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Baagumup Kinenunkos, Auapeii Tumomenko

K noBbIIeHNI0 CHIIBI CLENVIeHUs KOJIeC PYTHHYHOT0 3JIeKTPOB03a CPeICTBAMH 3J1eKTPONPUBOAA

AHHOTAamMsI. B cmambe 060CHO8AHbL NPUHYUNLL ONpedelieHUs Gakma OYKCO8aHUs U 103d KOAEC PYOHUUHOO
anekmpogosa (POB) 6e3 usmepenus ckopocmu RPOCKANb3bIGAHUS KOLECA OMHOCUMENbHO pelbcd. s nosvluueHus.
HAOENHCHOCMU YCMAHOGLEHUSL U3DbIMOYHO20 NPOCKATIb3bIGAHUSL NPEOTIONCEHO NPOGOOUMb USMEPEeHUe NYTbCayull MoKa
anexmpodsueamens ¢ 4acmomou @pukyuonHvix aemokonedanuii (AK®) u @puryuonnvix xonebanuu (PK) om
NePUOOUHECKO20 USMEHEHUSL NPU OBUINCEHUU DNIeKMPO803d CUNbI HOPMANIbHO2O0 OasNeHusi Ha peavcwl. Paspabomana
cmpykmypa 0amuuxd, 6bINOJHEHO KOMAbIOMEPHOe MOOeTUPOSAHUe U NOKA3AHA Peanu3yeMOCmb NPeONONCEHHbIX
NPUHYUNOS.

KaroueBble ci10Ba: Oykcosanue, cuna Cyenienus, QpukyuoHHble dgmoKoieOanus.

Vladimir Klepikov, Andrey Timoshchenko
To increase the adhesion of the wheels of an electric mine locomotive by means of an electric drive

Annotation. The article substantiates the principles of determining the fact of slipping and skidding of the wheels
of a mine electric locomotive (REV) without measuring the speed of slipping of the wheel relative to the rail. To
increase the reliability of establishing excessive slippage, it is proposed to measure the pulsations of the electric motor
current with the frequency of frictional self-oscillations (ACF) and frictional oscillations (FC) from periodic changes in
the normal pressure force on the rails when the electric locomotive moves. The structure of the sensor has been
developed, computer modeling has been performed, and the feasibility of the proposed principles has been shown.

Key words: slipping, adhesion force, frictional self-oscillations.

BBenenne. Cumna TIrM M TOPMOXCHUS
OTpeJieNiAeTCs CWJIONW CUeruieHus: (TpeHus) Koyiec ¢
penbcaMu. YBEIMYEHUE CHIIBI CLEIUICHHST 00ecreynBaeT
TTOBBITIICHUE MIPOU3BOTUTCIHHOCTH OTKATKH B
JIBUTATCITEHBIX pexuMax AIEKTPOIIPUBOA u
0€30MaCHOCTD JIBIKCHHUS TPH TOPMOKCHUH. B mIaxTHRIX
YCIIOBHUSAX BCJIEICTBHE 3arps3HEHHOCTH, MBUIH M BJIard
KO3 GUIIEHT CIICTIICHHS 3a49acTyro BeChMa
HU30K. Cuna  cuerieHust  Fo, Ompeensercs CHIoi
HOpPMaJNbHOTO JaBlieHust P, Kolleca Ha penbc u
K093((ULMEHTOM CIEIUICHHS I/, KOTOPBIA HEJIWHEHHO
3aBUCUT OT JIMHEWHON CKOPOCTH CKOJBXKEHHS 00012
KOJIECA Ucx OTHOCHTEINILHO PElTbCa.

E,=E¥(,) (1)

J1J1st Tapbl «KOJIECO-pebe» BUABI 3aBUCHMOCTH
W(Ve) TIPH  PAa3IUYHOM  COCTOSIHUM — TTOBEPXHOCTH
penscoB onwmcanbl B [1,2] u rpaduyeckn mokasaHsl Ha
puc. 1 m puc.2. OOmUM Ui 3TUX 3aBUCHMOCTEH
SBIIIETCS ~ TO, YTO  TPH  MaJIBIX  CKOPOCTSX
MPOCKANB3BIBAHUS OHH HMEIOT KPYTO BOCXOZSIIUI
Yy9acTOK (Tak Ha3pIBaeMasi, 30Ha YIPYTOro CKOJIBXKECHHUS).
3a y49acTKOM YIIPYTOTro CKOJBKEHHS MOCIE JOCTIKEHHS
MaKCUMAaJIbHOTO 3HaueHUs Kod(p(UIIMeHTa HAYHMHAETCS
Y4acCTOK A30BITOYHOTO ITPOCKaJIb3bIBaHUA C BO3MOKHBIM
pa3IMYHBIM XapakTepoM H3MeHEHus Koddduimenra
CHEIUICHHS:  «HaJarolui» y4acTOK, Ha KOTOpOM

Puc. 1. XapakTepucTHKHU TPEHUS KOJIEC C PENbcaMu
YBEJIIMYEHUE CKOPOCTU CKOJBXKEHHS COINpPOBOXKAAETCS

IPpU PA3JINIHBIX YCIIOBUAX CHCIIJICHUSA



II Log®msdm®obim badgsboghm-Ggdbogmmo 3mbag®dgbios "gbgMagdogol msbsdgpmmgy 3t mdamgdgdo
Q05 3500 5005593930l 3BYd0", MdoOLO, LsgsGmzggmme, 2020 ol 7-10 ©g39ddgGHo
IT International Scientific and Technological Conference ""Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, December 7-10, 2020

CHIKeHHeM Kod(duireHTa cuensieHus; y4acTok ciabo
Bo3pacraromero  koad¢gunuenra auO0 yYacToK, Ha
KOTOPOM ko3 punmeHt TpeHHs CoXpaHsieTcs
OTHOCHTENFHO HHM3KMM M TIPAKTHYECKH HEM3MEHHBIM.
[ocnennnit  xapakTepeH B  IIAaxTHBIX  YCJIOBHSX
9KCIUTyaTalliM HW3-32 HAJIW4Ms Ha penbcax Biary,
YTOJIbHOU IBIIM WM UHBIX 3arpsi3HEHUH.

ITpn maparomem y4yacTKe B 3JIEKTPONPHBOJIE MOTYT
BO3HHMKATh HEPEJIAKCALMOHHbIE (B OTIMYIHE OT SIBICHHA
stick-slip) ¢puxunonnsie aBrokonebanus (AKD) [3].
Omnpenenenre OyKCOBaHUsI [0 HATMYHUIO B KPHBOIT TOKA C
yactoToii AK® KosiecHO# mapbl ObLIO MPEATIOKESHO

f

9 VCK’%
246 8 10 12 14 16 18

Puc. 2. XapakTepucTuKy TPEHHS KOJIEC C PETbCaMH,
CYXOHU M YUCTHIA KOHTAKT (3), TOHKUH CIION YTOIBHOM
WM IOpoAHOH meuTH (1, 2), mopoHas UM yrojabHas
MIBUIb TOJICTBIM ciioeM (4, 5), 0OBOIHEHHBIH pelbe (6),
JKHJIKasl yroJbHO-MOpoaHas cMech (7), 00BOAHEHHAS

YTOJBLHO-TIOpOIHAsA cMecCh (8), MoTopHOE Macio (9)

B [4]. OmHako mpH OTCYTCTBHM MAaJaloONIET0 y4yacTKa
AK® He BO3HHKAIOT, YTO CHIIKAET HAJEKHOCTH JaHHOTO
crioco0a onpeieneHns n30bITOYHOTO MPOCKATB3bIBAHUS.

Ilepexon paboucii TOYKM B 30HY H3OBITOYHOTO
CKOJILKEHUS] ~ HEXeJarelieH, He  TOJbKO  M3-3a
BO3MOXKHOTO CHWKCHHS CHJIBI CICIUICHUS W 3aTpaT
SHEPrMH Ha WCTHpaHWEe o000ma Koileca, HO W U3-3a
BO3MOXHOCTU BO3HUKHOBeHUs1 AK®, craBmux B cBoe
BpeMsI PUYMHON BBIXOJa W3 CTPOs Ha maxTtax JlonOacca
oKko0JI0 150 pYyAHWYHBIX AJIEKTPOBO30B H3-3a TIOJIOMOK
oceit KonecHbIX map [3].

Brrreykazanaoe CBUJICTEIIECTBYET 00
AKTyaJbHOCTH CO3JaHUS aBTOMATHYCCKOW CHCTEMBI
peryanpoBaHust CHJIbI CLCIIJICHUS cpeacTBamMu
perynupyemoro anektpornpuBona. Co3gaHue  Takoi
CUCTEMBI TpeOyeT HaJ W4us HAJCKHOTO JaTYMKa
ycTaHoBJieHHS (DakTa H30BITOYHOTO MPOCKATb3bIBAHUS
(OykcoBanusi, 103a) ¢ y4€TOM MIaXTHBIX yciioBHi. J[is
ompeneneHuss OYKCOBaHWS, F03a KOJEC PEIIbCOBBIX
TPAHCHOPTHBIX  CPEACTB  MPEIJIaraliuch  pa3IMIHBIC
criocoOsI: Ha ocHOBe 3 dexra Horurepa [4], mpuMeHeHHS
XOJIOCTOTO PpOJHUKA WM HW3MEPEHHUS CKOPOCTH KOJIEeC
BaroHETKH [5], IO yTII0BOMY YCKOPEHHUIO KOJIECHOM Maphl

[6] u mp. OTu 1 mpyrue U3BECTHBIC CIOCOOBI 3aYaCTyIO
TPYZHO  pealu3yeMbl B  YCIOBHAX  IIAXTHOH
9KCIUTyaTalluK PyIHHYHOTO JIEKTPOBO3a.

B 1998 r. npu npoBeAeHUH 3KCIEPUMEHTANIbHBIX
ucciaenoBanuii B MarneOyprckoM — TEXHHYIECKOM
yauBepcurere M. OTTo oH 'eprke ogHNM U3 aBTOPOB
OpUTO  OOHApy)XEHO SBJICHHE YCHWJICHHS KoJeOaHMiA

MOMEHTa 3IIEKTPOINIPHUBOLA HEITMHEHHOCTBIO
xapakrepuctukun  Tpems  [7,8]. Ha  puc3u4
NpPE/ACTaBICHbl OCHMUIOTPAMMBI  TOKa M YIPYroro

MOMCHTa MNpH HOPOCKAJIB3bIBAHUU APYTr' OTHOCUTECIHBHO
JApyra ABYX CTaJIbHBIX KOJIEC, IPUBOAUMBIX B JIBHKCHUEC
YaCTOTHO PEryjaupyEeMbIMU DJICKTPOIIPUBOJaAMU.

Puc. 3. OcuunnorpaMmsl Ipu YBETHYEHHN
CKOpPOCTH NMPOCKAaIb3bIBAHUS

W3 ocmmutorpaMMel (puc.3) BUAHO, YTO TIPH MAJIOH
CKOpPOCTH  TpPOCKANB3bIBAaHUA B  30HE  YOPYToro
CKOJILKEHHUSI 10 Mepe Iepexoja K 30He H30BITOYHOTO
CKOJILKEHHUSI aMIUIMTyJa KojebaHuil Bo3pacraer, HO
ocraercsl He3HAUYNTeIbHOU. Brienenue pparmenra atoii
ocHuuIorpaMmsl (puc.4) mokKasano, 9YTO B KPUBOH TOKa
nomumo AK® co3naroTcsi mysbcaldyd CO 3HAUUTENbHO
MEHbIIIEH 4YacToTod, yeM yactota AK®, HO B TO *e
BpeMsl CO 3HAYHUTENBHO Oonblnei amrummtymoi. B [7,8]
JAaHO  OOBSCHEHWE  TOSBICHHUA  HHU3KOYACTOTHOM
COCTAaBIIIONICH M €€ BUAAa Kak pe3yibTara KojcOaHwid
CHIIBI HOPMAJIFHOTO JaBJICHUS KOJIEC W3 33 HapyIICHHS
CTPOTOW  OKpYIJIIOCTH  Koileca  JHOO  HAIWYHA
HE3HAUUTENIBFHOIO JKCIICHTPUCUTETA. bBBIJIO mOKa3aHo,
YTO YaCTOTa HU3KOYACTOTHBIX KOJEOAHWil fi; 3aBHCUT OT
CKOPOCTH BpAIIIEHHUS KoJeca.

ean padotbl. [Ipoananu3upoBaTh BO3MOXKHOCTh
UCTONB30BaHUS  BBINICYKA3aHHOTO  SIBICHHUSA  JUIS
MOBBINICHUS  HAJC)KHOCTH  YCTAHOBICHHS  (hakKTa
OykcoBaHHs 0c3 M3MEpPCHHS MEXaHHYCCKUX BEIUYUH U
OTIpE/ICINTh TIPUHITATIBI MOCTPOCHHS JaTIUKa
pacro3HaBaHHs U30BITOYHOTO MPOCKATH3BIBAHUS.

Martepuanbl ucciaenoBanusi. Jns POB uactoTa
HU3KOYACTOTHBIX MYJNbCAIlUA f; 3aBHCHT OT CKOPOCTH
BpameHus Koueca f, ['m.

L +U
f=——u
27R

K

2



II Log®msdm®obim badgsboghm-Ggdbogmmo 3mbag®dgbios "gbgMagdogol msbsdgpmmgy 3t mdamgdgdo
Q05 3500 5005593930l 3BYd0", MdoOLO, LsgsGmzggmme, 2020 ol 7-10 ©g39ddgGHo
IT International Scientific and Technological Conference ""Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, December 7-10, 2020

rJie vy — JIMHEHHAas CKOpOCTh JaBMKeHHs POB, M/C; v —
CKOpPOCTb CKOJIBKEHHs KOJIeCa OTHOCHUTENIBHO peibCa,
M/C; Ry — paamyc Kojieca, M.

f.=H . A3)

rae k=1,2,... B 3aBUCHMOCTHU OT MIPUYHHBI, BHI3bIBAIOIIICH
KoJIeOaHHMsI CHJIBI HOPMAJIBHOTO JTaBJIeHUS P

[IpuBenennsie Ha puc.3 U 4 OCUMUIIIOTPaMMBI OBLIH
CHATBI TPH HAIMYMM B XapaKTEPUCTUKE TPEHUS
nmajamomero ydacrka. IlokaxeM, uYTo M B cllyuae
HEM3MEHHOTO 3HauyeHHe Kod(p(HIMEeHTa TPEHUs B 30HE
N30BITOYHOTO CKOJIbKEHUS HU3KOYaCTOTHAS
COCTaBJISIIONIAs COXPAHUTCS, TPUYIEM TI0 Mepe Iepexoaa
OT ydYacTKa YIPYIOTO CKOJNBXEHHS K W30BITOYHOMY
aMIUTUTYAa Konebanuii OyneT Bo3pacTaTh.

Puc. 4. YBenuueHHBIH pparMeHT OCHUILIOrPaMMBbI
MpEeJCTaBICHHON Ha puc.3

ANNpoKCUMHUPYEM MEXaHUUYECKHE XapaKTepUCTUKU
TPEHUS MNpPH Pa3HBIX 3HAUYEHUSX CHJIBI HOPMAlbHOTO
JaBJICHUS] JIMHEHHbIMK YydacTkamu (puc.5). Tak Kak
gacTtoTta fy mocratouHo Huskas (fy <10 T'm) moxkHO
CUMTaTh, 4YTO IlepemenieHne paboueit Toukm Ol
MIPOMCXOIUT 1O CTATHYECKUM MEXAHHUECKHM XapaKTe-
pHUCTHKaM dJeKTponpuBoaa (Kpussie M;, M,, M3).

N3 puc.5 BUAHO, YTO NpU HU3IMEHEHUSIX CHIIbI
HOPMAaJIbHOTO AaBIACHUS OT Ppin 10 Pmax B 30HE yIPYroro
CKOJIBXKCHUSI HM3MEHEHHE MOMEHTa >3JIEKTPONPHBOAA, a
CIIEZIOBATENIFHO, M TOKA OTHOCHUTEIBHO HEBENUKO AM; u
HECKOJIbKO yBeIn4uuBaercst AM, mpu BO3PACTAHUH Vcy.

M. Mrp Hy,
n
3 \ Pria
2 \ Pep
1 \ Punin

Puc.5. Mexannyeckue XapaKTEpUCTUKU TATOBOIO
anexrpoasuratens M;, M, M3 1 XapaKTepUCTUKH
cueruienus 1, 2, 3

[Ipu mosiHOM M30BITOYHOM CKOJIBXKCHUU aMILTUTyaa AM;
HanOOJbIIas. ITO MO3BOJISET CAEIATHL BEIBOJ O TOM, 4TO,
JIOTIOJTHUB ~ JAaTYMK OYKCOBAaHUS QJITOPHUTMOM ydYeTa
XapaKTePUCTUK HH3KOYaCTOTHOM COCTABJISIONICH,
MOKHO TIOBBICHTH HAalIe)KHOCTh YCTaHOBJCHHUS (haKTa
M30BITOYHOTO  TIpOCKanmb3biBaHUA. Hike, Ha puc.6,
MpeacTaBieHa (QYHKIHOHAIbHAS CXEeMa pealn3alin

BBIIIIEYKa3aHHOU uaeu [9].
Kanan ®OK

BbIXOAHOTO Curxan

maccuBa [} B psg
curHana BUABMEHUA

WU3MepeHnn Dypbe

1

“Kawan AK® T D’
! MocT-06paGoTka er:,lxornnoro ' |
! dunsTp

JAaHHbIX dmms*rpa cHrHana ;

Puc. 6. ®yHKIIMOHATBHAS CXeMa CUCTEMBI OIIPEIeTICHUS
OyKkcoBaHUS

B kanane AK® onpenendioTcs MyJlbcaluud B
KpPUBOU TOKa C 9aCTOTON ()PUKIIMOHHBIX aBTOKOJICOaHNHA,
OMM3KOM K COOCTBEHHOM YacTOTE YHPYTHUX KoJeOaHUi
noJiyocu KoJiecHOU mapbl. C 3TON LIEJIbI0 UCIIONB3YeTCs
nosiocoBod  ¢unbTp (I1D), HacTpoeHHBIH Ha YacTOTy
BBILICYKAa3aHHBIX ~ KOJEOaHWI, KOTOPBI  BBIJEISET
CUTHAJI, MOSBIAIOUIMHCS B pe3ysibTaTe H30BITOYHOTO
MPOCKAJIb3bIBaHHUS. [ocT-00paboTka BBIXOHOTO
cUrHaja o, npeaycMaTpuBaeT BBIYHCIICHHE
CPEIHEKBAIpaTHYHOTO 3HAYCHMs CHUTHAJNA 3a MEpPHOJ
koneOannid. [laHHOe  3HAa4YeHWE CpaBHUBAETCS C
MOpPOrOBOM  yCTaBKOM, YTO MCKIIOYAeT JalbHeWIee
MIPOXOKIAEHUE CUTHAJA OT CIy4YaiHbIX BO3MYILIEHUN WU
camMoBO30ykneHus (uibTpa. B ciydae mpeBBIIICHUS
yCTaBKH (popMupyeTcs: CUrHai OyKCOBaHUSI.

Bo BTOpOM mapaniensHOM KaHalle OMpenenseTcs
Hajluyue B KPHUBOM TOKa IyJbCallMM C YacTOTOH
¢pukuuonnsix konebanui (PK). Jns storo ucmnomnb-
3yeTcsl aHalIM3aToOp CIEKTpPa, B KOTOPOM BBIMOJIHSAIOTCS
CIeIyIolIe  MPOLEAyphl:  3aloJIHeHHE  MaMsTH
M3MepeHnil OoT aHajoro-udpoBoro mpeodpazoBarens
(ALIT); pasnokeHHMEe W3MEPEHHOTO CHTHAJIA Ha
TapMOHMYECKHE  COCTABISIONIME 10  AITOPUTMY
OvIcTporo npeodpazoBanus Oypbe; aHAIN3 U3MEHEHHIA B
CHEKTpe M0 CPaBHEHHIO C TMPEIBIAYIICH BBHIOOPKOIL.
BeBog 0 Hammumum OyKCOBaHWSA IIPOM3BOJWTCS Ha
OCHOBAHUM TIIOCTOAHHOI'O MOHHTOPUHIAa MApaMeTpOB
Y9acCTOThI U aMIUIUTYABI B CIIEKTPE U3MEPACMOTO CUT'HAJIa
TOKa. VI3MeHeHMe B  TapMOHHYECKOM  COCTaBe
aMIUIMTYJbl TaPMOHUK ¥ CPaBHEHHWE C TPEIbLIYIIHM
U3MEPEHUEM B CIIy4ae OTIIMYHS OT IOPOTOBOT0 3HAUCHHUS
OJTHOBPEMEHHO C M3MEHEHHEM 4YacTOThl CBUJETENb-
CTBYET O Hayaje WM IIPEeKpalieHu OyKCOBaHNSI.

[IpoBepka peanu3yeMOCTH Pa0OTHI JaT4MKa ObLia
NIPOM3BEJICHA ITyTEM KOMIBIOTEPHOTO MOJEINPOBAHUS.
PesynbTaTsl MOAEIMPOBaHMS MPEACTABICHBI HA pUC.7 U
8.

BpeMeHnHble auarpammbl, MOSCHSIONINE IIPOLECC
ompefeneHust OyKCOBaHMS MO ITyJbCalUsAM TOKa C
gactoroii AK® mokasanel Ha puc. 7. Ha BepxHeit
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MPUBEIEH  BXOJHOM  YaCTOTHO  MOZYJIMPOBAHHBIN

TECTOBEIA CHTHAJ C IIOCTOSHHOH COCTaBIISIONICH, C
nvamna3oHoM u3MeHeHust yactoT oT 0.1 mo 150 I'm 3a
BpeMeHHOU uHTepBai B 40 c., Ha cpeAHell — BBIXOJHOU
curHan monocoBoro ¢unbtpa ([ID), Ha HIWKHEH —
BBIXOJTHOW CHTHAJI TaTYNKa OYKCOBAHUSI.

nil 4
g

.
nl 4

Puc.7. BpeMeHHble quarpaMMbl KaHaja ONpeaeieHus
AKd

UL

10

E o [E] o = ] = um ] E
0)

Puc.8. Pabota kanana @K, rae 8a — curuan
OykcoBaHHsA, 80 — BXOTHOW TECTOBEIN CUTHAT

Pabora kaHama HH3KOYACTOTHBIX (PPUKIIMOHHBIX
konebamnit (PK) mpommmocTpupoBaHa BpEeMEHHBIMHU
muarpamMmamu prc.8. Ha puc.86 mpencraBieH TecTOBBII
YacTOTHO MOJyJIMPOBAHHBIHN BXOHOU CHUTHAJI,
MMUTHUPYIOLIUI CUTH&JI JaT4yuKa TOKa. /[aHHBIA cUrHan
COJEPXKHUT TOCTOSHHYIO COCTaBIISIOIIYI0 W  HHU3KO-
4acTOTHYIO ¢ yacToToi DK, mopoxIeHHY0 U3MECHEHUEM
CIJIBI HOPMAJIbHOTO JaBJIEHUS KOJeca Ha penbc. JTOT
CHTHAJI YYMTHIBAET MOBBIIICHHE YaCTOTHI IyJIbCAlluil BO
BPEMEHH, KaKk 3TO HMEET MECTO IPH MOBBIIICHUH
CKOPOCTH CKOJIB)KEHHS KOJIECA OTHOCHTENBHO PpelbCa.
Curnan, MMHTHPYIOIINH HHU3KOYACTOTHBIC ITyJIbCAIIMN
JaTivKa TOKa COJCP)KUT BPEMEHHBIE HHTEPBAIBI 0€3
OyKCOBaHMS, YTO COOTBETCTBYET IMEPEMEIICHUIO pabodeid
TOYKH IO XapaKTEPUCTHKE CIEIUICHUS B 30HE YIPYTOro
ckonpxenus (0-60 c, 90-150 ¢ u 1.1.) U BpeMeHHBIC
uaTepBanbl (60-90 ¢ 150-180 ¢ u T.1.), HA KOTOPBIX
HMeeT MecTo Bo3pacTaHue ammuutyasl @K BcrneactBue
nepexoZia B 30HY HM30BITOYHOIO IPOCKajb3bIBaHus. Ha
puc. 8a moka3aH BHIXOJHOW CHIHai OyKCOBaHMs KaHajla
@K, wucnonp3dyemblii INpu  HOCTPOEHUH  CUCTEM
ABTOMATHUYECKOTO PEryJHpOBaHHS CHIIBI  CLEIUICHUS
KOJIeca C PEIbCcoM.

BeiBoa.  lcmonmp3oBaHMe ~— NOMHMO — KaHana
nynbcauuid o AK® 10onoaHUTENBHOrO KaHaia IO

HU3K04acTOTHON coctasisomei PK or konebanus
CUJIBl HOPMAJbHOIO [JABJEHMSI KOJIeCa Ha PENbC HU3-3a
JKCHEHTPUCHTETA MO0 HApPYyIICHHUS OKPYTIIOCTH Koyieca
MOBBITIACT HAJIC)KHOCTH OIpeeNieHusI OyKCOBAHUS U 1032
koxnec. KommploTepHOE MOIECTHPOBAHUE MOITBEPIMIO
peann3yeMocThb CTPYKTYPEI u aNTOPUTMOB
(hYHKIIMOHHPOBAHUS AATYUKA TIPH MHUKPOIIPOIIECCOPHOM
HCIOJIHEHUH YIOpaBICHUS ANEKTPOIPUBOIOM
PYIHHYHOTO 3IIEKTPOBO3A.
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Bepa lllamapauna, Baagumup Innunenko
K Bonpocy Bbi00pa 3JIeKTPONPUBOA I'PY30I0AbEMHOI0 «KKPaHA-LIaApPa)

AHHOTanMsl. Bo MHO2UX chepax Xo3siicmEeH Ol estmenbHOCmU 0DecneveHUe MeXHON0UYECKUX NPOYECCO8 CE53AHO C
MPAHCROPMUPOBAHUEM — 2PY308, U  2PY30N00bEeMHble KPAHbL  SGIAIOMCS  BANCHBIM — 36€HOM,  ONPEOeIOWUM
agppexmusnocmes  npoussodcmea. Haubonee crodxicHOU OpeaHU3ayUOHHOU, (QUHAHCOBOU U MEXHUYECKOU 3a0auell
NpeoCcmasisnemcst GblNOIHEHUE 2PY30N00bEMHBIX ONepayuti 6 Mecmax, HedOCmYNHbIX O/l HA3EMHbIX MPAHCHOPMHbIX
cpeocma. B amux cuyuasx ocoboe Humanue ciedyem oopamums Ha UCHOAb308AHUE 2PY3ON00bEMHO20 «KPAHA-UAPA Y.
Ez2o koncmpyxkyus umeem epy3ozaxeamuoe YCMpOUCMB0, KOMOpoe CUCMEMON MPOCO8 MNOO0GEUWEHO K apy,
HANOJIHEHHOMY «e2KUM» 2a30M. Bozoywmbiil wap mpocamu coeOunen ¢ mpems HA0EHCHO 3aKPENIeHHbIMU HA 2PYHMe
NPUBOOHBIMU  DJIEKMPOOGUSAMENAMU, KOMOpble epawarom 6apabansl ¢ HAMOMAHHLIMU mpocamu. B makoil
INEKMPOMEXAHUYECKOU CUCTeME NepeMelyaemMbplil 2py3 umeem nsims cmenenetl c60600bl, nepemewenue wapa u 2py3da 6
npocmpancmee 0Oecneyusaemcst nymem uaMeHeHuss ONuH mpocog, yoepoicusarowux wap. «Kpan-wapy pabomaem 6
WUPOKOM OUANA30He USMEHEHUs HAZPY30K U B03MYuarouux 6o30eucmaull. Imo obcmoamenscmseo o0yciasnugaem
HeoOX00UMOCHb NPUMEHEHUS! JIeKMPONPUBOO08 C CUCMeMAaMU YApasieHus,, obecneuusaiowumu pobacmuocms. Llens
pabomuvl cocmoum 8 cunmesze pe2yisimopos, 00eCNeuusawux MmMoyHoe NOUYUOHUPOBAHUE 2PY308 6 YCIOGUSX
HEONnpeoeleHHOCMU HAZPY30K U 8O3MYUWAIOWUX B030€liCMEULl 8 INeKMPONpuUsode NOCMOAHHO20 moka. B pabome
PACCMOMPEHO UCNONb308AHUE 08YX BGAPUAHMOE CUHmMeE3a pe2yiamopos. HMccnedoeanus OUHAMUYECKUX PeNCUMOB
INEKMPONPUB0Od, NPOGeOeHHble 8 X00e CMPYKMYPHO20 MOoOenuposanus 6 cpede Matlab, nokazanu 603modcHOCHb
peuienus 3a0a4u MoYHO20 NOZUYUOHUPOBAHUSL 2PY308 NPU UCTIONb30BAHUU NPEOTOICEHHBIX PESYISINOPOS, 6bINOIHEHA UX
CpasHUMENbHASL OYEHKA.

KiioueBble C10Ba: 2py30n00beMHblLil «KDAH-UAD», NOZUYUOHUPOSAHUE 2PY3d;, KOMNbIOMEPHOE MOOETUPOBAHUE;

cucmembl YNpagieHust SIeKMpOnpUe00OM «KPAH-UAPay.

Vira Shamardina, Vladimir Pilipenko
On the issue of choosing an electric drive for a lifting “crane—balloon”

Summary. In many areas of economic activity, the provision of technological processes is associated with the
transportation of goods, and cranes are an important link that determines the efficiency of production. The most
difficult organizational, financial and technical task is to perform lifting operations in places inaccessible to ground
vehicles. In these cases, special attention should be paid to the use of a lifting "crane—balloon". Its design has a lifting
device, which is suspended by a system of cables from a ball filled with "light" gas. The balloon is connected by ropes
to three drive motors securely fixed to the ground, which rotate the drums with wound ropes. In such an
electromechanical system, the movable load has five degrees of freedom, the movement of the ball and the load in space
is provided by changing the lengths of the cables holding the ball. The "crane—balloon" operates in a wide range of
loads and disturbances. This circumstance necessitates the use of electric drives with control systems that ensure
robustness. The purpose of the work is to design controllers that provide accurate positioning of loads under conditions
of uncertainty in loads and disturbing influences in a DC electric drive. The use of two variants of the synthesis of
regulators is considered. Investigations of the dynamic modes of an electric drive, carried out in the course of
structural modeling in the Matlab environment, have shown the possibility of solving the problem of accurate
positioning of weights using the proposed regulators, and their comparative assessment is carried out.

Keywords: lifting "crane—balloon"; cargo positioning, computer modelling; control systems for the "crane—balloon";

electric drive.

Bgenenue. [logbeMHO-TPAHCIIOPTHBIE ONEpALIUH, «KpaH-IIapbl», KOTOPbIE MOTYT OOECIEYUTh HOABEM
BBITIOJTHSIEMBIC TPy30M0IbEMHBIMU KpaHaMH, rpy3oB (ot 250 kr go 60000 kr m  Oomnee) Ha
3aHUMAKT 3HAYUTCIIBHOC MECTO B Ppa3In4IHbIX 3HAYUTCIIbHYIO BBICOTY, @ TAKXKE UX TPAHCIIOPTUPOBKY
OTpaciisiX XO35HCTBEHHOW AEATENLHOCTH, OCOOCHHO B Ha 3asBJICHHBIE 3aKa34MKOM paccTosiHus [1,2].
paborax, CBS3aHHBIX C COOPYKEHHEM HOBBIX OOBEKTOB. KoHCTpYKTHBHO — «KpaH-1Iap» MIPEACTaBISET
Haubospliyto clI0)XHOCTh MPEACTABISIET BBHIIOIHEHNE co00i1 HAIOJIHEHHBIA «IETKMM» HHEPTHBIM TIa30M
IPY30IOABEMHBIX ONEPALUi B MECTaX, HEeIOCTYIHBIX BO3/yIIHBIA IIap, HOMEMIEHHBI B CETKYy W3 TPOCOB,
JUIL Ha3eMHBIX TPaHCIIOPTHBIX CpeincTB. B aToi KOTOpast coepuHsieTcst ¢ Tpemst OapabaHamu.
CUTyallUM  pEUNIeHWeM  3aJadyl MOXEeT  CTaTh Bapabanbl, c HAMOTaHHBIMH Ha HUX TPOCAMH, BMECTE C
WCIIONIb30BAaHUE TIOJBEMHOTO «KpaH-mapa» (puc.l) TIPUBOTHBIMHA JJIEKTPOABUTATEIIMHI HaJIe)KHO
[1,2]. 3apyOexHBIMH  KOMIAHHUSAMHU ITPOU3BOISTCS 3aKpeIunIoTCes Ha TpyHTe. [lo3unnonnpoBanue mapa u
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rpy3a B TPOCTPAaHCTBE OOECHEeYMBaeTCs IIyTEM
U3MEHEHMsI JJIUH TPOCOB, YIEP)KUBAIOLIUX ILIap.
ITepemeniaeMblil J)K€CTKO TOJBEHICHHBIN K IIapy IPy3
UMEET IATh CTeleHel cBoOompl. B Takoil cucreme
obecrieueHre TOYHOTO MO3WIIMOHUPOBAHUS Tpy3a B
MIPOCTPAHCTBE TPEACTABISIETCS CIOXKHOM 3amaueii [3].

.

&
=X
\

\

L= \\ =
\

\
\
-

Puc. 1. I'py30moxseMHBIH «KpaH-IIIap)

Kpome Toro, kpaH paboTaer B LIMPOKOM
JMana3oHe Harpy3oK U BO3MYUIAIOLIMX BO3JACHCTBUH,
3aKOH M3MEHEHUs KOTOPBIX He mpenckasyeM. Cucrembl
9JIEKTPOIIPHUBOJIOB, CHHTE3MPOBAHHBIE II0 KPUTEPHSIM
MOJTYJIEHOTO u CUMMETPHYHOTO ONTUMYMa,
YYBCTBUTEIBHBl K TAKHM U3MEHCHUSAM H MOTYT TpH
OTIPENICIICHHBIX YCIOBUAX MOTEPATH ONTUMAIBHOCTh U
paboTtociocoOHOCTh. BcenencTBue STOro BO3HHKAET
HE00X0AUMOCTh MPUMEHEHHUST Ha «KpaH-TIapax»
QNEKTPONIPUBOIOB  C  CHCTEMaMH  YIIPaBICHHSA,
obecrieunBarOIMH poOacTHOCTS [4].

Henp padoThI COCTOMT B CHHTE3C PETYISTOPOB,
00ecCIeunBaoIMX TOYHOE MO3UIMOHUPOBAHUE TPY30B
B YCIOBUAX HECONPECACICHHOCTU Harpysok )5

BO3MYILAOMINX  BO3JAEHCTBUM B  3JIEKTPOINPHUBOAC
MIOCTOSIHHOTO TOKa, YCTaHOBJIEHHOT'O Ha
Ipy30MOABEMHOM «KPAH-IIApe».

H3no0:xxenne OCHOBHOTI'0 MaTepuaa.
[IpencraBnennass pabora SBISETCS TNPOAOIDKEHHEM
paHee  BBINOJIHEHHBIX ~ aBTOpPaMH  HCCIIEIOBAaHHN
JIEKTPOIIPHUBOJA MIOCTOSTHHOTO TOKa ULt
Tpy30MOIBEMHOTO  «KpaH-mapa» [3]. B pabore
WCTIONIb30BaHa  paHee  pa3paboTaHHas  MOJENb

anekTponpuBoga B cpeae MATLAB. Ona comepxur
BBIYHMCIIUTEIbHBIA OJIOK ONpeJeNieHns] M0 3adaHHbIM
KoOpAWHATaM Imapa (X, y, z) IOMYCTHUMBIX JUINH
TPOCOB ¥, HaoOOpOT, TIO3BOJISIET OMNPEACIUTH TI0
JUIMHaM TPOCOB KOOPJWHATHI Iapa; OJOK KOHTPOJIS

CUTHAJIOB 3aJaHus KOOpAUuHAT, KOTOpLIﬁ HC
MO3BOJIACT 3a4aBaTb HCIAOIYCTUMBIC KOOPAWHATHL
rapa; COACPIKUT O110KHu MOI[GJ'IGﬁ QJICKTPOIIPHUBOAOB
6apa6aHOB, a TakKXkE MOICIIb HPIHGapHBOBaHHOfI

MEXaHMYECKOM YacTU CHCTEMBbI «KpaH-1iapa». B xoxe
HCCIIeIOBaHUH Moeih [3] ObLTa TOTIOJHEHA MOJCIISIMH
JUIA IByX OPYTUX BapHaHTOB CHCTEM YIPABICHUSA
3JIEKTpONpHUBOaaMH OapabaHOB.

B [3] mno3mmmonmpoBaHWe Tpy3a obecredn-
BaeTcs JJICKTPONpPHBOJAMHU OapabaHOB C CHCTEMOM
nogurHeHHoro peryiuposanus (CIIP), umeromieit Tpu
peryJsitopa: B KOHTYypax peryaupoBaHus

11

QJICKTPOMArouTHOr0O MOMCHTA, 4YaCTOTbl BpalllCHUA
ABUTATCIIA U MOJIOKCHUS I'py3a.
Hpe]_'[CTaBJ'IHeT HUHTEpECC peaICHnC 3aga4uun

MO3ULIMOHUPOBAHUS I'Py3a C MOMOIIBIO TOJIBKO OJHOTO
perymisitopa. VIMuTanonHasi MOZIEIb 3JIEKTPOIPHBOIA
«KpaH-IIapa», mapaMeTpsl KOTOpOH IMpuBeneHs! B [3],
Obl1a NIONONHEHAa M B pe3yJbTaTe PacCMOTPEHBI 1Ba
BapHaHTa MCIOJIb30BAHUS TOJIBKO OJHOTO PETYIISITOpPA.

B mepBom ciyuae NpeUIOKEHO HCIOIb30BAThH
pOOaCTHBINH perynsTop, CHHTE3UPOBAHHBI Ha OCHOBE
Ho-HOPMBI B COOTBETCTBUU ¢ METOUKOM, U3JI0KEHHOU
B [4,5], Ha OCHOBE CTPYKTYpHOH CXeMBI 000OIIEHHOTO
oObekTa (puc.2).

I DGotoemngit ohwext Plsl Z )
! =W 2] -4 -

T .-_-ll:
-y (s -

with

Puc. 2. CtpykrypHas cxema 0000IIeHHOT0 00beKTa

3necs G — o06nekt, K — perymsarop, r — 3aganue,
W — BO3MYIIIEHHE, V — TIOMeXa U3MEepPEeHHs, € — OIIOKa
peryaupoBaHus, u — ynpasJistoliiee Bo3zaeiicTeue, W1,
W2, W3 — BecoBbie (PYHKIUH, 3aBUCSIINEC OT YaCTOTHI.

CuHTe3 po0acCTHOrO peryjsTopa BBINOJHEH C
ucrions3oBanueM  npwioxkenunss  Robust — Control
Toolbox, koTopoe TmO3BONISET CO3AaBaTh MOJEIN
CHCTEM, MapaMeTpbl KOTOPHIX TOYHO HEM3BECTHBI WM
MOTYT U3MEHSATHCS B OOJIBIIOM JTHana3oHe. B kauectse
WUCXOJHBIX TIPM MOJEIMPOBAaHWH OBUIM  TIPHHATHI
mapaMeTpsl 00BbeKTa U3 [3], ero MaTpHIIbL:

0 L 0
T, -c®
I S S O
RA 'TE TE RA 'TE
0 0 _L
Ty (1)
0
B=| 0 | C=[1 0 0; D=0,
KMM
TI/IM
rac RA — COIIPOTHUBJICHUE LECIIA AKOPA IABUIATCIIA;

c® — mocrosiHHas nasurareins; 7y — 2IEKTPOMEXaHU-
4yecKasih IIOCTOSIHHAsT BPEMEHHU; Tr — »>uexTpo-
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MarHuTHas IMOCTOsHHas Bpemenw; Kuy,  Tuy —
k03 uUIMEHT mepenaun M MOCTOSHHAS BPEMEHU
HCITOJIHATENBHOIO MEXaHU3MAa.

ITo mpencraenennbiM Robust Control Toolbox
AIITOPUTMaM TIOJTyYeH PETYISATOP 5-TO MOPS/IKA:

27.185"+3.286-10°s°+5.686 - 10°s”+4.839-10°s+7.628 - 10°

R $42.639-10%%+9.486-107s’ +1.65-10°s2+8.161-10%+1.442-10°

PesynbraTel paboTBl 3IEKTPONPUBOAA C TaKUM
peryisTopoM TOKa3aHel Ha puc.3 u puc. 4.
[IpencraBneHbl  pe3ynbTaThl MOJEIUPOBAHUS  MPU
YCIOBHM, YTO Tpy3 HEOOXOIUMO TIepeMECTUTh B
MIPOCTPAHCTBE U3 MONIOXKeHUs ¢ koopauHatamu (1; 0,3;
1) B monoxeHue ¢ KoopauHaTam (5; 3; 2).

AHnamu3 puc. 3 u puc. 4 MOKa3bIBaeT, YTO MPHU

HaJIM4Yuun pO6aCTHOFO peryiasaTropa TOYHOCTH
NO3NMIHUOHUPOBAHUA TI'PY303aXBATHOT'O YCTpOﬁCTBa HC
3aBUCHUT oT HaJIM4uA rpys3a. Hpoueccm

MTO3ULHOHUPOBAHMUS C TPY30M M 0€3 HEro NpakTHIECKU
COBIAJIAIOT.

ts

Puc. 3. [lo3unuonupoBaHue rpy303axBaTHOIO
YCTPONCTBA C HOMHHAJIBLHBIM FPYy30M

i i |

ts

Puc. 4. [To3uiinoHnpoBaHue MyCcTOro rpy303axBaTHOTO
yctporicTea (6e3 rpy3a)

B kauectBe BTOpPOro BapuaHTa HPEATIOKEHO
ucnonb3oBate  [IM-perymsitop ¢ mepemaTouyHOn
(dyHKIUEH:

W)= K, + 2o - K5t Ky )

N

rne Ko, Ki - COOTBETCTBEHHO KOX(P(PHIMEHTHI
repeJayd MHTETpUpYIOUIEd UM MPONOPLHMOHAIBLHON

COCTABJISIFOILIEH perysaTopa.
Iepenarounast GyHKIUS PAa30MKHYTOH CUCTEMBI:

K, Ky -Koc (K, -s+K,) _
s (T-T,, -s* +T, s+D)+(T, - s+])
_ K, Ky Koc (K, -s+Ky)
LI T s + (0T, +1,T,)-5 +(T,+T,) s +5 . (3)

W,(s)=

roe T, - TOCTOSHHAsI BPEMEHH IIMPOTHO- MMIIYJIbC-
HOTO mpeoOpa3oBaTeNs, MUTAIONIEr0 JJICKTPOIBHUIaA-

Tens

Koc — xoaddunueHT nepegayn menu o0paTHON CBSI3U
o TMOJIOKeHHIO Tpy3a; K,=1/c® — xo3dduimeHt
nepenayn IBUraTels.

XapakTepuCTUYECKUN  TOJIMHOM  3aMKHYTOH
CHCTEMBI IIPU YCIIOBUH, YTO

Tﬂ T, -T,, <<0,
MOJKHO YIIPOIICHHO NMPHUHSATH B BHIE:
D(s)=T.-T,, ‘s4+(Tﬂ +TM)'S2 +
+(1+ KK, Ky Koe) s+ Ky K, - Ky Ko “4)

Koappummenter  mepemaun  ITH-perynstopa
ONpEJeNIUM M3 YCIOBUH YCTOMYMBOCTU 3aMKHYTOM
cuctembl. Bocnonb3oBaBmnchk KputepueM ['ypsuia
TTOJTyYUM YCIIOBHS yCTOMIUBOCTH:

T#+TM > 0;

(Tﬂ +7,,) 1+ KK, K,,K,)—

-K,-K, K, - Koc Tz -T,, >0; )
Ky K, Ky Ko (T, +T,,) - A+ KKK, Koe) -
-K,-K, K, Koo T -T,,)>0.

OTKyI[a MOJYyYrM:

(Tu +1,) (14K, - K, - Ky - Koe) oK
0
Kw .KI/IM 'K()c'TTE 'TM (6)
ITocie IIOACTAHOBKHU YHCJICHHBIX 3HAYECHUH

napaMeTpoB CUCTEMbI IOJTYYUM:
(0.0001+0.1554)(1+ K:-1.965-1-0.51)

1.965-1-0.51-0,00048-0.1554 . . (7

W3 (7) nosryunm ypaBHeHne nuHuM D-pa3ouenus

1o 18yM napamerpam I1H-perynsaropa:

1060.9+2084.7-K, = K. (8)
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K L1

3000 | OGmacTh HeycToiuMBOCTH —|
L —

2000 —

1000 1 O65acTh YCTOWIMBOCTH

0 0,1 02 03 04 05
Ki

06 0,7 08 09 1

Puc. 5. D-pa3buenue B obmactu mapameTpoB Ky K;

Bribupaem Ky =20, K;=1,0. Torma [T1-perynstop
OyZeT MMeTh IepeaTOYHYI0 (PYHKIHUIO:

We(s)=

S+20' (9)
N

MozenupoBaHue TPOLECCOB MO3UIMOHHUPOBAHHMS
IIPOBEJIEHO IIPU YCJIOBUM, YTO B IIPUHATON B KauecTBE
6azoBoii mozenu [3] perynupoBaHue KOOpPAMHAT
OCYLIECTBIIAETCS IMN-perynaropoM. IlomxydeHHble
rpaKu TEpeXOJHbIX IPOIECCOB  MMOKa3ald, YTO
MMO3UIIMOHUPOBAHNE T'Py303aXBaTHOTO YCTPOWCTBA C
Irpy3oM ® 0€3 Hero IpaKkTHYeCKH COBIANAeT C
pe3yibTaTamMy, NPUBEACHHBIMA Ha puc.3 U puc.4 s
ClTy4ast UCTIONIb30BaHMs POOACTHOTO PETYIIATOpA.

Oocyxnenne pe3yabTaTtoB. CpaBHHUTETBHAS
OLICHKA Pe3yJbTAaTOB MOJEIHPOBAHMS C Pa3INIHBIMU
BapHaHTaMH PETYJSITOPOB MOXKET OBITH BBIIIOIHEHA 110
Tabuune.

W3 Tabmumel  BUAHO, YTO  DJIEKTPOMPHUBO/
HOABEMHOTO «KpaHa-1apa» MpH HCHOJIb30BAHUH TPEX
BapHaHTOB DETYJSTOPOB OOECIIEUMBAECT BBIOJIHEHHE

3a/layd  TOYHOTO  TO3UIIMOHUPOBAaHUS Tpy3a H
yCTpaHEHUs ero KoyicOaHuii, KOTOpbIE HOCST
HEMNPOIOJKUTEITBHBIH XapakTep. Onnako

MIPEANOYTEeHNE CcJeayeT OTAaTh npuMeHenuro I1M-
peryisitopa, Kak Hamboliee IIpoCToro, He TPEOYIOMero
peanu3anum CI0KHOM CTPYKTYPHON CXEMBI.

Tabnmna
[MapameTp CIIP [PobacTHBIi -
perynsaTop | peeyaamop

ITo3umnmonu- n n .

OBaHHE
Vlemnduposa-
HIe KoneOaHui
rpysa, C. 10 10 10
[Tepeperynu-

oBaHue, % 7,5 9 7,9
KonTyp TOKa n ) )
MOMEHTA)
Bpems
Wodenuposanus,
MuH. 40 120 25
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BeiBoabl. IlpoBepeHa BO3MOMKHOCTh MCHOIB30BAHUS
TOJIKO OJHOTO PEryjisiTopa B CUCTEME YIPaBJICHUS
AEKTPOIPHUBOAOM TIOCTOSHHOTO TOKa TOABEMHOIO
«KpaH-IIapa» s oOecredeHus] MO3UIMOHUPOBAHUS
rpy3a. CpaBHHUTENBHBI aHaIW3 BAPHUAHTOB BBISBHII
npeumymectsa [IH-perymsaropa mo CpaBHEHHIO C
pOOACTHBIM  PETYIATOPOM, CHHTE3UPOBAHHBIM HA
ocHOBE H,-HOpMBI, ¥ MHOTOKOHTYPHOH CHCTEMOM
MIOJYMHEHHOTO PETYINPOBAHUSL.
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Banepuii Boponaii, Osubra HecrepoBa

Cucrema 3Hepro3(p(peKTHBHOr0 ynpaBjieHusi aCHHXPOHHBIM PUBOJIOM MEXAHNU3MOB JJIUTEIbHOIO
pe:xxuma padboThbl

AHHOTAUUsA. [Ipednodicen OpucuHaIbHLIL CHOCOO ONpeoeleHus HEeMUHEUHOU NepexoOHOU QYHKYUU pecyismopa
aHepaochepezaioweco YNpasneHus ACUHXPOHHLIM NPUBOOOM, KOMOpbLL obecneuugaem OONYCMUMYIO OUHAMUKY
NePexoOHbIX PeXCUMO8 MEXAHUIMO8 ONUMENbHO20 PedCUMd pabomuvl ¢ MANO-USMEHAEMbIM 2PAPUKOM HASPY3KU U
Kocgennou cmadunuzayueti ckopocmu. O60CHO8aH 6bIOOP UHMEPSANA PAYUOHANLHO2O0 3HAYEHUS CKONbICEHUS U
NOCIe008AMENbHOCU BKIIOYEHUSL CXeMbl YNPAGNIEHUA 6 3A8UCUMOCIU OM MEKYe20 pexcuma pabomvl Cucmembl
NEKMPONPUBOd.

Toxazano npumenenue npeobpazoseamencii NePemMeHHO20 HANPINCEHUS C BLICOKUM KOIPOUYUESHMOM MOWHOCIU 8
cucmemax 9HepeoIPDEKMUBHO20 YNPAGIEHUA ACUHXPDOHHBIM NPUBOOOM, NPEONONHCEH ANOPUMM  ONpedeneHus.
napamempose RC @uibmpyroweii yenu 014 obecneueHuss HAULYYWUX YCIO08ULL KOMMYMAyuu CUI08blX Kitoueu
npeobpazoeamens u 0CywecmsneHus J0KATbHOU KOMREHCAYUU peaKxmueHO MOWHOCU 08USATNENA.

KatoueBble cioBa: oOnumenvHulil pesicum pabomvl, MALO-USMEHSIOWUNICS 2pAQUK  HA2PY3KU,IHEP20IPPexmusHoe
Ynpaenenue npueoooOM, cxema npeoobpasosames cemeso20 HANPAMCEHUA, NOBLIULEHHBIL KOIDOUYUEHM MOWHOCIU.

Valeryi Borodai, Olha Nesterova

Energy-efficient control system of the asynchronous drive of mechanisms of long-time operation

Summary. The original method is proposed for determining the nonlinear transient function of the energy-saving control
regulator of an asynchronous drive, which provides the permissible dynamics of the transient modes of the mechanisms
of long-term operation with a slightly variable load curve and indirect speed stabilization. The choice of the interval of
the rational slip value and the sequence of switching on the control circuit depending on the current operating mode of
the electric drive system is substantiated.

The application of AC voltage converters with a high power factor in energy-efficient control systems of an asynchronous
drive is shown, an algorithm for determining the parameters of the RC filtering circuit is proposed to ensure the best

conditions for switching the power switches of the converter and local compensation of the reactive power of the motor.

Keywords: continuous operation mode, low-variation load curve, energy-efficient drive control, mains voltage converter
circuit, increased power factor.

Muposas 9HepreTuyeckKas cTparerus TPEeyroJIbHUKA Ha 3Be3Ly Ha IeEepUOj] PEXUMOB
MOCJIeIHUX JIET COCPeJOTaYMBAaIacCh Ha BHEJPEHHH XO0JIOCTOTO XO/ia MJIX He3HaUUTeIbHON 3arPy3Ky;
TeXHOJIOTHH dHeprocOepexxeHud, B TOM YHCIE U B - CIOCOOBI PeryJIMpOBaHHA 3JIEKTPOIPUBOJA C
3JIEKTPOMEXaHUKe. YUHTHIBASA 3TO, Pa3pabOTIMKaMU ITOMOIIBIO CIJIOBBIX IIpeoOpasoBaTesieil, IpudeM It
3JIEKTPUYECKOTO IIPHUBOJA IIPUMEHSIOTCS Pa3IHYHbIe MEXaHW3MOB  JJWUTENBHOTO  peXXuMa  paboTs
CIIOCOOBI peasu3aliuy Takux ycrpemneHuit. K Hum YaCTOTHOE  yIIpaBlIeHWe  SABIIETCA  JOCTaTOYHO
ClIeIyeT OTHEeCTH: JOPOTHUM, IIOTOMY JIOTMYHBIM fBJISETCS BHEIpeHUe

- HCIHOJB30BAaHHE METONOB IOAJEpPKAaHUS BMECTO HETO THUPUCTOPHBIX PeTyIATOpOB
SKOHOMMYHOM pPabOThI MEXaHHU3MOB JJIUTEIBHOTO HaIpKeHUsd, KaK IPUeMIeMOi albTepHATUBBI;
pexxuMa paboTHl IyTeM CTAOMIM3ALMM CpeJHEro - WCIIOJIb30BaHVE KOMOMHUPOBAHHBIX CIIOCOOOB
KO3 dUIMeHTa 3arpy3KU [JBUTATeNli HA YpPOBHe He TIOBBIIIEHUS  9HeproddeKTUBHOCTH, HaIpHUMep,
meHee 0,6 OTHOCHUTETBHBIX €UHHUII; peayM3anys CHCTEMBI, IZe YaCTOTHOE YIIpaBleHue

- IpuBJIEYEHWE [BHUTraTelell C IOBBIIIEHHBIM PUBOZAA BEHTWIATOpA [OIOJMHAETCA I0Z00pOM
cozepskaHUEM aKTUBHBIX MaTepHaOB, YTO ITO3BOJIUT IBUTATeIs CO CHIDKEHHBIM 3HAaYeHWEM aKTHBHO-
nossicuth ux KIIJl He meHnee uem Ha 3-5 %.; PEaKTHBHOTO COIIPOTHBJIEHN POTOPA;

- CHIDKEHHE CeTeBBIX IIOTeph Oyarofaps - IpUMEHEHWe WHIUBUIYAIBHBIX (QUIBTPO-
LEHTPAJIU30BaHHBIM  (UIBTPO-KOMIIEHCHPYIOMUM KOMIIEHCHUPYIOIUIUX yCTPOMCTB JIOKAJIBHOTO TUIIA, YTO
YCTPOHCTBAM; IIO3BOJIUT PA3TPY3UTh CETh M YACTHYHO DKOHOMHUTH

- U3MeHeHHe CXeMbl BKIIOYeHUA ABUTATENA C MOIIHOCTb TUTAHUA B IBUTATEIIE;
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- paspaborka
yIIpaBJIeHMA YaCTOTHBIX DJI€KTPOIIPUBOJOB BeAyLIUX

COBpEMEHHBIX  QJITOPHTMOB
MUPOBBIX IIPOU3BOAUTENEH, YTO pemaer mpobiemy
SHeprocOepexxeHus, HO He BOIIPOC
3HAYHUTENBHBIX HAYAIBHBIX 3aTpaT Ha YIIPaBIAIOLIee
060OpyZOBaHUE;

- TIpHUBIeYEHHe CHCTEM IIpeoOpas’oBaHUsi C

CHUMaeT

nmosermeHHbIM  KIIJI, koTopele Ga3upyloTca Ha

NPUHIOWIAX  IIUPOTHO-HUMIIYJIBCHOH  MOZIYJIALNH
YIIPaBJIAIOIIEero CUTHAJA.

TaxkuM 06pa3oM, CyLIeCTBYyIOIKe BO3MOXHOCTH
TIOBBINIEHUA SHeProd@@eKTUBHOCTH aCHHXPOHHOTO
NpUBOJA NPUBOJAT K BHIBOAY - JOCTHKeHHE
MaKCHMaJIbHOTO addexTa sHeprocbepesKeHUs
BO3MOXXHO B CJIydae pellleHHsA IIOCTaBIe€HHOH 33aJa4u
xommzekcHo. To ecTs, HEOOXOAMMO pPacCMaTpPHBATH
CHCTeMY Ha Y4aCcTKaX OSHEPreTHYecKOro KaHaia,
CHJIOBOTO IIpeoOpa3oBaTesid, ABUTaTend U pabodeit
Kpome 6osee
JeHCTBeHHON M [JOCTYIHOM CHCTEMBl yIIpaBIeHUA

TaKoU BJIeKTPOMeXaHH‘IeCKOﬁ CHCTeMOI BO3MOXKHA B

MaITUHBI. TOTO, peanunusanug

CiIydae IIpMBJII€EYEHUA PETYJIATOPOB HAIIPDKEHHA CO

CXeMOH yIpaBleHHud, KoTopas OasupyeTci Ha
IIpUHIUIIE I.HHPOTHO-PIMHYJIBCHOﬁ MOy IAONN U
paspellleHUs BOIIPOCOB JIOKAJIBHOM KOMIIEHCAIIUU
PeaKTUBHOHI
KOMMYTAaIIU{ YIIPAaBIAIOMNX KIOYel.

AnroputM  cmHTe3a  5HeprosdGeKTHBHOTO
peryisaropa. Wrax, wugmes paboTel B

peryimpoBaHNA

MOIIHOCTM M  TapaHTHPOBaHHOM

YaCTHu
COCTOUT B yHPaBJIeHI/II/I
HHHPH)KeHHeM ABUTraTeId B 3dBUCUMOCTHU oT
HU3MEeHEeHUusAa HaI‘pyBKI/I jile} O,,Z[HOM}/v N3 WU3BECTHBIX
3aKOHOB — MHHHMAJIBHOIO TOKa CTaropa WJIN
C meisio
peanusanyy STOro ucrnonas3osana mogens AJl B ocsax
a-f, KOoTOpas [OIOJHEHa Ipeo0pa3oBareseM U
PeryasiTopom rae
GYHKUMS HOCIeHEro OIpefessUIach 110 aITOPUTMY.

Jost

HaTrpy3KM aCHHXpPOHHOTO asurartent 4A132M8Y3 B

MUHUMAaJTbHOK MOIIHOCTH  ITHMTAaHUA.

HaIIpsDKeHHNA, IepexoaHas

HeCKOJBKUX  (PUKCHUPOBAaHHBIX  3HAYEHMH

YCTaHOBUBIIEMCA pexume OIIpenesaoT ero

PaAlliOHAIBPHYI0 MOLIHOCTH IIyTeM peTyJIHpPOBaHUA
HaIpsDKeHUs 3aJaHUA II0 BXOZY IIpeoOpasoBaTelIs.

JIa  OHmMCaHHBIX  YCJIOBHUH  IIONYyYeHO  pAaf,
MeXaHWYeCKHUX xapakrepuctuk puc.l, (1, 2).
ITpu aHaju3se dbopm IIPOMEXYTOYHBIX

3aBHCHMOCTeH MOITHOCTH OT HalIPXKeHUA U HaTrPy3Ku
He BBIABJIEHO DSKCTpeMyMoB ¢yHkuuu. IlosTomy
TOAXOA, K JajdbHeWIIeMy pelleHHMIO 3aJjadd IIOMCKa
paLMOHAMPHOrO IUTAHHS BBIIIOJTHEH IIyTeM BBIOOpa
MUHUMAaJIbHON

MOITHOCTH u3 auarasoHa
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CKOJIBXXeHUH,
5,0...5,9 %

[IUAIla30H CKOJBXEHUIl BBIOpPAaH U3 COOOpaKeHMi
peajusali¥ aBTOMAaTU4eCKOM CHCTEMOW IIpHBOJA
HOMUHAJIBHOTO PEXUMa PpoOOTHl JABUTATeNIs IpU
Harpyske OJIM3KOH K HOMHHAJIBPHOM U TapaHTUH

JINMUTHPOBAHHBIX

(puc.l, 3oma 3).

mpejielaMu
IIpennoxeHHbIN

TOAy4YeHUs MHHHUMaJIbHO-BO3MOXHONH MOIIHOCTHU
NUTaHUA TPH YCIOBUM HaIW4yusg HauMeHbIIeH
Harpy3KH.

B pesynprare mukxira ImpenBapUTeNIbHBIX OIIBITOB
TOJAYYeH PAJ, palMOHAJIbHBIX HAaIPOKEHWH 3aJaHud
3aBHCHUMBIX OT HarpysKH, KOTOpbIe COCTaBJISIOT B BUJe
cBomHOM Tabnuupl. Crepyromuil mar

nepexo,quf/'I q)yHI(I_(I/II/I peryniaTopa HAIPAXEHHA —

CHUHTE3a

IIOCTPOEHKE Ha OCHOBE JAHHBIX CBOZHOM TaGIMUIIBI
nuHuY TpeHza. Ha eé 6ase mosry4yeHa MaTeMaTHIeCKas
3aBHCHMOCTh IIO OJHOMY M3 M3BECTHBIX 3aKOHOB
anmpoxkcumanuu. V3 Bcex JOCTYIHBIX MeTOZOB
HauboJIee yAAYHBIM CTaJ TOJIMHOMUHAIBHBII

U, =0,028M, +0,0868M, +58852, (1)

rae Uz — HampsoxeHume 3amaHusg, B; Mc — mMoMmeHT
conporusnenus, Hwm; Ro=0,9673 - MakcHUMaibHBbIi
K03bUIMeHT feTepMUHAIIUN.

700.00 - - -

650.00 -P' BT

600.00 A, -

550.00

500.00

450.00

400,00 '3 i

350.00 - - - S, %
2.0 4.0 6.0 8.0 10.0 12.0 14.0

—t=0.00 =—fi=850 =—ir=5.00
i 7 5] i T () —§—6.50
——56.00 200

P — mexanuueckas MOWHOCMb, § — CKONIbIICEHUE,
1 — ecmecmeennas u 2 — UCKYCCMBEHHble MexaHuvecKue
xapakmepucmuxku, 3 — 30Ha Jicenaemvix CKONbICEHU

Mpun Mc, Hw

Puc.1. K nroctpanun onpeneneHus CKONMbXKEHUS

Wcnsitanus, nposeseHusie Ha Matlab mozernu ¢
perynsropoMm mo ¢yHkiuu (1) mokasanau, 4TO IpU
3aIyCcKe ABUTaTeNb Haubosee paljoHaIbHO paboTaeT
OT 3aJaTYMKa MHTEHCHUBHOCTH, 4YTO (PaKTHUeCKH
peaynnsyeT QYHKIIMIO YCTPOMCTBA IUIABHOTO ITyCKa, a
mmocjse  AOCTHKEHWS  yCTAaHOBUBIIETOCA — PeKHUMa
IIpe/jIaraeTcsa BKIIOYATh Pa3pabOOTaHHBIA PerysaTop,
IZle B KauecTBe OOpaTHOI CBA3M 3aBeJeHO TeKyllee
3HAYeHHWe Harpysku. IlosuTuBHyIO poIb [
CHIDKEHHA NUHAMUKY IIPU M3MEeHeHUU HaIpPDKeHHI

BHOCHT 3TOT XK€ 3aJJaTYNK MHTEHCUBHOCTU (pHc.Z, a),
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KOTODBIH B peXXUMe peryINpOBaHUA PEeKOMEHIYeTCs
MIPUCOEAUHATH [OCIEOBATEIBHO C PETYIITOPOM.
ITpu onsITHO! TPOBEpPKe CUCTEMBL C JBUTaTesIeM
4A132M8Y3 ycraHOBIEeHO, 4TO (POpMa HM3MEHEHUS
HaIpsDKeHUsA Ha BBIXOZE IIpeoGpasoBaTesis HOCHUT

SKCITOHEHIIMATbHBIN XapakKTep (puc.2, a).
[TpakTryeckn Hew3MeHHas BeJIMYHUHA CKOPOCTH
CBUJIETEJBCTBYEeT,  9YTO  IPU  PeryJIUpOBaHUU

HaIpsOKeHUSA CKOJBXKeHHe OCTaeTCa B [Juala3oHe,
KOTOPBIH OBLI 3aZleKJapHpoBaH BbIlle. bpocku Beex

0 0,5 1 1,5 2 2,5 3 3,5

W — ckopocmb epawenus osueameinsi;

U — nanpsicenue na evixooe npeobpazosameis,
M, M. — 21ekmpomMazHumHbLL U HA2PY30UHbLU
Momenm ogueamensi

(l)I/IBI/I‘IECKI/IX BEJINYNH HNMEIOT IIpaKTU4IeCKHN

Y OBJIETBOPUTEILHBIN YPOBEHbB. Amnanus
YMEHbBIIEHUA HAaNpsKeHUA NPU IaJeHUM HarpysKu
TIO3BOJIMJI YMEHBUIUTH aKTUBHYIO MOLUIHOCTD IIUTaHU A

10 47 %, a peaxtusHyo — 1o 51 % (puc.2, 6).

PesynpraTsl gmaHHOrO D9rama HCCIefOBaHHI
ZIeMOHCTPUPYET SKOHOMMYHYIO paboTy JBUTaTels.

ITpu sTOM B KOMIIZIEKCEe IIPUMEHSAETCS THPUCTOPHBIH

20000

P,BT
Q, BAP
16000 7 7 7 7x
12000 J
8000
4000 + .__gl/——l
Mc, Hm
o T T
5 6 7 8 9
—-P1.Br -#P Bt -Qr.BAP & Q.BAP

aKmueHas u peaKxmueHas COCMasiAowas
Pm, Om — mpaouyuonro2o numarus,

P, QO — ynpasnsiemozo numanus

Puc. 2. I'pacduku nccnenoBanusi CUCTEMbI yIIPABIICHUSL:
a) — MMePEeXO0IHBIX IPOIIECCOB; 0) — MOITHOCTH MTUTAHUS

ImpeoOpa3oBaTesIb, KOTOPHIH XapaKTepU3yeTCs MaJIbIM
koadduuuerrom MoumHOcTU. IlosToMy cremyromruii
aramn - yCOBepUIeHCTBOBaHLE CHCTEMBI
IpeoOpa3oBaHuUA.

Ompezienenvie Iemu KOMIIEHCALlMM HArpys3KH
OTTajKuBaAcCk OT MOCIELHETO BBIBOZA, CJIEHyeT
KOHCTaTUPOBAaTh, YTO TUPUCTOPHBIE IIpeobpa3oBaTeIn
¢ (GasHBIM METOZOM YIIPaBJIe€HUA XapaKTepU3YIOTCA
HeyZOBJIeTBOPUTeIbHOM dHepreTukoii. Ilo aTomy, ny1a
peanmusanuu Gojee NeHCTBEHHOH U JOCTYIIHOI
CHCTeMBI YIIPaBJIeHNUA 3JIeKTPOMeXaHUIYeCKUX CHCTeM
C [UINTeJIBHBIM  PEeXHMOM  paboTsl, CienyeT
TIPUBJIEKATh PeryIATOPHI HAIPKEHUA C IPUHIUIIOM
IIMPOTHO-UMITYJIbCHOM MOy IAINU mpu
OJHOBDEMEHHOM  yd4eTe  BOIIPOCOB  JIOKaJbHOM
KOMIIEHCAIIUY PEeaKTUBHOM MOIIHOCTH U pelleHHd
poGeMbl TapaHTUPOBAHHOM KOMMYTallu1
YIIpaBISIOMMX KIIOYe.

ITomp3ysace cCpeAcTBAaMM CXeMOTEXHHMYECKOTO
TpOeKTUpOBaHUs, Oblna paspaborana mozens LTVM
mpeobGpasopaTena. Ero wucmeiTaHue Ha aKTHUBHYIO
HarpysKy JalHd JOCTaTOYHO XOPOILIMe pe3yJIbTaThl.
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PeI'yJII/IPOBaHI/Ie HaIIpAXKeHUA y,Z[aJIOCL OCymeCTBHTB
IIIaBHO ¥ B WIMPOKOM JuamasoHe. B ciydae paGoTs
mpeoGpa3oBaresis Ha aKTUBHO-PEaKTHUBHYIO HarPy3Ky,
IZe B KavecTBe moOTpebuTesns BhIOpaHa — cxema
samemeHus  (puc. 3) aCHHXPOHHOTO  [BHTATEJIS
4A100L4Y3 momrnocTH 4 KBT, CKOpOCTH BpalleHMI
1000 06/MuH 1 HOMUHATBPHOTO HANIPSKEHUA ITHTAHUA
220 BOmBT, OblTa  BBISABIEHA  IIOJHAA ero
HepaboTOCIOCOOHOCTh. JTO (UKCUPOBAIOCH B BUJE
3HAYUTEIBbHBIX 6POCKOB HaIlpsOKEHHUA IIPU KaXXZIO0M
TepeKIoYeHUN CUJIOBBIX Kitodeil. IIpm aToM
SKCIIEPUMEHT OCYIIECTBILAICSA IS YCTaHOBHBIIETOCS
pexxuMa u HoMUHanpHOrO ckoimxkenus s=0,05, rge
COIIPOTUBIEHME  POTOpPa  PACCUMTHIBAIOCH IO
ypaBuenuto 1z 'x(1-s)/s=26 Owm. IlomsaTtHo, dTO
aBapuifHas pabora  mpeoGpa3zoBaresis CBs3aHA C
BO3HMKHOBEHVEM BBIODOCOB DHEPIrUM, KOTOpas
HaKaIlJIMBAE€TCA Ha I/IH,ILYKTI/IBHOCTHX SHeKTquECKOﬁ
MAIIITTHBI.

KOMHeHCI/IpOBaTB IIOCJIeACTBUA TAKOTO
COCTOSHUA PaboThl NpeoOpa3oBaTess INpeAJaraeTcs
6marogaps RC uemu, KOTOpasg IIPUCOENUHAETCA
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IMapa/uleJIbHO K KJIeMMaM  IHUTAaHUA  CXEeMBI
samemenua. OmpezenaTs mapaMeTpsl  ydacTKa
KOMITEHCAIlUX TIpe/IJIaraeTCs COTJIACHO CIefyIolnei
TIOC/IeTOBATETHHOCTH:

V- i VAVAVASS
1.716Q 11mH 43530

26Q

—_ N

6mH

195.671mH

i VAVAVAY oy

Puc. 3. Cxema 3amemmenus AJl 4A100L4Y3
YCTaHOBHUBILETOCS PEXUMA.

- CBOPa‘-II/IBaHI/Ie COI'IPOTI/IBJIEHI/I}I CXeMbI
3dMelleHUudg K KOMHJIEKCHOMY BI/I,Z[y
Z, =20.826+12.047j, Om, )

TIe i=\/j;

-  IpUpPaBHUBAHUE X; =X, W OIpeJie/IeHHe
C 5TOTO ypaBHeHUA EMKOCTH, TAe aKTUBHOE

0,98 ){ —*
0,96
£ 094 /
8 oo
0,9 /
0,88 4
0,86

0 20 40 60 80 100 120 140 160 180 200 220 240
C, Mk®

Puc. 4. DxcnepuMeHTaNbHAS 3aBUCHMOCTD ONPEAEICHUS
paluoHanbHON EMKOCTH

CxeMHOe  pelleHHe  IUIABHOTO  YIpaBJIEHHSA
IIpopaboTka BOIIpOCa TOYHOH HaCTPOUKH
peryiupoBaHus dHepro3GpPEeKTUBHOCTH aCHHXPOHHOTO
9JIEKTPOIIPHBOJIA MOKAa3aia, YTO IIaBHOE YIpaBIICHHUE
nMeeT MPEUMYIIECTBO epen BO3MOKHBIM
CTYIICHYATHIM YTIPABICHHEM, XOTS B OSTOM Clydae
CIIEZIyeT COTJIACUTHCS HAa OTHOCHUTEIBHYIO CIIOKHOCTB,
MEHBIIYI0  HaOeKHOCTh, a CcaMoe TIJIaBHOE -
VBEJIIMYCHHYI0 HAYaIbHYI0 CTOMMOCTH IIpeoOpa3o-
Barens. [losToMy mns pOW3BOJACTBEHHUKOB, KOTOPHIE
COTJIACHBl HATH Ha TaKWe YCIOBHI, MOXET OBITh
MpeyioKeHa CHCTeMa C  KOOPAMHATHO-(ha30BbIM
peryaupoBaHUEM CKBAXHOCTH [1] W TOTOTHUTENTEHBIM
WHIUBHUyaIbHbIM (HIBTPO-KOMIIEHCHPYIOIIUM
YCTPOUCTBOM, KOTOPOE MOJYYCHO B 3TOW MyOIUKAIMH.
CxeMHOEe pelieHHe, KOTOpOe peaM3yeT TaKyro
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compoTusieHue ocraercsa paBHsIM 20,826 Owm. Ilpu
TAKOM pacyeTe eMKOCTh KOMIIEHCAI[UM COCTaBJIgeT
228,5 mx® na ¢dasy gBurares.

- pacyeTHag EMKOCTB obecIie4rBaeT
KO3(UIIMEHT MOLIHOCTY PaBHBIM IPUOIIKEHHO 1,
9TO IIpH HN3MEHEHHWHN HAIPYy3KH MOXKET IIPUBECTH K
nepeKkoMIIeHcanuu cucreMsl. [loaToMy Ha aTOM BTame
CTPOHUTCA 3aBUCUMOCTb KO3 bHUIMeHTa MOIIHOCTH OT
BEJINMYNHBI KOMIIEHCHUPYIOIIETO KOHZeHcaTopa,
éMKOCTh KOTOPOTO YMEHBIIAIOT OT PAacueTHOH 0
YPOBHSA MUHUMAaJIBHO IpUeMJIeMOH, rae cos(p)=0,88;

- Janee u3 rpaduKa 3aBUCHMOCTH BbIOHpaeTcs
MWHHMajJAbHAaA €MKOCTh KOHJEHCaTopa, KOTopasd
COOTBETCTBYET PalllOHAIBHOMY COS(®).

Ilo mnpeanoXXeHHOMY aIrOpUTMy U MOJEIH
npeoOpasoBaTens IIOMy4eHa 3aBUCHUMOCTb pHC.4, U3
KOTOPOH paluOHanbHas EMKOCTh OIpe/eNieHa TaKOH,
4yTO paBHa 60 MkD.

