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Mema pobomu. Cgopmysamu Komn'romepny Mooenb nepemeopiosaud, wjo Npayioe Ha Naazmosy oyey, ma
BUBHAYUMNU ONMUMATbHI 3HAUeHHA Koeiyicumis [1l-pecyismopa cmpymy, wo 3a0e3neyye onmumaibHe nepemMuKaHHsa
Mide pedxcumamu 1020 pobomu ma UcoKy AKicmb npoyecie kepysana. llpu ybomy 6uKopucmosysamu npoepamHi
3acobu MATLAB / Simulink.

Memoou docniorncenns. Memoo komn'tomeprnoeo mMooent08anHs, memoo noodity — onmumMaivHol girempayii ma
ONMUMATLHO20 OeMEPMIHOBAHO20 KEPYSAHHS MA MEMOoOU HANAWMYSAHHS pe2yamopie.

Ompumani pesynomamu. Cihopmosano dazamopisnegy MoOeb, U3HAUEHO 3HAYEHHS NAPAMEMPI6 HANAUWNTYBAHHSA
IHI-pecynamopa cmpymy, npu AKOMY 6 Nepemeoplosayi HNOCMIHO20 CMPYMY CHOCMEPIcAembCs ONMUMAaibHe
NePEeMUKAHHS MIdHC PeXCUMaMil 1i020 pobomu ma 6UCOKa AKICMb Npoyecie Kepyeants. AHAnimuuHi Memoou 6U3HAYEeHHs
napamempig Pl-pezyisimopa He 003601a10Mb OmMpumamu ONMUMAIbHI HALAWNMY8aKH s, OCKIIbKU 6A3VIOMbCs HA CUTBHO
CHPOWeHUX MOOesX, dle iX 3aCMOCYBAHHS € HeOOXIOHUM OJisl OMPUMAHHA NONEPeOHiX HANAuMY8ans, Oe3 AKUX MoyHe
HATAWIMYSAHHA Modce 3aiHamu 6azamo uacy. Bcmanoseneno, wo onmumanvHuil peyisimop HAOAE ONMUMATLHY
npomuoito 30ypeHHaAM Ha 6x00i ma 6uxooi ob'ekma ma Komneucye sminu napamempis ananoziunum yuvom. Cucmema
Mae 3a008inbHULL NepeXiOHUll npoyec NPU HeHYIbOBUX NOYAMKOBUX YMOBAX Y 8ION08IOb HA 3A0AHUU eMANlOHHULL 8NIUS |
Ha 3MIHY 3a0aHoi MOYKU, MAE XOpOwli XApaxmepucmuku Cmitikocmi ma mano yymiusa 00 30YypeHb ma 3MiH
napamempig 06'ckma.

Hayxosa mosuzna. 3anpononosano nioxio 00 eusnauenHs 6Oe3nepepenoi  NiHiliHOI  MOOeni  CUN08020
nepemeopiosaia eleKmpuiHoi enepeii ma HageOeHo ONMUMANbHUL 6UDIp NApamempis HANAWMYE8AHHA pe2YiAmopd
11020 cucmemu KepysaHHs, w0 CMAHOBNAMb OCHOGY NoOY00sU 0y0b-Koi cucmemu eneKmpodICUSTEHHs NAA3MOMPOHA,
npu AKUX 3a6e3neuyemvpCs 3a0aHa MOYHICMb Pe2yIiO8anHs MA WEUOKOOIL.

ITlpakmuuna yinnicme. 3anpononoganuti RPUHYUN eupiuients 3a0ayi eusnauenns koeiyicumis I1l-pezynamopie
ModHce Oymu 3acmoco8anull 0as PI3HUX OUHAMIYHUX 00'€Kmis, Onuc AKUX OONYCMUMO 3d OONOMO2010 JNIHIUHUX ma
oughepenyianvhux pisHans. I[Ipedcmasneni ¢ pobomi pe3yibmamu MOXCYMb OYMu BUKOPUCAHI O NPOEKMYBAHHs
iMRYIbCHUX 0diCepesl HCUBTIeHHS O eJIeKMPOMeXHOI02IU.

Knouogi cnosa: cucmema Kepysanms; podAcmHa Cucmemd; HATAUIMYSAHHS PezyiAmopa; N1azmosd 0y2da;
onmumizayin; Komn'tomepua mooenw; Ill-pecynamop; eusnauennsa napamempie pezyaamopa.

I. BCTYII 3aBJaHHS KEpyBaHHS € aBTOMAaTHYHA IIJTPHMKa
TEXHOJIOTIYHUX NapaMeTpiB Ha 3aaHOMy piBHI. 3 Wi€l0
METOI0 IIMPOKO BHKOPHCTOBYIOTH Y HPOMHCIOBOCTI
tunosi [11/]-perynsaropu.

3amavya eQEeKTUBHOTO KEPYBaHHS TEXHOJIOTTYHHMHU
MpoIecaM, SK 1 paHilie, 3aUMIAEThCS aKTYaITBHOIO.
OmHuM i3 CKIIQIOBUX (HaKTOPIB KOMIUIEKCHOI TpoOIeMu
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[TpnunHaMy iX BUCOKOI MOITYJISIPHOCTI € HPOCTOTa
MoOYyZ0BH Ta IPOMHCIIOBOIO BHKOPUCTAHHS, BUBUYEHICTh
BJIACTHBOCTEH Ta NPHUHLMITY Aii, poOACTHICTh y Pi3HUX
yMOBaxX POOOTH, a TAaKOXK NPHIATHICTb ISl BHPILICHHS
OUTBIIOCTI MIPAKTUYHUX 3aBIaHb, HU3bKA BapPTICTh.

BonmHowac anst peanmizanii cBoiX mepeBar THITOBI
peryJsITOpy BHMAaraloTh HalaluTyBaHHs. HanamryBaHHS
MId-perynaropa (BuU3Ha4YeHHS HaOOpy KoedilieHTiB
MOCWJICHHS, 10 3a0e3MevyloTh Halkpamy podoty
3aMKHYTOI CHCTEMH) € CKJIAJIHUM 3aBJAHHSAM. 3a3BHYail
PEryJIATOpH HANAIITOBYIOTH BPYYHY YH 3a JOIOMOIOO
(dbopmaizoBaHuX ITepaTHBHUX Mpouenyp. PydHi metoan
3abupatoTe Oarato dacy, a ¢opmaiizoBaHi ITEpaTHBHI
MpoIeAypH HE 3aBXAW CYMICHI, HampuKiIam, 3
HecTiiikuMu o0'ektamu abo 3 o0'ekTamMu 3  Majolo
MOCTIHHOO Yacy.

Came ToMy 3a HaHUMH ABCTPIHCHKOi KOMITaHii
«B&R Industrie-Elektronilk» [1] mame 16 % perynsaTopis,
10 00CIYTOBYIOTH IPOMHUCIIOBICT, MIPALIOIOTH J0Ope, me
16 % mpamioTh BiIHOCHO HOPMaJbHO, Maibke 32 % —
norano abo abusk i 36 % B3araji ynpasJisiOTbCSI BpyUHY

(puc. 1).

Pucynoxk 1. [liarpama METOIiB

HaJamTyBaHHA

BUKOPHUCTAHHA

HesBaxaroun Ha JOCATHYTI pe3yinbTaTH B Talysi
koHCTpytoBaHHA III/I-perynmsaTopiB Ta HaKOMUYEHUH
JOCBiI 1X MPaKkTHYHOTO 3acTOCYBaHHs, Yy BHOOpI
rapameTpiB MIPOJIOBXKYIOTh BHUKOPHCTOBYBATHUCA
emmipuddi  MeToau. OCHOBHOKO — IpoOieMol  mpu
HamamrtyBaHHi  koedimientis  [IIJ]-perynsropa €
CKJIaIHICTh BCTaHOBJICHHS BIJIMOBITHOCTI MiX
MOKa3HUKaMH SIKOCTI Ta pOOAcTHOCTI CHCTEMH Ta
koedinientamu peryisropa [2], [3].

Y miifi poOOTI PO3MIIAHAOTECA 1 JOCITIKYIOTHCS
JIesiki  Meroau  HamamTyBaHHs  [Il-perymsropiB  Ha
KOHKPETHOMY IpUKJIagl 1 3/1HCHIOEThCS ONTUMAaJIbHE
npoektyBaHHs [1I-perynaropa, 1m0 caMOHaIAIITOBYETHCS
B 3aMKHYTIM CHCTEMi pETyJIOBaHHS CTpyMy [IyTH,
BHUKOPHCTOBYYH Nporpamui 3acoon MATLAB / Simulink.

I1. AHAJII3 JTOCJALKEHD I ITYBJIKAIIA

Jnst  HajamTyBaHHA IPOMHCIOBHX KOHTPOJIEPIB
BUKOPHCTOBYIOTbCS (opMyibHI Metoanu [2], [3], mo
JO3BOJISIIOTh  3AIMCHUTH HAJANITYBAaHHS IO KPHBIii

pO3rOHy, OTpHMaHOi ekcnepuMeHTanbHO. LI MeToam
3apeKOMEH/yBaJlM cebe NPOCTOTOI0 BHKOPHCTaHHS Ta
4acTo BUKOPHCTOBYIOTBCS JUTSE HAJTAIITyBaHHS
perymsatopiB [7], [8]. Ane BOHM BHMAararoThb HasSBHOCTI
agekBaTHOI Mojeni oO'ekta kepyBamHa [2], [3], mo
BiOMBaE HOT0 3MiHY Y BCIX peXUMax poOOTH.

MoxBa 1o0OyzoBa peryssiTopa, BUKOPHCTOBYIOUH
CydyacHi amapaTHe Ta TIIporpaMHe  3a0e3le4eHHS,
CIHUpAIOYNCh HA peajbHI IMepenaBaibHI (QYHKII, 10
OTIHCYOTH Pi3HI TEXHOJIOTIYHI MPOIICCH.
napameTpiB
BigoMUX

HaKeTy

ABTOMaTH30BaHE  HAJIAIITYBaHHS
BUKOHYETbCS ~ HIDKYE 32  JJONIOMOTOIO
iHctpymentiB  System  Control Designer 3
MATLAB.

JloBruii yac HajalmTyBaHHs apaMeTPIiB perysaTopa
3MIACHIOBAIOCS] CBPUCTUYHUM PYYHHM METOJAOM, IO

IlikaBo 1 BaX/JIMBO BIJ3HAYMTH TaKOX, IO
ONTHMAJIbHE HACTPOIOBAHHA JIHIKHUX IPOMHCIOBUX
pETyIATOPIiB € 6araTOKPOKOBOIO MpoLeAyporo [2] 1 myxke
Tpynomictke. CaMe TOMY 3a JaHUMU aMEpPHKaHCBKOI
¢bipmu FOXBORO (po6otn ®. Hlincni) y CHIA 80 %
JHIHHUX peryistopis, AKi 00CITyrOBYIOTh
IIPOMUCIIOBICTh, HAJAITOBAHI HE ONTUMAJIBHO.

Y 90 — 95 % tumis [1] perynaropis, siKi B 1aHHI yac
eKCIUTyaTylOTbCsl B PI3HMX  Tally3sX  HAapOAHOTO
rocrnoaapcTsa, Bukopucrano III/[-anmroputm. Ilpu npomy
90 % ix mparroroTh sk [1I-perynsatopu.

Bonu MaioTh Taki mepeBaru:

1. 3abe3neuytoTh HYIBOBY CTaTHYHY HOMMJIKY
peryiroBaHHs (TATPUMKA MOCTIHHOTO CTPyMy 3a 3MiHH
HATIPyTH Ha HABAHTAXKCHHI).

2. Hocuthb MPOCTi B HaJIAIITyBaHHI
(HanmaIITOBYIOTHCS JUINE JBa mapameTpu: k, Ta T;). Y
TaKOMY DPErylisTopi € MOXIUBICTh onTuMisauii &,/ T; —
max, 1o 3a0e3rnedyye KepyBaHHS 3 MiHIMaJbHO
MOXITUBOIO cepeIHbOKBAAPATHIHOIO MTOMHIIKOIO
perymoBaHH [3].

3. MaioTh Mally 4YyTIMBICTh A0 IIYMIB y KaHaii
BUMIpY.

Koediuient crabdimizauii (ctaruunuii) B igeam (6e3
ypaxyBaHHS NOXHOKH IHTErpaTropa Ta iHIINX eJIEMEHTIB)
Ta BHUXIOHHH omip crabimizatopa CTpyMy IOPiBHIOIOTh
HECKIHYEHHOCTI, OCKUIBKH 3MiHH BHXIJHOTO CTPyMY IpH
3MiHI HaBaHTa)XEHHS OyJe MOBHICTIO KOMIIEHCOBaHO
IHTErpaJIbHOIO CKJIa0BOKO peryisitopa [11], [12].

Xoya 3a TOYHICTIO KOHTYp crabimizamii 3
JIOJIATKOBMM PETYJIIOBaHHSM [0 IHTErpajly He 3alldiliae
OaxaTH Kpamioro, 3a AWHAMIYHUMH BJIACTHBOCTSIMH BiH
JIyKe nanekuit Bia ineany [3].

Ilpu BuGOpi THIy peryisaTopa pPEKOMEHIYETHCS
OpIEHTYBAaTHCh Ha BEITUYMHY BiTHOIICHHS 3alli3HEHHS J0
nocTiifHoi wacy o6'exra T,/t [3]. BimHomenus 7,/t
iHOJII HA3WBAIOTh XAPAKTCPUCTUIHUM KoedimieHTOM abo
BIZIHOCHUM 3aIli3HEHHSIM 00'ekTa peryioBaHHs. OCKilIbKH
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T./t = 007742 < 0,2, mMoxHa BHOpaTH peNeHHUI,
6e3nepepBHUii un undposuid, Pl un PID perynsTop.

YV nmopanpmoMy BUKIAAl 3ynHHHMOCS Tineku Ha [11-
peryJsTopi, OCKUIBKM camMe Ied THUI peryistopa €
HaiirmomupeHimuM Ha npaktuui [13], [14] (3acTocyBanHs
TU(EPEHINIOYO0T CKIIaZ0BOI mependadae 3acTOCYBaHHS
(buIBTPIB).

[Toumnaroun 3 2015 poKy KiIBKICTH OTPHUMAaHUX
nareHTiB y cepi po3poOKH aBTOMAaTHYHUX PETYJSTOPIB
HEYXWJIBHO 3pocTac [4].

3a KUIBKICTIO OTpUMaHHMX TATEHTIB Yy Kiacax
G0511/06, GO05B11/36 Tta GO5B11/42 nepuicth
HanexuTh BUKMOYHO SAmnonii ta Kwuraro. Kpim Toro,
CTabIbHY JOWHAMIKy MIOAO KINBKOCTI  OTPHMAaHUX
nareHTiB 30epiratoth CIIA, ITiBnenna Kopest Ta xpainu
3axigHoi €Bpornu. BoHu HajekaTh SK 0 CIOCOOIB
HanamrtyBaHHs [11J]-peryssitopiB, Tak 1 10 NPHUKIAIHUX
3aBJIaHb 1X 3aCTOCYBaHHSI.

III. META POBOTH

Cdopmysarn KOMI'IOTEpHY MOJEIb
MepeTBOpIOBaYa, M0 TMpAIOe€ Ha IUIA3MOBY Oyry Ta
BH3HAYUTH ONTHMaJbHI 3HadeHHsA Koedimientis [1I-

peryisTopa CTpyMy, 10 3a0e3ledye ONTHMAalbHE
MepeMUKaHHsI MK PEeKHMaMH HOro poOOTH Ta BHCOKY
AKICTh ~ TIPOIECiB  KepyBaHHS, BHKOPHCTOBYIOUH

nporpamHi 3acobu MATLAB / Simulink.

IV. BUKJIAJEHHSI OCHOBHOTI'Y MATEPHAJY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

Junamiuna moodens imnyiscnozo nepemeoprosaua
Hanpyzu nocmiiinozo cmpymy. HesminHa yacthHa
CHCTEMHU «JKEPENO >KUBJICHHS (CTpyMy) — €JEeKTpHYHA
nyra» (HECKOpHroBaHa Oe3lepepBHA YaCTHHA CHCTEMH) B
OUTBIIOCTI MPAKTHYHHUX BUIMAIKIB MOXKE OYyTH NpHBEICHA
0 iHepUiiHO{ JIAaHKHW i3 3aIi3HEeHHSIM (alpoOKCHMOBaHa
FOPDT-monenmo [5, 6]), nepenatna ¢ynkuis (I1D) skoi
Mae BUJ [5, 6]

T.s

koe_

Wy(s) = (M

Ts+1
ae ko = (RI[C /(}’E + Rmbo ))nTVUBXkH_HMki — KOC(‘I)iL[ieHT
IOCHIICHHs. He3MiHHOI dacTuHH; T=L/(rs + Ryg0) —

MocTifHa 4Yacy JaHLOra HaBaHTaXeHHsd; [, — dac
3alli3HEHHs] IEPeTBOpIOBaYa, MI0 BH3HAYAIOTHCS Ha
OKOJIUIII HOMIHAIBHOTO peXuMy pobotu ol'ekra. Y IID
W.(s) BKIFOYAIOTHCS KOE(DIlliEHTH TMOCHICHHS CHIIOBOL
YaCTHHH, JaT4dKa Ta IIJCHIIOBada CUTHAIY IaT4nKa
ctpymy ta IIIIM.

AJIEKBaTHICTh OTPUMAHOI MOJIEJIi TIEPETBOPIOBaYA 3
M'SIKUM TIEPEMUKAHHSM, [0 MPAIIOE Ha €IEKTPUYHY AYTY,
SIK JTAHKA CUCTEMH aBTOMATHYHOTO KepyBaHHS, HaBeIeHA
B [5].

Jus IId (1) rtaki mapamerpu [5]:
T1=248-10°¢; T=19,2:10" c.

ko =5,083;

Hocnioscennn Memooieg HaANAUWIMy6aHH:
napamempie IlI-pezynamopa. J1o HaWOUTBII MOMYJISIPHAX
MmeroniB HajamryBaHHA [II/I-perynsTopiB Hanexartb
METOIN 3irnepa-Hikonsca, Koena-Kyna, METOI
BHYTPIIIHEOTO MOZENBHOTO KepyBaHHs, Meron Canpa-
Mapi ta in [2, 7]. Hmxde y miif cTaTtTi BUKOPUCTOBYEMO
JUIIe HaimommpeHinn 3 HuX, Taki sk AMIGO,
A.Il. Konenosuua, 3irnepa-Hikonbca, JIsmOma, UneHa-
Xponeca-Pe3Bika [2, 7].

JIamb6oa  wanawmysanus (Lambda  Tuning) -
T,=T,2T,37T. Hexait 3agana (OaxaHa) mepenaTHa
(bYHKIIIsI 3aMKHYTOI CHCTEMH BU3HAYAETHCSI BUPA30M

1 —sL

D (s) = e,
( ) 1+ST01

ne L=t — 3arpumka; T,=MAzT — mocTiliHa 4acy
3aMKHYTOTO KOHTYpPY: Ar = 3 (poOacTHE HalaImITyBaHHS),
Ar <1 (arpecuBHE HaJAIITYBaHHS).

Ilykana mepenatHa (YHKIS KOPUTYBAJIBHOTO
HPHUCTPOIO B JaHOMY BHUITAJIKy MA€ BUTIISIA:

O(s) 1+sT
1-®"(s)  k(1+sT,; —e™F)

R(s) =W (s)- (2

sL

Bennuuny e~ MO)XHA MPUOJIM3HO BU3HAUUTH TaK:

et ~1-sL . Omxe, i3 hopmymn (2)

Ry=—T T [HL.
K(L+T.)s k(L+T,)\" sT
Tomi Oymemo wmaru [7] Pl-perymstop i3
napaMmeTpamu
1 T 1
p=7 s ki = > 1 =
k L+Tcl k(L+Tc[)

Mo>xnuBo Kpaiie BUOpaTH nmapaMeTp HalallTyBaHHS
T,; nponiopiiiHuM L.

— Skogestad ~ SIMC. Baxana
[Mapametpu Pl-perynstopa TOpiBHIOIOTh

[I®d Ta cama.

1 T .
=———, T, =min(T, 4T,; + L)),
P L+T, i ( (Tey )
a s SIMC
_ 1 T+L/3
Pk L+T,

Ty =min(T + L/3, 4T,y + L)), T,y = AL .

— Tore's One Third Rule (npasuno ooniei mpemunu).

Jis ioro BapiaHTa

1 L
k,y=—,T, =T+—.
T 3
- AMIGO (M,, M., 4). Tlapamerpu HanamTyBaHHsS
IIPY LIOMY piBHi [2, 7]
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PICIN PO
k (L+T)" ) KL
2
T; =0,35L + 3 13LT 5
T +12LT+7L
—Memoo  AJIl.  Konenosuua  (anepioouune
nanawmysannsi). Ilapamerpu peryisitopa OyayThb
0,6T

k,=——,T;=0,6T.

— Ziegler-Nichols step [8]:
k,=09/a :0,91, T; =3L/k=33t.
tk

Anroputm Meroma 3irnepa-Hikonbca mossirae B
HACTYIHOMY:

1. BusHawaeThes nepexinHa XapaKTEePHUCTHKA
o0'ekta Ta 11 moOXimHaA 3a MoAEI0 o0'ekta B Simulink
(puc. 2, 3).

5083

Transport
Delay

Gain Integrstor

Constant

248e-8z+1

Derivative »

5t
e Transter Fen

—

Scope

Pucynok 2. Monenp
CHCTEMH

JUIS  TOCTIDKEHHS PO3IMKHYTOL

2.Motim OymyemMo MOTHYHY 1O MepeximHOi
XapaKTepPUCTUKU Y TOUIl TeperuHy (ampoKCHMyoUy
MpsIMY IS TaHO1 XapaKTepUCTHKH) (puc. 3).

3. 3a Biarykom monmenmi (puc. 3) Bu3HavaeMo 0a30Bi
PO3paxyHKOBI mapaMeTpu:
a=0,3935, Ky =19600, L=19,2-10°c — enuunna
3CyBY alpOKCHMYIOYOT MPsIMOT 1O Oci abciuc.

— Memoo CHR (Chien, Hrones & Reswick) [2, 7].
IMo Bimryky 3miHy ycraBku (0e3 mepeperyaroBaHH:)
xoedirientu Pl-perynsaropa: k, = 0,35/a, T;=1,2L / k.

3HaueHHS pO3pPaxOBaHMX 3HAYCHb HAJIAIITYBAHb
HaBeIeHO y Tabm. 1.

Tore’s One Third Rule 0,06558 254.4-10°¢

CHR

0,8894 4,5328-10°°

Tadauusa 1. 3HadeHHs pO3paxoBaHUX napamMmeTpiB
THUIIOBOTO PETyJIATOpa
Metox k, T;
AMIGO 0,7494 133,357-10°°
Komnenosuua 1,5247 148,8-10°
Ziegler-Nichols 2,287 63,36:10°
Lambda 0,6055 822,4-10°
Skogestad SIMC 0,3776 248-10°

10
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Pucynok 3. Immynscra () ta  mepexiga  (0)
XapaKTepUCTHKN 00'ekTa KepyBaHHS, alpPOKCHMYIOYa

IpsAMa 10 TIePEXiTHOT XapaKTEPUCTHKA

[opiBHIOIOYM METOAM HAJAIITYBaHHS, IIKAaBO Ta
Ba)KJIMBO BiJ[3HAYMTH HACTYITHE:

1. Meton nanamryBanHst AMIGO mae OiTbII BUCOKI
MOKa3HUKM [IBUAKOJII Ta Manuii dYac peryJoBaHHS
MOPIBHSHO 3 1HIIMMH METOJIaM{ HAJIAIITyBaHHS.

2. Meton Ziegler-Nichols BAKOPUCTOBY€E BChOTO JBa
napaMmeTpu: a i L 1 1o3Bois€ OTpUMATH HajilHI, ane
Jlanieki  BiJl ONTUMAalbHUX MapaMeTpd HaJIAIITyBaHHS
peryJsitopa.

3. Ha Bigminy Bin Ziegler-Nichols (sax xputepiid
SKOCTI HAaNAIITYBaHHS BHKOPUCTOBYBAJIM JEKPEMEHT
3aracanHs, piBauil 4), Chien, Hrones i Reswick (CHR)
BUKOPHCTOBYBAJIH KPHUTEPiH MaKCHMaJIBHOI IIBUAKOCTI
HApOCTaHHS 3a BIICYTHOCTI IIepeperyioBaHHsi abo 3a
HasiBHOCTI He Oimbmre 20 % mepeperymoBanus [2, 7].
[ponopuiitauii koedinienT y metoni CHR MeHmmit, HixX
y metoni Ziegler-Nichols.

4. Meron A.Il KomenoBuya 3abe3nedye  1yxe
HU3bKY IIBUAKOJIIIO 32 BIICYTHOCTI MepeperyTOBaHHs.

5. SIMC — Skogestad: iimoBipHO HaiiKkpallli y HIEBHUX
BUMNAJIKaX TMPOCTI TpaBwia HamamryBaHHa PID-
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peryisTopiB y cBiTi [7].
3a pesynbTaTaMHd  POBEACHOTO  JOCIIKCHHS
BCTAaHOBJICHO, IO B JaHOMY BHIIAAKy HalKparry

MOYaTKOBY IPOIIO3UILII0 Aal0Th Meronu Ziegler-Nichols,
AMIGO ta A.Il. KonenoBuya.

