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Mema pobomu. Po3pobumu memoouxy nooyoosu mooeneii CmayionapHo2o meniogoco peicumy CmpyMonposio-
HUX cuUcmeMm eleKmpUudHuUxX anapamis, a maxKodic npucmpoie Cuio80i eneKmporiKu ma nepemeopiosaibHoi MexHiKu.

Memoou docniddcenns. Pospobka memoouku nposedena 3 6UKOPUCHAHHAM Memodié aHAi3y Ma cuHmesy cmpy-
MOBeOYHUX cuCmeM anapamis, a MmaKo#C KIACUYHUX Memo0ie GUPIUEeHHs OudepeHyitiHuX PiGHAHb.

Ompumani pesynemamu. Ananiz cmpykmypu cmpymogeoyuux CUCmeM pedibHUX eleKmpUudHux ma eiekmpoHHUx
anapamie nokazas, wjo 60HU MICMAMb NeGHUL HAOIP XAPAKMEPHUX CIPYMOGeOYUUX eNeMeHmis, a came. NPoSIOHUKY 3
NOCMIUHUM NONEPEeUHUM nepepizom (CMpUdiCHi neeHoi 008iCUHU aOO0 HANIGOEe3KIHeUHT); KOHMAKMU PI3HUX TMUNIB, CUN08]
Hanienpogionukosi npunaou. Lfi enemenmu maioms neeHy Mamemamuiny mMooeib, aKa 6CIMAHOGIIOE iX 2PaHUYHE napa-
Mempu. memnepamypu ma menyiogi NOMOKU Y CIMAayioHapHOMy Menioeomy pedxcumi. Buxopucmoegyouu eracmugicme
Oe3nepepsHOCmi MeMnepamypHo20 NoJiA € MONCIUGICMb NOOYOY8AMU MAMEMAMUYHY MOOENb CIPYMO8edyHoi cucmemi
docums CKIAOHOI CIMPYKMYpU, KA MICMUmb 6KA3aHi suuje cmpymoseoyui eremenmu. Haoano npuknao no6yoysamnns
Menio6oi Mooeni KOHMAaKMHOI cucmemu UOIPHUKA NPUCMPOIO PE2YII0BANHS HANPY2U MPAHCHOpMamopa.

Hayxosa nosusna. Pospobneno memoouxy no6yoosu MamemamuyHux mooenell CmayionapHo2o menniogozo pe-
HCUMY CIPYMONPOGIOHUX CUCHeM anapamie, AKi MiCmamy pisHi CIPYMONRPOBIOHI eleMeHmU: NPOSIOHUKY, KOHMAKMU
ma cunosi HanienposiOHUKO8I NPpUNaouU.

Ipaxmuuna yinnicms. 3anpononosana memoouxa 003605€ No6Y0y8amu MamemMamuyHy Mooeib CmpyMOonpogio-
HOI' cucmemu anapama, sIKa, y c60i0 4epey, 0a€ MOJNCIUBICIb GUSHAYUMY ii CMAYIOHAPHUL MENA06ULL PEJICUM 3 YPax)-
BAHHAM KOHicypayii cucmemu.

Kntouoei crnosa: cmpymonposiona cucmema,; menioguil pescum; CmpymonpogioHul enemMenm, HaspiéanHs, nepe-
BUUYEHHS MEMNEPAMYPU,; MeEN08Ull NOMIK.

I. BCTYII

HOMIHAJbHOMY PEXHMI HPOBOISATH, BHUKOPHUCTOBYIOUH
Hainpocrinn moaeni. ONHIEI0 3 TaKKX MOJIENEH € CTpy-
MOIIPOBi/IHA CHCTEMa, IO CKJIAJAa€ThCs 3 IBOX HariBOe3-
KiHEUHHUX CTPWKHIB, [0 KOHTAKTYIOTh TOPLEBUMH ITOBE-
pxusimu [1]. TIpu mpoexkTyBaHHI CHJIOBUX €JIEKTPOHHHUX
amnapariB BU3HA4E€HHsI TEIJIOBOI'O PEXUMY CHIIOBHX Halli-
BIIPOBITHUKOBUX TPWJIANiB HAaWJacTillle MPOBOJATH 3
ypaxyBaHHSIM JIMIIE TEIUIOBOTO OIOPY OXOJOMXKYBadiB
(pamiaropiB) [2]. [Ipu oMy He BpaxOBYETHCS Tepeaaya
TEIUIa Y CTPYMOBEIYYi YaCTHHH, 1[0 HE 30BCIM IPaBHIIb-
HO BigoOpaxae (pi3nIHy MOJENb TEIIOBOTO PEXXHUMY.

Binomo, 1o cTpyMOIpoBiiHI CHCTEMH €NeKTPHYHNX
Ta EJIEKTPOHHMX arapaTiB MaroTh, SIK IIPAaBUIIO, CKIAIHY 1
HEOTHOPINHY B TEIUIOBOMY BiIHOIICHHI CTPYKTYpY.
CtpyMoIpoBigHAN KOHTYp KOMYTAIiIfHOTO amapary Mmic-
TUTHh 3a3BUYAll KUIbKa TPOBITHUKIB, SKi BiAPI3HIIOTHCS
TeOMETPUYHUMH I1apamMeTpaMH (JOBXKWHA, HOIEpedHHi
nepepiz), MaTepianom, i, BiAIOBIIHO, yMOBaMH BHIICHHS
TEIUIOBOi €Heprii Ta po3CifoBaHHA i B HABKOJHIIHE cepe-
nosuie. CTpyMONpOBiTHUN KOHTYp KOMYTallifHOTO ara-
paTy MICTHTh TaKOXX KOMYTYIOUl KOHTaKTH 1 KOHTaKTHI
3'enHaHHs. CHCTEMH CHJIOBOI €JEKTPOHIKM Ta MEepEeTBO-
PIOBAJIBHOT TEXHIKM, BKJIIOYArOYM OE3KOHTaKTHI (HaIliBI-

Taki MoJieNi He BPaxOBYIOTh HEOJHOPIAHICTH CTPY-
MOIIPOBITHOT CHCTEMH 1 MOXYTh BHKOPHCTOBYBATHChH

POBIZTHUKOBI) KOMYyTaliliHI amapaTH, MICTATh CHJIOBI Ha-
niBnposiguukoBi npunany (CHIT), siki, ik BioMo, € KOH-
LICHTPOBAaHUMH (30CEpeKEHUMH B HEBEIMKUX 00CATax)
JUKepellaMH TETUTOBOI €Heprii i, BIAMOBIIHO, BUMAraroTh
CIICLiaIbHAX CHCTEM OXOJIOPKCHHSL.

VY ToH e 4ac, y IpaKTHI MPOEKTyBaHHs CTPYMOII-
POBIHUX CHUCTEM CHJIOBOTO €JIEKTPUYHOIO Ta E€IEKTPOH-
HOro 0OJNaJHaHHS amapariB aHaji3 TEIUIOBHX PEXHMIB Y

© biaususkos O.B., 3inoBkin B.B., baususkos J1.0., 2025

JIMIIE JUIS ONEePEAHiX pO3paxyHKiB, IO MPOBOMATHCS Ha
PaHHIX CTafisX MPOCKTYBaHHA 0oONamHaHHA (BHOIp KOH-
TaKTHOTO HATUCHEHHS, MaTepialy CTPYMOIIPOBIIHHUX Jac-
THH, X po3MipiB, mapaMmeTpiB oxonomkysadiB mist CHIT
Tomio). Ha mi3HImMX cranisx MpoeKTyBaHHS, KOJIH 3/iHC-
HIOETBCS PO3pOOKa POOOUMX KPECICHb AeTaiel 1 BY3JiB,
BUTOTOBJICHHSI Ta BUIPOOYBaHHS MAaKeTiB Ta JOCIHIIHUX
3pa3KiB amapary, moTpiOHiI MOJIeli, 0 BPaxoBYIOTh CTPY-
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KTypy Ta, BIIIOBIZHO, HEOJHOPIHICTH CTPYMOIIPOBiIHOT
cucremu. Ha mux eramax, sSIK IpaBHJIO, BHOCSTHCS TEBHI
3MIHM JI0 KOHCTPYKLIi CTpyMONpoBigHOI cuctemu (06e3
3MiHH i CTPYKTYpH), SIKi MOXYTh IPU3BECTH JO iCTOTHOI
3MiHHK ii TETIOBOTO peXHMy. BimmoBimHO, TMPOBOIATHCS
OaraTopaszoBi BUNIPOOYBaHHS Ha HATrpiB y HOMIHAIBHOMY
peXuMi, AKi € MyKe BUTPATHHMH SIK 32 9acOM, TaK i 3a
(iHaHCOBUMH pecypcaMH, IO MPU3BOAUTH OO 3HAYHUX
€KOHOMIYHUX BTparT i, 3pEIITOI0, MOXKYTh BHSBUTHCS HeE-
e(heKTHBHUMHU.

OTe, BeJbMH KOPHUCHUM MOKe OYyTH ITO€IHAHHS
BHUIIPOOYyBaHs MakeTiB Ha HarpiB (y HOMiHaJBHOMY pe-
JKUMi) 1 IPOBEIEHHSI MTEePEBIPOYHIX PO3PAaXyHKIB 3 BHKO-
PHUCTaHHAM MOJEII, 110 MAKCUMAJILHO BPAXOBYE CTPYKTY-
Py CTPYMOIPOBIHOI cucTeMH, 110 po3polmtoeTbes. Ta-
KAW MiIXia T03BOJHB OM OLIHWUTH TCIUIOBHU PEXHM Be-
JIMKOT KIJIKOCTI BapiaHTIB KOHCTPYKIIiH CTPYyMONPOBIAHOT
CHCTEMH 1 MPH LIbOMY 3HAYHO 3HU3UTH BUTPATH Ha IPO-
BeZICHHsI BUITPOOyBaHb Ha HArpiBaHHS i, 3pELITOI0, BUHTH
Ha ONTHMAJbHUN BapiaHT KOHCTPYKIIT.

1. AHAJII3 TOCJIJKEHD 1 TYBJIKALTI

Binomo, 1110 B HEOJHOPIAHUX CTPYMOIIPOBIIHUX CH-
cTeMax Terulonepeaaya BifOyBaeThCsl HE TUILKH B pajia-
JHHOMY HAamlpsIMKY BiJl CTPYMONIPOBIIHHX YacTHH B Ha-
BKOJIMIITHE CepEeIOBUIIE, ajle i B OCBOBOMY BiJ OiNbII Ha-
TPITUX CTPYMOIPOBIAHUX €IEMEHTIB A0 MEHII HarpiTHX.
VYpaxyBaHHS BUHHKAIOUMX 3PIBHAJIBHUX TEIUIOBHX IIOTO-
KiB pOOUTH MPAKTHYHO HE3MIMCHEHHWM 3aBJaHHS OTpPH-
MaHHSI MPOCTHX BHPAa3iB JUIS IHKEHEPHOTO PO3PaAXYHKY
HarpiBy HEOJHOPIJHUX Y TEIUIOBOMY BIJIHOIICHHI CTpY-
MOTIPOBITHUX CHUCTEM.

[Ipote, icHYIOTh BHOAHHS, B SKUX HAJaHO MEBHI Me-
TOJH, IO TO3BOJIAIOTH PO3PAaxyBaTH TEIUIOBHH PEXUM He-
OJHOPIAHMX IIPOBIIHUKIB, 30KpeMa, HagaHi (GOPMYyIH I
PO3paxyHKy HarpiBy MpOBiHUKA 3MIHHOTO niepepisy [3, 4].
3arajbHUM HENOJIKOM 3alpOIOHOBAHUX METOJIB po3pa-
XYHKY € iXHe 0OMeXeHe 3aCTOCYBaHH:], a caMe, BOHH MO-
XKYTb OyTH BHUKOPHCTaHI JIMIIE JUISi CTPYMOIIPOBIZHUX CHC-
TEM, IO HE MICTATh KOHLIEHTPOBAaHMX JPKepes Teruia (Ko-
MYTYIOUi KOHTaKTH, KoHTakTHi 3'etHanHs, CIIII Tormo).

IcHye Takox MeToIuKa, siKa JI03BOJISIE PO3paxyBaTH
NEePEBUIICHHST TeMIeparyp MOOJIU3Y KOHTAKTHHX TOYOK
CTPYMOIIPOBITHOT CUCTEMH HPUCTPOIO PETYIIIOBaHHS Ha-
npyru Tpancdopmaropa, 10 MICTUTh KOB3HMH KOHTaKT-
Huit By3o1n [5]. [Ipote, 3a3HaueHa METOMKA PO3PAXYHKY
MOJKe OyTH 3aCTOCOBHA JIMIIE ISl €AMHOTO KOHKPETHOTO
BUNAJKy 1 HE BpPaxOBY€ IOBHOIO MipOIO HEOJHOPIAHICTH
CTPYMOIIPOBITHOI CHCTEMH Ta HAsSBHICTh KOHTAaKTHHUX
3'€IHAHb, SIKI BOHA MICTHUTE.

Huska cywacHux myOmikamiii npucBsdeHa, TroJOB-
HHUM YHMHOM, aHaJli3y TeIUIOBUX PEXXUMIB KaOeIbHUX JIHIN
JUIsl Tiepenadi enexTpoeHeprii. 3okpema, y crarti [6] Ha-
JIAaHO aHaJli3 TEIUIOBOTO peXMMY TpH(a3zHOi KabembHOi
JiHi{, 10 po3TamoBaHa y I'PYHTI, 3 3aCTOCYBaHHIM IIpO-
rpamu COMSOL (FEMLAB). Cratti [7-9] npucesiaeHi
TEOPETUYHHUM JOCTI/DKCHHSIM TEMIIepaTypHOrO MOJs Ta

HaBaHTAXYBAJILHOT CIIPOMOXKHOCTI TpU(a3HUX KaOEIbHUX
JHIA TIpy pi3HKUX croco0axX MPOKIJIAAKH CHIIOBOTO Kabe-
mo: 6e3mocepeHbo i 3eMIIelo, y TpaHimei Ta y TpyoOi.
BiamoBinHO 70 peanbHOi TEXHOJIOTI] MPOKIAIKH KaOelto
noOyZ0BaHO JBOMIPHI TEOPETUYHI MOJIENI 3 BUKOPUCTaH-
HSIM PIBHSIHHSI TEIJIONPOBITHOCTI, SIKI peaii3oBaHi 3a J0-
noMororo  mporpamHoro  3abesneuenHss COMSOL
Multiphysics. Matepianu nocnimpkenp [10] micTsaTs aHa-
Ji3 TEeMIEpaTypHHUX XapaKTEePUCTHK BHUCOKOBOJBTHUX
KaOelIpHUX (KOHTAKTHHUX) 3’€IHAaHb, PO3TAIIOBAHHX Y
BHOyXOHEeOe3NeyHNX 000I0HKaX. 30KpeMa, JTOCIIKY€ETh-
csl BIUIMB Pi3HWX HAIIOBHIOBAdiB Ta CITiBBITHOIICHHS Ha-
MIOBHEHHSI B OOOJIOHIII HA HAaBAaHTAXXYBaJbHY CIIPOMOXK-
HICTh KaOCNbHUX 3’ €THAHB.

Crinx Bi3HAYHTH, 10 KaOENBHI JiHIT, B TOMY YHCI 1
KaOeNmpHI 3’€JHAHHS € M0 CYTi OJHOPITHUMH TIPOBITHU-
KaMu. Bin3HadeHi BUINE MOCTIIKCHHS PO3TIISAAI0TE JIBO-
MipHE TeMIlepaTypHe IoJie Y IOMepeYHOMY Tepepisi TiHii,
OCKIIBKH TeMIepaTypHE MoJie B3IOBX KaOeNmbHOI JiHii
BBaXKA€ThCS ogHOpigHNM. OTXKe, 3a7ada oOyIOBH MaTe-
MaTHYHUX MOJIeNIel HEOJHOPIHUX CTPYMOBEAYUHX CHUC-
TEM € aKTYaJIbHOIO.

II1. META POBOTH

3a3HauuMO, 0 CKJIACTH YHIBEpCaJbHY MOJECIb He-
OJTHODIZTHOT CHCTEMH JAyKe CKJIaJHO, OCKUIBKH CTPYKTYpa
CTPYMOBEAY4YOI CUCTEMH 3aJICKUTh BiJ| THIy amapara Ta
Oaratpox iHmMUX QakropiB. Ciig A0AATH, IO CTPYMOBE-
JIy4i CHCTEMH arapaTiB OKpiM MPOBiIHUKIB, MIiCTSITh KOH-
[IEHTPOBAaHI JpKepena Teria, a caMe KOMYTYIo4l KOHTaK-
TH, KOHTAKTHI 3’€THAHHS, a TaKOXX CHIIOBI HAIIBIPOBIiJI-
HUKOBI MPIIaIN.

TakuM 4MHOM, METOIO0 JAHOTO JOCIHIIKEHHS € PO3-
pobuTH MeToauKy TMOOYJOBH MOJENel CTalioHapHOTO
TEIUIOBOTO PEKUMY CTPYMOIPOBITHHX CHCTEM €JIEKTpHY-
HHUX amapariB, a TaKoXX NPHUCTPOIB CHIIOBOI €IEKTPOHIKH
Ta MEePETBOPIOBAIBHOI TEXHIKH.

IV. BUKVIAJEHHSI OCHOBHOI'Y MATEPHUAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

[ToOymoBa MareMaTHYHOI MOJENI HEOTHOPITHOL
CTPYMOBEAYUOi CHCTEeMH MoJisirae B HacTynmHoMmy. Cucre-
Ma pPO30MBAETHCSA HA PSIl XapaKTEPHUX €JIEMEHTIB (Ais-
HOK). TakuMH eneMeHTaMH €, Mo-Teplle, CTPYMOBEyUi
€JIeMEeHTH, SKi MalOTh OJJHAKOBHI MOTIEPEYHHH TIepepi3 Ta
OTHAKOBI YMOBH Bifjadi Teria y HaBKOJHUIIHE CEepeIo-
Buine. CTpyMONPOBIZHI €IEMEHTH MOXYTh MAaTH IIEBHY
JOBXXHHY a0o OyTH HamiBHECKiHUeHHHMH. EremeHTamu
CTPYMOBEIYYOI CHCTEMH MOXYTb OyTH TaK0X KOMYTYIOUi
KOHTAKTH, KOHTAaKTHI 3’€JHaHHS Ta CHJIOBI HAaIiBIIPOBif-
HHUKOBI npuiaau. J{ns KoXHOro eneMeHTa (AUISIHKY) BH-
3HAYAIOThCS 3PIBHAUIBHI TEIUIOBI MOTOKM Ha 1X MEXax i,
BUKOPHCTOBYIOYH YMOBY 0€3MepepBHOCTI TEMIIEpaTypHO-
rO TOJNs, CKJIQJAEThCSI HEOOXiJHE YMCIIO anreOpaidHux
PIBHSIHB, BUPILIEHHS SIKUX Ja€ TIEPEBUIIECHHS TeMIIEpaTyp
Ha MeXax TUISHOK 1 PO3MOJLT TEeMIIEpaTyp I0 BCil cTpy-
MOIIPOBIJIHIH cucTeMi. BuzHaueHHS 3piBHSUIBHUX TEILIO-
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BHX TOTOKIB 3/IiIICHIOETECS HAa OCHOBI ICHYIOUHX MaTeMa-
TUYHUX MOJEJICH BKAa3aHUX EJICMEHTIB (IUISTHOK) CTPYyMO-
MIPOBiTHUX cucTeM anapartis [1-4, 11-17].

Bimomo, 1o cramioHapHU TEIUIOBHI PEXUM IIPO-
BiJJHMKA 3 HE3MIHHUM IOIIEPSYHUM MEPEPI30M 1 OJTHOPII-
HUMH YMOBaMH TEIUIOOOMIHY 3 HaBKOJIMIIHIM CEpeIoBH-
IeM, OI0 BHM3HAYAETHCS PO3IMOJUIOM TEMIEpaTypH IO
HOro IOBXUHI, ONUCYETHCS AU(EpPeHLIATFHUM DPiBHSH-
HSIM JIpyroro nopsaky [4, 12, 13]:

d*9

Cbc—2+b2(9—9yﬂ)=o 1)

ne Yyer, b — xoedilieHTH PIBHSIHHS, IO BH3HAYAIOTHCS
napaMeTpaMy CTPYMOIPOBITHOTO eJIeMEeHTa.:
2
I"Pokn , S0 5
7 1| 1 Ifporya
Syer =— L p= || — P ()
yer 72 Ag | r
1 I7poK,a q\ Iz q
> q

ne [ — TpuBanuii CTpyM HaBaHTAXXEHHS TMPOBITHUKA; Ky —
KOeQiIlieHT TOJAaTKOBHX BTPAT Y MPOBITHHUKY; ¢ — IUIOMIA
TIOTIEPEYHOT0 Mepepi3y MPOBITHUKA; Jyer — TEMIIEpaTypa
noBkiwst, °C; rx — CepelHid 10 JOBXKHHI MPOBiTHUKA
NUTOMUIl TETUIOBHI OMIp M)XK TIOBEPXHEIO MPOBIJHUKA Ta
HABKOJIUINHIM CEPEIOBUINEM; A — KOS(DIli€HT TEIIONpo-
BIJJTHOCTI MaTepiajly MpOBiIHUKA; Py — MUTOMUI EJIEKTPH-
YHUH omip Marepiany nposinHuka 3a 0°C; o — TemMnepary-
pHHI KoedilieHT onopy MaTepialy MpOBiIHUKA.

Judepenuiiine piBHsHHS (1), CTPOro KaxKydH, € He-
JIHITHAM BHACTIIOK TEMIIEPATYPHOT 3aJI€KHOCTI TEILION-
POBIZIHOCTI Ta MUTOMOI'0 ONOpPY Marepiany MPOBIIHHKIB,
a TaKOXX TEIUIOBOTO OIOpY HPOBiJTHHK—HABKOJHIIHE Ce-
penouiie. OTxe KOEDIIEHTH Jyer Ta b 3aICKUTH BiA
TEeMITepaTypy Ha MOBEpXHI MPOBiAHUKA. SIKINO i 3a1ex-
HICTh Yy IEpHIOMYy HAaONMKCHHI HE BPaxOBYBaTH, TO pi-
meHHs piBHSAHHA (1) Moxe OyTH OTPHMAaHO KIACHYHUM
METOJIOM B 3aJIS)KHOCTI BiJl THIy TPAaHUYHHUX yMOB. 30K-
pema, U CTPYMOIIPOBITHOTO €JIEMEHTY IIEBHOT TOBKHUHH
[, puc. 1, TpaHUYHI YMOBU BU3HAYAIOTHCS TEMIIEPAaTypaMu
Ha loro Mexax:

9(0)=9;; 9(/)=9, 3)

VTZ
RN EEENNEEY Y
0—><D(0) OBl x
!

Pucynok 1. CTpyMOTIpOBiTHHI €TIEMEHT TIEBHOI JTOBKUHH

Pimenns piBasHHEA (1) 3 ypaXyBaHHAM TpaHUYHUX
yMOB (3) MaTHMe TaKui BUTIISA:
(91 = 8yer Jslall = x)]+ (95 = 8ycr shax

9= shal +8yCT 4)

BukopucroByroun 3akoH TerionposigHocTi Dyp'e,
BUpa3u Ui 3pIBHAJIBHUX TEIUIOBUX IIOTOKIB Ha MeKax
CTPYMOIIPOBITHOTO €JEMEHTY MOXYTb OyTH 3amucaHi
TaKUM YHHOM:

D(0)=u) —v8y +5; O1)=vd +udy -5,  (5)

chal akq
jv=——11s
shal shal

Jns HariBHECKIHYEHHOTO CTPYMOIIPOBIJHOTO eJre-
MEHTY, pHC. 2, TPAaHWYHI YMOBH BHPaXXaIOThCA HACTYIIHM
YHHOM:

Je u=akq =8YCT(v—u).

ds
8(0)= 945 () = 8yers - =0. (6)
X X=00
rTZ
A EEENEEEEE NS
0|—>®(0) D(0)=| x
Pucynok 2. HamiBHecKiHYEHHMIA CTPYMOITPOBITHUIA

CIIEMCHT

Posmofin Temmeparypu 1o MOBKUHI €JIEeMEHTY OITU-
CyBaTUMETHCS HACTYIIHM BHUPA30M:

9= (94— 8yer ™ + 9yer %
3piBHUILHUHN TEIJIOBUI MOTIK HAa MEXI1 €IEMEHTY:
®(0) = arg(9, - 9yer). (8)

CranioHapHUi TEIJIOBUI PEKUM KOHTAKTY, IO BH-
3HAYAETHCSl PO3MOJIIOM TEMIIEpaTypd B Mekax o0usacTi
CTSTYBaHHS, U CEPUYHOT MOJEN OMHMCYETHCSI HACTYII-
HUM andepeHniiftanm piBHsHHM [1, 12-14, 16, 17]:

d2r+gdr 12p

—+———=0. 9)
art  rdr 4n*a?

I'pannuni ymMOBU 11 00/1aCTi CTATYBaHHS KOHTAKTY,
10 YTBOPIOETHCSI KOHTAKT-JETAISIMH, BUKOHAHUMH 3 Pi3-
HHUX MaTepiajiB, MaTUMYTh HACTYIIHUH BUTJIS

Tl(oo)z Tkl> Tz(oo)z Tx25 Tl(a)z Tz(a): Tk

10
—omgr2®2l 2R (10)

—27177\.11”2&
d r

r

r=o0 r=0

Jie Ti, T» — MEPEeBUILEHHS TeMIepaTryp B 00JacTi cTAry-
BaHHS CTPYMOIPOBITHUX €JIEMEHTIB, SKi yTBOPIOIOTH KO-
HTaKT; Tql, T 2 — IICPEBHILCHHS TEMIIEpaTyp Ha MeXax
oOyacTi CTATYBaHHS KOHTAakKTY; @ — paliyc KOHTAKTHOL
IUIOIINHKH; Ry — OIip KOHTAKTY.

Omnip KOHTaKTy, SIKH YTBOPIOETHCS CTPYMOIPOBi-
HUMH €JICMCHTAMH, BUTOTOBIICHHUX 3 PI3HOPIIHUX Matepi-
aJiB BIAMOBITHO 0 cepudHoi Mojelni Oy/ie BU3HAYA€ETh-
s 32 HACTYITHOIO (hOPMYJIOIO:
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_P1tp2
2na

R, (11)
e Pi, Ai — TUTOMHNA ENEKTPUYHUN OIip Ta KoedimieHT
TEIJIONPOBITHOCTI, BiJNOBITHO, MaTepiaiiB KOHTAaKTy (Ha
JUISTHKaxX CTPYMONIPOBITHOT CHCTEMH B 00JIACTI CTATyBaH-
Hs JIHIH cTpyMy).

Pimenns audepentiiinoro piBHsHHA (9) 3 rpaHWd-
HuMu yMoBamHu (10) nae BUpasu yist 3piBHAIBHUX TEILIO-
BHX TTOTOKIB Ha MEXax 00JIaCTi CTATYBaHHS KOHTAKTY:

{q)l(w):Sl =512t — T2 ) (12)
Dy (0) =55 +515(tg —T42)
ne
I’R
8] =ﬁ7~1(l—12G12)"
2
) :&7&2(1—7&1(;12);
}\.1 +)\42 (13)
st = Mro(pr+p2)
(7“1 +}\’2)RK
1 P2 Pl]
Gp=—— | P2 P
272y +Pz)[7\2 A

IlepeBullieHHs TeMIepaTypu KOHTAKTHOI IUIOIUHKH
B I[bOMY BUIIQJKy BH3HA4aTHMETbCS BIiAIIOBIJHO /10 Ha-
CTYIIHOT'O BUPa3y:

1°R?
200 + 2 Mpy +p2)

TeroBui peXUM CHIIOBHX HAIiBIPOBIHUKOBUX
MIPUIIaAiB, M0 QYHKIIOHYIOTb ITii HABAHTAKEHHSIM Y TPH-
BaJIOMY pPEXHMi, SK BiJIOMO, BHM3HAYa€ThCS, T'OJOBHUM
YMHOM, TEIUIOBMMH OIIOpaMH iX iHIMBIIyalbHHX OXOJO-
JUKyBadiB. be3yMOBHO, OUNBIIICTH TEIJIOBOI €HEpTii, IO
BHAULIEThCA y p-n mepexoni CHII, Oyxe nepenaBatucs y
JOBKUDIA yepe3 oxoJomkyBadi. OmHak, neska ii yacTuHa
Oyzne mepemaBaTHCS B CTPYMOIIPOBIIHI YaCTHHU 3a JIOTIO-
MOTOI0 3DIBHSUIBHHX TEIUIOBHUX IOTOKIB 1 TaKUM YHHOM
terutoBuii pexkuM CHII BnnmmBaTMe Ha TETIOBUH PEXUM

MTet + 20T
}\,1 + )\,2

T , (14)

KIUl —

CKOPHUCTAEMOCS TCIUIOBOIO CXEMOIO 3aMIlICHHS HAWOUIBII
4yacTo 3acTocoByBaHux B manmid yac CHII TabmerkoBoi
KOHCTPYKIIii, 1[0 MalTh JBOCTOPOHHE OXOJOKCHHS,
puc. 3.

Riyjca L ;
Dy Ty 'ICA OT IRthJ'CK Tex Op
T
R),‘h oA Rth oK
UO(TO = 0) |
Pucynok 3. TermoBa cxema 3amimenns CHIT 3

I[BOCTOpOHHiM OXOJIOAKCHHAM

Jns HagaHOi CXeMM CHpaBe/UIMBI HACTYIHI PiBHSH-

HA:
T Ty N Tj=TeK |
T — »
Rthj —cA Rthj —-cK
T Teq T
S L g A (15)
R A
thj—cA th 04
t] “TeK =D, + cK
Repj—ck th oK

ne P, — TOTYXHICTB, IO BUIUIAETHCS y p-n TEPEXOIi
CHII npu TpuBajoMy CTpyMy HaBaHTaXXEHHS; Tj — Iepe-
BUIIIEHHS TemnepaTypu p-n nepexony CHIL; tca, tex —
TICPEBUIIICHHS TEMIICPATyp Ha aHOJHOMY Ta KaTOTHOMY
BHBOJIaX KOPMYCY, BinnoBigHO; A, Pk — 3piBHAIBHI TEN-
JIOBi TIOTOKH, IIO HAAXOIATHh y CTPYMOIIPOBIIHI YaCTHHH,
migKIro4ueHi 1o aHoxa i karoxa CHII, BiAmoOBioHO; Rinj-ca,
Rinj-ck — ycTaNeHi TEIUIOB] ONOPH Hepexis — aHOJHUI BU-
BiJl KOpITyCy 1 Iepexix — KaTOTHUHA BHBiA KOPIyCYy, Bif-
MOBITHO, IIT0 BU3HAYAIOTHCS 32 JIOBIIKOBOIO JITEPATypPOIO
[2]; Rih o, Rih ok — TEIUTOBI OMOPH 1HIUBIAYAIEHUX 0XOJIO-
JOKYBadiB, 1[0 BCTAHOBJICHI HA aHOJHOMY 1 KaTOJHOMY
BuBOJax kopnycy CHII, BignosiaHo.