Bpewr Karan_A Kanan_B
E f|" som0 s et 2oy S
'rz::- B Coxparrs | Brsumrn
i
Fasepna Kawan & ¥awan B CpoRIIagHA
Licans | 10 ms/Div Wkeara |10 V/Div Lkkans [ 100 V/Div Jamyex [T L |[F
sanepaes ¥ [0 cususeve Y [0 cwsumere Y [0 Vpomane [ [v
[V Add| eia|aB| | AC| 0 JOC | Ac| 0 JOT -| | Twn One. | Hopu | Asvo [[Fer
1 — nanpsiocenue, macwma6 100 B/oenenue;
2 — mok, macuma6b 10 A/0enenue;

Peoicumvl a — pezynupoganus; 6 — HOMUHANLHBIL

Puc.5. PesynbpTaTel MOAEINPOBAHUS
IJIAaBHOTO PETYJIUPOBAHUS

CHCTEMY, TIPHBEJICHO Ha pHUC.6, a ero 3aBepIIEHHOCTD
OyZeT TpuM HaIMYMM B CHCTEME HEIMHEHHOTrOo
peryisitopa  koppekuuu  dddextuBHoctH  [2] B
3aBUCHMOCTH OT Harpy3KH.

PesynbpTupyrone 3aBHCHMOCTH pHC.
OCHOBaHMS  YTBEPXK/AaTh: cucteMa  IUIaBHOTO
ynpaBiieHHsT paboTaeT CTOMKO W 0e3 mpobiem
KOMMYTAallUd ~ NIPU  HENpPepbIBHOH  KOMIECHCAIIHMU
peaktuBHON MomHOcTHA. llpu 3TOoM KO3 dHITHEHT
MOIITHOCTH BBIICPKUBAETCSA Ha ypoBHE He Xyxe 0,987.
BeiBoabI:

Crioco6 cunTe3a perynstopa 3ddexTHBHOrO
yIIpaBJICHUS IpeIIoaraer:

- NOWCK MHHHUMAaJIbHOM MOIIHOCTHU IIUTAHUA JIA
psina (QUKCUPOBAHHBIX HArpy30K YCTaHOBHUBILETOCS
pexuMa ImyTeM noadopa HampsHKeHMH 3aJaHus Ha

5 nmarot
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BXO/Ie MPeodpa3oBaTes;

- BBHJY MOHOTOHHOTO XapakTepa  H3MEHEHHs
3aBHCHMOCTEN PeABAPUTEIBHOTO ATAIA UCCIENOBAHUI
MIOMCK PALMOHATBHOI MOIIHOCTH IUTAHMS IPUBOJA
ClIelyeT OrpaHM4YUTh IUAIa30HOM CKOJIBKECHHH, NpHU
KOTOPBIX 00€CIeYnBaeTCs] HOMHHAIBHBIH  PEXHUM
paboThl cHUCTeMBI M Harpy3ke Ha HeH OJIM3KOW K
HOMMHAJIBHOW, C OJHOH CTOPOHBI, U JOCTHKEHUS
MUHMMaJIbHO-BO3MOKHOW MOIIHOCTH TPH YCIOBUHU
MOJJEepPKaHUS ~ HAUMEHbIEH Harpys3kd, C Apyrou
CTOPOHBI;

- C TOJIyYEHHBIX CBOJHBIX JaHHBIX HaUMEHbIIEH
MOIHOCTH UL Pa3HBIX HAarpy30K M TpH YCIOBHHU
BBIOPAaHHOTO CKOJIBXKEHHS CTPOMTCS JIMHHSA TpPEHa,
YpaBHEHHE KOTOPOH XapaKTepH3yeTcsi HauOONBIINM
KO3 PUIUEHTOM TeTePMHUHAIIIH.

HcnblTaHusMu ~ yCTAaHOBJIEHO, 4YTO HaumOoiee
pannoHaIBFHBIM METO/IOM 3aITyCKa CHCTEMBI €CTh METO
IUIABHOTO  IIyCKa, a  BKIIOYEHHE  peryisTopa
PEKOMEHIYETCSl OCYLIECTBIATh B YCTaHOBUBIIEMCS
PEKUME C MOCIIEA0BATENHHO BKIIOYEHHBIM 33/1aTYUKOM
WHTCHCUBHOCTH, KOTOPBIH 00ecmeduT HeoOxommmoe
CHI)KEHUE AMHAMUKH.

OO0cTOsTENbCTBA HACTOSILETO BPEMEHH TPeOyroT
MaKcUMalIbHOH 3¢ dexTuBHOCTH A/l puBo/a, KOTOpast
MOXET OBITh JOCTHI'HYyTa NpPU CO3JaHUM YCJIOBHH
MT'HOBEHHO 10/1aun B JBUTraTeNb TaKOrO KOJIMYECTBA
SHEPruH, KOTOpas He INpeBbIMIAeT HEOOXOAMMOHN st
MIPEOJONEHUST TEKyIIed Harpy3kd, WCIONb30BaHUS
neurarenss ¢ nosbimieHHbIM  KIIJ[, xommeHcauuu
PEaKTUBHOIM MOIIHOCTH WHIWBHAYaJIbHBIMU (PHIBTpPO-
KOMITEHCHPIOLIMMH yCTPOUCTBAMH U IPUMEHEHUS
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Puc. 6. Monens peoOpa3oBaTens ¢ IUIABHBIM PETYIHNPOBAHUEM

mpeoOpa3oBaTeniell C TOBBILICHHBIM KO3(QQHUIEHTOM
MOIITHOCTH.

OrmpezneneHne MmapaMeTpoB LENU KOMIICHCAUH
CIIeyeT BBIIOJHATH B ITOCJICIOBATEIEHOCTH:

- CBOpAaYMBAaHUE CONPOTHUBJIICHUA CXEMbI 3aMCIIICHU A
JBUTATEJIA,

- ompefeneHue  EMKOCTHM  KOHJEHCAaTtopa ¢
peakTUBHOM cocTaBsoLIeit CBEPHYTOI'O
COIMPOTUBJICHHUA CXEMbl 3aMCHICHHA, a AaKTHBHYIO
COCTAaBJISIOLIYIO IIPH 3TOM OCTaBJIAIOT HEU3MEHHOM;

- IIOCTPOEHHE 3aBHUCHUMOCTH  Ko3(dHLHeHTa
MOIITHOCTH CHCTEMBI OT EMKOCTH KOHJEHcaTopa IIo
JAHHBIM JKCIIEPUMEHTA, I/I¢ BapbUPOBAaHKE MOCIETHEH
OCYIIECTBIISIETCST B Tpelenax oOT pacdyeTHOH JIo

MUHUMAaJIBFHO TpueMiieMoit pu cos(@)= 0,88;

- ompeneireHue U3 rpaduka  3aBUCHMOCTH
pauuoHaneHOM  émxoctn  RC  menu,  KOTOpas
COOTBETCTBYET BEIOPAHHOMY COS((®).

OKCHEepUMEHTATBHBIM  CIOCOOOM  JI0Ka3aHa
CTOMKOCTb CHUCTEMBl yNpPaBICHUS MpPU  JIydIINX
YCIOBUSAX KOMMYTAIlMH CHJIOBBIX KJIFOYEH M HOITydeHHS
KO3 PHUIIEHTa MOITHOCTH YpOBH He Xyxke 0,987.
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Baagumup Kotaspos, Cepreii Bypsakosckumii

ABTOMaTH3aNUs KOHICITYAJbHOT0 MIPOCKTUPOBAHUSA UCCJIECA0BATEC/ILCKUX CTCHA0B JIEKTPONIPpUBOAA

AHHoTamus. Paccmompenuvl npobnemvl obecneuenus Kavecmea U CHUNCEHUs MPYyOOeMKOCmU KOHYENnmyanbHo20 npo-
eKmuposanus. Ykazamvl 0cO6eHHOCMU CO30AHUA UCCTe008AMENbCKUX CMEHO08, éruAiowue Ha IPPeKmusHocms npo-
yecca ux npoekmupoganus. Ha ocnose ananuza npoekmos 1eKkmponpugooos npeonoicerHa MemoouxKa agmomamusa-
Yuu npoeKmupo8anusi CMeH008, UCNOAb3YIOWds CpedCmea UCKYCCIMBEHHO20 UHMENNEeKMA, SA3bIK HPOeKMUpoSanus
SysML u ungopmayuonnyio modens npoekma 6 gude cemanmuueckux cemeil 6 cpede naxema npozpamm CoGui. Me-
MoOUKa HAanpagieHa Ha obecneyeHue NOIHOMbl MEXHUYECKO20 ONUCAHUS CMEHO08, He0OX00UMO20 Ol NOBbIUEHUS
VPOGHS 00CMOBEPHOCIU HAYYHBIX PE3YNbMAMO8.

KioueBble ci1oBa: npoexmupoganue, snexkmponpugod, CAIIP, uckyccmeennbviil unmeniexm, cemanmuyeckue cemu

Vladimir Kotlyarov, Serhii Buriakovskyi

Automation of conceptual design of test benches for electric drives research

Annotation. The problems of quality assurance and reducing the complexity of conceptual design are considered. The
features of test benches development that affect the efficiency of the design process are indicated. On the basis of the
analysis of the projects of electric drives, a technique for the automation of the design of test benches is proposed. This
technique uses artificial intelligence, the SysML language and the project information model in the form of semantic
networks, created in the environment of the CoGui software package.

Keywords: design methodology, electric drive, CAD, artificial intelligence, semantic networks

BBenenne. IIpoekTupoBaHuEe — 3TO MHOTOYPOB- (YHKIIMOHATTBHOTO, KOHCTPYKTOPCKOTO, TEXHOJIOTHYE-
HEBBI TpoIlecC, Ha KaKIOM 3Tare KOTOPOTO CTEHI CKOTO ¥ JKCIDTyaTallMOHHOTO, 3HAYUTEIHHOHN moIeit
anektpornpuBoaa (DII) momydaer cBOM ONMMCaHWA Ha TpoIeayp, KOTOpBIE TPYAHO TMojmatoTcs (popmanmsa-
OTIpeNIeIICHHOM S3BIKE MPOCKTHPOBaHUA. B xome pas- WU, a TIOTOMY W HE MMEIOT IMPOCTHIX aIrOpUTMHYC-
paboTKM CTEHIA STH ONHCaHUS TPaHCHOPMHUPYIOTCS CKUX PCIICHHH.

OITHO B JPYyTo€, M MPOEKT Pa3BHBACTCS OT BHIOOpA €ro Bce 310 ¢ 0mHON CTOPOHBI CO3MaET OCTPYIO IMO-
ueneﬁ J0 yKas3aHusd KOHKPETHBIX TEXHHYCCKUX PEHIC- Tpe6HOCTB B aBTOMaTHU3allu KOHUICTITYAJIbHOT'O ITPOCK-
HUU U UX TOCIIEYIOLEN JeTaln3alnu. TUPOBaHUS, a C APYrol CTOPOHBI TaKyl aBTOMaTH3a-

CreHppl pa3HBIX THIIOB HMEIOT CYIIECTBEHHBIC IIUIO 3aTPyIHSACT U HEU30EeKHO TpeOyeT MpUMEHEHUS
OTJIMYHMS B IEISIX UX CO3JaHUs, a 3HAYMT, B HCXOAHBIX cpenacTtB uckyccrBeHHoro uHremiekra (M), Hcnoins-
TpeOOBaHUSIX U B BapHaHTax MX peanu3auuu. CTeHIbI 3oBanue W, B cBOIO ouepenb, 03HAYAET CO3JIaHUE CO-
JUISL TIPOBEJICHUS! HAYYHBIX HCCIIEJOBaHUN 3a4acTylo OTBETCTBYIOIINX 0a3 3HaHWH, KOTOpbIE HE MOTYT OBIThH
OTIIMYAIOTCS €IC U CIICII(PHUKON OpraHU3aIlH UX MPO- yHEBepcanbHbIMU. Crenupuka pa3paboTKH CTCHIOB
CKTUPOBAHHUSA B HEOONBIINX HAyYHBIX KOJUICKTHBAX, JUTS HAYYIHBIX FCCICIOBAHUH BEIET K MOCTPOCHHIO CO-
JUTE KOTOPBIX 3TO TPYAOSMKHI, HO BCIIOMOTATCIEHBIN OTBETCTBYIOIIHNX CICIHATM3UPOBAHHBIX 0a3 3HAHUH 10
BHJ ACATENbHOCTU. J[pyroii 0COOEHHOCTBIO TMPOCKTH- HX TIPOEKTUPOBAHUIO.
pOBaHHS TaKUX CTCHIOB SBISETCS HEOOXOANMOCTH O06mue moaxoasl K IPUMEHEHUIO 0a3 3HaHU s
TTOTBEPKACHUS BBICOKOW CTETIEHH JOCTOBEPHOCTHU cocraBieHusi T3 maBHO M3BECTHHL. [IpOEKTHPOBIIHK
Hay4YHBIX Pe3ysbTaToB. [IpociexxuBanne B3auMOCBsI3eil MOYET BOCIIOJIb30BaThCS MPOLEIYPOH aBTOMATHYECKO-
Henell co3naHusl CTeHAa ¢ TpeOOBaHUSAMH K HEMY, Xa- ro BbIOOpa OMNpEACNSAIONINX IMPU3HAKOB MpPU BBIOOpE
PAKTEPUCTHKAMU U MX TEXHUYCCKOUN pean3aiiuei, sic- TEXHHUYECKUX TpeOOBaHWM, OTBEYAIOIINX IOCTABJICH-
HOE M TI0JIHOE OTPAXKEHUE DTUX CBSA3EH B MPOEKTHOI U HeIM neixsM. Ecim B T3 Bkirowarotcss menu, OTCyT-
Hay4YHOM JOKYMEHTAI[MM CTAHOBSATCS Ba)KHEHIIMMHU ctBytome B Oase 3Haumii CAIIP, To cucremoit U
ITOCTOSTHHO BBITIOTHSIEMBIMH TIPOLICAYPaMHU. IpeJpIaraeTcsi MpOCMOTP BCETO MHOXECTBA IIPH3HAKOB,

Oco0y1o CIIOXHOCTh MPEACTAaBISET KOHIENTY- 13 KOTOPOTO BBIOMPAIOTCSI Hanbouiee 1esecooOpasHbIe.
AIBHOE TIPOCKTUPOBAHKE CTCHAOB, BHIMONHSACMOE Ha AHAJIOTHYHO, JTall OICHKH TEXHUYCCKOTO YPOBHS
cTamusax Texandaeckoro 3amanus (T3) m TexHHIecKoro BKIIFOYAET MPOIEAYpHl BbIOOpa NPOTOTHIIA, aHAJOra
npemiokeHns. Cpenu ero 3ajgad - BEIOOp M aHAIH3 T1e- i 6a3oBoro obpasma st pa3pabOTKH, HOMEHKIATY-
Jed W ToKas3areleld KadecTBa;, OLICHMBAHWE TEXHHUYE- pBI TIOKa3aTeneil KadecTBa M OIpeIesieHHe HX KOM-
CKOTO YPOBHS NMPOEKTHBIX PEIICHH; JeKOMIO3HUINSI U IUIEKCHOTO ITOKa3aTels, MPOBEPKY COOTBETCTBHUS BBI-
BepuduKanus TpeOOBaHM; cocTaBieHne U aHamu3 T3; OpaHHBIX TIOKa3aTeleld TPeOOBAHWSM U TENAM. OTH
MONCK W BHIOOp TEXHWYECKHX peleHuid. Bricokuit MIPOIEAYPHl BBIMIOJIHAIOTCS KaK MHHAMYM JABAXKABI —
YPOBEHb CIIOKHOCTH 3THX 33/1a4 OMPEENSETCs OJHO- NP aHAJIN3€ YXKE U3BECTHBIX UyXKHX pa3paboToK U TO-
BPEMEHHBIM yYETOM BCEX aCIEKTOB CO3JaHMs CTEHJa - TOM €llle pa3 IpH OLIEHMBAHUH CO3[[aHHOT'O CTEH/IA.
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ABTOMaTH3aIMs  OMEpaluii  KOHIENITYyaJbHOTO
MIPOEKTUPOBaHUs Oa3upyercs Ha npumeHeHuu B CAIIP
KOHIIENITYaJIbHBIX MOJeNIell U MpeanonaraeT ux co3jia-
HHe, M3MEHEHHE, aHAJIU3 COOTBETCTBYIOIIMMHU Cpel-
cTBaMM MojienupoBaHus. OfHAKO 0 CHX IOp JAOCTa-
TOYHO Pa3BUTHIE U NPU 3TOM JOCTYIHBIE KOMIBIOTEP-
HBIE WHCTPYMEHTAIbHBIE CPEIICTBA aBTOMAaTHYECKOTO
CHHTE3a M aHalu3a TaKuX MOAeNeH, MEeTOAMKH HX
pUMeHeHHs (PAKTUIECKH OTCYTCTBOBAJIH.

CHTyanuio CyIIeCTBEHHO W3MEHHIIN HOBBIE ITOJ-
XOJbl, TIOJTYYHBIINE CHadajla IMPUMEHEHHE B aBTOMO-
OWIBHOM M aBHAIMOHHON OTPACIAX MPOMBIIIICHHOCTH,
r/ie Jamie HaOIromaeTcsi BEICOKHH YPOBEHD CI0KHOCTU
TEXHUYECKHUX peuieHuit u TpeboBanuii k HUM. [locte-
INCHHO OHM HAYUHAIOT NPUMECHATHCA U B HHBIX 06.]'[8.-
CTSX, HO TpeOyeTcsi HAKOIJICHUE, ONHMCAaHUE U aHAJIM3
OIbITa WX NPHUMEHEHHs, CPaBHEHHE W BHIOOP CPENCTB
peanu3aiyu.

IosiBneHue u pa3BUTHE HOBBIX MOJXOI0B MPEXKIE
BCETO CBS3aHO C HANPaBJICHUEM, H3BECTHBIM KaK MOJIe-
JICOPUEHTHPOBAHBIA CUCTEMHBIH WHXKUHUPHUHT (model-
based system engineering, MBSE). Ono ocHoBanO Ha
rryOOKOM aHaNH3€ HE TOJNBKO 00BEeKTa, HO U Iporecca
MIPOEKTUPOBAHNS, BKIIOYas ITOCTPOCHUE Mojeneil ca-
MOTO Tporiecca. Bo MHOTHX ciydasx 3TO TaKk Ha3bIBae-
MBI€ OIIUCATCIIbHBIC (HeCKpI/IHTHBHLIe, CCMI/IOTI/I‘ICCKI/Ie)
MoJIeNid B BUIe rpad)a CeMaHTHUECKO# cetu. B Bepim-
Hax rpada HaxXOAATCS MOHSATHS MPOSKTUPOBAHUSI, & €ro
pebpa — 3TO OTHOWLICHUS, CBS3M TOHATHH B MpPEAMET-
HoW ob6nactu. IlpocTedimmmu nmpuMepaMu Takux Tpa-
(OB B TEXHHMKE SIBIISIFOTCS DIIEKTPUUECKHE CTPYKTYp-
HBIC ¥ (QYHKIIMOHAIBHBIE CXEMBI, HO BCE Yalle MpuMe-
HSIOT U APYTHE TUIBI JOKYMEHTOB M MOJEJel, HalpH-
Mep amarpammsbl si3bika SysML u onTonormm. Hamu
HAKOIUICH ONBIT aBTOMATH3alMH IIOCTPOCHUS TaKHX
Mozenert st crenaoB D11 u mogoOpaHsl cpecTBa MO-
JIeTMPOBaHMs, aJleKBaTHbIE crieln(pUKe HAYYHOH Jes-
TENLHOCTHU B 3TOH 00J1acTH.

Heas padotel. Onucanne METOIUKH IPOESKTHPO-
BaHUs CTeHI0B DI, coCcOOHOW COKpATHTH TPYA0CM-
KOCTh U TIOBBICHTH CTENIEHb OOOCHOBAHHOCTH TPHHS-
TUsSI TPOEKTHBIX peUIeHui. PaccMoTpeHHe NpakTUKu
npuMeHeHns U Ha 6a3e ceMaHTHYECKUX CETEH.

OcHoBHass 4yacThb. OnmcaHue TNPOEKTa CTEHAA
KaK TEXHHYECKOTO M3/eNHs JOJDKHO BKIIOYATh: 1) A —
MHOJKECTBO IIeJIed MPUMEHEHUS W (YHKIUH W3NS,
2) E - MHOECTBO 3JI€MEHTOB M3/ETHS U €r0 IPOSKTa;
3) P - MHOXECTBO TIPU3HAKOB, XapPAKTEPHU3YIOLIHNX dJIe-
MeHTHI; 4) Q - MHOXKECTBO B3aMMHBIX CBsI3eH (OTHOIIE-
HUHN) TeNeld, DSJIEMEHTOB M TIPU3HAKOB, 3aJar0IINX
CTPYKTYpy mpoekta. B3aumopeiicTBue 3JIeMEHTOB
onpenensercss cBA3IMU Q, KOTOpbIE COEAMHSIOT 3JIe-
meHThl E 1 npusnaku P B onHO nenoe. Onucanue 00b-
exta O/(A, E, P, Q) B 11erioM SIBIISIETCS COBOKYITHOCTHEO
9THX MHOXECTB.

IIponecc npoexruposanus I1 coctouT u3 nepexo-
JIOB OT OJTHOTO OMKCAaHUs, Ooyiee abCTPaKTHOTO, K APY-
romy, Oonmee xoHkpeTHOMY: I1 = O¢(A, E, P, Q) =>
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O1(A,E, P,Q)=>...=> On(A, E, P, Q). B xone kaxmo-
ro Inepexoja YTOYHSAIOTCS TPeOOBaHMSA WM COOTBET-
CTBYIOII[E MM IPOEKTHBIE PELICHUsI, BEIOUPAIOTCS HX
3JIEMEHTBHI, TapaMeTPBl, CBSI3H.

Jna 3aganus O(A, E, P, Q) mpuMeHSIOT pa3nnd-
HBIE TIPOEKTHBIE SI3BIKU, & BHIOOP METOJIUKH IPOEKTH-
poBaHwus 3anaeT npasmia nepexoaa ot O« A, E, P, Q) x
Oi+1(A, E, P, Q). Bo3M0OXHO aBTOMaTHYECKOE BBIMOJI-
HeHue nepexoqoB cpeacramu CAIIP.

B kagecTBe mpmMepa paccMOTPUM ITOKAa3aHHBIH
Ha puc. | ¢parMeHT onMcaHUs TEXHUIECKUX PEIICHNI
MpOeKTa MOABEMHOT0 KpaHa. OHO cocTaBiIeHO B (hopme
CEMaHTHYECKOHN CETH, COAEpPIKAIIEH B CBOMX BEPLIMHAX
MOHATHUSL TPOEKTUPOBAHMUS B OOJACTH ACHHXPOHHOTO
KPaHOBOTO 3JICKTPONPUBO/IA U CBSI3aHHbIE PA3HOTO PO-
Jla OTHOIICHUSMH Mexay HUMHU. COBOKYITHOCTbH y3JIOB
u pebdep dToro rpada npeacTaBiseT 3HaHUs O paccMart-
PHBAaEMOM IIPOEKTE - HE TOJIBKO (haKTHI, ONUCHIBAIOLIHNE
MIPOEKTHYIO 337a4yy U €€ pPelIeHMs, HO U IpaBuiIa Mpo-
eKTHPOBaHMS, TO3BOJIIONINE AaBTOMATHYECKH M3 H3-
BECTHBIX TNPEINOCHUIOK (TpeOOBaHMH WM Y)K€ TPHHSA-
THIX TEXHHYECKHX PELICHHUIT) BBIBECTH JIOTHYECKUE 3a-
KIIFOUEHHSI — HOBBbIE TPEOOBAaHMS U YIOBJIECTBOPSIOIINE
UM pemieHus. BHUAHO, 9TO CeTh COACPXKUT Kak LU
IIPOEKTUPOBAHUSI BEICOKOTO YPOBHS (IIOABEM I'PY30B Ha
OO0JIBIIYIO0 BBICOTY, OOecreueHHe 0e30MacCHOCTH CHUCTe-
MBI | T.II.), TAK U CJIEAYIOUINE U3 HUX YaCTHBIE TEXHU-
4yeckue TpeOOBaHMUs, U KOTOPBIX MPUBOJSTCS BO3-
MOJKHBIE BApPUAHTHI PEIICHUS] TEXHUUECKHX 3aad.

Ha puc. 1 ucnonp30BaHbl OTHOLICHUS MEXIY
KOHILIENTaMH (TepMUHAMH), COOTBETCTBYIOIIME BBIpa-
KECHUSIM €CTECTBEHHOTO si3bIka ("Bapuant", "Tpebyet”,
"yrouHenue", "IPOTHBOPEYHT"), MMEIOIIMMCS B HC-
XOIHOM TEKCTOBOM OIIMCaHMH TPOEKTa. SICHO, 4TO 1O
Mepe paCIIUpEHHsI IMPOCTPAHCTBA MOWCKA PEIICHUH
KOJIMYECTBO TAKMX OTHOIIEHMH OyIEeT pacTH, OTpakas
pasHooOpa3ue JEKCUKH TEeXHUYECKOTO s3bIKa pa3HbIX
npoektupoBiMkoB. /s addexrrBHoOi aBTOMaTH3a-
[[MM POCKTUPOBAHUS YKCIIO BUJIOB OTHOLICHUH B KOH-
LENTyaJIbHOW MOJENH CTeHJa CIeAyeT OrpPaHH4HTh,
COXpPaHHUB BMECTE C TEM HUX BBIPa3UTEIbHYIO CUIy. BhI-
OpaTh OrpaHMYECHHBIII HAOOP TEPMUHOB MPOEKTHPOBa-
HUSI TIPH COCTABJICHUH MOJICITH TIO3BOJIIET pa3BUTHE
SI3BIKOB  MOJIEJICOPUEHTHPOBAHHOTO TMPOEKTUPOBAHMSL.
Hcnonp3oBanue aist y3ioB W pedep CEeMaHTHUECKOH
MOJENM TIPOEKTa YCIOBHBIX OOO3HAYECHUH sI3bIKA
SysML 3HauuTenpHO YIydIIaeT €e BU3yaJhbHOE BOC-
MIPHUATHE, 2 CEMaHTHKA dTHX 0003HaUCHHUIA BRIOMpaeTCs
He TPOU3BOJIBHO, a 33/1aeTCS CTAHJAPTOM S3bIKA.

SysML [1] 6buT cO3aH U OTHOCHTEIBHO YacTO
UCTIONB3YyeTCs KaK JMHIBUCTHYECKas 0a3a I METOomO-
JIOTUI MPOEKTUPOBAHMSI MMEHHO MEXaTPOHHBIX CUCTEM.
OH 1o3BOJISIET OMMCHIBATh UX amlapaTHOE, IPOrpaMM-
HOE, METOJMUYECKOe, aITOPUTMUYECKOE, METPOJIOTHYE-
CKO€ W JIpyrue BHIBI 00eCIedeHUs], CTPYKTYpYy, KOH-
CTPYKIIMIO, TIPOTEKAIOLINE MPOLIECChl M MOPSA0K Mpo-
eKTUpoBaHMs. JlJI1 pelakTUpOBaHUsI ONMUCAHHUM cyllie-
CTBYIOT CIEIHaIH3UPOBAHHBIE pemakTopsl SysML-
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JHMarpaMM, HHCTPYMEHTBI HX aHAJI3a U Ipeodpas3oBa-
HUSL.

[Tpu mocTpoeHUH KOHLENTyalbHOW HH(pOpPMAIH-
oHHOM Mognenu crenaa JlIl ciemyer mpuaep>kKUBaThCS
psaa mpaBuiI, 00ECTIEYUBAONINX MPOCISKUBAHUE TIPO-
€KTHBIX pEIIECHU, UX YeTKYyI0 CBSI3b C LEJNsIMHU CO3Ja-
HUS  CTeHJa. B TpagullMOHHOM  JOKyMEHTO-
OpPUEHTHUPOBAaHHOM OINHCAaHUM IIPOEKTOB, TaKOE IpPO-
CIIS)KMBaHNE 00ECTIeYeHO HE BCET/a, WM, 10 KpaiHeH
Mepe, He JOCTaTOYHO O4YeBHIHO. A B si3bike SysML
OHO MOAJEPKHUBACTCS Ha YPOBHE CHHTAKCHUCA.

baleHHbIN
KpaH

TpebyeT

CKOpeHHoe
nepemelyeHune
Nerkux rpy3os

TpebyeT

Tpebyer

Onyckanue
CTOFO KPIOKa

Tpebyer

bonbwasn
BbICOTa
noaLema

TpebyeT

Tpebyet

3202?2 PerynuposaHue
P CKOpPOCTH BBEPX
AepemMeLleHns

TOYHEeHWEe
yTOYHEHUE y
[lnanasoH [wanaaoH He
20:1 mexee 2:1
BapuaHT

[
&
BekTopHoe a
P & KOPOTHO- CHuxenne
Gesparumkosoe | @ & CTOUMOCTH
npasneHue 2 SavkayTelo
o
Q
T T
Tpebyer =4 sapua HT/ynonane BOpsie
BapwanT

Ynpaenexwe

TOPMO3OM NipusManon

CKOPOCTH

Tpebyet

BapuaHT MpoTvBopeyuT

HKOAep
MexaHuame

Perynupoeka
TOpPMO3a

MexaHnuama

Tpebyet

Tpebyer Tpebyer

3aluuTa 0
nageHus

OpraHu3auuoHHLIE
MEpOnNpUsATUA

Tpedyet

Puc. 1. ®parMeHT ceMaHTHYECKON CETH MPOEKTa

Kax npumep, Ha puc. 2 mokazaHa JeKOMIO3HUIIH
TpeboBaHui K creHay kpaHooro DII Ha 6a3e yacToT-
Horo npeoOpasosarenst (UI1) B Bune ¢parmenra nua-
rpamMMBbl TpeOOBaHuii, cocTaBlIeHHON Ha s3bIke SysML.
BuaHo, 4TO mMapasienbHO BBICTPAUBAIOTCSI MEpapXust
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TpeOoBanuii (OJIOKK THIa <<requirements>>), uepap-
XM COOTBETCTBYIOIIMX MM TEXHUYECKUX PpeIIeHUIN
(6moxm auarpammbl Thna <<block>>) u cpencrBa ux
MIPOBEPKH Ha COOTBETCTBHE TPEeOOBAHUAM (TaK Ha3bl-
BaeMble TECT-KEeWChl — Onoku Ttuma <<testCase>>).
Kpome TecT-keiicoB Kak CpeicTBO BepUHUKAaIUH HC-
MOJB3YIOT OoKM THIa <<moe>> (measurement of ef-
fectiveness) — aJ1st SIBHOTO yKa3aHUsI KPUTEPHEB OICHHU-
BaHMs KauecTBa MpoekTa. [IpUMEHSIOT Tak ke OJOKU
<<rationale>> nans sSBHOrO OOOCHOBaHHS TIPHHSATHIX
pelieHn, HapUMep, CChIJIKON Ha OIBIT MPUMEHEHHS
WM TEXHUYECKHE OCOOCHHOCTH.

req C'reNAJ
_ «requirement»
«requirement» [wuanasoH
Buicota nogbema perynuposaHus
Text="MNogvem - «refine» | Text="lnanazoH
rpysa Ha perynuposanms 20:1"
GONbLIYIO BBICOTY 1d=R53
ld=12 H
«satisfy»
v
«block» B:tt()':z::);e
YacroTHoe <F— 6e30aTUNKOBOS
ynpasnerue 3 ynpasnexue
«block» «block»
Siemens
SIMOVERT ——-1=>{ [peoGpasosarens
MASTERDRIVES focio el
7 A
: «verify»
i i
<<rationale>>
CreneHb «testCase»
KOHGMrypUpyemocTH Mposepka SMC
W ONBIT NPUMEHEHUA

Puc. 2. Onucanue npoekra Ha s3pike SysML

B nmpumepe Ha puc. 2 yka3aHO, 4TO 4aCTOTHBIN
peoOpa3oBaTeNb CICIYET UCIBITATh HA €ro JIEKTPO-
MarauTHy!0 coBMmecTUMOCTh (OMC). Cease refine Ha
JrarpaMMe TOKa3bIBAaeT ONEPAIMI0 YTOUYHEHUs! Tpebo-
BaHUs, CBsI3b satisfy cBs3bIBacT TpeOOBaHHUE C YIOBJIC-
TBOPSIOIINM MY PEIICHUEM.

DJeMeHTHI MpoeKTa 0e3 TaKuX CBSA3eH aBTOMAaTH-
YECKH CYUTAIOTCS HEIOCTaTOYHO OOOCHOBaHHBIMHU.
MexaHu3M JIOTHUYECKOT0 BBIBOJA HHTEIUIEKTyaJbHON
CAIIP nononHsieTcst IpaBUIaMH MMOMCKA POOJIEMHBIX
9JIEMEHTOB M T€HEPUPOBAHMS IJISI HUX HEOOXOJIUMBIX
cBs3ei. Hampumep, ONBIT NpUMEHEHHS SJIEMEHTOB
CUMTAETCS HMEIOIINMCS, €CIH B CXOJHBIX YCIIOBHSX
OHM MPUMEHSUINCH B APYTUX MPOEKTaX, OMHUCAHUS KO-
TOPBIX yXe ecTh B 0a3ze 3Hanuii CAIIP.

Kak 0coOGeHHOCTh NPOEKTHPOBAHUS HCCIENOBA-
TEJNBCKUX CTEHJIOB YKaXXEM, YTO LIEJIM UX CO3JaHUS HE
CJIEYIOT MPOCTO U3 Kilacca MPOEKTUPYEMOro 00beKTa,
TEXHOJIOTMYECKOT0 IIpoIiecca WM MPOMBIIIIEHHBIX
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CTaH/apTOB, & OIPEAEIISIOTCS, MPEX/E BCEro, 3a/1ada-
MH U pe3ylbTaTaMH IPOBOJUMOTO HAyYHOTO HCCIEN0-
BaHUs, KOTOpBIE IO OMpPEENCHUIO OTIMYAI0TCA BBICO-
KOW CTeNeHbl0 HOBWU3HBL. HO HMXHUE ypoBHU uepap-
XUH IPOEKTHBIX PEIICHUN MOTYT aBTOMATHYECKU I'eHe-
pUpoOBaThcA MO €€ YK€ 33JaHHBIM BEPXHHM YPOBHSAM
MEeTOJaMH MCKYCCTBEHHOI'O MHTEJJICKTa HA OCHOBE CO-
3/TaHHOM 0a3bl 3HAHUM.

Jlist aBTOMaTHYeCcKON MPOBEPKH M Ipeobpa3oBa-
HUSL 10 3aJ@aHHBIM NpaBWJIaM JHarpaMM Ha sI3BbIKE
SysML ux Hy>XHO IpecTaBUTh B (popme 0a3bl 3HAHUHA
kaKkoi-mbo cucremsl MM, manpumep, Protegeo Mon xe
OIIMCAaHUE MPOEKTa CTEHIA Cpa3y BBINOIHACTCA B CH-
creme MM, ¢ yueToM OrpaHHYEHUIl Ha THUIIBI JIEMEH-
TOB MPOEKTA M UX CBsI3eH MO CTaHIapTy s3bika SysML.
XoTsl auarpaMMbl U MPHOOPETAIOT JPYroil BHEUIHUI
BHJ, HO C TOYKH 3pEHHUS IPOCTOTHl IPUMEHEHHUS
Henpogeccuonanamu B obmactu MU Takoit myTs, 6e3
MPOMEXYTOUHBIX CpPEACTB, Ha IPAaKTUKE OKa3ajics
TIpo1Ie.

ITo noctymHOCTH, JETKOCTH OCBAaWBAaHUS M IPO-
CTOTE€ NPUMEHEHHUsS OBUIO NPHHATO PENICHHE HCIIOJNb-
30BaTh maker mporpamm CoGui [2-4], peanusyrommi
metonasl UM Ha 6a3e KoHIleNTyalbHBIX TpadoB — pas-
HOBHIIHOCTH CeMaHTHUeckux cereil. dopmar 06a3bl
3HAHUI ATOTO MakeTa HCIOJIB3YyeTCd U B JPYTUX MPO-
TpaMMHBIX MpOAyKTax — cpena paspaborku WU
TooCoM, 6ubarnoteka nporpamm CoGITaNT. J{st He-
ro Hamu ObUTa co3yaHa OMONMOTEKa YCIOBHBIX 000-
3HaYEHUH DJEMEHTOB IIPOEKTa, COOTBETCTBYHOIAS
ob0o3HaucHusM si3bika SysML. Tak e co3maH U psf
JIpYTuX OMOMMOTEK — Ieneidl MPOEKTHPOBAHMS, 4acTO
3aJjaBaeMbIX TpPeOOBaHMII M COOTBETCTBYIOIIUX WM
MPOEKTHBIX PELICHUN.

Kak npumep, Ha prc. 3 TOKa3aHO NMPABWIIO MPOEK-
THPOBAHUS, COOTBETCTBYIOIIEE MOKAa3aHHBIM Ha pHC. |
U puc. 2 MHPOPMAIMOHHBIM MOAEIIM Kpanooro Ol
Ha Gaze [14:

Conclusion
1 [
==Requirement=x : ¥

Hypothesis

Mogrem Ha fn';.nblu'g,ru:n BBICOTY | ﬁ

A

- | refi

- 7
=
0"
.
o

Awanazon ckopocTy 20:1 1 ¥

Moarer Ha Bonbwyio BbICOTY ! 'I

Puc. 3. IIpaBmio npoekrupoBanus D11

[IpaBuno umeer Bua npoaykuuu O; => O;, TOE
O;, cyxut npeanocsuikor (Hypothesis) ans aBroma-
THYeckd mnpuHuMaemoro 3akmoucHus (Conclusion)
Oi+1, koTopoe yrounsier (refine) paHee umeBLIEeCH
TpeboBaHus. Ecny MpoeKTHpOBIIMK CHavaja BbIOEpET
B Ka4ecTBE U3BECTHOrO (akta TpeboBaHme «Ilogbpem
Ha OOJIBIIYIO BBICOTY» W BHECET €ro B WH(GOPMAIHOH-
HYI0 MOJIeJIb MPOEKTA, & 3aTE€M 3aMyCTHT MAIIUHY BbI-
BOJa 3HaHUH, BXxosmIyto B coctaB CoGui, TO B CIIHCOK
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TpeOoBaHMi MpoekTa OyJIeT BHECEH JUANa30H PeryJiu-
posanwmst 20:1.

[Mpusenem eme onun npumMep. Heobxoaumon xa-
PaKTEPUCTUKON CTEHAOB Il HAYUYHBIX HUCCIEIOBAHUN
SABJIICTCS BBICOKAsl CTCIICHb BO3MOXKHOCTU HUX KOH(bH-
rypupoBanus. CyIIecTBYIOIIME YacTOTHBIE Ipeodpa-
30BaTeNM peaM3yIOT Pa3iIMYHbIE ITOIXOMABI K obecre-
YEHHUIO ATOTO CBOMCTBA - OT MPOCTON MapaMeTpU3alnu
OTJENBHBIX PETYIATOPOB, 10 BO3MOXKHOCTH aBTOMATH-
3UPOBAHHOTO TIPOCKTUPOBAHUS JIIOOBIX W3MEHCHHHN
Bcero BerpoeHHOTO [1O B peoOpas3oBaTensx ¢ OTKPHI-
TOil mporpaMmHOn Matdopmoii. COOTBETCTBYIOMINN
HeOoNpmoN (parMeHT 0a3pl 3HAHWN IO ITOMY CBOW-
ctBy ITY mokazan Ha puc. 4. 1 Bcs 1emnodka mpoekT-
HBIX pelIeHUui OT TpeOOBaHUS KOH(PHUI'YPUPOBAHUS JO
ero pemeHus B mnpeobpazosatene cepun MBS-FCO1
cpeactBaMu cpeabl CoGui MOXKeET TeHeprupoBaThCs aB-
TOMAaTHYECKH - IO CXeMe MOKa3aHHOM Ha puc. 5.

KoHdurypuposaHue
no ny

POEKTUPOBAHUS
Knacc BapuaHt BApHaHT
MexBIOS Off-line On-line
Development onfiguratioj configuration
Studio g

refine

allocate refine

satisfy

N3meHeHue
Firmware

MapameTpwm-
sauma N4

Puc. 4. Cpencrsa xondurypuposanus 114

Hypothesis Conclusion

i I .. *
<<Requirement 2> : Msmererwe firmware N4 *

O
AN
#‘- . i \
ABNASTCA ‘," L ¥ )
A o A
Cr
o

MexBIOS : *

\’

(alloca

AN

WzmeHenwe firmware MY ; *

2

N4 MBS-FCOL : *

Puc. 5. TIpasuno Beibopa ITH

TakuM 00pa3oM, MpeIaraeTcsi CIleayomas
METO/IMKa aBTOMATH3allMM KOHIIENTYaJbHOTO MPOCK-
THpOBaHU cTeHI0B DI1:

1 Ha s3pixke SysML cocraBmsercss HarisimHas
rpaduueckas HH(GOPMAIMOHHAS MOIECITb HMEHOIIUXCS
3HAHUN O MPOEKTUPOBAHUY;

2 TlonyueHnHast Mojielb ipeodpasyeTcs B Gopmy,
UCIIOJIb3yEMYIO B CUCTEME MCKYCCTBEHHOTO MHTEILICK-
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Ta CoGui, ¥ B JaJbHEHIIEM IIOMOJIHSIETCS HOBBIMU
3HAHHUSAMHU 10 MEPE BBINOJIHEHHS IPOEKTHBIX padoT;

3 TpeOoBaHus BbICOKOTO ypoBHs K creHay Ol u
yoKe IIPUHATBIE MPOEKTHBIE PELICHUA TaK K€ BBOLATCS
B CoGui ¢ HMCHOJb30BaHUEM HMEIOLIUXCS OUOIHOTEK
LeNei MPOeKTUPOBaHUs, TPeOOBAHUM, JIEMEHTOB TEX-
HUYECKHUX PEUICHUH, UX [TapaMeTPOB U CBS3EH;

4 CdopmupoBaHHBIE KOHIENTYaJIbHbIE Tpadbl
HCXOTHBIX TPeOOBaHMWH ABTOMATHYECKH COIOCTABIISA-
oTes cucreMot MM ¢ mpaBuiiaMu IPOEKTUPOBAHMSL.
HaiinenHsle mo 3THM mHpaBHiIaM COOTBETCTBHS perIe-
HUN TpeOOBaHMWAM BKIIIOYAIOTCA B MH()OPMAIOHHYIO
MOJIENb IIPOEKTa, KOTOpasi 3aTeM IPOBEPSICTCS U pe-
JAKTUPYETCs TPOSKTUPOBIHKOM;

5 Ionyyennas uH(GOPMAIHOHHAS MOJENb MPOCK-
Ta aBTOMaTUYECKH nposepsercsa cucremoil MU Ha He-
MIPOTHBOPEYNBOCTh TPEOOBAHMI M TPOEKTHBIX pelIe-
HUH. 3aTeM BO3MOJXKEH DKCIIOPT OINMCAHUS INPOEKTa B
TPaAUIOHHYO TEKCTOBYIO (hopMy;

3akiaiouenue. [Ipeyiaraemas MeTOQMKa ITPOEK-
THPOBAHMS CTEHIOB O0JIAAeT CIIEIYIONIMMHI JOCTOMH-
cTBaMH: 1) HarIATHOCTH M ITOJHOTA ONHCAHUS TEXHU-
YecKHX TpeOOBaHUIl M peIIeHuH, 2) aBTOMaTHYEeCKOoe
IIPUMEHEHNE U MIPOBEPKa COOJIIOZCHUS MPAaBWII IPOEK-
TUPOBAHUA, 3) MUHHUMAJIBHOCTH HAaOOpa BBIPA3UTEIH-
HBIX CPEICTB I CO37aHus HHGOPMAIIMOHHON MOIeITH
MMpOCKTa M IPOCTOTAa HCIIOJB30BaHUA IIPOrpaMMHBIX
uHcTpymeHTos UH.

ABTOMaru3aims nporecca Co3JaHus U MpUMeHe-
HUSI TIPaBWJI NIPOEKTUPOBAHMS CTEHJIOB ITO3BOJISIET OT-
HOCHUTEJIBHO JIETKO YYHTBHIBATh MHOTOYHCJIEHHBIE B3a-
HMMOCBSI3M LIeJIeH X CO3/1aHMs C TPEOOBAHUSIMU K TEX-
HUYECKMM PEIICHUSM. DTO IMOBBIIIAET Ka4eCTBO IPH-
HUMAaeMbIX pEIICHHH W TEXHWIECKOW JOKYMEHTAINU
CTEeH[a, yIporas o0ecriedeHne He0OX0IMMON CTETIeHH
JIOCTOBEPHOCTH HAYUYHBIX HCCIIEOBaHUNH. B KOHeUHOM
cuére, mpejylaraeMasi METO/IMKa MOBBIIIAET dPPEKTHB-
HOCTB POEKTUPOBaHMA cTeH0B Ol
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Bukrop bymep, bornan Kpunkuii, Baagucaas Kpuukuii

Pa3paﬁoTRa MPpOTOTUIIA CUCTEMBI YIIPABJICHUSA IJICKTPOMEXaHUYECCKUM 060pwaBalmeM
CYAO0BBIX armapeﬂeii

AHHOTanus. Paspaboman npomomun agmoMamu3upoO8aRHOl CUCHeMbl YIPAGIEHUsL KOPMOBOU U HOKOBOU pamnamu
poakepos ¢ ucnoavzosanuem SCADA Citect, konmpoanepos u 3nekmponpusodos Mitsubishi Electric. C yuemom
ocobennocmeti  koumponnepos u SCADA pacnpedenenvl 3a0auu  mexncoy HuMu, 00eCneyeHa B03MONCHOCHIb
ABMOMAMUYECKO20 NOObEMA/CNYCKA PAMA C CO2NACOBAHHBIM YNPAGLEHUEM 3JIeKMPONPUBOOAMYU U 3AWUMOL Om
sapwieanus umu ompoiea pamn om oepeca. SCADA obecneuusaem yooOHyio pabomy, UHOUKAYUIO COCMOSHUS
MEXAHUZMO8, 8 MOM HUCe A8apull, paciema 3a0aHUll CKOPOCHell J1eKmponpueo0os.

KuaroueBsie ciioBa: Posnxep, annapenv, SCADA, npomvlutieHHbI RpOSpamMMupyembviil KOHMpPOJLiep, npeoopasosameins

uacmomal.

Victor Busher , Bohdan Kritsky, Vladislav Kritsky
Development of a prototype of SCADA for electromechanical equipment of ship ramps

Annotation. 4 prototype of an automated control system for the quarter and side ramps of Ro-Ro using SCADA Citect,
Mitsubishi Electric controllers and electric drives has been developed. Taking into account their technical data, tasks are
distributed between them, the possibility of automatic raising / lowering of ramps with coordinated control of electric
drives and protection against burying or tearing of ramps from the shore is provided. SCADA provides convenient
operation, indication of the state of mechanisms, including alarms, calculation of speed assignments for electric drives.

Key words: Ro-Ro, ramp, SCADA, industrial PLC, frequency converter.

BBenenme. Ponkepel  mpemHasHaueHBl IS
MEPEBO3KH TPY30B Ha KOJCCHOM XOJIy, KOTOpBIC
pacrmoiararoTcss Ha ~ MHOTOYHMCIICHHBIX — Many0ax,
COCIMTHEHHBIX MTOTbEMHBIMU TOPU3OHTABHBIMUA ¥ / TITH
HAKJIOHHBIA TAHIycaMH MEXOy Cco0OH W IBYMS
3arpy309HBIMH paMITaMy (ammapersiMi) — KOPMOBOH U
O0KOBOW — 7151 0OecTieueHHsT ABIDKEHHS TPY30B CBOUM
X0JI0M Ha Oeper miu ¢ 6epera (puc. 1).

Ha ponkepax Noble Ace [2] u Lydden [3] cucTemsr
nogbeMa / CIycka KOPMOBOW © OOKOBOW pamil
IMMOCTPOCHBI JCCATUIICTUS TOMY Ha3azg u

IIPEelyCMaTpUBalOT TOJbKO PYYHOE YIPABJICHUE WIU
HCIIOJIB30BAHKME THUIPABIMYECKOrO IPUBOJA, YTO HE
COOTBETCTBYET COBPEMEHHBIM TPEOOBAaHUSIM K Cylam
9TOro Kjacca.

Puc. 1. TunoBast KOHGUTypanus rpy30BbIX Maxyd U
anmapesei Ha poisikepe (1 — kopmoBas pamria, 2 — 60KoBast
pamna, 3 — HaBec, 4 ... 9 — noABEMHbBIE U [TOJIBUYKHBIE
MaHIychl ¥ naryosr) [1]

Hens padorsl — pa3paboTka TPOTOTHIIA
aBTOMaTU3MPOBAHHOM CHCTEMBI YIIPABICHHS PaMIIaMU C
HCIIOJIb30BAHUEM COBPEMEHHBIX  DJIIEKTPOIIPHUBOIOB,

TMPOMBIINIJICHHBIX KOHTpPOJUICPOB u CpCaCTB
BU3YyaJiu3aluu, AUCIICTUCpU3aAIU U Ha6J’IIO)IeHI/IH
(SCADA).

Pazpaborka SCADA ammapeneit. Kopmosas
anmapenb COCTOMT M3 JBYX CEKIWi, W OCHOBHOM
0COOCHHOCTBIO €€ PabOTHI SBISACTCS HEOOXOIUMOCTH
COTJIACOBAHHOTO YIIPABJIECHHUS TOABEMOM M CITyCKOM
Tak, 9YTOOBI HOC pamIlbl HE 3aphUics B Oeper Wi He
MIOJHUMAJIOCH OYEHb BBICOKO. Kpome Toro, BO Bpems
CIycKa paMIibl 1-10 CEKIMI0 OIyCKalwT, a 2-10 —
MMOJHUMAIOT, a BO BpeMsl MogbeMa — HaoOopoT. DTo
ycIoxkHseT paboty onepatopa. [Ipu pabore B pydyHOM
peXUME IS HMCKIIOYEHHS! OMIMOOK BCE OINEepalyu
BBINOJIHSIOTCSL  MTOCJIEJOBATENbHO ISl OTJENBHBIX
CEeKIUI C BU3YyaJIbHBIM KOHTPOJIEM TOJIOKEHHUS PaMIIbl.
Taxoke a5t KOPPEeKTHOH pabOTHI paMITbl YCTaHOBJICHBI
JaTYNKN yTIiia OTKJIOHEHWS MEPBOM CEKIIMU PaMIIbI OT
BEPTHUKAJIH, TTOCIIE TPOXOXKACHHS KOTOPHIX HEO0X0IMMO
BKJTFOYaTh MEXaHU3M IT0JbEMa BTOPOI CEKIIMH BO BPEMS
CIlyCKa paMmbl MM CIYCKa 3TOW CEKIHUH BO BpPEMS
nmoabeMa paMIibl.

Jns  aBTOMaTu4eckoW CHUCTEMBI  yIPABICHUS
HEOOXOJMMO pPACHPENEINTh 30HBI OTBETCTBEHHOCTH
Mexy koHTpomnepoM 1 SCADA. C yueToM Toro, 4to
THUIIUYHAaA JJIMTCIIBHOCTD UKJIa KOHTpOJUICpa
COCTaBJIACT €AUHUILIbI MUJUIMCEKYHI, OHA MOKET 6])ITI)
olpefieJieHa TOYHO, M 3a 3TO BpeMs 00s3aTeIbHO
BBINOJIHAIOTCSL BCE OIEpalyy INPOrpaMMbl, TO Ha
KOHTpOJUIEp HEOOXOJIUMO BO3JIOKHTH OTBETCTBEHHBIE
3aJaydl Iepefladyn YHpaBIAIOMNX KOMaHJA, aHalIn3a
COCTOSIHMSI Ka)KJJOTO HCIIOJHHUTEIBHOTO 3JIEMEHTa |
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aBapuiiapix curyammid. A SCADA ¢ mukiom
ucrioiHeHus: npumepHo 0,05 ¢, KOTOpPBI MOXKeET
CIydaifHBIM 00pa3oM U3MEHATHCA W3-32 (DOHOBBIX
IIporpamm, JIOJDKHA 0oTpabaThIBaTh KOMAaHIbl
orepatopa, (OPMUPOBATH JHArpaMMBl  CKOPOCTH
(monosxeHus1) MEXaHW3MOB Ha OCHOBAaHHHM KOMAaHI U
nHpOpMAMM  OT  JAaTYUKOB M 0O0ECHeyrBaTh
BH3YaJIM3alUI0 TPOILIECCOB, COXPAHEHHE IPOTOKOJIOB
JeHCTBUI olepaTopa M JaHHBIX IITATHBIX H aBAPUHHBIX

JaTYHUKOB. Ha OCHOBaHHH 9TOTO pa3pa60TaHa
BU3yaJIbHAd CHUCTEMA, B KOTOpOﬁ OTO6pa)KaGTC$I
IIOJIOKCHHUEC paMIIbl, COCTOSAHHEC OTACIBHBIX

TEXHOJIOTUYECKUX JNaTYMKOB, KOODAMHAT W OpPraHOB
ynpasieHus. Ha puc. 2 npuBeJeHbsl HECKOIBKO KaJpoB
C KITIOUYEBBIMH MOJ0KEHUSIMH PAMIIBI.

Bosmoxnoctu SCADA mo3BOJSIIOT peannu3oBaTh
HEKOTOpBIE CrielHaIbHbIe d3Q(EKTh, KOTOPhIE C OJJHOM
CTOPOHBI IIOMYEPKHBAIOT Ha OJKpaHe Ba)KHEHIIHUE
cOOBITHS, a C JAPYroid CTOPOHBI —YMEHBIIAIOT
KOJIMYECTBO Ipa)MYeCKUX DIIEMEHTOB.

Tak, KHOIKH 3a CYeT W3MEHEHHI LBeTa
OJITHOBPEMEHHO BBITIONHAIOT (YHKLIUH HHIUKATOpA
JEHCTBUSA - OHH IEPelaroT KOMAaHIy KOHTPOIUIEpY U
[OTy4al0T OT HEro MOATBEP)KACHUE BBITOJHEHUSA
ornepanyy, GUKCaTOpPbl MEHAIOT OYEPTaHHS U IBETa B
COOTBETCTBMHM _C KOMAaHIAMH H HX (baxkTHYECKUM

COCTOSTHHEM: @@ — OTKDBIT; = 3aKpBbIT;

N aBapusi, €CIIM COCTOsIHHE (DUKCATOpPOB Ha
JICBOM U / WIIK TIPAaBOM OOKax pamIibl HE COOTBETCTBYET
3a/IaHHOMY TIOCJIE OMPEEIEHHON 3aJIepP>KKU BPEMEHH.
3a  OCHOBY TpadUUeCKUX  DIIEMCHTOB  B3STHI
M300pakeHUS W3 TEXHUUYECKOTO MACIopTa MpuOOpoB
[1], HO MIA MOMYEpKUBAHHSI COCTOSIHUS C MOMOILBIO
Bitmap Editor n3meHeHs! 1BeTa.
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Puc. 2 - BusyansHoe opopmierne paboTel KOPMOBOK pPaMITBI
(a — pamna mogHsATa U 3adUKCUPOBaHa; O — camasi HU3Kas
TOYKa HOCA IIPH CITyCKe; B — paMIia Ha Gepery)

JlononHuTenbHble  TpauYecKue  3JIEMEHTHI
OTOOpaXAIOT HAaNpaBleHUS [BIDKEHHS TPOCOB Ha
OCHOBAaHMM 3HaKa CKOPOCTH COOTBETCTBYIOILETO
JIEKTPOIIPUBOJA, YTO TAKXKE IOTYEPKHBACTCA C
IIOMOIIBIO IIBETAa W HAmpaBicHUS cTpesok. OpraHbl
YIpaBICHUSI CIPYNIHPOBAHBI Ul KaKAOM CEKIMH U
OTAEIBHO JUIsl aBTOMATHYECKOT 0 YIIPABICHHS PaMIIOH, a
TaKxKe PacToioKeHbl y n300pakeHuH
COOTBETCTBYIOIUX MEXaHH3MOB.

SCADA 060K0OBOIf paMIBl TIOCTPOEHA 10 TEM XKe
npuHnunaM. Ho cymiecTBeHHBIM oTiandyneM OOKOBOH
paMIIbl SIBJISIETCSI BO3MOXKHOCTh HE TOJIBKO MOABEMA U
CIycKa Ha Oeper, HO U MepeMeIIeHHs TOUYKH OIOpHl Ha
0opTy cynHa K HeoOXxoamMmol mamybe — 5, 6a, 6b,
MaxLevel.

ITosTomMy anroputm pabOTBHI INperyCMaTpUBACT
KOHTPOJIb IByX KOOPANHAT — MOJ0KEHUE TOUYKH OTIOPHI
B COOTBETCTBHHM C KOMaHAaMH OIEpPaTopa, aHAJIOTHIHO
TUQTY, U COyCK / moabeM pamiibl. [lookeHne TOUKU
OIOpBl BIMSET HA MEXaHW3M I[OJbeMa pPaMIbl —
MaKCHMAaJIbHBIH YTOJI CITyCKa 3aBHUCUT OT HaiyOBbl,
HaIpOTHB KOTOPOH 3apKCHpOBaHa pamma.

B SCADA peamm3oBaHa (yHKIUS KOHTPOJIS
paccTosTHUS paMIlbl OT Oepera HE3aBUCHMO OT TaTyOBbl,
YTO 0OECIIeUNBaET 3aIUTY OT 3apbIBAHUS WIIM OTPHIBA
pamisl OT Gepera.

CocTtosiHHE
rpadrIecKuMu

¢uxcaropoB
JJIeMEHTaMU:

oTtoOpaxkaercs
TaKUMH ~ Ke, Kak

KOPMOBOH paMmIibl MpH (UKcauu K O0OpTy H E,
E, !ﬁ - 1yt GUKCATOPOB OMOPHI pamibl. KHOMKH
ynpaBJieHds (PUKcaTOpaMH, oJbeMa / CIyCKa OIIOpEI,
aBTOMATHYECKOTO  TMOJbeMa /  CIyCKa  PaMIIbl
PacIoJIOKEHbI HEMOCPEICTBEHHO psioM c
COOTBETCTBYIOIIMMH MEXaHU3MaMH.

[Tanenp crnpaBa COOTBETCTBYET (aKTHUECKOMY
BUJAY CEKIMU YIpPaBICHHUs PaMIIOH M C IIOMOILIbIO
rpaguyeckux 00pa3oB «IaMI» U «IIepeKIroyarencii,
KOTOpbIE MEHSIOT CBOM I[BET M Yyroj IOBOPOTA,
OTpaXkaeT COCTOSTHUE MEXaHU3Ma.

OCHOBHBIE MOJIOKEHUsI OOKOBOH paMITbl Ha DKpaHe
SCADA noxa3aHsl Ha puc. 3.

SIDE RAMP/DOOR

Al 000680
;| SO00000
2 op @OP
2 f ® ® @
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Puc. 3. BusyansHoe odopmireHHE paboThl GOKOBOI pamIts (a
— paMIa 1mojHsATa U 3ahUKCHpoBaHa; 6 — paMma Ha Oepery; B
— paMma cIryckaercs K nairyoe 6b)

Jns otoOpaxenus rpagpudeckoro obpasa Tpoca,
KOTOPBIf  CO3MaeT  LENOCTHOCTh  H300pa)KeHws,
UCMOJBb30BaHbl  (DYHKIUH  MacliTabUpOBaHHA U
MOBOPOTAa HAa OCHOBaHHMM pacyeTa 3HAYCHHH JTHHBI
L rope v yrna fi rope B 3aBUCHMOCTH OT IOJIOKCHUS
TOYKH OTIOPHI paMIibl s_deck W yTia MOBOPOTa paMIIBI
s_fi:

L _rope=Sqrt((875-s_deck*60)*(875-s_deck*60)+
800%800-2*(875—s_deck*60)*800*Cos(pi/2+s_fi)),
fi_rope=pi/2—ArcSin(800*Sin(pi/2+s_fi)/L_rope).

Ho, kpome rpaduueckoro u300pakeHusl, pacyeTt

YCIOBHOW  JUIMHBI ~ TpOCa  JaeT  BO3MOXKHOCTh
copMHUPOBATH 3a/1aHKE CKOPOCTH IS AIEKTPOIIPUBOIA
MeXaHu3Ma TMOABEMa paMIbl JIsi  00eCHeUYeHHUs

TOCTOSIHHOM YTJIOBOM CKOPOCTH:
v_rope=—(L_rope—L_rope_0ld)/0.05,
L rope_old=L rope.

Pa6ora SCADA Ha KOMIBIOTEpE MPOUCXOIUT B
peXUME OMYIALUH TOPOIECCOB C  JIOKANBHBIMU
nepeMeHHbIMU. HO BCe KOHCTaHTBI U NEpEeMEHHbIC B
nporpamMmme SCADA COOTBETCTBYIOT TeraM, CBSI3aHHBIM
¢ mporpammoil koHTposuiepa. IloaTomy mepexon Ha

pabouylo BEpCHIO IPOrpaMMbl C HCIIOJIb30BaHHUEM
KoHTpo/utepoB  Mitsubishi  Electric FX3U [4] u
mpeobpaszopareneii gactotsl FR-F800-E [5] moxer
OBITh OCYIIECTBJICH 32 KOPOTKOE BpeMs IIyTeM
NEPEMCHICHUA JIOKAJIbHBIX TMCEPEMCHHBIX B TCrU C
OPUBSI3KOW K COOTBETCTBYIOIIUM  (PU3HYECKUM
JVMCKPETHBIM W aHAJIOTOBBIM BXO/JaM M BBIXOAaM
KOHTPOJUIEPA ¥ €r0 BHYTPEHHUM ITEPEMEHHBIM.

BoiBoabl. Pa3paGoTaHbl MPOTOTHIIBI  CHCTEM
VIpaBICHHS KOPMOBOH M OOKOBOW  ammapensmMu
POJIKEpOB UIi 3aMEHBl PYYHOIO YIpaBJICHUS Ha
aBTOMATH3MPOBAHHbIE CHCTEMBI C HCIIOJIb30BAHHEM
SCADA Citect, TpOMBINUICHHBIX KOHTPOJUIEPOB H
yIpaBJsieMbIX deKkTponpuBoaoB Mitsubishi Electric. B
KOH(UTypaIMy CUCTEMBI YUTEHBI 0COOCHHOCTH PabOTHI
koHTpoiiepoB U SCADA, 4To  mO3BOJIWIO
pacrpefiesuTh 3aJadyll MeXAy HUMH, M obecredeHa
BO3MOXKHOCTh aBTOMATHYECKOTO MoOJbeMa / CIycKa
paMIl C COIJIACOBaHHBIM YIPAaBICHHEM 3JIEKTPO-
MIPUBOJIAMH CEKIINI KOPMOBOH armapesid 1 MEXaHU3MOB
nogseMa / CIycKa paMIlbl U TOYKH OIOpPBI OOKOBOW
anmapesy, B TOM YHCIIe [UIS 3alUThI OT 3apbIBAHHUS I
OTpbIBa pamn OT Oepera. Cucrema BU3yajH3alldd 3a
CYeT COBMEMICHNUS IrpaduecKux 00pa3oB, KOHTPACTHBIX
[[BETOB, PACIIOJIOKEHNS OPraHOB YIPABICHUS PSIOM C
n300paXKEHHEM  COOTBET-CTBYIOIIETO  MEXaHH3Ma
obecrieunBaet y1o0HyI0 padory.

CoracoBaHHOE YITPaBJICHHsSI MEXaHU3MaMU PaMIl
o0ecrieunBaeTcsl pacyeToM JIMHEHHBIX CKOpocTeil |
COOTBETCTBYIOIIMX  33JaIOMIMX  CUTHAJIOB  JIIS
JJIEKTPOIIPHUBOJIOB HA OCHOBAHWU M3MEHEHUSI YCIOBHOM
JUIMHBI TPOCOB B CHCTEME BH3yalM3allid 3a CYET
TOYHBIX TIPOTIOPIMH rpaguyecKux 00pazoB
(aKTHYECKNM pa3Mepam amnmapeseH.
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KOpunii Kyrtosoii, fIpocnas Kupuienko, Tatbana KyHuenko

ABTOMaTHYeCKOE YHupaBjg€HUuE CKOPOCTHBIM PEKUMOM PEJIbCOBBLIX TPAHCIIOPTHBIX CPEACTB €
nmoMoumbIo TEeXHOJIOTHi KOMIIIOTEPHOI'0 3p€HUA

AHoTaumusl. PaCMompeHHbl BO3MOINCHOCMU NPUMEHEHUS COBPEMEHHBLX AICOPUMMOE KOMNIOMEPHO20 3PEHUA ons
CO30aHUsL CUCMEM aBMOMAMUUECKO20 pe2yauposanust ckopocmu npu@odoe PelbCoBblX MPAHCNOPMHBbIX cpedcme.
Ilokazano umo YKasawnsvle ajicopummsl nNoO360JA10M €030amb  CUCTNEMbL ABMOBONCOCHUSL U CUCTEMbl peaiuzayuu

MAKCUMANbHOU CUIbL MS2U NO YC068UIO cCYenjieHUsl.

KioueBslie ciioBa: peibcogoe mpancnopmuoe cpeocmeso, INeKmponpugoo, KpUSU3HA nymu, KOMRIOMepHoe 3peHue.

Kutovoj Yuri, Kyrylenko Yaroslav, Kunchenko Tatiana

Automatic speed control of rail vehicles using computer vision technologies

Annotation. Possibilities of using modern algorithms of computer vision to create systems for automatic control of the
speed of drives of rail vehicles are considered. It is shown that these algorithms make it possible to create auto-driving
systems and systems for realizing the maximum traction force based on the adhesion condition.

Keywords: rail vehicles, electric drive, rail track curve, computer vision.

Brenenne. CkopocTtHOH PEeXUM PETBCOBBIX
tpancnoptHeix  cpeacts (PTC) wu, B wacTHOCTH,
KEJIE3HOJJOPOKHOTO TPAHCIIOPTa BO MHOTOM 3aBUCUT OT
KpUBH3HBI IyTH. KpuBH3HA mMyTH TpeOyeT yMEHBIIEHHS
CKOPOCTH JBIDKEHHS, a O3TO B HaCTOsIIee BpeMs
OCYIIECTBISIETCS MAIIMHUCTOM B  COOTBETCTBHH C
rpauKoOM JIBUIKEHUSI.

AHanmu3 aBapHHHBIX CUTyallMi Ha JKeJe3HbIX J0porax
MOKa3aJI, 9TO MPUYHUHOW OONBIIMHCTBA CXOAOB C PEIBC
SIBJIAETCS. YENIOBEYECKUH (DaKTOP M COCTOSHHE KENIE3HO
JOPOKHOTO TOJOTHA. [l03TOMYy B COOTBETCTBHH C

MexayHaponHsiM crangaptom IEC 62290 — 1:2014
HEOOXOAMMO  TOBBIIIATE  CTENEHb  ABTOMATH3AIMU
JKEJe3HOAOPOXKHOTO  TpPaHCHOpTa A0 TPEThero H
YETBEPTOTO  YPOBHS, HCKIIOYAIOUIMX  YEIOBEYECKHH
¢axrop [1].

Pemenne »5Toil 3agaud  BO3MOXKHO Ha OCHOBE
TEXHOJIOTUH KOMITBIOTEPHOTO 3peHus u

MHTEIUICKTYAIbHBIX CHCTEM YIPABICHUS JICKTPUUYCCKUM
npusosiom PTC [2, 3,4, 5,6, 7].

Heas. Lenpto HacTosmIEeH paboOTH SBIsETCS pa3paboTKa
Ha OCHOBE alrOPUTMOB KOMITBIOTEPHOIO 3pEHUS CHCTEM
aBTOMAaTU4ECKOro peryIMpoBaHus CKOpPOCTH
anekrponpuBoga PTC B 3aBUCHMOCTH OT KPUBHU3HBI IIyTH
KEJIe3HOJOPOXKHOTO MojoTHA. C 3TOH mesnblo Ha KaOWHY
MAaIIMHUCTa YCTaHABIMBAeTCS KaMepa KaK IOKa3aHO Ha
pucyHke 1.

Ha sroii cxema kamepa opMupyeT BUIE0 MOTOK, KOTOPbIN
MOCTyMaeT Ha OJI0K 00paboTKM M300paXKEHHsI TOKaPOBO.
Jns mpencraBieHus Kaapa UCHOJNB3YeTCs MaTpuia A
pazMepHOCTh KOTOpoil N; X M; COOTBETCTBYET BBICOTE U
mypuHe Kanapa 3HadeHust Ny 1 M, 3aBUCST OT HACTPOUKH
kamepbl. Ha BeIxome Omoka o0OpabOTKM HM300paskeHHs
dbopmupyercss matpuiia B pa3mep CTOJIOIIOB KOTOPOi
COOTBETCTBYIOT KOOPJHMHATaM JIEBOTO M ITIPABOr0O pejbca
COOTBETCTBEHHO, a pa3Mep CTpPOK N, paBeH KOJIUYECTBY
To4eK. biok aHanm3a MOIy4eHHBIX KOHTPOJBHBIX TOYEK

29

¢dopmupyer mMatpuity C, KOTOpasi XpaHHT JiBa 3HaueHus] R
u D, rae R 310 3HaueHMe pamuyca KpUBH3HBI PETHCOBOTO
MOJIOTHA, a 3HaueHne D paBHO kony AedeKTa Ha MOJIOTHE.
Kon nedexra paBHseTcs equHUIE B ClIydae 0OHapYKEeHHs
nedekTa B MPOTUBHOM ClTy4yae KOJl paBeH HyIo. BeixogHoe
YCTPOHUCTBO (hOPMHUPYET CUTHAN 33/1aHHSI CKOPOCTH.

Puc.1. Cxema nonyueHust H300pakxeHHs ¢ TOMOIIHIO
KaMepbl

Marepuan wucciaenoBanus. l3oOpaxeHne ¢ Kamepsl
oOpabaTbIBaeTCs B OIPENENIEHHON ITOCIEeI0BATEIFHOCTH
MOKa3aHHOW Ha PUCYHKE 2.

Marpuua B

Pa3MEPHOCTBI
N, X4

Marpuna A
Pa3MEPHOCTBIO|
N XM,

Marpuua
Cix2 = (R D))

VYetpoiicTBo Usa(s)
(hopmupoBanus
YNIPaBJIAIOLIETO

CHrHajia

Ananmz
KOHTPOJIbHbI
X TOYeK

Bok
o0paboTkn
H300paKeHust

Kamepa

Puc.2. dyHknuoHanpHast cxema KaHajia 00paboTKH
n300paKeHUS

B Oioke 00pabOTKH H300paKECHHS HCIIONIB3YETCs
OuOMMOTEKa aNrOpPUTMOB KOMIIBIOTEPHOTO 3pEHHS C
OTKPBITHIM UCXOAHBIM KojioM OpenCV [8, 9]. Biok-cxema
ITOpUTMa, pealn3yonero o0paboTKy H300pakeHHs
nokazana Ha puc.3. IlporpaMMHUpOBaHHE BBINOJIHEHO C
UCTIONIb30BaHueM si3blka Python, KoTopelii nocTaTodHO
xoporo comnpsiraercs ¢ ondmrorexoit OpenCV.
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Puc.3. briok-cxema anroputMa 006paboTKn H300pakeHHs

Pa}myc KPpUBU3HBI NYTH HAXOAUTCA IO TpEM
KOHTPOJIbHBIM TOYKaM, IO pE€3yJjbTaTaM CPaBHCHUSA TOUCK
JICBOIO MW IPABOro pejibCa OTHOCUTCIIBHO Apyr Apyra,
ONPEACICHUE PACTOSAHUA CABUTa MEXAY TOYKAMH H3-3a
KPUBU3HBI.

Ha puc4 mpuBenena OioK-cxema — anropurMa
W3MEpEHUs] KPUBHM3HBI IYyTH M ONpEJeNeHUsl Ie(eKToB
TEOMETPHH JKEJIe3HO JOPOKHOTO TTOJIOTHA.

[Hanee, B coOTBETCTBUU C (DYHKIIMOHAIBLHON CXeMOM
KaHaa 00pabOTKH M300pakeHHs, (HOPMHUPYETCS CHUTHAI
yOpaBlieHUs Ha AJIEKTPONPHUBOA, OOECHEeUUBAIOIIHIA
CHI)KEHHE CKOPOCTH B 3aBUCUMOCTH OT KPUBH3HBL.
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Puc.4. brok-cxema anroputma onpeaeneHus
KPHUBU3HBI ITyTH U 1€(DEKTOB reOMETPUH TIOJIOTHA

Ha puc.5 npusenena cTpyKTypHas cXema TATOBOIO
JJIEKTPONPHBO/IA, HA KOTOPYIO BO3/CHCTBYET CHTHAT C
KaMephbl TIOCTIe COOTBETCTBYIOMIEH 00pabOTKH.

formation of

thesignal | Use(s)
according to

the frame from

NN

@:(5)

the camera

Mc(s)

Puc.5. CrpykTypHas cxema TSIroBOro JMEKTPONPUBOAA

CTpykTypHas cxema, MOJy4eHHas IpH CIETYIONUIIX

JNOMYUICHUSIX: Harpyska Mexay asurarensimu PTC
pactipeneneHa paBHOMEPHO, MEXaHUYECKHE
XapaKTCPUCTUKH  CHCTEMBI HAa  padodYeM  ydYacTKe

JTUHEHHBIE, IBUTATENb U MpeoOpa3oBaTenb MpeCTaBICHBI
anepuoANYECKUMU 3BEHbSMU, XapaKTEPUCTUKA CLICTUICHUS
HMMEET BOCXOSAIMI U MAAAI0IUN YHaCTOK.

OCo0EHHOCTBIO IaHHOW CTPYKTYPHI SIBISIETCS HATNYNE
B Hell HelipoperymisTopa NN 00ecreunBaromero 3aJaHHoe
Ka4ecTBO MEPEeXOJHOr0 Mpoliecca BO BCEM JMANa3oHe
Harpy3Kd © TIpH HAXOXXACHWM pabodell TOYKH Ha
nagaromeM yyactke [10, 11].