Busznauenns napamempie nanawmyeannsn III-
DPecynsaimopa, wio CamoHaIaummosyemuocsa. SIKicTh OLIHKA
napaMeTpiB peryJsiTopa MOXKHa IIABHUIIMTH 33 PaxyHOK
BUKOPHUCTAaHHS CYyYacHHX 3aco0iB MOJETIOBAHHSA Ta

3aCTOCYBaHHSA CIETiaTbHIX IHCTpYMEHTapiiB
OOYMCITIOBAIBHUX ~ CEpPEOBHILL. vy CepeoBHIII,
Hanpuknan, MATLAB/ Simulink nnst  HanamTyBaHHS

mapaMeTpiB PEryiaTopiB po3podieHo iHcTpyMeHT PID
Tuner nporpamu System Control Designer.

[epeiinemo Termep m0 onTHMI3alii IapameTpiB
perynaropa. Hns el METH CKOpPUCTAEMOCS
IHCTpyMeHTaMHy TapameTpuyHoi ontumizanii Check Step
Response  Characteristics (CSRC) Tta PID Tuner
nporpamu System Control Designer [16].

Anroputm IMHAMIYHOT orrrumizarii
(manamryBaHHs1), peanizoBanudi B iHcTpymeHTi CSRC,
JIO3BOJIIE BCTAHOBUTH 3aJaHi 3HAYEHHS ITOKAa3HMKIB
SIKOCTI CHICTEMH Ta MiiOpaTH mapaMeTpyu MOJIENi CHCTEMHU
KEepPyBaHHS 3 PEryJIATOPOM, 110 CAMOHAJIAIITOBYEThCS, 10
3a0e3MedyoTh BUKOHAHHA 3aJaHuX BUMOT. Y PID Tuner
nmapameTpu [1I-perynsaropa oOUHCIIOIOTHCS aBTOMATHYIHO
JUTSA 33/1aHUX (BCTAHOBJICHUX) IMIOKA3HUKIB SKOCTI 200 JIIs
BiJIOBiTHOCTI 0OpPaHOi €TaJOHHOI MOZETT.

Bumorn no sikocri kepyBanus B PID  Tuner
3aaI0ThCS YHCETBHIMH 3HAUCHHSIMHU 4Yacy peryJroBaHHS
Ta OIIIHKOIO poOacTHOCTI y 4dacoBiif obmacti, abo
94acTOTOI 3pi3y Ta 3amacoM CTidKocTi mo ¢hasi B
4YacTOTHIM obOsacti. SIkmo BpaxyBaTd, MmO 00'€KT
KEepyBaHHS CXWJIBHUH J0 3HAYHHUX 3MiH ab0 po3poOHUKY
TOYHO HE BiZIoOMi mapameTpu 00'ekTa, CIiJl 30UTBIIUTH
koediwieHT podacTHOCTI ab0 3amac CTiKocTi o ¢asi.

Skmio  pe3ynapTaT  MOYATKOBOTO — MPOCKTY  HE
BIJMIOBIIa€ 3aJlaHUM BUMOTaM, TO B IHTEPAKTUBHOMY
peXuMi MOXHa BUKOHATH TMiacTporoBaHHs. PID Tuner
JUIA HOTO (YIOCKOHAJICHHS KOHTpOJEpa) A€ JBi OMIIil
Domain:

— Time o0mactb — BUKOPDHCTaHHS IIOB3yHKa
Response Time mms TOro, mo0 3pOOHMTH pEaKIliio
KepyBaHHS Ha BIUIMB, 110 3ajxae, mBuame abo
NOBUIBHIIIE, 1 3acToCyBaHHS NOB3yHKa Transient

Behavior s Ttoro mo6 3pobutH peryisrop Ouibl
arpecHBHUM TIpH TPHUIYIICHHI Iepemkox abo 3MiHi
rapameTpiB 00'ekTa KepyBaHHSI.

— Frequency — BuxopucranHsi oB3yHka Bandwidth
JUIS  TOro, IM00 3pOOHMTH PEaKIild CHCTEMH OUIBII
IIBUKOI0 a00 TOBITBHOIO Ta BHUKOPHCTAHHS MOB3YHKA
Phase Margin 1 3MEHIUCHHS BIUIMBY II€PEIIKOX
(mpoTtupii) Ta BiAXWIIEHb NapaMeTpiB PETYJIOBAHHS Ta
CTE)XCHHSL.

11

BaxJIMBO HAroJioCUTH, 10 B 000X PEKUMAX Ma€
OyTH  3HAWJIEHO  KOMIPOMIC  MiX  e(QEKTUBHHM
TIPUIYIICHHSAM TIEPEIIKO T BiICTEKEHHSIM YCTaBKH.

Jis HamamryBaHHs mapamerpiB Ill-perymstopa B
cepenoButi MATLAB / Simulink moOymyemMo Monenb
CHUCTEMH KepyBaHHS 3 peryssiTopom, 110
CaMOHAJIAIITOBYETHCSI, HaBEICHY HIDKYE Ha puc.4 Ta
JIOTIOBHEHY OJIOKaMH BXiIHOTO CTYIIIHYaCTOTO CHUTHAIY
Step mo KaHaNly 3aBJIaHHS, BUBEJICHHS rpadika BHXiJHOI
BEJIMYUHK Scope Ta ONTHUMI3Allil MapaMeTpiB peryasaTopa
Check Step Response Characteristics [16]. Jna
ONnTHMI3alil mHapaMeTpiB PErynsiTopa CKOPUCTAEMOCH
iHctpymenToM PID Tuner. Y 1bOMy J0JATKy mapamerpu
[1I-perynsTopa BU3HAYAIOThCS aBTOMAaTUYHO
(00YHCITIOIOTBCS) 1T BCTAHOBJICHUX ITOKA3HUKIB SKOCTI
a00 BIAMOBITHOCTI 00OpaHOi eTasloHHOT Mojeii. Bumoru
JIO SIKOCTI KepyBaHHS 33/a€MO YHCETHbHUMHU 3HAYCHHSIMHU
gacy MEepeXifHOTO MPOIECy Ta OIIHKOI pOOACTHOCTI Y
4gacoBili oOmacTti, abo 4YACTOTOIO 3pi3y Ta 3amacoM
cTiiikocTi 110 (pa3i B yacTOTHIH 00JIaCTi.

[([J-@—{re}—

Step Pl Controller Transport
Delay

5.083
248e-6s+1

g

Scope

Transfer Fen

LC:'
Check Step Response
Characteristics

L.

Pucynok 4. Monens cucteMu KepyBaHHS CTPYMOM IYyTH
3 Ill-peryndaropoMm, SIKM CaMOHAQJIAITOBYETHCS, NpHU
CTYMIHYaCTOMY BILIHBI

Hanwmii iHctpyment (PID Tuner) He npU3HAYCHUI
UIs poOOTH 3 HeMiHIMalbHO-(a30BUMHK JaHKaMu. Jlist

BUDILIEHHST 33/1a4i  CKOPUCTAEMOCS  arpoOKCHMAIIEI0
eKCToHeHIiHoT  QyHKIii e® mo psgy Teiinopa
(ammpokcumariero Ilame) B oxommmi Toukm ¢ =0:
y 2 3 4
e’ =l-s+———+—+.....
20 34
3azBuyaii mpu monemoBanHi CK  gocraTHBO

3aCTOCYBaHHs ampokcumaiii [lajge HU3BKUX MOPSAIKIB —
nepioro ta apyroro [3]:

1 1 1
5 l-—s 1-—s+—s°
oS = € - . 2 . e~ 2 2 '
5 1+ 1 s 1+ 1 s+ 1 52
e 2 2 2
[poinrocTpyemo MOJKJIMBICTh BUKOPHUCTaHHSI

anpokcumarii [Taze.

Ha puc. 5 HaBezieHO Tpadiku NepexiTHUX MPOIECiB
y Mozelni 00'ekTa i3 3aTPUMKOIO Ta arnpoKCHMYIOUYHM
eneMeHToM (puc. 6).



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

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETHUKA» Ne2 (2025)

Po3ain «Enexkrporexnika»

x10°
Pucynoxk 5. Iepexinni XapaKTepUCTUKH o0'ekta
KEepyBaHHS 3  TPAaHCIOPTHOI  3aTPUMKOI  Ta

AIPOKCHUMYIOYHM €JIEMEHTOM 1-ro nopsaky

Sk BUOHO 13 puUC. 5, BUKOPUCTAHHS alpOKCUMYI0UOi
(GyHKIIT qpyroro abo BUIIMX MOPSIKIB HE € HEOOXiTHUM.

5.082

Transpart
Delayt

248e8s+1

Step1

h

Transfer Foni

5.082 -9.6e-0s+1

simout

2458541 To Workspace

9.8e-8s+1

Transfer Fon2 Transfer Fcnd

Pucynok 6. Mopenb JociipKkeHHs:  o0'ekra

KepyBaHHS

JUIISL

OTKe, 3aBJJaHHS HAIAIITYBaHHS PETYIATOPA CTPYMY
MoxHa copmymoBatn Tak. Hexaili perympoBaHOIO Ta
BHMIPIOBAHOIO 3MIHHOIO € CTPYM IYTH.

3agaMo HeoOXiJHI MOKa3HUKH SIKOCTI CUCTEMH: 4ac
perymoBanns He 6inbime 1,6:10™ ¢, mepeperymoanns He
6inbme 4,3 %, craTHYHA TOMUJIKA BIICYTHS 1 KoedillieHT
pobactHoCTI HopiBHIOE 0,6.

Bumaraemo takox, mo6 3amnacu 1mo MomayJro Ta dasi

Ta MOKa3HUK KOJIUBaJIbHOCTI 3aJJ0BOJILHSIIH
CHIBBITHOIIEHHSIM
L>2,0,>245°, M <2.
3amycTMMO  TIpomlec  ONTHMi3amii  mapamerpiB

perymsitopa. [licns #oro 3akiH4eHHSI OTpHUMaeMo Tpadik
OINITHMAJIBHOTO, 110 3a7I0BOJIBHSIE MIPAHHATHM
00OMEXEeHHSM, TIEPEXiTHOTO MPOIECY CUCTEMH KepyBaHHS
3 [1I-perynsaropom, 110 caMOHAJIALITOBYETHCSL.

3Haiineni IIPOLEYPOIO aBTOMAaTHYHOTO
migcTpotoBanHss B MATLAB, 3rigHO 3 3a3HAYCHUMH
BHMOTaMH, TapaMeTPpH PETYIATOPA MArOTh TaKi 3HAUYCHHS:
kp=1,271, k;=5123.

Ha puc. 7 npencrasieHi nepexifHi XapaKTepUCTHKH
CHUCTEMHU KepyBaHHA 3 ONTHUMaJbHUMHU IapaMeTpaMu
perymnsTopa (3 II-perynstopom, 1o
CaMOHAJIAIITOBY€EThCs). [IOKa3HUKM SIKOCTI  CHCTEMH

12

KepyBaHHS 3 OTpPUMaHUMH TIapaMETpaMU pETyIsATopa
CTaHOBJIATE: TepeperyiroBaHas 4 %, dac MepexiTHOro
npouecy 0,16 mc.

.'V(f) 1.4

u(l) is O i |

Step Response

Amplitude
m ==} -

IS

v}

1
i
i
1
h
u.
.
:!'.’
!

1 15
Time (seconds)

Pucynox 7. Tpaekropist crany i(f) Ta KepylO4yuid CHUTHAI
u(f) cucteMu KepyBaHHS CTPYMOM JyTH

Ha puc. 8 HaBemeHO pe3ynbTaTd aHaNi3y CHCTEMH
crabinmizanii cTpymy IyTH.

3 HaBeJIeHWX Ha [[bOMY PUCYHKY TpadikiB BUILIHBAE,
o crabirizaTop CTpyMy Ayrd Mae HACTYIHI 4acTOTHI
BIIACTHBOCTI: @, = 65,5°, ®,, =2,37" 10* 1/c, L — oo,
M=1, a 4Yac DpErymIOBaHHS f, 1 TNepeperyIOBaHHs
MeHIIle 3aJaHuX (MPaKTHYHO 30iraroThCs 3 3aTaHUMH).
Cuiz 3a3HaYMTH, 0 B pe3yJIbTaTi 0araTopigHOTo J0CBILY
eKCILTyaTalil pi3HUX CHCTEM DEryJIOBaHHS BCTAHOBJICHO
Ta PEKOMEHIOBAHO JIJIsl BUKOPUCTAHHS TIPH IPOSKTYBaHHI
HOBHUX CHCTEM TaKi 3HAa4YeHHS 3amaciB CTIMKOCTI Ta
moka3HuKa kommBaHHSA [3]: @, =30...60° L*:2...10;
M=13..2.

PosrisiHyTa cucrema € poOacTHOIO, OCKUIBKM Mae
3amac CTIHKOCTI MO aMIUTITYAl Ta 3amac CTifKocTi 3a
(hazoro, HeoOXigHI I 1BOTO [3].

Hocnignmo BB 30ypeHb Ha CHCTEMY KepyBaHHS
ctpymoMm nyru. Ha puc. 9 mpezacrasieHi JiorapudMidsi
YacTOTHI XapakTepucTHKH (yHKuii dyTauBocTi [S(jo)|
JaHOI CHCTEMHM KepyBaHHS 3a HasABHOCTI 30ypeHb,
NPUKIIAZEHUX JI0 BXOMy 00'ekTa KepyBaHHs S;(j®) Ta Horo
Buxony S,(jo). 3ayBakmMo, IO OCKUTBKH S)(jo)
BU3HAYAETHCS BUPAa30M

1 1
J(jo) 1+W(jo)R(jo)’

S(jo) =

ne J(jo) — dyHkuis 3BopoTtHOi pizHuUi; W(jo)R(jo) —
koHTypHa I1®D, a6o [I®P mo merni 3BOPOTHOTO 3B'S3KY
(meTyiboBEe  MOCWIJIEHHS), TO OCTaHHA BH3HAYae 1
YYTJIMBICTh aBTOMAaTHYHOI CHCTEMH MO BiJIHOUIEHHIO 1O
KEepOBaHOTO 00'ekTa (3B'SI3y€ BIJHOCHY 3MiHY IepeaaTHOl
¢yHkuii ob'exta W(s) 3 BIIHOCHOIO 3MIHOIO TE€peNaTHOI
¢yakmii cucremu kepyBaHHA D(s)), MO BHUXOIUTH
BHACJIIIOK I[6OTO.
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M(w) %

o

Magnitude (dB)
i 4

a
2
-]

G.M.inf
.50 |- Freq: Inf

10%
Frequency (Hz)

a)

=

Bode Diagram

/

Open-Loop Bode Editor for Open Loop 1(0L 1)

Stableloop =]
8
= ‘ﬂ_\\\
—=120 \\ 4
8 2150
P.M..656.5
Freq: 2 3?«3?4 radis \‘\‘
1e0l. AR : —
10 10° s 10°
0)
Open-Loop Nich
1d8
3B
4608
2dB
-20d8
40 B
G0 dB
GM.: Int @ Inf
PM.: 65 5 deg @ 2 37e+4 md's
Stableloop !
40 dB;
B)
Pucynok 8. OcHoBHi XapaKTEPUCTUKU CHCTEMU:
aMIUTiTYyoqHO- Ta  (azodacToTHa  (PO3IMKHYTOi  Ta

3aMKHYTOI cucteM), Hikombca

13

3 puCyHKa BHUJIHO, IO ONTHMAIbHUN PETYIATOP

3abe3rnedye MPOTHIAII0 BCiM 30ypeHHSAM Ta 3MiHi
napameTpiB ax 10 4actotu 4 k[ 1.

Bode Diagram

T

=SS

, Phase (deg)
¥

N & 1) N ———— et tinactiih
10 I]-'?-(_equency (l-]gi
Pucynox 9. YacrotHi XapaKTePUCTUKU ¢byHKIiH

qyTiamuBoCTi: 1 —dyly; 2 — duly

Oyukiii gyTnuBocTi miei cucremu mpu © =0
S(0)=0, perymsirop TOBHICTIO MPHUIYIIyE MOCTIiHHI
30ypeHHs (IepenIKox, 3MiHA HABAHTAXKEHHS ).

Ha puc. 10 nHaBeneno rpadikn nepexifiHUX IpoLecis
y  crabumizatopi  cTpyMy — Iyr",  30yDKEHOMY
CTpUOKOIIONIOHOI0 3MIHOI0 HaBaHTAXXCHHS (HAmpyra Ha
ITy3i) Ta MepenIKoIu BUMipIOBAaHHS.

3ayBaKMMO, WIO OCKUIBKM B JaHOMY BHIIQJIKy
KoeilieHT mocuieHHs pedpa, 1o nepenae o0ypeHHs Ha
BXiJ 00'€ekTa, CTaHOBHUTH BiAmoBimHo [5, 6] 0,1626,
moMmika 30ypeHHs ab0 B aHOMY BHIAJAKY BiIXIIICHHS
BUXIZJHOI KOOPIMHATH, BUKJINKaHE 30ypPEHHSIM, CTAHOBUTH
0,106, To mpuaymIeHHs 30ypeHHsT MOXKe OYTH TMOKPAIIEHO
OinbIn HiX y 6 pa3iB nopiBHAHO 3 puc. 10.

TakuM yMHOM, pO3B'A3aHO 3a4ady R,,— min. Tyr
Ry PEaKTUBHICTh 3aMKHYTOI CHCTEMH 4YH Mipa
HEIHBapiaHTHOCTI 3aJaHOTO BHXOAY J IIOAO 33TaHOTO
BXOTY f.

Step Response

Amplitude

Time (seconds)

Pucynok 10. CrymiHuacti  30BHIIIHE  OOypeHHS  Ta
MepeIko/ja BUMIPIOBaHHS 3 ONITUMAIBHUM PETYJISITOPOM
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Jiis OinpmIoro 3amacy CTIHKOCTI 1O (pa3i 3MEHIIAMO
BenmmuuHy kp. [puitmemo kp = 0,6045.

Ha pwuc.1l nmnoka3ana mnepeximHa — QyHKIis
CHUHTE30BaHOi CHCTeMH peryistopa 3 kp=0,6045.
[epexigHa GYHKIIS 0OpU TOMY K pPEryjsTopi, aie y
BUIIAAKY kp = 0,6045, mae mepeperytoBaHHs He Oiibiie
14 %, mo maTBEepIUKY€E MpaBHIBHICTH BHOOpPY 3aracy 3a
¢da3oro, MBUIKONIS  3MeEHIIyeThcsa.  Jlorapudmiuni
YaCTOTHI XapaKTepHCTHUKH Ta romorpad Hikombea mist
[FOTO BHMAJKY IIPEACTaBICH] Ha puc. 12. 3ayBakuMo, 110
3arac 1o ¢asi Ternep AopiBHIOE 60°.

Step Response

W I 1 | T ' '

V - BHXIT

u(r)

Pucynox 11. Ilepexiani npouecu y 3aMKHYTIi clcTeMi 3
perynstopom mpH kp = 0,6045

Bode Diagram
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Open-Loop Bode Editor for Open Loop 1{OL1)

60 ey -
Alw) —_
( ) 401 N 4
20
B \- |
f; 20 \\
5 40
0
G.M.:inf
-80 |- Freq: Inf y
Sl loaa \
100 :
% e
-.\\
120 T
P.M.: 60 deg
-180 HEQ'“SB.’?:,]T B e
10! 102 10° 108
6)
Open-Loop Nichols Editor for Open Loop 1{0L1)
148
g 1d8 7
. 348
I_I 6 0B
= ua
" 2008
= A0 B
450 dB|
G.M.: Inf @ Inf
PM.: 60 deg @ 2.168+03 Hz
Stable loop 80 da|
22 1 (s
B)
Pucynok 12. OcHoBHi XapaKTEPUCTUKU CUCTEMU:
aMIUTiTyqHO- Ta  (pazodacTtoTHa  (PO3IMKHYTOI  Ta

3aMKHYTOI cucteM), Hikomnbca

3 HaBelIeHHWX Ha [UX PUCYHKaX rpadikiB BUILIMBAE,
IO ONTHMAIbHUN CTabLIi3aToOp CTPyMy Mae€ Ciigy4i
YaCTOTHI BJIaCTHBOCTI:

0, > 60°, L — o0, ,, = 13,56-10° ¢,
Tenep, skmo kp=0,6045, To miarpamu boze |S(jo)|
MaroTh BUrA (puc. 13). OueBuAHO, 10 CMyTa YacToT, Y
SKIH TpUIynyroThes 30ypenns, crae [0 — 1 xI'm).
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Bode Diagram

ISGe)| L

2

o

Magnitude (dB)
> £

. Phase (deg)
Aot

&?t;quency (l—Bi

Pucynoxk 13. [liarpamu Bone ans ¢(yHKOid 49yTIHBOCTI:
1 —duly; 2 —dyly

V.BUCHOBKHA

AHaNITAYHI METOOM BHU3HAUYCHHs mapamerpiB Pl-
perynsaropa He [O3BOJAIOTH OTPUMATH ONTHMAJbHI
HaNaIITyBaHHA, OCKUJIBKM 0a3yloTbcd Ha  CHIIBHO
CIIPOIIEHUX MOJIENSIX, aJie IX 3aCTOCYBaHHS € HEOOX1THUM
JUIL OTPHMAaHHS IOIIEpe/IHIX HalAIITyBaHb, 0€3 SKUX
TOYHE HAJAIITYBaHHS MOXeE 3aiHATH Oararo Jacy.

BcraHOBEHO, 10 ONTHMAIBHUN PETYISITOP Halae
ONTHUMANBHY MPOTHII0 30ypeHHsIM Ha BXOJI Ta BUXOII
00'ekTa Ta KOMIIEHCYE 3MIiHHM TapaMeTpiB aHaJOTiYHUM
yuHOM. CrcTeMa Mae 3aJ0BUIBHHIA MEPEeXiTHUN TpoIiec
OpH HEHYJIbOBHX MOYATKOBHX yMOBaxX y BiANOBimb Ha
3aJlaHHi €TaJOHHHUH BIUIUB 1 HAa 3MiHY 3aJaHOT TOYKH, Ma€e
XOPOIIIi XapaKTePUCTUKH CTIHKOCTI Ta Majo 4yTJIUBa 110
30ypeHb Ta 3MiH apaMeTpiB 00'eKTa.

[MpexncraBneni B poOOTI pe3ynbTaTH MOXYTh OYyTH
BUKOPHCTaHI I TPOEKTYBaHHS IMITyJIbCHUX JKepel
JKUBJICHHS JUIS1 €JIEKTPOTEXHOJIOT M.
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Purpose. To create a computer model of a plasma arc converter and determine the optimal values of the
coefficients of the PI current regulator, which ensures optimal switching between its operating modes and high quality
of control processes. In this case, use MATLAB / Simulink software tools

Methodology. Computer simulation method, separation method — optimal filtering and optimal deterministic
control and methods for adjusting regulators.

Findings. A multilevel model was formed, the values of the Pl current regulator tuning parameters were
determined, at which the DC-DC converter observes optimal switching between its operating modes and high quality of
control processes. Analytical methods for determining the PI regulator parameters do not allow obtaining optimal
settings, since they are based on highly simplified models, but their use is necessary to obtain preliminary settings,
without which accurate tuning can take a long time. It was established that the optimal regulator provides optimal
resistance to disturbances at the input and output of the object and compensates for changes in parameters in a similar
way. The system has a satisfactory transient process under non-zero initial conditions in response to a given reference
influence and to a change in the set point, has good stability characteristics and is not very sensitive to disturbances
and changes in the parameters of the object.

Originality. An approach to determining a continuous linear model of a power converter of electrical energy is
proposed and the optimal choice of parameters for setting the regulator of its control system is given, which form the
basis for constructing any plasma torch power supply system, which ensures the specified accuracy of regulation and
speed of operation.

Practical value. The proposed principle of solving the problem of determining the coefficients of PI regulators can
be applied to various dynamic objects, the description of which is permissible using linear and differential equations.
The results presented in the work can be used for the design of pulsed power supplies for electrical technologies.

Keywords: control system; robust system; regulator settings; plasma arc; optimization, computer model; PI
regulator, determination of regulator parameters

REFERENCES Novogrec'kyj. (2023). Analiz peretvorjuvacha
[1] B&R Industrie-Elektronik GmbH. postijnogo strumu, shho pracjuje na plazmovu dugu.

) L . . /I Electrical engineering and electromechanics, 5,
https.//pfif.filrectlnfiustry.com/pdf/b—r—lndustrle— 3136, hitps://doi.org/10.20998/2074-
elektronik/innovation.

(2] Astrom KJ. Higglund T. (2006) Advanced PID 272X.2023.5.05
strom K.J., Hagglun . vance ’ )
Control. ISA — The Instrumentation, Systems, and [6] E. Vereshchago, V. Kostiuchenko, Y. Stohniienko.

. . (2023). Synthesis of a Control System of a Pulse
Automation Society, 460. Converter for Plasmatron Power Supply. [EEE 4th

[3] Richard C. Dorf, Robert H. Bishop. (2022). Modern KhPI Week on Advanced Technology (KhPIWeek).
Control Systems. Pearson Education Limited, 1024. 394-397.

[4] Beginner's search https://doi.org/10.1109/KhPIWeek61412.2023.10312
https://depatisnet.dpma.de/DepatisNet/depatisnet?acti 905
on=einsteiger (access 26.06.2024) [7] Astrom K.J., Murray R.M. (2008). Feedback

[5] JeM. Vereshhago, V.I. Kostjuchenko, S.M. Systems: an Introduction for Scientists and engineers.

