pO3PaxyHoK 3 YPaxXy8aHHAM HACUYEHHs MASHIMONnposody 0eucyna. Po3pobneni npoepamu i areopummu maioms 8UCOKY WEUO-
K00it0 i daromy 3M02y 30IHCHIO8AMU NPOEKMHUT CUHIME3 NYCKOBUX AKMUBHUX | DeAKMUBHUX ONOPI6 6 KO pomopa 3 Memoro 3abesne-
YeHHs 3aKOHY 3MiHU eNeKMPOMASHIMHO20 MOMEHMY Ni0 HaC NYCKy, AKull 6ionosioac pobomi cucmemu ei1eKmponpusooy 6 3a0aHux
MEXHONOZIMHUX YMOBAX, A MAKONC 30IUCHIOBAMU MIKPONPOYecopHe KepyeanHs 6 Ounamiynux pesxcumax. biomn. 25, puc. 4.

Kniouogi cnoéa: acCHHXPOHHU IBUTYH, ()a3HHIl POTOP, peaKTOPHMIi IyCK, MATEMAaTHYHA MOJie/Ib, CTATHYHI XapaKTepPHCTUKH,

nepexiiHi npouecu, HACHYEHHs1 MATHITONPOBOAY.

Beryn. HaiiGinein nommpeHuMHu cepel eleKTpo-
MIPUBOAIB B MPOMHCIOBOCTI, CUTBCHKOMY TOCIIOIAPCTBI i
1moOyTi € acuHXpoHHI ABUIYHH (A]l) 3 KOpOTKO3aMKHe-
HUM POTOPOM. IX OCHOBHHMMM HeJOJiKAMH € 3HA4Hi MycC-
KOBI CTpYMH, SIKi NEPEBUILYIOTh B 5—7 1 HaBiTh Oliblie
pa3iB HOMiHAIBHI 3HAYCHHS, a TAKOX TOPIBHIHO HEBEIH-
KU pYyIIIHHUHA MOMEHT, SIKMI JJ1s 6araTbOX TEXHOJIOTid-
HUX TIpOLeciB € HemocTaTHIM. Kpim Toro, mpsMe BMUKaH-
HA JBHUTYHAa B MEPEXKY CYNPOBOMIKYETbCA 3HAYHUMU
ITyJBCAIIISIMA €IEKTPOMAarHiTHOro MoMeHTY [1]. PozBurox
IIYCKO-pEryjaroBaJIbHUX CUCTEM aBTOMATH30BaHOI'O0 KEpy-
BaHHS, a TAKOXK YaCTOTHHUX MEPETBOPIOBAaYiB 3HAYHO PO3-
mmpuin cepy BukopucranHs AJl 3 KOPOTKO3aMKHEHUM
poropom. IIpoTte mpobieMa pymiaHHS MeXaHI3MIiB €IeKT-
POIIPUBOJIIB 3 BA)XKUMH YMOBaMH MyCKy HOTpeOye moja-
JBIIOTO PO3BUTKY 1 yIOCKOHAJICHHS.

B ocTaHHI pOKH 3HAYHO 3piC IHTEpPEC M0 ACHHXPOH-
HUX JIBUT'YHIB 3 (Da3HUM POTOPOM Y 3B’S3KY 3 PO3IIUPEH-
HSM CIIEKTpY ITOOYZOBAaHHX Ha iX OCHOBI €IEeKTPOIPHBO-
IIiB, a OT)KE BUHUKAE HEOOXIAHICTE iX MOCTIIKEHHS, 30K-
peMa MeToJjaMi MaTeMaTHYHOTO MO/ICITIOBAHHS.

[TyckoBi BIacTHMBOCTI ACHHXPOHHOTO €JIEKTPOIPH-
BOJly MO’KHA 3HAYHO MOKPAIIUTH IIJISIXOM BUKOPHCTaHHS
Al 3 dasHuM potopom [2], sKi, HE 3BaKAIOUU HA BUIILY
BapTicTh Big AJ] 3 KOPOTKO3aMKHEHUM POTOPOM, 3aBISIKH
CYJacCHHM €JICKTPOHHUM CHCTEMaM KEepyBaHHS OTPHMaln
HOBHH IMIYJIBC ¥ PO3BUTKY 1 3aCTOCYBaHHI Ui TimiiiMa-
JIHO-TPAaHCIIOPTHUX MEXaHI3MiB, TpaHCIOpTepiB, Oypo-
BUX JIEOIIOK Ta IHIIMX MEXaHI3MIB 3 B)KKHMH YMOBaMHU
mycKy. [linBUIeHHs pyIIiHHOrO MOMEHTY JOCSTAa€eThCS 3a
paxyHOK BMUKaHHSI B OOMOTKY POTOpa Pi3HUX NPUCTPOIB.
Haifuacrimme s 1boro BUKOPUCTOBYIOTh PEOCTAT, aKTH-
BHHI OINIp SIKOTO MOXKHA 3MIHIOBaTU JUCKPETHO HIISIXOM
BMUKAHHS YU 3aKOPOYCHHsS Woro cekimiii [2]. Bracmimok
30UIBIIEHHS aKTHBHOTO omopy (a3 poTopa KpHUTHYHE
3HAYEHHS EJIEKTPOMArHiTHOrO MOMEHTY HE 3MIHIOEThCS, a
KpUTHYHE KOB3aHHS 3pOCTa€E 3i 30UIBIICHHSIM OIIOpY Peo-
crata. OT)Ke MOXHA JAOCATHYTH MAKCHMAaJIbHOTO 3HAYCH-
HS €JIEKTPOMArHiTHOT0O MOMEHTY IpH KoB3aHHI S = 1,0.
IIs BnacTUBICTb BUKOPHCTOBYETHCS NSl IyCKY JIBUTYHA
IIPX MOMEHTI OIIOpY, IO IEPEBHIIY€e MAcIOPTHE 3HAUYCH-
HS IIyCKOBOIO MOMEHTY. [Ipy LbOMYy 3MEHIIYeThCS

MYyCKOBUH CTpyM 1 30unbmiyerscst cosp [1, 2]. Ommax
HeBJAMA BUOIp 3HAYEHHS JOJATKOBOI'O OIOpPY B KOJI
pOTOpa MPHU3BOAUTH 10 3MEHILIEHHS PYIIIHHOTO €IeKTPO-
MarHiTHOI0 MOMEHTY. 3MiHOIO JOIaTKOBOTO OIOPY B KOJIi
pPOTOpa MOKHa PEryJIIOBaTH IIBUIKICTH 00EPTaHHS POTO-
pa BHHU3 BiJl OCHOBHOI, X04a TaKUH CHOCIO peryioBaHHS
HEEKOHOMIYHHH.

s 3a0e3nieyeHHs IaBHOTO MPUCKOPEHHS Mif Jac
MYCKY, KpIM aKTHBHOTO OTIOpY, B KOJIO POTOpa iHO/I BMH-
KalOTh M€ i iHAYKTUBHUI OIip CIeIiallbHOi KOHCTPYKIIii
[3—8]. Ieoykuifiamii eneMeHT Moke OyTH YBIMKHEHUH SIK
MOCTITOBHO IO aKTHBHOTO (pHc. 1), Tak 1 mapayenbHO.
Peaktop mae 3mory 3a0e3NedYHTH IIIaBHE NPHUCKOPEHHS
EJIEKTPONIPHUBOY TPH MaJii KUIBKOCTI CEKIlii peocTara,
TOOTO MO CyTi BUKOHYE POJIb aBTOMATUYHOIO PEryJsTOpa
CTpYMy B pOTOpi 1 3a NEBHUX YMOB MOX€E 3a0€3NeuuTH
MOCTIHHICTF MOMEHTY JIBUT'YHAa B IpoIleci mycky. B pe-
3yJIBTaTi CTPYM POTOPA 3MEHIIYETHCS TTOBUIBHIIIE, HIXK 32
HasIBHOCTI TUIBKH aKTUBHOTO OIopy. Y pasi mapajeiabHO-
ro 3’€HAHHS pPEe3UCTOpa i KOTYIIKHM iHIYKTHBHOCTI Ha
MOYATKy ITyCKy, KOJM YacToTa CTPYMy B POTOpI BEIHKa,
CTPYM B OCHOBHOMY 3aMHKAa€ThCs Yepe3 peocTar, YHM
3a0e3meuy€eThCsl TOCTAaTHBO BEIUKHI ITyCKOBHHA MOMEHT.
B Mipy 3HIKEHHS 4acTOTH IHAYKTUBHUH OIIp 3MEHIIy-
€TBCS 1 CTPYM 3aMHKA€EThCS Yepes IHIYKTHBHUIN el1eMEeHT.

Puc. 1. Cxema AJ] 3 myCKOBHM peakTOpoM B KoJi (pa3HOro poTopa

Bubip parioHambsHOTO Croco0y 3’ €IHAHHS aKTHUBHUX
1 IH[yKTUBHUX €JIEMEHTIB Ta 1X IapaMeTpiB MOXKHa 3J1iHC-
HUTH MaTeMaTH4YHUM MOJEJIIOBAHHSIM, JOCTOBIPHICTBH
pe3yNbTaTiB SKOTO BH3HAYAETHCS aJICKBATHICTIO MaTeMa-
TyHO1 Moxeni. Kpim Toro, st aBroMaTHu3allii mporecy
nycky A/l 3a 10moMororo mporpamMoBaHUX MIKPOKOHTDPO-
JepiB HEOOXIMHO MaTW TMpOorpaMH aHaji3y, sSKi MalTh
JIOCTATHHO BUCOKY LIBHKO/IiI0, HE OTPEOYIOTh 3HAYHOTO
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o0csry o0umcnenb. OTxe po3poOJICHHS METOMIB 1 airo-
PUTMIB pO3paxyHKy ITycKOBUX mporieciB B AJl 3 dazaum
POTOPOM € aKTYaJbHOIO 3aJa4elo.

AHaJi3 ocTaHHIX J0CTiIKeHb. 3ama4a po3po0IIeH-
HS aNTOpUTMy pOOOTH IyCKOBOi amapatypu moTpedye
BU3HAYCHHS 3aKOHIB 3MIiHM ITyCKOBHX CTPYMIB Ta €JIEKT-
POMarHiTHOro MOMEHTY TiJl Yac mycky. J[is uporo HeoO-
X1JIHO MaTH BIAMOBIAHI MaTeMaTHYHI MOJIENI PO3PAXYHKY
CTATUYHHUX XAPaKTEPUCTHK, & TAKOK AUHAMIUYHUX PEKHU-
MiB, 30KpeMa MepexiIHNX MPOLECIB 3 ypaxXyBaHHIM 3aKO-
Hy 3MiHM MOMEHTY HABaHTAKEHHs. IX OCHOBOIO € MaTe-
MaTHYHI MOJIENi IBUTYHIB, SKHMU BU3HAYA€THCSI TOUHICTH
pe3yNbTaTiB MAaTEMaTUIHOTO MOJICITIOBAHHS, a TAKOXK 00-
YHCITIOBAJIBbHI METOIM, SKI CIYyTyOTh MaTeMaTHYHOIO OC-
HOBOIO [UIsi OTPUMAHHS pe3yJbTaTiB PO3PaxyHKy 1 Bil
SIKUX 3aJIeKUTh IIBUIKOAIS PO3POOIICHUX IIPOTPaM.

Binbuiicte METOZIB aHai3y yCTaleHHWX 1 JAMHAMIiY-
HUX pexumi podotr AJl 3 KOPOTKO3aMKHEHUM POTOPOM
PO3p00JICHI 3 BUKOPUCTAHHAM 3aCTYITHAX CXEM 3 TOCTIiM-
HUMH TIapaMeTpamu, siKi 3/1e01IbII0r0 BUKOPUCTOBYIOTh-
Csl y BIIOMHX MaTeMaTHYHHMX MaKeTaX MPUKIATHUX HPO-
rpam. Takuii HiAXiJ 3aCTOCOBYETHCS 1 10 pO3pOOJICHHS
MaTeMaTHYHUX Mofelieil Ha ocHOBi AJl 3 ¢a3HuUM poTo-
pom [3—14]. Xoda Taki IBUTYHH HE MOTPEOYIOTh Bpaxy-
BaHHS BUTICHEHHS CTPYMiB B OOMOTIII pOTOpa BHACIIIOK
BIJICYTHOCTI sIBUIIIA CKiH-e(DeKTy, BIUIMB MOTOKIB PO3Cit0-
BaHHS Ha mepedir mporeciB 3Haunuit [9]. Po3pobiieHuii B
[13] aHaniTH4YHUI METOJ PO3PAXyHKY CTAaTUYHHX XapaKTe-
pUCTUK y (pa3HOMY KOOPAMHATHOMY Oa3uci, Ja€ 3MOry
pO3IJIsiAaTH HECHMETPUYHI 1 HEeCHHYCOINaJbHI MpOLECH,
OJIHAK 1H/[yKTUBHI NapaMeTpy MPUIHMAIOTHCS HE3MIHHUMH.

HacnueHHs MarHiTOnpoBOXIB Cy4YacHHMX JIBUTYHIB
3YMOBIIIOE HEJHIWHICTE 3aJIe)KHOCTEH NOTOKO34YeIUICHb
KOHTYpIB BiJ| CTPyMiB, TOMY pO3pOOJICHI Ha AOMYyIIEHHI
PO JIIHIAHICTD €eKTPOMArHiTHUX 3B’S3KiB MaTeMaTHYHI
Mozeni, He 3a0e3MeuyI0Th MOXKIMBOCTI PO3PaxyHKIB -
HAMIYHUX PEXHMIB 3 HEOOXiTHOIO I MPAaKTUKH TOYHIC-
TI0. JliHeapm3allisi eJIeKTPOMarHiTHUX 3B’S3KiB B OKOJI
pobGouoi Touku [6] He Bupiulye MpoOIEMH, OCKUIBKH B
peanbHif MalluHI HACHYCHHS 3MIHIOETBCS B IIMPOKHUX
MeKax, a OTKe anpiopi HOro BU3HAYUTH HEMOSKIIUBO.

B ocraHHI poKH MOSBHIMCH MOJENI B SIKMX BPaxoOBY-
€TbCsd HACHUYCHHs JIMIIEC OCHOBHUM MaFHiTHI/lM IIOTOKOM
[11-14]. Lle 3Ha4YHO MiABHIIY€E TOYHICTh PO3PAXYHKY, OJHAK
1 i MOJIeNTi He € JJOCTaTHBO TOYHUMH JUTS aHAJI3Y JUHAMIY-
Hux nporieci [13, 16, 17], oCKiIBbKH, SK 3a3Ha4YEHO B [9, 24]
JOCIIDKEHHST TIOBHHHI OOOB’S3KOBO BpaxOBYBaTH €(QeKT
MAarHiTHOr0 HAaCHYeHHS HE TUIBKH Ha TOJIOBHOMY LUIAXY
MAarHiTHOTO TIOTOKY, aJie 1 Ha IUIIXaxX IMOTOKIB PO3CIFOBAHH,
BIUIMB SIKMX Ha Mepedir MporeciB BU3HAYAIbHUN. Y PoOOTi
[15] mpwifHsiTa eKCIepUMEHTAIbHA MIPOLeTypa BU3HAUYCHHS
IapaMeTpiB MAIllMHH, OAHAK 11 HAATO JIOPOTo i HEMOXKIIBO
3IHCHUTH HA eTarli POeKTYBaHHSI.

Jns popmyBaHHST HEOOXITHUX MEXaHIYHHX XapakTe-
puctuk AJl 3 (azHEM POTOPOM BHKOPHCTOBYIOTHCS TIPO-
rpaMoBaHi MiKpOKOHTPOJIEPHI ITyCKOBi cuctemu [3, 23, 24],
MIPOTpaMyBaHHs KX MMOTPeOye BiIMOBIAHUX MOMEPETHIX
JOCIIKEHh METOJJaMH MaTeMaTHYHOTO MOJEITIOBAHHS.
[porpec y mpUCTPOSX NMEPEMHUKAHHS EJIEMEHTIB ITyCKO-
BHX €JIEMEHTIB, EIeKTPOHHIN 00poOIIi Ta MiKpOIpOIeco-
pHOMY KepyBaHHI ToTpe0ye HaAifHIX alIrOPHTMIB Kepy-
BaHHS, 3aCHOBAaHMX Ha BIAMOBIIHOMY HPOTPaMHOMY 3a-
Oe3reucHHI KOHTPOJIEPiB.

HocrtoBipHy iH(pOpMAIII0 PO Tepedir mporeciB mifg
4ac MyCcKy MOXXHA OTPHMATH JTHIIE 32 JIOIOMOTOI0 BUCOKO-
PO3BHHEHMX MaTeMaTHYHUX Mojeiell AJl, B skux ajexBa-
THO BPaxOBYIOThCSI HACHUEHHS! MarHiTornpoBoxy. OCKUTbKH
METO/IH, SIKI MalOTh B CBOTi OCHOBI PO3paxyHOK MarHiTHO-
ro nosist [20] BHACIIIOK TPOMIZIKOCTI HEMIPUAATHI ISl Ke-
pyBaHHS IporiecoM Iycky A/l B peaslbHOMY 4aci, TO ONTH-
MaJIbHUMH IOI0 TOYHOCTI i CKJIaJJHOCT] € KOJIOBI METOAN
[18, 21, 23], B IKMX eNEKTPOMArHITHI TapaMeTPH PO3paxo-
BYIOThCSl Ha OCHOBI XapaKTEPHCTUK HAMATHIYyBAHHS Mar-
HiTorpoBoy ABHUTyHa [25]. Po3pobieHi Ha iX OCHOBI mpo-
TpamM# He TIOTPeOYIOTh 3HAYHUX OOYMCITIOBAIIBHHUX pPeCcyp-
CiB, JIAI0OTh 3MOT'Y BUKOHYBATH PO3PAXYHKH B PEabHOMY
nepebiry Jacy i BUKOPHCTOBYBATH IX JJISI aBTOMATH3aIlil
[24] sik myckoBHX, TaK 1 IHIINX JUHAMIYHUX PEXKUMIB.

MeTo10 €TATTi € pO3poOICHHS] MaTEMaTHIHUX MO-
Jielieid, METOIB PO3paxyHKy CTATHYHUX XapaKTEPHCTHK i
JUHAMIYHUX PEXUMIB aCHHXPOHHUX JBHTIYHIB 3 (hazHHM
POTOPOM 1 PI3HUMH TTapaMeTpaMu IyCKOBOTO IMPHUCTPOIO B
KOHTYpI poTopa.

Bukiaan ocHoBHoro martepiamy. Iling wac po3po6-
JICHHSI MaTeMaTHYHUX MOJIENIEH eJIeKTPOIPHUBO/IIB BaXKIIH-
BUM IIHTaHHAM € TX CKJIAQHICTH 1 IIBHOKOMIA, SIKA € BU-
3HAYANBHOIO Yy pa3i X BUKOPUCTAHHS JUIS KEPyBaHHS Iie-
pebiroM mporecy B peanmbHOMY daci. OTKe BaXIIUBUAM €
MUTaHHS BUOOPY CHUCTEMH KOOPAWHAT IJIsl OMHUCY ENeKT-
POMArHiTHUX 3B’s13KiB B AJl, Bix SIKOT 3aJIE)KHUTh SIK 00CST
004HCIIeHb, TaK 1 TOYHICTh PE3YJILTATIB PO3PAXYHKY.

BibIIicTh TPAKTUYHO BAKIUBUX 33/1a4 MATEMATHIHO-
TO MOJICNIIOBaHHSI NporieciB B A/l MO)kKHA pO3B’sI3aTH 3 BUKO-
PHCTaHHSM IEPETBOPEHUX CHCTEM KOOPIHHAT, sIKi 3aCHOBa-
Hi Ha Teopii 300pakyBabHIX BeKTOpiB [1, 18]. V BuKIame-
HHUX B CTaTTi ITOPUTMAX PO3PaxXYHKY BHUKOPHCTOBYETHCS
CHCTEMa OPTOTOHANBHUX Ocel X, Y [25], siki obepTatoThes 3
JIOBUIHHOIO IIBUAKICTIO. [IJIS1 CHMETPHYHUX PEKUMIB POOO-
i AJ] BOHA Mae HaAMMEHIIHI 00CAT 0OUHCIIEHD 1 JOCTATHHO
BHCOKY TOYHICTh pe3yJIbTaTiB PO3PaXyHKY.

Enexrpomarnithi npouecu B AJl 3 ¢pa3auM poropom
B OCSIX X, Y OIHCYIOThCSI CUCTEMOIO YOTHUPBOX JTH(epeHLili-
anpHUX piBHsHB (/IP) enekrpuuHoi piBHOBaru

dy« :
X = Wy — iy + Usy
dat 0% sy — I'slsx T Usx
dy

W .
— = e — gy +Ugy;
dt 0¥ sx — Islsy +Ugy O
dy,

2= S5001//ry_(rr + rp)rx;
dt
dy,

dty :_Sa’oll/rx_(rr + rp)ry»

€ Vst Wes Wixs Whys Iscs lsys Irys bry — HOTOKO3YEIUIEHHS Ta
CTPYMH IIEpETBOPEHUX KOHTYpIB craropa (iHAeKc S) i po-
Topa (iHAeKc I); I's, Iy — aKTHBHI OIIOPH LIUX KOHTYPIB; I, —
omip ¢a3u peocraTa B KOJi POTOPA; o — MUKIIYHA 9aCTO-
Ta HANPYTH )KUBJICHHS; S— KOB3aHHs POTOpA.

B piBusHHAX (1) mapameTpu 0OMOTKH pOTOpa TPH-
BeJleHi 0 OOMOTKH CTaTopa 3a 3arabHONPHUHHSITOI0 Me-
toaukoro [19]. Kpim Toro, Hamani BBaxatumemo 300pa-
KyBalbHHi1 BekTop Hanpyrd U 06GMOTKH cTaTopa CyMi-
IIEHNUM 3 BicCIO X, TOOTO npuiiMeMO Ug = Uy, a Ug, = 0.

s po3paxyHKy npornecy mycky A/l HeoOxinHO cu-
cremy JIP (1) mOMOBHUTH PiBHSHHSAM JTMHAMIKH POTOpA!
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P
E: Ja(’)o( pO(‘//S(sy '/’syS() Mc(t)js 2)

Je Po — KUIbKICTh map montociB AJl; J — mpuBeaeHuit 1o
BaJly JBUTYHAa MOMEHT IHEpIlii CHCTEMH eNIeKTPOIPHUBOLY;
M — MOMEHT HaBaHTa)KCHHS Ha BaJIy IBUTYHA.

Cucrema [IP (1) pazom 3 piBHSHHAM (2) mae 3Mo0ry
po3paxyBaTH nepexijHuii npouec mig yac nycky AJl. Jns
HOTO HEOOXiTHO MPOIHTErpyBaTH ii YHCIOBUM METOJOM
3a HYJIbOBHX IOYaTKOBHUX YMOB, OOYHCIIFOIOYM Ha KOXK-
HOMY KpPOKOBI IHTETpyBaHHS MaTPHUIO OH(epeHIiaTbHIX
IHAYKTUBHOCTEH K €IeMEeHTiB MaTpulli SIkobi Ta BEeKTOp
MMOTOKO3YeIieHb [25].

[ToToko3ueruIeHHs KOKHOTO KOHTYPY CKJIAZIA€ThCA 3
IMOTOKO3YCIUICHHS 3 OCHOBHHM MAarHITHUM TIOTOKOM 1 3
MTOTOKaMH p03C1}0BaHH}I MPUYOMY  TIOTOKO3UCTUICHHS
pO3CifoBaHHS KOHTYPIB CTaTopa i KOHTYpiB pOTOpa B3ae-
MHO He3aJexHi. Tomy 3 MeTor0 YypaxyBaHHs IHAYKTUBHO-
rO OIMOpPY peakTopa B KOJi pOTOpa PiBHAHHS JUIS TTOTOKO-
34YeIUIeHb KOHTYPIiB pOTOpa MOXKHA TIOAATH Y BUTIISII

Yix =Wax +\Lor + Lp)rx§

Yry=Vay + (Lar + ijrys
1€ Wsx, Yoy — TIOTOKO3YENJIEHHS BiJNOBIHUX KOHTYDIiB
poTopa, 3yMOBIIEHI OCHOBHIM MAarHiTHUM ITOTOKOM; L, —
IHIYKTUBHICTh PO3CIIOBaHHS KOHTYpIB pOTOpa, SKa BH-
3HAYA€THCS 3 XAPaKTEPUCTHKHA HaMarHidyBaHHS IMOTOKa-
MH PO3CiIOBaHHS OOMOTKH POTOpa, pO3paxoBaHOI Ha OC-
HOBI reoMeTpii MarHiTonpoBoay ABUryHa [19],

‘//o'r:'/’of(ir)§ ir:\}irzx‘”rzyn 3)

Ae Ly — IHIyKTUBHICTL PEakTopa B KOJIi pOTOpa, KA BU3HA-
YaeThCs 3a BIIOBITHUMH 3 IPOEKTYBaHHS ()OPMyJIaMu.

3nificHIOBaTH BHOIp MapaMeTpiB peakTopa i mporpa-
MYBaHHSI IyCKO-PETyJIOBaJbHOIO MPUCTPOI0 Ha OCHOBI
PO3paxyHKy MEpexiJHOro mporecy HeMoxiuBo. Lls 3ama-
ya norpedye po3paxyHKy 1 aHali3y CTaTHYHHUX XapakTe-
PHCTHK, SIKi MOXHA PO3paxyBaTh 3 BHKOPHUCTAHHSM piB-
HiHb (1) enekrpuyHoi piBHOBaru. BuOpaBuin Ha OCHOBI
PO3paxyHKy CTaTHYHHX XapaKTEepHUCTHUK PE3MCTHBHI Ta
IHIYKTHBHI IIapaMeTpH IIyCKOBOT'O MPUCTPOIO Ta 3aKOH IX
3MiHM BIATIOBIZHO IO 9acOBOi 3aJICKHOCTI MOMEHTY Ha-
BaHTaXeHHI M; = M(1), 31ilicCHIOEMO PO3paxyHOK Yaco-
BHX 3aJIEXHOCTEH KOOPAMHAT ILIIXOM YHCIIOBOTO IHTET-
pyBaHHs HexiHiiHOT cuctemu AP (1), (2).

PosrnsiHeMo alropuT™M po3paxyHKy CTaTHYHHX Xapa-
KTepucTuk. B ycramenomy pexxumi po6otu A/l 3 xoB3aH-
HaM S cucreMa J[P enexrpomarnitHOT piBHOBaru (1) 3BO-
TUTBCS IO CUCTEMH HETHIMHUX anreOpUIHUX PiBHSHB, SKi
3 METOI0 BHKJIAIy AaITOPUTMY PO3PaxyHKY YCTaJICHOTO
PpeXHUMy 3aMuLIEMO 5 BUTIISII BeKTOpHOTO /[P

V(T )= Py + Ryl g ~ Uy )
xy:('//ya‘//syal//rxﬂ//ryT; Iaxy:(iswisyairx’iry)k;

ny :(U m,0,0,0)* — BEKTOPH IOTOKO3YEIUIEHB, CTPYMIB

ne W

KOHTYPIB 1 IPUKJIAICHUX 10 HUX HATIPYT;

s 0 0 0
0 0 0

Ry = S

Y10 0 4y 0
0 0 0 e +Tp

— MaTpULs aKTHUBHHUX OIOPIB KOHTYDIB;

0 -ay O 0
w O 0 0
Ylo o o000
Sax 0

— OOIIOMDIXHA ManI/ILISI, B JAKIM vy — OUKIIYHA YacToTa
Hampyry )KUBJIECHHS.

— Say

OCKIIbKHI BCKTOP IMOTOKO3YCIJICHDb ‘ny BU3HAYA€Th-

Csl CyKYIHICTIO CTPyMiB KOHTYpiB, HEBIIOMHM B CHCTEMi
CKIHYCHUX PIBHSHb (4) € BEKTOp CTPyMIB |y, 3 BUKOpHC-

TaHHSM SKOTO MO)KHA BH3HAYHTH IMOTOKO3YCIUICHHS, CIICK-
TPOMarHiTHUM MOMEHT ToImo. OCKUTBKH 70 PiBHSAHHSA (4)
BXO/sTh KoOpAMHATH U, S, Iy, Lp, TO MOKHA BBaXKaTH, 110
BEKTOP CTPYMIB € (DYHKIIIEIO [IUX KOOPIUHAT

Ly = 'xy(ny’Sfp"-p

PiBasHHS (4) mae 3MOTY MOCTIAWTH BIUTHB KOXKHOI 3
IIUX KOOPJWHAT HAa 3HAYCHHS BEKTOpa CTPyMIB | Xy > TOOTO

po3paxyBaTH 0OaraTOBHMIpPHY CTaTUYHY XapaKTCPUCTUKY
SIK 3aJIEKHICTH KOMIIOHEHT BEKTOpa CTPYMIB BiJ 3aJaHOl
KoopauHaTH. I I-OTO HEOOX1THO 3MIHIOBATH ITI0 KOOP-
JIMHATY B 3aJlaHUX MEXaX SK mapaMmeTp, 3aJHIIalodu He-
3MiHHUMH iHIII. OYEeBHIHO, IO MPU HBEOMY € MpodiemMa
PO3B’s3yBaHHs HENiHIHHOI CHCTEM CKiHYeHHX PIBHSIHB a
OCKUTBKHM BHACIIJIOK HACHYCHHS MAarHiTOIPOBOIY CHCTE-
Ma (4) HemiHilfHa, TO BOHa MOXe OyTH PO3B’s3aHa OJHIM
13 YHCIIOBHX METOJIiB, 30KpeMa, MeToioM HeroToHa.
3rimHo 3 itepartitinuM Merogom Herorona (k+1)-e
HAOIIDKEHHS BEKTOpa Y Bu3HauaeThes 3a (hopmyIoro
) Z 7000 a916) “

ze AYX - TIPHUPICT BEKTOpa Vk, SIKUW Ha KOXKHOMY KpO-
KOBI BU3HAUYAETHCSI 3 JIIHIHOT CUCTEMH PiBHSHb

Ay _(j(?(k))’ (©6)
B SIKIH Q(V(k)) — 3HAYCHHS BEKTOpa Q HEB’SI30K IpH

Y= V(k) ; J— Mmatpuus SIko6i BekropHoi pyHKuii (4).

3BakarouM Ha Te, IO MOTOKO3YEIUICHHS KOHTYpIB
AJl cknagaThes 3 MOTOKO3UYEIIeHb, 3yMOBJICHUX OCHO-
BHUM MAarHiTHHM ITOTOKOM /s, 1 TIOTOKO3YEIICHb PO3Cifo-
BAaHHA I/, PA30M 3 IOTOKO3UETUIEHHAM I, PeaKkTopa

OO s = O sx + Xoslsxs
AW sy = O 5y + Xoslsys

WoWrx = QoY sx + (XOT + Xp)rx; @)
oYy = Y sy + <Xo1' + Xp)ry;
Mmarpuis SIko0i Bu3HauaeThes 3a popmysioro
J=Xs+Xs+Ry> (®)
e
Xy Xysy Xoyrix o Xy
X5 = ~Xexsx " Xsxsy " Xerx Xsxry :
Hysx  HKysy  Keyrx HKeyry
—SKysx T Hixsy ~Hxrx ~ HKrxry
Xos O 0 0
- 0 —Xs 0 0
Xs =
0 0 s(xoT + xop) 0
0 0 0 - s(xoT + xop)
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Sk BugHO 3 (8), enmemenTamu MaTpulli Ako0i € Biac-
Hi Ta B3aeMHI Au(epeHIianbHi IHIyKTHBHOCTI KOHTYPIB
AJl, BoHM BHW3HAYarOTHhCS 3TiHO BUKIAACHUM B [25]
Kpim Toro, st o04nCIeHHs eeKTPOMarHiTHOTO MOMEH-
Ty HEOOXiIHO BH3HAYATH ITOTOKO3YEIUICHHS KOHTYPIB y
BIZMOBITHOCTI 3 BUOPAHOIO CUCTEMOIO KOOP/IMHAT.

Itepauiitauit Meton HetoToH Mae kBaapatuuHy 30i-
JKHICTb, OJTHAK MOTPEOy€E MMOYaTKOBOTO HAOIMIKECHHS, sIKE
JISKUTH B OKOJI NMpUTAraHHs. Jins Horo BU3HAYEHHS BU-
KOPUCTOBYETHCS TaKHH allrOPUTM.

3aarounch 3HaYeHHsIM KoB3aHHA S= 1.0 1 mapamerpiB
I'e, Lp piBHMMH HyIIt0, HapouryeMo 3a 5—10 Kpokis nporop-
miitHo mapamerpy & (0 < & <0) Big HyIs 1O HOMiHAJIBHOTO
3HaueHHs npukianeHy Hanpyry U = U, e nae 3mory Ha
KO)KHOMY KpPOKOBi 3a0e3reunTH 30DKHICTH iTepamiifHOro
npouecy. OTpuMaHe B pe3yibTaTi 3HAYEHHS KOMITOHEHT

BEKTOPA |y, CIlyrye Mo4aTKOBUMH yMOBaMH JUIS PO3PAXyH-

Ky CTaTHYHHX XapaKTEPHCTHK. 3aIAF0YUCh PSIOM 3HAYCHb
KOB3aHHI S pOTOpa, MOKHA OTPHIMAaTH OaraTOBUMIpPHY CTa-
THYHY XapaKTEPHCTHKY y BHIVISI 3aJIOKHOCTI KOOpOHMHAT
Bix KoB3aHHA. OHAK PO3PaXyHOK Oyap-AKOi CTaTUYHOI Xa-
PaKTEpPUCTHKU MOYKHA 3AIHCHUTH JM(epeHIliaIbLHIM METO-
noMm. Jlnst uporo qudepeHiioeMo piBHSIHHA (4) 10 OfHIN i3
KoopauHar (A = S rp, Ly) sk mapameTpy HeoOXigHOT Xapax-
Tepuctvku. B pesynbrari orpumaemo [P aprymenty A
J dl_xy - xQ ,
di o4

B sIKOMY Matpuis SIko0i Ta cama, 1o i B piBHsIHHI (6).

PiBusiHHA (9) [uist pi3HMX HE3aJEKHHUX KOOPIMHAT
CTaTHYHOI XapaKTEePUCTUKHU BiJPI3HAETHCS JIMIIE BEKTO-
pOM IIpaBHMX YacTHH. 30KpeMa, /Ui KOOPAMHAT S, Ip, Xp
BOHHU MalOTh BUTJIISIT

©)

0 0 0

Q | 0 aQ | 0 oQ | O
E_ DYy ’ a_ —ix | %_ —lrx
— Op¥rx —iry —lry

B pesymnprari iHTerpyBaHHsS HemiHilHOI cuctemu [P
(9) onHUM i3 YKHCIIOBHX METOIB MO S OTPHUMAEMO Oarato-
BUMIPHY XapaKTEPUCTHKY Y BHUIVISI 3aJIEKHOCTEH CyKyI-

HOCTI KOOPJMHAT BEKTOpa |,y Bij BUOPAHOI 32 HE3aIeKHY

KOOD/IMHATH, BUKOPUCTOBYIOUH SIKI OTPHUMYEMO 3aJICIKHOC-
Ti MOTOKO3YEIUICHb, CJICKTPOMArHiTHOTO MOMEHTY TOIIIO.
Ha puc. 2 — puc. 4 HaBeJiIeHO NPUKIIAAN PO3PAXYHKY
CTaTWYHUX Xapakrepuctuk AJl 3 ¢a3sHuM poropom
(Pn=250 xBt, U=380B, | =263 A, ny= 1000 06/xB).

i
50 4 .
Mf
3795 1.5 r Bam——
250 1
125 0.3
v
0 ]
0 1 13.25 255 375 A0

. * . .
Puc. 2. 3anexHocti crpymy (| ) i eeKTpOMarHiTHOro MOMEHTY
* . . .
(Mg ) y BiAHOCHHX OAMHHLAX BiJl aKTUBHOTO OIOPY B KOJIi
poTopa npu koB3aHi S= 1.0

E E
M
15
1
J.r‘
+*
0 M %
0 20 30 a0
a
* o+
; M
15
1
I‘
05k . .
Mf
0 “r
10 20 30 0
b

. . * .
Puc. 3. 3anexxHocTi BiTHOCHUX 3HaueHb cTpyMy (| ) 1 esekTpo-
. *. . .
MarHiTHOro MoMeHTy (M. ) ipu S= 1.0 Big BiZTHOCHOTO

3HAYCHHS Xp = X, / X'26 iHlyKTHBHOTO OIOPY B KOJIi poTopa

1 pI3HUMH 3HAYCHHSIMH KPATHOCTI aKTUBHOTO OMIOPY peaKkTopa:
a)— 1,0, b)—10,0

J-|-1:
5
1

375 4
2513
1.5

i 5

1 07525 0505 02575 001

a

&
0.01

I:Il 0.7525

0.50%
b
Puc. 4. CtaTu4Hi mycKOBi XapaKTepUCTHKU P TPHOX 3HAUCHHSIX
IHIYKTUBHOTO OIIOPY B KOJIi pOTOpa 1 IBOX BiHOCHUX
3HAYEHHSX aKTHBHUX omopis: &) —3,9; b)— 11,7

02575

HaBezneHi kKpuBi CIIyTyIOTH JIMIIE LTIOCTPALIIEI0 MO-
KIIMBOCTI pO3pOOICHUX AITOPUTMIB po3paxyHKy. OueBu-
JIHO, 10, BHUOpaBIIM OIWH 13 MapaMeTpiB ITyCKO-
PEryJIIOBaIBHOIO TIPHCTPOI0, HEOOXiJHO po3paxyBaTv
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MEXaHIuHy XapaKTePUCTHUKY, & KO)KHOMY 3HAYE€HHIO aKTH-
BHOTO OIOPY BIJIOBIa€ CBOSI MEXaHIYHA XapaKTepUCTH-
Ka, 5IKa B CBOIO YEpPry 3aJI€XKHTh BijJl IHIYKTUBHOCTI peak-
Topa. OCKUIBKY OIp KOTYIIKU IHAYKTHBHOCTI 3aJIE)KUTh
BiJl 4aCTOTH CTPyMy B POTOPI, sIKa Iijl 4ac MyCKy € 3MiH-
HOIO, TO TpPaBWJIBHO BHOpaHi ii mapaMeTpH MO3UTHBHO
BIUIMBAIOTH HAa BEJIMYUHY ITyCKOBOTO CTPYMY, aBTOMATH-
YHO 3MEHILYIOYH HOT0 3HAUEHHSI.

BucHoBku.

Ha BinMminy Big A/l 3 KOPOTKO3aMKHEHHM POTOPOM,
OBUTYHaM 3 (a3sHHUM pOTOPOM B TEXHIUHIM IiTepaTypi
MPUIUIAETECS MEHIIE yBard, xoda (asHHA pOTOp Hae
3MOTy OTpUMATH OUIbII PI3HOMaHITHI MeXaHIuHI xapak-
TCPUCTUKHU, IO BAXKIMUBO IJIA eJ'IeKTpOHpI/IBO,HiB 3 BAXXKH-
MM YMOBAaMH IIyCKY.

Po3po0iieni B crarTi METOIM PO3paxyHKY [aroTh
3MOTy METOJaMH MaTeMaTH4YHOTO MOJICJIIOBAHHS 3Jilc-
HIOBaTW aHali3 CTaTWYHUX IIyCKOBUX XapaKTEPUCTHK 1
nepexigHux npoueciB A/l 3 ¢pasHUM POTOPOM IPH PiZHUX
3aKOHAX PEryJIIOBaHHS MapaMeTpiB IIyCKOBOTO IIPUCTPOIO
B 00MOTII poTOpa 3 MeToro 3abe3redeHHsT HeoOXiTHOTOo
3aKOHY 3MiHHU €JIEKTPOMAarHiTHOTO MOMEHTY.

[Mporpama po3paxyHKy Mae B CBOIil OCHOBI MaTeMa-
THUHY Mojenb AJl, B sKiii BUKOPHCTOBYIOTHCSI peajibHi
XapaKTEePUCTUKN HaMarHiuyBaHHS OCHOBHMM MAarHITHUM
MOTOKOM, a TaKOX MOTOKaMH PO3CIFOBaHHS 0OMOTOK CTa-
TOpa 1 poTopa, 110 Ja€ 3MOI'y aJeKBaTHO BpaxyBaTH Ha-
CHYEHHS MarHiTONPOBOJY, YUM 33a0€3I1e4y€EThCSI TOUHICTh
pe3yibTaTiB PO3PaxyHKY.

Bukianeni Mmeronu po3paxyHKy peXXHUMIB 1 Xapakre-
PHUCTHK B OPTOTOHAJIBHUX KOOPJIMUHATHUX OCAX X, Y NAOTh
3MOTY 3IiHICHIOBATH PO3PaXyHOK 3 MiHIMAJTBHUM 0OCSTOM
O0YHCIICHb 1 BIAMOBIAHO BHTpaTaMH MAIIMHHOTO Yacy,
IO Ja€ 3MOTy BUKOPUCTOBYBATHU iX IUISi KEPyBaHHS CHC-
TEMOIO €JISKTPONPUBOAY B IMHAMIYHUX PEXHMax B pea-
JIFHOMY Yaci MPOTiKaHHS IPOIIECy.

Konduikr inTepeciB. ABTOpH CTaTTi 3asABISIOTH
PO BiACYTHICTh KOH(MIIKTY iHTEpECiB.
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Mathematical modeling of rheostat-reactor start of
wound-rotor induction motors.

Introduction. Wound-rotor induction motors are less common
compared squirrel-cage induction motors. However, they oc-
cupy a significant share among electric drives with difficult
starting conditions. Their advantage is obtaining a high starting
electromagnetic torque at lower values of starting currents.
Problem. Due to the possibility of including different devices in
the rotor circuit, it is possible to shape the starting characteris-
tics according to the needs of the technological process. Due to
a narrower range of applications of electric drives based on
wound-rotor induction motors, they are less investigated. Selec-
tion of parameters of starting and regulating devices, included
in the rotor circuit, is carried out by simplified methods, which
do not satisfy modern requirements to regulated electric drives.
Goal. The paper aims to develop mathematical models and
methods for calculating the dynamic modes and static charac-
teristics of the wound-rotor induction motor with a reactor in
the rotor circuit. Methodology. In the devel oped algorithms, the
mathematical model of the motor is presented by the differential
equations made for electric circuits in a system of orthogonal
coordinates that allows excluding angular coordinate from
equations of electric equilibrium. The elements of the Jacobi
matrix of equilibrium equations of motor circuits are eigenval-

How to citethis article:

ues, and mutual is the differential inductances of electrical cir-
cuits, which are determined based on the magnetization charac-
teristics of the main magnetic flux and leakage fluxes of the
rotor and stator circuits. Results. Mathematical models for the
study of starting modes of wound rotor induction motor allow to
calculate transients and static characteristics and, on their ba-
Sis, to carry out design synthesis of starting reactors, which
provide the law of change of electromagnetic torque during
start-up operating conditions. Originality. The mathematical
basis of the developed algorithms is the method of solving non-
linear systems of equations by Newton method in combination
with the method of continuation by parameter. The developed
mathematical models and software made on their basis have
high speed that allows to carry out high-reliability calculation
of starting modes taking into account saturation of a magnetic
circuit of the motor. Practical value. The developed algorithms
do not require significant computing resources, have high
speed, and can be used both for the design synthesis of start-
control devices and control of the electric drivein real time and
to predict its course. References 25, figures 4.

Key words induction motor, wound rotor, reactor start,
mathematical model, static characteristics, transients, mag-
netic core saturation.