WNmuranmoHHass ~ MOJENb  3JIEKTPONPUBOJA €
ABTOMAaTHYCCKUM peryjmpoBaHuCeM CKOPOCTHU B
3aBUCUMOCTH OT KPUBH3HBI [Ty TH, OIPECIIEMOM KaMepoi,
MIOKa3aHo Ha puc.6.
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Puc. 6. ImuTarmoHHast MOENH AIIEKTPOIIPHBO/IA C
aBTOMATUYECKUM PETYJINPOBAHUEM CKOPOCTH B
3aBHCHUMOCTH OT KPUBU3HBI Iy TH

Mopenb, MOTydYeHHAs MyTeM HHTErpalud 0a30BBIX
6nokoB Simulink co ckpuntom. Jlis  YHCIEHHOTO
IKCTICPUMEHTA HCHOJIE30BAHO TOTOBOE
BUJIEON300paXKeHHE JKEJIE3HOIOPOIKHOTO Iy TH,
HMEIOIIEero KpuBU3HY. Kajp U3 3T0oro BUaeo MpHBEICH Ha
puc.7.

Puc. 7. Kaap u3 Bugeon3o0paxeHus ¢ ykazaHuem
KOHTPOJIbHBIX TOUEK
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MopenupoBaHue CHCTEMBI 0Ka3aJIo ee
paboToCIIOCOOHOCT, YTO TPOSBIIETCS B YMCHBIICHUH
ckopoctu nswkerns PTC npu nemxennu PTC Ha ydacTke
OyTH C KpUBM3HOH. Pe3ymbraTel pacueToB Ha
MMUTAIIMOHHON MOJIeNY TIoKa3aHbl Ha puc.§, 9, 10.

70 T T

£40- =

|
(] 100 200 300 400 500 600 700
te

Puc. 8. HekoTopsie pe3ysibTaThl MOJETHPOBAHUS
CHCTEMBI C aBTOMAaTHYECKUM PEryIHpOBaHUEM CKOPOCTH.
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Puc. 9. Ilpumep KpuBU3HBI HA OCHOBAaHUU KOTOPOM
MIPUHAMAETCS PEIICHNE O CHI)KEHUH CKOPOCTH
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Puc. 10. IIpumep KpHBH3HBI HA OCHOBAaHUHU KOTOPOI
MIPUHAMAETCS PEellieHne O BO3BPALEHHH CKOPOCTH B
HCXOJIHOE ITOJIO’KEHHE
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Boion. IloBeimienue ypoBHs aBroMartmsauuu PTC
BO3MOXHO HA OCHOBE TEXHOJIOTMH KOMIIBIOTEPHOIO
3peHwusl. JlanHbie TEXHOJIOTHUH 00ecreurnBaroT
ABTOMATUYECKOE YIMPABICHUE CKOPOCTHBIM PEXUMOM,
MIO3BOJISAIOT BBIABUTH ME(ESKTHI HA IIYTH M MPEMATCTBUI Ha
MyTH, aloT  BO3MOXKHOCTH  cO34aThb  CHCTEMEI
aBTOBOXKJICHHMS, YTO B KOHEUHOM HWTOIC IOBBIIIACT
OeszomnacHocTh nBrkenus PTC.
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Enena Hazaposa, Upuna MeJieniko

Moneﬂnponaﬂne 0co0eHHOCTEeli BOSHUKHOBEHHS 3aBAJIOB MHEBMOTPAHCIIOPTHBLIX CUCTEM

AHHOTALMSL. Yuyumuleas sampamvl 21eKMpOIHepeull U 00beMbl NPOU3B00CMEa NpU NHEEMOMPAHCIOPMUPOBKE
CHINYYUX MATNEPUANO8, AKMYATLHIM AGIACMCA CHUNCEHUE PACX00d CHCAMO20 8030YXa, Yiem npu paspabomxe cucmem
aA8MoMamu4ecKo20 Ynpaesienus nomepu 0aeieHus, e1usiouell Ha 603HUKHOBEHUs 3A8AI08, HA 8bIX00€ NHEEMOMPACCHL.
Paspabomanvi modenu s1eKkmponpugooa NHeGMOMPAHCHOPMHOU CUCMEMbL, NOTYYEHbL SPAPUKU ITNEKMPOMEXAHUYECKUX
npoyeccos, noomesepacoarouue eé adekeamuocms. HMcnonv3o6anue Ha36aHblx MoOOerell HO380IUM CIKOHOMUMY 8DEMS U
cpedcmea Ha nposedeHue npedsapumenbHuiX IKCNEPUMEHMO8 Npu  paspabomke HOBbIX U MOOEPHU3AYUU
Cyuecmsyowux NHeBMOMpaAHCHOPIMHBIX CUCTEM.

KiroueBble ci10Ba: nuesMompancnopmuas cucmema, 3a6ai, Coinydue Mamepuaisl, CUCmema ynpaesieHus,

9Hep203hPexmusHoCmb.

Elena Nazarova, Iryna Meleshko

Modeling of the occurrence of blockages in pneumatic transport systems peculiarities

Anneotation. Considering the cost of electricity and production volumes during pneumatic transportation of bulk mate-
rials, it is relevant to reduce the consumption of compressed air, to take into account when developing automatic con-
trol systems, the pressure loss affecting the occurrence of blockages at the outlet of the pneumatic line. Models of an
electric drive of a pneumatic transport system have been developed, graphs of electromechanical processes have been
obtained, confirming its adequacy. The use of these models will save time and money for preliminary experiments in the
development of new and modernization of existing pneumatic transport systems.

Keywords: pneumatic transport system, blockage, bulk materials, control system, energy efficiency.

Bgenenue. ITHeBmMaTH4ecKnit croco0 000py/IOBaHUsI, TEXHUYECKHE I1apaMeTphl ITHEBMO-
TPAaHCTIOPTHPOBKH  CHITyYHX MAaTEpPHAJOB IIHPOKO TPAHCIIOPTHBIX YCTAaHOBOK BO MHOTIOM 3aBUCST OT
pacIipocTpaHeH Ha MPEANPUSTHIX METaJLTypPriaiecKom, PEKUMOB JIBYDKCHUS CBIMTYYHX MaTepHaoB,
TOPHOHM, DHEPTeTUYECKOW, XUMHUUECKOH, QapMarieB- BO3MOXXHOCTH  aBTOMAaTH3allMd  IPOLECCOB  HUX
TUYECKON MPOMBINIJICHHOCTH, B arpo-IPOMBIIUICHHOM TPAHCIIOPTHPOBAHUS. YAEHBHBIH pPacxoa DJIEKTPO-
KOMIUTeKce U cTpoutenscrse [1-2]. TpyOompoBomHbIit SHEPTMH W W3HOC TPyOONpPOBOJA, OMIpEAETseT €ero
TpaHcnopT coctaBiseT 30 % Bcex MPOMBIIUICHHBIX 3G PEKTUBHOCTD U 3aBHUCAT OT UCIIOJIB3YEMOT0 PeXKHMA
TPaHCIIOPTHBIX CHCTEM, qTO 06yCJ'IaBJ'II/IBaeT TpaHCIIOPTUPOBAHUA. OHTI/IMI/ISaLH/IH OJICKTPO-
AKTYaJIbHOCTDb paCCManPIBaeMOﬁ TemMaTuku. Pa3Burtue MEXAaHUYECCKHUX TIPOLUECCOB TNEPEMECIICHUA CBIITYYnUX
TEXHOJIOTUH TPaHCIIOPTUPOBAHUS CBIIYYHX MaTepHaloB, a TaKXKe CO3JlaHHUE DHEProcOeperaronux
MaTepHaloB HAIpaBIICHO Ha CHIKCHUE Y/AEIbHON croco6oB ITHEBMAaTH4ECKOTO TpaHCIIOPTa,
CTOMMOCTH  TPAaHCHOPTHPOBAaHHMS  OJHOH  TOHHEI paboraromiero B €ro  HECTaOMJIBHBIX  pEKUMAaX,
CBIIYYEro MaTepHala 3a CUeT CHIKEHHS MOTpeOIeHUS SIBIISIETCS aKTYaJIbHOH 3a1auei.

JIEKTPOIHEPTUH B TIpOIEcCe TPAaHCIIOPTHPOBAHUS; Heabr padoThl - MoIEIUpPOBaHNE OCOOCHHOCTEH
paboTBl C MHHHMAaJbHO JOMYCTHMBIM JIaBJICHHEM B BO3HMKHOBEHHSI 3aBaJlOB B ITHEBMOTPAHCIIOPTHBIX
ITHEBMOTpPAcCe, IIO3BOJSIONIEH BBIOPATh  DIIEKTPO- cucTeMax pH TPaHCIOPTHPOBKE CBIITyYHX
JIBUTATENb MEHBIIEH MOITHOCTH, YTO TIPH TaKHUX MaTepHaJIOB, COTPOBOXKIAIOIINXCS TOTEPEH NaBICHUS
O6'beMaX IIPpOU3BOACTBA llaéT 3HAYUTEJILHBIN Ha BBIXOJIC HHGBMOTpaHCHOpTHOﬁ CHCUTEMBEI.
sKoHOMHUYecKuit a3 dekr [3]. Marepuajbl HccIe0BaAHUS

HeIIOCTaTKOM IMHEBMOTPAaHCIIOPTHBIX CHUCTEM C OCJIBKO HUCCIICAOBAHUS HW3MCHCHUS OABJICHUA B
(IITC) sBnsiercst BEPOSTHOCTH 3ama3/bIBAHUS TIPH ITHEBMOTPAHCIIOPTHOW MarucTpalld MPOBEICHBI 3aMe-
peakuuy CHCTEMBI aBTOMAaTHUECKOTO YIpaBIICHHS PBI B YCJIOBHSX O0OBIYHOTO (DYHKIIMOHHPOBAHUS 0OBEK-
(CAY) Ha W3MCHCHHE NaBICHUSA W, KaK CJEICTBUC, ta Ha OAQO «3amopoXCKHil aJTIOMUHUCBBIA KOMOU-
BO3HMKHOBEHHSI 3aBAJIOB TPYOONPOBOJIA  CHIMTYYHM HaT», I7Ie 00BEKTOM HCCIIeIOBaHMs ObUIA YacTh IHEB-
MaTepHaioM, 4TO BBI3BIBACT OCTaHOBKY Motpacchl (puc. 1) or xamepnoro nurarens (KIT) mo
TEXHOJIOTHYECKOTO TPOIIecca, MPOCTOH 000pyIOBaHUS npueMHoro O0ynkepa (I1B) anexrponmsHoro nexa [7].

W 3HAYUTENbHBIC MaTepHaibHble yOBITKH  [4]. Ha puc. 1 moka3ana 3arpy3ka TJTHHO3eMa U3 XO-
DHeproeMKOCTh MpoIecca TPAHCIIOPTHPOBAHUS TIPU nmomuibHUKa Tieun KambimHamn (XIIK) gepes otsep-
MTHEBMATHYECKOM CIIOCO0E TEepPEMEIICHUS CHITYInX CTHEe B KaMEpHBIA MUTaTedb. [I0BOPOTOM 3aJBHIKKU
MaTepHaJIoB, KOHCTPYKTHUBHBIE 0COOEHHOCTH MTOJIa4M C)KAaTOTO BO3IyXa OT IEHTPAIBHOTO KOJIIEKTO-
TpyOOIPOBOZOB [5-6] u KOMIIIEKTYIOIIETO pa, perynupyercs HOCTYIUIGHHE MaTepHhaja B TpaHC-
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MOPTHYI0 MAarucTpaib, KOHTPOIHMPYETCS IIPU 3TOM
nasineHne Ha maHnomeTpe (P1), maBneHue HarHeTaHHS
OT KOJUIEKTOpa ckaToro Bo3ayxa (SV) um pacxon rim-
Hozema (A1203). 3acnonkoii (Z) perynupyercs mojgadya
CMECU B ITHEBMOTPAHCIIOPTHYIO Marucrpaib. Perynu-
POBKa IOJayyl CXKAaTOro BO3jayXa obecrneyrBaeTcs Mpu
oMoy npusogHoro asuratens (CTH-1600-24XJ14),
MHOT'OCTYTIEHYaTOro IeHTpoOex)Horo Komipeccopa (K-
250-61-2).

P2
TJIHHO3EM
XIIK
I1b
) Lafl
| ko Pl — P
C/KaTbIM : :
sosayx z @i 1
! b
| | I |
| Lp ' I L3 I LS,
. | h '

Puc. 1. CtpykTypHas cxema 3KCIIepHUMEHTAIbHOTO
yuactka [ITC

B0 0OHapyXeHO, YTO CHMXKCHHE JABICHHS Ha
Beixoze [ITC ymenspmaer 3Heprod(p¢GeKTHBHOCTh CH-
CTEMBI B LIEJIOM, a TaK)KE MOXKET NPHUBECTU K 3aKyIo-
PUBaHUIO CBIIYYUM MaTEpUaIOM TPAHCIOPTUPYIOLLETO
TpyOonposoza [7].

Komrmpeccop xapakrepusyeTcs Ta3oJuHaMHye-
CKUMH XapaKTepHCTHUKaMHU (3aBUCHMOCTh JaBJICHUS OT
pacxona). Ecim B34Th Kakyro-mub0 TOYKY Ha CTaTHye-
CKOH XapaKTepHCTHKE HarHeTaTeis, TO MOXHO IIpo-
CIICINTh €€ TPACKTOPHIO JBM)KECHWS NPU HM3MEHECHUH
4acTOTHI BpalleHHs Kommpeccopa [8].

PaccMoTpuM MaTeMaTHYECKyI0 MOJAENb KOMIIPEC-
COPHOH YCTAHOBKH IO BTOPOMY KOHTYPY pacxopa BO3-
nyxa (Q). CnenoBaTensHO, CTAOMIM3UPOBATH HA OCHO-
BaHMM YCTAHOBKHM Oy/IeM pacxo]l BO3jyXa Ha JaHHOM
JTane MOJeNb Npe/ACTaBieHa 0e3 ydera 3aJBHXKEK U
BTOPOTr0 KOHTYpa IO JaBJICHHIO, & TaKXe MNeperpena
JBUTATENs, TaK KaK 3TO pealn3yercsl armapaTrHo Mo-
MOIIBIO TEIUIOBOTO pejie, TAKUM 00pa3oM, MCCIeI0BaH
nzorepmuueckuil mpouecc [9]. Ilpocrelimas teopus
KOMIIPECCOPHBIX MalllMH, o0Jjajaronas HpHeMIeMOH
TOYHOCTBIO, OCHOBBIBAETCSI HAa TEPMOJIMHAMHKE HIE-
IBPHOTO Ta3a. B maHHOM ciydae MCronb3yeTcs 3aKOH
Boiina-MapunoTTa, To ecTh 00b€M ra3za MPOMOPIIHOHA-
JIeH JIaBJICHUIO NP MOCTOSIHHO TeMIiepaType

PV =const, T =const.

Juis peanmmzanui IEHTPOOEKHOTO KOMIIpEccopa B
OIMHOYHBIX TPYOOIPOBOAAX HCIOIH3YETCS alepHoOaH-
YeCcKOe 3B€HO BTOPOTO MOPSAKA, B JAHHOW CHCTEME 3a-
Ma3gpIBaHUE HE yYMTHIBaeTca. TakuM oOpa3om, mepe-
JarouHas GYHKIHS KOMIIPECCOpa, B KOTOPOI BXOAHBIM
CUTHAJIOM SIBJSIETCSL YIJIOBasi CKOPOCTh BpAllleHUs BaJia
NPUBOHOTO JIBUTATENsI, @ BHIXOJAHBIM CUTHAJIOM SIBJISI-
€TCsl pacXo/l, BBITJISIUT CIEAYIOLMM 00pa3oM
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@y (p) K
Wi (p)=—-"== ()
O(p) (Lip+ITrp+1D)
rne 17,7, — MOCTOSHHBIE BPEMEHH KOMIIPECCOpPa;

K — xoaddunuent ycunenus nepenaTouHod QyHKIUA
KOM.

Maremarnueckass MoJzelbs  TpyOompoBoma ¢
KHUJKOCTBIO COCTOUT U3 PaBEHCTBA PACX0JIOB HA BXOJIE
(y3enmi) m BEIXOme (y3€Nj) W YpaBHEHHS IIOTEPh
maBieHus 1o janmHe w umeer Bun (2) [10]. Ilpm
pacCMOTPEHHH  ITHEBMOTPAHCIIOPTHPOBKH  CMECH
BO3IyXa C TJHMHO3eMOM IIPHUHATO MIONYyLICHHE, YTO
CMECh C  HEKOH  YCPEAHEHHOM  IUIOTHOCTBIO
(TICeBOOXKUAKOCTh)  MOXKHO  PacCMaTpuBaTh  Kak
HKHUJKOCTb

Qi :Q]a

8oL (2)
P; = K-~ 0[0],

T Dtr

J t

B cucreme (2) L,., D, JUIMHA W IHaMeTp

TpyOOIIpoBOa; p — IIOTHOCTH paboueil >KUAKOCTH;
A — KO3(QQUIMEHT TOTEeph MaBICHHUS IO JJIMHE
TpyOOIpoBOIa:

75/Re npu Re <2300,

03164 -Re™*%° npu Re > 2300,

rae Re — unucno PeiHonbaca

Re—— A9 3)
Dy v

Ie Vv — KUHeMaThdyeckass BA3KOCTb;, v=n/p, N —

OUHAMUYECKas BA3KOCTh JKHIKOCTH; 1 (Bo3ayxa) =

1,8-:10-5 TIlac; p (rmuO3ema) — 3,5-3,9 r/cm;
L, =L,=370 m; D,. =D =0,143 m.

I[Ipn pa3paboTke HOBBIX W MOJCPHU3AINH
CYILIECTBYIOIINX CAY IITC 1esIecooopa3Ho

HCHOJb30BATh MAaTEMATUYECKHE M KOMIIBIOTEPHBIE
MOJENN 3THX CHCTEM, YTO TIO3BOJIHUT CIKOHOMHTH
BpeMsl M CPEACTBA Ha MPOBEICHUE MPEABAPUTEIHHBIX
SKCIIEPUMEHTOB [11-13]. YnupomeHHas
(byHKIMOHATbHAS cxema ANIEKTPOIPUBOJIA
MTHEBMOTPAHCIIOPTHOM CHCTEMBI IMMOKa3aHa Ha pHUC. 2,
rae CAY — cucrema aBTOMaTHYECKOTO yTpaBiIeHus; []
— npuoanoir apurarens (CTH-1600-24XJ14); K —
kommpeccop  (K-250-61-2 —  mHOroctymeHYaThli
LEHTPOOSXKHBI KOMIIpeccop); Z — ympasisiemMas
3anBmwkka; P1, P2 — pmaTumku paBieHMS Ha BXOAE U
BBIXOJIC IITC COOTBETCTBEHHO; IITC —
MTHEBMOTPAHCIOPTHAS crucreMma, YUUTHIBAIOLIAS
TPAaeKTOPUI0O U TreomeTpuueckue pasmepsl; IIb —
MIPUEMHBINA OYHKED.

Z
CAY > I ™ K p>< P1 HIITC~ P2 =~ 1Ib

Puc. 2. YnpouieHHas ¢pyHKIMOHATIBHAS CXeMa
3JIEKTPOIIPUBO/IA THEBMOTPAHCIIOPTHON CUCTEMBI
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Jnst omucaHusi TUHAMHYECKHX PEXUMOB DPabOTHI
cuHxpoHHoro sjiekrpoasurarenss (CJ) mpu mro6om

oOpaTuthcs K Mojenu o0000mEHHON AByX(a3HOi
MaITuHBI IEPEMEHHOTO ToKa [ 14].

crnocobe  yImpaBieHHs €ro  CKOPOCTBIO  YA0OHO
ud
(05 laz Ugz 4
bnok A u
KOMMeHcaLmm BekTOpHbiit BTOZOMZ“""'
nepekpecHbIX MOAYyNATop H:I:‘Bﬂ)i-;HpMﬂ
cBsizen g. P
Oc Briok npeobpasosanua |_ Isa
u3 TpexcpasHor Bo |  Isb
BpaLlaTensHyo B Isc]
CUCTEMY KOOpAUHAT =)
®o WamepuTensHbIn [ Oc

npeobpasoeatens |

Puc. 3. dynkunoHanbHasg cxema BeKTOpHOro ynpasieHus CJJ

Mc

PerynsTtop
CKOpOCTM

DyHKLUMOHaNbHbIN
npeobpasoparenb

A

Tet1p+1

(O}

N3meputenbHbIn

npeobpasosarens

Puc. 4. YnpomeHHas TuHeapu30BaHHAs (QYHKIIMOHAIBHAS CXEMa CHCTEMBI aBTOMATHYHOTO yrpasieHust CJ|

CHHTE3  CHCTEMBI

BEKTOPHOT'O

YIIPaBJICHUS,

MOJIICP)KUBAIOIICH COCTaBJISIONIYI0 TOKa craTopa Isd
PaBHOI HYJIIO, BBIIIOJIHEH Ha OCHOBE MAaTEMaTU4YECKOH
mozenu CJI mpHM TOCTOSIHHOM TIOTOKE poTOpa B
cucreMe koopauHat (d, (), OPHUEHTUPOBAHHOH IO
MarHuTHOM ocu potopa [15].

@OyHKIMOHANBHA CXEMa CHCTEMBl BEKTOPHOTO
ynpasnenus: CJl ¢ 3aaHueM Ha MPOJOJBHYIO COCTaB-
nsroIyto Toka craropa Isd = 0 n3o0paxeHna Ha puc. 3,
rae oz, Idz, Iqz, Udz, Uqz - 3aganue ckopocTH, TOKOB
u HanpspkeHui, Isa, Isb, Isc - Toku ¢a3 cratopa, Ukd,
Ukq - KoMIeHcalmoHHble cocTaBisomue, g - [IINM
curHai, nocrynatot Ha AVH.

HyneBoe 3amanust Toka mo ocu d oOecrneunBaet
HalpaBJIeHUE TOKa CTaTopa BO BCEX PEKMMax padOTHI
QJIEKTPOIIPHUBOJIA TEPIECHIUKYIIIPHO MarHUTHOW OCH
poropa. [Ipeobpazosatens koopauHat abc — dq. [Jan-
HBII OJIOK BBIMOJHSET IpeoOpa3zoBaHue (a3HbIX TOKOB
cratopa CJI u3 ecrecTBeHHOI Tpex(a3zHOl cCHUCTEMbI
KoopauHaT (a,b,c) B OPTOroHaNbHYI0 CHHXPOHHYIO CH-
cremy koopamHaT (d, q). ¢ - yriioBoe moioKeHue po-
TOpa B 3JIEKTPUIECKOM IPOCTPAHCTBE, IS U3MEPEHUS
KOTOPOTO B CXE€ME NMPUCYTCTBYET OJIOK «HU3MEpPHUTEINb-
HBII IpeoOpazoBatensy [15,16].
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BekropHblii MOy ISITOp TpeoOpa3yeT HarpsKeHUe
cTaTropa, 3aJaHHOe B cucTeme koopauHat (d,q), B M-
IMyJbChl YNPaBJIICHUA KIIOYaMU HWHBEPTOpPA HAIIPSAKE-
HUsI Ha OCHOBE METO/a BEKTOPHOTrO (hOpMHPOBAaHUS
[INM. AVH sBnsercs COCTaBHON 4YacThIO JBYX3BEH-
HOTO TpeoOpazoBaresisi 4aCTOThI CO 3BEHOM IIOCTOSIH-
HOTO TOKa.

Perynstop ckopoctun (PC) obecnieunBaer mozsep-
JKaHHE 33JJaHHOH CKOPOCTH BpAlllCHUS Bala JBUTATEIs.
CurHanom 3aJaHusi CKOPOCTH SIBJISETCS BHEIIHUH CHT-
HAaJI, KOTOPBIN 3a1a€TCs MOIb30BATENEM UM CHCTEMOMN
yIpaBJIeHHS BEpXHEro ypoBHI. B kadectBe oOpaTHON
CBSI3U 0 CKOPOCTH HCIIONB3YETCS CUTHAJ, MPOIOPIHU-
OHAJIbHBIM TEKYyIIEH CKOPOCTU JBUIaTENsl, paCCUUTAH-
HOW C TIOMOILNBIO M3MEPHTEIBHOro IMpeoldpazoBaTens
KaK MPOM3BOJIHAs OT yIila MOBOpOTa poTopa. Beixox-
HOM CHUTHAJ PErynsTopa CKOPOCTH SBJISIETCS CUTHAJIOM
3aJaHisl MOMEHTA JBUrarensd. B gaHHOW cucteme pea-
JIN30BaHa TaK Ha3bIBaeMasl CUCTEMa MOJYMHEHHOIO pe-
TyJIMPOBaHUS KOOpAUHAT [16].

JluHaMu4eckne  XapaKTEpPUCTHKH  CHHXPOHHOIO
JBHUTATENs, PabOTAIOIIEr0 B PEXHME BEHTWIBHOTO
nsurarens (OECKOJIIEKTOPHOTO JBHUTraTeNsl MOCTOSHHO-
ro Toka) [14] aHATOTHYHBI COOTBETCTBYIOIIMM XapaK-
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TEPUCTUKAM OOBIYHOTO 3JIEKTPOIBUTATENS IOCTOSHHO-
IO TOKa.

CrpyKTypa, COCTaBIEHHAs Ha OCHOBE IIOJIHOTO JIH-
HeapuzoBaHHoro omnucanuss CJI [15] coorBercTByeT
CTPYKTYypE ONHCaHMs JBUTaTeNs MOCTOSHHOTO TOKa C
HE3aBUCUMBIM BO30y>kaeHueM (pHc. 5). CKOpOCTh CHH-
XPOHHOT'O JIBUTATENSI B 9TOM PEKUME MPOTIOPIIHOHATb-
Ha HaNpsOKEHHWIO, NMPWIOKEHHOMY K CTaTOpHBIM 00-
MoTKaM [14].

Ha ocHoBaHMM MaTeMaTHYeCKOro onucanus [7, 17]
u (1)-(3) cocraBmeHa KOMITBIOTEpHAs  MOJIENb
JIEKTPONIPUBOJA  ITHEBMOTPAHCIIOPTHOH  CHUCTEMBI

(puc. 6) 1 MOMy4YeHBI MEKTPOMEXaHHYECKHE TTPOIIECCHI
9TOM cucteMsl (puc. 7) cpeactBamu Matlab-Simulink.

Ugl 1 [®0 1

ZN\y - |Taptl

Puc.5. CtpykTypHas cxema JMHEeapru30BaHHOTO
onucanus CJ]

Ulql J

= 2R

Q,Q1 P1, P2

K Q1L
T1T2.824T1+T2.5+1

A4

Q1

wo 1
ulq -> 1/(zp*PsiB) .
Tels+l

P1

Dtr

P2

(2]

y

¥

v_*v lv
m

Ppe3yJbTaThl MOJICIMPOBaHUS JaBjIeHus Ha Bxone Pi v Ha
BeIxoae Pj maeBMoTpaccHl (B)

[lomydennsle rpadWKu  3IEKTPOMEXAHHUECKHUX
mporieccoB  anekrponpusoga IITC monrBepxnmaioT
aZIcKBaTHOCTh pa3pabOTaHHOW MaTeMaTHYeCKOH |
KOMIBIOTEPHOI MOJETEH C MOTPEeHOCTRIO 5-7%.

BoiBoabl. B pesynbraTe MpOBENEHHBIX HJKCIEPH-
MEHTaJIbHBIX HUCCIIEIOBAaHUI YCTAHOBJIEHO, UTO CHUXKE-
Hue naBiieHus Ha Bbixone [ITC yMmeHnbinaeT sHEproad-
(hEeKTUBHOCTH CHCTEMEI B IIEJIOM, a TaK)KE MOXET TpH-
BECTHU K MOSBJIEHUIO 3aBajioB. C LIENbIO CHUXKEHUS TO-
TpeOJICHUS IEKTPOIHEPTHH THEBMOTPAHCIIOPTHOM CH-
CTEeMOI TpeIaraeTcsi OCyIIECTBIATh TPAHCIOPTUPOB-
Ky CBIITy9UX MaTepHAJIOB CO CKOPOCTHIO, OOEeCIIeUrBa-
fo1eld MUHUMAJIBHO JIOIYCTUMOE 1O TEXHOJIOTHYECKO-

PaspaboTanbl MaremMaTndyeckas W KOMIIbIOTCpPHAS
MOJIENIK DJIEKTPONPUBOJIa MTHEBMOTPAHCHIOPTHOM CH-
CTEMBI, TOJYYCHbI TpadUKU IICKTPOMEXAHUICCKUX
MPOIIECCOB, MOJATBEPKIAIONINE €€ aJleKBaTHOCTh C MO-
rpemHocThi0 5-7%. Mcnonb3oBaHue Ha3BaHBIX MOJE-
JIel TIO3BOJIUT COKOHOMUTH BpPEMsI U CpPEICTBA Ha MpPO-
BEJICHUE NPE/IBAPUTENbHBIX JKCIIEPUMEHTOB MPHU pPa3-
paboTKe HOBBIX M MOJCPHU3AINH CYIIECTBYIOIINX

Kompressor
Q3 Q
SAU .[ I—t
Dtr »
Tau
Puc. 6. KOMHBIOTepHaH MOJCJIb JICKTPONIPpUBOAA HHeBMOTpaHCHOpTHOﬁ CHCTEMBI
1.5
(0]
1 {
T —
Mc
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a)
60- T g
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20}
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-20
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6) MYy IpouecCy naBJICHUE.
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Puc. 7. DnexTpoMexaHHuECKHE IPOLIECCH
ITHEBMOTPAHCIIOPTHOH CHCTEMBI: IEPEXOTHBIE
npoueccsl C/] ¢ yaeToM npuiiokeHHOU
HOMUHAJILHOM Harpy3ku Mc (a), mepexoaHble
MIPOIIECCHI DIEKTPOIPUBOAA KoMiipeccopa (0),

Jis Gonee panMoOHATBFHOTO WCIOIB30BAaHUS JHEP-
rOpecypcoB MyTeM cTaOWIM3aluy JaBICHUS MPH paz-
paborke CAY IITC pexomeHzmyeTcss MpOTHO3HPOBATH
U3MEHEHHE €€ DJJIEKTPOMEXAHMUYECKUX I1apaMeTpoB
YUHUTBIBasE MeCTO BO3MOxHOMU 3akymnopku [ITC u BBe-
CTH JIOTIOJIHUTENbHBIN CUTHAT PEryJUpOBaHUS JaBiie-
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HUSA, TEM CaMbIM CHH3UTH MOTPEOJICHHE DSJIEKTPO-
SHEPTUW W MAaTepHAIbHBIE 3aTpaThl, CBSA3aHHBIE C
JIMKBUALIMEN 3aBaJIOB.
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Oleksii Chornyi, Valerii Tytiuk, Yuriy Zachepa, Vitaliy Kuznetsov, Mykola Tryputen, VVolodymyr Nadtochyi

Effect of uncertainty of the parameters of a synchronous motor mathematical model on the
parametric and numerical stability of its solutions and calculation of dynamic modes

Summary. The features of modelling and research of synchronous motors have been considered by numerical
calculation of their mathematical models for two cases: according to Park-Gorev equations and using the
SimPowerSystems libraries of the Simulink environment of the MATLAB mathematical package. Solutions of a
synchronous motor model in the simulation of solely dynamic modes have been analyzed. It has been shown that while
calculating the synchronous motor models, not only quantitative but also qualitative deviations arise in the basic
indicators of their dynamic modes. The simulation results have been represented.

Key words: synchronous motor, mathematical model, modelling, parameters, dynamic modes.

Introduction. Synchronous motor (SM) is the
most complex object in terms of mathematical
modelling. The complexity is stipulated not by the order
of differential equation of a model or complex nonlinear
relations (the mentioned can be solved in one or another
way) but by the fact that the model means the

availability of numerous parameters: active and
inductive resistances, transient and subtransient
resistances, mutual inductance of windings, time

constants; moreover, it is impossible to know all those
parameters for sure. Nowadays there is great amount of
different methods and methodologies for calculating the
parameters of SM models but they require certain initial
parameters of the equivalent circuit, e.g. at least
inductive resistances along the longitudinal and
transversal axes, inductive dispersion resistance of
stator winding and field winding. Among other things,
the reference literature gives mostly the general data —
motor rating in terms of its operating mode. That is the
reason why calculatation of the SM models involves not
only quantitative but also qualitative deviations in main
parameters of their dynamic modes. The indicated
features are to be known and understood along with the
understanding of their nature of occurrence and
methods/means of their consideration. The research
objective is to study parametric and numerical stability
of the solutions of a mathematical model of
synchronous motor in terms of uncertainty of its
parameters and their effect on the calculations of
dynamic modes.

Materials and research results. Nowadays, there
are great deal of SM models of different structures and
operating conditions as well as the ones taking into
account saturation, magnetization etc. However, despite
numerous scientific papers dealing with modelling,
among which [1-4] are the most well-known ones, there
is no universal model for engineering calculations of
SM operation in static and dynamic modes. That is
explained not by the complexity of the model equation
solution (modern mathematical methods make it
possible to do that easily) but by the uncertainty of the
model parameters. There is a well-known mathematical
description of the SM model in three-phase coordinate
system [5]. However, no general model is known to be
implemented in terms of any software environment,

38

including MATLAB, due to the complexity of
determining the winding parameters: proper and mutual
inductivities between stator and rotor windings.

Transfer to the system of Park-Gorev equations
can simplify in a way the problem of SM model solving
[5, 6], e.g. for equations with equal mutual inductivities

[7]:

=R +19% v L7,
dt
where U=|U, u, Uy, 0 OJT, ;Z[id Iy By "eq]y;

R, (L, 0 M, M, 0
R, 0L 0 0 M
R, My 0 M, L, 0
i R, | |0 M, 0 0 L,
0 -L, 0 0 -M,
L, 0 M, M, O
Lz = O O 0 0 0 ’
0 o0 0 0 0
|0 0 0 0 0 |
o, is angular velocity of rotor

spinning; R, Rq,Rf, Ry, Req are active resistances of
stator windings along axes d, g, of field and damper
windings along axes d,q;L,, L,,Ls,L,,,L, are proper
inductivities of stator windings along axes d, g, of
field

M,, M, are the mutual ones between the windings

and damper windings along axes d,q;

along axes d,q; U, U, is voltage of stator windings
along axes d,q; and i, iq, if, Log> ieq are currents of
stator windings along axes d, g, of field and damper
windings along axes d, q .
Electromagnetic moment is equal to:
M, =Uyig+Ui, =R, (if +i7 ).

Equation of rotor motion is:
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d
Tjj;:Me—MR;
o, =0, (1-s),

where T ; is time constant; M j is moment of resistance;

s is slip; and o, is angular velocity of field rotation.

To simplify practical modelling, it is possible to
use the SM equations represented in relative units,
operating not with inductivities and mutual inductivities
but with inductive resistances. Currently, basic values
for the equation of stator windings are generally
accepted; in case of rotor windings, different authors
have their own values. While reducing the rotor values
to relative units, so-called “system of unitsx,, ~ or

system of equal mutual inductivities is the most widely
used one. Neverthless, a problem of defining the values

of unductive resistances has not been completely solved
yet. Practically no reference books or catalogues with
motor rating from the manufacturers can help do that.
Table 1 will show the characteristics of the CJIH series
motors of 6000 V, 50 Hz as the example of the data
represented in reference sources [8].

Table 1 demonstrates that the given information is
not enough for modelling; thus, some data are
calculated in terms of the represented data while others
are calculated according to the empirically identified
range of their variations. In this case, only researcher’s
experience can help select the most reasonable data.

Tables 2-3 show some ratios and ranges of
variations of main parameters of the SM equivalent
circuit [9].

Table 1 — Characteristics of the CIIH series motors of 6000 V, 50 Hz

. < = o =
o 5. | 5¢ ol €28E| Mum I M M, =0.05
Nominal size of a motor £Z S 5| COSQP| =x| S 8E Iv:
=% w E L.L‘E Q% g e Mnom Inom Mnam nom
) m &
CJIM3-2-22-34-60Y4 1600 185 0.85 93.6 100 2.8 6.3 1.2 1.3
CAM3-2-22-41-60Y4 2000 229 0.85 94.3 100 2.8 6.3 1.1 1.3
CJIM3-2-24-59-80Y4 4000 451 0.90 95 75 3.6 9.0 1.2 1.3

Table 2 — Approximated values of the parameters of synchronous machines

Turbo-generator (two- Salient-pole generators and Sahent-polej generators and Synchronous
Name . L motors without damper
pole) motors with damper windings o compensators
windings
E' 1.08 1.13 1.18 1.2
Xg 0.21(0.13...0.35) 0.240.13...0.35) 0.35(0.2...0.45) 0.25(0.18...0.38)
X,; 0.32(0.236...0.421) 0.37(0.2...05) 0.35(0.2...0.45) 0.4(0.25...0.4)
X; 0.22(0.192...0.286) 0.75(04...1.0) 0.75(04...1.0) 1.250.7...1.5)
X, 0.26(0.18...0.349) 0.240.13...0.35) 0.5503...0.7) 0.24
Xy 0.11¢0.077...0.16) 0.02...0.2 0.04...0.25 0.24(0.02...0.15)

where X, X}, X, ; , X,, X, are reactivities in relative units

Table 3 — Base values in the theory of synchronous machines

Name Designation Claculation formula Numerical value Measure unit
Voltage U, Uy=Usy 230/43 =133 A4
Current in the armature winding 1, Ly=1;y=1y /B 19.4/3=11,2 A
Power Sy S, =3U,1, 4468.8 VA
Resistance Z, Z,=U, /1, 11.87 Ohm
Current in the field winding Lo Tovy =1exo 5.7 A
Rotation frequency of armature m, n, =ny=60f/p 1500 rot/min

Additional parameters may be found according to
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Table 4. In terms of modern synchronous salient-pole
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machines of medium and high capacity, X,; =0.6-1.6
and X, =04-1.0. Resistance X, is defined mostly by

the armature reaction since a relative value of inductive

resistance stipulated by the dispersion flow is low
X,=0.1-0.2.

Table 4 —Parameters of synchronous machines

Parameters Turbo-generators . Salien-t-p(.)le generato.rs and motors _ Synchronous
Two-pole Four-pole. with damper windings without damper windings compensators
X, 1.6 1.2 1.2 1.2 1.8
0.9-2.0 0.9-1.5 0.7-1.6 0.9-1.6 1.5-2.2
X 1.35 1.5 0.75 0.75 1.1
1 0.85-1.9 0.85-1.45 0.45-1.0 0.45-1.0 09-14
X 0.24 0.24 0.37 0.35 0.40
0.14-0.34 0.20-0.28 0.20-0.50 0.20-0.45 0.30-0.60
X’ 0.15 0.15 0.22 0.30 0.25
0.10-0.24 0.12-0.17 0.13-0.30 0.18-0.40 0.18-0.38
X, 0.01-0.08 0.015-0.14 0.02-0.20 0.04-0.25 0.02-0.25
X; (1.0-1.3) X} B (1.0-1.1)X; 23X, X,
X, 122X}, 1.22X}, 1.05X), (14-1.6)X; X
Ty, i 6.2 5.6 5.6 8.0
3-12 4.0-9.2 2.0-9.0 2.0-9.0 5.0-14.0
T 0.7 1.1 1.3 1.3 1.5
0.4-1.6 0.9-1.6 0.8-2.5 0.8-2.5 1.0-2.8
In terms of nonsalient-pole machines of medium and winding parmeters. Since EMFs in the armature

high capacity, the resistance is usually X, =0.9-2.4.

Resistances expressed in relative units characterize the
machine parameters demonstrating relative (as for
nominal voltage) value of voltage drop in terms of
nominal current. In addition, those values help compare
the properties of generators with different capacities.
Sometimes the machine certificate indicates the value
being inverse to X, and called a short circuit ratio:

SCR=1/X,. That ratio characterizes the value of
stable short circuit current /g, =SCR-1, occurring in

terms of nominal current of the generator excitation
(corresponding to the nominal voltage). In terms of the
aforementioned values X, and X,, SCR=0.5—1.0 for

nonsalient-pole machines, and SCR =0.8—1.8 for the
salient-pole  ones.  Transient  time  constant

T; =0.4-3.0 s, determining current attenuation / fuse.p s

depends not only on the parameters of armature winding
but mostly on the parameters of field winding. If a
machine has damper winding, then transient current
occurs in it as well, decelerating the resulting current
decrease. In this context, amplitude of short circuit
current is higher than in terms of nonavailability of
damper winding [}, = E,, / x;, where x; =0.12-0.35 is
subtransient inductive resistance along the longitudinal
axis. Attenuation of the armature current is determined
by the subtransient time constant
T7=0.03-0.15 s, which depends mainly on the damper
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winding phases are shifted in time, they have different
start angle o, ; consequently, they also have different

phase currents within the transient period. Moreover,
periodical components of currents in the armature
phases generate a spatially fixed magnetic field, which
crosses the spinning rotor. Due to that, periodical EMFs
and currents occur within the rotor winding. As the rotor
is asymmetric along the longitudinal and transversal
axes (because of different values of air gap in the
salient-pole machines and due to the fact that there is a
field winding within the longitudinal axis), a variable
component of double frequency occurs in the aperiodic
armature current.

Table 4 also contains following designations: X, ; is

the transverse subtransient inductive resistance of the
armature winding; T, :(Xg +X(;')/(coRa) is the time

constant of aperiodic armature current.

Table 4 brings together the values calculated in
terms of the catalogue data and the formulas for
calculating the data for modeling. Below there are exact
values of the parameters of a synchronous motor being
modelled.

Table 5 represents the calculatation data for a
synchronous motor which determination involves three
methods: method 1 - [1], method 2 - [10],
and method 3 —[11].

Analysis of parametric stability of the solutions of
the SM mathematical model

Earlier, the authors

have demonstrated that
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modelling of electric machines may be influenced by
the modelling method [12] with the imvolvement of
transfer functions by solving a system of differential
equations or even by using specialized mathematical
packages for modelling.

First, study the parametric stability of the solutions

of the SM mathematical model in terms of the
MATLAB mathematical package involving the DEE
element (Fig.1) that helps solve a system of
mathematical equations written in Cauchy form
developed according to Park-Gorev equations.

Table 5 — Claculation data of a synchronous motor

Name Method 1 Method 2 Method 3
U
r,= 0.016P—” - r, =0.002..0.008
Active resistances of a stator and field winding, Ohm 2R
nf
Vv, = ——— _
S
3U,1,
Transient inductive resistance, r 0 =0.1..0.5 X 0.24 ' =0.2..0.4
uctiv , T.UL x; =0.1..0. = x; =0.2..0.
d ‘70.14.0.34 d
" O 15 "
x; =0.13..0.35 Xy m————— x; ~0.12..0.3
Subtransient inductive resistances, r.u. - - 0. 10"0'21 -
x, ~0.13.035 | x, z(l.O..l.3)xd x,~0.12.0.3
Longitudinal and transversal inductive resistances of a Xoa %0518 Yad =2V aa /la Yog #1.1.2.5
rotor, r.u. X4 %0.3.0.9 - Xgg #1.1.2.5
Inductive dispersion resistance, r.u. x5 =0.1..0.3 -
1.6
X;=X5t+Xx, X * 09 20 x; =1.2.2.75
Inductive resistances of a stator and rotor, r.u. '1 3 5'
Xy R XXy X, = 08519 X, 1,2.2,75
Inductive dispersion resistance of a field winding, r.u. Xof & 0.1..0.3 -
Inductive resistances of a damper winding along the Xed = Yad + Yoed _
longitudinal and transversal axes, r.u. Xog = Xaq T Xoeq -

Differential Equation Editor

(Fcn block syntax)

50D
# of inputs: 5

MNarme:

First arder equations, fix,u):
ul1Jrd™(x[11/x2d-x[3)/x2df+x[4 ]/ x2ded)+x[2]"x[E]
u[2]-rp*(x[2]/%20-x[5])%20ea)-2[1]"x[B]
U[3-uld]*(-x[1 1 x2df+x[3)/x2f x[4] x2fed)
-red*(x[1]x2ded-x[3]/x2fed +x[4])/x2ed)
-req*(-x[2]/x2geq+x[5])x2eq)
((x[1 P (x[2) %2 g-x[8 ) 20eg)-x[2]*(x[1]/x2 d-x[3])/x2df+x[4 ] x2ded)}-u[S])/H]
x[6]
Mumber of states =7

Fig. 1. DEE unit with specification of the synchronous

motor equations
Effective parameters of the SM windings in relative

units, for which the modelling is performed, have

following values: r; =0.01, I, = 0.01, rr =0.0022,
1, =0.057, 1, =0024, x,=14746, x,=038116,
Xq =1274,  x,,=0655, x, =0.125, x, =128,
Xeg =0.712, x;=1.356, u, =0.0115, H; =500.

Consider dynamic process of the SM starting for the
parameters corresponding to: the certified values (Table
5); the average value of the data variation range (Table

dxfdt=
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5); the left-hand limit of the data variation range (Table.
5); and the right-hand limit of the data variation range
(Table. 5).

According to the obtained results, uncertainty of the
SM parameters while modelling along with the
following forced setting of their approximated values
results in the quantitative changes in the dynamic
modes. For instance, that is the increased oscillating
nature of the processes while specifying the parameters
in terms of average value or even obtaining a negative
result like during the specification of the parameters
corresponding to the left-hand limit of the values of data
variation range.

Thorough analysis of the methods for SM
parameters calculation as well as the modeling results
shows that they depend considerably on the accuracy of
specification of inductive dispersion resistance x, .

Consider the changes in main characteristics of
dynamic modes in terms of changes in inductive
dispersion resistance x, within the range of (0.1..0.3)

(Table 5) in terms of unchangeable x,;,x

g being
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equal to the certificate parameters: x,; =1.274,

Xgq =0.655. The research results are shown in Fig. 2.

Analysis of the stability of the obtained solution for
SM models in MATLAB
A problem of the stability of the obtained solutions
has been already considered in a fairly complete manner
in different technical literature [13—15].
However, that concerned mostly a model obtained
on the basis of Park-Gorev equations. Development of

the MATLAB element and library basis has resulted in
the fact that the users and researchers (undergraduates
and  postgraduates) are  using  progressively
SimPowerSystemsMatlab. In this context, few
researchers pay attention to the constraints of some
models, which are mentioned by the developers of those
models in their Help-files.

M, r.u.

=01 %=0125 ==02 =x=03

4 ] Lc

b) 9]

Fig. 2. Processes of SM starting in terms of changing inductive dispersion resistance: a) change in angular velocity,
b) change in electromagnetic moment, ¢) change in electromagnetic moment in terms of nominal loading surge

However, they sometimes even do not mention
that; consequently, the obtained results are hard to
analyze and even draw the corresponding conclusions.
Thus, study the stability of the obtained solutions for the
SM model on the basis of library element.

Take into consideration that the processes in SM
are sensitive to the accuracy of parameters
determination; thus, use the parameters of the SM
library element: 60 kWA, 400 V, 50 Hz.

The SM model is supplied by a three-phase
symmetric voltage but internal structure is built on the
equations in “dq” coordinates.

The model is described in detail in helpmodel [16].
However, one should pay attention to the fact that the
developers specify “Discrete” as the integration method,
indicating that other variants are possible as well:
“Trapezoidalnoniterative” (installed on default) or
“Trapezoidaliterative” (alg. loop). That is why we
should study the parameters of the obtained solution for
different numerical methods or SM parameters installed
by the model developers (Fig.3). A model for
consideration is developed in the form of a structural
scheme (Fig. 5). Carry out the study for the proposed
numerical methods (Fig.4).

In this context, take all parameters of numerical
integration as the standard ones (on default): integration
step, absolute error, relative error, and other adjustment
functions (Fig.6). Fig. 7 show the time processes of
changes in the SM coordinates with the indicated
numerical methods.
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Block Parameters: Synchronous Machine pu Fundamental 60 kKVA 400 V 50 Hz
Synchronous Machine (mask) (link)
Implements a 3-phase synchronous machine modelled in the dq rotor reference frame. Stator windings

are connected in wye to an internal neutral point.

Configuration ~ Parameters  Advanced  Load Flow

Nominal power, line-to-line voltage and frequency [ Pn(VA) vn(vrms) fn(Hz) ]:

Stator [Rs Ll Lmd Lmq ] (pu): [[0.01549 0.04 2.58 2.15]

Field [ R LIfd ] (pu): [[0.006417 0.3591]

Dampers [ Rkd Likd Rkql Likgt ] {pu): [0.6502 2.952 0.0657 0.2084] |

Inertia coefficient, friction factor, pole pairs [ H(s) F(pu) p() I: ‘[U.ZEH? 0.01289 2]

Initial conditions [ dw(%) th(deg) ia,ib,ic(pu) pha,phb,phc(deg) Vf(pu) ]:
[ simulate saturation Plot

[ ifd; vt] (pu): D.9956,1.082,1.19,1.316,1.457;0.7,0.76 0.9466,0.99689,1.046,1.1,1,151,1.201]

Fig. 3. Window for the SM parameters entry

auto (Automatic solver selection)

discrete (no continuous states)

odedd (Dormand-Prince)
ode23 (Bogacki-Shampine)
ode113 (Adams)

ode15s (stiffiNDF)

ode23s (stiffiMod. Rosenbrock)
ode23t (mod. stifff Trapezoidal)
ode23tb (stifi TR-BDF2)

Fig. 4. Window of selection of a numerical method to
integrate differential equations of the SM model

Consider the solution stability in terms of
oscillating SM parameters. As it has been mentioned
before, insignificant changes are used for inductive
dispersion resistance of SM stator winding —x, at the

level of £10 %, corresponding changes will take place

in other parameters as well: such asx,,, x, etc.

Figures 8-9 demonstrate the research results.
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RMS

<is_a (pu)> ‘

<Rotor speed wm (pu)>

<Electromagnetic torque Te (pu)>

Continuous |

" Q
Ampl B : B ¥ < _,_El Latch
G "'E_i — @ F -._E]
Fig. 5. Structural scheme of the SM model
@ Configuration Parameters: black_SD/Configuration (Active) - [m] b4
Q
Solver

Simulatien time

Data Import/Export
» Optimization
» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target
» Code Generation
» Coverage
Simscape
Simscape Multibody 1G
» Simscape Multibody

Start time: 0.0

Solver options

Stop time: 1.5

Type: |Variable-step

~ | Solver: auto (Automatic solver selection)

¥ Additional parameters

Max step size: |[1e-4

Min step size: auto

Initial step size: |auto

Relative tolerance: |1e-3

Absolute tolerance: |1e-2

Shape preservation: |Disable All

Fig. 6. Window of the adjustment of integration parameters and generation of model solving
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Fig. 7. Time change in the SM angular velocity — a) and electromagnetic moment — b) while SM starting for different
methods of model integration: starting and starting fragment
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Fig. 8. Time change in the SM angular velocity while SM starting in terms of different values of inductive dispersion of
the SM stator winding: starting and starting fragment
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15
M, I.u.

| M,

st |

Fig. 9. Time change in the SM electromagnetic moment while SM starting in terms of different values of inductive
diffusion of the SM stator winding: starting and starting fragment

Conclusions. Solutions of the SM model written in
Park-Gorev equations have been studied. While
calculating the SM parameters, there may be not only
quantitative but also qualitative deviations in main
parameters of their dynamic modes. Analysis of the
calculation methods shows that there are considerable
deviations in the parameters if the exact initial values
are not known. That may result in great differences in
calculated dynamic processes obtained under such
conditions in terms of uncertain motor parameters even
under the deviated parameters within the range of
admissible values. The only way to increase the
calculation accuracy and approximation of the obtained
processes to the real-motor processes is to specify
accurate data in the models. That is especially true
concerning the inductive dispersion resistance, which
has the greatest effect on the qualitative and quantitative
results of modelling.

Selection of a certain numerical method does not
affect considerably the processes for the SM model.
However, that is true only for the models not containing
the functions like “sign” or others with simple
discontinuities. Modelling accuracy may be improved in
“ConfigurationParametersblackSD” of the
corresponding “Maxstepsize” for the methods with
changeable integration step as well as by reduction of
“Relativetolerance” and “Absolutetolerance”.

The indicated features should be known and
understood along with the understanding of their nature
of occurrence and methods and means of their
consideration.
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asinkhronnimi  dvigunami pri zhivlenni ikh vid
peretvoryuvachiv z shirotno-impulsnoyu modulyatsieyu
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Alla Drankova, Mykola Mukha

Electromechanical Systems Laboratory for the Study Shipboard Variable Frequency Drives

Annotation. The paper presents a laboratory complex of the modern electromechanical systems created at the National
University «Odessa Maritime Academyy, which use in scientific research of the variable frequency drives (VFD) and in
the master's and bachelor's programs of the preparing shipboard electro-technical officers. The presented laboratory
complex also allows study of the power quality of autonomous electrical systems, which include autonomous generating
sets and modern electric drives with voltage and frequency converters. The laboratory also studies methods of increas-
ing the energy efficiency of autonomous power systems by means of a variable frequency drive.

Keywords: electromechanical systems laboratory, variable frequency drives, master’s and bachelor's

programs, experimental research

INTRODUCTION

The issues of energy efficiency and electric power
quality for shipboards are very important when for one
side reducing the amount of emissions into the atmos-
phere is one of the main concerns of the shipping industry
today and second side an available great progress in im-
plementation of the modern controlled electric drives of
bow thrusters, propulsions, cargo cranes, mooring winch-
es, pumps, fans and other.

Shipboard electric power systems are an autonomous
power system, have distinctive features that influence
their static operational characteristics and dynamic transi-
ents, which should consider in the design and operation.
The commensurability of ship generators and high-power
electric drives is leads to more severe transient modes and
the danger of a power electric plants de-energizing [1,2].

Electromagnetic disturbances observed in autonomous
power electric systems are more serious than observed in
shore systems in their operation modes.

Effects of incorrect systems operation can be pro-
foundly serious [3]. Therefore, question of the harmonic
disturbances determining electric energy quality in ship’s
power systems has not only technical aspect, but also de-
termines the safety of the ship's operation. The low quality
of the shipboard electrical energy has its own economic
and environmental aspects.

Reducing energy costs per unit of cargo transportation
and reducing the amount of emissions into the atmosphere
is one of the main concerns of the shipping industry today.
Therefore, the development of an energy-efficient strategy
for the operation of sea and river transport is a priority and
relevant investigation, and an energy effectiveness of the
vessel should be a part of the design and construction cri-
teria for ships.

At present in the shipboard energy flow "generation -
consumption of electricity" the potential for improving
energy efficiency is use only to a small extent. The speci-
ficity of improving energy efficiency in this complex is
the significant saving of primary fuel resources by reduc-
ing power consumption.

Undesirable losses occur during the production, distri-
bution, conversion and use of electricity in the ship’s au-
tonomous electrical system. In addition, ship electricity
consumers mainly have an active inductive load, that is,
the total current of generators, transformers and cable
lines should increase relative to the required active load
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by a value that is inversely proportional to the value of the
power factor, which is proportional to the increase in the
number of electricity consumers. Therefore, generating
plants must provide additional reactive power, which, in
turn, reduces their efficiency due to the increased fuel
consumption of primary engines (diesel engines).

Thus, one of the ways to increase an energy efficiency
of the ship's operation and reduce a power consumption
along with improving the operation modes of the ship's
propulsion and optimizing the operation of an auxiliary
equipment and mechanisms is a develop of managing
methods of the shipboard electrical energy flows.

In our opinion, there are two ways to solve this prob-
lem. This determines two areas of research into this prob-
lem: 1) optimal control of the electrical energy flow at the
stage of its generation and distribution; 2) optimization of
energy flows at the consumption stage, i.e. at the stage of
electromechanical electricity conversion.

The main research results associated with the 1-st area
presented in our papers [4-6]. A new solution of the scien-
tific-applied problem of increasing the energy efficiency
of shipboard autonomous electric power systems by
means of dynamically compensating reactive power in the
load circuit (as a function of changing the load reactive
conductivity) made it possible to increase the speed and
accuracy of the reactive power compensation in transient
operational modes and voltage stability of an autonomous
ship electrical system. This allowed to generally reduce
energy consumption and carbon dioxide emissions into
the atmosphere from the vessel.

The best solution to the problem of designing a new-
builds ships with a more energy efficient option is the po-
tential for reducing the size of the shipboard power plant,
which can operate with power factor close to unity.

Based on the given values of the generating plants ef-
ficiency [7], we can conclude that saving one unit of elec-
tricity at the consumption stage allows saving up to five
units of conventional primary fuel.

Therefore, in our opinion, the 2-nd strategic direction
of research, which is associated with a more efficient use
of electrical energy, is reasonably arguable. Moreover, if
you keep in mind that the component of the total generat-
ed energy, which converted using vessel’s electromechan-
ical systems, is more than 90%. Accordingly, the intro-
duction of energy-efficient electromechanical systems has
the potential to reduce electricity consumption by more



IT Lsg®omsdm@obim Ladgsbogmm-Ggdbozmmo 3mbagmgbaos "9bgMagd 030l Msbsdgpmmgy 3MMdmgdgdo
Q5 3500 95005f9393 0L 3Bgd0", MBoobo, bsgsHmgguem, 2020 ool 7-10 g39ddgco
Il International Scientific and Technological Conference *"Modern problem of power engineering
and ways of solving them", Thbilisi, Georgia, December 7-10, 2020

than 10-15% of the total generated and is one of the pri-
ority areas for increasing the vessel’s energy efficiency.

A modern variable frequency drive (VFD) is becom-
ing an integral part of ship systems and complexes [8],
where energy-efficient and resource-saving technologies
are widely used. Therefore, the study and research of such
electric drives for various applications with a typical load
of ship mechanisms is an actual task.

This work belongs to the second direction of research
and represents a laboratory complex for performing exper-
imental studies of variable-frequency electric drives.

Given the importance of this issue for the master's
program our cadets and research, we would like to present
our experimental installation and experience gained.

The aim of this work is to create a laboratory installa-
tion for studying and testing a control laws, evaluating the
energy parameters of an adjustable electric drive of ship's
electromechanical systems with a typical load.

Il. OPPORTUNITIES AND TASKS OF THE LABORATORY

An experimental research complex has been created in
the laboratory of electromechanical systems for the study
of ship's frequency-controlled electric drives with typical
loads (see fig. 1, 2), [5, 6, 9].

For study the frequency-control laws of VFD and their
impact on the operational efficiency of shipboard electric
power systems, and for the studying the technical means
and methods of ensuring the electric power quality of an
autonomous electric network used the electronic multi-
measuring device (model ME96SSRA-MB), and related
software EMU4-sw1 of Mitsubishi Electric.

Fig. 1. View of the control part of the laboratory in-
stallation: 1 — PLC series IQ-R; 2 — Servodrive Amplifier
MR-4J; 3 - PLC series FX3U64M; 4 — HMI GOT-1575; 5
— PLC Alpha2; 6 — Speed Sensor; 7 — Asynchronous Mo-
tor — DC Generator Aggregate; 8 — Solid State Relay
(switches); 9 — Manual Setting Load Range; 10 - DC
Generator Load Simulator (6 stages of load resistor)
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Typical load simulators for the studied induction mo-
tors were either a direct current generator with independ-
ent excitation (Fig. 1, aggregate 7), or the same frequency-
controlled asynchronous motor (Fig. 2, aggregate 5).

Switching of the load resistors 10 of the generator G1
and, accordingly, the loads of the asynchronous motor M1
were performed according to the algorithm that provides
the typical nature of the load of ship mechanisms (for ex-
ample, fans, turbopumps), which was implemented using
PLC Alpfa2 5, electronic solid state relays 8 and speed
sensor 6, [9].

Autonomous power supply of the laboratory installa-
tion was provided from two brushless synchronous gener-
ators (3 kW of each), which simulate the shipboard auton-
omous power electric system comparable power with the
studied electric drives.

A short list of experimental research and training
tasks that can solved based on the laboratory equipment,
as follows:

- studying of the power electric quality of an autono-
mous power supply network in the operating modes of
electric drives of shipboard mechanisms with a typical
load and using frequency converter (FC);

Fig. 2. Frequency converters with asynchronous motors:

1 — Electronic Multi-measuring Device ME96SSRA-MB;
2 — Inverter FR-F840-E2; 3 — Inverter FR-A740; 4 — Cur-
rent Transformers (output side of FC); 5 - Two Asynchro-
nous Machines Aggregate (1.5 kW)
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- research of methods, schematic solutions, and
technical means of improving the power quality with im-
plementing passive and active filtering;

- the study of the principles, algorithms, and control
laws of shipboard electric drives and electromechanical
complexes supplied from autonomous power network;

- the study of methods and techniques, software,
and hardware for conducting experimental research,
methods and technologies for processing and visualiza-
tion of research results;

- studying the induction motors conditions, diagnos-
tic of most typical motors fault types and estimation bas-
ing on the analysis of power consumption signal under
operating modes [7];

- studying the energy-efficient modes of an elec-
tromechanical systems operation with a typical ship load;
- configuration and application of the standard commu-
nication apparatus on the example of hardware and soft-
ware of Mitsubishi Electric;

- using of an experimental research results in master’s
diploma thesis, as well as in the department research
works.

I1l. MAIN PART

Functional schematic diagram of the laboratory instal-
lation for the study of asynchronous electric drives with
frequency converters FR-A740 and FR-F840 shown in
Fig. 3.

The measuring equipment of the laboratory and the re-
lated software are a helpful instrument for research work,

JaaN ob

provides convenient opportunities for receiving and pre-
senting research results.

MMI block includes the multi-measuring device
ME96SSRA-MB [10], an oscilloscope ExtechMS420,
which provide measure and record electrical energy pa-
rameters, power quality indicators, and their time and
phase dependencies.

In the installation presented, the power supply parame-
ters of the FC (input parameters) and the load parameters
(output parameters of the FC) were measured with the
ME96SSRA-MB device using current and voltage trans-
formers. Current, voltage, active power, reactive power,
apparent power, power factor and frequency are meas-
ured. In addition, it can measure harmonics (current and
voltage) and count active energy (imported and exported)
and reactive energy (imported lag, imported lead, export-
ed lag, exported lead). It can expand the remote I/ O func-
tion to ModBus RTU communication, which provides
visualization on the HMI (GOT2000). This allows to ef-
fectively manage, control and monitor research processes.
The GOT2000 can be easily integrated with other
Mitsubishi Electric devices such as PLCs, inverters or mo-
tion control systems for complete automation and training.

Modelling of the VFD operating modes is carried out
using a two-machine unit, consisting of two identical in-
duction electric motors, each with a power of 1.5 kW and
connected by a coupling. In the frequency converters that
power these motors (see Fig. 3), the DC circuits are inter-
connected.

— — — — —f
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Oaclloscope
]

—d

FLE %
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Frequency converter
FR-F540.00052

Ala=raal
wecting |
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Fig. 3. Functional schematic diagram of laboratory installation

The law of variation of load torque on the shaft of the
testing motor (e.g. M2) is given by the PLC in accordance
with the typical mechanical characteristics of ship mecha-
nisms (e.g. fans, centrifugal pumps, cargo mechanisms,
conveyors), and transmitted to the FC corresponding input
of loading motor (M3). The M3 electric motor operates in
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a braking mode, the braking torque of which varies ac-
cording to the law of a specific ship mechanism.

To configure and debug the investigated frequency
drive with the FR-F840 inverter, the FR Configurator 2
package is used. With this software can change the drive
settings, control the drive on various modes directly
through the computer, track changes in the main drive pa-
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rameters and obtain the time characteristics of the process
under study in real time. The specific advantages of the
software package are as follows:

- FR Configurator2 allows controlling the operation
mode of both converters (FR-A740 and FR-F840) simul-
taneously over the Modbus network;

- setting of various parameters is facilitated by full and
group viewing functions;

- test mode allows simulating the operation of the in-
verter;

- convenient and understandable display functions
providing output of digital and analog data, error messag-
es and waveform signals;

- advanced diagnostic system allows to quick and ef-
fective troubleshooting;

- the auto-tuning function allows to implement the
control laws of various motors most accurately;

- all electric drive settings can be saved in a special
file and moved as settings to other drives.

Thus, the presented laboratory setup and accompany-
ing software make it possible to design and study modern
ship variable frequency drives of various mechanisms and
complexes, configure control systems, and study their op-
erating modes, including in terms of energy efficiency.

As an example of the solution of research tasks per-
formed on the presented laboratory equipment, the results
of the influence of the quality of the autonomous power
supply network on the operation of a frequency-controlled
pump drive are given.

The inverter FR-F840 of pump drive was powered
from 2 synchronous generators (2x3 kW, 400 V, 50 Hz),
those simulating the shipboard autonomous power
supply.

During experimental research, the influence of the
qualitative parameters of the shipboard network (namely,
the maximum deviations of voltage and frequency al-
lowed for ships) on the energy parameters of frequency-
controlled electric drives of centrifugal pumps was stud-
ied.

In addition, the influence of the FC operating mode
on the power grid was also assessed and the spectrum of
prevailing voltage and current harmonics was determined
[11].

An example of the obtained waveforms of starting a
pump drive and the output voltage of the FC is shown in
Fig. 4. These curves were obtained at 93,2% load torque
of the asynchronous pump motor.

¥ .

Fig. 4. Oscillograms of the start-up of the variable fre-
quency pump drive according law U/ f* = const

The main energy parameters of the investigated motor
obtained using FR-Configurator2 software are shown in
the tabl. 1.

Table 1
No. | Item St. No.
1 Output frequency 54,06Hz
2 Output current 2,55A
3 Output voltage 388,8V
4 Frequency setting value 52,50Hz
5 Speed/machine speed 3150r/min
6 Motor torque 93,2%
7 Output current peak value 3,23A
8 Converter output voltage peak | 562,4V
value
9 Input power 1,41kW
10 | Output power 1,37kW
11 Load meter 39,1%
12 | Motor excitation current 1,53A
13 | Motor load factor 49,0%
14 | Cumulative power 14,92kW
15 | Energy saving effect 0,86kW
16 | Cumulative energy saving 31,78kW
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CONCLUSIONS

The presented experimental laboratory installation,
which powered from autonomous power electric plant,
frequency-controlled electric drives based on two-
machine electrical aggregates, programmable controllers,
graphic control panels and communication equipment al-
lows to create and research of the physical models of
shipboard drives and various PLC-based control systems.
The available measuring hardware makes it possible to
analyse and evaluate of the energy efficiency parameters
of electric drives and of the electric power quality of the
autonomous power grid.

The active participation of cadets in the creation of
such laboratory facilities, the solution of research prob-
lems presupposes their mastery of new information tech-
nologies and modern design methods.

It also has an undeniable professional and practical ef-
fect for future ship engineers, which, in our opinion, is a
necessary result of the educational process.
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Banyp YUynamsuiau, Anaexcanap Ilerpocsin, PeBa3 I'yprenanse, I'eopruii Byadyaamsuiau

HccienoBanue 0c00eHHOCTEH YIEKTPOMEXaAHHYECKOH YaCTH MASTHUKOBBIX MOABECHBIX KAHATHBIX
J0POr U YCOBEPIIEHCTBOBAHUE PACYETHOI MO/IeJIM MOABBLIKHONW MeXaHUYeCKO# YacTu
3JIeKTPONpPHUBOAA

AnHotaunus. [lokaszawo, umo 3a0aua nNOBbIUEHUS INEKMPOOUHAMUYECKUX NOKaA3amenel 3J1eKmponpueooos
MAAMHUKOBLIX NOOBECHbIX Kanammubvix dopoe (MIIK]]) u mounocmu ynpagieHus nepemeujeHuem noO8eCHbIX COCYO08
Modcem Ovbimb IPeKmusHo peuieHa MONbKO HA OCHO8e COBEPUIEHHble CUCTeMbl VAPABIEHUs C YYemom 8cex
ocobenHocmell KuHemamuyeckou cxemul. Ilpu smom ocHosHoe 3HaueHue npuoaromcs paciemHuslm MOOeIsM NOOBUIHCHOU
mexanuyeckou yacmu (PMIIMY) anexmponpusooa MIIK/]. Ananus xunemamuueckux cxem MIIK/] nozeéonun oyenums
NONYHUEHHBIX Pe3VIbMAmos UCCIe008ANUS INEKMPOOUHAMUYECKUX npoyeccos cywecmeyrouwumu PMIIMY. /lokasano,
umo cywecmeyiowue PMIIMY snexmponpueodos be3z onoprvix MIIK/ u 0opoz ¢ npomexcymouHsiMu Onopamu He
NOIHOYEHHO ompadicaem OUHAMUYECKUEe NPOYeccvl Npoxoosiyue 8 NOOBUIICHOU MEXAHUYECKOU Yacmu, HOCKOJbKY
HAYaIbHAsl pacyemuas Mooeib cocmaeiena 6Oe3 yuema (QPUKYUOHHOU CBA3U MedNCOY KAHAMOBEOYUUM WKUBOM U
MsA208bIM KAHAMOM. [JOKA3aHO, Yymo mpeHue MedxHcoy maeo08blM KAHAMOM U KAHAMOBEOYWUM WKUBOM USMEHAENCs 6
@yHKYyuu nepemeujeHuss NOOBeCHLIX cocydos. B cnedcmeue, cozdaromes maxk  Haszvieaemvlie QPUKYUOHHDbIE
aBmoKonedaHUs, CYWeCmEeHHO 6uArwue HA OUHAMUYECKUe npoyeccbl U nokaszamenu ynpaenenus. Ha ocnoge
npogedeHHbIX uccredoganuu 0aa bezonopuvix MIIK/[ u Oopoe ¢ npomedxCcymouyHviMu onopamu paspabomarsvl
ycosepuiencmeogarnvie PMIIMY 21ekmponpusodos yuumelearougue, UsMeHAOWeNCs 8 npoyecce nepemMeujetis, mpeHue
MeAHcOY KAHANOBEOY UM WKUBOM U AL0BbIM KAHAMOM.

KaloueBble cioBa: masmHuxogvle, Kanamuvle 00pO2U, YCOBEPULEHCINBOBAHUE, DACHEMHAs MOOelb, NOOGUICHAS
MEXAHUYECKasi Yacmy, INEKMPONPUBO0, YPUKYUOHHASL C53b.

Badur Tchunashvili, Alexander Petrosyan, Revaz Gurgenadze, Georgi Bulbulashvili

Study of Peculiarities of Electromechanical Part of Pendulum Suspended Rope Ways and
Improvement of The Design Model of The Pendant Mechanical Part of The Electric Drive

Anneotation. /¢ is shown that the problem of increasing the electrodynamic performance of electric drives of pendulum
aerial ropeways (MPKD) and the accuracy of controlling the movement of suspended vessels can be effectively solved
only on the basis of perfect control systems, taking into account all the features of the kinematic scheme. In this case, the
main importance is attached to the design models of the movable mechanical part (RMPMCH) of the MPKD electric
drive. The analysis of the kinematic schemes of the MPKD made it possible to evaluate the results of the study of
electrodynamic processes by the existing RMPMCH. It has been proved that the existing RMPMCH of electric drives
without supporting MPKD and roads with intermediate supports does not fully reflect the dynamic processes taking place
in the moving mechanical part; along the splinter, the initial design model was drawn up without taking into account the
frictional connection between the traction pulleys and the traction rope. It is proved that the friction between the traction
rope and the traction sheave changes as a function of the movement of the suspended vessels. As a result, the so-called
frictional self-oscillations are created, which significantly affect the dynamic processes and control indicators. On the
basis of the research carried out for unsupported MPKD and roads with intermediate supports, improved RMPMCH
electric drives have been developed taking into account the friction between the traction pulleys and the traction rope
that changes during movement.

Key words: pendulum, cable cars, improvement, design model, moving mechanical part, electric drive, frictional links.

Beenenmue. PazButue TOpPHOAOOBIBAIOMICH 3JIEKTPOIHEPTUM B CUJIOBOM YacTH 3JNEKTPONPUBOJA, U
MPOMBIIIJICHHOCTH, PAaCIIUPEHHE 30H OT/IbIXa, CIIOPTa U 3JIEKTPOMEXaHUYECKUMH  KoJeOaTeIbHBIMH  IPOIIeC-
TypH3Ma 00YCIIOBIMBAIOT TIOTPEOHOCTD B HETIPEPHIBHOM CaMH B 3JICKTPOMEXaHUUYECKOH YacTH. DTH (HaKTopsl
YBEIMUYEHUH II0TOKA Pa3HOrO BHJA TEPEeBO30K, B HETIOCPEJICTBEHHO  CBS3aHbl €  JUHAMHYECKUMHU
YaCTHOCTH M Ha MAasSTHUKOBBIX MOABECHBIX KaHATHBIX CBOMCTBAMH CHUCTEMBI YIIPABICHUS IJIEKTPOIPUBOIOM,
poporax  (MIIKJ]), xak OmHOrO U3  CaMbIX B KOTOPOM pEHIAIOIIYI0 POJIb WIPaeT OCOOEHHOCTh
9KOHOMHUYHBIX, O3(QQEKTUBHBIX M JICUIEBBIX BHJIOB NOJBIKHOM MexaHnueckor wactu MITK]I [2].
rpy30BOr0 U Maccaxkupckoro Tpancnopra [1]. Oanako IocTranoBka 3anaun. [loxBrmxHas MexaHudeckas
OH UMEIT HHU3KUH  YpPOBEHb OJHEPreTUUECKUX yacTh anexTponpusogoB MIIK]] Becbma cioxnHa (Puc.
MoKasaresie, OOYCIIOBJICHHBI JBYMSl CBSI3aHHBIMH 1) u mpezacrapnsieT co60if MHOrOMacCOBYIO CHCTEMY C
MEXIy co0oi (akTopamu: 3aMeAJICHHBIM BpEMEHEM W3MCHAIOMIMMICA B OOJNBIIMX —JUana3oHax IpH
pa0odero IWKIIa, BBI3BIBAIOLIEM YBEIWYEHHE MOTEPh TIEPEMEIIEHIH TTOIBECHBIX COCYJOB YIPYTHMH CBSI3IMH
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[3]. B cBoto ouepensp, Taroseiii kanat (TK) npuBoautcs
B JBI)KEGHHE JBUTaTelieM, uYepe3 (DpPUKLUOHHBIC
nepeiayu, 1o CPeACTBOM KaHATOBEAYIEero mkusa. [1pu
OTOM, BCJIICACTBUC TPECHUHN MEXKAY TATOBBIM KaHATOM U

KaHATOBEAYIINM IIKHBOM CO3JaI0TCS TaK Ha3bIBaeMbIe
(hpUKIIMOHHEIE aBTOKOJICOaHUs, CYIIECTBEHHO

BIIMAIOLIME HA JUHAMUYECKHE IIPOLECCHL U II0KA3aTeIn
YIIPABJICHUS.