16



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

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETHUKA» Ne2 (2025)

Po3ain «Enexkrporexnika»

New Jersey: Princeton University press.

[8] Zigler J.G. and Nichols N.B. (1942) Optimum
settings for Automatic Controllers. Trans. ASME. 64.
759-768.

[9] O’Dwyer. (2009). Handbook of PI and PID controller
tuning rules. Ireland: Imperial College Press. — 3rd
edition. 623.

[10]Astron K.J., T. Higglund. (2000). Benchmark
Systems for PID Control. International Federation of
Automatic Control. 165-166.

[11]Ju.0. Romasevych, V.S. Lovejkin, A.P. Ljashko,
O.G. Shevchuk, V.V. Makarec'. (2021). Rozroblennja
optymal'nyh avtomatychnyh reguljatoriv.
Monografija. K.: CP ,KOMPRINT”, 250.

[12]Romasevych Yu., Loveikin V., Usenko S. (2019). PI-
controller tuning optimization via PSO-based
technique. PRZEGLAD ELEKTROTECHNICZNY.
R. 95 NR 7. 33-37.

17

[13]Ya-Gang Wang. Hui-He Shao. (1999). Automatic
tuning of optimal PI controllers. Decision and
Control. Proceedings of the 38th IEEE Conference.
4. 3802 —3803. DOI: 10.1109/CDC.1999.827947

[14]Egorov V.A., Egorova J.G. (2021). The typical
settings for automatic control systems. Lecture Notes
in Net-works and Systems. 200. 177-186. DOI:
10.1007/978-3-030-69421-0 19

[15]Je.M. Vereshhago, V.I. Kostjuchenko, Je.V.
Stognijenko, A.Ju. Grjeshnov. (2024). Keruvannja
dynamikoju impul'snogo peretvorjuvacha z m’jakym
peremykannjam, shho pracjuje na  dugove
navantazhennja. Technical electrodynamics. 6. 21 —
30. https://doi.org/10.15407/techned2024.06.021

[16]D'jakonov ~ V.P. (2012). MATLAB. Polnyj
samouchitel. Moscow: DMK Press, 768. (in
Russian.)



ISSN 1607-6761 (Print) «EJEKTPOTEXHIKA TA EJIEKTPOEHEPT'ETUKA» Ne2 (2025)
ISSN 2521-6244 (Online) Po3ain «EnxekTporexHikay

VK 663.033

JOCJIILIZKEHHA EHEPTETUYHUX BUTPAT HA MEXAHIYHE
SMIIIYBAHHA CUPOBHUHHU Y BIOT'A30OBOMY PEAKTOPI

CIIOOBA M.O. nokrop ¢inocodii (Ph.D) acucTeHT Kadeapy eIeKTPOTEXHIKM, eIeKTPOMEXAHIKH i
enexkrporexHonorid, HHI eHepreTukn, aBTOMaTuku 1 eHepro30epexeHHs,
HamionansHoro yHiBepcuTeTy OiopecypciB 1 NIPHPOJOKOPHCTYBaHHS YKpaiHu,
KuiB, Vkpaina, e-mail: spmisha@ukr.net, ORCID: https://orcid.org/0000-0001-
6179-0825;

CIIOJIOBA 0O.0. nokTop (inocodii (Ph.D) crapmmii Buknanad kadegpH KOHCTPYIOBAHHS MALIUH i
o0amHaHH, (GaKyJIbTET KOHCTPYIOBAHHs Ta nqu3aiiH, HarlioHalsHOTO YHIBEPCUTETY
OiopecypciB 1 NpHUPOJOKOpHUCTYBaHHS Ykpainu, Kwuis, VYkpaina, e-mail:
sp1309@ukr.net, ORCID: https://orcid.org/0000-0001-8217-866X;

Mema po6omu. Jlocniooicenns eumpam eHepelii MexawiuHumu Miwankamy ma O0OpanHs eHepeemuiHo
eqhekmueHo020 NPUCMPOrD O/l NePeMiuLy8aHHs i3 3a0e3NeUeHHIM 3MEHUIeHH Umpam eHepeii Ha npoyec supoOdieHHs
6ioeazy ma 3pOCMaHHs 3ayiKasIeHOCmi y NOOAaLbil 11020 nepepodyi 6 iHull 8UOU eHepeii.

Memoou docnidscenusn. IlopieHsanvrull aHAi3 ma GUKOPUCIAHHSA MeMOo0i8 MAMeMamuiHo20 MOOeI08AHHS O
BUBHAYEHHSA KiIbKOCI BUMPAYeHOT eHepaii Ha nepemiuy8aHHs, Y3a2albHeHHs OMPUMAHUX Pe3YTbmamis.

Ompumani pesynoemamu. Qopmysanns enepeemuyHoi cucmemu nOJA2AE ) GKIIOYEHHI 6 Hei GIOHOBMI06ANbHUX
cucmem anrbMepPHAMUBHOI eHepeemuku, ceped AKUX — 0Oioeazosi mexHonozii. Enepeemuuna egexmuenicmov AKuX
3anexcums 8i0 Kinbkocmi eHepeii cnoocumoi na npoyecu inmencugpikayii 30pooicysanns cuposunu. OOHum i3
OCHOBHUX 3ac00i8 inmencugirayii € obepedcHe ma uacme nePemiuty8anHs CUPOSUHU Y X00i 30podcysanns. Hasenicme
PIBHOMAHIMHUX MUNI68 NPUCMPOiE Ol NEPEeMIULY8ANHSL PEHOBUH Y PeaKmopax niOmMeEepoXtCcye akmyanibHicms NUMAHHS
PO3POOKU eHep2emUYHO eqheKmMUSHUX 3aco0ie 0N NPULUBUOUEHHS 30P00ICYEAHHS MA NIOGUWEHHST PeHMAabelbHOCmI
nodanvwux Oi 3 0ioeasom ma 1020 nepepobror. Haubinbw payionanvhumu wsaxamu Oas  NIOBUUEHHS
eHepeoehexmusHocmi nepemMiuy8ants. € 6CIMAHOBIEHHS 3ANEHCHOCMEN BUMPAMU eHepaii MeXAHIYHUMU 3MIUYIOUUMU
npucmpoamu, 6ubopi  payionarbHo2o Uy MIWAIKY, WO BKIIOYAE NOWYK PAYIOHATLHUX MACO-2A0apumHux
Xapakmepucmuk, AKi 3a0e3neuyromv pIGHOMIDHI NOMOKU CUpPOBUHU Yy 0i02a3060My peakmopi ma npu ybomy
BUMPAYAIOMb HAUMEHUly KIIbKicmb eHepeii O0isi nepemiuly@anus. Bukouwawna euwesasnavenux Oill, 3abesneuye
BUSHAYEHHS PAYIOHATLHUX MACO2AOAPUMHUX XAPAKMEPUCUK MIUAIKU, WO 3HAYHO 3HUNCYE CRONXCUBAHHA eHepaii Ha
nepemiuly8antsa ma nioguye peHmabenbHiCmb 8IPOBAOIHCEHHS DI02a308UX MEXHONOIU Y eHepLemUYHy CUCTNeM).

Hayxoea nosusna. Ilpoananizosano munu e1eKmpuiynux Mawtut, wo UKOPUCHOBYIOMbCA Y AKOCH eNeKmPUdHUX
npugoodis nepemiulyroyux npucmpois. Bpaxogyouu cucmemu Kepy8aHHsa eleKmpUyHUMU NPUBOOAMU MA YUKIOSPAMU iX
pobomu, a maxkoxdc ocoOIUBOCMI NePeMiuly6ants peuosuHl, 3MIHY Kpumepito 2iopoounamiunoi nodobu Einepa 0ns
PI3HUX MUNIE MEXAHIYHUX 3MIULYSAUi6 NpU OOHAKOBUX 2eOMEMPUHHUX napamempax 0i02a308ux peaxmopis, pi6HI
OP2aniYHOT CUPOBUHU MA OOHAKOBO20 WBUOKICHO2O PENCUMY DPYXY PODOOYO20 Op2any MIUAIKU BCTNAHOBIEHO CROJICUBAHY
NOMYJUCHICMb HA MEXHON02iYHUUl npoyec — nepemiutysanns. IIpoeedeno NOpiGHANbHUL AHANI3 GNAUGY MUNy ma
2COMEMPUYHUX PO3MIDIG MEXAHIYHUX MIWANOK HA eumpamy eHepeii Ois NepeMiuly8anHs 00 €My peyosuHu y
3AMKHEHOMY pe3ep8yapi npu GUKOPUCMAHHI O0OHOQAZHO20 ACUHXPOHHO2O OB8USYHA Y AKOCMI NPUBOOY MIWATKU.
Buxopucmosyrouu noninomianeHy 3anexcHicmes, OMpUMAHO pPIBHAHHS, WO ORUCYE 3MIHY HOMYICHOCI e1eKMPUYHO20
npueooy Gi0 3MIHU YACMOmMU 00epmMAaHH poOOH020 OP2aHy 080APYCHOT MIUANKU Y AKOI 10Nami CMAHO8IeHI Ni0 Kymom
90".

Ilpakmuuna winnicmo. Haeedeni y pobomi pe3yibmamu MOXMCHA BUKOPUCMO8Y8amu Ol  NiO8UWEHHS
eHepeemuuHoi epexmugHocmi 06i02a306UxX YCMAHOBOK. Becmanoseneno nanpsamox npogedenHs nooanbiuux 00CHiONCeHD,
WOOO CNOJNCUBAHHST PEAKMUBHOI NOMYNHCHOCMI eeKMPUUHUMU OBUSYHAMU 30 YAC MEXHONO02IYHO20 YUKTY pobomu
MIWATKY, WO 00360IUMb GUSHAYUMU KAPMUHY 3MIHU CIONCUBAHHS PEAKMUBHOL NOMYIHCHOCMI MA OKPEeCIUmuU HanpsimKu
PYXY 00 il 3MeHueHH.

Knrouosi cnosa: kpumepiu PetinonvOca; nopisHAnbHuy aHAani3; eHepzoepexmuenicmv, Kpumepiu FEinepa,
Mexaniune nepemiuLy8anHs; NOMYNCHICMb eLeKMPOOBUZYHA; eHEeP2OCRONCUBAHHS.

I. BCTYII pocnuHHMITBA. [InTaHHS yTHii3amii, SIKUX CTOITH OyXe
TOCTPO, OCKUTBKM 30epiraHHs BiIXOMIB € JDKepelamMu

®DepMmepchka Ta CUTBCHKOTOCHONAPCHKA MisTBHICTD . .
BUKHJIB IOKI/UIMBUX PEYOBHUH Y IPYHT Ta HABKOJIMIIHE

IOB’s13aHa i3 HAKOIMMYEHHSIM BiIXOZIIB TBapHMHHHUIITBA Ta
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cepenosuie [1], [2].

3a OCTaHHI POKH 3HAYHOTO PO3MOBCIOJUKCHHS LIS
TepepoOKH HAKOTIMUEHUX OPTaHIYHHUX BiTXOIIB OTPUMAITH
Oiorasosi ycranoBku [3], [4]. Came BHKOpHCTaHHA
0i0ra3oBHX YCTaHOBOK, IO SBISIIOTBCS CIEI[iaTbHUMHA
pesepByapamu, SIK1 HA3UBAIOTHCSI OiorazoBuUMHU
peakTOpaMu € HaWOLIBII EKOHOMIYHO Ta EKOJOTIYHO
BUTIZIHUM  pIMICHHSIM JUIsi  OTPUMaHHS eHeprii Ta
CKOJIOTIYHO YUCTHX JOOpPWB 3 OpraHiYHUX BiJIXOJiB
TBapUHHUIITBA Ta POCITMHHUIITBA [5].

Ha cporogmimuii aeHb, 010ra3oBl TEXHOJIOTII
MOCIIaI0Th OJHY 13 TOJIOBHHMX posieil y dopmyBaHHi
€HEePreTUYHOI CUCTEMH y PI3HHUX KpalHax Ta KJIIIMaTUYHUX
ymoBax [6], [7]. IIpo ue cBiguaTh pi3HI JAep)KaBHI
CUCTEMH WIJATPUMKH HAIMpPAaBICHI Ha 3alliKaBICHHSI [0
BHUKOPHCTaHHS 010ra30BUX TEXHOIOTIHM Ta 1HINUX JPKEpem
aJbTEpHATUBHOI  €HEPreTUKU [6], [7]. Tomy,
PO3MOBCIO/KEHHS 010ra30BUX TEXHOJIOTIH € BOXKIIUBUM Ta
aKTyaJlbHUM 3aBJIaHHSM CBITOBOTO PiBHSI.

Bukopucranns ~ 06iora3oBuX  peakTopiB  JUIA
NepepoOKH  OpraHiYHMX  BiOXOMiB  TOB’s3aHO 3
HEOOXI/IHICTIO BCTaHOBJICHHS Ta MiATPUMKH IapameTpiB
TEeMIIEPaTypHUX pPEXHUMIB 30pO/DKYBaHHS Y 3adaHUX
Mexax [8], [9]. Ilicns mpoBemeHHs oumMcTKH Oiorazy
MOXKHa OTpUMaTd OioMeTaH Ta y MOJAJbIIOMY
BUKOPHCTOBYBaTH, $IK 3aMiHHUK MpPUPOJHOTO Tazy y
BJIACHUX 200 BUPOOHWYMX LIJISAX.

IMpn 30pomKyBaHHI OpPraHiYHMX  BIIXONIB Y
OiorazoBux peakTopax AT HAPUIHOT hopmu
CIIOCTEPIraeThCsl PO3MOZIT PEYOBHMHM Ha Qpakmii. Y
HIDKHIA 9acTHHI 0i0ra3oBOTO peakTopa CHOCTEPIraeThCs
CKYITYeHHS TBEPAMX YaCTHH Ta OcCaxy, TOAl SK JIeTKa
¢bpakmist, pigmHa Ta  JETKI  YaCTMHH  CHUPOBHHHU
pO3MIIIYIOTECS Yy  BEpXHIM YacTWHI PEYOBHHH 1
YTBOPIOIOTH KIPKY, sIKa NEPELIKOAKAE BUBLILHEHHIO Ta3y.
CepeanHa MK 0CaJoM Ta BEPXHIM LIAPOM OpraHigyHoOl
CHUPOBHHHU 3allOBHEHA PIJMHOI0 3 HAWMEHIIOI KITBbKICTIO
MOXXMBHUX PEYOBWH JUUISI METaHO- Ta KHCIOYTBOPIOIOUUX
Oakrtepiit [10], [11]. Ile Bce Mae HeraTWBHWI BIUTUB Ha
IHTCHCUBHICTh YTBOpPEHHS 0iorazy Ta NpPU3BOAHUTH [0
3HIKEHHA PpEHTa0eNbHOCTI BHKOPUCTAaHHA O0i0ra3oBUX
peaxTopiB.

[Ile omHUM cyTTEBUM (PaKTOPOM € Te, L0 MPOLEC
30pOJUKyBaHHS PEUYOBHHH Y aHaepoOHOMY CEepe/lOBHII €
JIOBIOTPHBAJIMM, TOMY BHKOPHUCTOBYIOTH DPI3HOMAaHITHI
CUCTEMH JUIA Horo inTeHcugikarii. Cepell TaKUX METOJIB
€ epeminryBauas [12], [13] ra migirpis [14], [15].

[lepeminryBaHHs CHUPOBHHHM siKa 30pOJDKY€ETHCS
J103BOJIsiE 3a0€3MeYUTH PIBHOMIPHUH po3monin ¢paxmii
1o 00’e€My CHpPOBHHH, 3pyHHYBaTH KipKy Ta 3a0e3NeunTH
PIBHOMIpHE PO3MOBCIO/PKEHHSI TEMIIEPAaTyPHUX IOJIB IO
00’eMy cupoBHHH. TakuM YMHOM, OCHOBHE 3aBJIAHHS
MepeMIlTyBaHHs TOJSTa€ Yy CTBOPEHHI OJHOPIAHOT
PCUYOBHHY 3 PIBHOMIPHOKO TEMIIEPATYPOIO Ta 3BAXKEHICTIO
JerKoi 1 TBepHoi (paxmii mo BCrOMYy 00’e€My peakTopa
[16].

3Bakarouw, II0 Ha MEpPEMIllyBaHHS CHPOBHHHU Y
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6iorazoBomMy peakTopi HEOOXiIHO BUTpAYaTH EJIEKTPUUHY
€Heprilo, 1ie BIUIMBAaE Ha (OPMyBaHHs KIHIEBOI BapTOCTI
yTBOpeHoro Oiora3y. PeHrabenbHICTh BHKOPHUCTaHHS
0i0ra30BHX YCTaHOBOK O€3MOCEPEHbO 3AJICKUTH BiJl
eHepreTnYHoi e(eKTHBHOCTI METOJIB NPHIIBHU/ILICHHS
30pOKYBaHHS OpPraHiYHOI CHPOBHHH, TOMY, IIidac
BHOOpY THITY MEPEMIIIyIOYOro IPHCTPOI BAKIUBHM €

CHEPreTHYHI BWTPATH, SAKi 3alekaTh Big 0OaraTbox
(akropiB. UYepes me, y CBiTI HpOBOOUTHCA Oe3mid
HAayKOBHX  JOCHI[DKEHb Yy  HampsAMKy  CTBOPEHHS

eHeproe(eKTUBHOTO THUIy NEpPEeMIIIyBaHHS OPTaHIYHUX
BiJIXOJIiB y 010ra30BHX PEaKTOPaX.

II. AHAJII3 JIOCJIIKEHB I ITYBJITKAIINA

Tumm mnepemilryBaHHS pPEYOBHH Yy pe3epByapax

MONUISIFOTh ~ HA:  TigpaBlivyHe, IMHEBMaTmyHe [16],
BUKOPHUCTOBYIOUM  CJICKTPOMEXaHiIYHI  IMepeTBOPIOBaYi
[17], 3armuOui nBurynm [18], a Takok MexaHIuHE
nepemimmryBanes  [19], [20]. HaifnepcnexkTuBHIIIIM
oOJIaHaHHAM TUTS TepeMIlTyBaHHS BIZIXOIB

TBapHHHHUIITBA Ta POCIMHHUIITBA € MEXaHIYHI 3MilTyBadi
[21], [22].

PosrisiHyBIIHN cenudiky PO3IOBCIOIKEHHS
MOTOKIB Y peakTopax UWIHAPUYHOI (opMu mpH
BUKOPHCTaHHI MEXaHIYHWX 3MIIlyBadiB BUSBJICHO, IO
BUHUKAE TAHTCHIIANGHUH, OCHOBHIA Ta padialbHUN PyXH
PEUOBMHH, IO TMO3UTHBHO BIUIMBAE HA PO3MOBCIOKEHHS
KomoHit OGaktepiit [19], [23]. VY nmepmy uepry,
eHeproeeKTHBHICTh BHUPOOHHUIITBA 6iorazy 3
BUKOPHCTaHHSIM 0i0ra30BUX pEaKTOPIB 3aJIEKUTHh Bil
EHEepPreTHYHUX BUTpPAT Ha MepeMilllyBaHHS OpraHiuyHOl
pedoBuHH. Y pobortax [12], [21] BKa3aHO, 10 CYTTEBUI
BIUIMB  HAa  €HEPrOCIIOKHMBAHHS  MEPEMIIIyIOYUM
MIPUCTPOEM BIJIrpaloTh HOro TeOMETPUYHI MapaMerTpH, a
TakoX (I3UKO-XIMIUHI BJACTMBOCTI PEYOBHHH  SKa
nepeMinryeTscs. BpaxoByloun Buine3azHaueHe, 3 METOIO

CTBOPEHHS eHeproe(h)eKTUBHOT CHCTEMH TSt
MepeMIlIyBaHHS ~ OPTraHIYHUX  BIAXOMIB  MOTPiOHO
JMOCTIAWTH Ta BHU3HAYUTH HAHOUIBII  parfioHaNbHE
MOEJHAHHSA IUIOHI MpOeKIii Ha pedoBHHY, IO
MePEeMILTYEThCS Ta CIIO’KUBAHO1 eHeprii Ha
MepeMilTyBaHHSI.

BpaxoByroun indopmamito 3 [19], [24] HalOimbm
YaCTO y peakTopax BUKOPHCTOBYIOTh MEXaHIYHI MIIIAIKA
Pi3HUX KOHCTPYKIii Ta MOgU]IKaIii.

Y 4KoCcTI TNPHBOAIB  MIIIAJOK  HAHOLIBIIOTO
PO3MOBCIOMKEHHST MaloTh TpudaszHi Ta omHO(a3Hi
ACHHXPOHHI CNIEKTPUYHI JBUTYHH Yy TIOE€AHAHHI 3

penyKTopaMu Al 3HWKEHHS 00epTiB poOOY0oTro opraxHy
MIITaJIK! Ta MiIBUIIEHHS MOMEHTY. TaKkoX, B 3aJIe)KHOCTI
Bil OCOOJHMBOCTEH PEXHUMY POOOTH MIIIANKH, MOXKIIFBE
peTyIItoBaHHS MIBUAKOCTI 00€pTaHHS Baly 3a JOIIOMOTOIO
NepeTBOpIOBadiB 4acToTu [25], [26] ab0 3a BUKOpUCTAHHS
npsiMoro 1mycky. EnexkTpuuHa cxema MpsSMOro ITyCKY
0JTHO(ha3HOTO ACHHXPOHHOT'O EJIEKTPUYHOTO JBUTYHA MPU
KepyBaHHI BiJl MIKpOKOHTpoOJIepa HaBeseHa Ha puc. 1. [lo
CKJIaJy eNeKTPUYHOI NPUHIMMIOBOI cxemu (puc. 1)
BXO/ITh HAcCTyIHI eneMeHTH: M — enexkrpoasuryn; KM1
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— ejekTpoMarHiTHHi myckauy, QF — aBromarnuHuit
Bumukay; KK — crpymose enekrporemose pene; KL1 —
mpomikae pene; DAL €JIEKTPO-00YUCITIOBATTBHAN
MIKpOKOHTPOJIEP.

KepyBanHs 9acToTOI0 OOEpTaHHS Baly IBHIYHa 3
BUKOPHMCTaHHSIM YacCTOTHUX MEpEeTBOpIOBAaYiB  OyBae:
BEKTOpHE Ta CKalsipHe [26]. YV eNeKTpUYHHUX MPHUBOIIB 3
BEKTOPHUM KEPyBaHHSIM 3aKJIaJA€ThCs MaTeMaTH4YHA
MOJeNIb  JIBUTYHA, BHKOPUCTAHHS KOl  JO3BOJISIE
BHU3HAYaTH MOMEHT Ha BajJy JBUTYyHAa 1 IIBHJIKICTB
obOepraHHs HOro Bally 3 BHKOPHUCTAHHSIM 3BOPOTHOTO
CHUTHAITy i3 JaT4uKa cTpymy [25].

[MepeminryBaHHsl pe4OBHHHU y 0i0ra30BUX peakTopax
BiZIOYBa€ThCSI  MOBTOPHO-KOPOTKOYAacHO. OJWMH  IUKI
nepemimryBanHs ckiagae 20 XBWJIMH, 3 IOJAJIBIIOIO
nay3or, sKa HeoOXiJHa JuIi  IepeTpaBIIIOBaHHS
KOJIOHISIMM 0aKTepili MOXXMBHHUX pPEYOBHH. Tomy, mpu
moOymoBi  CHCTEM  TIEpEMIITyBaHHSA CHPOBHHH Y
010ra30BUX peaKkTopax HAHOLIBIIOTO PO3IIOBCIOIKCHHS
HaOyny eNeKTPUYHI MAIlMHH 3 pPeXHMaMH pPOOOTH:
KOPOTKOYacHMUM (S2) Ta MOBTOPHO-KOPOTKOYacHUM (S3).

~1N, 50y, 2208

AN +5 GND
ar
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Pucynok 1. EnexkTpuuHa NpUHIMIOBA CXEMa HPSIMOIO
MyCKy OAHO(A3HOrO ACHMHXPOHHOTO  EJIEKTPUIHOTO
JIBUTYHA.

BitumsasanMH Ta 3apyOLKHUMH HAayKOBISIMH BCE

OimpIle  TPHUIUIAETBCS  yBarM 10  CHEPreTHYHOL
e(eKTUBHOCTI TMporeciB iHTeHCHiKalii 6iorazoBoro
BUPOOHUIITBA. IIpoBoasiThCS JOCIIDKEHHS
PI3HOMAaHITHUX TEPEMIIyI0YHX MPUCTPOIB 3 METOI0
3HW)KEHHS CHEPrOCIIOKMBAHHSI Ha  TEpPEeMIlllyBaHH:,
(dopMyBaHHS ~ BEKTOpIB  IOTOKIB  PiI3HOMaHITHUMH
Mimmagkamu. Y poboti [11] HaBemeHO pe3yibTaTH

JOCTI/KCHb BIUTMBY MIITaIOK Ha CTBOPEHHS MOTOKIB y
OiorazoBux peaktopax. Y [11], [20] mocmimkeHo mporiec
CTBOPCHHS BOPOHKH IpU TYpOYJICHTHOMY pexHMIi
NepeMilllyBaHHs, [0 JajJo0 3MOTY BCTaHOBHTH, IO
MepeMilIyBaHHA y CEpEINHI BOPOHKH BiJICYTHE.