Malyar V.S., Hamola O.Ye., Maday V.S., Vasylchyshyn L.I. Mathematical modeling of rheostat-reactor start of wound-rotor induc-
tion motors. Electrical Engineering & Electromechanics, 2022, no. 3, pp. 8-14. doi: https://doi.org/10.20998/2074-272X.2022.3.02
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Reduction of cogging torque of radial flux permanent magnet brushless DC motor
by magnet shifting technique

Introduction. In spite of many advantages of radial flux permanent magnet brushless DC motors it suffers from the distinct
disadvantage of high cogging torque. The designer must emphasize to reduce the cogging torque during the design stage. This paper
introduces magnet shifting technique to mitigate cogging torque of surface mounted radial flux brushless DC motor. Methodology.
Initially 200 W, 1000 rpm surface mounted radial flux permanent magnet brushless DC motor is designed with symmetrical
placement of permanent magnets with respect to each other on rotor core. Cogging torque profile of thisinitial motor is obtained by
performing finite element modelling and analysis. Originality. This design has been improved by shifting the position of permanent
magnets with respect to adjacent permanent magnets. The effect of magnet shifting on cogging torque has been analyzed by
performing finite element analysis. Results. It has been examined that the peak to peak cogging torque is decreased from 1.1 N‘mto
0.6 N-mwith shifting of permanent magnets respectively. References 19, tables 2, figures 11.

Key words: cogging torque, finite element analysis, magnet shifting, permanent magnet brushless DC motor.

Bcemyn. Hessaoicaiouu na 6azamo nepesaz 6e3uimkogux 0USYHI6 NOCMIUHO2O CIMPYMY 3 PAOIAIbHUM MASHIMHUM NOMOKOM, 60HU
Maiomp 6HULL HeOOIK, WO NOIS2AE Y GUCOKOMY KDYMHOMY MoMeHmi 3y6uamoi nepedaui. [IpoexmysanbHuK noGUHeH 30Cepeoumucs Ha
SHUDICEHHI KPYMHO20 MOMenny 3y6uamol nepedayi Ha emani npoekmyeantsi. Y yitl cmammi npedcmasiena MemoouKa 3¢yey MazHimy
OISl 3MEHUIeHHsl KPYMHO20 MOMEHNLy 3y0uamoi nepedaui 6e3uimko6020 08UZYHA NOCMIUHO20 CMpPYMY 3 pPAOiaibHUM NOMOKOM,
6cmanosneno2o na nogepxui. Memoodonozis. Cnouamky 6e3uwimrkosuil 08Uy nOCMItiHO20 CIMpymy 3 paoiaibHUM MASHIMHUM NOMOKOM
nomyocricnmio 200 Bm, 1000 06/xe cnpoexmosanuil i3 cumempuuHum po3mieHHAM ROCMILIHUX MA2HIMIE 6IOHOCHO 00UH 0OHO20 HA
cepoeunuxy pomopa. Po3nodin kpymnoco momenmy 3y0uamoi nepedaui yb020 NOYAMKOBO20 OBUSYHA OMPUMAHUL UWIAXOM AHANIZY
memoodom ckinuenux enemenmie (MCE). Opuzinanvuicms. L[ xoncmpykyis 6yna 600CKOHGNCHA 30 PAXYHOK 3CY8Y NOJONCCHHS.
NOCMITHUX MA2HIMIE NO BIOHOUEHHIO 00 CYCIOHIX NOCMIUHUX MacHimie. Bnaue 3¢y8y mazuimy Ha KpymHui Mmomenm 3youamoi nepedaui
oyno npoauanizogano 3a oonomoeoio ananizy MCE. Pesynemamu. /{ocniodxcerno, wo nikosuil Kpymuuii mMomeHm 3y6yamoi nepedayi
smernwuecs 3 1,1 H.m 0o 0,6 Hm, 6ionosiono, npu 3cyei nocmitinux maenimis. bioin. 19, tabn. 2, puc. 11.

Kniouogi crosa: KpyTHHH MOMeHT 3y0uaToi mepenavi, aHagi3 MeTOIOM CKiHYEHMX eJeMeHTiB, 3CyB MarHity, 0e3miTKOBUIA

JBHUTYH NOCTIi{HOr0 cTPyMY 3 NOCTIHHMMH MarHiTamm.

Introduction. Permanent magnet brushless DC
(PMBLDC) motors exhibit superior performance in
comparison to conventional motors. They are inherently
efficient, compact and having wide speed range and fast
dynamic response [1, 2]. Because of the advancement in
permanent magnet (PM) materials and semiconductor
technology, PMBLDC motors have found various
applications demanding precise speed and position control.
This type of motors has potential to become workhorse of
many industrial applications due to its attractive features.
Noticeable torque ripple is one of the important limitations
of PMBLDC motor. Vibration and acoustic noise is
introduced by the torque ripple in the drive system which
deteriorates overall performance. Torque ripple is high due
to cogging torque and non-ideal commutation of exciting
currents. Torque ripple can be reduced with decrease in
cogging torque and modification in excitation pattern. Any
modification in excitation pattern usually results into a
reduction in efficiency. It is highly desirable to reduce
cogging torque of permanent magnet motor during design
to reduce torque ripple. Cogging torque is innate in PM
motors due to presence of permanent magnets and slotted
stator. Interaction between rotor PM magnetomotive force
and slot reluctance originates cogging torque. Due to this
interaction, the PMs constantly seek a position with low
reluctance. The cogging torque does not depend on stator
current which means that it occurs even though the stator
winding is unexcited.

Reduction of cogging torque is of utmost importance
as it improves the torque quality. Improvement in torque
quality makes them suitable in various torque sensitive

applications. Various methods are proposed in literature
for cogging torque reduction of radial flux PMBLDC
motor viz. skewing of either stator or rotor, magnet pole
arc variation, shifting of slot opening, teeth notching,
unequal teeth width, magnet shaping and sizing, pole arc
to pole pitch ratio, fractional pole pairs, number of
slots/pole, addition of dummy slots, variation in air-gap
length, magnet pole shaping, lowering magnet flux
density, choosing proper thickness of stator teeth tips,
variation in width of slot opening, etc. [3-18]. Skewing of
either stator or rotor results in undesirable axial thrust.
Skewing of stator slot increases length of conductors thus
increases copper losses. Also winding becomes difficult
to wind. Skewing of PMs and/or stator slots increases
manufacturing complexity and production cost. Step skew
of PMs also increases manufacturing complexity. To
eradicate the cogging torque by skewing, the skewing
angle should be one slot pitch. The cogging torque can be
decreased by varying the magnet pole arc width. It is
found that PM covers almost «m» times that of slot pitch
chosen, where «m» is an integer. Generally, the pole pitch
of (m+ 0.17) or (m + 0.14) produces minimum cogging
torque. A small variation in pole arc width results in
considerable reduction in cogging torque. The cogging
torque harmonic components can be diminished by
notching the stator teeth i.e. incorporation of dummy slots
in stator teeth. Addition of dummy slot increases the
frequency of interaction between slot and salient poles.
This reduces the magnitude of cogging torque. However,
introduction of notches removes some material from
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stator teeth and gives rise to saturation. Hence, this
technique is not appropriate for minimization of cogging
torque. The cogging period is given by one complete
mechanical revolution divided by least common multiple
of stator slots number Ns and rotor poles number N,. The
peak amplitude of cogging torque reduces as the
frequency of cogging cycles increases. The cogging
torque decreases considerably as number of stator slots
increases minutely thus resulting in fractional slot pitch.
The distance between stator slot and PM denotes to length
of air-gap. The length of air-gap is different as the size of
the motor changes. The recommended length of air-gap
range for very small size motor is 0.12 — 0.25 mm,
medium size motor is 0.38 — 0.5 mm, and large motor is,
0.63 — 0.88 mm. The cogging torque can be decreased by
increasing length of air-gap thus reducing dR/d6.
However, increase in air-gap length decreases the air-gap
flux @y thus lowering the magnitude of cogging torque
further. To keep @ constant, the width of magnet pole arc
is required to be increased. The rate of change of flux
density at magnet edges affects the cogging torque. Thus,
shaping the magnet edges lowers the magnitude of
cogging torque. The cogging torque can be decreased by
reducing the air gap flux density. This can be done by
changing the grades of PM material. The width of stator
teeth influences the cogging torque. If the stator teeth tips
are too thin, saturation is established in it which increases
cogging torque. The width of slot opening and thickness
of stator teeth tips should be equal. Cogging torque is also
affected by the slot opening width. If the width of slot
opening is decreased, the rate of change of permeance
between PM and stator teeth is reduced. This lowers
magnitude of cogging torque.

The aim of this paper is to present a magnet
shifting technique which reduces cogging torque of
surface mounted radial flux permanent magnet brushless
DC motors.

Magnet shifting technique is relatively easy to
implement hence it has better feature as far as
manufacturability is concerned. There is no adverse
implication on initial cost of motor as cost of PM remains
unchanged. Lower order harmonics have been suppressed
on account of shifting of magnets from its original
position. Magnets are placed accordingly with an
objective of harmonic suppression of cogging torque.
Initially, the basics of cogging torque and reference
design of radial flux PMBLDC motor is discussed.
Thereafter, the magnet shifting technique used to decrease
cogging torque of initially designed motor is explained.
Thereafter, Improved design of PMBLDC motor
incorporating magnet shifting technique, simulation
results and analysis have been presented. At the end,
Conclusion of this paper is presented

Basics of cogging torque. Following equation
expresses the cogging torque and factors affecting it

1 5, dR
Togg =—— D ——
9 2 79 4e,
where @y is the flux crossing air-gap; R is the reluctance
of gap; O, is the angular displacement of rotor.

(M

The cogging torque has zero average value and
generated by propensity of PMs to align with stator teeths.
There is periodical variation of air gap reluctance which
makes cogging torque to vary periodically. Fourier series
expresses cogging torque as under,

o0
Teog = 2, Tik -sin(j -k-0), )
i=l
where | is the least common multiple of number of slots
(Ng) and poles (Np); i = 1, 2, 3...; Tj« is the coefficient of
Fourier series.

In one mechanical revolution of rotor, cogging
torque has j periods and Ns and N, are directly related
with it [19].

Equation (1) depicts that elimination of cogging
torque can be achieved either by forming @y zero or by
forcing dR/dé, zero. It is not practical to reduce magnetic
flux since it affects the torque productivity which is
required to drive the motor. Hence, cogging torque can be
reduced adequately with design modification because of
air-gap reluctance variation. It is practically impossible to
completely eliminate cogging torque.

Equation (2) shows that the cogging torque can be
characterized as a Fourier series and is superposition of
all sinusoidal harmonic components. In PM motors
without any cogging torque reduction techniques, each
magnet pole’s cogging torque is added. This happens
because each magnet pole is symmetrically placed with
respect to the stator slots. The torque due to each PM is
cophasel torque due to adjacent PM. Because of this,
there is summation of each magnet pole’s harmonic
components. If the PM motor is designed such that
cogging torque of magnet poles are out of phase with
respect to others, some of the harmonic components of (2)
are cancelled out. This results in to decrement of cogging
torque of PM motors.

Reference design of radial flux PMBLDC motor.
The surface mounted PMBLDC motor of 200 W, 1000 rpm
is analytically designed and is considered as reference
motor for the analysis. The sizing of reference PMBLDC
motor is carried out by assuming various design variables
i.e. specific magnetic and electric loadings, stator current
density, flux densities of stator and rotor cores, space
factor, stacking factor, winding factor etc. Design
variables are assumed considering performance
requirements and availability of materials.

Cross sectional view of reference PMBLDC motor is
shown in Fig. 1,a. The rotor poles are made of high
energy NdFeB permanent magnet material of grade N42.
Figure 1,b shows the design of surface mounted four pole
rotor reference design. The design information of
reference motor has been presented in Table 1.

Finite element (FE) analysis has been performed to
attain cogging torque versus rotor angle characteristic of
reference motor. The model of reference motor is
prepared using FE software according to the calculated
dimensions and appropriate materials are assigned to
different sections of the motor. The waveform is obtained
by rotating the rotor for discrete positions of 1°
mechanical each and cogging torque values are obtained
up to 15°. Figure 2 shows the cogging torque profile of
reference motor. It is observed that reference PMBLDC
motor has cogging torque (peak-to-peak, p-p) of 1.1 N-m.
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Fig. 1. Reference radial flux PMBLDC motor:
a— cross sectional view; b — 3-D view of rotor

Table 1
Design information of radial flux PMBLDC motor
Design parameter Value
Outer diameter of stator, mm 87
Outer diameter of rotor, mm 51
Axial length, mm 50
Inner diameter of stator, mm 52
No. of stator slots 24
No. of phases 3
No. of rotor poles 4
No. of slots/pole/phase 2
PM thickness, mm 5
Air-gap length, mm 0.5
Type of PM NdFeB
Stator core material M19
Rotor core material M19
Teog, N'm
06 ,
0.4
0.2
0 [
02 (1] 5 10 15
0.4
06 Y

Rotor angle, mech. degree

Fig. 2. Cogging torque versus rotor angle characteristic
of reference PMBLDC motor

The average torque developed by the motor has been
determined with 2-D FE analysis. Series of

2-D transient simulations have been performed. In this
analysis, the rotor is rotated at rated speed of 1000 rpm and
the stator winding is energized by appropriate switching of
inverter switches. The value of electromagnetic torque at
discrete rotor positions are obtained and plotted against
these rotor positions. Figure 3 shows torque profile of
reference motor. The average torque obtained using FE
analysis is 1.91 N-m.

25 “Tcog, N-m
2
15
1
0.5
0 Rotor angle, mech. degre;
0 10 20 30

Fig. 3. Average torque profile of reference PMBLDC motor

Magnet shifting technique. The cogging torques
due to each magnet pole are in phase in PM motor and
thus all of them are added. This results into substantial
cogging torque effect. To reduce this summative effect,
placement of PMs can be shifted in comparison to
adjacent PM so that cogging torque of adjacent magnets is
out of phase with each other. Figure 4 shows surface
magnet rotor with PM shifted by 6.

Fig. 4. Shifting of PM in surface mounted radial flux PMBLDC
motor

The cogging torque influence of each PM is given by

Teog = 2 Tpng -sin(Ns-i-0), (3)
i=1
where Tpyj is the per magnet coefficient;

[>e)
Teog = Np 'ZTPNsi 'Sin(Ns'i '0)9 “)
i=1
which is equivalent to that given by (2) and rewritten as

o8]
Teog = 2 Tg -sin(Ng-i-6). )

i=1
Cogging torque produced by each magnet is in phase
with the adjacent magnet hence it is imperative that each
magnet’s position can be shifted with respect to the adjacent
one. The sum of all cogging torques from each magnet gives

net cogging torque in the motor and is given by
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N,-1
p 0
T = 3 O Tony sinlNy--(0-k-6,). (6)
k=0 i=l
where 6, is the angle through which each PM is shifted in
comparison to adjacent PM.
The net cogging torque is reduced to

0
Teog = 2 TN, sin(Ng-N prl- 0). )
i-1

Harmonics other than multiples of th' are

cancelled, hence reducing the cogging torque.

Improved design using magnet shifting
technique. The design is improved with application of
magnet shifting technique to 200 W, 1000 rpm PMBLDC
motor. The rotor of initial design is shown in Fig. 5,a and
rotor of improved design with magnet shifting technique
is shown in Fig. 5,b. Series of simulation exercise have
been performed with FE technique to obtain cogging
torque profile with relative magnet shifting from 1° to 3°.

a

Fig. 5. Sectional view of rotor (@) reference design with regular
PMs (b) improved design with shifted PMs

0 initial Torque | 1 degree
06 ;e N 2 2d —3de
. A 0 egree 3 2gree
4 = A degree  6=——6 degree
0.4
0.2
0
[}
0.2
0.4
06 A 4 Rotor angle, mech. degree

Fig. 6. Comparison between cogging torque profiles of reference
design and improved design

The reference design of PMBLDC motor has
cogging torque (p-p) of 1.1 N-m. With an objective of
cogging torque reduction, magnet shifting is performed
from 1° to 6° in the step of 1°. Figure 6 shows simulation
results of cogging torque response on account of magnet
shifting and its comparison with cogging torque profile of
reference motor. It is observed that the improved design
having magnet shifting of 3° has the minimum cogging
torque (p-p) of 0.6 N-m. Cogging torque (p-p) has been
reduced from 1.1 N-m to 0.6 N-m. Table 2 shows
variation of cogging torque with variation in magnet shift

angle. It is observed that cogging torque has been reduced
significantly as magnet shifting angle is increased up to
3°. The cogging torque is increased for magnet shift angle
of 4° and 6°. The reduction in average torque is marginal
in improved designs.

Table 2
Comparison between initial and improved designs of radial flux
PMBLDC motor
Cogging Average
Sr. . . torque
Design details torque
no. peak to (N-m)
peak (N-m)
1 Initial design 1.10 1.91
2 Magnet shift 1° 1.00 1.89
3 Improved Magnet shift 2° 0.80 1.89
4 design Magnet shift 3° 0.60 1.89
5 Magnet shift 4° 0.68 1.88
6 Magnet shift 6° 0.84 1.87

Comparison between average torque of reference
design and improved design with magnet shift angle of 3°
is shown in Fig. 7. It is seen that the torque ripple is also
decreased in improved design incorporating magnet
shifting technique.

1
2.5 LTcog, N-m

Initial Design 2 Magnet Shift 3°

2 2

Rotor angle, mech. degree

0 5 10 15 20 25 30

Fig. 7. Comparison between average torque profile of reference
design and improved design

The back electromotive force (EMF) profiles of
initial design and improved design are shown in Fig. 8. It
is observed that the back EMF waveform is slightly
improved when magnet shifting technique is applied. The
value of back EMF remains nearly equal in both the
designs. The harmonic spectrum of back EMF of initial
design and improved design is shown in Fig. 9. It is
observed that Total Harmonic Distortion (THD) is
reduced from 8.03 % to 6.54 %.

1 Initial design 2 Magnet shift 3°
& Back EMF, V
2
(1] 10 ) 20 30
2 \ 2
v Rotor angle, mech. degree

Fig. 8. Comparison between back EMF profile of initial design
and improved design
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M Initial design
12 e me
O Magnet shift 3
10
3
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0 Tl [l - >

1 2 3 4 5 6 7 8
Fig. 9. Comparison of fast Fourier transform (FFT) analysis of
back EMF

It is highly desirable to compare actual flux densities
set up in various parts of motor with assumed flux
densities in respective sections. Electromagnetic field
analysis with FE software is carried out, on initially

Shaded Plot
|B| smoothed

Fig. 10. Flux density distribution of reference design

Conclusions.

The magnet shifting technique is introduced in this
paper to analyze its effect on cogging torque of permanent
magnet brushless DC motor. The surface mounted
permanent magnet brushless DC motor of 200 W, 1000
rpm is designed initially by mounting four permanent
magnets symmetrically with respect to each other and
considered as a reference design for the analysis. Design
is improved by shifting position of permanent magnets by
1°, 2°, 3°, 4° and 6° mechanical degree with respect to
each other. Finite element analysis is carried out to find
cogging torque of both reference design and improved
design. As the magnet shift angle increases, the cogging
torque reduces. It has been analyzed that cogging torque
(p-p) is reduced to 54.5 % for magnet shift angle of 3°
with marginal reduction in average torque. Thus, it is
examined that magnet shifting technique is an effective
technique to reduce cogging torque of radial flux
permanent magnet brushless DC motor.
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Comparison of the effectiveness of thriple-loop and double-loop systems of active shielding
of a magnetic field in a multi-storey old buildings

Aim. The issues of comparing the effectiveness of reducing the level of the magnetic field in a five-storey old buildings generated by
a single-circuit overhead power transmission lines with a triangular suspension of wires using a thriple-loop and double-loop
systems of active screening, which respectively contain three or two compensating windings are considered. Methodology. Spatial
location coordinates of the compensating windings and the currents in the shielding windings were determined during the design of
systems of active screening based on solution of the maximin vector optimization problem, in whith the vector of objective function is
calculated based on Biot-Savart's law. The solution of this problem is calculated based on algorithms of multi-swarm multi-agent
optimization. Results. The results of theoretical and experimental comparing the effectiveness of reducing the level of the magnetic
field in a five-storey old generated by a single-circuit overhead power transmission lines with a triangular suspension of wires using
a thriple-loop and double-loop systems of active screening, which respectively contain three or two compensating windings are
presented. Originality. For the first time, the comparison the effectiveness of reducing the level of the magnetic field in a five-storey
old using a thriple-loop and double-loop systems of active screening are considered. Practical value. From the point of view of the
practical implementation it is shown the possihility to reduce the level of magnetic field induction in a five-storey old buildings to the
sanitary standards of Ukraine for real overhead power transmission lines currents with the help of a synthesized double-loop systems
of active screening. A double-loop active screening systemis simpler in comparison with a thriple-loop active screening system when
implementing. References 48, figures 7.

Key words: overhead power line, magnetic field, system of active screening, computer simulation, experimental research.

Mema. Poszensinymo numarnisi nOpieHsHHS epeKmueHOCHi 3HUNCEHHS PIGHS MAZHIMHO20 NOJsL 6 N'SMUno8epxo8omy 0omi cmapoi
3a6y008U, 2eHepyluoM020 OOHOKOHMYPHOIO NOGIMPAHOIO JIHICIO  elleKkmponepeoayi 3 MPUKYMHUM RIOBICOM Npo8odia 3
BUKOPUCTAHHAM MPbOXKOHMYPHOI ma O0BOKOHMYPHOI cucmem axkmueHO20 eKpamyeauHs, AKI 6iOnogiono micmame mpu abo 06i
Komnencayitini oomomxu. Memoouxa. Ilpu npoexmyeanni cucmemu axKmueHO20 eKPAHYBAHHA BUSHAYANUCA KOOPOUHAMU
NnpoCmMopo8o2o po3MAULy8anHsA eKpanylouux oOMomoK i Cmpymu 6 eKpaHylouux oOMOmMKAx Ha OCHOBI piuleHHs 3a0aui MaKCUMIHOT
eexmopnoi onmumizayii, 6 AKill eexkmop yinbosoi yuxyii pospaxosyemuvcs 3a 3axonom bio-Casapa. Piwenna yici 3adaui
po3paxoeano na OCHOGI aneopummie 6azamopotiogoi bacamoazenmnoi onmumizayii. Pesynvmamu. Hasedeni pezyivsmamu
meopemuunHo20 ma eKCnepUMeHmMaIbHO20 NOPIGHAHHA eHeKMUBHOCIT SHUICEHHS DIBHA MASHIMHO20 NOJA 8 N'AMUNOBEPX0BOMY 00Mi
cmapoi’ 3a6y006u, 2eHepyliomMo20 0OHOKOHMYPHOI NOSIMPSHOIO JIHIEI0 eleKmponepedayi 3 MpUKVmMHUM NIOSICOM NPOB800i6 3
BUKOPUCTNAHHAM MPbOXKOHMYPHOI ma O0BOKOHMYPHOI cucmem axkmueHO20 eKpamyeauHs, AKI MiCmaAmb ionogiono mpu abo 06i
Komnencayitini oomomku. Opuzinanvricms. Bnepuwe po3enanymo nopieHanHs eQexmueHOCMI 3HUICEHHS PIGH MASHIMHO20 NOJA 6
n'amunogepxogomy 0omi cmapoi 3a0y006u, 3a 00NOMO2010 MPLOXKOHMYPHOI Ma OB0KOHMYPHOI cucmem aKmueHo20 eKpaHy8amHs.
Ilpakmuuna yinnicms. 3 mouku 30py npakmuyHoi peanizayii NOKA3AHO MONCTUBICTNG 3HUINCEHHS PIBHA THOYKYIL MACHIMHO20 NOA 8
n'samunogepxosomy 0omi cmapoi 3a0y006u 00 canimaprux Hopm Yxpainu 01s peanvHux cmpymie nosimpanoi ainii enexkmponepeoayi
30 0ONOMO2010 CUNHINE308aHOT OBOKOHNYPHOT CUCHEMU AKMUBHO20 eKPAHYBANHS. [{BOKOHMYPHA cUCeMd aKmu6HO20 eKPaHy8aHHs 6
NOPIGHAHHI 3 MPLOXKOHMYPHOIO CUCIEMOIO AKMUBHO20 eKPANYBANHs Npu 6nposaddcenni npocmiwa. bion. 48, puc. 7.

Knouosi cnosa: moBiTpsiHa JiHisl ejiekTponepenavi, Mar"iTHe IoJie, CHCTeMa AKTHBHOIO EKPAaHYBaHHS, KOMII’IOTepHE
MO/ICJIIOBAHHS, €KCIIEPUMEHTAIbHI JOC/Ii/IZKeHHS .

Introduction. Many existing overhead power shielding, it is possible to reduce the level of the initial

transmission lines in Ukraine run near the zones of old
residential buildings. Often old residential buildings are
located in the immediate vicinity of residential buildings, as
shown in Fig. 1. Naturally, in such residential buildings the
level of magnetic field (MF) induction exceeds the sanitary
standards of Ukraine by two or three times [1-4]. For the
safe operation of many old residential buildings, it is
economically expedient to reduce the induction level of the
initial MF to the level of sanitary standards of Ukraine by
means of active shielding [5-18].

These lines generate a magnetic field with a circular
space-time characteristic [6] to compensate for which by
means of active shielding at least two compensation
windings are required [14].

To compensate for this magnetic field in a multi-
storey old building, three or more compensation windings
may be needed [16-18]. In [19], the issues of reducing the
level of the magnetic field generated by a single-circuit
power transmission line with a triangular arrangement of
wires in a five-story building of an old building are
considered. With the help of such a system of active

magnetic field by 8 times from the induction level of the
initial magnetic field of 4 uT to the level of sanitary
standards of Ukraine of 0.5 uT. At the same time, sanitary
standards are met throughout the entire space of the five-
story building.

Fig. 1. Location of a residential building near overhead power
transmission lines
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This active screening system has been synthesized
for the rated current of the transmission line. However,
the real currents in the power transmission lines of
Ukraine are two to three times less than the rated currents.
In this regard, it is advisable to synthesize an active
screening system, with the help of which it is possible to
reduce the level of magnetic field induction in old
buildings to the sanitary standards of Ukraine at real
power transmission line currents.

From the point of view of practical implementation,
in comparison with a three-circuit active screening
system, a two-circuit active screening system is simpler.
When implementing a two-circuit system, firstly, fewer
supports are needed to suspend only two rather than three
compensating windings. Secondly, to supply the
compensating windings of the windings, only two power
amplifiers are needed instead of three, and a smaller
number of sensors are needed to measure the magnetic
flux density of the of magnetic field.

The objective of the work is to synthesize and to
compare the effectiveness of triple-loop and double-loop
systems of active shielding of the magnetic field
generated by single—circuit overhead power lines with a
triangular suspension of wires in a multi-story old
building.

Problem statement. To reduce the level of the
magnetic field around the world, systems of active
shielding of the magnetic field are used with the help of a
system of special controlled magnetic field sources —
windings with adjustable current, installed in the area
where it is necessary to maintain internal magnetic field
parameters [11-14].

For a given shielding space, in particular an old
multi-storey residential building located in the immediate
vicinity of an overhead power line, it is necessary to
create a magnetic field by means of active shielding,
which would compensate for the original magnetic field.

Consider a system of active shielding of magnetic
field using a system of special controlled sources of
magnetic field — windings with adjustable current,
installed in the area where it is necessary to maintain the
parameters of the internal magnetic field within specified
limits. The man-caused magnetic field is created by a
three-phase high-voltage power line.

We introduce the vector of the required parameters of
systems of active shielding, the components of which are
vector of coordinates of the spatial location of the
compensation windings and regulators parameters [20-24].
Also we introduce vector of the parameter of uncertainty
of external magnetic field model [23. 24]. Then the
problem of synthesis of systems of active shielding is
associated with computation of such vector of the
required parameters of systems of active shielding which
assumes a minimum value from maximum value of the
magnetic flux density at selected points of the shielding
space [25-29]. However, in this case, it iS necessary to
simultaneously determine such a value of vector of the
parameter uncertainty, at which the maximum value of the
same magnetic flux density is maximum. This is the worst-
case approach when robust systems synthesis [30—33].

Method of synthesis. This problem is the multi-
criteria two-player zero-sum antagonistic game [40, 41].

The vector payoffs are the magnetic flux density in points
of the shielding space. The vector payoff is the vector
nonlinear functions of vector of the required parameters
of systems of active shielding and vector of the parameter
of uncertainty of external magnetic field model and
calculated based on Biot-Savart's law [1]. In this game the
first player is the parameters of systems of active
shielding and its strategy is the minimization of vector
payoff. The second player is the vector of parameter
uncertainty and its strategy is maximization of the same
vector payoff. The decision of this game is calculated on
based of multi-swarm stochastic multi-agent optimization
algorithm [42-48]. This decision is choose from systems
of Pareto-optimal decisions [42].

Computer simulation. Let us consider the result of
synthesis of triple-loop and double-loop systems of active
shielding of the magnetic field generated by single-circuit
overhead power lines with a triangular suspension of
wires in a multi-story old building. In Fig. 2 are shown
the layout of the power transmission line, a five-story
building, in which it is necessary to reduce the level of the
magnetic field, and the location of three (a) and two (b)
compensating windings of systems of active screening.

Arrangement of active elements

Fig. 2. Layout of the power transmission line, a five-story
building, in which it is necessary to reduce the level of the
magnetic field, and the location of three (a) and two (b)
compensating windings of systems of active screening

The coordinates of the spatial position of the
compensation windings, the parameters of the regulators and
the currents in the compensation windings are calculated as a

22

Enexmpomexnika i Enekmpomexanika, 2022, Ne 3



result of solving the problem of vector optimization in the
synthesis of the systems of active shielding.

In Fig. 3 are shown the distributions of the resulting
magnetic field for triple-loop (@) and double-loop (b)
systems. When operating a triple-loop system, as follows
from Fig. 3,8, using the systems of active screening, the
induction level of the resulting magnetic field in the entire
space of a five-story building does not exceed the level of
0.5 uT, which corresponds to the sanitary standards of
Ukraine. However, when operating a double -loop system,
as shown in Fig. 3,b, the level of induction of the
resulting magnetic field at the border of a five-storey
building exceeds the level of sanitary standards of
Ukraine in 0.5 pT. In general, the implementation of
sanitary standards is carried out on 90 % of the area of
five-story old building.

Zm Field after optimization |B|, uT

Fig. 3. Distributions of the resulting magnetic field
for triple-loop (@) and double-loop (b) systems

In Fig. 4 are shown the dependences of the induction
level of the initial MF and the resulting magnetic field as
a function of the distance from the power transmission
line. When operating a triple-loop systems of active
screening, as follows from Fig. 3,a, the induction level in
the entire space of a five-story building does not exceed
0.5 uT. However, during the operation of a two-circuit

systems of active screening, the level of induction is
slightly higher than the level of 0.5 uT inside a five-story
building near a power transmission line, as it shown in
Fig. 3,b.

Field before (red) and after (blue) optimization
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Fig. 4. Dependences of the induction level of the initial MF and
the resulting magnetic field as a function of the distance from
the power transmission line

In Fig. 5 are shown the spatio-temporal
characteristics of the initial magnetic field (1), the
magnetic field generated by the compensation windings
(2) and the resulting magnetic field (3), respectively, for
three-circuit (@) and two-loop (b) active screening
systems. As follows from Fig. 5,a, during the operation of
a three-loop active screening system, the initial magnetic
field is almost completely compensated by the screening
windings so that the spatio-temporal characteristic of the
resulting magnetic field remaining after the operation of
the three-loop active screening system is a point.

This results in a high shielding factor of more than
20 units in a limited area of the shielding space under
consideration. However, when a two-loop active
screening system operates in this limited area of the
screening space, the screening factor is about 6 units.
Therefore, the spatio-temporal characteristic of the
resulting magnetic field remaining after the operation of
the two-loop active screening system is a line.

Experimental results. For experimental research,
models of three-loop and two-loop active shielding
systems were developed, as well as a model of a single-
loop overhead power line with a triangular suspension of
wires.
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Fig. 5. The spatio-temporal characteristics of the initial magnetic
field (1), the magnetic field generated by the compensation
windings (2) and the resulting magnetic field (3), respectively,
for three-circuit (@) and two-loop (b) active screening systems

Let us consider the field experimental model of
systems of active screening. In Fig. 6 are shown three
compensation windings (a) a triple-loop active screening
system and two compensation windings (b) a double-loop
active screening system.

a b
Fig. 6.Three compensation windings (@) for triple-loop active
screening system and two compensation windings (b) for
double-loop system of active screening

The special measuring system for experimental
measurement of space-time characteristics was developed.
This measuring system includes two measuring windings,
the axes of which are perpendicular to each other. An
important issue in tuning this measuring system is the
precise setting of the gains and phase shifts of the
individual measurement channels. In Fig. 7 are shown
experimental measurement space-time characteristics of
magnetic field.

In Fig. 7,a is shown experimental measurement space-
time characteristics of initial magnetic field. The shape of
this characteristic is close to a circle, which corresponds to
the calculated space-time characteristics of initial magnetic
field characteristic, which are shown in Fig. 5.

In Fig. 7,b is shown experimental measurement space-
time characteristics of resulting magnetic field with double-
loop system of active shielding is on. The shape of this
characteristic is close to to the calculated space-time
characteristics of resulting magnetic field with double-loop
system of active shielding is on, which is shown in Fig. 5,b.

Tek ol

CH1 50.0mY CH2 200mY KY Mode
a

Tek e

CH1 50.0mY CH2 200mv &Y Mode

b

Fig. 7. The experimental measurement space-time characteristics
of initial magnetic field (a) and resulting magnetic field (b)
with double-loop system of active shielding is on

Note that experimental measurement space-time
characteristics of resulting magnetic field with triple-loop
system of active shielding is on_quite small compared to
experimental measurement space-time characteristics of
initial magnetic field. The shape of this characteristic is close
to a dot, which corresponds to the calculated space-time
characteristics of resulting magnetic field with triple-loop
system of active shielding is on, which are shown in Fig. 5,a
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In Fig. 4 also are shown the level of induction of
magnetic field calculated (solid line) and measured with
and without systems of active screening.

The difference of magnetic flux density found by
measurements and simulations in the shielding zone does
not exceed 20 %. The experimental shielding factor of
systems of active screening is more than 8.

Note that real power transmission line currents are
two to three times less than the rated currents. That's why
from the point of view of the practical implementation it
is shown the possibility to reduce the level of magnetic
field induction in a five-storey old buildings to the
sanitary standards of Ukraine for real overhead power
transmission lines currents with the help of a synthesized
double-loop systems of active screening. A double-loop
system of active screening is simpler in comparison with
a triple-loop active screening system when implementing.

Discussion. Note that during the operation of a three-
circuit systems of active screening in the distribution of the
induction of the resulting magnetic field there is a
minimum with an induction value of 0.2 uT at the point
with coordinates (16.0, 7.0), for which the screening
factor is 20 units. In addition to this global minimum,
there are two more local minima with an induction value
of 0.4 uT at points with coordinates (16.0, 1.5) and
(16.0, 14.0), the screening factor of which is 10 units.

During the operation of a two-circuit systems of
active screening in the distribution of the induction of the
resulting magnetic field, there are also two local minima
with an induction value of 0.2 pT at points with coordinates
(15.0, 3.5) and (15.5, 12.5) on the border of a five-storey
building, of which the screening factor is 20 units.

The presence of such local minima in the magnetic
field induction distribution imposes specific requirements
on the algorithms used for solving optimization problems.
In particular, in the synthesis of the systems of active
screening under consideration, stochastic multi-swarm
multi-agent optimization algorithms were used.

Conclusions.

1. The synthesis of triple-loop and double-loop systems
of active shielding of the magnetic field generated by 110
kV single-circuit overhead power lines with a triangular
suspension of wires in a five-story old building has been
performed. As a result of the synthesis, the coordinates of
the location of three and two compensation windings,
respectively, were determined, as well as the currents and
phases in these compensation windings.

2. To synthesize robust systems of active screening,
solutions to minimax vector optimization problems were
calculated based on stochastic multi-agent optimization
algorithms. The calculation of vector objective functions
and constraints was carried out on the basis of the Bio—
Savart's law.

3. The study of the efficiency of the synthesized triple-
loop and double-loop systems of active screening of the
magnetic field in a five-storey old building has been carried
out. It is shown that with the help of a triple-loop system, the
level of the initial magnetic field is reduced to the sanitary
standards of Ukraine in the entire all space of a five-story
building. The screening factor is more than 8 units.

4. It is shown, that for rated currents of 110 kV power
transmission line with the help of a double-loop system

the implementation of sanitary standards is carried out
only on 90 % of the area of five-story old building.

5. For real currents of 110 kV power transmission line,
which are two to three times less than the rated currents, with
the help of a synthesized double-loop systems of active
screening, it is possible to reduce the level of induction of
magnetic field in the entire all space of a five-story old
building to the sanitary standards of Ukraine.
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K.M. Bacuiis

Metoa iMHAMIYHHMX ApaMeTPiB 1JIs1 MATeMATHYHOI0 MOJeJTI0BAHHSA
KOMYTaliifHMX NMPOLeCiB 3aIMPAHHS BEHTWIiB HANIBIPOBITHUKOBHUX MEePeTBOPIOBAYiB

Po3pobieno memood mamemamuyHo20 MOOESAHHSA 6eHMUTbHUX nepemeopiosauie yacmomu (BII9) na niocmasi ananizy npupoou
BUHUKHEHHSL | 3AKOHOMIDHOCMEU NPOMIKAHHS [HBEPCHO20 CIMPYMY 6EHMULIE Ni0 4ac iIX 3aNUPaHHs 3aCMOCYS8AHHAM OUHAMIYHUX Na-
pamempis 6eHmunie, SKUMU CIY2YIomb NOCIIO08HO 3’ €OHAHI THOYKMUBHICMb MA AKMUGHUL ONID, WO 3MIHIOIOMbCS GI0N0GIOHO 00
3AKOHOMIPHOCII OUHAMIKU KOHYEeHMPAyii HOCII6 eNeKmpuyHUX 3aps0ie 6 CMpPYKmypax Hanignpogionukis (baszax, emimepax ma p-n
nepexodax). Bpaxyeanns nasenocmi ineepcrho2o cmpymy HAniGNPOGIOHUKOSUX SEHMULIE ICIMONMHO NIOBUWYE DIGeHb AOCK8AMHOCI
MamemamuuHozo mooenrosants BIIY 008invHoi cmpykmypu i npusHayeHHs ma 6 O0GIIbHUX PedCUMax ix pobomu 6KIOYHO 3 HecCu-
MEempUYHUMY MA ABAPIUHUMYU NEPEeXiOHUMU eNeKMPOMASHIMHUMU Npoyecamu ereKmpomexniynux xomnnekcié 3 BII9 ne nuwe na

nPOMINCKY uacy komymayii (3anupanus) éenmuiie, aie it  nPOO0BIHC 6Cb0O20 Hacy modenosanns. bidm. 21, puc. 9.
Kniouoei cnosa: BeHTH/Ib, KOMYTallisl, iIHBePCHUII CTPYM, PiBeHb aICKBATHOCTI, MATEMATH4YHA MO/ieJIb, IPOrPaMHMIl KOJ.

Beryn. OnHuM i3 HAyKOBUX 1 MPaKTHYHUX HAIpPsM-
KiB PO3BUTKY €JEKTPOTEXHIKH, SKHHA OTpUMaB Ha3BY
«EnexTpoHikay, naB 3MOTry pPO3pOOUTH HHU3KY EJIEKTPO-
HHUX HAIliBIIPOBITHUKOBUX IPHIAMIIB, Ha 0a3i SKUX CTBO-
PEHO JI0BOJII JOBTUIi TIEpeNiK pi3HOMaHITHUX BEHTHIbLHUX
neperBoptoBauiB yacrotu (BITY), siki ciryrytoTh KomyTa-
TOpaMH PETyJIbOBaHUX EJIEKTPONPHBOAIB Ha 0a3i eyeKT-
PUYHHMX MalIMH 3MIHHOTO cTpyMy [1], reHeparopiB 3MiH-
HOTO CTpyMYy [2], aBTOHOMHUX CHUCTEM €JIEKTPOKHUBICHHS
[3] Ta HaBiTh y 06araTo0OMOTKOBHX TpaHC(hOpMaTOpax
JUISL OTHOYACHOTO BMHKAHHS BTOPUHHUX HOTO OOMOTOK B
Koslo enekTpokuBieHHs [4]. BITY TakoX BHKOPHUCTOBY-
IOTBCS B €JIEKTPOTEXHIYHOMY OONajHaHHI OaraThoxX iH-
IIMX BUJIB, HANPHUKJIAJ, B PO3PSIHO-IMITYIbCHUX CHCTE-
Max CIeliaJbHUX TEXHOJOTIYHUX IIPOLECiB, 30Kpema,
00pOOKH TpaHyNbOBaHUX CTPYMONPOBITHUX CEPETOBHIL
[5] i Take iHme. Bukopucranus BITY y ckmami enekrpo-
TEXHIYHOTO OOJIQJHAHHS [aj0 3MOI'Y HPUHIMIIOBO ITiJ-
BUILUTHU HOro (GYHKIIHHI MOXKIMBOCTI.

CTBOpEHHSI Ta BIOCKOHAJICHHS BEHTHIBHOI mepe-
TBOPIOBAJIBHOI TEXHIKM XapakTepHEe TPbOMa OCHOBHUMH
HarpsiMKaMH: PO3pOOKOI0 CXEMHHX pilleHb, BU3HAUYCH-
HSIM CTaTHYHUX 1 JUHAMIYHUX XapaKTEPHCTHK Ta BUBYCH-
HSIM OCHOBHHMX EHEpPreTHYHMX CIIiBBigHOLIECHb. [lepmmii
HaNpsMOK XapaKTepHUH pO3POOJICHHSM TiMOTETUYHHX
MoJieNeH, AKi CTBOpeHI Ha 0a3i aHATITUYHHX METOIIB i3
3aCTOCYBaHHSAM NepeMUKIbHUX (QYHKIiH. SckpaBum
BHUPA3HUKOM I[bOT'0 €TaIly CAYT'YIOTh Tparti [6, 7], ski cTo-
CYIOTBCSl O€3mocepenHix IMepeTBOPIOBAYIB YaCTOTH, aje
1€ BiTHOCHUTHCS 1 JIO 1HIIUX TIEPETBOPIOBAUIB (BHITPSIMIIS-
YiB, IHBEPTOPIB, MIEPETBOPIOBAYIB YACTOTH 3 JIAHKOIO I10-
CTIfHOTO CTpyMYy i T.iH.).

OpHOYacHO 3 pO3POOKOI0 Ta BIPOBAPKEHHAM Y
MpakTUKy BukopuctaHHs BIIYU BuHHMKIA HEOOXiAHICTBH
MaTeMaTU4YHOTO MOJICNIOBAHHS EJISKTPOMAarHiTHUX Mpo-
IIECiB, sIKi BiOYBarOTHCS B IIUX NEPETBOPIOBAYAX 3 METOIO
BJJOCKOHAJICHHS SIK CHCTEM, JI0 SIKUX BOHH BXOJSITh, TaK i
camux BIIY 6e3nocepeanro. [IpuHIMIIOBO Ba)IIMBO 3a-
3HAUWTH, IO TIMOTETHYHI MoJedi Ha KmTant [6, 7] He
JIal0Th 3MOTU MoJienmoBaTH npouecu BITY.

Cynsun 3 BENMKOI KUIBKOCTI HayKOBUX IIpallb,
CHpSMOBAHMX Ha PO3B’S3aHHSA 3a/1ad4i MaTeMaTHYHOTO
MozemoBanHs BITY, BoHa BUABMIACS HA CTUIBKH CKIaj-
HOIO, 1[0 MpobiieMa 11 PO3B’sA3aHHS 3aTHIIUIACST AKTyaslb-
HOIO JI0 ChOTO/ICHHS, HE3BAXKAIOUH Ha T€, 110 OJHO3HAYHO
JOCSITHYTO BaroMHX MO3UTHUBHUX PE3YJIbTATIB.