Bupimryroun piBasgHHSA (15) BiZHOCHO 3piBHSUTBHUX
TEIUIOBHUX TOTOKIB, OTPIMA€EMO HACTYTIHI BUPA3HU:

Dy=5y—Tegig +TerVys

. . 16
IHIIUX CTPYMOIPOBIIHUX YaCTUH CUJIOBOIO €JICKTPOHHO- Dy =Sg —TorlUg +TeaVis ’ (16)
To amapara.
I[II}I BHU3HAYCHHSA 3piBH$UIBHI/IX TEIUIOBUX ITOTOKIB Ae
Ripj—ck Ripj—ca
S4 = Prisg = P
Rthj—cK + Rthj—cA Rthj—cK + Rthj—cA
1 Ripj—ck 1 1 Ripj—ca 1
Uy= — e SUR = 1- — + ; a7
Rth 04 Rthj ekt Rthj —cA Rthj —cA Rth oK Rthj —ck Tt Rthj —cA Rthj —cK
Rthjfc[{ Rthjch
V4

AHami3 eJeMeHTIB, XapaKTepHUX ISl eNEeKTPUIHUX

= sV K = 5
Rin ok (Rthj—cK +Rpj—ca ) Ripoa (Rthj—cl{ +Ripj—ca )

Ta EJNeKTPOHHUX amapaTiB, MOXe OyTH IPOIOBKCHUH.
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[Ipote, mpuHIMN 3aiMIIA€THCS HE3MIHHUM. B pesynbrari
aHaJIi3y TEIUIOBOTO PEXHMMY CTPYMOIIPOBITHOTO €lIeMEeHTa
HEOOXi/IHO OTPUMATH BHPa3W 3PIBHUIBHUX TEIIOBHUX I10-
TOKIB Ha HOTO MeXaX, SKi MalOTh OyTH HaJaHi K QyHKIIT
TIEPEBUILCHHS TEMIIEPATyp Ha HOTO Mexax.

PimeHHs 3apa4i MOJICTIIOBaHHS CTaJOrO TEILIOBOTO
PEXUMY CTPYMOIIPOBIZHOI CUCTEMH E€JIEKTPUYHUX Ta elle-
KTPOHHUX amnapariB peKOMEHAYEThCs 3/iHCHIOBAaTH TOe-
TaIHO Y HACTYIHIH IOCIiTOBHOCTI:

1. Po30uTH CTpyMONpOBIHY CHCTEMy amapara Ha
OKpeMi CTPYMOIIPOBIIHI €IEMEHTH (IUISHKH), SIKI MAarOTh
OJTHOPIZHI YMOBH TEIUIOBiAIa4i, OAHOPiIHUN MaTepiai i
BiJJHOCHO IPOCTY T€OMETPHYHY KOH(]Iryparmiro.

2. CKJIaCTH CXE€My CTPYMOIIPOBITHOI CHCTEMH, SKa
NOBMHHA MICTUTH BKa3aHl BUILle BUIU AUISHOK. Ob6nacri
craryBanHsi koHTakTiB Ta CHII npencTaBisiioThest OKpe-
MUMH OiUTsHKaMd. Cxema MMOBHHHA MICTUTH HE TUIbKH
CTPYMOIIPOBIJIHI €JIEMCHTH amapara, IO pPO3TJISIa€ThCs,
aJie 1 CTPYMOMPOBIIHI YaCTHHU YIS MiIKIIOYCHHS HOTO B
30BHIIIHE KOJIO, IPEACTABISIOYH X HaliBHECKIHUCHHUMHU
TITHKAMH.

3. BukopucToByI0YH BUpPa3U 3piBHAIBHUX TEIUIOBUX
MMOTOKIB Ha MeXKaX IUIIHOK, sIKi HamaHi Bupasamu (12) ta
(16), a Takox yMOBH Oe€3MEpEepBHOCTI TEMIIEPATYPHOIO
MOJIsl B3JIOBX CTPYMOIIPOBIZHOI CHCTEMH, CKJIAIa€ThCs
cucTeMa JIHIMHUX aireOpaidHuX piBHSHB, KA 110 CYTI
Oyne sBIATH cO0OI0 MaTeMaTW4Hy MOJIENb CTPYMOIpPO-
BiJJHOI cucTeMH arapaTa. HeBijoMMMU cuCTeMH piBHSHB
OyZIyTh IIEPEBUILECHHS TEMIIEPATYP Ha MEXaX JIISTHOK.

4. Sk 3a3Ha4aNIOCh, BUXiAHI AU(EpEHIINHI PIBHSIHHS
(1) Ta (9) € HeNIHIHHUMU, OTXKE MEPEBUILEHHS TeMIepa-
TYp PEKOMEHIYEThCS BH3HAYaTH IUIIXOM ITOCITIIOBHUX
HaOmmkeHb. CHoYaTKy 3aJaroThCSl MOYATKOBI 3HAUCHHS
TIEPEBHIICHHS TEMIIEpaTyp, NOTIM Y HUKITIYHOMY PEXHMi
BUPIIIYETHCS CHCTEMA PIBHIHB JI0 OTPUMAHHS CXO/KESHHS
MIEPEBHUILCHb TEMIIEPATYP Ha MEKaxX ITiISTHOK.

5. BukopHCcTOBYIOUYH BHPa3H PO3MOIIITY TEMIIEpaTyp
JUISL CTPYMONPOBiTHUX eneMeHTiB (4) i (7), a Takox BUpa-
3M Uil BU3HAYCHHS TIEPEBUILEHHS TEMIIEpaTyp KOHTaKT-
Hux ionnHoK (14) i p-n nepexonis CHII (15), Bu3Haua-
€TBCSl PO3MOALI TEeMIIEpaTypy IO JOBXKHHI CTPYMOHPO-
BIJTHOT CHCTEMMU.

HeoOxinHO Bif3HAYWTH, 110 aJE€KBATHICTH OTPHMa-
Hoi Mojienti 6araTo B YoMy OyJie BU3HAYATUCh BiJIIOBIIHI-
CTIO TEIUIOBOI CXEMM 3aMIillIeHHS peajlbHUM MpolecaM
TEIJI000MIHY B CTPYMONpPOBiAHIN cuctemi. OTxe, cKia-
JIaHHSI CTPYKTYPHOI cXeMHu (BHIUICHHS TUITHOK) Ta Tel-
JIOBUX CXEM 3aMIIlleHHs Ha AUISHKAX € OJHHUM i3 KIIIOYO-
BHX Ta BiJNOBITANFHUX €TaIiB CKIAJaHHSI MOJEINI CTPY-
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MOTIPOBITHOT CHCTEMH arapara.

Sk mpuKIIan, po3riastHEMO NPoLeC CKITaIaHHs MOJeIl
CTalliOHAPHOTO TEIUIOBOTO PEXHUMY KOHTAKTHOI CHCTEMH
BHOIpHUKA TPHUCTPOIO PETYIIOBAHHS HANPYTH CHIOBOTO
TpaHchopmaropa min HaBaHTaxkeHHsAM (PITH), ctpykrypa
SIKOi HaJlaHa Ha puc. 4.
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Pucynok 4. CtpymornpoBiHa cucrema BHOIpHHUKA

npuctporo PITH

CucrtemMa MICTHTh HACTYIHI eJleMEHTH: jameni 1
HEPYXOMHH KOHTaKT 2, 3aKpiIUICHMA Ha 130AIiiHINA
CTOHII 3, IO SIKOTO MiAKIIIOYAETHCS CTPYMOIIPOBIT 4, 10
3'eqHye BHOIPHHK 3 PETYTIOBATHHOI0 OOMOTKOIO TpaHC-
(hopmaTopa; cTpyMO3HIMaNbHE KUTBIIE 5, 3aKpiluieHe Ha
BOIANIHHOMY IUTIHAPI 6; [0 KUIBI MiAKITIOYA€THCS
CTPYMOIMPOBIA 8, 10 3'€M1HYy€e BHOIPHHUK 3 KOHTAKTOPOM.

OueBuHO, IO HA/laHa CHCTEMa Ma€ HEOJHOPIAHY 1
JOCHTh CKJIQJHY CTPYKTYpY, SIKa& MICTHTH MPOBiJHUKH,
KOMYTYIOUl KOHTakTH Ta KOHTakTHi 3’emHaHHsA. OTxe,
BOHA MOJKe OyTH IMOJIIeHA Ha OKpPEeMi JUISTHKH, SIKi MArOTh
MEBHI Ta HE3MiHHI BIACTHBOCTi: T€OMETPUYHY KOH()Iry-
pauiro; marepian, LIUIBHICTh CTPyMy; YMOBH TeHeparlii
TETJIOBOI eHepril Ta po3CisHHA 11 y NOBKULIA. 3a pe3yiib-
TaTaMH TOJUICHHS Ha IUBIHKM CKJIaJA€ThCSA TEIIoBa
cxema 3aMilleHHs], sIKa [ToKa3aHa Ha pHc. 5.

Cxema 3amilieHHs MICTHTH MpoOBigHUKH: 1 — CTpy-
MOTIPOBiJ, IO 3'€IHY€ BUOIPHUK 3 KOHTAKTOPOM 7 (IHB.
puc.4); 4 — ctpyMo3HiMasbHe Kiblie 5 (auB. puc. 4); 7 —
nameni 1 (nuB. puc. 4); 10 — HepyXxoMuit KOHTaKT 2 (JIUB.
puc. 4); 13 — cTpyMoOnpoBij, 1m0 3'€MHy€E BUOIPHUK 3 Tpa-
HcpopMmartopom 4 (muB. puc. 4). Cuig BiA3HAYUTH, IO
npoBigHUKA 4, 7 Ta 10 MalOTh NEBHY JOBXHUHY; IPOBif-
HUKH 1 Ta 13 € HaniBHECKIHUCHHUMH CTPYMOIIPOBOIAMH.
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RIIZ-II

Pucynok 5. TerutoBa cxema 3aMillleHHS CTPYMOIIPOBIIHOT cucTeMH BUOipHUKa rpructpoio PITH

Cxema 3aMillIeHHS MICTHTh TaKOXK KOMYTYIOUi KOH-
TaKTH 1 KOHTaKTHI 3'€JHAHHS, TPEACTaBICHI 00IacTIMU
CTSATYBaHHS KOHTAKTIB, SKi BimoOpaxxeHi chepruaHIMH
MOJEISIMHA: 2-3 — KOHTAKTHE 3'€IHAHHSA MIXK IUISHKAMH 1
Ta 4; 5-6 — KOB3HMI KOHTAKT MiX AisHkamu 4 ta 7; 8-9 —
KOMYTYIOUHHM KOHTaKT MiX minsHkamu 7 Ta 10; 11-12 —
KOHTaKTHE 3'€IHaHHA MiX mimsakamu 10 Ta 13.

Jnsa cximamaHHg MoJeNni MaroTh OyTH HagaHi BHpa3u
JUTA TEIUTOBUX MOTOKIB Ha MEXaxX JUISHOK Yy BiJIOBiTHOC-
Ti 7o ¢dopmyn (5), (8) Ta (12) Ta ckmangeHi piBHIHHA y
BIJITIOBIZTHOCTI IO BJIACTHBOCTI OE3MEPEPBHOCTI TeMIIepa-
TYPHOTO TIOJIS:

D1 (0)= D, (c0); D3(00) = D4 (0} Dy (14) = -5 (o0)
D(o0)= D7 (0} @7(1;) = —Dg(e0) Dy(o0) = Dy (0)
®19(l19)=—D 1 (0} D5 (0) = D15(0)

TaKI/IM YUHOM Mae 6yTI/I CKJIaICHAa CUcCTeMa piBHHHI)

BIJJTHOCHO TIEPEBUIIECHb TEMIIEpaTyp y BY3JIOBHX TOYKax
HaCTYITHOTO BHTJISY:

aj +apnt) =b

a1t +axty +axyty =b

(18)

a76T6 +a7717 +agglg =by
agyty +aggTg = bg

PileHHst oTpEMaHOi CHCTEMH Ma€ NaTH Ieplie Ha-
OJMKEHHS IIePEeBUIIEHb TEMIIEPaTyp y BY3JIOBHUX TOYKax
(TobTO, Ha MeXax AINMSHOK 1 obmacTe craryBaHus. Ocra-
TOYHI 3HauYeHHs INEPEBHINEHHS TeMIIepaTyp MaloTh OyTH
OTPHUMaHI TOCIJOBHUMH HAOIMKSHHSIMH.

Crioyatky MaroTh OyTH 3a/1aHi OYaTKOBI 3HAYECHHS,
SIKi BUKOPUCTOBYIOTBCS JUIS PO3PAXYHKY CYMapHHX Tell-
JIOBHX OMOPIB 7+ (200 TEIIOBHX MPOBITHOCTEH gr) MIXK
MTOBEPXHEIO MPOBITHHUKIB Ta OTOYYIOUUM CEPEIOBHUILEM, a
TaKOX BIAMOBITHUX KOEQiIieHTiB cUCTeMH piBHAHB. [lo-
TiM, 3HOB BUpIIIyeThcsi cuctemMa piBHAHB (18) Ta BH3Ha-
YaOThCS HOBI HAOJMDKEHHS IEPEBHUILICHb TEMIIEPATyp Ha
MeKax IUISHOK 0 OTPUMaHHS [IEBHOTO Pe3yJIbTaTy LIOJ0
CXOJDKEHHSI OOYHMCITIOBAJIBHOTO TIPOLIECY.

3a pe3ynbpTaTaMH PO3PaxyHKY IEPEBUINEHb TEMIIC-
paTyp y BY3JOBHX TOYKax, 3a Bupazamu (4), (7) Ta (14)
MOXYTh OyTH BU3HAU€HI IEPEBUIICHHS TEMIEpaTyp y
KOHTaKTHHX TOYKaX Ta PO3IOJLI IIEPEBHUICHHS TeMIIepa-
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TYp 10 JOBXXHHI CTPYMOIIPOBITHOT CHCTEMH.
V.BUCHOBKH

Hapana 3aranpHa METOOWKA CKIAQNAHHSA MaTeMaTH4-
HUX MoJeneil HEOTHOPIMHMX CTPYMOIIPOBITHUX CHCTEM
EJIEKTPUYHUX Ta EJIEKTPOHHUX amnapatiB OyJb-sKOT KOH-
¢iryparii, sIKi y 3araTlbHOMY BHIQJIKy MICTATh XapaKTepHi
PI3HOBUIM CTPYMOIIPOBIIHMX E€JIEMEHTIB: MPOBIIHHUKH, a
TaKOX KOHIIEHTPOBaHI JyKepesia TeIuIoBOl eHeprii: KOHTa-
KTH Ta CHUJIOBI HaIliBIPOBITHUKOBI ITPUIIAJIH.

BuxopucToByroun iCHyIOUWi MaTeMaTH9Hi MOJEi
CTPYMOIIPOBITHUX €JIEMEHTIB, OTPUMaHi BUPa3H I'paHUY-
HUX TEIUIOBUX MOTOKIB, SIKi IIPU BUKOPHCTAHHI BIACTHBO-
cTi Oe3mepepBHOCTI TEMIIEpaTypHOTO TOJIA JTO3BOJISIOTH
noOyayBaTu cuCTeMy aireOpaidHuX pIBHSHB Ta, BIAIO-
BiJIHO, MaTeMaTH4YHy MOJENb CTPYMOIPOBIJHOI CHCTEMHU
MEBHOI KOHQIryparrii.

Hanmano npuknaza ckiagaHHs MaTeMaTHYHOI MOJEi
JAMETHPHOTO KOHTAKTHOTO BYy3/1a BUOIPHHKA HPUCTPOIO
PETYIIIOBAaHHSI HANIPYTU CHIIOBOTO TpaHc(opmaTopa
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Purpose. Develop a procedure for constructing models of the stationary thermal behavior of current-carrying
systems of electrical and power electronic apparatus.

Methodology. The development of the procedure was carried out using methods of analysis and synthesis of
cur-rent-carrying systems of apparatus, as well as classical methods to solve differential equations.

Findings. Structural analysis of the current-carrying systems of real electrical and power electronic apparatus
has shown that they contain a certain set of typical current-carrying components, namely, conductors of invariable
cross-sectional area (rods of a certain length or semi-infinite ones),; contacts of various types, power semiconductor
devices. These components have a certain mathematical model that establishes their boundary parameters:
temperatures and heat flows in a stationary thermal behavior. Using the property of temperature field continuity, it
is possible to con-struct a mathematical model of a current-carrying system of a rather complex structure, which
contains the foregoing current-carrying components.

Originality. A methodology has been developed for constructing mathematical models of the stationary thermal
behavior of current-carrying systems of apparatus that contain various current-carrying components: conductors, con-
tacts, and power semiconductor devices.

Practical value. The proposed methodology enables us to construct a mathematical model of the current-carrying
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system of the apparatus, which, in turn, makes it possible to determine its stationary thermal behavior with considera-

tion of the system configuration.

Keywords: current-carrying system,; thermal behavior; current-carrying component, heating; temperature-rise;

heat flow
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Purpose. The primary objective of this revision is to adjust the speed and overall performance of a separately ex-
cited direct current motor by implementing a traditional controller route that incorporates a Proportional-Integral (PI)
controller. The objective of the present scheme is to verify the precise functionality of the motor by means of the dynam-
ic regulation of the two input currents, which are sourced from two separate direct current (DC) power supplies. The
objective of the present study is to apply the PI controller to achieve stable and effective performance, especially under
variable load conditions, thereby reducing oscillations in speed and enhancing the motor's response to dynamic vagar-
ies. This tactic has been demonstrated to enhance the motor's flexibility, rendering it particularly well-suited for sce-
narios that demand high-precision motion control. The research demonstrates the efficacy of the PI controller in pre-
serving optimal operational parameters, thereby enhancing energy efficiency and system dependability.

Methodology. The design methodology of the Proportional-Integral (PI) controller is based on exact principles,
with the aim of improving motor operation by defining the model controller parameters. This method guarantees the
optimal system performance by means of successful adjustment of current inputs, with the objective of minimizing fluc-
tuations and enhancing response stability. The tuning procedure involves the selection of appropriate proportional and
integral gains, with a view to maintaining a balance between speed control and dynamic flexibility. The efficacy of the
PI controller is enhanced by systematic parameter optimization, resulting in improved efficiency, reduced steady-state
error, and enhanced transient response. Consequently, the controller is well-suited for applications that demand pre-
cise motor control.

Findings. The PI controller design increases separately the excited dc motor stability and regulates its speed.

Originality. This research introduces a modified control routine for a dual buck DC-DC converter, whereby one
converter supplies power to the armature motor circuit, while the second provides power to the flux circuit. The origi-
nality of the work lies in the application of a devoted control system on the second converter, which has been built to
adjust the flux current. It is evident that by controlling the flux current, the controller enhances the magnetic field sta-
bility.

Keywords: de-dc buck converter, separately excited dc motor, speed control, dual.

dc-dc Buck converter used proportional —integral —
I. INTRODUTION differential controller is proposed, the control strategy for
switching power device depend on storing and freeing

Now a day’s power electronics are efficient science S : .
energy at circuit that represent model operation principle.

that played a great role in various field of life, as example
automation, smart grid, industrial process, renewable en-
ergy system, as well as electrics vehicle etc. In industrial
process and applications, require movement that used dc
motor, speed control at different load conditions consid-
ered the main challenges faced the customer’s. Many re-
searches are introduced for this purpose.

Circuit is realized and tested for different values of
resistive load to evaluate the controlled buck characteris-
tic. [2] A fuzzy logic controller base on pulse width mod-
ulation is expressed on dc-dc buck converter to perform
power device switching. Where the strategy providing
smooth control for dc motor speed and accurate response
for all operation condition even with disturbances
presences. [3]. Additional paper discussed speed control
of dc motor fed from buck converter where differential
flatness control technique used. this strategy is satisfied
for all dynamic conditions which faced dc motor [4].

An artificial neural network are implemented to reg-
ulate the speed of dc motor it is involved with model ref-
erence adaptive controller, the complete scheme devel-
oped the overall performance of drive, where the control-
ler regulate the duty cycle of converter thus the voltage of
supplied to motor change according to the ratio of varia-
tions. This control structure improve the performance
under different state of load or transient condition [1].

Dc motor supplied from different scheme of power
converter consist of full wave bridge rectifier connected
to de-de buck converter. The whole system is adjusted at

. . . 1 1 i 1 imulink. Th
Another research deals with design, analysis and of open loop control strategy using matlab Simulin ¢
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research examine the system performance taking account
altered factors total harmonics distortion, ripple, efficien-
cy of rectifiers etc. and their effects on buck performance.
Also field and load disturbances are considered in per-
formance of bridge performance. Where all mentioned
affect the control strategy is taking account for generating
signal of firing angle [5].

A proportional —integral —differential control im-
plemented on dc —dc buck converter. The suggested
method make regulating the output voltage of buck inde-
pendently on input voltage. It is modeled using matlab
Simulink tools and constructed dependently of transfer
function of system. Supporting by practical experiment
system is capable to increase the accuracy and decrease
overshoot response for different statuses of load variation
controller [6].

II.DC-DC BUCK CONVERTER HES

Buck converter is one of the multi- kind of convert-
ers family, these family conclude three main type buck,
boost and buck boost. The main function of this converter
is to reduce or step down voltage at its output. Buck con-
verter involve transistor as switch , inductor ,diode , and
capacitor as well as the load connecting at the end side
Lfigure 1 shown the complete buck scheme. [7], [8], [10].

The operation principle of depends on using PWM
technique for switching on and off of mosfet. Switching
frequency generation using pwm led to emergence what is
called duty cycle (d) ratio which equal to.

Duty cycle (d) = ton/(ton+toff) (1)
ton : On time period

toff : Off time period

ton+toff : Operation period

SwW P L

D

Figure 1. Complete buck circuit with R load

By controlling the mentioned vleue (ton) the output
voltage of converter change proportionally with it, that
mean increasing duty cycle. Where the output voltage
according to the last equation cannot exceed the input
voltage value [7], [8], [9].

The equation describe buck converter written as be-
low

V 0=d V_in )

:output voltage
V_in : input voltage [13]
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Figure 2 shows the output voltage.

Switch Position
/N

Oon |Off |On

>

Average Output Vollage

a1

Figure 2. Output and average voltage

AVC=[VinXd(1-d)]/8LCf2 3)
AVC: ripple voltage on capacitor
AIL=[VinXd(1-d)]/fL] “)
AIL: changing inductor current

IMax=1 o+V otoff/2L ®)
IMin=1 o-V otoff/2L 6)

IMax, IMin: maximum, and minimum current pass-
ing through inductor [11].

ITII. DC SEPARATELY EXCITED MOTOR

Dc motor can define as a device convert electrical to
mechanical energy .It considered an essential drive sys-
tem for many industrial application .Despite this im-
portant feature motor dc motor suffer from needing to
maintenance and raising their costs. Due to various type
of load many kind of motor can be classify according to
how their wounded field such as series, shunt, compound
and separately excited motor .The last type denote to the
case study in this work, which it can represent by the fig-
ure shown below [13], [14]. Expounding the main materi-
al and results analysis.

Figure 3. Illustrate The Total Construction Of Dc Motor
With Load

dd

dt
Vf : voltage applied on field circuit

V=R, + @)
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R ;- field resistance
i IE field current

17 IR Flux on field circuit

. da, :
V.=Rji,+L, e + K w,i, (8)

V, Armaturevoltage
R, : Armature resistance
I, 1 Armature current

L,: Armature inductance

IV. DC MOTOR SPEED CONTROL

Speed control for any kind of motors refers to ad-
justing this value until meet to desired demand, while
speed regulation refers to maintain this value although
load vary. There are different methods can implement to
achieve speed control for the motor types such as.

* Armature control method. It executed by connect-
ing resistor in series with armature circuit winding . This
method is suitable at light load states or constant load
application.

*Voltage variation. It implemented by changing in-
put voltage (source).

*Field control method, this method employed by
changing flux using field rheostat in series with field cir-
cuit or changing voltage applied on field circuit.

V. CASE STUDY FOR MOTOR SPEED CONTROL

The case study in this work shown in figure (4) con-
sist of an Ac voltage source feeding rectifier circuit , this
rectifier supply a positive current to two identical dc-dc
buck converters that supply power to dc motor.

.

Ly

Figure 4. Complete system dual buck converter
connected with dc motor without controller
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VI. MATLAB SIMULATION RESULTS

1. Simulation results without controller.

The illustrated circuit realized using matlab software
describe the drive system performance without using con-
trol strategy, it shows the mechanical characteristics of
motor as well as the electrical in figures 5, 6 and 7.

<Electrical torque Te (n m}>

Figure 5. Illustrate the motor speed without using control
circuit where it show the proportional increase in speed
until reached the rated value of motor spee

Figure (6) shows the torque where it generated by
motor at value equal to 5 N.M.

<Speed wm (radis)>

Figure 6. Shows the dc motor torque ( Wr ) without
control circuit

Figure (7) refers to field current that passing in sepa-
rated circuit from the armature winding.

s tap

0 a 0 " " »

Figure 7. Shows the field current of dc motor without
control circuit
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2. Simulation results with controller.
During its operation dc motor faced many difficult at

environmental status such as load variation, raising cur-
rent, drop voltage, as well as mechanical fault etc. Load
variation considered a common state that affect on motor
performance especially speed. Different methods suggest-
ed and implemented to overcome speed difference similar
to classical (PID) controller , modern (fuzzy logic) con-
troller, hysteresis current controller, F28027 launch pa-
dand other [11], [12], [14].

A Proportional —integral (PI) controller is achieved
in this work for controlling input voltage for motor
scheme to eliminate the steady state error the increasing
the reliability and stability of system. The operation prin-
ciple is adjust the ton of power switch in buck converter
keeping duty cycle at same value. changing ton at buck
converter responsible for feeding fiel circuit of motor led
to vary the operating conduction then vary the output
voltage to desired target, Figure (8) illustrate the PI con-
troller scheme connected to buck system in figure (7).

Bt e ]

i W TR
|

satinge e |

ol weee T

Reference Kp Regulated
+ | Plant Output

Figure 8. PI controller scheme connected to buck system

in above figure

Kp: Proportional gain

Ki: integration gain

nevertheless the parameter can written as transfer
equation

c(s)=K, +2 ©)
S

The discussed system is connectd to buck as shown
in figure (9).

=r

PP

G

Figure 9.Complete system dual buck converter connected with dc motor with PI controller
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When PI controller connected to the drive a sudden
change in torque applied, the results describe system per-
formance obtained are shown in the following figures.

Figure 10. Shows the dc motor speed ( wr ) with control
circuit

In figure 10 a sudden change in load raising its value
to 15 N.M was happened at 5 msec, the speed decreased
until reached 110 rps, where the Plcontroller tried to ab-
sorbed this change by regulating the field circuit to main-
tain the speed of value at acceptance limits.

bty conwt b (A

S aow u iy o w B

Figure 11. Shows the dc motor torque ( wr) with control
circuit

Figure 11 illustrate the effects of PIcontroller to reg-
ulate system operation even at sudden change of load
torque .at what time it happened the controller adjust the
field circuit to overcome the variation in load, when at
point 5 msec the load torque decelerate tehn raised to
overcome the change.

Figure 12. Shows the field current of dc motor with
control circuit
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Figure 12 denote to field circuit current where at the
moment of load change the controller regulate the input
voltage applied on circuit to regulate the input current
which responsible for generation of torque.

VII.CONCLUSION

In this work implementation of PI controller with
dc-dc buck converter developed the system performance
at any sudden vary of load torque , it is increasing the
stability and reliability of motor drive. The PI effectively
regulated the input current of field circuit of motor to
adjust its speed .this operation achieved by changing the
ducty cycle of onverter switch which connected to the
field circuit .By using this technique the whole system
takes the abilty to face the disturbances happened at any
time with fast dynamic response.
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HI-PET'YJIATOP U151 KEPYBAHHSI HIBUJKICTIO IBUT'YHA
INOCTIMHOI'O CTPYMY 3 OKPEMHUM 3BY’KEHHSIM, O
AKUBUTHCH BIJ IHOABIMHOI'O ITIOHUKYBAJBHOI'O

INEPETBOPIOBAYA
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Mema pobomu. Memoro pobomu € po3podxa aneopummy pe2yir08aHHs WUEUOKOCMI MA 3a2albHOL NPOOYKIMUBHOC-
mi 08U2YHA NOCMITIHOZ0 CIMPYMY 3 OKPeMUM 30Y0JCeHHAM, ULTAXOM peanizayii mpaouyitinozo cnocoby KepyeaHHsl, SKuil
sKouae nponopyiuno-inmezpanvruil (I11) konmponep.

Memoou Oocnioscenns. Memoou KoMbIOMEPHO20 MOOENOBAHHSL 3 3ACMOCY8AHHAM NPOSPAMHO20 3ADeCneyenHs
MatLAB.

Ompumani pesynemamu. Memoodonozia npoekmyeanns nponopyiino-inmezpanvhozo (I11) konmponepa nobyoosea-
HA HA MOYHUX NPUHYUNAX NOKPAWEHHS pOOOMU O8USYHA WLISIXOM GU3HAYEHHs. napamempie modeni konwmponepa. Llet
MemoO 2apanmye, wjo cucmema 3a6e3nevye Haukpawyy npoOyKMUGHICMb, YCRIUHO Pe2ylioloyu CMpPYMOGi 6XIOHI CUSHA-
S, MIHIMIZYIOHU KOJUGAHHS Ma niosuwyouu cmabinbrhicmo peaxyii. Ilpoyedypa Hanrauimyeanus eKuo4ac sudip iono-
BIOHUX NPONOPYIUHUX MA [HMESPATbHUX KOeqiyieHmie niocunienHs Ois NIOMPUMKU OANAHCY MIdC KePYBAHHAM WGUOKI-
cm0o ma OUHAMIYHOW cHyuKicmio. 3asoaxu cucmemamuyHit onmumizayii napamempisg, I1l-konmponep niosuwye ege-
KMUBHICMb, 3MEHULYE NOXUOKY CIAYIOHAPHO20 pedcumy ma NOKpauye nepexiony Xapakmepucmuky, wo pooums 1o2o
npUOAMHUM O/l 3ACMOCYBAHb, WO NOMPEOYIOMb MOYHO20 KEPYBAHHS O8USYHOM.