TakuM dYMHOM, TYpOYJNEHTHI IOTOKH 3 HOTJIIY
e(eKTUBHOCTI TEepPEeMIlTyBaHHSI OPTraHiYHOI PEUOBHHU Y
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pe3epByapax € HemomiibHuM. OTpuMaHi  HayKOBI
pe3ysbTaTd IMiATBEP/DKYIOTh HEOOXIJHICTh MPOBEACHHS
MOJANBIINX JOCHIPKeHb HANpaBIEHUX Ha 3HIKEHHS
€HEepPreTHYHUX BUTPAT HAa BUPOOHHULITBO Oiorasy.

III. META POBOTH

HocmimkeHHss  BUTpaT  €Heprii  MeXaHiYHIMH
MilIaTKaMi Ta OOpaHHS EHEPreTHYHO e(PEeKTUBHOTO
MPUCTPOIO [UIA  TIEPEeMINTyBaHHSA 13 3a0e3neueHHsIM
3MEHILIEHHS BUTPAT €Heprii Ha Ipolec BUPOOIEHHS
Oiorasy Ta 3pOCTaHHA 3aIliKaBJICHOCTI y MOJAIBIIIH HOTO
nepepoO1i B iHIII BUAN SHEPTii.

IV. BUKJIAJEHHSI OCHOBHOTI'O MATEPIAJIY
TA AHAJII3 OTPUMAHUX PE3YJIBTATIB

Y pobori [27] BkazaHO, 110 NPU BHUKOPHUCTAHHI
MEXaHIYHUX JIONATEBUX MIIIAIOK, TUTBKM OKpEeMi Jomari
IIPU 3aIyCKy MIIIAKKM CTHUKAIOTHCS 3 OCaJOM, a peliTa
Jonareil KOHTaKTYIOTh 3 PIKOI0 (PaKIlIo Ta IIABAI0Y0I0
KIpKOIO, TOMy HE BHHHKA€ 3aTSDKHUX ITKIB MOMECHTIB
3pymeHHs. ToMy, py JOCTIKeHHX, Yac BCTAHOBJICHHS
HOMIHAJIBHOTO PEXUMY pOOOTH MEXaHIYHHX MIIIaJIOK

npuiiMaBcsi pIiBHUM 2 CEKyHIH, Vy IOJANBIIOMY
HaBaHTA)KEHHS MIIIAJKH 3aJHAIIAECTHCS ITOCTIMHUM, aXk 110
MOMCHTy HpI/IHI/IHeHHH no;[aqi JKUBJICHHSA Ha

EJIEKTPUYHHUH TIPUBO/T MIILIAJIKH.

st BCTAHOBIICHHS 3aJISKHOCTI BHTpAT CHeprii, a
TaKo)Xk OOpaHHS EHEPreTHYHO e(eKTHBHOI KOHCTPYKIIT
MEPEMINIYIOYOTO MPHUCTPOIO, 3TiHO 3 METOI POOOTH
MPOBEACHO TOPIBHSJIBHUN aHaJli3 BHTPATH €HEprii s
MEXaHIYHUX MiIIIQJIOK. Jnst JIOCIIIKEHD
BUKOPHCTOBYBAJIMCS] HACTYIIHI TIOYaTKOBI YMOBHU: TyCTHHA
OpraHiuHoi PEUOBHHN, 10 30pOIKYETHCS

p=1024 xz/ w , a JWHaMiyHa B’SI3KICTh CTaHOBUTH
1=0.048 Ila-c [28].

0iora3oBoro peakTopa HACTYIHI: PEaKTOp BHUKOHAHWH i3
cTaii, opMa peakTopa — IIIIHAPUYHA; 3aTaJIbHANR 00’ €M

I'eomeTpuuHi po3Mipu

CTaHOBUTH V.

3 . . .
peax =9 M, PIBCHb OPTraHi4HOI CHPOBHHH,

o 3HAXOOUTBCA y OiorazoBomy peaktopi H =2 m,
miamerp D =1.8 m. BiacraHp Bii HIKHBOI YaCTUHU
jormati 10 JOHA 0Iora3oBOro peakTopa CTAHOBUTHh
s=0.3 m; AlaMeTp MeXaHi4HOi Mimanku d, =1.5 wm;
BHCOTa ONHIET Jomati h = (.2 m ; KOSPIieHT 3amacy mo

NOTYXHOCTI enekrponsuryna K, =1.3; koediuieHT
kopucHoi nii (KK/I) emexTpuyHOrO ABHTYHA CTaHOBUTH
Npe = 0.8 ; voediuient kopucHoi mii (KKJ) mnepemaui
MOMEHTY BiJ Baly [BHIYHA JO Baly NEPEMIIIYIOYOro
HPUCTPOIO CTaHOBUTH 77, = 0.8 [28].

Y pobori [l1] mnpuBemeHo pe3ynbTAaTH, MIO
CTBEPXKYIOTh IIPO IIO3UTHBHUH BIUIUB 0OEPEKHOTO
MepeMilIyBaHHS BiIXOMIB Yy 3aMKHEHHX pe3epByapax —
Oiora3zoBux peakTopax. OCKITBbKH, o0epexHe
NepeMilllyBaHHsI CTBOPIOE PIBHOMIPHE PO3MOBCIOKEHHS
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KOJIOHIl Oaktepii 1o o00'eMy peakTopa, TOMY IpHU
NPOBECH] JIOCIIKEHb YacTOTY OOEpTaHHS MeXaHi4HOI
MIIIAJIKK IPUAHSTO n =40 06/ x6 .

Pexxum pyxXy pedOBHHH Yy 3aMKHEHHX pe3epByapax
Ma€ 3HAaYHUHA BIUIMB HAa CIOXHWBAaHHA EJIEKTPUYHOI
MMOTY>KHOCTI EJEKTPUYHUM IPHBOAOM POOOYOTO OpraHy
Mimanku. OImiHKa peXAMy pyXy BHKOHYETHCS 3a
JOTIOMOT0I0 BIIIEHTPOBOTO KpuTepito PeitHoibaca, mo €
6e3po3mipHOI0 BenmuuHoto [28], [29]:

2
PN, 'd.M .
m = ’

U

Re (1

e Re, — momubikoBaHuil kputepiit PeliHombica;

. . 3,
p — I'yCTHHaA OpraHidyHO1 CUpOBUHH, Ke/M 5 n, —4aCToTa

0o0epTiB poboyoro opraHy MiMIaJdKH, o00/c; u —
JMHAMIiYHa B’SI3KICTh OpraHi4HOi CUPOBUHH, [1a c.
Ilicns  Bu3HAueHHs  KpuTepito  PeliHonbica,

MIPOBOAUTHCS PO3PAXYHOK KPHUTEPIIO TipOJUHAMIYHOT
nogobu Eiepa, 1o 3amexuTh BiJ KOHCTaHT, SKi
BCTAHOBJICHI CKCIICPUMCHTAIBHUM IUISIXOM 1 3aJiexkarh
BiZl TUNy Ta KOHCTpyKuii Mimanku. Kpurepiii nomoou
Eitnepa po3paxoByerbes 3a popmyioro [28]:

m.
Eu, =A/Re}; 2)
e A, m - KOHCTAaHTH, OTpHUMaHi
eKCIePUMEHTANBHAM [UIAXOM Ui Pi3HEX  QopMm
MEXaHIYHUX MIIIAJIOK.
Y  pobori [29] nmpeacraBieHO — pe3yJbTATH
eKCIICPUMEHTAJIBHUX ~ JIOCHI/UKEHb BIUIUBY KPHUTEPIilO
PefiHonmpca Ha 3MiHY KpHTEpil0 TiIpOAMHAMIYHOT

monobu Eiinepa. KoHcTantn A4 Ta m UIA 3HaXOIKEHHS
gncna Eitnepa mis MexaHIYHHX MIIIaJoOK: ABOJONATEBOT
JUCTOBOI, JIOMATI MiJ] KyTOM 90° A=14.35; m=0.31
pamHOi A=6.2; m=0.25;, ABOJOMATEBOI ABOSPYCHOI,
nomari BeraHoBeHi mix kyrom 90° 4 =13.6; m=0.2.

Mimanky, mo CHpPOeKTOBaHI OKPEMO IIiJ[ TEBHHA
TEXHOJIOTIYHUI mpoiiec abo reomerpuuHy Qopmy
peakTopa i ix reomeTpudHi GopMH HE CHIBHATaOTh i3
THUIIOBUMH  MilIaJIKaMH, TOTPeOYyIOTh  BpaxyBaHHA
nonpaBoyHux koeginientiB. IlonpaBouHi KoedilieHTH
JUIE  KO)KHOTO THUIy MIIIQNKA pPO3PaxoBYIOThCS 32
piBHSAHHAMH [28]:

p Y HY¢ n Y
e R O R
r
fi=|—| ;i f5=12.15;
dM

ne « — BigHouienwus D/d,; [ — BimHomieHHs h/d,,;
D - miametp, m; h — BHUcOTa Jyionari, m; H — BUCOTa
PEYOBUHH Y PEaKTOpi, M; § — BIiICTaHb BiJl THA peaKkTopa
JI0 HIDKHBOI YaCTHHH JIONATi, M, a, ¢, e, ¥ — IOCTIHHI
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BEJIMYUHHM, f; — MONPaBOYHMI KoedilieHT niamerpy
peakropa OO miaMerpy Milmaikd; f, — HONPaBOYHMI
/3
MOTIPABOYHHUN KOE(IIiEHT BiIHOMICHHS BICOTH JIOMATI 110
JgiameTpy Mimanku; f, — Koe(illieHT, IO BpPaxoBye

KOE(QIIIEHT BHCOTH PEUYOBHHH Y PEAKTOPI;

3MiHY BiJICTaHi pO3TalllyBaHHS CIPOEKTOBAHOI MIIAJIKK
BiJl JHA PEaKTOpa, B 3aJIEKHOCTI BiJ MOJCITHHOI MIllIAJIKH;
f5 — KoedilieHT MOPCTKOCTI MOBEPXOHb JIOMATi Ta
CTiHOK peakTopa. [1oCTiiiHI BeTHYUHY JUTS JIOMATCBUX Ta
pamuux Mimanok: a=1.1; c=0.6 ; e=03; r=0.

Kputepiit Efinepa 3 BpaxyBaHHAM IOIPABOYHUX
KOeQIIiEHTIB pO3paxOBYETHCS 3a PiBHIHHIM [28]:

Eu, =Eu, - Y (f;); ()

[oTyxHicTh SNIEKTPUIHOTO JBUT'YHA
PO3paxoBYyeThCSI 3a pOOOUOI0 TOTYKHICTIO MIIIIATIKH
(P,), mnpu Bpaxyanni KKJ| nepenaui (7,) Ta
Koe(illieHTy 3amacy o MOTYXHOCTI, SIKUHA 3HAXOJUTHCS Y
MeXKax (kz].2.‘.1.5), JUIS.  TIPOBEICHHS JIOCIiIKECHb
Koe(illieHT 3amacy IO TIOTY>KHOCTI €JEeKTPOJBUTYHA
npuitaaruit K,,, =1.3:

®)

P

P

=Eu,-n’-d;-p; ©)

Pe3ynbraTi TNOpPIBHSUIBHOTO aHalli3y HaBEICHO Y

BUTJIAAI TiCTOrpamMu, Ha sKid 300pakeHa BUTpaTa
CJIIEKTPUYHUM TPUBOJOM MIIIANKH IOTY)XXHOCTI, B
3aJIeXKHOCTI BiJI TUITY JTOCHIPKYBaHOI MIIIaJIKH, puc. 2.
3000 -
= 2500 - 2818
._E’ 2534
& 2000 - 2287
£
g 13500 -
% 1000 -
£
= 500 |
0 -
1 2 3
Tun mexaniusol Mimaarn
Pucynoxk 2. Burpata TOTYXHOCTI eNEKTPHIHIM
MPUBOAOM poboUoro oprany Mimanku: 1 — nBoyomaTeBa
nucroBa, nomati mix kyrom 90°; 2 — xBonmomaresa

ABOsIpycHa, omati mix kyrom 90°; 3 — Pamma.

Po3paxoBani kpurepii rizpoauHaMiuHOi 1MOIO0H
Eiinepa 3 BpaxyBaHHSM IIONPaBOYHUX KOEDILi€EHTIB IS
CIPOEKTOBAHMX MIIIAJIOK MAIOTh HACTYIHHUN BUTJISL JUIS
JIBOJIOTIATEBOi JABOSPYCHOI M€ JIOMATI i KyTOM 90°

Eu, =058, pamuoi FEu, =0.63, nBononaresoi
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nucroBoi, ge momati mix kyrom 90° Eu, =0.56. Ins

JIBOJIONATEBOT  JIBOSIPYCHOI ~ MIlIaJKK  J€  Jiomari
BeraHoBneni mix  kyroM 90"  Bu3HAaueHO  3MiHY
CIIOXKMBAHOI MOTY)KHOCTi €JIEKTPHYHUM HPHUBOJIOM BiJ
HIBUAKOCTI 0o0OepTaHHsl opraHy 3mimryBaya. Pe3ynbratu
HABEJICHO Y BUTJIAAL rpadiky Ha puc. 3.

[poBiBmm anamiz rpadigHoi 3anexHOCTI (pHC. 3)
BCTaHOBJICHO, IO 31 30UIBIICHHSM YacTOTH OOEpTaHHA
BiIOyBa€eTbcs 30UTBIICHHA CIIOKMBAHOI IOTY>KHOCTI.
BuxopucToByoun moJiHOMiaJIbHY 3aJIKHICTh, BUBEICHO
PIBHSIHHS, IIO ONHUCYE 3MiHY IIOTY>KHOCTI BiJl 3MiHH
4acTOTH 00epTaHHs poOOYOro OpraHy JBOJONATEBOI
JBOSIPYCHOT MIIIIAJIKA Yy SIKOT JIOTATi BCTAHOBJICHI ITif
KyTom 90°:

»==0.0006- (x*) +3.6088-(+') +1.9286-(+') =
~30.908- (x) +29.441 '

8000 +
7000
6000
5000
4000
3000
2000
1000

0

Ioryanicts, Brrog

I U o
10 20 30 40 50 60

Yactora odeprannsa pododore oprany mimankm, od/xe

Pucynoxk 3. Bwurpara mOTYXHOCTI eNEeKTPUIHHM
MPUBOAOM Bil YaCTOTH OOepTaHHI pPOOOYOTO OpraHy
JIBOJIOTIATEBOI IBOSIPYCHOT MiIllTAJIKH.

BukopucroByroun piBHsHHS (7) MOXHA BH3HAUUTH
KIIBKICTH ~ CIIOKMBAHOI  IOTYXKHOCTI ~ MeXaHi4HOI
JIBOJIONATEBOT JBOSPYCHOI MIIIAJIKU NPU BUKOPUCTAHHI Y
610ra30BOMYy peakToOpi 3 TEOMETPUYHIMH MapamMeTpamMH y
BIJIMTOBITHOCTI 1O TOYATKOBUX YMOB. [Ipu po3paxyHKy
MoTpiOHO BpaxoBYBaTH, 110 BennuuHa (X) y piBHsHHI (7)
Mae Kpok 5 00/xB, Tobto X=0 00/xB, 2X=5 00/XB i Tak
nani. st npukinamay, MpoBEJEHO PO3PAaXyHOK CIIOKHBAHOT
MOTY>KHOCTI TIPH 9acToTi obepranHs Mimanku 40 00/xs,
BianoBigHO (9X=40 006/xB).

—0.0006-(9*)+3.6088-(9°)+1.9286-(9%)—30.908-(9) +
+29.441=2534.34 Bm-200

[Ipn npoBeneHnx AOCHIDKEHHAX (pUC. 2) TOTYXXHICTH
CIIO)KMBaHa JIBOJIONATEBOIO JIBOSPYCHOIO MIILIAJIKOIO, Y
akoi nomati BcTaHoBIeHi mix kyrom 90° craHOBHMIA
2534 Brron, Tomi SK po3paxOoBaHA BEINWMYMHA 34
piBasHEAM (7) craHoBHUTH 2534,34 Brrox, mo Ha 0,01%
Oimpmre. Ile cBimYUTH TPO aAEKBATHICTH OTPHMAHOTO
PIBHSHHSL.

Pizai kpurepii Elnepa NOSCHIOIOTBCS THM, IO
(hopma MexaHIYHOTO 3MilTyBaya CTBOPIOE 3HAYHUI BILUIUB
HAa KapTUHY pO3MOBCIO/DKCHHS TIOTOKIB OpraHiuHOl
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CHUPOBUHH Yy PEAKTOpi, BIAMOBIAHO II¢ MPU3BOIAWTH [0
301IIbIICHHS TiIpaBIiyHOTO ornopy obepTaHHs
MepeMilIyI0doro MPHUCTPOIO, 1 K HACIHIAOK, MiIBUILECHHIO
BUTpAT €Heprii Ha NepeMillyBaHHs, 110 NPHU3BOAUTH 1O
3HW)KEHHS1 eHeproedekTuBHOCTI BUpoOieHHs Oiorasy, a
TaKOX MOJAIBIIO] HOTO mepepoOKu [28].

[poananizyBaBum rpadivHi 3aJeXKHOCTI HaBeleHI
Ha puC. 2 Ta pHuC. 3 3p0o0JeHO BUCHOBOK, IO JBOSPYCHA
JBONIONATEBAa MillanKa, 3 Jjomarsamu mig kyrom 90°
CIOXKMBAa€  HaliMeHIIEe 3HAYeHHs  eHeprii  cepen
PO3IIISTHYTHX THIIB, 3TiJHO 3 3aJ@aHUMH IO0YaTKOBUMH
YMOBaMH.

V.BUCHOBKHA

Jis BCTAaHOBJEHHS 3aJ€)KHOCTI BUTpAT EHEprii, a
TaKOX OOpaHHS EHEepPreTM4HO e(EeKTHBHOI KOHCTPYKIIi
MEPEMINIyI0Y0TO MPHUCTPOIO, 3TIAHO 3 METOI POOOTH
MPOBEICHO TOPIBHSJIIBHUN aHaJli3 BHTPATH CHEPTii s
MeXaHIYHUX MIIIIAJIOK. [TpoananizoBaHo TUIIH
EJIEKTPUYHUX MAIINH, [I0 BUKOPHCTOBYIOTHCS Y SKOCTI

CJIEKTPUYHUX TPUBOMAIB TEPEMIIIyIOUYMX IIPHUCTPOIB.
BpaxoByroun cuCTEMH  KEpyBaHHS  EIEKTPUYHUMH
NPUBOJAMH Ta LUKIOTpaMH IX poOOTH, a TakKoX

0COOIMBOCTI TIEpEeMIITyBaHHS PEUOBHHH, 3MIHY KPUTEPIIO
rizpoguHaMigaoi momobu Eitmepa mis pi3HHX THIIB
MEXaHIYHHX 3MINIyBa4iB NPH OJHAKOBHX T€OMETPHYHUX
mapameTrpax 0iOra3oBHX peakTOpiB, piBHI OpraHigHOL
CHPOBHHHM Ta OJIHAKOBOIO IIBHUIKICHOTO PEXHMY DPYyXY
poboYoro OpraHy MiIIaNKH BCTAHOBICHO CIHOXXHBAHY
MOTYXHICTb Ha TEXHOJIOTTYHUI TIpoIec
nepeminryBanHsi. [IpoBefieHO TOpIBHSUIBHMK — aHaui3
BIUIMBY THIy Ta T'€OMETPUYHUX PO3MIpIB MEXaHIYHUX
MIIIAJIOK Ha BUTPATY €HEPril I NepeMillyBaHHs 00’ eMy
PEUOBMHH Y 3aMKHEHOMY pe3epByapi NMpH BHKOPUCTaHHI
0JTHO(ha3HOTO ACHHXPOHHOTO JIBUTYHA Yy SIKOCTI NPUBOIY
MiIIAJIKH.

BuBesieHO piBHSHHS, 110 ONMUCYE 3MiHY MOTY>KHOCTI
EJIEKTPUYHOTO TPHBOJAY BiJ 3MiHM YacTOTH OOEpTaHHs
pobodoro opraHy JABOJIONATEBOI ABOSIPYCHOI MIIIalKH Y
sikoi 7TomaTi BeraHoBIeHi i kytom 90°.

HaBeneni y  po0OTi  pe3yibTaTd  MOXKHA
BUKOPDHUCTOBYBaTH JUJIsl  MIJABHINEHHS  EHEPreTUYHOT
e(eKTHBHOCTI 0iOra3oBUX YCTaHOBOK. BcraHOBIIEHO

HaNpsIMOK TIPOBE/CHHS MOAAIBIIMX JIOCITIPKEHb, 00
CHOXKMBaHHS PEAKTUBHOI TOTYXKHOCTI EJIEKTPUYHUMHU
JBUTYHAMH 3a 4Yac TEXHOJOTIYHOIO IIMKIY poOOTH
MIIIaJKH, OI0 JO3BOJUTH BH3HAYUTH KAPTHHY 3MIiHH
CIIOKMBaHHS PEAKTUBHOI MOTY)XHOCTI Ta OKPECIUTH
HampsAMKH pyxy Ao 1 3MmeHmieHHs. lle mo3BomuTh
MiABUIUTH €HEeProe(peKTUBHICTh yTBOPEHHS Oiora3y Ta
peHTa0eNbHOCTI TOAANBIIOT HOTO IepepoOKy.
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Purpose. Study of energy consumption by mechanical mixers and selection of an energy-efficient mixing device to
ensure reduction of energy consumption for the biogas production process and increase interest in its further
processing into other types of energy.

Methodology. Comparative analysis and use of mathematical modeling methods to determine the amount of
energy consumed for mixing, generalization of the results obtained.

Findings. The formation of the energy system consists in including renewable alternative energy systems,
including biogas technologies. The energy efficiency of which depends on the amount of energy consumed for the
processes of intensification of the fermentation of raw materials. One of the main means of intensification is careful and
frequent mixing of raw materials during fermentation. The presence of various types of devices for mixing substances in
reactors confirms the relevance of the issue of developing energy-efficient means to accelerate fermentation and
increase the profitability of further actions with biogas and its processing. The most rational ways to increase the
energy efficiency of mixing are to establish the dependences of energy consumption by mechanical mixing devices, to
choose a rational type of mixer, which includes the search for rational mass-dimensional characteristics that ensure
uniform flows of raw materials in the biogas reactor and at the same time spend the least amount of energy for mixing.
Performing the above actions ensures the determination of rational mass-dimensional characteristics of the mixer,
which significantly reduces energy consumption for mixing and increases the profitability of implementing biogas
technologies into the energy system.

Originality. The types of electric machines used as electric drives of mixing devices are analyzed. Taking into
account the control systems of electric drives and the cycle diagrams of their operation, as well as the features of
mixing the substance, the change in the Euler hydrodynamic similarity criterion for different types of mechanical mixers
with the same geometric parameters of biogas reactors, the levels of organic raw materials and the same speed mode of
movement of the working body of the mixer, the power consumption for the technological process — mixing is
established. A comparative analysis of the influence of the type and geometric dimensions of mechanical mixers on the
energy consumption for mixing the volume of the substance in a closed tank when using a single-phase asynchronous
motor as a mixer drive is carried out. Using a polynomial dependence, an equation was obtained that describes the
change in the power of the electric drive from the change in the frequency of rotation of the working body of a two-tier
mixer in which the blades are installed at an angle of 900.

Practical value. The results presented in the work can be used to increase the energy efficiency of biogas plants.
The direction of further research on the consumption of reactive power by electric motors during the technological
cycle of the mixer operation has been established, which will allow determining the pattern of changes in reactive
power consumption and outlining the directions of movement towards its reduction.

Keywords: Reynolds criterion;, comparative analysis; energy efficiency; Euler's criterion;, mechanical mixing;
electric motor power; energy consumption.
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Purpose. Study of thermal processes of an inverter based on an IGBT module for used in a frequency converter to
control the operation of an asynchronous motor.

Methodology. Analytical and computational methods to analyse thermal processes of an inverter based on an
IGBT module.

Findings. The study of thermal processes of the SKM200GBI12T4 inverter based on the IGBT module was
performed using the SemiSel program. A mathematical model of the cooling process of the SKM200GB12T4 inverter
was developed. The dependence of the dynamic thermal impedance Zth(s-a) on time, which is described by an
exponential function, was obtained. The value of the time constant for this dependence, which characterizes the rate of
change in the cooler temperature, i.e. the quality of its operation, has been calculated. The thermal time constant t =
1.44 s indicates the time required to reach a temperature difference of approximately 63% of its stationary value. This
low value reflects the effective cooling due to the high air flow velocity (7 m/s) and air flow rate (426.43 m*h), which is
critically important for maintaining the IGBT junction temperature below 175 °C during overload.

The values of the inverter temperature maxima during overload were obtained. For an overload of 10.94 seconds,
the maximum temperature for IGBT transistors is 120.85 °C, and for diodes — 123.4 °C. The case temperature Tc =
71.21 °C and the radiator temperature Ts = 63.56 °C remain the same for transistors and diodes and do not exceed the
maximum operating temperature of the module due to the stability of the cooling system. However, overheating can
increase with prolonged loading, resulting in the degradation of semiconductor devices.

The temperature and power variation processes at nominal load and in overload mode for one period have been
studied using the SemiSel program. The temperature change graphs reflect the stability of the temperature at various
points, such as the transitions of IGBT transistors and reverse diodes, due to effective thermal control. The power
graph indicates cyclical changes in losses, with peaks in the phases where current and voltage are maximum. These
data confirm the suitability of the module for use in control circuits.