Ha crorozmni B mpakTuiii MaTeMaTH4HOTO MOJEIIO-
BanHsa BITY BukopucroByeThcs nBa miaxomu. [leprrmii
nepenbayae BUKOPUCTAHHS TOTOBHUX KOMIUIEKCIB 1 cepe-
JIOBUIIl MOZIETIOBaHHs. Tak IIMPOKOTO 3aCTOCYBAaHHS Ha-
OyB nporpamumii komruiekc MATLAB/Simulink, npo 1o,
K TpPUKIAJ, CBIIYUTH HOrO BHKOPUCTAHHS B IpalsixX
[8-11]. do 1mporo x miaxomy Ciif BiTHECTH BUKOPUCTAHHS
CHeLiaJIbHUX IUIaT, HAanpHKiIaa, y [12] Bukopucrano mia-
Ty po3pooku EPC9035, sika € MomyneM HarmiBMOCTOBOTO
MepeTBOpIOBaYa, a po3pobiieHa BOHA KoMmIaHiero Power
Conversion. Cromd > JOTiYHO BIHECTH TIPOTPaMHUHA
komiuieke MotorSolve [13]. BaxiuBo 3a3HauuTH, 110 B
[13] HaromomryeTsCst HA TOMY, IIO MOJENI 1 aJTOPUTMH,
3aknazieHi B mporpami MotorSolve, 3akpuTi 1715 KOPUCTY-
Baya, 10 ICTOTHO OOMEXY€ MOXKIHBOCTI OIIIHKH DPiBHS
agexBaTHOCTI Mozened. Lls x oOctaBmHa XapakTepHa
TaKOX 1 JUIA IHIIAX TPOTPaMHUX KOMIUIEKCIB 1 TUIAT MO-
JenmoBaHHsA, B ToMy uncri i st MATLAB/Simulink B
KOHTEKCTI HEAOCTYIMHOCTI BUUEpHHOI iHpopMaii croco-
BHO BHKOPHCTAaHHX 0a30BHX MaT€MaTHYHHX, €JIEKTPOTEX-
HIYHUX Ta IHIIMX METOJIB MOJENIOBAaHHS, IO IiATBEp-
JUKY€ aKTyaJbHICTh MOTpeOM PO3poOKHM METOJIB 1 Mare-
MaTHYHUX MOZEJIeH BHIIOTO PiBHSA aIeKBAaTHOCTI, HUK y
HasiBHUX U1l MOJICTFOBAHHSI €JIEKTPOTEXHIYHNX KOMILJIEK-
ciB, ski mictsath BITY, 3 BpaxyBaHHSM BCiX HaiBa)JIMBi-
X YHHHUKIB, IO BIUIMBAIOTH Ha Mepedir IMpoIecis,
cepell AKUX € i KoMyTallis BeHTWIiB. OcoOIMBO HEOOXi-
HO aKIIEHTYBaTH yBary Ha HEJOCTaTHbO KOPEKTHOMY MO-
nemtoBanHi B MATLAB/Simulink 3anupaHHst BeHTHIIB, B
SKOMY HE BPaXOBYETHCSI BUHMKHEHHS Ta NPOTIKaHHS iH-
BEPCHHUX CTPYMiB (CTPYMH IPOTHIIEKHOTO HAIPSIMKY,
3HaKy) NMPOTSITOM 4acy BIJHOBICHHS BIACTHBOCTEIl BEH-
THJIIB IJIS1 1X 3alIepTOTO CTaHy, a 3alHMPalOThCS BEHTHII (B
pasi mpupoAHBOi KOMyTalii) Bifpasy X B MOMEHT 4acy
crajaHHs iX CTPyMiB JI0 HYJISL.

3ragaHi BUIIE 3aCO0M MAaTEMATHUIHOTO MOICIIOBAH-
s BIIY, cepen skux MATLAB/Simulink, xapaxrepHi
BHUCOKHM DPIiBHEM JIOCKOHAJIOCTI B CEHCI iX HMPaKTHYHOTO
BUKOPHCTaHHS. AIDKE TYT MOJICTIOBAHHS BHKOHYETHCS B
PEKUMI KOHCTPYIOBAHHS IIJISIXOM BUOOpPY Ta 00’ €IHAHHS
OKPEMHX CTPYKTYPHUX i QYHKIIHHUX EJIEMEHTIB B €IUHY
cucremy, (OpMyBaHHIM SIKOi aBTOMaTHYHO CTBOPIOETHCS
BIZIMOBITHUH TPOTpaMHUI Kox (MAlIMHHHUN ajJropuTM™),
SKUH Tako)X aBTOMaTWYHO YTBOPEHHH 3 BHUKOPHUCTAHHSIM
MaTeMaTUYHUX, EJIEKTPOTEXHIYHMX, MEXaHIYHHX Y1
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Oyap-KHX IHIIMX MeTOXiB. ToMy Taki 3aCO0M MOJEIIo-
BaHHS 4acTO KOPHCTYBa4aMH CIPHUHMAIOTHCS SIK aOCOIIOT
JIOCKOHAJIOCTI, 110 ampiopi BHKJIIOYAE B HUX IOTPEOy
KPUTHUYHO aHAJli3yBaTH Ta OLIHIOBATU PiBEHb aJIeKBaTHO-
CTi OTPUMAaHUX Pe3yJIbTaTIB.

Jpyruii miaxin XxapakTepHHH 0COOHCTOI0 po3po0-
KOIO JIOCJIITHNKAaMHM MaTeMaTHMYHHX MOJENEH Ta HaBiTb
MAaTEeMAaTUYHUX 1 JIEKTPOTEXHIYHUX METOJIB 1 Ha iX mif-
CTaBl anropuTMiB i mporpamHux koniB. Ile Bumarae mo-
CKOHAJIOTO BOJIOMIHHS 3HAHHSMH BCHOTO CHEKTPY Bif Ma-
TEMaTHYHUX METOAIB A0 (i3WKH TPOIECIB i Mmporpamy-
BaHHS Ta Ja€ 3MOTY BHUKHYTH B CYTHICTh MOJIEIIOBAHHS
Ha HAWUTTIHOMIOMY PiBHI, a 3HAaYNTh MaTH iH(OpPMAIIiIO TIPO
BUXIJIHI TPHUIYIICHHS Ta MOXJIMBOCTI TOYHIIIE OI[IHUTU
piBeHb aJIeKBaTHOCTI MoeoBanHs. [lo3uilis aBTopa i€l
CTaTTi 30Ira€Thes came 3 JAPYTHM ITiAXOI0M.

Buxonsun 3 BUKIIaIEHOTO BUILE, JUIsi OOIPyHTYBaH-
HS aKTYaJIHOCTI NPO0OJIeMH, Ha BUPIILIEHHS SKOI CIIPsIMO-
BaHa CTarTs, Ta A GOPMYJIIOBAHHS 3aBJIaHHS, SIKE CTa-
BHUTKCS B CTATTi, BUKOHAEMO KOPOTKHUH aHAI3 JiTepaTypu
Ha TpeaAMeT 3’sICyBaHHS PiBHS aJIeKBATHOCTI MaTeMaTHd-
Horo mozemoBanHs BIIY 3 normsimy MoXIMBOCTER 3a-
CTOCOBAaHUX MAaTEMAaTHYHHX 1 €JIEKTPOTEXHIYHUX METOIIB
BKJIIOYHO 3 BUXIIHUMH MPUIYIICHHIMHY, SKi MpUiiManucs
i yac po3poOKH MaTeMaTHYHUX MOJEIICH.

Amnaui3 jgiteparypu. 3 norisay monaentoBanHs BITU
SIK CTPYKTYPHOTO €JIEMEHTY JIOBUJIbHOI €JIEeKTPOTEXHIUHOT
(eNeKTPOCHEPTreTHYHOT, UM EJICKTPOMEXaHIYHOT) CHCTEMH
Halie(h)eKTUBHIIIMMH € METOJIU JBOX HAINpPSIMKIB, IEpPIINH
3 SKMX Hependavyae OMKMC €JIEKTPOMArHITHHX IIPOIECiB
mudepeHianbHUMY PIBHSAHHAMH €JIEKTPUYHOTO CTaHy 3i
3MIHHOIO CTPYKTYPOIO i TOCTIHHIMH TTapametpamu [ 14], a
JIPYTUH — OMHC eNEeKTPOMArHITHUX TPOLECiB AudepeHIli-
aIbHUMU PIBHAHHAMH €JEKTPHYHOTO CTaHy 3 MOCTIHHOIO
CTPYKTYPOIO 1 3MIHHUMH IIapaMeTpaMu.

o nepiuoi rpynu HajexaTb METOJU, B IKUX BEHTHU-
JIi MOZICIIOIOTRCS icanbHUMU Kitrouamu (S-moxeni) [14].
IlepexoHIMBOIO TIepeBaro0 S-Mojenel € Te, Mo B HUX
HEeMae MOTpeOM OmepyBaTH MapamMeTpaMyd BEHTHIIB IS
3alepToro CTaHy, 3Ha4YEHHs SKUX BiIPi3HSAETHCS BiJ Ia-
paMeTpiB Ui cTaHy NpoBigHOCTI Ha 6-8 mopsinkis. Le nae
3MOTYy YHUKHYTH PO3KHIY HapaMeTpiB i, SK HacIilOK,
JKOPCTKOCTI CHCTeMH OU(epeHIiaTbHAX PiBHAHB Ta TMPO-
ONIEeMaTHIHOCTI OTPUMAaHHS pe3yNbTaTiB 3arajoM. I[Ipote
MM METOAaM BIIACTHBI iHIII iICTOTHI Bamu, sIKi OOMeExXy-
I0Th 3aCTOCYBaHHsI S-MoOjieiell BEHTUIIIB y MPAKTUI MO-
nemoBanus BITU. Omxke, S-Mozerni nepeadayaroTh po3pHB
BEHTWJIBHUX TUIOK IJIs 3allepTOr0 CTaHy BEHTHIIB, IO
anpiopi O3Ha4ya€ 3MiHY CHJIOBOI'O EJIEKTPHYHOIO KoJia
BITY, a 3Ha4nTh KOXKHOMY KOHKPETHOMY CTaHy BEHTHIIIB
Ma€ BiJIOBIaTH CBOS CXEMa CHJIOBOTO EJIEKTPUYHOIO
KoJIa 1 CBOS BINIOBiZHA cucTeMa audepeHIiatbHuX piB-
Hsup (CZIP) enexrpuyHoro crany. I TyT BUHHKAIOTH TpU
mpo6nemu. Ilepmra nonsirae B He0OXigHOCTI (OpMyBaHHS
BenHKOoi KitbkocTi C/IP enexTpu9aHOTO cTaHy (BIAMIOBIIHO
0 TOBHOI KOMOIHAINI BCIX MOXIHMBHUX CXEM CHJIOBOIO
enexktpuyHoro koia BITY, Buxonsuu 3 KOXKHOTO KOHKpe-
THOTO cTaHy BeHTwIiB). Llg mpobGiiema TsruHe 3a co0oro
JpYTy CKIaIHy MpoOieMy, sika HoJsirae B HEOOXiTHOCTI
(dbopMmyBaHHs (YHKIIINA TEPETBOPEHHS, 110 BCTAHOBJIIOIOThH
3B’5130K JIBOX CYMDKHHX B 4aci FpaHUYHUX 3HA4€Hb CTPY-
MIB 1 HaIlpyr peakTHBHUX EJIEMEHTIB BEHTHJISI B MOMEHT

Horo komyTariii, TOOTO mepexo.y BiJ| MONEpeIHbOI B Yaci
cwioBoi enexkrpuuHoi cxemu BITY mo mactymmoi [14].
[Mpouec ¢opmyBanHs Takux (QyHKLIH € OKpemoro 3aja-
4elo, 110 HE JIMILE ICTOTHO YCKJIaJHIOE MaTeMaTH4Hy MO-
nenb BITY, ane if anpiopi 3HMXKY€E piBEeHb 11 aJleKBaTHOCTI.
Tpers npobiema mossirae B KOPEeKTHOMY BU3HAu€HHI MO-
MEHTIB Yacy KOMYTaIlil BEHTHJIIB, aJUKE JAJIEKO HE VIS
Bcix BITY, a ocHOBHE iX pexuMiB poOOTH 1€ MOKIJIUBO,
HaIpUKIIaJ, THHAMIYHHX Ta HECHMETPUYHHX.

Bupimrenns mepmioi mpoOneMu moTpedye 3HAYHUX
3aTpar HaBiTh st BITY 3 mpoCTOI0 €NEeKTPUIHOI0 CXe-
MOIO 1 30BCIM Ba)KKO BHPILIMTH TaKy MPOOJIEMy, KOJIU
HIeThCS PO MOJENIOBAHHS MEPEXiTHUX eNeKTPOMAarHiT-
HUX IPOIIECiB, a 0COOJIMBO CTOCOBHO MOJICIIOBAHHS He-
CUMETPUYHHX aBapifHUX PEXHUMIB, IS SIKUX KOPEKTHO
nepen0aYuTy BCl CTaHU BEHTWIIIB NMPAKTUYHO HEMOXKIIH-
Bo. Tperst mpobiema BUPINIYETHCS LIISIXOM BH3HAUCHHS
3a3JaJeriib CTaHy BEHTHIIB, IIO € KOPEKTHHM JIMIIE B
pa3i wTy4Hoi KOMyTamii Ta JMIIEe JUIS CHUMETPUYHOTO
YCTaJICHOTO PEXUMY.

HeratmBHO Ha piBeHb aJEKBATHOCTI KIIFOUYOBHUX
S-Mozenell BEHTHIIIB BILTMBAE TAKOXK ITHOPYBAHHS HAsB-
HOCTI 3BOPOTHHX CTPYMIB, a/pKe KOHIEHINSI KIIFOYOBHX
Mojieiel anpiopi BUKIIIOYAE HASBHICTh €IMEKTPUYHOI TiJI-
KU BEHTWJISI B HOTO 3aIllepToMy CTaHi, a 3 morisiny Qisuku
NPOLIECIB Y HaIMiBIPOBIIHMKOBUX EJIEKTPOHHUX HpHIIaiax
TaKi CTpyMH (3BOPOTHI) HasIBHI.

YHHUKHYTH B3/l KIIOYOBUX MOJENIEH Yy MPUHIUIIOBO
B)XJIMBUX MOMEHTax IalOTh 3MOTY BiJIOMi MaTeMaTW4Hi
MOJIEIi, SKi IPYHTYIOThCSI Ha ()OPMYBaHHI CHCTEMH aude-
PEHIIATBHUX PIBHAHB CNEKTPUIHOTO CTaHY 3 ITOCTIHHOIO
CTPYKTYPOIO 1 3MiHHHMH TTapamerpamu [15, 16].

PertenpHuil aHai3 HAyKOBUX JIITEPATYPHHUX JKEpeEll,
a TaKOX JOCBiA MPaKTHYHOI poOOTH B 007acTi MaTeMaTH-
yHoro mozentoBanHs BIIY Bka3dye Ha Te, 110 BaroMmx
TEOPETHYHHX 1 MPAKTUIHUX PE3YNIbTaTiB B KOHTEKCTI Ma-
TEMAaTHYHOTO MOJICJIIOBAHHS EJIEKTPOTEXHIYHUX CHCTEM
(ETC) 3 BeHTWIPHMMH NIEpETBOPIOBaYaMU 4acTOTH (Bil-
MOBiHO 10 KoHIenmii ix monmenroBanHs CJIP 3 mocriii-
HOIO CTPYKTYpOIO 1 3MIHHUMHM NapaMeTpamMH) JOCSTHYTO
MO€/THAHHAM i71e1 MOJIETIIOBaHHS! BEHTHJIIB OKPEMHMH aK-
TUBHO-IHAYKTUBHUMU Tinkamu [16] 3 MOAYyIEHUM TpHH-
IIUTIOM MOJICITIOBAHHS €IEKTPOMAIINHO-BeHTHIBHUX CHC-
teM (EMBC) [15] ta imBepryBammsm CJP [17]. Taxe
MO€THAHHS 3a0€3MEe4YNII0 MOXIIUBICTh ONHUCATH EJIEKTPO-
MArHiTHi 1 enekrpomexaHiuni npouecu gosiasHOT ETC (3
BIIY noBinbHOI CTPYKTYpH Ta 3 OBIIBHOIO CHCTEMOIO
kepyBaHHs HuMH) equHO0 CJIP enekTpudyHOl 1 MexaHiy-
HOT pIBHOBAru HE3aJICXKHO BiJl CTAHY BEHTHUIIIB, 1110, CBOEIO
4eprolo, la€ 3MOT'y BpaxyBaTH B3a€MHI BIUIMBHU CTPYKTY-
puux enementiB EMBC, a Tako KOMyTallilo BEHTHIIB Ta
poOOTY cuCTeMH aBTOMAaTHYHOTO KEPYBaHHS JUIS JIOBUIb-
HUX pexumiB pobotn EMBC (ycranmeHux i AMHAMIYHUX
BKJIIOYHO 3 CHMETPHYHUMH 1 HECUMETPHYHUMH, HOpMa-
JTHHUMH Ta aBapifHAMH).

[Ipoananizyemo MOKJIaAHINIEe MaTEMAaTHYHY MOJEIb
BeHTWIsSI, B SKiil BEHTWIb NPEICTaBISIETHCS AKTUBHO-
IHAYKTUBHOIO €JIEKTpUYHOIO Tinkoro [15-17]. Otxe, Mma-
TEMaTHYHa MOJENb BEHTHJISI K 0a30BOT0 CTPYKTYPHOTO
enementy BITU po3po0iieHa Ha MiCTaBi TAKMX BUXITHHUX
MPUIYIIEHb:
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1) y mpoBiTHOMY CTaHI BEHTHUIb MOJAETIOETHCS aKTH-
BHO-IHIYKTUBHOIO TIJIKOIO 3 MaJMMH Ta MaKCHMaJbHO
HaOJIM)KEHUM JI0 PEIbHUX 3HA4YEeHb IHIYKTUBHOCTI 1 aK-
THUBHOTO OIOPY VIS IPOBITHOTO CTaHy BEHTHJIS;

2) y 3amnepToMy CTaHi BEHTUJIb MOJIEIIFOETHCS aKTUB-
HO-IHJlyKTUBHOIO €JIEKTPUYHOIO T1JIKOIO 3 BEIMKOIO 1HAY-
KTUBHICTIO 1 aKTUBHUM OIIOPOM, SIKi MAKCUMAaJIBHO TOYHO
BIJIIIOBIAIOTH 3aIIEPTOMY CTaHy PealbHOIO BEHTHIIS;

3) xoMyTalis BEHTWIIB BiIOYBa€ThCI MUTTEBO (Bif-
KPHBA€EThCS BEHTWIb 33 pe3yJIbTaTaMH PO3B’SI3KY JIOTi4-
HUX PIiBHSAHB, SKi OIMHCYIOTh POOOTY CHCTEMH KepyBaHHSI
BIIY), a 3anmparoTbcs BEHTHII B MOMEHT Yacy Hepexomy
4yepe3 HyJb CTPyMY BEHTWIIA, SIKUH KOMYTYye (B pa3i npu-
PpOAHOT KOMyTaIlil).

Bubip 3HaueHb aKTMBHOIO ONOPY 1 IHAYKTHBHOCTI,
SIKMMHU MOJICJTIOIOTHCSL BEHTWJ, B IIEBHOMY PO3YMiHHI €
JIOBUIBHUM, a KpUTEpieEM BHOOPY CIIyI'y€e SIKOMOTa BHIIMN
PiBEeHb afeKBaTHOCTI MoJieli. Buxostuu 3 1poro, B mpax-
tuii MonemoBanHs BITY mns mpoBigHOTO cTaHy BHOHMpa-
€MO Taki Majti 3Hauenns ingyktuBHocTi L (L=0,1-10) I'n
Ta aktEBHOro onopy R (R=0,1-10") OM, siki Haitrouniie
BIJIMOBIIAIOTH AIMICHOMY 3HAYCHHIO PEANbHUX BEHTHIIB Y
MIPOBITHOMY CTaHi, a Ui 3allepTOr0 CTAaHy 3HAYCHHS iH-
OYKTHBHOCTI 1 aKTHBHOTO OMOPY BEHTHJIBHOI T1IKH MpH-
HWMaeMO TaKHMMH, 110 MaKCHMMajJbHO TOYHO BiJAINOBIJAIOThH
peajbHO HasIBHUM 1HAYKTHBHOCTI 1 aKTUBHOMY OTOPY LIS
3ameproro crany Bentus L=0,1-10° I'u ta R=0,1-10* Om.
KpHuTH4HO Ba)XJTMBO 3a3HAYMTH, IO cHiBBixHOMIEHHsS L/R
(sIke BM3HAYae CTay Yacy) 1 AJsl IPOBIAHOTO, 1 1S 3ame-
PTOTO CTaHIB BEHTWJIBHOI TUIKM Mae OyTH TakuMm, 1100
OyJo OnbMM npuoaKM3HO B 50 pasiB BiJ KPOKY IHTETpy-
BaHHS i BongHOYac OyJi0 He MEHIITUM BiJ MiHIMAIBHO] CcTa-
701 Yacy iHIIMX AUTEHHIb EJISKTPHYHOTO KOJIa, CTPYKTY-
pHUM eneMeHToM sikoro € BITY [17].

B MoMeHT yacy nepexoy BEHTWIS B 3all€pTHIl CTaH
pa3oM 3 aKTHBHHM OIIOPOM Ha 6-8 TOPSAKIB CTPUOKOM
30UIbIIy€eThCS 1 IHAYKTUBHICTh. HacninkoMm Takoi 3miHM
IHIYKTUBHOCTI € TMOsIBA PO3PUBY BXKE MEPLIOT MOXigHOT
CTPYMY 4epe3 panToBy (THIy 3J1aMy) CHJIBbHY 3MiHY YHC-
JI0BOTrO 3Ha4YeHHs kKoedinienTy L npu noxigHid crpymy B
PIBHSIHHI €JIEKTPUYHOTO CTaHy BEHTWJIS, 3aIIMCaHOr0 3a
npyruM 3akoHoM Kipxroga

Lpi+ Ri+U=0, (1
ne L, i, R U - iHIyKTHBHICTD, CTPYM, aKTHBHHU# OITip Ta
HampyTa BEHTIUIBHOI TIKH BiAmoBigHO; P = d/dt — omepa-
TOp AuepeHIiFOBaHHs 32 YacoM {.

[Tpote micnst KOMyTalil BEHTUIIIB IHTETPaJIbHI KPHUBI
€ MIaJKUMHU 00 Tepla MoxijHa Micis KOMyTalii € Here-
PEPBHOIO, IO aHYJIOE OJIHY 3 ICTOTHHX BaJl MOJEIIOBaH-
HS BEHTWJIIB YUCTO aKTMBHUM omnopoM. [linTpuMaHHsM
HOCTIMHOI Yacy JUIsi IPOBIJHOTO 1 3allepTOro CTaHy BEH-
THJIIB HE3MIHHOIO 3a0e3Iedye CTIHKICTh YHCIOBOIO iHTe-
rpyBanus CJIP. Uepe3 pantoBy i MacmrabHy 3MiHYy ma-
pameTpiB CTPyMH 3alepTHX BEHTIIIB OTPUMYIOTHCS 1CTO-
THO CIIOTBOPEHUMH, aJi¢ 3HAYCHHS LIUX CTPYMIB € IOCTaT-
HBO MAJINMH, II0 HAa TIEBHOMY €TaIli pO3BUTKY Teopii Ma-
TemaTuuHoro MozemoBanHs BIIY, BBaxaiocs KOpeKT-
HUM HeXTyBaTw HuUMH [15, 17].

TakuMm 4MHOM, KPUTHYHO BaXXIHMBAa IlepeBara MaTe-
MaTU4HOTO MOJICTFOBaHHS BEHTHUIIS AKTHBHO-
IHIlyKTHBHOIO T1JIKOIO HOPIBHSHO 3 MOZAEIIOBAHHIM YHCTO
AKTUBHHM OIOPOM, TMOJISITa€ B HE3MIHHOCTI MOCTIHHOL

9gacy BEHTWIS I MIPOBLIHOTO 1 3amepToro crany [15-17],
mo 3abe3nedye YHCIOBY CTiKicTh iHTerpyBaHHs CJIP
€JIEKTPUYHOTO CTaHy, a Iie, CBOEI0 YEProlo, Ay)Ke BaXKJIH-
BO B pasi IHTErpyBaHHs JOBIOTPUBAJIMX ITPOLIECIB.

HeoOximHa 3amaya BU3HAYCHHS MOMEHTY Yacy Iie-
PEXoy CTpyMy BEHTHJIS, SIKHI 3aIlMpa€ThCs, Yepe3 HyJb
Ha KpoIi KomyTalil (MOMEHTY 4yacy 3allMpaHHsI BEHTHJIS)
BU3HAYAETHCS MIPOCTOIO Mpoueayporo inBepryBanus CP,
SIKOI0 OIMMCAHO TIPOIECH (EeTMEKTPOMATHITHI, eJIeKTpOMe-
XaHIuHi, MeXaHiuHi Ta iHmi), mo BixOyBatoTecs B EMBC,
no sikux BxomaTh BITY [17]. CyTHIiCTh iHBEepTYBaHHS TO-
nsirae B iHTerpyBanHi Beiei CJIP Ha kporli koMyTarii BeH-
THIIS, 32 HOTO CTPYMOM, SIKHI CTa€ HE3alIeKHOK 3MiH-
HOIO, & YKMCJIOBE 3HaYEHHsI KPOKY IHTErpyBaHHS IOPIBHIOE
3HAUEHHIO CTPYMYy BEHTWJIS, SIKUM KOMYTY€, Ha IOYaTKy
KpOKy KomyTarii. Yac iHTerpyBaHHsl TyT CTa€ iHTErpajb-
HOIO 3MiHHOIO, SIKa BXOJIUTD JI0 HEBIZIOMUX Ta € pe3yJbTa-
ToM po3B’s13ky CIIP. OTxe MOMEHT uacy 3alupaHHs BEH-
THJISL BU3HAYAETHCS JIUILE 38 OJUH KPOK IHTErpYBaHHS i
qac inBeptyBanHsa C/IP.

Bapro 3asnHaunTn, 1o mnporenypa iHBEpTyBaHHS
CIIyTye He3aMiHHUM 1HCTpYMEHTapieM Al 00X0my 0co0-
JMBUX TOYOK IHTEIPATBHHUX 3MIHHHX, SIKI XapaKTepHi Ha-
SBHICTIO BEPTUKAJIBHUX AUITHOK IHTEIPATBHUX KPUBHX, B
SIKMX TI0X1IHa TOpiBHIOE Oe3mesxHocTi [17].

[orpy HasBHICTH HaBEJEHUX BHIIE JAOBOJI ePEeKTH-
BHHUX METOJIIB MaTeMaTU4HOro mojenatoBanus BITU Ha
TENepilHii 4Yac Bce Ie BUKOPHCTOBYETbCS METOJ, B
SIKOMY BEHTHJII MOJICITIOIOTHCSI aKTUBHUMH oropamu [18].

B KoHTeKCTI aHali3y HAyKOBHX JIITEpaTypHUX JDKe-
pen 3arajoM BapTO 3a3HAYMTH, LIO0 O CHOTOJECHHS BHUKO-
PUCTOBYIOTHCSI e W iHINI BiZOMI METOIH, HATPUKIA,
MeToJ TIpumnacoByBaHHs [19] Ta MeTox OCHOBHOI TapmMo-
Hiku [20], XapakTepHUM I SKAX € MPUAHATTS HAATO
CHpoLIeHHX (3arpy0sIeHuX) BUXIJHUX MIPUMYIIECHb 3 Opi€-
HTALI€10 Ha {X BUKOPUCTAHHS AJISI PO3PAXyHKY CHMETpH-
YHUX yCTaJIeHUX CTPYMIB, 110 anpiopi He 1a€ MOXKIIMBOCTI
aJIeKBaTHO MOJIEJIIOBATH Nepedir eIeKTPOMarHiTHUX Mpo-
1eciB, siki BigoyBatoThest B ETC 3 BITY, B muHaMivyHHUX Ta
HECHMETPHYHUX PEXUMax poOOTH.

IMocranoBka nmutanus. bararopiuna npakTuka Ma-
TemMaTnyHOro MojenroBanHs EMBC Ha 0a3i omucanoi
Butie teopii [15-17] naBama 3Mory oTpuMaTH pe3yibTaTH
JIOBOJII BHCOKOTO PIiBHS aJE€KBATHOCTI. Alle peTeNbHUi
aHaJli3 BUXiTHUX JOITyIICHh BKa3ye Ha Te, IO IIe € pe-
3epB B CCHCI IIABUIICHHS PiBHS aIeKBAaTHOCTI MaTeMaTH-
4yHHUX Mozenen BITY.

B peampHHX ymoBax poOOTH HamiBIPOBIIHUKOBUX
MepEeTBOPIOBAYiB YacTOTH CTaH iX BEHTWIIB (30Kpema,
TUPUCTOPIB) Ta Mepedir eIeKTPUIHMX MPOLECIB, SKi Bif-
OyBaroThCsl B IMX BEHTHIISIX, BU3HAYAETHCSI KOHIIEHTpAITi-
SIMH 1 TpaJliEHTaMHU HOCIIB JIOJAaTHUX (IiPOK) Ta BiJ €MHHIX
(eneKTpoHiB) 3aps/iiB B OKPEMHUX CTPYKTypax BEHTHIIIB —
eMiTepax, KOJIEKTOpax Ta Ha p-n mepexomgax. Came KOH-
HEHTpaIlist 1 TPaJieHTH HOCIiB 3apsiiB, SKi 3MiHIOETHCS
MPOTSTOM IIEBHOTO MPOMIKKY 4Yacy (BiIHOBIICHHS BIac-
TUBOCTEH THPHCTOpA [UIS 3aIIePTOTO CTaHy), BPEIITi-PeIT
CHOPUYHMHSIOTH TUHAMIYHY 3MiHY ONOPY BEHTWIIIB Mg 9ac
ix xomyTamii (HampuKiIad, 3alUPaHHsA), a 3HAYUTH 1 CTAH
KO’KHOTO OKPEMOT'O BEHTHJISL.

Jnst BiTHOBIIGHHSI BIIACTUBOCTEW THPUCTOpA VIS 3a-
MEPTOr0 CTaHy HEOOXIAHO, IMIO0 TICHsA MPOXOMKEHHS
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MPSIMOTO CTPYMY HYacTHHA HAJUIMIIKOBUX 3apsliB, HAKO-
NMU4YeHnXx B 6a3ax, mMpoXojwia 4yepe3 30BHIIIHE KOJIO, M0
3IACHIOETHCS 3MIHOKO MOJIIPHOCTI HAmpyru (MpsSMoi Ha
3BOPOTHY) Ha €JIEKTPOJax TUPUCTOPA IiJ i€ SKOi 1 BU-
HHUKa€ IHBEPCHHUH (3BOPOTHUI) CTPYM, SIKMI TPUILBHIIITYE
mporec HaOyTTs THPHCTOPOM 3amepTroro crany. OTxke,
CTaH BEHTHJISI MiJl Yac mepexojy 3 MPOBIIHOTO 10 3arep-
TOTO 3MIHIOETHCS i/ IEF0 3BOPOTHOI HAIIPYTH Ta iHBEpC-
HOTO CTPYMY IPOTSATOM IIEBHOTO TPOMIXKKY Hacy, SIKHH
XapaKTepHUI HAsSBHICTIO BiIMOBITHUX €TaIliB 3MiHM KOH-
LEHTpaIlii 3apsaiB B TIMOMHHMX IIapax eMmiTepis, 0a3 Ta B
OKOJIi p-n MEepexoiB, a 3HAYUTHh CTPYM BEHTHJIS i 4ac
roro xomyTamii (IHBEpCHHH CTpPyM) 3MIHIOETBCS TaKOXK
IPOTSITOM MEBHOTO Yacy BiIMOBIIHO IO 3MIHM KOHIICHT-
pariii HOCIiB 3apsIiB.

Buxonguu 3 1poro, O4eBUIHUM € T€, U0 HNPUIHSATE
BUXIJJHE NPUIYIIEHHS, 3TIJHO 3 SKUM BEHTWIb 3aIupa-
€TBCS B MOMEHT 4acy NepexoJy CTpyMy BEHTWIIA, SIKMH
KOMYTY€E 4epe3 HyJb (KOMyTallisi MUTTEBA), € HE JJOCTaT-
HBO KOPEKTHHM.

[Ipormec 3MiHM KOHIICHTpALIT 3apsAiB ¥ MIapax THPH-
CTOpA il Yac HOTO 3alMpaHHs, SKIIO PO3TIAaTH THPHUC-
TOD SIK €JIEMEHT eJIEKTPUIHOTO KOJIa BiATOBITHO 10 T€Opii
ENeKTPUYHUX KiJl, TPOSBISETbCS B 3MiHI (301IbIICHH1)
HOro omopy A0 3HAYEHHS, EKBIBAJICHTHOTO 3HAYCHHIO
oropy i30J14TOpA.

Yac criasy 3BOpOTHOI'O CTPYMY B 30BHILIHBOMY KOJII
JI0 TIEBHOT'O YCTAJIGHOTO 3HAUYECHHS 111€ HE 03HAYA€E ITOBHO-
TO BiJJHOBJICHHS 3allepTOro CTaHy TUpUCTOpa, 00 B IIH-
OMHHMX Iapax 0a3 (FOJOBHO TOBCTIH 0a3i) 3alMIIAlOTHCS
e HaJJTUIIKOBI €NEKTPOHH i TIPKH, SIKi MPOJOBKYIO pe-
KOMOiHyBaTH MiX coboro. [licns cmamy 3BOPOTHOTO
CTpyMy IO YCTaJCHOTO 3HAa4eHHs IOTpiOHA mie aesKa
naysa IJisl TOTO, 00 Ha/UIMIIKOBI 3apsiiy 3HUKIHU B TIIH-
OMHHMX mapax ToBcToi 6aszu. [loBHMI Yac BiJHOBIEHHS
BJIACTUBOCTEW THPUCTOpA VISl 3allepTOro CTaHy ty, skui
Oepe BiIUTIK BiJI MOMEHTY CHaJy HpsSMOI Halpyrd Ha TH-
pHCTOpi 10 HYJIsSI 10 MOMEHTY ITOBHOTO HaOyTTs TUPUCTO-
POM BIIaCTUBOCTEH JUIS 3aLIEPTOrO CTaHy, TOPIBHIOE

tv=1s+ tp, (2)
ne ts — Jac cmagy iHBEPCHOTO CTPyMY JO YCTaJeHOTO
3Ha4YeHHs; {p — Yac 3HUKHEHHS HAJIMIIKOBUX 3apsiiiB
(may3u) B TIMOMHHMX IIapax TOBCTOI 6a3u.

Yac may3u 3aJeXKHTh BiJ] T€OMETPUYHHX PO3MIpiB
HIapiB TUPHCTOPA, 4Yacy »HTTS HOCIIB 3apsiliB, a TaKoX
Bil IIBUJKOCTI CHaJy 3BOPOTHOI HANpYrH 1 CTPIMKOCTI
HapOCTaHHS YeproBoi NMPsIMOT HANPYTH, SIKa IMiABOANUTHCS
Jo tupucropa. Yac BigHOBIEHHS ty € OJJHAM 3 OCHOBHHUX
KaTaJIOKHMAX IapaMeTpiB THPHCTOPA, a/UKE BiJ HHOTO
3aNekaTh MOTO YacTOTHI BIACTHUBOCTI. BiH BBa)xaeThCs
BIJIOMHM.

Buxopns4u 3 BUKIIQAEHOTO BHIIE, M€TA CTATTI TOJSI-
rae B po3poOmi METoAy MaTeMaTHYHOTO MOIENIOBAaHHSI
CIIEKTPUYHUX TIPOILECiB, SIKi BiAOYBAarOTHCA y BEHTHIIIX
mig Jac iX 3amupaHHs, 3 BPaxXyBaHHSAM BIJHOBJICHHS iX
BJIACTMBOCTEH JUIsl 3allepTOro CTaHy, a TaK0XX BpaxyBaH-
HSIM BHHUKHEHHSI 1 3aKOHOMIPHOCTI TIepe0iry iHBEpCHOrO
CTpyMy y BeHTWJIsIX. Po3poOka maremMaTHYHHX Mojenen
BITY Ha 6a3i 1poro MeToxy iCTOTHO IiJBHIIUTH PiBEHb
aJieKBaTHOCTI MaremaTuuHux moxeiei i BITU, i EMBC,
1o sxkux BxouaTs BITY.

OcHOBHIi M0/10KeHHs1. 3 HaBEICHOTO BHIIE aHATI3Y
MPOIIECiB, SKi BiNOYyBArOThCS y TUPUCTOPI BUIHO, IO Mix
Yyac 3amupaHHs BEHTWIA CIIOYATKYy i €0 Bix €MHOT
Halpyrd BHHUKA€ IHBEPCHHH CTpPyM, a Jaii BHACIIZIOK
3MiHU KOHICHTpAii 3apsiB y 0a3ax el CTpyM 3MEHIIIy-
€TBCS, LIO JIAa€ MiJICTaBy TPAKTYBATH L€ SIK CKBiBaJEHTHE
30UIBIICHHS ONIOPY THPHCTOPA, SKIIO PO3VISIATH IIPOLie-
CH B THPHUCTOPI 3 MOMIALY iX 30BHIIIHIX NPOSIBIB HA PiBHI
YaCTHHU EJIEKTPUYHOTO KOJia aHOA-KaToA 3a 3aKOHaMHU
KJIaCHYHOI Teopii eNeKTpHUYHMX Kii. Buxomsum 3 ocran-
HBOI HaBEICHOI Te3, BOAYAEThCA JOTIYHIM I KOPEKTHIM
PO3TISIIATH Ta, BiANOBITHO, MOJEIIOBATH KOMYTAIiHHUI
mporiec, SKUi BigOyBaeThCSI B TUPUCTOPI A dHac Horo
3aIUpaHHsl, BUXOJSYU 3 TAKUX ITOJIOKEHb!

1) IHIYKTHUBHICTb 1 aKTUBHHH OIIIp, IKUMU MOZEIIO€Th-
Cs BEHTWIbHA TiJIKA, JUHAMIYHO 30UIBINYIOTHCS 33 ICB-
HUM 3aKOHOM, HANPUKIAJ, JIHIHHAM, mapaboiidyHuM abo
SIKUMCh 1HIIUM, IO 3a0e3nedye KOpeKTHime Hix B [16]
BU3HAYCHHS 1HBEPCHOTO CTPYyMy BEHTWIIS 4epe3 IUIaBHY
3MiHYy iHAYKTHBHOCTI i aKTUBHOTO OIOPY BEHTWJIA, a 3HA-
YUTPH TUIABHY 3MiHY TEpIIOl MOXigHOI CTpyMy Ha BiIMiHY
BiJl CTpIMKOI, 5IK y 6a30BoMy MeToxi [16];

2)3a 9yac MOYaTKy BIITIKYy TUHAMIYHOTO 30iNBIICHHS
IHAYKTUBHOCTI 1 aKTHBHOTO OIOPY BEHTWIBHOI TUIKH
MpUIMAETBECS MOMEHT 4acy, B SIKUI CTPyM BEHTHIIS, IO
KOMYTYE, TOPIBHIOE HYJIIO (IIEPEXOUTSH 3 IUTI0CA HA MIHYC
4yepe3 HyJ1b, TOOTO BUHUKAE IHBEPCHUI CTPYM);

3)mporenypa inBepryBanHs CJIP BUKOHYETBCS JHIIe
JUIS. BU3HAQUEHHS MOMEHTY Yacy, SIKHH BiJITOBiZa€e TOYIi
BIUTIKY TpoIiecy KOMyTalil THpucTOpa (BUHUKHEHHSI 1HBe-
PCHOTO CTpyMy), @ HE JUIsl TIOBHOT'O 3alIMPAaHHs BEHTUIIS;

4)9ac IOBHOTO BiIHOBIICHHS THUPHUCTOPA UL 3aIllepTO-
TO CTaHy BBa)XKAETHCS BIZIOMHM 1 TaKHUM, IIO PErIaMeHTy-
€THCS TEXHIYHUMU JJaHUMH THPUCTOPA;

5) IpUCBO€EHHS IHAYKTUBHOCTI 1 aKTHBHOMY OTIOpPY Be-
HTHJIBHOI TUTKM 3HAYEHHS, SKE BIAMOBIAAaE 3amepTOMy
CTaHy TUpHUCTOpa (MOro OcTaTouHEe 3amupaHHs), BUKOHY-
€TBCS B MOMEHT 4acy 3aKiHYEHHS IPOIEeCY BiJHOBIICHHS
BJIACTHBOCTEI BEHTWIIS LIS 3aIIEPTOTO CTaHYy.

i nmonoxenHs, pasom 3 npuiHsATHMH B [15-17] B
YacTHHI IMyHKTIB 1) 1 2) Ta 9acTKOBO 3) CTOCOBHO MUTTE-
BOTO BiJIKpUBAaHHS BEHTHJIIB Ta HaBEAEHI TYT BHUINE, CTa-
HOBJISITh TEOPETHYHY OCHOBY METOJy JMHAMIUYHHX IHapa-
METpPiB MaTeMaTHYHOTO MOJIEIIIOBAHHS BEHTWJIBHUX IIepe-
TBOPIOBAYiB YaCTOTH, SIKUH MPOIIOHYETHCS TYT.

[Totpeba BpaxyBaHHS dYacy 3alHpaHHS BEHTHIIIB
OUYEBHIHA HE JIUIIE 3 MOTIIATY 3aKOHOMIPHOCTEH mepediry
eNeKTpo(i3uIHMX MPOIIECIB, sIKi BiIOYBAIOTHCS y BEHTH-
X, ajne W, BUXOASYM 3 MOJMJIMBOCTI (PyHKIIIOBaHHS
NPUHIMIIOBO TIEBHOTO BHY EJIEKTPOTEXHIYHOro o0mai-
HaHHg Ha 0a3i BITY, Ha YoMy HAarojoIIyeThCs B JiTepa-
TypHUX JXKepenax, 30kpema y [4, 10].

B onHOMY 3 BapiaHTIB 3arpornioHOBaHa TYT iaes Oyia
pearmizoBana B [21] mig yac MaTeMaTHYHOTO MOJICITIOBAH-
HS CJIIEKTPOMATHITHHUX TIPOLECIB, SIKi BiOYBaIOTHCS B aB-
TOHOMHIH CHCTEMi eNeKTPOXHUBIICHHA Ha 0a3i aCHHXPOHI-
30BaHOTO TreHepaTropa 3 OE3KOHTAKTHUM KacKaJHUM MO-
IyISTOPHUM 30yDKyBadeM 0e3 omucy 0a30BHX TEOPETH-
YHUX TO0JIOKCHb, BUKIIAJCHUX TYT.

[TpakTHyHy neEpeBipKy 3alpONOHOBAHOTO METOIY
BUKOHAEMO Ha INPHKIAAI MareMaTUYHOTO MOJIEITIOBAHHS
Ng-dazHoi cucrteMu BHUIIPSIMIICHHS 3MIHHOTO CTPyMY
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(CB3C), yzarampHeHa cXeMa CHJIOBOTO EJIEKTPHUYHOTO
KOJIa gKOi 300pakeHa Ha puc. 1, ne 6yksamu A, K mo3Ha-
YEeHO aHOAHY Ta KaToAHy Ng-(a3Hi THPUCTOPHI TIpyIH;
O0ykBor0 M — Np-hasHy Mepexy 3MIHHOTO CTpyMy; OYyK-
Bamu H, D — HaBaHTa)keHHs (JJaHKY BUIIPSIMIEHOTO CTPY-
My) Ta Ii0J, BiJIOBIZHO, SIKI CIYTYIOTb CTPYKTYPHHUMH
enemenramu CB3C. Penira no3HadyenHs € Takumu: E, i, R,
L, ¢ — esmexTpopyliiiHa cuia, CTpyM, aKTUBHHH OIIip,
IHAYKTUBHICT Ta €JEKTPUYHI MTOTEHI[ialn BY31TiB. Byk-
Bamu A, K, M, H, D B HmXHIX iHIEKCaX IO3HAYEHO Ha-
JEKHICTP KOOPIUHAT 0 BIAMOBIOHUX MPUHHATOMY IIO-
3HAYCHHIO CTPYKTYpHHX €JeMEHTIB, a jirepoto T — 1o
TupucTOpiB. UMcaaMu B HIDKHIX 1HICKCAX IIO3HAYEHO
MOPSIIKOBI HOMEPU KOOPIHMHAT B MEXaxX CTPYKTYPHHX
€JICMEHTIB, a YUCJIAMU B HMXKHIX 1HAEKCAX MPHU MOTEHIlia-
Jax ¢ — TOPSOKOBI HOMEpPH IOTEHIIATiB eJIeKTPUYHOL
cxemu; Np — KUTBKICTh (Da3, MaKCUMAaJIbHE 3HAYCHHS STKUX
B IIPOTPaMHOMY KOJli 0OMexkeHO duciom 24 (Ng = 24).