Haykoea nosusna. Hayxosa nosusna pobomu noiaeac y 3acmocy8anti cneyianizosanoi cucmemu KepyeamHs Hd
Opy20oMmy nepemeoprogati, cneyiaibHo po3poobieHoi 0a pe2ynto8antsa cmpymy mMaeHimuozo nomoky. Kepyouu cmpymom
MA2HIMHO20 NOMOKY, KOHMPOAep NIOBUYE CTADINbHICIb MACHIMHO20 NOJIA.

Ipaxmuuna yinnicme. 3a60axu cucmemamuyniti onmumizayii napamempis, I1lI-xonmpoaep niosuwye epexmus-
HICMb, 3MEHWYE NOXUOKY CIMAYIOHAPHOZ0 PEXCUMY Ma NOKPAWYE Nepexiony Xapakmepucmuxy, wo pooums 1o2o npu-
Oamuum 015 3ACMOCY8aHb, WO NOMPEOYIOMb MOYHO20 KEPYBAHHS OBUSYHOM..

Kniouosi croea: nownuscysanvruti nepemeoproéay NOCMIHO20 CMPYMy, O8UZYH NOCMINIHO20 CIPYMY 3 OKDeMUM
30y-02ICEHHAM, Pe2yNI08AHHS WEUOKOCTI.
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Mema pobomu. Memoro darnoi pobomu € O0CHIONHCEHHSA HENIHIIHO2O0 KOPUSYBATbHO20 NPUCMPOIO O CUCIeMU d6-
MOMAMUYHOL0 KePYBAHHS eNeKMPONPUBOOOM NOCMILIHO2O CIMPYMY, AKUU 3a0e3newye HADIUICEHHS 00 ONMUMANLHO2O0
pedicuma pobomu 3a Kpumepiem weuoKooii ma mouHocmi, 3 0OHOYACHUM BUSHAYEHHAM YMO8 CMILIKOCMI 1l Medc npayes-
O0amHOCmi cucmemu.

Memoou oocniddcenna. Y pobomi 3acmocosano mamemamuine MoOeno8an s, Meopilo ONMUMAILHO20 KePYBAHHS
HA OCHOBI NPUHYUNY MIHIMAKCY, Memoo 2apMOHIYHOL iHeapu3ayii 015l aHalizy CMIUKOCMI, a MaKoNC YUCEIbHI Memoou
OJ151 UBHAYEHHS ONMUMATLHUX NAPamMempig ghazosunepeddrcyéanvhoi ranku. Bukopucmano cmpykmyphi cxemu enexmpo-
npusooie NOCMIUHO20 CMPYMY MA MOOCIL 3 PENCUHUMU XAPAKMEPUCIUKAMU, WO 00360UI0 OOCTIOUMY GNIIUE HENIHIIHOT
KOpeKyii Ha OUHAMIYHI 61ACMUBOCTE CUCIEMU.

Ompumani pesyromamu. Y npoyeci 00CuiodcenHss noOYO08AHO CMPYKMYPHY CXeMy eleKmpOnpusood noCMmitiHo2o
Cmpymy 3 HENIHIHUM Pe2yIAMOpOM, WO GKIIOUAE (a308UNepeddCy8anbHy IAHKY Ma peneiti enemenmy. 3anponoHo8aHo
MEMOOUKY anpoKCUMAYil ONMUMATLHO20 3AKOHY KePYB8AHHSA 3a NPUHYUNOM MIHIMAKCY, Wo 3a0e3neyye MiHIMI3ayito 8ioxXu-
JIeHHS 8I0 ONMUMATIBHO20 PENHCUMY Y UUPOKOMY Oiana3zoHi amMniimyo 6XiOHux enausie. Bcmawnoesneno zanexcrnocmi migwc
napamempamu QazoeunepedHiCy8aibHol IaHKU Ma 6eTUHUHONO GIOXUTIEHH CUCMEMHOI NOXUOKU, W0 0036801UN0 Chopmy-
mosamuy Kpumepii eubopy ii wacosux cmanux. Ompumano aHarimuyti upasu O1s OYiHKU MOMEHMY NePEeEMUKAHHA CUSHA-
21y, n06Y008AHO HOPMOBAHI CNIBBIOHOUEHHS MIdC AMNIIMYO0I0 MA YACOM NePeMUKAHHS, AKI BUSHAYAIOMb AKICMb npoyecy
pezymiosanns. Tlokazano, wo 3anponoHo6anuil HeiHilIHUI KOPEeKmop 00360JA€ CKOPOMUMU Yac nepexionozo npoyecy ma
3MeHWUmMY 8eudUHy NOXUOKU 6e3 icmomuozo 30invuenns nepepecyriosanis. Ilposedenuii ananiz cmitikocmi cucmemu i3
3aCMOCYS8AHHAM MEMOOy 2aPMOHIYHOL TiHeapu3ayii 0ae 3M02y SUSHAYUMU KPUMUYHI 3HAYEHHS. KOe@IyieHmI8 NiOCUIeHHs.
ma yacmom asmoKoIueanb. Bemanoeneno, wjo Hasenicme HENIHIHO20 KOPEKMOpa Cymmeso 6NIUGAE HA OUHAMIYHI Xa-
PAKmepucmuku i 800HoUAc 38ydicye medci cmitikocmi. [lobyodosani epaghiku kpumuuno2o xoeiyienma niocuienHs ma
YACMOMU ABMOKOAUBAHb 3AIENHCHO GI0 NAPAMEmpPa HeiHIUHOL TaHKU 00360UU YIMKO GUBHAYUMU 00aacmi cmitikoi ma
Hecmitikoi pobomu enrekmponpugoda nocmiiuno2o cmpymy. Taxum yunom, pe3yibmamu niOmseepod’Cyiomy, Wo BUKOPU-
CMAHHA HEeNIHIIHO20 KOPUZYBANLHO20 NPUCMPOIO 3a0e3neuye niosuerHs WeuoKoOii cucmemu ma smMeHueHHs NOXUOKU,
ane nompeoOye 8paxy8aHHs KOMIPOMICY MIdHC AKICIIO pe2y08aHHs Md 3anacom CMiKoCHi.

Haykoea nosusna. Y poobomi o0Ipynmo8ano Hosuil nioxio 0o cuHmesy cucmem Kepy8aHHs eneKmponpusooamu no-
CMilIHO20 CMPYMY HA OCHOBI HeNiHIUHOI OUHAMIYHOT KOpeKYii. 3anponoHo8ano 3acmocy8ants NPUHYUnY MiHiMakcy o
anpokcumMayii oOnMUManbLHo20 3aKOHY KepyBaHHs ma NOKA3AHO U020 epeKmueHicms y wupoxomy Oianazoni 6XiOHux
ennusie. Bnepuie npoeedeno KOMWIeKCHUN aHani3 63AE€MO36 A3KY MidC NApAMempamu HemHiliHol J1aHKu ma mexcamu
cmilikocmi cucmemu.

IIpakmuuna yinnicms. Pe3ynomamu pobomu moxcyms 6ymu 6UKOPUCMAHI Npu NpoeKkmyeanti eneKmponpusoois,
AKI NPAYIoIoms Y PeNCUMax i3 6UCOKUMU 8UMO2aMU 00 WEBUOKOOII ma MOYHOCI pe2ynio8anHa. 3anponoHoeani nioxoou
CHpUSIIOMb CMBOPEHHIO OiNbLU eqheKMUBHUX ANCOPUMMIB KePYBAHHS, WO 8PAXOBYIONb KOMNPOMIC MIdIC WBUOKOOIEI, MOY-
HICMI0 Ma CMILIKICMIO CUCeMU.

Kniouosi cnoea: enekmponpueoo, 08uzyn noCmiiiH020 CHpymy, CUCHEMA A6MOMAMUYHO20 KEePYBGAHHA, HeliHIll-
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HUII KOpUZY8anbHUil NpUCMpiil, ONMUManNbHe KepysanHs, (hazosunepedricysanvha 1aHKd, CMIIKICmb, MIHIMAKC.

I. BCTYII

[Migxoan mo aHami3y ¥ CHHTE3y HENIHIHHAX CHCTEM
CYTTEBO BiJIPI3HSIOTHCS Bifl METOIIB, IO 3aCTOCOBYIOTHCS
JUTS TiHIAHUX cucTeM. HalOuThin MOMITHO 1€ TIPOSBIIETh-
Csl y IMTaHHI BU3HAYCHHS CTiKOCTI. s MIHIMHUX CHCTEM
CTIHKICTh 3aJIS)KUTh BHKIIOYHO BiJ TXHIX BHYTPIIIHIX Xa-
PAKTEPUCTHK, TOMI SIK Y HETIHIMHUX - BOHA BU3HAYAETHCSI
3HAYHO IIHpINE, BPaXOBYIOUH HE JIMIIE BHYTPIIIHI BIACTH-
BOCTI, ajie ¥ 30BHIIIHI BIUIMBH.

HeniniiiHi cucTeMHM MOXYTh MaTH KuUIbKa CTaHiB
piBHOBary, pi3Hi GopMH CTIMKOCTI - K y HUIOMY, Tak i B
MaJIOMy, BKJTFOUAFOIH a0COIIOTHY CTIHKICTh. XapaKTepHOO
OCOOJIMBICTIO TaKHX CHCTEM € SBUILIEC ABTOKOIMBAaHb Ta
MMUTaHHS iX CTiHKOCTi. AHami3 i CHHTe3 y Wil ramysi Oa-
3y€ThCS Ha CKJIAQJHOMY MaTeMaTHYHOMY araparti, a 3HauHa
YacTHHA 3aJa4 PO3B’A3y€ThCS JIHMIIE YHCEIBHUMH METOMa-
MM, SIKI 4YacTO JalOTh JIMIIE HAOJIDKEHI pe3yNbTaTH.
HesBaxxaroun Ha 1ie, 1HTEpeC MOCTITHHUKIB 0 HETIHIHHHX
CHCTEM TIOCTIHHO 3pOCTae.

VY nmHIHHEX cHCTeMaxX yci MOKa3HUKH SKOCTI Ke-
pyBaHHS TICHO TIOB’s3aHI MK COOOIO: HAIIPHUKJIIAJ, ITiIBH-
LIEHHS LIBUJIKOAIl HEMHHYy4Ye NPH3BOIWUTH IO 3POCTaHHA
MepeperyIloBaHHsA Ha mepeximHiii xapakrepuctuii. Lle
O3Ha4ae, IO MOKpalleHHS OJHMX IapaMeTpiB 3aBKau
TIOB’sI3aHE 3 IMOTIPIICHHSM CTiHKOCTi. OCHOBHI TPUHIIUIIH
aHaJi3y Ta CHUHTE3Y JIHIHHUX CHUCTEM CITUPAIOTHCS HA JBa
TBEPIDKEHHS: Oy/b-SKa CUCTEMa aBTOMaTHYHOTO KepyBaH-
HA Jie sk (uUITp, a Oynb-sfika KOOpAWHATa MOXeE OyTH
npeacrasieHa psgoM Dyp’e. lle MOACHIOETbCS THUM, IO
TapMOHIMHMI CHTHAJI, TPOXOASYM Yepe3 TaKy CHCTEMY,
30epirae cBoio (HopMy, 3MIHIOIOUHCH JIHIIIE 32 aMILTITYI0I0
Ta (azoro. Y BHUIAAKY HENIHIHHUX CHCTEM CUTYaIlisl 30BCIM
iHIIIA: BOHK CLIOTBOPIOIOTH (YOPMY CHTHAITY, TOMY IIPHUHIIHIT
CYIeprHo3uMii TyT He mpaioe. LI ocoOnmBICTh BiIKpuBae
HOBiI MOXKJIIBOCTI: Y HENIHIHMX CHCTEMaxX MO)KHAa OJHO-
YacHO IMOKPAIyBaTH KilbKa MOKA3HHUKIB SKOCTI KepyBaHHSI
a00 BIIOCKOHAJIIOBATH OJMH MapameTp Oe3 iCTOTHOro Io-
ripireHHs iHIMX. Hampukiam, MiABUINCHHS IBHIKOIIT
MO BiJOyTHCS O3 ICTOTHOTO 30LIBIICHHS MEpeperyIIo-
BaHHS, a SIKIIO W BiAOyAeThCs WOTO 3pOCTaHHs, TO BOHO
OyIle 3HaYHO MEHILINM, HIXK y JTIHIHHUX CHCTEMaXx.

TakuM YHUHOM, BHHHKAE MOTpeda y MOTIHOICHOMY
JIOCITIIPKCHHI MPOIIECIB, 110 BiIOYBAIOTHCS B ABTOMATHYHHUX
CHCTEeMaxX KepyBaHHS 3 HCNIHIHHUMH KOPEKTYBaJIbHHUMH
npuctposiMu. OcoOIMBO aKTYaATbHUMHU 3AJTHIIAIOTHCS 3aB-
JAHHS ONTUMI3alil TaKuX CHCTEM, BU3HAYECHHS IXHBOI
CTIHKOCTI Ta yMOB BUHHUKHEHHS aBTOKOJIUBAHb.

II. AHAJII3 OCTAHHIX JOCIIAKEHb

OCHOBHMM 3aBJAaHHAM IIiJ] YaC IPOEKTYBAHHS CUCTEM
ABTOMATHYHOTO KEPYBaHHS € PaliOHAIBHUNA BHOIp iXHBOI
CTPYKTYPHOI CXEMH, TapaMeTpPiB €JIEMEHTIB, CIIOCOOIB TeX-
HIYHOT peasti3allii, a TAKOX ypaxyBaHHS EKCIUTyaTalilfHuX
BUMOT, IIOB’SI3aHUX 13 MacorabapUTHHMH XapaKTepUCTH-
KaMHM Ta €HEprocroXXuBaHHsIM. BotHouac BeMka KijgbKiCTh
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3a7a4, 1O PO3B’SI3YIOTHCS 33 JOMOMOTOK HETIHIHHHUX KO-
PEKTYBAJIbHUX MPUCTPOIB, @ TAKOX PI3HOMaHITHICTh METO-
JiB iX CHHTe3y M TEeXHIYHOTO BUKOHAHHS, 3HAYHO YCKJIaJ-
HIOFOTBH BUOIp KOHKPETHOTO BapiaHTa CXEMHU.

[onpu 1€, y AesIKMX BHIAJKaX MOXKHA BHIUIHTH
MEeBHI O3HAaKW, IO MAO3BOJISIIOTH KiacuikyBaTH pi3Hi
cxemu. Hacamnepen BayKIIMBO BU3HAYWTH, 4K Oyia cucre-
Ma JITHIHHOO JI0 BBE/ICHHS B Hel HENIHIHOTO KOPEKTOpa, a
TaKOX sIKe (YHKLIOHAJIbHE NMPU3HAYEHHS Mae Ieil Kopek-
TYBAIBHUIM TpUCTpil. 3aJie)kHO BiJ 3aBJaHb, 5KI BiH
BUPIIIY€E, BUALIAIOTH KiJIbKa OCHOBHUX TPYIL:

1) mpuctpoi, 1o 3a0e3mnedyloTh MOKPAIISHHS Tepe-
XiJIHUX ITPOLIECIB;

2) mpucTpoi, Opi€eHTOBAaHI HAa ONTHMI3aIliI0 CHCTEMH
3a IIEBHUM KpHUTEpieM;

3) mpucTpoi, SKi HaaOTh CHCTEMI iHBapiaHTHI Blla-
CTHBOCTI IIJO/I0 30BHIIIHIX 30ypeHb YM 3MiH ITapaMeTpiB;

4) npuctpoi, 1m0 peani3yloTh HEOOXiAHI KOHCTPYK-
TUBHI a00 EKCIUTyaTalliiHI XapaKTCPUCTHKH.

Binpmricts cyqacHux mocmimkeHs [1], [2] 3ocepemxe-
Ha Ha BUBUCHHI HENIHIMHNX BIIACTUBOCTEH OKpEMHX elre-
MEHTIB CUCTEM aBTOMATHYHOTO KEpYBaHHS Ta IX BIUIMBI Ha
CTaTUYHI XapakTepucTUKu. [Hin podotu [3]-[6] opieHTo-
BaHi HA JOCJI/DKEHHsS HENIHIMHMX BIACTUBOCTEH CaMUX
00’exTiB kepyBaHHsA. OIHAK THTaHHS CTIMKOCTI HEPIIKO
3aJIMINAIOTECS 11032 YBAarol aBTOpIB: 3a3BHYail PO3IIs-
JTA€THCS JIAIIE CTIMKICTE JIIHIMHOT YaCTUHU CUCTEMHM, [0 HE
BiZioOpakae MOBHOI KapTHHU. BojHOUac came aHami3 CTiid-
KOCTI B yMOBaxX HCNIHIMHOCTI € KIIFOYOBHM AacCIICKTOM,
0COOJIMBO ISl IPAKTUYHOTO 3aCTOCYBAHHSI.

Y crartax [5], [6] pO3TISHYTO BUKOPUCTAHHS
HEJHIHUX TUHAMIYHUX MEPEMUKAI0YUX KOPEKTYBAIBHUX
CUTHAJIIB, 10 J03BOJAIOTH OTPUMATH HOBi PE3yNbTaTH. Ix
(hi3MYHA CYTHICTH MOJISITAE B TOMY, IO BOHU 3MiHIOIOTH
JMIIe TUHAMIYHI TTapaMeTpH JIaHOK CUCTEMH, 3aJIMILIAI0UN
CTaTM4HI XapaKTePUCTUKH He3MIHHMMH. Taki 3MiHK
3IIACHIOIOTECS Tl Yac MEPeXiHOTO IPOILeCy 3aBISKH
3aMiHi Ha IEBHHUX YaCOBUX IHTEpBaIaX PealbHOTO CHTHAILY
CrieliaibHO CPOPMOBAHUM [ Fé‘ ], AKMi y NPOMIXKY BiJ

JI0 t, Mae aMInTiTyay F. TakuM 4iHOM, TIpH TapMOHIHHOMY
BXITHOMY CHUTHAJII BUILy X = XoSin(wt), BUXil CHCTEMH Ha-

Gysae surany y =[F," ]y, sin(er). Sk nokasano y no-

CDKeHHSAX [7], TEXHIYHO MOUIIBPHUM € BUKOPHUCTAHHS
oOMexeHoro Habopy 3Ha4YeHb aMILTITYJH KOPEKTYBaJIbHO-
ro curHany: F' = 0, —I, k (ze k - meBHUII KoediieHT).
Hanpuknan, intepsan [-1?] BIJIOBiIa€ 3MiHI 3HaKy Ke-
2

PYIOUOTO CHTHAy, IO J03BOJSE CYTTEBO BIUIMBAaTH Ha
JIMHAMIKy TIPOIIECIB Y CUCTEMI.

Cxoxi 3amaui gocmimpkyBamucst B pobotax [7]-[9],
MpOTe y HUX He OYJIO MPUJLIEHO JIOCTATHBOI YBaru MUTaH-
HSIM CTIMKOCTI PY BUKOPUCTAHHI TAKUX METOJIIB KOPEKIIIT.

VY poboti [10] aHaMi3yrOTBECS TMPOOIEMH CHHTE3Y Ta
3a0e3MeueHHsT CTIHKOCTI HENIHIMHNX CIIAKYIOUAX CHCTEM
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€JIEKTPOIIPUBO/IB 13 peneiiHUMU XapakTepucTukamu. Boa-
HOYac, Ha BIIMIHY BiJl 3allPONIOHOBAHOIO MiJIXOIy, Tam
PO3IIISAIAI0THCS JIMIIE YMOBH aOCONIOTHOI CTIHKOCTI, MpH-
YOMY JUISI CUCTEM 31 3HAYHHMH CIIOTBOPEHHSIMHU CTaTHYHUX
XapaKTEepPUCTUK, CHPHUYMHEHUMH CYTTEBHUMH HEINiHIHHO-
CTSIMH.

TakuMm YMHOM, aKTyaJIbHUM 3aBJIaHHSIM € TOTJINOJIeHEe
BUBYCHHS HENHIHHUX KOPEKTYBAIBHUX MPHUCTPOIB, IO
JIO3BOJISIIOTH 3MIHIOBATH JIMHAMIKY CHCTEMH, 3 OTHOUYaCHUM
BU3HAYEHHSIM YMOB ii CTIKOCTI Ta e()eKTUBHOCTI poOOTH B
peanbHUX YMOBax eKCILTyaTallii.

II1. POPMYJIIOBAHHA METHU POBOTHU

Mertor maHOi pOOOTH € MOCTIIKEHHS HENiHIHHOTO
KOPUTYBAJBHOTO TIPHCTPOIO U CUCTEMH aBTOMATHYHOTO
KEPYyBaHHS €JIEKTPOIPHBOIOM IOCTIHHOTO CTPyMY, SKHI
3abe3neuye HaOIMKEHHS 10 ONTUMAIBHOTO PEXUMY po0o-
TH 32 KPUTEPIEM IMIBHIKOIIl Ta TOYHOCTI, 3 OJHOYACHHUM
BU3HAUCHHSIM YMOB CTIMKOCTI M MEX Npalne3iaTHOCTI CH-
CTEMHU.

IV. BUKJIAJEHHSI OCHOBHOI'O MATEPIAJIY
TA AHAJII3 PE3YJIBTATIB

XapakTepHOI OCOOJIMBICTIO ONTUMAIBEHHX CHUCTEM €
iX 3marHicTe 3a0e3ledyBaTH MaKCHMaJbHY  SIKICTh
(YHKITIOHYBaHHS 32 YMOB OOMEKEHUX MOXIHUBOCTEH, TOO-
TO 3 ypaxyBaHHSIM HasBHUX Yy CHCTEMi OOMEKEHb Ha pe-
cypcu kepyBaHHA [7]. ONTHMAaNBbHICTH CHCTEMH BH3Ha-
YaeThCs 3a JIOTIOMOTOI0 KPUTEPIIO, IO 3a0a€ThCs y BUTIIIL
¢dyHKITIOHATTY:

T
J=IF(xl,...xn;ul,...uz,t)dtn 1)
0

HeniniffHHi KOPHTYBaTbLHHI IPHCTPii

ne T - 9ac KepyBaHHSI; Xi...Xn - ()a30Bi KOOPJMHATH CUCTeE-
MH; U]...Uy - KEPYIOUl HA BXO[l HE3MIHHOT YaCTHHU CUCTEMHU
(ob'ekTa KepyBaHH).

MeTor0 CHHTE3y ONTHMAaJIBHOTO KEPYBAaHHS € BH3HA-
YEeHHS BeKTopa Kepyrounx Ail U 3 KOMIIOHEHTAMH Uj...lUr,
KU 3a0e3redye JOCATHEHHS eKCTPEMallbHOrO 3Ha4YeHHs
¢ynkuionany. IIpu npomy Bektop U NMOBUHEH HajexaTH
obmexeHii obnacti , JOMYCTUMHX KEPYBaHb.

B enmekTponpuBOAaxX HaWJaCTIIIE BHHUKAE HEOO-
XiHICTb 3a0€3ME€UeHHI MaKCUMAaJIbHOI IIBUAKOAII CHCTEMHU
3 ypaxyBaHHSM OCOOJNMBOCTEH MEXaHIYHHX Iepepad. Y
TEOPETUYHOMY acCHeKTi Ui IIUPOKOro KIIacy CUCTEM IIs
3a7a4a e()eKTUBHO PO3B’SI3YETHCS 32 IOMIOMOTOIO MPHHIIU-
Iy MakCMMyMy. BcraHoBieHO, 1110 Kepyrodi BIUTMBH U; Ha
BX0Jli 00’€KTa MOBUHHI MaTH KyCKOBO-TJIA[IKHI XapakTep i3
aMILTITY/IO0, SKa JIOPIBHIOE MAaKCHMAJIbHO IOIyCTHMOMY
3HaueHHIO [7], [8]. KpiM TOro, KimbKicTh iHTEpBamiB, Ha
SKAX 3HAK CHUTHATY 3aJIWIIA€THCS CTAIUM, NMPU TIHCHUX
TOJTFOCaX TepenaBabHOT PYHKIIT 00’ €KTa HE IepeBUILyE 11
HOPSZIKY.

Pa3om i3 TUM moOymOBa ONTHMAJbHUX CHCTEM CY-
MPOBODKYETHCS  3HAYHUMHM TEXHIYHUMH TPYTHOIAMH.
[MpakTyuHa peamizamis ONTHMAJbHOTO KEPYBAaHHS 3a3BH-
Yaif TpyHTYeThCs ab0 Ha OOYMCIEHHI MOMEHTIB IIEpeMH-
KaHHS pEJeHHMX eJNEeMEHTIB, 110 (OpPMYIOTh KyCKOBO-
TIIaIke KepyBaHHA, a00 Ha BHW3HAYEHHI (YHKITIOHAJIBHOI
3aJIeKHOCTI KEPYIOUOT0 CHTHAJIY U BiJl TIOTOYHUX KOOPIH-
HaT 00’ekra. OOHOBa MOXOMM TOTPEOYIOTH PO3B’SI3aHHA
CKJIQIHMX 1HXKeHepHuX 3axad [7]-[9].

Po3risiHeMO CTpYKTYpHY CXeMy CIIIKYBaJIbHOTO ele-
KTPOIIPHBOMIY IOCTIHHOTO CTPYMY C HETIHIHHUM perys-
TOPOM, 110 HABE/IEHa HA PUCYHKY 1.

THpHCTOpPHHIT IepeTBOPHOBAY

Pucynok 1.

' ]
1 ]
i :
i Peneiinmii '
i eTeMeHT i ENeKTpoABHIYH
g Dox S u ke up | ok @ .
. e |7 |,
' (Tsp+1) ! (ip+Dp | ]
] |
' 1
: D !
i i
P L et » SCS :
' p+1 z E
i
. 1

EnexrponpuBoz NOCTiiiHOTO CTpyMy € HENIHIMHUM PETryJIsITOpoM: k. - KoediuieHT nepenadi, 7; - crana yacy,

D - pazoBunepepKyBaibHa j1aHka, SCS - cxema MopiBHSIHHS 3HAKIB, S - IBOIIO3UIIIHHIN KITFOY

Ha crpykrypHiit cxemi (puc. 1) IBUI'YH MOCTIHHOTO
CTPyMy TIOJIaHO Y BUIJISII anlepioIMyHOT JIAaHKH 3 Koedii-
€HTOM Tiepesadi ky ta cranor vacy Ty HaBanrakeHHs,
MIPUBEJICHE JI0 Bajla JIBUTYHA, BPaXOBYETHCS III€I0 XK CTa-
JI010 uacy. TUpUCTOpHMII NEpPETBOPIOBAY, SKUIl >KUBUTH
JIBUTYH, TaKOX MOJICJIFOETHCS SIK arepiofnyHa JiaHka 3
koedimieaToM Tepenayi ki i cramoro wacy 73 BomgHodac
THPUCTOPHMI IIEPETBOPIOBaY BHKOHYE POJIb PEJIECHHOTO
nepemukada. st 3a0e3nedeHHsT ONTUMAIBHOI peakmii cu-
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CTEeMH Ha CTPHUOKOMOAIOHWI CHTHAN Ha BXOZl PEICHHOTO
€JIEMEHTa HEOOXiTHO peanizyBaTé (PYHKIIIOHATIBHY 3aJIeikK-
HICTh TaKOTO BUIIISNY:

(@)

HemniniitHuii mepeTBOproBad, M0 pearizye 3aJexKHICTh
F,, dyHKIIOHY€ HA OCHOBI KOPHT'YBAJIFHOTO CHUTHAJY THILY

F. = x—signxln(]+|x|) ,

[—lil ]. Taxwmil migxin BBaXaeTbcs HAHOUNBII TOIIUTBHUM
2
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JUTSL peatizaliii HeTHIHHOT JUHAMIYHOT KOPEKIIii 3 MO3HIil
TEXHIYHOI 3iiiCHeHHOCTI. []e MOSCHIOEThCS THM, IO 1HIII
METOJIH alpOKCHUMALlil ONTUMAJIbHUX 3aKOHIB KepyBaHHS -
CKOPOYEHHS YHCIla BHMIpIOBaHMX (pa30BUX KOOpJAMHAT,
3MEHIIEHHS KUIBKOCTI iHTEpBaJliB KEpyBaHHS YU CIIPOLIEH-
HSl MAaTeMaTHIHOI ()OPMH 3aKOHY KEpyBaHHS - 3a3BHYAi HE
3a0e3MeYyI0Th 3HAYHOTO CIPOIICHHS arnapaTypHOi peai-
3arii.

VY 6inpIIocTi BUMAIKIB BOHH BCE OAHO NMOTPEOYIOTH
BUKOPUCTaHHS HENIHIHHUX (YHKIIOHAJBHUX MEPETBO-
pIoBadiB, aHAJOTIYHO JI0 BapiaHTIB i3 CyBOPO ONTHUMAIIb-
HUM KepyBaHH:M [7].

3anponoHoOBaHUI HENHIHHUN KOPUI'YBaJIbHUN IIPH-
CTpiii Ma€ BIJHOCHO TPOCTY CTPYKTYpy. BiH cknanaeTbes 3
JIBOTIO3MIIIMHOTO Kifo4Ya S, CXEMH TIOpIBHSHHS 3HAKIiB
(SCS) Ta hazoBunepemKyBaIbHOI JIaHKK D, 110 ONUCYETh-
Cs1 TIepeIaBATbHOIO (PYHKITIEIO:

1

T]erl,(TJ >T,)>

Thp+

©)

Wp(p)=

VY peambHHX €JEKTPOIPHBONAX CTala Yacy THPH-
CTOpPHOTO TepeTBOproBaya 73 3a3BHuail Ha JBa—TPH MOPSJI-

KU MEHIIa Bin crayoi yacy asuryna 7y. Lle mos3Boisie cyt-
TEBO CIIPOCTUTU MareMaTU4HU onuc cucremu. [Ipu nepe-
MHO’KCHHI JIBOX alepiOWMYHUX JIAHOK, M0 (HOPMYIOTH
JiHIfHY YacTHHY, Y 3HAMEHHUKY IepenaBanbHOl (QyHKII
BUHHKAE KBAJ[PaTHUN TPUWICH, OJHAK WICH i3 JOOYTKOM
73T, BHaCHiOK HOTO MaJoi BETMYMHN MOJKHA 3HEXTYBATH.