Puc. 1. Tunoas kunemaruueckas cxema MITK/]
C IPOMEXKYTOUHBIMH OMIOPaMHU

Cymectytommme PMIIMY  3I1 0e3 omopHBIX
MIIKl u pmopor ¢ HpOMEXKYTOYHBIMH OHNOpaMH HE
MOJTHOIIEHHO OTPaXkaeT IUHAMHYECKHE MPOILECCH
MIPOXOASAINNE B MOABMKHONW MEXaHMYECKOM YacTH, IO
CKOJIKY HaudaJlbHasl pacyeTHas MOZEeJIb COCTaBIeHa Oe3
y4yeTa GPUKIMOHHOMN CBA3M MEXAY KaHATOBEIYIINM
HIKMBOM M TATOBbIM KaHatoM [4]. [Ipu aTom Haubonee
palMOHAIBHBIM M HaJEeKHBIM CIIOCOOOM ITOBBIIIEHUS
koo durmenra cueruienus sBigercs (yrepoBaHue
00Boza (py4bs) IIKMBAa BS3KOYNPYTUM MaTepualioM
(u3HOCOYCTOWYMBAs pe3nHa, obecrieunBaromas u=0,22
1 paboTOCHOCOOHOCTS ITpH Temriepatype ot +40 mo —25

°C) [5].

Hens paGorbl. Ilemro  paboTel  sBIsAETCA
HCCIIeI0BaHHE JMHAMHYECKUX MIPOLIECCOB,
NPOXOMAIIMX B DJIEKTPOMEXaHWYECKOW  YacTH

anektponpuBoga MIIK]I, ompenenenue HeI0CTATKOB
cymwectByromux  PMIIMY  snektponpuBoioB U
pa3paboTka YCOBEPIICHCTBOBAHHOM PMIIMY
AJIEKTPOIIPUBOJIOB,  YYMTHIBAOLIEH  (PUKIHOHHYIO
CBs3b Me>1<)1y KaHaTOBe}Iy[HI/IM IIKUBOM U TAT'OBBIM
KaHaTOM.

PesyabTaTrel  ucciaepoBanusa. OpHako A
VIOPABJICHUS JBIKCHUEM MAIIMH W MEXaHH3MOB C
QNEKTPUYECKAM  TPUBOJIOM  BaXXKHO  3HATH  TE
XapaKTEePUCTHKH TPEHHUS, KOTOpPHIE BBICTYIMAIOT Kak
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Harpyska, BIWsil Ha NOKas3aTenu JBuxkeHus [6]. Ilpu
9TOM, OJHOW M3 BAKHEWIINX XapaKTEPUCTHK TPEHUS
ABIISICTCS 3aBHCUMOCTBH CHJIBI TpeHus F, oT ckopoctu
MPOCKaNb3bIBAHUSI  V,,,  HHOTJA  Ha3bIBaeMOM
KMHEMaTUYeCKOM  XapaKTepUCTHUKOM  TpeHus. B
JIEKTPONIPUBOJE 3a4acTyl0 YAOOHEH IOJIb30BATHCS
3aBHCHMOCTBI0O MOMEHTA CHIIBI TpeHUs M, OT yrioBoi
CKOPOCTH TIPOCKAJIB3bIBAHUS (W, NPEICTABIAIOMINX
MPUBEJICHHBIE K Bally 3JEKTPOJBUTaTENsl BEIHYMHBI
Fc n v,,. Cuna TpeHus 3aBUCHT OT KoddduipeHTa
TpeHUs f U ONpenensieTcs, Kak

Fe=Pf, (1
rae P — cuia HOpManbHOTO JaBjieHus [6].

Ha kanaToBemymieM IIKHWBE CHIIa HOPMAalbHOTO
naBieHusT P onpenensercs HATSDKCHHEM  TATOBOTO
kaHaTa ¢ oboux ctopoH Zi u Zi (Puc. 1), xotopbie B
(GYHKIMM ~ TPACKTOPUM  MEPEMEIICHHS  MOBECHBIX
COCYIOB TIOCTOSTHHO MeHstorcs [7]. [ms momeHTa
Hauausa nBvkeHus Hatsbkenne TK onpepenstorcest:

Zy=Zur/2 — Z¢p — Zysy + Zisar s
Zn=Zur/2 +Zcy — Zgsin + Zxsaus 2

rne Zuri Y Zyrn — COOTBETCTBEHHO, HATSXKEeHHE

TATOBOTO KaHATa BecOM HaTsKHOro rpysa, I m II
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nposera; Zy; — HaTsXXeHHe TAroBOro KaHara [ mposera

BBI3BAHHOIO BECOM XOJOBOM Temexkku XI1 wu

noasecHoro cocyza IICI; Z¢;; — HaTs>keHUe TATOBOTO
kxaHata II mposjera BBI3BaHHOE BecOM XOJOBOM
Tenexxku X12 m mopsecHoro cocyga IIC2; Zygq; n
Zyp; — COOTBETCTBEHHO, HATSDKEHME TATOBOTO KaHAaTa
I mposmera BBI3BAaHHOE BEeCOM TATOBOTO KaHAaTa
y49acTKOB S1 m1 S2; Zygi; v Zysp;; — COOTBETCTBEHHO,
HaTsKeHUe TAToBOro kanara Il mposrera BrI3BaHHOTO
BECOM TATOBOTO KaHara y4acTkoB S1 u S2.

CrnenoBarenbHO, cujla HOPMAJIBHOTO JABJICHHS Ha
KaHaTOBEAYILUI IIKKUB IMOCTOSIHHO MeHsieTcs. B mecTte ¢
stumM, st MIIK]J] ¢ HeOompmuM MepenagoM BBICOT
U3MeHsieTcs ¥ 3HaK HaTspkeHusa. Kpome toro, 8 MITK/]
C TMPOMEXKYTOUHBIMH  ONOpaMH MpHU  Mepexoje
ITOJIBECHBIX COCY/IOB Ha OIOPBI C KAYKOM H3MEHSIOTCS
3HaK HATSDKCHUHM KaHaTa H CTPYKTypa pacueTHOMH
MOJIeNH TIOABIDKHON MexaHwdeckoil wactu (PMIIMY)
3IEKTPOIIPHUBO/IA.

Js MIIK/ ¢ mpodunem (puc.1), mocie nepexona
nepBoro noasecHoro cocyaa [1C1 Ha mpomMexxyTouHyIO
ONOpy CTPYKTypa pacyeTHONl MOJENH MOJBHKHOU
MEXaHMYECKON YacTh AJIEKTPONPUBOAA H3MEHSETCS U
U3  TPEeXMaccoBOM  MEpPEeXOJUT  JIBYXMAacCOBYIO.
CootBeTcTBeHHO, HaTshKeHUU TK ompenensitoTest:

Zy=Zur/2 + Z¢; — Zysu t Zxsai s
Zu=Zurw/'2 +Zcy — Zyxsin + Zksair- 3)
ITocne nepexoma BToporo noasecHoro cocyaa [TCII
Ha MPOMEXYTOUHYHO OmOpy CTpykrypa PMIIMY

DJICKTPOIIPpUBOJA U3 HByXMaCCOBOﬁ C paclICTIJICHHbIMU
MacCaMu MEPEXOJUT B TPEXMACCOBYIO U3MCHACTCA 3HAK

HaTSKEHUU TK oT [IO/IBECHOTO cocyna.
COOTBETCTBEHHO, HaTSKEHUU TK MIPOJIETOB
OIIPEICTSIOTCSL:

Zy=Znurv2 + Z¢; — Zgsi T Zgsar s
Zn=Zur/2 —Zcyp — Zgsin + Zxsa- (4

B dopmynax (3) u (4) Zurt, Zurt > Zysig > Zxsir »
Zysa21 > Zgsp;p B TIpollecce JBIDK@HMA OCTalOTCA
HEU3MeHHBIMU, a Z; U Z; U3MEHSIOTCA B QYHKIIUN
TIlepeMelleHH IIOJBECHBIX COCYOB.

Tpaexkropust JIBHKEHUS IOABECHBIX COCYAOB
6e3onopHbIx MIIK/ npeacrasinsier coboii KBaapaTHyIO
mapabony. CregoBaTenpHO, TPH  TEPEMEIICHUN
MIOJBECHBIX COCY/IOB HATSHDKEHHE TATOBBIX KaHATOB,
BBI3BAHHOE TMOJBECHBIMH COCYyJaMH B pE3yJbTaTe
W3MEHEHHs yIJla HaklIoHa, MeHsercs. Ilpum stoMm,
HaTspkeHue BbI3BaHHOE mepBbM [ICI u BTophM TICII
HOZBECHBIMH COCYJIaMH ONPENEISIOTCS 1Mo (GopMyiaM
[8]:

Hatsoxenue TK nepBbIM MOJBECHBIM COCYAOM
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Ze =

Peitopr+(s1-20)(Par/si+h /231 o x =041,
=0+1;

2
J [tapr+si-20Passi+Zy 2zm| -1

®)

mpu x =1, + 1.

.
PataBir+(S2+51-20) (P /2 ey 23 Hy |

2
.
J[tgﬁm(sz+S,—2x)<Pu/sz+ﬁ)/2£Hn] -1

Hatssxenue TK BTOpBIM TOABECHBIM COCYIOM

4%y o5,
cos f,

By {tgﬂ// +(2x=28, =85, (P /Sy +

npu x =0+S8;

\/{[gﬁn +(2x—251 _Sn)(P(// /Sw +M)/22H":| -1
cos 3

cn

P(l{tgﬁ/ +(2x=8,=285,)(Py /S, +m)/22H1:|
cos f,

2

1B, +(2x—S, ~28,)(P, /S, + L9y josm, | -1
cos f3,

(6
re X — IyTb NEPEMCLICHHs COCYAOB; g H g —
COOTBETCTBEHHO, YIOJN HAaKJIOHa Tpackl MEpBOTO HU
BrOporo mposiera; Pg u Poo — cooTrBeTcTBEHHO, BEc
MIEPBOTO M BTOPOTO ITOABECHOTO COCYNOB; St U Sp —
COOTBETCTBEHHO, PAcCTOSHHE OT MPOBOJHON CTAaHIMH
JI0 TIPOMEKYTOYHOM OINOpPBl U OT INPOMEKYTOYHOU
OTIOPHI JI0 HATSHKHON CTaHLIUHY;

Mo ¢opmymam (3) m (4) TOCTPOEHBI KpPHUBHIC
m3MeHenns HaTspkeHmn TK  (puc. 2). Ilpm stom
IPUHATO: Pcz =2Pc1, Su = 281.

Ha ocHOBE THIOBOH KHHEMAaTHYECKOM CXEMBbI
(puc.3), mis MIIKJ ¢ npoMeXyTOYHBIMH OINOPaMH,

pa3pabotaHa YCOBEPILICHCTBOBAHHAS PMIIMY
SJEKTPONPHUBOJA YUYUTHIBAIOIIAS, U3MEHSIOLIMEHCS B
rpouecce nepeMelleHus, TpPEHUS MEXIY

KaHAaTOBCAYIIMM HIKUBAM U TATOBBIM KaHATOM.

z)

= =
% o
= =]
o =]
s g
Q
4= g™
ZCH 9 2
2 g
=9 (=%
= <
= =
0 —\,
I i

Puc. 2. Kpussle nsmenenuns Harsoxkenuu TK
OT MOJBECHBIX COCY/JI0B

B paszpaborannoit PMIIMY yunThIBatoTCS BCE
WHEPIMOHHBIC  JJIEMEHTHI,  OCHOBHBIE  YIIPyTHE
(pUKIOHHBIE CBSI3U MEXKIY MaccaMH.
Pacnpenenennble Macchl ¥ yIPYTOCTH TATOBOTO KaHATa
3aMEHEHBl  JKBUBAJCHTHBIMU  COCPEIOTOUEHHBIMHU.
MoMeHTbl MHEpUUH, KOI(POHUIMEHTBl YKECTKOCTH |
TpeHus Mojenu (puc. 3), NpUBEACHHBIE K Baly
JIBUTATEJIA, ONpeenseTcs

npu x =S, =8, +8,.
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Ji=JIn+HJp + Jxu;

J2 = IxtitIncr +AJner + Juwe/2 +
k-1 /2 TItr-2) 125

I3 =Jxrot Jncn tATnen + Juud/2 +

+rr-2) /2 Hr(1-2) 125 @

ci2=co p/Lo2;

c23=¢o p/Laay;

c13=¢o p/Lio-1);

f=o(Zi,Zy).
rae Jrko-n, Jtka-2),  Jtk0-2), JTK(1-2) — TIpUBENEHHBIE K
Baly JBUraTels CyMMAapHBIE MOMEHTHI HHEPIHH
Yy9aCTKOB TATOBOTO KaHaTa, KO.M%  Jume,  Jume—

TIPUBE/ICHHBIE K BaTy JIBUTATENIs CyMMapHbIE MOMEHTEI
WHEPIHUN IIKMBOB IPHBOJHON CTAaHIMM W INKHBOB
HATSHKHOM cTaHmud, Kr.M%; Lo-1y, Lo-2) 1 L) - mmna
ygacTKoB TsroBoro kanara 0-1, 0-2 u 1-2, M; ci2, Co3 U
Ci3 — TpUBelEHHbIE KOA(PPHUIUEHTHl IKECTKOCTH,
00YCIJIOBIICHHBIE JJIMHOW YYacTKOB TATOBOroO KaHarta 0-
1, 1-2 u 0-2, H.m/pan; f — ko3 pUIIMEHT TpeHHUS.

Puc. 3. YcosepmencrBoBannas PMITMY
anexTponpusoga MITK]]

Tak kak NHpu JABMKEHHHM PACCTOSHHUS MEKIY
MOJBECHBIMH COCyaMM M CTaHOMAMHU L(o.1), Lo-2)
MEHSOTCS, COOTBETCTBEHHO MEHSIOTCS U 3aBUCSIINE OT
HUX TIapaMeTphl pacyeTHOW Mojenu B (QYHKIUH
nepeMenIeHus.

BrIBoAbBI

1. TlokazaHo, 4T0  3ajgaya  ITOBBIMICHUS
AIEKTPOJUHAMUYECKUX TI0Ka3aTeNel AIeKTPOIPUBOIOB
MasITHUKOBBIX ITOJIBECHBIX KaHATHBIX Jopor (MITK/) u
TOYHOCTH YIPABICHHS TEPEMEICHUEM ITOJBECHBIX
COCYZIOB MOXET OBITh 3()(peKTHBHO perIeHa TONBKO Ha
OCHOBE YCOBEPLICHCTBOBAHUSI CHCTEMBI yNPABJICHUS C
YYeTOM BCEX OCOOCHHOCTEH KHMHEMaTHYECKOH CXEMBI.
IIpn 3TOM OCHOBHOE 3HAuUCHUE NMPHUIAETCS PACUETHBIM
MOJIEJIIM HOJBIDKHON MexaHnueckoi gactu (PMIIMY)
anektpornpusoaa MITK/I.
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2. Jloxazano, uyro cymectByromue PMIIMY
aeKkTponpuBoaoB 6e3 omopubix MIIKI u mopor ¢
NPOMEKYTOUHBIMU ~ OIOpaMU  HE  IOJIHOLIEHHO
OTpaXaroT TUHAMHYECKHE MPOIECCHl, MPOXOISIIue B
MOABMKHON MEXaHUYEeCKOM YacTh, T.K. HaudajbHasd
pacueTHas ~ MOJEJIb  COCTaBlieHa  0Oe3  ydera
(hPUKIIMOHHON CBSA3M MEXTYy KaHATOBEIYIIIMM IIKUBOM
U TATOBBIM KaHATOM.

3. JoxazaHo, YTO TpeHHE TATOBOI'O KaHaTa W
KaHATOBEAYIICTO MIKUBA W3MEHACTCS B (QYHKIUU

nepeMenicHd IMOABECHBIX  COCYOB. BCJ'IQI[CTBI/IG,
CO31ar0TCA, TakK Ha3bIBA€MEIC, q)pI/IKI_[I/IOHHLIG
aBTOKOJ'IC6aHI/IH, CYHIECTBEHHO BJIMAIONIHE Ha

JUHAMHUYECKHE TPOLIECCHI U ITOKA3aTeNN YIIPaBICHUS.
4. Ha ocHOBE IPOBEJECHHBIX UCCIIEIOBAaHUMN VI
6e3omopueix MIIKJI m mopor ¢ mpoMeXyTOYHBIMU

oIopaMu paszpaboTaHa YCOBEPIICHCTBOBaHHAS
PMIIMY 3JIEKTPOIPUBOJIOB, YUMTBIBAOLIAs
HU3MEHSIoNIMecs B nporecce nepeMeIleHHs
K03 UIMEHTE TpeHHsT MeXAy KaHaTOBEIYIIUM

IIKHBOM U TATOBBIM KaHATOM.
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Maia Tugushi, Madona Loria, Gocha Gogitidze

Electrohydraulic Systems, Method of their Perfection by Means of Electrohydraulic effect

Summary. To increase the efficiency of power transmissions and reduce the waste of electricity, electrohydraulic
drives/gears are widely used. It is used in high power installations. To improve system features, on basis of the results
received through experimental research the perspective of using electrohydraulic effect in propulsion devices was
determined. This should result in increase of efficiency of electrohydraulic system.

Keywords: Electrohydraulic Effect, Piston Movement, High Efficiency.

Introduction. Electrohydraulic gears are generally
used in modern power plants during wide range power
and load fluctuations. This gives universal opportunity
to convert mechanical characteristic of driving engine
in accordance with load. It is also easy to control and
protect engine and executing sections/components
from overloads. Electrohydraulic propulsion device
(electric engine, pump, and hydraulic transmission
system) in comparison with electromechanical gears is
distinguished for reliable operation during fluctuation
of number of revolutions from 1-4 rpm to 2500 rpm, by
high power value transferred to unit of mass of
propulsion device.

In addition to the above-mentioned positive
features/properties electrohydraulic propulsion devices
have several negative sides. For example, when
transferring energy on long distance, large pressure
losses are observed on unit length of power line; due to
the fact that numerous transmit rings efficiency is low;
viscosity of power liquid is dependent on temperature
fluctuations, etc.

In spite of the above-mentioned negative sides
electrohydraulic gears are widely used in power plants
of ports and ships. It is important for these devices to
develop certain moment (ship’s steering gear, anchor
and mooring equipment, crane drives, etc.) during
practically indefinite range of load variations.

Main text.

For the effective operation of power plants,
perfect work of all rings is important and the aim is to
increase efficiency. From this viewpoint it is
interesting to apply electrohydraulic effect in
propulsion devices [1,6].

Since XVIII century mechanical damage of the
surrounding objects resulting from the -electrical
discharge in water became the object of study of
scientists (T. Lane, J. Priestly 1767-1769). The effect
received by high voltage pulses in water was called
electrohydraulic effect (EHE) and the research works
of many scientists were dedicated to this effect
(Fedorov I.V. — 1932, Frungel P. — 1948, Yutkin L.A. —
since 1950, etc.). Primarily it was thought that
mechanical effect on the surroundings during power
discharge took place only on liquid dielectrics,
however in liquids having ionic conductivity it is
spread only on short distance and is characterized by
excessive production of gas and steam [2].
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The research has shown that mechanical effect of
the liquid on the objects that are placed near to electric
discharge channel, are insignificant and practically not
seen in the liquids of ionic conductivity. However, the
effect in liquid dielectrics is very different [5].
Mechanical effect on the objects placed around
discharge channel is determined by pressure value of
gaseous cavity created around discharge zone. In order
to increase pressure, it is necessary to create adequate
conditions to increase hydraulic pulses.

Three general modes of
discharge are known:

e hard mode of operation with the following
parameters — U = 50kV,C < 0,1uF;

e moderate mode of operation with the
following parameters: — 20kV < U < 50kV, 0,1uF <
C < 1.0uF;

e mild mode of operation with the following

electrohydraulic

parameters: — U < 20kV,C > 1uF

\
ez |

Fig. 1. Structure of electric discharge channel in liquid:
1 — central part of discharge channel; 2-surface jacket
of discharge channel/skinning jacket; 3 — steam-
gaseous jacket of the channel

The area of spreading of streamers resulting from
the EHE is dependent on the properties of the liquid
and the parameters of high voltage pulse. Discharge
also results in creation of cavitation that causes sharp
fluctuation of ambient pressure due to its expansion
and compression. The electrohydraulic blow (EHB)
may be observed as a result of the given phenomena.

The scheme of pressure spread in the discharge
channel is determined [3], it is shown in figure 1.
Different values of received pressure correspond to
different values of air jacket thickness created during
discharge.

The values of the pressure correspond to the
changes of steam-gaseous jacket thickness: jacket
thickness from a= 0.001 to 0.1 mm corresponds to the
pressure from P;=5 + 10°Pa to Ps=2 - 10!° Pa; Jacket
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thickness from b= 10~ to 10~ mm corresponds to the
pressure from Ps=2 - 10'° Pa to P,=2 - 10%Pa; In the
radius of the discharge channel from c¢=0,5 to 5 mm
corresponds to the pressure from Ps=2 - 10! Pa to
P1=0-56 2 - 10°Pa.

As it can be seen from the figures maximum
pressure can be received near to the surface jacket of
the discharge channel and its widespread is dependent
on the properties of the liquid. Pressure value can be
determined by the following formula [4]:

_ P\

p=ro+B[(2) -1
Where, p — pressure received in the discharge channel;
Po — atmospheric pressure (p,=10°Pa); B — liquid
characteristics is constant, for water B=3,05-10% Pa; p
— density of compressed liquid received by the effect of
plasma channel during discharge; p, — density of liquid
in normal conditions; a— the constant of the liquid and
its value for water is 7,15.

For scientist it is interesting how effective the
usage of the possibly received pressure is for shifting
or moving the object. The experiments were held
during non-standard mode of operation with the
following parameters: U < 2kV, C < 20.0uF.

Experiment was held in laboratory (fig.2) using
polypropylene cylinder. Discharge took place under 2
kV voltage, using condenser of 20 microfarads
capacity with duration of 107...10™* s. The value of
condenser energy was up to 40 J. As a result of
electrohydraulic blow piston moved on 55 mm.

The value of strength acting on piston (resultant
from the force of electrohydraulic blow and friction
force) is approximately up to 1650 N (F=0,015 kg x
0,055 m. x 2 / 10°%c? = 1650N), that corresponds to the
force necessary for lifting of the weight of 160 kg.

Fig. 2. Effect of piston movement resulting from
electrohydraulic blow. 1-discharge chamber; 2-piston;
3- plasma channel; 4-electrodes; a-before discharge;
b-after discharge

System efficiency is 127%. This is very high
value, it is understandable that with load power this
value will be reduced but efficiency effect will be
higher than efficieny of the existent propulsion devices

The received results assure that if electrohydraulic
effect is combined with high voltage (up to 40 kV) it
will be possible to receive real force that will ensure
propelling of the propulsion device.

Conclusions:

1. It is important to develop technologies clean
from ecological point of view and from this viewpoint
it is interesting to apply electrohydraulic effect to
propulsion devices.

2. The possibility to receive real propulsion
force with high efficiency was documented as a result
of the experiments.

3. The experiment should be continued with
electrohydraulic effect in mild mode of operation with
parameters - U < 20kV,C = 1uF. When desired
results are received the observations should be made in
moderate mode of operation and hard mode of
operation.
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Sergey Shevchenko, Dmytro Danylchenko, Stanislav Dryvetskyi

Calculation of probability disconnected overhead lines 6-35 kV from thunderstorm activity

Summary. In the work, a calculation was made of the number of line disconnections as a result of a direct lightning
strike, taking into account the likelihood of a dangerous lightning current, as well as disconnections from induced
overvoltages, taking into account the increase in the dielectric strength of the wire-wire gap for different classes of
rated voltages and different types of wires. Based on the results obtained, we can conclude that the value of the number
of thunderstorm connections for unprotected wires is approximately two times of the same indicator for stolen wires. |
will order the transfer of the stolen wires for the advancement of the reliability of the power supply.

Keywords: power line, overhead power line with shielded wires, self-supporting insulated wire, overhead power ling,

lightning protection, number of lightning disconnections, lightning current.

Introduction. The quality of power supply for most
consumers directly depends on the reliability of the 6 -35
kV overhead distribution lines (OHL), the length of
which in Ukraine exceeds 0.3 million km. Among the
causes of accidents and violations at 6-35 kV overhead
lines associated with damage to insulators, supports,
wires, accompanied by single-phase ground faults, arc
overvoltages, short circuits and automatic shutdowns,
one of the main ones are lightning effects. Due to the low
level of impulse strength of linear insulation, overhead
lines 6-35 kV are the most susceptible to lightning
outages, since almost all overvoltages from direct
lightning strikes and a significant part of induced
overvoltages lead to insulation overlaps, with a high
probability turning into a power arc of industrial
frequency voltage. To improve the efficiency, technical
level and safety of distribution networks, it is necessary
to use new scientifically based technical solutions and
technologies. However, the current standards did not
provide for any special protection against lightning
overvoltages of overhead lines with bare wires up to 20
kV, except for cases of protection of individual points of
overhead lines with weakened insulation or with
increased reliability requirements. This state of the issue
of lightning protection of distribution overhead lines was
a consequence of the historically established recognition
of the inevitability of their lightning emergency outages
and damage due to the lack of effective and
economically available technical means. However, with
the beginning of the massive use of protected wires on
distribution overhead lines, it became necessary to take
mandatory technical measures for their lightning
protection.

Analysis of publications. A feature of the problem
of lightning protection of protected overhead lines (VLZ)
is that in the absence of special measures, with a
thunderstorm overlap of the line insulator, accompanied
by a breakdown of the solid insulation of the wire, the
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power-frequency arc formed with a high probability does
not have the ability to move along the wire (as with bare
wires) and burns in the place of insulation breakdown
until the line is disconnected [1,3]. This can lead to
deterioration of the wire insulation, damage to the line
insulator and to wire burnout, which is confirmed by the
experience of operating lines with insulated wires. Since
on a line with bare wires, the arc, under the influence of
electrodynamic forces, is able to move one of its ends
along the wire, the factor of wire damage due to the
thermal effect of the arc was insignificant and did not in
any way affect the formation of the concept of lightning
protection of overhead lines. In the case of VLZ, the
prevention of wire burnout becomes the main condition
determining the need for the mandatory use of certain
lightning protection measures [2].

It should be noted that protected wires significantly
increase the dielectric strength of the air gaps. The
magnitude of the increase depends on the thickness of
the wire insulation, as shown in [4].

Purpose of the article. Determination, by
calculation, of the number of line disconnections as a
result of a direct lightning strike, taking into account the
likelihood of a dangerous lightning current, as well as
disconnections from induced overvoltages, taking into
account the increase in the dielectric strength of the wire-
wire gap.

Presenting main material.

Lightning surges on high-voltage lines (HV) occur
as a result of a direct lightning strike in the overhead line
(in resistance, in the lightning protection cable, in the
phase wire) and as a result of the applied voltage when
lightning strikes objects near the overhead line (trees,
structures). Thus, on linear isolation there are
overvoltages leading to so-called overlapping of isolation
on air (overlapping of isolation). Overlapping insulation
can lead to a stable force arc - a stable short circuit (short
circuit) phase to ground. A number of techniques set the
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probability of installing a power arc (stable short circuit)
slightly less than 1 with a pulsed overlap of the
insulation of 110 kV overhead lines in networks with
grounded neutral. As a result, the relay protection and
automation of the substation (RZiA PS) is activated,
which disconnects the short circuit on the overhead line.
The line is de-energized and consumers are short of
electricity. [5]

Experience shows that lightning shutdowns of the
transmission line average 10 + 20% of the total number
of automatic shutdowns for all reasons. As the rated
voltage class increases, the number of lightning failures
decreases, but their share (in relation to outages for all
reasons) increases against the background of increasing
the overall reliability of the transmission line. It is
important to ensure the consistency of electricity supply
to the consumer, to increase the lightning resistance of
overhead lines, ie to increase the resistance of overhead
lines to lightning surges.

The lightning resistance of the overhead line, as a
rule, is calculated only for the first pulse of the lightning
discharge, as the probability of insulation overlap under
the influence of subsequent pulses is an order of
magnitude greater than under the influence of the first
pulse. Accounting for subsequent pulses in the
assessment of lightning resistance is justified only in
some special cases with high inductance of supports
(multi-circuit OHL on single-post supports, large
transitions of OHL through water obstacles, etc.).

To calculate the lightning resistance of the
transmission line, the distribution of lightning currents
obtained from the registrations on the transmission line
must be used. This will determine the maximum
probability of lightning current, which will lead to
insulation  breakdown. The parameters of the
logarithmically normal law of current distribution
depending on the height of the supports hs are selected as
follows:

at hs <20m
I=20KkA, 1)
olgI=0, 39, 2)
at hs > 20m
7=20+0,32-(5 - 20) kA, 3)
olg I=0,39-0,0028- (4 - 20). 4)

The probability of lightning current amplitude
exceeding li is calculated using the obtained parameters
by the formula:

Ige [ 1 1 (1gi-lgl 2
\/TtlglflminTeXp [_E< oigl ) ]dI ®)
where T is the value of the amplitude of the
lightning current, the probability of exceeding which is
equal to 0,5.

Given that the height of the supports for the voltage
class 6 kV is less than 20 m, and the height of the
supports for lines with a voltage of 35 kV is higher than
20 m, we will calculate according to formulas (1)-(4).
The calculations were performed for the normative

Pli=1—
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values of the parameters, and for the values obtained
during the experiment for the wire type SIP 3 1 * 50 - 20
and the wire brand AS 50/8.

The calculation of the probability according to
experimental data for the amplitude of the lightning
current on a line with a voltage of 35 kV with a shielded
wire is equal to P = 0.76.

The calculation of the probability according to the
standard, for the amplitude of the lightning current on a
line with a voltage of 35 kV with uninsulated wire is
equal to P =0.78.

The probability calculation according to
experimental data for the amplitude of the lightning
current on a line with a voltage of 6 kV with a shielded
wire is equal to P = 0.74.

The calculation of the probability according to the
standard for the amplitude of the lightning current on a
line with a voltage of 6 kV with uninsulated wire is equal
to P =0.89.

Suspension of lightning protection cables, which is
the main lightning protection measure on lines of voltage
classes 110 kV and above, is not very effective for lines
of 6-35 kV, which is caused by low impulse insulation
strength of 6-35 kV. As a result, the probability of
reverse overlap with lightning strikes in the support or in
the cable would be, at normal values of the resistance of
the grounding of the supports, is quite significant.
Therefore, 6-35 kV lines are built, as a rule, without
cables. Exceptions are only particularly responsible 35
kV lines on metal poles.

Despite the lack of cables, 6-35 kV lines have a
number of features that create more favorable conditions
for their lightning protection. First, these lines are less
susceptible to direct lightning strikes due to their
relatively small height and length. Often they are
partially protected from direct lightning strikes by
objects located near the line: buildings, tall trees, higher
voltage lines, etc. [6]

Secondly, the presence of isolated or grounded
through the arc-quenching reactor neutral in 6-35 kV
networks facilitates the fight against the effects of pulsed
insulation overlaps, helps to extinguish the arc of single-
phase circuit to ground. It can be assumed that cases of
lightning insulation of only one of the phases of the line
do not cause its disconnection. The arc generated by a
single-phase overlap goes out, and the danger for 6-35
kV lines is only the overlap between the phases or
simultaneous overlaps of several phases to ground. At
interphase overlappings there is a high probability of
attenuation of an arc because the gradient of working
voltage along an overlapping way on these lines is small.

Third, 6-35 kV lines are often built on wooden
poles. In this case, the length of the path of lightning
insulation increases due to the impulse strength of the
traverse tree and the support post. The probability of
overlap and the probability of transition of the pulse
overlap in the arc of short circuit decreases. However,
these advantages of wooden supports can not be fully
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realized due to the possibility of splitting wooden parts
with direct lightning strikes. To combat the splitting of
the traverse and support struts in some cases have to
bypass the wooden parts of the supports current-carrying
metal descents.

Unlike lines of higher voltage class, lines of 6-35
kV on metal supports are often disconnected due to the
influence of induced overvoltages, which can cause 35
kV insulation overlap, five times more than the number
of overvoltages dangerous for the 110 kV network. The
reason for this is also the low impulse strength of the
insulation of 6-35 kV lines on metal supports.

Determination of the number of emergency
shutdowns of the 6-35 kV transmission line.

For 6-35 kV lines, the total number of lightning
outages per year is equal to:

>'=ndir + Nind 6)
where ngir and ning - specific (100 km and 100
thunderstorm hours) the number of thunderstorm
disconnections from direct lightning strikes and due to
induced overvoltages, respectively.

These values are determined by the formulas:

Nir = N * gr [Pn3 Pd ¥ + (Pn 2-Pn 3)Pd]
(1~ Par); (M

Nind = [Nina 3 Pd 2 + (Nind2 - Ninas) Pd] (1— Par). (8)
where Pn2 and Pn3 are the probabilities of two-phase
and three-phase overlaps of OHL insulation.

U+
— _ $50% |,
P,, = exp [ 0,04 zez(l—klz]’ 9)
P, = exp|—0,04—bses (10)
ns3 " 2e3(1-Kkqz-3)

ze2 = Z || 0,5 z«t || Reo - equivalent resistance at
the point of impact when overlapping one phase;

thzes = Z || Rsi || [Zst (1 + k12) / 4] - equivalent
resistance at overlapping of two phases;

Ut s0 - pulsed 50% bit voltage of the phase
insulation on the support;

ki -
the affected phase and the most distant from it the
neighboring phase;

is the coefficient of connection between

kizs - is the coupling coefficient of two
previously overlapped phases connected in parallel
with the third phase.

Cases of two-phase and three-phase overlapping
are characterized by various possibilities of transition
of pulse overlapping in short circuit. For a two-phase
overlap, this probability P4 can be approximated by the
formula:

Pa =1,6 Uvork / 10v-0,06 , (11)

where /ou is the total path length of the pulse
overlap, cm;

Uwork - the effective value of the operating
voltage along the path of overlap, kV.
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The calculated probability of installation of the
arc is taken equal to 0.1, if according to the calculation
it is less than this value. If the calculation of Pd is
more than one, it is taken equal to 1.0. Thus, the range
of probabilities Pd is limited to the interval 0.1< Pa
<1.0. It is assumed that the calculated value of Pd
occurs when burning only one arc, and in the presence
of arcs at adjacent intervals (with other sources of
operating voltage) their extinction are independent
events. The probability of installing at least one arc in
three-phase overlap can be estimated by the formula:

Paz=2P4(1-Pa ) + Paz =Pa(2-P4 ) (12)

Following the installation of the arc comes into
action AR, which likely to the
consequences of storm surges. According to the
operating experience, for 6-10 kV lines Par = 0.54, and
for 35 kV lines - Par = 0.7.

The value of Nina2 and Nings - specific numbers of
two-phase and three-phase overlaps is determined by
the formulas:

is eliminate

NindZ — 936hay exp (_ Uindz); (13)
sahey Uit
Ningz = Una: E}EZ— 20 )’ (14)
Uingz = ;0 #)'Of}tsc; (15)
K12
Uings = Ugro Rt 14+1<12 (16)

(1-K12)Zst—

h,, = hg — gf - the average height of the
suspension of the upper wire; hs - the height of its
suspension; f - sagging. [7]

For example, consider the calculation of the
specific number (per 100 km and 100 thunderstorm
hours) of 35 kV line outages with uninsulated wire on
metal supports (type of intermediate support P 35-2).

Calculations by this method show that ns have
values:

- for 6-10 kV OHL on wooden supports - in the
range from 2 to 6;

- for 6-10 kV OHL on reinforced concrete
pylons - in the range from 10 to 30;

- for 20-35 kV OHL on wooden supports - in
the range from 5 to 15.

For example, consider the calculation of the
specific number (per 100 km and 100 thunderstorm
hours) of 35 kV line outages with protected wire on
metal supports (type of intermediate support P35-2).

Calculations by these formulas show that no have
values:

- for 6-10 kV OHL on wooden supports - in the
range from 0.75 to 3;
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- for 6-10 kV OHL on reinforced concrete poles
- in the range from 5 to 15;

- for 20-35 kV OHL on wooden supports - in
the range from 2 to 8. [9]

Conclusions

1. The values of the probabilities of lightning
currents that exceed the current that causes a voltage on
the wire greater than the test voltage of the interfacial
gap.

2. Calculations of the number of lightning
disconnections of lines of voltage class 35 kV with
uninsulated and protected wires. A comparison of the
results of the calculations shows that the value of
lightning outages for unprotected wires differs
approximately twice from the same figure for protected
wires. Which indicates the advantages of using shielded
wires to increase the reliability of electricity supply to
consumers.
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Serhii Shevchenko, Dmytro Danylchenko, Oleksii Pirotti, Kseniia Minakova

Overview of selection methods for surge arresters 6-750 kV

Summary. The article focuses on the correct choice of equipment overvoltage protection devices using a surge arrester.
Regulatory documents on the selection of surge arresters in different countries and the methods recommended by leading
manufacturers of surge arresters are considered. The main parameters for the selection of surge arresters are considered.
The main parameter of the surge arrester is considered in detail - the maximum long-term permissible operating voltage.
Special attention is paid to the selection of surge arresters for switching and lightning overvoltage. The choice of an
overvoltage arrester based on the explosion hazard condition and mechanical characteristics is also considered.
Keywords: surge arrester, electrical networks, overvoltage, switching overvoltage, lightning overvoltage.

Introduction. Overvoltage protection of 6-750 kV
electrical installations has an important role in the
operation of electric power facilities. Currently, the main
method of protecting electrical equipment from
overvoltage in electrical networks 6-750 kV is the use of
nonlinear surge arresters (SA).

Currently, the use of OPN regulated by the following
documents:

1. In Ukraine:

- SOU-N EE 40.12-00100227-47 “Non-linear surge
arresters with voltage 110-750 kV. Guidelines for
selection and application” [1];

- SOU-N MEV 40.1 “Non-linear overvoltage
limiters with voltage of 6-35 kV. Guidelines for selection
and use in distribution facilities” [2].

2. InRussia:

- “Guidelines for the use of limiters in 110-750 kV
electrical networks” [3];

- “Guidelines for the use of non-linear overvoltage
limiters in 6-35 kV electrical networks” [4]

3. The international standards:

- IEC 60099-5 Surge arresters. Part 5.
Recommendations for selection and application [5].

4. The development of manufacturing companies:

- "Guidelines for the selection of non-linear surge
arresters manufactured by the company" Tavrida Electric
"for electrical networks 6-35 kV" [6];

"Hinrichsen Volker." Siemens. Metal oxide limiters.
Fundamentals [7].

- Selection, testing and application of metal oxide
surge arresters in medium voltage networks. - Kyiv: ABB
Ukraine Representative Office [8].

- Exlim. Technical information. Guide to the
selection of high-voltage surge arresters manufactured by
ABB [9].

- Characteristics, selection and placement of surge
arresters (110-220) kV: Textbook / G.M. Imanov, F.H.
Khalilov, A.l. Tadzhibaev. - St. Petersburg: PEIPK
Mintopenergo RF, 1997 [10].

The main task when choosing SA is to limit
overvoltages to a safe level for the protected electrical
equipment and at the same time ensure the resistance of
the arresters to dangerous types of overvoltages. SA for
electrical networks of 6-750 kV, presented on the
Ukrainian market, are produced by various factories (both
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domestic and foreign) based on their own technical
solutions, therefore, arresters of various manufacturers
designed for one voltage class may differ in
characteristics, which must be considered when choosing
them.

Electric networks of Ukraine 6-35kV operate
mainly with an isolated or grounded through an arc-
quenching reactor neutral, therefore the operating
conditions of SA in these networks differ from the
operating conditions in 110-750 kV networks by large
values and durations of switching and quasi-stationary
overvoltages. In this regard, a review of the methods for
selecting the main characteristics of SA will be carried out
for two types of networks: 6-35 kV and 110 - 750 kV.

Selection of the highest continuous operating
voltage of the SA. The main characteristic of the SA is
the highest long-term permissible operating voltage of the
arrester Umov. This is the highest value of the operating
voltage of the power frequency, which can be applied
continuously to the arrester during the entire period of its
operation, and does not lead to damage or thermal
instability of the SA [1]. The basis for choosing this
voltage is the highest long-term permissible operating
voltage of the electrical network Uy, (line voltage).

In the instructions [2, 4, 8], the choice of the highest
long-term allowable voltage of 6-35 kV arresters is carried
out based on the conditions for the duration of the
existence of a single-phase earth fault:

- in networks that allow an unlimited long-term
existence of a single-phase earth fault, U, >U

mvo my >
- in networks where the duration of a single-phase
earth fault is limited by the time t,U, , 2 U, /K, , where

K, - coefficient equal to the ratio of the voltage increase

allowed by the manufacturer during the time t to the
maximum long-term allowable operating voltage of the
SA. The method for determining K, is indicated in [2, 4,
8].

Additionally, in [2], the specification of the highest
long-term permissible operating voltage of the SA is
carried out in case of single-phase arc earth faults and in
the presence of quasi-stationary overvoltages in the
network.
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For voltage classes 6-35 kV, according to [5], a surge
arrester with a voltage Umov should be chosen not less than
5% higher than the highest voltage level of the network
Uny (line voltage).

According to [6], the long-term operating voltage of
a 6-35 kV arrester is determined by the formula:

> KO i Umv
mov = T(t)

, (1)

where K, is a coefficient that, depending on the
characteristics of the electrical network and the conditions
of its operation, can take values from 1 to 1.1; T(t)is the

multiplicity characterizing the arrester's ability to
withstand voltage increases with a frequency of 50 Hz and
a duration of t.

The exact values of the quantities K, and T(t) the

methods for finding them are defined in [6].

For voltage classes 110-750 kV, according to [3], in
all cases, to increase reliability, SA with a phase voltage
Umov 18 chosen at least 2-5% higher than the highest
voltage level of the network Uy (phase voltage).

If the stable existence of higher harmonics is
possible, the methodological guidelines of RAO UES [3]
and the standard [1] on the choice of 110-750 kV SA
recommend proceeding as follows [1, 3]:

- if the amplitudes of the voltages of the fundamental
frequency and harmonics are measured, then the highest
level of the mains voltage at the place of the SA
installation in normal mode is taken equal to their sum [3];

- if the amplitude of the harmonic is unknown, then
the highest voltage level of the network at the place of
installation of the SA in normal mode is taken equal to
[1,3]:

my

LI.U
>

B

In [1], the coefficient of the level of the long-term
allowable voltage of the SA was introduced, which
depends on the limiting length of the connected line and
is:

@)

mov

*1.05 - at the maximum length of the line connected
to the substation, less than half of the limit for voltage
classes 110-330 kV;

* 1.1 - with the maximum length of the line
connected to the substation, greater than or equal to half
the limit for voltage classes 110-330 kV;

*1.05 - for voltage classes 500-750 kV.

The lengths of the limiting lines for Ukraine are
indicated in [1] based on the existing data of the
NPC “Ukrenergo”.

S 1,05-U,

Ng)

U

mov

3)
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In some other methods, the long-term permissible
operating voltage of the SA is determined equal to or
greater (it is not specified how much) the maximum
operating voltage of the network, see, for example, [9].

It is important to increase the maximum long-term
admissible operating voltage of the arrester in circuits
with neutral grounding. Therefore, in [1] it is indicated
that for voltage classes 110-220 kV in the mode when part
of the transformers at the outdoor switchgear operates
with an earthed neutral, the coefficient of the level of the
long-term permissible operating voltage of the SA is 1.1.

If the Unov level because of the choice of the SA was
adopted insufficient, this will lead to the loss of its thermal
stability and emergency damage.

Selection of SA for switching overvoltages. The
next criterion for choosing an arrester is its reliable
operation at switching overvoltages. When selecting,
consideration must be given to the matching of the
residual voltages during switching impulses with the rated
test voltages.

Thus, in the methodological instructions of RAO
UES [3], to determine the residual voltage of 110-750 kV
SA, the ratio of the test and residual voltages of switching
impulses is also used, which is characterized by a
coefficient of 1.15-1.2, and for equipment with a service
life of over 10 years - coefficient 1.3-1.4. If this condition
is not met, it is necessary to choose an SA with the same
Unmov value, but of a higher energy capacity class, since
with an increase in energy intensity for the same nominal
voltages, the level of the remaining voltage decreases.

The test voltage with a switching impulse is
standardized by GOST 1516.3 [12] for electrical
equipment of 330 kV and above. For voltage classes
110 — 220 kV according to [3], when calculating a certain
effective test voltage of a switching pulse, one should be
guided by the formula:

Uy, =~2:1,35-0,9-U,,, . 4)

where Usp - one-minute test voltage of industrial
frequency 50 Hz; coefficients 1.35 and 0.9 are impulse
coefficients, taking into account the strengthening of the
insulation with a shorter than the test impulse, and the
cumulative coefficient, taking into account the multiple
effects of overvoltages and the possible aging of the
insulation, respectively.

In the recommendations [1], the ratio of the test and
remaining voltages of switching impulses is given only for
classes 330-750 kV and is characterized by a factor of
1.15. Tt should be noted that the values of the test voltages
by the switching impulse in [1] are taken for level a
according to GOST 1516.3 [12].

The recommendations [4] indicate that the value of
the residual voltage on the 6-35 kV arrester at the rated
current of switching overvoltages should be no more than
the withstand voltage of the insulation of the protected
electrical equipment. Withstanding voltage by isolation of
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switching pulses is determined by the formula (4), in
which for the isolation of power transformers the pulse
factor and the cumulative factor are 1.35 and 0.9,
respectively, and for the isolation of apparatus — 1.1 and
1.0, respectively. In [2], the protective level of the SA at
switching overvoltages (according to [2, 4], this residual
voltage on the arrester at the rated current of switching
overvoltages) is also determined by the formula (4), only
the impulse and cumulative factors are: for the insulation
of power transformers — 1.3 and 0.85, respectively; for the
isolation of apparatus — 1.1 and 0.9, respectively. For
35 kV networks, [2] additionally takes into account the
coordination protective interval (the ratio of the protective
insulation level and the residual voltage), which is
characterized by a factor of 1.15 at switching
overvoltages.

When considering switching overvoltages, it is also
necessary to check the selected SA for energy absorption
(dissipation). The IEC standard [5] recommends 2 types
of checking the SA to absorb the energy of switching
overvoltages. The first of them corresponds to checking
the arrester by the discharge of the connected line, the
charge of which has been preserved, for example, because
of automatic reclosure (AR). The energy that is absorbed
by the SA is calculated in this case by the formula:

T

w=2U,(U,- U, )7 Q)

where U, — residual voltage at switching impulse;
U.— overvoltage amplitude; Z — line impedance;
T, — time the overvoltage wave travels along the line.

In [7, 9], amultiplier 3 is additionally introduced into
formula (5) (to take into account, for example, an unlikely
but possible threefold AR actuation), in [1], a multiplier 2
is additionally introduced into formula (5) (to take into
account a possible double AR).

To unify the procedure for determining the absorbed
energy from a line discharge, IEC introduces the concept
of a line discharge class corresponding to the nominal line
voltage.

If banks of capacitors with a capacity of C are used
in networks, the IEC standard [5] recommends an
additional check on the energy capacity W, which is found
by the formula:

1

W=—dI(3U, Y -(2U,71, (6)

Where Uy — amplitude of the highest continuous operating
voltage phase-to-ground; U, — SA rated voltage.

Similar requirements for assessing the energy
intensity of an SA are given in [6,7,9,10,]. In the
guidelines of RAO UES [3], formula (5) is not given, and
formula (6) is given with a gross error.

n [2,4], the calculation of the energy intensity of
6-35kV SA is recommended to be carried out at arc
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overvoltages of a single-phase earth fault. The choice of
the maximum current carrying capacity of the arrester is
determined depending on the magnitude of the capacitive
earth fault current and the operating mode of the network.

Selection of SA for lightning overvoltage. The
basis for determining lightning overvoltages is the
selection of the rated lightning discharge current of
8/20 ps. According to the recommendations of IEC [5],
the maximum current amplitude for the range of rated line
voltages less than 142 kV is 5 kA; less than 360 kV
— 10 kA; more than 360 kV - 20kA. In the methodological
instructions of RAO UES [3], the levels of the rated
discharge current of 5-10 kA previously adopted in the
USSR have been preserved.

According to the recommendations [2,4,6], when
installing a 6-35 kV SA to protect against lightning
overvoltages, its rated discharge current is assumed to be
10kA in cases of: lightning activity more than
50 lightning hours per year; in networks with overhead
lines (OL) on wooden supports; in lightning protection
schemes for motors and generators connected to OL; in
areas with a degree of atmospheric pollution IV
(according to GOST 9920), as well as when the surge
arrester is installed at a distance of less than 1000 m from
the sea. In other cases, a discharge current of 5 kA is
assumed.

One of the parameters characterizing the operation
of'a SA during lightning overvoltage is its residual voltage
during a lightning current impulse with a waveform of
8/20 s and rated amplitudes of -5, 10, 20 kA, depending
on the voltage class of the arrester.

Checking the residual voltage of the selected 6-35
kV SA in [6] is carried out based on the conditions of
compliance, that is, it should be less than or equal to the
residual voltage of the valve arrester. In [2,4] it is
indicated that the residual voltage of the SA during
lightning overvoltages should not be higher than the
residual voltage of the valve arrester of group III or group
IV. For 35 kV networks, [2] additionally takes into
account the coordination protective interval (the ratio of
the protective insulation level and the residual voltage),
which is characterized by a coefficient of 1.3 in case of
lightning overvoltages.

In the methodological recommendations [7] for the
selection of 110-750 kV SA for lightning overvoltages,
the ratio of test and residual lightning impulse voltages is
used, determined by a factor of 1.15.

In the standard [1], the residual voltage of an SA
during lightning overvoltages was determined by two
criteria:

1. The residual voltage on the SA during a lightning
impulse should be less than 90% of the residual voltage of
the replaced RV with the same impulse [11];

2. The ratio of test and residual voltages during
lightning impulses is characterized by a factor of 1.4 - for
voltage classes 110-500 kV; 1.3 - for a voltage class of
750 kV.
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The lesser of the two calculated values is taken as the
permissible residual voltage on the arrester during a
lightning impulse.

The international IEC standard [5] proposes to
estimate the energy absorbed by the SA during lightning
overvoltages using the formula:

W=[2U,-NU,, -
U7, (7

VA

(1+InQ2U, /U )]

where

U, — residual voltage across the arrester during a
lightning impulse; Ur — voltage of overlapping line
insulation of negative polarity; Z — line impedance;

N — the number of lines connected to the SA; T, — the
duration of the current during a lightning strike, taking
into account the first and subsequent strikes.

In the standard [1], formula (7) is used for the case
of connecting one line (the most difficult option is a dead-
end substation).

The second aspect when choosing an arrester for
lightning overvoltage is to determine the permissible
distance of the SA installation to the protected equipment.

To protect electrical equipment from lightning
overvoltages 35-750 kV [3] and [11], it is required to
determine the permissible distance from the SA to the
protected electrical equipment according to the formula:

L. = LVA '(Utv _USA)
'S4 U UVA >

w

®)

where Lsa — distance from the surge arrester to the
protected electrical equipment; Lry — distance from the
arrester to the protected electrical equipment; Uy — test
voltage of the protected equipment at full lightning
impulse; Usa, Uva — residual voltage across the SA (VA)
at a lightning current of 5 kA - for voltage classes 110-220
kV; 10 kA - for voltage classes 330 kV and above.

The standard [1] also uses formula (8), but only for
the case of determining the permissible distance from the
SA to the protected equipment, if the equipment insulation
corresponds to level b (protection using a valve arrester
(VA)) according to GOST 1516.3 [12]. In the case of
using electrical equipment (UEE) with insulation level a
(protection using an SA) at 330-750kV outdoor
switchgear, it is recommended to calculate the permissible
distance according to the formula:

Utv - UVA

Where U, — the test voltage of the protected equipment

with insulation level a according to GOST 1516.3 [12];
U,, — test voltage of the protected equipment with

insulation level b according to GOST 1516.3 [12].

©)
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Thus, in the standard [1], for the first time, the
greatest protective distance from the surge arrester to
electrical equipment of 330-750 kV voltage classes with a
reduced insulation level is introduced.

In [2], when determining the permissible distance
from a 6-35 kV SA to electrical equipment, 4 cases should
be considered:

1) replacement
reconstruction;

2) replacement of a SA with an arrester with a
different remaining voltage during reconstruction;

3) design of new substations according to standard
designs;

4) design of a new substation, which, according to
the scheme and arrangement of electrical equipment, does
not correspond to standard projects.

In cases 1) and 3), it is necessary to be guided by the
recommendations of the EIR [11].

In case 2), the permissible distance should be
specified using the mean:

of VA with SA during

< 0’ 7 x (Ures.l - Ures.z) x V

2xa

AL

(10)

where AL — the difference between the distances to the
protected electrical equipment from the SA1, which is
being replaced, and the SA2, which is installed; Ui —
residual voltage on SA1; Uy, — residual voltage on SA2;
V —the speed of propagation of the electromagnetic wave;
a — the average steepness of thunderstorm waves.

In case 4), it is necessary to carry out special
calculations of the substation lightning protection, which
will make it possible to determine the installation
locations of the SA.

Selection of SA according to explosion safety
conditions. When choosing an SA according to the
conditions of explosion safety, the magnitude of the
actuation current of the anti-explosive device is
normalized, at which there is no explosive destruction of
the SA cover when it is internally damaged. So, according
to [3], when choosing 110-750 kV limiters with anti-
explosive device actuation currents up to 40 kA, its value
should be 15-20% higher than the value of the current
(single-phase or three-phase) short circuit. For SA with
anti-explosive device triggering currents above 40 kA and
the behavior of the tire as specified in the TC when
burning along its arc surface, the introduction of a safety
factor is not required.

In[5,7,9] it is said that the choice of an SA according
to the conditions of explosion safety must ensure that there
is no explosive destruction of the SA when short-circuit
currents flow in the middle of its body.

In [1], in addition to the requirements of [3] for
explosion safety, requirements for an SA, depending on
its design, are given in accordance with IEC 60099-4 [13].
Therefore, for “design A” surge arresters, the values of the
anti-explosive device actuation current are normalized, at
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which there is no explosive destruction of the arrester
cover in the event of its internal damage. For “design B”
SA, the maximum short-circuit withstand current
determined by the manufacturer must be greater than the
maximum short-circuit current at the outdoor switchgear
for which the SA is selected.

The actuation current of the pressure relief device of
6-35 kV SA, according to [2, 4], is chosen at least 10%
higher than the value of the two-phase or three-phase (the
largest of them) short-circuit current at the place of the SA
installation.

Selection of SA based on mechanical
characteristics. According to [1,2], 110-750 kV SA of
supporting design of location category 1 must withstand
mechanical loads in case of ice with an ice wall thickness
of up to 20 mm and wind at a speed of 15 m/s, and without
ice - at a speed of 30 m/s (according to at the request of
the customer with a wind speed of 40 m/s) and when
tensioning the wires in the horizontal direction according
to GOST 16357 [14]. In [1], the loads from the tension of
wires are taken as for newly developed arresters according
to [14], and in [2] - as for arresters of location category I,
developed before 1983 according to [14].

The calculation of the bending moment of a 110-
750 kV SA from wind force and wire tension is carried
out according to the formula [1, 13]:

=122 H-(d,+2-d,)
2
i , (11)
08 —+H-P,
2

where V — the wind speed; H — the height of the SA;
Pen — tension force of wires; dn, — the outer diameter of the
insulating part of the arrester; dic. — ice wall thickness.

According to [6], 6-35kV SA must withstand
mechanical loads in accordance with GOST 16357 [14].
Similar requirements are in [2], however, in the absence
of ice, the wind speed is increased to 40 m/s.

According to [1], the seismic resistance of a 110-
750 kV SA is determined on the MSK-64 scale depending
on the regions of Ukraine and varies from 6 (for example,
the Kiev region) to 9 (for example, the Autonomous
Republic of Crimea) points.

According to [2], when installing a 110-750 kV SA
in areas with increased seismic hazard (more than 7 points
according to MSK-64); it is necessary to contact the SA
manufacturer to select the most suitable SA design.

Conclusions. In Ukraine and in other countries,
methods for the selection and application of 6-750 kV SA
have been developed, thanks to which it is possible to
select arresters for replacing arresters at substations, as
well as for newly built substations, directly by design
organizations, without resorting to the help of
manufacturers.

The choice is made according to the following main
parameters:
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- rated continuous operating voltage of the SA;

- rated discharge current;

- the level of the remaining voltage at the rated
current of the switching overvoltage;

- the level of the remaining voltage at the rated
current of lightning overvoltage;

- determination of the permissible protective
distance from the SA to the protected equipment;

- compliance with explosion safety conditions;

- characteristics of mechanical resistance.

For the further development of methods for selecting
SA, it is necessary to switch to statistical methods for
calculating overvoltages.
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IIporno3upoBaHue 3HaYeHHIi MOKa3aTesieil TpaHCHOPMATOPHBIX MaceJl € Y4eTOM 0co0eHHocTel
CTApPEeHMS HA JUIMTEeJIbHBIX HHTEPBAJIAX dKCILIyaTalul
Annomayua. Obyuena u npomecmupo8aHa cucmema a0anmueHO20 Helipo-HeuemKo20 ble00d 01 NPOSHOIUPOBAHUSA
3HaueHull noxasamenel Kkavecmea mpancgopmamopusix macen. Ob6ocHo8ana HeobX0OUMocms yiema ocobenHocmell
cmapenus mpanc@OOPMAMOPHBIX MACe 8 YCI0BUAX OTUMENbHOU IKCHIYAMAYUY Npu peuleHuy 3a0a4 npoeHo3d.

Knrwuesvie cnosa: mpancgopmamopnoe macho,
Koppenayus.

Oleg Shutenko, Serhii Ponomarenko

npocHosuposarue,

cmapenue, 3a2pysKa  mpaHc@hopMamopos,

Prediction of transformer oils' values, taking into account the peculiarities of ageing at long operating
intervals

Abstract. An adaptive neuro-fuzzy inference system has been trained and tested to predict the quality of transformer oils.
The need to take into account the ageing features of transformer oils in long-term use into account when solving forecast

tasks has been substantiated.

Keywords: transformer oil, forecasting, ageing, transformer load, correlation.

BBenenme. JIng1 onTUManbHOM, SKOHOMHYHO
000CHOBaHHOU AKCILTyaTaIlul CHJIOBBIX
TpaHCc(OPMATOPOB Ha TMPOTSDKEHHH BCErO  CPOKa
cyxO0bl TpelyeTrcs TMepexoa OT TPaTUIMOHHOTO

00CITy)KMBaHHs M TUaTHOCTUKU TO CPOKY CIYXOBbI K
00CITy’)KHBaHUIO TI0 COCTOsHHUIO. Takoil mepexon
T03BOJISIET HE TOJILKO CHU3HUTH 3aTPaThl HA TEXHUYECKOE
o0ciyXMBaHHe, HO TaKKe MPEJOTBpaIlacT aBapuiiHbIe
MOBPEXKACHUS M, TakuM o0O0pa3oM, NPOUIUTH CPOK
ciyx0sI TparcopmaTopos [1]. OmHaKko, mpaKTHIECKas
peanu3anys CTpaTeruy 00CIyKUBAaHHUSA U ANATHOCTHKA
00OpyIOBaHMSI ~ JJCKTPUUECKUX  ceTe 1o WX
(YHKIIMOHATTBHOMY ~ COCTOSHHIO TpeOyeT HaImdus
MaTeMaTHIeCKUX MOJEJCH, MO3BOJISIOMNX HE TOIBKO
BBITIOJIHATh OLEHKY COCTOSIHUSI O0OpYyIOBaHHS IO
TEKYIIUM pe3yibraram UCTIBITAaHUI (3amaga
JMAarHOCTUKH), HO M TIPOTHO3UPOBATh €0 COCTOSHHE B
Oyay1ieM (3aava mporHo3a).

B Hacrosiiee BpeMsi BOIpocaM IpOrHO3MPOBAHMS
3HAYeHUH MoKa3aTeNeil Maces MOCBSIIEHO 10CTaTOYHO
GoutbIioe KOJIU4YECTBO myOKanuii. Jonst
MIPOTHO3MPOBAHUs BO3pacTa 00pa3moB TpaHC)Op-
MaTOPHOTO Maclla, HaXOJIIIMXCS B OKCIUTyaTalWH,
MPEUIOKEHO HCIIONB30BaTh IBE HEHPOHHBIE CETH —
MOJIeNb HWCKyCCTBEeHHOH HelipoHHO# cetn (ANN) u
MOJENh CHCTEMBI aIalTUBHOTO HEWPO-HEUETKOTO
BeiBoZa (ANFIS) [2]. B obemx Mopensx B KaduecTBE
BXOJHBIX  I1apaMETPOB  HCIOJB3YIOTCS  LIECTh
nokasaTeseld TpaHCcOpMaTOpHOro Macia TaKue Kak
BJIArOCOZIEPKaHNe, YAEIbHOE CONPOTUBIEHUE, TAHTCHC
yriia JIUAJIeKTPUYEeCKuX TOoTeph Macia, MexdaszHoe
HaTsHKCHHUE W TEMIIepaTypa BCIIBIIIKHM, a B KauecTBE
LeneBoro mapameTpa — Bo3pacT. B momenun ANN
WCIIOJIb3YETCSl MHOTOCJIOWHAsi CeTh OOpaTHOW CBsI3H,
HCTIOJB3YFOIIast ANTOPUTM o0OpatHOTO
pacupoctpanenus, a moxenb ANFIS ocHoBana Ha
Mozenu Sugeno. B [3] mpencraBieH HOBBIA MOIXOZ K
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pacdeTy HHIEKCAa 3J0pOBbsl CHJIOBBIX TpaHc(Op-
MaTOPOB, OCHOBaHHEIM Ha CTaTHCTUIECKOM siApe o0rIei
perpeccun HefipoHHBIX cereil (GRNN). /g o6y4uenns
MIPEAJIOAKEHHOMN MOJEIN ObLTH HCIIOJIb30BaHbI
Pe3yJbTAThI IIECTH BaYKHBIX MCIIBITAHMI (0OIIHIi 00beM
pactBopenHoro ropiodero rasza (ITDCG), HanpskeHHe
mpo0osi, KHCIOTHOCTb, BJI@XHOCTh, COZAEp)KaHUE
(dypaHa M 3HAUCHHUS TAHT'CHCA YIJla JAWUDJIEKTPHYECKUX
moteps). B pabote [4] i1 MporHO3UpOBaHUS BO3pacTa
M30JISIIIMOHHOTO Maciia TpeJIaraeTcsi MOJIelb OLEHKH
CTapeHwus, HCIIOJNB3YIOIast THOPUTHYIO
KIIACCU(DHUKAIIMOHHYI0 MOJAENb 3a CUeT CIHMSIHUS
HeliporHoit cetn (NN) u cetn riryOoKoro yOeKaeHHUs
(DBN). Anroputm obyuenust xkak NN, tak m DBN
3aMeHeH MOU(UIIMPOBAHHBIM aaropuT™MoM JbBa (LA),
Ha3BaHHBIM ClIy4aiiHo MO (UITMPOBAHHBIM
anroput™oM JibBa (RM-LA) ast yMeHbIIeHNS pa3HUIIBI
B TOTPEUIHOCTH  MEXAy  IpeICKa3aHHBIMH U
¢dakTryeckumu pesyibratamu. B [5] mpencraBien
HOBBIH MMOJIXOJT K OLIEHKE COCTOSIHUSI TpaHchopMaTopa,

OCHOBaHHEIN Ha OKCIICPUMCHTAJIbHBIX MOOCIAX,
MOICIN MPOTrHO3MPOBAHUS u KOHICIIIHNHU
MOACINPOBAHUA HECONPCACICHHOCTU B paMKax

0aiiecoBCKOM cHCTeMBbl (puUIbTpamuy dYacTHil. Takxke
ObIT peann30BaH aHAIN3 YyBCTBUTEIBHOCTH, KOTOPBIA
TTO3BOJIMJT OLICHUTD BIIMSTHUE MOTPEITHOCTEH N3MEPEHNUS
Harpy3kdh MW TEeMIepaTtypbl Ha CpPOK  CIIy»KObI
Tpanchopmaropa. B [6] mpenctaBieH THOPHIHBIN
MeTo]1 pa3paboTKH OoJiee TPHHIUITUATBLHOTO TT0/1X0/1a K
OIpeIeICHUIO 0)KHJIAEMOT'0 Cpoka CITYKOBI
tpancdopmaropoB. [logxon MocTpoeH Ha 3KOHOMH-
YECKOM aHaIN3€ OKCIUIyaTallHOHHBIX XapaKTepHCTHK
TpaHC(OPMATOPOB B COYETAHUH C TEXHUYECKUMHU
BOIIPOCAMH, BKJIIOYEHHBIMH B TIPOLECC IPUHATHUS
pemieHns. B sToM Merone cHavyana OIEHHBAETCS CPOK
CIIy>XOBI TpaHCOpMaTopa € MOMOIIBI0 THOPHUIHOTO
METO0/1a, OCHOBaHHOro Ha anropurme Monre-Kapio u
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ANN. B [7] wucciemoBaHO BIHSHHE HArpys3KH,
BJIAYKHOCTU UM TEMIIEPATYpPHl OKPY’KAIOLIEH cpeabl Ha
IUDJIEKTpPUYEeCKHe CBOWcTBa  TpaHcdopmaropa, a
UMEHHO Ha DJIEKTPUUYECKYIO MPOYHOCTH, BIAKHOCTH U
CTENeHbh MOJUMEpU3aMu OyMaXkKHOW wu3ossiuu. Jlis

TOYHOM OLICHKU OCTaTOYHOI'O pecypca
TpaHcdopmMaTopoB HCIIOJIb30BANIACh METO/INKa,
Ha3bplBaeMasi MYJIBTHPETPECCUOHHBIM aHalU30M. B
pabore [8] 1A  TPOTHO3WPOBaHWA  3HAYCHHUU
MoKa3aTeei TpaHc(hOPMATOPHBIX Maceln

WCIIONIB3YIOTCSI MOZAEIH PETPeccHd M Kiaccupukaimy,
OCHOBaHHBIE Ha MAIIMHHOM OOYYCHHH, YIUTHIBAIOIIUE
KOPPESIIMOHHbBIE 3aBUCUMOCTH MEKIY HMOKa3aTeIsIMU
Macna. [ 3¢ ¢peKTUBHOTO BHEIPEHUS TEXHUYECKOTO
obcnyxuBanuss B [9] Obuta paspaboraHa MOIETb
oOCcimyXMBaHMs Ha OCHOBe ycioBuil. Mojenb
00CIy)KMBaHHsS Ha OCHOBE YCIIOBHH NpPOTHO3HPYET
TEKyIllee COCTOSHUE TpaHchopMaTropa C ITOMOIIBIO
MapamMeTpoB OHJAHH-MOHHUTOPHHIA, 3a KOTOPBIMH
CJIE/lyIOT aBTOHOMHBIE JHUAarHOCTUYECKHE H3MEPEHUs,
KPUTEPUH OIEHKM M pEUHIeHHE O TEeXHUYECKOM
00CIyXMBaHWM. BBITOTHEHHBIH aHAIN3 ITOKAa3bIBAET,
YTO, HECMOTpPS Ha OOJBIION O0BEM HCCIeI0BaHNH,
O0COOCHHOCTH CTAPEHUsI Macel B yCIOBUSX JIUTEILHON
9KCIUTyaTallid YYUTHIBAIOTCS HE B IIOJHOM OOBEME,
JarHOe 00CTOATENBECTBO U MOCITY)KHUIO IPUIHHON IS
IMOJArOTOBKH I[aHHOI71 CTaTbHU.

AHanu3 o0coOeHHOCTell cTapeHMss Macjia B
YCJIOBHUSIX JJIMTEeTbHOMH IKCIUTYyaTaAlHHU.
JlocTOBEpHOCTH M TOYHOCTH MOZIEJIH MPOTHO3a OYIET BO
MHOTOM ONPEENATHCS TEM, HACKOJIBKO aIeKBaTHO OHA
YUUTBHIBAET OCOOCHHOCTH CTAapEHMsS Macel B yCIOBHIX
JUTUTEBHON SKCIUTyaTalli ¥ HACKOJIBKO TIOJTHO MOJIEINTh
HCIIONIB3yeT Hanbosee 3HaunMble (pakTopbl, BIAMSIONINE
Ha WHTEHCHBHOCTH CTapEHHUSL.

[Ipusenennsie B [10] pe3ynbTaThl Mccaen0BaHUI
T0Ka3bIBAOT, YTO XapaKTEP 3aBUCUMOCTEN MTOKa3aTeaei
TpaHC(HOPMATOPHBIX Macel OT MPOJOJIKHTEIBHOCTU
OKCILTyaTaluun HUMECT IICTepMHHHpOBaHHBIﬁ HE
CIIy4JalHBIA XapakTep. DTO TO3BOJSET HCIOIb30BaTh
JUINTENIBHOCTh JKCIUTyaTallud B KayecTBE MPEeAUKTOpa
JUls  TPOTHO3MPOBAHMM  3HAUGHMH  MOKa3aTeleH.
Onnako, kak mokazano B [11], ckopocte npetida
ToKa3aTesiel Macia He SBJISETCS TOCTOSIHHON Ha BCEM
WHTEpBAJE  OKCIUTyaTtalMu.  1.e.  3aBHCHUMOCTH
MoKasareyied Macia OT JUIUTENBHOCTH 3KCILUTyaTalnu
SIBJISIFOTCS] HEIMHENHBIMU. B KauecTBe mpuMepa Ha puc.
| mpuBemeHBI 3aBHCHMOCTH COZICP)KaHMS B Macie
OpPTraHWYEeCKNX KHCIOT OT MJJIUTEIBHOCTH 3KCIUTya-
TalMK, MoNy4eHHble st 249 TpaHchopMaTopoB ¢
HOMUHAJIBHBIM HamnpspkeHueM 110 kB.

Ha puc. 1 BeIgeneHs! 1Ba XapaKTepHBIX ydyacTKa:
UHAYKLMOHHBIA IIEpUOJ U HEPUOJ CaMOyCKOpeHus. B
NEPBbIM, HMHAYKUUOHHBIM  IIEPUOJ ~ COJEp)KaHUE
OpPraHUYeCKHUX KHCIOT NPAaKTHYECKH HE H3MEHSETCS
(ropu30oHTaNBHBIE YYacTKM KpHBBIX Ha pHCYHKE),
MOCKOJIBKY B 3TOT IIEpHOJN HJEeT oOpa3oBaHHe
TIEPBUYHBIX IPOJYKTOB OKUCIICHHS — THAPOTIEPEKHCEH.
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Puc. 1. 3aBucumoctu COACPpIKaHUA B MacJie
OpPraHu4eCKUX KUCJIOT OT JIMTCIbHOCTH 3KCIUTyaTallun

Ilocne oOKOHYaHUS WHIYKOMOHHOTO —IE€pHOAA
HaOII0JaeTCsl pOCT COAEPKAHUS OPTaHNIECKUX KUCIIOT
(HaKJIOHHBIE JIMHUM Ha pHCYyHKEe). B 3TOT mepmon
MIPOMCXOAUT pacmaj oOpa3oBaBIIMXCA BO BpeMs
MHIYKIMOHHOTO  TIepuoja  THIpOIICpeKHcedl  Ha
pamukanel, a Takke o0pa3oBaHHE BTOPHYHBIX
IPOAYKTOB TPEBPAIICHUS MEpeKHceil — CIUPTOB U
kucaor [12]. OtcyTcTBHe Ha  aHAIM3UPYEMBIX
3aBHCUMOCTSIX nepuoaa CaMOTOPMOXKEHUS
00YCIIOBJIEHO T€M, UTO JITAaHHBIN IEPHOJ] HACTYIAET MPH
6ostee riryOOKOM CTETIEHN OKUCIICHHUS MacJIa, KOTOpasi He
JOCTHTAETCA B YCIOBHUSX PEasIbHOM HKCIITyaTaluy.
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Puc. 2. KoppensunoHHas 3aBUCUMOCTb MEXAy CpeaHer
3arpy3Koi TpaHcopMaTopoB U CoJepKaHUEM B Macie
OPTaHWYECKHUX KUCIIOT: @) 3aBUCUMOCTh COJCPKAHHS B Macie
OPTaHMYECKH X KHCIIOT OT ATUTEIBHOCTH SKCIITyaTalluH JJIs
OJHOPOJAHBIX MaccuBoB M1-M6; 0) pacnpenencHue
TpaHc(hOopMaTopoB 1o KoddduinenTam 3arpy3ku B
OJITHOPOJIHBIX MaccuBax
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Henuneitnsrii Xapakrtep 3aBHUCUMOCTEH
MOKa3aTeNiell Macel HaKJIaAblBaeT CYyIIECTBEHHBIC
OTpPaHMYEHUS HA HCIOJIB30BAHWE PETPECCHOHHBIX
Mojieneit Ui MIPOTHO3UPOBAHUS 3HauYEHUN
moKazarejiei, MOCKOJbKY BO3HHUKAIOT OOBECKTHBHBIC
CIIOKHOCTH npu BBIOOpE (yHKIMOHAIPHON

3aBUCHMOCTH IoKasaTtensd. Kak BumHo u3 puc. 1
CTapeHHe Maclia B aHAIM3UPYEMBIX TpaHchopMaTopax
MPOTEKAeT C Pa3HOH CKOPOCTHIO (pa3HBIM I[BETOM
BEJICTICHEI 6 MAacCHMBOB JAaHHBIX C  ONU3KAMH
CKOPOCTSIMHU cTapeHwusi). BrimosiHeHHBIE B padore [13]
HCCIIEZIOBAHUS TTOKA3bIBAIOT, YTO OAHUM U3 (haKTOPOB,
BIUSIOMNX HAa WHTCHCHBHOCTh CTapeHUs Macel,
SIBIISICTCS 3arpy3ka TpaHC(POPMATOPOB, OT 3HAYCHUS
KOTOPO#1 3aBUCHUT paboyas TeMiiepatypa Macei. Ha puc.
2 TpUBEICHBI 3aBUCHMOCTH COJACPXKAHHS B Macie
OPTaHUYECKUX KUCIIOT OT JITUTEIBHOCTH JKCIUTyaTalluu
JUis 6 MacCHBOB JAHHOTO TIOKa3aTeNs C OIMHAKOBOU
CKOPOCTBIO OKHUCIICHHS (pHC. 2, @) U 3HAYCHUS CPEIHEH
3arpy3kd TpaHc()OpPMAaTOPOB, COCTABIAIOMINX ITAHHBIC
TOIMHOXeCTBa (pHcC. 2, ).