Puc. 1. Cxema CHIIOBOTO €lIEKTPUIHOTO KoJia Ne-(a3Hol cucte-
MH BUIIPSIMIICHHS 3MiHHOTO CTPYMY

BaxxnuBo 3a3Ha4unTH, 110 Ha cXeMi puc. 1 (4K i B Ma-
TEeMaTHYHIH MOZENi, TaK y BIANOBIIHOMY IPOIPaMHOMY
Komi) mependadeHa MOMIHMBICTE BHOOpY abo MOCTOBOI
cxeMu (KOJM TPAIiOI0Th 00WABI BEHTWIIbHI TPYIIH, a 0]
3areptuii), abo cxemu 3a 3’€JHAHHAM Y 3ipKy (KOJH aHO-
JHa Tpymna 3amepTa, a AioA MOCTIHHO B MPOBITHOMY CTa-
Hi). [TocTiiiHo 3anepTuii Aiox a00 BEHTHJII aHOJHOT rpynu
(GYHKUIHO 03Ha4yae PO3pUB IX EJNEKTPUYHHMX TUIOK, LIO
3MIHIOE y3arajJbHeHy cxeMy Ha BuOpany. BuOip omHoro 3
3a3HAYCHHUX BapiaHTIB CXEMH BHKOHYETHCS JIMINE Iiayac
pobOTH TPOrpamMHOrO KOAY Ha PiBHI YMCIOBHX 3HAY€Hb
O3HaK CTaHy TUPUCTOPIB i Jioxy BekTop (24).

Marematuanor moxeutio Ne-dasuoi CB3C € CIP
€JIEKTPUYHOTO CTaHy Ta CHCTEMa JIOTIYHHMX DIBHSHb, SKa
MOJIETIFOE POOOTY CHCTEMH KepyBaHHS BUIIPSIMIIIYA.

Maremaruuny mozenb Ny-daszHoi cucteMu BHITPSM-
JICHHA eJNEeKTPHYHUX CTPYMIB pPo3poOmMo Ha 6a3i Teopil
MaTeMaTH4HOTO MOJICTIFOBaHHS €JIEKTPOMAILIHO-
BEHTWIBHUX CHCTeM [15], 3rimHO 3 sKOI, MaTeMaTUYHi
Mozeni noBimbHIX EMBC po3po0isfoTbest 32 MOy TEHIM
NPUHIUIIOM, TOOTO OYAYIOTHCS 3 TOTOBUX MaTeMaTHYHUX
MoOJIeJieil OKpEMUX CTPYKTYPHUX E€JIEMEHTIB CXEMHU CHJIO-
BOTO €JIEKTPUYHOr0 Koja. SIK BUIHO 3 pucC. 1, TyT TaKUMHU
CTPYKTYPHHUMH €JIEMEHTaMHU CIIYTYIOTh: Np-(pa3Ha eneKT-
pruHa Mepexa, Np-(ha3Hi karoHa Ta aHOJAHA TUPUCTOPHI
TPYIH, a TaKOXK aKTHBHO-IHAYKTUBHE HAaBAHTA)KEHHS Ta
nion. Po3ristHeMo MaTeMaTHYHiI MOAET KOKHOTO i3 CTPY-
KTYPHHUX €JIEMEHTIB.

MartemaTnyHa Moneab Ng-¢a3Hol eneKTpu4HOI
mepe:ki. Enextpmuny wmepexy 300pazmmo  2-Ng-
TIOJTIFOCHUKOM, @ €JIEKTPUYHY PIBHOBAry OIMIIEMO BEKTO-
PHUM pIBHSHHSAM 30BHIIIHIX TiIOK, K€ Ma€ TaKUH BU-
TSN

PiM+GMm @M +Tm =0, 3)
JIe BEKTOP CTPYMiB 30BHIIIHIX TLIOK:
iM = (ipgyoees iMNF’ My —iMNF) ;@
MaTpHI KOe(DIIiEHTIB:
Gy = Ge —Ge ’ 5)
-Ge Ge

B SIKi{f JiarOHaIbHA MaTPUIsl 00EPHEHNX 1IHAYKTHBHOCTEH
(a3 mepexi:

. 1 1
Ge = dlag( PR —) > (6)
LMI LMN

F
BEKTOpP ITOTEHIIialiB 30BHIIIHIX BY3JIiB MEPEXKi, B SIKOMY
90, =90 = 0(G=1,..,Np:

M= (P32 Pgoens Oxpa2s Pgn P ): (D)

BEKTOP BUIbHHX YJICHIB:

TM = (Te: _Te)a (8)
B SIKOMY
Too| wRwmew I Rt TOMN | g
L, Ly,
Y ¢dhopmynax (6), 9) TO3HAYCHO

LMj’ RMJ,, iMj, eMJ — IHIYKTUBHICTh, aKTUBHHUH OIIip
Ta MHUTTEBI 3HAYEHHS CTPyMy 1 eNeKTpopywiiiHoi cumim
j-Tol hazu mMepexi.

MatemaTinyHa Moaeab Np-(hazHoi kaToaHOI THPH-
cropHoi rpynu. KatonHy TupucTopHY rpyiry 300pa3uMo
Ne+1-momocHUKOM, a eNeKTpUYHY pIBHOBAry OIUILIEMO
BEKTOPHUM PIiBHSIHHAM 30BHIIITHIX TLIOK, SIKe, 3rigHO 3 [15]
1 3aIIPOIIOHOBAHUM METO/IOM, Ma€ TaKHUi BUTIISIA:

piK"'GK'(PK"‘TK =0,
Jie BEKTOP CTPYMIB 30BHIIIHIX T'JIOK:

(10)

ik =0 KpiK, ol Ky, K) =T =i e 1] k)

B SIKOMY
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Nr
ik =i1=2 it} (12)
j=1
e iTj — ctpyM j-ro tupuctopa (j = 1,..., Ng);
Jie MaTpHIs KOe(ili€HTIB:
GTI 0 0 _GT1 1
0 Gr, 0 ~Cr,
Gk=| o 0 - - ; (13)
GTNF GTNF
Nr
-Gt —Gr, ~Gr, 2.6t
F le JJ

BEKTOp 30BHIIIHIX MOTEHILIaNiB (MOIIOCIB) KaTOJHOI TH-
PUCTOPHOI TpyIu:

& ((Dgs ¢4a~-~s(p2+NFs (/71) 5 (14)
BEKTOP BUILHHX YJICHIB:
GTI'RTI‘I.T1
GTZ'RTZ'IT2
Ty = . ; (15)
K GTNF RT Ty,
NF
_ZGTO.RTO.iTO
=

CknanoBumu MaTpuili koedinieHtiB Gk Ta BekTopa
BUIBHUX WIEHIB Ty CIYT'YIOTh: 0OEpHEHA IHAYKTHBHICTB:

Gr, =Ly (16)
e |_Tj — IHOYKTUBHICTH j-TO THPUCTOPA; RTJ,,iTj — aKk-

TUBHUH OMIp Ta CTPyM j-1 TUPUCTOPHOI TJIKU KATOIHOI
BEHTWJIBHOI TPYIIH.

MartemaTuyHa mojesab Np-()a3HoI aHOIAHOI THPH-
CTOpPHOI rpynH. PiBHSAHHS €JIeKTPUYHOI pIBHOBard aHo-
HOI TUPUCTOPHOT I'PYITH 3alMCaHO, BUXOJSYHU 3 aHAJIOTI4-
HUX MIPKYBaHb SIK 1 JUI KATOIHOI.

MaremaTH4Ha MoAeJdb Aioxy. Mojaenb Iioxy
MIPEACTaBUMO JBOTIOJIIOCHUKOM, @ PIBHSHHS €JIEKTPUIHO]
pIBHOBAarM 3ammcaHi, BUXONSYM 3 AHAIOTIYHUX MIPKY-
BaHb, AK JUIA THPUCTOPHUX IPYIL.

MaremMaTH4YHa MOJEIb AKTHBHO-iHIYKTHBHOIO
HaBaHTa)keHHsl. CTaTMYHE HABaHTAXEHHA 300pazsuMo
JBOIIOJIFOCHUKOM, a €JICKTPUYHY PIBHOBAry OIIMCAHO BEK-
TOPHUM PIBHSHHSIM 30BHIIIHIX T'JIOK, SIKE OTPUMAHO aHa-
JIOT1YHO JI0 PiBHSIHB €JIEKTPUYHOT MEPEeXi.

By3iioBa cucTreMa piBHSIHb €JEKTPUYHOIO CTAHY
Ne-a3noi cucreMu BHNpPsIMIIEHHs1 cTpymy. Bysnoaa
cHCTeMa pIBHSHb €JIEKTPUYHOTO CTaHy 3aIllCyeThCS B
0a3nci eJIeKTPUYHMX MOTEHIIANiB HE3aJIC)KHUX BY3IIIB
CXEMH CHJIOBOTO €JIEKTpHYHOro Koja (puc. 1) Ta Mae Ta-
KW BUTIAI;

A-9p+B=0,

Jie MaTpHIs KOe]ilieHTIB:

(17)

H
= eI s i
A_ ZHJ GJ H] ’
=M
BEKTOp MOTCHIIIATIB HE3AICKHHUX BY3JIiB CXCMH:

(18)

¢:(¢J19 ¢2s9 wNF+2)’ (19)

BEKTOP BUIGHHX YWICHIB:

H
B= ZHE'TJ';
=M

(20)

all;, Gj, T, 1‘[3 — MaTpHIli iHITUACHIIT, MaTpHIli Koediri-

€HTIB, BEKTOPU BUIBHHX YJICHIB Ta MaTpPUIl, TPAHCIIOHO-
BaHi 70 Marpuib II; A1 j-ro CTPYKTypHOTrO €neMeHTy
cxemu (j =M, K, A, D, H).

Jloriuni  piBHSIHHA CHCTEMH KepyBaHHA
Np-¢pazaum BunpsamisiueM. Po6oTy cuctemu kepyBaHHS
TUPUCTOPHUM BHIPSIMIITIEM OIUIIEMO JIOTIYHHMH piB-
HSHHSMH, SIKI MalOTh TaKUH BUTJIAL

Zj=ZyNZo Nk, = true j=(1,...,2'Ng), (21)

Je Z; — yMOBa BiJIKPUBAHHS j-TO TUPHCTOPA (j-i THPUCTOP
BiIKDUBAETHCS 33 ICTHHHOTO 3Ha4YeHHs Zj); ZUi — yMoBa

BIZIKpUBAHHS THPHUCTOPIB 32 HAMPYTOIO (ZUj npuiiMae

3HAYCHHS ICTUHH 3a JOJATHOI HANPYTH Ha j-My THPUCTO-
pi, KoM UTJ_ >0); Zy — mpuiiMae iCTHHHE 3HAYCHHS,
J

KOJIM TIOTOYHUH KYT j-TO TUPHCTOpa repedyBae B 3aJaHO-
My Jiama3oHi 3 BpaxyBaHHSIM KyTa 3allaJIlOBaHHS;
Zg; npuiiMae 3Ha4yeHHS ICTUHM, KOJM j-THH THUPHUCTOP

3alepTHH; CUMBOJIOM «”» TIO3HAYEHO OTEpALlilo JIOTIYHO-
IO MHOXEHHS (KOH FOHKIIIIO).
Jis miomy JoTivHEe PiBHSAHHS Ma€ TAKWA BUTIIS
Zp=Zp,NZpy > (22)
ne Zp, — YMOBA BIIKPHBAHHs M0y 38 HAPYToMo ( Zpy

Ma€ 3HAYCHHS ICTUHHM 3a JIOJNATHOI HAmpyrd Ha dioji
ZDUZO); Zp, — Ma€ 3HAYCHHS ICTHHH, KOIHM Ji0J

3anepTuil.

CraH pmiomy B3alMIIAETHCS TOCTIHHUM (3amepTuMm)
JUIT MOCTOBOI CXEMM 1 NpOBITHMM — JUII CXEeMH 3i
3’€THAHHSM Y 31pKy, KOJIM BC1 THPUCTOPH aHOJHOT BEHTH-
JTBHOI TPYTH 3amepTi, TOOTO B eNEKTPHYHIN cxemi 1 cuc-
TeMi piBHSHb aHOJHA THPHUCTOPHA TpymHa 3aJHUIIAETHCH,
aje BUMKHEHa 3 poOOTH (L€ CTOCYETHhCS IMPOTPAMHOTO
KOJy, B IKOMY peaii3oBaHa MaTeMaTH4YHA MOJAENb CHCTe-
MH BHIPSMIIEHHS 3MiHHOTO CTPyMYy 1 allTOPUTM pO3paxy-
HKY €JIEKTPOMArHiTHUX MPOLIECIB).

Hns interpyBanns CJ/IP B MaremarnuHidi Mopedni
CB3C Buxopucrano uncensHuit meroa Pynre-Kyrra npy-
TOT0 HOPAIKY, IO BAAJIO IOEJHYE TOCTATHIH piBEeHb TOY-
HOCTI 3 ONTHMaJbHUMH 3aTpaTaMH MaIIMHHOTO Hacy, a
JUISl pO3B’sI3aHHS JTIHIHHOT CHCTEMH aNreOpUYHIX PiBHIHB
enektpuuHoro crany (17) Bukopucrano meron ["ayca.

AJITOPUTM PO3PaxyHKy eJeKTPOMATHiTHHX Mpo-
neciB. BXimHI maHi Ui po3paxyHKy €IEKTPOMAarHITHUX
npotieciB cucremu (puc. 1) noainumo Ha Tpu rpymnu. [o
nepioi 3 HuxX BigHeceMo: Eyy, Ly, Ry, fv, Np — ammumity ny
ENEKTPOPYIIIHHOT CHJIH, IHIYKTUBHICT Ta aKTUBHHUH OTIp
(ha3HUX TIJIOK MepeXi, YaCTOTY Ta KUIBKICTh (ha3 Mepexi;
Lw, Rw — IHOYKTUBHICTh Ta aKTUBHUI OIIp JJIS TPOBiM-
HOTO CTaHy TUPHUCTOPIB Ta miony; L, R; — iHAyKTHBHICTB
Ta aKTUBHHMH OMIp AJISL 3allepTOro CTaHy THUPUCTOPIB Ta
nmiony; Ry, Ly — akTUBHUIA OIip Ta iHIYKTHBHICTh aKTHB-
HO-IHIYKTUBHOTO HaBaHTaXXCHHS; ty — Yac BiJHOBIICHHS
BJIACTUBOCTEH THPHUCTOPIB IS iX 3aIEPTOTO CTaHYy.
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Jo apyroi rpynu BXiIHUX AaHUX BiJHECEMO MOYaT-
KOBI YMOBH, SIKi 00’€JJHaHI y BEKTOp IHTErPOBAaHHUX 3MiH-
HUX V Ta BekTop Kp crany BeHTmmiB. Lli BekTopu MaroTh

TaKy CTPYKTYpYy:

V= (iH’iD’iTl""’iTzNFa’iMl""’iMNFat) 5 (23)
ne t — yac iHTerpyBaHHs;
K1 = (K K1ys Krs,o Ky o KD) - (24)

Enementu BexTopa Ky 3 (24) MatoTs 3HaYCHHS:
e | — IS IPOBIAHOTO CTaHY BEHTHIIB;
e ( — 1151 3aIIEPTOrO B pa3i KEPOBAaHUX BEHTHUIIIB;
e 2 — JuIsl 3aIIePTHX 1 HE KEPOBAHUX.

Jo TpeTpoi rpynu BiHECEMO Taki BXigHI HaHi, SKi
CTOCYIOTBCSl O€310CepeIHFO0 POOOTH MPOTPAMHOTO KOAY:
tx — KiHIeBHIf Yac iHTerpyBaHHs; Al — KPOK iIHTETpyBaHHS
CP B mo3a xoMyTamifiHI MPOMDKKH Hacy; Aty — Kpok
IHTETpyBaHHA B MEXaX MPOMIKKY Yacy BiTHOBJICHHS BJla-
CTHBOCTEH THPHCTOPIB AJIsI iX 3alIepTOro CTaHy.

Po3paxyHOK eNeKTpOMAarHiTHUX MPOLECIB, SKi Bij-
OyBaroThcsi B CB3C, BUKOHYETHCS B TaKii MOCIIAOBHOCTI.

1. Ha migcraBi moyatkoBux yMoB: (Bektopa V (23)),
MacuBy ctany BeHTHIIB Ky (24) 1 BXiJHUX JaHUX Mepuioi
rpymu GopMyIOThCS MaTpuii KOe(illieHTIB Ta BEKTOpHU
BIJIBHUX WIEHIB CTPYKTYPHHX €JIEMEHTIB CHCTEMH BH-
MIPSIMIIEHHS CTPYMIB 3a cXeMolo (puc. 1): eleKTpudHOi
Mmepexi — (5), (8); katogHoi THpHcTOpHOI rpymu — (13),
(15) Ta BcixX pemT CTPYKTYPHHAX €JIEMEHTIB.

2. Ha migcraBi MaTpuipb Koe(illi€HTiB i BEKTOPIB Bi-
JBHUX YIEHIB CTPYKTYPHHX €JIeMEHTIB (JOPMYETHCS MaT-
puLs KoedillieHTIB 1 BEKTOp BUIBHUX YIICHIB CHUCTEMH
piBusiHb (17) 32 popmyramu (18) ta (20), BimoBigHO.

3. Po3B’s3yeThCcs cHCTEMa pIBHSIHb EIEKTPUYHOTO
ctany (17) CTOCOBHO BEKTOpa TMOTCHINATIB HE3aJICIKHUX
By31miB ¢ (19) Ta GopMyeThCsl BEKTOp IHTErpYBaHHS pV,
SIKM{ JIOPIBHIOE TOXIZHINH 3a 9acoM BEKTOpa iHTErpoBa-
HUX 3MiHHUX V (23) Ta Ma€ TaKky CTPYKTypYy:

pV = (piH’piD’piT1""’piTzNF,’piMl""’piMNf,l) . (25)

4. Po3B’s3yeThest storiuHi piBHsHHA (21) Ta BU3Ha4a-
€THCS CTaH TUPUCTOPIB. SIKIIO CTaH TUPUCTOPIB 3MiHUBCS
(BimkpuBcs Xoua O OZMH 3 HHX), TO BEKTOP IHTErpyBaHHS
pV (25) BU3HAUaAETHCS TOBTOPHO.

5. OgHMM i3 SBHUX YMCENBHUX METOMIB IHTEIpyeTh-
cst CJIP 3 3amannM KpokoM iHTerpyBaHHs At B Hacligzox
YOTro OTPUMYEThCS 11 pO3B 30K (HOBE 3HAUEHHS BEKTOpa
V (23)) Ha MOTOYHOMY KpOIIi iHTETpYBaHHS.

6. BuxoHyeThCs TIepeBipKa Ha TpeIMeT 3MIiHM 3Ha-
YeHHS Ha BiJl’€MHE CTpyMy OyIb-sIKOTO 3 BIOKPHUTHX TH-
PHUCTOPIB Ha TOTOYHOMY KpOIll iHTerpyBaHHs. SIKIo
CTPYM [IOBIJIBHOTO BIJIKDUTOI'O THUPUCTOpA 3MIHUBCS 3
JOZATHOTO 3HA4YEHHS Ha BiJ’€MHE, TO BUKOHYETHCS iH-
BepTyBanHs CJ/IP, AkuM BH3HA4a€ThCS MOMEHT 4acy, B
SKHH CTPYM BIIKPHTOT'O TUPUCTOpA JOPIBHIOE HYIIO (T1e-
peXoauTh Yepe3 Hylb 3 Iuoca Ha MiHyc). IlounHaroun 3
[IOTO MOMEHTY 4acy, Ha MMPOMIXKKY 4acy ty, i 10 MOMeH-
Ty 4Yacy, KOJI j-i TUPUCTOP BIJHOBHUTH CBOI BIACTHBOCTI
JUTA 3aIIepPTOTO CTaHy, apaMeTpu TUpHUCTOpa (oro odep-
HEHa HIYKTUBHICTh Gr, Ta aKTHBHUH omip Ry, 3 (13)

ta (15) mia kaToAHOT Ta aHANOTIYHO IS AHOJAHOT THPHC-
TOPHOI TPYITN) 3MIHIOETHCS (30UIBIIY€EThCS OIIp 1 3MEH-
IIyeThcs 0OCpHEHA IHAYKTUBHICTH) 3a 3alaHUM 3aKOHOM

(miHiiiHUM, TapaboiYHUM, EKCIIOHEHIIHHUM, YU JTOBLIb-
HUM iHmKM). Ha npors3i yacy komyTanii ty, Kpok iHTer-
pyBaHHsI Aty MOpPIBHSHO 13 3aJJaHUM KPOKOM iHTErpyBaH-
H At JUIs 1032 KOMYTAIlIHHOTO TEepioay JOTIYHO 3MEH-
IMTA Xoua O Ha oauWH a00 HaBITh HA JBa MOPSJAKH
(Atk=At/100). Ha mepmomy Kpoui iHTErpyBaHHS MiCJis
3aKiHYE€HHS KOMYTAI[IfHOTO TIepiojy mapamerpam THUpHC-
TOpa TPHCBOIOETHCS 3HAYCHHS ISl 3alepToro CTaHy,
O3HaIll CTaHy Kp; -0 THPHCTOPA MPUCBOIOETHCS 3HAYCH-

Ha 0 (KTJ_:O), a KPOKY IHTETpyBaHHs IOBEPTAETHCS

3HAYCHH, SIKE BiJIIIOBIJIa€ 11032 KOMYTAI[IHHOMY TIepioy.

7. 3 MEBHOIO KPaTHICTIO KPOKIB IHTETPyBaHHS BUKO-
HYETHCSI BUBLJ Pe3yJIbTATIB PO3paxyHKIB MpoleciB y daii-
mu iHdopmanii. Llumu pe3ynbraTaMu CIyryloTh BCi KOOp-
JMHATH, SIKI BXOJATH 10 BEKTOpA IHTEIPOBAHMX 3MiHHUX
V (23) Ta moTeHIiany He3aleKHUX BY3JIiB cxeMu (puc. 1)
(19) i ix pi3HHI B MOBUIBHIN KOMOiHAIll, a TaKOXK pe-
3yJNBTAaTH TAPMOHIYHOTO aHANi3y BUOPAHUX KOOPAWHAT.

8. Ha koXHOMy KpoIli IHTErpyBaHHS BHKOHYETBCS
nepeBipka Ha MpeJMET BUXO/AY MOTOYHOrO Yacy 1HTerpy-
BaHHs t 32 Mexi 3a7aHOro MOro KiHIIEBOTO 3HAYEHHS lk.
SIK1Io MoTOYHE 3HAYEHHS Yacy iHTerpyBaHHs { JOpiBHIOE
abo nepesuIye 3amane Kinmese ty (t > tx), To mpoueaypa
interpyBanas CJIP mpumnuHs€TbCS, @ B NPOTHIIEKHOMY
pasi, ko t< ty — MPOIOBKYETHCSI.

Ha mincraBi BukianeHoi BHIe MaTeMaTHIHOI MOJie-
J1i Ta BiNOBITHOI i alTOPUTMY PO3pPOOIICHO TIPOTPaMHUI
kog  MoBoio  mporpamyBaHHS FORTRAN  mis
KOMII FOTEPHOTO MOJICIOBAHHS €IEKTPOMArHITHUX TIPO-
1eciB, sKi BiAOYBalOTbCS B CHCTEMI BHIIPSIMIICHHS
Ne-daznoro crpymy (puc. 1). st nepeBipku 3anponoHo-
BaHOT'O METOJy Ha IpeAMET KOPEKTHOCTI HOTO TeopeTHy-
HUX TIOJIOKEHb Ta MPUIATHOCTI 10 MPAKTUYHOTO 3aCTOCY-
BaHHS 3a JIOTIOMOTOI0 PO3pPOOJIEHOr0 MPOTPAMHOTO KOIY
BUKOHAHO KOMII'IOTEpHE MOZEIIOBAHHS EJIEKTPOMArHiT-
HUX ITporeciB, siki BigOysatotecs B CB3C (puc. 1) 3a ne-
KiJIbKOMa CXeMaMH CHJIOBOTO €JIEKTPHYHOro Koja (3a
MOCTOBOIO CXEMOIO BHIIPSIMIITYA Ta 33 CXEMOIO BHIIPSIM-
ns9a B 3ipKy) 3 KimbKicTio a3 N =1, 2, 3, 6 Ta 12 (3 24-
X  MOXIHMBHX). Hmkdye  HaBemeHO  pe3ysbTaTH
KOMII FOTEPHOTO MOJICIOBAHHS €IEKTPOMArHITHAX TPoO-
neciB st tpudasnoi moctoBoi CB3C.

BximHi gaHi nepmioi rpynu BUOpaHi 3 TAaKUMH YHC-
JIOBMMHU 3Ha4eHHSMH, 100 32 OCHOBHMMH KOOPAWHATAMH,
SKAMH CIYTYIOTh BUIPSIMJIEHA HAmpyra Ta CTpyM iy, Uy
KOPEJIIOBATUCS 31 3HAUEHHSMH BUIPSMICHHUX CTpyMYy 1
Hanpyrd BEHTWIBHOI cUCTeMH 30yKeHHs TypOoreHepa-
topiB cepii TI'B motyxwnictio 500 ta 800 MBT. OTXe,
OCHOBHI BXiJHi JlaHi MepIIoi rpyny MaroTh TaKi YUCIIOBI
3Ha4YCeHHS: A 3-¢pa3Hoi enekTpuaHoi Mepexi Ey=800 B,
Ly=0,1-10"° T, Ry=0,1-10" Owm, f=50 I'n — ammiTyaa
€JIeKTPOPYIIIHHOI CHIH, THAYKTHUBHICTH Ta omip (ha3sHUX
EJIEKTPUYHUX TUIOK MEPEeXi, a TAKOXK YacTOTa il HANPYTH 1
CTpyMy; s BHmpsMisga Ta miomy: Lw=0,1-10" I'm,
L;=0,1-10° TH — ingyKTHBHICTH THpHCTOPHHX (i Ji0AHOT)
TJIOK B TIPOBIHOMY 1 3alepToMy CTaHaxX, BiJIIOBIIHO;
Rw=0,001 Om, R;=1000 OM — aKTHBHHI OTIip THPUCTOP-
HUX (1 A10[THOT) TLIOK B MPOBIIHOMY 1 3aII€pPTOMY CTaHax,
BIAMOBiNHO; 0,=0° — KyT peryioBaHHS THPUCTOPIB; LIS
HaBaHTtaxenus: Ly=0,075 I'n, Ry=1,5 Om — iHgyKTHB-
HICTH Ta aKkTHBHUH omip; At=10 MKc — KpOK iHTerpyBaH-
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Hs1; Atg=0,1 MKC — KpOK IHTErpyBaHHS Ha MPOMIKKY KO-
MyTauii (3amupaHHs) BeHTWB; txy = 0,65 ¢ — KiHUeBHI
yac iHTerpyBanHs; ty = 50 MKC — MOBHHI Yac BiJHOBJICH-
Hsl BJIACTHBOCTEH THPHCTOPA /ISl 3alIEPTOTO CTaHYy.

3aBaaHHs MOJEIIOBaHHS TIOJISITAaE B TOCHIKEHHI 3a-
KOHOMIpHOCTEil Tiepeliry eNeKTpUYHHX IIPOIECiB, SKi
BiOYBAIOThCS B THUPUCTOpAxX BUIPSAMISYA 3 aKIEHTOM
yBark Ha BUBYEHHI caMe KOMYTalifHMX MpOLECIB, SKi
BiIOYBAIOThCS MM Yac 3alMUpaHHS THPHCTOPIB 3 Bpaxy-
BAaHHSAM HAsABHOCTI IHBEPCHOTO (3BOPOTHOTO) CTPyMY.
Bume 3a3Hauero, 0 B 3aporlOHOBAaHOMY METOI i, Bifl-
MOBIJJHO, MaTeMaTU4Hiil MoJenl mnepeadayeHo MOIKITHU-
BiCTh BHOOPY 3aKOHY 3MIHM NapaMeTpiB TUPUCTOPIB Mix
Yac X KoMmyTalii. B 1boMy KOHTEKCTi Ha MepIIoMy eTari
JIOCII/DKEHHS PO3IJITHEMO JIIHIHHUN 3aKOH 3MIHM Napame-
TpiB TUPHCTOPIB, SIKI KOMYTYIOTb ITiJl 4ac iX 3aIipaHHs.

Ha puc. 2 300pakeHO pO3paxyHKOBI 3aJ€XKHOCTI
MHUTTEBHUX (DA3HUX CTPYMiB KaTOIHOI THPUCTOPHOI TPYTIH.

700 4T T2 Ir A

600 1 —
500 1
400 1

300 |
200
100

0

-100 s
0.00 0.02 0.04

0.06 008 t,s

Puc. 2. iT1’ iTz’ iT3 — (basni cTpymu KaTomHOI Tpynu

OueBUIHO, 110 MUTTEBI CTPYMH aHOJHOI TUPUCTOP-
HOI TPyIH MaloTh aHAJIOTIYHHUH XapakTep A0 CTPyMiB Ka-
TOJIHOI TPy, ajie 3CyHyTi 3a (a3zoro Ha 180°.

BaxnnBoro KOOpANHATOIO 3 TOTIISIAY aHATI3Y eJIEKT-
pomarHiTHuX mnporneciB y CB3C € BunpsiMieHuit crpym,
KpHBa SIKOTO 300pakeHa Ha puc. 3.

i, A
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800 1
700
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500 1
400 1
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0¥——r

0.00 0.05 0.10 0.15 0.20 0.25
Puc. 3. iy — BUnNpsIMIICHUI CTpyM

S ——————

0.30 t,s

3 puc. 3 BUAHO, IO KPWBA BHIIPSIMIECHOTO CTPYyMY
OTMHA€ KPHBI BEHTHJIBHUX CTPYMiB KaTOIHOI THPHCTOP-
HOI TPYyIU 32 BEpXHIM KOHTYPOM, IO BiJINOBifae (i3uii
€JIEKTPOMArHITHUX MPOIIeCiB, siki BinOyBatoThes y CB3C.
3araoM KpUBI PO3pPaxyHKOBUX 3alie)KHOCTEH (asHux
CTPYMiB KaTOJHOI THPHCTOPHOI IPYIH Ta BHIIPSIMICHOTO
CTpyMYy, 300pakeHUX Ha pHc. 2, 3, BiToOpakaroTh mepedir
nepexigHoro mnpouecy B CB3C 3 HynbOBHX HMOYaTKOBUX
YMOB Ta HaJAI0Th iHpOpMamio Npo (YHKIIIOBAHHI Ma-
TEMaTHYHOI MOJIEN 1 BiIIOBIIHOTO IIPOrPaMHOTO KOy Ha
npeaMeT (i3uKM Iporecis, SKi BiIOyBaroThCS B Wil cuc-
TeMi, i, TIEBHOIO MipOIO, TIPO PiBEHb aIeKBATHOCTI pealb-
Hiff (Qi3WYHIA crcTeMi Ha piBHI XapaKTepy KPUBHX SAKiCHO
Ta Ha PiBHI iX YHCIOBUX 3HaYEHb KUTBKICHO. 3 puc. 3 BU-
JIHO, 110 BHUIPSMIICHHH CTpyM HaOyBa€ YCTaJICHOTO 3Ha-
YeHHS! BIMOBITHO IO CTAJIOl Yacy, 3HAUSHHs SKOT BU3HA-
YaeThCs IapamMeTpaMH HaBaHTaKeHHsS, TOOTO iX BiJHO-
meddsaM Ly/Ry.

3 moryAAy 3aJeKIapoBaHOTO BHIIE METOIY IPUHI-
MOBO Ba)XXJIMBO OTPUMATH iH(GOPMAIIO PO HASBHICTH Ta
3aKOHOMIPHICTh 3MiHM 1HBEPCHOTO CTPYMYy THPHCTOPIB,
SKI KOMYTYIOTb MiJl 4ac X 3amupaHHs, a TAKOX Mo Xapa-
KTep 3MiHU NapaMeTpiB TUPUCTOPIB Ha €Talli iX 3aripaH-
HS (B NPOJIOBXK Yacy BiJJHOBJICHHSI BJIACTHBOCTEH THpHC-
TOpIB IS 3amepToro crany). Taky iH(popMaIliro HaJlarTh
KpHBI CTpyMy, OOEpHEHOI IHIYKTMBHOCTI Ta aKTHBHOTO
ONOpY TUPHUCTOpA, SIKUU 3amupaerbes. s TupucTopa 3
HOMepoM 1 11i kpuBi 300pakeHi Ha puc. 4-6.

. A

1

04 S

-1 j

_2 ;\ /

-3

1V

-5 j . . . . . . . .
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Puc. 4. T~ IHBEPCHHUIA CTPYM IIEPIIIOTO THPUCTOPA (JTIHIHHFIA 3aKOH)

XapakTep KpHBOi Ha pHUC. 4 OJIHO3HAYHO BKa3ye HE
JIMIIE Ha HAsBHICTh IHBEPCHOTO CTPYMY MEPILIOrO TUPUC-
Topa (mepexil CTpyMy THPUCTOpA Yy BiJ’€MHY O0JIacTb),
ajie ¥ Ha 3aKOHOMIPHICTh HOT'O 3MiHH, 3TiHO 3 KOO BiH
HAapoCTae 0 TEBHOTO MAaKCHMAJIbHOTO 3HAuYeHHS (TyT
BOHO JIOPIBHIOE iT,= —4.19 A), a mani — #oro cragaHHs

JI0 YCTaJICHOTO 3HAYCHHSI, SIKE TOPIBHIOE it = -0,2 A.

HasBHiCTH 1HBEpCHOTO CTPyMy Ta 3aKOHOMIpPHICTBH
HOro 3MiHH € IIJIKOM OYiKyBaHHMH Ta CIIPHUAMAIOTHCS 5K
Taki, IO 3arajloM BiAIOBialOTH TPOLECY BiTHOBICHHSI
BJIACTUBOCTEH THPHUCTOPIB IS 3allepTOrO CTaHy IIiJ dac
ix komyranii. O4eBUIHO, IO TyT MaKCUMaJIbHE 3HAYCHHS
IHBEPCHOTO CTPYMY BH3HAUYAETHCS 3aKOHOMIPHICTIO 3MIHU
napameTpiB TUPUCTOPIB, sIKi KOMyTYI0Th. Haragaemo, mo
B I[bOMY BapiaHTi PO3paxyHKiB MPUHHATO JIHIHHUN 3aKOH
3MiHH MTapaMeTPiB THPUCTOPIB, SKi KOMYTYIOTb.

XapakTep KpUBHX 00epHEHOT IHAYKTHBHOCTI (puc. 5)
Ta aKTUBHOTO Omopy (puc. 6) € aOCOMIOTHO OUCBUIHUM,
aJDKe 3HAUYCHHS IIMX KOOPJMHAT 3MIiHIOETHCS 3a JIIHIHHUM
3aKOHOM B 33JIaHUX MEXKaX BiIIOBITHO NO BHXIiJHUX IO-
MyIIeHb 1 6a30BUX MOJIOKEHD 3alIPOIIOHOBAHOTO METOY.
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3 Meror 3’siCyBaHHS BIUIMBY Ha 3aKOHOMIPHOCTI
3MIHM IHBEPCHOTO CTPYMY THUPHCTOpIB MiJ Yac X 3amu-
paHHs PO3IIISTHEMO aHAJIOTIUHI PO3PaxXyHKOBI 3aJI€)KHOCTI,
OTpUMaHi, BUXOASYH 3 MapaboJiyHOTrO 3aKOHY 3MIHHU Ta-
paMeTpiB TUPUCTOPIB, SIKI KOMYTYIOTh. SIK 1 A JiHiHO-
IO 3aKOHY, Ha pUC. 7-9 300pakeHO PO3PaxyHKOBI 3aJIeXk-
HOCTI 1HBEPCHOTO CTPyMy, OOE€pHEHOI iHIYKTHBHOCTI Ta
AKTHBHOTO OTOPY IEPIIOT0 THPHCTOPA.
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Puc. 7. it~ IHBEpPCHUI CTPYM TIEpIIIOro TUPHCTOPa (TIapaboTiaHIHA
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Puc. 8. 1/|_Tl — oOepHeHa IHIYKTHBHICTB 1-ro THpHCTOpa
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Puc. 9. Rr,~ AKTHBHHH OIIip IEePUIOro THPUCTOPA

(mapabomniyHuii 3aK0H)

3 puc. 7 BUIHO, IO 3arajoM XapakTep CTpyMy Iiep-
LIOT0 THUPUCTOPA € MONIOHMM [0 XapakTepy CTpyMy Ha
puc. 4, a BiAPI3HAIOTBCS KpUBa CTPYMY Ha pHC. 7 Bij
CTpyMy Ha puc. 4 OUTBIINM MaKCHMAITbHHUM 3HAYCHHIM
IHBEPCHOTO CTPYMY, siKe HOpiBHIOE j =9.63 A. Taxa

PI3HHIS TOSCHIOETHCS MEHIIMM 3HAYEHHSM aKTUBHOTO
OTOpY Ta IHAYKTHBHOCTI THPUCTOPA HA TIOYATKY MPOMiX-
Ky 4acy BiJHOBIJICHHS BJIACTUBOCTEH THPHCTOpa Ul 3a-
MIEPTOTO CTaHy, 10 BUPa3HO BUIHO 3 puC. § Ta 9, Ha SKUX
BIMOBIMHI KpHBI MaroTh mapaboiniyny ¢opmy Ha erami
3MiHH TTapaMeTPiB THPHUCTOPIB.

®akT pi3HUX 3HAYCHb MAaKCHUMyMy IHBEPCHOTO
CTpyMy JJIsl JIIHIHOTO 1 MapaboJliYHOrO 3aKOHY 3MIHU
rapameTpiB THpHUCTOpa (IO anpiopi € OUEBHIHUM), SIKHI
KOMYTY€E, O3Hadae mpodieMy BUOOpY BapiaHTy 3aKOHY
i 9ac KOMII'FOTEPHOTO MOJICITIOBAHHS. 3 OIHOTO OOKY,
JHIMHUA 3aKOH 32 YCepeTHEHUM 3HA4YEeHHSIM ITOBHHEH
JIOBOJII TOYHO OIMCYBAaTH 3MiHYy MapamerpiB, aie, 3 JIpy-
roro 0OKy, B peaJlbHUX yMOBaxX Taki (i3W4Hi mporecu
MIPAaKTUYHO PIAKO € JIHIHHUM, a TOMY ICHYIOTH IiICTaBH
CTBEPIKYBATH, IO TYT CIIiJ] 3aCTOCYBATH SIKHUACH 1HIIUI —

HeNHIHHUIA (Hanpukiaa, napadoniunuii) 3akoH. [ToaiOHO
JI0 TOTO, SIK 4YaC BiJJHOBJICHHSI BJIACTHBOCTEH THPHUCTOPIB
JUIs 3alIepTOro CTaHy € PI3HUM 3aJIeKHO BiI po3mipy i
TUIy THPUCTOPIB Ta iX OKpPEMHX CTPYKTYp (emiTepiB Ta
0a3), JIOTIYHO B KOKHOMY pa3i OKpeMo MiA0upaTH 3aKOH
3MiHM TapameTpiB Tupuctopa. Ha mpomy erami mocii-
JDKSHHsI WASTHCS JIMIIE PO METOIM BpaXyBaHHS iHBepC-
HOTO CTPYMY Ha NPHHIMIIOBO BUILOMY PiBHI aJleKBaTHOC-
Ti, @ HX IIe TPOTIOHYEThCS IHIIMMH BiIOMHMH Ha Terep
METOIAMH i, SIK HACNIIOK, TOYHIIIOTO BpaxyBaHHS KOMY-
TaIifHUX TIPOILECIiB THPHUCTOPIB, SAKi BiMOYBAIOTHCS IIif
yac X 3allMpaHHs.

TakuMm 4HMHOM, pe3yNbTaTH MAaTEeMaTHYHOTO MOJe-
moBaHHs CB3C 3 BpaxyBaHHSIM HAasBHOCTI iHBEPCHOTO
CTPyMy B THUPHCTOpAX, SIKi KOMYTYIOTh IIiJl 4ac iX 3amu-
paHHs, OTPHMaHi 3 BHUKOPHCTaHHSM 3alpOIIOHOBAHOTO
METOAY, AAIOTh MiZCTaBy CTBEPAXKYBATH, IO MPUHLUIIOBO
TaKW{ MiAXil € JOCTaTHhO ApryMEHTOBAaHHUM 3 MOTJISIY
NPUHHITHX KOPEKTHHX BHUXiTHUX MNPUIYILCHb 1 TaKHM,
IO BiAIIOBiAa€ peaJbHUM TIpoIiecaMm, SKi BiTOYBarOTHCS B
THPHUCTOPI HA eTali HOTOo 3aIMpaHHs Ta BiTHOBICHHS BIIa-
CTHBOCTEH MJIs 3allepTOro CTaHy, Ha PiBHI KOHIICHTpAIii
HOCITB €NIEKTPUYHUX 3apsiliB B PEAUTbHUX TUPUCTOPAX, M0
OCTaTOYHO MPOSBISIETHCS B 3MiHI OIIOPY THPHCTOPA 1 HOTO
(hyHKIIIIOBaHHI SIK HAIIBIPOBIJHHAKA. AJDKE KOHIIGHTpALlis
3apsliB B CTPYKTypax THpHCTOpa i Horo omip mepedyBa-
I0Th B MPUYMHHO-HACIIIKOBOMY 3B’S3Ky, a II€ O3HAYaE,
0, SKIIO OOIPYHTOBAHO 1 paIfioHAJILHO BUOpATH HEOO-
XiTHMI 3aKOH 3MiHM TapaMeTpiB THPUCTOpA Ui eTamy
BIJIHOBJICHHS BJIACTHUBOCTEH IJIsI 3alIlEPTOrO CTaHy, TO Ta-
KUl 3aKOH BIATNOBIIaTHME EKBIBaJCHTHO PEabHUM KOH-
HEHTpAIlisIM ENeKTPUYHUX 3apsdiB, IO apTryMEHTYeE iX
BpaxyBaHHSI.

BHuCHOBKH Ta nepcneKTHBA A0CTi/IZKeHb.

1. B HasiBHI{ Ha Temnep BEJIMKil KUIbKOCTI METOJIB Ma-
TeMatuyHoro mozenmoanHs BITY nanro mano npenmer-
HOI yBarv BHIUICHO BPaxyBaHHIO IHBEPCHUX CTPYMIB, SIKi
BUHMKAIOTh TiJl Yac 3arlupaHHs BEHTHIIB i, SIKI peasbHO
ICHYIOTh B 3allepTHUX BEHTHJIAX Ta MArOTh IIEBHUIl BIUIUB
sK Ha nepeOir npomneciB y BITY, Tak i Ha ix ¢yHKUitOBaH-
Hs 3arajoM. KopekTHe BpaxyBaHHs iHBEPCHHX CTPYMiB
BEHTWIIB (0cOOIMBO i 9ac iX 3anMpaHHs) 3aJHIIacThCs
aKTyaJbHOIO TP00JIEeMOI0, BUPIMIEHHS K01 a0 O 3Mory
ICTOTHO TiABHUIIUTH PiBEHP aeKBATHOCTI MATEMAaTHIHOTO
monemtoBanusg BITY.

2.B Jneskux Merojax IHBEpCHI CTPyMH BEHTUIIB HE
BpaxOBYIOTbCSA  B3araiji, Hampukial, B  KIIOYOBUX
S-monensix [14] abo OTPUMYIOThCS HEKOPEKTHUMH 4epe3
OPUHHSTY Y BUXIAHUX MPUIYHICHHAX MHUTTEBY KOMYyTa-
LiI0 BEHTHJIB Ta, SK HACTIJOK, CTPIMKY PanTOBY 3MiHY
MepIIoT MOXiJHOT CTPYMY BEHTHIIS, SIKHI KOMYTYE TIiJ] 4ac
HOro 3anMpaHHs, a TOMY iHBEPCHHMH CTpyMaMH irHOpy-
10Th [ 15-17] Ha migcTaBi MaJIoCTi iX 3HAYECHbD.