TakuM YHMHOM, 3aMiCTh JABOX IOCIIJOBHO 3’€IHAHUX
arnepioANYHUX JIAHOK JIIHIMHY YaCTHHY CHCTEMHU JIOLLIBHO
MOJATH Y BHUIJIANI OJHIET EKBIBAJICHTHOI amepioamyHOl
JIaHKH 3 KoedillieHToM repenayi

k = kd : ktc ’
Ta €KBIBAJICHTHOIO CTAJIOIO Yacy
T=T,+1,,

[TonibHa ampokcuMallisi 3HAYHO IIOJIETIIy€E aHAi3 i
MOAAJIBIINIA CHHTE3 CUCTEMH, OCKIIBKH JI03BOJISIE 3MEHIIIH-
TH TIOPS/IOK MaTeMaTUYHOI MoJiesi 6e3 BTpaTh aJIeKBaTHO-
CTi omucy il OCHOBHMX JMHAMIYHHX BJIACTHBOCTEH.
BiamoBinHa cTpyKTypHa cxema rojiana Ha puc. 2.

HemniHilfHAR KOPUTYRATEHHMI IPHCTPIi

Peneiinui
eneMeHT

.=

S

X1 k

»|
(Ip+1Lp

*Q

Y

D

Tip+1
Top + 1

Pucynok. 2. Cripo1iieHa CTpyKTypHa cXeMa eNeKTPOIIPHUBOY IIOCTIHOTO CTPyMY

Skmo g0 cuctemu, 10 nepedyBae y CTaHi CIIOKOIO,
NPHUKIIACTH CTPUOKOMONIOHUH CHI'HAJI, TO Ha MTOYaTKOBOMY
eTari 3HaK MMOMWJIKH X Ta BHXITHOTO CHTHaTy (pazoBwrie-
peIKaTbHOL JIAaHKH z 30iraeThcs. Y el MOMEHT K4 S
MPOITyCKAa€e CHTHAT TIOMIJIKH Oe3 iHBepCil, 3aBASKH YOMY
cHCTeMa TOYMHAE PyX Yy HAOpsIMKy 3MEHIICHHS
HeBinmoBigHOCTI. Lle BUKIMKaE po3riH eIeKTPOIPHBO/IA.

3rooM y MEBHHUI MOMEHT 4acy f; 3HaK CUTHAy z
3MiHIO€eTECsI. Cxema nopiBHsHHS 3HaKkiB SCS BruiBae Ha
KJIFOY S, BHACTIJJOK YOTO 3HAK CHUTHAIY Y MPSIMOMY KaHai
CHCTEMH IHBEPTYETHCS, IO MPU3BOAUTE A0 ii raJbMyBaH-
Hi. [Ipy KOpeKTHOMY BHOOpPI MOMEHTY NEPEMUKAHHS fn, Y
KIHII Apyroro iHTepBaly (ha30Ba TOYKA CHCTEMH IIOTparl-
Jsie y MoYaTok koopauHart ¢aszoBoro mpoctopy [7]. Lle
O3HAYae, M0 K IIOMIJIKA CUCTEMH, TaK 1 ii moxixHa JopiB-
HIOIOTh HyI0. Takuii mporiec mpu peneifHoMy 3aKoHi Ke-
PYBaHHA 3 OJHUM IICPCMUKAHHAM BBAXKACTHCA ONTUMAJIb-
HIM [7].

24

VY 1pOMy BHNAAKY 3B’S30K MK MOMEHTOM IEpPEMHU-
KaHHS f; Ta aMIntiTyaow ctpudka A (mis 4>0) 3apaerbes
HOPMOBAHUM CITiBBITHOIIICHHSM:

4)

e

>

(ku,, -T)

Amnanoriuna (¢yHKUiOHaJbHA 3aIEXKHICTH IS JIO-
CJTiJPKYBAHOT CHCTEMH, 110 OTIMCYEThCS BUPA3oM = flay),
BU3HAYAETHCSI HACTYITHUM YHHOM.

BignoBinHo 10 puc. 2, OTPUMAaHO HOPMOBAHE CITiB-
BIJIHOIIICHHSI, SIKE XapaKTepU3yE BEIMYMHY CUCTEMHOI I10-
XHOKH 32 YMOBH CTAJIOTO 30ypIOBAILHOTO BILIMBY g(f) = Ay
= const:
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* *
. oo

X +X

3

ne x* = x/(ku,T), u" = u/u,, a TMQepeHIIIIOBAHH IPOBO-
JUTHCS 32 HOPMOBAHMM YacOM £=4T.

®
=—U 5

Bupiurytouu iforo npu x"= a; = Ay/(ku,T) Ta x"(0) = 0,
OTPUMAEMO:

*

X

(6)
O

[Migcrapmsiroun (6) Ta (7) B piBHsSHHA (Da3oBHIICpE-
JKYBaJIbHOI JIAHKU

a,—u'(1 —e ) +u't,

X =u'(l-e"),

®)

* * * *
7,2 +z =0,X +X,

ne 11 = TV/T ; 12 =To/T; z"=z/(kunT).

OTtpumaemo

0,2 4z =a, —u' (-1 +u' (-1)e” +u't", 9)

[NouarkoBa ymoBa s (6)

20 = lim 2P gy = By, (10)

pooo 7, p+1 T,

OcCKiJIbKM 3MiHA 3HAaKa CHTHAJY B NPSAMOMY KaHaii
BiIOyBAETbCA Y MOMEHT 4Yacy fm, komu z = 0, To,
po3B’s3yroun piBHsHHS (9) 3 moyaTkoBoto ymoBoro (10) Ta
BPaxoBYHOUM CHiBBifHOmEHHS z° () = 0, y migcymMKy
OTPUMYEMO KiHIEBUI Bupa3 (IIpy TpuIymierni u* = + 1,
110 3a0e3Meuye pyX CHCTEMH JI0 CTaHy PIBHOBAark 3a yMOBH
ai > 0).

* T T, _ T,—T -
Cog DTl il _ 07”0 7, w72 _
7, -7, , (11)
1—2'1 e
-———e " +r,—1,+1+a,
-7,

CrinibHUI po3B’s130K piBHAHB (4) Ta (11) MoxHMBHiA
JIMIIE 32 YMOBH, IO TIapaMeTp a HabyBae €IMHOTO 3HaYeH-
HS a = ai. Y 3B’S13KY 3 IIUM, JUIS 3a0€31eUeHHsI KOPEKTHOTO
BiJIIPAIIOBAHHS BIDIMBIB Pi3HOT aMILTITYTd BUHUKAE HEOO-
XiTHICTH TaKOTro BHOOpY MapameTpiB HENIHIHHOI KOPHTY-
BaJBHOI JIAHKHW, SKWH OW TapaHTyBaB MiHIMalbHE BiIXU-
JIHHS PeaJIbHOTO 3aKOHY KepyBaHHS BiJl ONTHMAILHOTO B
ycboMy 3amaHoMy Aiana3oHi aMmwniTyx 0 < a < dmax.

CryniHp HaOJIKEHHS! OTPHMAHOTO 3aKOHY KepyBaH-
HS /10 ONTHUMAJIBHOTO JOLLIFHO OLIHIOBATH 32 3aJIEXKHICTIO
aMIDTITY M BiI MOMEHTY TIepeMuKaHHs. Takuil miaxiz 103-
BOJISIE BU3HAYUTH SIKICTh (DYHKI[IOHYBaHHS CHCTEMH B Pi3-
HUX pPEeXMMaxX Ta OLIHUTH e(EKTHBHICTh BUOpPAHUX Tapa-
METpiB KOPUTYBaJIbHOT JIAHKH.

a=t, — ln(2 —e ), (12)

[T

1-7,

aK

4 1-7,
7,e wftz 4 2700 ot +7,-7,-1|x

= +
nK 1_2_2

25

1

X— b
14070 il

(13)
e
7’-2

Bymemo BHU3HaYaTH CTYHiHb OJHM3BKOCTI KepyBaHHS
JI0 ONITUMAIIBHOTO BETMYHHOKO:

(14)

€ ay i a BU3HA4A0ThCA 3 (6) 1 (7) IpH £ = ¢+, A Lie BenH-
YHHA ITOMWJIKA CHCTEMU 3 HEIHIHHOI KOPEKINE0 B KiHII
JIPYTOro iHTepBay:

A=a, —a,

(15)

3a yMOB CTPOr0o ONTHMMAJIBHOTO KEPYBAaHHS BHKO-
HyeTbes piBHICTB X = 0 (a oTke, 1 A = 0). Tomy 4um MeH-
II0I0 € BeMIMYMHA A, TUM OrpKde mepedir mporecy 10 Ofl-
TUMAJIbHOTO, TaKUM YHMHOM, A MOXE PpO3MIAAaTHCA SK
KUTBKICHUH NMOKa3HHUK CTYIEHs HaOJIM)KEHHS JI0 ONTHMAallb-
HOTO PeXHMY, a il BUKOPUCTAHHS Ul OLIHKH SIKOCTI Ke-
PYBaHHS € OOTPYHTOBaHHUM.

Amnani3 BupasiB (12) Ta (13) mo3Bomnse BCTaHOBHTH,
IO BIMOBIAHI 3a1eXKHOCTI a(f*y) 1 ax(t* ) TIPH JOCTATHHO
BEJIMKUX 3HAYEHHAX ' = [ ACUMITOTHYHO HPAMYIOTh 10
TaKHX BUPa3iB:

a,=t —In2, (16)
a, =t,~(1-(7,-1,)), (17)

Ipu
1-(z, —7,) =In2, (18)

acCHMITOTH 30iraloThes, TOOTO HpU fn—oo (i, oTKe, a

—*o0):

limA=0, (19)

t,—o0

3 gopmyn (12-14) Bummeae, mo npu a= ax = £ = 0
nopiHIOE HYIIO 1 A. Lle 03Ha4ae, Mo 3a IMEBHOTO 3HAYCHHS
napamerpa a abCONIOTHE 3HA4YEHHS A JIocATae CBOrO Mak-
cuMymy. TakuM YMHOM, Uit HAOJNVOIKEHHS KEPyBaHHS 10
ONITUMABHOTO B TIPOIIECi 3MiHHU @ Bi HyJS 10 HECKiHUCH-

HOCTI HEOoOXiJIHO BHOMpATH MapaMeTpH T; Ta T, Tak, 0100

MiHIMI3yBaTH MaKCHMalbHE 3HAYCHHS |A|, T00TO pe-
ami3yBaTy MPUHLIUI MUHUMAKCY |A| .

Ha mpakrumi aMrutityga BXiTHHX CTPUOKOTIOHIOHHUX
CUTHAJTIIB OOMEXeHa. Y IbOMY BHIMAAKY MiAOIp T; Ta T2
TaKOX ITOBHHCH 3a0e3IeuyBaTH IOCSTHEHHS MUHHAMAKCY

4] [4]

pa a. 3aBgaHHS BHOOPY Ti Ta T, BUPIIIYBAJIOCS YHCEIHHO.
Jlnst pi3HMX Jiana3oHiB BIAHOCHUX aMILTITYZ OOYMCIICHHS
npooaumics Ha EOM metomom mepebopy 3HA4YEHb d, Ti

: ) Yy BU3HaYE€HOMY [iala3oHi 3MiHU IapaMeT-
minmax
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Ta Ty, SIKI BUMIPIOIOTBCS Y BIIHOCHUX (HOPMOBaHHX) OJIU-
HULAX.

OTpumaHi pe3ynpTaTH AO3BOIIIIM TTOOYTyBaTH 3a-
JNISKHOCTI TMapamMeTpiB T; Ta Ty, OO 3a0e3MeuyrTh

| |minmaX , BiIl IINpUHH Aiania3oHy, BU3HAYEHOI BEPXHBOIO

MEKCIO dmax. BIMOBIHI rpadiku 3aeKHOCTEH T) Ta T2 Bij
max Y HATypaJIbHOMY Ta Jiorapu(pMiYHOMY MaciTadax
HaBEeJICHO Ha puc. 3.

Bo.Tq
T2
0.8
0.6
0.4

0.2

0 0.01 0.1 1 10

Amax B.o.

Pucynox 3. I'padixu 3aeKHOCTEH Ti 1 T2 BII @max: IEPBO-
HOIO JIHIEIO MTOKa3aHa 3aJI€XKHICTD IS T1, & CHHIFO IJIS Ty

dazoBuIIepeKYBATBHY JIAHKY MOXHA peali3yBaTd
IPOCTOI0 CXEMOI0 ITaCHMBHOTO YOTHPHOXIIOJIIOCHHKA, IO
HaBe/ieHa Ha puc. 4.

2 [0

]

Uin R, U gut

Pucynok 4. ®azoBunepemxyBaibHa JIaHKa

YacoBi cTaii BH3HAYAIOTHCSA 32 BiOMHMH (OpMyJia-
mu: T1=R,C; To-=CRiR»/(R; +R,). OTxe, HEJiHIHHI KOPUTY-
BaJIBHI MPUCTPOi MOXKYTh 3aCTOCOBYBATHCS SIK MPOCTI 3a-
co0H oITUMi3aLil aBTOMaTH30BaHUX CHCTEM.

[IpoBeneni OOCHiHKEHHS TapaMeTpiB KOPHUTYIOUHX
NPHUCTPOIB JIO3BOJIMJIM BU3HAYUTH YMOBH, 32 SIKMX JIOCS-
ra€ThCsl ONTUMAIbHE KepyBaHHs cucTeMoro. OnHak, oTpu-
MaHi pe3yJIbTaTH € HeAOCTaTHIMU 0e3 ypaxyBaHHs BIACTH-
BOCTEH CTIMKOCTI, OCKIJIBKA caMe BOHHM BHU3HAYaIOTh MOXK-
JIMBICTh TIPAaKTHYHOI peajizalii moOynoBaHOi cHUCTEMH.
Tomy naii po3rJITHEMO MUTaHHS CTIHKOCTI ONTHMi30BaHOL
CHCTEMH Ta MEXi il pare31aTHOCTI.

Sk BimOMO, peJeiiHi CHUCTEMH XapaKTepU3YHOTHCS
MIBUIIEHOI0 CXWJIBHICTIO /10 BUHUKHEHHS aBTOKOJIHMBAaHb
[7]1-[10]. JonatkoBuM (hakTOpPOM € HASIBHICTH HENIHIHHOTO
KOPHI'YIOUOTO TIPUCTPOIO, KWK y TIEBHI NPOMDKKU Yacy
(opMye TO3UTHBHHUK 3BOPOTHHUH 3B’SI30K y CHUCTeMi (pHC.
1), mo MOXke CYTTEBO 3MCHIIUTH 3amlac CTIHKOCTi. ToMy
BHOIp TapaMeTpiB IOTO MPUCTPOIO ITOBHHEH 3iHCHIOBA-
THCS HE JIMIIE 3 MO3WIli onTuMi3arii, aje i 3 ypaxyBaH-
HSM iX BIUIMBY Ha CTaOUIBHICTH poOOTH cucTemu. Bapro

26

TAKOX ITIIKPECIUTH, [0 pealbHi aBTOMATHUYHI CHCTEMHU,
MOpsiL 13 BHCOKOIO IIBUJIKOIEI0, MAalOTh 3a0e3ledyBaTH
JIOCSTHEHHS ¥ IHIIMX TMOKa3HUKIB SIKOCTL. Y I[bOMY KOH-
TEKCTi 3aCTOCYBAHHsI JIIHIHHAX METOJIB KePYBaHHS 3/IaTHE
ICTOTHO CHIPOCTUTH 3ajady crabinmizauii. J[ns monaneuioro
aHai3y pO3IJSHEMO BHUIAJOK CHHYCOITHOTO BXiJHOTO
BIUIMBY, KOJIM BUXIJJHAN CUTHAJ HENIHIMHOI YacTUHU (pHUC.
1) Bu3HavaeThes Bupazamu [11], [12]:

(20)
20

Kyt yi Ta W2 0OMEXyHOTh 00JacTh KOJHMBaHb
HEJHIIHOTO elleMeHTa, Jie BUKOHYETHCSI yMOBa X1 = const.
KoedimierTn rapMOHIYHOI JTiHEapH3aIlii BU3HAYAIOTECS K
3HAUCHHS TEPIIO] TapMOHIKH IMiJ Yac pO3KIAAy (QYHKINT
x(y) y pan ®Pyp’e. 3 ypaxyBaHHSIM TOTrO, IO JUIS
arepioIMYHOI JTaHKM Ha BIIPI3KY Yi—\2 KOOpAMHATA X
3MIHIOETBCS 3TifHO 3 (opmyiioro (20), a Ha TPOMIKKY Y2-
(m-+y2) - BimnoBinHo 110 popmynu (21), oTpruMaeMo Bupazu
IUTS KOeiieHTiB g 1 ¢

‘x:xmax(Sinl//_a)il//l -<l// Sl//za

xzxmax(Sin!//2 _a)sl//2 Sl// '<7Z'+l//1-

G= -yt in2ys —sin2y) (22)
T

'

q'= (23)

—l(sin2 v, —sin*y,)>
V4

KoedinierTn rapMoHidHOI TiHeapu3anii BU3HAYaI0Th-
csl SIK IapameTpaMy BXIJHOTO CHTHAILY, TaK 1 XapakTepH-
CTMKaMH caMoi JIaHKH. [IpumycTumo, 1110 JTaHKU MOpiBHSH-
Hs1 3HAKIB Ta KJIFOYOBA JIAHKA HE MAIOTh MOCTIiHOT yacy. Y
IIBOMY BHIIAJIKy MaeMO: Yo = 0, cosyo = 1, sinyo = 0, y2 =
/2, y1 =-arcsin(1-2a). BukopucroByroun dpopmynu (22) Ta
(23), mMokHa OTpMMaTH BUpa3H Ul KOe]ilieHTIB rap-
MOHIYHOI JIiHeapu3alii HEJiHIIHOI JIaHKW, HaBeJIEeHOI Ha
puc. 1.

q i(%+arcsin(l—2a)+2(1—2a)\/a(1—a)) . (24)
T

4a
q'=——(1-a), (25)
V4
XapakTepuCTHYHE PIBHSHHS JIHIHHOI YaCTHHU CHC-
TeMH puc.l Mae BUIIIAA;

3 2
LT,p+(L+T)p +p+k, (26)

Kputnunuii koediuieHT MiJICUICHHS JIIHIHHOT chucTe-
MU ki Ta 9aCTOTa KOJMMBAHb CHCTEMH Ha TPAHMII CTIHKOCTI
| BU3HAYAIOTHCS HACTYITHUMH BUPA3aAMH:

L R I 27)
I7, LT,
Coupatouncs Ha [11], [12] mnpumyctumo, 1o

75=0,018 ¢, 74=0,12 c., Toxai y BignoBigHoCTi 10 (26) Mae-
Mo: k= 64c!, o=21,5c’L.

Jins  MOCHimKEHHS CTIMKOCTI HETIHIMHOT CHCTEMH
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puc.1 npencTaBUMO piBHSHHS HEJIIHIWHOT JIAHKH Y BUJI:

4@ e, 28)

@

x =(q(a)+

KoeoiuienTn rapMoHiiiHOT niHeapu3alii BU3HaYa-
10Thesl 32 hopmynamu (22), (23). XapaxrepucTHyHe piB-
HSIHHS Ha0yBa€ HACTYITHOTO BUJTY:

R+ G+ 1) +p ol + L pk=0.29)

[[{o0 BU3HAYNTH TPAHUIIIO CTIHKOCTI, MICTABUMO p =
Jjo 'y piBasHHES (27).
~IT,jo —(T, + T’ + joo+ kq(a) + jkq'(a) =0, (28)
[Ticns mepeTBOpPEeHb:

oLt @ | (T +1,)q'a)
2TTq(a) 2T,T,q(a)

1
TT,

374

)+ ,(29)

Bupas mnst kputuuHOro koedilieHTta nepeiadd CHc-
TEMH Ma€ BUTIIS;

_ L+ T)e’

ky
q(a)

(30)

PiBusinus (29) ta (30) H03BOJNSIOTH BUBHAYUTH MEXY
CTIHKOCTI cUcTeMH, 300paxkeHol Ha puc. 1, Ui NOBUTBHUX
3HaueHb ii mapamertpiB. Lle gae 3Mmory aHamisyBaTu mO-
BE/IHKY CHCTEMH Ta OOMpaTH ONTHUMAIBHI PEXKUMH POOO-
TH.

[Ticns oTpuMaHHS Ta aHATITHYHOTO BHBEIEHHS (op-
myn (29)—(30) BukoHaemo noOynoBy rpadikiB CTIHKOCTI
CHCTEMH, 1110 BiZIOOPaXKarOTh 3aJIGKHOCTI KPUTHYHOTO KO-
ediienTa nepenavi ki(a) Ta 4acTOTH aBTOKOJMBaHb (a)
BiJ] MapameTpa da.

BuxignuMu gaHuMu asist 1o0ynoBu rpadikiB cTiiiko-
CTi BUKOPHCTAEMO € CTPYKTYpHY cxeMmy cuctemu (puc. 1),
sIKa BKJIIOYAE JIBUTYH TOCTIHHOTO CTPYMY, 3MOJIeNIbOBaHHMI
y BUIJISAI amnepiofuyHOl JaHKU 3 KOeQII[ieHTOM mepeaadi
kq Ta cranoro yacy 7, THPUCTOPHHI IIEpPETBOPIOBAY, M0/1a-
HUH K anepiofnvHa JIaHKa 3 KoedilieHToM mepenadi ki i
cTaJolo yacy 73, a TaKoXX HelNiHIHHUI peryisrop. OCcKib-
KM CTajla 4acy MepeTBOpIOBavYa 3HAYHO MEHIIA BiJ CTaoi
4acy JIBUT'YHA, JTiHIHHY YaCTHHY CHCTEMH OYIJIO CIIPOIIEHO
JIO OZIHi€T EKBIBAIICHTHOI arepiofuJHOI IaHKu. J[11s1 aHamizy
CTIHKOCTI 3aCTOCOBAHO METOJ TapMOHIYHOI JIiHeapH3aIllii,
MIPY SKOMY HEJIHIHHUN eIeMEeHT 3aMiHIOEThCS eKBiBaJICHT-
HOIO JIaHKOIO 3 Koe(illieHTaMH ¢ Ta ¢', BU3HAYCHHMH 3a
¢dopmynamu (22) 1 (23).

BukoHyroun umcensHe po3B’s3aHHS PiBHAHB (29) i
(30) ms pi3HUX 3HAYEHB MTapaMeTpa a 3 TOAANBIIAM HaHe-
CEHHSAM Ha OAHY KOOPJWHATHY IUIOIIMHY 3aJIS)KHOCTEH
ki(a) Ta w(a), OTPUMAEMO 3HAYCHHS TPAHHIL CTIHKOCTI
cucremu. Takuii miaxin 3a0e3nedye HAOUHICTh TOCHTIHKEH-
Hsl BIUIMBY IapaMeTpa a Ha JIMHaMi4yHi BJIACTUBOCTI CHCTe-
MH Ta Ja€ MOXKJIMBICTh OLIHHUTH ii CTIMKICTB y Pi3HHUX pe-
KHUMaXx.

27

Jnst mpoBesieHHST pO3paxyHKy Ta BW3HAYEHHS Tpa-
HHUIIb CTIAKOCTI CHCTeMH OYyJIO BHKOPHUCTAHO IMPOrpamy
MATLAB, sikuii aBTOMaTH3yBaB OOUYHMCIEHHS! KPUTHIHUX
napaMeTpiB 1 JO3BOJIMJIO Bi3yasi3yBaTH OTPUMAaHI 3aJiexk-
HOCTI Y BUIJIS/II TPAHUIIb CTIHKOCTI.

I'panuui crilikocTi cucremu Oynu BH3HA4eHi 3a JoO-
MIOMOT'OI0 METO/ly TapMOHIYHOI JliHeapu3aLlii, SKUi J103BO-
JIsI€ TOCHIIKYBATH HENiHIMHI CUCTEMU KepYBaHHS IILISIXOM
3aMIHM TX Ha €KBIBaJIEHTHI JIHIIAHI MOJeNl 3 IEBHUMU IIa-
pamMeTpamu.

VY nporieci aHai3y HeiHIHUIA PErysTop eneKTporl-
puBOJa, IO MICTHTh peneiiHuii exemeHT i (asoBumepe-
JUKYBAIIbHY JIaHKY, OyB IIPE/ICTABJICHUI y BUIJIS/II €KBiBa-
JICHTHOI JIHIIHOI JaHKK 3 Koe(illieHTaMH TapMOHIYHOL
nineapuzanii g Ta q'. Li koediuienTr Oynu BU3HAUCHI Ue-
pe3 poskinan QyHKUii y psg Pyp’e, 1m0 IO3BOJIUIO
BpaxyBaTH BIUIMB aMIUNTYIM BXiZHOTO CHI'HAIY Ha IIO-
BEIIHKY CHCTEMH.

Ha ocHoBi oTprMaHux Koe(illieHTiB 0yJ0 CKIaICHO
XapaKTePUCTHIHE PIBHSHHSA CHUCTEMH, Y SKE IiJICTABIISBCS
KOMIUIEKCHUH TapaMeTp p = jw, L0 BIAIIOBIIAE YMOBI
HEUTPAIBHOI CTIKOCTI - MOMEHTY, KOJIM CHUCTEMa 3HaXO-
IIUTHCA Ha MEXI MIX CTIMKUM CTaHOM 1 BUHUKHEHHSIM aB-
TOKOJNWBaHb. L{e 1ano 3Mory OTpUMaTH aHANITHYHI 3aJIeK-
HOCTI Ul KPUTHYHOTO KoedillieHTa MincrieHHs ki Ta da-
CTOTH AaBTOKOJIMBaHb (, AKi XapaKTepH3yIOTh TPaHUII
CTIHKOT POOOTH CHCTEMH.

Jani ni piBHAHHS OynM pO3B’si3aH] YUCEIBHUM METO-
oM y cepemoBuili MATLAB, mo 103800 moOyayBaTu
rpadiky 3aIeKHOCTEH KPUTHYHOTO KoedillieHTa mepenadi
ki(a) Ta 9aCTOTH aBTOKOJHMBAHb ((a) BiA MapameTpa Heli-
HIIHOT JTaHKH @, (IUB. pHC. 5).

w, rad/s
80
60
40

20

160 200

Pucynok 5. I'parwnti cTiikocTi cucTeMu

Ha puc. 5 obmacte crifikocTi mo3HadeHa sk I, a 30Ha
HectilikocTi - sk II. I3 rpadika BumHO, IO HAsABHICTH
HEIiHIHHOI JJAaHKU CYTTEBO 3BYXKY€E MEXIi CTIHKOCTi cucTe-
MH, 300pakeHoi Ha puc. 1. 3a 3HaYeHp KoedilieHTa mnepe-
Jadi k, MEHIMX BiJ MEBHOTO KPUTWYHOTO 3HAYCHHS Ky,
cucrema nepedyBae y criikomy crani. ko x k 3Haxo-
JUTHCS B IHTEpBai MiX ki Ta k, Y CHCTEMi MOXXYTh BUHH-
KaTu CTifiki aBTokojuBaHHA. [lpu monanbuiomMy 301Tb-
1IeHHi k oHaj ki cuctemMa BTpayae cTiikicTb. CHHSI KpuBa
JIEMOHCTPYE, IO 31 3MCHIICHHSIM aMILTITyJ¥ KOJHBaHb
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BiZIOYBAETHCS 3HMKEHHS 1X YaCTOTH.

OTtpumaHi pe3ynbTatu (PUC. 5) CTOCYIOTHCS y3araib-
HEHOI MOJIelTi eJIeKTPOIPUBO/IA 3 PEJICHHUM 3aKOHOM Kepy-
BaHHA Ul ABUTYHIB IIOCTIHHOTO CTPyMy IIPUBIJHOTO KJla-
cy moryxHocti 0,75-2,2 kBr. Sk mpukiag MoxHa mpen-
CTaBHTH BIIIOBIHI €JIEKTPOJBUTIYHH B Ta0I. 1.

Table 1. ITpuxnanu BiINOBITHNUX JIBUTYHIB

Monenn H?Tym- Hamnpyra, | Crpym, m.“““'
BuryHa HICTD, B A KiCTb,
! kBT 00/xB
JIIM-20-
H1-01 0,75 110 8,5 1500
JIIM-25-
m 1,1 220 6,0 1500
AIP-52-H1 | 1,5 220 8,0 2000
IIBM-100-
VX4 2,2 220 12,0 1500
21TH90-
1YXJ14 1,6 220 9,0 1600
JIIP-52-
VX4 1,2 110 10 1800

TakuMm 4YMHOM, pe3yJbTaTH MOCITIIKSHHS IMiATBEp-
JUKYIOTh €()eKTHUBHICTh BUKOPUCTaHHS HENIHIMHUX KOpPH-
TYBIBHUX MPUCTPOIB I ONTHMI3allii aBTOMAaTHYHUX
CHCTeM KepyBaHHS, ONHAK iX MPAaKTUYHA peaizallis mo-
TpeOye pPEeTeNbHOrO BpaxyBaHHS IMHAMIYHUX BIACTHUBO-
CTel Ta MeX CTaOUIBHOCTI.

V.BUCHOBKH

1. Po3po0iieHO METOAMKY amnpoKCHMAIlil ONTUMAIIb-
HOT'O 3aKOHY KEPYBaHHS Ha OCHOBI NPUHLMITY MiHIMakKcy,
IO MiHIMI3Y€ BiIXHJIEHHS Bil ONTUMAIBHOTO PEXUMY Y
HIMPOKOMY Jliana3oHi BXiHUX BILUIUBIB.

2. BCTaHOBIEHO YMOBH, 32 SKHX IOCSTAETHCS OITH-
MaJlbHE KepYyBaHHS [PU BUKOPHCTAHHI HEJIHIIHOTO KOpeK-
TOpa, Ta OTPHMAHO 3AJICKHOCTI MapamerpiB (ha3oBHIIC-
PeIKYBAJIBHOT JIAHKH BiJl aMIUTITYIH BXIIHMX CUTHAJIIB.

3. INokazaHo, 10 3aCTOCYBaHHS HETiHIMHOI KOpeKii
3HAYHO TOKpAIly€ IWHAMIYHI BIACTHBOCTI CHCTEMH, 3a-
Oe3redyroun MBHUIKE 3MEHIIEHHS NOXUOKH 0e3 iCTOTHOTO
MOTIPIIICHHS HIIKMX MTOKA3HUKIB SIKOCTI.