Kak BugHO W3 puc. 2, cymectByeT (yHKIHO-
HaJbHAs CBS3b MEXIY 3arpy3Kod TpaHCHOPMATOPOB U
CKOPOCTBIO CTapeHHs Macel, YTO TaKKe II03BOJIAET
WCIONB30BaTh  JAHHBI MapaMeTp B  KadecTBe
NPEIUKTOPa MPOTHO3A.

B HEKOTOpBIX CiIy4asx MOXET BO3HHKHYTh
HEOOXOMMMOCTh  BBINIOJHUTH TPOTHO3 OJHOTO W3
MoKa3aTelieil Mo 3HAYCHUSAM Jpyroro. B atom ciyuae
JUIS  PEIICHUS 3aJayd MPOTHO3a  IeNieco00pa3Ho
WCIOJB30BaTh HE TONBKO 3HAYCHUS UIHTEIBHOCTH
IKCIUTyaTaluu u K03 puneHTOB 3arpy3Ku
TpaHC(HOPMATOPOB, HO W HAIHYNE KOPPEISIIMOHHBIX
cBsizell Mexmy mokazaresimu [14]. B tabm 1
TIPUBEICHBI PEe3yNbTaThl KOPPEILIIIUOHHOIO aHaln3a
MEX]Ty MOKa3aTeJIMHA TPaHC(POPMATOPHBIX Macel.

Tabmuna 1
IToxazaTtenu
n Fuada. | Ixpur | Fumx I'sepx
Macia

Tecn-KOH 3703|-0.105] 0.195 |-0.137| -0.168
Trcn-Unp 3701/-0.011] 0.195 |-0.044| 0.021
TBCr-tgd mpu| 570 |-0.087( 0.195 |-0.168| -0.005
90°C
Tecn-Ilget macia 2104{-0.086| 0.195 [-0.129]| -0.044
Tecn-PBB 1191{-0.043| 0.195 |-0.100| 0.014
TBcn- 1635|-0.108| 0.195 |-0.156| -0.06
IBriaroconepxkanue
KOH-Unp 3745/-0.316] 0.195 |-0.345| -0.287
IKOH-tgd npy| 570(0.296 | 0.195] 0.219 | 0.369
90°C
IKOH-IIpeT macna [2108| 0.556 | 0.195 | 0.526 | 0.585
KOH-PBB 1191{0.578 1 0.195]0.539 | 0.615
KOH- 1635/ 0.215]0.195| 0.168 | 0.261
Biiarocopepxkanue
[Unp-tgd mpu 90°C|570]-0.111]0.195 |-0.191] -0.029
\Unp-LIBer macna [2118)-0.225] 0.195 |-0.265] -0.184
\Unp-PBB 1191/ 0.093 | 0.195|0.037 | 0.150
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[Utip- 1649/-0.064| 0.195 |-0.112| -0.016
Biiarocopepskanue

tgd mpm  90°C-509(0.298 | 0.195]0.217 | 0.375
IIBet macna

tgd mpu 90°C-PBB| 562 0.168 | 0.195 | 0.086 | 0.247
tgd mpm  90°C-553|0.110|0.195|0.027 | 0.192
Biiarocopepskanue

IBet macaa-PBB 580 0.311]0.195]0.236| 0.383
[Bet macia-1267 0.033 | 0.195 {-0.022| 0.088
Briarocoaepskanue

PBB- 661(0.405|0.195]0.339 | 0.467
Briarocoaepskanue

3neck n — 00beM BBIOOPOYHBIX 3HAUCHUIM, Tyasn —
pacyeTHoe  3HadeHHe  Kod(h¢uuMeHTa  mapHOU
KOPPeJSIIUK;  Tur —  KPUTHUECKOE  3HAUCHHE
ko dunmenta mapHOH KOppeysiud TPH 33TaHHOM
ypoBHe 3HauuMOCTH o =0.95 u cTemeHpI0 CBOOOIBI
f=n-2; Tuux, Tscpx — HIDKHSAS W BEPXHAA TPAHUIIBI
JIOBEPUTEIHHOTO HHTEpBaja; TBCI — TemrepaTypa
Bermeimka Macen; KOH — comepxkanme B macie
opranudeckux Kuciot; Unp — mpoOuBHOE HaINpsKEHUE
Mmaceir; tgd mpu 90°C — TaHTe€HC yTiia UAIIEKTPHIECKIX
MoTeph Macia, U3MepeHHbI mpu Temmepatype 90°C;
PBB — conepxaHue B Maciie BOJIOPaCTBOPUMBIX KUCIIOT.

Ananu3upys JaHHble Ta0n. 1 Jerko yBHIETh, YTO
HaunboJee KOppelIrpoOBaHHBIMH OKa3aJIuCh IOKa3aTely,
KOTOpBIE XapaKTEepU3YIOT CTENEHb OKHCIEHHUsS Maclia.

TaK, KHCJIOTHOC 4YHCJIO Macjia HMECT 3HAYMMYIO
CTaTUCTUYCCKYIO CBA3b MNPAKTHYCCKH CO BCEMU
II0Ka3aTcCJIsIMH, 3a HUCKIIIOUCHHUEM TEMIICPpAaTypbl

Benblkd  Macia. CopaepkaHue BOJOPACTBOPHUMBIX
KHUCJIOT MMEET 3HaYUMYI0 CBf3b C LIBETOM Macca U
BJIArocoiepkaHueM. LIBeT Macna 3Ha4MMO B3aUMO-
CBsI3aH C MPOOWBHBIM HANPSHKCHUEM M TAHTCHCOM yTiia
JUDJICKTPUYECKUX TMOTeph Macia. B Toxe Bpems He
BBISIBJICHO 3HAYMMOW CTaTUCTHUYECKOM CBSI3U MEXIY
TEMIIEpaTypod  BCOBIIIKM Macia W JAPYTUMH
MoKa3zaTelsaMHu. TakKe He BBISIBICHO 3HAYMMOM CBS3H
MEXIYy TaHT€HCOM YyIJla JAUPJICKTPUUYECKUX TOTEPD
Macia W TpPOOUBHBIM  HampsDkeHuem. Hanndwme
3HAYUMOM KOPPESLIMOHHOM CBA3M MEXAY OTACIbHBIMU
MTOKA3aTeIIMA Macell MOXKET OBITh HCITOJIB30BAHO TPH
peLIeHnH 3a/1a4 IPOTHO3a.

OOyyeHne HedeTKOil HeHpPOHHOH ceTH A
NPOTrHO3MPOBAHUS 3HAYEHU I nokasareJiei
TpaHcopMaTOpPHBIX Macesl. B kadecTBe mnpumepa
paccMmoTpuM mpouenypy oOyuenus cuctembl ANFIS
JUIS TIPOTHO3UPOBAHMS 3HAYCHMS IIBETa TpaHChopma-
TOpPHBIX Macell. TOmoJorusl HeYeTKOM HEHPOHHOU ceTH
JUIS TIPOTHO3MPOBAHUSA I[BETa TPAHCPOPMATOPHOTO
Macia npuBeneHa Ha puc. 3. Kak BumHo,
MIPOTHO3UPOBAHKUE I[BETa TPAHC(HOPMATOPHBIX Macel
BBIMIOJIHSAETCSL [0 TPEM NPEIUKTOpaM: JUIMTEIbHOCTD
SKCIUTyaTalluy, CpeiHee 3HaucHHe Kod(huUIreHTa
3arpy3Kd TPaHC(POPMATOPOB U COAEp)KaHHE B Maciie
OpPTaHUYECKUX KUCIOT. 1111 00yUIeHHUS MCTIONB30BAINCH
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pEe3yJIbTaThl MEPUOJMYECKUX HCIBITAHUI COCTOSIHUS
TpaHcPOpMATOPHBIX Macen Ui 25 TpanchopmMaTopoB
HanpspxerneM 110 xB.

nput irfautmt autput

Logical Operations

Puc. 3. Tononorus HeueTkol HEHPOHHOM ceTH

MakcumanbHOe  3HAa4€HHE CpoKa  SKCIUTyaTaluu
cocraBmwio 35 user. OOmmii 00beM BBHIOOPOYHBIX
3HaueHu# coctaBui 378 3HaueHUU. Y CO3JaHHON CeTH
Bcero 20 BXxomoB — 10 BXOIOB IO IINTEIHHOCTH
9KCIUTyaTalldM MM 110 5 BXOJIOB IO 3HAYCHHAM
koo dunmenta 3arpy3kd M KHUCIOTHOTO  YHCIA.
Bosnpiee 9ucio BXOAOB IO MapaMmeTpy UIMTEIBHOCTh
SKCIUTyaTalui 00yCIIOBICHO HEOOXOAMMOCTHIO ydeTa
HEJMHEMHOI0 XapakTepa 3aBUCUMOCTEH IOKa3aTeseu
Macja OT MPOAOJDKUTEIBHOCTH HKCILTYaTaI|H.

B kauectBe (YyHKIMH NpPUHAUICKHOCTH LIS
KOKIOW  BXOJHOM IIEPEMEHHOM  MCIOJIBb30BAJINCH
TpaneueujaibHple  (QyHKIMH.  OTO  MO3BOJMIO
00ecreuynTh MaKCHMAJIBHYIO CTENEeHb HpPUHAIJICK-
HOCTH BHYTPH Ka)X/IOTO MHTEpBaJla U €€ CHW)KEHHE 10
KpasiM. [y BEIXOZHOTO IapameTpa (I[BeTa Maciia) THI
(YHKIIMM TTPUHAUISKHOCTH OBUT 3aJaH Kak constanta.
KommyectBo 1HKIIOB OOy4YeHHS CO3MAaHHOM CeTH
cocrasmiio 100 smox. Ha puc. 4 moka3ana 3aBUCUMOCTh
OomMOKH O0YYEeHHSI OT KOJMYECTBA LUKIOB OOYYEHUS.
Ommbka o0yuenus cocrasuia 0,272 114.

Janee cerp Obula  NpOTECTUpOBaHA  Ha
HE3aBHCUMOH BBIOOpPKE, T.. Ha NaHHBIX, KOTOpbIC HE
WCIIONIB30BAIMCH B mporiecc  oOyveHus. OObem
MPOBEPOYHON BBIOOPKU octaBun 70 3HadeHuil. Ha
puc. 5 mnpuBeneHbl (akTHUECKHE W CIPOTHO3UPO-
BaHHbIC 3HAUYCHMS [IBETa TPAHC(HOPMATOPHOTO MacIa.
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Puc. 4. 3aBucuMocTh OmMOKH 00Y4IEHHS HEUETKOM
HEWPOHHOI CETH OT KOJINYECTBA IIUKIIOB 00yIeHHS
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Puc. 5. ®akruueckue (+) 1 coporHo3upoBaHHbIe (*)
3HAa4YEHHMS [[BETa TPAHC(HOPMATOPHOTO Macia

CpenHekBagpaTuiecKkasi IOTPEIIHOCTh MPOTHO3a
cocraswia 0,352, 4To, IO MHEHUIO aBTOPOB, SABIIAETCS
BIIOJITHE TIpHEMJIEMbIM pe3yiabTaToM. Ha puc. 6
NIpUBE/IeHa AWHAMUKA W3MEHEHHs OLIMOKH IpPOTHO3a
IIpU TIPOBEpKEe Ha He3aBUCHMOIl BeIOOpKe. Ilockonbky
Opy ToJadye Ha BXOJ CeTH JaHHbIE B IPOBEPOYHOI
BBIOOpKE OBUIM PAaH)XUPOBAHBI 10 MEPE BO3PACTAHUS
CpOKa dKCILTyaTalyy, To (pakTHyeckn KpuBas Ha puc. 6
OTpakaeT OUHAMUKY M3MEHEHHUS  IOTrPEeIIHOCTH
IIPOTHO3a OT JUIUTENIEHOCTH KCILTyaTalluu.
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Puc. 6. /luHamMuKa M3MEHEHHUS OMIMOKH IIPOTHO3a IIPU
MPOBEPKE CETH HA HE3aBUCHMOI! BEIOOpKE

AHanu3upys 3aBUCUMOCTB Ha pHC. 6 JIETKO YBUJIETb,
YTO 3aBUCUMOCTb MMEET CITy4yailHbIH, cToXxacTU4ecKuit
xapakrep. T.e. oOyuennas cucrema ANFIS anekatHo
YUUTHIBACT HEIUHEHHBIH XapakTep 3aBHCUMOCTEH
MoKasaTtesied Maciaa OT UTUTEIBHOCTH JKCILTyaTallHy.
IIpn »>ToM 17 WHAYKIOHOHHOTO TMEpHOAA IIBETa
TparchopmaTopHoro macina (zo 10 et skcIuTyaTaum B
TparchopMaTopax ¢ HHU3KOH 3arpy3Kkoil) 3HAYCHHUS
IMOTPECITHOCTHU IIpoOrHo3a UMCIOT MUHHUMAJIbHBIC
3HA4YCHUA.

Takum o00pa3oMm, HEHPOHHBIE CETH HEYETKOrO
BBIBOJIA MO3BOJISIIOT JIOCTaTOYHO TOYHO
IIPOrHO3UPOBATh 3HAUCHUs MOKa3aTeslel TpaHcdopma-
TOPHOTO  Macia, Yy4YWTBIBas MHpU  3TOM  Kak
KOPPEJSIIIMOHHBIC CBSI3M MEXIy IMOKa3aTelsiMH, TaK U
BIMSHUSL  ITPOJOJDKUTENBHOCTH — OKCIUTyaTallid |
3Ha4YeHHs K03 (uImenTa 3arpy3Ku TpaHCc(HOpPMaTOpPOB.

BeiBoabl. [lomyueHneie B paboTe pe3yibTaThI
CBHJICTEIBCTBYIOT O TOM, 4YTO OOECIICUeHHe MaKc-
MMabHOM JOCTOBEPHOCTH MPOTHO3a BO3MOXKHO 32 CHET
ydeTa Kak (U3MUECKHX OCOOSHHOCTEl MpoIeccoB
CTapeHWss  Macedl B  YCIOBHSX  JUIMTEIbHOU
SKCIUTyaTalluu (HEJIMHEHHBIM XapakTep 3aBUCHUMOCTEN
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MoKazarene  Macen  OT  NPOAOJDKUTEIBHOCTH
SKCIUTyaTalui), Tak H (AKTOPOB, BIMAIONINX Ha
WHTEHCUBHOCTh  CTapeHHs Macia (JUIMTEIbHOCTh
9KCIUTyaTalliH, CpelHUe 3HaueHus KoddduimeHToB
3arpy3ku TpaHcdopmaropoB). Kpome Toro, s
pelieHust 3aqad MPOTHO3a MOXKHO —HCIHOJIB30BaTh
HaJIMYUE 3HAYUMON KOPPENSIIMOHHOW CBSI3H MEXIY
OTAEJBbHBIMHU IIOKa3aTeNlsiIMH Macel. [IpuBeJeHHBII B
pabore mnpuMep o0OydeHHS CHCTEMBI aJalTHBHOTO
Helpo-HeyeTkoro BeBoga (ANFIS) mis mpornosm-
pOBaHMS 3HAYCHUS IBETa TPaHC()OPMA-TOPHBIX Macel
10 3HAYEHMSAM IPOJOJDKUTEIBHOCTH JKCILTyaTallyy,
CpPeOHMM 3HAa4YCHUSAM  KO3(PPHUIMEHTOB  3arpy3Ku
TpaHcpOopMaTOpOoB M CONEPKAHUIO B  Maclie
OPraHM4YeCKUX KHUCJIOT IIOKasaJl, 4YTO YYET JaHHBIX
(akTOpOB TO3BOJISIET MOJYYHUTh AJEKBATHYIO MOJIEIb
IMPOTHO3a, AaX€ MNpH MHCHOJB30BAHUNW CTaHAAPTHBIX
HEHPO-HEUETKUX CETEH.
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Banyp Uynamsuiau, Mamyka Kodanus, Anexkcanap Ilerpocsin,
Teumypa3s I'ampexkenamsuin, Hatua Preenanse

I/ICC.]'ICIIOBaHPle JIEKTPOMArHUTHBIX IMMPOUECCOB, MPOXOAAIIUX B OAHOKUWIBHBIX U TPEXKUJIbHBIX
Ka0eJbHbIX JIHHHUSIX B HallPpaBJICHUH ONPEICJCHUA NMOTEPb MOIHOCTH

AHHOTanMsl. B pabome npogedeHvl UCCIEO08AHUSL NPUYUH, BO3HUKHOBEHUS DNEKMPOMACHUMHBIX TNPOYECCO8,
NPOXOOSAUUX 8 OOHONCUTILHBIX U MPEXICUTbHBIX KADETbHbIX TUHUAX cemell cpedne2o nanpsidcerusi (6-35xB) e. Tounucu.
Ha ocnose ananuza nonyueHnvix pe3yiomamos YCmaHo81eHo, Yo 1eKmMpOMACHUMHbIE NPOYECChl U Gbl3blBAeMble UMU
nomepu MOWHOCMYU B OJJHOXHUIBHBIX U TPEXKUIBHBIX KAOeIsIX 00YCl061eHbl 00OUHAKOSBIMU U OMIUYAIOUWUMU OpYe OM
opyea paxmopamu. Ilpu smom, Ookazano, wmo B OTHOKHWIBHBIX Kabensx OOMUHUDYIOM NOMEPU, 6bl36AHHbLLE
EMKOCMHbIMU TMOKAMU 8 U0JAYUU MeNCOY dAcuiamu U 3awumnot oborouxou. Tax dce, 3HayumenvHoe 6lusiHUe Ha
POCH nOmepb OKA3bIEAIOM MOKU 6 000JI0YKe, c030a8aemMble 8 JICUNAX Kabelsi MOKOM Hazpys3ku. B mpexocunbhbix
Kabensax OOMUHUPYIOm EMKOCHHbIE NOMEPU 6 UBOISAYUU MeHCOY HCUTAMU (a3 u nomepu 6 3auwumnol 0bonouxe,
BO3HUKUIUE 8 Pe3YNibmame ACUMMEempPUll MOKO8 HASPY3KU. YCMAaHOGLeHo, UmoO GeIUHUHA GOZHUKAIOWUX 8 U30JAYUU
Kabenell nomepbs, bI36AHHbIX EMKOCHHbLIMU 6bICOKOYACTIOMHbLIMU 2APMOHUKAMU MOKO8 HAZPY3KU, HAMHO20 Oobule 8
OOHOIICUTILHBIX, YeM 8 MPEXICUTLHBIX KAOETbHbIX TUHUSX.

Ki1ioueBblie C10Ba: 00HONCUTbHBIE U MPEXAHCUTbHBLE KaDeU, SIeKMPOMAZHUMHbLE NPOYECChbl, NOMEPU MOWHOCIU 6
UB0NAYUU, 3aUUMHAS 000NIOUKA, 8bICOKOYACTNOMHbLE 2APMOHUKU.

Badur Tchunashvili, Mamuka Kobalia, Alexander Petrosyan,
Teimuraz Gamrekelashvili, Natia Rtveladze

Research of electromagnetic processes in single-wire and three-wire cable lines in the direction of
determining power loss

Annotation. In this work, research has been carried out on the causes, occurrence of electromagnetic processes
occurring in single-wire and three-wire cable lines of medium voltage networks (6-35 kV) in Tbilisi. Based on the
analysis of the results obtained, it has been established that electromagnetic processes and the power losses caused by
them in single-wire and three-wire cables are due to the same and differing factors from each other. At the same time, it
has been proven that in single-phase cables, losses caused by capacitive currents in the insulation between the cores
and the protective sheath dominate. Also, the currents in the sheath created in the cable cores by the load current have
a significant effect on the growth of losses. In three-wire cables, capacitive losses in the insulation between the phase
conductors and losses in the protective sheath, which arise as a result of load current asymmetries, dominate. It has
been established that the value of the losses occurring in the insulation of cables, caused by capacitive high-frequency
harmonics of load currents, is much higher in single-wire than in three-wire cable lines.

Key words: single-phase and three-phase cables, electromagnetic processes, power losses in insulation, protective
sheath, high-frequency harmonic.

Beenenne. B Hacrosimee BpeMs, B YCIOBHSIX sHeproaddekTuBHOCTE. B Toxke Bpems, mortepw,
CO3JAaBIIECTOCA DOHEPTETUIECKOI0 W 3KOHOMHUYECKOI'O COIIPOBOKJIAEMBIE BBIJEICHUEM TEIUIa, B Ka0OeJIpbHOU
KpH3HCa B MHpE, OJHON M3 OCHOBHBIX aKTyalbHBIX CETH BBI3BIBAIOT MHTEHCUBHBIA W3HOC Kabenmell m ux
3aziad SBJSIETCSl TMOBBIILIEHHUE 3HeprodddexTuBHOCTH MPeXKACBPEMEHHBIN BBIXOA U3 cTposi. K mpumepy, B
CeTell CpeJHEero HampsHKEHUs, HEMOoCPEeICTBEHHO 2019 romy, wu3 obmero komuuyectea 1082
CBSI3aHHOW C MOTEPSIMU DJIEKTPOIHEPTHH B DJIEMEHTaX NpOM3OLIENIINX  aBapuii B KaDEJNbHOW  CceTH
cetu omekTpocHabxenus [1]. B wumcino oatmx aJIeKTpocHa0KeHHs cpeHero HanpspkeHus (6 — 35kB)
9JIEMEHTOB BXOJST M KaOElbHBIC JIMHUM CpPEIHETO r. Tounmcu, 982 (90,7%) aBapuu NPUXOTUT Ha KabeH,
Hanpsokenus. [IpuMedarensuo, uro B r. Heio-Mopk BBIIICANINX U3 CTPOS B pe3ysIbTaTe W3HOCA KaOEIbHOM
MOIIHOCTh €MKOCTHOTO TOKa gocturia 28 MBA, u cetn amuHo B 1930 kM [3]. COOTBETCTBEHHO, M3
5TO TIpHM TepejaBaemoii mMomHocTu B 98 MBA [2]. 2,902584535,290  xBt,4  mpomyleHHOH  4epes
[Ipu sToM, paGovas eMKOCTh KaGens OKasaiach KabENBHYIO CeTh CPEJIHETO HAIPSUKEHUS TOJIOBBIC

MOTEPH  DJIEKTPOIHEPTHH  cocTaBwiIn  252524854.5
kBr.a (8,7%) [4], dYro 3HAYMTENBHO YXYALIIIO
9KOHOMHUYHOE COCTOSIHHE KOMIIaHHH [5].

npubnusurensHo pasuoii 0,27 @apaz Ha kuomerTp.
IocTanoBka 3ana4mn.

TToTepy SHEPrUH, UMEIOLIHE MECTO B KabGeNbHBIX
CEeTAX CHUCTEM DOJIEKTPOCHAGIKEHHMS, 3HAUMTENLHO Caienoatenbno, B BOpoce MOHMKEHUS NOTEPh

BJIMSIIOT HA DHEPreTUYECKUE IOKa3aTelii CEeTH U ee B KaOeJIbHBIX JIMHUAX, oco0oe 3HaueHHUE an06peTaeT
HU3YUYCHUC U BBIABJIICHUSA HNPUYINH UX BOSHUKHOBCHUS.
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Brenpenwne HOBBIX MOIITHBIX 3JIEKTPO-
TEXHOJIOTHYECKUX YCTAaHOBOK B  IPOMBIIIICHHBIX
OPEeANpUATHIX U 3aMeHa B TOPOJIaX CTaphIX MOCTPOEK
COBPEMEHHBIMH  MHOTOJTaXHBIMH  3JaHUAMH U

coopyxeHusmMH, B 20 pa3, a B HEKOTOPBIX ciaydasx B 50
pa3 yBelIMYWIO pacu€THBIE yJeNbHBIE Harpy3Ku
OTJENBHBIX YYacTKOB TOPOJOB M MPOM3BOACTB [6].
COOTBETCTBEHHO, 3HAYUTEIHHO YBEIHYHIIIChH
YCTAQHOBJICHHAs MOILIHOCTh CHJIOBBIX  TpaHcdop-
MaTopoB HampsbkeHueM 6-35kB u pacuéTHble ceueHus
Ka0ETbHBIX JTMHUH CEeTeH CHCTEMBI 3IEKTPOCHA0KEHUS
[6]. B cBs3um ¢ 3THM, B HEKOTOPBIX CIy4asx, BOSHHUKIIA
HEOOXOIMMOCTh 3aMEHBI TPEXKHIBHBIX KaOEIbHBIX
JIMHUN Ha OJHOXWJIbHBIE KaOelu M YCTPONUCTBO HOBOM
apxuTeKTypsl cetd [7]. Mcxons u3 BhIlle CKa3aHHOTO,
JUIsl yJIydIIEHUs] SHEPreTUYECKUX IOoKasaTesed cerel
JJIEKTPOCHAO)KEHHWsST W IOBBIIICHUS WX  DHEPro-
3¢ PEeKTUBHOCTH, HEOOXOANMO HCCIEeNOBaTh TEKYILHUE
anekTpoMarHutHele mponecckl (OMII) B Tpéx m
OJHOXKWJIBHBIX ~ KaOEJbHBIX  JIMHUSX, OIPENeIUTh
Bbi3BaHHBIE OMII  moTepm  AIIEKTPO’HEpPrUU U
MOIIHOCTH B KAaXIOW W3 HUX M YCTaHOBUTH HX
BIMSHHUE Ha YHEPTeTUUECKHE ITOKA3aTeINH.

Lean padoThl.

Ilenpto  pa®oTel  sBIAETCA  HCCIEIOBaHUE
SIEKTPOMArHUTHBIX ~ IIPOIECCOB  IPOXOIAMHX B
OJTHOKWJIBHBIX M TPEXKWIbHBIX KaOeNbHBIX JIHHHUSIX
CeTH  DIIEKTPOCHAOXKEHHs,  BBIABICHHE  MPHYHH
BO3HMKHOBEHHSI TIOT€Ph MOIIHOCTH B O0OMX CITydasXx,
aHaIU3 TIONYyYEHHBIX pPE3yJIbTaTOB U OIpeJelIeHHE
CTETEHU BJIMSHUS BO3HUKAIOUIUX MOTEPh MOIIHOCTH B
BBIICYIIOMSHYTBIX ~THIAaX KaOENbHBIX JIMHUHA Ha
yXyAUIEHUE JHEPreTUIECKUX MOKa3aTeNneil ceTH.
MarepuaJjbl HccIe0BAHUS.

CymecTBytomme, B KaOEIBHBIX CETAX CHCTEMBI
aNeKTpocHaOXeHns1 HampsbkeHuem 6-35kB, motepu
AKTUBHOM W PEaKTUBHOM MOINHOCTH, IO IPUYUHE
CBOEr0 BO3HHMKHOBEHHMS M €ro mMacuitaly, BKIIOYAIOT B
cebs cocTaBiIIONINE pa3HBIX BUAOB. Kaxkmas u3 Hux
olpenesieHa KOHKPETHBIMU MIPUHIMIIAMA
SNEKTPOIHEPTeTUKH, U  3aBUCUT OT  PA3IUYHBIX
¢daxTopoB. B KabenpHOIl ceTH 1O mNpHpOjAE CBOETO
BO3HMKHOBEHUSI, CYIIECTBYIOT IIOTEpPH AaKTUBHOH W
pEakTHUBHOI MOIIHOCTH, KOTOpBIE 3aBHCAT OT TOKa
Harpy3Kku, IPOXO/ISIIEro B Xuiax Kadens (T.H. MOoTepH
Harpy3ku) W TOTEpPH, KOTOPHIE HE 3aBHCAT OT TOKa
Harpy3KH (T.H. IOTepH XOJI0CTOro xomaa) [8].

IloTepr aKkTUBHON MOIIHOCTM W  DHEPIHH,
BO3HHUKAKOIINUEC, B K36CJ’[I)HI)IX CCTAX 3aBHCAT OT
HalpsOKEHUs  CETHU, YaCTOTHI, oT HCﬁCTByIOHleFO

3HAYEHHS, TMPOXOJIIIEro B HEM TOKAa HArpy3KH |
k03¢ dunreHTa nckaxxeHus: opMbI KPUBOH TOKA.

Ilotepr aKkTUBHOM MOIIHOCTM U 3HEPIUH,
BO3HMKAIOIINE, B TPEX OJHOXKWIBHBIX KaOEIbHBIX
JUHUSX, TPEICTaBISIIOT CyMMY INOTepb TpEX ¢a3
(Puc.1).

APKH6.C€T = APKaGA + APKaGB + APKaGC . (1)

75

IMotepu  pnst  oAHOXKMIBHOTO — Kabenmst ¢
METAJUIMYECKUM 3aIIUTHBIM KOXKyXoM (st daser A)
OIIPEICTISIFOTCS CIEAYIOIUM BBIPAKEHUEM:

APKa6A = AP)KI/IJ[A +APH30]IA + APOGOJIA >
(2)
AVl/lca\GA = AW)KPIJ]A + AWH3011A + AWOGOJ[A’

Puc. 1. KoHCTpYKTHBHASA CXeMa OJHOXIIBHBIX KabeJIs:

1 - xxuta kabesd; 2 - 3aUTHAL 060I049Ka Kabeis;
3 - U30JIAIINSA KWIN Kabes

Ry Rg Re Rc
IC Ic Ié“ IC0
I R 1

Puc. 2. PacueTHas snekTpuyueckas cxeMa

ofHO(a3HOTO Kabess

rae APuun, AWeia COOTBETCTBEHHO, TIOTEPH
MOIITHOCTH ¥ SHEPTHH, COTPOBOXK/IAEMBIC BBIJICIICHUEM
TEIUTa, B Pe3yJbTaTe HarpeBa >KWIbl IPH IPOXOKICHUN
TOKa HArpy3Kd B aKTHBHOM compoTuBieHnH Ry (Puc.
2.) xwunbl kabens 1 (Puc. 1.), kBT, KBT.4; APs0,a »
AW, ;5,4 — COOTBETCTBEHHO, 3TO HOTEPH MOIIHOCTH M
SHEPruH, COIPOBOXKJIAEMBIE HAIPEBOM  H3OJISILIUH
KabeJs 3, BOSHUKIINX MO BIUSHHEM EMKOCTHOTO TOKa
B éMKOCTIX Cap , Cac , Cec MeXAy XKujamu KaOemis u
obomoukoir 2, kBT, KBT.4; APysoa » AWosona
COOTBETCTBCHHO, TIIOT€PH MOIIHOCTH W OJHEPIUH,
COTIPOBOKIAEMBbIE HArpeBOM 3alIUTHOW O0OOJOYKH,
00yCTIOBTICHHBIE TOKOM B 000y0ouke, co3maHabM D[C
WHAYKTAPOBAaHHOM TOKOM HArpy3KH B XKmie KaOems
KBT, KBT.Y.

CHG}IyeT OTMETUTH, 4YTO IIOTEPU, BBI3BAHHBIC,
EMKOCTHBIMH TOKaMHu B N30JIsIIUHN Kabens
CYIIECTBEHHO 3aBUCAT Ha KOX(PQUIMEHT HCKaKEHHS
dbopMbl KpuBOW TOKa [9], mpoxojsiiero B Kabere.
COOTBeTCTBeHHO, MOTepU MOMIHOCTHU B H30JSAUU U
000JI09Ke TPE/ICTABISIOT CYMMY T10TE€Pb, BOSHUKIINX B
pe3ysbTaTe BO3JCHCTBHS TapMOHHK BBICIIErO MOPSIIKA
IpY TIPOXO’KAEHUH TOKa B Kabee:
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=)TAP, ;
APn3011 Zl U3oan

3)
APo60}1 = Z? APOGonn >

B HExoTOpBIX caydasx (IpH CUIBHO HCKAXEHHOM
BBICOKOM 3Ha4€HHU TOKa Harpy3ku), 3pQeKT BIUsSHHS
CIEKTPaIbHBIX ~ [ApaMETPOB TapMOHHMK  BBICIIETO
MOPSIZIKA, BBI3BAHHOTO HEJMHEHHBIM TOKOM Harpyskw,
BO MHOTO pa3 TPEBBIACT IOTEPH, BOZHHUKIIHE MO
BO3JIeiicTBHEM HHBIX pakTopoB [10].

Ilotepm axkTUBHOM MOIIHOCTH W 3HEPIHH,
BO3HMKAIOIINE B TPEXKHUIBHBIX KaOeNsiX, OTIMIAIOTCS
OT TOTEPb B OJHOXXWIBHBIX KaOessiX, M COCTOST W3
TpEX KOMHOHEHTOB. CIieI0BAaTEIbHO, B TPEXKHUIBHBIX
kabeye, IMOTEpU AaKTUBHOM MOINHOCTH M DHEPrHU
OIPeIeIISIOTCA:

AP}<a6.'rpex = AP)KPIJIA + AP)KPIJ‘IB + AP)KI/MC +

+AP143011AB + APnaonBC + ApusonCA + APoGon >

4)
AVl/}<a6 = AW)KHJIA + AW)KPIJ‘IB + AW)KPIJ‘IC +

+AWH30]IAB + AWnsonBC + AWHSOJICA + A‘/1/06011 .

Puc. 3. KoHCTpYKTHBHAs CXeMa TPEXXKUIBHOTO Kabess:
1 - xwuta xabes; 2 - samuTHAag 000I09Ka Kabesd;
3, 4 - U30IAINA KU Kabeis.

Ry R, Ry

: Can |Cac = Cas |Cac T Cap [Cac .
RB ——— l(B —— l(H ——
s _[She :459" T |Cec .
AT T w T
C === C
Cal_ Gl Gl Call ool Cal Cal Cul Cyl
T T TTT TTT

Puc. 4. PacueTHas ayeKTpuueckas cxeMa
TPEXXKMJIBHOTO Kabesrs

rne AP}KI/IJIA’ AP)KI/IJIB ) AP)KI/IJIC > AW)KI/IJIA' AW)KMHB’
AW, ic — COOTBETCTBEHHO, 3TO MOTEPU MOILHOCTH U

SHEPTHH, CONPOBOXKIAEMBIE BBIIEICHHEM TeIa, B
pe3yabpTaTe HarpeBa SKWIBl IPU TMPOXOXKICHHHA TOKa
Harpy3ku B akTUBHOM comnpotuBieHud Ra , Rg , Rc
(Puc. 4.) A, B u C xwunax kabens (Puc.3.) kBr, kBr.4;
APV[SOJ‘IAB ’ APH3OJ'IBC ’ APH3OJICA! AW1/13011AB +
+AW,3018c + AWys00ca — COOTBETCTBEHHO, TOTEpHU
MOIIHOCTH ¥ SHEPTHH, COMPOBOXKIAEMBIE HATPEBOM
MeX(pa3HOH H3OJSAINH, BO3HUKAIOIMINM O] BIMSHAEM
&mkocTtHOTro ToKa B éMKOCTIX Cap , Cac , Coc (Puc.4.)
MEXKAY XKuiamMu Kabenst, kBT, KBT.u; APygo, , AWygo, —
MOIITHOCTh M SHEPIHs, COIPOBOXKIAEMBIE BbIIEICHUEM
TeIUla, IPU NPOXOXKICHHH TOKOB, B pe3yJbTare
Bo3HHMKHOBeHHs D/IC npu acHMMETpUH TOKa Harpy3KH
B 3aIIUTHOM 00010uKe Kabens, kBT, kBT.4.

B cBoro ouepenp, moTepu MOIHOCTH U 3HEPTUHU
APV[SOJ‘IAB > APV[SOJ‘IBC’ API/ISOJ‘ICA’ API/ISOJ‘ICAJ AWHSOJ‘IAB’
AW, 00800 AWisonca, 3aTpadeHHBIE Ha  HarpeB
VM30JIAIAN MEXIY JKHIAaMH B TPEXJKMIBHBIX KabOemsx
MIPECTABISIOT CyMMy OTEePb, BEI3BaHHBIX
TapMOHHKAaMH BBICILIETO MOPSAIKA MPH MPOXOXKICHUN B
Kabese TOKa HAarpy3KH M ONPENeNsIOTCs BhIPAKCHUEM
3).

Hunst cereii ¢ Tpems ogHoxuieHbIME (Prc. 1) u ¢
TpexXKUIbHBIMU Kabemsimu (Puc. 3), ¢ yderom mx
KOHCTPYKTHBHBIX ocobeHHoCTeH, COCTaBJICHBI
pacdeTHBIE CXeMBI YJICKTPUIECKUX MapaMeTpoB Puc. 2
u Puc4. bBei1 npoBeneH pacyeTr mapaMeTpoB
pacdeTHRIX ~cxeM. Ha  ocHOBe  MOJYYEHHBIX
pe3ynpTaToB ObliIa MPOBECHA KOIMIECTBEHHAS OIICHKA
MapaMeTpoB PpAacdYETHBIX CXeM OIHOXWIBHBIX U
TPEX)KUJIBHBIX KaOeIbHBIX ceTeil. B pesynbrate, ObLIO
BBISIBIICHO, YTO E&MKOCTh, CYIIECTBYIOIIAs, MEXIY
KHJIOH W 00ONOYKOH  OJHOXKWIBHOTO  Kabems
3HAYUTEIbHO MPEBBINIAET CYMMapHyl EMKOCTb,
CYILIECTBYIOIYIO MEXIY XKHJIaMH, a TaK K€ >KUIaMU U
000JI0YKO TPEXIKUILHOTO KaOels.

CrnenoBaTenbHO, MOXKHO IPEANONIOKUTb, YTO
MOTePH  XOJIOCTOTO  X0Ja B CETH C  Tpems
OJTHOXKWJIBHBIMHM KaOeIsIMH Ha MHOTO OOJIbIIe, 4eM C
TPEX>KWIBHBIMHA. B CBSI3WM C 3TUM, NIpH HHU3KOM UHCIIE
TOJOBBIX YacoOB  HCIOJB30BAaHUS  MaKCUMAaIbHON
Harpy3Kkd KaOelbHOW CEeTH, W OCOOCHHO B CETAX
BBITTOJTHEHHBIX JIBOMHOM paguanbHOM UIn
MaruCTPaJIbHOW CXEMOMW, MUTAIOIIUX ABYXTpaHchop-
MaTOpHbIE MOJCTAHIUK (T.K. KOI(PGHUIMEHT HArpy3Ku
Kaxmaoro  Tpancopmatopa B mopsake  0,7)
1eNIeco00pa3Ho NPUMEHSTh TPEXKUIbHbBIE KaOelu, Tak
KaKk TIOTepM MOIMHOCTM W DOHEPrMH B  CETH
OJHOXKWIJIBHBIX KaOensiMu OoJjblie, YTO HPUBOAWT K
CHIKEHHIO 9HEPTreTHYECKUX noKazaTesnen u
YXyALICHUIO YHEPTro3()h(PEeKTHBHOCTH CETH.

BriBoaBI

1. Ha OCHOBE aHanM3a pEe3yJIbTaToB
IPOBEICHHBIX  HCCIEAOBAHUM  AIIEKTPOMAarHUTHBIX
MPOLIECCOB MPOXOSIINX B KaOEIbHBIX JHHUSIX CETeH
cpenHero Hampspkenust  (6-35 kB) r. ToOwuimcw,
YCTaHOBJIEHO, YTO IMOTEPU MOLIHOCTH B OJTHOXHJIBHBIX
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Maaxa3 Kepusumsuian, Koncrantun Heperenn, Teiimypas 'ampekenamsuian

HccnenoBanne nepeHanpsi;keHUM BOSHUKIINX NMPH 0THO(PA3HBIX KOPOTKUX 3aMBIKAHHSAX B
pacnpeneaureJbHoi ceTn 6-10 kB

AnHoTanusi. Ha ocrose pe3ynvmamos KomnbvlomepHozo mooenuposanus no npocpamme EMTP nepexoonuix npoyeccog
npu 0OHOA3HBIX KOPOMKUX 3AMBIKAHUSAX NOKA3AHA HE0OX0OUMOCTb USMEHEHUS. PEXNCUMA HeUmpany cemu Ha OCHO8e
OAHHBIX eMKOCIHBIX MOKO8 HA OMOENbHbIX CEKYUsIX 20poockux noocmanyuu. Ilokazano, umo: nepexoouswiil npoyecc
umeem KoneOamenbHulll Xapakmep U BO3HUKAem Heycmouuusvli gepopesonanc. Heobxooumo ocywecmsums

meponpusimusi ons OCPAHUYCHUS NEPERANDAINCEHUA.

KarwueBble cjioBa: O()HOd)aS’HO@ KOpOmKoe 3aMbIKaHUe, NEPEeHANPANCEHUS, DENCUM HeL?mpaJlu, INIEKMPOMACHUMHblE

nepexoduble npoyeccsl.

Malkhaz Kvrivishvili, Konstantin Tsereteli, Teimuraz Gamrekelashvili

Research of overvoltage arised during single-phase short circuits in 6-10 kv distribution network

Summary. Based on the results of computer simulation of transient processes in single-phase short circuits, it is shown
that it is necessary to change the mode of the neutral of the network based on the data of capacitive currents in individual
sections of the city substation. Conclusions: the transient process has an oscillatory character and an unstable
ferorezonance arises. It is necessary to take measures to limit overvoltage.

Key words: single-phase short circuit, overvoltage, neutral mode, electromagnetic transients.

BBenennue. IToBbIIeHUE HaJIEKHOCTH
pacnpenenurensHoit cetn 6-10 kB 3HaumTenbHOM
CTENEHH  3aBHUCUT OT  TEPEXOJHBIX  IPOILIECCOB

MPOUCXOMAIIMX B Hel mpu OJHO(DA3HBIX KOPOTKHX
3ambikanu [ 1],[2]. Kpurtudeckunit pesxxuM ceTr, KOTOPBIH
orpejiensieT BIUsIeT e€ HaAE&KHOCTh U YCTOWYHBOCTH,
pexxuM omHO(A3HOTO KOPOTKOTO 3aMBIKaHHUA. ITOT
PEXUM OCOOCHHO 3HAYUTEIICH B CiIydae pabOTHI CETH C
M30JIMPOBAHHON HEWTpasbl0. HO OH TaKXe JOCTaTOYHO
3HAQUUTEJICH MpH JIDYTUX pEeKUMax padoOThl CeTH.
uccieoBaHue pabOThl CETH B IMEPEXOITHBIX PEKUMAX
0COOEHHO YJO0HO M JOCTYITHO MOJAETHPOBAHUEM CETH
IIpU MaTeMaTHYEeCKUM MPOTPaMMHBIM OOECIIeYeHHEM.
Kommsroteproe MO/IETTUPOBAHHE cetn naér
BO3MOXKHOCTh M3YYUTHh IIEPEXOIHBIH DPEXHUM pPabOTHI
cetn 0e3 BMEIIATEIbCTBA B €€ peaslbHylo padoTy.

OcobeHHo yn06HO Hctonbp30BaTh nporpammy EMTR
(ElectroMagneticTransientsProgram) [4]. Orta
porpaMma YHHBEpCAIbHAsi CHCTEMA JUISl U3yUCHHUsS Kak
JNEKTPOMATHUTHBIX TaK H  3JEKTPOMEXaHHUYECKHUX
npoiieccoB B Tmpouecce ux wuccieaosanusi. EMTR
0COOCHHO ynoOHA ISt M3Y4YEHHUs] KOMMYTAI[OHHBIX H
aTMOC(hEpPHBIX TIEpEHAIIPSKCHUH, KOOpJAWHAIUU
M30JSIIMM @ TaK JKe Il MOJIEJIMPOBAHUS  CHUCTEM
peneiHoM 3alIuThI.

[lpn  MonenupoBaHMM  IEPEXOJHBIX  IPOIECOB
WCIIONIB30BATNCH TTApaMETPhl B3SThIE M3 TEXHHUYECKOH
6a3s1 AO «Tenacu» u u3 {6,7].

IIpu oaHO(A3HBIX KOPOTKUX 3aMBIKAHHSX JUIS
paccdera KpaTHOCTH MEPEHAIPSIKEHUH T0JIb30BAIHCH
(dhopmymoit:

Knep = Um/Umex,
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rie U, — MakcuMmaibHOE 3HAa4YeHHE HaNpsDKEHHS B
MIEPEXOJHOM PEKUME OIPEIEISIeTCs] M3 aMIUIUTYIHBIX
3HaueHnH B (azax B m C, mpu KOpPOTKOM 3aMBIKaHUU
¢a3er A Ha 3eMimio, Upmax - aMIUTUTYIHOE 3HAYCHUE
pabouero ¢dasHoro HampspkeHHS (B ceTaX 6 KB
npuHUMaetcs 5,15kB).

I. ONPEAEJEHUE PACYETHBIX PEXKUMOB
MEPEXOIHOT'O MPOLIECA

Jdnst  TpoBeneHWS PpacySTHBIX — MCCIICIOBaHUH
onHo(dazHoro kopotkoro 3aMeikanusi Ha [1C «/Iumyoe»
n «bareOm» 3HaYeHHs EMKOCTHBIX TOKOB B3STHI IIO
pe3ynbTaTaM HaTyPHBIX SKCIIEPUMEHTOB!

IIC «duny6e» -- 1+3 cexuus - ----- 22,07 A;

2+4 cexuust ------ 53,10 A.

I1C «barebwuy» - 1+3 cexrus - ----- 45,51 A;
2+4 cexuus ------ 61,92A..

Pacuétel 151 3THX ceTeil BBIMONHSIETCS UCXOJS U3
peanuzali KOMIIEHCAUUU EMKOCTHBIX TOKOB. Ilpu
pacuéTe HEOOXOIWMO YUYUTHIBATh CIy4YaWd MOTEPH
KOMIIEHCAIUM MYTEM PACCTPONCTBO KOMIIEHCALlUU Ha
15-20 %

YpoBeHb paccTpoiicTBO KOMIIEHCALIMHU OIPENEISAETCS
MyTéM OTHONICHUS PEaKTHBHOTO TOKa OIHO(a3HOTO
KOpPOTKOT'O 3aMbIKaHHMsI K €MKOCTHOMY TOKYy. B To xe
BpeMs B pacu€Tax MepexoHOro mpolecca MPUHATO YTO
KOMITEHCAITMOHHAsI KaTyIlllka HAacTpoeHa B peXuMme, ,
KOTOpasi OJIN3KO K pe30HaHCHOMY. PacdyéTHbIC pexXHMBI
KOMITBIOTEPHOTO MOJIETTUPOBAHUS BO BpeMS
WCCIIEIOBAaHUS MEPEXOAHBIX MPOLIECCOB B PEXKUME
WCCIIeIOBaHUS MEpEHANPSKEHUU:

IIC «Auny6e» eMKoCTHBINA TOK 143 cexmus - ----- 22,07
A, HeHTpanpb ceTH U30JUPOBAHA.
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2. TIC «/Iumy0Oe» eMKOCTHBIH TOK 2+4 CeKIuu
€MKOCTHBIH, KOTOPBIH TOJNYyYeH OTKIIOUeHHeM ¢umepa
(MakcuMaIbHBIA eMKOCTHBIA TOK — Ic = 42,48 A). Tok

HacTpoiikum Karymku — 53,10 A. Pacrpomka
KoMreHcau — 25%.

3. TIC «bareom» - 1+3 cekuusg. Pacuérhbie
napameTpsbl:

EMKOCTHBIM  TOK, IIOJIy4EHHBI  OTKIHOYECHHEM
¢unepa ¢ mMakcumaibHbIM TOKOM Ic = 36,40A. Tok

HACTPOMKHU KaTymku — [ = 45,51A.

II. ACCJIEJOBAHUE MAKCUMAJIBHO
BO3MOXHBIX IEPEHAITPSIKEHAA

pu onHO(A3ZHOM KOPOTKOM 3aMBbIKaHUA
MOJICTHPOBaHHUE EPEXOIHBIX MPOIIECCOB BHITIOIHEHO 110
[lerepcerny [3], KOTOpBIIi oOOecrednBaeT YpPOBEHBb
MaKCHMAaJIbHO BO3MOYKHBIX MepeHanpsHKeHUH.
HccnenoBanocs 3a)KUraHne 1 MOTaIeHNe IyTH B IEPBOM
U TOBTOPHOM TIpoboe B  MakcumyM  (ha3HOTo
HaNpsDKeHUs, KOTJa 3apsii HEUTpajsi He ycHeBal
paspsauTcs B 0e3TokoBHX Tay3ax. Cduraercsi, 4TO
HEUTpaJlb M30JIMPOBAH WM 3a3¢MJICH JyTOTacUTEITHOMN
Karymkoil. Bo Bpems pacuéra  NpHUHUMAIOCH BO
BHHUMAaHWE €CTeCTBEHHASI HECUMMETPHS CETH.

B TabIHUIIe TIPEICTaBICHBI KpaTHOCTH
HEOTPaHUYCHHBIX TEePCHANIPSHKCHUN TMPH OXHO(PA3HOM
KOPOTKOM 3aMBIKaHUH, TOJIYYCHHBIE B pe3yJibTare
pacUYETHBIX UCCIEIOBaHUI.

®dunep, KOTOPBIM OTKIIOYAETCs MpH OaHO(a3HOM
KopoTKoM 3aMbikanuu Al = 9,1A, paccTpoiika KaTyIIKu
20%.

4. TIC «bareon» - 2+4 cexkmmsa. PacuértHble
apamMeTpsbl:
EMKOCTHBII  TOK, IIOJyYE€HHBIH  OTKIIOYEHHEM

¢dunepa ¢ mMakcUManbHBIM TOKOM Ic = 49,54A. Tox
HacTpoUKH KaTymku — [ = 61,32A.

dunep, KOTOPBIA OTKIIOYAETCS TPH OJHO(PA3ZHOM
KopoTkoM 3amblkaHunm Al = 12,38A, paccrpoiika
katymku 20%.

Huxe mpuBeneHsl OCIIMIUIOTPaMMBI, TI'Zl€ TMOKa3aHEI
U3MEeHeHHs (PAa3HOro HANPSDKEHWS W HANPSHKSHHA

HEWTpamn B  peXuUMe OJHO(PA3HOTO  KOPOTKOTO
3aMBIKaHHSA

Jlporpamma pacuéra 3JIEKTPOMAarHUTHBIX
MEPEXOJHBIX  TPOLECCOB  IOKa3ana, dYTO  U3-3a

KoNeOaTeIbHOIO XapakTepa IIEPEXOJHOro Ipolecca,
KOTOPBI BbI3BaH Iepe3apsiKoil Ha (ha3HBIX EeMKOCTSIX B
MOMEHT 3a)KMTaHWS W TalleHWs Jyrd, HauOoJbIIue
nepeHanpsHKeHus: MoXkeT 10cTudb 3,0993,26 Ufnay.

Cnenyer  OTMETUTb  TaKKe, 4YTO  YCTaHOBKA
TOKOOTPAaHWYMBAIOIIUX PEAKTOPOB Ha BBOJAX NMPUBOAUT
K YBEJIMYEHUIO IIepEHAPSKEHMS,

HyxHO OTMETHTH Takke, 4TO XapakTep 3IEKTPO-
MarHUTHOTO MEPEeXOAHOr0 mpolecca U YPOBHHU
NEPEHaNpsHKEHUU B 3HAYUTEIBHON CTENEHU 3aBUCST OT
BEJINYMHBI €MKOCTHBIX TOKOB OZHO(A3HBIX KOPOTKHX
3aMBIKAHUH OT MOMEHTOB BO3HMKHOBEHHUS U TalICHUS
JIYTH, OT YUCIIO IOBTOPHBIX IPOOOEB Ha MOBPEXKIECHHBIX

ceTh IcA | Ly A Kuep, (dazax, OT TOueKk mPoOOS ¥ TEKYIICH COCTOSHHS
0.€. U30JIA1UM, OT IIPOJOJKUTENLHOCTH HEPEXOHOM AyTH 1
143 22.07 _ 3.26 emé or MHOrmx  ¢aktopoB.  KommbroTepHoe
b > .
M «lunyGe» 6 kB c MOJICIUPOBAHNE H  pacu€Thl  MepeHANPsHKSHUH
2+4 .48 | 53.10 313 VKa3bIBAlOT  HAa  HEOOXOJUMOCTH  OTPaHUYCHUS
b 2 b
C nepeHanpsixeHust Ha ypoBHE 2,4-2,6 Usnay
1+3 36.41 | 4551 309 OmHUM W3 ONTHUMAIBHBIX METOHOB A(PPEKTHBHOTO
e «Bare6im» 6 KB c ’ ’ ’ OTPaHWYCHUS  TEPCHANPSHKCHHUS W 0OecredeHUs
2+4 4954 | 61.92 317 MIPaBUJIBHOTO JEMCTBUS 3alUTHI SIBJISETCS BKIIIOUEHUE B
c ’ ’ ’ HEUTpasn pe3ucTopa.
20
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Puc. 1. I3mMenenust HanpspKeHUs IpH oHO(a3HOM KopoTKoM 3aMbikanun Ha [1C «/Iumy6e» 143 c,
Heiirpans nzommuposana, Ky, = 3,26.
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Puc. 2. I3menenust HanpsbkeHus: ogHodazHoOM KopoTkoM 3ambikanuu Ha [1C «Auny0e» 2+4 c,
Heiitpans 3a3emiieHa gyroracsueit katyuikoi (paccrpou kommneHcanuu 20%) , Kuep = 3,13.
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Puc. 3. I3amMeHenus HanpspkeHns ogHo(azHoOM KopoTkoM 3ambikannn Ha [1C «bareom» 143 c,
Heiirpans 3azemnena pesuctopomR=1000 Om, Kiep =3,07.
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Puc. 4. I3menenus HanpspkeHnst ogHo(dazHoM KopoTkoM 3ambikannn Ha [1C «Anayoe» 1+3 c,
Heiirpans 3azemnena pesucropom R=200 Om, Kpep =2,58.

0.25

BoiBOIbI. BbInosHEeHbI KOMIBIOTEPHBIE Jlutepatypa

MozenupoBaHus ¢ noMoipo EMRT xomMnbroTepHOro
obecrieueHUsT Ha KOHKPETHBIX CEKIHMAX IMOJCTaHIINU
«Iuny6e» n «bareOu» 1 mokasaHo 4to HEOOXOIUMO
U3MEHHUTh PEeXHUMBI HelTpaneil cetu. Mcciaenosanue
JIEKTPOMAarHUTHBIX MEePEXOAHBIX MIPOLIECCOB
MOKa3aJl0 4YTO MAaKCUMyM MEpEHaNpsDKEHUM B
pe3yabTaTe MEPBOTO 3aKUTaHWs W TalleHus AyTd
nocturaet 2,4 92,6 Ugmax. CHEAYyIOLIEE 3aKUTaHHE
JIyTd TpU HEHYJIEBBIX 3HAYEHUSX HaIpPsHDKEHUA
HEHUTpaNu BBI3bIBAECT YBEIMUEHUE MEPEHANPSHKEHUU
Ha HemoBpexaeHHbIX (azax 10 3,0993,26 Ugmax U
HaJ0 TPHHAMATh  CHENHANbHBIE  MEpBl IS
OTPAaHUYCHUS TTEPEHAPSKCHUH.
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Ouer IlyTenko, Anekceii Kyauk

Pacno3naBanue nmeperpeBoB, KOTOPbIC CONMPOBOKIAAIOTCA paspsaaaMu € BBICOKOM IMJIOTHOCTBIO
JHEPIuu, o pe3yjabTaTaM aHa/Iu3a paCTBOPCHHLIX B MacCJji€ ra3oB

AHHOTanus. [Ipugedenvl pe3ynrbmamuvl KOMIIEKCHO20 AHANU3A COOepacanus 2az08 6 macie 101 mpancopmamopa ¢
nepezpeeamu, KOmMopwvle CONPOBONCOAIOMCIL pA3P0aMU C BblCOKOU HIOMHOCMbI0 dHepeuu. Onpedenenvl 3HAYEHUS

NPOYEHMHO20 COOEPICAHUL 203068 U 3HAYEHUS OMHOUWIEHULl 2a308 O/ Kanc0020 6uoa O0eghexmos.

Tlocmpoenwi

HOMO2pamMmbl U epaguueckue obaacmu Oe@exkmos. Bvinonnen cpagHUmMenbHulli aHAIu3 pe3yibmamos OUaZHOCHUKU
AHATUZUPYEMBIX MPAHCHOPMAMOPOS C UCHONB308AHUEM 9 UBBECMHBIX MEMOOUK.
KiaroueBbie c10Ba: MacioHanonHeHuvle mMpaHc@hopmamopsl, OUAZHOCMUKA, AHATU3 PACMBOPEHHBIX 8 MACle 2d308

(API), kombunuposartsie deghexmul.

Oleg Shutenko, Oleksii Kulyk

Recognition of overheating accompanied by high energy density discharges based on analysis of gases
dissolved in oil

Abstract. The results of a comprehensive analysis of the gas content in oil are presented for 101 transformers with
overheating, which are accompanied by high energy density discharges. Values of the gas percentage and gas ratio for
each type of defect have been determined. Nomograms and graphical defect areas have been constructed. A comparative
analysis of the diagnostic results of the analysed transformers was carried out using 9 known methods.

Keywords: oil-filled transformers, diagnostics, analysis of gases dissolved in 0il (DGA), combined defects.

BBeneHue. OkclulyaTanMOHHas — HaJeKHOCTb
BBICOKOBOJIBTHBIX ~CHJIOBBIX ~TpaHC(opMaTropoB BO
MHOT'OM ONpeAesIeTcs KaKk TOUHOCTBIO H3MEPUTENbHBIX
CPE/ICTB KOHTPOJII U KBaJTH(UKaIMeH ONepaTuBHOTO
NepcoHaja, TaK U  JOCTOBEPHOCTBIO  METOJIOB,
WCTIONIB3YEeMBIX  JUIsl  NpuHATHS  penieHuid. [lpm
JMAarHOCTUKE TpPaHC(OPMATOPOB C HCIOJIb30BAHHEM
aHaIM3a pacTBOPEHHBIX B Macie ra3oB (APT)
MPUHIWIHATGHO BaKHBIM  SIBISIETCS.  HE  TOJBKO
CBOEBPEMEHHO BBISIBUTh Pa3BUBAIONIMHCST  Ae(eKT
(>kenmaTenbHO HA paHHEW CTajuH, KOrjga He IPOU30IIIa
JIEeCTPYKIUs OyMa)kKHOW M3OJSIMH TPAHC(HOPMATOPOB),
HO W JIOCTOBEPHO pacIio3HaTh ero Tul. O4eBUAHO, YTO
OLIMO0YHOE ONpeielieHHe TUMa eeKTa Uil OTKa3 OT
pacro3HaBaHHs MOTYT TIPUBECTH K CEpbE3HOMY
SKOHOMHYECKOMY  yIiiepOy,  BBI3BAHHOMY  Kak
HEIOOTITyCKOM JHEPruM  MNOTpeOuTENsiM, Tak |
HEOOXOJMMOCTHIO PEMOHTa WIJIM 3aMeHbl TpaHc(op-
maropa. OcobeHHo  3TO  KacaeTcs  OBICTpO-
pa3BHUBaOMINXCS Je(PEKTOB, CBI3aHHBIX C BHYTPEHHUMHU
KOPOTKMMH  3aMbIKaHMSIMA. B cBi3m ¢ 3TUM
YCOBEPIICHCTBOBAHWE  MPOLEAYPHl  PACHO3HABAHUS
THna aedexra mo pe3yapTaTaM aHaJIu3a PaCTBOPEHHBIX
B Macjie ra30B SIBJISETCSA aKTyalbHOM M MPAKTHIECKU
3HAYMMOM 3aJjaueii.

Kpurepun 1 HOpMBI, periaMeHTUpyeMble B
OOJBIIMHCTBE U3BECTHBIX CTaHIApTaX U METoAMKax [1-
6] mo uuTepnpetanuu pe3yiabtatoB APIT mo3Bomsior

pacmo3HaBaTh JeQeKThI ANEKTPUUYECKOTO u
TEPMHUYECKOTO Tuma. B Toxxe BpemMs B YCIOBHIX
peanbHOU JKCIUTyaTalul TpaHcdopmaTopoB

JIOCTaTOYHO YacTO BCTPEUAIOTCS TaK Ha3bIBaeMbIe
KOMOHWHHUpPOBAHHEIE 1e(DEKTHI, T.¢. IEPErpeBbl KOTOPHIC
MepexomsIT B pa3psAdbl WIH  pa3psabl, KOTOpHIE
COIIPOBOXKIAIOTCS HarpeBaHueM. O4YeBHIHO, YTO IS

82

TaKnUX ,Z[eCI)eKTOB 3HAYCHUA JHArHOCTHYCCKUX
KPUTCPUEB, UCIIOJIB3YCMBIX U pacCllO3HaBaHUA THUIIA

nedekTa (3HAUCHUS OTHOIICHUHM Tra30B, 3HAYCHUS
MIPOLIEHTHOTO CoJIep KaHUS rasos, 3HAYECHUS
OTHONIICHWH  KOHIEHTpalui ra3oB K Trazy ¢

MaKCHMAJIbHBIM COJIepKaHUeM), OYAyT OTIMYATHCS OT
AQHAJIOTUYHBIX 3HAYCHHH, MOJTy4EHHBIX JUIst
TpaHcOpMaTopoB ¢ redeKTaMH JICKTPUIECKOTO HIIH
TepMuueckoro  Ttuma. OpHako B OOJBIIMHCTBE
JNEUCTBYIOIIMX  CTAaHAApTOB U  MeTomuk  [1-6]
(haKTHYIECKH OTCYTCTBYIOT 3HAUCHMSI KPHUTEPHUEB I
pacrmo3HaBaHUA KOMOWHHUPOBAHHBIX TePEeKTOB.
Uckmrouenune cocraBiser [6], B KOTOPOM  IUIS
pacno3HaBaHus KOMOWHHUPOBAHHBIX Je(eKTOB
perIaMeHTHPOBAHEI CIIeyIoNe 3HAYCHHS
orHomeHnii: C,H»/CoHs>0.1 m  CH4/Hz>0.5 wnm
CH»/CoHs<0.1 um CH4/H»<0.5. B  HekoTopsIx
rpagUyeckuXx METOAaX HHTEepHpeTanyy, HarpuMep,
TPEYrONBHUKH M MSATHYTOJIbHUKHM J[foBanst u KBajapar
ETRA [7, 8] BblueneHsl 00JacTH, COOTBETCTBYIOIINE
neperpesam U paspsaam. B Toxe Bpems kBagpat ETRA
MO3BOJISICT PAcIlO3HABaTh TOJIBKO KOMOWMHHMPOBaHHBIE
nedexTsl ¢ Temmeparypoit HarpeBa Beime 700°C, a
TPEYTOIBHUK JroBams BBISBIISIET HaJIMuHue
KOMOWHUPOBAHHBIX Je(eKTOB, HO HE II03BOJISIET
OLICHUTh TEMIIEPATypy HarpeBa M WHTEHCHBHOCTb
pa3psnoB. Taknum 00pa3oM, HCIOIB30BAHNE KPUTEPHUEB,
PErIaMCHTUPOBAHHBIX HeﬁCTByIOIHHMH CTaHJapTaMHu,
HE BCErjJa IO03BOJSIET JOCTOBEPHO pACMO3HATh THUI
KOMOWHHUPOBAaHHOTO nedekTa. BrinonHeHHbIH
JUTEepaTypHbI aHaIW3 [oKas3aJ, 4YTO BOIpPOCAM
IMOBBIIICHUA AJOCTOBEPHOCTHU pacCllO3HABAHUA  THUIIA
nedekra MOCBSIIEHO IOCTATOYHO OOJBLIOE YHCIO
nyOomukannii. Ho mpu 3TOM OCHOBHOW  akIEHT
WCCIIEIOBAaHUH CBs3aH C HCIIOJb30BaHHEM Oosee
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COBEpIIEHHOTO0 MaTeMaTHdeckoro ammapara [9-12]. B
TOXKE BpEeMs BONPOCHl KOMIIIEKCHOTO  aHaJn3a
3HA4YEHUH JUAarHOCTHYECKUX KpPHUTEpPUEB,
HCHOJIB3YEMbBIX JId paCliO3HaBaHUsA THIIA z[e(beKTa, B
00OpY/IOBaHUHM C PAa3HBIM COCTOSHHEM OCBEIICHBI
HEeloCTaToOYHO. B cBsA3u ¢ 3TuM B maHHOH pabore
BBINOJTHEH aHaJM3 3HA4YEeHUH KpPHUTEPHUEB,
WCIIONIB3YEMBIX Ul HHTEpIpeTaiu pe3yisratoB APL,
B TpaHchopmaropax ¢ IIeperpeBaMH, KOTOpbIE
COINPOBOXKIAIOTCS Pa3psaaMi C BBICOKOW IUIOTHOCTBIO
sHepruu (BIID).

AHaJu3 colep:kaHus raza B TpaHcopmaropax
¢ TmeperpeBaMH, KOTOpble  CONPOBOKIAIOTCS
paspsinamu ¢ BIID. [lns moBeImeHHs HaAeKHOCTH
pacro3HaBaHUA nedexrToB MAacJIOHAMOIHEHHOTO
obopymoBanusi mo pesynbratam APIT mpemmaraercs
HCIIO0JIB30BaTh METOJ AUArHOCTHUKH I10 PpAaCCTOAHUIO OO
stanona [13]. B aTom MeToze pemenue o Tume aedekra
MIpUHUMAETCA h(s) 3HAa4ECHUIO MUHUMAaJIbHOTO
paccTosHUS OT JWarHOCTUPYeMoro oObeKTa [0
STaJIOHHOTO MHOXECTBA!

X € Di' eCJIn li < lk (k = 1, 2, ,n;k * l), (1)

rae: D; — amarHo3 (tum npedexra); n — KOIUIECTBO
BO3MOJKHBIX JIMarHO30B; / - 3HaYEHUE
JIUArHOCTHYECKOTO PACCTOSHUSL.

3Hauenue IIMAarHOCTHYECKOT O PacCTOSIHUS

OIPCACIIACTCS KaK:

N
2 — 2
BGey) =) G-yh @
j=1
TAE! X — 3HAYCHUS KOOPAWHAT DTAJIOHHOIO MHOXKECTBA,
V — 3Ha4eHHs KOOPAWHAT TUArHOCTUPYEMOro 00beKTa,;

N — pa3MepHOCTh JHArHOCTUYECKOrO IMPOCTPAHCTBA
(uncno KoopauHaT).

B kadecTBe TUArHOCTUYECKUX KOOPIHMHAT MOXHO
KCIIOJNB30BaTh KaK 3HAYEHHUs OTHOIIEHUH ra3oB, TaK U
3HAYCHUS MPOIICHTHOIO COJICP)KAHHS Ta30B, a TaKKe
3HAYE€HHsI OTHOIIECHUM ra3oB K rasy ¢ MakCuMaJlbHbIM
conepxkanreM. OTHOBPEMECHHBIH YUYET TPeX KPUTCPHUCB
MMO3BOJISICT HUBEIUPOBATH BO3MOXKHBIC pa3IH4Ms B
OIpeIeICHUH TUIA Ae(eKTa, KOTOPhIE OBl IMEIH MECTO
[IPY MCOB30BAHUE TOJBKO OJTHOTO M3 KPUTEPHEB.