Originality. Based on the graphical analysis of the kinetic dependencies of temperature and inverter power, a
mathematical model of the cooling process of the SKM200GBI12T4 inverter was developed, that describes the
dependence of the dynamic thermal impedance Zth(s-a) on time. The thermal time constant for this dependence, which
characterises the rate of change of the cooler temperature, was calculated.

Practical value. The results of the study of the thermal characteristics of the SKM200GB12T4 inverter can be used
to optimize the operating modes of the frequency converter for controlling the operation of an asynchronous motor.

Keywords: thermal processes; inverter; IGBT module; frequency converter.

(adjustable output frequency 0-50 Hz), its number of
revolutions can vary from zero to the maximum value.

The control system with a frequency-controlled When changing the engine speed, it is possible to

drive is the simplest and most economical from a  control the power consumption and energy losses.
technical point of view. An integral part of a regulated

electric drive is a controlled power converter, which
provides smooth speed control of electric motors by
converting fixed values of voltage and frequency of the
network into variable values [1].

I. INTRODUTION

In addition, the use of frequency converters allows
you to reduce reactive power consumption and starting
currents, which has a positive effect on the service life of
technological equipment and energy infrastructure.

Modern electronic switches based on IGBT
transistors, due to their positive properties, are used to
create power keys of inverters in the production of
frequency converters for electric drives [2] —[3].

The number of revolutions of the motor is
proportional to the frequency of its supply. If the electric
motor is powered from a 50 Hz network, then its number
of revolutions will be maximum and constant. When the )
electric motor is powered from a frequency converter Today, frequency converters using a power

© Lushchin S.P., Paxar D.P., 2025
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transistor module based on IGBT transistors, which
consists of a set of insulated gate bipolar transistors and
reverse current diodes, are widely used.

The study of thermal processes of an inverter based
on an IGBT module for use in a frequency converter is
important to ensure its reliable operation in high power
systems, such as traction inverters. This process involves
the evaluation and analysis of thermal parameters
(thermal resistance, temperature and power) to prevent
overheating and increase efficiency.

II. ANALYSIS OF LAST RESEARCHES

The data sheet for the SKM200GB12T4 power
transistor module [4], available on the Semikron Danfoss
website (Semikron Danfoss), presents the basic thermal
parameters required for calculations. These include:
junction-to-case thermal resistance (Ry..)); case-to-heat
sink thermal resistance (Ry.;). These parameters are
critical for estimating the temperature rise from the
transistor junction to the environment [5].

In the article [6], an analysis of the most commonly
used IGBT modules for voltages from 600 V to 6500 V is
made and a methodology for determining the quality
criteria of modules for a given voltage, current and
frequency is developed.

The article [7] describes the use of the RC
(resistance-capacitance) approach to predict the junction
temperature of modules mounted on a liquid cooled
heatsink. Finite element modelling (FEM) is used for
detailed thermal analysis, taking into account the thermal
interaction between modules and the influence of heatsink
materials. A comparison of single and dual phase cooling
systems is presented. Different thermal interface materials
(TIMs) are evaluated, indicating the reduction in junction
temperature. These methods can be adapted to the
SKM200GB12T4 module, especially in the context of
traction applications, where thermal modelling accuracy
is important.

Article [8] describes a thermal resistance model and
an equivalent thermal circuit for IGBT modules, including
the calculation of transistor and diode losses using the
pulse width modulation (SVPWM) method.

Article [9] emphasises the importance of calculating
the junction temperature for multi-chip devices and
suggests that the calculations should be separated for each
chip, taking into account differences in thermal resistance.

In [10], the power loss of the IGBT module under
nominal operating conditions was theoretically estimated.
The temperature field of the heat sink under typical
operating conditions was simulated by ICEPAK, and the
heatsink was parameterised. The simulation results show
that under the condition of forced cooling and heat
dissipation, the optimised heat sink meets the heat
dissipation requirements of the motor controller.

In [12], thermal management studies for IGBT
modules are reviewed. The thermal resistances of IGBT
modules are studied. It is stated that the junction-to-case
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thermal resistance usually decreases inversely with the
total thermal power. In addition, IGBT cooling solutions
are also considered, and the performance of different
solutions is compared. A fast and efficient method for
IGBT thermal management is proposed depending on the
junction-to-case thermal resistance requirements and the
equivalent heat transfer coefficient of the test samples.

In [13], experimental methods for determining the
thermal characteristics of IGBT power modules are
reported. Three different systems were used: the first
performs a “temporary” characteristic to monitor the most
significant device parameters during normal operation or
stress tests; the second performs a complete and dynamic
thermal characterization; finally, an infrared optical
analysis was performed to verify the results.

In [14], different thermal models of the IGBT power
module are presented and compared. A three-dimensional
finite element method (FEM) model is simulated in
COMSOL. And then a thermal model with lumped
parameters is derived taking into account various aspects
(heat propagation and thermal coupling).

In the book [15] the author describes experimental
and numerical methods, tools used in a typical thermal
design process. Information is provided on some
advanced methods of cooling electronic devices.

An analysis of research and publications devoted to
the thermal characteristics of power transistor modules
based on IGBT transistors allows us to consider the
development and improvement of control circuits using
IGBT transistors as relevant.

ITII. FORMULATION OF THE WORK PURPOSE

The purpose of this work is to study the thermal
processes of the SKM200GB12T4 inverter based on the
IGBT module for use in a frequency converter in an
electric circuit to control an asynchronous motor.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

We investigated the thermal characteristics of the
SKM200GB12T4 inverter based on IGBT transistors and
reverse diodes (Fig. 1).

The simulation and calculations of the inverter were
carried out using the SemiSel program, which is available
on the manufacturer's website [1]. The SemiSel program
is used to simulate and analyse the operation of electronic
devices, such as the SKM200GB12T4 inverter module
manufactured by Semikron. Typical values for calculating
the inverter in the SemiSel program are given in Table 1.
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Figure 1. SKM200GB12T4 inverter diagram

Table 1. Typical values for calculating an inverter in the
SemiSel program

Input voltage (Vi) 650V
Output current (o) 86,4 Aims
Power factor (cos @) 0,866

Switching frequency (fi) 5 kHz
Additional losses per heat sink oW
(Ptus)
Overload current (/,,.,) 130 As
Minimum output frequency 2 Hy
(Foustmim)
Duration (¢,,.,) 10s
Output voltage (V,.,) 380 Vims
Output power (P,,,) 40,1 kW
Output frequency (£..,) 50 Hz
Modulation (M) M
Sinus triangle PWM PWM
Overload factor 1,5
Minimum output voltage 517V,
(Y outtminy)

Fig. 2 shows graphs of the dependence of voltage,
current, and frequency on time during overloads of the
SKM200GB12T4 module.

Analysis of the voltage, current and frequency curves
during overloads (Fig. 2) indicates that at the moment of
switching on and off, the change in these quantities
follows a linear law. After an initial increase in current
and a decrease in voltage and frequency, they reach the
set value and the module operates in the operating mode.
The physical process by which these quantities change
during power-up is related to the dynamics of the charge
and discharge of the gate node, as well as to the
distribution of the electric field in the IGBT structure,
which affects the switching speed and heat dissipation. It

28

has been demonstrated that when the module is
deactivated, there is an increase in both voltage and
frequency, whilst concurrently there is a decrease in
current. The rate of current decrease is related to the slow
recombination of minority carriers in the drift region. This
effect increases turn-off time and switching losses.

Typical values for calculating the thermal
characteristics of the SKM200GB12T4 inverter in the
SemiSel program are given in Table 2.

Table 2. Typical values for calculating the thermal
characteristics of the inverter in the SemiSel program

T D
L 200 A 200 A
Vet 600 V 600 V
T opt 150 °C 150 °C

T s 175 °C 175 °C

Vi@asoc_irer 1,8V 22V

Vi@iopt. iref 22V 2,12V
Reon 4,75 Ohm
Reop 4,75 Ohm 4,75 Ohm
E,, 21 m]

Eo 20 mJ 13 mJ
Rung-o) 0,14 K/W 0,26 K/W
Rinees) 0,045 K/W 0,057 K/W

The use of the SemiSel program allowed us to
determine the main thermal characteristics of the cooling
system of the SKM200GB12T4 inverter. The radiator
parameters are given in Table 3.

The mathematical model of cooling processes for the
SKM200GB12T4 inverter is based on Newton’s law of
cooling and the radiator parameters from Table 3.
Convective heat transfer is carried out by transferring heat
from a heated body to a cooling gas. The heat transfer
process is described by Newton's law of cooling [16]:

dQ = aATSdt, (D

where dQ - the amount of heat transferred from a
heated body to a cooling medium; o is the heat transfer
coefficient; S is the area of the cooling surface; AT is the
temperature excess of the heated body over the ambient
temperature.

The heat transfer rate P is given by:

pod0_ aATS, 2

dt
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Figure 2. Graphs of voltage, current, frequency versus time during overloads of the SKM200GB12T4 module

Table 3. Basic thermal characteristics for the inverter
cooling system

Cooling method Air cooling
Mounting surface width

345.34 mm

Mounting surface length 244.14 mm
Fin length 70 mm
Coolant speed 7 m/c

Coolant flow rate 426.43 m’/h
Distance between products 5 mm
Coolant temperature 40 °C

Rys-a), Steady state 0.0352 K/'W

The change in the temperature excess during heating
of the body is described by an exponential law:

AT:i(l—e’?)zAz(l—e’?), 3)
as ‘

where ATy is the set temperature excess; T is the thermal
time constant.

The thermal time constant of a body is defined as
follows:

(4)
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where c is the specific heat capacity of the body, m is the
mass of the body, a is the heat transfer coefficient, S is
the cooling surface area.

The value of the thermal time constant characterizes
the rate of change in body temperature; it depends on the
ratio between the heat capacity of the body ¢*m and the
heat transfer conditions o*S. Increases in cooling
intensity, owing to elevated heat dissipation (increasing
a), result in a reduction of the thermal time constant.

The thermal resistance is defined as

AT
th(s—a) — ?

©)

The thermal resistance is related to the heat transfer
coefficient:

1
th(s—a) — aS .

(6)

Transforming formula (3) taking into account (5) and (6),
we obtain:

R, = La —e)=R, (1-¢e "), @)
aS

where Ry, is the thermal resistance of convection; R, is
the value of the thermal resistance of convection that has
been established.

Fig. 3 indicates the dependence of the dynamic
thermal impedance Z,, on time, obtained using the
SemiSel program.
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Figure 3. Dependence of dynamic thermal impedance Z, ., on time

The parameter Z, ., is interpreted as the dynamic
thermal impedance at transient regimes, which is used in
the analysis of the thermal characteristics of electronic
components or cooling systems. The units K/W indicate
the ratio of temperature change to power, which is
characteristic of thermal resistance.

The dependence graph of dynamic thermal
impedance Z.,) on time utilises a logarithmic scale on
the time axis, which allows you to cover a wide range of
values (from 0.01 to 10,000 seconds), which is not always
obvious when analysing such data. The value of Zy.,
increases to a value of 0.032 at 400 seconds, and after this
time the growth slows down, gradually approaching a
plateau of approximately 0.035 K/W.

The graph illustrates an exponential growth pattern,
with an initial value and a gradual approach to the
limiting value, which corresponds to formula (7). The
initial value of 0.005 K/W can reflect the instantaneous
thermal resistance, while the limit value of 0.035 K/W
can be considered as the stationary thermal resistance that
results after a significant duration.

Mathematical analysis allowed us to obtain a
regression formula that describes the graph of the
dependence of the parameter Zy.,) on time, as illustrated
in Fig. 3. The dynamic thermal impedance Z.,(f) is
determined by formula (8) with initial value Z;.,(0) =
0.005 K/W and steady-state value Z.,(0) = 0.035 K/W:

_t
Z,(£)=0.005+0.03(1—¢ '*). (8)
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The value of the thermal time constant is T = 1.44 s.
At t = 1 the exponent in equation (3) becomes

t

e =e' ~0.3679. So, we obtain
AT = AT (1) = AT (1-0.3679) = AT -0.6321. This

means, that when the time equals the thermal time
constant ¢ 7, the temperature difference reaches
approximately 63% of its final steady-state value AT,

Thus, the thermal time constant indicates the time
required to achieve a temperature difference of ~ 63% of
its stationary value. This low value reflects effective
cooling due to the high air flow velocity (7 m/s) and air
flow rate (426.43 m*/h), which is critically important for
maintaining the IGBT junction temperature below 175 °C
during overload.

The radiator uses air cooling with a steady-state
thermal resistance Ry .,y = 0.0352 K/W. Radiator area S =
345.34 mm -244.14 mm = 0.08436 m>.

Thus, the heat transfer coefficient is:

_ 1 3367 ok

th(s—a)

©

The results of the calculation of the cooling system
in the SemiSel program are shown in figures: 4, 5, 6, 7, 8.

As illustrated in Figure 4, the results of the calculation of
temperature and power for the inverter at nominal load
are presented.
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Figure 4.Results of calculating the temperature and power of the inverter at rated load

Research has demonstrated that the total losses are
585 W, which requires effective heat dissipation for
reliable operation of the module. The losses in IGBT
transistors are higher than in diodes, which is typical for
such systems.

The simulation displays the maximum operating
Jjunction temperature for the transistor (7} ,qy) as 80.21 °C,
and the minimum (7; ,;,) as 72.57 °C. The case
temperature (7,) is 64.7 °C, and the heat sink temperature
(7)) is 60.6 °C. These values indicate how effectively heat
is removed from the module, preventing overheating. The
higher junction temperature is explained by the fact that
this is where the main conversion of energy to heat
occurs.

The maximum operating junction temperature (7}
max) Of the diode is 72.14 °C, while its the minimum (7}
min) 18 68.48 °C, the case temperature (7,) is 64.7 °C, and
the heat sink temperature (75) is 60.6 °C.

These temperature values indicate that the cooling
system is effectively removing heat, thereby maintaining

Single output period results for T
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the junction temperature of the transistor and diode below
the maximum allowable level (typically 150 °C for such
modules).

The total system losses are 585 W, and the
efficiency is 98.83%. The losses in IGBT transistors per
device (87.98 W: losses in conduction mode 43.85 W,
when turned on 17.48 W, when turned off 16.65 W) and
diodes per device (19.54 W: losses when turned on - 0.00
W, and when turned off - 8.83 W). It is imperative that
these losses are distributed by the cooling system in order
to ensure that the temperature remains within safe limits.

The simulation results demonstrate that the cooling
system of the SKM200GB12T4 module is is capable of
maintaining safe temperatures at its rated load, with a
dissipation of 585 W of heat.

Fig. 5 illustrates the results of calculating the
temperature and power of single output period for the
IGBT transistors of the inverter at its rated load.

Power loszes (W)

F on

P cond
180

160
140
120
100
a0
&0
40
20

Figure 5. Results of calculating temperature and power of one output period for transistors (7) at nominal load
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The graphs presented herein consist of two primary
components: the first component illustrates the
temperature of the various components, whilst the second
component illustrates the power losses over a period
corresponding to a full AC cycle.

The first graph illustrates the temperatures of key
parts of the system. The junction temperature (7))
fluctuates slightly, remaining below 75 °C, and does not
reach the critical threshold of 150 °C, indicating safe
operation.

It is evident that the case temperatures (7,) remain stable
at approximately 66 °C, and the heat sink temperatures
(Ts) remain stable at around 60 °C.

The maintenance of stable temperatures is indicative
of effective control of diode heat dissipation, with the
cooling system playing a pivotal role in preventing
overheating, a critical factor in ensuring the device's
durability.

The second graph illustrates three categories of
losses. The conduction losses (P.,,s) exhibit a sinusoidal
pattern, reaching a maximum of approximately 53 W at
110 degrees, which is concomitant with the peak current.

The on-state losses (P,;) reach a maximum of
approximately 25 W at 60 degrees, indicating a
substantial energy expenditure during the switching
process. The off-state losses (P,,) are practically zero.

The graphs indicate that the cooling system for the
diodes of the SKM200GB12T4 module at nominal load
works effectively, keeping all temperatures within safe
limits. However, the high off-state losses (P,;) are an
important aspect that may require optimization for long-
term reliability, particularly in scenarios involving heavy
duty operations.

Temperature maxima

Temperaoture (°C)

100

g

TO)@t=109Ls
== TjMax: 12085
TiMin: 120085
7121

Figure 6. Inverter temperature peaks during overload
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Fig. 6 illustrates the results of the calculation of the
maximum temperature for the inverter under overload.

The analysis of the results indicates that the
maximum and minimum temperatures of the transistor (7
= 120.85 °C) are the same. The maximum and minimum
temperatures of the diode (7 = 123.4 °C) of the
SKM200GB12T4 module are also the same.

For an overload of 10.94 seconds, the maximum
temperature for the transistors is 120.85 °C, and for the
diodes is 123.4 °C.

Other temperatures, case temperature 7, =71.21 °C
and the heat sink temperature 7, =63.56 °C remain the
same for transistors and diodes and do not exceed the
maximum operating temperature of the module due to the
stability of the cooling system. However, with longer load
times, overheating may increase, which will cause
degradation of semiconductor devices. This is a
confirmation of the effectiveness of the cooling system to
ensure the reliability of the module.

Fig. 7 illustrates the results of calculating the
temperature and power of single output period for the
IGBT transistors of the inverter during overload.

D@t e 105 5
— TjMax 12340
TiMir: 123.40
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Figure 7.Results of calculating the temperature and power of one output period for IGBT transistors of the inverter (T)

during overload

These graphs illustrate the response of the
SKM200GB12T4 module reacts to overload when
operating with an asynchronous motor.

The junction temperature reaches approximately 120
°C during periods of peak operation, remaining within
safe limits (maximum 150 °C). The temperature graph
demonstrates that the junction temperature (7}, and
T}in) reaches peaks of approximately 105 °C at the 2nd
and 120 °C at the 11th second of the test. This is due to
the increased current that the motor consumes during
overload, which increases power losses and heating of the
IGBT module.

The case temperature (7,) and the heat sink
temperature (7) also increase, but remain below the limit
(peaks around 65 °C).

The critical range (above 150 °) indicates the zone
where the module experiences stress but remains
operational, while the fatal threshold (175 °C) is the limit
beyond which failure is possible.

The power loss increases sharply during overload,
reaching 400 W. The power loss (P, peaks at 400 W at
2 and 11 seconds, corresponding to the temperature peaks.

The bulk of the loss is the loss (P4, about 180 W) that
occurs when the IGBT conducts under high load.

Switching losses (P,, around 25 W and P, around
25 W) are lower, indicating that conduction losses are the
primary influence in this test.

The peak values of temperature and power loss
reflect the moments when the motor requires a greater
current flow, thereby leading to an increase in the
module's temperature.

Thus, the temperature of the IGBT transistors
remains below 150 ° C, thereby confirming that the
module is operating within safe limits. The low heatsink
temperature (= 63 °C) indicates that the cooling system is
effectively removing heat, thereby preventing the
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accumulation of excess heat and the

occurrence of overheating.

The graphs in Fig. 7 demonstrate that the
SKM200GB12T4 module effectively copes with loads,
remaining within safe temperature limits thanks to
thermal management.

subsequent

Fig. 8 illustrates the results of calculating the
temperature and power of single output period for the
inverter diodes under overload.

Studies demonstrate that the overload graphs for the
SKM200GB12T4 module diodes illustrate its capacity to
withstand short-term overloads while remaining within
safe temperature limits.

The junction temperature reaches 123 °C, which is
far from the critical range, and does not exceed it.

Power losses of 225 W are primarily attributable to
conduction losses, with a lesser contribution from
switching losses.

Temperature graphs demonstrate how the maximum
junction temperature (7} ,,.) peaks at approximately 110
°C at 2 seconds and around 120 °C at 12 seconds,
indicating significant thermal stress during overload. The
case and heatsink temperatures remain stable
(approximately 70 °C and 65 °C, respectively). The
module does not fall into the critical range (150 °C — 175
°C), and does not exceed the fatal threshold (175 °C).

The power loss graphs demonstrate that the total
losses reach 225 W at overload peaks, with the main
contribution of conduction losses (50 W), while switching
losses (20 W at turn-on and 0 W at turn-off) play a
smaller role. It can be deduced from the evidence
presented that the primary function is contingent upon the
magnitude of the current that is flowing through the
module.
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Figure 8. Results of calculating the temperature and power of one output period for the inverter diodes (D) during

overload

Consequently, the simulation utilising the SemiSel
program furnishes comprehensive data on the thermal and
power characteristics of the SKM200GB12T4 module at
both nominal load and overload conditions.

V.CONCLUSION

1. Based on the study of the kinetic dependences of
temperature and power of the inverter, a mathematical
model of the cooling process of the SKM200GB12T4
inverter was developed.

2. The utilisation of the SemiSel program for the
SKM200GB12T14 inverter facilitated the acquisition of
the dynamic thermal impedance Zj, as a function of
time, which was found to be described by an exponential
function.

3. The value of the thermal time constant for the
dependence of the dynamic thermal impedance Zy.,, on
time was calculated. The value of the thermal constant T =
1.44 s characterises a sufficient speed of the cooling
system, which ensures safe of the
SKM200GB12T4 inverter.

4. The thermal processes of the SKM200GB12T4
inverter based on the IGBT module were studied using
the SemiSel program. Based on the data obtained, an
analysis of the processes of temperature and power
changes at nominal load and in overload operation mode
for one period was carried out. The temperature change
graphs demonstrate the stability of the temperature at
various points, such as the junctions of IGBT transistors
and reverse diodes, due to effective thermal control. The
power graph displays cyclic changes in losses, with peaks
in the phases where the current and voltage are at their
maximum. The findings of this study corroborate the
hypothesis that the module is suitable for utilisation in
control circuits.

operation

5. The values of the inverter temperature peaks
during overload are obtained. For an overload of 10.55
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seconds, the maximum temperature for IGBT transistors
is 112.72 °C, and for diodes - 124.18 °C. The case
temperature 7, and the heat sink temperature 7, remain
the same for transistors and diodes and do not exceed the
maximum operating temperature of the module due to the
stability of the cooling system.
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JTOCHIKEHHS TENJIOBUX MPOIECIB IHBEPTOPA HA BA3I IGBT
MOJYJIS
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«3anopisvka noaimexuika», 3anopiscocs, Yrpaina, ORCID: https://orcid.org/0000-0003-
2135-0520,e-mail: luschin@zp.edu.ua;

ITAXAP JI.I1. cmydenm enexmpomexuiunozo axyrvmenty Hayionanonozo ynisepcumemy «3anopizvka
noaimexuikay, 3anopixcocs, Yxpaina, ORCID: https://orcid.org/0009-0009-2180-1089, e-
mail: megaflopa3000@gmail.com;

Mema pobomu. [ocnioscenna mennosux npoyecie ineepmopa Ha 6aszi IGBT modyas ons 3acmocysanHs 6
nepemeopiosayi 4acmomu O Kepy8arHs poOOmMOoI0 ACUHXPOHHUM O8USYHOM.

Memoou Oocniddncenns. AHanimuxko-po3paxynkosi memoou Oas aHAlizy Meniosux npoyecie ingepmopa Ha 0asi
IGBT mooyns.

Ompumani pesynomamu. Jocniodxcenns mennosux npoyecig ingepmopa SKM200GBI12T4 na 6a3i IGBT mooyns
Oyn0 6UKOHAHO 3a 00NOMO2010 npozpamu SemiSel. Pospobieno mamemamuuny mo0enb npoyecy OXON0OHCEeHHs
ineepmopa SKM200GBI12T4. Ompumaro 3anedicHicmb OUHAMIYHO20 MENI06020 IMNEOAHCY Zys.q) 6i0 Hacy, saxka
ONUCYEMbCL eKCHOHeHYianbHo  (yHKYielo. Pospaxoeano  3Hauenns cmanoi wacy 01 yiei 3anedxicHocmi, sAKd
xXapakmepu3zye weUuoKicms 3MiHU MeMRePamypu 0Xoa00x4cys8aid, moomo akicme iioco pobomu. Tennosa cmana uacy t
= 1,44 ¢ noxa3zye uac, HeobXIOHU 051 00CseHeH s pisHuyi memnepamyp =~ 63% 6i0 il cmayionaproeo 3uavenns. Taxe
HU3bKe 3HAYEHHs Mena060i cmanoi gidodpasicae egexmusHe 0X0I00HCEHHS 3a605KU GUCOKIU WBUOKOCHI NOGIMPSIHOZ0
nomoxky (7 m/c) ma eumpami nosimps (426,43 m%200), wo € Kpumuyno 6axiciugum OJisi RIOMPUMKU MEMNEPamypu
nepexody IGBT nuoicue 175 °C nio uac nepesanmasjiceHusi.

Ompumano 3Ha4eHHA memMnepamypHux MakCUMymie ingepmopa npu nepesanmaicenti. J[na nepesanmasicents 3a
10,94 cexyno maxcumansrna memnepamypa 0ns IGBT mpansucmopie cmanosume 120.85 °C, a onsa diodie — 123.4 °C.
Temnepamypa xopnycy T, = 71.21 °C ma memnepamypa padiamopa T; = 63.56 °C saruwaromvcs 00HaAKo8uUMU OJisl
mpaH3ucmopie ma 0iodie i He nepesuwyIoOmb SPAHUYHY Memnepamypy pobomu MoOyis 3a80AKU CMAOIIbHOCI
cucmemu 0Xon00xcents. Ane npu OinbwloMy yaci HaBAHMAdCeHHs nepeepie Modce 3pocmamu, wjo 6yode CRPUNUHAMU
dezpadayito HanignPoOGIOHUKOBUX NPUNAOIS.