4. BukoHaHWI aHai3 CTIHKOCTI 3 BUKOPHCTaHHSIM
METOIy TapMOHIYHOI JiHeapu3amii MiITBEpAUB, IO
HENHIMHIA KOPEKTOp 3BY)KY€ MEXi CTIHKOCTI CHCTEMH.
30KkpeMa, NP TEPEBHUINEHHI KPUTUYHOTO KoedilieHTa
I ICUIIEHHS] MO>KJIMBE BUHUKHEHHS aBTOKOJIMBAHb 1 BTpaTa
CTabUIBHOCTI.

5. 3ampomoHOBaHI TEOPETHYHI TOJIOKEHHS MOXYTh
OyTH BHUKOPHCTaHI Ha TPAKTHUII IUIA MOOYIOBH €JIEKTPO-
MIPUBOIIB, [I¢ BUCYBAIOTHCS IIiIBUILCHI BUMOTH IO IIBHI-
KOJIiT Ta TOYHOCTI PETYJIIOBAHHsI, ajie BOJHOYAC HEOOXITHO
BPaxOBYBATH KOMIIPOMIC 13 3aI1aCOM CTiKOCTI.
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Purpose of the work. The purpose of this work is to study a nonlinear correction device for an automatic control
system for a DC electric drive, which provides an approach to the optimal operating mode according to the criterion of
speed and accuracy, while simultaneously determining the stability conditions and limits of the system's performance.

Research methods. The work uses mathematical modeling, the theory of optimal control based on the minimax
principle, the harmonic linearization method for stability analysis, as well as numerical methods to determine the
optimal parameters of the phase-leading link. Structural diagrams of DC electric drives and models with relay
characteristics were used, which made it possible to study the influence of nonlinear correction on the dynamic
properties of the system.

Results. In the process of research, a structural diagram of a DC electric drive with a nonlinear regulator,
including a phase-leading link and relay elements, was constructed. A method for approximating the optimal control
law using the minimax principle is proposed, which ensures minimization of deviations from the optimal regime in a
wide range of input amplitudes. Dependencies between the parameters of the phase-leading link and the magnitude of
the system error deviation are established, which made it possible to formulate criteria for selecting its time constants.
Analytical expressions for estimating the signal switching moment are obtained, the normalized relations between the
amplitude and the switching time are constructed, which determine the quality of the control process. It is shown that
the proposed nonlinear corrector allows to reduce the time of the transient process and reduce the error magnitude
without a significant increase in overshoot. The analysis of the system stability using the harmonic linearization method
made it possible to determine the critical values of the gain coefficients and self-oscillation frequencies. It is established
that the presence of a nonlinear corrector significantly affects the dynamic characteristics and at the same time
narrows the limits of stability. The constructed graphs of the critical gain and self-oscillation frequency depending on
the nonlinear link parameter allowed us to determine clearly the areas of stable and unstable operation of the DC
electric drive. Thus, the results confirm that the use of a nonlinear correction device provides an increase in the system
speed and a decrease in the error, but requires consideration of a compromise between the quality of regulation and
the margin of stability.

Scientific novelty. The work substantiates a new approach to the synthesis of DC electric drive control systems
based on nonlinear dynamic correction. The application of the minimax principle for approximating the optimal control
law is proposed and its effectiveness in a wide range of input influences is shown. For the first time, a comprehensive
analysis of the relationship between the parameters of the nonlinear link and the system stability limits is carried out.

Practical value. The results of the work can be used in the design of electric drives operating in modes with high
requirements for speed and regulation accuracy. The proposed approaches contribute to the creation of more effective
control algorithms that take into account the trade-off between speed, accuracy, and system stability.

Keywords: electric drive, DC motor, automatic control system, nonlinear correction device, optimal control,
phase-advancing link, stability, minimax.
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Purpose. Development of mathematical models of electromechanical AC converters invariant to the speed of
rotation of the coordinate system using as state variables of electromechanical converters the modules of the resulting
vectors of three-phase variables and their phase shifts relative to each other for the development of new structures of
automated asynchronous electric drives.

Methodology. Mathematical modeling methods for electromechanical systems, numerical methods for solving
systems of first-order differential equations for the development of mathematical models of AC electromechanical
converters invariant to the rotational speed of the coordinate system.

Findings. The reviewed mathematical models of electromechanical converters made it possible to reproduce their
steady-state and dynamic processes with the same accuracy as models in Cartesian coordinates. The use of phase shifts
of the resulting vectors relative to each other as state variables for the electromechanical converter allowed for the
derivation of mathematical models in which all variables are limited in magnitude and have constant values in the
steady-state mode, regardless of the coordinate system's rotational speed. Studies performed using the proposed models
indicate that the vector and circular diagrams, which are traditionally used for analyzing the steady-state modes of
electromechanical converters, characterize the angular position of some vector variables with an accuracy of a
multiple of 2nK.

Originality. The proposed mathematical model of AC electromechanical converters is invariant to the rotational
speed of the coordinate system, which allows the use of the modules of the resulting vectors of three-phase variables
and their phase shifts relative to each other as state variables of electromechanical converters.

Practical value. The proposed mathematical models make it possible to obtain the amplitude values of the vector
variables, their angular position relative to one another, instantaneous cosg values (and so on), without additional
calculations.

Keywords: induction motor, resulting vector, mathematical models, polar coordinates, rotational speed.

I. INTRODUTION torque. Fragments of induction motor equations, in which
vector variables are represented by their polar
coordinates, are finding increasing application both in the
design of automatic control systems for induction electric
drives and in the analysis of their dynamic and steady-
state modes [1, 2]. Work [3] provides six variants for
writing such equations, which describe the processes in an
unsaturated squirrel-cage induction motor under generally
accepted assumptions [4]. However, equations in polar
coordinates have been studied little, and their properties
have been insufficiently explored. This limits the
application of such equations in engineering practice.

Mathematical modeling is currently one of the
highest priority approaches for determining and
investigating the characteristics of various types of
electromechanical converters. When mathematically
modeling electromechanical processes in an induction
motor with a solid rotor, it is necessary to take into
account the non-linearity of the ferromagnetic material,
the slotting of the cores, and eddy currents in the rotor.
Modern simulation programs account for these factors
during the calculation of instantaneous states of the
electromagnetic field: determining winding flux linkages,
losses in the steel and windings, and the electromagnetic

© Hizenko M.D., Lukash D.V., Shved A.S., 2025
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II. ANALYSIS OF LAST RESEARCHES

The development and improvement of mathematical
models for induction motors (IM) remains a relevant area
of research in electrical engineering, as model accuracy
directly affects the efficiency of control, diagnostics, and
design systems. In recent years, the main focus has shifted
from classical models to accounting for nonlinearities,
magnetic saturation, temperature effects, and the use of
modern identification and simulation methods.

Traditional d-q models, based on generalized motor
theory, often assume a linear magnetic circuit. In modern
research, the influence of saturation on the dynamics of
induction motors is actively investigated. The 'Nonlinear
d-qg model of an induction motor considering cross-
saturation' [5] represents an improved model that uses
cubic splines or special functions to describe the
dependence of inductances on current. This allows for
accurate prediction of transient processes under high load
conditions. In [6] proposes a model that includes the
temperature  dependence of parameters (winding
resistances), which is critically important for thermal
protection and assessing the service life of the induction
motor.

For systems requiring high dynamic accuracy,
advanced vector control and direct control models are
actively being developed. In [7], the authors focus on
improving flux linkage vector observers. The authors
modify the classical model to minimize the flux
estimation error at low speeds. Work [8] uses a multi-
dimensional model to estimate additional losses and
torque pulsations caused by non-sinusoidal supply.

To achieve the most accurate analysis of magnetic
fields and loss distribution, finite element method (FEM)
models are used. Recently, hybrid approaches that
combine the speed of d-q models with the accuracy of
FEM have become popular. Research in [9] proposes a
methodology in which non-linear characteristics obtained
using FEM are integrated into the d-q model in the form
of tables or approximations, significantly increasing
accuracy without substantially slowing down the
simulation. The paper [10] discusses modern algorithms
(e.g. genetic algorithms or swarm intelligence) for
improving the accuracy of model parameter estimation in
real time.

Modern electric drive control systems often use
models to predict motor behavior several steps ahead
(model predictive control, MPC). In [11], the focus is on
developing models optimized for digital implementation.
Particular attention is paid to the choice of the sampling
step and the linearization of nonlinear dependencies to
reduce the computational load of the controller. In the
article [12] the imperfections of the semiconductor
inverter (dead time, PWM delays) are taken into account,
integrating them into the general mathematical model of
the engine for more accurate prediction.

Accurate mathematical models are needed to
develop diagnostic algorithms based on State Observers
that compare measured and calculated parameters. The
study [13] proposes an extended d-q model, where the
stator windings are divided into several sections with the

32

introduction of additional resistance at the fault location.
This allows for the simulation of a fault signature (e.g.,
characteristic current harmonics) for subsequent
diagnostics. In [14], the influence of rotor asymmetry on
the model parameters is analyzed and adaptive observers
are proposed for accurate state tracking even under defect
conditions.

The skin effect in deep rotor slots and bars becomes
especially important when operating with frequency
converters, when the rotor currents have a high frequency.
In publication [15], two equivalent rotor windings
(internal and external) are used to more accurately reflect
the change in rotor resistance and inductance depending
on the slip frequency. This is critical for accurate
prediction of torque and efficiency over a wide speed
range. In the article [16] he demonstrates how improved
models that take into account frequency dependence
allow for more accurate calculation of additional losses
and increase the accuracy of thermal modeling.

An analysis of publications shows that modern
research is focused on creating refined, nonlinear, and
adaptive mathematical models of induction motors. The
primary focus is on improving accuracy by taking into
account physical phenomena (saturation, temperature) and
integrating complex numerical methods (FEM) into faster
dynamic models (d-q). This is critical for the development
of high-precision and energy-efficient electric drive
systems.

III. FORMULATION OF THE WORK PURPOSE

Development of mathematical models for AC
electromechanical converters that are invariant to the
rotational speed of the coordinate system, utilizing the
moduli of the resulting vectors of three-phase variables
and their phase shifts relative to one another as state
variables for the electromechanical converters, with the
aim of developing new structures for automated induction
electric drives.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

As noted in [4], the most widely used differential
equations are those in which the relationship between the
electromagnetic torque M, of the motor and the resulting
stator voltage vector Uy is expressed through intermediate
vector variables, the stator current i, and the rotor flux
linkage , (the iy, system), or the stator flux linkage
and the rotor flux linkage w, (the y—, system).

For the given combinations of vector variables, these
equations in polar coordinates have the form for model in
iy, variables:

di
U -cos(0, _His):’”e(TeﬁJFis]*-A

Koz 0, sin(ﬁis _9'//)‘ )—
K
...—T—r(//r cos(@is—ﬁy,r) )

r
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do;, _Uysin(0,,~0;,)
dt r,T,ig

— W —...

~ K,z,oy, cos(ﬁus —6’%)

reTels

_Krt//, sin(&is _er) ®
T,r,T,is '

. 1 d
i cos(@is _9‘/’;~): KT (Tr%ﬂ/l,], 3)

rr-r

df,, Krisinld, -8,,) oo
d 7z P
do
J; = Me - Mc’ (5)
3 . .
M, =3K},Zplsl//,, Sm(ﬁis _var) (6)

- for model in y—y, variables:

Ly dy
U -cos(6’ -0 )z”_s,(_s,_sﬂ// )—
s us ST arf
K,r
. L’,’l//scos(ﬁws—ﬁwr) @)

N

K
dvs K Vel g, ).

e Ly yq
...—a)k+ﬁsin(t9us—6?ws) ®)
Vs
1 (L dy
Vs COS(QV,S _QW;«):K_(F_STIV'H//V} ©)
s r
de K
Yr str Vs
—L="L"35un0, -6, |-o,+z,0, (10
dt Ly, ’('//s u/r) i +2pe, (10)
dow
JE:ME_MC’ (11)
3K,z )
== r,pl//sl//rsm(ﬁ,/, -0, ) (12)
2 LS N r

where , U, i, W, are the magnitudes of the resulting
vectors for stator voltage, stator current, stator flux
linkage, and rotor flux linkage, respectively; Oy, O, O,
O, are the angles of the corresponding vectors (angles
between the respective vectors and the polar axis); @y, @
are the angular velocities of rotation of the polar axis and
the rotor of the electrical motor; M, M, are the
electromagnetic torque of the motor and the static load
torque; z, is the number of pole pairs of the stator
winding; J is the total moment of inertia, referred to the

motor shaft; L,, Ly, L,, r,, r, are the parameters of the
induction motor circuits, referred to the stator winding; L,
= (s - L,) + K(L, - L,) is the equivalent leakage
inductance of the motor phase; r, = r, + Krzr, is the
equivalent active resistance of the motor phase; L'y = (1 -
K, K,) L, and L', = (1 - K; K,) L, are stator and rotor
leakage inductances; T,= L, / r, and T,= L, / r, arc
electromagnetic time constants of the motor's main circuit
and the rotor circuit; K=L,, / Lyand K,= L,, / L, are stator
and rotor coupling coefficients.

It should be noted, that the derivatives in the second
and fourth equations of equation systems (1) and (2)
feature the arguments of the resulting vectors as state
variables, which are dependent on the position and
rotational speed of the polar axis of the coordinate system.
The arguments of the trigonometric functions are the
differences in the arguments of these vectors, which are
independent of the position and rotational speed of the
polar axis, and which must be calculated additionally.
Furthermore, if the rotational speed of the coordinate
system is not synchronized with the rotational speed of
the resulting vectors, the variables Oy, Oy, O, O, Will
increase indefinitely (including when @;=0). This must be
taken into account both when conducting research using
such models and when designing control systems for
these variables.

Mathematical models of the induction motor are
more convenient, when the signals

Py, = ‘gus - His) (13)
¢usWs = eus - el//s’ (14)
gois'//r - gis _9(//)" (15)

Vsvr - HV/S _HV/V) (16)

characterizing the mutual angular position of the
corresponding vectors relative to each other are used as
state variables.

To obtain such models, the following equation is
introduced in addition to equation systems (1)-(6) and (7)-
(12):

de,
=0 o, (17
dt

where @y is the rotational speed of the resulting stator
voltage vector relative to the stationary axis in space.

In this case, @y, is the frequency of the three-phase
voltage supplying the motor.

If we subtract the equations (2) and (8) from
equation (17) and also subtract the equations (4) and (10)
from equation (2) and (8). And we perform the
substitution of wvariable from (13)-(16) into these
equations, we can represent the mathematical models of
the induction motor in the following form:

- for the model in i~y variables



ISSN 1607-6761 (Print) «EJEKTPOTEXHIKA TA EJIEKTPOEHEPTETUKA» Ne4 (2025)

ISSN 2521-6244 (Online) Po3ain «EaxekrpoTrexHika»
di Us .
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s's dt ‘//S
. K 1 (L. d
K, z,0p, szn(qoix,/,r )—T—’l//, cos(goixy,r ) (18) W cos(goy,gwr ) S s v, | (26)
. : K\ 7 dt
do, ; Us Sin((pu i ) do, K
R — S7S V¥ str Vs .
= -w, —.. = -w, +z,0, (27
dr i, a L v, sl }-a, +2p0, 20
_ Krzpa"//r COS((ﬂiSy/r )_ Ky, Sin((pisw,. ) (19) Jd—a) M. -M (28)
rT,ig T.rT,i, a ¢ 7
bi dl// _ 3 Krzp . ( )
i cos(go, )z (T Lty ) (20) M, =———w,sin\p, (29)
$ CZRIN S i O 2 L
A The mathematical models (18)-(23) and (24)-(29)
de; K ;
Pisy, __r Trts Sm((o’xl”r ) -0, Z,0, (21) are invariant to the rotational speed of the coordinate
dt Yy ’ system, and the variables @y, Uy, iy, Wy, Wr, Pusys» Pusyr are
limited in magnitude and have constant values in the
Jd_a) M. -M (22) steady-state mode. Mathematical models of the induction
dt ¢ ¢ motor for any other combination of resulting vectors can
3 be obtained in a similar manner. The variables @y (Pusys),
M, ==K, z,iy, Sin((ﬂisl//r) (23)  represent the phase shift between the stator voltage vector

U, and the stator current vector i (the rotor flux linkage

vector ;). The derivative of @ysPusys) With respect to

time is the rate of change of the phase shift, or, in other

r (L. dy words, the absolute slip of the resulting stator current

Us COS((ﬂu v ):_S, —— Sty |- vector (rotor flux linkage vector) relative to the resulting
T L\ dt voltage vector.

- for the model in y—, variables

T In view of the foregoing, the structural diagrams
S L’A vy COS(‘/’V/S% ) (24) (fig.1 and fig.2) of the induction motor correspond to
$ equations (18)-(23) and (24)-(29).
do, K,r
Usys _ r,s Yy sin((p./, v )+
dt Ly v o
U&‘ i M.
2 i T 1 IS - KT, |\, — o
—| |r(Ts+D <[ Ts+1 z 3K,z, 1 ..
cos T slx 2 [ Jp
] 2
cos ;
sin ;
X
H sin | x
Oy =
A

Figure 1. Computational model of an induction motor in i—, variables
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Figure 2. Computational model of an induction motor in y,—y, variables

However, difficulties arise in the modeling process
concerning the operability of such models, due to the
presence of a division by zero regime. These difficulties
are easily eliminated by introducing negligibly small
initial values for the moduli (magnitudes) of the vector
variables.

In accordance with these diagrams, studies of all
possible operating modes for a large number of 4A series
induction motors were performed using the Matlab
application software package. Processes were investigated
in motors of various power ratings, nominal parameters,
numbers of pole pairs, etc. The studies were carried out in
comparison with the results obtained using models in
Cartesian coordinates (d-g models).

As an example, fig. 3 — fig. 8 shows the graphs of
the change in the state variables of a 4A132M4U3
induction motor during a direct start at nominal supply
network parameters.

The conducted studies indicate that by using
equations (18)-(23) and (24)-(29) and the computational
model corresponding to fig.1 and fig.2, the
electromagnetic torque and the rotational speed of the
rotor shaft of the induction motor can be calculated with
the same accuracy as when using equations in Cartesian
coordinates (fig. 3, fig. 4).

Oscillogram in fig. 5 characterizes the instantaneous
amplitude values of the stator winding phase currents, and
oscillogram in fig. 6 shows the instantaneous values of the
amplitude of the rotor winding flux linkage space wave.
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Figure 3.Oscillogram of the electromagnetic torque of

the 4A132M4U3 induction motor during a direct start
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Figure 4.Oscillogram of the angular velocity of the
4A132M4U3 induction motor during direct start
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Figure 5. Oscillogram of the change in the RMS value of
the stator current of the 4A132M4U3 induction motor

during direct start
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Figure 6.Oscillogram of the change in the rotor winding
flux linkage of the 4A132M4U3 induction motor during

direct start

The curve in fig. 7 illustrates the phase shifts
between the phase voltages and currents of the stator
winding, which do not exceed the value of @/2 in the
steady-state mode. The phase shifts between the stator
current vector and the rotor flux linkage vector (fig. 8)
can exceed several revolutions and are characterized by
the relationship @s,, =2 K+A4 Preye

dusts, rad
25 - .

i 1 1 1 1 i 1 1 1

0
0 005 01 015 02 03 035 04 045

Figure 7.The value of the phase shift between the stator
voltage and current vectors of the 4A132M4U3 induction
motor during direct start
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Figure 8. The value of the phase shift between the stator
current vector and the rotor flux linkage vector of the
4A132M4U3 induction motor during direct start

Where, K is an integer whose value is determined by
the motor type and parameters, as well as the algorithm
for forming its dynamic modes; A ¢y, is the angular
displacement less than one revolution.

The presented equations and structural diagrams
yield a new set of induction motor state variables (moduli
and phase shifts of the resulting vectors), which can serve
as a basis for creating new, competitive structures for
automatic control systems of induction electric drives,
relative to existing ones.

When conducting research using the developed
models, information regarding the angular position and
rotational speed of the coordinate system is not required.

V.CONCLUSION

The mathematical models of the induction machine
were reviewed, which made it possible to reproduce its
steady-state and dynamic processes with the same
accuracy as models in Cartesian coordinates.

The use of phase shifts of the resulting vectors
relative to each other as the state variables of the
induction machine allowed for the creation of
mathematical models in which all variables are limited in
magnitude and have constant values in the steady-state
mode, regardless of the coordinate system's rotational
speed.

The operability of the presented mathematical
models, when organizing the computational process in
digital form, is ensured by introducing negligibly small
initial values for the magnitudes of the vector variables.

Studies performed using the proposed models
indicate that the vector and circular diagrams,
traditionally used for analyzing the steady-state modes of
the induction machine, characterize the angular position
of certain vector variables with an accuracy of a multiple
of 2nK, where K is an integer.

The proposed mathematical models make it possible
to obtain the amplitude values of the vector variables,
their angular position relative to each other, the
instantaneous values of cos@, etc., without additional
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calculations.
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Mema pobomu. Pospodxa mamemamuyHux mooeneli eileKmpoMexaHiuHux Nepemeoprogayis 3MIHHO20 CIMpPYMY
iHeapiaumHux 00 WBUOKOCMI NOBOPOMY CUCHeMU KOOPOUHAM 3 BUKOPUCMAHHAM 8 AKOCMI 3MIHHUX CMAHY
eN1eKMpOMexXaHiuHUX nepemaopro8aiie MoOyiie pe3yibmydux 8eKmopie mpugasHux 3MiHHUX ma ix azoeux 3pyuieHs
BIOHOCHO 0OUH 00OH020 OJis PO3POOKU HOBUX CIPYKIMYD AGMOMAMU308AHUX ACUHXPOHHUX eLeKIMPONPUBOOIs.

Memoou 0ocnidscenns. Memoou MameMamuiHo20 MOOENO8AHHS eLeKMPOMEXAHIYHUX CUCMEM, YUCETbHL
Memoou wooo supiweHHs: cucmemu OuepeHyYiliHUX Pi6HAHb NepPuLo20 NOPSOKY OJi PO3POOKU MATMEMAMUYHUX MOOelell
ENeKMPOMEXAHIYHUX NePemeopiosayié 3MIHHO20 CMpyMy IH8APIAHMHUX 00 WEUOKOCMI NOGOPOMY  CUCMEMU
KOOpOUHam.

Ompumani pesynomamu. Poszensnymi mamemamuyni MoOeni eleKmpOMeXaHIYHUX Nnepemeoprosayis, sKi
00380aUTU GIOMBOPIOBAU YCAAEHT MA OUHAMIYHI Npoyecu 3 MIC0 HC MOYHICMIO, WO U MOOeli 8 O0eKapmosux
Koopounamax. Bukopucmanna 6 aAxocmi 3MIiHHUX CMAHY eNeKMpOMeXaHiuHo20 Nnepemsoprosaya (azoeux 3pyuieHs
Pe3VIbMAMUBHUX BEKMOPI6 w000 00UH 00 00HO20 00360JUN0 OMPUMAMU MAMEMATNUYHT MOOeNI, 8 AKUX 6CI 3MIHMI
obMediceti 3a BeUUUHOIO | 8 YCIMANECHOMY PENCUMI MAIOMb NOCMIUHT 3HAYEHHS He3ANeHCHO 8I0 WUBUOKOCMT 00epmanHsl
KoopOounamuoi cucmemu. Bukonami 3a 00nomozcoio 3anpononosanux mooeneil 00CiodceHHs ceiouams npo me, wo
B8eKMOPHI ma Kpy2o8i diazpamu, sKi GUKOPUCMOBYIOMbCSL OISl AHANI3Y 8CMAHOBIEHUX PENCUMIE eNeKMPOMEXAHIUHUX
nepemeopiosayis, Xapakmepuzyioms Kymoge NOI0NCEHHs, 0eKUX GeKMOPHUX 3MIHHUX 3 mounicmio Kpamuoi 2rK.

Haykosa Hosuzna. 3anponoHogana mMamemamuyHa MOOenb eNeKMpPOMEXaHiYHUX Nepemeoprosayie 3mMiHHO2O
cmpymy  iH8apIGHMHUX 00 WBUOKOCMI NOGOPOMY CUCMEMU KOOPOUHAm, sKA 00360J5€ 3ACMOCY8aAmu MO0Vl
Pe3yIbmyIouuUx 8eKmopie mpughasHux smMiHHux ma ix ¢pazo6ux 3pyuienb 8iOHOCHO 0OUH 0OHO20 8 AKOCTI 3MIHHUX CMAHY
€1eKMPOMEXAHTUHUX NePemEopIosayis.

Ilpakmuuna winnicme. 3anpononogani mamemamuyni MoOexi 0038045I0Mb 6e3 000amKO8UX 00UUCTIeHb
ompumysamu amMniimyoHi 3HAYeHHs BeKMOPHUX 3MIHHUX, IX Kymose NONONCEeHHA w000 O0OUH O0OHO20, MUMMES]
3HAYEHHsL COSP, MOUO.

Kniouosi cnosa: acunxponnuii 06uzyn, pe3yibmylouuil 6eKmop, MamemMamuyti mooeni, noaapHi Koopounamau,
WeUOKICmb 00epmanHs
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Mema pobomu. Tpaduyitino po3paxyHku nepexionux npoyecié KiacCUdHum MemooOM GUKOHYEANUCL MINbKU V Jii-
HIUHUX eNeKMPUYHUX KOJIAX 5Ki, MICMsamb He OLibule 080X PeakmueHux eiemMeHmis. AKujo KilbKicmb peakmueHux ejle-
MeHmie Cmanosula mpu, mo 3a0a4a 3HA4HO YCKIAOHANACS, a npu Oinbwoi Kitbkocmi 3a0aya 63azani He mozna 6ymu
po3ze'azanoi. IIpononyemuvcs cucmemamuina MemoouKa po3paxyHky nepexionoco npoyecy KidCuyHuM mMemooom y Ji-
HIUHUX eeKMPUYHUX KOJLAX, W0 MICIAMb OeKilbKA PeaKmueHUX eleMeHmie.

Memoou oOocnioycennsn. Memoou inmeepy8aHHs 36UYAUHUX OUDEPEHYIATIbHUX PDIGHSHb, MAMPUYHI Memoou,
KOMN TomepHe npocpamy8anHs, meopisi e1eKmpuyHux Kil.

Ompumani pesynomamu. Y pobomi 3anponoHO8aAHO CUCTEMANMUYHY MEMOOUKY PO3PAXYHKY NepexioHo2o npoyecy
KAACUYHUM MemOoOOM Y JIHIIHUX eNeKMPUYHUX KOIAX, W0 MICmAmb Oiliblue 080X peakmugHux eiemenmis. Lle docsaerny-
Mo muMm, wo yci 3MiHHI NOOiNeHO HA 2pYnuU: NOXIOHI 3MIHHUX CIAHY, 3MIHHI cmany ma 3anedxcHi sminni. Kosxcna epyna
BMIHHUX CKIA0A€ OKkpemull éexkmop. Mampuunumu nepemeopenusimu Oougepenyianvho-aneebpaiuni piGHAHHL CMAHY
nepeeeoeni y Hopmanvhy gopmy. Lle dano moarciusicmo 3uavimu KopHi ougepenyianrvuux pienans. Mampuunumu nepe-
MBOPEHHAMU MAKONC 3HAUOEHT NOCMILIHT THMeSPY8aAHHSL.

Haykoea nosusna. Y icuyouux niOpyuHuKax KiaCUdHUll Memoo po3paxyHKy nepexioHux npoyecis y JIHIlHUX ele-
KMPUYHUX KOJAX OOMENCYEMbCA PO32NAOOM Kill, W0 MICamb He Oinbue 080X HE3ANCHCHUX PEeAKMUBHUX eleMeHMIE,
momy wo npu OLIbWitl KIIbKOCME PeakmusHUX eleMeHmie 3a0aia pizko YCKAAOHIEMbCs. Y yitl pobomi 3HIMAEMbCS
maxe 0OMeHCeHHsl.

IlIpaxmuuna yinnicme. Po3pobneno Komn'tomepHy npocpamy po3paxyHky nepexionozo npoyecy 6 aiHitiHoMmy efle-
KMPUYHOMY KO, W0 MiCmMume mpu He3anexicHi peakmusHi eremenmu. [Ipoepama mooice 6ymu mooughikosaua ons mo-
0eNf08aHHA CKIAOHIWMUX Kill 3 OLIbUWON0 KIIbKICIIO PeaKMUBHUX eleMeHmi8. AHAnimuyHi Memoou po3paxyHKy nepexio-
HUX 1POYeCi8 MOXCYymb Oymu 8UKOPUCTNAHI OISl OYIHKU NOXUOKU PO3PAXYHKIE HAOTUNCEHUMU MemOoOamU, HANPUKIAO
YUCTOBUMU MemOOamu. AHATMUYHI Memoou 00380JAI0Nb OMPUMAMU MOYHE PO36'I3aHHS 6 AHATIMUYHIT Gopmi, wjo
onucani mamemamuyHumu gupazamu. Ompumani mamemamuuri upasu pe3yibmamis po3g'a3ky 00360A10Mb Kpauje
npo8ooumuU iXHE O0CNIONCEHHSL.

Kniouosi cnosa: nepexioni npouecu; KnacuuHuil mMemoo; JHiHilHI e1eKmpuyni Koaa; oughepeHyianvHi pieHaH-
H3l; PeaKmueHi eleMenmu.

Tomy 3asada OIIIHKM IEPEXiHOTO CTPyMy HpH pi3Kid

3MiHI PEKUMY POOOTH CHIIOBOTO OOJNAaTHAHHS € aKTyallb-
Pizka 3MiHa pexxuMy poOOTH CHIIOBOTO OONIaJHAHHS  HHM.