JAnst  ompemeneHWs  YHCICHHBIX — 3HAYCHHH
JMAaTHOCTUYECKUX KOOPAWHAT OBUIH HCIIOJIb30BAHBI
pesymetatel  API' mo 101  BBICOKOBOJIBTHOMY

TparchopmaTopy. B atmx TtpanchopmaTopax Obul
0OHapy>XEHBI IEPErPeBbl, KOTOPHIE COMPOBOXKAAINCH
pa3psiiamMu BBICOKOM IUIOTHOCTH 3HEpruu. Ilockonbky
aHaNM3UpyeMble  TpaHCc(OPMATOPbl  MPEICTABISIOT
coboit Habop 00paslioB € YETKO YCTAHOBJIEHHBIM
JUarHo30M, 3TO MO3BOJIMIIO CTPYIIIMPOBATH PE3YNbTaThI
API' mo THmy BBISBICHHOTO Je()eKTa ¥ BBINOJIHHUTH
OLIEHKY 3HAUeHMH JMAarHOCTHYECKUX KPUTEPUEB,
WCIIONIB3YEMBIX JUISL PACIIO3HABAHMS THHA Ae(PEKTa 110
pesynsTatam APT. [1o aramoruu c [14, 15] mist kaxxaoro
Tina  gedekta  ObUIM  pacCUMTaHbl — 3HAYCHHS
MIPOLIEHTHOTO COAEPXAHUS KaXIOTO M3 IATH I'a30B B
mpobax Macia M 3HA4YeHWsA OTHOLICHUH Tras3oB,
UCTIONB3YyEMBIX ~ M3BECTHBIMH  CTaHAApTaMH IS
pacrnio3HaBaHus Tuna aedekra. Jluana3oHbl 3HAYCHHN
IPOIICHTHOT'O COJEPXKAaHUSA Ta30B C yKa3aHHEM THIIa
nedexkra m 00bEeMOM BBHIOOPOYHBIX 3HaueHHU (V)
IIpYBe/ieHbI B Tabnuiie 1, a 3HaueHNs1 OTHOLICHUH Ia30B
MIpUBe/IeHbI B Tabuuie 2.
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Tabnuna 1
. Copnep:xanne ra3os, %

Ne Tun gedexra, 00beM BLIOOPKH H, | CHs | CaHs | CaHa | CoHa
1 [[Teperpess! ¢ Temneparypoii meHee 300°C u paspsiael ¢ BIID. N=5 10-23|14-24| 22-35 |10-22|12-28
2 [[Teperpessl ¢ Temneparypoii MeHee 300°C, nepexojsiue B gyry. N=8 10-30| 7-15 | 25-45 | 3-21 | 9-32
3 [[leperpessl B quanazone Temmneparyp 300-500°C u paspsabt ¢ BIID. N=8 0.6-24/30-50| 0-5 | 6-28 |20-38
4 [[Meperpessl B quamnazone tremmuepatyp 300-500°C nepexomsmue B xyry. N=10 |10-28|20-45|0.06-20|21-29|12-20
S |[[leperpessl B quanaszone temnepatyp 500-700°C u paspsias! ¢ BIID. N=5 0-0.1 [20-25] 10-11 |33-37|30-33
6 |[Teperpessl B muanazone temnepatyp 500-700°C nepexomsmme B ayry. N=15 | 5-11 |20-30| 13-21 |30-35]10-20
7 [eperpessl ¢ Temneparypoii Beime 700°C u paspsiast ¢ BIIO. N=24 1.4-26| 7-33 | 0.5-10 |28-53|10-39
8 [[Teperpessl ¢ Temneparypoii Beiie 700°C, nepexopsimue B ayry. N=26 20-33| 6-26 | 0.9-8.0 |126-40|12-30

Tabnuma 2 1.4- 0.84-
3HayeHusi OTHOLIEHUIi Ta30B S| — 04405 1.55 1.3-1.66 2.8-3.1 0.95
Ne| CHs | C2Hs | C2Hs | C:H2 | C:H: | C2H2 0.49- 1.5- 0.65- | 0.36-
H> CHy | C:Hs | CHy | C:Hs | C2H4 612.2-34 0.95 2.5 0.39-0.8 1.15 | 0.543
1.2- | 0.382- | 0.53- | 0.42- | 1.061- 1.04- | 0.08- | 4.58- | 0.23- 0.22-
1)1.01-14 22951 0941 | 1.868 | 0.999 | 2.131 7 1.81 | 1.191 | 12.95 | 5.36 1.57-7.3 0.95
0.258-| 2.32- | 0.102- | 0.64- | 0.218- | 1.32- 0.14- | 4.1- 0.34-
2 092 | 422 | 0.739 | 3.58 | 0.981 | 4.813 80.2-0.98 1.15 | 12.95 0.49-4.3 2.5-9.5 0.98
0.03- | 2.2- | 0.49- Ipumeuanue. ]I CHWKCHHUSA MOTPEIIHOCTH IMOJIYYEHHBIX
3 17_31 0098 98 072 6-135 11_36 PEIYIBTATOB PACUHET BBIINOJIHAJICA TOJIBKO IIPU YCJIOBUU, €CIIA
1 09_ 2 22_ 3HAYCHUA KOHHGHTpaL[I/Iﬁ Tra3oB, COCTaBJIAOIIUX JAHHOC
4 2' 2 0.06-0.9 '12 0.4-0.9| 1-7.8 ]0.45-0.9 OTHOIIEHHE, TIPEBBINANN Cleyiomue 3HadeHus: Ho=50,

CH4=C2Hs=C2H4=15 u C,H,=3 mMxi1/1.
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Kak BumHO W3 Tabu. 1, HECMOTpPS Ha TO, YTO B

AHATM3UPYEMBIX TpaHchopmaropax TeperpeBsl
compoBoXJaroTcss paspsgamu ¢ BIID, rase ¢
MaKCUMaJIbHbBIM  COJIEp)KaHWEM  H3MEHSIIOTCS B
3aBUCUMOCTH OT TemmepaTypsl meperpeBa. s

ynoOcTBa aHanM3a B Taba. | OHHM BBIIENEHBI )KUPHBIM
mpudroM. Tak A1 HUBKOTEMIIEpaTypHBIX ITEPErpeBOB
(menee 300°C) ra3oM ¢ MaKCHMaJIbHBIM COAEP>KaHUEM
SIBIISIETCS 9TaH, AT IEPETPEBOB B AUAIA30HE BHICOKUX
temnepartyp (Bbie 700°C) — stunen. [Ipu neperpeax
B nuamnasone cpeqaux temmnepatyp (300-700°C) razamu
C MaKCUMAJIbHBIM COJACPKAHHUEM SABJIAIOTCA METaH U
stuieH. Jyis ymoOCTBa [JaibHEHIIero aHammsza, M
YUUTBHIBAsl, YTO MAaKCUMaJbHOE COJAEP)KaHUE OSTHIICHA
uMeer Mecto npu Ttemmeparypax 500-600°C [5],
nuana3oH temreparyp 300-700°C Obl1 pa3ouT Ha 1Ba:
neperpeB ¢ Temmneparypoi 300-500°C, mist koToporo
ra3oM C MaKCUMaJIbHBIM CO/IEPXKaHUEM SBIISIETCSI METaH,
u neperpes ¢ Temmneparypoit 500-700°C, mis koToporo
ra3oM C MAaKCHUMaJIbHBIM COJEP)KAaHUEM  SIBISIETCS
STHIICH. AHAIM3UPYS Pe3ynbTaTel U3 Tabm. 1, ciemyer
OTMETUTH, YTO U1 BCEX AHAIN3UPYEMBIX AE(EKTOB,
3HAYEHHs TMPOIIEHTHOTO  CONEpXKaHHWs Ta30B C
MaKCUMAaJIbHOM KOHIEHTparmed coctaBisiior 20-50%.
[Ipr >TOM TIPOLEHTHOE COJEPKAHUE XapaKTEPHBIX
ra3oB MMeeT 3HayeHUs] HEHAMHOTO MEHbIINE, YeM I
MIPOLIEHTHOTO COJIEp)KaHUsS Ta3a C MaKCHMaJIbHOM
KOHIIEHTpaLUeH. T.e. npu BO3HUKHOBEHUHU
KOMOMHHPOBAaHHBIX JEEKTOB C pa3psgaMH BBICOKOH
SHEpPruyM HaOIIOJAeTCsl BBHIPAaBHWBAHHME IPOLEHTHOTO
COZIepKaHMsl Il XapakTepHBIX ra3oB. JlaHHOe
00CTOATENBCTBO, HApSAAY C BBICOKUM IIPOICHTHBIM
COZIepKaHNEM alleTHIIEHa, MOJKET pacCMaTpUBaThCA Kak
JUAarHOCTUYECKUM  TNpHU3HAaK,  KOTOPBII  MOJKHO
UCIIONIb30BaTh Ui PAclO3HABaHUs  MEPErPEBOB,
KOTOpBIE COTPOBOXKIAIOTCA paspsgamu ¢ BIID.
AHanu3upys 3HaueHHs1 OTHOLIICHHUI Ta30B U3 Ta0II.
2, cuemyer OTMETUTh, YTO TpPHU  Pa3BUTUHU
KOMOMHHPOBAaHHBIX JIe()EKTOB C pa3psgaMH BBICOKOH
sHeprun, otHomenne CH4/H, ™oxer mnpuHHMATh
3HAUYEHHWS XapakTepHbIE KaK Ui 3JIEKTPUYECKUX
paspsanoB (0.1<CH4/H»<1), Tak m nus gedexToB
tepmudeckoro tuma (CH4/Ho>1). 3nadenne oTHOIICHUS
C,H¢/CH4>1 HaOIrOHArOTCS KaK IS
HU3KOTEMITepaTypHBIX meperpeBoB (Nel-2), KoTopsie
compoBOXKIatOTCs paspsgamu ¢ BIID, Tak u mns
HEKOTOPBIX Mpo0 Macen U3 TpaHCPOPMATOPOB C
BBICOKOTEMIIEpATyPHBIMUA IIEPETPEBAMU U pa3psiaMu
(Ne7-8). aHHOE OOCTOSITEIBCTBO CBUICTEIBLCTBYET O
HEBBICOKOW JMAarHOCTHYECKOW IEHHOCTH JaHHOTO
OTHOIICHUA IIpU paclio3HaBaHUU KOM6I/IHI/Ip0BaHHbIX
nedexroB.  CornacHo  OOJIBIIMHCTBY — M3BECTHBIX
CTaHJAapTOB 3HAYCHUS OTHOLLICHUS C,H4/CyHs
HCIIOJNIB3YIOTCS TSt OLICHKH TEMITEPaTyphI
mporaozupyemoro neperpesa (1>C,H4/C,Hs — mns
HU3KOTeMITepaTypHBIX meperpeBoB, 1<C,H4/C,Hs<4 —
JUISL TIEPETPEBOB B JMaNa3oHE CPEeTHUX TeMIeparyp U
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4<C,H4/C,Hg — IS BBICOKOTEMITIEPATYPHBIX
neperpeBoB). OnHaKo, KaKk BUAHO M3 TaOJNULbI 2, IS
IeperpeBoB B  JIMANa30oHE CpPEeIHUX TeMIeparyp,
KOTOPBIE COMPOBOKIAIOTCS paspsinamu ¢ BI1D (Ne3-4) B
HEKOTOPHIX M3 aHAIM3UPYeMbIX TpaHchopmaTopoB (5
n3 8 TtpanchopmatopoB s nedekra Ne3 wu 7
Tpancdopmaropax n3 10 mis nedexra Ned) 3HaueHue

JAHHOTO OTHOIIEHWS OONbINe XapaKTepHBI IS
BBICOKOTEMIIEPATypPHBIX MEPerpeBoB. Takum 00pa3om,
JUIL  OLEHKH  TEMIIEPaTypbl  NPOTHO3HPYEMBIX

KOMOMHHPOBAHHBIX AE(PEKTOB CIEOYEeT yYUTHIBATH HE
TOJIbKO 3Hauyenwe otHomeHuss C,H4/C,Hs, HO 1
NPOLIEHTHOE CO/IEPXKAHUE I'a30B. 3HAYCHUSI OTHOLICHUM
C,H,/CH4 u C,H,/CyHg u CoH2/CoHy B meficTByrOmmx
CTaH/JapTax M METOJHMKaX HCIIOJIb3YIOTCS AJIsl OLEHKH
IUIOTHOCTH  DHEPTrUM  DJIEKTPUYECKHX  PaspsioB.
AHanu3upys 3HaueHUs JaHHBIX OTHOLIEHUH K3 Tabui. 2
JIETKO YBUJETh, YTO MUHHMAJIbHbIE 3HAYECHUS JaHHBIX
OTHOIIIEHWH HAOIIONAIOTCS Ul T€X OTHOLIEHHH Ia3oB,
JUIL  KOTOPBIX Tra3, HWMEIOMMH  MaKCHMaJIbHOE
cofiepKaHue ISl JAHHOTO THIA Ae(eKTa, HaXOIUTCS B
3HaMEHaTene OTHOIIICHHUS. Hanpumep, ISt
HU3KOTEMIIEPAaTYPHBIX TIEPErpeBOB C MAaKCHMAaJIbHBIM
COZIep)KaHHEM ITaHa, MUHHUMAIbHOE 3HaYeHHE U3 TpeX
AQHAIM3UPYEMBIX ~ OTHOILIGHWI  HaOJromaercss s
orHomeHuss C,H»/CrHg m T.n. Takum oOpazom, st
KOMOMHMpPOBaHHBIX JedekToB ¢ paspsmamu ¢ BIID,
3HAQUYEHHWs OTHOIICHWH Ta30B, XapaKTepU3YIOIINe
IUIOTHOCTh SHEPTUH JIEKTPUUECKUX Pas3psisiOB, 3aBUCST
OT TEMIIepaTypbl neperpesa (OT TOrO Kakoil ra3 uMeeT
MaKCHMaJIHOE COJIep KaHHe).

B HEKOTOpBIX CTaHAapTax IO HWHTEPIPETALNH
pesynsTatoB API" [5,6], mns pacmo3HaBaHHs THIIA
Jnedexkra TOMHMO OTHOIIEHWH Ta30B, PEKOMEHIYETCS
HCIOJB30BaTh HOMOTpaMMBI (rpadudeckne oOpa3bl)
nedektoB. B [16] mpemiokeHO HCIONb30BaTh HE
STaJOHHbIE HOMOTPAaMMBI, a OJTaJOHHBIE 00NacTH,
KOTOpBIE CTposTCs 1Mo pe3ynbratam API™ o6opynoBanus
C OJMHAKOBBIM TUIOM aedexra. B kauecTBe rpanuIl
STAJOHHBIX 00JIacTell MCIOIB3YIOTCS MaKCUMabHBIE U
MHUHHUMaJbHbIC 3HAa4YeHUs KoopauHar. ['paduyeckne
obmactu mo pesynsrataM API' mis 8 mpoananmsu-
POBaHHBIX JIe)eKTOB NpuBeieHbI Ha puc. 1 Ha pucynke
CIUIOITHOW JWHUEH oO0O3Ha4YeH MeHTp obracTwy,
COBIIAJIAIONINIT ¢ HOMOTpaMMO#l nedekTa; ITyHKTHp-
HBIMH JIMHUSIMH OOO3HA4YEHBI HIDKHAS M BEPXHSA
rpaHuipl  obmactu  jgedexkra. Homep HOMOrpammbl
COOTBETCTBYET HOMepY nedekra u3 Tao. 1.

AHanu3upysi HOMOTPaMMBbI, TpHUBEICHHbIC Ha
PHUCYHKE CJeyeT OTMETHTb, YTO W3 8 NpHBEAECHHBIX
HOMOrpamMM B [4, 5] periaMeHTUpPOBaHBI TOJBKO 2,
COOTBETCTBYIOIINE NIeperpeBaM B AMAIA30HE CPEIHUX
TeMmreparyp, nepexomammx B ayry (Ned) wm
BBICOKOTEMIIEPATypHBIM IIeperpeBaM, MepexosuX B
ayry (Ne3). Cnemyer oTMETHTh, YTO HM B OJHOM M3
W3BECTHBIX  CTaHAAPTOB HE  PETJIAMEHTHPOBAHBI
HOMOTpaMMBI  J1e()eKTOB, Ui KOTOPBIX Ta3oM C
MaKCHMAaIJIbHBIM COZep KaHueM siBIsieTcs dTaH (Nel-2).



IT Lsg®msdm@obim Ladgsbogmm-Ggdbozmmo 3mbagmgbaos "9bgMagd 030l Msbsdgpmmgy 3MMdmgdgdo
Q05 3500 95005§9393 0L 3Bgd0", MBoobo, bsgsHmgguem, 2020 ferol 7-10 g39ddgco
II International Scientific and Technological Conference "Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, December 7-10, 2020

0.0 ¢ T T T J

0.0 + T T T J

.?

'
0.0 ¥ T » T " 0.0 T
H2 CH4 C2H6 C2H4 C2H2 H2 CH4 C2H6 C2H4 C2H2

Puc. 1. I'padudeckue 061acTt © HOMOTPAMMBI
nedekToB nocrpoeHHsie 1o pesynsratam APT
TpaHc(opMaToOpoB C neperpeBamMu, KOTOpbIe
COTpoBOXKar0TCA paspsaamu ¢ BIID

Homorpammsl, nMerolyie HEKOTOPYIO CX0XKECThb C
HoMorpammamu Nel-2, momydens! B paborax [14, 15].
OTu HOMOTpaMMBl MOCTPOEHBI MO pesynpTatam APT
TpaHcopMaTopoB  Cc  TeperpeBamMH,  KOTOpBIE
COMPOBOXKAAIOTCST pa3psiilaMi € HU3KOH IUIOTHOCTBIO
SHEPruM, U1 KOTOPBIX Ta3aMH C MaKCHMaJbHBIM
COZICp’KaHWEM  SBISIFOTCS  BOJOPOJ ¥ aleTHIIEH.
CpaBuuBas HoMorpamMmbl Ne4, Ne6 1 Ne7 nierko yBuaeTh
BHEIIHIOI0 CXOXKeCTh, UYTO MOXET TMpPHUBECTH K
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OUIMOOYHBIM BBIBOJIAM IIPU OLEHKE TEMIIEPaTyphbl
MPOTHO3UpYeMBIX  nedekroB. Takum  oOpasom,
UCIIOJIb30BaHUE TOJILKO HOMOTIpamMM Ae(EeKTOB s
pacrio3HaBaHMsl THIA JedeKra, Nake IMpU HaIMIUd
CXOJTHBIX ITAJIOHHBIX HOMOTpaMM, 0e3 ydeTa 3Ha4eHUH
OTHOIIEHWH Ta30B M HMX HPOLEHTHOTO COJEep KaHHs
MOJKET MIPUBECTH K TOCTAHOBKE OMIMOOYHOTO JHAarHO3a.

OueHka  /J0CTOBEPHOCTH  PACIO3HABAHHUS
neperpeBoB, KOTOPbIE COMPOBOKAAOTCH pa3psiiaMu
¢ BIIJ ¢ ucnoip30BaHueM U3BECTHBIX CTAHAAPTOB H
MeToAMK. J[71s1 OIIEeHKH JOCTOBEPHOCTH PAaCIO3HABAHUS
CYIIECTBYIOIIMX  METONOB  NPHUMEHHTEIBHO K
aHAIM3UpyeMbIM  Jie)ekTaM  OBUIO  BBINOJIHEHO
COIIOCTaBJICHUE PpealbHBIX AWarHo3oB (tabmmma 1) c
JIMarHO3aMH, MOCTaBJICHHBIMU C TIOMOILBI0 HauOoee
W3BECTHBIX CTaHIApTOB W MeToOuK. B mporecce
aHaM3a ONpeNelsulach CTATHCTHKA  IPAaBHIIBHBIX
JMarHo30B, YacTHYHO  TPAaBWIBHBIX  JWArHo30B
(TpaBMIIBHO OTIpeneNieH THI JedeKTa, HO OMMNOOYHO
OIICHEHa €r0 MHTEHCHBHOCTH). Takke (hUKCHpOBaIach
CTaTUCTHKA OTKAa30B OT PACIO3HABAHWSA, T.€. CIydacs,
KOTZla  aHAJNM3UPYEeMBI  METOJN  HE  II03BOJIIET
YCTaHOBHUTH IUAarHo3. Pe3yibpTaThl aHann3a nMpuBeIeHBI
B Tabmuue 3. B cronbue 1 B umcnuTene npuBeleH
MPOUEHT TIMPaBUJIbHBIX JUAarHo30B, B 3HAMCHATECJIC
YaCTUYHO TMIPaBUJIbHBIX JUArHO30B. B uucnurene
cToNIONA 2, IPUBE/ICH MPOLIEHT OITHOOYHBIX AUATHO30B,
a B 3HaMeHarelle MPOIIEHT OTKa30B OT PaclO3HaBaHUSI.
[on pumckrMu HOMepamy 3anIM(POBaHbI CIEIYIONINE
cranaaptsl 1 Meroasl: I — IEC 60599 [1]; II - COY-H
EE 46.501:2006 (Ykpauna) [5]; Il — CTO 34.01-23-
003-2019 (P®) [6]; IV — Metox dopuenoOypra [2]; V —
Metoxn Pomxepca [3]; VI — Tpeyronsauk roBamns [7];
VII — Merong nOMmorpamm [5]; VIII — Ksagpar
ETRA [8]; IX — Metox MSS [4].

W3 Tabauupl BHOHO, YTO HAUOOJBIIEE YHCIIO
MPaBUIBHBIX JHAarHO30B (78%) ObUIM MOCTaBIEHBI C
WCIOJIb30BAHUEM  3HAUYCHHM  OTHOIIEHWM  Ta3oB,
periIaMeHTHPYEMBIX B CTaHAApTE [6]. DTO 00YCIOBICHO
TEM, YTO TOJIBKO B JIAHHOM CTaHAApTe PEKOMEHIYIOTCS
OTHOIICHUS ra3oB ULt pacrio3HaBaHus
KOMOMHHPOBaHHBIX JedekToB. [IpumepHO onHAaKOBOE
YUCIIO TPaBWIBHBIX W  YAaCTHYHO  IPaBUIBHBIX
JNarHO30B obecrnieunBaeT HCTIOTH30BaHNE
TpeyronpHuKa [lroBanst (37 u 52% cOOTBETCTBEHHO) U
Meroga HOMOorpamm (34 m 45% COOTBETCTBEHHO).
Hawubospliee 4nciio OMMOOYHBIX JWArHo30B ObLIO
MOJTy4YeHO ¢ ucnoib3oBanueM kBajapara ETRA (63%) u
meronuku Pomxepca (47%). A Haubosbliee 4YHUCIO
OTKa30B OT paCIO3HABaHHWS HMEJIO MECTO IpH
UCIOJb30BaHUU MeTonuku JlopueHOypra (89%) wu
cranaapta [EC 60599 (81%).
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Tabmnuna 3
MeToabl
Ne | 11 111 v \4 VI Vil VIII IX

1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

1 = 100 | - 100 - 100 | - - - 100 - - - - - [ 100 | - -
- - - - - - - | 100 - - 100 | - - 100 | - - - | 100

5 L - - 38 75 - - - - - - 38 - - - [ 100 | - -
- | 100 | - 63 - 25 - | 100 | 25 75 63 - - 100 | - - - | 100

3 |- - - 13 | 100 - - - - 38 - 63 - - - 38 - -

- | 100 | - 88 - - - | 100 | 63 - 38 - - 100 | 63 - 50 | 50

4 - - 30 | 100 - - - - 90 10 - | 100 - - 80 - 50

- | 100 | - 70 - - - | 100 | 10 - 90 - - - 20 - 40 | 10

5 |- - - | 100 | 100 - - - - - - - - - - [ 100 | - 67

- | 100 | - - - - - | 100 | 100 - 100 | - - 100 | - - - 33
6 — - - 100 | 100 - - - - 67 | 100 | - - - 93 7 - | 100

- | 100 | - - - - - | 100 - 33 - - | 100 - - - - -

7 = - - - 100 - - 4 - 79 42 | 13 | 100 - - 92 - 42

- | 100 | - [ 100 - - - 96 17 4 46 - - - 8 - 42 | 17

g | - - - 42 - - - - - 42 - - - - 46 8 8
54 | 46 | 15| 85 54 4 38 | 62 65 35 58 - - 100 | 54 - - 85

y |- 5 - 30 78 5 - 1 - 46 37 |11 | 34 - 14 | 63 2 | 34
14 | 81 4 66 14 3 10 | 89 32 21 52 - 15 51 | 23 - 18 | 45
BuiBoasl Ha OCHOBaHHHU BBITIOJTHEHHBIX Transformatoren durch Gasanalyse.

HCCIIeI0OBaHUH yCTaHOBIICHO, YTO B TpaHCc(opMmaTopax ¢ Elektrizitgtswirtschaft, no. 76, pp. 345-349, 1977.

neperpeBaMu, KOTOpble COMPOBOKIAIOTCS pa3psiiaMu ¢ 5. COY-H EE 46.501:20006: Jiaraoctuka
BIID 3HaveHus OTHOUICHWH Tra30B M WX IPOICHTHOE MacCJIOHATIOBHEHOTO TpaHC(HOPMATOPHOTO

COZIep’KaHWe OTJIMYAeTCs OT 3HAYCHWH JaHHBIX
KPUTEPUEB  PETJIaMEHTHPOBAHHBIX  JEHCTBYIONIMMHU
CTaH/AapTaMH, YTO HE BCEr/a IMO3BOJIIET YCTAaHOBUTH
MIpaBWIIBHBIN 1uarHo3. [lomydeHnsle B paboTe 3HaUCHUS
OTHOIICHUH Ta30B, MX MPOIEHTHOrO COJEpKaHHe, a
TAKXKEe IMOCTPOCHHbIC Tpaduueckue 001acTd u
HOMOTPaMMBl, COOTBETCTBYIOIINE neperpesam,
KOTOpBIE CONMPOBOXKAIOTCA paspsiaamu ¢ BIID, moxHO
paccmarpuBaTh  KaK  JHarHOCTHYECKYI0  CXEMY,
MO3BOJISIIONIYIO  paclio3HaBaTh THI  jeeKra ¢
OJTHOBPEMEHHBIM HCIOJIB30BaHUEM TpPEX KPHTEPHUEB,
YTO MO3BOJISIET CYIIECTBEHHO ITOBBICHTH JIOCTOBEPHOCTh
pacrio3HaBaHMsl 4TO B CBOIO OYepeIb 3HAYMTEIHHO
MIOBBIMIAET SKCIUTYaTAMOHHYI0 HAa/JIEKHOCTh CHJIOBBIX
TpaHCc(OPMATOPOB.
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Electric power systems and complexes. Power electronics

EBrennii Coxon, Baagumup 3amapyes, Biagumup Baxno, Cepreii Kpusomees, boraan Ctbicio

Hcnonb3oBaHue MyJbTHKOHBEPTOPHBIX CHCTEM /UISl NOBbINIEeHUS 3(PPeKTHBHOCTH
npeodpasoBaresieil 3JIeKTPHUYeCKOi JHepruu

AHHoTanus. [lokazanwl xapakxmepHuvle 0COOEHHOCMU He3ABUCUMbIX, MOOYTIbHbIX U KOONEPamuHbIX npeobpasosamernel,
BXO0AUWUX @ MHONCECBO MYIbMUKOHEEPMOPHBIX cucmem. Ilpusedenvt npumepvl npuMeHeHus KoONnepamueHbix
npeobpasosamernell ¢ 4acmomHuiM paszoeieHuem pabouezo ouanasona. Ilokazana yenecoobpasHocms npUMeHeHUs
KOONnepamugHlx npeodpazoeameneii 8 CUIOEbIX AKMUBHBIX QUILMPAX.

KualoueBble ciioBa: xoonepamugHuvle npeobpazogamen,; cuiosvle akmusHule Guiompul; IMC; capmonuxu; MOwHOCHb

nomepeo.

Yevgen Sokol, Volodymyr Zamaruiev, Volodymyr Ivakhno, Serhii Kryvosheiev, Bohdan Styslo

Use of multiconverter system to improve the efficiency of electrical energy converters

Summary. The characteristic features of independent, modular and cooperative converters included in set of
multiconverter systems are shown. Examples of application of cooperative converters with frequency division of the
working range are given. The expediency of using cooperative converters in power active filters is shown.

Keywords: cooperative converter, power active fiters; EMC; harmonics; power of loses.

Bgenenue. [lonynpoBoHUKOBBEIE TPpeoOpa3oBaTeIn
ANIEKTPUYECKON SHEPTUH IIPOYHO 3aHSIH CBOE MECTO KaK B
cdepe MPOMBIIIIEHHOCTH, TaK U B OBITOBOI amnmapatype.
[IpeumymecTBa, KOTOpHIE MPENOCTABIAET 000pYyI0BaHHE
C TmpeoOpa3oBaTensiMH, OTBONSAT Ha BTOPOH IUIaH
OTpUIATENIbHBIE  SIBJICHUS, TOSBISIONIMECS TPH  HX
MOJKITIOYCHUN K CETH: YXYALICHHE TapMOHHYECKOTO
coCTaBa MOTPEOJISIEMOro TOKa, IIOSIBICHHE IOMEX
KOMMYHHKAI[HOHHOMY H IIpoYeMy 0OOpYyIOBaHUIO,
BO3HHKHOBEHHE pE30HAHCHBIX SBICHHH C y4JacTHEM
KOH/ICHCAaTOPOB ITaCCHUBHBIX KOPPEKTOPOB KOA(PPHUIHEHTA
MOIIHOCTH u TapasuTHBIX napamMmeTpoB JIMHUH
anektponepenad u 1.4. [1]. TlogkmodeHne HECKOIBKUX
HE3aBHCHMBIX  INpeolOpa3zoBaresieil ¢ MOIIHOCTBIO,
COM3MEPHMON C CEThIO MHUTAHMS, MOXET MPHUBECTU K UX
B3aUMHOMY BJIMSHHIO ¥ HapyLICHHIO YCTOHYMBOCTH
CUCTEMBI B 11eJIoM [2]. YcTpaHeHne HeraTUBHOTO BIUSTHUS
npeoOpasoBartenel  MOXKEeT OBITh  YMEHBIIEHO WIIH
YCTPaHEHO 3a CUeT YJIydllIeHHs MX napaMeTpos. JIroOoi
mpeobpa3oBarens  MOXET  OBITh  OXapaKTepHU30BaH
HECKONIBKUMH ~ [apaMeTpamMH:  JHEpPrued  IOTepsb,
HaJeKHOCTBIO, Maccoil, oO0bemoM, menHor [3]. K
XapaKTepPUCTUYECKUM TapaMeTpaM 4acTo J00aBIISIOTCS
9KCIUTyaTallMOHHbIE KauecTBa, MapaMeTpbl 3JIEKTPO-
MarHUTHOH  COBMECTMMOCTH ¥ 1p. Pa3pabotka
COBpPEMEHHOW TNpeoOpa30BaTeNbHON CHCTEMBI SIBIISETCS
HIOMCKOM KOMITPOMHCCA, o0ecrevnBaroIero
NnpueMJieMbIC, i1 KOHKPETHOIO Ciiydas, 3HauCHUA
XapaKTEepUCTUYECKUX ITapaMeTpoB npeodpazosaress. [Ipn
3TOM H3MEHSEMBIMH BEIMYNHAMUA SIBIISIFOTCSI:
HCIIOJIb3yeMble KOMITOHEHTHI, TOTIOJIOT S
mpeobpa3oBarTens, CIOCOOBl M AITOPUTMEI YIIPABICHUS,
MOJYIFHOCTE TIpeoOpa3oBarensa. Eciam mosisnenne Oonee
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3(p(QEKTUBHBIX HOBBIX KOMIIOHEHTOB, KaK M HOBBIX
CXEMHBIX pEUIeHWi mpeoOpa3oBareneil JI0OCTAaTOYHO
pelnkoe SBIEHHE, TO WCIOJb30BaHHE OA30BBIX CXEM
npeoOpa3oBaTtenell B HOBBIX MOAYJBHBIX CXeMax C
HOBBIMH TMOJXOJaMHU K YIPABICHUIO UMM JIA€T LIMPOKOE
TI0JIE€ AEATEIBHOCTH ISl pa3pabOTUNKOB.

[onste MynbTHKOHBepTOpHas cucrema (MKC),
UCIIONIb30BaHHOE B [2] AJIsl ONMCAHMS CHCTEMBI 3JIEKTPO-
cHa0XeHMsI, MOXKET OBITh PUMEHEHO K IPeo0pa3oBaTeo,
BBINOJIHSAIONIEMY 3aJaHHble (DYHKIUH U COCTOSIIEMY U3
HECKOJIBKUX TpeoOpa3oBaTeneil, o (axTy, SBISIOMIEMYCS
MKC. Kaxzplii mpeoOpa3oBarelib B TAKOH CHCTEME MOXKET
ObITh ONTUMHM3UPOBAH B COOTBETCTBUM C OIHHM U3
KPUTEpUEB KayecTBa JUIS BBINOJHEHUsS MOADYHKIHN
neneBoit pyukimun MKC. B pe3ynbraTe MOKXHO MOTYyYUTh
MHOTOKPUTEPHAIBEHOE I10JI€ PEIICHUH Il ONTHMU3AIMN
BCEH CUCTEMBI.

B pesynbrare paspaborkn u nccnenosanus MKC u
MOJYJBHBIX TIpeoOpa3oBareneil, B HayYHO-TEXHUYECKOH
IuTepaType CTau MPUMEHATHCS TEPMHUHEI
«KOOTICpaTHBHBIC mpeodpa3oBaTem [4] u
«KkoomepaTuBHOEe ympaBienue» [5]. Bce yxa3aHnbIe
TEPMHUHBI, B  HACTOSsIEe BpeMs, HE  SIBISIOTCS
OOIIENIPUHATBIME M HYXJAIOTCS B YTOYHEHHHU
OTpeIeNIeHUs U KIIacCU(UKAIMOHHBIX TIPHU3HAKOB.

Hear  padorel. Ileapto  paboThl  sBASCTCS
onpeneIeHne KJ1acCU(pUKaMOHHBIX MIPU3HAKOB
MOJYNBHBIX W  KOONEPaTHBHBIX Ipeo0pa3zoBaTelneH.
VkazaHue o0JaCTH MPUMEHHMOCTH KOOINEPATHBHBIX
npeoOpa3oBaresieil ¢ YaCTOTHBIM pa3eiCHUEM Pabodero
JIMaria3oHa, 1eJeco00pa3sHOCTH UX IPUMEHEHUS.
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MyJbTHKOHBEPTOPHbIE CHCTEMBI.
TumoBas  ctpykrypa MKC, cocrosmeir u3
HEe3aBHCUMBIX IIpeoOpa3oBaTeneil mpuBeneHa Ha puc. 1.

JiHus nuTaHus
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Puc. 1. Tunosas crpykrypa MKC

[IpeoOpazoBatenu, uX peanu3auus, Kak H HX
Harpy3ky He3aBHCHMBI JIpYT OT japyra. [l MOBBILICHHS
3¢ peKTUBHOCTH  pabOTBl  CHCTEMBI  PEKOMEHIyeTCs
HCIIOJIb30BATh COTJIACOBaHHOE (KoomepaTHBHOE)
ynpaBieHne mpeoOpazoBatemsmu  [4].  dmsa  gero
UCIIOJIB3yeTCs 00LIast U HECKONIBKUX Mpeodpa3oBartenei
cucrema ympasieHus (CY) Bepxuero yposHs (Puc. 2),
KOTOpasi KOHTPOJHMPYET IIapaMeTpsl INpeoOpasoBareineit
W/WIM Harpy30K CHCTEMBI IUIS NOCTH)KEHHUS 3aTaHHOTO
pe3ynbrara: o0ecreueH st TMHAMHYECKUX XapaKTePHCTHK,
peryiaupoBaHue IOTOKOB OJHepruu W T.Ja. OnuH u3
BapUAHTOB pEAIU3alUU KOONEPAaTUBHOTO YIPaBICHUS
npuBezeH B [5].

Jnnus muTaHus
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Puc. 2. CornacoBannoe ynpasienue MKC

HanpHeimum pa3BUTHEM MKC SIBIISIETCSA
NIPUMEHEHUE MonynsHBIX ~ MKC, B KOTOPBIX
npeoOpa3oBaTeIbHBIC MOJYIH UACHTUYIHBI 1o

KOHCTPYKLIUHU U pabOTalOT Ha 00IIyI0 Harpy3ky. OObIUHO
9TO TMPHUMEHSETCS I YBCIUYCHHUS yCTAHOBJCHHOM
MOIIHOCTH TIpeoOpazoparens [6].

Jlunus nutanus

[—E——=———== =
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Puc. 3. Monynsnas MKC

OpHuM W3 TEpBBIX  NPHUMEPOB  YCIELIHOTO
HCIIONIb30BAHMUSI HECKOJIBKUX MOJYJIEH SIBIISIETCS CO3/1aHME
MHOTONYJIBCHBIX (B TEPMHHAaX aBTOPOB CTAaThH —
MHoro(dasubix) BeiIpsmutencit [7]. IlociaemoBarenpHOE
COEIMHEHUE HECKONBKUX WAECHTHYHBIX 1O KOHCTPYKIHH
MOZYJEHN AaJI0 CUHEPreTUUYECKUN pe3ybTaT — IOBBIICHHUE
JJIEKTPOMArHUTHOH COBMECTUMOCTH HpeoOpa3oBaTelIs.
3TO CBA3aHO C TEM, YTO IPU UISHTUIHOCTH KOHCTPYKIIUH,
MOJYJIM MOTYT OTJIMYAThCSl HCIIOJHEHHEM OTJENbHBIX
yacreii (Puc. 4, a), B 1aHHOM city4ae — (a30CIBUTAIOIINX

TpanchopMaTopoB. Takoil MOAXOM TIO3BOJWI  TIPH
UIACHTUYHOCTH  KOHCTPYKIMH  MOXYJEH  IOJy4YHUTh
pa3uyHbIi (a3HBI CABHT HANPSDKEHUS, TOCTYIAIOMIETO
Ha BXO/ BBITIPAMUTEIA MOYJIA.

—_——— = —_—_———— —

Monyns N

| |
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Puc. 4. Monxyns ¢ n3MeHsAEMO J4acThIO: a) — CHIIOBOM
9acTH MOAYJISA; 0) — CHCTEMBI yIIPABICHUSI MOy IS

Pemienne [7] sBIeTCS KIACCHYECKMM MHOIO-
MyJIbCHBIM HEYPaBIIIEMbIM BBITIPSIMUTEIIEM,
paBHOMeEpHasl 3arpy3Ka MOIYJIEii KOTOPOTO OMpeAeisIeTCs
[MACCHBHBIMH KOMIIOHEHTAMH CXeMbl. IlOsIBJIeHHE B
COCTaBe EOUHUYHOTO MOIYJsA COOCTBEHHOH CHCTEMBI
yIOpaBJICHUS, MPH COXPAHCHWU IIOJHOM HICHTHYHOCTH
MOJyJiei, MPUBOAUT K HEOOXOAMMOCTU HCIIOJIb30BAHUS
COTJTIACOBAHHOTO YIPABJICHUS HWIACHTHYHBIMH MOJYJISIMH
[6] (Puc. 5). CornacoBanHOe yIipaBlicHHE, KaK MPaBHIIO,
BEIDABHUBACT TOKOBYIO HArpy3Ky MOIYJCH TIpU UX
napauIeIbHOM COSIUHEHHH U HANPSHKEHHE Ha MOYJIISIX —
[IPH TIOCTIEI0BATEIBHOM.

r——k=—=——=—== =+ ==
| Moayns | Monyns |
I Konus 1 Konusa N |
m—
| N &
I 1 M BEPXH €ro
TIpeoGpasoBarens | ypoBHs

Harpyska

Puc. 5. CornacoBanHoe ynpasinenne MKC
C UJICHTUYHBIMHA MOTYJISIMU

B MonysbHBIX mpeoOpa3oBarensik ¢ cOOCTBEHHBIMU
CHUCTEMaMHU yNPaBICHUS MOIYJSIMH, OTIMYAIOLIUXCS
3aJaHHbIM (Da3HBIM CIOBMIOM JPYT OTHOCHTEIBHO JIpyra
wi apyruM ukcupoBaHHbM mapamerpom (Puc. 4, 0),

CUCTEMa  BEpPXHEr0  ypOBHS  KOPPEKTHPYeT  HUX
ynpaeisifonue  curHansl  (Puc.  6), He Bimas Ha
(UKCHpOBaHHBIH  TapameTrp. OJTO  OTHOCHTCS K
peoOpa3oBaTeIsIM, UCTIONB3YOLINM TEXHOJIOTHIO

UHTEpIUBUHTA [8], BBIIPSAMUTENSAM C DIEKTPOHHBIM
casurom ¢asz u IIINM [9, 10].

Jnans M TaHuA

r——=—=—=—— == o el |
| | Mognyns 1 | ----------- | Monyms N ||
|
E— |
| Tl &
| T — 71 Bepxuero
I_l'lpeo6pa30wrenb | YPOBHS.

Harpyska

Puc. 6. CornacoBannoe ynpasienne MKC ¢ mogyssivu,
oTmyaromumucs napamerpamu CY
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B cucreme ¢ uarepnuBunarom [ 11] cucrtema BepxHero
YPOBHS  BBINOJHAET Bce  (YHKUUM  YHpPaBICHHA
mpeoOpa3oBaTelsIMA ~ MOAYJNEH  3a  HCKIIOYEHHEM
(hOpMHUPOBAHUS CUTHAJIOB OOPATHBIX CBSI3CH.

Paccmotpennsie MoaynsHble penienns MKC umeror
UJICHTUYHBIE KOHCTPYKIMHM MOAYJIEH W HX CHUCTEM
yIIpaBJIeHUS], OTIMYAIOMINXCS HMCIOJIHEHHEM OTENBHBIX
9JIEMEHTOB W/WIN (PUKCUPOBAHHBIM NapaMeTPOM CHCTEMBI
ynpasieHus. Bce Moxynn paboTaroT B OJJHOM YaCTOTHOM
JMana3oHe ¥ IpeJHa3HauYeHb! AU peleHns oOmeit 3a1aun
(umeror oOmyro meneByro ¢yHKuio). CorilacoBanHOe
yInpaBlIeHHE, KaK  MpaBWIO, HCHONB3YyeTCs Ul
CHMMETPHPOBAHMS PEKUMOB MOMYJIEH M yIydIIeHUs MX
JUHAMHYECKUX XapaKTEPHCTHK.

MyJIbTHKOHBEPTOPHBIE CHCTEMBI ¢ KOOMEpPaTHB-
HBIMH NPeodpa3oBaTeIsAMU.

Heo6xonnmocTs obecnieueHus KauecTBa JIeKTpUye-
CKOW HSHEpPruM IpHBENa K pPACIPOCTPAHEHHIO CHIIOBBIX
aktuBHBIX  QwieTpoB  (CA®D). UccnemoBamack uX
YCTaHOBKA KaK HE3aBUCHMBIX mpeoOpaszoBateneii [12],
KOMITCHCHPYIOIINX TapMOHHKH B Pa3IMYHBIX TOYKaxX
JVHUM MTUTaHWUS, TaK ¥ MOIYJIBHBIX IpeoOpaszoBarenei ¢
KOOIIEpaTHBHBIM YIPaBICHUEM ISl TIOBBIIICHHS yCTaHOB-
nenHoi MomHOCTH CAD B 0HOM TOUYKE JIMHUY [6].

Heob6xomumocts  moBbImIeHHS — A(PPEKTHBHOCTH
paborsr CA® mpuBena wmcciemoBareneil K - ujaee
pa3rpaHUYUTh €ro YacTOTHBIM AMAana3oH Ha HECKOJIBbKO
NOJIMANAa30HOB.  ODTO  COOTBETCTBYET  Pa3JelICHUIO
neneBod ¢pynkunn CAD Ha Heckonbko mNoAQyHKUUMI,
KOTOPBIE BHITIOJIHSIOTCS OT/IEIBHBIMU ITPe00pa3oBaTesIMU
CA®, 4TO CyIIECTBEHHO OTJIMYAET JAaHHOE pElICHHE OT
MOJYJIbHBIX IpeoOpasoBatenei (Puc. 7).

Jlnust natanus
1 1
Huskouacrom bt BeicokouacToTH bl
Tesh 6]

Puc. 7. MKC ¢ xoonepaTHBHBIMHE TTpeoOpa30BaTeIsIMU

e

cy

OHY

OmuH W3 TepBBIX KOOMEPATHUBHBIX  Mpeodpa-
30BaTeNiel, HMCMOJb3YEMBIX ISl OOECICUeHUs] KayecTBa
ANIEKTPUYECKOH 3HEpruM, ObUT OCHOBAaH HAa KOMOWHAILMU
TUPUCTOPHOTO KOMIIEHCATOPA PEAKTHBHOW MOIIHOCTH U
CA® na IGBT [13]. B [14] npeanoxeHo B cHCTEMax ¢
pacupeneneHHOM TIeHepaluMed HHEPruu HCII0JIb30BaTh
KOOTIEpaTHBHBIC MPEoOpa3oBaTeNd, OAWH U3 KOTOPBIX
obecrieunBaeT (HOPMHUPOBAHUE HH3KOYACTOTHOI'O MOTOKA
9HEPIHH OT CHCTEMBI pACIPEICICHHON TeHeparuy, a
BTOPO — KOMIICHCAIINIO HEXKeTaTeIbHBIX TAPMOHUK TOKA.
B 06oux ciyyasix TpeOyercsi corjaacoBaHHOE YIpaBJICHHE
npeobpazoBatenasimu. B [15]  BBemeH — TepmuH
«KOOTIEPATUBHBIN MPeoOpa3oBaTeb» — “KOMIIPOMUCCHOE
pelieHre, B KOTOPOM pasiiM4YHbIe MpeoOpa3oBaTenu
paboTaT BMeCTe IS JOCTIKCHHS OOIIEeH eI Wid s
yIYYIICHUs] TIOKa3aTeneil CUCTeMbl B EJIOM. OJTO HE
BOIIPOC pacrapajuieiuBaHus mpeodpa3oBaTenei, a ckopee
BOIPOC HACTPOWKM KaXKAOro mpeodpaszoBarens Uis

920

ONTHUMAJILHOTO JIOCTHUKEHHUS OIPEAEIeHHOM YacTUYHOM
nenn”’. [IpuBeneHbI MpUMeEPHl KOOTIEPATUBHBIX MPeoOpa3o-
BaTelel, pacCMOTPEHbI 3afadH, KOTOPbIE MOTYT OBITh
pemeHsl Mpu MX Hcnoib3oBaHuu. OfHON U3 3amad,
crosmx npu paspadborke CAD, sBIsSeTCA CHIDKCHHE
morepb B mnpeobpazoBatensix CA®. Pabora opHoro
npeoOpa3oBaTessi BO BCEM AMAIa30HEe KOMIIEHCHPYEMBIX
rapMoHuK oT S5it mo 49i [1] TpeOyer ucmonb30BaHMS
gacToThl TmpeoOpazoBanus Oonee 12 k1. IIpumenenue
MomHblx IGBT ¢ Takol 4YacToTOll NeEpeKIIOYeHHs
MIPUBOJUT K 3HAYUTENBbHBIM JHHAMHYECKAM MOTEPSIM,
CHU3UTH KOTOPBIE BO3MOXXHO IPH MCTIONb30BaHNH B CAD
BeicokoyacToTHeix MOSFET wim SiC  TtpansucTopos.
Omnako 3T TpubOOpEI cymecTBenHo ycrynaootr IGBT B
MomHOCTH. B [16] paccMoTpeHa  mapauienbHOE
Bkirouenne nHBepTopoB Ha IGBT m SiC Tpansucropax.
Pemenus [16] mo3BossieT ucnonb3oBarh MontHble IGBT 3
gactotoil mepexmodeHns 10kl Tta mamomomusre SiC
TPaAH3UCTOPHI 3 HacToTON neperiroueHust 100k .

B [17] paccmoTpeH Bompoc IielecO00pa3sHOCTH
MIPUMEHEHHs KOOTIepaTUBHBIX IpeobpazoBateneil B CAD.
[loxa3aHo, 4TO AN KOMIIGHCAIlUM MCKaXXEHHUH TOKa,
BBI3BIBAEMBIX OW W |2-NyJIbCHBIMH BBIIPSMHUTEISIMH,
MOXKHO HCIIONIb30BaTh BBICOKOYACTOTHBIH W  HHU3KO-
YaCTOTHBINH KOOTIEpaTUBHBIE peodpa3osarenu (Puc. 8).

U Harpyska
IH 1|| m
IFAUJ
! I
|
| |cAdu| [cAdy !
| | Iy Iy
| IR I — -— _I
oy

Puc. 8. Cucrema ¢ BBICOKOYACTOTHBIM M HU3KOYAaCTOTHBIM
koorepatuBHEIMU CAD

IlepBr1ii u3 HUX oAaBMsAET S-13 rapMoHuKH, paboTas
¢ vacToTod mpeobpasoanus 6500 Hz, a Bropoit — 17-49
TapMOHMKH TpW 4YacToTe mpeobOpazoBanus 24500 T
OcobOennoctelo  koomepaTuBHbIX  CAD  sBisercs
HeTepeKphIBarorecs padboure Tuana3zons! yactot [18].

OOmmii TOK, 1moJyIeKaIuii MoJaBJICHAIO B cirydae 6-
MyJIBCHOTO BBIIPSIMHUTEIS,, U TOKH KoomnepaTuBHbIX CAD
MIpUBEICHEI Ha puC. 9.

T
p— O0umii Tok [ N

o \,\ T'm( HU3K04acTO n-mm' CACDT\/
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\
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Puc. 9. O6muii TOK, mOMIEKAIUI T0JaBIEHNIO, 1 TOKH
koonepaTuBHbIX CAD

B cnydae wucnoms3oBaHus omHOTHNHBIX [GBT

CHIKEHHE MOILIHOCTU MOoTeph cocTaBiuser 24-10% mns
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cucteM ¢ 6m
COOTBETCTBEHHO.

B [19] paccMmoTpeHO mprMeHEHHE KOOMEpaTHBHBIX
npeoOpa3oBatenieil st pabOTBHI B COCTaBe OarapeiHOU
CUCTEeMBI HaKOTIeHUs dnekTpudeckoit sHeprun (bCHID).
ITockonbKy  aKKyMyJsTOpHbIE  OaTraped  SIBISIOTCS
HU3KOYACTOTHBIMU ~ yCTPOWCTBaMH, 4YTO CBS3aHO C
MIPOTEKaHUEM DJIEKTPOXUMHYECKHX TIPOIECCOB, TO B
coctaB BCH3D, xpome akKyMyIsSTOpPOB, BXOIAT H
KOHJICHCAaTOpPHbIE HaKOIHUTENN SHEPTHH,
KOMITEHCHPYIOIIE BBICOKOYACTOTHBIC ITyJIbCAIIMHA TOKA
koHTakTHOM cetn. BCHDOD mnpeagnasnadena  mis
KOMIIEHCAINH ITyJIbCALlM MOIIHOCTH B KOHTAKTHOM ceTn
JKele3Hoi noporu moctosaHoro Toka [20]. CtpykTypHas

U 12-mynbCHBIM  BBIIPSIMHUTENEM

cxema MMOIKITFOUECHHUS BCHDD COBMECTHO C
COMIACYIONMMH  MIPeo0pa3oBaTe/iIMU  TPUBEACHA Ha
puc. 10.

KonraktHas ceTs 3.3kB

Puc. 10. CtpyxrypHas cxema nogkmtroueHuss bBCHIO
K KOHTaKTHOM CETH

W3 pucynka BHIHO, UYTO CHTHAJ YIPaBICHUS
COTJIaCYIOIUMHU npeoOpazoBaTeasIiMu MIPOXOJIUT
YaCTOTHOE pa3jelieHue W mnpeobOpa3oBaTenu padoTaroT
KaXIIbIi B CBOEM YaCTOTHOM JAuana3oHe. MrHOBEHHbIE
3HAuYEHUs TOKOB B CHCTEME MpUBEeHbI Ha puc. 11.

T T T T

. ;
Bxommoit curnan )
HikouacToTHBIH

CUrHAIT 3aJaHU s
Ll\’/,l

BricokoyacToTHBIH
CUr'HAaII 3a/{aHUst
Hpep

|

| | I |

Puc. 11. MruoBeHHBIE 3HaYCHHS TOKOB B CHCTEME
BCHDD

[Tpumenenne KoolepaTUBHBIX NpeoOpasoBarelncii B
cucreme BCHDOD mo3BoisieT NpOUIUTH CPOK CIIYXKOBI
AKKyMYJISITOPHBIX Oarapedl HaKOMMTENsl DHEPIHU 33 CUET
HCKIJTIOYCHUS HeOIaronpusaTHBIX JUISt HUX
BBICOKOYACTOTHBIX IIPOLIECCOB 3apsiia/paspsiia. 3a cyer
BBIJICJICHHS! TOJIBKO BBICOKOYACTOTHBIX COCTABIISIOIINX
TOKa, KOMICHCHPYEMBIX EMKOCTHBIMH HaKOIUTEISIMU
9HEPIHH, UX EMKOCTh MOKET OBITh MUHUMH3HPOBAHA.
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3akJ0ueHue

MonyneHble  npeoOpazoBarenn  MKC — umeror
WJCHTUYHbIE KOHCTPYKLIMU MOIYJIEHd M UX CHUCTEM
YIpaBJeHHs, KOTOPbIE MOTYT OTIMYAThCS HCTIOTHECHHEM

OTJCTBHBIX  DJIEMEHTOB  W/WIH  (DPUKCHPOBAHHBIM
apaMeTpoM CHUCTeMbl YyIpaBleHHd. Bce Moaymu
paboTaroT B  OZHOM  YacTOTHOM  [Hamna3oHe W

IIpeAHA3HAa4YeHbl JUIA pemeHust oOmeid 3amaun (MMEoT
00Ty TIeNeBY0 (DYHKIIHIO).

B MomynpHBIX mpeoOpa3oBaTeNiX COTIACOBAHHOE
yOpaBieHHE, KaK  MpaBWIO, HCHONB3YyeTCS Ul
CHMMETPHPOBAHMS PEKUMOB MOYJIECH M YIydIIEHHUs MX
JUHaAMHUYCCKUX XapPaAKTECPUCTHUK.

KooneparuBueie  mpeoOpazoBatenu  paboTaroT
BMeCTe ISl IOCTIIKEHUS OOILEH LIeNN WK 17151 YTy Yl eHHsT
nokasartene cucreMbl B nesnoM. Kak mpaBmio pabora
KOONEpaTUBHBIX  INpeoOpa3zoBareneil  MPOUCXOAWT B
pasHBIX YAaCTOTHBIX JAMama3oHax. Breibop cxewmsl,
9JIEMEHTHOM 0a3bl, 4acToThl Ipeobpa3oBaHusi, pabodero
JIMaria3oHa YacTOT MO3BOJISIOT ONTHMU3UPOBATH KasKIbIA
npeoOpa3oBaTenb AN JOCTIDKCHHS — ONpPENeICHHON
YJACTUYHOM IEJIN.

Hcnonp3oBaHne KOOIIEPAaTUBHBIX IIpeoOpazoBaTemei
B COCTaB€ CHJIOBBIX AaKTHBHBIX (I)I/IJ'II)TpOB, TIO3BOJIACT
COKpPAaTUTh CYMMAapHYI0 MOIIHOCTh [OTEPh B CUCTEME
aKTHUBHOW (DMIIbTPALIUH.

IIpumenenue U7E0JIOTUN KOOTIEPAaTUBHBIX
npeoOpa3oBaTeyiell ¢ YaCTOTHBIM pa3zeieHHeM pabouux
JTUATIa30HOB B COCTAaBE OATapeiHOWM CUCTEMbI HAKOTUICHUS
JNEKTPUUYECKON DHEPrHuM TI03BOJIAET ONTUMU3UPOBAThH
YaCTOTHBIM JUaNa3oH MPOTEKAIOMIUX 4Yepe3 HAaKOMUTEIH

TOKOB M, CIEIOBaTEeNIbHO, UX  3apsfo-paspsaHble
XapaKTEPUCTUKH M1, KaK CIEACTBHE, TPOMIHTh CPOK
9KCTUTYaTaI|H.
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Omnpenesienue YHepreTudeckoii 3p(PeKTHBHOCTH CHCTEM MOCTOSTHHOTO TOKA

AnHorauust. CHudcenue MOWHOCU NOMeEPb 6 COBPEMEHHBIX CUCHeMAX NOCMOSAHHO20 MOKA, MAKUX KaK: JUHUU
NOCMOSAHHO20 MOKA U 6CIABKU NOCMOAHHO20 MOKA 8 CUCTNEMAX ¢ 60300HOGIAEMbIMU UCOYHUKAMU SHep2Uull, CUCTeMd
NEKMPOCHADINCEHUS, MPAHCIOPMA U Op. Mpebyem HATUYUsL UHCIPYMEHMO8, KOMOopble HO3680ISI0M ONpedeamb NPUYUHb
NOs6EHUsL NOMEPb U YCMAHABIUBAN UX 6KIAO 8 CYMMAPHbIE NOMEPU HA CUCTEMHOM YpogHe. /s cucmem nepemeHHo20
MOKA UCHOTLIYVIOMCS KOIDPUYUennvl MOWHOCU, 2APMOHUYECKUX UCKadceHutl u Op. HIx onpedenenue HenpumeHumo K
cucmemam NOCMOAHHO20 OKA. Asmopvl  npeodnaearom YHUGUUUPOSAMb NOHAMUE IMUX  KOIPDDuyuenmos.
Hcnonvzyemsiii nooxoo basupyemcs Ha cywecmsyroujem onpedenenuu koaggpuyuenmos. Paccmompeno ucnonvzosanue
KO3 uyuenma 2apMOHUYECKUX UCKANHCEHUTI MOKA O AHATU3A MOUWHOCIU NOMEPD, BbI3GAHHOU NPOMEKAHUEM MOKO8
onpeoeneHHbIX YaCMOmHbIX OUANA30HO8.

KitoueBblie cj10Ba: koapduyuenm mowHocmu,; IUHUA NOCMOAHHO20 MOKA, TMeOpUs MOWHOCMU, HeTUHEHAS HASPY3KA,
KO3 uyuenma eapmMoHULeCKUX UCKAXHCEHUT, KONeOAHUA MOUHOCMU.

Volodymyr Zamaruiev, Volodymyr Ivakhno, Bohdan Styslo

Determination of the energy efficiency of DC systems

Summary. Reducing the power of losses in modern DC systems, such as: DC lines ‘and DC links in systems with
renewable energy sources, transport supply, etc. requires tools that can determine the causes of losses and determine
their contribution. For AC systems, power factors and THD are used. Their current definition does not apply to DC
systems The authors propose to unify the concept of these coefficients. The used approach is based on the existing
definition of power factor and its constituents, such as THD), distortion power ets., expanding its applicability to DC
systems. The use of the harmonic current distortion factor for the analysis of power of losses caused by the flow of currents
of certain frequency ranges is considered.

Keywords: power factor, DC power line, power theory, nonlinear load, THDi; ripple power.

Bgenenne. IloBblmeHHOe BHMMaHue K TpoOieMaM — 00JacTu, BBIAENSS aKTUBHBIC M PEaKTUBHBIC KOMITOHEHTHI

SHEprocOepeKeHNs Hepa3pbIBHO CBSI3aHO c ToKka wucroyHMKa (cmH(pa3Hble W  KBaJApaTypHBIC
HEOOXO/MMOCTBIO aHaJIM3a IapaMeTpOB MOTPeONIieMOW  KOMIIOHEHTHI TOKa). AHaIM3 M CpaBHEHHE OCHOBHBIX
anektpodHepriun.  OCHOBHAsT  4acTh  ANEKTPUIECKOM  TEOpHit MOIIHOCTH MPOBOIMIOCK, HAapuMep, B [3, 4], B [3]
SHEPTHX C cepenuHbl 19-ro Beka cTaya MPOM3BOAWTHECS M aBTOP TNPH3bIBAET HE NPEKpamarh TUCKyCCHH 00 uX
MOTPeOIAThCA HA TEPEMEHHOM TOKE, YTO NPHBENO K  JOCTOMHCTBAaX M HEAOCTAaTKaX.
WCCJIEIOBAHUSAM U TIOCJIEAYIOIIMM OIUCAaHUsIM CBOMCTB PabGora Bcex moTpeOuTeneil, NOJAKIIOUYEHHBIX K
CUCTEM NEPEMECHHOTO TOKa, B TOM YHCJIC C HEJIMHENHON HUCTOYHUKAM MEPEMECHHOTO HapsHKECHUA, JOJKHA
Harpy3koii. B 1897 r. Obuto oOmyONMKOBAaHO TMEPBOEC  COOTBETCTBOBATH ICHCTBYIOIIUM HOpMaM [5, 6]. IIpu aTom
n3ganne kHurn Ilreiinmena (C. P. Steinmetz) [1]. BO3HMKarOT 3agayd, CBA3aHHBIC C YYETOM IOTPEOJsieMOn
[IpuHKuMast BO BHUMaHME 1IENM JIAaHHOW CTaThU, OTMETUM,  HSHEPrHH, CHIDKCHHEM IIOTeph B CHCTEMax O3JIEKTpPO-
yro B [1] BBEIEHO NOHATHE AKTMBHOW MOIIHOCTH JUIsi  CHA0)KEHWS, TOBBINICHUEM KauecTBa DJIEKTPOSHEPIUH,
nenei nepemenHoro Toka P=UIcos (¢), pasnuuHpix  yHIPABICHUEM HOIyIPOBOJHHKOBEIMU IPEOOPa30BaTEIIMU
COCTABISIOIMX TOKA M HalpskeHus (dHeprerudeckas M T.J. Jlis yrpapieHUs CUIOBBIMU aKTHBHBIMH QHIBTPaMU
COCTaBJISAIONIas, Oe3BAaTTHAS COCTAaBISOIIAs), MOHATHA  IIMPOKO MCIOJB3YIOTCS aITOPUTMBI, OCHOBAHHBIE HA UIEAX
k03] dHIMEHTa MOIIHOCTH M IOJHOKW MOIUHOCTH. ABTOop  Teopun ®puse: BECh TOK, KOTOPBIH HE SABJIAETCA aKTUBHBIM
paccMaTpHUBaeT CHCTEMbI ¢ HECHHYCOMIAIbHBIMA TOKOM U - PEaKTUBHBIA. 3ajada CHIDKCHMS IIOTEPh B CHCTEMax
HANpSDKCHUEM, OTpENessieT OCHOBHYIO (MepBy0) W INPEANONAracT aHalu3 UX IPUYMH HX BO3HHKHOBEHHS,
BBICIIIME TAPMOHUKH, NMPUBOIUAT IIPUYUHBI UX MOSBICHUS, TMOBBLIIICHUE KA4yeCTBA DJJICKTPOSHEPIuH IpeaAnoJiaract
YKa3bIBacCT, qTO BBICIIINEC TapMOHHUKH TOKa pu HOPMHPOBAHHC IapaMETpPOB TOKOB H HaprDKeHHﬁ, 4qTO
CHHYCOW/IIbHOM HAaNpsDKEHUH HE IepellaloT aKTHBHOW — PEIIAeTCs c UCTIOJIb30BaHUEM Pe3yIIbTaTOB
MOIIHOCTH, HO MOTYT BBI3bIBATh PE30OHAHC. SABJICHMS B  T'apMOHMYECKOTO aHalli3a pPacCMaTpHBAEGMbIX BEJIHYHH.
CHCTEME, JOTIONHUTENbHEIE TTIoTepH U T. 1. C Tex mop, kak ~ Cranpapt [7] y4YuTBIBAET YaCTOTHBIE KOMIIOHEHTHI C
TIPaBHIIO, TIOSBIIEHUE OYEPENHON TEOPHH MOIIHOCTH CTAI0 ~ HEPHOJIOM OOJIBIIE, YEM Yy OCHOBHOH YacTOTHI (BKIIOYAs
OTBETOM Ha 3ampochl NPaKTUKM. K TpuauaTtelM rogam  KOMIIOHEHTHI IOCTOSHHOIO TOKa), YTO CBSI3aHO C BIUSHUEM
20-r0 Beka, B OTBET HAa pAacClIpPOCTPAaHEHME PTYTHBIX  MyJIbCalMi MOTpebaseMOil MOLIHOCTM Ha MOTEpPH B
BBIIPAMUTENEN, ObUIM pa3spa0oTaHbl Teopu MoHOCTH — cucTeMe. CyMMapHble FapMOHMYECKHE MCKaKEHMs TOKa
Bynsny (C. 1. Budeanu) [2] u ®puse (S. Fryze) [3]. Teopus WM HanpsbKeHUs IIMPOKO HCIHONB3YIOTCS Ul pacyeTa
ByzsiHy OIepupyeT ¢ pa3lioKeHHEM CMIHajla B YaCTOTHOM  MOIIMHOCTH HCKa)KEHHMs, BBI3HIBAIOILEN JONOIHUTENIbHbBIE
obnacrtu (ananus Oypee), a Teopust Opuse - Bo BpeMeHHoit  1oteps B JIOII u .1
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CHcTeMBbI IOCTOSHHOTO TOKa, Kak 00Jiee MpOCThIe IS
TTOHUMAHNS ¥ MaJIOMOIITHBIE CHCTEMBI, BO MHOTOM YIIUTH B
TE€Hb TEOPETUYECKOTO PAa3BUTUS CHCTEM IIEPEMEHHOTO
Toka. C pa3BUTHEM MPeoOPa30BaTENbHON TEXHUKU CTajo
BO3MOHBIM BE€PHYTHCA K CO3JaHUIO MOIIHBIX CUCTEM
IIOCTOSITHHOI'O TOKa BBICOKOBOJIbTHBIX JIMHUN
anekTponepenayn mnocrossHHoro toka (HVDC) [8], B
KOTOPBIX MAacCIITa0MPOBaHUE IOCTOSHHOTO HAaNpSDKEHMS
OCYIIECTBISICTCS c TTOMOTIBIO AIEKTPOHHBIX
TpancpopmatopoB [9]. B HacTosmee BpeMs IIHPOKO
HCTIONB3YIOTCS JKEJIE3HBIE JOPOTH TIOCTOSHHOTO TOKA,
JIMHAN TIOCTOSHHOTO TOKa pa3pabaThIBAlOTCS B paMKax
MPOEKTOB HMHTEIUIEKTyalmbHBIX ceredl (Smart Grid) [10],
M30JIMPOBAaHHBIX W MHKpo- cereir (Mikro Grid) [11],
CETEBBIX CTPYKTYp OymyImux BO300HOBJIIEMBIX
HUCTOYHHUKOB 3JIEKTPOHEPIUU (FREEDM) [12].
Oco0eHHOCTBIO TEPEYUCIEHHBIX CHCTEM IOCTOSIHHOTO
TOKa SBIISETCS HEepaBHOMEPHBIH rpaduk
SHEpronoTpeOIICHNs] BO BPEMEHH, TIOKIIOUEHHE Harpy30K
C TIEpeMEHHBIMH ITapaMeTpaMy, BO3BPAT SHEPTHH B CETh.
Be3 BO3MOXHOCTH aHanmW3a TIPOLECCOB B TOIOOHBIX
CHCTEeMax HHEPrOCHAOKCHHS HEBO3MOXKHO pa3padoTaTh
KOMIUIEKC ~MEpOIPHATHA TI0 TMOBBIIICHHIO JHEPro-
3¢ (GEKTUBHOCTH CHCTEMBI, WCHOJIB3YIOMEH MOCTOSHHBIN
TOK.

OpHako Id  CHCTEM IIOCTOSIHHOTO TOKa He
paspaboTaHsl HUHCTPYMEHTBI JUISt OTIpeieeHHs
9HeprodpeKTUBHOCTH  MOTPEOHUTENST  3JIEKTPOIHEPTUH
(cooTBeTcTBYIOIIME KOI(PQPUIMEHTH M TapaMeTpbl He
ompenencHbl).  Ko3hGUIMEHT  MOIIHOCTH  CHUCTEM
MOCTOSIHHOTO TOKa 4acTO MPUHHUMAIOT 3a eauHuny [13].
Tor ¢akrt, uro psng ompeneneHuid [7] MOXET OBITH
MIPUMEHEH K CHCTEMaM IOCTOSIHHOTO TOKa, WHTYHTHBHO
TIOHATEH, OJHAKO PEKOMEHJAMM O BO3MOXHOCTH U
croco0ax HCIONBb30BaHUS AHAIOTHMYHBIX [apaMeTpoB
(TakMX Kak: MOIIHOCTh MCKaXCHUS TOKa, KOA(PPHUINECHT
MOIIHOCTH, ¥ JIP.) JJIsl CHCTEM ITOCTOSTHHOTO TOKa, €CITH OHU
CYIIECTBYIOT, IIUPOKO HE N3BECTHBI.

Heab pa6orTwl. llens maHHOW cTaThu — TMOKa3aTh
BO3MOXKHOCTH PACHIMPEHHs MPUMEHEHHsI HHCTPYMEHTOB,
pa3paboTaHHBIX Uil CHUCTEM NEPEMEHHOrO TOKa, JUIs
aHaJM3a OJHEPreTHMYeCKWX TIIoKasaTenedl B CHCTEMax
MOCTOSTHHOTO ~ TOKa; JIaTh  ONpEJeNICHHE TEePMHUHAM:
MOIITHOCTh HCKa)KCHMSI TOKa, KOA(PQUIMEHT MOIIHOCTH,
ko dunment rapmonmyeckux uckaxeHud (THD) s
CHCTeME TOCTOSIHHOTO TOKa M IO0Ka3aTh MX CXOJCTBO U
OTIIMYMSL OT ONPENCICHUH CHCTEM IIEPEMEHHOTO TOKa;
MIPOM3BECTH MOTUGPHUKAINIO CYIMIECTBYIOMHUX (HopMy,
HampuMmep, w3 [7], N1 HWCHONB30BaHUS B CHCTEMax
HOCTOSTHHOTO TOKa; MOKa3aTh UCIIOJIb30BaHHE
NOJYYEHHBIX ~ MHCTPYMEHTOB  JJisl  ONpEJelieHUs
9HEProdpHEKTUBHOCTH MOTPEOUTENS, TOAKIIOUCHHOTO K
UCTOYHHKY ITOCTOSTHHOTO HAIPSKESHUSL.

OcobOeHHocTH cHcTeM mMOCTOSIHHOTO Toka. C
(opManbHON TOYKH 3pEHHUS, CHCTEMA IOCTOSIHHOTO TOKa
npezacTaBisier coboi omaHO(]a3HYI0 CHCTEMY C HyJeBOU
4acTOTOH OCHOBHOW rapMOHMKH HampsbkeHus. Kak u s
CHCTEM NEPEeMEHHOTO0 TOKa, B JAaHHOM Ciydae Ui
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OTpENEICHNS COCTABIMIOMIMX MOITHOCTH BO3MOXKEH
aHajM3 Kak B YaCTOTHOM, TaK M BO BPEMEHHOW 00JacTsX.
Bocnonp3yemcs aHaM30M B 9aCTOTHOM 00TacTH.

AKmuenaa u peaKkmueHas MOUWHOCHb 6 CUCHEMAX
nocmoannozo moka. llpu mepexone OT TNEPEMEHHOTO
CUHYCOUOAJIBHOI'O K TIIOCTOAHHOMY TOKY HeO6XOI[I/IMO
YUUTHIBaTh, YTO aMIUIUTYAHBIE, CPETHHUE U JIEHCTBYIOLIHE
3HAYCHUS TOKOB W HAMPSHKCHUN paBHBL {71 MAeaTbHBIX
cucteM TmoctossHHOrOo Toka (Pwuc. 1,a,0) MrHOBEHHBIC
3HAYCHUS TOKA W HAIPSDKEHUSI paBHBI aMILUTUTYAHBIM U UX
gacToTa @y paBHA HyIO @y=0:

io(?) = 1o, (1)
uo(f) = Up. 2)
C nmpyroit CTOpOHBI,
i(t) = Iy cos(ant + @), 3)
u(t) = Uy cos(ant). 4)

[onsarHo, uto ¢ yaerom (1), (2) m @y=0, yrox ¢aznoro
CIABHra B 3TOM ciiydae paBeH Hymo (¢=0), 4To Takxke
COOTBETCTBYET (PU3MICCKUM MPEACTABICHISM O TPOIIECCcax
B cucreme. [IOCKONBKY aMIUITyJa W JeHCTBYIOIIUE
3HA4YeHUs KaK IIOCTOSHHOTO HAampsDKeHWs, TaK W TOKa,
paBHBI, B manbHeimem cumBoibsl Up u Ip 0003HaYaIoT
JIEHCTBYIOIITIE (cpemHeKBaIpaTUIHBIE) 3HAYECHUS
TIOCTOSAHHOT'O HAIIPSAXKCHUA U TOKA. TouHO Tak ke CUMBOJIBI
U, n I, 0003HaYAIOT IEHCTBYIOIIME 3HAYCHHS HAIIPSHKEHHS
U TOKA n-d TApMOHUKHU.

[IpuMeHrM yKa3aHHBIC MapaMeTPhl CHUCTEMBI B
CTaHIAPTHBIX ~ METOJAaX W3MEPCHHS  MOIIHOCTH B
CHUHYCOUIATBHBIX, HECUHYCOUIATBHBIX CUMMETPHYHBIX U
HECUMMETPHUYHBIX cucTeMax [7]. PeakTuBHast MOITHOCTH O
Ha OCHOBHOH 4acTOTE OTCYTCTBYET.

0 = Uy Iy sin(¢) =0. (5)
AKTUBHAs. MOIIHOCTb BBIUUCISETCS, KAK U MPHUHATO

JJIs1 CHCTEM MOCTOSTHHOTO TOKA:
P=Uy1 COS(¢) =Uy Iy (6)

Koappuuyuenm  mownocmu 6  cucmemax
nocmosnnozo moka. J1yis uneansusix (Puc. 1, a, 6) cucrem
MTOCTOSIHHOTO TOKA TIOJIHASI MOIITHOCTB, C y4eToM (5), paBHa

S=P+jO=P, (7

1 K03(p(HUIMEHT MOLITHOCTH PABEH €MHUIIC.
PF=P/S=1, )
@opmyna  (8) u  mpedplAylIMEe  PACCYXKICHUS

COOTBETCTBYIOT KJIACCHUECKOMY MPEICTaBICHUIO CHCTEM
MOCTOSIHHOTO TOKA C MOCTOSIHHOM HAarpy3KOM.

CoBpeMEHHBIE CHCTEMBI, KaK YIOMHMHAJIOCh PaHee,
MOTYT WMETh HEpPaBHOMEPHBIH TpaduK  3HEpro-
MOTpeONeHnsT BO BPEMEHH, KOTOPBI ONpedeseTcs
NEPEMEHHON Harpy3kod. Takue CHUCTEMBI, KaK IpPaBUIIO,
COOTBETCTBYIOT pHuC. 1, B.
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o Rine Ukl
C) Uo ToctosHnas Uo
Harpy3ka
0 I
a) 0)
[ Uk i
A SN
iy
C) Uo IMepemennas Uo
Harpyska

~Y

B) r)

Puc.1. Cucrema nocTossHHOTO TOKa: a) — HeaIbHas
cucreMa; 0) — TOK U HaPsDKEHHE WIEeaTbHON CUCTEMBI; B)
- peaybHast CcTeMa IIOCTOSIHHOT'O TOKa; T) — peabHOe
HAaIpspKeHNE U TOK ¢ TAPMOHUYECKHMH COCTABIISIOIUMH

MrHOBeHHOE 3HAYCHHE TOKAa B CHCTEME BKIIIOYACT
MOCTOSIHHYIO o W TIEPEMEHHYIO (TapMOHUYECKYIO) ir(f)
cocTaBIIsTIomye Toka (puc. 1, 1)

i(t) = io + (1), )
rae
iy(t)= \/521,, cos(na,t +@,)
n#0 (10)
Ha mpakTike, TOK Harpy3Kd B CHCTEME ITIOCTOSTHHOTO
TOKa 9acT0 WMeEeT 3HAUYHTENBHYI0  IEePEMCHHYIO

cocraBIsiiomyto. Hanpumep, MrHOBEeHHBIE 3HAYEHHS TOKOB
U HalmpsDKEHUH Ha BXOJE IIEPEMEHHOW Harpys3Ku
(TOZBIKHOTO COCTaBa MKEJIE3HOW JIOPOTH TTOCTOSHHOTO
Toka [14]) npuBeneHs! Ha puc 2. HampsokeHne Ha BBIXOJE
TATOBOM noACTaHIINH (I/ICTO‘-IHI/IK IIOCTOSAHHOI'O
HAIpPsDKEHNA), MOYKET CUUTAThCSI HEU3MEHHBIM Uy=const.

U VLA
4000
3500 l

3000

U
/

/)

2500
2000
1500
1000

i

500 .
¢, min
0 2000 4000 6000 6000

10000 12000 14000 16000

Puc. 2. MrHOBEHHBIEC 3HaYCHUS TOKOB M HAIIPSHKCHUH Ha
BX0/I€ IEPEMEHHOM Harpy3Ku

PaccmarpuBaembie CHCTEMBI SIBIISTIOTCS
npocreiimumu. B o01iem ciiyuae, mosHast MOITHOCTG [4, 7]
BKJIFOYACT B CE0sI MOJIHBIC MOIIIHOCTH OCHOBHOW F'APMOHHUKH
So ¥ HEOCHOBHBIX TAPMOHUK Sy

S = (U()Io)2 + (Uo[H)2 + (UH]0)2 + (Unly 2 = So? + Sy? (11)
Hns paccMaTpuBaeMoi peanbHOU CHCTEMB,
HaTpsDKEHUE WCTOYHHWKA SHEPTHA MOXKET CUUTATHCS
nocrostuHbM  (Ug=const), crnenoBaTenbHO, CyMMapHOE
HATPsDKEHUE TAPMOHHK W, COOTBETCTBEHHO, HANPSHKCHUE
Kaxmo w3 HuX paBHel Hymo (Up=0, U,=0). Ilpu
ITOCTOSTHCTBE HAIIPSDKCHUS HCTOYHUKA SHEPTUU TAPMOHUKH
TOKa C HEHYJIEBOM 4acTOTOMU [y HE y4acTBYIOT B Ilepejaue
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aKTUBHOHM MOITHOCTH [1]. AKTHBHAs MOIIIHOCTh TAPMOHHUK
Py paBHa HyIIO

f)ll = zUn]n Cos(q)n) = 0 :

n#0
VYurem B (11) Us=const, (5), (6) u (12). B atom ciayqae
TIOJTHAS MOIITHOCTh HAXOJUTCS U3 BBIPAKCHHUS
S2 =80+ S\ = (U 10)2 + (Uo Iy 2 = Py2 + DF , (13)
re Dy — MOITHOCTh UCKKCHHS TOKa
D= Up In. (14)

ITonHas MOINHOCTE B CHCTEME IIOCTOSHHOTO TOKa
BKJIFOYAET MOIIHOCTh OCHOBHOI rapMOHHUKH (TIOCTOSIHHOTO
TOKa) ¥ MOIITHOCTh MCKaKEHHH, KaK MMOKa3aHo Ha puc. 3,0.

(12)

0)

Puc.3. TpexmepHOe mpencTaBieHHe MOTHONH MOIITHOCTH.
a) — MOJIHAs MOIIHOCTH 110 bymsny [4]; 0) — mosiHas
MOIITHOCTh CHCTEMBI TIOCTOSIHHOTO TOKa

KoadduiiueHT MOITHOCTH B CHCTEME IOCTOSHHOTO
TOKa onpenensiercs no gopmyie

PF=§=7m=/1/1+(%)2 (15)

Jus upeanbHol cucteMbl PFy=1 (8), HO 1 peanbHO#
—PFy<1 (15).

Koappuyuenm zapmonuueckux uckasxcenuii 6
cucmemax  nROCmMoaAHHO20  moka. Ilockomeky B
paccMaTpuBaeMbIX CHCTEMax HampshHKeHWe WCTOYHHUKA
MUTaHMs TIOCTOSIHHO, TO, B JalbHEHIIIEM, paccMaTpruBaeM
K03(HUIUEHT rapMOHUYECKUX UcKaxeHuid Toka (THDy -
KO3(Q(HUIMCHT TapMOHMYCCKUX HCKAKCHUA TOKa B
CUCTeMax  MOCTOSIHHOro  Toka). Kak  u3BecTHO,
KO3 (HUITMEHT TapMOHWYCCKUX WCKaKeHWd Toka THD;
omnpeAensieT OTHOCUTEIbHOE 3HAYeHHE JIEHCTBYIOILETO
TOKa TapMOHHK; HOPMHPYIOUIMM (aKTOPOM  SIBISIETCS
OCHOBHAsT TapMOHHMKa ToOKa. [lOCKONBEKY B cCHCTEME
[IOCTOSIHHOI'O TOKa OCHOBHOM TapMOHHUKOHN sBISETCS
rapMOHMKa C HYJEBOW 4YacTOTOH, TO CIPaBEIJIMBO
COOTHOIIICHHE

THD,, = I]—H - > /10
0 n#0

IIpu ucnone3zoBanuu (16), Beipaxenus (14) u (15)
MOTYT OBITh TIpencTaBieHb! B Buje (17) u (18):

D;=Uy THDp.