3. IlpomoHy€eThCS TIpOIIEC 3alMpaHHs BEHTWIIB, 3 Bpa-
XYBaHHSM BiJHOBJICHHS 1X BIIACTUBOCTEH VIS 3arepTOro
CTaHy, MOJEIIOBATH 3MIHOI (32 BH3HAUYECHUM 3aKOHOM)
napameTpiB, SKHUMH CIYTYIOTh OOEpHEHa 1HIYKTUBHICTb 1
aKTHBHHUI OIlp, MPOTATOM BIZIOMOTO 4Yacy 3amupaHHS.
OcraTo4He 3alMpaHHs BEHTIIIB BUKOHATH MICIS CIUTHHY
4acy BiZIHOBJICHHS BIIACTUBOCTEH BEHTHJIIB JUIS 3aII€pPTOTO
crany. Takuil MeTox, 3 oJHOTO OOKY, 3a0e3neuye MIaBHy
3MiHy MapaMeTpiB BEHTWJIIB IiJ] Yac iX 3alupaHHs Ta, SIK
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HACII/IOK, KOPEKTHI 3HA4YeHHs IHBEPCHOTO CTPyMy, a, 3
Jpyroro OOKy, BpaxoBy€ BUHUKHEHHS Ta IMHAMIKY 3MIHH
IHBEpCHOTO CTPYMY Ha eTalll 3anupaHHs BEHTWIIB MiJ 4ac
BiZIHOBJICHHS IX BJIaCTMBOCTEW ISl 3alI€pTOr0 CTaHy, L0
ICTOTHO TIiJBUIIYE PiBeHb a/IEKBATHOCTI MaTeMaTH4YHOTO
MonenroBaHHs K camux BITY, Tak i eneKTpOTEeXHIYHHX
cucTeM, ki MicTsaTh BITY.

4. PezynpraT KOMI'IOTE€pHOro MoxemroBanHs BIIY,
OTpHMaHi i3 3aCTOCYBaHHSIM B MaTEeMATHIHIA MOJENi 3a-
MIPOTIOHOBAHOTO METOY, JAIOTh MiZICTaBH CTBEPKYBATH,
10 HASBHICTH Ta 3aKOHOMIPHICTh 3MIiHH 1HBEpCHHX CTpPY-
MIB BIZIIIOBiJa€ Tpoliecam, ki BigOyBatotbes y BITY, na
PIiBHI KOHIIEHTpaIii HOCITB eEeKTPHYHUX 3aPsIIiB 3 TOTJIs-
Iy 11 MposiBY y BENMYHMHI Ta XapaKkTepi iHBEPCHOTO CTpY-
My, 110, CBOEI0 YEpProro, BKa3y€ Ha IiJBUIICHHS DPiBHS
a/IeKBATHOCTI MaTeMaTUYHOTO MoemoBanHs BITY.

5. [IpeameTom mociikKeHb Ha TEPCIIeKTHBY BOAYAETh-
Cs BU3HAYCHHS 3aKOHIB 3MIHH TUHAMIYHHUX IMapaMeTpiB
BEHTHIJIIB BiJIMIOBITHO JTO 3aKOHOMIPHOCTI 3MiHH KOHIICHT-
patii HociiB 3apsmiB y iX KOHCTPYKIIIMHHAX 1 BOZHOYAC
GYHKIIHHAX CTPYKTYpax (0a3ax Ta emiTepax).

Konguaikr intepeciB. ABTOp 3asBIsI€ PO BiACYT-
HICTh KOH(QIIKTY iHTEpeCiB.
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Method of dynamic parameters for mathematical modelling
of switching processes of valves closing of semiconductor
converters.

A method has been devel oped for mathematical modeling of valve
frequency converters (VIFC) based on an analysis of the nature of
the occurrence and patterns of the flow of inverse current of
valves when they are locked using the dynamic parameters of
valves, which are series-connected inductance and active resis-
tance, changing in accordance with the pattern of concentration
dynamics charges in semiconductor structures (bases, emitters
and p-n junctions. Taking into account the presence of the inverse
current of semiconductor valves significantly increases the level of
adequacy of mathematical modeling of VFCs of arbitrary struc-
ture and purpose and in arbitrary modes of their operation, in-
cluding asymmetric and emergency transient electromagnetic
processes of electrotechnical complexes with VFCs, not only dur-
ing the time interval of switching (closing) of valves, but through-
out the entire time modeling. References 21, figures 9.

Key words: valve, switching, inverse current, adequacy level,
mathematical model, software code.
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EnekmpoizonsayiiiHa ma kabenbHa mexHika
VK 621.319

https://doi.org/10.20998/2074-272X.2022.3.06

I'.B. be3npo3sannux, M.B. I'punummna

EdexkTnBHi napaMerpu aie1eKTpru4HOi adcopOuii moriMepHOI i301s1il 3 HAIBNPOBITHUMH
NOKPHUTTAMM CHJIOBHX BHCOKOBOJbTHUX KaleJiiB

Ha niocmasi nocnioosHno-napanenvhoi HeniHitinoi cxemu 3amilyeHHs HanienposioHux NOKpUMmie ma HiniliHOi enekmpuyHoi noiimep-
HOI 3015l y WUpOKOMY 0ianazoni 4acmomu GU3HAYEHO eheKmusHi napamempu OieleKmpuiHoi abcopOyii CUI08UX GUCOKOBOIbNI-
HUX Kabenig 00HOUCUTLHO20 GUKOHAHHA. 34 Pe3yTbmamamu MoOenio8ants, 3 ypaxyeaHHam Oucnepcii enekmpoisuunux xapaxmepu-
CMUK HANienpoGiOHUX NOKPUMMIG, 008e0€HO, WO eheKmusHa eleKmpuiHa EMHICIMb MPUULAPOBOI KOMRO3UMHOT i301AYitliHOI cucme-
MU BUSHAYAEMbCA EMHICIIO NONIMepHOI i301ayii. Bcmanoeneno xapaxkmep 4acmomuux 3a1edCcHOCmel ma MaKCUMAnbHi 3HAYEHHs
ehekmueHo20 maneeHcy Kyma OleleKmpUiHUX 6mpam 6 3a1elCHOCHI 610 CNiGGIOHOUIEHH S MIJIC NUMOMOK eJIeKIPONPOGIOHICIIO HA
NOCMIUHOMY | 3MIHHOMY CIMPYMI Ma MOSWUHOK HANIGNPOGIOHUX eKpanis. Ompumani cniegiOHOWEHHS € NIOCMAgoio OJisk po3pPo0OIeH-
HA NPAKMUYHUX PEKOMeHOaYiti w000 OOIPYHIMYBANHS MOBWUHI MA eNeKMPOPI3UUHUX NAPAMEMPI8 HANIBNPOGIOHUX NOKPUMMIE O
3MEHUWeHHsl IX 6NAUBY HA eheKMUBHUL MAHSEHC KYMA OLleIeKMPUYHUX 6Mpam mpuuiaposol KOMROZUMHOL el1eKmpoi30ayiiHol cuc-
memu CuLo8ux 8UCoK08oIbmMHUX Kabenie. bibi. 23, puc. 6.

Kniouogi cnosa: HaniBNpoOBiAHI MOKPHUTTS, moJiMepHa 30151, CHJIOBHIi BHCOKOBOJILTHHI Kaleib, HeJiHiliHA cxema 3ami-
LIeHHsl, KOMILJIEKCHA JieJIeKTPUYHA NIPOHUKHICTh, AKTHBHA THTOMA NMPOBIAHICTh, e(peKTHBHA eJIeKTPHYHA EMHICTh, e)eKTH-

BHHIf TAHTeHC KYTa JieJleKTPUYHUX BTPAT.

Beryn. Enexrponioctauanss 15 MiTH. OIMHAIG Pi3HAX
IPyN CHOXXHMBadiB B YKpaiHi 3/IiCHIOETbCS 3aBISIKU Mepe-
’KaM CepelHbOl HAIPYyTrH, AOBXHUHA SIKUX CTAaHOBUTH IIOHAJ
92 % Bin Mepex ycix kiacis [1]. HeoOximHicTh 3aMiHM OJH-
36k0 140 THC. KM €NEKTPUYHHX Mepex OOYMOBIIIOE BIIPO-
Ba/UKEHHS CWJIOBHX BHCOKOBOJIBTHHX KaOeliB 3 ToJiMep-
HOIO 130JIIIIEF0 HA OCHOBI 3IINTOTO TIONIETHICHY, BUCOKO-
MPOMYKTUBHUX TEPMOIUIACTUYHUX eJacTomepiB [2, 3].
3 BIPOBADKEHHAM CyYacHHX KaOENbHUX BHCOKOBOJIBTHHX
CUCTEM 3’SIBIISIETBCS, IMO-TIEPIIE, MOMJIUBICTH HIMPOKOTO
BHKOPHUCTaHHS PpO3TAY)KEHOi PO3MOIUIEHOI KaOeabHOT
Mepexi A Tmepenadi NaHWX 3HadyHOTo 00’emy [4, 5.
Ilo-ngpyre, — poBeACHHS TIAarHOCTUKHU 130111 JIJIs BUSB-
JIeHHs O3HaK i jerpazaii, ski B HailOUIbIIINA Mipi POsB-
JISIFOTBCSL Y BUCOKOYAaCTOTHOMY AiarasoHi [6-12].

KOHCTpYKTHBHOIO OCOOJIMBICTIO CHJIOBHX BHCOKO-
BOJITHUX KaOeliB 3 MOJIMEPHOIO 130JILI€I0 € HAsBHICTH
HAITIBIIPOBIIHMX €KpaHiB II0 CTPYMOIIPOBIAHOI KW 1
130JIALIiT 71 BUPIBHIOBAaHHS €JEKTPHYHOTO IIOJIS HA II0-
BEPXHI WM 1 3MEHIICHHS SISKTPHYHOTO MOJIS Ha TOBe-
pxHi i3omsii [13, 14]. HamiBnpoBigHi ekpaHd HAHOCSTb-
CS OZHOYACHO 3 EKCTPYAYyBaHHAM MOIIMEPHOI 130JImii.
Taka TexHoNOTIA 3a0e3Medye BHCOKY aiAre3iro MiK eKpa-
HAMH 1 130JIS11i€10, 3MEHIIIYE WMOBIPHICTh YTBOPCHHS ra-
30BUX BKJIIOYEHb B 130JILi1 1 HA TPaHMIi 3 HAIIBIPOBiJ-
HHMH €KpaHaMH.

3a3BH4all 3aCTOCOBYIOTHCSI HAIIBIIPOBIIHI Ipomap-
KM 3 KOMIIO3UTHOTO HOJIMEPHOTO MaTtepiany JoAaBaHHIM
TEXHIYHOTO BYIJICIIO B SIKOCTI HAllOBHIOBaya B PEILIITKY
monimepy. Takuii Matepian 3a0e3rnedye MOCTYIIOBE 3Mi-
HEHHSI TUTOMO] eJIeKTPUYHOI MMPOBITHOCTI Ta MieIeKTPHY-
HOI MPOHHUKHOCTI MPH TEPEeXO0i eIEKTPUIHOTO MO Bif
CTPYMOIIPOBITHOT JKHITH JI0 eIeKTpuYHOT 130l [14].

BBeneHHsa JIOMIIIOK alEeTHICHOBOI Cax<i, IMUTOMHIA
OIlip YaCTHUHOK SIKMX 3HAXOAMTHCS B miama3oHi Bix 0,0001
10 100 Om-M, IPU3BOANUTH O CUMETPUYHOTO PaaialibHO-
ro npodiIro eIEKTPUYHOTO MOJIsl B CUIIOBOMY Kabei Koa-
KCiaJIbHOT KOHCTPYKIIi, 110 3anobirae 30LIbLICHHIO JIOKa-
npHOTO mojisi. JIokankHe eJeKTpUYHEe TOJIe € TOJOBHUM
CTHMYJIOM JJIsl YTBOPEHHS Ta PO3POCTaHHS BOJSHUX TPH-
IHTiB, YACTKOBHMX PO3PSAIB 1 HABITh MEXaHIYHUX PO3PUBIB
CUJIOBHX KaoOemiB [15].

HasiBHICTh HaIIBIPOBIAHUX €KPaHIB MPU3BOIUTH 110
TMOSIBU JJOAATKOBHX JAi€IEKTPUYHUX BTPAT B MOPIBHSHHI 3
MOJIIMEPHOIO 130JIsIli€r0 Oe3 ekpaHiB. Brpatu B kabemsx
32 YMOBM HAsBHOCTI HaIliBIIPOBIIHMX IOKPHUTTIB 3ajie-
JKaTh BiJ Mi€JIEKTPUYHOI IIPOHUKHOCTI Ta MMUTOMOIO OIIO-
PY KOMITO3UTHOTO MOJIMEPHOI0 MaTepiaiy, sKi € 4acToT-
HO-3aJIeKHIMH nlapametpamu [16, 17].

VY cTarTi BUKOPUCTAHO MOHSATTS IieIeKTPUIHOI abco-
pOI1Iii, mo MOB’SA3YETHCS 3 BTpAaTaMU CHEPTii B TOJNieTHIe-
HOBI# 13011511111, sIKi B CBOIO 4€pry, BU3HAYAIOTHCS €JICKTPH-
YHOI0 EMHICTIO Ta TAHT€HCOM KyTa MICIEKTPUYHUX BTPAT.
VY 3aranbHOMY BHUIAJIKy TEPMiH «IieleKTpHIHa a0COPOLIis»
MOSICHIOEThCS, HANPUKIIa, B pobotax [18, 19] i Bukopuc-
TOBYETBCSI B JIOCTIJDKEHHI (DI3MYHMX MEXaHI3MIB IMOIJIH-
HaHHS eJIEKTPOMArHiTHOI €Heprii, CTBOPEHHS 3aJIMIIIKOBO-
TO 3apsiay, iH., @ TAKOXK B TEOPIi €JIEKTPOMAarHiTHUX XBUIIb
[20], mo Toro x y crarrti [19] mienekrpruHa abcopOuist Ta
BTPATH PO3ALIAIOTHCA.

Ananiz giteparypuux mkepen. Emexrpodiznuni
XapaKTEePUCTHKH HAMIBIOPOBIAHAX IOKPUTTIB iCTOTHO
BIUTMBAIOTH Ha PO3IOMAUI SNIEKTPUYHOTO IOJIS i BTPATH B
kabemnsx Ha pobouiit wactoti S0 I'r [13]. B [21] aBTOpamMu
OTpUMaHO e(EKTHUBHUM TAHI'CHC KyTa MieJeKTPHYHUX
BTpaT TPHUIIAPOBOI KOMIIO3UTHOT 130111 0e3 ypaxyBaHHs
3aJICKHOCTI BiJl YaCTOTH MHUTOMOT MPOBITHOCTI 1 JiCICKT-
PUYHOT MPOHMKHOCTI Ta TOBIIMHM HAIIBIPOBIAHUX II0-
KPHTTIB.

BB HamiBHpOBIAHMX TOKPUTTIB 3 ypaxyBaHHIM
BTpar Ha MoJsIpu3aItiro B aianazoni yacrota 200 ' — 20 kI 1y
BpaxoBaHO B [16] Ha migcTaBi mMapanenbHOI CXEMH 3aMi-
IICHHS Y BUIISAI €ISKTPHYHOI EMHOCTI Ta OIOPY KOXKHO-
ro 3 KOMITOHEHTIB TPHUIIAPOBOi KOMIIO3UTHOI CHCTEMH,
BKJIIOYEHHX IOCIIIJOBHO.

I3 3acTocyBaHHIM CXE€MH 3aMiIEHHS MOJIETHICHO-
BOI 3IIMTOI i30Jil 3 TpboMma pesakcamiiaumu RC-
KosiaMu B [22] IOBEIEHO BHHUKHEHHS peJIaKCalliiHUX
MaKCUMyMIB Ha YaCTOTHIM 3aJIGKHOCTI TAHICHCY KyTa
JUENeKTPUYHUX BTpaT B MOJIMEPHIiH 130Jsii 3 HamiBIpo-
BIZITHUMH €KpaHaMH CHUIIOBHX KaOeJiB cepeiHbOi HalpyTH.

B poborti [17] ekcriepuMeHTaIBHO MOKA3aHO, IO -
€JIEKTPUYHI BTPaTH B HAIIBIPOBIIHUX €KpaHaX CTarOTh
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JOMIHYIOUMMH B CHJIOBHX BHCOKOBOJBTHHX KaOemsix 3
TOJTIMEPHOTO 130JIA1II€10 HA 9acTOTi Oimbre 10 M.

HeBucBiTieHnMH Ta BKpail akTyaJbHUMH 3aJIUILA-
I0ThCSl IUTAaHHS 110/10 BU3HAYEHHs BIUIMBY TOBIIMHHU Ta
eJIeKTPO(I3NYHUX XapPAKTEPUCTUK HAIIBIPOBIIHUX I10O-
KPHUTTIB Ha €(QEKTHUBHI €JIEKTPUYHY €MHICTh 1 TaHIeHC
KyTa JieJeKTPUYHUX BTPAaT CHJIOBHX BHCOKOBOJBTHHUX
Ka0eJIiB B IIMPOKOMY Jialia3oHi YacTOTH.

MeTo10 cTATTi € BU3HAYCHHS €(EKTHBHOI EIEKTPH-
YHOI €MHOCTI Ta TAHTCHCY KyTa Mi€JIEKTPUYHUX BTpat
CHJIOBHX BHCOKOBOJBTHHX KaOemiB 3 MOJIMEpPHOIO 130JIs-
Li€I0 y IIUPOKOMY [iama30Hi YacTOTH 3 ypaxyBaHHIM
qucrepcii enekTpodi3nIHUX XapaKTEPUCTHK Ta TOBIIUHH
HariBIPOBITHUX €KPaHIiB.

Jducnepcis eIeKTPOPi3HMYHUX XaPAKTEPUCTHK Ma-
TepianiB HanmiBnpoBigHuX mokpurTiB. [loniMepHa Heno-
JSIpHA 130J1ALSI CHJIOBMX KaOelniB (3LIMTHUH IIOJiETHIIEH,
TEpPMOEJIaCTOILIACTH) XapaKTePH3Y€EThCsl BACOKUMH JieIIeK-
TPUYHUMH BJIACTUBOCTSIMU Y IIMPOKOMY Jiaria3oHi 4acTo-
ta. Tak, a1 3MUTOI IMOMIETUICHOBOI 130l HHTOMA
06’eMHa mposimmicTs y mopisrioe (1077 — 107%) Cwm/m;
JieNeKTpUYHa TPOHWKHICTE — Ha piBHI 2,5 (craTmuHe
3HAYEHHs) Ta, MPAKTUIHO, C1a00 3aJeXaTh BiJ] YACTOTH B
o0macTi CmaOKuX EJIeKTPUYHUX IIOJIIB, M0 OOYMOBIIOE
HECYTTEBE 3HAYCHHs KoedillieHTa IieNeKTPHYHUX BTPAT
&'(w) Ta, BIANOBIAHO, TAHTEHCY KyTa [iENEKTPHIHHX
BTpaT tgd mosiMepHoi i3omsuii. Jucnepcist ienekTpuyHol
NPOHUKHOCTI ISl 3LIMTOrO IOJIIETUIEHY CTAaHOBHUTH
2,5-2,38 =0,12 B cnekrpi wactotu 1o 100 MI'n [3].

HamiBripoBitHi MOKPHUTTSI XapaKTEpU3YIOThCS BUCO-
KHMHU 3HAYCHHSMH MUATOMOI 00’€MHOI MPOBITHOCTI, Iie-
JIEKTPUYHOT IPOHUKHOCTI Ta KOE(DIIIEHTY JieTeKTPUIHNX
BTpAaT, MO OOYMOBICHO MOP(QOJIOTIYHUMH Ta CTPYKTYp-
HUMH OCOOJIUBOCTSIMH ITOJIIMEPHOTO MaTepiairy.

YMOBHO KOMITO3UTHHH TOJIMEpHHUHA MaTepiai 3 J0-
MIIIKaMH CaXKi CKJIaHaeThCs 3 TPbhoX (as: i30/smiiHHOT
(puc. 1, obnacts I), mepkossiitaoi (puc. 1, o6macts II) Ta
npoBigHoi (puc. 1, o6macts I11) [23].

B o0nacti HM3BKOI YacTOTH TyHENbHUH e(ekT Mix
YAaCTMHKAMH CaXi (BYIJIELIO) BBKAETHCS OCHOBHUM Me-
XaHI3MOM, 110 OOYMOBIIIOE CJIAOKy 3aJIeKHICTh MUTOMOT
SJIEKTPUYHOI IPOBITHOCTI HAITIBIIPOBiTHUKA BiJl 9aCTOTH.

p, Qm I I I

1014 — \

1012 —

1010 [
10° |—
106 |
104 S

102 -

S R N

5 10 15

Bwicr caxi, %

Puc. 1. BoiuB BMiCTy caxi Ha MUTOMY IPOBIHICTh
HaIiBIPOBIHOTO MOKPUTTS CHJIOBUX KabeliB

B Ttakomy pasi nutoma 00’€MHa IPOBiAHICTH Y MaJIO
BIJIPI3HSAETHCS BiJl MUTOMOI 00’€MHOT MPOBIAHOCTI Yy HA
HOCTIHHOMY cTpyMi. TaHreHc KyTa AieleKTpUYHUX BTPAT

tgde, OOYMOBIICHUIl EJNEKTPONPOBIHICTIO, 3MEHILIYETHCS
00epHEHO TPOMOPLUIHHO KPYrOBi YacTOTI @ Ta MiCHOL
4acTUHU & (@) KOMIUIEKCHOI JieTeKTPUIHOI TPOHNUKHOCTI
*

£ Marepialy HaIiBIIPOBiTHOTO MOKPHUTTS (pHc. 2,a) [21]
tgfp=— % (1)
w-&y-&()

ne & = 8,85¢ 102 d/m — €JIeKTpUYHA CTaja.

3aranbHUN TaHIeHC KyTa JieJeKTPUYHUX BTpaT
tg0semi HAIIIBIPOBIJHOTO INOKPUTTSI BPaXxOBYy€ BTpPAaTH Ha
€JIEKTPONPOBIJIHICTD tgde Ta MONAPH3ALIIO t2Jpg [16, 21]

Ydc n &"(w) )
w-& & &)

ne &'(w) — 3amekHa Bl YaCTOTH ysIBHA YaCTHHA KOMILIE-
KCHOI JlieNleKTpUIHO1T IPOHUKHOCTI (pHC. 2,0).

{8 semi = 180 + 180 gl =

3
1079 T
....-.}--!-{:S-?!!.

10"
Yac(®),
Sm/m

f,Hz 10

Puc. 2. TUnoBi 4acTOTHI 3aJI€KHOCTI NEKTPOPI3UIHIX XapaK-
TEPUCTHK NOKPUTTIB 110 ki (kpuBa 1) Ta i3omsmii (kpusa 2)
CHJIOBHX BHCOKOBOJIBTHHX KaOelliB 32 YMOBH JIiHIHHOT BOJIBT-

aMITepHOT XapaKTePUCTHKHU HaIiBIPOBIIHUX MaTepialin
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BpaxoByrouw, 1110 aKTHBHA MUTOMa 00’€MHA IMPOBi-
IHICTD Ya(®) HA 3MiHHIH Hampy3i KPyroBoi YacTOTH @
BHU3HAYAETHCS YSABHOK YACTHHOK ¢&'(®w) KOMIUIEKCHOT
JUCIIEKTPUYHOI IIPOHUKHOCTI (pHC. 2,6)

Yac(@) = 0-&) &' (0), 3)

YaCTOTHA 3aJeKHICTh TAHICHCY KyTa MieNeKTPUYHUX
BTPAT HAITIBIIPOBITHUX MOKPHUTTIB BU3HAYAETHCS K

t€ B (0)= ijg”—f(’go) )

7€ Yeemi( @) = Ve + Yac @).

3a YMOBHU Ya(@) >> ygc, MO CIPABEIIUBO U CY-
YaCHHUX KOMITO3MINKA HAMMIBIPOBIAHUX EKPaHIB CHIOBHUX
BUCOKOBOJIETHUX KaOewiB, TAaHI'€HC KyTa IieJIeKTPHYHUX
BTpaT HaIliBOPOBIJHUX MOKPUTTIB BHU3HAYAETHCS HA Iij-

crasi (5) [16]

Vac(®)
w-gy-&(®)

190 semi (@) = )

EdexTnBHi napamerpu aienexTpudHoi adcopOuii
NnoJiMepHoi i30J11ii 3 HAMIBNPOBIAHUMH NMOKPUTTSIMH.
[MocnizoBHO-TIapasielbHa cXeMa 3aMIMIeHHS TPUIIapOBOT
KOMITO3UTHOI 130JIALII{HOT CHCTEMH 3 ypaxyBaHHSM JHC-
nepcii eaeKTpodi3MIHMX XapaKTePUCTHK HAITIBITPOBIIHUX
MIOKPUTTIB CHJIOBHX BHCOKOBOJIBTHUX KaOelliB Ipencras-
JieHa Ha puc. 3,a.

T I;ﬂ_G/(UJ)

Gs(@) Gy(@

Cos — [] G W= W

C/((.U

C, (w)

|/| Gy (w)

a

Puc. 3. TocnigoBHO-napasesbHa () Ta eKBIBAJICHTHA MOCTiIOB-
Ha (6) HETiHIHHI CXeMH 3aMillIeHHS eIeKTPUYHOT 130JIA1IIT Ta
HAaMiBIPOBIHUX MOKPUTTIB CUIOBUX BHCOKOBOJIBTHHUX KaOeiB

Ha puc. 3,a noznaueno: Ciys, C(w), Cy(w) — emHOCTI
Ta Gins, Gi(®), Gy(®) — aKTUBHI MPOBIIHOCTI TPOIIAPKIB

noJiiMepHOi 130J141iT Ta HAIMIBIPOBIJHUX MOKPHUTTIB IO
CTPYMOIIPOBIIHIH JKMIII Ta 1301411 32 MapajiesbHOI CXe-
MO0 3aMIILIEHHS BiAIOBIIHO

Cl(w)=8;(a))A.—go.Sl- C..= Eins €0 " Sins .

> ins = >

1 Ains
’ (6)
Cz(a))ZgZ(a))Aﬂ’
2
Gl(a))zysemh(w)'%; Gins:7ins'ASii:Ss;

(7

Gy (@) =rsemiz (@) 2
A,

Ie Eins, £1(®), &(w) — nilicHI YaCTUHU KOMIUIEKCHOT JTie-
JIEKTPUYHOI TPOHHUKHOCTI 130J1s1ii, HaNiBOPOBIJHUX I10-
KPHUTTIB O U Ta 130JI5L1; Yins — 00’€MHa IMUTOMA MPO-
BiJTHICTH 130JIAIIT Ta Ysemil, Psemiz — 3aTalbHi 00’€MHI ITH-
TOMI TIPOBITHOCTI 3 ypaXyBaHHSIM YaCTOTHOI 3aJI€KHOCTI
aKTUBHOI TPOBIAHOCTI HAMIBIPOBINHUX MOKPHUTTIB IIO
KWL Ta 130JM0T; Sps, S, S — mepepizu ta Ajng, Aj, Ay —
TOBIIMHY 130JIA11i1 Ta HAMIBIPOBIMHUX MOKPUTTIB IO XKML
1 1307141111 BiAIOBIAHO.

[epexin Bix mHapanenbHOI 10 TMOCIIIOBHOI CXEMH
3aMILeHHs J03BOJIsI€ BU3HAYMTH TAHTEHC KyTa JieeKT-
PUYHHX BTpPAT, €JIEKTPUYHY €MHICTh TA aKTUBHY IPOBiJ-
HICTh KOXXHOTO 3 KOMIIOHEHTIB 3 ypaxyBaHusM (5) — (7):

— JIJIs1 HATTIBIIPOBIAHOTO MTOKPUTTSI IO MKHJII:

tgdi(e) Z—G)Gléf()g)) ;

Cio(@) =Gy (@)- ((Htgaf(w)) ®)
®-Cig a))

Ol ol

— I 13051411 Ka0ero:

Cinss=Cins- (1"‘ tgé}%s),

_0-Cipss . ©)
= t20ins ’
— JUTS HaIliBIPOBITHOTO MOKPHTTSI MO 13071sI1i:
G, (@)
ted :2—;
86,(w) 0-Cy(®)
Cos@) =Cy(@) I+ @) (10
@-Cyg(@
s (w) — 28( )
tgd;(w)

Ta BU3HAYUTH €(DEKTUBHI CJICKTPUYHI mapamerpu (puc. 3,0)
TPUIIAPOBOI KOMITO3MIIIHOT CUCTEMH 32 YMOBH 3aJ[aHUX
YAaCTOTHUX €NEeKTPO(QI3UUIHUX XapaKTEPUCTHK Ta TOBILH-
HU HAIIBIPOBIHAX MOKPUTTIB Ta 130JIAIIIT:

— eNEeKTpUYHY €MHICTD Ceo @):

Ci«-Che-C
Ces(a)): Is " ~inss " ~2s —

Cis Cinss + Cis Cys+ Cinss ' Cos (11

_ 27-Ay A A-D "D jps-D .

- 2 ’ ’ ’ ’

@ '50'[Al ~Ans-82(a))-A2 Dy Dins+ A - A - €ins Ains D1 Dy + Ans A -gl(a))~A1 ‘Dips- DZ]

Ta TAHTCHC KyTa JICJICKTPUUYHUX BTPAT tZded )
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(€60 ( ) w-C ( )_ ( )(Gls( ) |nss+Gls( )GZS(w) |nss'G25(w)):
Gs(a)) Gls(a’)' Ginss GZS(C"
L (a)) Ay A Eins Ains Mﬂ (12)
@&y Dy Ding Dy | A+ Aps- 7sem|2(a’) D2+'Al A Vi DmS+ASns A 7semi1(a’) D,

wz'go‘[Ai'Ans'g’Z(w)'Az‘Dl'Dins"’Ai'AZ‘gi,ns'Ains'DI'D2+A1ns’A2'5i(w)'A1'Dins'DZ]’

ne
A =lo?23 -sf(w>+y§em-l<w)),
Ans = (a) ‘9(% glns+7’|ns >

2 .2
A =Q@ '80'€2Q”>+733ﬁ2@3»
— po3mipHi koedimienTn (Cm*/M?), sKi BPaxoOBYIOTh Yac-
TOTHI 3aJI€KHOCTI €JNeKTPO(i3NUHUX XapaKTEPHCTHK Ha-
TiBIPOBITHUX €KPaHIB Ta MOJIMEPHOT 13011111}

Dl :(rg +A1 /2),

Dins =(rg +A; +Ains/2),
D2 Z(rg +A1 +Ains+A2 /2)

— TeoMeTpUYHi (aKTOPH, 3aIeKHi Bill pajiyca >KHIH Ig,
TOBUIMHYU HAIIBIPOBIHOIO TOKPUTTS MO Wi A;, TOB-
HIMHU 13051011 Ajpg 1 TOBIIMHK HAIIBIPOBIIHOTO MOKPHUT-
T 110 130J1A1IT Ay BiAMTOBIAHO.

YacTtoTHi 3ajekHOCTI epeKTHBHMX HapaMeTpiB
HieaekTpu4yHOi adcopOuii TPUIIApoBOi KOMMO3UTHOI
cucTeMH cuioBuX kaleniB. Ha puc. 4 mpencraBneHo
MOJIENIbHI YacTOTHI 3aJIS)KHOCTI eEeKTUBHOI €MHOCTI
(puc. 4,a) Ta epEeKTUBHOTO TAHTEHCY KyTa Ai€IEKTPUYHUX
BTpar (puc. 4,0), Bu3HaueHi Ha migcrasi (11) i (12), cuo-
BOTO OJHOXIJIBFHOTO KaOelro 3 mepepi3oM CTPyMOIPOBi-
THOT KK 95 MM HanpyrH 35 kB. ToBmmHA 3MUTOI 110-
JIETHICHOBOT 13011111 TOPIBHIOE 7 MM. 3HAYEHHS TAHTCH-
CY KyTa MieJeKTPUYHUX BTPAT MOJIETUICHOBOI 130l
CTaHOBHTH tgéms=1-104 Ha yacToti 50 I’y Ta 3MiHIOETECA
00EpHEHO MPOMOPIIHHO YacTOTi BimnoBigHO a0 (1): BU-
3HaYaJIbHUMU € BTPATH Ha €JIEKTPOIPOBIIHICTb.

Kpugi 1, 1’ Ta 2 BiIOBINAIOT CKIAJOBUM CJICKTPHY-
HOi eMHOCTI: 1 Ta 1’ — HamiBIPOBITHOMY €KpaHy II0 CTpY-
MOTIPOBIIHIA JKWJTi, TOBIMHA KoTporo nopiBHioe 0,8 Ta
1,6 MM BIiIIOBiHO; KpUBa 2 — HAMIBIIPOBITHOMY €KpaHy
MO 3MIWTIH TMOJIIETHICHOBIN 130y14mii TOBIKUHOK 0,6 MM,
KpuBa 3 — BiacHe e(heKTHBHOI €MHOCTI TPHIIAPOBOI KOM-
mo3uTHOI cuctemi (puc. 4,a). O0’€MHI TUTOMI IIPOBITHOCTI
Ha TIOCTIHHOMY CTPyMi HAIiBIIPOBIIHIX MOKPHTTIB TI0 JKHU-
JIi Ta 13051511 TOPIBHIOKOTh Yd| = 102 Cm/m, Va2 = 1 Cm/M
BiamoBiaHO. [1oieTHIICHOBOT 130T — Pins =10 Cm/m.
AKTHBHI TMTOMI 00’€MHI MPOBIAHOCTI HAIIBIPOBIIHUX
€KpaHiB (@) Ha 3MIHHIM HaNpy3i BU3HAUCHO Ha ITiJICTaBI
(3) 3 ypaxyBaHHSIM YaCTOTHOI 3aJIC)KHOCTI KOMIIOHEHTIB,
IpeCTaBICHUX Ha puc. 2,6.

Kpura 4 — 3Ha4YeHHS €MHOCTI 130JIA11i1
3a (13) [15]

, BU3HAUY€HOT1

27 &ins " &0 /M.
log(D »/Dy)’

PesynbraTi MOJENIOBaHHS IOBOJISITh: 3HaYEeHHs ede-
KTUBHOT EMHOCTI TpHIapoBoi i3osmsiii (kpusa 3, puc. 4,a),
Bu3HayeHoi Ha mizcrasi (11), mpakTu4HO, He BiAPI3HI-
I0TBCSL B/l 3Ha4eHb, OTpUMaHNX Ha ocHOBI (13) (kpuBa 4,
puc. 4,a). EdextuBHa eMHICTD KaOeIto 3 HAIIBIPOBIIHH-
MU €KpaHaMH{ BH3HAYAETHCS JICIEKTPUYHOIO MPOHUKHIC-

(13)

ins =

TIO caMoOi 130J14Lii Ta TOBIIMHOIO KOMIIOHEHTIB: BIUIMB
HaIiBIIPOBITHUX €KpaHiB HECYTTEBO MPOSIBISIETHCS y BH-
COKOYaCTOTHOMY Jiana3oHi (auB. puc. 4,a).

EdexTuBHMIA TaHTeHC KyTa [iCNEKTPHYHUX BTpaT
TPHUIIAPOBOT KOMIIO3UIIIi CYTTEBO 3aJIEKHTh, K B/l €JIeK-
Tpo(I3MYHKMX BIIACTHBOCTEH MaTepiajiB HAIIBIIPOBIIHUX
eKpaHiB, Tak 1 IX TOBIIMHI HaBITh 32 YMOBU OJHAKOBUX
enekTpodi3MYHNX XapakTepuCTHK (MOopiBHsiTE KpUBi 1 Ta
1’, puc. 4,6). 30inbIICHHS TOBIIWHH HAIIBIPOBIIHOIO
€KpaHy 10 CTPYMOMPOBIIHIN KWl B 2 pa3u MPU3BOIUTH
JI0 3pocTaHHsl e()eKTHMBHOI'O TAHTEHCY KyTa JieJIeKTpHY-
HUX BTpAT B 2 pa3u 3 NPOSBOM XapaKTEPHOTO AMIOIBHOTO
MakcuMyMy Ha 4actoti 50 kI 1.

BapitoBanHs enexTpodi3MIHUX BJIACTHBOCTEH Ta TO-
BIIMHH HAIBIPOBITHUX €KpPaHiB O XKW Ta 3MUTIH MMOJIi-
eTHJICHOBIN 130JMii cuimoBoro kabemro Hampyru 35 kB
NPHU3BOAUTE JO PI3HOTO XapaKTepy YacTOTHUX 3alIeXKHOC-
Tell e(EeKTUBHOTO TAaHIEHCY KyTa [IEeNeKTPUYHUX BTpaT
(xpuBi 1-5, puc. 5,a). EdbexkTiBHUIA TaHTeHC KyTa JieNeKT-
PUYHUX BTPAT TPHUIIAPOBOI KOMITO3UTHOI cucteMu B (1-7)
pas3iB MepeBUILYE TAHTEHC KyTa AieIEKTPUYHUX BTPAT Blla-
CHE TMOJIIMepHOT 130511l tgdins 1st yactotu S0 I'n (Hopis-
HsliTe KpuBi 1 — 5, puc. 5,6) y IIMpokoMy Jiarna3oHi 4acTo-
TH, 010 OOYMOBJIEHO BIUIMBOM aKTHBHOI IHUTOMOI IPOBiJ-
HOCTI HaIBIPOBITHMX MOKPUTTIB (IUB. pHC. 2,8).

» Ce(®), F/m
-y

10

10 10 10 10 100 f,Hz 10

10? 10° 10* 10° 10°

f,Hz 10

Puc. 4. YacToTHI 3aJI€)KHOCTI SKBIBaJCHTHHX [TapaMeTPiB
TieNeKTpUIHOi abcopOIIii CHIIOBOr0 BUCOKOBOJIBTHOTO KabeIto
3 ypaxyBaHHIM AHCHEPCii eTeKTPOPi3NIHIX XapaKTePUCTUK
HAITIBIIPOBITHUX EKpaHiB
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Ha puc. 5a,6 xpuBi 1 — 5 BiANOBIigarOTh MOACIBHUM
3JIEKHOCTSM, KpuBa 6 (puc. 5,a) — eKciepuMeHTAIbHIN
JUISl 3pa3Ka CHJIOBOTO OJHOXKHJILHOTO KaOewro 3 MOJieTH-
JICHOBOIO 130J1s1i€r0 (TOBILMHA 130J1s111iT 7 MM) Ha HaIpyry
35 kB, sikuii JOBruil 4ac 3HaXOAMBCS B HE3AXMILIEHOMY
BiJl BOJIOTH CTaHI — IPUPOIHA 3BOJIOKEHICT (B KOHCTPY-
Kuii kabemto BifCcyTHI BOJOOJOKyr0Ui cTpiuku). JlienexT-
pUYHI TapaMeTpu BHMipsHE UIHU(QPOBHM BHUMIpIOBaueM
€MHOCTiI 1 TaHTeHCy KyTa mienekTpuuHux BTpar RLC
Meter DE-5000 B mianasoni wactoru 100 I'it — 100 kI
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Puc. 5. YacToTHI 3a€)KHOCTI TAHIe€HCa KyTa TieJIeKTPHYHNX
BTPAT IPH Pi3HUX EJICKTPUYHUX BIACTHBOCTAX Ta TOBILIMHI
HaTIBIIPOBITHUX €KPaHiB CUIOBOTO Kabelto Ha HampyTy 35 kB

KpuBa 1 — ToBmMHA HamiBOPOBITHHX EKpaHIB MO
CTPYMOIIPOBIHINA Wil Ta i3oysawii gopiBHOE 1,2 Ta
0,6 mm, kpuBa 2 — A; = 0,6 MM Ta A, = 1,2 MM 3 TUTOMOFO
NPOBIAHICTIO HAa TOCTIHHOMY CTpyMi Jgor = 107 Cm/m,
Yd2 = 102 Cm/M BixmnosinHo; kpuBi 3, 4 — A} = 0,6 MM Ta
Ay =12 MM 3 Yy = 107 Cw/m, Ve = 10* Cm/m (kpuBa 3) Ta
— Vel = 102 Cm/m, Voo = 10 Cm/m (xpuBa 4); kpuBa 5 —
Ar=12mMmTa Ay = 0,6 MM 3 Jge; = 10> CM/M, Y40 = 1 Cv/m.

Tak, 3a yMOBH:

1) Ay > As T2 Yaci > o1, Va2 * Yae (KpuBa 1) crocrepi-
TaeThesl JBA XapaKTEPHUX MaKCUMyMH e(peKTUBHOTO TaHTre-
HCY KyTa JieNIeKTpUYHUX BTpar Omm3pko dactotu 1 K1y Ta
1 MI'nt 31 3HaUEHHIMH tg@des B 3—3,3 pas3u BUIIE tding;

2) Ay < A; Ta Yaci > Ydels Yac2 > Vo2 (KpHBa 3) criocrepi-
raeTbes OJJMH MaKCHUMYM tg@des Ha 4acToTi 5 k['1 3 mepe-
BUILCHHSM 3HA4eHH: B 4,5 pasu;

3) Ay > Ay Ta Yact ® Yol Va2 * Ve (KpHBa 5) 0WH Ma-
KCUMYM tgdes OMm3pko gactotet 50 MI'T 3i 3HAUeHHSAME
tgdes B 6 pasiB BHLIE tg0ins.

10" Cew), F/m

25 -
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Puc. 6. MonensHa (kpuBa 1) Ta ekcriepuMeHTanbHa (KpHBa 2)
3aJIeKHOCTI €KBIBAJICHTHOI EMHOCTI OJIHOKMIJIBHOTO Ka0elo
Ha Hanpyry 35 kB

Xapaktep 3MiHEHHSI YaCTOTHOI MOJIEITBHOI 3aJIeKHO-
CTi eQEeKTHBHOTO TaHTEHCY KyTa IieNeKTPUYHHUX BTpAT
Juist KpuBOi 3 B OLIbLIIN MIpi Y3TOKYEThCS 3 €KCIIepUMe-
HTaJBHOIO KPHBOIO 6 3pa3ka CHUIIOBOTO KaOeso 31 3BOJIO-
KEHOI TOJIIETUIICHOBOIO 130isiiero. [linTBepukeHHAM
3BOJIOXKCHOCTI Ta MU(PY3ii aleTHICHOBOI Caxi (BYIJICIIO)
BIZIMOBITHO 710 Teopii NEepKOJISILii € IPOsSB YaCTOTHOI 3a-
JISKHOCTI €EMHOCTI 3pa3ka CHJIOBOro kabemro 35 kB 3 To-
BIIHOIO 130711111 7 MM (puC. 6, KprBa 2).

BucHoBkm.

Brepiie y mmpokoMy aiana3oHi 4acTOTH BCTaHOB-
JICHO BIUTHB €IEKTPO(]I3MUHUX XapaKTEPUCTHK, 3 YPaxy-
BaHHAM OHCIIEpCii KOMIUIEKCHOT JieNeKTPUIHOT MPOHUK-
HOCTI 1 aKTUBHOT MUTOMOI HPOBIJHOCTI, T4 TOBIIUHM Ha-
MIBIPOBIHUX €KPaHiB Ha e()eKTHBHI MapaMeTpH JIieNeKT-
pruHO1 abcopOiii TpUIIAPOBOT KOMIIO3UTHOI €JIEKTPOI30-
JISIIAHOT CUCTEMH CHUJIOBUX BHCOKOBOJIBTHHUX KaOeiB.

EdexTuBHa enekTpruyHa €MHICTh TPHIIAPOBOI KOM-
MO3UTHOI CUCTEMU BU3HAYAETHCS CIICKTPUYHOIO CMHiCT}O
MOJIIMEPHOT 130T Ta 3aJICKHUTh BN JiCICKTPUIHOL
MPOHUKHOCTI 1 TOBIIWUHH 130JIAIIi, IO MiATBEPIKYETHCS
CKCIIEPHUMEHTATBbHUMH JJAHHUMH.