(Hanpuknan, yBiMKHeHH.SI HOTo mii HOMIHAJIBHY Har[pyry) I AHAJII3 TOCJIUDKEHD 1 ITYBJIIKALII

NPU3BOAUTE JIO TEPEXiZHOrO Mpolecy B eJICKTPUYHIN

cucteMi. [lim yac mepexigHOTO TpoIecy CTPUOOK CTPyMy Po3paxyHOK mepexiqHuIX MpOoIeciB Y TiHIHHUX eJIeK-

MOK€ 3HaYHO IIePEBHUILIMTH HOr0 HOMiHAJIbHE 3HAYEHHS.  TPHYHHX KOJAX, EPEBaXKHO, BUKOHYETHCS aHAIITHYHUMHU

I. BCTYII
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Ta YUCJIOBUMHU METOdaMU.

UmcaoBi METOIM pO3PaxyHKy CTAlOTh Bce OUIBII mMo-
MyJISIPHAMH OCTaHHIM "9acoMm. {151 MOIefOBaHHS Mepexi-
JIHHX TIPOLECIB B EJIEKTPUYHHUX KOJIaX B JIAHWH 4ac BHUKO-
PHUCTOBY€EThCS HHM3KA BIIOMHX KOMEPLIHHHUX MPOTPaMHUX
komIuiekciB, Takux sk EMTP [1] - [3], Electronics
Workbench [4], Simulink [5] - [6] Ta inmi [7] - [8]. Le
TIOB'SI3aHO 3 MPOrpecoM IHU(POBOi 0OUUCITIOBAIBHOT TEX-
HIKH Ta 3 PO3BUTKOM YHCJIOBHX METOJIB, IO BUKOPHUCTO-
BYIOTbCS IIiJI 4aC PO3PaxyHKy NEpeXiIHUX IMpOLECiB Y
SNeKTPUYHUX KoJaX. YMCIOBI METOAM PO3paxyHKY IO-
3BOJISIFOTh BPaxyBaTH CKIAJHY KOHQITypario JOCITiIKY-
BaHMX KT 1 HaBiTh HEJiHIMHI BIACTHBOCTI MaTepiaiiB.
YuncnoBi METOAM MOJIENIOBAaHHS JIO3BOJISIOTH IIBHJIKO
MOCTABUTH 1 PO3B'SI3aTH Iy’Ke CKJIaIHI 337a4H, 1[0 MAIOTh
npakTHYHe 3HadeHHs . OJHUM 3 HEIOJIKIB YHCIOBUX Me-
TOMIB MOJC/IIOBAHHS EJICKTPUYHUX KiT € HEOOXIIHICTh
3aCTOCYBaHHSI KOMIT'TOTEpa 3 BEJIMKOIO ONEPaTHBHOIO Ia-
M'SITTIO Ta 3 BEJIMKOIO IIBWJKICTIO PO3paxyHKIB, a dac
MOJIeTIOBaHHsI OyBae 3HAYHUM. [HITMM HEIOJIKOM YHCIIO-
BHX METOJIB € Te, 110 IPH 3MiHi X04a O OJHOTO MapameT-
pa Mojierti HeoOXi/IHO BUKOHYBAaTH HOBHI PO3paxyHOK.

AHaTITAYHI METOAU IO3BOJISIOTH OTPUMATH TOYHE
pO3B'si3aHHs B aHANITHYHIN (opMmi, BinosiaHe 10 ¢izuy-
HUX YMOB, II[0 ONHKCAHI MAaTeMAaTUYHUMHU BUpa3aMu. Sk
NPaBUJIO, AHATITHYHUMH METOIJaMH BUPIIIYIOTHCS 3a/1a4a,
chopMyIIbOBaHi 3a TOTIOMOTOIO PiBHSHB, SIKi CKJIAJICHI 3a
3akoHamu Kipxroda. ['010BHOO MepeBarorw aHaATITHIHUX
METO/IIB MEepPe IHIIMMHU € MOXIIMBICTh OJICPIKATH TOUHHN
PO3B'SI30K B aHANITHYHIN (popMi, 3pydHOT IS TOAATBIIO-
ro gocrmipkeHHs. HemomikoMm € Te, M0 aHATITHIHAR pO3-
B'I30K MOXHA OJepKaTH TUIBKH U JOCHTh IMPOCTUX
TMHIMTHAX eNeKTPUIHAX KT 1 [UI JesIKUX HeNTiHIHHUX ene-
KTpHYHUX K. ToMy aHamiTHYHI METOAW 3aCTOCOBYIOTH
TUIBKU JJIsI TIOTIEPE/IHIX PO3paxyHKIB a0 JJisl po3paxyH-
KiB, 1110 TO3BOJISIFOTh TECTYBATH 1HIIII METO/IH.

3BUYAHO CTYyJIEHTaM BUKJIQJAlOTh KIACUYHHUMI Me-
TOJl pO3paxyHKiB MEPEeXiqHUX MPOIIECIB y JiHIHHUX eJeK-
TpuuHux Komax [9] - [11]. Ilpm mpoMy OOMEXKYIOTBCS
PO3TIAIOM EJEKTPUYHHX KiJl, [0 MICTSATh HE OUTBII TBOX
HE3AICKHHUX PCAKTHBHUX €JIEMEHTIB, TOMY IO IPHU Oib-
I KUIBKOCTI pPEaKTHBHHMX €JICMEHTIB 3aJadya pi3Ko
YCKIJIAIHIOETHCS a00 B3araii He Ma€ aHATITUIHOTO PO3B'S-
3aHHSL.

[Tpu BuKopucTaHHi OyIb SKOTO METOAY aHANIZY TIe-
PEeXiTHUX IMPOIeciB Ha MEePIIOMY eTami HeoOXiTHO BH3HA-
YUTH HE3aJleXHi moJaTkoBi ymoBu. Lle#t eran 3ae6inbme
BUKOHYIOTH 3 BUKOPHUCTaHHSIM METOJIB PO3paxyHKy ycTa-
JICHUX PEXMMIB JiHIHHUX enekTpudHux Kim [11] - [14].

III. META POBOTH

TpaauniiHO po3paxyHKH MepexiHuX MPOLECIB Kila-
CUYHUM METOJIOM BHKOHYBAJIUCH TUIBKHU Y JIIHIHHHUX elie-
KTPUYHUX KOJAX SKi, MICTSATh HE OibIle JBOX PEaKTUB-
HUX CJIEMCHTIB. SIKIIO KUTBKICTh PCAKTHBHUX CJICMCHTIB
CTaHOBWJIA TPH, TO 3a/la4ya 3HAYHO YCKJIAJIHSUIACS, a MPU
O1LTBIIOT KITBKOCTI 3a7jaya B3aralli He Moriia OyTH po3B's-
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3aHOi. Y maHili poOOTi MPOMOHYETHCS CHCTEMATHYHA Me-
TOAMKA PO3PAXYHKY IEPEXiHOTO IPOLECY KIACHYHHM
METOZOM Y JIHIMHUX EIeKTPUYHHUX KOJIaxX, IO MICTITh
JIeKUIbKa (TpH Ta OlNbIIe)pEaKTUBHUX EIEMEHTIB.

IV. BUKJIAJEHHA OCHOBHOI'Y MATEPHUAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

BuknanemMo ImpormoHOBaHYy METOIUKY Ha MpPUKIA
€JIEKTPUYHOrO Koa (puc. 1), o MICTUTh TPH PEAKTHBHI
CIICMCHTH.

1
|| .
I I
(| yeaty L cs
7 R7
i1
53t ,
j LE
Cl) 2 RS i3
— I

Pucynok 1. MonienbHe eneKTpu4He KoJIo

Bakaemo, 1o 10 MOMEHTY 4acy ¢ =0 yci mKepena
EPC Oynu BigKITIOYCHI, @ BKITIOYAIOTHCS BOHU TIpH ¢ =0) .
CknageMo pIBHSHHS CTaHy Ul MHUTTEBUX 3HAYCHb
3a 3akoHamu Kipxroda (1):
Ls-iy+Ry-ij—Ry-iy—uc;=e3(t)—eg(t)
Cr-uci—i=0
Cyrucy—iz=0 , (D
—ij—iy+i3=0
ucy—Ry-ir +R5-i3—uc; =e;3(t)
ne ij,ip,i3 - CTPyMH BITOK; ucCj, UC4 - HAIPYTH Ha 3aTHC-
Lg

ornopu

Kayax KOHJEHCATOPiB; - IHAYKTHBHICTh KOTYII-
KU, R2, R5, R7
e3(t)= Ezy -sin(wt+y3), eg(t)=Egy -sin(at+yg) -

¢ynkuii 3minm B yaci EPC mxepen.

PE3UCTUBHUX CHCMCHTiB;

Po3paxyHOK IepexiZHOro Hporecy KIaCHYHHM Me-
TOJIOM MOYMHAETHCS 3 PO3PAXyHKIB MPUMYIIEHOTO (ycTa-
JICHOTO) PEXUMY €NEKTPUYHOTO KOJa CHMBOJIYHUM Me-
TofOM. [l IBOTO MepexoaMMo [0 CXeMH 3aMilleHHS
3TIHO 31 CXEMOO pHC. 2
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E8
12
z2
l E3 I 3
z1 z3
. ) e

Pucynok 2. MonenbpHe eleKTprUYHEe KOJIO B CHMBOJIYHIHN
bopmi
CkiazneMo piBHSHHS cTaHy 3a 3akoHamu Kipxroda y
CHUMBOJIYHiH dopmi:
Z1-11-7Z2-12=E3-E8
Z£2-12+23-13=-E3
13-11-12=0

2

ne E3=E,;-exp(ys-j); E8=E,z-exp(yg-j) - EPC

JoKepen Hanpyru y CUMBOJITYHIH ¢dopmi;
Zj=Ry+joLsg; Z; =Ry —— - 3 Z3 =R5_a)-JC4 -
ITOBHI OTIOPH BITOK Y CHMBOIIYHIN (opMmi.
Y maTpuuHii ¢popmi cuctema (2) Mae BUTIISLIL:
M. Y=F, 3)
ZI11-Z21 0
oy el
ne M.=| 0 | Z2 |Z3| - xBajpaTHa MaTpHIs KO€-
N
Y
¢iuieHTiB IpH HeBinoMux cuctemu, Y =|Y, | - marpuus-
Y3
E3-E8
croBOens HeBimommnx, F=| —FE3 - MaTpuIs-
0

CTOBOCIIb BIIbHHUX WICHIB PiBHSHHS.

Po3B's130k cucTEMU MaTPUYHUM METOOM:
-1
Y=M, -F.

3HaueHHs CTPyMy Kpi3b IHIYKTUBHHUH €JIEMEHT Ta
Halpyr Ha 3aTHCKa4aX €MHICHHX EJIEMEHTIB Yy CHUMBOJIY-
HOMY BUIJIS[I:

Iy =Y
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Uci =Y, (-j/(0-C1));
Ucy =Y (=j/(@-Cy)).
3HaYeHHA MUTTEBUX 3HAYCHb CTPYyMYy Kpi3b 1HIYK-

TUBHHMH EJIEMEHT Ta Halpyr Ha 3aTHCKayaX €MHICHUX
€JIEMEHTIB:

ijp =Im{1;-exp(j-w-t)};

ucp =Imfucy-exp(j-w-t)};

Uucyp =Imfucy-exp(j-w-t)}.

3MIHHMMH CTaHy KOJIa € CTPYM Y KOTYILI iHIyKTH-
BHOCTI i; , HAIIPYI'W Ha KOHJEHCATOpaX Uc;, Ucy -

VYci 3MiHHI pO3AIIMMO HA THUIH: TOXiTHI 3MIHHHUX
cTany (BekTop Xg'), 3MiHHI cTaHy (BekTop X ) 1 3aie-

JKHI 3MiHHI (BekTOp X7 ). BBenemo enunmii BekTOp ycix
3MiHHEX (4):

X=[xg' X5 X,I'. “)

Cucrema piBusb (1) y matpuuHiii ¢popmi mMae Ha-
CTYITHHHN BUTIISAL:

{Dd ‘X¢'+Dg-Xg+Dy-Xg=F, )

As'XS-I-Az'XZ:Fa ’

Je BUKOpHUCTaHi mmigBekropu: Xg' - MICTUTh 3HaYEHHS
HOXIJHUX 3MIHHHX cTaHy; Xg - MICTUTb 3Ha4€HHS 3MiH-
HUX CTaHy; X, - MICTUTb 3HAU€HHS 3QJISKHUX 3MiHHUX,
D, - nigMatpuns Koe]ilieHTiB nepes MNOXITHUMHU 3MiH-
HUX CTaHy B IudepeHiaabHux piBHAHHAX; Dg - migMat-
puLs KoedilieHTIB nepea 3MIHHUMU CTaHy B JUQepeHLi-
IBHUX PIBHAHHAX; D, - migMaTpuns koedimieHTIB me-
pen 3ajeXHUMH 3MIHHUMH B JU(EpeHIlialbHUX PiBHIH-
HiX; Ag - migMarpuns KoeQillieHTiB Iepei 3MiHHUMU
CTaHy B anreOpaiyHUX PIBHAHHIX; Ay - MIMaTpHUIL KO-

eQimieHTiB nepes 3aMe)KHUMHI 3MIHHAMH B anreOpaidHuX
PIBHSHHSIX.

Cucrema piBHSHB (5) y KOMIAKTHIM MaTpuuHii ¢o-
PpMi Ma€ BUIJISIA:

M- X=F, (6)
Jie miaMaTpuni cucrteMu (6) MaroTh HACTYHHHH BHIJISI:
Ly 0 0 R, -1 0
D,=10 C; 0| D¢=|0 0 0f;
0 0 (4 0 0 0
-R 0
D, = —12 0| AS{_I 0 0};
0 _J 0 -1 1
1 1
s L R, RJ
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Marpunst M cuctemu (6) Mae BUTIISL

D, Dg Dy
M = 0 AS AZ 5 (7)
0 E 0
1 0 0
ne E - opunnuna matpuus: E=|0 [ 0].
0 0 1
Bekrtop-cToBnens nmpaBux YacTHH:
F,
F=|Fg|, ®)
Fy

J¢ TiIMaTPHUIll BEKTOpY-cTOBMIs (8) MarOTh BHIIISA:

ez —eg 0 i1
Fy=| 0 3FS:|: :|9F0=”C10 :
3
0 Ucqg

PosrnsHemo cuctemy piBHSAHB (6) A1 MOMEHTY Ya-
cy t=0:

Ay Ag Ay || Xg(t=0)|=|Fg(t=0)|. (9)
0 E 0 ||Xz(t=0)| |Fyt=0)

Po3B's30K 1IykaeMo 3 BHKOPHCTAHHSIM MaTPHYHOIO
METOofy:
-1
X;=M"'F. (10)

VY pesynmerarti po3B's3ky piBHsHHS (10) omepikumo

MMOYATKOBI 3HAYCHHS BCIX 3MIHHHX pIBHAHHA (4):
di]() d”CIO du

0 -Xx,1); =Hl_x,2); ZE0_Xx,3),;
0l (1) o 1(2) & 1(3)

i10=X1(4) ;5 ucio=X;(5).

[Mponudepeniroemo piBHsHHSA (6):

M-X'=F' (11)
abo
X5 F)
M - X"g = F§ , (12)
Xz F
€3 —ey 0 70
ne Fy=| 0 |; FS*:L,} Fy=|u'cpp
3 ,
0 Ueqo

Posrngnemo cucremy piBHsSHHA (11) 111 MOMEHTY
yacy t=( Ta po3B’sDKEMO ii CKOPUCTABIINCh MATPUUYHUM
METOJIOM:

X,=MT.F". (13)
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VY pesynbrari po3B's3Ky piBHsHHA (11) oTprMaemo
MOYATKOBI 3HAYEHHS JAPYIUMX IMOXIAHUX 3MIHHHMX CTaHy:
d ZMC

2

dt

dipy

e 40— X,(3).

dzu
Xy(1); ﬁﬂzm);

Jlyiss 00YKCIIEHHS. KOPEHIB XapaKTePUCTUIHOTO PiB-
HSHHSI [IPaBy YaCTHHY PiBHSIHB cucTeMu (5) 3aMiHoeMO 0:

D, - X¢'+Dg-Xg+Dy Xg=0
{ d S S S Z N ) (14)

AS 'XS +AZ 'XZ :0
Cucrema piBHsAHB (14) 3 HyJIBOBOIO NPABOI0 YaCTH-

HOIO OIKCY€ BUIBHI CKIAAOBi. BUKOHaEMO HacTymHI Tie-
peTBOpeHHs. I3 Apyroro piBHAHHS BUpa3uMoO X :

X, =—As 4, Xg. (15)

1 TJICTAaBUMO B IeplIe PIBHSHHA. Y PE3yJIbTaTi OAepiKH-
MO:

Dy Xs+Dg-Xg+Dy-(—Ag e d;-Xg)=0.(16)
3BiJICH OTPUMAEMO:

Xs=D"'4.(Dy A" A5 -Dg)-Xg. (17)

e i € MaTpuuHe piBHAHHS LIOAO 3MIHHUX CTaHy B
HOpManbHil popmi. OTxe, BIaCcHI 3HAUCHHS MaTPHUII

Dy (D, Ag! Ag-Dg) (18)

€ KOPiHHSAMH XapaKTepUCTHYHOTO PiBHAHHS. IXHi 3HaYEH-
HSl MOXKYTb OYTH BHKOPHUCTaHi JUIsi OOYMCIICHHSI BIJIBHUX
CKJIaZIOBUX TIIepexigHoro mpouecy. [l 3HaxXomKeHHs
BJIACHMX 3HA4YEeHb MaTpHIlb y cucremax Matlab [S] 1 GNU
Octave [15] € pyHkuis eig.

BiracHi 3Ha4eHHS IO3HAYUMO p;, Pi, P3-
3aranbHuil pO3B'SI30K Ma€ BUTIIS;
ij(t)=A;-exp(pjt)+ Ay -exp(pyt)+

19
+ Az -exp(pst)+1;,(1). (19)

CKopHCTaEMOCS 3HAHICHUMU MOYATKOBUMH YMOBa-
MH ISl 3HAXOKEHHS HOCTIHUX iHTerpyBaHHs. J{is 1po-
O PO3MIITHEMO HAaml 3aralbHUN po3B's30k mis il (25) i
nBivi npoauddepeniroemo Horo:
i'(t)=py-Aj-exp(pgt)+ py- Ay -exp(pyt)+ 20)
+p3-Az-exp(p3t)+ig,' (1),

" 2 2
i;"(t)=p; - A;-exp(pjt)+ p; 'AZ'exp(pzf)+(21)
2 -
+p3” - Az-exp(pst)+ig," (1)

[oxnanemo B piBHsHHAX (19-21) £ =0 1 opepxumo
CHCTEMY PiBHSHB:



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

Po3nin «EnexTpoTexHikay»

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPT'ETHUKA» Ne4 (2025)

A1+A2+A3=i1(0)—i1p(0)
pr-Ap+pr-Ay+p3-A3 =i (0)—i;,'(0)

2 2 2 -y P
pr A+ py Ay +p3t A3 =1i,"(0)—i;,"(0)

(22)

3anumemo cucteMy piBHSHB (22) y MarpuuHiit ¢o-
pMi:

] I I AI (i]—i]p)(tZO)
pr P2 p3 || Ax|=|(ij—ip,)'(1=0)].(23)
pi’ p ops 4] |- i1p)"(t=0)

Po3B'sokeMo oTpuMaHy cHUCTEMy DPIBHSAHB CTOCOBHO
A;, Ay Az 1oxpepxuMo (GyHKIIIO PO3B'SI3KY U1 CTPyMY
(19).

AHaNoOriyHUM YMHOM MOXXHA OTpUMaTH (DYHKIIT 115t
HAIpYT uc; 1 Ucy -

II{o cTocyeThCst OOUMCIICHHS 3aJCKHUX 3MIHHHX, TO
piBHsiHHS (15) moka3ye, 10 BCi 3aJexXHI 3MiHHI MOXYTb
OyTH OOUMCIICH] Uuepe3 3MiHHI CTaHH.

3rifgHo i3 3aIIPONOHOBAHOI0 METOIUKOIO pO3pobIcHa
KOMI'IOTepHa mporpama. I3 mporpamoro MoKHa O3Haio-
MHUTHCS TI0 TTOCHIIaHHIO [16].

Ha pwuc. 3-5 HaBeneHi pe3ynbTaT pO3paxyHKiB.

IlepeBipka BUKOHYBaJach 3a 3akoHamu Kipxroda.
Ha puc. 6 HaBenenuii rpadik 3MiHM MOTPIIIHOCTI BHUKO-

HaHHS MEpPIIOro 3aKOHY Kipxroda, TOOTO
esp=i;(t)+iy(t)—i3(t). IlepeBipka nokasana, 10 1OT-
PIIIHICTE HE TEPEBHUINYE 3HAYCHHS 3-10_14, o CBix-

YUTH [P0 BIPHICTH PO3PaXYHKIB.

BukoHnani nepeBipku 3a apyrum 3akoHoMm Kipxroda
TaKOX CBIIYATh MMPO BIPHICTh PO3PAXYHKIB.

3 1 I . . | .
0 0.01 0.02 0.03 0.04 0.05 0.06

ts

0.07

Pucynox 3. 3anexHicts cTpyMy i; BiJ gacy

400
uctv
300
200

100

-100

-200

-300

-400

0

0.01

0.02

0.03

0.04
ts

0.05

Pucynok 4. 3anexHicTh HANPYTHU U BiX yacy

0.06

0.07

150
uc4v

-150

0 001 002 003 004 005 006 007
ts
Pucynok S. 3anexxHicTb HaNIpyru uc4 Bif yacy
5 x10™
eps A
251 1
2 - .
sl W f
1 .
05 J :
0
-0.5 1
1 d
15 ‘ | | | | |
0 001 002 003 004 005 006 007
ts
PucyHok 6. I'padix 3MiHM HOTrPIIIHOCTI BUKOHAHHS

nepiioro 3akony Kipxroda
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V.BUCHOBKH

1. Po3pobieHa cucremaTtidHa METOIMKA PO3paxyH-
KiB IEpeXiIHUX MPOLECIB y JIHIHHUX €IEKTPUYHMX KOJIaX
KJIACHYHUM METOJIOM JI03BOJISIE BUKOHYBAaTH PO3PaxyHKH
MIEPeXiTHUX TIPOIIECIiB Y CKIATHUX JIIHIHHUX eNEeKTPUIHIX
KOJIax, [0 3HAYHO IMPUCKOPIOE MOJCIIOBAHHS B ITOPiB-
HSHHI 3 PO3paxyHKaMH YUCEIIbHUMH METOIaMU.

2. 3amponoHOBaHA METOAHMKA MOXKE OYTH BHKOPHC-
TaHa W JUI1 PO3PAaXyHKIB MEPEXiJHUX MPOLECIB B EIEKT-
PHUYHHX KOJAX, 1[0 MICTSITh KJIKOUYOBI €JIEeMEHTH. Y bOMY
BHUIAJKY TICIs KOXHOI KOMYyTaIlii HEOOXiTHWH HOBHUit
PO3paxyHKH KIACHYHUM METOJIOM.

3. 3amponoHOBaHa METOJUKAa MOXKEe OyTH BHKOPHUC-
TaHa JJIsl CTYJCHTIB IPU BHBYEHHI KypCy TEOPETUYHHUX
OCHOB €JICKTPOTEXHIKH.
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Purpose. Traditionally, transient calculations by classical method were performed only in linear electrical circuits
containing no more than two reactive elements. If the number of reactive elements was three, the problem became sig-
nificantly more complicated, and with a larger number, the problem could not be solved at all. A systematic methodolo-
gy for calculating the transient process by the classical method in linear electrical circuits containing several reactive
elements is proposed.

Methodology. Methods of integrating ordinary differential equations, matrix methods, computer programming,
theory of electrical circuits.

Findings. The paper proposes a systematic method for calculating the transient process in linear electrical circuits
containing more than two reactive elements using the classical method. This is achieved by dividing all variables into
groups: derivatives of state variables, state variables, and dependent variables. Each group of variables constitutes a
separate vector. By matrix transformations, The differential-algebraic equations of state are converted into normal
form by matrix transformations. This made it possible to find the roots of differential equations. The constants of inte-
gration were also found by matrix transformations.

Originality. In existing textbooks, the classical method of calculating transients in linear electrical circuits is lim-
ited to considering circuits containing no more than two independent reactive elements, because with a larger number
of reactive elements, the problem becomes dramatically more complicated. This work removes this limitation.

Practical value. A computer program has been developed to calculate the transient process in a linear electrical
circuit containing three independent reactive elements. The program can be modified to simulate more complex circuits
with more reactive elements. Analytical methods for calculating transients can be used to estimate the error of calcula-
tions using approximate methods, such as numerical methods. Analytical methods allow obtaining an exact solution in
analytical form, which is described by mathematical expressions. The obtained mathematical expressions of the solu-
tion results allow better perform their research.

Keywords: transient processes; classical method; linear electrical circuits; differential equations; reactive ele-
ments.
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CHUHTE3 PET'YJSTOPA BUXIJJTHOI HAIIPYT'U NIOHUAKYIOUYOI'O
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Mema pobomu. Busnauenns nepedaganvhoi QyHKYii pecynrosanis suxionoi nanpyeu buck-nepemeopiosauie é ¢ghy-
HKyii koeghiyicnma sanosnenns LM, susnauenns obmedxcenb ma ymos 30I4CHOCMI nepexiOHux npoyecie 6 aiHeapizo-
8aHiti ma iMnyabcHil Mooeni buck-nepemsopiosaua, a makoic npedcmagieHHs Memoody asmomMamu3068aH020 pO3PAxyH-
ky napamempie I1l ma I1l]] pecynamopa winsxom euxopucmanus incmpymenmy Matlab/Simulink.

Memoou odocnidscennsn. Teopisi enekmpuynux , meopis A8MOMAMUUHOZO KEPYBAHHSA, AHANIMUYHI PO3PAXYHKU 8
npoepami MathCad, imimayiiine modeniosanns 6 npoepami Matlab.

Ompumani pezynomamu. [Ipedcmasieno pe3yromamu 00CIONCeHHsL TiHeapu3ayii ma 6U3HAYeHHs NepedasanrbHol
@DyHKYIT pe2ynto8aHHs 8UXIOHOT HANPY2U NOHUNCYIOU020 IMNYIbCHO20 nepemeoprogaya (buck-nepemesoprosaua) 6 ghynk-
yii’ Koeghiyienma 3ano6HeHHs IMNYIbCIE 8 WUPOMHO-IMNYIbCHIN MOOYayil. Busnaueno nepedasanvhy ¢ynxyiro buck-
nepemeopiosaua 3 LLIIM ma susnaueno obmedicents 0anoi niHeapusayii, a came ymMo8ow adekeamHocmi NiHeapu3o8a-
Hoi modeni buck-nepemeopiosaua € obmedsrcenns 3nHaueHHsA 8XIOH020 cucHALY, Mobmo Koegiyicuma 3an08HeHHs IMNYTb-
cie 6 LIIM, menwe 1. [Ipeocmasneno memoouxy asmomamuurno2o po3paxyHky napamempie 11, I11, IT/] ma I1l/] pecy-
JIIMOPIB 34 Kpumepiem (opmyeants nepexionozo npoyecy 3a008iMbHOI Gopmu wisxom euxopucmanus 610xy «PID
controllery 6 Matlab/Simulink. IIpeocmaeniena memoouxa agmomamuiHo20 poO3PAxXyHKY Koe@iyieHmis pecyisimopie 6
cmpykmypax cucmemu asmomamuinozo pezynosanns (CAP) npayioe UKIouHO 3 1HEAPU308AHUMU MOOETAMU, | He
00360J1€ BUKOHAMU PO3PAXYHKU OJisL IMIYIbCHUX | HeMIHIUHUX Moodenell. /[ eusHawenol niHeapu3oeanoi mooerni i 8io-
nogionoi nepedaganvroi Qyuxyii buck-nepemeoprosaua eusnaverno xoegiyicumu Il peeyrsmopa euxionoi manpyau.
Ipedcmaeneno pesynomamu aHALIMUYHOZ0 PO3PAXYHKY Mummesoi yHkyii euxionoi nanpyau buck-nepemeopiosaua 6
CKAa0I cucmemu agmomMamu308an020 pe2yo8anHs 8UXIOHOI Hanpyau, AKA OMPUMAHA WAXOM 3860POMHO20 Nepemso-
penns Jlannacy 3eepuenoi Qynxyii cucmemu asmomamuyno2o pe2ynoeants. Takooic npedcmasieno pe3yiomamu Mo-
Oeniosants suxionoi nanpyau buck-nepemeopiosaua, na aineapuzosanii mooeni (nepedasanvrol Qyukyii) ma imimayi-
nitl mooeni 6 Matlab/Simulink. Peszynomamu aunanimuunoeo po3apaxyHKy ma 080X Memooié KOMN HOMeEPHO20 MOOen0-
6aHHsL OaNU [OCHMUYHI Pe3yIbmamu, Wo ceioyums npo adeK8amuicms nposedeHol Jineapusayii ma 3a008LIbHICMb Me-
Mooy a8MoMAmMu4H020 PO3PAXYHKY NApamempis pe2yisamopa 3a Kpumepiem oopmyeaHnHs nepexiono2o npoyecy 3a008i-
JIbHOT ghopmu 3a napamempamu yacy nepexiono2o npoyecy ma 3HaYeHHs nepepeyiro8aHHs.

Hayxosa nosusna. Busnaueno ymoeu 30idcHocmi nepexionux npoyecié pezyniogamntHs 6uxionoi nanpyeu buck-
nepemeoprogaia 8 CMpyKmypax cucmem asmoMamuiHo20 pe2ynto8anus OJid JiHeapu308anHux ma iMRYIbCHUX Mooenel,
W0 00360719€ OMPUMAMU pedabHULl nepexionull npoyec 6axcanoi hopmu, AKUL 8iON08IOAE NONEPEeOHbOMY AHANIMUYUHO-
MY PO3DAXYHKY.

Ilpakmuuna yinuicme. [lpedcmaeneni nepedasanvhi GYHKYii ma memoo a8moMamuino2o Cunmesy napamempie
] pecynamopa euxionoi nanpyeu buck-nepemeoprosaua ¢ Matlab/Simulink mooice 6ymu suxopucmanuii npu po3pooyi
CUNOBUX HANIBNPOBIOHUKOBUX NEPEemEOpIosayie ma 00360J5€ CNPOCMUMU Npoyec CUHmMe3y pe2yisimopié 8 cucmemax
A8MOMAMUYHO20 KEPYBAHHSL.

© Inaxrii O.A., lomHin 1.®., barau P.B., JlarBuncekuii B./1. 2025
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Knrouosi cnosa: buck converter; nepemeopiosaui COHAUHUX eNeKMPOCMAHYIl, ABMOMAMU306AHUT CURME3 pezy-
asmopa; nepedasanvhi Qpynkyii nepemeopiosaua; MATLAB/Simulink.