Ilpogedeno Oocnioxcenus npoyecie 3MiHu memnepamypu i HOMYHCHOCMI NPU HOMIHAILHOMY HABAHMANCEHHI | 8
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pedicumi pobomu npu NepesanmadiceHui 0. 00H020 nepiody 3a 0onomozoro npoepamu SemiSel. ['paghiku 3minu
memnepamypu 6i0obpaicae cmadbinbHicmy memMnepamypu 6 pisHux mouxax, maxux sk nepexoou IGBT mpanzucmopis i
360pOMHUX 00018, 3A60AKU eQeKMUBHOMY Meni08omy KoHmpouo. Ipagix nomyscHocmi NOKA3Ve YUKMIUHI 3MIHU
empam, 3 nikamu y ¢hazax, oe cmpym i Hanpyea makcumanvhi. Lli oani niomeepoxcyroms npudamuicme Mooy Ons
BUKOPUCIMAHHS 8 CXEMAX YNPABGTIHHA.

Hayxosa nosusna. Ha ochosi epaiunozo ananizy KiHEeMUUYHUX 3dNedCHOCMel meMnepamypu i nOmysiCcHOCmi
iHeepmopa  po3pobOieHO MamemamuyHy mMooenb npoyecy o0xonooxcenus insepmopa SKM200GBI2T4, axa onucye
3anedcHicmb  OUHAMIYHO20 Menno6o20 imnedaucy Zth., 6i0 uacy. Pospaxosana mennoéa cmana Hacy 0as yiei
3aneAHCHOCHI, AKA XAPAKMeEPU3YE WEUOKICIMb 3MIHU MeMNePAmypu 0X0100H#CY8aUd.

Ilpakmuuna yinnicme. Pesynomamu Oocniodcenns mennogux xapaxmepucmux ingepmopa SKM200GBI12T4
Mooicymy  Oymu  3acmoco6ani 01 ONMUMI3ayii pedxcumie pobomu 4acmomHo2o nepemeoplosaia Oas KepyeaHHs.
POOOMOIO ACUHXPOHHO20 OBUSYHA.

Kniouosi cnosa: mennosi npoyecu; ineepmop; IGBT modyns; nepemeopiosau yacmomu.
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Purpose. Analyze the existing problems in the relay-current protection system of electrical installations of 0.4 kV
auxiliary substations of nuclear power plants, which do not allow the implementing the "long-range backup” mode, as
well as to increase the sensitivity of relay protection devices to remote short-circuit currents by using additional criteria
for identifying emergency modes in order to ensure selectivity and protection against remote redundancy failures.

Methodology. Method of system analysis and synthesis, as well as the theory of electromagnetic transient process-
es in electric power systems for diagnostics of emergency modesof operation of distribution electrical circuits.

Findings. The article shows the need and provides scientific and technical justification for proposals to modernize
relay-current protection systems for 0.4 kV electrical installations using digital technologies to implement the require-
ments of "long-range backup". A scientifically sound technical solution is provided for upgrading circuit breakers using
microprocessor protection devices, the output circuits of which affect independent electromagnetic tripping devices of
these circuit breakers. This solution allows for an in-depth analysis of processes in electrical circuits and the implemen-
tation of "long-range backup™ by building high-speed selective protection and increasing the sensitivity of the protec-
tion to short-circuit currents. As a result of modernization of electrical installations of 0.4 kV NPP auxiliary substations
due to implementation of new types of relay-current protection, the following is possible: significant reduction of pro-
tection response time at all stages between the source and receiver of electric power, both in the normal mode and in
the "long-range backup™ mode, and, accordingly, significant reduction of thermal effects on elements of electrical in-
stallations both from the flowing short-circuit current and from the effect of an electric arc; significant increase in sen-
sitivity of protection to remote short-circuit currents, which will eliminate both cases of possible protection failure and
its false operation. After modernization of the entire protection system due to the use of microprocessor protection de-
vices, the existing structure of the protection system will be completely preserved without replacing switches of all stag-
es, which will allow significant savings in time and financial costs compared to other modernization options.

Originality The article presents a technical solution for upgrading circuit breakers with microprocessor protec-
tion devices, in which the output circuits act on independent electromagnetic releasing mechanismsof these devices.

Practical value.The development allows increasing the reliability of emergency protection automation, as well as
fire safety of auxiliary substations of nuclear power plants with a voltage of 0.4 kV.

Keywords: circuit breaker; reliability; microprocessor protection device; long-range backup,; microprocessor re-
lease unit; remote backup; operate time.

I. INTRODUTION emergency current, thermal, electrodynamic and other
undesirable types of impact to a minimum. This ensures
the integrity of the power system, minimizes the conse-
quences of an accident - unacceptable downtime of elec-
trical equipment, violations of the technological cycle,
etc.

Uninterrupted operation of electrical equipment is
possible only with the presence of protective devices that
respond to disruptions in the normal operation of electri-
cal installations and promptly disconnect damaged ele-
ments from undamaged ones. Circuit breakers, widely . S )
used both in urban power grids and in electrical installa- Increasing the reliability of protection of 0.4 kV
tions of industrial enterprises, serve these purposes. The  €lectrical networks is considered a pressing issue due to
high sensitivity of circuit breakers allows detecting emer-  the fact that automatic circuit breakers in operation and
gency modes at an early stage of occurrence, limiting installed in existing networks, in most cases, do not meet
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modern reliability requirements both in terms of the num-
ber of implemented protections and in terms of failure-
free operation indicators. Expanding the protective func-
tions and increasing reliability is possible due to new
promising technologies, which include microprocessor
devices used for extended analysis of emergency process-
es during the distribution of nuclear power plant (NPP)
capacity across the main power flows of the country's
energy systems [1] — [3].

Such analysis allows moving from simple criteria for
protection operation, such as instantaneous current value,
to more complex integrated criteria that combine several
parameters of the electric circuit: power factor, asym-
metry and nonlinear distortions of phase currents, type of
excitation current, etc. Integrated criteria created in real
time allow timely identification of the type of emergency
situation and determination of the protection operation
algorithm. For NPP electrical equipment in general and,
in particular, for substation auxiliary electrical installa-
tions (AEI) with a voltage of 0,4 kV, the most relevant is
to increase the reliability indicators of protection and, due
to this, reduce the probability of fire in such installations,
which, in turn, leads to the adoption of more stringent
requirements for their protection systems [4]
[6].Electrical installation elements (such as cables and
buses) must be protected in the event of failure of the cir-
cuit breaker to the output terminals of which they are
connected.To realize this requirement, called "long-range
redundancy”, it is necessary that the sensitivity of up-
stream circuit breakers to short-circuit current (SCC) be
sufficiently high. This means that in the existing and op-
erating system of "step” selective protection, all elements
of the electrical installation must be thermally stable with
a longer protection operate time than calculated during
design, namely, with the operate time of the upstream
selective circuit breaker.

The essence of long-range redundancy (LRR) is that
in the event of failure of any switch, backup protection of
the emergency section of the electric circuit is carried out
by a circuit breaker located at a higher protection stage
[7]. The reliability of protection of a section of the electric
network is determined by the probability of failure-free
operation of the circuit breaker protecting this section.
The value of 0,95 of the probability of failure-free opera-
tion of the CB when performing protective functions
guaranteed by the manufacturer does not meet modern
requirements. Therefore, an important direction for in-
creasing reliability is the transition to protection not by
one, but by a system of two devices. According to [8],
with the probability of failure-free operation of each de-
vice equal to 0,95, the probability of failure-free operation
of a protection system of two such devices is 0,9975.
Thus, when implementing LR, the probability of protec-
tion failures is significantly reduced. To ensure such a
high reliability indicator, it is necessary to ensure close
response times of the upper and lower protection stages.
This means that at all protection stages, the circuit break-
ers must have the same sensitivity to short-circuit cur-
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rents, especially remote ones. With the step-time principle
of selective protection, the operate time of a selective
circuit breaker installed closer to the source may be unac-
ceptably longer than the response time of a circuit breaker
installed closer to the load. In this connection, the re-
quirement for high operate speed of selective protection
necessary to increase the level of fire safety of electrical
installations and the reliability of current protection is
difficult to meet.

The operate time of the upstream device is usually
two or more times longer than that of the failed down-
stream device. That is, due to the limited possibilities of
the sensitivity increasing to remote short-circuit currents
of the existing equipment, the reduction in the protection
operate time has not been achieved when implementing
the "long-distance backup" mode. The time-current char-
acteristic of the total selective protection system has not
changed. The elements of the electrical installation that
experience critical thermal load in emergency mode con-
tinue to exist. Thus, the existing protection system does
not fully ensure reliable protection of electrical installa-
tions 0,4 kV substation auxiliary due to the implementa-
tion of "long-distance backup"”. In this regard, further im-
provement of the relay-current protection system in terms
of sensitivity increasing to remote short-circuit currents is
considered relevant.

II.ANALYSIS OF LAST RESEARCHES

The need to increase the reliability of electrical in-
stallations with the most problematic busbars in terms of
reliable provision of "long-range backup” of relay-current
protection is appropriately illustrated by a fragment of the
generalized basic diagram of the electrical installation of
0.4 kV auxiliary services of one NPP unit (Fig. 1). Here,
there are several sections of branched electrical circuits
with a different number of protection stages between the
source and receiver of electric power. The largest number
of protection stages is in the circuits with cabinets for
relay-current protection of equipment (RCPE), where at
the 1st stage (1) after the current source with the Active
power relay (APR), microprocessor current protection
(MCP) and the 6/0.4 kV power transformer (PT), an
"Electron™ circuit breaker is installed, at the 2nd stage (1)
— A3790C circuit breakers, at the 3rd stage (lII) —
BAS5A31 circuit breakers, and at the last 4th (IV) (low-
est) stage — AII-50b ones. Each stage has parameters of
the circuit breaker operating current 1, , current settings

lsq , remote short-circuit or reserving current I'sd , param-
eters of the time delay for disconnection under the selec-
tivity conditiontgy , short-circuit currents Iy, . The dia-
gram also shows microprocessor protection devices
(MPD) with current sensors (CS), starting currents of mo-
tors g, and the cross-sectional dimensions S of cable

lines.

With such a multi-stage protection system, each of
the circuit breakers installed at the highest stage must
ensure, on the one hand, selectivity of operation with the
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downstream device, and on the other hand, backup of a
possible failure of the downstream circuit breaker. The
listed requirements are largely contradictory, which sig-
nificantly complicates the implementation of the "long-
range backup" mode and does not allow for a full increase
in the reliability of protection. Let's analyze what prob-
lems caused by the imperfection of the protective charac-
teristics of existing devices still require solutions.

As can be seen from the diagram (Fig. 1), the sec-
tions of the circuits behind the A3790C and AIIS0B cir-
cuit breakers (stages Il and 111) will be unprotected in the
event of their failure (shaded sections of the busbar). This
necessitates increasing the sensitivity to remote short-
circuit currents when implementing the "long-range back-
up" mode of circuit breakers of stages | and 111 of protec-
tion ("Electron” and BA55A31, respectively). To increase
the sensitivity of the "Electron™ circuit breaker of stage |
to short-circuit currents, in contrast to the starting current
of the electric motor (EM), which is close in magnitude,
the value of the power factor cos ¢ of the circuit is used as
a criterion for detecting short circuits. As is known, in the
case of a short circuit on an extended cable line, the value
of cos ¢ is 0,6+0,7, whereas during acceleration of the
electric motor, the value of cos ¢ is 0,2+0,3 [8] —[9].
However, due to the fact that the release mechanism units
of existing circuit breakers, including the "Electron" de-
vice, do not have a function for determining the value of
cos ¢ of the protected circuit, the sensitivity of the circuit
breaker of the first protection stage is increased using
relay equipment on the side of high-voltage circuits,
which includes maximum current protection (MCP) with
two current settings (Fig. 1). In this case, the operating of
the lower setting current value occurs only from the cur-
rent determined by the active power value.

The imperfection of such a technical solution for in-
creasing sensitivity to short-circuit currents is that high-
voltage equipment can be used only for the first stage of
protection, monitoring the current on the high side of the
transformer. It is impossible to use such relay equipment
for third-stage circuit breakers. But if such a technical
solution were possible in a similar device for 0,4 kV, an-
other disadvantage would appear — insufficient protection
operating speed. Indeed, an accurate determination of
Cos ¢ by the shift angle between the current and voltage in
the phase is possible only after the end of the transient
process, after 60+80 ms.

However, such a protection operate time is unac-
ceptable when implementing high-speed selective protec-
tion. To solve this problem, an alternative option was
proposed — in the event of failure of the AIT-50B circuit
breakers, to protect 1.5 mm? and 2.5 mm? cables when
emergency current flows through them, the current pro-
tection sensitivity in the overload zone in the BA55A31
circuit breakers was increased.

This technical solution allows the protective time-
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current characteristic of the overload zone to be formed in
accordance with the formula 5-12x4(AZ%xs)= const

instead of the previously used one
612 x(A2xs) =const, which in the "long-distance
backup™" mode will ensure the thermal stability of cables
located behind the AII-50B circuit breakers [10] — [12].
However, in the case of an "arc" short circuit (90% of all
short circuits are "arc") in the "long-distance backup"
mode, the arc burning time increases significantly from
25 msup to 550 ms. Such a solution for protection against
remote short circuits cannot be considered technically
exhaustive, but rather forced, due to the lack of appropri-
ate protective means in which increased sensitivity in the
short circuit zone is realized due to the identification of
the type of overcurrent.

Another problem that reduces the efficiency of the
"long-range backup" is the insufficient operate time of the
"step-time" selectivity, when a technically incorrect time-
current characteristic of the entire protection system is
formed. The incorrectness is that the closer the protection
stage is to the current source (meaning the higher the
short-circuit current), the longer the protection operate
time at this stage (Fig. 2a). Curve 1 (Fig. 2a) displays the
time-current characteristic of the “step-time" selective
protection, consisting of 4 stages, for the case when all
protection devices operate in the normal mode (without
failures). At the IV protection stage, where the short-
circuit current is no more than 1,5 kA, the operate time is
about 15ms, and at the first stage, where the emergency
current is 20 kA, the operate time is significantly longer —
550 +700 ms. With such long protection operate times,
the elements of the electrical installation, especially at the
first stage of protection, experience significant thermal
and dynamic loads [10] — [11].

However, even greater thermal loads are experi-
enced by buses and cables when the protection operates in
the "long-distance backup” mode, when, in the event of a
failure of a downstream device, protection is provided by
an upstream circuit breaker. Curve 2 reflects the time-
current characteristic of the protection in the "long-
distance backup" mode (Fig. 2a). In this mode, the ele-
ments of the electrical installation, primarily cables with a
cross-section of S >95 mm, protected by second-stage

circuit breakers (Fig. 1), experience an increase in the
thermal load from the current flowing through them by
more than 2 times. The protection operate time t at the
second stage increases up to At,, = 0,3 s (from 0,25 s up
to 0,55 s), and at the third stage — up to At,, = 0,15 s (from
0,1 s up to 0,25 s) [10] — [12].
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Figure 1. Fragment of the generalized diagram of the 0.4 kV auxiliary electrical installation NPP

The specified increase in the operate time of the
stage Il protection in case of failure of the A3790C circuit
breaker in the cabinets of auxiliary complete transformer
substations (ACTS) and RCPE creates a problem of ther-
mal resistance of cables in cable compartments after the
specified circuit breakers.A partial solution is possible by
increasing the cable cross-section and using enhanced fire
extinguishing means in the "problem" cabinets. However,
it should be taken into account that 90-95% of short cir-
cuits occur not through "dead" metal, but through a short
electric arc. In this case, with a long protection operate
time, the problems of thermal resistance of cables and fire
safety of the cabinet are not completely eliminated, and
the specified solutions cannot be considered exhaustive
and technically correct. Such forced solutions are used
due to the lack of equipment in which fast-acting selective
protection can be implemented.

The results of the analysis of the problems with the

implementation of the "long-range backup" mode showed
that in order to improve the reliability of the RCPE sys-
tem, it is necessary to increase the sensitivity to remote
short-circuit currents. The currently used method of in-
creasing sensitivity is forced, both from the point of view
of technical implementation and instrumental execution.
Low sensitivity and insufficient speed cause instability in
the operation of the main busbar, as well as the 1V stage
due to the significant operate times of protective devices
for cables with a cross-section of 1,5 mm? and 2,5 mm? in
redundancy mode. When using "step" selective protec-
tion, the operate times of the protection in the redundancy
mode are unacceptably long. Therefore, cables after the
A3790C circuit breakers in the redundancy mode experi-
ence critical thermal loads[12].
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Figure 2. The Time-current characteristic of selective
protection:
a—before  modernization  “step-time”  selectivity;
b —after modernization fast-acting integral selectivity;
1-curve attributes to the standard  mode;

2 — curve attributes to the “long-range backup” mode

An analysis of the existing problems in realization
the "long-range backup™ protection in the electrical instal-
lations of the auxiliary substations of 0,4 kV NPP substa-
tions showed:

— due to low sensitivity to remote short-circuit cur-
rents, the required accuracy and reliability of the protec-
tion of the section of the electrical installation at the end
of the main busbar is not ensured;

— technically incorrect protective characteristics of
the existing "step-time" selectivity cause to the fact that
the operate time of the protection is longer, the closer the
device is to the current source, and the thermal resistance
of the cables in the cable compartments does not meet the
fire safety requirements.

I11. FORMULATION OF THE WORK PURPOSE

This paper presents a scientific and technical solu-
tion for upgrading relay-current protection systems for
0,4 kV electrical installations using digital technologies.
This solution will allow for a deep analysis of processes
in electrical circuits and the implementation of "long-
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range redundancy" by building high-speed selective pro-
tections and increasing the sensitivity of protections to
short-circuit currents. As a result, the protection reliability
of electrical installations for auxiliaries of 0,4 kV NPP
substations will increase.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

The sensitivity of protection devices to short-circuit
currents can be increased by adjusting the starting cur-
rents of powerful asynchronous electric motors, the values
of which can be greater than the values of remote short-
circuit currents. To do this, it is necessary to promptly
determine the type of interference current, whether it is a
remote short-circuit current at the end of the protected
line or the starting current of an electric motor of an adja-
cent feeder. In the operation algorithm of the circuit
breaker release, it is necessary to add an additional setting

I'sd to the existing setting of the short-circuit zone current
lsq, Which is selected based on the value of the direct
starting current of the EM, which is less than Iy and

corresponds to the expected current of the remote short-
circuit. The lower setting should be blocked during EM
starts and activated during a remote short-circuit.

The short-circuit surge current in any phase will be
greatest if the short circuit occurs at the moment the phase
EMF passes through zero. For this case, the change in
phase current over time tis described by the equation:

—t/‘f]

i =1, [sin (ot +y-¢)+sin(p-y)-e (1

where |, — is the amplitude value of the periodic compo-

nent of the short-circuit current in the phase;
¢ = arctg (oL / R)— is the shift angle by which the peri-

odic component of the phase current lags behind the
phase EMF; L, R— are the inductance and active resistance
of the phase;t=L/ R=tgp/w=singp/(w-cose) — is the

time constant of the electric circuit; o =2-n-f — is the

angular frequency of the network; f— is the operating fre-
quency of the network; y — is the moment of occurrence
of the short-circuit.

The nature of the change in time of the current in
any phase of the electric circuit depends significantly on
such a random factor as the moment of occurrence of the
disturbance current, characterized by the angle y. There-
fore, it is not impossible to analyse the nature of the tran-
sient process of disturbance of the electric circuit based
on the instantaneous values of current ij,p¢) in each

phase a, b, ¢, obtained from the current sensors DT
(Fig. 1). We used the power function of the electric circuit
S(t), which characterizes the total electrodynamic forces
in a three-phase current system and represents the de-

pendence on time of the sum of the squares of the instan-
taneous values of all three phases currents [8]:
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S(t)==i? =i2 () +if (1) +iZ (1), )

wherei j— Is instantaneous (discrete) value of current;

iy (t) +i, (t) +ic (t) — are instantaneous values of currents
in phases a, b, ¢ respectively:

iy = |m[Sin((Dt+\|J—(p+§'7t)—

5 3)
—sin (\|/—(p+§~n)'e_t”]§
i = Im[sin(cot+\V—(p)—sin(\y—(p+)'eft/r]; “4)
i = Im[sin(mt+\|/—(p—g~n)—
3 (5)

—t/‘r].

—sin(\u—(p—én)-e ;
where y — is the initial angle of the EMF in phase b (the
moment of occurrence of the disturbance current).

After substituting equations (3)-(5) into (2) and
transforming the obtained expression, the equation for the
force function takes the following form:

1 2t
S(t):3I%h 1-2e T-cosot+e T

(6)

where | o, — is an effective value of the periodic current

component.

From equation (6) it follows that the nature of the
change in time of the function S(t) in the transient mode
of occurrence of the disturbance current of the electric
circuit does not depend on the angle y, but depends sig-
nificantly on the power factor cos ¢.

Fig. 3 shows a family of curves of the power func-
tion constructed according to equation (6) for cases of
three-phase disturbance of the electric circuit with differ-

ent cos ¢, but the same value of |y, equaled to 1. The
smaller the cos ¢ of the electric circuit, the greater the
value of the S(t)function in the first period of the transi-

ent mode. Thus, by calculating in real time the maximum
Smin @nd minimum S5, values of the power function in

the first period of the occurrence of a disturbance in the
electric circuit, it is possible to quickly determine cos ¢
and identify the type of disturbance current. In [13], the
identification of the disturbance current is based precisely
on the analysis of the S(t) function. Selective protection
is ensured by the operation of the circuit breakers from
the integral setting Qg4 . In this case, the calculation of the

integrals Q4 p ) of the squares of the disturbance cur-

rents Aif(a’blc) begins after the activation of the set-

ting I'sd .
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Figure 3. The time-current characteristic of selective cir-
cuit

When the electric circuit is under load, the disturb-
ance current is not the total value of the current in the

phase Iy, and the current increment Al , defined as the
difference between the total current I, in the phase,

recorded by the sensors, and the previouscurrent I p, ,
which flowed in the electric circuit (load) before the oc-

currence of the disturbance current:

Algh = Tgh =lpr - (7

The calculation of the value of Al is carried out

using the function S(t), the nature of the change of
which, as already noted, does not depend on v, but signif-
icantly depends on the value of cos ¢ and the component

Al g . If we substitute instantaneous discrete values of

the disturbance currents Aijap ) into equation (2), it can
be determined the value of Al y, quickly.Therefore, the

value of the disturbance current Al is introduced into

the complex criterion for the operation of the protection,
which allows, due to the ability to tune out overload cur-
rents, to significantly increase the sensitivity of the pro-
tection to remote short circuits, and rapid identification of
the type of disturbance current of the electric circuit (re-
mote short circuit or EM starting) allows increasing the
speed of protection at higher stages.

The measurement of instantaneous values of current
Ijcapc) in each phase of the electric circuit and their ana-
log-to-digital conversion is carried out at equal time inter-
vals At. With a shift in the time interval by At, the calcula-
tion of instantaneous values of disturbance currents
Aljapc)is carried out.
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®)

Aljcabe) =ljcapeyr, ~icaberm

where .
in

— are the instantaneous values of each phase
current of the electric circuit during the current period T,

of current change; ijT are the instantaneous valuesof
0

current in the previous period of current change T, (pre-
vious current).
Calculation of the integrals Q4 pc)of the squares

of the instantaneous values of the increment in each phase
is performed according to the formula:

T T
Qabic) = A% jap )t :%Aizj(a,b,c)At: ©)
0

The value of Q4 c) is compared with the value of
the integral setting Qqq of the circuit breaker release unit.
The moment of time corresponding to Qapc)=Qsg IS
used to form the release time delay of the integral selec-
tive protection ty. The calculation of the integrals
Qa,b,c) begins at the moment of time when the instanta-

neous value of the disturbance current Aijiapc) in one

of the phases becomes greater than the value of ZI;d ;

where |y is the value of the current setting selected tak-

ing into account the protection against remote short cir-
cuits. If the disturbance current is three-phase, then the
total integral of all three phases during the period of cur-
rent change T is equal to:

T
QZZ%:Q(a,b,C)- (10)
By dividing the value of Qs by the maximum value
Smax Of the sum of the squares of the instantaneous val-
ues of the currents Aij ap¢)(2) the time is determined:

tsn =Qs / Spax - an

The value of tg, is used to determine the value of
the power factor cos ¢ of the electric circuit. The time tg,
is the time during which the equivalent thermal effect of
the disturbance currents, the sum of the squares of which
is equal to Spay , IS equal to the actual thermal effect of
the disturbance currents during the period of the current
change. That is, this is the time of the equivalent thermal
effect on the network of the maximum sum of the squares
of the currents of all three phases, which depends on the
value of cos ¢.

Mathematically, the time tg,, is determined from the

equation:
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t

S[ A2 ape)® | = | Smax- (12)
0

o

At cos¢=0,3, typical for EM starting, and
cos ¢ = 0,7, typical for remote short circuit, the tg,, val-

ues differ significantly from each other (12,2 ms and
16,4 ms, respectively), which indicates the importance of
the tg, time for reliably determining the cos ¢ value [13].

Thus, by analyzing the S(t) function in the first period

of disturbance current occurrence, it is possible to quickly
identify the type of overcurrent and tune out the EM start-
ing currents.

The dependence of the power factor cos ¢ on time
tsm is also used to determine the value of Al p, from the
formula:

Stax :3A|gh'Kszh (13)

where K, is the shock factor of short-circuit current in
an electric circuit, the value of which is determined by the
known dependence K¢, = f(L/R) [8, 14].