PosrsHyTHII anTOpUTM BH3HAYCHHSA €(PEKTHBHOTO
TAHTeHCY KyTa IIENeKTPUYHUX BTpAT y IIHMPOKOMY Jiara-
30HI YaCTOTH € OCHOBOIO JUIsl CTBOPSHHS METOIHMKHU LI0J0
OOIpYHTYBaHHS €J1eKTPO(DI3UUHNUX XapaKTEPUCTUK Ta TOB-
IIMHHU HAMIBIPOBIAHNX €KPaHiB I 3MEHIICHHS iX BIUIUBY
Ha e(eKTUBHI MapaMeTpH JieJekTpuyHol abcopOiii cuio-
BUX BUCOKOBOJIbTHUX KaOCIIiB 3 MOJIMEPHOIO 130JIAIII€F0.

Kondurikr inTepeciB. ABTOpH 3asBISIOTH PO BiJl-
CYTHICTh KOH(QIIIKTY 1HTEpECIB.
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Effective parameters of dielectric absorption of polymeric
insulation with semiconductor coatings of power high
voltage cables.

Introduction. The presence of semiconductor shields leads to
additional dielectric losses compared to polymer insulation
without shields. Losses in cables in the presence of semiconduc-
tor coatings depend on the dielectric permittivity and resistivity
of the composite polymeric material, which are frequency-
dependent characteristics. Purpose. To determine in a wide
range of frequencies, taking into account the variance of elec-
trophysical characteristics and thickness of semiconductor
shields effective electric capacitance and tangent of dielectric
losses angle of high-voltage power cables with polymer insula-
tion. Methodology. Serial-parallel nonlinear circuit replace-
ment of semiconductor coatings and linear polymer insulation to
determine in a wide range of frequency the effective parameters
of the dielectric absorption of a three-layer composite system of
high-voltage power cables of single core. Practical value. The
obtained relations are the basis for the development of practical
recommendations for substantiating the thickness and electro-
physical parameters of semiconductor shields to reduce the
impact on the effective tangent of the dielectric losses angle of a
three-layer composite system of high-voltage power cables.
References 23, figures 6.

Key words: semiconductor coatings, polymer insulation,
high-voltage power cable, nonlinear substitution circuit,
complex dielectric permittivity, active conductivity, effective
electric capacitance, effective tangent of dielectric losses
angle.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
UDC 621.3
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M. Ali Moussa, A. Derrouazin, M. Latroch, M. Aillerie

A hybrid renewable energy production system using a smart controller based on fuzzy logic

Introduction. This article proposes an improved energy management and optimization system with an intelligent economic strategy
based on fuzzy logic technology with multiple inputs and outputs (1/0). It is used to control hybrid electric energy sources built around
photovoltaic solar panels, wind turbine and electric energy storage system assisted by the electric grid. The novelty in this work that
solar photovoltaic, wind turbine and storage system energy sources are prioritized over the grid network which is solicited only during
adverse weather conditions, in order to supply a typical household using up to 4,000 Wh per day. In addition of that, the surplus of
renewable energy produced during favorable climatic condition is used to produce hydrogen suitable for household heating and cooking
using eletrolyzer system. Purpose. Development of improved energy management and optimization system with an intelligent economic
strategy based on fuzzy logic technology. This system is embedded on Arduino 2560 mega microcontroller, on which the fundamental
program of fuzzy logic and the distribution of events with all possible scenarios have been implemented according to a flowchart
allowing the management of the hybrid system. Methods as well as a parametric search and a simulation to characterize the system, are
carried out in order to put on the proposed techniques to ensure continuous accommodation at home. Results. The proposed system
results confirm their effectiveness by visualizing the output control signals from the electronic switches. Practical value of which
transmits power through a single-phase DC/AC converter to power the AC load for the accommodation. References 20, figures 9.

Key words: hybrid energy system, renewable energy, battery storage, fuzzy logic, smart management.

Bemyn. V' cmammi npononyemucs 600CKOHANEHA CUCHEMA KePYBAHHA MA ONMUMI3AYIl eHepeoCcnodICUBants 3 I[HMeNeKmyaibHoIO
EeKOHOMIYHOI0 CIMpamezi€io, 3acHO8an0I0 Ha MemoOi HewimKoi 102iKu 3 0eKinbKkoma exooamu ma euxooamu. Bona euxopucmogyemocs ons
Kepy8aHHs 2IOpUOHUMU Odcepenamu eleKmMPUYHol enepeii, noOYOOSaHUMU HA OCHOGI (hOMOeNIeKMPUYHUX COHAYHUX NAaHenell, 8impogux
mypbin ma cucmemu 36epicanus erekmpuiHoi enepzii 3a donomooio erekmpuunoi mepedici. Hogusna pobomu nonsicac 6 momy, wo
COHAUHI  (homoenekmpuuni, impsui mypOiHU ma Odcepena eHepeii cucmemu 30epicaHHs eHepeil maiomv  npiopumem  HAO
eNeKmpomepedtcelo, KA 3aNUNyEMbCsl Tuue 34 HECHPUAIMIUBUX NO2OOHUX YMO8, W00 3abe3newysami munoge OOMAaumHe 20Cno0apcmeo
0o 4000 Bm =200 na oenv. Kpim moeo, naonuwiku 6i0HO61I06aHOI eHepeil, Wo UpoOIAEMbC Y CRPUAMAUGUX KIIMAMUYHUX YMOBAX,
BUKOPUCTOBYIOMbCSL OIS BUPOOHUYMBA BOOHIO, NPUOAMHO20 OIS ONANEHHA MA NPUSOMYBANHS IJICI 30 00NOMO2010 enekmponizepa. Mema.
Pospobra edockonanenoi cucmemu Kepysamnis ma OnNMuMizayii eHep2oCnoNiCUBAHHSA 3 iHMENEKMYAIbHOI0 eKOHOMIUHOI CIPAamezi€io, o
3acnoeana Ha memooi newimkoi nociku. Ln cucmema 66ydosana 6 mezamixpoxonmponep Arduino 2560, na sikomy peanizoéana 2onosna
npocpama Hevimkoi 10eiku ma po3nooiny nooiti 3 YCiMa MONCIUBUMU CYCHAPIAMU 3 DIIOK-CXEMOI0, WO 00360J5€ Kepysamu 2IopuoHoIo
cucmemoio. 3aznaveni MEmoOu, a MaxKodIc NapamempuHuLl NOWYK ma MoOeno8aHHs 0N XapaKmepucmuKy CUCmeMu peanizyiomscs Ol
moeo, wob 3acmocysamu 3anponoHo8aHi Memoou 0is 3abesneyents besnepepeno2o npodicusanis y 6younxy. Pesynemamu. Pesynomamu
peanizayii 3anponoHo8anoi cucmemu niOmeepoHCYIOmy X eqheKmueHicmy 8I3yani3ayicio GUXIOHUX CUSHATIE KePYBAHHS 610 eNeKMPOHHUX
nepemukauyie. Ilpaxmuune 3nauenna nonseac y nepedaui NOMYNCHOCMI uepe3 OOHOQA3HUL NepPemeoplosay NOCMINHO20 CIMPYMY y
SMIHHULL OJ151 HCUBTICHHS. HABAHMAICEHHS SMIHHO20 CIPYMY 0151 dcumniosux npumingens. biomn. 20, puc. 9.

Kniouogi cnoea. ridpuaHa eHepreTM4Ha CHCTeMa, BiHOBJIIOBAHA eHepris, akymyJsTOpHa Oarapes, HeuiTka .Jorika,
iHTeIeKTyaJbHe KepyBaHHSI.

Introduction. To avoid the problems of pollution in
the production of electricity, alternative solutions can be
photovoltaic (PV), wind, or even hydroelectric sources. In
addition, the distribution networks cannot be sufficient to
supply electricity to the entire world population: whether
they are in the mountains or on an island, in the least
inhabited regions or in the middle of the desert, the sites
difficult to he access or very isolated cannot always be
connected to the network, for lack of technical solutions or
economic viability. However, being able to be sized for
domestic use, renewable energy sources lend themselves
particularly well to the production of electricity called
isolated sites, or micro-grids. They are then often associated
with batteries, which ensure the storage of energy in the
event of excess production, or to compensate for the
momentary lack of power during peak consumption [1-5].

Hybrid energy systems (HES) combining several
sources, such as renewable energy systems (RES), the
national distribution network (the historical network),
traditional energy sources and storage systems are
generally considered as a solution for the future is
efficient and reliable, many analyzes (planning and
sizing) have been performed on single-source renewable
energy sources, with the main objective being to
determine the best system configuration for efficient and
safe operation.

They can be developed in a substantial way for
urban electrification or isolated (rural) sites. When, the
cost of grid extension of rural electrification is prohibitive
due to geographic isolation, low population density, or
limited financial resources. In both cases, the issue of
energy management, particularly in terms of resource
control and efficiency, becomes essential. In this, it has
become in the space of a few years, one of the eminently
strategic subjects. Its implementation is both complex and
exciting as the prospects are promising, especially in
relation to smart grid technologies.

A different hybrid energy system has been studied in
many research papers [6-18]. The authors in [19] are
proposing to realize a technical-economic capacity of a
hybrid renewable energy system (HRES) to occupy the
energy demand of a university site in the Himalayan state of
northeastern Sikkim, and also the other aspect of exploring
the electrical voltage of other renewable energy resources
such as biogas and syngas and hydrokinetic energy, in
addition to a solar-wind hybridization mainly carried out in
the resource-rich urban planning territory of the east of the
Himalayas. The authors in [20] operating a hybrid off-grid
renewable energy system (HRES) for an institution's huge
high-rise urban development in Nigeria. The exploitation is
based on a comparison of the employment of a single
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criterion with a combination of factors in determining the
most feasible energy system. A wind turbine, a diesel
generator, a PV system, and a battery storage system are all
part of the proposed HRES — Multiple Energy Resources
Hybrid Optimization (HOMER).

The goal of the paper is the development of
improved energy management and optimization system
with an intelligent economic strategy based on fuzzy logic
technology.

This paper is a continuity of previous work [17],
where a complex hybrid energy system is studied, sized,
optimized and a smart router system is achieved to
manage electric energy flow based on fuzzy logic
techniques. The added value in this contribution is the
implementation of artificial intelligence in hardware
based on Arduino type microcontroller which built on
multi analog/digital inputs/outputs and PWM (pulse width
modulation technique), from where electronic switches
command' signals are highlighted and discussed.

Hybrid energy system design. The proposed hybrid
energy system HES is a combination of solar energy
conversion system comprising solar panels with
integrated a MPPT (maximum power point tracker)
converter, wind energy conversion system built on direct
current  outcome  converter  permanent — magnet
synchronous wind turbine and then a storage system with
acid-plumb batteries.

The equipment of the dwelling operates at 220V
50 Hz with an optimal use of the energy thanks to
economic LED lighting lamps and zenithal daylight. The
standard equipment used in this house consumes total
amount energy about 4 kWh per day with a peak of
660 W when using the entire electric component at the
same time. The system energy flow is managed by a
smart energy router system based on artificial intelligence
using fuzzy logic algorithm [8].

Figure 1 shows the global hybrid system with the
combination of solar PV, wind turbine and storage within
all the regulators.

AC bus

Fig. 1. Synoptic of the proposed HPS (Hybrid Power System)

DC bus

Components of the hybrid energy system. As part
of our work, solar energy has been favored as a primary
renewable energy source because of the chosen site at
north of Algeria. The selected PV panels are
polycrystalline type delivering, each of them, an output
summer voltage amount of 30.7 V and developing 250 W
nominal power. The panels are equipped with MPPT
regulators [9] and connected in parallel to obtain an

overall power of 2 kW. This choice was pointed due to
their quality/price [9, 10]. The connection of the solar
panels in parallel mode to multiply the output current and
maintain a standardized output voltage at 24 V DC which
is fed directly into the common DC bus of the system

Considering the case study, the instantaneous power
cannot exceed, according to the established dimensioning
and for the case of maximum of energy demand, the value
of 660W. For this reason and taking into account the wind
potential in the study area, our choice was oriented
towards small, inexpensive EO-24-1000R-UGS-Silent
three- bladed wind turbine with 2.9 m rotor diameter,
developing nominal power up to 1 kW.

Because of their availability on the market in different
capacities, as well as their proven effectiveness, especially in
the automotive field, our choice was pointed to an
electrochemical lead-acid storage type, although the cycling
behavior of the latter is not important compared to other
technologies such as lithium. But they have the advantage of
an affordable investment, much simpler maintenance and
their resistance to high electrical capacity demands. What
joins our goal to develop at low cost the use and
generalization of the renewable energy in our country.

Given the uncertain nature of renewable resources,
particularly solar and wind, deficits and excess energy
production can be observed. For the second situation, the
excess of energy is often harmful for the stability of the
system. For that, several works proposed an evacuation of
this surplus produced electric energy in a specific load
which one calls dump load [17]. Previous work in
reference [18], proposed to recover this surplus of energy
production, from only renewable sources especially
during favorable climatic conditions, and to exploit it to
produce hydrogen with the help of an electrolyze device
in order to be useful for household heating and cooking

Fuzzy logic controller. The intelligent controller, as
shown in Fig. 2, with its multiple image entries of the
available power profiles as well as the outputs such as
grid to load (G2L), PV to load (PV2L), wind turbine to
load (W2L), battery storage to load (B2L), PV to battery
storage (PV2B), wind turbine to battery storage (W2B),
electric grid to battery storage (G2B), PV to electolyzer
(PV2E) and wind turbine to electolyzer (W2E), represents
the routes pointed by the intelligent controller allowing
renewable and conventional energies transfer to the load,
to the electrolyze and the storage. The Fuzzy Logic
System Controller (FLSC) is designed according to well-
defined basic conditions allowing the best functioning of
the overall system for all its scenarios and possible
operating points by considering the logical constraints
initially fixed by an expert [19] as:

o the principal sources of load feeding are PV and
wind energy, followed by battery storage and finally the
electrical grid;

e batteries are replenished by the grid only when solar
and wind energy levels are low;

e when all other sources of energy are off, the power
grid powers the load.

Only PV solar energy and a wind turbine are used to
power the hydrogen production system. These
instructions and recommendations initially dictated for
suitable operation of the intelligent controller are shown
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in the simplified diagram below in Fig. 3, which generate
a set of 81 rules. The formulation and implementation of
these constraints are established using fuzzy logic tools
and performing dozens of combinations with the three
levels — H (high) 3, M (medium) 2 and L (low) 1. On the
other hand, the logical results of the FLSC are imposed
for each combination at the entrance of the four energetic
states (charge, solar, wind, storage).

Fig. 2. FLSC intelligent controller diagram
(fuzzy logic smart controller)

=

Read Fpv, Pw, Batt charge and Load
Evaliate baluree of Load= Load-(PpveFw)

Ballunce Load He
=0
Yes
Check Batt Check Batt
SOC s0C
Heo Ho
S0C=2084 SOCe 8084
¢ Yes
Load supply B i B
i batt with PV« PW sapply is PV+Fw
Load sapply Gud chaging
b Gud Batt

Fig. 3. Operational flowchart of the HPS-FLSC
(hybrid power system — fuzzy logic system controller).
Here SOC is the state of charge

FLSC hardware implementation. In the last
section on a previous work [17], we presented a
simulation work on MATLAB fuzzy logic, the results
obtained are detailed, where the outputs of the FLSC
manage the PWM blocks in order to control the command
signals duty cycle of electronic switches.

In the goal to move from simulation to emulation, we
successfully implemented the topology of smart controller
under Arduino mega 2560 microcontroller, which is built
on more eeprom memory capacity, over than fifty analog
and digital I/O and thirteen ready pulse width modulation
PWM outputs. That why we pointed this type of hardware.

It corresponds wildly to the presented FLSC controller,
which needs to control nine electronic switches. The work
consists to convert the MATLAB fuzzy logic FLSC
program to the open-source Arduino Software (IDE)
sketch. The entries are images depicted of the inputs energy
profiles like the load demand, the PV, the wind turbine and
the capacity of the batteries.

Figure 4 presents the electrical scheme of the
controller using Proteus electronic software where all
connections with the microcontroller are shown. The
outgoings are connected to LEDs displaying the level of the
output PWM signal depending on the four inputs power
profiles’ states exactly as illuminated in precedent section.

Fig. 4. Electrical scheme of the Arduino-FLSC controller

Using MATLAB tools for simulation, data power
profiles for solar and wind energy, as well as battery
storage, were imposed on the system during a typical day
in May to ensure the reliability of the intended FLSC
controller [20]. The load supplies vary from month to
month. Summer is the hottest season in the northern
hemisphere. As a result, the load demand for those
months would be reduced, and for the other three seasons,
more gloomy days with lower temperatures are projected.
As aresult, due to the possibility of heating and additional
lights, these months would have a higher electricity
demand. Figure 5 depicts the power profile inputs as they
change during the course of a typical day.

800 T T
_% 600+
=
g anor
-
3 200p
3
i 5 10 i5 20 2
2000 = ™ S

Solar PV profile (W)
-

Wind power (W)

g
g
Tirne freurs)
Fig. 5. Power profiles versus time of the hybrid power system
(HPS) during 24 hours
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Results and discussion. Figure 6 shows the FLSC
defuzzification findings utilizing the corresponding
membership functions in MATLAB Fuzzy tools. The
resulting analog signals oscillate between 0 and 1, and
PWM techniques are used to convert each FLSC output to
a square signal with a variable duty cycle and fixed
frequency. Each command signal is injected into a
matching electronic switch, and all of the switches' selected
quantities of available energy sources are added together
and converted to AC current via the DC/AC converter to
fulfill habitation appliances. Excess DC-produced
renewable energy is used directly to make hydrogen. Based
on these results [18, 20], the implementation of the
hardware consists to conversion and adaptation of the
validated MATLAB program in the IDE platform where
command lines are processed and compiled in IDE-
Arduino microcontroller software.

G2L os| : /\_ 4
PV2L = - m_r/_\; ]
WL S
B2L es}* /\\ ]
. M M . s
PV2B e AN '
W2B os|f N
. f \
G2B e} ® ﬂ ]
n s A| 1
PV2E os| " WA . 1
W2E 0: \-—/I_‘___,_ .\/M/I\__l_’ 4

Tima (hours}

Fig. 6. FLSC outcome switches command signals

In order to validate the operative FLSC program
after many steps from MATLAB to Ide-Arduino, a
simulation in Proteus software is scheduled and rule no. 2
is tested, where the input sand the outputs of the FLSC-
Arduino obey to a series of codes as mentioned in the
framed line [1.1.1.2, 1.1.1.2.1.1.1.1.1] shown in the Fig. 7
below. The settings of the input levels are assumed by
potentiometers which are visualized on LCD display in
Fig. 4 as:
load (Ch): 52 W of 660 W — Low L — level 1,
PV:220 W 0of 2000 W — Low L — level 1,
wind turbine: 70 W of 1000 W — Low L — level 1,
battery: 1273 W-h of 2400 W-h — Medium M — level 2.
With the same reasoning, the FLSC-Arduino
outcomes are shown in the Fig. 8 under PWM command
signals, which are ready to excite the electronics switches.
The width (duty-cycle) of the 9 outputs from the top to the
bottom correspond widely to the suite of the series line
[1.1.1.2; 1.1.1.2.1.1.1.1.1]—»[L.L.L.M; LLLM.L.LLL.L.L]

The top to the bottom correspond widely to the suite
of the series line:

[1.1.1.2;1.1.1.2.1.1.1.1.1]>»[L.L.LM; LLLM.LLL.L.L]

Figure 9 presents a screenshot of the real cabling and
running hardware.

[System]
Name='FLSC49-15mars’
Type='mamdani'
Version=2.0
NumInputs=4
NumQutputs=9
NumRules=80
AndMethod="min"
OrMethod="max'
ImpMethod="min"'
AggMethod="max"'

NafuroMathnd=1rant ranidl

Rules
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Fig. 7. FLSC Fuzzy Inference System file screenshot
(codification of rule no. 2)

B2L

LU,

WwW2B

Fig. 8. PWM signals from FLSC-Arduino. From Top to Bottom:
the multiple outputs are G2L, PV2L, W2L, BAT2L, PV2B,
W2B, G2B, PV2E, W2E

MOSFET IRFZ44n

Lcd DISPLAY -

Arduino Mega2560

Inputs Pot ( 0-5V)

USB to PC + power supply

External powerSupply

Fig. 9. Image of the FLSC-Arduino on a test plate
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Conclusion.

A household hybrid energy system with solar-wind
sources and storage was constructed and simulated using
fuzzy logic smart controllers. 81 operating rules were
designed and applied in the system for backup and energy
requests as part of the management plan. The fuzzy logic
program processed on MATLAB has been adapted and
converted to IDE-Arduino program which is implemented
in microcontroller type Arduino mega 2560. The
validation of the operating FLSC under the hardware was
successful and outcomes correspond likely to the rules
and constraints imposed by the expert. The FLSC-
Arduino output PWM signals can excite directly the
electronic switches in order to convey simultaneously the
available energy from the sources to the user.
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have no conflicts of interest.
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Fuzzy model based multivariable predictive control design for rapid and efficient
speed-sensorless maximum power extraction of renewable wind generators

Introduction. A wind energy conversion system needs a maximum power point tracking algorithm. In the literature, several works
have interested in the search for a maximum power point wind energy conversion system. Generally, their goals are to optimize the
mechanical rotation or the generator torque and the direct current or the duty cycle switchers. The power output of a wind energy
conversion system depends on the accuracy of the maximum power tracking controller, as wind speed changes constantly throughout
the day. Maximum power point tracking systems that do not require mechanical sensors to measure the wind speed offer several
advantages over systems using mechanical sensors. The novelty. The proposed work introduces an intelligent maximum power point
tracking technique based on a fuzzy model and multivariable predictive controller to extract the maximum energy for a small-scale
wind energy conversion system coupled to the electrical network. The suggested algorithm does not need the measurement of the
wind velocity or the knowledge of turbine parameters. Purpose. Building an intelligent maximum power point tracking algorithm
that does not use mechanical sensors to measure the wind speed and extracts the maximum possible power from the wind generator,
and is simple and easy to implement. Methods. In this control approach, a fuzzy system is mainly utilized to generate the reference
DC-current corresponding to the maximum power point based on the changes in the DC-power and the rectified DC-voltage. In
contrast, the fuzzy model-based multivariable predictive regulator follows the resultant reference current with minimum steady-state
error. The significant issues of the suggested maximum power point tracking method, such as the detailed design process and
implementation of the two controllers, have been thoroughly investigated and presented. The considered maximum power point
tracking approach has been applied to a wind system driving a 5 kW permanent magnet synchronous generator in variable speed
mode through the simulation tests. Practical value. A practical implementation has been executed on a 5 kW test bench consisting of
a dSPACEds1104 controller board, permanent magnet synchronous generator, and DC-motor drives to confirm the simulation
results. Comparative experimental results under varying wind speed have confirmed the achievable significant performance
enhancements on the maximum wind energy generation and overall system response by using the suggested control method
compared with a traditional proportional integral maximum power point tracking controller. References 24, tables 3, figures 15.

Key words: small-scale wind generator, maximum power point tracking, fuzzy system, fuzzy model based multivariable
predictive control, linear matrix inequalities approach.

Bcemyn. Cucmema nepemeopenns enepeii 6impy nompeoOye ancopummy 6iOCMeNCeHHA MOUKU MAKCUMANbHOI nomyscHocmi. Y
Jimepamypi € Kitbka pooim, NpUCeA4eHUx NOUWYKy cUcmemuy nepemeopeHHs eHepaii 6impy i3 MOYKor MAKCUMATbHOL nomyscHocmi. Ak
npasuno, ix Memoro € OnMUMI3ayis. MexaniuHo2o 06epmanHa abo MOMEHMY, Wo Kpymums, 2eHepamopa i nepemuxaiie nocmitino2o
cmpymy abo pobouozo yuxay. Buxiona nomysicnicme cucmemu nepemeopents enepeii gimpy 3anexcums 8i0 MoyHOCHi KOHMpoaepa
CMedICeH s 3a MAKCUMATLHOIO ROMYICHICMIO, OCKIIbKY WBUOKICMb 8impy NOCMILIHO 3MIHIOEMbCSL npomseom OHsA. Cucmemu cmediceHHs
30 MOYKAMU 3 MAKCUMATILHOIO ROMYNHCHICIIO, SIKUM He NOMPIOHI MeXaHIUHI 0amuuKy OJisk 6UMIPIOGAHHS WEUOKOCIE GiMpYy, MarOms Psio
nepesaz y NOPIGHAHHI 3 CUCMEMAMU, WO SUKOPUCMOBYIOMb Mexaniuni damyuxu. Hoeusna. IIpononosana poboma npedcmasnsie
iHmMeneKmyanbHuli  Memoo  GIOCMedNCeHHs  MOYKU — MAKCUMANbHOI  NOMYHCHOCMI, 3ACHO8AHUN HA  HeuwimkKiil Mmoldeni ma
bazamonapamempuiHoMy NPOSHO3VIOUOMY KOHMpORepi, Ol OMPUMAHHA MAKCUMANLHOI eHepeli 0N Manomacumadnoi cucmemu
nepemeopents enepeii 6impy, nioknoyenoi 00 erekmpuyroi mepesxci. I[IponoHosanutl aneopumm He 8UMAa2Ae SUMIPIOBAHHI WUBUOKOCHI
6impy abo 3nanna napamempie mypoOinu. Mema. Ilo6yoosa inmenekmyansnHo2o aneopummy GiOCMedtCeHHsT MOUYKU MAKCUMANbHOL
NOMYACHOCMI, KU He GUKOPUCIMOBYE MeXAHIUHI 0amuuKy O GUMIPIOBANHS WEUOKOCMI GiIMpY ma GUMAZYE MAKCUMATLHO MOICTUBY
NnOmysICHicMb 3 8impozenepamopa, a makodic npocmuti ma 3pyynuil y peanizayii. Memoou. V yvbomy nioxooi 00 ynpaguinms Heuimxa
cucmema 8 OCHOBHOMY SUKOPUCHIOBYEMbCA OJisl 2EHEPYBAHHSA eMANOHHO20 NOCMITIHO20 CIMPYMY, WO GION08I0ac MouYyi MAKCUMATLHOT
NOMYJICHOCMI, HA OCHOBI 3MIH NOMYJCHOCMI NOCMIUHO20 CcmpymMy ma nocmiunoi eunpsmaenoi Hanpyeu. Haenaku,
bazamonapamempuyHull nPoSHO3YIOUUL pe2yNiamop HA OCHOGI HeWimKoi Moleni cnidye 3a pe3yibmylouuM emaioOHHUM CIMpyMoOM 3
MIHIMANLHOIO NOMUTKOI0, WO Gcmanosunaca. lemomui npobiemu 3anponoHo6aHo20 Memooy 6i0CMedCceHHs MOUKU MAKCUMANbHOT
NOMYACHOCME, MAKi AK Npoyec OemdalbHO20 NPOEKMYBAHHA MdA peanizayisi 080X KOHMpOJepis, OVau pemenvbHo O00CHiodiceHi ma
npedcmasneri. Poseasauymuil nioxio 00 6i0CMedCeH sl MOYKU MAKCUMATbHOI NOMYMHCHOCI 0)8 3aCmOoco8anuti 00 8imposoi cucmemi,
wWo npueooumsv y 00 CUHXPOHHULL 2eHEPAmop 3 NOCMIUHUMU MacHimamu nomyosichicmio 5 kBm y peowcumi 3minHoi weuoxkocmi 3a
donomoeoio mooentosanns. Ilpakmuuna yinnicms. J[ns niomeeposicens pe3yibmamis MoO0emo8ants Oy10 6UKOHAHO NPAKMUYHY
peanizayiio Ha 6unpobY8aIbHoMy cmenOl nomydcnicmio 5 kBm, wo ckradacmucsi 3 naamu konmpoaepa ASPACEAS1104, cunxponnozo
2eHepamopa 3 NOCMIUHUMU MAZHIMAMU Ma eleKmponpusoodis 3 08usyHamu nocmiinozo cmpymy. [lopisHsAnbHI excnepumeHmanvhi
pe3yabmamu npu pisHii weuoKocmi 6impy niomeepouny 3HaA4Hi NONNUeHHA NPOOYKMUSHOCMT 3 MAKCUMATLHO20 BUPOOIEHHA eHepeii
8impy i 3a2anbHO20 6I02YKY cucmemu Npu 6UKOPUCTIAHHI 3aNPONOHO8AHO20 MemOoOy YNPAGNiHHA 6 NOPIGHAHMI 3 MPAOUYIUHUM
NPONOPYILHO-IHMESPATLHUM KOHMPOIEPOM CHOCIEPENCEHHSA 30 TOUKOI0 MAKCUMATbHOI nomyscHocmi. biom. 24, tabmn. 3, puc. 15.

Knrouosi cnosa: majioraGapuTHMii BiTporeHepaTrop, BiICTeKeHHSI TOYKH MAaKCUMAJIBHOI NOTY:KHOCTi, HeWiTka cucTeMa,
fararonapaMeTpHy4He IPOrHOCTHYHE YNPABIiHHSA HA OCHOBI HeuiTKoi Moae i, MeTO/ JIIHIfHUX MATPHYHUX HePiBHOCTEH.

Introduction. Over the past decades, wind power
has grown faster than any other source of renewable
energy, national policymakers' concerns about global
warming, energy diversification, safety supplies, and
other factors have contributed to this enormous growth.
Various types of converter topologies have been
introduced to generate electricity from wind generators
and manage distributed energy towards electrical

networks. Each of them requires a suitable type of
generator  (e.g., permanent magnet synchronous
generators (PMSGs), induction generators (IGs), doubly
fed induction generators (DFIGs) [1, 2]. Permanent
magnet synchronous wind generators with a six diodes
bridge rectifier, followed by a DC-DC boost chopper and
a grid inverter seem to be a very good solution for small-
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scale wind turbines to achieve low cost and complexity,
high reliability, and good performance by controlling the
electromechanical energy conversion with minimal
influence on the electrical network [3, 4], notably if the
converter control is exploited with the appropriate
maximum power point tracking (MPPT) algorithm. As for
the MPPT algorithms, there are many MPPT approaches
have been mentioned in the literature.

In most cases, these approaches rely on wind
velocity measurement or wind speed-sensorless method,
such as duty cycle control method, look-up table for
optimum rotor speed control method, and optimum tip-
speed ratio (TSR) control method. However, these
schemes require precise knowledge of the wind power
system parameters either before or during execution.

Moreover, the wind turbine components tend to
modify their characteristics over time. Therefore, a
control strategy independent of the wind generator
parameters does not necessitate any prior information of
the wind speed, such as the perturbation and observation
(P&0O) method, which is very flexible and accurate [5-7].
Moreover, this strategy is straightforward, simple, and
suitable for wind generators with low inertia. Recently,
there have been many articles on the MPPT methodology,
especially the simplified and advanced P&O methods [8],
adaptive MPPT method [9], two-stage MPPT algorithm
[10], hill-climb searching algorithm [11], and modifiable
step size-based P&O algorithm [12]. Despite being simple
and adaptable, these MPPT techniques suffer from the
problems of high steady-state errors and huge frequency
variations. Other MPPT algorithms, such as fuzzy
reasoning-based MPPT technique [13], neural network
technique [14], and advanced vector technique [15], have
also been proposed in the literature. Nevertheless, these

Rectifier

Boost Converter

control strategies necessitate extensive calculations and
are not always effective. Moreover, these control
techniques need extra control efforts as well as costly
sensors [16].

The goal of the paper is to introduce a new
intelligent maximum power point tracking method for a
small-scale wind generator connected to the electrical
network.

The suggested MPPT technique is mainly based on a
fuzzy system for deriving the reference DC-current. An
innovative fuzzy model-based multivariable predictive
algorithm is used to follow the reference DC-current
accurately and then implement the intelligent MPPT
algorithm. The suggested MPPT method can capture the
maximum amount of energy from a wind generator while
retaining excellent performance and quality.

Subject of investigations. This article explains how
to properly manage important challenges in the design and
implementation of the two regulators. Experimental results
demonstrate the significant performance enhancements that
can be achieved in the maximum power generation and
overall system response using the suggested intelligent
MPPT method. The two regulators are simple and easy to
operate in modern wind power generators equipped with a
six diode rectifier and boost circuit.

System description. The synoptic schematic of the
considered wind power system is illustrated in Fig. 1. The
conversion circuit comprises of a wind turbine with three
blades, a multi-pole three-phase PMSG, a six-diode
bridge rectifier, a DC-DC boost chopper, and a source
voltage inverter (VSI), which is coupled to the grid. The
harvested wind energy is sent immediately to the PMSG,
which is transformed into electrical power by this
generator.

VSI .

-
<&

ey e Dy Ll
I+ L ! _Lf\+|
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Fig. 1. Synoptic schematic of the considered wind system

The resulting electrical power can then be converted
using a conventional rectifier. The boost chopper boosts
the rectified DC-voltage (Vg), then supplied into the
electrical network through the VSI. Because the
traditional rectifier is uncontrollable, a boost chopper is
employed to guarantee the maximum power capture of
electrical energy from the wind generator. Only one

electronic switch is required, which minimizes the
system's cost and simplifies its control, consequently
maintaining high system reliability and stability [17].

The VSI adjusts the power flow between the DC-bus
voltage (V) and the electrical grid as a result independent
grid-side. The mechanical power produced by the wind
generator can be expressed as in [18]:
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1
Rn=5pACMLﬂw%, (1)

where p represents the air mass density; C, indicates the
performance coefficient of the wind generator; A denotes
the swept surface of the three blades, v, denotes the wind
velocity; A is the tip speed ratio (TSR); S is the inclination
angle of the blade (in this study set to zero).

A general form is utilized for modeling C,. The
equation is derived from the characteristics of the wind
turbines [19]:

21

116 oy
Cp :0.5176(7—0.4ﬂ—5je A 40.00684;  (2)

1 1 _0.055
A& A+0.088 i1’
where A is the ratio of the linear turbine rotation to the
wind velocity, which is stated as:
R
=2 4)
Dy
where @y and R are the turbine rotational speed and
radius, respectively.
Figure 2 displays the C, against A graph obtained by
(2). It's worth noting, that there is a unique optimum value
of the Agp at which the Cj, is at its highest value C;™ [20].
G

3)

C"=0.47

f/iomzs.os
0 L b J
0 5 10 A
Fig. 2. C, =f (4) of the considered wind generator

Thus, the mechanical energy collected from the
wind generator is likewise at its peak if the wind
generator works at the MPP (Ao, Cy™) = (8.08, 0.47).
The optimum mechanical power (P,,,x) can be established
by replacing (4) into (1), as shown in:

Pnax = I(pa)r31170pt > (5)
where @m on represents the optimum mechanical angular

speed of the wind generator for a given wind velocity;
ks, is the power control coefficient calculated as follows:

5 ~max
pR°C
P (©)
2 2opt
From (1), (5) the approximate relationship is obtained:
Prnax oc 03V oc w?nfopt > (7

where symbol oc indicates that the relationship is an
approximation between the two variables.

The back-EMF of the PMSG is proportional to
rotational velocity, and can be calculated as:

E =keopm, ®)
where ke is the back-EMF coefficient of the wind
generator.

The phase terminal AC voltage V. in the root-mean
square (RMS) for a three-phase PMSG is defined as:

Vac =E—- Iac(Rs + jwe'—s)a ©)
with:

We = PO, (10)
where |, Rs, Ls are the line-current in RMS, the line-
resistor, and the line inductance, respectively; we is the
electrical angular speed of the PMSG; p is the number of
pole pairs.

Using a six-diode bridge rectifier, the rectified
DC-voltage (Vq) is related to the phase-voltage of the
PMSG, therefore can be calculated as:

36

Vge=—Vac- an
T

Assuming no power losses, the electrical DC-power
(Pgc) can be expressed as:

Pac=3Vaclac = Vacl dc (12)
where |4 represents the rectified DC-current, which can
be determined by replacing (11) in (12):

Vid
lge =—— 1l oc - (13)
dc JE ac
Equations (8)—(10) can then be used to get the
following equation:

346 J6
Ve = _(ke 6 pLs! acjwm;
(14)
36 J6
Vci:pt = . [ke_? pl—slac]a)r%pta

where Vg is the optimum rectified DC-voltage at the MPP.
Substituting (5) into (14) gives:
Vge ¢ @y and VI oc o (15)
From (5), (14) at the MPP,
relationship is valid:

the following

opt
Vyc € oy and By o dcp )3

(16)
Meanwhile, the optimum DC-power can be
described as:
t t | opt
P> = 1Pmax =V I 7, (17)

where # is the conversion coefficient from the PMSG to

the DC-side, which is considered constant; l4*™ is the

optimum DC-current or the reference DC-current (lgc ).
Mixing (16), (17) gives:

1P oc c;f‘)z. (18)
Substituting (18) into (17) yields:
2
1 (P (19)

As indicated in (18), (19), 14> is proportional to the
square of Vg™, and is directly related to Pg™. As a
result, when |4 is kept close to its optimal (reference Idc*)
value 4™, the wind generator may produce the
maximum amount of electrical power Pg™.

Fuzzy-based MPPT controller for wind power
generator. The main objective of this section is to
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construct a MPP current-reference generator by using a
fuzzy logic controller that meets the actual MPP. In
particular, this generator is designed to compute on-line
the optimal DC-current value 14>, So that, if the DC-
current |y is being equal to 14> then, the maximal power
is captured. The key benefit of this MPPT system is that it
doesn’t necessitate the use of either wind velocity sensors
or rotor velocity sensors. Generally, the fuzzy system can
be divided into three steps: 1) fuzzification;
2) aggregation, and 3) defuzzification. As shown in Fig. 1,
the Py and Vy variations are selected as the two input
parameters for the fuzzy MPPT system. At the K"
sampling period, both variables are calibrated by the
scaling gains K;, K,, and updated using the following
equations:

APyo[K] = K (APgc[K] - APglk=11):  (20)

AVgel K1 = K3 (AVgolk] - AVge[k -11), (1)
where APy[K] and AV [K] are the DC-power and the DC-
voltage variations, respectively; PgK], Vg[K], Pgdk-1]
and Vgo[k-1] represent the DC-power and the DC-voltage
at the time interval [K] and [k—1].

The DC-power can be determined as:
FaclK]=VaclK]- laclK], (22)

where 14[K] and Vy[K] are the DC-current and the DC-
voltage at the time interval k.

The change in the optimum DC-current Alg[K] is
used as an output of the proposed fuzzy MPPT generator.
To create the fuzzy sets of inputs and output variables, the
triangular symmetrical membership functions (MFs) with
the overlap are utilized to make the fuzzy MPPT system
more sensitive to small signals, illustrated in Fig. 3.
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Fig. 3. Normalized membership functions (MFs) and
corresponding surface viewer

The input/output parameters, i.e. APg[K], AVg[K]
and Alg™[K] are represented by linguistic terms, such as
Positive-Big (PB), Positive-Medium (PM), Positive-Small
(PS), Zero (ZE), Negative-Big (NB), Negative-Medium
(NM), and Negative-Small (NS).

The following IF-THEN rules define the desired
relationships between inputs and outputs:

R: IF APg4[K] is A and AVy[K] is B;, THEN
AlgPK] is C, where i, j =1, 2,....,7; k=1, 2, 3,...,49,
where A and B; indicate the antecedents and Cy indicate
the consequent parts, respectively.

The IF-THEN rules are summarized in Table 1. This
article uses a fuzzy system with Mamdani method for the
inference process [21].

Table 1

Fuzzy control rules
AVyc

NB [NM | NS |ZE| PS | PM | PB
NB | PB | PB | PB |ZE | NM | NB | NB
NM | PM | PM | PM | ZE | NS | NM | NM
NS | PM | PS PS | ZE| NS | NS | NM
ZE | NM |NM | NS | ZE| PS | PM | PB
PS [ NM | NS | NS | ZE | PS PS | PM
PM |NM | NM |NM | ZE | PS | PM | PM
PB | NB|NB|NB|ZE| PM | PB | PB

Al

APy

The output level Alg®[K] of each fuzzy rule is
normalized by a factor related to the firing strength wi,
which is calculated from the minimum operation such as:

w; = min{ap, (APw[K]) tay,, (AVaclK])),  (23)

The defuzzification is realized using the centroid
method (COA) of a last combined fuzzy set. The last
combined fuzzy set is determined by the sum of all rule
output fuzzy sets using the maximum aggregation
approach [22]. Therefore, the variation in the optimum
DC-current Alg®[K] is calculated according to the
following relationship:

> E k)

n opt ,:
> E D)
The output of the fuzzy MPPT system is Al K],

which is converted to the optimum DC-current, |4 >P[K]
by:

Al D K] = (24)

| 0 k] = 1 2O Tk 11+ Al B [K] . (25)
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Fuzzy model based multivariable predictive
(FMMP) regulator. In this part, a FMMP regulator is
developed for a DC-DC boost chopper in order to follow the
optimum DC-current (Ic). The FMMP regulator is
effective for DC-DC boost chopper because this control
strategy is a sort of control technique that was primarily
introduced to regulate constrained linear and nonlinear
systems. In addition, the FMMP regulator has a quick
dynamic behavior, excellent stability, and robustness against
parameter variation in a variety of working conditions.

Control system design. Since the PMSG can
provide the rectified DC-current (l¢), it can be used as a
current source. Therefore, only the dynamic of the boost
chopper is studied and described in this paper. In the next
part, the T-S fuzzy model of the boost chopper is utilized
to represent the original nonlinear behavior for the control
design goal using the sector nonlinearity method.

T-S fuzzy model of the DC-DC boost chopper. As
can be seen from Fig. 1, the global nonlinear dynamical
behavior of the DC-DC boost chopper in regular state-
variable representation can be expressed as follows:

dg] [, G-u]
dt | _ L dc —

RS IR o T
dt c R.C

where |4 is the input inductor current or DC-current; U is
the equivalent control signal that takes values in the
domain {0, 1}; R=Vy/I, is the total equivalent resistance;
V, is the output DC-voltage; |, is the output DC-current;
C and L are the capacitance and inductance values
respectively.

Finally, a DC-DC boost chopper's discrete-time state
space representation is used to derive (26), considering
the sampling period Ts, and replacing the control signal u
by its respective duty ratio D(k). The result of this
discretization can be expressed as:

L
lgc(K+1) | Lo |t
Vok+1) | 7| Ts T_j Vo(K)
C R.C o)
L
" _ Idc(k)Ts b®.
c

According to the expressions (26), (27) and the T-S
fuzzy model [23], the boost chopper can be described by a
second-order ri-rule fuzzy system. The i rule of the
discrete T-S fuzzy model is written as follows:

Fuzzy rules r;:

IF w(t) is Fj; and ... and wy(t) is Fg, THEN x(k+1) =
= Ax(KK) + Bruk); where i = 1, 2,...kk A € R™,
B, € R™™, k values denote the number of fuzzy rules; wi,
W,...,Wy are the premise variables; Fj(j = 1,2,...,0) are
the fuzzy sets; X(K) € R" are the system variables; U(K) are
the control input signal; A, B; are the state vectors of the
local sub-system inadequate sizes.

Using the singleton fuzzification, product inference
rule, and weighted average defuzzification, the above
fuzzy rules base is deduced as follows:

xk+1)= 3 (o)A +Buk},  @8)

where:

H?:l F'J (Wj (k))
STy o)

The term Fij(wj(k)) is the grad of membership of
w;(t) in Fjj. Note that, where for i = 1,2,...,k. For deriving
the T-S model of the DC-DC boost chopper, let the fuzzy
premises variable vector W(K) be selected as:

Wi (K) = lge(K), Wy (K) =Vo(K) .

Since, the system states of the boost chopper are
bounded; the premise variables will also be bounded. In
this paper, the fuzzy premise variables vary in the range
defined as:

max (1 g (k)) = Dy, min(l4.(k))=d;;
max (Vo (K))=D,, min(V,(k))=d,.