I. BCTYII

[MoHmxyro4i IMOYyJIbCHI TEPETBOPIOBAaUi IMOCTIHHOL
HaTIpyTH, BigoMi sk buck-miepeTBoproBadi, CHIOBa cxema
AKUX HaBEJCHA Ha pHC.l, BIAIrpaloOTh CyTTEBY POJIb B CY-
YacHI NepeTBOPIOBANIBHIN TEXHIII i ITMPOKO 3aCTOCOBY-
I0ThCS B COHsUHIN eHepretuti [1]-[3], ax mepeTBoproBayi,
o 3a0e3MmeuyroTh BiAOIp MaKCHUMANbHOI TOTYXHOCTI
COHSYHMX TaHelNlei, B CHUCTeMax 3apsay/po3psay aKkymy-
naTopiB [4], [5], cucTeMax KepyBaHHS TBUTYHAMH IOC-
TiltHOTO CcTpyMY [6], [7] Ta GaraTthox iHIIMX 3aCTOCYBaH-
Hax [8]-[10].

7 L
o 7YY\
Uin VD c [] R
Pucynok 1. Cxema IIOHMKYH04OI0 IMITYJILCHOTO

NnepeTBOPrOBaya

ITpu po3poOui buck-nepeTBoproBauiB BaXXJIMBOIO 3a-
Jlayero € CUHTE3 PEeTyJISITOPiB BUXITHOI HAIIPYTH Bijl SIKUX
3aJICKUTh Yac MEPeXiHOro NpOoIecy, BEIHYMHA Iepepe-
TYJIOBaHHA BHUXIJHOI HAampyrW Ta 3arajlbHa CTiHKICTh
CTPYKTypH CHCTEMH aBTOMATHYHOIO  PETYJIOBAaHHS
(CAP).

OpHUM 3 METOJIB pETYJIOBaHHS BHXIIHOI HaNpyru
buck-niepeTBOpIOBadiB € 3aCTOCYBaHHSI KOB3HHX PEKHMIB
komyTanii (sliding-mode-control) ctpymy apocens. IIpo-
Te MaHHH PEXUM MOMAYJALIl 3yMOBJIIOE 3MIHHY YacTOTY
KOMYTaIlil i B qaHiil poOoTi He po3risimaerbes [11], [12].

B naniif po0OTI pO3MIIIHY TO PEXHUM PETYIIOBAHHS
BUXiJHOI Hampyru buck-mepeTBopioBadiB 3 IIMPOTHO-
iMmynscHOIO MonyJisinieto [8]. Ilpu npomy perymoBaHHS
BHXIJJHOT HampyTH IEpeTBOpPIOBada 3a0e3MeUyeThesl 3Mi-
Hoto Koedinienta 3anoBHeHHs LIM vy, skuii npuiimae
3Ha4YeHHs Big 0 1o 1 3rigHo BHpasy

y=—o

&3 ()
J€ fon — Yac YBIMKHEHOTO CTaHy Kito4a; Ty, — Mepion
ciigyBaHHs iMiysbeiB ITM.

I1. AHAJII3 JTOCJKEHD I ITYBJIKAIIA

B mitepaTypi npencTaBiaeHo JOCUTH 0araTo METOINK
PO3paxyHKy IapaMeTpiB eJIeMEHTIB CHIOBOI cxeMH buck-
neperBoproBauiB [13], [14], kpim Toro icHye Gararo oH-
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JallH KalbKyJSATOPIB, IO JO3BOJAIOTH ABTOMATH30BaHO
MPOBECTH PO3PaXyHOK CHJIOBHX €JEMEHTIB cxemu [15],
[16]. B poboTax [17]-[19] npexcraBieHO pe3ynbTaTH IO-
CJII/PKEHb 3aXO0[IB 1IO/I0 MiJIBUILIEHHSI €HEpreTHYHOl ede-
KTUBHOCTI MOHIXYIOUHX IMIYJIBCHUX IIEPETBOPIOBAUIB B
YCTaJCHUX DPEXHMax pPOOOTH, MPOTE BOHH HE MICTATh
JIAaHUX I0JI0 JAWHAMIYHUX BJIACTUBOCTEW Ta PEeKOMEHIa-
il 00 CHHTE3y CUCTEM aBTOMaTHYHOTO PETYIIIOBaHHS.
VY ToOif Xe yac NMUTaHHS CHUHTE3y PETYIATOPIB BHXIiIHOI
HAalpyry, OL[IHKH SIKOCTI IEPEXiHOTO MPOoLecy Ta CTIHKO-
cti CAP 3 iMIyJIbCHUMH TTEPETBOPIOBAYaMH MpPEICTaBIIE-
HO CYTT€BO MEHIIIC YBarH.

B po6orax [20], [21] HaBeneHO pe3yabTaTH IOCTi-
JUKEHHSI TIEPEXiJHOTO0 MpOLECY PEryJIOBaHHS BHXIIHOT
Harpyru buck-neperBoproBaya npu BuKopucTanHi [11
peryisropa. 3a10BiIbHUI NEpPEeXiTHUH MPOoIeC OTPUMaHO
EKCIIEPUMEHTAIbHUM IIUIIXOM, a CaMe 1TepaTHBHUM Me-
TOJIOM MIiAOOPY MapaMeTpiB PEerysaTopa, Mo HE € 3a70Bi-
JTBHUM MeToqoM. HemonikoM mgaHuX poOiT € BiACYTHICTH
OIMCY METO/y BU3HA4YEeHHS KOe(IIlieHTIB peryysTopa Ta
BiACYTHICTh ommcy buck-meperBoproBada, sk 00’€KkTa
CHCTEMH aBTOMATHYHOTO KepyBaHHS 3 BU3HAUCHOIO Iepe-
JTABATEHOIO (DYHKITI€I0.

OnHUM 3 MeTOoZiB € 1Mo0yJ0Ba CUCTEMH aBTOMAaTHY-
HOTO  pETYNIIOBaHHA  BHXiZHOI  Hampyrm  buck-
NIepeTBOPIOBaUiB 32 YMOBaMH peaji3amii Impouecy KiHIe-
Boi TpuBanocti (IIKT) mpum skomy mepeximHuii mporec
pEryIIIoBaHHA TPHBAE 4ac, IO BiONOBigae JOOYTKY IO-
psaaky cuctemu Ha nepion HIIM monymsmii [22], [23]. B
pobori [24] mpeacTaBieHO aHANI3 AOCHIIHKEHHS CHHTE3Y
perynsaTopa BHXiZHOI HAaNpyrd MOHIKYIOUOTO iMITYJIbC-
HOTO TMEPEeTBOPIOBAaYa 3a YMOBOIO peajizallii mporecy
KiHIeBol TpuBajiocti. Henosikom poboTH € Te, 1110 aHaii3
pOOOTH CXEMH Ta CHHTE3 PeryJjsitopa BUKOHAHO TPH Yac-
toti IIIIM 1x['1, xo4a B cyuacHux buck-nepeTBoproBayax
3aCTOCOBYIOTBhCSI YAaCTOTH KOMYTAIil MOPSIKY JAEKLIBKOX
COTEHB KIJOTEPII i BUIIE, IO POOUTH CHHTE3 PErysTopa
3a ymoBami [IKT npakTHUHO HEMOXKITUBUM.

B poboti [25] mpeacrtaBieHO pe3yibTaTH IOCHi-
JUKEHHST POOACTHOTO peryJisiTopa BHXIIHOT Hampyrd Io-
HIDKYIOUOTO IMITYJIBCHOTO IepeTBoproBava. [Ipore B po-
00Ti He BHM3HaueHO OOMEXKEHHs JaHol JliHeapu3alii, He
MPEJCTABICHO aHANi3y 301KHOCTI JiHeapU30BaHOI Ta iMi-
TalifHOI MOJENi NepeTBOpioBada Ta HE MPEICTABICHO
METONly CHHTe3y perymsiropa. KpiM 1bOro Hemosikom
NIPE/ICTAaBIICHOTO PETYJIIOBAHHS MOXXKHA BBa)KaTH JOCHTH
CYTT€EBE MEPEPEryIItoBaHHs, ke ckianae ourpire 30%, mo
JUIsl 0araTboX 3aCTOCYBaHb MOXKE OYTH KPUTHYHUM.

III. META POBOTH

Mertoto pobOTH € BHU3HAYCHHS IepeiaBalibHOT (yH-
KUii ~ peryiroBaHHs  BHXimHOi  Hanpyrum  buck-
MepeTBOpIOBaviB B (YHKII KoedilieHTa 3arOBHEHHS
IIM, Bu3HauYeHHS OOMEXEHb Ta YMOB 301KHOCTI mepexi-
JHUX TPOLIECIB B JIiHEapi3oBaHil Ta IMIyJNbCHIA Mogeni
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buck-nieperBoproBaya, a TakoXX HPEICTABIECHHS METOIY
aBTOMATH30BaHOTO po3paxyHKy napametpiB III Ta TIIJ]
peryistopa  LUIIXOM  BUKOPHCTaHHS  IHCTPYMEHTY
Matlab/Simulink

IV. BABHAUEHHSI TEPEJABAJIbHOI ®YHKIIIT
PEI'YJIIOBAHHSI BUXIJTHOI HAIIPYTH
MNOHNKYIOUOI'O IMITYJIbCHOI'O
MNEPETBOPIOBAYA

Amnani3 nepenaBanbHOi (QYHKIIT TOHWKYIOUOTO M-
MyJbCHOTO MEPETBOPIOBaYa MOYKHA PEai3yBaTH ILISIXOM
noOy/IOBU CKBIBAJICHTHOI CXEMH 3aMIIIICHHS, SKa HaBee-
Ha puc.2.

L
LYY\ ®
(]in.ecv C [ ] R
¢
Pucynok 2. Cxema 3aMiILeHHS MOHMKYHYOI0

IMITyJILCHOT'O TIEpeTBOpIOBaya

B pexumi IIIM monymsauii Bxigna Hanpyra LC ¢i-
IBTpa MOHWXKYyIo4doro dc/dc meperBoproBaya € iMITyJIbC-
HOIO HAIIPYTOI0, KA MICTUTh MOCTIHHY CKIAAOBY Ulpecy
sIKa 3QJICKHUTH BiJ KoedilieHTa MOIyIAil % Ta 3MIHHY
CKJIaNOBYy, sKka BiamoBimae wactori IIIM momymsmii, a
3MiHHA CKJIAZIOBA MiCTUTh TapMOHIKA KpaTHI dYacTOTi
HIIM. IIpu npoMy 3HAYEHHS TOCTIHHOI CKIIa0BOT MOXHA
NIPENICTABUTH 5K

U

in.ecv

= Uin : 7/ (2)

ne U, — BXiJJHa Hampyra peaibHOi CXEMH.

Sx Oymo cka3aHO paHimie, BXiTHUM CHTHAJIOM IpH
KepyBaHHI BHXIJTHOI Hanpyru € y. TakuMm 4ynMHOM mepena-
BaJbHA (DYHKIIisI pETyIOBaHHS BHUXiAHOI HANIPyTW BHU3HA-
YaETHCS 5K

H,(p)= YuurP)
7(p)

ne U — BUX1THA HaIpyTa MOHIDKYIYOTO IMITyJIBCHOTO
IepeTBOpIOBaYa.

€)

Jns Bu3HaueHHs mepeaBadbHOI (QYHKIII BU3HAYH-
MO 3MiHHI KOMIUIEKCHUX OMOPIB

(4)
©)

zi(p)=pL

Zz(p)zl/pc

49

z3(p)=R (6)

[Ipy 1poMy BHXiJHY Halpyry MO>KHa BU3HAYUTH 3a
BUPA30M

Uin 7/ . 22(p)
7(P) 7(P)  z,(p)+2z(p)
z,(p)+z;(p)

U, (P) = z,(p) (D

z(p)+

TaxuM 4nHOM IepenaBajibHa (QYHKIISI TOHIKYIOUOTO
IMITyJIECHOTO NIEPETBOPIOBAYA IPH PETYITIOBAHHI BUXiTHOT
Hanpyru OyJie BU3HAYaTUCh K

U U, -z(p) (p)
u _You _ in_“3 . 2
(D) 2 ( )+M z,(p)+z;(p)
(D) +2(p)

BurkoHaBIIN OCTaTOYHI IEPETBOPEHHSI OTPUMAEMO Tie-
pemaBanbHy (QYHKIIIO HMOHMXKYy4oro dc/dc meperBopio-
Bayia

Uin R

H,(p)=——""
«(P) LCRp* +Lp+R

(€))

abo

in

Hdc(p): (10)

L
LCp* += p+1
P RP

TakuM YMHOM IIpH PE3UCTHBHOMY HaBaHTaKCHHI
nepenaBambHa (YHKIS buck-mepeTBoproBada BH3HaYa-
€TBCS SIK KOJIMBAJIbHA JIaHKA JPYroro mopsaky. Yacrora
3pi3y JaHOi mepeaaBaabHOl (QYHKIIIT BU3HAYAETHCS 5K

1

I = 2724LC

[Tpn oMy /311 3MEHILEHHST MyJIbCaliiHOT CKIIaI0-
Boi y BUXiJHIN Hampy3si buck-neperBoproBaua Mae OyTu
BHKOHAaHa YMOBa

(11)

Sor<owm (12)

YMOBOIO anepioMYHOTro MepexiJHoro Mpolecy 1 Bi-
JICYTHOCTI KOJIMBaHb B PETYNIOBAaHHI BHXIJTHOI Hampyru
niHeapu3oBaHOi Mojeni buck-meperBoproBaya mpu y =
const € ymMmoBa

1

2

L

C

R< (13)

[pu Bu3HaueHU# mapaMeTpax mnepenaBaibHOI QyH-
kuii buck-nieperBoproBaya MOXIUBHM € CHHTE3 PeEryJisi-
TOpa BHUXITHOT HAMPYTH IUIIXOM YaCTOTHHX METOJIB TEO-
pii aBTOMaTHYHOTO KEPYBaHHsI, TAKMX K MOJIATBHHIMA, a00
CUMETPUYHHN ONTUMYM.

[Tpore cyTTeBE CHpOLIEHHS MPOLIECY CHHTE3Y pPery-
JSITOpa BUXIJHOI HAIIPYT'H MOXKE OYTH BUKOHAHO LIISIXOM
3aCTOCYBAaHHS IHCTPYMEHTY aBTOMATH30BaHOI'O PO3paxy-

HKy napamertpis I1I un ITIJ] perynstopa 610Ky “PID Con-
troller” B Matlab Simulink.
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V.ABTOMATHU30OBAHWUI CUHTE3
KOE®IIIEHTIB IIIJI PET'YJISAITOPA
BUXIJHOI HAIIPYTY BUCK-
INEPETBOPIOBAYA B MATLAB/SIMULINK

Jns aBTOMaTHYHOTO BW3HA4eHHS KoedimieHTiB I,
M1, I A, gu [II]] perynsitopa y HEOOXiTHO CTBOPUTH MO-
JIeJTh 3aMKHEHOT JIIHeapu30BaHOi CHCTEMHU aBTOMAaTHIHOTO
PETYIIOBAHHS 31 3BOPOTHIM 3B’SI3KOM Ta JOJAHHS B KaHAI
3BOpOTHOTO 3B’s13ky Oyioky “PID Controller” B cuctemi
Matlab/Simulink. Ha puc.3 npencraneno CAP BuxinHoi
HalpyTd MOHMKYIOYOTO IMITyJIbCHOTO NEepeTBOpIOBaya, a
camMe JliHeapu30BaHy Ta IMIiTalliliHy MOJieli IIOHMKYI0UO-
T'O IMITYJIbCHOTO IT€PETBOPIOBAYA.

| [}
[}

405
0.8 — 3« 1006 — 6 # 0.5 + 0.5 — 35+ 0.5

)

Pucynoxk 3. Mooeni
nepemeopiosauad: d

HOHUIICYIOUO020
JiHeapizoeana nepeoasanivbia
@yHryia,; 6 — imimayitina iMnyIbCHA MOOEIb.

IMNYIbCHO20

IMapameTpu mMozeni buck-meperBoproBaua mpencra-
BIIeHI B Ta0OmuIIi 1.

Tadanus 1. [Tapamerpu buck-nieperBoproBaua

IMapametp 3HaveHHs
Bxigna Hampyra 24B
[HayKTHBHICTE 2ml e
€MHICTD 20 Mx®D
Orip HaBaHTAXCHHS 0,5 Om
Yacrora IIIM, xI'1g 10

AMITTITYTHO - 4acTOTHa XapaKTepHCTHKA JiHeapH-
30BaHOi MOJIEJTi MOHIKYOUOTo iMmyibcHOTO dc-de mepe-
TBOpPIOBaYa 3 MPEICTaBICHUMH MapaMeTpamMH MpeCTaB-

JieHa Ha puc.4.
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Pucynok 4. 49X
nepemeoprosaya

JiHeapizo6anoi  mooeri

IIpn poboTi 3 JiHEapi30BaHMMHU MeperaBabHUMU
¢yHKIisMH 00’ekTiB kepyBaHHsA B Simulink 6mox “PID
Controller” n03BONsE aBTOMaTU30BaHO BH3HAYATH Iapa-
Metpu koedimientis I, I, TII, IT1J] ta IIIJ] perynsatopis Ha
OCHOBIi 0a)kaHOi (OpMHU BHUXITHOTO TMpOIeCy. 3OBHIMIHIN
BUIISI OJIOKY Ta iHTepdelic Horo HamamTyBaHHs MPE-
CTaBJICHO Ha pHUC.6.

2 PID(s) p
a
Contreller: (PID = | Form: Paraliel
Timéa
FL
© Conting PO
Discred |
Main PID Advanced Data Types State Attributes
Controller parameters
Source: Intarnal - = Compensator formula
Proportional (P): 1
Integral (1): 1 -
e 5 R
arivative (D) : SN
Filter coafficient (N): 100 *
Select Tuning Method:  Transfer Function Based (FID Tuner App) *  Tune..
. . “
Pucynok 5. Inmepgpetic  napamempie 610Ky PID

Controller” 6 Matlab/Simulink: a — euensio 6aoxy 6
Simulink; 6 — inmepeiic nanawmysants 610Ky

Jis 3amycKy aBTOMAaTHYHOTO HaJIAIITYBaHHS, a ca-
Me BH3Ha4YeHHs KoedillieHTiB peryisrtopa Omok “PID
Controller” mMae OyTH HiIKITIOYEHUI B 3aMKHEHY CHCTEMY
ABTOMATHYHOTO PETYIIOBAHHS 3 HETaTHBHUM 3BOPOTHIM
3B’SI3KOM, SIK [I¢ HaBeIeHO Ha puc.4, a. [licis migkirodeH-
Hs1 HeoOxiaHo Binkputu 610K “PID Controller” Ta oOpatu
tun peryistopa: PID, PI, PD, P, I. [Ing nouarky aBTroma-
TAUYHOTO PO3PaxyHKY KOEQIIli€HTIiB OOPaHOTO THILY PEry-
JAATOpa JUIs OTpUMaHHs OaxkaHol (opMu mepexiTHOro
Npolecy HeoOXiJHO HATHCHYTH Ha BIPTyalbHY KHOIIKY
«Tune...» B iHTEpdeiici foro HamamrysanHs (puc.6, 0).
[Ticnst uporo Omok “PID Controller” BukoHye aHami3 au-
HAMIYHUX BIIACTHBOCTEW JIIHIIHOT 3aMKHEHOI CHCTEMH.
Iarepdeiic HanamTyBaHHs Oa’kaHOi (HOPMHU TEPEXiTHOTO
TIpoIieCy peryiioBaHHs BuximHoro mapametpy CAP mpen-
CTaBJieHa Ha puC.0.
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Tyoe A Corar - - [ 22}
Fate fom Pl Tme 1 e | el R L
e @O amnes = =B Py e At
- - —— maan
) Step Plot: Referance tracking
§
Time (seconds )
Contrale ?...—r‘!—-_?:.'.\'..' 1 20 :A“
PucyHoxk 6. Inmepgpetic  nanawmyeanna — 6axcanozo

nepexionoeo npoyecy 6 6noky “PID Controller”

Iarepdeiic HamamryBaHHA Oa)kaHOTO IEPEXiITHOTO
npoiiecy B 010Ky “PID Controller” no3Bossie perysroBaTu
Yyac TepexiJHOro IMpoILecy IUISXOM PEryJIIOBaHHs Iapa-
MmeTpy «Response time» Ta BeNWYMHH NEpeperyTtOBaHHS
BuxigHoro mapamerpy CAP 3a mapamerpom «Transient
behavior».

[Mpu nipkarouenHi 6aoky “PID Controller” no immy-
JBCHOI iMiTamiiHoi Mozeni (puc.3, 6) QyHKIis aBTOMATH-
YHOTO HAJAMITyBaHHA KOE(]IiLi€HTIB peryisTopa He mpa-
IFO€, OCKUTBKH JaHWH OJOK TpU3HAYEHO IS aHali3y BU-
KITIOYHO JIHEapHU30BaHUX MOIEIIEH.

[Ticns HaymamTyBaHHsA OakaHoi (hOpPMH MTEPEXiTHOTO
Ipolecy NMpH HAaTHCKaHHI KHOMKH «Show parameters» B
inrepdeiici HanmamryBanHs Onoky “PID  Controller”
OTPUMYEMO YHCENIbHE BH3HAUYEHHsS HEOOXiJHI 3HAYCHHS
KoeiLlieHTIB peryisTopa, o 3abe3neuyroTs 3a1any ¢o-
PMy TIEpEXiHOTO IpOIECy Ta Pe3yNbTaTh PO3paxyHKy
napametpiB ctabinmbHOCTI CAP, 3HaUeHHs 3amacy Mo am-
IUTTYAi, 3amacy mo (asi Ta 3HA4YeHHS MaKCHMAaIbHOTO
NIepeperyIIOBaHHs, K II€ HABEACHO Ha puC.7.

Controller Parameters

Tuned Block
P 0.063034 0.07214
| 20,344 20,9703
D n/a n/a
N n/a n/a
Performance and Robustness

Tuned Block
Rise time 0.00434 seconds 0.00439 seconds
Settling time 0.00667 seconds 0.00684 seconds
Overshoot 1.67 % 0.782 %
Peak 1.02 1.01
Gain margin Inf dB @ Inf rad/s Inf dB @ Inf rad/s
Phase margin 83 deg @ H12 rad/s 86 deg @ 451 rad/s
Closed-loop stability  |5table Stable

Pucynoxk 7. Inmepcgpetic  uucenvnoi  oyinku  sKoCcmi

nepexionoeo npoyecy 6 onoxy “PID Controller”

51

VI. YMOBA 3BI’KHOCTI HEPEXITHOI'O
MPOIIECY PET'YJIIOBAHHS BUXIJTHOI
HAIIPYTH B JITHEAPU3OBAHIN TA
IMITYJIbBCHI MOJEJII TA

B posrnanyTiit CAP BUXiZHEM apaMeTpoM peryJis-
Topa € koedinieHT 3anoBHeHHs 11IIM y, ska B peaninbHil
cucreMi 3MmiHoerses Big 0 mo 1.

IIpu mpoMy st 3a0e3nedeHHs 301KHOCTI Mepexin-
HUX TIPOIECIB PETYIOBaHHI BUXiIHOI HAMPYTH JiHeapi3o-
BaHIi MojeNi Ta iMiTaliiHid Moaeni HeoOXigHO mepec-
BiTYUTHUCH, 1[0 HAJAIITOBAHUI MEpEeXiMHUI mpolec pea-
JI3YETHCS PU 3HAYCHHI BUXIJAHOTO MapaMeTpy peryJsisiTo-
pa menie 1. bnok “PID Controller” no3BoJsie BU3HA4HU-
TH MUTTEBE 3HAYEHHs BUXIJHOTO MapaMeTpy peryysitopa
IIJSIXOM HAaTHCKaHHS Ha iHTepdelici HajmamTyBaHHS Oa-
JKAQHOTO TIepexigHoro mporecy kHomok “Add Plot” Ta
«Controller Effort».

Iarepdeiic 610ky “PID Controller” Bu3HaueHHS BU-
XIZIHOTO CHTHAIy peryiiaropa y dYaci IpeACTaBICHO Ha
puc.8.

Step Plot: Controller effort

izl Add Piot ~| — t

0.075
ned response
Block response:

Flant

Open-laop 1
Reference tracking A}
0.085
Controller effort

Input disturbance rejection 0.06

Output disturbance rejection

A =TT
Amplitude

Plant
Open-loop et
Reference tracking
0.045
Controller effort

Input disturbance rejection 0.04

0 0.002 0.004 0.006 0.008 001 0.012 0.014 0.016

Output disturbance rejection Time (seconds)

a o

Pucynoxk 8. /umepeiic “PID Controller” eusnauenns
BUXIOHO20 CUSHATLY Pe2YISIMOPA Y HaCi

[TepecBiAUUBIINCE, O MEPEXiTHUIA MPOIEC MA€E 3a-
JIOBIIBHY (DOpMY 1 TpHBAJIICTh, a TAKOX IO BUXIAHA Mis
peryisropa, a came Koe(illieHT 3alOBHEHHS y He mepe-
BUIIly€ MaKCHMaJlbHE MOJJIMBE 3HaueHHs |, HEoOXimHO
30epertu HanamToBaHi 3MiHK B Onoky “PID Controller”
nsixoM HatuckanHs kHomku «Update block» B iHTEp-
(etici mamamryBanHsa (puc.7). Ilicis goro maHmWit OJI0K
MoOJke OyTH CKOTiHOBaHMIA Ta TonaHMii 3a 3aMkHeHoi CAP
B iMiTaminHi# Mozeni (puc.3, a).

YMOBOIO aJIcKBaTHOI JIiHeapH3allii mepeTBopoBaya €
30DKHICTh TEepPEeXiJHUX TPOIECIB PETYNIOBAHHS BHXiJTHOI
HaNpyru py aHaJITHYHOMY PO3paxyHKy, B JIiHEa3upoBa-
Hill Mozmeni Matlab (puc.3, a) ta iMiTauidHid Moneni
(puc.3, 6) mpu 3acTOCyBaHHI OJJHOTO THUILYy peryisropa 3
TUMH CaMUMH TTapaMeTpaMH.

[Nonanbimmii po3paxyHOK BUKOHAHO JUIS ITapaMeTpiB
MOHIKYIOYOTO IMITYJIbCHOTO TIEPETBOPIOBaYa MapaMeTpu
SIKOTO HaBeOeHOo B Tabmumi 1, Ta mpu Buxopuctanai 11
perymsaTopa IapaMeTpu sSKoro oTpumMaHo B Matlab
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(puc.7), a came K;,=0,063034 Tta K;=20,344. [1ani koedi-
LIEHTH OTpPHMaHI NpPH HajamTyBaHHI OakaHoi ¢dopmu
MIepeXiHOTO TPOIECy, SIK [Ie HaBeIEHO Ha pHC.7.

IepenaBansna ¢yskuis I11 perynsTopa BuxigHOI Ha-
NPYTH BU3HAYAETHCS K

K
H..(p)=K, +71 (14)

TakuM YMHOM mepenaBaibHA (QYHKIIS 3aMKHEHOTO
KOHTYPY aBTOMaTHYHOTO PETyJIIOBaHHS BU3HAYAETHCS K

Hreg (p) 'Hdc (p)
H, . (p)-H,(p)+1

Htotal(p) = (15)

IIpn momavi Ha cCHCTEMY aBTOMAaTHYHOI'O PEryJIFOBaH-
HS CHTHAJly 3aBJaHHS BUXigHOI Hampyru 12 B, sxwuii Bin-
MOBiIa€ 3HAUYEHHIO B OTIepaTOpHii hopMi BUpasy

Step(p) _2 (16)
p

aHAJITUYHE BU3HAYCHHS MUTTEBOI (QyHKUIi BUXiqHOT Ha-
NpPYrH B PO3MIISHYTIH CHUCTEMI aBTOMAaTHYHOTO PETYIIO-
BaHHS MOXKe OyTH OTPUMAaHO LIISIXOM 3BOPOTHBOTO Tepe-
TBOpeHHs Jlarnaca (yHKIIT 3aMKHEHOT CHCTEMH aBTOMa-
THYHOT'O PETYJIIOBAaHHS cucTeMH F(s), sika BU3HAYAETHCS
BHPa3OM

Hreg(p).Hdc(p)
Hreg(p).Hde(p)-’_l

TakuM 4uHOM, aHaNiTUYHA (QYHKLIS IMEPEXiJHOTO
nporuecy Oyae BU3HAYaTUCh SIK

F(p) = Step(p)- (17)

U, () =L [F(p)]= zimf e (18)

o —i-®

[F(p)]-dp

BuxonaBmm BiAMOBigHE 3BOPOTHE MEPETBOPCHHS
Jlarmacy Bupady (17) oTpumaemMo aHaliTHYHUN BUpa3
(GYHKIIT BUXITHOT HANpPyTd MOHWKYIOYOTO IMITYJIBCHOTO
MePETBOPIOBaYA y Yaci

Uou[ (t) — 0.052841 A 679931349604-{ _ 288615 . 67997493184
—4.2852. 7314 _12 0528-¢05(95.017 - 1) -7 (19)
+11.7197 -5in(95.017 -£) - e**"7°" +12

PesynbraT aHAMITHYHOTO PO3paXxyHKY Ta pe3yNIbTaTH

IMITaifHOTO MOJETIOBAHHS BHXIAHOI HANPYTH IOHIKY-
I04O0T0 IMITyJILCHOTO IIEPETBOPIOBaYa B CHCTEMH
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Uout, B

f I, cex

00186

Uout, B

1, cex
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Q002 0004 0.006 0008 a0 o1z a4 Q0E oo

o

18 ooz

Pucynok 9. Ilepexioni npoyecu peeynro8anHs 6UXiOHOL
Hanpyeu : a — AHATIMUYHUL PO3PAXYHOK; 6 — pe3ynbmam
imimayitunoi mooeni

SIk BHAHO 3 pHC.9 pe3ynbTaTH aHAJITUYHOTO PO3pa-
XYHKY mepeximHoro mpoiecy (19) ta pesymbratd Moje-
JIOBaHHS JTiHEApU30BaHO! Ta IMiTamiiHOI MOZENi Iamu
IIEHTUYHI Pe3yNbTaTH, IO CBITYHATH NPO aJEKBATHICTH
MpoOBeeHOl JliHeapu3allii, BWU3HAYEHOI IIepeNaBalbHOL
(GYHKIIT MTOHMXKYIOUOr0 IMIYJIBCHOTO TEpPEeTBOPIOBaYa Ta
PO3IJSIHYTOrO METOAY AaBTOMAaTH30BAaHOTO PO3PAXyHKY
mapaMeTpiB PEryJsITOpiB 32 KPUTEPIEM 330BUIBHOI (op-
MU TEPEXIHOTO MPOIIECY.