Here it is empirically calculated:

Smax

3-Kq

Al g (14)

The necessary correction of such a possible factor as
overload current in adjacent feeders, increasing the phase
current of the protective device, is carried out due to fast

continuous monitoring of the Al value, when the

Al value in the microprocessor memory is updated eve-

ry period T of current change. The load current of the set
of consumers connected to the protected line cannot be

greater than the operating current of the linel, . This

means that the disturbance current of the electric circuit
caused by the connection of one consumer also cannot be

greater thanl, . Since the probability of simultaneous

connection of several consumers to the line during the
time interval T =20 ms is extremely small [15], then in
the current zone the short-circuit does not respond to

overload currents. That is, the use of the Al,, current as

one of the criteria for the operation of the current protec-
tion eliminates the negative effect of previously existing
load currents on the accuracy of the protection operation.
The determination of the cos¢ value, and then the

Al ppvalue is based on the analysis of integrals (9).
Therefore, the calculation of the integrals Q4 b c) is per-

formed before determining the value of Al p,, namely at
the moment when the instantaneous value of the current
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Afjcapc)in one of the phases becomes greater than the

value of \/2Ilsd . This allows ensuring the response time

of the integral selective protection of less than 20 ms, i.e.
increasing the protection response speed compared to
[14].

Using a complex protection operate criterion that
combines several parameters allows simplifying the oper-
ation algorithm of the microprocessor release unit when
implementing high-speed current protection with high
sensitivity to remote short-circuit currents, since the cal-
culation of the integrals (9) is simultaneously used both
for implementing the integral selective protection and for
protecting against remote short-circuits. Thus, the MPD
of the circuit breaker forms a more advanced time-current
characteristic of the protection, shown in Fig. 4.

Tosolve theabove problemsofprotecting 0,4k Velec-
tricalins tallations, it washa vedeveloped microproces-
sorprotection devices with improve dprotecti vecharacter-
istics:

— improved protection based on selective increase in
sensitivity to remote short-circuit currents;

— high-speed integral selective protection, when im-
plemented, the operate time of the protection of the upper
(closer to the source) stages of protection can be reduced
or remain at the level necessary for the protection of the
lower stages of protection (further from the source).

The essence of these solutions is reliable, regardless
of the moment of occurrence of the electric circuit inter-
ference current, and fast, within the first 10 ms, identifica-
tion of the interference current type (start of electric mo-
tors, short circuit or short-term overload), as well as de-
termination of its effective value[7], [12] — [13]. This, in
turn, allows to correctly construct the required protection
response algorithm:

—instantaneous shutdown, if the effective value of
the current in the phase |y, is greater than the value of

the current "cutoff” setting Ij : Iy > I ;

—selective shutdown by the downstream device
when a short-circuit current occurs, if the current value If

is greater than the sensitivity setting I'sd loh > I'sd ;

—automatic increase of the current setting to the I

value, sufficient for reliable starting and acceleration of
the electric motor.

Such an algorithm, implemented by a microproces-
sor device, allows to significantly improve the protective
time-current characteristic of each device of all protection
stages and the entire system as a whole. Devices with new
protections can be implemented both in the form of elec-
tronic tripping units of circuit breakers and in the form of
separate microprocessor protection devices, which are
advisable to use when upgrading existing electrical instal-
lations, since in this case their structure is completely

44

preserved, and the financial costs of upgrading are signif-
icantly reduced [12] - [14].

Fig. 1 shows the microprocessor-based protection
devices (MPDs) installed into separate blocks near the
A3790C and "Electron"circuit breakers. The MPD output
circuits act on the independent electromagnetic release
devices (IERDs) of these circuit breakers. Thus, the prin-
ciple of adding missing types of protection adopted for
the Electron switches is proposed to be applied to the
A3790C switches as well.

Fig. 4 shows the protective time-current characteris-
tic of the switch operating in conjunction with the MPDs,
obtained as a result of modernization. The solid lines
show the protective characteristics generated by the de-
vice itself. The dotted lines show the protective character-
istics illustrating the MPD operation. The current setting
lsq, selected based on the motor starting condition, is

supplemented by a smaller setting I'Sd , ensuring high sen-

sitivity to short-circuit currents. Before the modernization,
the transition from the overload zone Lto the short-circuit
zone Soccurred along trajectory 2-3. In the new protec-
tion, this transition, depending on the cause of the circuit
failure, can occur either along line 2-3 (setting I ) or

along trajectory 2-7-8 (setting I;d). The protection can

operate at a time determined by both the conventional
time setting ty and the "integral” Qg4 , due to which the

operate time at high short-circuit currents is significantly
reduced. This makes the new protection fast-acting and
highly sensitive to short-circuit currents.

On the abscissa axis, the protective characteristic has
two parameters: the total phase current |y, to the value

of which the circuit breaker release reacts in the overload
zone, and its increment — the circuit disturbance current

Al pp , to the value of which the MPD reacts in the short-

circuit zone. This increases the reliability of detecting
small short-circuit currents, since the cos ¢ value is de-

termined only for the circuit disturbance current Al :
starting the electric motor or short-circuit, and not for the
total current 1, , which can contain both reactive starting

currents and small active short-circuit or short-term over-
load currents.

Section 1-2 (Fig. 4) of protection against overload
currents is formed in the existing tripping units of auto-
matic circuit breakers. Here, the operate time t is inverse-

ly dependent on the value of the total current |,y in the
phase.
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ts

Figure 4. Time-current protective characteristic of the
breaker operating together with the MPD after moderniza-
tion:

L — overload zone protection;

S — short-circuit zone protection;

S:— remote short-circuit protection or backup

S, — high-speed integral selective protection;

| — protection in the "cutoff" zone

The MPD is "tuned" to overload currents due to the
fact that the phase currents 1, represent the sum of the

currents of all consumers connected to the line, and the
value of the load current of each of the connected con-

sumers cannot be greater than the operating current I, of
the protected line. Consequently, the disturbance current
Al of the electric circuit caused by the connection of

one consumer also cannot be greater than the currentl, .

The probability of simultaneous connection of several
consumers to the line during a period of 20 ms is very
small, and the MPD in the short-circuit current zone does
not respond to overload currents. Continuous monitoring

of the current Al ,, ensures "zeroing” of the history after

each period of current change (every 20 ms). As a result
of the "adjustment", whatever the value of the total cur-
rent, the MPD protection does not react to it when it in-
creases from point 1 to point 2 in zone L (Fig. 4). The
transition from the overload zone L to the short-circuit
zone S, depending on the type of interference current

Al gy, is carried out either along the 2-3 path when

I'ph > lsg , taking into account the guaranteed start and

acceleration of the electric motor, or along the 2-7-8 path
in the case of a "long-range reserve" during a remote short

circuit. If the current Al y, is identified as a starting cur-
rent for the electric motor, then the current protection
setting increases from the remote short-circuit setting I'Sd
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to the Iy value selected based on the condition of start-
ing and acceleration of the electric motor. The section

between the current I'sd and the current 1; , which deter-
mines the "cutoff" setting, is formed by the time and inte-
gral modules of the MPD. These modules form the oper-
ate time of the selective protection in parallel according to
two different dependencies. The operate time generated
by the time module t =ty = const does not depend on the

magnitude of the electric circuit current, and the operate
time ty generated by the integral module is inversely

proportional to the magnitude of the effective value of the
current flowing in the phase. High-speed integral selectiv-
ity is ensured by parallel generation of operate times. If a
small short-circuit current occurs (cos¢ =0,6+0,7 ), the

MPD operates even at a current I p, = lgq, close in mag-

nitude to the operating current I, of the device (section
1-7 on the MPD characteristic). The operate time in this
case is limited by the value of the fixed time delay
tyy = const (trajectory 8-4, or 9-4). At significant short-
circuit currents, the operate time t decreases (trajectory 9-
10) due to the fact that the integral setting Qg4 , Which
ensures selectivity, takes into account the reaction of the
breaker located downstream in the circuit. In this case, the
integral of the electrical circuit release by the upstream
breaker turns out to be significantly less than the integral
of the same circuit release by the downstream switch with
a fixed release time delay. In other words, if the MPD has
an integral setting Qgq , the value of which is chosen to be
twice as large as the integral of the electric circuit tripping
by the downstream device, then the operate time of the
selective protection will be significantly less than the ex-
pected operate delay tsy . The reduction in the operate
time of the selective protection is characterized by Section
4-10. The selectivity of downstream and upstream devices
is preserved, and the selective operate time is significantly
shorter than with the "step-time" selectivity. For example,
with the "step-time" selectivity, the operate time setting of
the upstream A3790C circuit breaker of the RCPE cabinet
should betsyg) =0,2s with the operate time setting of

the downstream BAS5A31circuit breaker tyy(yp) =0,15.
When the MPD is operating, the operate time of the
A3790C circuit breaker from the integral setting Qg

decreases. If the operate integral of the downstream
BA55A31 circuit breaker at a maximum short-circuit cur-
rent of 1,5 kA for the place of its installation is

Qsd(d) =(1,5kA)?x0,15=2,25x10°A%xs | then with the
integral  setting the upstream break-
er Qsa(up) = 45x10°A%xs , the MPD operate time at a

short-circuit current at the place of installation of the
A3790C circuit breaker equal to 16 kA will be 6 ms. The
operate time of the A3790C circuit breaker on the com-

of circuit
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mand of the MPD, taking into account the mechanism's
own operate time and the duration of the arc extinction
process, will be no more than 20 ms, which is an order of
magnitude less than the "step-time" selectivity setting
tyg =0,2 s from the circuit breaker itself. If the interfer-

ence current Al,, exceeds the value of the cut-

offsetting I; , the protection will operate without a delib-
erate operate delay (trajectory 10-5-6).

It should be especially noted that the technical es-
sence of the fast-acting integral selective protection is not
limited to the introduction of an additional integral set-
ting Qsq , which allows reducing the protection operate

time even at high short-circuit currents. To implement the
possibility of reducing the protection operate time at high
short-circuit currents, it is necessary to determine the

steady-state value of the circuit disturbance current Al

as quickly and, at the same time, as accurately as possible.
The setting I¢4, as is known, is set by the effective value

of the current, which can be determined only after the end
of the transient process of changing the disturbance cur-
rent, after 40+60 ms. To avoid false tripping when im-

plementing integral selective protection, the calculation of
the integral of the current flowing through the device
should be started only after establishing the fact that the

current Al is actually greater than the setting I .

However, if 40+60ms are required to determine the ef-
fective value of the current, then such protection can be
considered integral, but not fast acting. Therefore, in the
proposed integral selective protection, due to the use of
microprocessor technology, the effective value of the cur-
rent is determined very quickly, in the first 10 ms after the

occurrence of the current Al 5, disturbance of the circuit.

At the same time, high accuracy of determining the effec-
tive value of the steady-state current long before the end
of the transient process is ensured by a technical solution
that allows "tuning out" from such a random parameter

affecting the accuracy of measuring the current Al , as

the phase of occurrence of the disturbance current [6] —
[8]. Fig. 2b shows the time-current protective characteris-
tics of the protection system of 0,4 kV substation auxilia-
ry electrical circuits after modernization in normal mode
without failures (curve 1) and in the "long-range backup"
mode (curve 2). From the given dependencies of the pro-
tection operate time t on the protection stage number, i.e.,
t = f (stage number) , it is evident that along with the in-

crease in the sensitivity of the protection to short-circuit
currents, the high speed of operate of the protection de-
vices in the "long-range backup" mode is also maintained.
The protection operate time in the "long-range backup”
mode in case of failure of the A3790C circuit breaker is
50+ 60 ms, which is an order of magnitude less than

with "step" selective protection. Due to a significant in-
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crease in the protection,operate speed, thermal shocks on
the elements of the electrical installation in the ACTS and
RCPE cabinets are significantly reduced. The destructive
effect (deformation from the resulting pressure) of the arc
energy on the walls of the cabinets during an "arc" short
circuit is also significantly reduced.

It must be recognized that another format of mod-
ernization is also possible, caused by the need to extend
the service life of the existing protection system. An al-
ternative modernization technology involves an audit of
the existing state of individual units and elements of the
protection devices. Based on the results of such an audit, a
decision is made on the need to replace the device with a
new one, or on the absence of such a need. The use of
MPDs for modernization of the protection system allows
you to avoid replacing circuit breakers. To do this, the list
of MPD protections must be supplemented with those
types of protection that are available in the A3790C cir-
cuit breakers. This means that the proven example of sim-
ilar use of Electron circuit breakers can be extended to
A3790C ones. Obviously, the time and financial costs of
modernizing the 0,4 kV electrical installations for auxilia-
ries NPP protection system in order to extend the service
life with this approach will be minimized compared to the
third option of such modernization by replacing existing
circuit breakers with circuit breakers from Schneider
Electric [17]. Provision of fast-acting, so-called "energy"
selective protection based on Compact NS circuit break-
ers is guaranteed only when using specific types of circuit
breakers from Schneider Electric at all lower and higher
protection levels [18]. This means that it is necessary to
completely change the entire protection structure electri-
cal installations for auxiliaries. Obviously, the financial
and time costs for such modernization will be significant.

V.CONCLUSIONS

As a result of upgrading the automation system of
0.4 kV substation auxiliary NPP electrical installations
through the use of microprocessor devices with new types
of protection:

—theoperate times of protections at all stages have
been significantly reduced, both in normal mode and in
the "long-range backup” mode, and, accordingly, the
thermal effects on the elements of the electrical installa-
tion from both the flowing short-circuit current and the
effect of an electric arc have been significantly reduced;

—the sensitivity of the protection to remote short-
circuit currents has been significantly increased, which
eliminates both cases of possible protection failure and its
false operation with a certain combination of interference
current parameters;

—the modernization of the entire protection system
of 0.4 kV substation auxiliary NPP electrical installations
through the use of MPDs completely preserves the exist-
ing structure of the protection system without replacing
the circuit breakers of all stages.

Taking into account the above considerations, it can
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be stated that the proposed modernization of electrical
installations of 0.4 kV substation auxiliary NPPs due to
the use of microprocessor devices with new types of pro-
tection will require significantly less time and financial
costs, whereas modernization with the same final tech-
nical indicators due to the use of circuit breakers from
foreign manufacturers (for example, Schneider Electric
[17] - [18]or ABBJ[19] - [20]) leads to a complete or par-
tial replacement of the entire composition of electrical
installations for the NPP's 0.4 kV substation auxiliary (the
need to replace devices of all stages and cabinets).
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Mema pooomu. IIpoananizyeamu icnyioui npodnemu 6 cucmemi peietiHo-cmpymo8020 3axucmy enekmpoycmano-
60K niocmanyiu enacuux nomped 0,4 kB amomHux erekmpocmanyitl, siKi He 00360510Mmb peanizyeamu pexcum "oane-
K020 pe3ep8y8aHua", a maxoic niosueHHs Ymaueocmi npUcmpoia penetino2o 3axucmy 00 CIMpymie KOpomKo2o 3amu-
KAHHSL WIISIXOM 8UKOPUCTNAHHS 000AMKOBUX KpUMepiie Oisi i0eHmu@ikayii asapiiiHux pexcumis 3 Memoro 3a6e3neueHHs
CeNeKMUBHOCE A 3aXUCMY IO 8i0M0O8 OUCMAHYIIHO20 pe3ep8yEanHsL.

Memoou oocniorcennn. Memoo cucmemHo20 ananizy ma cunmesy, a MaKodic meopis eneKmpoMacHimHux nepe-
XIOHUX npoyecie 8 eneKmpOeHePLeMUYHUX CUcmemMax 07 OlaeHOCMUKY ABAPIUHUX peXcumie podomu po3nooilbHUX ejle-
KMPUYHUX KL

Ompumani pezynomamu. Y cmammi nOKa3aHo HeOOXIOHICMb Ma HABEOEHO HAYKOBO-MeXHIuHe OOIPYHMYE8AHHS
npono3uyill Wooo MOOepHI3ayii cucmem peietiHo-Cmpymo8020 3axucmy eiekmpoycmanogok 0,4 kB 3 euxopucmarnusam
yughposux mexnon02il 01 pedanizayii 8UMO2 «O0ALeK020 pe3ep8ys8anHsy. 3anponoH08aHO HAYKOBO 0OIPYHMOBAHE MeX-
HiYHe pileHHs Wo00 MOOePHI3ayii asmMoMAMUYHUX 6UMUKAYI8 3 GUKOPUCMAHHAM MIKDONPOYECOPHUX NPUCMPOI8 3aXu-
Ccmy, 8UXIOHI KONIA SIKUX NAUBAIOMb HA HE3ANEIICHT eeKMPOMACHIMHI PO3UINHI NPUCTIPOT YUX ABMOMAMUYHUX BUMUKA-
uig. Taxe piuenns 003607€ nposecmu nO2AUbIeHUl AHANI3 NPOYeCi8 8 eleKMPUUHUX KOAAX Mad peani3ayilo «0aiexozo
PE3EPBYBAHHIY WIAXOM NOOYOOBU WBUOKOOIIOHU020 CENeKMUBHO20 3AXUCIY Md NIOGUWEHHST YYMAUBOCII 3aXUcmy 00
CMpYyMi6 KOPOMKO20 3aMuKkanus. B pesynomami mooepuizayii enekmpoycmanogox niocmanyii éracuux nompe6 0,4 kB
AEC 3a80aKu 6npo8a0*CeHHI0 HOBUX MUNIE PeNeliHO-CIPYMO8020 3aXUCTY MONCIUEE HACMYNHe: 3HAYHEe CKOPOYEeHHs.
4acy cnpaybo8y8aHHs 3AXUCMY HA BCIX eManax Midc 0Xicepesiom md NpulumMadem eieKmpoenepeii, sik Y HOPMATbHOMY
peodicumi, max i 8 pexcumi «0aneKo2o pe3epsy8aHHsy, i, 6i0N0GIOHO, 3HAYHE 3MEHUEHHs MENI08020 GNIUBY HA e/leMeH-
mu eneKmpoyCmaHo80K sIK 8i0 NPOMIKAHH CIPYMY KOPOMKO20 3AMUKAHHS, MAK i 810 6NIUBY eleKMPUYHOT Oyeu; 3HaAY-
He NidUIeHHs YYMIUBOCMI 3aXUCMY 00 CIMPYMI8 OUCMAHYIIHO20 KOPOMKO20 3AMUKAHHA, WO SUKTIOUUMb SIK 6UNAOKU
MOAHCIUBO20 30010 3aXUCIY, MAK I 11020 NOMUIKO8020 chpaybosyeanns. Ilicis mooepuizayii eciei cucmemu 3axucmy 3a
PAXYHOK 8UKOPUCIAHHS MIKPONPOYECOPHUX NPUCMPOI8 3AXUCMY, ICHYIOYA CIMPYKMYPA cUucmemuy 3axucmy oyoe nogHic-
mio 36epesicena be3 3aMiHU BUMUKAYIE YCIX CIYNEHI8, W0 00360UMb CYMMESO 3a0WaAOUmY Yac ma QiHancosi eumpa-
MU NOPIGHAHO 3 THUUMU 8aPIAHMaMU MOOepHI3ayii.

Haykoea noeusna. Y cmammi npedcmasieHo mexuiune piulents 0as MoOepHizayii asmomMamuyHux GUMUKAYie 3
MIKPORPOYECOPHUMU NPUCTIPOAMU 3AXUCTTY, 8 AKOMY GUXIOHI KOIA Oil0mMb HA HE3ANeIHCHT eleKMPOMACHIHI MeXaHi3Mu
PO30NIOKYBAHHSL YUX NPUCMPOIB.

Ilpakmuuna yinnicme. Po3pobka 0038015€ nidguwumuy HAdUHiCMb NPOMUABAPIUHOI ABMOMAMUKU, A4 MAKOIC
nodcedcHy be3neKy nioCmanyit 1ACHUX nompe6d amomuux erekmpocmanyii Hanpyeoio 0,4 kB.

Kniouosi cnoea: asmomamuunuii eumuxay; HadiliHicmy; MIKpOnRpOYecopHuil npucmpiii 3axucmy; pezepey-
6aAHHA HA 0aN1eKy 8I0CManb; 010K PO30I0KY8AHHA MIKPORpOuecopa; oucmanyiiine pe3epeyeanns; 4ac cnpaybogy-
6aHHA
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Purpose. development of an economic adaptive model for the power stage of a four-switches buck-boost converter
(FSBB) together with a control system that adequately simulates all modes of its operation.

Methodology.The main research method is mathematical modeling; empirical formulas are used to calculate the
model parameters; a behavioral programming approach is used for the structural synthesis of the converter model.

Findings. The prospects for using a FSBB converter in energy conversion systems where the input and output
voltages vary relative to each other are shown. The advantages of using computer-aided design (ECAD) programs for
modeling converters together with control systems as multi-domain systems are identified. Approaches to modeling
converters together with control systems are analyzed and limitations of using models based on "state space averaging"
for studying electromagnetic characteristics and temperature management in the power stage of the converter are
indicated.

A method for forming a dynamic FSBB model forECAD program Micro-Capl2based on simulating the behavior
of power switches over time and replacing them with programmable resistors is proposed. To control the rigidity of the
model and accelerate the simulation, optimal values of the resistances of these resistors are obtained.A converter model
was developed for the PSIM program too and a comparative analysis of modeling and simulation quality indicators in
the Micro-Cap and PSIM programs was conducted. Recommendations for the fields of use of the developed models have
been formed.

Originality. The scientific novelty of the work lies in the way of presenting an economical Spice-compatible
dynamic model of FSBB, in which the power stage and the control system are integrated through the use of behavioral
models for power switches. In these behavioral elements, the switching conditions are programmed by comparing the
carrier signal with the reference of the PWM control subsystem; both signals are normalized and the reference is
proportional to the duty cycle. By dynamically redefining the duty cycle parameter, the model is adapted for any
converter mode (buck, boost, and transition), which makes it universal.A simple converter model was also developed
together with a control system for the PSIM program, which makes it possible not only to analyze electromagnetic
characteristics, but also to importto SmartControl the necessary transfer functions for optimal controller synthesis.

Practical value.The proposed models allow analyzing dynamic processes in the FSBBconverter, optimally
combining such contradictory indicators of simulation quality as accuracy and efficiency.The model for Micro-Cap
allows to adequately simulate the transient processes of the power stage of the converter, since it is obtained without
prior linearization and averaging, in addition, it can be supplemented with temperature coefficients, this option is
absent for the PSIM model. The PSIM model makes it possible to obtain a transfer function for the synthesis of the
control system.

Keywords: FSBB converter; ECAD programs; Switching models;programmable behavioral elements, model
quality indicators.

I. INTRODUTION

There are many electronic systems that must operate
in both DC/DC step-down and step-up modes, and with
increasing demands on the quality and controllability of
energy transmission and conversion within the Industry
4.0 paradigm, the list of systems and devices that require
the use of such converters is only expanding every
day.Modern electronic energy conversion systems that
adapt to variations in voltages and their ratios at the input
and output are widely used in electric vehicles, in

© Vasylenko O.V., Snizhnoi G.V., 2025

particular for hybrid vehicles that use combinations of
fuel cells, batteries and supercapacitors, in photovoltaics
and other sustainable development industries [1]. Some
systems such as USB Type-C™ ports have a variable
output voltage that can be higher or lower than the input
voltage (USB Type-C has port voltages selectable from 5
V to 20 V).

To coordinate the parameters of electric energy in
systems where the equipment is powered by a battery (or
uses battery as a backup power source), it is necessary to
use converters that can implement Buck or Boost mode
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depending on whether the battery voltage is higher or
lower than the operating voltage on the load side and to
maintain the control of energy flow [2].

Converting input voltage into a regulated output
voltage can be really hard in case if the input voltage
varies from a level below to a level above the desired
output voltage. For example, when the battery is fully
charged, its voltage is higher, but then it becomes lower
than the load voltage as the battery voltage drops during
discharge, therefore, the converter must be capable of
functioning as a boost (step-up) converter at low input
voltages and as a buck (step-down) converter at high
input voltages. At the same time, it must provide transi-
tion modes between buck and boost and vice versa.

Practical noninverting buck-boost solutions, those
needed in automotive battery stabilization, industrial
computers, USB power delivery and variable supplies for
amplifiers, often consist of a two-stage approach, where a
boost followed by a buck, or a two-winding approach
such as the single-ended primary-inductor converter
(SEPIC), Zeta or Flyback [3].

One of the promising converters that can meet the
high requirements for switching from buck to boost mode
and vice versa is a bidirectional single-stage non-inverting
converter with one inductor and four switches (four-
switch Buck-Boost, FSBB), it has a smaller size and
higher efficiency [4, 5].

FSBB design requires advanced mathematical
support, an essential part of which are mathematical
models of varying degrees of accuracy, versatility, and
cost-effectiveness. Designing electricity conversion
systems based on FSBB requires modeling at different
stages and levels of abstraction to make optimal
decisions, which in turn requires the development of a
wide range of models for FSBB.

To simplify the designer's work, it is desirable to use
universal models, the accuracy (and, accordingly,
complexity) of which can be changed depending on the
research tasks: from basic, the simplest for assessing the
initial circuit reliability, to the most accurate (physical)
for detailed calculations of phase variables, organization
of temperature management, and so on.

II.ANALYSIS OF LAST RESEARCHES

Analysis of publications that provide methods for
modeling the converter showed that two approaches are
mainly used for modelingof converters.