From the above, the corresponding MFs of the T-S
system can be written as:

21 (W(k)) =

(29)

l gc(K)—dy
Fi=——"—"—, Fp=1-F
=7 g, 12 11
Vo(k)—d,
Fp =2 , Fo=1-F.
2175 "4, 22 21
These membership functions are considered
triangular shape as demonstrated in Fig. 4.
1
t1(lae(K) - pa(lac(K))
0
dl Dl
1
(Vo(K)  pa(Vo(K))
0
d, D,

Fig. 4. Picture MFs of the T-S fuzzy model

Based on the sector nonlinearity notion, we have the
following relationships:

lac(K) = F 1Dy + Fypdy, Vo(K) = Fy Dy + Fypd,

As a result, the complete fuzzy boost chopper model
is equivalent to:

kD)= AG+( T 416600008 Jdk) . 30)

where A and B; are the local sub-models matrices given
by (fori=1,2,..., 4):

5

L

A‘=A2:A_;,=A4:A=£ - Ts
C R C
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and:
(Vdc — dz)Ts (Vdc — dz)Ts
_ L _ L
B = _diTs B = DTy
C C

It can be seen that (30) corresponds with the system
(27) inside the polytope area [d;, D] % [d,, D;]. This
operating space is shown in Fig. 5.

= R;
> R W ° o
B D
o X('d:, Vi)
s
B @ o
LE' d1 R1 R2
1 0
i D, .
0
1
Fiiwi(lae)), Frz(wWi(lac))

Fig. 5. T-S Fuzzy representation of the boost chopper

Multivariable predictive current control. A
multivariable predictive current control method based on
the T-S fuzzy model is introduced to obtain an accurate
tracking control of the optimum DC-current (14>™) for the
DC-DC boost chopper. In this work, the boost chopper's
state variables are restricted by physical limits required by
the wind generator users due to the technical
specifications of the power converters. Therefore,
constraints must be set while designing the boost chopper
regulator. The primary function of the multivariable
predictive control (MPC) is to compute a series of future
operating signals in such a way that it reduces a specified
objective function calculated over a prediction horizon
[24]. The quadratic objective function to be minimized by
the MPC controller is given by:

: H T U
mind=>" "% (r(ke+ )= k) Qrik+ ) —tke+ K+
= (31

H . . .
+y jzul(u(k+j D' +Auk+j-1)" SAuk+ 1|—1)

Subject to the following constraints:
Xmin < )A((k"‘ j|k)S Xmaxs  Ymin < y(k+ j|k)S Ymax >
Unpin < 0K+ J[K)< Unaxs Almin < Au(k + j|K) < AUy,
where K is the current sampling instant; H, indicates the
control cost horizon; H,, denotes the start point of the
prediction horizon; H, signifies the end point of the
prediction horizon; H, < Hp, and Au(k + j — 1) represents
the control increments vector, r(k + j) is the future
reference trajectory, Y(k + jlk|) is the j step-ahead

prediction of the system; Q is the weighting matrix of the
tracking error; R and Sare the weighting matrices.

max >

Thus, two parts determine the objective function (32):
the first part is concerned with reducing the difference
between predicted output and reference trajectory. The
second part is a penalty for exerting control effort. Further,
the above-mentioned objective function can be defined in a
more comprehensive matrix form [25]:

- \T'
J(AU ) = I +2[(r+®uk,1 - ) QAJAU, +

(32)
+AUTTATQA + R+ SJAU,
where
Jnmin = Yrg QYrer +TTQr—2Y, Qr+0, . ST + )

+ LT|;r_1 RU_J_I .
where J,;, represents the minimal cost due to the
reference and the unconstrained output response.

The fuzzy model (30) is utilized to predict the output
of the system, subject to amplitude and rate saturation on
the system states and control inputs:

I ULnax
-1 _Umin
L
AU, < U max (34)
-L ~Uin
A Ymax -I
L™ A_ L~ Yinax + r_
and
1 0 ... 0]
2| © 1 : 0 < RHuXH
00 ... 1]
10 ... 0]
Lo 1 1 = 0 e RHu e+
1 .. 1]
where the predicted output may be written as:
Y =T+ AAU, (35)

where YeR™, re R e RIPOxHPT  and AU, e R,
Ny and n; are the total number of system outputs and
inputs; /" is the unconstrained output response; 4AU, is
the constrained output response.

So, the new constrained optimization problem
minimizes a convex objective function (33), on a convex
set (35). This convex objective function has global minima
only if the Hessian matrix of the objective function is
positive-definite [26]. In the light of the above description,
equation (35) can be transformed into the form:

min AU (k)" HAU (k) - PT AU, (K) . (36)

The Hessien matrix H is positive-definite if it
satisfies the following condition:

rank(A)=H,. 37

Thus, the restrictions (34) can be expressed in one

form that can be simply exploited later by the proposed

optimization method:

AUL(K)<B. (38)

The Schur complement theorem is utilized to make the

non-linear criterion (36) in Linear Matrix Inequalities (LMI)
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format. Moreover, this theorem can minimize the linear
objective function with LMI restrictions [27]. Therefore, the
LMI-based problem of central importance to this paper is
that of minimizing a linear subject to LMI constraints:
minimize CTX;
subject to: F(X) >0,
where F(X) is the symmetric matrix that depends affinely
on the variable X, and c is the real vector. The solution
then minimizes the linear term c'x [28].

LMI problem. An optimization LMI problem
necessitates restructuring the main problem to include a
linear objective function and strict inequality constraints.
Generally, the minimization of a convex quadratic
objective J(AU;) can be achieved by the following
equivalent minimization algorithm:

Minimize y and finding an acceptable AU, that
satisfies the following condition:

J(AU,)< 7. (39)

The relationship (32) can be converted to LMI form
using Schur complement [27].

Given: Q(X) = Q()', R(X) = R(X)", and S(X) depend
affinely on x. Then LMI (41) is equivalent to the
inequalities (39):

Qx Sx]
D{&xf R(x)}o’ (40)
) R(X) < 0; 41
) Q(¥)— SR 'S(0)" <0. 1)

Although the inequality (39) is strict but not in linear
form. Thus, it must be converted by Schur complement
theorem into LMI conditions:

minyeR
subject to (42)
2[(F+®Uk-1 —aner)TQ/qAUn Hmin—7 AUy 0
1 [<0.
AU, —[ATQA+R+84L

The aforementioned constraints (34) must be written in
a diagonal form defining thus a convex matrix space and
symmetric. Hence, the final form of the original optimization
problem can be presented as LMI terms. Therefore, the
objective function can be reformulated as follows:

minyeR"
subject to: (43)
2[(1"+®ka1 _anef)TQA]AUn Hmin=7 AUJ -0
11<0.
AU, —[AT QA+R+qF
I Uglax
=1 ~Uin
L
AU, < Unax ; (44)
-L ~Uin
A Ymax -
L™ A_ L~ Ymax + F_

diag(1AU, —U 1oy ) < 0;
diag(-1AU, +U i, ) < 0;
diag(LAU , U 0 ) < 0;

diag(~LAU , +U ) <O;
diag(AAU, — Y + 1) £0;
diag(AAU [, + Y — 1) <0.

Simulation and experimental verifications. At first,
the performance of the suggested control method
incorporating fuzzy based MPPT algorithm is thoroughly
examined in simulation using MATLAB/Simulink software.
Then experimental tests are performed in laboratory to
validate the proposed control strategy.

Simulation investigation of wind energy conversion
system (WECS) control system based FMMP current
controller. This part shows the advantages of implementing
the derived predictive algorithm and the fuzzy MPPT control
scheme. First, the off-line calculations which are necessary
for the calculation of the control signal are stated. Second,
the system is simulated based on the small-sized wind
turbine model, the key parameters utilized in numerical
simulations are listed in Table 2. Finally, simulation results
that demonstrate the prevalence of the suggested control
algorithm are presented. The control problem is to keep the
wind generator at the maximum output power while
controlling the DC-current of the boost chopper without
oscillations, since these oscillations can cause a variety of
issues for consumers for example, and the power outage. The
discrete time T-S fuzzy system (30) of the boost chopper can
be created using a sampling interval of 0.001 ms, the FMMP
scheme is developed with the following conditions: the
control horizon is Hy = 2, and the prediction horizon is
Hp=20. The limitations are selected as:

0<1lg<10A and 0<V,<600V .

An additional restriction on the boost duty cycle is
imposed as follow:
0<d(k)<0.98.
The values of the weighting matrices in (31) are:
Q=eye(H p),
S=0.5-eye((Hy,+1Dn;), R=0.1-eye((Hy+1n;).
where eye returns an (Nx M) matrix with ones on the main
diagonal and zeros elsewhere.

Table 2
System parameters
Parameters of the PMSG
. L . Values
utilized in simulation
Nominal power SkW
Nominal voltage 380 V

Pole pairs 4
Nominal torque 9.5 N-m
Nominal speed 3000 rpm
Nominal current 8A

Back-EMF coefficient 150 V/K-rpm
Stator resistor 0.245Q
d-axis inductor 5SmH
g-axis inductor SmH
Inertia 5 kg-m’

Simulation results. The simulation plots of each
state variable are shown in Fig. 6,a—h. The outcomes were
obtained based on a 50 s variable wind profile. Figure 6,a
shows the wind input used in the computer simulations.
The variation in the wind velocity comprises high wind
velocity ranges from 11 to 13 m/s.
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Fig. 6. Simulation results of the fuzzy MPPT algorithm

Figure 6,b exhibits the simulated waveform of the
C,, which is maintained at the optimum value of 0.478,
and it is not influenced by the variations in the wind
speed, which shows the good performances of the
developed fuzzy based MPPT scheme. The resulting TSR
is shown in Fig. 6,C. It shows that the TSR of the blade
remains approximately constant and changes only at
limited values around the best TSR of 8.08. It can be
observed from Fig. 6,d, that the DC-current tracks the
optimum current accurately by using the suggested
control method, which adjusts the torque generator to
obtain the maximum electrical power from the wind
turbine with a fast response time. As depicted in Fig. 6,e,
the rotational speed of the generator is constantly adapted
to the wind velocity, so that the maximum energy is
captured from the wind generator.

The mechanical torque waveform is illustrated in
Fig. 6,f, as can be observed from Fig. 6,f the torque
generator changes according to the variation in wind
velocity to accommodate the variations in the DC-current
of the boost chopper. Figure 6,9 displays the generator
output power, which is well correlated to changes in wind
speed. It can also be noted that using the recommended
control technique, the generator output power quickly
recovers to its maximum value according to changes in
wind velocity. The DC-DC boost chopper can also be
used to increase the rectified DC-voltage.

As shown in Fig. 6,h, the optimal DC-current
is proportional to the rectified DC-voltage, their
relationship is in line with (14). Therefore, it can be
better controlled to obtain the optimal rectified
DC-voltage by using the suggested control approach.
The simulation results demonstrate that the designed
control method can generate the maximum wind power
under different wind speeds by adjusting the DC-current
of the boost chopper.

Experimental verification of WECS control
system based on FMMP current controller. The 5 kW
semi-controlled WECS scheme is built in laboratory to
prove the effectiveness of the suggested MPPT algorithm.
In the experimental WECS, the PMSQG is attached to the
shaft of a 5 kW DC-motor to emulate the dynamic and
static  behaviors of the real wind generator.
A conventional boost chopper is utilized to drive the
DC-motor. The design parameters of the developed
WECS prototype are summarized in Table 3.

The boost chopper is built with SEMIKRON IGBT
modules, and the driver circuit for the IGBTs modules is
SEMIKRON SKHI61. The rectified DC-voltage and DC-
current are measured using a voltage sensor and a Hall-
effect current sensor, respectively. The proposed
intelligent MPPT regulator is implemented using a
dSPACEDS1104 controller board installed in a host PC
computer, the sampling time is set as 20 kHz, and the

58

Enexkmpomexnixa i Enexmpomexanixa, 2022, Ne 3



switching frequency of the IGBTs is also kept at 20 kHz.
A portable power meter and a digital oscilloscope are
utilized to record the experimental results.

The schematic circuit of the complete hardware-
setup is depicted in Fig. 7, and the experimental elements
of the developed WECS prototype are shown in Fig. 8.

Table 3
System parameters
Parameters of the WECS for experiments
PMSG parameters Values PMSG parameters Values
Rated power 5kW |Torque constant 239 Nm/A
Rated voltage 380 V  [Mechanical time constant 2.3 ms
Pole pairs 4 DC-motor parameters
Rated torque 22.5 N-m |Rated current 15 A
Rated speed 2000 rpm |Rated voltage 220V
Rated current 12 A Grid-connected converter parameters
Permanent magnet flux 0.39 Wb |DC-bus capacitance 2200 pF
Stator resistor 0.65 Q |Filter inductor 10 mH
d-axis inductor 8 mH  |Filter resistor 029Q
g-axis inductor 8 mH |Grid voltage 220V
Loe B Lac
X X X XK 1
cT
Gf =Cdc _,Sjg— :%Cdc ®. ié— “*Cd:' ® m
3-phase suppi = \ Grid
X % % Dc-Motor PMSG & % & _"‘-—EI‘ —E|_ =
D;[ D] DCIC] D7| Ds| De] [CT Ma’-|\ My| M. E
| ] i T W |
| \ 1 |IGBT diver board |
v ¥ [ NN’ y

dSPACE DS1104 controller board

=

Fig. 7. Arrangement of laboratory system

Fig. 8. Laboratory test rig

Experimental results. In this part, the performance
of the suggested intelligent MPPT algorithm is verified
for different wind velocities and compared with that of a
traditional PID regulator. In the first test, the wind
velocity is step-function or ramp-function changed
arbitrarily from 6-8 m/s as illustrated in Fig. 9,a.

The C, of the emulated wind turbine and the
rectified DC-voltage, the output power of the PMSG
(DC-power), and the duty ratio of the boost chopper are
illustrated in Fig. 9,b. The obtained results show that a
rapid MPP tracking is realized with the proposed
intelligent MPPT algorithm.

Despite the change in wind velocity, the real value
of C, closely matches its optimal value (0.478). Besides

the rapid change in the wind velocity, the rectified DC-
voltage and the DC-power are smoothed because of the
system inertia.

a)

b)

Duty ratlo

.................................................

M

Fig. 9. Expen'mental results with step-variations in wind velocity

Experiments have also been carried out with time-varying
wind speeds. All the waveforms are given in Fig. 10,ab.
It can be observed, that the suggested intelligent MPPT
regulator is constantly looking for new MPP.
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The functionality of the proposed FMMP current
controller was also experimentally verified and compared
with the typical PI regulator. The comparison has been
done by observing the C,, the rectified DC-voltage, the
DC-power, and the boost duty cycle waveforms. The test
results in Fig. 11 display the programmed switching
between the proposed FMMP and PI current control
methods. During the last testing scenario, the C, and the
optimal output power followed their peak values well by
utilizing the suggested fuzzy MPPT control method.

The maximum divergence of the C, from its peak
value is 0.02 with the suggested MPPT method. We can
also note that there is no deviation between the real and
optimal output powers. On the other hand, when utilizing
the traditional PI regulator, the C, values oscillate in a
larger range, and deviations of electrical power from its
peak values are also observed from moment to moment.

Power coefticient

- -R-ectiﬁed -DC:avo:lta-g 2
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: FMMP mode control

Fig. 11. Comparison of proposed FMMP current controller to
conventional PI control method

We can see in Fig. 12, that the electrical energy
produced by the wind generator using the suggested
intelligent MPPT controller (Epymp) is greater than that
produced by the traditional PI control method (Ep).
Therefore, it proves the effectiveness of the suggested
intelligent MPPT controller.

Figure 13 depicts the experimental results of the
output three-phase voltage (a) and current (b) of the
PMSG for a wind speed of 10 m/s.
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Fig. 13. Experimental waveforms of the WECS
with the designed grid-side regulator

Figure 14 illustrates the system performances on the
grid-side converter. From Fig. 14,3, it can be seen that all
the injected grid currents (lg, Ign, lgc) and grid voltages
(Vgar Vgb, Vo) have a sinusoidal shape of 50 Hz. Figure 14,b
illustrates Fresnel diagram of the main current and voltage
using the classical control of the grid-side converter.
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Fig. 14. Experimental results of the WECS with the designed
grid-side control algorithm
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Finally, Fig. 15,a displays that the total harmonic
distortion (THD) of the injected grid current and voltage
is 2.5 %, which is below the threshold limit of 5 %. In
addition, it meets the requirement of a power factor with a
value of 0.996, as depicted in Fig. 15,b.
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Fig. 15. Experimental results of the WECS with the grid-side
control algorithm

Conclusions.

In this article, an extension of fuzzy model based
multivariable predictive current control strategy has been
applied to the DC-DC boost chopper of wind energy
conversion system to enhance the capability of capturing
the maximum output energy based on an intelligent fuzzy
maximum power point tracking controller. The
considered control algorithm synthesis of the fuzzy model
based multivariable predictive controller is based on the
fuzzy system, optimization technique, and linear matrix
inequalities formulation. In this approach, at every
sampling period, a quadratic cost function with a specific
prediction horizon and control horizon is minimized such
that constraints on the control input are satisfied.

Furthermore, the designed intelligent maximum
power point tracking regulator has also been employed to
derive the optimum DC-current corresponding to the
maximum power point of the wind generator based on the
changes in the DC-power and rectified DC-voltage. While
the fuzzy model based multivariable predictive current
regulator has been designed to follow the derived
optimum DC-current with minimum steady-state tracking
error, this allows the wind generator to produce the
maximum electrical energy.

Simulation and experimental results have affirmed
the significant improvements in maximum electrical
energy harvesting and mechanical stresses minimization.
In addition, compared to the traditional proportional
integral controller, the suggested control approach has
greater overall control efficiency and can be utilized to
harvest maximum wind power more efficiently.
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H. Chappa, T. Thakur

A novel load shedding methodology to mitigate voltage instability in power system

Aim. A novel technique for detecting imminent voltage instability is proposed in this paper, accompanied by a novel load shedding
approach to protect the system from voltage instability. Methodology. The proposed methodology utilizes the computation of nodal
reactive power loss to voltage sensitivities with load increments in the system. Originality. The nodal reactive power loss to voltage
sensitivity is a novel computation and is explored to detect the likelihood of voltage instability in this work. Results. If the systemis
experiencing an unprecedented load growth and if all the measures reach their limits, then load shedding is the last resort to
safeguard the system against instability. The sudden change in nodal reactive power loss to voltage sensitivities is utilized to devise
the quantity of load to be cut in the system. Practical value. The time-based simulations performed in New England 39 bus test
system (NE-39 bus), the simulated results show that nodal reactive power loss to voltage sensitivities can be used as a trusted
indicator for early diagnosing of menacing voltage instability and the timely implementation of load shedding developed from nodal
reactive power 10ss to voltage sensitivities on the system ensures voltage stability. References 29, tables 1, figures 9.

Key words: voltage stability, sensitivity analysis, nodal reactive power losses, load shedding.

Mema. Y cmammi RpOnOHYEMbCS HOBUU MEMOO GUSGIEHHS HABUCTOI HeCMAOLIbHOCMI HANpyeu, wjo CYNPOBOOIICYEMbCS HOBUM
nioXo00oM 00 CKUOAHHA HABAHMAMICEHHs O 3AXUCmy cucmemu 6i0 HecmabinbHocmi Hanpyeu. Memoodonozia. Y 3anpononosaniil
MemoOUuYi BUKOPUCIOBYEMbCS PO3PAXYHOK GY3N06UX GMPAN PEAKMUBHOI NOMYICHOCI 3ANENHCHO GI0 Yymaueocmi 00 Hanpyeu npu
30UIbWeNHHI Haganmadicenusi y cucmemi. Opuzinanvuicms. Y yiti pobomi 6y3106i empamu peakmueHOi NOMYHCHOCMI 3aNEHCHO 8i0
YYmMaUGOCmi 00 Hanpyeu A61sI0Mmsb co0010 HOBULL POPAXYHOK I OOCTIONCYIOMbCS BUHAUEHHS UMOBIPHOCMI HeCmAbIIbHOCMI Hanpyau.
Pesynomamu. frxwo cucmema e6iouysac OesnpeyedeHmue 3pOCMAHHA HABAHMANCEHHA [ 6CI 3aX00u 00CA2AIOMb MENC CB0IX
Moodkcnueocmetl, CKUOAHHA HABAHMANCEHHS € OCMAHHIM 3acobom 3axucmy 6i0 Hecmabinvnocmi. Panmosa 3mina eysnoseux empam
PEaAKMUBHOT NOMYHCHOCTI, 3ATIEHCHO 10 YYMAUBOCT OO HANPY2U, BUKOPUCTOBYEMCS OIS GUSHAYEHHS BeTUYUHU HABAHMANCEHHS, KA
nogunna 6ymu eiocivena ¢ cucmemi. Ilpakmuyuna yinnicms. Mooenosanns, 3acHO6aHe HA YACT, BUKOHAHE 8 MECMOBI CUCeM] WUHU
New England 39 (wuna NE-39), ma pezynomamu MmoOenio8antsi NOKa3yioms, wo 3ALeJCHICMb GY3106UX 6Mpam peakmueHoi
NOMYACHOCI IO YYMIUBOCE 00 HANPYSU MOJICE SUKOPUCTIOBY8AMUCS SIK HAOIUHULL IHOUKAMOP OISl PAHHbOI OlA2HOCMUKU 3A2PO3IUBOT
HecmadinbHOCMI Hanpyeu ma C80EHACHO20 6NPOBAOIICEHHS] CKUOAHHS! HABAHMADIICEHHS, WO BUHUKAE BHACAIOOK 8MPAMU PeaKmusHol

NoOMysIcHOCMi y 8y31ax, 00 YymMAUGOCMI cucmemu 00 Hanpyau,a 3abesneuye cmabinonicms Hanpyau. bioin. 29, tabm. 1, puc. 9.

Kniouoei cnosa: cTadiibHiCTH HaNpyru, aHagi3 4YyTJIHBOCTI,
HABAHTAKeHHs.
Introduction. Power system voltage stability

maintenance is of paramount importance in practical grid.
Power system is tremendously non-linear system and is
continuously subjected to several disturbances. It is very
strenuous for the system operators to monitor and operate
such highly non-linear system stably. Early detection of
voltage instability is a pressing concern for system
operators. Voltage instability may lead to complete or
partial blackout in the system. After detection, the
immediate concern is the prevention of system from
reaching unstable state. One of the proven preventive
measure is load shedding. The introduction of
deregulation along with renewable penetration due to high
energy demand is forcing the grid to operate in a manner
in which it is not designed to operate. The operating status
of the systems is continuously monitored by the system
operators to find the current state of the system. All the
nodes in the system have to maintain acceptable voltages.
Maintaining these acceptable voltages under highly
stressed conditions is a major challenge for power system
operators. According to [1] voltage stability is the ability
of the system to maintain acceptable voltages at all the
buses under all operating conditions. Voltage stability
problem, in general, occurs due to [1]:

I)severe loading in the system especially voltage
dependent load;

2) line or generator contingency under highly stressed;

3) insufficient reactive power support in the system;

4)reverse action of on load tap changer.

To address the voltage instability issue in the power

system, a considerable amount of research has been done

BY3JI0Bi BTPATH pPEAKTHBHOI NOTY:KHOCTi, CKH/IAHHS

so far. Many methodologies were developed based on
offline study of the considered test system P-V curves and
Q-V curves that are drawn based on the repetitive runs of
the Newton-Raphson load flow (NR load flow) were used
to analyse the system stability. However, since these
methodologies were based on an offline analysis, they
might not be appropriate for real-time detection. On the
other hand sensitivity analysis [3] has been done to assess
the voltage instability by neglecting real power variations.
Such assumptions may not be valid if the system is under
a highly stressed condition.

Early diagnosis of voltage instability in power
system gained much attention from the past two decades,
as it could trigger a complete or partial blackout in the
system. Voltage instability detection in real-time can be
done by utilizing synchrophasor measurements [2].
Phasor measurement units (PMU) are the main devices
for synchrophasor measurements. The methodologies
developed in [4, 5] utilize the concept of tracking
Thevenin equivalent parameters. However, it is observed
in [6], that these methodologies do not detect the accurate
point of instability. Moreover, accuracy of the tracking of
Thevenin parameters depends on the window size being
considered. This problem has been overcome in [7]. All
these methodologies come under the category of local
measurements where only one bus of interest can be
monitored. Even though these methodologies give
sufficient picture of instability but they are not suitable to
monitor many nodes at a time that are prone to voltage
instability.
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Wider area measurements may be utilized for
assessing voltage stability issues in the system at a time.
However, it requires more number of PMUs to be
installed. The index in [8] utilizes the rate of change of
voltage for detecting voltage instability. The methodology
in [9] developed a load shedding scheme to ensure both
voltage and frequency stability. The methodology in [10]
utilized the reduced set of measurements from PMU and
computed the singular values of the Jacobian matrix in
near real-time. The voltage distance collapse and the
quantity of load to shed for ensuring voltage stability is
proposed in [11]. Fast detection of voltage instability in
real-time are proposed in [12, 13] by utilizing the nodal
reactive power losses. Voltage instability for renewable
integrated grid and the locations for reactive power
support based on the dominant load type is presented in
[14]. The sites that are suitable for renewable penetration
are shown with the simulated results.

A methodology to shed the load based on eigen
values is presented in [14]. The minimal eigen value of
the power flow Jacobian matrix has adequate information
to explore it as an indicator. The system has to be
continually checked for this indicator before taking any
preventive action. The main issue with this indicator is
that the power flow Jacobian matrix is topology sensitive.
Power system is dynamic system and topological changes
in the network are recurrent. In such scenarios the
computation of the singular eigenvalue of the power flow
Jacobian matrix in real time would be a complex task.
Under-voltage load shedding based on estimation of
Thevenin parameters is proposed in [15]. Thevenin
parameters are estimated by using recursive least square
approximation techniques. Emergency load shedding
based on minimum eigen values of power flow Jacobian
matrix is formulated in [16]. Under-voltage relays are
placed based on the values of applied L index [17] to the
considered system. The amount of load to shed is decided
based on the PQ limit curves. A combined load shedding
method [18] is proposed by considering both frequency and
voltage stability. For this, sensitivity analysis and center of
inertia frequency is considered to determine the amount of
load shedding at individual node. In the same token,
another adaptive algorithm [19] is developed for both
frequency and voltage stability. This algorithms works in
three stages and the major building block is the drawing up
of a lookup table and its update in near real-time. The
lookup table encompasses optimal location and minimal
load shedding along with consideration for the incidents
that require post load shedding.

Frequency measurement and voltage stability index
are used in [20] for adaptive load shedding. This
algorithm considers the PMU measurements at the bus of
interest and voltage stability index is computed from
those measurements. The coupling between under-
frequency and prolonged low voltage condition is
exploited for developing the load shedding conditions.
The sensitivity of dynamic voltage curves is explored in
[21] to develop load shedding blueprint. The originality of
this work is consideration of the dynamic conditions of
the load and system to develop the minimal load shedding
scheme. This dynamic load conditions study is very
relevant in voltage stability investigations as the non-

intersection of load characteristic and system
characteristic results in voltage collapse. Furthermore, the
contingencies under stressed condition abet the likelihood
of wvoltage collapse. The contingency analysis is
rigorously studied here to obtain the minimal load
shedding condition.

The under frequency conjoined with voltage stability
assessment is considered in [22] for minimal load
shedding. It is identified that load shedding to avoid only
the frequency instability may have adverse effect on
voltage instability. The corrective action for under
frequency protection may not be sufficient for the support
of voltage stability. The supplementary arrangement is
made in this work to support for voltage stability. The
thermal limit of the transmission lines depend on the scale
of loading of the lines. If loading is beyond the thermal
limits, and the non-intersection of system curve and load
curve initiates the voltage instability. To this end, the load
rate of transmission is monitored in [23] to prevent the
cascading failure that occurs due to voltage and frequency
instability. This load shedding is based on the ranking of
the outage sensitivity index and voltage magnitude. The
scheme in [24] considers the under-frequency precise load
shedding coupled with voltage stability criteria. The
synchrophasor measurements are used to develop
methodology by considering the load dynamics. This two
stage load shedding is very essential for real time system
monitoring. This scheme protects the system from both
voltage instability and under-frequency condition. The
minimal load shedding is however limited to a particular
node is the main limitation of this work. An optimal load
shedding based on PMU measurements for practical
power system is proposed in [25].

Under impedance load shedding scheme is presented
in [26] by considering the motor dynamics as they play a
prominent role in driving the system to instability. By
considering the load demand response and using multi-
period optimal power flow, smallest singular value of the
Jacobian matrix is improved in [27] by shedding the load
at suitable locations. PMU measurement based
methodology for load shedding is proposed in. This
method considers the multiport modelling equations to
estimate the Thevenin parameters and an index is
obtained therefrom. This index is used in load shedding
algorithm to shed minimal amount of load without
compromising the stability of the system. The power flow
Jacobian matrix was computed using PMU data in [28].
Following that, the power flow Jacobian matrix was
subjected to V-Q sensitivity analysis. Such analysis is
useful for identifying the vulnerable nodes in the system
from a voltage stability point of view. At the weak nodes
a fixed amount of load i.e. 5 % load shedding is employed
and checked for the stability condition. In this method the
load shedding is done only at weak nodes corresponding
to voltage instability.

The detailed literature review shown above disclose
that, most of the methodologies use singularity condition
of power flow Jacobian matrix or sensitivity analysis of
Jacobian matrix for detecting instability. In the sensitivity
analysis of the power flow Jacobian matrix, decoupling of
active power variations with respect to voltage is
considered. This assumption is not a valid assumption
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especially when the system is under stress condition.
However, reactive power loss to voltage sensitivity may
provide accurate and early detection of voltage collapse in
power system.

Goal. In this work nodal reactive power loss to
voltage sensitivity has been used as a litmus test for
detecting the voltage instability and a load shedding
scheme is also derived therefrom. The main reason for
considering nodal reactive power loss to voltage
sensitivity is that it can be obtained in real-time.
Moreover, the sensitivity analysis obtained from the
reduced Jacobian matrix seems to be inaccurate especially
when the system is under the stressed condition. This
assumption for decoupling of active power variations and
voltage is overcome by considering Nodal Reactive
Power loss to Voltage Sensitivity (NRPVS). The
following sections go into sensitivity analysis and bus
reactive power losses calculations in greater depth.

Nodal reactive power loss calculation. The
reactive power loss in the power system has correlation
with the bus voltage. Usually, the reactive power loss is
attributed as line reactive power loss. However, it has
been identified in the literature that bus reactive power
loss is proposed and that bus reactive power loss trend in
the system has significant link with the voltage trend in
time domain simulations. The computation of nodal
reactive power loss is as follows. Figure 1 presents the
bus B-1 with its interconnections and a PMU.

Fig. 1. Power network showing direction of real power flow and
line losses [11]

This bus B-1 is the monitored bus. The direction of
arrows indicates the active power flow direction in the
lines. The load flow equation at any given node j is
represented as:

Sguszvizli*' (1)
i=1

where Sojus is the apparent power at bus j; Vj is the

voltage at bus ; |; is the current at bus I .

PMU measurements are utilized in bus B-1 to
compute all the line losses and direction of active power
flows. The bus reactive power losses are evaluated at any
bus j by using the following equation:

) n
Qbss = 21 Xij @)

i=l, i%]

where ljj is the current from any bus i to j; X is the
reactance of the line placed between buses i and j.

In brief, the nodal reactive power losses are the
summation of line reactive power losses feeding the bus
of interest.

There are several methodologies proposed to detect
the incipient voltage instability by considering the
decoupling of power flow Jacobian matrix. As the name
suggests, Jacobian matrix represents the sensitivities of
the bus voltages and reactive power losses. The
decoupling of the Jacobian matrix essentially means
considering the real power load and voltage are weakly
coupled and subsequently the terms belong to them will
be dropped. In the same line the terms related to reactive
power and frequency are also dropped. The details of the
sensitivity analysis are as follows:

Sensitivity analysis. The power balance equations
under steady state by assuming bus numbers i =1,2 ... n
for a n-bus system are given as

n
Pi —Poi (Vi)=Y ViV, Y| cos(6) —0) — ;| Jco: @
j=1

n
QDi(Vi)_ZViVjYijSin(Hi -0 —aij)=0- 4)

j=1
where Pg; is the real power generated at bus i; Ppi(V;) is
the load demand at bus i and this load demand is function
of voltage; Vi, V, ,8, 8 are the voltages and the
corresponding angles at buses i and j respectively; Yj; is
the admittance between buses i and j; o is the angle

corresponding to Yj;.
By applying NR load flow method to (3), (4) yields

1]:

AP | 1Jpe Jpy [[AO]| )
AQ| [Joo Joe ||AV ]

AP A®
=[J] . (6)

AQ AV

where J is the Jacobian matrix and
oP oP oQ oQ

Jpo=—=. Ipy ==, Joo ===, Jov ===, (7
Po =59 IV =y Jeo 5o Jav =gy (D

and AP, AQ, A® and AV are the incremental changes in
real power, reactive power, bus voltage angle and bus
voltage magnitude respectively.

If real power variations are assumed to be zero then
(5) can be simplified as

AO=—[Ipy [ Ipy AV ; (8)
AQ:[JQV ~[Ipo] " Ipv JQ&JAV ; )
AQ=JRAV ; (10)
AV=Jg'AQ, (11)

where Jg is the diminished Jacobian matrix.

The diagonal elements of Jr represent the Q-V
sensitivities at any node.

Sensitivity analysis is obtained from the assumption
that active power variations are decoupled from voltage
variations. This is not a valid assumption if the system is
under high stress. By applying Schur decomposition to
the Jacobian matrix in (6), the gravity of the active power
dissimilarity under stressed conditions can be deduced.
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Suggested methodology. The development in
synchrophasor measurements leads to the accurate
measurement of voltage magnitudes, branch currents, and
phasor angles. These measurements are used to compute
nodal reactive power losses. It has been observed that
nodal reactive power loss along with voltage magnitudes
at any node has suitable information to detect imminent
voltage instability. In addition to that, the critical aspect
of Q-V sensitivity analysis may be overcome by
considering nodal reactive power to voltage sensitivity
analysis. When a system is subjected to continuous load
increments, then reactive power loss in the branches also
increases continuously. If the system is stressed with
excessive loading, then line losses will increase,
especially the reactive power losses. This has effect on
voltage magnitude at the buses.

At the stroke of voltage instability branch reactive
power losses increase abruptly and voltage magnitudes
rapidly reduce to unacceptably low values. The power
system perceives this condition as non-intersection of
system characteristic with load characteristic. The type
load and the magnitude of load are essentially accountable
for this condition. The voltage instability condition can be
identified using the reactive power losses and voltage
magnitudes from the PMU measurements. It has been
identified that nodal reactive power loss trajectory can
detect the voltage instability accurately as opposed to
voltage magnitude. In the case of overcompensated
systems voltage collapse takes place at voltage
magnitudes close to nominal values. So voltage
magnitude alone is not a suitable criterion for voltage
instability detection.

As the bus reactive power losses are obtained from
line reactive powers losses, the trend of these losses along
with voltage magnitudes at any node gives reliable
information to detect voltage instability. It has also been
discerned that the bus power losses shoots up at high load
conditions but much before loadings corresponding to
voltage collapse. This property of the trend of nodal
power losses (reactive) has been exploited here to detect
the voltage instability.

Under normal operating conditions with nominal
loadings on the system NRPVS trend is smooth but if the
system is sufficiently stressed then its trend wvaries
abruptly and will progress in the direction of sharp
change. At the collapse point, a large sudden change in
NRPVS occurs. The point where the first sharp change in
NRPVS occurs is the detection point and the time at
which it occurs is known as instability detection time.

After early detection of voltage instability from
NRPVS, its values are used to determine the quantity of
load to cut in each bus to ensure both voltage stability and
acceptable voltage magnitudes.

Load shedding at any load busy J can be computed as

NRPVS;
Loadshed | = ,

= (12)
> NRPVS;
Jenl J

where Jenl means the bus j corresponds only to the load
buses; Loadshed, is the load shedding at load bus j and
NRPVS is the nodal reactive power loss to voltage
sensitivity at bus j.

The flowchart of the algorithm is given Fig. 2.

Obtamn PMU Measurements

v )

Compute Nodal Obtain voltage
reactive power loss magnitudes
using equation (2)
h
Moving average Moving average
filter filter

v v

av
Compute DQ=J?T*»= ComputeDV=E

Do
inau - .MRPI"S - Q.S.m

dav DV

Vi

Compute change

mn
NRPTE

l

__\rPYS
Loadshed SRS

=

Fig. 2. Proposed methodology

They steps of the algorithm to implement in real
time are as follows:
1) Obtain the PMU measurements at all the load buses.
2) With these measurements compute the bus reactive
power losses by considering the direction of active power
flows and branch reactive power losses.
3)As PMU data may contain noise signals, these are
filtered by using moving average filter.
Moving average filter. It contains a sliding window
of suitable size of our choice. The output of this filter at
any time K is given as:

1 k
Yi Y DY,
j=k—M +1

(13)

where M is the window size.

4) Evaluate rate change in bus 1 reactive power losses
and rate change in voltage magnitudes in all the load
buses.

5)Then normalize the computed rate change in bus
reactive power losses and rate change in voltage
magnitudes with its base values. Base values are the
values obtained under base load condition of the system.
This normalization is done only for computational
simplicity.
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6) Divide normalized rate change of bus reactive losses
with normalized rate change of voltage magnitude and
name it as NRPVS.

7)Monitor NRPVS under real time and find any
sudden change.

8)Compute the value of NRPVS at the instant of
sudden change.

9) Compute load shedding in each node by using the
values in previous step.

Simulation results. The proposed methodology has
been tested in New England 39 bus test system with all
the dynamic components responsible for voltage stability
issues. All the synchronous generators are considered
with two-axis flux decay model with enforced excitation
limits. The equations governing the model are as follows:

8 =Qp (o1 ~1); (14)
_Pni-Pi-Di(o-1),
= ; (15)
M;
L, - fsi(%i )_(Xdi — X )-igi +V§
& = - ; (16)
Tdoi
—€ely +\Xgi —Xgi Jigi
& = €di (q: QI) g : (17)
qoi
Pei Z(ti +lg g )'iqi +(Vgi + T -igi )'igi s (18)
Vg +Tai ig G + (X6 —%i )-ia =05 (19)
Vai + T -l — € +(X£u _Xli)'iqi =0; (20
; Vi =V
Vi =——1; (21)
Tri
Kii
Kai *| Vrefi —Vmi —Vr2i _ﬁ'vfi =Vryi
. |
Vi = — ; (22)
al
Vrii if Vr mini SVrli £Vrmaxi;
Vi =9 Vr maxi if Vrti > Vi maxi s ;0 (23)
Vr mini if Vi < Vr mini s
i Vi +V,
B LI RVFRFRVIS
- Tfl 1 r2i . (24)
" T ’
—Vs \l+SalVs Vi
\./ﬁ _ fi ( Se( fi )) ri ’ (25)
Tei

where all parameters are described in Table 1.

The load is considered as the composite ZIP load
with 20 % constant impedance load, 20 % constant
current load, and 60 % constant power load. The ZIP load
model mimics the practical load and therefore such model
is being considered. The simulations are performed in
PSAT [29] toolbox in MATLAB environment. The data
obtained from PSAT simulations were treated as the data
from PMU measurements. All of the load buses are
loaded with (0.001+j0.001) pu/s. This load increment is
applied simultaneously to all the load nodes. Such load
increment is known as stress in the system. The authors
believe that any index should detect the unforeseen event
with accuracy for the concomitant load variations in the

system. This work proposed for long term voltage
stability and therefore such a pattern of load increment is
chosen for simulations. This pattern of load increment
plunge the system from a stable operating state to an
unstable state.

Table 1
Description of parameters
No. | Parameters Description
1 ) Rotor angle
2 Qp Base speed
3 0 Rotor speed in p.u.
4 P Mechanical power input
5 Pqi Electrical power input
6 D Damping coefficient
7 M Mechanical starting time
8 =M g-axis transient voltage
9 € i d-axis transient voltage
10 Xgi Synchronous reactance in g-axis
11 X Transient reactance in q-axis
12 Xgi Synchronous reactance in d-axis
13 X g Transient reactance in d-axis
14 iq Quadrature axis current
15 ig Direct axis current

16 Tao Open circuit transient time constant in d-axis

17 T Open circuit transient time constant in q-axis
18 Vgi g-axis voltage

19 Vi d-axis voltage

20 ra Armature resistance

21 Xii Leakage reactance

22 V¢ Field voltage

23 Vi Transducer

24 T, Transducer time constant

25 Kt Stabilizer gain

26 T¢ Stabilizer time constant

27 Ka Amplifier gain

28 Vy Regulator voltage

29 Viet Reference voltage

30 Vimaxi |Regulator maximum voltage
31 Vimini|Regulator minimum voltage
32 Vi1 Saturation voltage point 1
33 Vio Saturation voltage point 2
34 S(Vp)  |Saturation function

35 Ty Field circuit time constant
36 V Terminal voltage

The proposed methodology detects the early
occurrence of voltage instability. The voltage magnitude
plot is shown in Fig. 3 delineate that voltage magnitude
drops as load increases. This is due to the fact that the
transmission line acting drain to reactive power. This
causes insufficient reactive power support at load buses.
The insufficient reactive power support is reflected as
drop in voltage magnitude. The incessant drop in voltage
against time is regarded as voltage instability problem.
The voltage plot depicts that voltage instability occurred
at 182 s.

The plot of nodal reactive losses at the cogitated
buses is shown in Fig. 4. This figure depicts reactive
losses in the nodes with time-based load increments. As
mentioned earlier and from the reactive power loss
equations the nodal reactive power losses trend has
something noteworthy. If the load variations are less and
continual, the nodal reactive power loss trend shows a
small variation. The line reactive power loss seems to be
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linear till a particular load increment and any load
increment beyond that limit causes the reactive power loss
to shoot up. As the nodal reactive power loss is the
summation of all the incoming line reactive power losses
and therefore nodal reactive power losses also increase
abruptly. The point at which such abrupt change occurs
has some information to report the stability status of the
system. However, if the stress on the system is continuous
and reaches the point instability, the nodal reactive power
losses increase abruptly. It has been observed that voltage
magnitude and nodal reactive power loss has a direct
relationship and this is explored in this work.
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The reactive power loss to voltage sensitivity plot is
evinced in Fig. 5. It has been noticed from Fig. 5 that, sudden
change in reactive power loss to voltage occurs at 147 s. At
this instant NRPVS is computed at all the nodes and the
values are shown in Fig. 6. From this figure, it is observed
that buses 2, 16 and 24 have the maximum change and
therefore the plots of these buses are shown in this paper.

The quantity of load to cut at the load buses are
computed using the above computed NRPVS. The plot in
Fig. 7 shows the quantity of load to cut in the load buses
to safeguard the system from the occurrence of voltage
instability. The above-computed amount of load for load
shedding has been applied on all the load buses at 148 s
and it is observed that voltage magnitudes of all the nodes
improved and the system is stable. The improved voltages
after application of load shedding strategy are shown in
Fig. 8. The comparison of voltages before and after the
application of load shedding strategy is shown in Fig. 9.
For this plot only 16 bus has been considered. However, it
is obvious that at other nodes also voltage magnitudes
will improve and system reaches stable state.
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Conclusions.

In this work, a novel methodology for voltage
instability detection and its prevention through load
shedding has been proposed. Nodal reactive power loss to
voltage sensitivity has been developed and the trend of it
is used for voltage instability detection. The value of the
sudden change in nodal reactive power loss to voltage
sensitivity is used to devise the load shedding scheme.
The nodes at which this sudden change occurs are
considered here to show the simulation results. This
methodology while applied to New England 39 bus test
system, detected voltage instability at time close to 150 s
where the actual voltage instability occurred at 182 s. This
is leaving a margin of 32 s for the system operator to
respond. Load shedding, which is a means for preserving
the voltage instability, when applied at 150 s, the system
reached to stable state. The simulated results show that
this methodology could detect the voltage instability in
good time and the load shedding can bring back the
voltages to acceptable values.

Conflict of interest. The authors declare that they
have no conflicts of interest.