VI.BUCHOBKH

VY crarTi NpeAcTaBICHO pe3yabTaTH JIiHeapu3allii Ta
BU3HAYCHO NepenaBalibHy (YHKIIO PETYIIOBAHHS BUXiM-
HOI Hamnpyr¥ MOHMKYIOYOTO IMITYyJIBCHOTO HEpPETBOPIOBA-
qa (buck-mepeTrBoproBaua) B QpyHKIIT KoedilieHTa 3a1moB-
HEHHS IMITyJIbCIB B IIMPOTHO-IMITYIbCHIN Momymstii. Bu-
3HA4YeHO, 1[0 YMOBOIO aJIeKBAaTHOCTI JiHeapm3alii buck-
NepeTBopIoBaya, TOOTO Mepexija Bij iMIyJIbCHOI cHCTEMU
110 Oe3nepepBHOI, € OOMEKCHHS 3HAYCHHS BXIITHOTO CHI-
Hary, TOOTO KoedillieHTa 3aroBHEeHHs iMIyJbciB B 11IIM,
ska Mae OyTu MeHme 1.

[IpencraBneHo METOTUKY aBTOMAaTH4HOTO PO3paxy-
HKy napamertpis I1, I1I, TI/1 ta IIIJ] perynsropiB 3a kpu-
TepieM (GopMyBaHHS TMEPEXiTHOTO MPOIECy 3aA0BLIBHOT
¢hopmu nursixoM BuKopucTaHHs 010Ky «PID controller» B
Matlab/Simulink. [TokazaHo, 1o mpeacTaBiIcHa METOINKA
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ABTOMAaTHYHOTO PO3PaXyHKY KOEQIli€HTIB PEryysiTopiB B
CTPYKTYpax CHCTEMH aBTOMaTHYHOTO pEryJIIOBaHHS
(CAP) mpaitoe BUKIIOYHO 3 JIIHEAPHU30BAHUMH MOJICIISI-
MH, 1 HE IO3BOJSE BHUKOHATH PO3PaXyHKH Koe(ilieHTiB
PETYIATOPIB A IMITYJIBCHUX 1 HeNMiHIMHUX Moaeneit. s
BH3HAYCHOI JIIHEApH30BaHOI MOJIENI 1 BiAMMOBimHOI mepe-
nmaBasbHOI QyHKIIT buck-iepeTBoproBada BH3HAYEHO KO-
edimientn 11 perynsaropa BUXigHOT HAIPYTH.

[pencTaBneHo pe3yNbTaTH aHAIITHYHOTO PO3paxy-
HKYy wMuTTeBol (yHkuii BuxigHoi Hampyru buck-
HepeTBopioBaya B CKJIAJAI CHUCTEMH aBTOMAaTH30BaHOTO
peryJroBaHHs BUXIJHOI HANpyrH, sKa OTpUMaHa LUIIXOM
3BOpOTHOTO TeperBopeHHs Jlamnacy 3BepHeHOi (yHKii
CHCTEMU aBTOMAaTHYHOTO PEryJioBaHHs. Takoxk mpejacra-
BJICHO pe3yJlbTaTd MOETIOBAHHS BHXIIHOI Hampyru
buck-meperBoproBaya Ha JiHeapu3oBaHii Mojeni (rmepe-
JaBalpHOiI  (YHKIII) Ta  iMiTaliffHid Mozenmi B
Matlab/Simulink.

PesynpraT aHANMITHIHOTO PO3paxyHKY (DYHKIII BH-
X1THOT HANPYTH HOHIKYIOYOTO IMITYyJIbCHOTO IIEPETBOPIO-
Baya Ta JIBOX METOJiB KOMIT IOTEPHOT'O MOJETIOBAHHS
JaNy iJeHTUYHI Pe3yNIbTaTH, IO CBIMYUTH MPO a/IeKBaT-
HICTh TIPOBEACHOI JliHeapu3alii Ta 3aJ0BIIBHICTH METO-
JIMKH aBTOMaTHYHOTO PO3PaxyHKY MapaMeTpiB peryJssiTo-
pa 3a kputepieM (HOpPMyBaHHS MEPEXiTHOTO MPOIECY 3a-
JIOBUIBHOI ()OPMH 3a TIapaMeTpaMu Yacy IepexiHOro
MIPOIIECY Ta 3HAYECHHS BEJIMYMHU IIepeperyIIoBaHHs.

Jlanuii MeToa BU3HAYCHHS KOCQII[iEHTIB PEryssaTo-
piB Ha OCHOBiI KpuUTepito O0axaHol QOpMH TEpPEXiTHOTO
IIpOIIeCY MOKe OYyTH 3aCTOCOBAHMH ISl CTBOPEHHS Oy/Ib-
SIKMX JTIHEapH30BAaHUX CHCTEM aBTOMATHYHOTO PETYJIIO-
BaHHs. [Ipore, mns #ioro 3acTocyBaHHS HEOOXiTHO PO3y-
MITH, Ki OOMEXEHHsI MalOTh JTiHeapU30BaHi MOJEINi, TaKi
SK: OOMEXEHHS 3HA4YeHHS BXIIHOTO CHTHAIY OO0’ €KTy
KepyBaHHs - kKoeditieHty 3anoBHeHHs IIM, oOMexeHHs
peanbHOl MOTYXXHOCTI MEpexXi, pealbHHU Aiana3oH CTpy-
MiB HaBaHT)KEHHS Ta iHIITI.
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Purpose. Determination of the transfer function of the output voltage regulation of buck converters as a function
of the PWM duty cycle, determination of the constraints and conditions for convergence of transient processes in the
linearized and pulsed model of the buck converter, as well as presentation of a method for automated calculation of Pl
and PID controller parameters using the Matlab/Simulink tool.

Methodology. Electrical theory, automatic control theory, analytical calculations in MathCad and simulation
modeling in Matlab.

Findings. The results of the study of linearization and determination of the transfer function of the output voltage
regulation of a step-down pulse converter (buck converter) as a function of the pulse duty cycle in pulse-width modula-
tion are presented. The transfer function of a buck converter with PWM is determined and the limitations of this lineari-
zation are determined, namely, the condition for the adequacy of the linearized model of the buck converter is the limi-
tation of the input signal value, i.e. the pulse duty cycle in PWM, less than 1. The method of automatic calculation of the
parameters of P, PI, PD and PID controllers is presented according to the criterion of forming a transient process of a
satisfactory form by using the “PID controller” block in Matlab/Simulink. The presented method of automatic calcula-
tion of the coefficients of controllers in the automatic control system (ACS) structures works exclusively with linearized
models, and does not allow calculations for pulse and nonlinear models. For the defined linearized model and the cor-
responding transfer function of the buck converter, the PI coefficients of the output voltage regulator are determined.
The results of the analytical calculation of the instantaneous function of the buck converter output voltage as part of the
automated output voltage control system, which is obtained by inverse Laplace transformation of the inverse function of
the automatic control system, are presented. The results of the modeling of the buck converter output voltage on the
linearized model (transfer function) and the simulation model in Matlab/Simulink are also presented. The results of the
analytical calculation and the two methods of computer modeling gave identical results, which indicates the adequacy
of the linearization performed and the satisfaction of the method of automatic calculation of the regulator parameters
according to the criterion of forming a transient process of a satisfactory form according to the parameters of the tran-
sient process time and the value of overshoot.

Originality The conditions for convergence of transient processes of the buck converter output voltage regulation
in the structures of automatic control systems for linearized and pulsed models have been determined, which allows
obtaining a real transient process of the desired form, which corresponds to the previous analytical calculation.

Practical value. The presented transfer functions and the method of automatic synthesis of PID parameters of the
output voltage regulator of the buck converter in Matlab/Simulink can be used in the development of power semicon-
ductor converters and allows to simplify the synthesis process of regulators in automatic control systems.

Keywords: buck converter; solar power plant converters; automated controller synthesis; converter transfer func-
tions; MATLAB/Simulink.
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Purpose Development of a model for a compensated 6—10 kV network and a methodology for selecting its element
parameters based on estimating the minimum level of higher harmonics in the single-phase-to-ground fault current.

Methodology. To estimate the minimum level of higher harmonics in single-phase-to-ground fault current cur-
rents, a generalized model of a compensated 6—10 kV cable network and its constituent elements, implemented in the
Matlab system with the Simulink extension package, was used. The generalized model of the compensated 6—10 kV ca-
ble network and its element parameters were obtained based on a statistical analysis of data from the power supply
systems of cities and industrial enterprises.

Findings. The main requirements for the equivalent calculation scheme of a 6-10 kV cable network for estimating
the minimum level of higher harmonics in the single-phase-to-ground fault current were formulated, and the ranges of
variation and average values of its parameters were determined. The developed mathematical model of the 6—10 kV
cable network accounts for the main factors determining the minimum level of higher harmonics in the single-phase-to-
ground fault current. Based on the results of computational experiments performed on the mathematical models of 6—10
kV cable networks, it was established that to ensure the required sensitivity, single-phase-to-ground fault protection
devices based on the use of higher harmonics must have a primary pickup current of no more than 0.1A.

Originality. A model of a compensated 610 kV network was developed, which allows clarifying the sensitivity
requirements for single-phase-to-ground fault protection systems based on the use of higher harmonics, thereby en-
hancing their operational efficiency.

Practical value. Based on the mathematical model, a methodology for selecting its element parameters is pro-
posed, which utilizes the estimation of the minimum level of higher harmonics in the single-phase-to-ground fault cur-
rents.

Keywords: compensated network; mathematical model; transformer, higher harmonics protection.

I. INTRODUTION ing.

In distribution cable networks with a voltage of 6—10 II.ANALYSIS OF LAST RESEARCHES
kV in industrial and urban power supply, which typically
operate with resonant neutral grounding via an arc-
suppression reactor (capacitive current compensation),
single-phase-to-ground faults are the main type of damage
[1], [2]. Therefore, the reliability of such networks and the
power supply to consumers depends on the technical per-
fection of single-phase-to-ground faults protection. In The primary sources of higher harmonic in 6-10 kV
compensated 6-10 kV cable networks, the primary appli- networks are thyristor (or valve) converters [10], and in
cation for single-phase-to-ground faults protection is de- their absence in the consumer load, they are the power
vices based on the use of absolute and relative measure-  transformers of the receiving substations (6-10/0.4 kV)
ment methods for higher harmonics in the zero-sequence  [11], [12]. The most pronounced harmonics in the spec-
currents of the protected object's connections [3]-[5]. The  trum of these sources are the 5th, 7th, 11th, and 13th har-
application of directional protection devices based on monics [13], [14]. To ensure stable functioning under
monitoring the direction of zero-sequence power of high- ~ conditions of higher harmonics spectrum instability, pro-
er harmonics (for example, [6]) is also considered promis- tection devices are designed to respond to the total level

The spectrum of higher harmonics in the voltages
and, consequently, in the single-phase-to-ground fault
currents of the networks under consideration is unstable
and depends on the composition of the higher harmonic
sources and their operating modes [7]-[9].
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(typically the root-mean-square (RMS) value) of these
harmonics. Therefore, when developing and designing
higher harmonic -based protection, it becomes necessary
to estimate the minimum possible total higher harmonics
level in the single-phase-to-ground fault current for the
networks under consideration at various values of the total
capacitive current to determine the requirements for their
sensitivity to the primary current and the scope of possi-
ble application. Estimates of the minimum higher har-
monics level in the single-phase-to-ground fault current of
compensated 6—-10 kV cable networks were previously
provided in the works [15], [16]. These estimates were
conducted in the late 1960s based on simplified analytical
methods and models of 6-10 kV cable networks and their
elements, which limited the capabilities of researchers and
developers. Operating experience does not always con-
firm the sensitivity and potential application scope of
higher harmonics -based protection systems, as estimated
by those studies (for example, [17]). Therefore, refining
the sensitivity requirements for higher harmonics -based
single-phase-to-ground fault protection is considered a
pressing issue [18]-[20].

The emergence of modern simulation systems for
electric power systems (EPS) and power engineering fa-
cilities, such as the Matlab system with the Simulink ex-
tension package, provides the opportunity to use more
complex and, consequently, more accurate models of
compensated 6—10 kV networks to refine the minimum
higher harmonics level in SPGF currents and the resulting
sensitivity requirements for the protection systems based
on them.

III. FORMULATION OF THE WORK PURPOSE

Development of a model for a compensated 6-10 kV
network and a methodology for selecting its element pa-
rameters based on estimating the minimum level of higher
harmonics in the single-phase-to-ground fault current.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

The harmonic content of the fault current at the point
of the single-phase-to-ground fault and the zero-sequence
currents (310) of the faulted and unfaulted connections is
determined with sufficient accuracy by the harmonic con-
tent of the voltage of the faulted phase at the point of the
ground fault [5], [8]. When determining the minimum
level of higher harmonics in the phase voltages of the
network and, consequently, in the single-phase-to-ground
fault current, it is assumed in [5] that the EMF of the
power source is purely sinusoidal (the total harmonic dis-
tortion coefficient KTHD = 0), and the main source of
higher harmonics is the non-linearity of the magnetization
curve of the 6-10/0.4 kV transformers installed at the
receiving transformer substations (TS) or distribution
transformer substations (DTS) of 6-10 kV cable networks
in industrial or urban power supply. This assumption is
acceptable for industrial consumers with a shift-based
daily schedule, where during the night-time load drop or
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on weekends, all major technological installations, and
consequently, the main higher harmonics sources (primar-
ily thyristor/valve converters), except for the transform-
ers, can be almost completely switched off. Theoretical
information must expand, and not repeat, stated in the
introduction and review of literature information.

In [5], the equivalent circuit of the network shown in
Fig.1, a is used to estimate the minimum level of higher
harmonics in the single-phase-to-ground fault current.

JCor

g

b)

Figure 1. Calculated equivalent circuits of the 6-10 kV
network for estimating the minimum higher harmonics
level

In the equivalent circuit according to Fig.
C =3Cyy

1,
is the total capacitance of the three phases of

the network to ground; e is the equivalent EMF of the
power source; L is the total inductance of the supply
transformers of the power center (PC); L, is the total

inductance of the magnetization branches of all connected
load transformers; R, is the total load resistance of the

transformers.

For the purpose of simplification, the calculated
equivalent circuit (Fig. 1, a) does not take into account the
influence of several factors on the voltage higher harmon-
ics level at the point of the single-phase-to-ground fault:
resistances of the lines connecting the Power Center (PC)
to the receiving substations; system impedance; winding
resistances of the load transformers; interphase capaci-
tances of the network; complex nature of the load imped-
ance; differences in magnetization currents for transform-
ers of different ratings; the arc-suppression reactor (ASR),
and others.

The minimum higher harmonics level, determined
by the equivalent circuit in Fig. 1, a, is significantly influ-
enced by the ratio of the ratings of the supply and receiv-
ing transformers,

S supy.,

SrecZ

S = , (D
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which was assumed in [5] to be §=1.5 to 3.The mini-
mum level obtained in [5] using the equivalent circuit in
Fig. 1, a, for one of the most pronounced harmonics—the
Sth harmonic—which primarily determines the sensitivity
of higher harmonics -based protection under the condi-
tions considered, is <2.6\% of /.y when the parameter

S = 1.5. The corresponding current values for the 5th
harmonic for networks with various / .y values are pre-

sented in Tab. 1.

Table 1. Calculated values of the 5th harmonic current
15 = 026[02

Calculated val- | Value of the 5th Harmonic Current /5, A

ues of the 5th
harmonic  cur-
rent I~ =
I5=0.261,5 >

250A

ICZ =
100A

ICZ =
50A

ICZ =

25A
Current /5

In the single-
phase-to-ground
fault current

0.65 1.3 2.6 6.5

In the zero-
sequence cur-
rent 31y faulted
connection

0.585 2.34 5.85

The pickup
current (or op-
erating current)

0.95 1.4 2.5 4.85

In [8], it is shown that the selectivity and sensitivity
conditions for instantaneous overcurrent protection (max-
imum current protection) based on absolute measurement
of higher harmonics can only be ensured on connections
(feeders) with relatively small values of their own capaci-
tive current:

I
[*ciown = ;fown <0.1. ()
cx
At values of 7*. ,,,= 0.1, the 5th harmonic cur-

rent /5 in the faulted connection will be equal to 0.9 of
the Isvalue at the point of the single-phase-to-ground

fault (Tab. 1). For comparison with the 5th harmonic cur-

rent in the faulted connection with /*, ,, = 0.1, Tab. 1

also provides the pickup current values for the 5th har-
monic for the USZ-2/2 type current protection device,
which is the most widely used in compensated 6-10 kV
networks [1], [2].

An analysis of the data in Tab. 1 shows that, given
the minimum calculated level of the 5th harmonic ob-
tained in [5], the required sensitivity (minimum sensitivi-
ty factor K 1.5) of the USZ-2/2 type protection is not

ensured (or: is not provided).

. >
min —

In [6], a calculation method for determining the

59

higher harmonics of the single-phase-to-ground fault cur-
rent in 6-10 kV cable networks of industrial power supply
systems are proposed. The equivalent circuit shown in
Fig. 1, b is used to calculate the k-th harmonic in the sin-
gle-phase-to-ground fault current. In the equivalent circuit
of Fig. 1, b, as in the equivalent circuit of Fig. 1, a, sever-
al factors that can significantly influence the higher har-
monics level in the single-phase-to-ground fault current
are not taken into account, namely: the resistance of the
lines connecting the power center (PC) to the receiving
substations; interphase capacitances; the ratios between
the network capacitances at the ends of the lines; the
winding resistances and the load of the transformers; the
arc-suppression reactor (ASR); and others.

To determine the equivalent EMF of the Ey, [6] uti-
lizes data on the harmonics of transformer magnetization
currents [9]. Calculations performed in [6] using the aver-
age values of Ey transformers and the parameters of other
elements in the equivalent circuit shown in Fig. 1, b
yielded the following levels for the 3rd, 5th, and 7th har-

monics in the SPGF current: [7;=0.1A, [5<0.75A,
1;,~0.62A for a 6 kV network with /.y = 40A and a

parameter value of S = 0.75. If it is assumed that the
percentage ratio of the fundamental (1st) and higher har-
monics does not change with a change in the total net-
work capacitive current /.y = 25A, the calculated value

I5=0.47A. This value is noticeably lower than the one
obtained in [5] (Table 1).

The calculated data obtained in [5], [6] show that the
higher harmonic level in single-phase-to-ground fault
(SPGF) currents can be small. Therefore, inaccuracies (or
errors) in the models of the 6-10 kV network and its con-
stituent elements can lead to imprecise conclusions when
assessing the sensitivity requirements for higher harmon-
ics -based SPGF protection and the conditions for their
applicability. The use of modern simulation systems, such
as Matlab, makes it possible to create more accurate mod-
els of 6-10 kV networks for calculating higher harmonics
in single-phase-to-ground fault currents and to obtain
more precise estimates of the minimum higher harmonics
level in single-phase-to-ground fault currents in compen-
sated 6-10 kV cable networks, which determine the re-
quirements for protection against this type of fault based
on higher harmonics.

The influence of the accuracy of the magneti-
zation curve approximation on the assessment of the
higher harmonic spectrum generated by transformers.

In calculating the higher harmonics generated by
power transformers, [5] assumes that the magnetization
curve of the transformers is approximated with acceptable
accuracy by a fifth-degree polynomial:

3

Craou
L, ~a-y .

Fig.2 shows, for comparison, the magnetization
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characteristic of E330 steel, which is widely used for
manufacturing the magnetic cores of power transformers,
and its approximation by a fifth-degree polynomial.

0 25 Lo

1 —initial curve; 2 — approximation by a fifth-degree polynomial

Figure 2. Magnetization curves of E330 Steel (in p.u.)

An analysis of the obtained data (Fig. 2) shows that
the approximation of the magnetization curve for electri-
cal steel used in [5] can lead to noticeable errors com-
pared to the actual curve and, consequently, to errors in
estimating the harmonics of the magnetizing current. An
assessment of these errors was performed using models of
transformers with a non-linear magnetic core, developed
in the Matlab system. The first model used the real mag-
netization curve of E330 steel, while the second used its
approximation by a fifth-degree polynomial. A compari-
son of the simulation results showed that replacing the
real magnetization characteristic with its approximation
by a fifth-degree polynomial yields an error in estimating
the level of the 5th harmonic of up to 10% or more, and
for the 7th harmonic, up to 40% or more (Figure 3).

Calculations using models of 6-10/0.4 kV trans-
formers with the real magnetization characteristic for
electrical steels E42 and E330 also showed that the aver-
age ratios of the root-mean-square (RMS) values of the
5th and 7th harmonics to the total magnetizing current are

within the following ranges: 15* =0.086 —0.154 and 17*

= 0.024 — 0.053. For comparison, it can be noted that
when assessing the minimum level of higher harmonics
generated by transformers, [6] assumed these ratios to be

]5* =(0.22 and ]7*:0.1.

Model analysis showed that the greatest accuracy in
estimating the higher harmonics generated by transform-
ers is provided by approximating their magnetization
curve with an arc-tangent function (fig. 4):

B=a- acrtg(ﬁH) +H" 4)

Taking into account the obtained results, models
were developed in the Matlab simulation environment for
all major types of 6-10/0.4 kV transformers at receiving
substations, ranging in power from 630 to 10,000 kVA
with winding connection schemes Y/A-11 and Y/Y-0, as
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well as for the 110-220/6-10 kV supply transformers,
ranging in power from 25 to 100 MVA, installed at the
power centers of the 6-10 kV cable networks.

5

| 3 9 11 15

1 —model using the real magnetization curve of E330 steel; 2 — model
using the approximation of the E330 steel magnetization curve by a
fifth-degree polynomial

Figure 3. Magnetizing current spectrums obtained from
transformer models in the Matlab system at U = U,om

T ooe
.

0 04 1:% 2.4 IS5 glLoe

1 — real magnetization curve, 2 — approximation by an arc-tangent
function

Figure 4. Magnetization curves of E330 Steel

The Influence of higher harmonics generated by
arc-suppression reactors.

In calculations of higher harmonics in single-phase-
to-ground fault currents, it is often assumed (e.g., in [5,
6]) that the arc-suppression reactor is not a significant
source of higher harmonics because it has a practically
linear magnetization characteristic across the entire range
of compensation current regulation. However, experi-
mental data, provided, for example, in [10], [11], show
that the degree of linearity of the ASR's voltage-ampere
characteristic (magnetization characteristic) significantly
depends on its operating mode. Therefore, the level of
higher harmonics generated by the ASR will vary depend-
ing on the operating mode of the arc-suppression reactor.

The highest degree of non-linearity in the voltage-

ampere characteristics (magnetization characteristics)
and, consequently, the highest level of generated harmon-
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ics for step-regulated ASRs [11] occurs when operating in
modes with maximum values of voltage and compensa-
tion current (Fig. 5).

EU' KV
j»
' 7
6 4
5 —— for Tk=25.5A
1 for Tk=47.8A
/ —Un
3 /-
} — Umax, kV
2
0 Ik, A
0 10 20 30 40 50 60 T
a)
8 U.kV
/}
' 7
6 4
5 —— for Ik=25.5A
i for Ik=47.8A
/ —Un
3 /
/ — Umax, kV
2
0 Ik, A
0 10 20 30 40 50 60 70
b)

a — for a continuously regulated reactor of RZDPOM type; b — for a
step-regulated reactor of ZROM type

Figure 5. Voltage-ampere  characteristics  of

suppression reactors

arc-

The results of calculations for the harmonics gener-
ated by plunger-type and step-type arc-suppression reac-
tors, performed using models with the magnetization
curve approximated by equation (1) for various levels of
operating voltage on the ASR and the maximum compen-
sation current, are presented in Table 2

Table 2. Calculated values of higher harmonics
generated by ASR at various levels of operating voltage
and maximum compensation current

Harmonic Ly, % at Us,

number, v | 0.9y, Uy, 11U,
1 100 100 100
3 0.655 1.097 1.888
5 0.157 0.294 0.565
7 0.009 0.042 0.109
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An analysis of the data in Table 2 shows that, in
contrast to other sources of higher harmonics in 6-10 kV
networks (thyristor converters, transformers, etc.), the 3rd
harmonic is the most pronounced in the higher harmonics
spectrum generated by the arc-suppression reactor. The
total level of significant harmonics (3rd, 5th, and 7th)
generated by the arc-suppression reactor in the operating
mode under consideration is approximately 1.13%.

Model analysis of the ASR also showed that when
the ASR operates with compensation currents lower than
the limit (rated) current, the degree of linearity of the
voltage-ampere characteristics significantly increases, and
the level of harmonics generated by the reactor sharply
decreases. Specifically, for step-regulated ASRs operating

with 1

tap.nom  OF for continuously regulated (plunger-

type) ASRs operating with minimum compensation cur-
rent, the level of harmonics they generate, as the model
analysis showed, is practically zero. Given that such ASR
operating modes are possible in service, the ASR can be
excluded from the 6-10 kV network calculation scheme
when assessing the minimum level of Higher Harmonics
in the Single-Phase-to-Ground Fault current.

Considering the above, the calculation model of a
compensated 6—10 kV cable network should take into
account the following main factors influencing the mini-
mum level of higher harmonics in the single-phase-to-
ground fault current: short-circuit power at the system
buses; rating (power) and parameters of the supply trans-
former installed at the power center; the varying number
of transformers of different ratings installed at the receiv-
ing substations, which generally have different parameters

(magnetizing current [ p in p.u., short-circuit voltage

Usc >

tween the RS (lengths and total cross-section of the cable
lines); the loads of the receiving transformers. In a gener-
alized form, the calculation scheme for a 6-10 kV net-
work, which takes into account the influence of these
main factors, can be presented as shown in Figure 6.

etc.); The difference in coupling impedances be-

CP 6-10kV s
$=25-100 MVA F=70xm]l S=630 x nl
L=0.2-2.5km snil
-] <)

F=95 x m2 S—1000 x n2
L=0.2-2.5km Qe sn2

F=120 x m3 $=1600 x n3
L=0.2-2.5km 4 >_ 323

Ksc

F=150 x m4 S=2500 x n4

= L=0.2-2.5km 4 - Snd

Figure 6. Generalized 6-10 kV network diagram for es-
timating the minimum level of higher harmonics in the
single-phase-to-ground fault current
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The parameters of the elements in the calculation
scheme (Fig. 6) and their ranges of variation were deter-
mined based on a statistical analysis of data from 6-10 kV
cable networks of power supply systems for enterprises
across a range of industries (metallurgical, oil refining,
pulp and paper) and urban power supply systems (Table
3)

Table 3. Parameters of the elements of the calculation
scheme for estimating the minimum level of higher
harmonics in the single-phase-to-ground fault current

ICZ , 3) L, S, p.u.
A Ik. sup Ssup £ km ls(”bs
m
kA ] mva
20- 20-40 25-100 0.3- 0.8 0.7-1.5
100 2.5

Table 3 lists the values of the following parameters
of the elements in the calculation scheme /.y is the total

(3)

.. 3 .
capacitive current of the network; /7, sup 15 the values of

the three-phase short-circuit current at the buses of the

supply system; S is the rating (power) of the supply

sup .tr

subs the

length of the cable lines (CL) connecting the PC with the
receiving substations; S is the ratio of the power of the
supply transformer to the total power of the receiving
substation transformers.

transformer installed at the power center; L

Table 4 shows the distribution by the rating (or
magnitude of unit capacity) of the transformers installed
at the receiving substations.

Table 4. Share of transformers of various unit ratings in
the network and the magnitudes of cross-sections of
communication lines between the power center and
receiving substations

for transformer with rated
Parameter power, kKVA"
630 1000 | 1600 | 2500
Share in the total
power of load trans- 25 64 7 4
formers, %
Average cross-
section of the cable
line from the power 70 95 120 150
center to the TS
(DTS), mm?

Results of calculations for harmonic levels during
single-phase-to-ground fault on a 6-10 kV cable net-
work model. The mathematical model of the 6-10 kV
cable network for the calculation scheme shown in Fig. 6
was realized in the Matlab system environment.

Based on calculations performed on the model, the
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minimum levels of the S5th harmonic (which mainly de-
termines the overall minimum level of higher harmonics
in single-phase-to-ground fault currents) were determined
for compensated 6—10 kV networks for various values of
the total network capacitive current / 5y and the parame-

ter S (1).

Table 5 also provides, for comparison, the pickup
current values of the USZ-2/2 device and the calculated
estimates of the minimum level of the 5th harmonic in the
single-phase-to-ground fault current [5], [6].

Table 5. Calculated Values of the S5th harmonic in the
single-phase-to-ground fault current

5th harmonic Current value Is, A
current at the
single-phase- Iy Iy Iy Iy
to-ground 1 _»su | _sop | =100A | =250
fault location
Calculation 0.2- 0.56- 1.55- 4.73-
for S=0.7 0.23 0.65 1.78 5.44
Calculation 0.33- 0.88- 2.43- 6.46-
for S=1.5 0.38 0.98 2.67 7.11
Calculation 0.65 1.3 2.6 6.5
for S=1.5,
according [5]
Calculation 0.47 0.94 1.88 4.7
for S=0.75,
according [6]
Operating 0.95 1.4 2.5 4.85
current USZ-
2/2

The minimum level of higher harmonics was deter-
mined for the minimum operating voltage value in the
network Uy,=0.95U,om. During the calculations, the pa-
rameters of the network elements were varied within the
limits presented in table 3 and table 4.

An analysis of the data presented in Table 5 shows
that the estimated minimum levels of higher harmonics
(in single-phase-to-ground fault currents for compensated
networks, obtained from model calculations, are 2-3
times lower than similar estimates obtained in [5], [6],
and 3—4 times lower than the minimum pickup current of
current-based single-phase-to-ground fault protection
devices using higher harmonics, such as the USZ-2/2.

For single-phase-to-ground fault protection based on
higher harmonics, a sensitivity factor of no less than 2—
2.5 is recommended [8]. To ensure this level of sensitivity
in operating modes of 6-10 kV cable networks where the
higher harmonics level is minimal, the minimum primary
pickup current of existing and developing single-phase-to-
ground fault protection devices based on higher harmon-
ics should be reduced to values of approximately 0.1 A.
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V.CONCLUSION

The main requirements for the equivalent calculation
scheme of a 6-10 kV cable network for estimating the
minimum level of higher harmonics in the single-phase-
to-ground fault current were formulated, and the ranges of
variation and average values of its parameters were de-
termined.

The developed mathematical model of the 6-10 kV
cable network takes into account the main factors deter-
mining the minimum level of higher harmonics in the
single-phase-to-ground fault current.

Based on the results of computational experiments
performed on mathematical models of 6-10 kV cable
networks, it was established that to ensure the required
sensitivity, single-phase-to-ground fault protection devic-
es based on the use of higher harmonics must have a pri-
mary pickup current of no more than 0.1 A.
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