In the first approach, the so-called Switching models
are used and the converter model is obtained in the form
of a system of nonlinear algebraic-differential
equations.Switching models simulate the behavior of an
electrical circuit in the time domain almost as if it were
built on a breadboard with all its nonlinearities. Usually,
accurate models are used for semiconductor components
and inductive elements, parasitic parameters of the
components are added too. Since the transient process of
establishing a steady state lasts a long time (tens and
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hundreds of milliseconds), and the processes associated
with parasitic components, on the contrary, are very fast,
the model of the entire converter is rigid due to the large
difference in the time constants. Therefore, during the
simulation, convergence problems (at the linearization
stage) and stability (at the discretization stage) are
possible, and, as a result, the simulation time can be very
long if there is no loss of adequacy [6].

Switching models unfortunately do not allow for
adequate modeling of frequency characteristics, so a
second approach is used, based on Averaged models,
which do not contain switching components. Instead, they
contain an equation of state that describes the average
behavior of the system. Very briefly, this modeling
technique boils down to three steps: obtaining equations
for different operating states, obtaining equations for the
averaged state space by applying weighted averaging to
each variable in these equations, and adding small signal
perturbations to the small signal model of the switching
converter [7].

In fact, the technique of “state-space averaging”
consists of smoothing out the discontinuity associated
with the switch transitions between ON and OFF states.
The result is a set of continuous algebraic nonlinear
equations in which the coefficients of the state equation
now depend on the duty cycles D and D'=(1-D). The
linearization process ultimately results in a set of
continuous linear equations with complex coefficients,
which allows obtaining characteristics in the frequency
domain in small-signal analysis on alternating current to
identify low-frequency models of power converters.

For programs based on Spice solvers, averaged
PWM models were developed in the form of sources
whose output voltage is proportional to the duty cycle [8].
It has been shown to provide excellent experimental
correlation, even in the neighborhood of the Nyquist
frequency (usually 1/2 the switching frequency) [9].

The second approach is convenient for the synthesis
of a converter as an automatic control system (ACS), for a
quick analysis of the steady state of the system in the time
or frequency domain. The main variables in the state-
space model, called state variables, are associated with
memory or energy storage mechanism. For converters,
this is the input signal (for example, source voltage and
source current), phase variables at the output, and control
path parameters. But to obtain a model in state space, it is
necessary to make a number of serious assumptions: the
converter operates in a steady state without any external
disturbances, the switch models are ideal, i.e. there is no
voltage drop during the ON state and no current during
the OFFstate. This makes it impossible to almost
realistically analyze power profiles, both active and
reactive.

In the article [10] an averaged linearized small-
signal model for FSBB with the ability to model
inductance energy was proposed, which allows to
correctly describe the dynamics associated with phase
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shift, in addition to those associated with duty cycles. The
energy properties of the converter were not considered.

In the article [11], FSBB was modeled using block
diagrams with models of the ACS blocks obtained by the
Laplace transform in steady state mode (Averaged
models).The dynamic model of the FSBB was presented
in the article [12]. It was developed to study system
dynamics and the power request of a proton exchange
membrane fuel cell (PEMFC).The converter model takes
into account the transition mode between Buck and Boost
modes, but the power stage model is averaged and
linearized by removing higher order terms to obtain the
equivalent topology of the FSBB converter, since the
power stage is considered only as a control object
(Plant).The article [13] also adopts the state space
averaging method to build the converter model [14].

There are also specific approaches to modeling
FSBB. For example, the article [15]presents a behavioral
model of the converter for comparing energy management
strategies in photovoltaic systems. To approximate the
power loss profiles of each switching cell of the converter
based on regression equations (polynomials of many
variables), coefficients were found, including using neural
networks. Then, components (RCL) were added to these
macromodels that emulate power losses by power
switches to form a complete converter model. Thus, this
model allows solving only one specific energy
problem.Analysis of the equivalent circuit of this
behavioral model showed that it is a composition of block
diagrams with transfer functions and RCL components
[16], which is a convenient approach for studying the
stability of the converter as an automatic control system.

ITII. FORMULATION OF THE WORK PURPOSE

Optimal design of power conversion systems
requires preliminary modeling, which includes a model
development stage (modeling) and a simulation stage,
during which directions for system optimization should be
obtained. For a comprehensive study of FSBB, a model is
needed that would allow analyzing electromagnetic
characteristics in the power stage, therefore the aim of the
work is to develop universal FSBB models that are
capable of providing reliable simulation of all its modes
in the appropriate software,i.e. it should be adaptive.

FSBB models presented in various publications
either require expensive software or are a trade secret of
manufacturers. Since the model should provide the oppor-
tunity for detailed study of electromagnetic processes in
the power stage of the converter, preliminary linearization
and averaging are unacceptable here.The aim of the
research is to develop a model that will allow analyzing
dynamic processes in the converter, optimally combining
such contradictory quality indicators as accuracy and
cost-effectiveness.
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IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

Definition of basic parameters and functions for
modeling FSBB.

The simple electrical circuit of the FSBB converter
is obtained by connecting buck and boost stages along
with the combining of an inductance coil, as shown in
Fig. 1. Therefore, merging and simplifying cascaded buck
and boost converters creates a single-inductor system.
Despite the addition of two switches, the elimination of
one inductor provides a significant reduction in the size of
the converter, and an increase in efficiency. The four-
switch structure allows selecting transistors based on the
output voltage instead of the input voltage, which also
makes the design cheaper and reduces the stress on the
transistors. Also, selecting boost-leg switches based on
the output voltage instead of the input voltage allows
using devices with a lower gate charge. Moreover, it is
possible to use a common control system, which increases
the reliability and consistency of the system's operation.

The four-switch buck-boost power stage (Fig. 1)
consists of a buck leg (IGBTs S;, S, and switch-node
SW1) at the high side (HS-indexes), a boost leg (IGBTs
S;, S4 and switch node SW2) at the low side (LS-indexes),
an inductor L between the two switch nodes and
capacitors (input C;, and output Coy).

Figure 1. Electrical circuit of the FSBB converter

The FSBB has three operating modes depending on
the relative levels of input and output voltages: buck
mode (VHSmin> VLSmax): boost mode (VHSmin> VLSmax) and
buck-boost (transition) mode (Fig.2).

V HSmay
v VLSm.'m
HSmin
V LSmin
0

Figure 2.The FSBB operating modes
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A single PWM controller can drive the power
switches in all operating modes including buck, boost and
the transition region, during which the input and output
voltages are nearly identical. This system allows energy
to flow in both directions, meaning FSBB is bidirectional.
When the input voltage (Vys) is higher than the desired
output voltage (Vs), the buck leg switches operate (buck
mode) and the boost switches are static (100 % duty
cycle). The switching pattern is identical to a buck
converter.

In the transition region, all four switches must
operate with a blend of buck and boost action at the
inductor to maintain the desired regulated voltage across
the load. Therefore, the buck-boost mode consists of
alternating buck and boost cycles. In boost mode, the
buck high-side switch is always turned on and the boost
leg transistors are switching. The switching pattern is
identical to a boost converter.

To validate the model, we need to determine the
main parameters of the system. We are going to use them
later to estimate the accuracy of the model. The main
parameters of the power stage of the converter are the
maximum /;,, and average current through the
inductance /;4ygand ripples of this current Ai;. These
parameters are determined based on the following
functions: output current [y, high-side current Iys and
voltage Vs, low-side current /;sand voltage V¢ (Fig.1).

I1save =1o == IravG -Torr =19 T

Iy-T I,
1-D

Iy =
Torr

Aiy
I max =11avG =

Vis

L

Where Toyand Topr are the ON state and OFF state
durations of switch S}, respectively and D is a duty cycle.

. 14
AIL:%S'TON: Torr (1

Maximum current through the inductor L could be
obtained like this

I L max

The transfer function has been obtained through a
volt-second balance:

V D
Vie -Tony =Vie - Topp, L5 == 2
us - Ton =Vis - Torr Vis 1D (2)

Where Vg is the output voltage V5.
Choosing a program for design

We tested two programs for the choosing the
optimal one: Spice-compatible ECAD program Micro-
Cap 12 (https://archive.org/details/mc12cd _202110) and
Altair® PSIM™ (https://altair.com/psim). Micro-Cap12
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was chosen due to the fact the models of power switches
are accurate and even could take into account temperature
dependence and the type of case. The full professional
version is absolutely free. Another advantage of Micro-
Cap is that the post-processor makes it possible to analyze
a wide range of circuit functions, from flux coupling,
charges and conductances to reactive power and so on.
That is, it is possible to conduct a deep analysis of the
physics of processes. Instead, PSIM provides very limited
possibilities in this field: only phase variables are
available for visualization. At the same time, the PSIM
program has been specially developed for the simulation
of converters and provides high simulation speed (mostly
because of simplified models), which provides a reliable,
stable and efficient solution. PSIM is an Altair Group
product and now the Altair provides ukranian users with
the opportunity to use student versions for free, or, after
registering an educational institution in the Altair
database, to use the full version for a year, or to purchase
this program in the functional set that suits you.

Simulations through a graphical interface allow us
drawing the circuits through different menus that contain
all the necessary elements. Both programs allows us to
obtain the electromagnetic characteristics of power
electronics systems by performing analysis in the time
and frequency domains, obtaining graphs of transient
processes and Bode graphs. The search for optimization
directions is carried out using multivariate analysis, when
the internal and external parameters of the schemes
change.

All switched-mode power supplies (SMPS) are
nonlinear, time varying (dynamic) systems, due to the
switching actions. However, they can be modeled with an
averaged small signal, linearized model, which is valid up
to the power supply switching frequency fsw/2, with the
maximum bandwidth of an SMPS is about 1/10 to ~1/5 of
the switching frequency fsy. Therefore, the linear control
loop stability analysis using Nyquist and Bode plots also
can be applied.

In Micro-Cap12 and PSIM, there are enough blocks
in the library to build an analog or digital control circuit.
But there is another way, which allows us to obtain more
specific characteristics by performing the stability
analysis of converters as the automated systems, for
example, by analysis of Phase Margin. To design
converters compatible with control systems, we can use
SmartControl  (https://altair.com/SmartControl) a
program for optimal synthesis of controllers and not only.
This software specifically designed for power electronics
applications (https://powersimtech.com). There is no
student version of SmartControl, you need to purchase a
full license, but with SmartControl, it’s easy to
understand how to adjust the control requirements in
terms of stability and bandwidth. In addition,
SmartControl is seamlessly integrated with simulation
tools of PSIM. SmartControl provides detailed
information about the designed compensator (resistor,
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capacitors or z-domain coefficients), and about the power
stage and steady-state waveforms [1].

Of course, there are Micro-Capl2, PSIM and
SmartControl user manuals, but the development of a
converter simulation technique where programs must be
used for simulation at certain stages is of considerable
interest. It is also of interest to develop a methodology
that maximally simplifies the design of FSBB with a
control scheme.

Power stage modeling and simulation

Consider the modeling stage of the power stage of
the converter with parameters: V;,=250V; L=500uH,
D =0.706 (referred to SI on Fig.l); [;=24; f=100kHz.
Given that the FSBB operates in continuous conduction
mode, all the necessary parameters to validate the
simulation results were calculated by the formulas 1 and
2:

On-state inductor voltage

Vion =Vin s Vion =250V .

Off-state inductor voltage

Vi ==Vos Vi =—600.34V .

Inductor average current

Iy

I = 6.8034.
D

Inductor current ripples

Vm'

4i;
L fsw

=3.534.

Maximum inductor current

I =11 +§~AiL =8.5684
Minimum inductor current

Irmin=11 —é-A i; =5.0384

We are assuming ideal components in this example,
but the software allows users to define parasitic values
and temperature effects, as well.

We have developed a behavioral model of the FSBB
converter for the Micro-Cap 12, which is shown on Fig.3.

R1 IF(V(TRI)<V(REF),1m,1MEG)

L1
_L vin = Cin W1 IO

T renn

R2 IF(V(TRI)>V(REF),1m,1MEG)

w2

R3 IF(V(TRI)>V(REF),1m,1MEG

R4 IF(V(TRI)<V(REF),1m,1MEG)

.define D 0.706

[

D

— Cout

R

Figure 3. The behavioral Spice-model of the FSBB

This compact and original model combines a pulse
width modulation (PWM) system with the properties of
electronic switches to change their resistance. That is, the
control subsystem is included to the model in an adapted
form, which is not tied to the type of PWM (analog or
digital), since it only provides a control algorithm, setting
the law of changing the resistance of the switches, thereby
turning them into behavioral elements. Such modulated,
programmable resistors can emulate any power
transistors, so this model is universal. We replaced the
transistors with resistors to speed up the simulation,
because with physical models of transistors, even such a
simple scheme is rigid and requires dozens of iterations of
solving nonlinear algebraic equations at each time step.

With such a large inductance, the Micro-Cap
required about 100.000 steps to simulate in Transient
mode. We also suggest using the duty cycle value as a
reference signal (given by the Vref source).It is possible
to program the trend of its change depending on the
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selected profile of consumed power, which greatly
simplifies the model.

The value of resistances is programmed as follows:
Alorithm for diagonal R1-R4:

If V(Vtri)<V(Vref)

Then R=1e-4 [Ohm]

Else R=1e6 [Ohm]

That is, when the amplitude of the triangular (car-
rier) signal emulated by the Vtri source is less than the
amplitude of the reference signal, the R1-R4 diagonal
resistors (aka transistors) are turned on (their resistance
drops to 0.lmOhm). At the same time, the R2-R3
resistors (aka transistors) are turned off and have a high
resistance (1Meg Ohm).

Alorithm for diagonal R2-R3:
If V(Vtri)<V(Vref)
Then R=1e-4 [Ohm)]



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

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETHUKA» Ne 2 (2025)

Po3ain «ABTOMaTH3aNisi Ta KOMII’IOTePHO-IHTErPOBaHi TEXHOJIOTI»

Else R=1e6 [Ohm]

That is, when the amplitude of the triangular signal
becomes greater than the amplitude of the reference
signal, the transistors of the diagonal R2-R3 are turned
on. At the same time, the R1-R4 diagonal transistors are
turned off.

So, in these behavioral elements, the switching
conditions are programmed by comparing the carrier
signal with the reference of the PWM control subsystem;
both signals are normalized and the reference is
proportional to the duty cycle. By dynamically redefining
the duty cycle parameter, the model is adapted for any
converter mode (buck, boost, and transition), which
makes it universal.

The difference between the maximum and minimum
values of transistor resistances determines the stiff-
ness/rigidity of the model and, accordingly, affects the
simulation time. At the same time, the minimum
conductivity should not be less than a fixed
parameterG,,;,.

The results of the simulation of the main variables
(current through the inductance and voltage across the
inductance) of boost mode FSBB in Micro-Cap 12 are
shown in Fig.4.

FSBB_BEHAVIORAL RESISTOR cir

409.79

0.00
250000 - A N

-750.00

1.00
V(L) (V)
7.44

525

458

1.00
(LAY (A)

Figured4.The results of the FSBB simulation

These results were compared with the theoretical
calculation at Duty Cycle 0.7, input voltage V;, =250V,
performed according to the above formulas. There is an
error in determining the Off-state inductor voltage of
12 %, due to the fact that with such a large inductance, the
transient process lasts for several seconds. The inductance
current is determined quite accurately.

Fig.5 shows the FSBB converter model, obtained in
the PSIM program. Ideal models for switches are selected
here (in fact, this is the same approach used to build the
behavioral model in Micro-Cap). All connections (wires)
in the power cascade are marked in red, in the control
subcircuit they are marked in green, the color is related to
the features of their modeling and simulation in
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PSIM.The clock icon corresponds to the menu for setting
the simulation parameters, in particular the step and time
interval for visualization in the SimView post-processor
(launched automatically after error checking at the
modeling stage and solving the differential-algebraic
equations of the model at the simulation stage). To make
the circuit look cleaner (without wires crossings), we used
remoteG-connectors to tie the power stage with the
control one.

The PWM modulator is constructed by comparing a
ramp (triangular signal) at the switching frequency and a
DC voltage (DC signal). For controlling, the simple PWM
model is designed, where the duty cycle is formed
automatically by comparing the carrier triangle signal of
100 kHz with the reference signal. If the ramp is defined
between 0 and 1 V voltage, then the value of the
continuous signal corresponds with the value of the duty
cycle. Therefore, as a reference, we again suggest using
the duty cycle value, which can then be automatically
varied, imitating the operation of control systems. This
simple PWM controller generates two different trains of
control pulses for transistors, in this case for each
diagonal separately (in antiphase to each other). The
results of the simulation are shown in Fig.6.

Unfortunately, even with a significant simplification
of the model, the simulation in Micro-Cap12 lasted much
longer than in PSIM.

The upper graph shows the inductor voltage, the
lower graph shows the inductor current. The averaged
inductor current can be obtained through a special
dynamic averaging function (in the upper right corner).
With the given Data, the converter works in boost mode,
continuous current mode.

As you can see, the developed model is adequate:
the error is within 5%. The variation of the duty cycle in
the sweep parameter subroutine (block Param Sweep,
shown in Fig. 6) allows us to examine the converter in all
modes.

The advantages and disadvantages of the programs
used for FSBB modeling are summarized in Table 1.

But this comparison will not be complete if we do
not take into account the possibility of mutual import and
export of data between PSIM and SmartControl Altair
programs. This potential, as well as the high speed of
simulation determined our choice of PSIM for further
research.Currently, our university is at the stage of
signing an agreement to receive full versions of Altair
group programs.

The comparative table makes it possible to
determine the appropriate software depending on the
research tasks. If your goal is the analysis of
electromagnetic ~ characteristics ~ with  subsequent
temperature management, we recommend using the
model for Micro-Cap (Fig. 3). If your task is the synthesis
of an optimal control system, we recommend using a
model for PSIM followed by importing the transfer
function into SmartControl [1].
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V.CONCLUSION

For research into energy systems in the photovoltaic
and electric transport industries, it is necessary to have a
simple but adaptive (for each operating mode) model of
the FSBB converter together with its control system.We
propose two approaches here.

In Spice-compatible programs, you can use the
adaptive model of Fig. 3, which allows us to explore the
converter with PWM in any mode of operation by simple

reprogramming of behavioral eclements. If necessary,
resistors are replaced with accurate models of transistors
(which the professional version of Micro-Cap provides
for free) and deeply analyze the physics of the processes
in the system. It is also possible to analyze the
temperature dependence of phase variables for better
temperature management of the converter. For the
compensator (we recommend here to use Type3) it’s
possible to use the

. s s
: @)
H5ST H5S3
@Y —cin L Cout gm - Vout
(V)
cor-lgzse T s
L
Modulator
do
DD Faram
Sweep
- 100k
FigureS5. The FSBB converter model, obtained in the PSIM program
VL Average Value
400 Time  From 1.00010102-601
2008 Time To 1.6803060e-001
o VL 2.1662090e+800
200 I(L1) 6.8154355e+000
-400
-608 .
-808

@.1eee15s

6.1eee2
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Figure6.The results of the simulation FSBB in PSIM
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Table 1.

Comparative analysis of modeling and simulation

\ Criterion

Micro-Cap

PSIM

\ Physicality of models

great variability and complexity
of models up to ultra-precise
physical ones

simple empirical models

\ Post-processor capabilities

very high

very low

\ Assignment of functions for analysis

automatically, all possible
functions are available

very limited capabilities, needs
manual definition

\ Possibility of programming the

id limited
behavioral functions of the elements wiee tmite
\ Problems with stiffness of models during .
. . possible absent
simulation
\ Simulation time very long very fast

\ Cost of professional version

free of charge

high if used for business

model developed by Christophe Basso [17] from the
Micro-Cap library.

Simulation of FSBB converters and other electronic
circuits of power electronics together with the controlling
circuits is more convenient to perform using a
combination of programs PSIM and SmartControl. We
used a simple adaptive FSBB converter model (Fig.5) and
developed a methodology to ensure easy combination of
these programs within the framework of similar
studies[1]. This programs allow us to import the
parameters of the converter and carry out the synthesis of
the controller (including feed-forward) based on the
optimal Phase Margin.
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Mema podomu. po3pobxa eKOHOMIUHOT A0ANMUEHOI MOOeNT CULOB020 KACKAOY YOMUPUKTIOYO8020 Nepemeopro8a-
ua 3HUKCYBANbHO-NIOBUWYearbHo20 muny (FSBB) pasom i3 cucmemoro kepy8anHs, aKa ad0eK8amHO MOOeNOE 8Ci pedicu-
Mu 1020 pobomu.

Memoou oocniorycenun. OcHOBHUM MeMOOOM OOCTIONCEHHS € MameMamuyHe MoOe08aHH s, Olisl PO3PAXYHKY Na-
pamempig Mooeni BUKOPUCMAHT eMRipuyHi popmynu; 0N CMPYKMYPHO2O CUHME3Y MOOeli KOHGepmepa 3acmoco8aHo
nioxio no6ediHK08020 NPOSPAMYEAHHSL.

Ompumani pesynomamu. Iloxazano nepcnexmusu suxopucmanns FSBB konsepmepa 6 cucmemax nepemeopenHsi
eHepeil, de 6XiOHa ma 6UXIOHA Hanpy2a 8apilolmubCsi 8IOHOCHO 00HA 00HOI. Busnaueni nepesacu euxopucmanus npo-
epam asmomamuzosanozo npoexmysans (ECAD) ons modenioganms nepemaoproauis pazom iz CUCmeMamy Kepy8aHHs
K 6azamoodomennux cucmem. 11ioxoou 0o mooentoeanms KoHeepmepie CnilbHO i3 cucmemamu Kepysanhs npoananizo-
6AHI MA 3A3HAYEHI 0OMEIICEHHs BUKOPUCMAHH Mooenel Ha 0a3i "ycepeOnenus npocmopy cmawuig” 01 00CHIOHNCEeHH S
eNeKMPOMASHIMHUX XAPAKMEPUCTIUK ThA TNEMREPAMYPHO20 MEHEONCMEHM) 8 CUNOBIL CIYNeHI nepemeoprosaUd.

3anpononosano memoo ¢hopmyeanna ounamiunoi moodeni FSBB ona ECAD npoepamu Micro-Capl2 na ocHogi
iMimayii no8ediHKU CUNOBUX KIHOUIB 8 UACT MA 3aMIHU IX NPOSPAMOBAHUMU pe3ucmopamu. /s KOHMPOO HCOPCMKOCHI
MoOeni ma NPUCKOPEHHS CUMYAAYIT OMPUMAHO ONMUMATbHI 3aHYeHHA Onopie yux pesucmopis. Po3pobreno makoowc
MoOdenv koHeepmepa 0.1 npozpamu PSIM i npogedeno nopiguanvHuli ananiz noKasHUKie AKOCMi MOOeNiH2y ma cumMyis-
yii' 6 npoepamax Micro-Cap ma PSIM. Cghopmosani pexomenoayii no 2any3sam UKOpUCMAHHS pO3POOAEHUX MOOeNel.

Hayxkoea nosusna. Hayxosa Hosusna pobomu noasieae 8 cnocobi npedcmagieHHsi eKOHOMIMHOL Spice-cymMicHOT
Ounamiunoi modeni FSBB, ¢ skiil inmezpylomvcs cuioga Cmynilb ma cucmema Kepysanusi 3d60AKU 6UKOPUCTIAHHIO
NO0BedIHKOBUX MOoOeNel Olisi CUNOBUX KAIOUI6. B yux nogedinkogux eiemenmax 3anpocpamosani ymogu KOMymayii wiis-
XOM NOPIBHSHHS HECYY020 CUcHaNA i3 peghepeHcHum Kormpoaowyoi niocucmemu LIIIM; obudsa cuenanu HopmoeaHi i
peghepercruii nponopyitinuil 0o nokasnuxa dutycycle. Illnaxom ounamiunoeo nepegusnauenHs napamempa dutycycle,
MoOenb adanmyemscs 018 OY0b-1K020 pedcuMy KOHeepmepa (3HUINCYBANbHO20, NIOSUULYE8ATILHO20 | MPAHUINHO20), WO
pobumy ii yuigepcanvro. Pospobreno maxoosc npocmy mooens KOH8epmepa CRINbHO I3 CUCMEMON Kepy8auHs O/
npoepamu PSIM, axa dae mooicnusocmi He minbKu ananizygamu eneKmpoMasHimHi XapaKxmepucmuxuy, ane i iMmnopmy-
samu HeoOXiOHi nepedamouni yHxyii 01 onmumanviozo cunmesy konmponepay Smart Control.

Ilpakmuuna yinnicmo. O6U08I 3aNPONOHOBAHT MOOei 00380AAI0Mb AHANIZY8amMU OuHamiuni npoyecu 6 FSBB ne-
Pemeoprogayi, ONMUMAaiIbHO NOEOHYIOUU MAKI Cynepeunusi NOKA3HUKU AKOCMI CUMYAAYii, AK MOYHICMb | eKOHOMIY-
Hicmb.Moodens 0ns Micro-Capl2 0036015€ adekeamno cumynoeamu nepexioni npoyecu Cuno80i cmyneni kongepmepa,
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OCKInbKU 1T ompumano 6e3 nonepeouvol Nineapusayii ma ycepeoneHHs, KpiM mo2o 0HA Modice OYmu OONOGHEHA MeM-
nepamyprumu Koegiyicumamu, ys onyis eiocymus 0 mooeni PSIM. Mooenv PSIM Oaec mooicnugicms ompumants
nepedamounoi yHKyii Ons cunmesy cucmemu KepyeanHsi.

Knrouoei cnosa: FSBB nepemeoprosau; ECAD npozpamu; Switching mooeni; npozpamosani noeedinkosi ene-
MeHmu; HOKA3HUKU Akocmi MoO0el.
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