REFERENCES
1. Kundur P. Power System Sability and Control. New York,
McGraw Hill Publ, 1994. 1200 p. Available at:
http://powerunit-ju.com/wp-content/uploads/2018/01/Power-
System-Stability-and-Control-by-Prabha-Kundur.pdf (Accessed
12 May 2021).
2. Chappa H., Thakur T. Voltage instability detection using
synchrophasor ~measurements: A review. International
Transactions on Electrical Energy Systems, 2020, vol. 30, no. 6,
art. no. €12343. doi: https://doi.org/10.1002/2050-7038.12343.
3. Gao B., Morison G.K., Kundur P. Voltage stability
evaluation using modal analysis. |EEE Transactions on Power
Systems, 1992, vol. 7, no. 4, pp. 1529-1542. doi:
https://doi.org/10.1109/59.207377.
4, Wang Y., Li W, Lu J. A new node voltage stability index
based on local voltage phasors. Electric Power Systems
Research, 2009, wvol. 79, mno. 1, pp. 265-271. doi:
https://doi.org/10.1016/j.epsr.2008.06.010.
5. Vournas C.D., Van Cutsem T. Local Identification of
Voltage Emergency Situations. |EEE Transactions on Power
Systems, 2008, vol. 23, no. 3, pp. 1239-1248. doi:
https://doi.org/10.1109/TPWRS.2008.926425.
6. Wang Y., Pordanjani I.R., Li W., Xu W., Chen T., Vaahedi
E., Gurney J. Voltage Stability Monitoring Based on the
Concept of Coupled Single-Port Circuit. IEEE Transactions on
Power Systems, 2011, vol. 26, no. 4, pp. 2154-2163. doi:
https://doi.org/10.1109/TPWRS.2011.2154366.

7. Cui B., Wang Z. Voltage stability assessment based on
improved coupled single-port method. IET Generation,
Transmission & Distribution, 2017, vol. 11, no. 10, pp. 2703-
2711. doi: https://doi.org/10.1049/iet-gtd.2016.2067.

8. Sodhi R., Srivastava S.C., Singh S.N. A Simple Scheme for
Wide Area Detection of Impending Voltage Instability. |EEE
Transactions on Smart Grid, 2012, vol. 3, no. 2, pp. 818-827.
doi: https://doi.org/10.1109/TSG.2011.2180936.

9. Seethalekshmi K., Singh S.N., Srivastava S.C. A
Synchrophasor Assisted Frequency and Voltage Stability Based
Load Shedding Scheme for Self-Healing of Power System.
IEEE Transactions on Smart Grid, 2011, vol. 2, no. 2, pp. 221-
230. doi: https://doi.org/10.1109/TSG.2011.2113361.

10. Lim J.M., DeMarco C.L. SVD-Based Voltage Stability
Assessment From Phasor Measurement Unit Data. |IEEE
Transactions on Power Systems, 2016, vol. 31, no. 4, pp. 2557-
2565. doi: https://doi.org/10.1109/TPWRS.2015.2487996.

11. Kamel M., Karrar A.A., Eltom A.H. Development and
Application of a New Voltage Stability Index for On-Line
Monitoring and Shedding. |EEE Transactions on Power
Systems, 2018, wvol. 33, no. 2, pp. 1231-1241. doi:
https://doi.org/10.1109/TPWRS.2017.2722984.

12. Chappa H.K., Thakur T., Srivastava S.C. Reactive power
loss based voltage instability detection using synchrophasor
technology. 2015 IEEE PES Asia-Pacific Power and Energy
Engineering Conference (APPEEC), 2015, pp. 1-5. doi:
https://doi.org/10.1109/APPEEC.2015.7381029.

13. Chappa H., Thakur T. A Fast Online Voltage Instability
Detection in Power Transmission System Using Wide-Area
Measurements. Iranian Journal of Science and Technology,
Transactions of Electrical Engineering, 2019, vol. 43, no. S1,
pp. 427-438. doi: https://doi.org/10.1007/s40998-018-0120-2.
14. Chappa H.K., Thakur T., Suresh Kumar L.V., Kumar
Y.V.P., Pradeep D.J., Reddy C.P., Ariwa E. Real Time Voltage
Instability Detection in DFIG Based Wind Integrated Grid with
Dynamic Components. International Journal of Computing and
Digital Systems, 2021, vol. 10, no. 1, pp. 795-804. doi:
https://doi.org/10.12785/ijcds/100173.

15. Tsai S.-J. S., Wong K.-H. Adaptive undervoltage load shedding
relay design using Thevenin equivalent estimation. 2008 |EEE
Power and Energy Society General Meeting - Conversion and
Delivery of Electrical Energy in the 21st Century, 2008, pp. 1-8.
doi: https://doi.org/10.1109/PES.2008.4596370.

16. Arya L., Pande V., Kothari D. A technique for load-shedding
based on voltage stability consideration. International Journal of
Electrical Power & Energy Systems, 2005, vol. 27, no. 7, pp. 506-
517. doi: https://doi.org/10.1016/].ijepes.2005.05.001.

17. Kessel P., Glavitsch H. Estimating the Voltage Stability of a Power
System. |IEEE Transactions on Power Ddlivery, 1986, vol. 1, no. 3, pp.
346-354. doi: https:/doi.org/10.1109/TPWRD.1986.4308013.

18. Jianjun Z., Dongyu S., Dong Z., Yang G. Load Shedding
Control Strategy for Power System Based on the System
Frequency and Voltage Stability. 2018 China International
Conference on Electricity Distribution (CICED), 2018, pp.
1352-1355. doi: https://doi.org/10.1109/CICED.2018.8592262.
19. Shekari T., Gholami A., Aminifar F., Sanaye-Pasand M. An
Adaptive Wide-Area Load Shedding Scheme Incorporating
Power System Real-Time Limitations. |EEE Systems Journal,
2018, vol. 12, no. 1, pp- 759-767. doi:
https://doi.org/10.1109/JSYST.2016.2535170.

20. Saftarian A., Sanaye-Pasand M. Enhancement of Power System
Stability Using Adaptive Combinational Load Shedding Methods.
IEEE Transactions on Power Systems 2011, vol. 26, no. 3, pp.
1010-1020. doi: https://doi.org/10.1109/TPWRS.2010.2078525.

21. Arief A., Nappu M.B., Dong Z.Y. Dynamic under-voltage
load shedding scheme considering composite load modeling.
Electric Power Systems Research, 2022, vol. 202, p. 107598.
doi: https://doi.org/10.1016/j.epsr.2021.107598.

Enexkmpomexnixa i Enexmpomexanixa, 2022, Ne 3

69



22. Horri R., Mahdinia Roudsari H. Adaptive Under-Frequency
Load-Shedding Considering Load Dynamics and Post
Corrective Actions to Prevent Voltage Instability. Electric
Power Systems Research, 2020, vol. 185, p. 106366. doi:
https://doi.org/10.1016/j.epsr.2020.106366.

23. Hoseinzadeh B., Leth Bak C. Centralized coordination of
load shedding and protection system of transmission lines.
International Transactions on Electrical Energy Systems, 2019,
vol. 29, no. 1, p. €2674. doi: https://doi.org/10.1002/etep.2674.
24. Yao M., Molzahn D.K., Mathieu J.L. An Optimal Power-
Flow Approach to Improve Power System Voltage Stability
Using Demand Response. IEEE Transactions on Control of
Network Systems, 2019, vol. 6, no. 3, pp. 1015-1025. doi:
https://doi.org/10.1109/TCNS.2019.2910455.

25. Mahari A., Seyedi H. A wide area synchrophasor-based load
shedding scheme to prevent voltage collapse. International
Journal of Electrical Power & Energy Systems, 2016, vol. 78,
pp. 248-257. doi: https://doi.org/10.1016/j.ijepes.2015.11.070.
26. Modarresi J., Gholipour E., Khodabakhshian A New
adaptive and centralised under-voltage load shedding to prevent
short-term voltage instability. IET Generation, Transmission &
Distribution, 2018, vol. 12, no. 11, pp. 2530-2538. doi:
https://doi.org/10.1049/iet-gtd.2017.0783.

27. Gadiraju K.V.R., Kolwalkar A., Gurrala G. Systems and
methods for predicting power system instability. US Patent no.

How to cite this article:

20130154614, Jun. 2013. Available at:
http://www.freepatentsonline.com/y2013/0154614.html
(Accessed 12 May 2021).

28. Jamroen C., Piriyanont B., Dechanupaprittha S. Load
shedding scheme based on voltage instability index using
synchrophasor data. 2017 International Electrical Engineering
Congress (IEECON), 2017, pp. 1-4. doi:
https://doi.org/10.1109/TEECON.2017.8075776.

29. Milano F. An Open Source Power System Analysis Toolbox.
IEEE Transactions on Power Systems 2005, vol. 20, no. 3, pp.
1199-1206. doi: https://doi.org/10.1109/TPWRS.2005.851911.

Received 10.02.2022
Accepted 26.03.2022
Published 01.06.2022

Hemanthakumar Chappa', PhD, Assistant Professor,

Tripta Thakur?, PhD, Director General,

! Department of Electrical & Electronics Engineering,

GMR Institute of Technology,

Rajam-532 127, Srikakulam Dist., Andhra Pradesh, India,
e-mail: hemanthkumar.ch@gmirit.edu.in (Corresponding author);
% National Power Training Institute,

NPTI Complex, Sector-33, Faridabad, 121003, Haryana, India,
e-mail: tripta_thakur@yahoo.co.in

Chappa H., Thakur T. A novel load shedding methodology to mitigate voltage instability in power system. Electrical Engineering &
Electromechanics, 2022, no. 3, pp. 63-70. doi: https://doi.org/10.20998/2074-272X.2022.3.09

70

Enexkmpomexnixa i Enexmpomexanixa, 2022, Ne 3



UDC 621.3 https://doi.org/10.20998/2074-272X.2022.3.10

H. Sekhane, D. Labed, M.A. Labed

Modelling and performance testing of a digital over-current relay enhanced designed model

I ntroduction. The over-current relay iswidely used to protect distribution and transmission electrical systems against excessive currents
occurring due to short circuit or overload conditions. Many works have been carried out in the field of models simulation design of
digital over-current relaysin the literature, but unfortunately many of them are more complex design models, have very dow execution
time and only work in simple faults cases. Purpose. The purpose of this work is to present the performance of a modified and improved
model of a digital over-current relay designed in Smulink/ MATLAB environment with more simplified design, faster execution time, and
able to operate under more complex fault conditions. Methodology. Before starting tests, modelling of over-current relay is presented in
details, of which the basic logics of the proposed model to implement inverse and instantaneous characteristics are well explained.
Afterwards, various tests are carried out for the performance analysis of the enhanced designed relay model in terms of: operating speed
for eliminating faults that has arisen, ability to distinguish between a fault current and load starting current, capacity distinguish
between real and temporary fault currents, the way to manage variable faults over time, and the degree of harmony between primary
protection relay and back-up protection relay. Originality. The originality of our proposed work consists in the development and
improvement of a digital over-current relay model designed in Smulink/ MATLAB environment in such way that it becomes able to
operate under new harsh test conditions. This developed designed model isimplemented and applied in a 400V radial distribution power
system with a load that causes a starting current. Results. The obtained values of simulation are compared with the theoretically
calculated values and known existing models. The obtained results after various tests validate the good performance of our enhanced
designed model. References 18, tables 3, figures 18.

Key words: digital over-current relay, inverse and instantaneous characteristics, load starting current, primary protection,
back-up protection.

Bcmyn. Pene nadcmpymy wiupoko 8UKOPUCMOBYEMbCA O 3AXUCTITY eIeKMPUYHUX CUcmeM pO3Nooiny ma nepeoadi 6i0 HAOMIpHUX
Cmpymie, wo 8UHUKAIOMb GHACTIOOK KOPOMKO20 3AMUKAHHA a00 nepesanmasicenus. Y nimepamypi Oyno euxonano 6azamo pooim y
2any3i MOOemOBAHHs YUPPoeo2o pere Ha0Cmpymy, die, Ha JHcalb, 6aeamo 3 HUX € OUlb CKIAOHUMU MOOCTSMU KOHCMPYKYIL, 3 0yice
NOBINHUM YACOM BUKOHAHHA, I B6OHU NPAYIOIOMb Julle y UNAOKAX Npocmux HecnpasHocmel. Memow Oanoi pobomu €
npeocmaegients NPOOYKMUGHOCMI MOOUDIKOBAHOT Ma 800CKOHAIEHOT MO0 Yuhpoeo2o peie Ha0Cmpymy, po3podaeHOl 8 cepedosuilyi
Smulink/MATLAB, 3 6inbu cnpoujenoo KOHCMPYKYIEHO, WeUOUWUM YACOM GUKOHAHHS MA 30amHIiCmIo npayiogamu 6 Oilblid CKIAOHUX
ymogax necnpasiocmeii. Memooonozia. Ileped nouamxom sunpodysans 0emanbHO NPeOCmAasieHo MOOETIO8ANHS pelie HAOCMPYMY, 3
KO 00Ope NOSICHEHO OCHOBHI JIO2IKU 3anPONOHO8AHOT MOOeNi 05 peanizayii 360pomuux i mummesux xapaxkmepucmuk. Ilicis yvboeo
NPOBOOSMbCS PIZHOMAHIMHI UNPOOYBAHHS OISl AHANIZY NPOOYKMUBHOCMI 800CKOHANEHOL pO3P0OONIeHOI MOOeni pele 3 MOYKU 30pY.
WBUOKOCMI pobomu 0N YCYHEHHA GUHUKIUX HeCcnpasHocmell, 30AMHOCMI PO3PI3HAMU CMPYM HECNPAGHOCMI Ma NYCKOGUU CMpPYM
HABAHMAICEHHS, MOJICIUBOCMI PO3PIHAMU PealbHi Mad MUMYACO8] CMPYMU HECHPABHOCMI, CNOCiO YNpaeuiHHg 3MIHHUMU
HeCnpagHoCmAMU 6 4aci ma CmyniHb 8iONo8IOHOCMI pelie NeP8UHHO20 3aXUCHY ma peie pe3epeHozo 3axucmy. Opuczinansnicmo
3anpPoOnoOHOBaHOT Hamu pobomu nonaeae 8 po3pobyi ma B0OCKOHANEHHI MoOoeli yugposozo peie HAOCMPYMY, pPO3POOIeHOI 8
cepedosunyi SMUlink/MATLAB makum wurnom, ujo6 6ona cmana 30amuol0 npayloeamu 8 HOGUX JCOPCMKUX YMOBAX 6unpodyeans. L
PO3pObIEHA MOOeTb Pedniz08ana ma 3aCMoco8ana y paoiansHoi po3nodinbuoi enepeocucmemi 400 B 3 naganmasicenHam, o GUKIUKAE
nyckoguti cmpym. Pezynomamu. Ompumani pesynomamu MoOen08aHHs NOPIGHIOIOMbCS 3 MEOPEMUHO PO3PAXOBAHUMU 3HAYEHHMU.
Pesynomamu, ompumani nicisi pizHOMAHIMHUX GUNPOOYEAHb, NIOMEEPOICYIONb XOPOULy NPOOYKMUBHICIb HAWOL NOKPAUeHOT
pospobaenoi mooeni. bion. 18, tadn. 3, puc. 18.

Kniouosi cnosa: uudppose pese HaICTPyMy, 3BOPOTHI Ta MHUTTEBI XapaKTepPHCTHKH, IYCKOBHIl CTPYM HABAHTAKeHHS,
NEePBUHHMUIA 3aXMCT, pe3epBHMIi 3aXHCT.

Introduction. According to the International
Electrotechnical Commission (IEC), the protection of

Currently, in view of growing demand for precise,
selective and reliable OCR due to the increasing

electrical networks is the set of monitoring devices
intended for the detection of faults and abnormal
situations such as short-circuits, variation in voltage,
machine faults, etc. and ensuring the stability of an
electrical network with the aim of ensuring an
uninterrupted power supply and avoids the destruction of
expensive equipment. Generally, this protection is
provided by relays which are devices that continuously
compare electrical variables such as: current, voltage,
frequency, etc. with predetermined values, and when the
monitored value exceeds the threshold they automatically
give opening orders to its associated circuit breakers [1].
Many types of relays have been employed by electric
power utilities such as over- and under-voltage, over- and
under-frequency and over-current relays (OCR), etc.
However, this latter is the most commonly used, and they
can be applied in any zone in the power system for both
primary and back-up protection [2, 3].

complexity and capacity of power systems on the one
hand, and the development of logic, communication,
information storage and processing capacities of modern
microprocessors on the other hand, traditional
electromechanical and solid state relays are replaced by
digital relays which are faster, more compact, more
reliable in operation, ensuring minimal power outage in
case of fault and has advantages in terms of data logging
and adaptive functionality, etc. [2, 4, 5].

The goal of the paper is to present the performance
of a modified and improved model of a digital over-
current relay designed in  Simulink/MATLAB
environment for some new cases.

The performance of the proposed digital OCR is
sought and tested on a line between two buses of a 400 V
radial distribution power system where the objectives of
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this work are summarized in testing the following
characteristics: operating speed, ability to distinguish
between a fault current and load pickup current, capacity
distinguish between real and temporary fault currents, the
way to manage variable faults, degree of harmony
between primary protection and back-up protection.

The remainder of the paper is organized as follows.
First, the current-time characteristic of an OCR is
explained. Then, the OCR modelling is presented on
details. Next, the enhanced designed digital OCR is
implemented in a 400 V radial network to carry out a
different test. Finally, we conclude our paper with some
remarks, and a prospect.

Current-time characteristic of an OCR. OCR has
the function of detecting single-phase, two-phase or three-
phase over-currents. The protection can be time-delayed
and will only be activated if one, two or three phases of
the monitored current exceed the specified setting
threshold for a period at least equal to the selected time
delay also called «operating time», and is calculated
based on the protection algorithm incorporated in the
relay microprocessor [1, 6]. According to this delay the
current-time characteristic of a typical OCR shown in
Fig. 1 can be one of two as follows.

Operating time, s

Ifstantaneous
delay

I
I

P
I
I
I

T
|
|
1
600 Is 1000 1200
Fault current, A A
Preset current setting threshold

o
8
sl _
g

>l -
5
sl
g

severe short circuit current

Fig. 1. Current-time characteristic of an OCR

Inverse characteristic. This characteristic means
that the operating time of the relay is inversely
proportional to the fault current i.e. the higher the current,
the shorter the operating time (see curve AB in Fig. 1).
This characteristic is used for the protection of electrical
installations against excessive fault currents below severe
fault levels but able enough that they will damage such
installations if maintained for a certain period [2, 6, 7].

On the other hand, inverse characteristic of a relay
may have to be modified depending on the characteristics
and the required operating time of other protection
devices used in the electrical network. This is why IEC
defines several types of inverse delay protection which
are distinguished by the gradient of their curves: Standard
Inverse (SI), Very Inverse (VI), Extremely Inverse (EI)
and Long Inverse (LI) [7, 8].

The operating time in inverse characteristic of OCR
(noted T) is depicted as per IEEE standard by the
following general expression [3]:

K

T= : 1
(I /1, -1 .

where K is the constant for relay characteristic; |; is the
actual fault current; |, is the pre-set current setting
threshold; n is the constant representing inverse-time type.

By selecting suitable values of n and K any desired
relay curve can be obtained. Equation (1) can be modified
in terms of actual faults as:

K
I
with I, < I < I, where I is the short circuit current.

It is important to note that the fault current I¢
detected by the relay is implicitly assumed constant.
Otherwise, during a transient or a variable fault current
this will lead to an inaccurate operating time by the relay.

Instantaneous characteristic. This characteristic
(shown in curve BCD of Fig. 1) means that the relay
operates in the fastest possible time i.e. as soon as the
fault current becomes greater than the value of the short
circuit current ls. In this case the operating time is only of
the order of a few milliseconds:

T = TS > (3 )
with I¢ > |, where Ty is the instantaneous operating time.

Relays with instantaneous characteristic are graded
by a time interval of Definite Time (DT sec) between
them, e.g. the relay R; imposed at the end of the network
of Fig. 2 is set to operate as fast as possible with an
instantaneous operating time Ts;, while its upstream relay
R, is set to a higher independent operating time
(Tsy=Ts;+DT). The instantaneous operating times of the
remaining relays increase sequentially at DT sec on each
section, moving back up to the source [9]

Lo
@_FEL'R] I[ I

Fig. 2. Graded relays in radlal network

T=—, 2

Modelling of OCR. Digital relays also called
«programmable relays» based on microprocessors are of
great importance in the protection field, especially in
industry in view of their ability to protect against various
faults (over-currents, over-voltages, thermal overloads,
etc.) [10, 11]. The general functional diagram of a
microprocessor-based OCR implemented in a power
system is shown in Fig. 3.

Power system

ACB
2 Trip (0, 1)

p-processor
(relay logic)

Current
transformer CT

Conversion
DataT T L
o lp [ ; Calculation oflzeak O — A_nal(l)g
fault current | ¢ iltering || Zligg?; ls to

Fig. 3. General block diagram of a microprocessor-based OCR
implemented in a power system

The digital relay operation is based on continuous
data sampling [10]. Firstly, it takes the signal during run
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time via an analog-to-digital converter. Then, the digital
signal is filtered from any harmonics which can cause the
relay to malfunction as well as to avoid the operating time
reduction of the relay which causes coordination
problems [12]. After that, the relay calculates the peak

value of the measured fault current ( ff ) (also noted Iy),

then the data (I, Ip, ls) entered into the relay logic
(u-processor) which finally gives the opening (0) or
closing (1) order to its associated circuit breaker (CB).

The global output of the digital OCR is the logical
multiplication (AND) of the outputs of inverse and
instantaneous characteristics elements [13].

Modelling of inverse characteristic. The basic
logic for implementing the inverse characteristic is
summarized as follows.

Measuring fault current peak value I;. To detect
the fault current, it must firstly compare the alternating
current value (l) of frequency (f) entering the OCR with
the pre-set current constant value of the latter. For this, it
is mandatory to convert the fundamental sinusoidal
filtered signal of the current into DC form [14, 15], and
by measuring its slope (S) at zero crossing we obtain its
peak value (If) as follows.

The instantaneous equation of the sinusoidal current is:

1(t)=1¢-sin(2-7--t). 4)

The derivative of (I) as a function of time is:

I
dd—?)=lf-2~7r~f~cos(2-7r~f~t). Q)
The slope «S» at zero crossing is taken from (5) such
that t = 0:

di(0)

S=——2=1I¢-2-z-f. 6
at f27 (6)
From (6) we extract:
S
ls = . 7
f =7 (7

The designed block diagram of the peak current
measurement |; calculated by (7) in Simulink is shown in
Fig. 4 in which the peak obtained at each zero crossing is
held constant by the sample and hold the block until the
next zero crossing.

—

frequency Gain
measuremant

P m— e [ jumm,
ivi Ic Crete
CO— dudt o — s
® Derivative —»S Function
) Hold derivative Absolute
Check zero Crossing | fjl| next zero crossing

o7
A
Fig. 4. Designed block diagram of peak current measurement

Frequency measurement and block design. The
fundamental signal frequency entering the relay is
determined by measuring the time between two
consecutive zero crossings (T, and T,), which gives half
the time period (T) [2]:

T2=T,-T. (8)
From (8), frequency is determined by:
T N )
T 2(L-T)

Figure 5 depicts the frequency measurement block
designed in Simulink. Firstly, the signal enters the «Hit
Crossing» block which transmits it only at its zero
crossings to the «If» block, and the latter sends the value
of the ramp signal at that instant to the output. The
duration of the generated ramp can be calculated and
saved in a variable «A». By temporarily storing «A» in
another variable «B» using the «Transport Delay» block,
«B» is therefore can be subtracted from the instant of the
next zero crossing «A» at any time and this will give half
of the period of time whose value is retained by the
«Sample and Hold» block, until the next zero crossing.
After having carried out the calculations according to (9),
on the value retained, we obtain the instantaneous
frequency [2].

if(u1 > 0)
double ut

signal

else
Hit  Data Type Conversion If
Crossing

[e+fop>Ce ] [ — [~

From  Transport  Goto1 Ramp If Action Subsystem Goto

Delay

=h
In Constant X

o s 3 e

© » s T Dvide  ™d

m Gain Sample & Hold

Fig. 5. Designed block diagram of frequency measurement

Measuring and design of the remainder basic
logic of the inverse characteristic. After measuring the
frequency and peak value of current I, the latter must be
compared with the constant preset value of pickup current
lp of the relay using the comparator block «Relational
Operator». If I>1, the value of Iy is raised to an
appropriate power n to reach the desired relay curve, then
integrated in the «Integrator» block [2].

As long as I¢>1p, the integrator output continues to
increase until it becomes equal to the pre-set value of
constant K, causing the relay to send a trip signal («O»). If
the excess current is temporary (due to load starting, or
any switching action, etc.) and when it dies out to below
I, before reaching K, the rising integrator output is reset
by the feedback reset logic to prevent any relay
malfunction [2].

If the fault current is permanent and has a constant
level, the value of I{" will also remain constant and
therefore the output of the integrator will be:

t
Cq =[1dt=17. (10)
0

Equation (10) is the equation of a straight line with
slope I{". On the other hand, the greater the fault current
magnitude, the greater the rate of rise of integrator output
and therefore a shorter time to reach the value of the
constant K.

Modelling of instantaneous characteristic. As
mentioned previously, when It is greater than short-circuit
current |, OCR operates in instantaneous characteristic
mode and sends a «0» trip signal to its associated circuit
breaker after a shorter fixed delay of «TS» seconds. The
logic for implementing the instantaneous characteristic is
shown in Fig. 6 below.
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Fig. 6. Block diagram for implementing instantaneous
characteristics of a digital OCR

Simulation and performance testing. In order to
test the performances of the enhanced digital OCR model,
the considered power system is a radial distribution
network (see Fig. 7), with a load causing a starting
current. It is worth to mentioning that the considered
network is supposed without losses. Further, the electrical
network parameters are summarized in Table 1, where
U is the network voltage; P is the active power; Q is the
reactive power; Pg is the power factor; Ty is the
accelerating period of the load; |y is the initial starting
current; |, is the nominal (rated) current.

A B
| e CB, %
- \L
| 1 i
R4

k¥
cT | ? cT
R
Fig. 7. Single line diagram of the proposed radial power network
with coordination of relays (primary and backup protection)

Load

Table 1
Electrical network parameters
UV | PkW | QkVAr | P |fHz | Taes | lisw A
400 100 61.97 0.85| 60 2 31

Parameters calculation and relays settings choice.
In this sub-section, before starting to carry out the tests, it
is firstly essential to calculate some necessary parameters
and to make an adequate choice for relay setting of
primary protection as well as for relay of backup
protection. This choice is based on the parameters given
in previous Table 1 and those calculated.

Calculation of the rated current at full load and
the initial starting current. The rated current I, at full
load is calculated as follows:

P 100.10°
V3-U-cosp +/3-400-0.85
From (11), the peak value of I, is:

1 (rms)=

~16981A. (11)

[ =+2-1, =24015A . (12)
From Table 1 the initial starting current is ljg:
lie(rms)=3-1, 250943 A . (13)

Continuous

powergui

b Trip|
c

©

~ L*lj
HOAIe = =
C |=——= B_\_!
Three-Phase Source BusA

The peak value of lig is:
fi =2 lig 272044 A . (14)
Relays settings choice. The pickup current I, (peak
value) must be set to a value greater than the rated current
l,. We therefore choose a value somewhat close
(Ip = 250 A) and similar for both primary (R,) and
emergency (R;) protection relays. On the other hand,
severe fault current setting |5 (as a peak value) must be

greater than the initial starting current (fiscg720.44 A).

Consequently, a relatively close value (Is = 800 A) is
chosen for the relay R,. In addition, the instantaneous
operating time is chosen as TSz, = 0.1 s, and the constant
K is selected such that it does not cause false tripping
during start-up and transient conditions (Kg, = 900).

Furthermore, for a good relays coordination, R; must
have a higher setting of |, K and Tg than that of R,.
Therefore, the setting of these parameters is maintained
as: Il = 1000 A, Kg; = 1000 and TSy, = 0.2 s. The
parameters settings of R; and R, relays chosen in this sub-
section are collected and tabulated in Table 2.

Moreover, in this work the constant representing
inverse-time type is chosen as n= 0.9, the total simulation
time is t = 10 s and the contact operating time of circuit
breakers is assumed to be zero.

Table 2
Selected parameters settings of R1 and R2 relays

I, A (peak) Iy, A (peak) K Ts s
R, 250 800 900 | 0.1
R 250 1000 1000 | 0.2

Test 1: Start-up, temporary fault and permanent
fault test. To see and verify the enhanced designed relay
behavior, it is considered three different situations:
starting period [0-2 s], temporary fault period [3-4 s] and
permanent fault period [5-end] whose fault current value
is It =400 A. The models of [2], [16], [17] and [18] were
invested so that the inverse characteristic was added to the
last three models and the first model was developed and
improved and then the four models were combined to
obtain a final modified and improved model that
illustrated in Fig. 8 to be able to operate under hard
conditions tests.

Start-up period. From Fig. 9 below, during the
acceleration period, the initial starting current lig; (peak
value) is greater than the pickup current I, of R,, which
increases the output of its integrator. At t = 2 s, when
li<lp, the integrator output being less than K setting and
drops to zero, and R, is reset.

»[  Ich

LA 4

To Workspace

-—\_..ﬂ
-

-Three-Phase Fault
A a—d
\ B
‘C

Fig. 8. Overall developed simulation model of the two OCRs implemented in the power system
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The R,'s K value is deliberately set above its
maximum integrator output during the acceleration period
to avoid any false tripping of relays R, and R,.

On the other hand, it can be seen also that the line
representing R, integrator output in the load acceleration
period is not straight seeing that the starting current is
nonlinear (decreasing current). It is noted that if we
drawing slopes in some points of this line (see Fig. 9) we
notice that a large amplitude of the starting current
(beginning of the current) results in a higher rate of rise of
the integrator output and therefore a shorter time to reach
the value of the constant K. Consequently, this remark
applies to all other fault currents.

ww

200 |

200 H‘

400 M

“ \ﬂ ,,,,,,,,,,
H el i I H li w i
\
‘wm ‘“ | ‘ MH il \‘ ‘ ‘W‘M \\H H ‘MH \ h‘ ‘ “ ‘
1 HH H\ \HU | \HH ! u I \ lil
‘ M\H Iif) \MH\ I
Jw ‘ WW‘ “ \ “
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m \ H el M‘\H h H‘ i ‘M b Al \
| 4—» <
H‘ ‘ Temporary fault
,,,,,,,,,LEe["’,d‘,,,,:,,,i,,,‘,,,,‘ ,,,,,,,,
tamqg period : : : Load current :
| | R, integrator output | |
o1 2 s 4 5 & 1 s 9 1

Fig. 9. Relay performance for test 1

Temporary fault period. In this case, it is clear
from Fig. 9 above, that the R, integrator output is straight-
shaped seeing that the fault current in this case is constant
during this period.

As the fault is of a short duration (1 s in the interval
[3-4 s]), this can’t allow the output of the rising integrator
of R, to reach the value of K = 900; so it goes back to
zero. Relay R, stops counting its inverse characteristic
operating time:

T-K_ 9089:415 (15)
1! 400

As the fault time (1 s) is less than R, relay operating
time (4.1 s), the latter therefore does not send any trip
signal to its associated CB and ensures continuity of
service at rated current |,.

Permanent fault period. Contrary to the previous
case, R, relay integrator output in this situation has
sufficient time to reach the value of K = 900 after the
same operating time of inverse characteristic calculated in
(15) (T =4.1 s) counted from instant t =5 s.

Relay R, therefore sends its trip signal to its
associated CB at the instant: t =5 s + 4.1 s =9.1 s, while
the backup protection relay R; remains inactive, as shown
in Fig. 10, 11.
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Fig. 10. R, status for test 1
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Fig. 11. R status for test 1, 2, and 3

Test 2: Variable fault test. In this 2nd test, we will
create a variable fault current for a relatively long
duration of 3 s in the interval [3-6 s]. The considered
variable fault current starts from lf =270 A att =3 s until
lf =960 A att = 6 s. From Fig. 12, it can be seen that
unlike the falling starting current whose rising integrator
output has the convex parabola shape, the rising variable
fault current is also having a rising integrator output but in
a concave parabola form. In addition, it is clear from the
Figure that before the R, relay integrator output reaches
the predefined value K = 900 (fixed only at 694.4 at
t = 5.35 s) so that R, gives its tripping order in order to
eliminate the fault current which is located in its inverse
operating zone, the fault current reaches the severe
current level (Ir = 810.5 A > Is= 800 A) despite the long
fault duration and enter in the instantaneous operating
zone at t = 525 s. Therefore, R, relay switches from
inverse mode to instantaneous mode and interrupts the fault
current after the pre-set instantaneous delay Ts= 0.1 s, i.e.
at t = 5.35 s (see Fig. 13). On the other hand, R, backup
protection relay remains inactive because there is no
reason to make it work (the same of Fig. 11).

The conclusion of this test is that the relay R, has
eliminated the variable fault in instantaneous operating
mode (Ts= 0.1 s, [5.25-5.35 s]), but after a certain period
of inverse operating time (Tjn, = 2.25 s [3-5.25 s]), so after
a total time of T=2.35s.
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Fig. 13. R, status for test 2

Test 3: Testing of a fault during the acceleration
period. In this 3rd test, a permanent fault current of
constant value |y = 780 A is considered, appeared at the
instant t = 1 s during the acceleration period [0-2 s]. In the
normal state, theoretical operating time of R, in inverse
characteristic is:

ﬁz 900 =2.25s.

T= ~
17 78007

(16)

Hence, the fault theoretical interruption instant
counting from their appearance instant (t = 1 s) is:
1 s+2.25s=23.25s whereas according to Fig. 14 it can
be seen that the fault is eliminated in advance at
t= 2.44 s. i.e. 0.81 s ahead. This is explained by the fact
that R, integrator output began to rising from the initial
start-up instant (t = 0 s), and at the fault appearance
instant (t =1 s) it has reached the value 319.25; therefore,
it needs only a little time to reach the pre-set value
K = 900. It should be noted that R, integrator output in
this case is a line composed of two parts of which the first
is a convex parabola in the interval [0-1 s] due to the
starting current, and the second is a straight line in the
interval [1-2.44 s] due to the constant value of the fault
current.
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Fig. 14. Relay performance for test

The status of R; and R, are shown respectively in
Fig. 11 (the same status of previous cases) and Fig. 15.
The performance presented by the relay according of this
test resides in that it has the ability to distinguish between
starting current which must let it to pass and fault current
which must eliminate it.
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Fig. 15. R, status for test 3

Test 4: Fault test with broken down primary
protection. In this test, it is assumed that R, relay of
primary protection is broken down (cannot give its
tripping order to its associated CB). At t = 3 s, a fault
current which exceeds the severe current threshold of R,
(It = 840 A> I, = 800 A) is appeared. Thus, it was
supposed that R, must eliminate this fault after an
instantaneous operating time (Ts= 0.1 s), but in view of it
is in break-down, the fault current still remains present.
Consequently, the back-up protection is activated to
operate through the R, relay; and since (Ip < |t < ) the
fault current is therefore in the inverse operating zone of
R;, whose the operating time is:

T K __ 1000

1" 84007

=233s (17)

According to Fig. 16-18, it appears that R; relay
gives its tripping order at t = 5.33 s counted from the fault
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appearance instant (t = 3 s) i.e. after 2.33
the theoretically calculated value in (17).
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Fig. 17. R, status for test 4
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Fig. 18. R status for test 4

From this test, it appears the service continuity
performance guaranteed by both relays: R, of primary
protection at the receiving end of the network, and R, of
backup protection at the sending end to avoid any break-down
problem and ensure a good protection of the power system.

On the other hand, some numerical data on
improving operating speed (operating time T) of inverse
characteristic of OCRs used for eliminating faults that has
arisen are provided in the Table3.

Through the comparison table above, it is clear that
the operating time value obtained in our test 4 is exactly
the theoretically calculated value, as well as the higher
accuracy of the inverse characteristic of our modified
model compared to the results of other models.

Table 3
Operating time comparison with known existing models
Source Simulation Theoretically calculated value
value T, s
K =3600;
| 6540 6540/~/2
f=—7=
V2
K =3600;
N IR =736‘;‘3f —111
. 4580 4580/+/2
f \/5 >
K =1000; 1000
O?tz;fi“;“ 2.3 n=09; =T=— =233
| =840; 840

*as a reminder: K is the constant for relay characteristic;
l¢ is the actual fault current; n is the constant representing
inverse-time type.

Conclusions.

In this paper, an enhanced designed model in
Simulink/MATLAB of a digital over-current relay used as
a primary protection and backup protection is presented
on details. The proposed model is tested in a radial 400 V
distribution network to carry out a various tests under
new harsh test conditions. The simulation results proves
the good and the high performance of the improved
designed over-current relay on terms of: operating speed
(time) for eliminating faults that has arisen, ability to
distinguish between a fault current and load starting
current, capacity distinguish between a real (permanent)
and a temporary fault currents, the way to manage
variable faults over time, and the degree of harmony
(coordination) between primary relay and back-up relay.
Finally, the enhanced designed digital over-current relay
can be extended to design a directional over-current relay
for a possible work in the future.
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KOeinei

NETPYIIUH BIKTOP CEPTTIOBAY

(mo 75-pivds 3 AHSA HAPOHKECHHS)

JlokTop TexHIUYHMX Hayk, npodecop kadenpu enex-
TpomexaHiuHoi imkeHepii HarionaspHOTO yHiBEpcHTETY
«Opecpka  mousiTexHika»  BikTop
Cepriiiopud [leTpyminH HapoauBcs
14 tpaBus 1947 p. B ceni Ilabo
binropoa-/lHicTpoBchbkoro  paitony
1968 pomi

3aKkigunB OJECHKUH  MOJITEXHIYHUI

Opnecbkoi  obmacti. Y
IHCTHTYT 3a CHeliabHICTI0 «Enekt-
PHYHI MAIIMHA» 13 TPUCBOEHHSAM KBa-
nidikanii iHKeHep-eIeKTPOMEXaHiK.
Ilicna 3akiHYeHHS 1HCTUTYTY
Bikrop CeprifioBnu mparoBas iHxe-
Bcecoroznoro

HEpoOM HayKOBO-

JOCJIITHOTO Ta MIPOEKTHO-
TEXHOJIOTIYHOTO 1HCTHTYTY €JeKTpPO-
BYTiIBHUX  BHpOOIB,  aCHCTEHTOM,

CTapIIUM BHKJIaJauyeéM Ta JOLEHTOM

OpnecbKoro iHXeHepHO-0y1iBeIbHOTO

IHCTHTYTY.

3 1987 poky Bikrop CepriiioBuu
MpaIoBaB Ha IOCadl JOICHTa Ha Kadeapi eIeKTPUIHUX
MamuH O1eChbKOro MOJITEXHIYHOTO iHCTUTYTY. [IpoTsirom
m’std pokiB, 3 1993 mo 1998 poku, BiH BUKOHYBaB
000B’sI3KM ZieKaHa (haKyJIbTETy aBTOMAarTH3alii Ta eJeKT-
pudikariii MPOMHUCIOBOCTI.

Y 2002 poui Ilerpymmu B.C. y HamionamsHOoMy
TEXHIYHOMY YHiBepcuTeTi «XapKiBChbKUI MOMITEXHIYHHHA
IHCTUTYT» YCIIIIIHO 3aXUCTUB TOKTOPCHKY ANUCEPTAIIiI0 Ha
TeMy «IIpoekTHHI cHHTE3 BHCOKOE()EKTUBHUX DPEryiIbo-
BaHHMX aCHHXPOHHUX JABUTYHIB MOTYXHicTiO 10 400 kB1».
[icns 3axucty Bikrop CepriifioBuu mpaitoBaB Ha mocajui
npodecopa kadeapH enekTpuuHNX ManvH, a 'y 2003 pomi
OYOJIHB 110 Kaenpy.

3a mepiox poborn Ha Kadenpi Biktop CeprifioBud
MATOTYBaB 1 BUKJIANAE TakKi Kypcu sk «EjiexTpuuHi Ma-
mUHW», «TemyIoBi Ta BEHTWIALINHHI PO3PaXyHKH B €JIEKT-
PUYHUX MalllMHax», «ENeKTpH4Hi MallMHU B PerysiboBa-
HOMY NIpHBOI», «OCHOBH €NEeKTPHYHOI TSTH», «Bibpamis
Ta IIyM eJIeKTPUYHUX MaIInH», «EnexTpomexaTpoHikay.

3a aktuBHOI y4acti Bikropa CepriiioBuda MoaepHi-
kadenpwu,

3YIOThCS  J1aboparopii CTBOPIOIOTHCSI  HOBI

KoM 1otepHi TexHouorii. IIpodecop Ilerpymmnu Gararo
NPUALISIE YBard HAYKOBO-JIOCHIAHIA POOOTI CTYAEHTIB, a
TaKOX KEPIBHUITBY acIipaHTiB.

HaykoBa nismbaicTs B.C.
[erpymmnua mnoB’si3aHi 3 Moje-
JIIOBaHHSIM  €JIEKTPOMATHITHHUX,

eNIEKTPOMEXaHIYHUX, TEIUIOBHUX,

BIOPOAKYCTHYHHX IIPOIECIB B
ACHHXPOHHUX JBHTYHAX; MPOCK-
TYBaHHSM DPEryJIbOBaHMX ACHHX-
POHHMX JIBUTYHIB, aJaNTOBAHUX
10 crieru(iyHIX yMOB poOOTH Y
CKNIa[i pEeryJbOBaHUX EJIEKTPO-
NPUBOJIB; PO3POOKOIO EHEpros-
Oepiralounx AaCHHXPOHHHUX JIBH-
T'YHIB.

IMpodecop Ilerpymmn €
aBTopoM moHax 170 HayKkoBHX
mpab Ta KUTBKOX HABYAIBHHX
MOCIOHHMKIB.

B nanwmii wac Bikrop Cepri-

HOBHY € TOJIOBOKO CIICI[ia/Ii30BAHOI PAaH 13 3aXUCTy KaH-
JIUIATCHKUX JucepTauiid npu HarioHansHOMY yHiBepcH-
teTi «Onechka MOMITEXHIKa», BXOAUTh 10 CKIany HH3KU
OPTKOMITETIB MDKHApOJIHHUX KOH(EpeHIi Ta cUMIO3iy-
MIB 3 aKTyaJbHHX Ipo0IeM ejaekTpoMexaniku. [Ipodecop
[leTpymnH € YICHOM pEIKOJErii HayKOBO-TEXHIYHUX
KypHaTiB — «EJCKTpOTEeXHIYHI Ta KOMII'FOTEPHI CHCTe-
MI», «ENeKTpoTexHiKa 1 eleKTpoMeXaHiKay.

Biktop CepriiioBuY He TiIbKA JOOpPUH KEPIBHUK 1
BiJOMHI BYCHUI, a i MOOpo3WwINBa i KOMyHIKaOeIbHA
JIIO/IMHA, TIOPs/ 3 KO HOTro KOJerH Ta Jpy3i MmodyBa-
I0ThCS IJIKOM KoMmpopTHO. Bin 3aBxan rotoBuii miarpu-
MaTH Oyab-siKi KadyeapaibHi 3aX0/1H, a B 0aratb0X BHUIIAI-
Kax He mpoTu OyTH iX iHiIiaTopoMm.

BunopoOcTBo ogHe 3 x00i BikTopa CepriiioBuua i
BiH 3aBXKIIM 3 BEIUKUM Oa’kKaHHSIM i TOPJICTIO JITHUTHCS 3
JIIPY3SMH Ta KOJIEraMH MPOIYKTOM IbOTO X001,

Hpys3i, ToBapuimi Ta KOJNETH MO PoOOTI 0axaroTh
Biktopy CepriiioBuuy m00poro 370poB’s, IIACTS Ta
HOBHX YCHIXiB y HOTO ITUTiTHIH JisSUTBHOCTI.

Penakuiitna koserisi xypHany «Enekrporexsika i

OpUTiHANBHI CTEHAM 32 CICHMiAIbHUMH KypcaMH, a TAKOXK ~ CIEKTPOMEXaHiKa» TNPUETHYETbCI OO [UX MIHPHX
BIPOBA/PKYIOTBCS Y HaBUAIBHMHA TMPOIEC CydyacHi  HOOa)XaHsb.
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