(16)

(I7)

PF, =1/ 1+ (THD,, (18)
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B cuitoBoii anexrponnke ko3hdurment THD
BBITIOJTHSET ABE QyHKINH:

- OIPENEIIEeT MapaMeTPhl KAYECTBA AIEKTPOIHEPT UM
- OIIPENEISIET S3HEPIETUUECKUE TI0KA3ATEIN CUCTEMBI.

Ilockomeky  THDj  ABIAETCSI  MHTETPAJIbHBIM
IoKa3aTeyneM, TO Uil OJHO3HAYHOIO  ONIpEIENICHUs
rapaMeTpoB KadecTBa COBMECTHO C KoddduimeHrom
TrapMOHMYECKHUX UCKaKEHUH [1eJ1IecO00pa3HO UCTIONh30BaTh
XapaKTEPUCTUKU CHEKTPATIbHON MIIOTHOCTH OMUCHIBAEMBIX
BEJIUYHH.

[Ipn ompeneneHuu 5SHEPreTUUECKUX IOKa3aresei
cuctemsbl, 7HDjy ncnonab3yeTcs He TONbKO JUI YIPOILEHUS
W TmpugaHus OONbIIEH HATSITHOCTH — IIOJyYaeMbIM
BBIDAKEHUSIM, HO M OJHO3HAYHO  OIpENessieT
OTHOCHTEJILHYIO MOIIHOCTh HOTEPh P'ry B aKTHBHOM
COTIPOTUBICHUU  Rjye TOABOISIMIEH JuHUM (pHC. 1),
BBI3BAHHYIO T'apMOHHUKaMH Toka. Hopmupyrormii paxkrop —

MOIMHOCTh  TMOTEPb  (Pgro), BBI3BIBAEMBIX  OCHOBHOM
rapMoOHUKOHU ToKa (/p):
2
* _PRH _IHR/ine = THD? (]9)
RH — P - 12 R - 10
RO 0~ ine

CrekTpasbHBIN COCTaB TOKA B CUCTEME BCETZla MOXKET
OBITH OTIpefeNieH, HallpuMep, MPH MTOMOIIN JUCKPETHOTO
npeobpa3zoBanuss Dypbe. B peanbHBIX yCIOBUAX IS
MONMYYCHUST  CIIEKTpa  [EeIecO00pa3sHO  HCIOJIBh30BaTh
aITOPUTMBI OBICTpOrO npeoOpa3oBaHus Dypse.
CrieKTpabHBIN COCTaB ()parMeHTa TOKa, IPUBEICHHOTO Ha
puc. 2, okaszan Ha puc. 4 [15]. OCOOEHHOCTHIO CHCTEMBI
[16] SIBIISIETCSL HACIIOJIb30BaHUE KOOITEpaTUBHBIX
npeobpa3oBareneii [17], paboTaroupx KaxIslii B CBOEM
4acTOTHOM juamna3oHe dfi, df:, dfs. D10 mO3BONACT
ONITUMH3HUPOBATH CTPYKTYPY, UCTIOIB3yEMYIO SIEMEHTHYIO
6a3zy 1 pabouylo YacTOTy KaXIOTo M3 mpeoOpaszoBaTereit
JUTSL YIIyYIIEHUS DJIEKTPOMArHUTHOM COBMECTHMMOCTH H
CHIDKCHHS MOIITHOCTH TTOTEPb.

I A

df; dfs

Puc. 4 CnexrpanbHslii coctaB Toka Puc. 2.

df>

»

Hns pa3paboTku cucteMbl TpeOyroTcs TaHHBIE O
TOKaX, COOTBETCTBYIOUIMX TpeOyeMbIM  YacTOTHBIM
JquanasoHaM. 3HaHWe KOd(PQHUIMEHTa TapMOHHYECKUX
UCKaXXCHUU Toka 7HD; B KaXIOM 4aCTOTHOM JHAalla30He
JieNIaeT BO3MOXKHBIM yUeT KaK IapaMeTpoB KauecTBa, Tak U
SHEPreTHUECKUX XapPAKTEPUCTHK, CBA3AHHBIX C JAHHBIM
TokoM. C yuyeroM (16) MOXKHO MOTYy4HUTE!

97

+ i[j I} + 213

n=k+1 n=m+1

THD: =312 I =

k
2 2
21
n#0 n=1

+THD;,., + THD;,,

"

(20)
T.e. A TONMy4deHus oOmero Kod(p¢HUImMeHTa TapMOHH-
YeCKHX HCKAKEHHH TOKa 3HAYEHHS KOX(PQHIIMEHTOB B
KaXXIJOM YaCTOTHOM JMana3oHe KBaZIpaTHIHO
CYMMHPYIOTCHI.

s curHanoB, HOCSAIIMX CTOXAaCTUYECKUN XapakTep,
nns BbruMcnenus 1THDjp wucnonb3yercs CIeKTpalibHas
IUTOTHOCTBIO TOKA.

Onpenenenne 3Hepreruyeckoil 3pdekTHBHOCTH
CHCTeMBI TOCTOSIHHOTO TOKA. ['apMOHHWYECKMH COCTaB
TOKA OIpEAENSeTCS IyTeM aHajIn3a CIIEKTPOrPaMMBI,
MOJTyYeHHOH W3 W3MEpPEeHHH TOKa, HampuMmep, KOoraa
MOJIBUKHOW COCTAaB NPOXOAWUT 3aJaHHBIA y4acTOK, WIU
MyTeM NpHMEHEHHs npeoOpa3oBaHus Pypbe K TEKyIIIM
JlaHHBIM. BpeMeHHOI MHTEpBall U3MEPEHUSI ONIPEAETISETCS
FapMOHMKOW C MMHUMAJIBHOM YaCTOTOM.

H3BecTHOE 3HAUCHHE MOIIHOCTH MHCKaXXCHUA HIIU
THDy 1o3BONSIET OMNpeAeauTh MOIIHOCTh TOTEPh B
cHCTeMe MTUTaHMs TIOCTOSTHHOTO TOKa.

Hampumep,  knaccuueckast — Jkeje3Has — Jopora
MIOCTOSIHHOTO TOKa MMEET UMITYJIbCHOE NMOTpeOIeHrne ToKa
(puc.2). B mepBoM mNpHOMIKEHWH TOK HArpy3Kd
«ITOJIBIDKHOTO COCTaBa» MOXXHO 3aMEHHUTh MEaHIpOM
(puc. 5,a). ITpn aTOM 3 PeKkTHBHBIC 3HAUCHNS TOCTOSHHON
cocraBisifoniel (/o) w BBICIIMX TapMOHWK (/g) paBHBEI
MeXay coboit, THD;=1, aMIumTyIOpl TapMOHHK TOKa
MOTUMHSIOTCA 3akoHy 1/m (puc. 5,0). CnekrpaibHbIC
COCTaBbI MEaH/Ipa TOKa U PeaJIbHOr0 MOTPEOIIIEMOTO TOKa
(puc. 4) Gnu3KH, YTO MONTBEP)KJAET SKBHBAICHTHOCTH
3aMeHBI.

B pacuerax ncnosnb3yercs METOANKa, OCHOBaHHAs Ha
[7], c yueTom ee amanTaruu Jijisl CACTEM MOCTOSIHHOTO TOKA.
Koadpdurmmment momHOocTH (18) cumcrembr pasen 0,707
(PFo=0,707). Ucnonezyst (19) co 3nauennem THDp=1,
HaxoMM, YTO YBEJMYCHHE IOTepPh B JIMHWH, BBI3BAHHOE
MPUCYTCTBHEM BBICIINX TapMOHHUK, cocTaBiseT 100%.

=THD;,,

6)

Puc. 5. a) — DxBUBaJIEHTHBIN TOK Harpy3KH “TIOABUKHON
coctaB”’; 6) — CeKTpanbHbIii COCTAaB SKBMBAJIEHTHOTO TOKA
(meficTByrOIIIEE 3HAUCHHUE)

Uto0Obl ompenenuTh HeoOXOAUMOE MU JOCTATOYHOE

KOJINMYCCTBO TapMOHHK, KOTOPBIC JOJIKHBI OBITH
IO AaBJICHBI IJIs1 obOecreueHus 3alaHHOT'O YPOBHS IIOTEPH B
JIMHUU, H€O6X0}le/IMO OIIPCACIINTD OTHOCUTCJIbHYTO

MOIIHOCTb IIOTEPH JUIA 33JaHHOI0 YaCTOTHOIO JMana3oHa
TOoKOB. CpeHeKBaApaTUIHbIN TOK MEPBBIX IBYX FApMOHUK
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cocraBimsier 95% or oOmero Toka TrapMOHUK,
THDy13=0,95. OTHOCHTEIbHAS MOITHOCTH TOTEPH OT ITUX
TapMOHUK B COINPOTHBICHHM IHHUHM cocTaBmsier 90%
(puc. 6). KowmmeHcarust TepBBIX YeTHIpEX TapMOHHUK
IMO3BOJIACT CHU3UTD MMOTEPU B JIMHUU OT BBICIIUX T'APMOHUK
Ha 95%. OcraBmuecs BBICIINE TAPMOHUKH HE OKa3bIBAIOT

3HAYUTCIbHOT'O BJIIMSAHUSA Ha 3Hepl"03(1)(1)€KTI/IBHOCTL
CUCTEMBI W  MOTYT OBITE MOJAAaBJICHBI,  HAIIPpUMCED,
IIaCCUBHBIMHA (1)I/IJ'ILTpaMI/I JIIA obecreueHus

SHSKTPOMaFHHTHOﬁ COBMECTUMOCTH 00BEKTA.

660

o660
L 4 204

poooV

POV

10 15 20

Puc. 6. OTHOCHTEIBLHAS MOIITHOCTD MoTePb,
onpeaciaemMast IpoOTCKaHueM 71 IIEPBBIX TAPMOHUK

W3Bectuble 3HaueHuss THD; B pasHBIX YaCTOTHBIX
JVana3oHaX  MO3BOJSIIOT  OIEHHUTh  YCTAHOBJICHHYIO
MOIIIHOCTh CHJIOBBIX AKTHUBHBIX (HIBTPOB U TIPHHSITH
pelIeHne o 1enecooOpa3sHOCTH yCTAHOBKH HAKOMHTENCH
3NEeKTPO3HEPTHU. BO3MOKHOCTD OIpeieTIeHUs] CIIeKTpallb-
HOMH IJTOTHOCTH MOLITHOCTH UCKa)XEHHSI TO3BOJISIET BHIOPATh
HOAXOMSAIIYI0 CTPYKTYpPY THOPHAHOTO WM CHJIOBOTO
AKTHBHOTO ¢unbTpa c KOONEPaTHBHBIMHU
npeoOpa3oBaTeIAMHU.

PaccMoTpuM npuMeHeHHe MpeaioxKeHHOW METOAUKU
K peabHOMY 00BekTy [14]. Mcxomuble naHHBIE TOKa MO
pesynbTataM  m3MepeHnd Bk Toukax  (k=380)
mpeAcTaBieHsl Ha puc. 7a. CpeaHee 3HaYeHHE TOKa
cocrasisier 647A, ammmurynHoe — 3160A. CnexrpanbHas
IUIOTHOCTH S(p) ans p rapMmoHuK (p=20) moTpediseMoro
TOKa IS IPHBEIeHa Ha puc. 7, 0.

ITpumenss (19) u (20) ¢ yuerom maHHBIX puc. 7, 0,
MOXKHO TI0Ka3aTh, YTO CyMMapHblii kodddumment
TapMOHHUYECKHX  HMCKaxeHudt paBeH THDjp= 0,953,
OTHOCUTENbHAs  MOIIHOCTb IOTEPh B  aKTHBHOM
CONPOTHUBIEHUU JIMHUM, BBI3bIBa€Mas IEPEMEHHOU
coctaBisitomied Toka — 90% OT MOIIHOCTH MOTEPS,
BBI3BIBAEMBIX NPOTEKAHHEM MOCTOSIHHOTO TOKA.

) 5x10° : : T
410° . : !

4x10°
3107+ J

3x10°
S(p)

2107

S

o 100 200 300
k
a)

Puc. 7. a) - ucxoaHble naHHbIC TOKA Ii; 0) - CIEKTpaIbHAs
IUIOTHOCTH MOTPEOISIEMOro TOKa

210

1

7
400 02 46 8 1012
P

6)

14 16 18

20

BkJ1aj otienbHBIX rapMOHUK B 001ime notepu: 1—-10s
TapMOHUKH BBI3BIBAIOT 63% moteps, 11-20s rapMoHuKH —

98

17%, a Boicume — 10%. Homepa rapMOHHK MOTYT ObITh
CBSI3aHBI C  peaJlbHOM  YacTOTOM  yepe3  Mepuojl
JUCKPETU3ALUY CUTHaNIA TOKa. [IpencTaBneHHbId KpaTKUid
aHaJIN3 CBUIETENILCTBYET O BO3ZMOKHOMH 11e/1eCO00pa3HOCTH
MOJIABJICHHS] TAPMOHHMK TOKa B YaCTOTHOM JHama3oHe JI0
10i1, HanpuMep, CpEeACTBAMH aKTUBHOM (QUIBTpALK

3akaoueHne. B Hacrosiiee BpeMsi Uil CHUCTEM
MOCTOSIHHOTO TOKAa HET ONpeeeHHH TaKMX TEPMHHOB U
MOHATHH, KakK: MOIIHOCTh HCKaXeHWs, Kodddunment
MOIITHOCTH, KO3()(UIMEHT TapMOHHYECKHX HCKaKeHUH,
KOTOpBIE ITHPOKO UCTIONIB3YIOTCS B CHCTEMaX IIEPEMEHHOTO
TOKa MU ONpENeNeHHs X 3SHeprodpQPeKTHBHOCTH U
CHCTEMHOTO aHaJlN3a IPUYMH TMOSBJICHUS MOIIHOCTH
noteps. [Ipennaraemslil MOAXO0 MO3BOJISIET UCIIOJIB30BATh
CTaHAAPTHBIC OIPCACICHUA W MCTOAMKH H3MEPCHUA
MOIIHOCTH, pa3pabdOTaHHbIE JUISi CHCTEM IEPEMEHHOTO
TOKa B CUCTEMaX IMOCTOSIHHOTO TOKa.

[Ipn ncronb30BaHUM CTaHAAPTU30BAHHBIX METOIOB
NU3MEPEHUs] MOIIHOCTH, B KayeCTBE OCHOBHOW T'apMOHH-
YEeCKOW  COCTaBIsIoOmed HEOOXOIMMO  HCIIOJIb30BaTh
cpezHee 3HAaUYEHHE HyJEBOM TapMOHHUKH HANPSHKEHUS WIIN
Toka. YactoTa 1 pa30BbIif CABUT OCHOBHBIX TAPMOHHK TOKa
1 HaNpsDKeHUs! paBHBI HYJIIO.

PeakTuBHass  MOINHOCTb OCHOBHOM TapMOHHMKH
(MOIIHOCTH C/IBHTA) B CHCTEMaX IOCTOSHHOTO TOKA PaBHA
HYJIIO.

[lonnas MOHIIHOCTh BKJIKHOYACT MOIIHOCTH ITOCTOSAH-
HOTO TOKa M MOILIHOCTh HcKaxeHuid. Koaddunment
MOIIHOCTH B pEaJbHOMW CHUCTEME IOCTOSHHOTO TOKa C
MyJIbCALMSIMU MOIITHOCTH MEHBILIE €ANHUIIBI.

AKTHBHas ~MOIIHOCTh  BBICHIMX TapMOHHK B
paccMaTpuBaeMbIX ~ CHUCTEMax  IIOCTOSHHOTO  TOKa
OTCYTCTBYET.

Koa¢ppunmenT rapMOHMYECKHX HMCKa)KEHHH TOKa
(THD;) OmHO3HAYHO  OMpENeNsieT  OTHOCHTEIBHYIO
MOIIIHOCTh TOTEPh B CONPOTUBIEHUM Rjpe NUTAIOLICH
JIMHUH, BBI3BAHHYIO TApMOHHMKaMH TOKa.

Hcnonb3oBanne KOI(QGHUIUEHTOB TapMOHHUYECKHUX
HCKaKCHHU I TOKa, MOJYYEHHBIX JId OTACIIBHBIX YaCTOTHBIX
JINana3oHoB, T03BOJISIET OLIEHUTD BKJIA]] COOTBETCTBYIOIINX
TOKOB B CYIIECTBYIOIIYIO MOIIHOCTb HOTEPb, MOJIYYUTH
XapaKTepUCTHKU TPeOYyEeMbIX aKTHBHBIX (DHIIBTPOB.
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96960aMmgx39dBH0s6Mds s g3bsbEgdso gbgMyool fysmmgdo
9696m-MOglvyELYdIOL sTBMYs30 FHgIbmemyogdo gbgMygdozsdo

Energy efficiency and renewable energy sources
Energy Saving technologies in Power Engineering

Oxcana [loBramok, Poman bonnapenko, UBan SIkoBeHko

PaspaﬁoTKa MepOl’lprlTHifl IO NMOBBIINICHHUIO 3q)(l)eKTI/IBHOCTI/I IKCIIyaTallud aBTOHOMHBIX
OCBETUTECJIBbHBIX KOMILIJIEKCOB AJIfA aBTOJA0poOr YKpaI/IHLI

AHHOTAUMSl. Bwinonwen ananuz  KOHCMPYKMUGHuIX — OcobenHocmel U (ODYHKYUOHUPOBAHUS — ABIMOHOMHBIX
0C8emMUMenbHBIX KOMNIEKCO8 015 a8Mmooopoz YKpauHsl, KOmopbule UCNOIb3VIOm 6 pabome 80300HO08/1seMble UCTOYHUKU
9Hepeuu U cucmemvl HAKONIeHUs dHepauu. BuisgneHvl neoocmamxu 6 ux pabome u onpeoeieHbl NPUUUHBL UX
BO3HUKHOBEHUS, C Y4emoM KOMOPbIX pa3pabomanvl Meponpusmus no noGblUeHUIo dPPeKmusHOCmu IKCHLyamayuy
ABMOHOMHBIX OCGEMUMENbHBIX KOMIAEKCO8 O/ A8Mo00po2, NO360NAIOWUE UCNOTb30BAMb 20N08bIE COBPEMEHHbIE
mexHuuecKue cpeocmad.

Knrwouegvle cnoea: agmoHOMHbII OCEEMUMENbHLII KOMNIEKC, CONHEYHAs NAaHelb, aKKYMYJIAMOpHAs bamapes,

BEMPOEHEPAMOpP, DNEKMPOMEXAHULECKULL NPeodpa3oeamens.

Oksana Dovgalyuk, Roman Bondarenko, Ivan Yakovenko

Development of measures to increase the efficiency of autonomous lighting complexes operation
for Ukrainian highways

Abstract. The analysis of design features and operation of autonomous lighting complexes for Ukrainian highways,
which use renewable energy sources and energy storage systems, was performed. Shortcomings in their work have been
identified and the reasons for their occurrence have been identified, taking into account which measures have been
developed to improve the efficiency of the operation of autonomous lighting complexes for highways, allowing the use
of ready-made modern technical means.

Keywords: autonomous lighting complex, solar panel, storage battery, wind generator, electromechanical converter.

Beenenue. CerogHs oOmHOW U3 YCTOWYMBBIX OCBETUTENIBHBIX NMPHOOPOB Ha MENIEXOAHBIX Iepexoiax
TeHACHIMH Pa3BUTHS SHEPTETHKH SBIACTCS AKTHBHOE pe3ko ymenbmaer kommuectso JTII m cymecTtBeHHO
HCTIOJIb30BaHNE BO30OHOBIISIEMBIX HCTOYHUKOB SHEPIHU TOBBIIIAET OE30MACHOCTh KakK —MEMIeXO/O0B, TaK U
(BU3). OpmauM w3 TNEpCHEKTHBHBIX HANpaBICHUH BOJUTENEH.

MPUMEHEHHUS AaBTOHOMHBIX BUD sBnsercs mnmraHue CormacHo [2] Bce memexoaHble Tepexopl JOHKHBI
AIIEKTPUYECKIX YCTaHOBOK HEOONBIION MOIIHOCTH, VIS OBITH OCBEIICHBI B COOTBETCTBHH C YCTAHOBJICHHBIMHU
KOTOPBIX OTCYTCTBYET BO3MOXXHOCTH MOIKITIOYCHHS K HOopMatuBaMHi. OJHAKO TPOEKTHBIE H CTPOUTEITHHBIC
HEHTPAIN30BaHHBIM ceTsM 9HEProcHa0KaroImei OpPraHM3allMd  YacTO CTAJIKUBAIOTCS C  BOIPOCOM
OpTaHM3aIlM WM CTOMMOCTH MOAKIIFOUEHHS SBISCTCS NPUCOCANHEHHS K SNIEKTPUIECKUM ceTsM
OYCHb BBICOKOH ¥3-32 CIIOKHOCTH B COTJIACOBAaHHUHU OCBETHUTENIBHOTO 000pYI0BaHMsI MENIEXOAHOTO Mepexosa
JIOKyMEHTAIlM, NOTy4YeHU! pa3peuieHuil u 1.4. Spkum B YCIIOBHMSIX 3HAYUTENIBHOM YIOAlIeHHOCTH OOBEKTa OT
MIPUMEPOM TAaKUX MOTPEOUTENEH SBISIOTCS aBTOHOMHBIE HCTOYHMKA NUTaHus. [I0CKOIBKY BapHaHT CTPOUTEIHLCTBA
ocsetutenbHble kKoMIuiekehl (AOK), ycTaHoBIeHHbIE Ha Ka0eNbHOM WM BO3IYIIHOW JIMHUM JUIS TIOMKITIOUCHUS
HEeperyJIMpyeMbIX  TEIIeXOAHBIX  Iepexojax  Ha HECKOJIBKMX ~CBETOJMOAHBIX CBETHJIBHHUKOB —SIBIISIETCS
ABTOMOOMIIBHBIX JJOPOTaX. OYeHb JIOPOTHM, TO TIPOCKTHI C HCIOJIb30BAaHUEM

Ocsellienue HEpEryIUpyeMbIX TIEIEXOTHBIX COJIHEUHBIX TIAHENIeW I8 TUTaHWsS TaKuX Harpy3ok
MePEXOIOB  MIMEET OYCHb Ba)KHOE 3HAYCHHWE JUIA aKTUBHO CO3JAIOTCSA M PEANMyIOTCS B YKpauHe.
obecriedeHnst 6e30TMacHOCTH Ha joporax. VccnenoBaHus ConHeuHple TAHENM YCTAHABIMBAIOTCS HA  OIOpax
MOKa3bIBalOT, 49To  32%  IOpOXHO-TPAHCHOPTHBIX OCBEIICHUA U B TEUEHHE JTHS 3apsDKAOT aKKyMYJIATOPBL
mpoucrrectBuit  (JITII) ¢ HaesgomM Ha memexoaa B TemHOEe Bpems CyTOK akKyMYJSITOpbl —IHTarOT
BO3HHMKAeT B JHEBHoe Bpems, a 68% B HouHoe [1]. Bo CBETWJIBHUK Y MUTAIOLIN CUTHAIIBHBII cBETO(OD.
MHOTHX CTpaHax mupa Bompocy npumeHenus AOK ms B 2019 r. Ha noporax YkpauHbl ObUIO OCTPOEHO
HEpEeryJIUpyeMbIX IEIIEXOAHBIX MepexoJoB YAeNIsieTcs HECKOJIbKO COTeH TakuX OOBEKTOB, HO OBUIO
MHOTO BHUMAaHHUS MPH MPOSKTUPOBAHUSA, peaTH3alvy, oOHapy)XeHO, 4T0 OHHM paboraro HecrabwibHO. B

OKCILTyaTaluu. CrarucTuka IMOKa3bIBaCT, YTO YCTAaHOBKa
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OCEHHHME ¥ 3UMHHE MECSIBl B MEPHOABI C

Mepexoa0B HU paboTano BooOIIe Wi padoTaio
HE Ha MOJHYIO MOIITHOCTb.

Takum oOpa3zom, Bompoc MOBHIIEHUS () (eKTHB-
HOocTH AKcruryararmun AOK mis aBTomopor YKpauwHBI
SIBIISIETCS] BEChMa aKTyaJIbHBIM M CBOEBPEMEHHBIM.

Bonpimoe  KOJIMYECTBO  YYEHBIX B MHpE
3aHUMaJlach BOMPOCAMM HCHONb30BaHuss BUD s
OcCBellleHHs1 aBTojmopor. Tak, BHHMaHME YAEISIIOCH
aHaM3y pa3IUYHBIX THIOB BUD ams  snexrpo-
CHAOXKEHUs CHUCTEM OCBEINIEHUS YIUIL [3],
BO3MOXKHOCTH O0ECHEeYeHUs] aBTOHOMHOT'O OCBEICHUS
Pa3MYHBIX €AWHHIl TOPOACKOH WH(PACTPyKTypHl OT
BUD u ananmmsy ux npeumymiects [4]. MHoro pabor
MIOCBAIIEHO BOMPOCAM HCCIICIOBAHUS HAAEKHOCTH MU
3¢ QEKTUBHOCTH  CHCTEM  YJIMYHOTO  OCBEILICHHS,
HCHOJB3YIONNX B KadecTBE UCTOYHMKA muTaHus BUD
[5], ocoOeHHOCTSM MpPHUMEHEHHS WHTEIUIEKTYaIbHBIX
CHCTEM YIPaBJICHHS JUI1 YJIUYHOTO OCBEIIEHHUS C
WUHTETPUPOBAHHBIMH pPECypcaMy COJHEYHOW SHEpPruut
[6], HUCTIONB30BAHHUIO «YMHBIX CHCTEM» JJIS PEIICHUS
3ajay dHeprocOepexeHuss Mpu padoTe YIUIHOTO
ocenienns ¢ BUD [7], a Takke CO3MaHUIO CHCTEM
COJIHEYHOTO  CBETOJHMONHOTO  HMHTEJUIEKTYaJIbHOTO
OCBEILICHHS, OCHOBaHHOro Ha MHTepHere Bemeidl u
HCIIOJIb30BAHUH CYIIEPKOHAEHCATOPOB [8].

Cremyer OTMETUTD, YTO NPH aKTUBHOM BHEJPEHUH
B skcruryaTaiio AOK Ha ceromHsImHUNA ISHb aHaIN3a
HEIOCTAaTKOB B paboTe (YHKIMOHUPYIOIINX TaKHX
YCTaHOBOK IIPOBEAEHO HE OBLIO, B TO BPEMs Kak 3TH
UCCIICIOBAHUST JIali  Obl BO3MOXKHOCTH  OIPEICIHUTh
OCHOBHBIE ITyTH YCTPAaHEHHS BBIBJICHHBIX HEJJOCTATKOB
U TOBbIIICHUsST 3()(PEKTUBHOCTH PaOOTHI HCCIIEyeMbIX
OCBETHUTEINILHBIX KOMILIEKCOB.

Hean padoTsl. Henbro MPOBEJIEHHOTO
WCCIIEIOBaHUS SIBIISICTCS BBISIBIICHHE M aHAIM3 TPoOIIeM
dbyukimonuposanus AOK st aBromopor Yipaussr u
pa3paboTka MEpOIPUATHHA 1o
3¢ (HEKTUBHOCTH UX SKCIUTyaTaI[UH.

AHanu3 oco0eHHOcTeH (PYHKIMOHMPOBAHUS
AOK pas aBropopor Ykpaumusel. [[ng onpeneneHus
npuurH  HectabwipHOW  paborer  AOK  Obum
MIPOaHAIN3UPOBAHBl OCOOCHHOCTH MPOEKTHPOBAHMS,
MOHT&Xa W OKCIUTyaTallMd TaKuX OOBEKTOB IS
aBrojiopor VYkpaunbl. Jlas 3TOro0 Ha  OCHOBE
MHPOPMAIMU O MPHUHATHIX MPOEKTHBIX PEUICHUSIX IS
AOK, sKcmmyaTHpyeMBIX Ha aBTOAOPOTaxX YKpawWHBI,
npencTaBieHHOH B [9], B COOTBETCTBHHM C BHIOpaHHBIMU
KOMIUIEKTaMU 000pPYIOBaHHS U YPOBHSIMH HHCOJISLIUH

TIOBBIIICHHUIO

ObUIM  ONpEfieNieHbl CPOKH ABTOHOMHOM — paGoThI
UCCNEyeMbIX  YCTAHOBOK B COOTBETCTBHH  C
BHIPAKCHHUEM:
Uy CuN-Kpp - Kpp - K g !
Liokp = , (D

Py
rae tyox, — pacuernoe Bpems paborst AOK; U,y —

HaNpsDKEHUE OHOW aKKyMynsiTopHO# Oatapen; C,p —
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MUHUMAJIbHON MHCOJSILIMEH, OCBEIICHUE MEIIEeXOAHbIX
€MKOCTb aKKyMyJIsiTopa; N — KOJMYECTBO aKKyMyJIsi-

TOopHBIX Oatapeil; K,; — KIIJI npeoGpasoBareis;
Krp — xoodduument rmyOunbl paspsna; K g

KOA(pGUIHUEHT ITOCTYITHON €MKOCTH, KOTOPBIA 3aBHCUT
OT peXUMa pa3psizia ¥ TeMIepaTypsl; Py — MOIIHOCTD

HarpysKu.
OCBETHTEIBHBIA KOMIUIEKC JOJDKEH 00ecHeYHTh
ABTOHOMHYIO pabOTy YCTaHOBKH Oe3 MOA3apsAAKd He
MEHEE TPeX CYTOK B COOTBETCTBHUH C HOPMATHBHBIMH
JOKYMEHTaMH IIpU YCIIOBHUHM IIPAaBHJIBHOTO BBIOOpA
obopynoBanus. CpenHss NPOJOIDKUTENEHOCTE paboThI
AOK B cyrkM B TeuyeHHE YKAa3aHHOIO IIEPHOJA
OnpeneNnsieTcs IIPH 3TOM MO BEIPaKEHHIO:

; @

; Loy
AOKcym —
Ncym

i€ 40K cym — CPEHSS TPONOKUTENBHOCT PAGOTHI
AOK B cyrku; N, — HOPMHPOBAHHOE KOJHYECTBO

cyrok aBroHomHoii pabotet AOK 6e3 momsapsxw,
kotopoe cornacho [10] cocrasnster N, =3 cyToK.

Js obecrieueHns TpeOyeMBIX YCIOBHUI
0e30macHOCTH  Ha  aBTOMOOWJBHBIX  JOpOrax B
XapbKOBCKOW 00J1aCTH B COOTBETCTBUU C TEXHUUECKUMHU
TpeOOBaHUSIMU U HOPMATHUBAMH TI0 OCBEIIIEHHOCTH OBLITO
ycranosieno mo ogaomy AOK ¢ kaxmoi cTopoHBI
niermexoaHoro nepexona. Ocenenne OpUTo0 00ectedeHo
C HCII0JIh30BaHUEM CBETUILHHKOB MOIIHOCTEIO 29 BT co
cBeTOBbIM NOTOKOM 3200 M U pabourM HanpsHKEHHEM
220-240 B. OObekThl OBLIM MOCTPOCHBI U BBEACHBI B
JKCILTyaTarnuio B oktsiope 2019 roxa.

PesynpraThl pacuera TOKazaiM, 4YTO CPOKH
ABTOHOMHOM paboThI OOMBIINHCTBA AOK,
CMOHTUPOBAHHBIX C HCIOJIb30BAHUEM 060py1103aH1/m B
COOTBETCTBHUH C 3asBJICHHBIMHA IMPOCKTHBIMU
PCIICHUSAMH W TIPEJCTABJICHHBIMU CICIH(DUKAIHAMY,
NP YCIIOBUM TIOJIHOTO 3apsifia  aKKyMYJISITOPHBIX
Oarapeit u TemmepaTtype Bo3mayxa +20°C coctaBiser
tyorp $21,07 4. Cpennss IIPOJOJIKUTEIILHOCTD

paboTHl B CYTKM B TEYCHHE YKA3aHHOTO IEpHOAA JUIS
uccnenyeMbix AOK cocraBnsier ¢ 4op 505 < 7 4.

Takum 00pa3oM, B COOTBETCTBHH C pPAacucTOM,
AOK 3asBnenHoi KOMIIIEKTAIMU MOTYT 00ECTIeYnBATE
aBTOHOMHYIO paboTy 0e3 Mmom3apsiiki B TE€UEHUE Tpex
CYTOK, paboTast 10 7 4acoB B CYTKH. JTO ACHCTBUTEILHO
MPaBWIBHBIA KOMIUIEKT OOOpYIOBaHMS MJIsI JICTHETO
MEPUO/Ia, TIOCKOJIIBKY TPOAOJDKUTEIBHOCTE TEMHOTO
BPEMEHHU CYTOK HE TpeBbimaeT 7 4acoB. OJHAKO TakoH
KOMIUIEKT HE CIIOCOOEH 00eCIIeunTh CTa0UITbHYIO PaboTy
JUIL 3UMHETO TEpUOJa, TaK KakK IPOJOJDKUTEIEHOCTh
HOYHOTO BPEMCHH JIJISI Hero cocTapiseT Oonee 10 gacos,
YTO MokazaHo Ha puc. 1 [11].
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Puc. 1. [IpogomKUTENbHOCTh TEMHOTO BPEMEHU CYTOK
Juts Topoaa XapbKoB (YKpanHa)

CrietyeT OTMETHUTH TaKkKe, YTO YPOBEHb HHCOJISLINN
B YKpauHe SBISETCS MHHHMAIBHBIM B 3UMHUHA MEPHOI
(puc.2) [12], a TemmepaTypa BO3LyXa IPH 3TOM
JOCTaTOYHO HU3KOH. OTH TpPUPOAHBIE (PaKTOphI HE
MO3BOJIIOT 3apshKaTh akkyMysaTop 1o 100% emxoctu B
3UMHUH MTEPHO]I, @ XOJIOIHAs TEMIIEpaTypa OKpYKarolen
Cpelibl yBEIIMYMBAET YPOBEHb pa3psia.

()

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov De«

= Kharki Mecay

Puc. 2. YpoBeHb cpeTHEMECSIHON COTHEUHON
WHCOJISIIMY 715 ropoaa XapbkoB (YKpanHa)

IMpn  wHabmomenun 32 (QYHKIMOHHPOBAHHEM
uccrenyeMbix AOK ObUIO 3aMEYEHO, YTO B 3UMHHI
MEepHOJ] TIPU MHUHUMATBHOM HMHCONSIMH  CBETHIIBHUKH
BOOOIIIE HE pabOTAIOT HA BCeX OOBEKTAX, B TO BPEMs Kak
MUTAIOIIME  CBETOPOPHI  MPOMOJDKATH  PaboTath.
OcgellieHNE TEMEXOIHBIX TIEPEX0I0B BO30OHOBIIIOCH U
paboTaio B HOpMaIbHOM PEKHME B THHU C SICHOH ITOTOIOM.

Takum 00pa3oM, NPOBENCHHBIH aHAIH3 MOKa3all,
gyro wuccaenyemple AOK He cnocoOGHbl camu cebs
00ecreunTh YHEpriel B Hy>)KHOM 00beMe U HOpMAaJIbHO
(YHKIHMOHHPOBATh MPU HU3KOM YPOBHE MHCOJSLHMH H
HU3KOH TeMIepaType OKpY Karomiei cpepl.

PazpaGorka meponpuaTHii s NOBBINICHHS
apdexruBHocTH  pynkumonupoanua AOK s
apromopor. [l olOecredeHust TpeOyeMbIX —YCIOBHA
0E30IIaCHOCTH IIEIIEX0J0B M BOAMTENEH HEOOXOIUMO
pa3paboTaTth MEPONPUATHS [0 YCTPAHCHUIO BBISBJICHHBIX
HEJI0CTaTKOB B paboTte uccienyembix AOK mys aBTomopor
C 1IEJIBIO MOBBIIIEHHNS 3(P(PEKTUBHOCTH HX PabOTHL.

[TockombKy MOLIHOCTP HWCTOYHHMKOB MHTaHMS
HEI0CTaTOYHa JUIsi HOPMaJIbHOM paboThl UCCIIEAyEeMbIX
AOK, cnenyer IPegyCMOTPETh YCTaHOBKY
JOTIOJTHATEIBEHBIX HWCTOYHUKOB JHEPIUM MM BOOOIIE
HalTH HOBoe pelueHue. [lepeveHp mpepIaraeMbIx
BAapHAHTOB IOBBIIICHUS Y(PPEKTHBHOCTH (DYHKIIHOHH-

poBarmss AOK pgms  aBTomopor —mpenmoiaraet
WCIOJBh30BAHNE TOTOBBIX TEXHHYECKHX PEIICHHA,
HCTOJIB3YIOIIIX COBPEMEHHBIE cpencTBa i

TEXHOJIOTHUH: yCTAaHOBKA AOIIOJHHUTCIBHBIX COJIHEYHBIX
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MaHesel; 3aMeHa CyIIECTBYIONINX COMHEYHBIX TaHe e
Ha 0oJiee MOIUHbBIE; YCTAHOBKA BETPOIrEHEparopa ¢
TOPM30HTAIBHOM WM BEPTUKAILHON OCHIO BPAILCHHS;
YCTaHOBKA  CUCTEM  T€HEpallid  JHEPTUM ¢
3JIEKTPOMEXAHNYECKHUM IPE00Pa30BaTeiIeM.

B  xauectBe  KpuTepus  Idd  OUEHKH
JI0CTaTOYHOCTH pa3paboTaHHBIX MEpPONPHUATHI
1eJ1eCO00Pa3HO UCIOJIb30BaTh 3HAK PE3yJIbTHPYIOIIEN
moraoct AOK 3a pacueTHBIN nepro BpeMeHU:

T

Ppe3 = FZO(Pzth _Pnaept)a

3)

rae P, MomrHocTh, BbipabarsiBaemas AOK B

eHl

MOMEHT BpeMeHHu t; P

nazpt MOMIHOCTb HArpy3KH

OCBECTUTCIIBHOI'O KOMILJICKCA B MOMCHT BPEMCHU t; T—-
JUIATCJIIBHOCTD PACYCTHOT'O IEproJaa.

[onoxxuTenbHbINA 3HaK Ppe3ybTHpYIOIIEH
momroctt AOK 32 pacuernbiii mepuon BpeMeHu
FOBOPHT O HAIMYMA OCTaTKa  BHIPAGATHIBAEMOM

MOIIIHOCTH TIOCJIE TIOKPBITHS HEOOXOIUMOW HarpysKH,
YTO  CBHICTENBCTBYET O  JOCTAaTOYHOM  OOBEMe
BBIPAOOTAHHOH SHEPIHH ISl o0ecledeHNs] Hale)KHOH 1
CTaOMIBHOW ~ pabOTBI  HCCIEIyeMOW  YCTaHOBKH.
OTpHnaTenbHBIN K€ 3HAK Pe3yIBTHPYIOMIEH MOITHOCTH
3a pacueTHBIN MEPHOJ BPEMEHH yKa3bIBAaCT HA HAJIMIHE
nedunura BeIpadaTHIBAEMON MOIIHOCTH JUISI TIOKPBITUS
HEOOXOIMMOW Harpys3kd, 9YTO CBHAETEIBCTBYET O
HEIOCTAaTOYHOM O00BeMe BBIPAaOOTaHHON SHEPruu u
NpUBOANT K HecTabunbHoi pabore AOK.

[lepBBIif BapuaHT NOpPENyCMAaTPUBAET YCTaHOBKY
JOTIONTHUTENBHBIX CONHEYHBIX MaHesel, MOCKOIbKY
cymiectByromas kommiekranus AOK He obecrieunBaet
TIOJIHBIM 3apsill akKymyJsiTopa. PacueTsl nokasanu, 4To
JUIsl oOecrieyeHus CTaOMIIbHON PaboThl HMCCIIEyeMOro
AOK TpeOyeTcst yCTaHOBKA YETHIPEX COJIHCYHBIX
maHeneil BMeCTO JBYX IPEeIyCMOTPEHHBIX WU
yBEJIMYEHUE MOIIHOCTU OAHOM manenu c 175 Bt no
350 Bt. OnHako 3TO NPUBEAET K YBEIIMYEHHUIO MacChl U
MapyCHOCTH O00BEKTA, YTO TPEOYeT NMPOBEPKH OIOPHI
Ha MEXaHUYECKYIO MIPOYHOCTb. 3HaueHHe
pesymsTHpyromeit  mommoctn  AOK  mpum  ero
KOMITJIEKTAIlMN COTJIACHO 3asABICHHOMY IPOEKTHOMY
PELICHUIO TIPECTABICHO Ha PHC. 3, a TIOCJIE YCTaHOBKHU
JOIIOJITHUTCIIBHBIX COJTHCYHBIX naHenei — Ha puc. 4,

5

PesynbTUpytoLan MOLHOCTb, KBT/cyTkn

m3alcyrku 323 cyTok
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Puc. 3. Pesynprupyromas momnocts AOK ¢
KOMIUIEKTAIUEH COTTIACHO 3aSBIEHHOMY TPOEKTHOMY
PELIEHUIO
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Puc. 4. Pesynprupyromas Momsocts AOK ¢
JIOTIOJTHUTELHBIMHI COJTHEYHBIMY MAHENAMH

Jnst  BTOpOro BapuaHTa  IpeIyCMaTpHBacTCS
YCTaHOBKa BETPOI€HEPATOpa C TOPU3OHTAIBHOM WU
BEPTUKAIBHOI OChIO BpameHus Ha aerictyromue AOK,
B pe3ylbTaTeé 4Yero co3macTcsi THOpuAHas cucTeMa
TEHEepallid  JHEPTuM,  II03BOJIIONIAs  YBEJIUYUTh
YCTaHOBJIEHHYO MOIIHOCTB JUISl 3apsifia aKKyMyJIsTOpa.
Takoli HCTOYHHMK BO30OHOBIISIEMON OJHepruud OyaeT
Oonee ymecTHBIM M 3()(EKTUBHBIM B JIHH CO CJa0oi
uHcossiuen. [l onpenesneHus] HauydIlero BapuaHTa
komruiektaiimt - AOK  H6eoO0Xoammo — paccuurarh
ONTHMAJBHYIO BEJIMYHUHY MOIIMHOCTH M TabapuThl
BeTporeneparopa [13, 14]. 3nauenue pe3ynbTHpyIOIEH
momHoctd AOK mpum ycraHoBke BeTporeHeparopa ¢
TOPHU30HTAIBHOM OCBIO BpAIICHUS TPEICTaBICHO Ha
puc. 5, a TpU YCTaHOBKE BETpPOTEHEpaTropa C
BEPTUKAIBHOM OCBHIO BpAIlICHNS — Ha pHC. 6.

Hcnonp3oBaHne BETporeHepaTropa C  BEpTH-
KampHOM ocklo s ucciaenyembix AOK  mmeer
MEHBIIYI0  3((eKTHBHOCTb, YEM  NPUMEHEHHE
BETPOreHepaTopa ¢ FTOPU30HTAIBHON OCBIO, OTHAKO €r0
WCIIONIb30BaHUE  TIO3BOJISIET  YJIYUYIINTH  PaboTy
uccienyeMon cucreMel. B To ke Bpems BeTpo-
TeHEPATOPHI C BEPTUKAIBHOI OCBIO MOTYT paboTaTh He
TOJIBKO OT IMPSMOT0 MOTOKA BO3JyXa, HO M OT MOTOKA
BO3lyXa IIPU [JBI)KEHHH TPAHCIIOPTHBIX CPEZCTB,
npoezxaromux MmumMo AOK.
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Puc. 5. Pesynsrupyromas monHocts AOK ¢
COJIHEYHBLIMH [TAHETSIMU M BETPOTEHEPATOPOM C
TOPU30HTAIBHOM OCBIO BPAILEHHSI
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Puc. 6. Pesynsrupyromas momraocts AOK ¢
COJIHEYHBIMH TTAHENIAMHU U BETPOr€HEPATOPOM C
BEPTUKAIbHON OCBIO BpalLlCHUS

Eme opHuM MepompusTHeM IO TIOBBIIICHUIO
a¢dexktuBHOCTH paboThl  mccnenyeMbix  AOK  mis
ABTOZOPOT SIBJISIETCS] YCTAHOBKA CHCTEM IPe0Opa3oBaHus
KHHETUUYECKOM 3HEPTrUH MPOe3KaroIIero aBTOTPaHCIIopTa
B AJIEKTpUUecKyto. Takue cucTeMbl HAOMPAIOT OOJIBIIYIO
TIOMYJIIPHOCTh BO MHOTHX CTpPaHAX MHUpa, 0OecrednBast
AIIEKTPOIHEPTHEH MHOTO TPHIOPOKHBIX 00BEKTOB [15].
Takast cucrema TIeHEpalUUM JJIEKTPUYECKOW 3HEPruu
JOTIOJTHUTENIFHO TIOBBIIIIAET OE30MaCHOCTh ABM)KCHHS
IIPU YCTAaHOBKE Y TEMIEXOAHBIX TEPEXOIOB, 3aCTaBIISII
TPaHCIIOPTHBIE ~ CPEACTBAa CHIDKaThb CKOPOCTH IO
NPUHLMILY — IEXKALEro MOoJuLeHcKoroy». JlononHu-
TeNbHAs YCTAHOBKA AJIEKTPOMEXaHMYECKOro Nmpeodpazo-
Barenst jans nutanuss AOK memexogHoro mepexozaa
obecrieunt moBbleHne (PHEKTUBHOCTH €ro (QyHKIHO-
HUPOBaHMS, O YEM CBHJCTEIIBCTBYIOT pE3YJIbTAThI
pacderta, IpeACTaBICHHbIE HA pUC. 7.
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Puc. 7. Pesynprupyrommas momsocts AOK ¢

COJIHEYHBIMH ITaHETAMH U JJIEKTPOMEXaHUUECKUM
npeobpas3oBareneMm

AHanu3 pe3ynbTaTOB pacyera MO NPHUMEHCHUIO
Pa3IUYHBIX MEPONPUATHN MO YIy4IICHHIO PabOThI
AOK 1715 memexoaHbIX MepexoaoB, MPEACTABICHHBIX
Ha puc.3-7, mokaspiBaeT, 4To Hambomee 3ddek-
THBHBIM MEpOTpHUsATHEM obecredeHus OecriepeOonHON
paboThl SIBISICTCS MPUMEHEHHE CHUCTEMbl TCHEPALMU
JNEKTPUYECKON DSHEPrUud C  DJIEKTPOMEXaHHYECKUM
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npeoOpaszoBateneM. OIHAKO CEAyeT OTMETUTh, YTO
YCTAHOBKA  TAaKOM  CHCTEMBI  SIBISIETCS  OYCHB
JOPOTOCTOSIIUM MEPOIIPUATHEM [0 CPABHEHUIO C
YCTaHOBKOW JOIMOJHUTENBFHOTO BETPOTEHEpaTopa HIN
COJIHEYHOM TTaHEINN.

Takum 00pa3oM, TIpeVIOKEHHbIE MEpPOIPHUSTHSI
moBeiIeHnss  ddexTuBHOCTH  paboter  AOK  mms
ABTOMIOPOT YKPAWHbI TIO3BOJISIFOT HCIIONB30BATH TOTOBBIE
TEXHUYECKHE CPEJCTBA JUIS DELICHUS HCCIIeMyeMOo
npobnembr.  Cremyer  OTMETHTh, YTO  CTOMMOCTH
paccMaTpUBaeMBbIX MEpOTIPHUSITHIT 3HAYUTEITEHO
OTJIMYACTCS MEXIYy COOOM, 4TO HEOOXOJMMO YYUTHIBATH
npu 00OCHOBAHHMH BBIOOpA KOHKPETHOTO PELICHHUS s
TPaKTHYECKOrO TIPUMEHEHHSL.

BbiBoabl. AHaMN3 0COOCHHOCTEH TIPOCKTHPOBAHUS H
skcrutyaranu AOK st aBromopor YkpanHs! mokasai,
YTO JaHHBIC CHCTEMBI HMEIOT HEJOCTaTKH B pabote,
CBSI3aHHBIC C HECTAOWIBHOCTBIO PabOTHI MPH HU3KOM
TEMIIEpaType M  HEBBICOKOM YPOBHE  HMHCOJISLIHL
IMpuannamu  HecrabmibHoit padotet AOK  sBisercs
HEJOCTaTOYHass ~ TOYHOCTh  ydeTa  (HaKTUYECKHX
KIMMaTHYECKHX YCIOBUH AKCILTyaTaliid OOBEKTOB MPH
(OpMHUPOBAHHHU POSKTHBIX PEIICHHIA.

Jdns  yctpaHeHHMs ~ IaHHOTO — HENOCTaTka Uit
skcmuryatupyembix AOK Heobxomuma paspabotka u
BHE/IPCHHUE MEpOIPHUATHIT o TOBBILICHUIO
s¢pdexTrBHOCTH UX (QyHKIMOHMpOBaHuWs. JlokazaHa
HEJIOCTATOYHOCTh HCIONIb30BAHUS TOJBKO COJHEYHBIX
nanenedt st twranus AOK, pacnonokenHbix B
perdoHax ¢ HeCTaOMIBbHBIM YPOBHEM HHCOJIIIUH.
Iemecoobpa3Ho MpUMEHEHHWE THUOPUIHBIX  CHCTEM
mutanuss AOK, B KOTOpbIX KpoMe CONHEUHBIX MaHesei
HCIIOJIB3YIOTCS IOTIOJTHUTEINILHBIE WCTOYHHKH IHTAHHSA
(BeTporeHepaTophl, CUCTEMBI C IEKTPOMEXaHUUCCKUMH
npeoOpa3oBaTeISIMU U IPYTHUE).

OO6ocHoBaHMe BbIOOpPa ONTHMABHOTO BapHaHTA
MEPONPHATHH MO  MOBBIIICHHIO  3(DPEKTHBHOCTH
pabotsr AOK st aBToz0por TpedyeT ydera peanbHbIX
TEXHUYECKHX u KJIMMaTHYECKUX yCIOBHI
9KCIUTyaTallid KOMILIEKCOB, a TaKkKe BO3MOXKHOCTEH
COBPEMCHHBIX TEXHHUYECKHUX CPEICTB M CTOMMOCTH
BCEX UX COCTABJIAIOIINX.
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Roman Zaitsev, Mykhaylo Kirichenko, Liliia Zaitseva

Boost-up direct current converter for solar station

Summary. In the article the circuit design solution of DC-DC regulated resonant converter has been proposed for using
with hybrid photovoltaic modules which has cooling equipment and solar concentrators in order to maximize electric
power generating by such module. By using computer simulation based on multiple iterations algorithm we significantly
increase the accuracy of determining the resonance circuit optimal parameters for build up DC—DC converters to work
in a wide range of electric powers. Based on optimal values of the resonance LLC scheme parameters, achived by
numerical calculation it can be show high values of electrical energy transformation efficiency for photovoltaic energy
station equipped with high efficiency hybrid photovoltaic modules. Implementation of microprocessor-based control into
design of DC—DC back-boost converters create a new possibility to build control algorithms for increase reliability and
conversion efficiency, rapid and precision stabilization of maximum power point, implementation network monitoring of
photovoltaic modules, converters itself and the whole photovoltaic station parameters.

Keywords: photovoltaic module, solar energy, buck-boost converter, circuit design, power take-off system.

Introduction. Solving the problem of photovoltaic
power plants ecocnomy competitiveness in comparson
with energy produced by carbon-based sources is a
prerequisite for solar energy using in growing scale.

In order to find the decision of this task, it has been
developed the design of hybrid photovoltaic module
(PVM) based on single-crystal silicon solar cells with a
cooling equipment in order to maximize electric power
generating by such module. Using the modules with a
cooling equioment in a photovolaic station design leads to
below the solar cells (SC) operating temperature [1, 2]
which allows to maximize he amount of electricity
generated by station and also to increase solar cells
lifetime, while equipped modules by solar radiation
concentration systems, allows to achieve practically twice
increase the power which produced by photovoltaic
modules. Assembling of such photovoltaic modules on the
tracker, a solar radiation monitoring device, will allow
increase the electrical power produced by the photovoltaic
station minimum on the 30%.

At the same time, development power take-off
system on the base of classic elements for conversion
direct current produced by a PVM into industrial
frequency electricity leads to new problem. The most
important component of the power take-off system is the
DC-DC back-boost converter, needed to increase the
amplitude of produced by the PVM voltage for ensure
their minimal losses during transmission and conversion
[3,4]. Since the electrical power produced by the PVM
depends from the solar power daytime change, the
optimization of DC-DC converter and the power take-off
system design solutions should be carried out taking into
account the entire range of converted electrical power.
The basic principles of schematic design choice when
creating an optimized DC-DC converter with the function
of maximum PVM power take-off are to achieve the
highest conversion efficiency, ensuring a long operational
time and economic ratio of the technical characteristics to
the components cost, taking into account a wide range of
operating temperatures [5].

Finding out the optimal design of all parts which
compose the system to transform energy from PVM into
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industrial frequency electrical energy should maximize
photovoltaic power plants efficiency and give the
possibility to reach their competitiveness onto world
market by complex of energy and economic parameters.

Based on the above mentioned main schematic
design principles, it was analyzed and selected schematic
designs for DC-DC converter, which will allow to
optimize its technical characteristics and increase
efficiency [6-8]. The buck boost pulse DC converter is a
series connection of the step-down and step-up converters.
It is possible to use a common throttle and filter
capacitors. In order to increase the efficiency in the buck-
boost converter, a bridge circuit with synchronous
rectification is often used [9]. The efficiency of the up and
down pulse converters takes the maximum value (more
than 99%) when the input voltage is equal to the output.
Thus, for the step-down converter the efficiency in our
case [2] will be maximal at an input voltage of 23 V, and
for the step-up converter at an input voltage of 42 V (the
minimum and maximum voltage corresponds to the PVM
maximum power point take-off [2]). The greater the
difference between the input and output voltage, the lower
the efficiency. Using step-down converter will be
maximally effective at the highest and a step-down
converter at the lowest ambient temperature. The serial
connection of the step-up and step-down converters
allows you to select an input voltage level at which the
converter efficiency is greater than 99%, for example a
rated input voltage is about 30 V. In this case, the
efficiency at the edge of the converter input voltage range
will be smaller, but the high efficiency values range will
expand. Another advantage is the maximum ripple current
in the throttle when using the topology of buck boost pulse
DC converter described in [10,11], which allows to using
throttle with a smaller overall size [9].

Choice of schematic design solution. An example
of efficiency dependence for up-, down- pulse controller
and buck boost pulse DC converters is shown on Figure 1,
and the topology of buck boost pulse DC converter is
shown on Figure 2.



IT Log®msdm®obim Ladgsboghm-Ggdbogmmo 3mbagmgbaos "gbghagdogdol msbsdgpmhmgy 3Gmdmgdgdo
05 35000 35¢05§ig39GH 0L 3BYd0", MBI, bsgstmggmem, 2020 ferols 7-10 g37ddgHo
IT International Scientific and Technological Conference '""Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, December 7-10, 2020

237 Buck-Boost Step-Up
| Converter Converter
99.0 1
Q\O 4
o 98.54
3 |
.2 98.01
n ]
M 97.5-
97.0 1
| Step-Down
96.5 Converter
22 24 26 28 30 32 34 36 38 40 42

Upym. V
Fig. 1. The dependence of the converter efficiency from
input voltage

Upwm

| UB’EPT

it

Fig. 2. Basic topology of buck boost pulse DC converter

The buck boost pulse DC converter is built using
only one inductor and a set of VT1 - VT4 transistors for
up and down stages. In this case, to efficiency increase and
reduce the load on the passive components in each of
operating modes, we need use only its own cascade; the
second must be disabled. This is achieved by using 100%
duty cycle for VT1 transistor (VT2 off) while using the
step-up cascade, and 100% duty cycle for VT3 transistor
(VT4 off) when the step-down cascade is active. The buck
boost pulse DC converter topology can also be designed
by multiphase [12]. The variant of topology, presented on
the Figure 2, is the most optimal for PVM maximum
power take-off function implementation without galvanic
isolation of the input and output circuits.

Taking into account the implementation of galvanic
isolation, the most optimal solution [13, 14] is the bridge
resonance converter topology (BRC), which is shown on
Figure 3. Typically, most of modern resonant converters
have resonant LLC link structure (serial connection of two
inductors and capacitance) [15] and working in zero-
voltage switching mode [16, 17] (when used as MOSFET
transistors). One of the inductors is represented by the
throttle L1, the other by the throttle L2. In practice, the
throttle L1 is the sum of transformer TR1 and external
throttle (may be absent) inductances and the throttle L2 is
the inductance of the transformer TR1 magnetization.
Resonant capacitance is represented by capacitor CI.
Transistor conductivity losses are proportional to the
transformer primary current square, so, despite the larger
transistors number in the BRC topology, the transistor
conductivity losses are two times lower: the total
resistance of the transistor open channel is twice as large
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and the primary transformer current square is four times
less in the BRC topology. At the input voltage from 23 V
to 42 V and input power up to 300 W, the most perspective
between topologies still BRC. However, in case of
multiphase mode implementation, this choice is not so
obvious. One from BRC drawback's is the lack of
specialized circuits (PWM controllers) for transistor
control, but this is not a disadvantage when implementing
digital control system. Significant reactive current in a
low-load resonant converter is also not a disadvantage in
the unregulated resonant converter design, but in the
regulated one is a significant obstacle [18]. Thus, when
choosing between a non-resonant and a resonant converter
for systems with an input voltage from 23 V to 42 V and
a maximum power up 300 W, we should consider the
necessity of converter transmission ratio tuning.

Unwppr
05

U+

C3

,llc

L A
L]

Fig. 3. Basic topology of bridge resonant LLC converter

The implementation of maximum power take-off
function is usually due to using two-phase two-transistor
backflow converter (TTBC) or adjustable resonant LLC
converter [19]. The TTBC variant topology is shown on
Figure 4. This topology of a single-stroke converter is
interesting because it has a higher efficiency than the
classical backflow converter due to transformer
inductance energy recuperation [20]. Multiphase variant
of this topology eliminates another negative property of
backflow inverters - the high value of output pulsations.
The TTBC topology unambiguously loses by efficiency to
the resonant LLC converter, but provides a better
implementation of PVM maximum power take-off
algorithm due to the almost complete absence of load
parameters (600 V -700 V DC inverter) influence on
converter's input parameters. That is, the output DC
power supply does not affect the PVM maximum power
tracking mode. This feature applies to all backflow
converters. Another advantage of this topology is the
ability to work on to the short circuited output without
high-speed protective circuits using due to unused energy
recuperation back into the input circuit [19]. The
disadvantages of this topology include the number of
phases to reduce the output pulsations and rejection from
electrolytic capacitors using, the presence of upper arm
transistors control circuit (drivers), as well as the
transformers overall dimensions and cost.

In addition, using of adjustable resonant LLC
converter allows to obtain higher efficiency values (Figure
5) [21], the disadvantages of controlled conversion
include a narrow regulation range and low efficiency at
low load when implementing a wider regulation range.
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However, single cascade using, in comparison with the
multi-cascade TTBC scheme, reduces the number of
elements and the cost of the converter [22]. At in-series
TTBC cascades connection, the total efficiency will be
equal to each cascade efficiency product, which means
that converter efficiency will be lesser than each of its
cascade’s efficiency.
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Fig. 4. Basic topology of a two-phase two-transistor
backflow converter
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Fig. 5. The dependence of bridge resonant LLC
converter efficiency from output power at different input
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Thus, the best circuit design for single-stage
converter with the PVM maximum power take-off
function and galvanic isolation, in terms of efficiency in a
wide input parameters range to the components cost ratio,
provides the using of bridge resonant LLC converter
topology. However, this topology is most demanding for
the correct choice of resonance link parameters and
converter operating modes [23].

The proposed scheme design ensures the maximally
effective converter operation in wide diapason of
operating parameters, and also easy of transistors control
system realization, including possibility of specialized
integrated circuits using. The high efficiency value
minimizes the difficulty with converter cooling. For
housing, it is easy to use standard sealed solution from
aluminum alloy. Converter operation parameters -
maximal values of input power and voltage, was chosen
in order to corresponds to single PVM parameters, which
allow to using significantly cheap transistors and
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electronic components of common design, and minimize
power components heating.
DC-DC  back-boost
parameters calculation.
Coefficient of conversion for tunable scheme of
bridge converter:

scheme design and

G=K-n, 1)
where K is the coefficient of conversion for resonance
LLC scheme; n is ratio of turns number in secondary and
primary windings of the TR1 transformer [24].

Because resonance converter reachs maximum of
their efficiency at K = 1, we can obtain n in terms of
maximization converter efficiency at their standart
operation regime:

U,

innom_ __

U

30 1

T 630 21
b

n=
outnom Q)

In this Ujnnom is the nominal voltage value which
goes into the converter; Usuinom 1S the nominal voltage
value which goes out from the converter.

Coefficient of conversion for resonance LLC scheme
will reach their maximum Ky in case minimum of input
voltage (Uin.min) and maximum of output (Uoytmax), SO the
minimum of Kui» we will have in case of inverse situation
with values of working parameters:

Ky = Do L0 g5y )
U[n.m[n 21 23
U,.

Ky =n-oome = LD <068 @)
U 21 42

In order to obtain the main resonance LLC scheme
parameters, we build up the equivalent scheme of our
resonance scheme [24, 25]. Coefficient of conversion for
such equivalent scheme, can be calculated as follows:

Fl(m-1) . (5
Ve 1)+ £2(F2 <1f (m-1)°0?

is the quality factor;

2 Ui is value of resistor which serves as a

1

out
load; Ui, is voltage value which goes into the converter;
Uou 1s voltage value which goes out from the converter;

Lot is current on the output converter contacts; f — Ji s
transistors switching frequency (normalized); f; — is
transistors  in  converter  switching  frequency;

1
f= 27L.C,

inductance;

is scheme resonance frequency; L. is

resonance

= ﬂ is ratio of the total inductance on the circuit

C:is resonance capacitance;

.
input to the resonance inductance; L, is transformer
magnetization inductance.
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Minimal value of resistor which serves as a load
Racmin we will have with minimal voltage value which
goes out from the converter and maximal power (Pinmax)
produced by converter and also when converter efficiency
will reach their maximal value up to 98%:

_8 2 Ui _ 8 600’
Pl 3147 300%0.98
Carried out the correct calculations of the resonance
scheme parameters will lead us to optimal converter
parameters. For this calculation we use the new algorithm
which by the numerous iterations give us the possibility to
precision calculate the LLC resonance scheme working
parameters [25]. On the base of combination, the
preliminary calculation which completed by computer
simulation was implemented the possibility to give
precision calculation results and minimize the time for
such type calculations.

Maximal value of voltage which goes into the
converter corresponds to module maximum heating at
power of illumination 200 W/m?, in this case minimum of
power onto converter input (Pinmin) does not exceed:

Py (237) <231 -1 ﬂvy 36w (®
1000 /" m

Based on the wide range of operation parameters in
DC-DC back-boost converter design, the feature of
resonant converter tuning also the dependence of
efficiency from LLC circuit parameters, we can define the
influence of voltage which goes into the converter on the
values of maximum electrical power generated by
converter which give the possibility to predict the
maximal value of converter efficiency and choose the
most effective type of connection to solar module. The
specified dependence of the maximal electric power from
voltage which goes into the converter has shown on Figure
6, a.

ac.min 2
a

R -0.047619% - x2.25Q (6)

in.nom

*

20 22 24 26 28 30 32 34 36 38 40 42 44
Uour, V

a)

110

32 ] —Q=0113
] o Q=0383
2.81 2 —— Q=0.680
v g m=10.1
i 4 =]
2.0 E
2164 2
1.2
084 )/~
0.4 1
0 A
0.1 1 Fyx,rel.un. 10

b)
Fig. 6. The dependence of DC-DC converter maximum
output power from input voltage (a) and the dependence
of LLC circuit transmission coefficient from normalized
frequency at given figure of quality values (b)

From [26] well known that for maximal value of
output current we should have the maximal Q. In the other
hand the output current maximal values correspond to
minimal voltage which goes out from the converter and
maximum electric power, generated by convertor. The
calculated value of resistor which serves as a load Rac.min
=2.25 Q matches to maximal value of Q for LLC scheme,
and the maximal coefficient of conversion for resonance
scheme Kuax = 1.45 needs to input electric power value up
to 50 W and voltage which goes out from the converter up
to 700 V. Based on the formulae for Rac, the minimum of
resistor which serves as a load value Racmin can be
calculated in case of voltage which goes into the
converter reaches up to 23 V:

8 600°
3.14° 50-0.98

Using the above mentioned algorithm we build
diagram and calculate values of resonance scheme
parameters for 100 kHz resonance frequency which
shown on Figure 6, b and presented in Table 1.

~13.50- ()

Rin(23V)= 0,047619% -

Table 1
(]in, \Y Pin, W Kmax K Rac.max, Q Qmax Fx
23 50 |1,45| 3,13 13,5 10,113 0,33
30 230 |1,11/1,134] 3,995* |0,383*|0,48*
33 300 [1,01)1,026| 2,25 0,68 | 0,86
42 300 ]0,7911,026| 2,25 0,68 0,972

*Presented Ry min matches to maximal voltage which
goes out from the converter and Kpax.

Taking into account the resonance capacitance of
0.94 pF at 110.7 kHz frequency we calculate the
resonance inductance - Lr = 2.2 pH and having m = 10.1
calculate the transformer magnetization inductance -
Lm =20 uH.

DC-DC converter making. The functional and
principal electric scheme of the DC-DC converter shows
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on Figure 7. Voltage from PVM goes to the converter
input and digital microcontroller MC installed to optimize
the parameters of converter and for control of transistors
switching. The signal from MC goes to VI1 — VT4
transistors gates through Dr.1 — Dr.4 drivers. According
to bridge scheme we have a simultaneous transistor
switching on every bridge part. Microcontroller and driver
powering up by specialized DC converter which ensure
stabilizing and stepping-down of input voltage. Using of
microcontroller ensures the continuous monitoring of
current, generated by module by means of shunt resistance
R3 and amplifier, and voltage outgoing from module by
using divided scheme based on R1 — R2 resistors. At their
G1 and G2 pins the microcontroller generate two impulses
which are counter-phases and neede to set up the
frequency of transistors switching and establish the delay
(«dead») time for bridge diagonals switching [27].
Midpoint value of voltage on VT1 - VT2 transistors half-
bridge using for implementing adaptive «dead» time
principe needed to ensure maximal values of converter
efficiency, goes on to microcontroller comparator pins
from divided scheme based on R4 - R5 resistors. The VD1
rectifyer connects with N3 winding of transformer
connected in order to control the nominal voltage value
which goes out from the converter and also it using in
algorithmic detection of resonance LLC scheme operating
mode to prevent changing their current flow regime into
the capacitive. The necessity of such resonance scheme
operating regimes control is valuable at converter start and
in case of fast changes of voltage value which goes out
from the converter — a DC network 600 —700 V.
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Fig. 7. Functional electric (a) and principal electric (b)
circuit of the DC-DC converter

The resonance LLC scheme consists from choke,
capacitor and a transformer - L1, C1, T1, respectively. The
resonance inductance combines from L1 inductance and
T1 scattering inductance. Voltage from transformer
output needs to be restifying by scheme on the base of
VD2 diode C3 capacitor. After rectifier the DC voltage
goes directly on to converter.

Hybrid module maximum power point searching and
tracking ensured on the base of perturbation and
Observation (P&O) algorithm by microcontroller [28, 29].
For implementing this algorithm, the microcontroller
firstly calculates the PVM output power, and at second act
it makes a small change of converter input resistance
through the variation of transistors switching frequency,
as a result the voltage on the converter input also changes,
and MC carry out the power calculation - if it increases —
the MC will continue to changing input voltage in
established direction up to the moment when power began
to decrease. Using of microcontroller allow to implement
a P&O algorithm for searching and tracking the PVM
maximum power point, and also to realize adaptive
«dead» time, and continious monotoring in order to
finding the capacitive nature of the bridge load. Also
implementing microcontroller in converter design will
allow integrate it into monitoring network by using cable
or wireless connection, like RS-485 or ZigBee protocols,
in order to continuous monitoring of modules parameters,
ensuring information about the failure, etc [30].

Figure 8 shows the DC-DC converter based on
proposed schematic design for direct installation on
photovoltaic modules, which allow to maximize the
efficiency of electricity generation from solar irradiation.
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Fig. 8. Circuit board 3D model (a) and manufactured (b)
DC-DC converter

Conclusion. Presented design of regulated
resonance converter represents a perspective scheme
solution that will allow to obtain maximized efficiency
electric energy generation a photovoltaic energy station
equipped by hybrid photoenergy modules on the silicon
solar cells base. Using the resonance transformation
solution make easier the solving of finding out the best
combination of back-boost converter parameters which
based on resonance scheme in a wide range of input and
output electric power. The application of computer
simulation based on numerous iterations algorithm allow
to establish the optimum resonance LLC scheme
parameters values. Using of microcontroller allow to
implement an effective algorithm for searching and
tracking the hybrid modules maximum power point, and
also to realize adaptive «dead» time, and continious
monotoring in order to finding the capacitive nature of the
bridge load. Also implementing microcontroller in
converter design will allow integrate it into monitoring
network by using cable or wireless connection, like RS-
485 or ZigBee protocols, in order to continuous
monitoring of modules parameters and ensuring
information about the failure.
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Kcenuss Munakosa, Poman 3aiinen

OnTumusanus 6a30B0i MOAEJIHN COJHEYHOT0 KOJIIEKTOPA 151 KOMOMHHPOBAHHBIX
(oTO3HEPreTHYECKUX CHCTEM

AHHOTAIMSI: B cmamve npednodcena ocHosa obwell Mooenu Mennioeoz0 00MeHA COTHEYHO20 KONIeKmopa u
paccmompenvl Haubonee 8aX¢CHbIE NApAMempbl Ol NPOYECCO8 MenIo0moaiu, Makux Kaxk Kod@puyuenm mennosou
KOH8EKYUU 800bl, CKOPOCMb U MOUSHOCINU NOTMOKA 80001, KOMOPbIE 8 OCHOBHOM ONPeOeNAIOMCs NApamMempamy CUCmemsl
U CKOpOCMbIO NOMOKA HCUOKOCU, 4 MAKICE OCHOBLIBAIOMCS HA IKCNEPUMEHMATILHBIX UCCIe008aHUAX MAKUX CUCHEM.
B paccmampusaemoti modenu npeonazaemcs y4umvléams mypoOyne3ayuio nomoxa HCuOKOCmu, a makoice 8blopamo
Haubonee 3hekmusHbIL pestcuM OBUNCEHUsL JHCUOKOCMU, d, CIe008AMENbHO, U CKOPOCHb NOMOKA HCUOKOCHU Ols
neperoca menia. Onpedenenvl Hauboiee ONMUMATLHBIE HAYEHUA 2PAOUEHMA MEeMNEPaAmyp HA OCHO8e AHATUMUKU
CKOPOCMU NOMOKA HCUOKOCIU U 8ETULUHBL OMOUPAEMOL MOWHOCTIU.

KiroueBble ci10Ba: conHeyHblll KOANEKMOP, OMEO0OUMAA MOWHOCHb, CKOPOCHIb NOMOKA 800bl, PAOUEHIN TNEeMNepamyp,

menioooMeH.

Kseniia Minakova, Roman Zaitsev

Optimization the Solar Collector Base Model for PVT System

Summary. The paper proposes a framework of general model of the thermal exchange of the solar collector and review
the most important parameters for the heat-transfer processes, such as the coefficient of thermal convection of the water,
the water flow rate and water flow power, which mainly are determined by system parameters and fluid flow rates, and
based on experimental studies systems. In the model under consideration, it is proposed to take into account that
turbulence of the fluid flow, as well as to choose the most effective mode of fluid motion, and, consequently, the fluid flow
rate for heat transfer. It identified the optimum values of the temperature gradient based on analytics of fluid flow rate

and magnitude of power withdrawn.

Keywords: solar collector, PVT system, power withdrawn, water flow rate, temperature gradient, heat transfer.

BBenenne. ['eHeprupoBaHUe TEIJIOBOM 3HEPrUU U3
COJIHEYHOW  BBI3BIBACT  OOJIBIIOW MHTEpEC  Cpeau
uccnenoBateneid. Oiekrpuyeckas S(GQPEKTUBHOCTH T
COJIHEYHBIX AJIEMEHTOB HU3Kasl, TOITOMY OOJIbILAsl YacTh
MAaJA0IEr0 COJHEYHOIO CBETa TepseTcs B BUJE TEIUIA.
Temneparypa COTHEUHOTO 3JIEMEHTa YBEIUUUBACTCS U3—
32 3TOro Temia, 4YTO TPUBOAWUT K CHIDKEHHIO T
¢doroanexTpuueckoii cucrembl [1]. CrnenoBaTesbHO,
OTBO/] TETJIOBOM HEPTHH, BO3HHUKAIOIIEH U CBSI3aHHOHN C
COJIHEYHBIM DJIEMEHTOM, SIBJISETCS HEOOXOJMMBIM JUIS
JOCTIXEHUs] MakcuMabHOW 3¢ dexTnBHOCTH. Co3naHme
KOMOWHHUPOBAaHHBIX  ()OTOPHEPTETHYECCKHX  CHCTEM
(K®C), xoropsie mpeobpa3yeT mamaromiee U3TyIeHHE B
IEKTPUYECTBO M TEIJIO OIJHOBPEMEHHO, HaOmpaeT
NOMyJSPHOCTH [2,3]. OXJaxk1ast IOBEPXHOCTh COTHEYHON
Gataper ¢ TOMOIIBIO BOJBI B KAa4YeCTBE OXJIAXMAIOIICH
JKUAKOCTH, CUCTEMY MOKHO 3HAUUTENHHO YIyUIIUTh [4]:

n=n0|:l_Bo(T;_T(')):|’ D
rae Mo — 3(PQEKTHBHOCTh CONHEYHBIX Oarapedl mpu
CTaH/JapTHBIX  ycloBUsX; o TeMITepaTypHBII
kooddumment sddexkrusnoctn (1/K); T u T,
TeMIEPATyphbl COJIHEYHOT'O 3JeMEHTA (K) u
oxnaxparome  xkuakoctu  (K),  cooTrBercTBEeHHO.

Oxnaxnparomast  kuagkoctb B KDC  panee
WCIIOJIB3YETCS 1J1sl HarpeBa BOABI BO BTOPHYHOM KOHTYpE
U JaJbHEHIIero ee MCIOIb30BaHMS B OBITOBBIX HYXK/aX
[5]. CoBpemeHHOE YeII0BEUECTBO MPUBHIKIIO K HATUIHIO B
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ObiTy rOpsuedt Bompl, a K®C c¢ oxmaxaeHueM
YIOBIIETBOPSIET MOTPEOHOCTH B 3JIEKTPUYECTBE U TOpsueii
BOJIE OJTHOBPEMEHHO.

OpHako OTCYTCTBHE XOpOULIEH COrIacOBaHHOM
MOJIETI  SIBJISICTCS ~ NPEMATCTBUEM NpPU  [IHPOKO-
MacITaOHOW ONTHUMM3AIMK TAKUX CHUCTEM. A CO3/1aHHE
Takod  00OOImeHHON Monenmu Juig  ydera  Bcex
HEOOXOAMMBIX  TapaMeTpoB  SIBIAETCS  aKTyaJbHOU
3a7a4eld ¥ Ha CETOIHAIIHUN IE€HD.

Hanpuwmep, panee B [6] ObUIH IPEANPHHATH Y CHITHS
B CO3/IaHUHM MOJEJH TPH aaCOPOIIMOHHOM OXJIaXKICHUH:
NIPUMEHEHBI WHHOBALIMOHHBIE aJIcOpOUPYIOLITHE
Matepualibl U TCIIJIOBBIC pr6KI/I, yaydmeHa yJaclibHas
MOIIHOCTh OTOOpa TeIa MU AOCTUTHYTa 3(PPEKTUBHOCTH
paBHas 0,39. UwucineHHoe Ke MOJEIUPOBaHHE U
ONTHUMU3AIMSI, TPOBEJCHHBIE B [7] MO3BOIIIN TOIYyYUTh
TUNHWYHBIE 3Ha4YeHus Ui 3¢ dextuBHOCTH OKojio 0,15,
YTO  HE  COOTBETCTBOBAIO  OIKCIIEPUMEHTAIILHBIM
pesynbraram. Takke MPOBOAUINCH SKCIIEPUMECHTANIBHBIE
WCCIIEJOBAHMS JIBYXCTYIICHYATBIX CHCTEM [8], pa3iudHbIe
pa3HbIe IIUKITBI (mamprmep, HENpPepBIBHOE
BOCCTAHOBJICHHE  TeIIa, BOCCTAHOBJICHHE  MacCHI,
TeIJIOBasi BOJIHA, KacKamHbld 3dexT), B [9] ansa Takux
CHUCTEM paccuuTayid 3HaueHue dpdexTuBHOCTH OIU3KOE
K 0,5.

JanpHeliue ucciienoBaHusl, KaKk U NpeJblAyLIue,
paccMaTpuBaIM  Pa3pO3HEHHBIE  HKCIIEPUMEHTAIIbHBIC
pe3ysibTaTbl W  OINUCBIBAJIA HUX B BHUAEC YaCTHBIX
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¢busnueckux MoJeneil, He paboTaloUMX B 00IIEM Cliydae
[10-12]. Tlosromy menpi0 HaHHOM pabOTHI OBLTO
MIPEIUIOKUTH OCHOBY OOIIEH MOIENH TeIIOBOro oOMeHa
COJIHEYHOT'O KOJUIEKTOPA, MO3BOJISIONIYIO B JabHEHIIeM
YUUTBIBATL BCEC HCO6XO)II/IMI)IG nmapaMeTpbl, BKJIIOYasd
napaMeTpsl A1 pa3paboTKu KOMOMHHUPOBAHHBIX CHCTEM.

ba3zoBas Mojaenb Tem1000MeHa KOJLUIEKTOpA.
VYpasHenus HaBbe—CTOKCa SBIISIIOTCS OCHOBHBIMH JUIS
paccMaTpuBaeMBIX TPOIECCOB M OIHUCHIBAIOT TEUCHHE
JKUIKOCTH ISl pa3INIHBIX BapuaIii U cucteM. BTopoit
3ak0H HbBIOTOHa ONWCHIBAacT W3MEHEHHE CKOPOCTH
00BEeKTa TPH TPWIOKEHUH CHIIBL. YpaBHeHHs HaBbe—
Crokca SKBHBAJICHTHHI 3aKOHY HbBIOTOHA, KOTIa MHOTHE
OOBEKTHI, TaKMe KaK MHKPOCKONMYECKHE YaCTHIBI B
BO3JlyXe HJIHM BOJIE, PAaCCMAaTPUBAIOTCS KaK TPyIma, TO
€CTh HE3aBUCHMO ApYr oT apyra. OkeaHCKue TedeHHs,
JABMKCHUE [IbIMa, NWMHAMHKa YyparaHoB HJIM ITOT'OJHBIX
YCIIOBHUH, MOTOK BO3AYXa/’)KUIKOCTH TPU cpabaTbIBaHUH
JIETOHUPYIOLIETO YCTPOMCTBA, OTBOJ TeIJla MOTOKOM
BO3/yXa/KUIKOCTH OT HArperoro OOBEKTa W MHOTHE
JIpyTAe WHTCPECHBIC SBICHUS BCE O3TO TPUMEPHI
cuTyanuii, korna ypasHeHus: HaBpe—CTOKCca MOXET OBITH
MIPUMEHUMO. 3aluIleM YpaBHEHHS SHEPTUH U YPaBHEHUS
HaBpe—Crokca B oOmem Buie A paccMaTpHUBaeMoit
cuctemsl [13,14]:

[0pe, 1), Opue,T)  Opve,T)  dlpwe,T) _ S
ot Ox oy oz

P%+P”%+PV%+pwg—:=V(uVu)—g—f @

P%+ pu%+ pvg—;+ pw%=v(pw)_g_i

PZ—;V+ pug—;v+ pvg—;v+ pr—Z:V(“VW)_Z_I;_pg

rJe p — IUIOTHOCTH JKHIKOCTH (KI/M>); Cp — YyOEIbHas
terutoeMkocTh ([x/kr-K); T — temmeparypa (K); u, v, w—
ckopoctu (Mm/c); X, y, z — koopmmHaTel (M); k —

koapdumment TemmonposoxHoctH, (dx/m-K); P —
nasnenwue, (I1a).

BakHpiMM ~ mapameTrpamMu Ui [POLIECCOB
TEIJIOOTAAYH  SIBISIFOTCS  KOI(D(QUIMEHT  TerioBOH

KOHBEKI[MU hy BOIBI M MOIIMHOCTH MOTOKAa BOABI Nfow,
KOTOpbIE B OCHOBHOM OIPEACISIOTCA MapaMeTpaMu
CUCTEMBl M CKOPOCTBIO MOTOKa XKUAKOCTU. DOpMyIbl
pacuerta hy, u Nqow cremyrommue [15]:

h,=k Nu/D,

2 , 3
u, . ‘U N
2 P U,

Nﬂow=f.Dh.l.

Bm _ . _
Tae f =(,599 TEIUIONPOBOAHOCTH BOBI; Nu
M .

ancno Hyccenbra; D, = 1072y — muametp TpyosI (M); f—

KO3 UIHUEHT BA3KOTO TPEHHUS; 1=2M — uIMHA TpPYyOHI,
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p. =998,2 % — muoTHOCTS BOMBI; Uy — CKOPOCTH MOTOKA
w b 3
M

BOJIBI (M/C); N = 8 — KOINYECTBO TPYO B CUCTEME.
Tak Kak B paccMaTpUBaeMOMN cHUCTEME BHYTPEHHUIT
JIUaMeTp TPyOBI D,z 1073 — pasMepbl CHCTEMBI MOKHO
paccMaTpuBaTh ~ Kak ~ MaKpPOCKOIMYECKHE  KaHaJbl,
3HaueHus Nu 1 f MOYKHO HalTH, HCIIOJIB3YsI KITACCUUECKUE
COOTHOIIIEHUSI KOHBEKTHBHOTO TeIJIooOMeHa B TpyoOe
[16,17].
{ﬂamunapnbnl nomox, Re <2300

Nu=4,364, f =64/ Re (4)

3 | Hlepexoomwiii nomox, 2300 < Re <10000,
Typbyrenmusiii nomox, Re 210000 :

Nu=0,023Re"* Pr’*, £ =[1,14+2log(D, / Rq)]'2

rae Re=u, D, /pn, —uncno PeitHonbaca;
Pr=p,/a, =7 —uaucio IIpanaris;
u, =1,006-10"° " / ¢ — KUHEMaTHYECKAs BA3KOCTb BOJIBI;
a,=0,151-10"° 4" / ¢ — ko3 umuenT
TEMIEepaTypOIPOBOIHOCTH BobI [18, 19];

—7. —6 _ )
R,=3-10"M — cpenHeKBapaTHIHBIA KO3QHHIUEHT
HIEPOXOBATOCTH ITOBEPXHOCTH.

[Ipu Mamnoii CKOpoCTH MOTOKa XHIKOCTH B TpyOe
(uncno PeitHonbaca Re<2300) — pexXUM JBHKEHUS
JKUAKOCTH JIAMUHAPHBIN, a IpPU BBICOKOH CKOpPOCTH
(Re=>10000) TypOyseHTHBI. B  muamasome ot
2300< Re<10000 PEXUM MEPEXOIHBIN OT JTaMUHAPHOTO

K TypOyneHtHoMy [17]. Bo Bcex ciydasx, qaxke Korzaa
TIOTOK B TpyO€ TypOYJIEHTHBIN, B y3KOM IIPHCTEHHOM CJIOE
TE€4YEHUE TAMUHAPHOE.

B MIPEAI0KEHHOM MOJIEHU IpeagaraeTcs
YUUTHIBATh, YTO CHJIBbHAs TypOyie3amusi BCEro IOTOKa,
KOTOpas BO3HUKAET YXKE M IEPEXOJHOM PEXKUME,
ofecrieynBaeT XOPOIIMH TEMJIONEPEeHOC B IMPUCTCHHOM
30HE, a TaKKe OTCYTCTBHE OTJIOKCHMHA Ha CTEHKE.
IIpucTeHHBIN JTaMUHApHBII CIOW pa3pylIatoT MOLIHbIE
Buxpu. OHU 00pa3yroTCsl NMPH 3aKPyYMBAHWUM IMOTOKA B
BUTBIX TPyOax U IPHU CPHIBE MTOTOKA C BBICTYIIOB, BIIA/INH,
pebep, BCEBO3MOXKHBIX CTATHYECKUX JACPEKTOB H
HEpOBHOCTEH, Pa3MEIICHHBIX Ha INIIKUX TPyOax. DTH ke
BUXPH IIPEOTBPAIIAIOT 00pa3oBaHue oTiaokeHuH. [ToTok
MIOCTOSTHHO CHJIBHO TypOyJIM30BaH BO BCEM 00BeMe — Kak
B LICHTPAJbHON 30HE, TaK U B IIPUCTEHHOM CJIO€, T.€. MBI

MOXEM paccMaTpuBaTh 3agadyy B  NPHONMKEHHN
TypOyJIEHTHOTO TIOTOKA.
Koaddumnuent BsI3KOro TpeHHs [UIS  CHUCTEM

MepEeX0JHOr0 U TypOyJICHTHOro THIOB paBeH f =0,015.

B nampHelimem, 4YTOOBI OMPEICTUTH KOJIUYECTBO
TEIJIOThI, KOTOPOE€  OTBOJAUTCS OT  IOBEPXHOCTH
UCIOJIb3yeTCsl 3aKOoH HproToHa—PuxMaHa: KOJIMYECTBO
TeIia, OTIABAEMOE EIMHMIIEH IIOBEpPXHOCTHM Teja B
€IMHUIY BpEMEHU

Q = thSC (T(': - T(‘)) > (5)
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rae Q — oTBoauMOe KoJmdecTBO TeroThl (BT)x T u T, —
TeMIIepaTypbl MOBEPXHOCTH coiTHeUHOTo Koyiekropa (K)
u oxnaxaaromiei xuakoctu (K) COOTBETCTBEHHO.
3nauenus yucen PeitHonbaca u HyccenbTa
B 3aBUCHUMOCTH OT CKOPOCTHU MMOTOKA BOABI IJIA pr6
C BHYTPEHHMM JuameTpoM D, =107 xu
Tabmmna 1

Uy, Re Nu Twum motoka
m/c
0,1 994,04 4,364 JlaMuHapHBIN TOTOK
0,2 1988,07 4,364 JlaMyuHapHBIN TOTOK
0,25 2485,09 26,06 ITepexoaHbIN MOTOK
0,3 2982,11 30,16 ITepexoaHbIN MOTOK
0,4 3976,14 37,96 ITepexoaHbIN MOTOK
0,5 4970,18 45,38 ITepexoaHbIN MOTOK
0,6 5964,21 52,5 ITepexoaHbIN MOTOK
0,7 6958,25 59,4 ITepexoaHbI MOTOK
0,8 7952,29 66,09 ITepexoaHbI MOTOK
0,9 8946,32 72,62 ITepexoaHbI MOTOK
1 9940,36 79,01 ITepexoaHbI MOTOK
1,1 10934,39 | 85,27 | TypOyJeHTHBII MOTOK

Heobxonumo omnpeaenuts 3GGeKTHBHYIO TUIOMAIb
COJIHEYHOTO KOJUIEKTOpa Ssc: TPHUMEM €€ 3a 4acTh
IUIONIAh cerMeHTa (0 — yroys Ha KOTOPBIH OIMUpaeTcs

CErMEHT) 00KOBOM IIOBEPXHOCTH UUATTUHAPA,
YMHOKEHHYIO Ha N = § — KOJIMYECTBO TPYO B CUCTEME:
D, -0 .
S = (RI}’W +D,-sin(0)) - n=0,1n: (6)

Harpes TtemioHocuTenss B KOHTYpE LUPKYJLILUU
OXJIAXKIAOEell KUAKOCTH B COJHEYHOM KOJUIEKTOpE
IPOUCXOJNT 32 CUET ITOJIE3HON PHEPT UM MOLTHOCTBIO Qefr,
OTBOJMMOW W3 COJHEYHOTO KOJUIEKTOpa B JIAaHHBIN
MOMEHT BpeMeHHu. OHeprus Q. IpencraBiser coOoil
Pa3HOCTD KOJIMYeCTBa COJIHEYHOU SHEPTHH,
TIOTJIOIIEHHOHN IUIACTHHON KOJIIEKTOpa, W TETUIOBBIMH
MOTEpSIME B OKpYXKarolylo cpeny. YpasuHenue (7)
NPUMEHUMO JUIs pacyera IOYTH BCEX CYIIECTBYIOLIHX
KOHCTPYKIHU TIOCKHUX cONHEUHBIX KosutekTopoB (IICK)
[10,11], mmeeT Bu:

Oy =FS [ Lzo)-U, (@ -T)] (D
rae Qefr — MOJNIE3HAs YHEPTUS, OTBOAMMAS OT KOJUIEKTOPA
B eamHUIly BpemeHH, Br; Fr — kxoa¢¢umment orBoma
Tema M3 KOJUIEKTOpa; Sc 2M>~ TOJIHASA ILIOIIAb
COJTHEUHOTO KojnekTopa, I, =1000Bm/m* — nnoTHOCTH

IIOTOKa CyMMapHOﬁ COJTHEUHOM paguanvu B IJIOCKOCTHU

KOJUISKTOpa; T — IIpoIlycKaromas CIIOCOOHOCTD
MPO3PaYHOr0 MOKPHITUS KOJUICKTOPA IO OTHOILCHHUIO K
COJIHEYHOMY M3IYYEHHIO; O —  IIOTJIOLIATeNbHas

CIIOCOOHOCTH TUTACTHHBI KOJUICKTOpPA IO OTHOLICHUIO K
CONHEYHOMY m3nydeHnio, Up — MONHBIA KO3 HUIHEHT
TEIUIOBBIX OTEPH KosuiekTopa (Br/(M*:K)).

Anpodanus moaeaun. Kospdummentsr Fr, (to) u
Ur, 3aucsmme ot koHcTpykmmu [ICK, pacxoma
KHUIKOCTH  4epe3 KOIEKTOp W HX  pasMmepa,
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ONpPENeISIFOTCS. NP CTaHAAPTHBIX  MCIBITAHUAX
KoiekTopoB [20], B KOTOpBIX IIOTOK CYMMAapHOTO
COJIHEYHOI'0 W3Jy4eHHs TMajaeT BepTHKAJIbHO Ha
MOBEPXHOCTh COJIHEYHOT'0 KOJUIEKTOPA. Hanst
paccMaTpuBaeMOi CHUCTEMBbl MapaMmeTpbl KOJJIEKTOpa
PaBHBI:
F(ta)=0,78
Bm

Mm-K

Taxum o0pazom, TpaHUYHOE 3HaYEHHE
3¢ HEeKTUBHOHN YHEPIHU pacCMaTPUBAEMON HaMU CHCTEMBI
He Moxet npesbimate O,y <1483,8Bm npu I, —1,=5K

(puc. 1.).

; (®)
FU, =162

1600
1400 +
1200 +

1000 4

O, Bm

800 +

600

400 +

_ Havmmnapnoiii nomor

200 -

T T T 1
0.4 05 06

u,mlc

Puc. 1. 3aBucumocts KonmuecTBa Tera Q, KoTopoe
OTBOJAUTECS OT CUCTEMEI IIPH MIPOTEKAHWH 110 HEH
oxnaxaromieit xxugaxkoct T=293K, oT ckopocTH moToka
KUIKOCTH Uy.

Ipu ckopocTsx 10 Uy a0 0,2 M/C pekUM JBIKCHHS
JKUJIKOCTH  JIAMUHApHBIH M KOJMYECTBO  TeIUla,
0TJaBaeMo€ )XKUAKOCTH, CIUIIKOM MaJIo, 8 OXJIAXKJaromIast
JKUJIKOCTh TIPOXOAUT, IO TpyOaM NpPaKTHYECKH He
HarpeBasicb. C pOCTOM CKOpPOCTH B JajbHEHIIeM
HAOMIOaeTCsl  Pe3KMi  CKAuOK  KOJMMYEeCTBA  Teruia
MepelaBaeMoro KHJIKOCTH, a COOTBETCTBEHHO H €€
HarpeB. [Ipm ckxopoctsax mopsaka 0,6 M/C KOJIHYECTBO
Ter1a, KOTOPOE OTBOJUT BOJIa IOCTHIAeT MAaKCUMAIIbHOTO
3Ha4YeHHs, TO eCcTh 3HaueHHs 3(deKkTHBHOW 3Hepruwy,
KOTOPYIO CIIocoOHa 00ecreunTh paccMaTpuBaeMasi HaMu
chucTeMa C 3a/JaHHBIMU [apaMeTpamH, JUIs Harpesa
motoka Boawsl Ha SK 3a ofMH ee mpoxoj mo Tpydam
JIAHHOT'O COJTHEYHOT'O KOJUIEKTOpa (pHC. 2).

Kak MO>kHO BUZIET 13 3aBUCHMOCTH, TOJTydaeMasi OT
KOJUIEKTOpPa MOIIHOCTh OTpaHWYeHa MaKCHMaJbHBIM
3HAYEHHEM, 00YCIIOBIEHHBIM COOCTBEHHBIMH TEIUIOBBIMHA
MOTepsIMH  CUCTEeMbl. TakkKe CTOUT OTMETHTh, 4YTO C
POCTOM Tpafiue€HTa TEMIEPATYPhI TEITIOHOCUTEIST MEWKTY
BXOJIOM U BBIXOJIOM, MAKCUMAaIbHOE 3HAYCHUE MOIIHOCTH
CHIKAETCS B CBSI3U C POCTOM YKa3aHHBIX OTepb. Mcxomas
M3 MOJEJHM MOXHO BHJEThb, YTO ONTUMAaJIbHOE 3HAUYCHHE
CKOPOCTH  TEIUIOHOCHUTeNsl  OyJeT HaxoAuThCs B
JIMara3oHe CKOPOCTeW OT 3Ha4€HHs, COOTBETCTBYIOILETO
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mepexogy oT JjamuHapHoro mortoka (0,2 wm/c) K

IIEPEXOJHOMY PEXHUMY TEYEHHMs TEIJIOHOCUTENA, M0
CKOpOCTEH, COOTBETCTBYHOIINX JIOCTHIKEHUIO
MaKCUMaJbHOM  OTOMpaeMoll ~ MOIIHOCTH  (ILIaTo
3aBHCHUMOCTH).
1600 -
1400 //
1200
4K :
~ 1000
< 1 K
<) 800 / 3K -
600 - /’ M
/ o i
400 -] / e /_////
iy 1K —
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Puc.2. 3aBucumocTts KoaudecTBa Temia Q, KoTopoe
OTBOJIUTHCS OT CUCTEMBI IPU MPOTEKAHUU IO HEH
oxyaxpatomieit xkuakoctd T=293K, ot ckopocT moToka
KUIKOCTH Uy, U PA3ITUIHBIX TPAJHCHTOB TEMIIEPATYP
AT=1,2,3,4,5K

Taxxke, HCXOAd W3 PACCUUTAHHBIX 3aBUCUMOCTEH
(puc. 2), MOXHO NPEANOJIOKUT, YTO ONTHMAIBHBIM
3HaYEHHUEM pasHUIlBl TeMmeparyp sagercs AT=3K, Tax

Kak »3TO MUHHUMAJIbHAas pa3HULIA TeMIeparyp, IpHu
KOTOpOH JIOCTUTAETCS MaKCUMyM oTOupaemMoi
MomHoctd. OpHaKko, Ha MpakTHKe, oOOecreyeHue
OONBIINX  CKOPOCTEH  MPOTCKAHHWS  TEIUIOHOCHTEIS

TpeOyeT J0BOJNILHO OOJIBIIMX 3aTpaT SHEPIUd Ha paboTy
LUPKYJISIIMOHHOTO Hacoca (IPONOpIHOHATIBHO KBAAPATy
CKOpPOCTH), YTO MOXKET MPHUBOAWUTH K cHikeHHto KIIJ]
CHCTEeMEI B 11eIoM. B aToMm ciydae, Gonee onTUMaIbHBIM
MOXET okazarbcsi Bapuant ¢ AT=5K, npu koTopom
MaKCcHMallbHas OTOMpaeMasi MOITHOCTh JTOCTUTACTCS YxKe
TIPH CKOPOCTH TpoTekaHus teruonocurens 0,5-0,6 m/c,
HE B3Wpas Ha TO, YTO caMma BeIMYMHA YyKa3aHHOM
MOIITHOCTH HEMHOTO CHIDKAeTCsA. YKa3aHHOE CHIDKEHHUE
BBIpa0aThIBAEMON MOIIHOCTH OyJaeT KOMIIEHCHPOBAHO
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SKOHOMHEW IHEPTuH, MOTPeOIIeMOi IUPKYIAINOHHBIM
HACOCOM.

Takum  oOpa3oM, MOXHO  3aKIIIOYHTH, YTO
nojiyyeHHas usmyeckas Moaens Q(uy, AT) npumenuma
K KJIaCCHYCCKHM PCHICHUAM TCIJIOBBIX KOJUIEKTOPOB B
obmem Bumge. OngHako, B PpEWIBHBIX YCIOBUAX
JKCIUTyaTallid, B  3aBHCHUMOCTH  OT  Pa3iIH4YHBIX
KOHCTPYKTUBHBIX ocoOeHHoCTEN KOJUIEKTOpa,
OlpelieJIeHne  ONTHMAJIBHBIX  IapaMeTPOB  JIOJDKHO
BBITIOJIHATBCS C YYETOM NapaMeTpOB KOHCTPYKIIUH.

Hdus  ampoOarmu  Moxenw OBUTH  TIPOBEACHBI
nmabopaTOpHBIC HWCCIICAOBAHUS KOJUICKTOPa, (parMeHT
KOTOpPOTO TIOKa3aH Ha pPHCYHKE 3, a, COIJIACHO €ro
KJIacCHYIeCKOH cxeme noakimodeHus (puc. 3, 6) [21].

Temperature
m Sensor

1

@

Heat
storage
tank

Computer

Mass
Flowmeter

Puc. 3. CI)parMeHT COJIHCYHOT'O KOJUIEKTOpPA AJId
anpo6aunn MOJCIN (a) " CXeMa U3MEPUTEIIBHOTO CTCHIA

(6)

Control
Valve

Tt‘llll)l’.‘l'ﬂ"ll €
Sensor

Pump

HccnenoBanus TO3BOJNMIN TPOBECTH CpaBHEHHE
PE3yNIBTaTOB MOCINPOBAHUS C HATYPHBIMU 3HAUCHHUSAMH.
Paznuynas pasHuna TeMmmeparyp Ui COOTBETCTBHSA
MOJIETTMPOBAHMIO JOCTUTANACh 33 CUET MPHHYIUTEIBHO
M3MEHSIEMOIl ~ MHTEHCHBHOCTH  CBETOBOTO  IIOTOKA.
OkcnepuMeHTanbHast 3aBucuMocTh Q(uw, AT) nmpuBenena
Ha pucynke 4,0 B CpaBHEHHHM C TEOPETHUYECKUMU
3HAYCHHUSMH B TOM e Macitade (puc 4,a).

W3 npuBeneHHBIX 3aBUCHMOCTEH MOXHO BHIETh
JIOBOJIBHO TOYHOE COBIIAJICHUE pe3yabTaToB
71a00paTOPHBIX UCIIBITAHUI C TPEIUIOKEHHOW MOJIEIBIO,
IPU HCHBITAaHUAX TaKke HAOJIIONAECTCS XapaKTepHO
MaJiblii 0OTOOpP MOILIHOCTH TIPH JIAMHHAPHOM IIOTOKE ITpH
CKOPOCTAX TeyeHus TeruoHocurenst o 0,2 M/c, a Takxke
BBIXOZ HAa MAaKCHMaJIbHOE 3HAYCHHE MPH CKOPOCTIX
TeruioHocutenst 6onee 0,8 M/c U TpagueHTe TEMIIEPaTyp
Obonee 3-4 K, xapakrepHOE TIpelmely OTOHpaeMOi
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MOIIIHOCTH. YKa3aHHOE IOATBEPKAAET COOTBETCTBHE
Mozenu GpU3nIecKoOMy MEXaHU3MY paboThl KOJUIEKTOPA 1
MO3BOJINT B [JalbHEHIIEM IPOBOJUTH MOJECIHUPOBAHHE
peanbHBIX cucTeM, B ocodeHHocTH PVT cucrem [22], rae
HOSIBJIAIOTCS  JIOTIOJIHUTENbHbIE — TepMOUHTEP(EHCHI,
BJIMSIOIIME HA TEIJIOBBIE IOTOKH.

7O

GIRIRR

<0

0)

Puc. 4. CpaBHeHue TeopeTHuecKoi (a)
IKCIIEPUMEHTATIBHOMH (0) 3aBUCHMOCTEH BEINMYMHBI
0TOMpaeMOii KOJUIEKTOPOM MOIIHOCTH OT CKOPOCTH

MPOTEKaHUs TEIMJIOHOCUTENS U IPaiUeHTa TeMIIepaTyp
MEXAY BXOJIOM U BBIXOJIOM

Ha nmnpaktuke pams peanrpHOM CHCTEMBI IpH
MIOCTOSIHHO MHTEHCUBHOCTH CBETOBOI'O MOTOKA IPaJUEHT
TEMIIEpaTypbl ~HAaNpsIMyl0 CBSI3aH CO  CKOPOCTBIO
MPOTEKaHWs  TEIUIOHOCHUTENST  4epe3  MapaMeTpsl
KOHCTPYKIIMU KoJuleKTopa. Hampumep, aHanmuThueckas
3apucumocts AT(uy) 1mga mpoBefeHHOro B paboTe
71a00paTOPHOTO UCTIBITAHNS IMEET CIICITYIOMINI B

B 4,3 npu u,<0,2 )
- —1,05u,,
5,31-¢€ npu u, 20,2
Hcnonb3oBanue MIPUBEICHHOM 3aBHCHMOCTH
MMO3BOJIUT ~ TMPOBECTH  3aMEHY  IEPEMEHHBIX B

MIPEAJIOKEHHON MOAENM M TONYYHTh 3aBHCHMOCTH C
OHOW TEPEMEHHOW, KOTOpas OyAeT XapakTepHa Ui

ONPEEIICHHOM KOHCTPYKLIUU KOJUIEKTOPA. B
JlaJbHEWIeM, TP  KCIOJb30BAaHMM TaKOW MOJEIH,
3HAYUTEIbHO  YOpOMIAeTcs  3afada  ONTHMH3ALUHN

mapaMEeTpoB KOJUICKTOpa, a TakKXKkE 3ajada IIOUCKa
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ONTUMAIIBHBIX CKOPOCTEH MPOTEKaHHUS TEIUIOHOCHUTEINS, B
TOM YHCJIE IJIS CO3AHNS allTOPUTMa HHTEIUIEKTYaIbHOTO
YIPaBJICHUS CKOPOCTHIO TEIUIOHOCUTEIIS.

BriBoabl. Jlo HacTosAIErO BpEMEHU HE CYIIECTBYET
BCEOOBEMJIIOIIE  MaTeMaTW4ecKoW  MOAeIH  Juis
IIPOTHO3UPOBAaHUS  TEIUIOBOM M DJIEKTPUYECKOU
addextuBHocTH PVT cucteM ¢ HCHOIb30BaHUEM
TEXHOJIOTUM KMJKOCTHOTO OXJaxJeHusa. B 3tom
WCCIICIOBAaHNH pa3paboTaHa KOMIUIEKCHas (pru3mdeckas
MOJIeNIb, OCHOBAaHHAs Ha XOPOIIO W3BECTHON MOIEIH
COITHEYHOT'O KOJUIEKTOpa, C YYETOM MOTIONHUTEIHHBIX
mapameTpoB. IlocpencTBOM TEOPETHYECKOrO aHaIHu3a
pacu€ToB Ha OCHOBE HIMPOKO HM3BECTHBHIX NaHHBIX [20],
OBUIH YYTEHBI IOMOJHHUTENbHBIE (DaKTOPHI BIUSHIUS,
Takye KaKk ImapamMeTpsl UCCIIeAyeMO CUCTEMBI, TPaJeHT
TeMIepaTyp U CKOPOCTh MOTOKa >KUAKOCTH. Ly 3TOoro
OBLTM  KCTIONB30BaHBl OCHOBHBIE YpPaBHEHHUS THJIPO-
JUHAMHKH ¥ TETII0O00MEHa.

B paccmatpuBaemoil Monenu Uisl  ONUCAHUA
IpOIECCOB OTBOAA TeIIa M IepeHoca TeIUIOTHI,
OCYIIECTBIIEMBIX TIPU TIPUHYIUTSITFHON MUPKYIAIAN Y
MOBEPXHOCTEH  TEIUIOHOCHTENS,  IMOJBEpraromeics
BO3ICHCTBUIO  Oompmiero  4yucia  (akTopoB, B
MaTepHaAFHONH cpene B OOmEeM CiIydae HCIIONB3YIOT
nmudhepeHaIbHbIe ypaBHEHHSA HEepa3pBIBHOCTU
(ypaBuenusi HaBpe—CToOKCa), JBMKEHHUS U COXpPaHEHUS
9HEpruu. JJonoIHUTENBHO IPU MOJEIUPOBAHUN B PACUET
6]>IJ'II/I BBCJICHBI napamMeTphbI CHUCTCMBI, KOTOPbIC
HCTIOB30BATHCH [T ONPEeNICHHUS KOJTMYECTBO TEIUIOTHI,
OTBEJCHHOTO OT IIOBEPXHOCTH, C TIOMOIIBIO 3aKOHA
Herotona—Puxmana, a Takke [ ompenelneHus
TPaHUYHOTO  3HAUEHUs  OTBOAMMOrO  Tella  OT
MOBEPXHOCTH KOJUICKTOpa AJS PA3IMYHBIX T'PAJHEHTOB
TeMIepaTyp U CKOPOCTEH MOTOKA KUIKOCTH.

JlabopaTtopHas arnpobanys MpeaoKeHHOH Moien

MO3BOJIHTIA MIOATBEPAUTH ee MIPUMEHHUMOCTD
KJIACCUYECKUM PELIEHUSIM COJHEYHBIX KOJUIEKTOPOB, a
MpaBUWJIBHOE  ONpPENEICHUE  NapaMeTpOB  CUCTEMBI
ITO3BOJISICT JIOCTHYb HEOO0X0 MO TOYHOCTH
BRIUMCIICHUM. B mocimeacTBuu 3Ta MOJACHL IMO3BOJIUT
MepedTH K  UCCIEJAOBAHUID U  TEOPETHUYECKOMY

000CHOBaHHMIO OOJIee CIIOKHBIX MMPAKTUIECKUX MOJIEIeH —
PVT cucrewm, a Taxxe pa3padarbiBaTh HHTEJICKTyalbHbIC
ITOPUTMBI YNPaBIEHUS! CKOPOCTBIO TEIUIOHOCUTENS C
Y4EeTOM YCIIOBH JKCILTyaTalluu.
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Danylchenko Dmytro, Potryvai Andrii

Optimization of accumulation units in a mobile, autonomous cottage settlement as a part of maneuver-
ing system

Summary. A model of a maneuvering unit based on generating and accumulating capacities, which are elements of an
autonomous, mobile settlement, is proposed. Generating, accumulating and maneuvering ability is analyzed. Two types
of neural networks for the system of forecasting and analysis of the state of the integrated power system are analyzed.
The best option is selected. The variants of placement of accumulator blocks according to the theory of reliability of
electric power systems are analyzed. The role of this maneuvering unit and its fate and function in the power system are

established.

Key words: alternative energy, integrated power system, maneuverability, solar power plant, autonomous settlement,

neural network.

Introduction. In the current realities of the devel-
opment of the electricity industry, the need to use energy
storage systems to compensate for peak loads and im-
prove the interaction of renewable energy sources (RES)
with the integrated energy system has become obvious.
[1, 2].

However, the existing options are narrowly aimed
at solving the problem and do not in any way try to make
the solution universal, but the question of the independ-
ent use of energy storage systems (ESN) as an additional
"active" element of distribution electric networks is not
enough studied now [3].

The functional of the ESN can be much broader
and act not only as a unit that increases the transmission
capacity of RES and to improve the quality of electric-
ity, but also as an element that ensures the autonomy of
the nearby village.

“Ethereal village” is one of the projects expanding
the possibilities of ESN in the united energy system of
Ukraine (UES).

About Ethereal village. An analysis of existing
proposals on the market for energy efficient technolo-
gies has shown the presence of fragmented solutions
that, individually, do not give significant results, create
discomfort from a technical, or design point of view.
The combination of developments does not make it suf-
ficiently effective, because all this is an attempt to im-
prove construction technologies that are already out-
dated.

By combining advanced technologies in construc-
tion and energy, we achieved a decent result in terms of
both design and technology. This is the main goal of the
project.

The modern multi-layer structure of the wall will
allow obtaining maximum efficiency of the power plants
used in the village for generation and supply.

The roof area of each house is provided for at least
120 m?, which is a useful surface for installing solar pan-
els. That makes it possible to calculate the amount of
generated energy.

The architectural features of the shape of the build-
ings dictate the use of a flat roof.

One of the main advantages of Ethereal village will
be the system of networked solar panels from each house
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and the ability of the network, in conjunction with the
automation and the storage unit, to act not only as a
power source for the village in the evening and in the
night, but also as a full-value system to support the en-
ergy system. at times of maximum and minimum load.

The battery unit provides for the installation of an
automatic control system based on a neural network.
This means that the trained neural network is responsi-
ble for analyzing the current mode of operation of the
UES and gives a command to perform a certain action:
support of the UES during peak hours, the consumption
of surplus electricity in the mode of minimum load.
Moreover, be responsible for forecasting electricity gen-
eration.

The settlement planning with the size of 24 and 48
houses.

Purpose of the article. Analysis of the possibili-
ties of the cottage village “Ethereal village” as a unit par-
ticipating in the processes of optimizing the operation of
the UES on the example of the Kharkov region. Selec-
tion and optimization of the battery pack to meet the pro-
ject-specific requirements.

Formulation of the problem. The graphs of elec-
trical loads of modern electric power systems (EPS)
have a pronounced unevenness in the daily, weekly, sea-
sonal and annual sections. Due to the simultaneity of the
processes of generation and consumption of electricity,
this leads to unevenness of the schedules of generating
capacities, which is extremely undesirable from a tech-
nical and economic point of view. The possibilities of
traditional methods of equalizing the power schedules,
as well as the use of hydraulic stations to cover the var-
iable part of the load curves, are limited. Therefore, in
recent years, much attention has been paid to the use of
energy storage: storage batteries, capacitive storage, and
superconducting inductive storage.

Research in the field of improving these energy
storage devices speaks about the real possibility of their
application in large EPS. At the same time, however,
questions arise that are required for their solution of the
formulation of scientific research.

Needs. According to “Energorynok™, during peak
hours, consumption increases to 3.2 GW in summer and
up to 6.7 GW in winter.
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The main highly maneuverable sources in Ukraine
are thermal power plants and hydroelectric power
plants. Today, there is an insufficient share of the gener-
ation of hydroelectric power plants (10% instead of
16%), which negatively affects the controllability of the
system.

Analysis of existing solutions. Now, in the world,
the most promising are two solutions in the field of reg-
ulation of load schedules: installation of storage batter-
ies in network nodes and installation of kinetic accumu-
lators.

Both technologies, of course, are capable of posi-
tively affecting the UES load schedule, but they have
certain disadvantages.

The Kkinetic energy storage system described in [4]
is capable of solving the problem of minima and max-
ima, however, it acts as an operator of the available
power and does not have the ability to provide its trans-
fer from other sources (private power plants, for exam-
ple), since it interacts only with the electrical network
and does not have additional power sources, which
makes the installation less useful in the long term and is
not able to respond to unforeseen surges in the system.

Also, the weak point of this system is the existence
of the probability of a weak charge in the hours of min-
imum and, as a consequence, the existence of the possi-
bility of failure to fulfill its function.

Systems in which the main regulating element is a
battery and electronics for automatic monitoring of the
electrical network are distinguishing by high speed and
accuracy. However, its functionality can be expanding
in order to increase the utility of the installation.

The concept of an autonomous village interacting
with the network is an excellent solution to this disad-
vantage. In addition to performing the function of regu-
lating the load curve, by means of the output of the
power accumulated during the hours of excess genera-
tion, the function of the output generated by private pho-
tovoltaic installations of energy appears in the event of
a lack of accumulated.

Optimization of maneuvering ability. To achieve
a competitive state of the “Ethereal village”, the system
must have significant advantages, since it is basing on
already known principles.

Since there are different versions of the storage
system, it is necessary to choose the optimal one for the
established conditions: a high level of reliability, the
ability to easily install automation, the ability to easily
establish a connection with the network.

So for implementation in the project, three ways of
placing battery blocks are presented:

- Placement of accumulating units at network
nodes.

- Placement of battery blocks in each house and
their subsequent connection to the network, with a union
node, in which the controlling body is located.
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- Placement of one battery block not far from the
village with connection to all consumers of the village.
The governing body is located in it.

Using the method described in [5], the calculation
was carried out for each system according to the follow-
ing parameters: probability of recovery, probability of
untimely completion of repair, frequency of renewal, re-
covery rate, and average time of failure and flow of fail-
ures.

Since the most important is the failure-free opera-
tion of the system for a long period (up to 10 years), the
most important parameters are the frequency of failure,
and the probability of failure-free operation of the sys-
tem, which are determined by formulas 1 and 2, respec-
tively:

a;(t) = $°(6) = -G (¢) 1)
where

S(t) — the probability of product recovery over
time “t”;

G’ (t) — the probability that the product will not be
repaired in time “t”;

w0

p(t) = Pm=o = —-

5 @)
where

Pm — probability of occurrence of failures over time
“p:

o — Failure rate in a Poisson stream of events

The calculations show that the most reliable con-
figuration is the one that provides for the installation of
a single battery unit near the village, due to the signifi-
cantly smaller number of critical links.

Based on the need to provide uninterrupted power
supply to the village, reliable communication with the
UPS and ensure sufficient capacity for the generated en-
ergy, a single battery unit is selected.

The generating capacity of 48 private SPPs was de-
termined for the conditions of the Kharkiv region by its
own method, based on the experience of cooperation
with the Altek Kharkiv company. Also for more accu-
rate calculation losses on rectifier diodes, in wires, in in-
verter (ACRUX) and pollution were taken into account.
For each month, empirical coefficients were obtained
(data were obtained when observing the operation of pri-
vate SPPs in Chuguev, Kharkov, Bakhmut and Izyum)
to take into account the losses of the generating installa-
tion in non-nominal conditions (the effect of tempera-
ture, dustiness, reflection coefficients, etc.). etc.). The
coefficient varies from 0.010 to 0.067 depending on the
month.

The calculation results are listing in figure 1.
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Figure 1. Annual schedule of the generation of a complex consisting of individual solar stations.

Of the proposals that have an appropriate level of
reliability from the factory, the storage systems from
Tesla clearly stand out on the market.

They are capable of storing up to 3MW * h in
themselves and have a maximum power output of 5.5
MW in 4:00, which is sufficient for Ethtereal village [6].

However, it is necessary to use automation to es-
tablish interaction between private SES, energy storage
unit and UES. Mandatory functions of automation are:
feedback between components, autonomous decision-
making on the disposition of available, incoming and
outgoing electricity, forecasting the generation of a pho-
tovoltaic generating complex.

For autonomous maneuvering, a control unit will
be responsible, which is basing on a neural network that
analyzes input data from all solar modules, an electric
power system and meteorological data. The functions of
the management link are to forecast the generation and
consumption of electricity in the cottage community
and, depending on the needs of the UPS, compensation.

Implementation of the forecasting function is pos-
sible through two well-known types of neural networks:
perceptron and decision tree.

A multilayer perceptron is a neural network con-
sisting of layers, each of which consists of elements -
neurons. Elements can be of three types: sensory, asso-
ciative and reactive. It is called multilayer because it
contains several layers of learners (A layer).

Decision tree is a decision support tool used in sta-
tistics and data analysis for programming models. Its
main goal is to create a model that predicts the result of
the target variable using the input variables.

After scikit-learn machine learning, a random
event generator was launched to analyze the effective-
ness and the operation of both systems was tested..

The decision tree turned out to be effective (deter-
mination coefficient 0.92) per perceptron (determination
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coefficient 0.57) for its low resistance to "unpredictable
noise". This is explained by the fact that the perceptron
is more vulnerable to data that is very different from the
general sample.

Based on the study, it was concluded that the fore-
casting system based on a decision tree is quite reliable
and capable of accurately determining short- and me-
dium-term generation and makes it possible to turn the
system of individual solar stations "Ethereal village"
into a full-fledged maneuverable unit.

Conclusion. Of course, one settlement of the Ethe-
real village format is not capable of acting as a full-
fledged maneuverable unit, however, when a larger
number of settlements of this type are located near a
large consumer (a large or industrial city), the ability to
influence the system increases significantly. This means
that such a technology at this stage of development is
not capable of acting as the main maneuverable unit, but
is an excellent element of supporting the system at mo-
ments of minimum and maximum demand for electric-
ity.

When analyzing various options for placing battery
blocks, it was determined that the best results are shown
by a system with a single battery (it is possible to install
a redundant battery to increase reliability) from Tesla,
since their Megapack stands out on the market for its re-
liability and capabilities, and it is also able to accumu-
late all the energy generated by private solar power
plants and deliver it to the network, if necessary, at a
sufficient speed.

It has been determined that the decision tree is bet-
ter suited to perform the functions of forecasting gener-
ation, analyzing incoming data and controlling electric-
ity, since it has a higher coefficient of determination and,
as a result, is more adapted to atypical situations that can
happen on the net.
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ITO/polyimide/Al>Os thin film structure for capacitive transducers

Summary. It has been developed and approbated prototypes of thin-film capacitor transducers based on
AU/ITO/polyimide/AI203 heterosystem for capacitive acoustic control in metal objects in the modes of simultaneous
acoustic signal reception and generation by capacitive transducers and in certain modes of acoustic signal generating
or receiving that can realize objects monitoring with sensitivity at the level of piezoelectric transducers. The developed
prototype of thin film capacitive transducer for monitoring pipelines by longwave capacitive method allows increasing
the maximum distance between the capacitive transducers up to 10 m. It has been engineered the thin film capacitive
transducers which by using the polyamide film with 15 microns thickness of and alumina film with 1 micron thickness
allow to increase the sensitivity of such method in 7-8 times. It is shown that using the magnetron sputtering technology,
which provides high adhesion to polyimide substrate layers, made possible produce the capacitive transducers for objects
with various shape. Proposed and patented: capacitor method for receiving acoustic signals in non-destructive control
and transducer of ultrasonic acoustic wave’s excitation and receiving.

Keywords: thin-film transducer, capacitive method, metal defectoscopy.

Introduction. The need to simplify the control
technology of metal products macrodefects in terms of
industrial production has led to the further development of
widely used acoustic methods [1]. They are based on
piezoelectric devices that implement the acoustic method
using special fluids to ensure the necessary acoustic
contact. Considerable experience in the practical use of
this method has identified areas in which it isn’t effective
[2, 3]. So it is impossible to use liquid for acoustic control
of the products with the polluted surface struck by
corrosion, or with coverings (paint, polymeric films and
other insulating coverings), hot and cold products. Thus,
for the needs of practical defectoscopy it is necessary to
create devices that will allow to conduct liquid-free
acoustic control [4, 5].

Formulation of a problem. Promising among the
devices of liquid-free acoustic control can be means
created on the basis of capacitive method of generation
and reception of acoustic signals, which has a
fundamentally different physical mechanism of acoustic
signal generation in the control object, its surface is one of
the plates of the capacitive composition and itself
generates a signal without the need to use liquid to ensure
acoustic contact. However, the existing capacitive
compositions don’t allow to obtain the necessary
sensitivity of the method and the task is to find, create and
study the latest capacitive transducers based on thin film
layers, among which are very promising layers of
polyimide, ITO [6, 7] (Indium Tin Oxide, mixed indium
oxide and tin (Iny03)0,9-(SnO7)o,1) and Al,O3 alumina.

Methods of obtaining samples. The following key
requirements for increasing the sensitivity and efficiency
of capacitive transducers follow from the practice of using
classical capacitive transducers for defectoscopy by the
capacitive method, which are as follows:

- reducing the dielectric layer thickness;
- increasing the dielectric constant value of the layer.

From the view point of the requirements fulfillment,
the possibility of using a polyamide film with a thickness
of 15 to 125 pm as a dielectric layer and a base for
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capacitive transducers, which is 10 times less than the
thickness of classical dielectric layers, is quite relevant.
When creating a capacitive converter with the
Al/ITO/polyimide/Al,O3 structure, a polyimide of the
Upilex-S brand with a thickness of 15 um was used, the
surface of which was previously cleaned. On one of the
polyimide sides by the method of non-reactive magnetron
sputtering on direct current on VUP-5M vacuum plant in
the following technological conditions the ITO layer was
obtained: the discharge gap length - 70 mm; deposition
time - 30 minutes; the initial residual pressure in the
vacuum chamber was 3-107 Pa and the working pressure
in the process of target spraying - 1.5-10 Pa; ITO target
consisted of 90 Wt % In,O3; and 10 Wt % SnO, and
pressed under a pressure of approximately 12 kg/cm?; the
substrate temperature was 300 °C, the magnetron specific
power was 0.28 W/cm?. Current-conducting tracks made
of aluminum on the ITO layer surface was created by the
method of thermal resistive spraying on a VUP-4 vacuum
unit in the following technological conditions: spraying
was carried out through a suitable mask at a vacuum of
2-107° Pa, the substrate was heated to 110 °C, spraying
time with tungsten evaporators was 120 s. On the other
side of the polyimide film in similar technological
conditions to the ITO layer was obtained a Al,Os layer [8].
A schematic cross-sectional view of such a device is
shown in Figure 1, a. According to the above technology,
a prototype of a thin-film capacitive transducer for
acoustic control of metal products was created, the
physical configuration of which is shown in Figure 1, b.

Study of the crystal structure of thin-film
capacitive transducers. To achieve the maximum quality
of such structures it is necessary to control the parameters
of the ITO layer: its crystal structure, which determines
most of its properties, including mechanical, and its
dependence on deposition conditions, as well as its
electrical resistance, the values of which determine the
possibility of using such a structure as a plate of a
capacitive transducer.
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Studies of the film layers crystal structure were
carried out by the traditional X-ray diffraction method [9]
on DRON-4 X-ray machine with automatic recording of
the diffraction spectrum using a computer with continuous
20-scanning in the range of angles 20 = 20 — 75 with
Bragg-Brentano focusing (6-20) in cobalt anode radiation.

0,2:0,3 m >
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Fig. 1. A schematic cross-sectional view (a) and the
physical configuration (b) the proposed thin-film
capacitive transducer: 1 — aluminum current-conducting
tracks; 2 - ITO layer with a thickness of 0.2 — 0.3 pm;
3 - polyimide film with a thickness of 15 pm;

4 - Al,O3 layer with a thickness of 1 um

The surfaces of ITO and ALO; layers were also
studied using a REM-100U scanning electron microscope.
The obtained X-ray diffraction patterns and surface
micrographs are shown in Fig. 2 and 3, for the ITO layer
and the AL,Os layer, respectively.

Analysis of X-ray diffractograms of ITO layers
obtained by the nonreactive magnetron sputtering method
(Fig. 2) showed that all layers have a crystal structure of
In,03stable cubic modification. The latter is unequivocally
evidenced by the presence of reflections from the planes
(221), (222), (400), (411), (332), (431), (440), (611),
(622). The results of the total integral intensity ratio
calculations of all peaks observed on the diffraction
pattern to the thickness of the ITO layer indicate the
presence of a X-ray amorphous phase small amount in the
samples. It was also experimentally found that at a
substrate temperature of 300 °C, the film growth occurs
with a predominant orientation in the direction <I111>,

The structure analysis of the Al,O;3 layer showed that
all layers have a crystal structure of a stable rhombohedral
modification of a-Al,O; with lattice parameters a = 4.759
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A, ¢=12.993 A. This is clearly evidenced by the presence
of reflections from the planes (012), (104), (110), (113),
(024) and (116) [10]. The X-ray diffractogram analysis
shows that the Al,Os layer has a stable crystal structure,
and as a consequence, has stable electrical parameters that
correspond to the structure.
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Fig. 2. X-ray diffractogram aﬂd micrograph of the ITO
layer surface deposited on the polyimide film
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Fig. 3. X-ray diffractogram and micrograph of the Al,O3
layer surface deposited on the polyimide film

Electrical properties of thin-film capacitive
transducer. As already mentioned, for the manufacture of
thin-film  capacitive converters based on the
ITO/polyimide/Al,O3 structure along with the layers
crystal structure, it is also necessary to control the surface
electrical resistance of the conductive layer, the values of
which determine the possibility of using such a structure
as a plate of the capacitive transducer without
considerable losses of a useful signal, and the dielectric
constant of the dielectric layer, which significantly affects
the useful signal magnitude.

To control the surface electrical resistance of the ITO
layer, the four-probe method was used [11], and the
surface electrical resistance (R;) of the ITO layers
determined by this method is equal to 8-15 Q/m. E.m.f.
Hall studies indicate that the obtained resistivity value is
due to the main charge carriers concentration from about
8.3:10%° cm™ and the main charge carriers mobility at the
level of 44 cm?/(V-s).

Studies of the polyamide film dielectric constant and
the polyimide/Al,O; structure were performed for the
excitation signals frequencies in the range of 10 - 107 Hz,
which were generated by a GSS-20 signal generator type.
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The capacitance of the capacitor structure was measured
using an RLC-meter type E318, and the data are shown in
Fig. 4.

0

10! 5

102 100 100 108 fHz 107
Fig. 4. Dependence of polyimide film dielectric
constant (1) and polyimide/Al,Os structure of (2)

on frequency of excitation signal

The study results show an increase in the dielectric
constant of the polyimide/Al,Os structure, which is 8.5 —
11.5 rel. unit, relative to the polyimide film (3 — 3.5 rel.
unit) approximately 3 times at frequencies of the
excitation signal in the range of 10 Hz— 10MHz [12]. This
circumstance confirms the assumption about the
possibility of increasing the layer dielectric constant by
applying a AlO; thin layer on the polyimide film. A 3-
fold increase in the dielectric constant will lead to an
additional 3-fold increase in the sensitivity of the
capacitive transducer based on such a layer.

Approbation of the device. To confirm the
possibility of method sensitivity increasing due to the use
of a capacitive transducer based on the
Al/ITO/polyimide/Al,Os3 structure in comparison with
classical transducers, a series of samples from aluminum
was studied at an oscillation frequency of 2.5 MHz The
received signals obtained oscillograms the for transducers
both types with the same magnitude of the excitation
signal are shown in Fig. 5.

\

t,10%s s

2,5 3 3,5
Fig. 5. Normalized oscillograms of the received signals
from the classical capacitive transducer (1) and the
proposed thin-film based on the A/ITO/polyimide/Al,O3
structure (2) in comparison with the same excitation
signal (3)
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As can be seen from Fig. 5, the received signal value
in the case of using a thin-film transducer increases by 7.6
times compared to the classical transducer, which
correlates well with the dielectric constant dielectric
layers measurements and taking into account thickness
reduction of the dielectric layer. Thus, the increase in the
capacitive method sensitivity in the case of the thin-film

capacitive  transducers use based on  the
Al/ITO/polyimide/Al,O3 structure is experimentally
confirmed.

Conclusion. It is proposed to use as a dielectric layer
in defectoscopy of metal products by capacitive method a
thin polyimide film, the thickness of which is two orders
of magnitude less than the thickness of classical dielectric
layers, and is 15 um, and the dielectric constant is 3-4 rel.
units, which allows, respectively, to increase the
sensitivity of the capacitive method by about 100 times.

ITO layers with a thickness of 0.2 — 0.3 pum (surface
resistance was 8 —15Q/m, the charge carriers
concentration was 8.3:10° cm?3, mobility was
44 cm?(V-s)) were obtained on polyimide films from
Upilex at a substrate temperature of 300 °C and a
magnetron specific power of 0.31 W/cm?.

It was found that the additional use of Al,Os thin
crystalline films deposited on a polyimide substrate,
allows to increase the dielectric constant of the capacitive
transducer layer from 3-4 rel. unit characteristic of
polyimide, up to 8.5 — 11.5 rel. unit. The obtained growth
in the dielectric constant value allows to increase the
capacitive method sensitivity by at least 3 times.

A prototype of a thin-film capacitive transducer for
acoustic control of metal products based on the
Al/ITO/polyimide/Al,O3 structure was created.

An experimental study of the prototype was
performed and it was found that the use of a thin-film
capacitive transducer based on the
Al/ITO/polyimide/Al,O;  structure  increases  the
sensitivity of the capacitive method by 7.6 times.
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KOpuii Xyramsuau, Apuna Hpanrumsuin, Hyrzap Mamsuian

O HOBOM moaxo/ae NpuMEHECHUS MOJYIIPOBOAHUKOBOI0O CEHCOPaA 1JisA oﬁﬂapymeﬂuﬂ
Me€TaHa 1 MOHO OKCH/IA yrJjiepoaa

AnHoTauus. ObHapyicerue norynpoBoOHUKOBbIM CeHCOPOM 8 8030yxe memana (CH4) mpaduyuonno npoussooumcs npu
Hazpege e20 4YBCMBUMENbHO20 dNleMeHmd, a MOHO okcuoa yenepoda (CO) npu nocredyioujem nocie Hazpesa e2o
oxaasxcoenuu. B npedcmagnennom pabome enepevie uccie008ana u IKCHEPUMEHMATLHO NOOMBEPHCOEHA BO0ZMOANCHOCD
00OHapycenus U udeHmugurayuu 8 8030yxe oOOUX 2308 OOHUM NOAYNPOBOOHUKOBLIM CEHCOPOM NpU HAzpese e20
4YBCMBUMENbHO20 dNeMeHma Ha npumepe cencopa komnanuu Queapo TGS2611. /[nsa amozo Oviiu 68edeHbl U usmepensl
HOBble napamempul N08eOeHUsi CONPOMUGILEHUS CEHCOPA 6 NPoyecce e20 Hazpesa U OXAANHCOEHUSL.

KnroueBble cioBa: Haspes u oxaasicoenue cencopa, Hoeble napamempvi HOAYNPOBOOHUKOB020 CEHCOpd, NUHElHbl
npeobpazoseamenb CONPOMUGIEHUS, UCNLIMAMENbHAA Kamepd

Turi Khutashvili, Archil Prangishvili, Nugzar Iashvili

One approach to identifying two gases with a single semiconductor sensor

Abstract. The detection of methane (CH4) by a semiconductor sensor in air is traditionally carried out when its sensor
is heated, and carbon mono (CO) is subsequently cooled after heating. The present paper first investigated and
experimentally confirmed the possibility of detecting and identifying both gases in air by a single semiconductor sensor
when heating its sensor element using the example of a Figaro TGS2611 sensor. For this purpose, new parameters of
sensor resistance behavior during its heating and cooling were introduced and measured.

Keywords: Sensor heating and cooling, new parameters of semiconductor sensor, linear resistance converter, test
chamber.

BBenenme. /[[ns  mOJyNpOBOJHUKOBBIX  CEHCOPOB BJI&JKHOCTH, a TaKXe OT BpPEMEHHOW Jerpajaanuu
OoOHapy)XeHHsI METaHa B BO3/IyXe YKHMJIOTO MOMEIICHUS, HArpeBaTeNbHOrO0  3JIEeMEHTa U TOJYyHIpPOBOJHHMKA
Hanpumep, TGS2611, B [1] mpuBeneHs! mMoBeAcHUE YyBCTBUTEJILHOT'O 3JIEMEHTA, B TOM 4MCJIE KaK B KOHLE
CONPOTHUBIICHUsI ~ MOMYNPOBOJHUKA  CEHCOopa Ui MMIyJIbCa HArpeBa, Tak M B KOHIE I@ay3bl, 4YTO
Ppa3IMYHBIX KOMIIOHEHTOB 3ara30BaHHOCTH BO3yXa IpU XapakTepHO I METOJa HM3MEPEHHMs, MPEennaracMoro
IIOCTOSHHOM  pEXHME HarpeBa  IIOJIYIIPOBOJHHUKA s TGS3870.
YyBCTBUTEIBHOTO 3JIEMEHTAa. VI3BECTHO, 4YTO TIpH Bonee riyGokoe H3y4eHHE pPEKHMA HArpeBa-
ycTaHoBHBINeHCs  Temmeparype  cBbiume  400°C OXJaXIEHUs  IOJyIPOBOJHHMKA  CEHCOpa,  T.€.
YYBCTBUTEIBHOCTh CEHCOpa K METaHy BBICOKas, a K HMITyJIGCHOTO ~ PEXHMMa HArpeBa CEHCOpa, ObLIO
MOHO OKCHJy yriiepoza — HusKas [4]. NPEANPUHATO HaMH, B KOTOPOM IIpeArojarainach
Bo Bcex n3BecTHBIX MeTO1ax oOHapyskeHns CHyn MOBBIICHNE TOYHOCTH W3MEPEHHS CONPOTHUBICHUS
CO, B Tom uncne st TGS3870, MmeTaH U3MEPSIOT MIPH MONyIPOBOJHUKA  CEHCOpa € HMCHOJBb30BAHHEM
BBICOKOI TemnepaType B npenenax 400-500°C, a oxcup pa3paboTaHHOTO JBYX JAMAMa30HHOTO JIMHEWHOTO
yriaepoja — Ipu HU3KOI TeMiepatype B npeaenax 180- peoOpa30BaTENs €0 CONMPOTUBICHUS.
90°C. B oTux mOpenenax — HaxOAUTCA — TOYKa B WMIyIbCHOM peXuMe HarpeBa CEHCOpa
MaKCHUMAaJIbHOH YYBCTBUTCJIBHOCTU IMOJYIIPOBOAHUKA K TEMIICpaTypa €ro MNOJyINPOBOJHHKA H3MCHACTCS OT
COOTBETCTBYIOIIEMY rasy. HenocpencTBeHHbIH MUHMMYyMa JI0 MaKCUMyMa, a HpH Tay3e — OXJIakAaeTcs
KOHTPOJb TEMITEPATyPHOTO COCTOSTHUS JI0 MUHUManbHOTO 3Hadenus. Wcxoas wu3 [5,6],
OOJynpOBONHMKA B JICTCKTOpax YyTCYKHA rasa HE MIPETIOI0KNIH, YTO COPOUPOBAHHBIA B MEPHUOJ Tay3bI
TPEACTABIACTCA BO3MOKHBIM. HOBTOMy MaKCHUMaAJIb- MEXAy HMIyIbCaMHU Harpesa B MHOFOCHOfIHyIO
HYIO TOUYKY YyBCTBUTEIBHOCTH ITOJIATAIOT 110 HCTCUECHUH CTPYKTYPY MOPUCTOTO MOITYIIPOBOIHUKA CEHCOPA MOHO
YCTaHOBJICHHBIX BDEMEHHBIX HHTEPBAJIOB IT0CJIE HaYajia OKCHI yrjepona CcO TECTUPYEMOI'0 BO3ayXa IpHU
HMMITyJIbCa HArpeBa U MOCJIE Havalla rayssl. BBICOKOI Temmeparype (cBbmme 100°C) BeTymaer B
OcnoBHasi 4actb. OcHOBHOW mpoOiemoit peakuuto ¢ Monekynamu H20 mapa comyTcTBytromei
JNOCTIDKEHUS TOYHOCTH  CUTHAIM3ALWU  SIBIISICTCS BIaXHOCTH. B pesynbrate obpasyrorcs CO:2 u Hz [5,6],
3aBUCHMOCTh  Jpeiipa  TOYKH  MHHHMAJIBHOTO COIIPOBOXKIAEMbIE MAJECHUEM CONPOTUBIICHUS IONY-

CONPOTHBIIEHUSI ~ CEHCOpa OT TEMIEpaTypel H
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NpoBojHMKAa ceHcopa. OIHOBPEMEHHO IO BO3JeH-
CTBHEM HapacTalolleldl TeMmIeparypsl IO  Mepe
MIPOJBIKEHHST (PPOHTA MaKCUMAJIBHOW TEMIIepaTyphl
(400°C u BbIIIE) OT TOBEPXHOCTH HArpeBaTels K IepH-
(epUIHBIM CIIOSIM TIOTYIIPOBOAHUK TEPSET BIaKHOCTH
W WHTEHCHBHOCTH oOpaszoBanms CO: u H: magaer.
ITosTOMY CONMPOTHBIEHHE IMOIYNPOBOAHUKA CEHCOpA
CHaJaja JOCTUTaeT MUHUMAJIBHOTO 3Ha4eHHsI Rmin 1021
BO3JIEHCTBUEM MAaKCHUMAaJbHOW TEMIIEPATypbl U BIaX-
HOCTH, a 3aTeéM II0 MEPE BLICYIIHMBAHUA €I'0 CIIOEB
COIPOTUBJICHUEC TMOBBIIIACTCA 10 3HAYCHUA RSiab
(Puc.1).

Heo0XxoquMo OTMETHTB, YTO OT BEITMYHHBI I1ay35l
3aBUCHT INTyOHHA COPOIMK TECTUPYEMOTO BO3/1yXa, a OT
MOMIHOCTH W  JJUTCJIBHOCTH HMIIyJIbCa HarpeBa
YyBCTBUTEIHHOCTh U CKOPOCTh IIPOTEKAHMUS IPOLIECCOB
B IOPHCTOH CTPYKType IIOJNyIIPOBOJAHUKA CEHCOpa.
Haubonee «pacTsiHyTB» BO BPEMEHH 3TH IPOLECCH B
MHOTOCJIOWHBIX ~ TOJYNPOBOJHHKOBEIX  CEHCOPAX,
UMEIOIINX  CPaBHUTENBHO  Oonbmime  0OBEMBI
YYBCTBUTEIBHBIX 3JIEMEHTOB. MIX MOXXHO OTJIIMYHUTH I10
BBICOKAM CIIPABOYHBIM 3HAUCHUSM HOTpeOIsIeMOil
MOIIHOCTH HarpeBaTeIbHOro 31eMeHTa. OnTHMaIbHBIM
pelIeHreM IpH BEIOOpE HOJIYyIPOBOJHUKOBOTO CEHCOpPa

oKazaics TGS2611-C00, XapaKTepU3yIOIUiics
NpUEMJIEMON CKOPOCTBHIO PEaKIHMHU, MPOCTOTONH CXEMBI
yIOpaBlIeHUs]  MOIIHOCTbIO  HarpeBa, yA0OCTBOM

BKJIFOUCHHS €0 B CXeMY JIMHEHHOTO Mmpeodpa3oBaTers.
3710 mo3BOJISIET O3 MPOOIIEM OCYIIECTRISTh H3MEPEHHUS
COTNPOTHBIICHUSI ~ TONYNPOBOJHHKA  CEeHcopa |
nuddepeHmansl ero M3MEHEHUS] B TEYCHHH BCErO
MpoIlecca HarpeBa-OXJIAKICHUSL.

B cencope TGS3870 u Oosee cOBpeMEHHBIX
TGS8100 m TGS8410 mporecchl TMpu  HarpeBe-
OXJIKICHUH TIPOMCXOAAT 3HAUYUTENBHO ObICTpee. DTO
CBSI3aHO C MaJbIMH pa3MepaMu YyBCTBHUTEIHHOTO
9JIeMEHTa CEHCOPa, KOTOPBIE TUKTYIOT CYIICCTBCHHBIC
OTPaHUYEHUS HE TOJBKO K MOIIHOCTH H JUTUTEIHLHOCTH
BpEMEHH HarpeBa, HO M K IpWaracMoMy H3MepH-
TCJIbHOMY HAINPSXKCHUIO U MJIIUTCIIBHOCTU HU3MEPCHUA.
HO3TOMy C UMCIOIINM CITPABOYHBIM MaTCpUaJIOM Ha OTU
CEHCOPBI HE MIPEACTaBISIETCS BO3MOXKHBIM
HETOCPEJICTBEHHO TPHUCTYNHTh K MPOBEpKE HalleH
THIIOTE3bl 0€3 pElIeHUs] JOMOIHHUTENBHBIX MpodIieMm,

CBsA3aHHBIX C MMPOBEACHUEM JOIIOJTHUTCIIBHBIX
I/ICCJ'IG,Z[OBaHI/Iﬁ u OIIBITHO-KOHCTPYKTOPCKUX
pa3pa60TOK CXEM  yIpaBJICHUA HarpeBaTCJIbHbIM

DJICMCHTOM CCHCOpaA U €ro H3MepHTCHBHOI>'I CXCMBI.

Ha puc.1 npeacrasneHa ocuuiorpaMmMa CUrHana
HaNpsDKeHMsT Ha BBIXOJIE JTMHEHHOTO mpeoOpa3oBaTes
compotuBieHuss  ceHcopa  TGS2611-C00  mpu
MMIYJIbCHOM PEXHMME HarpeBa MOIHOCThIO 272 mW B
3arazosanHOM 80 ppm CO Bo3myxe Ipu TemIieparype
22,2°C u Bnaxkuoctu 34%.
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Puc. 1. Xapakrepuctuka curaaia Ha BBIXOJE
JIMHEIHOTO peoOpa3oBaTes CONPOTUBIICHHS CEHCOPa
TGS2611-C00 npy MMITyJIECHOM pEXKHME HarpeBa

[IpoBeneHHBIC HAMH HCCIIEAOBAHUS TaKKe OBLIN
HampaBlICHbl HAa  IOWCK  PEUICHUs  IPOOIEMBI
KOMIIEHCAIlMM  Jpeiida  compoTuBieHHs  MOMy-
MIPOBOAHUKA CEHCOPA NPH HM3MEHEHUH TEMIIEpaTypBbl,
BJI&YKHOCTH, aTMOC(EpHOTO AaBJICHUs U BPEMEHHOU
YYBCTBUTENBHOCTH ceHcopa. Mcxonas w3  BhIme
M3JI0KEHHOTO IIeNIb MCCIIEJOBAaHUS 3aK/IIoyalach B
MOWCKe  Hamboyiee  NPHEMIIEMBIX  TapaMeTpOB
H3MEpEeHHsT M MJICHTU(QHUKAIIMY METaHa ¥ MOHO OKCHJIa
yriepoja OJHUM IOJyNPOBOJAHUKOBBIM CEHCOPOM B
peXUMe HarpeBa-OXJaXAeHus. JIns  IOCTIKeHUS
MTOCTAaBJICHHON LIEJN NPEIMETOM HCCIIeIOBAHUS OBUIH
0003HaYEHBI CIIEAYIONINE TapaMeTpHI:

e Uwmin - HanmpsbKeHHWE Ha BBIXOJE JIMHEHHOTO
mpeoOpa3oBarensi  COMPOTHBICHUS  CEHCOpa  MPH
MUHHMAIIbHOM  COTMPOTHBICHUH  MOJYIMPOBOJAHUKA
cercopa Rmin B IIpo1iecce ero HarpeBa;

o Usta - HalIps’KEHUEC Ha BBIXOAC JIMHEHHOT O
HpeO6paSOBaTeH${ COIPOTUBJICHUSA CCHCOpa npu
COIMPOTUBJICHUU  MOJYIIPOBOAHHUKA CCHCOpPA RStab,
HU3MCPCHHOC B KOHIIC UMITYJIbCA HArpeBa,

e AU - pashocts curHaioB  Ustab-Umin,
XapaKTepU3yIomass POCT COMPOTHBICHHS IOIYTIPO-
BOJAHMKA  CEHCOpa TIpH  HMITyJbCe  Harpema
OTHOCHTEJIEHO €r0 MHHUMAIILHOTO COMTPOTHBIICHHS,

e P — orHowenue curHanoB Umin/Uminair, IPO-
MMOPITUOHANEHOE TPATUCHTY COMPOTHUBICHUA TOMY-
MPOBOJIHMKA CEHCOpa B 3ara30BaHHOM BO3JyXe
OTHOCHTENBHO €r0  COMPOTHUBJICHHS B  «YHUCTOM
Bozayxe» ([1,2,7,8], TobKO B CpaBHEHUH C COTPOTHB-
JICHUEM TIOJTyIPOBOJIHMKA B YHCTOM BO3/IyXe);

e AT — cKopoCTb OXJIQXKIE€HUS OTYIPOBOIHUKA
CEHCOpa B 3ara30BaHHOM BO3JyX€;

e v — koo(dduIHMEeHT 3aMeUICHHUS CKOPOCTH
OXJIXKICHUS TIOJTYIPOBOTHHUKA ceHcopa B
3ara3oBaHHOM BO3/yXE B CPaBHEHHH C CKOPOCTHIO
OXJTaX/ICHUS B yicTOM Bo3ayxe, paBHOE AT/AT air.

ITapametpbl  Ruin U AR=Rswpr  -Rumin
toxkaectBeHHbl mapamerpaM Umin 1 AU, Taxk kak
MOCIIEIHNE M3MEPEHb! JIMHEHHBIM HpeoOpa3oBaTeseM.
Taxxe, HEOOXOIUMO IMOSCHHUTH, YTO TOCIEC HUMITYJIbCA
Harpesa MPOMCXOIUT OXJIakaAeHHe ceHcopa. [Ipu sTom
JUIMTENBHOCTh U TEMII OXJIAXKICHUS MOIYNPOBOAHUKA



IT Log®msdm®obim Ladgsboghm-Ggdbogmmo 3mbagmgbaos "gbghagdogdol msbsdgpmhmgy 3Gmdmgdgdo
05 35000 35¢05§ig39GH 0L 3BYd0", MBI, bsgstmggmem, 2020 ferols 7-10 g37ddgHo
IT International Scientific and Technological Conference '""Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, December 7-10, 2020

CEHCOpa 3aBUCHT OT TEKYILIEro 3HAYEHHS CONPOTHB-
JICHUS! €rO TOJIyNPOBOJHNKA. B OONBIIMHCTBE NeTEK-
TOpOB raza C MPUMEHEHHEM MOIYIpPOBOJIHUKOBOTO
CEeHCOpa JUIs KOMITEHCAINH Jipeiida ero ConpoTUBICHHS
10 TEMIIepaType TNPHUMEHSIOT CXeMy C TepMOpe3u-
CTOPOM TSI Ka)KJJOTO YPOBHS CUTHAIN3AIIHH.

CornacHo ENS50194-1 9] BO3HUKAET
HEOOXOIMMOCTh ~ KOHTPOJS  IPEJBAPUTENBHON |
aBapMHHON CUTHAJIHM3ALMS 3ara30BaHHOCTH METaHOM, a
COTJIaCHO TpeOOBAaHUSM EBPOIEHCKOTO CTaHgapTa
EN50291-1 [10] HeoOXogMMO  OCYIIECTBIATH
MHOTOYPOBHEBBI KOHTPOJIb 3ara30BaHHOCTH (YPOBHH
3ara30BaHHOCTH MOHO OKcHaoM yriepona 30 ppm, 50
ppm, 100 ppm u 300 ppm). DT0 CyIIECTBEHHO
YCIIOXKHSET CXEMY U3MEPEHHSI.

JKcnepuMeHTaIbHasi 0a3a W mpoueaypa.
OKCIEepUMEHTAIbHBIE HCCIEIOBaHMS IIPOBOAMINCH B
I'TY ¢ ucnoinpb30BaHUEM HCHBITATEIIBHON KaMepbl

(émxoctm),(puc. 2) ¢ mOMeHmIEHHOM B Heé
U3MEPUTENIBHOM  CXEMOM ¢  IOJYNPOBOJHUKOBBIM
ceHcOopoM. Beixox mmHedHOro mpeoOpaszoBarerns
COIIPOTHUBJICHUS MOJIyTIPOBOIHUKA CEeHcopa

U3MEPUTEIBHON CXEMbI BEBIBOJHIICS H3MEPUTEIHHBIM
kabeneM, K KOTOPOMY C HapyXXH IOJKII0YaCs
uudpoBoii ocumuiorpad. B ucnsitarenbHy0 EMKOCTD
COOTBETCTBYIOIINMHU LIMPHIAMA BBOJINIIUCH
moBepouHsle ra3oBble cMecu (III'C) merana m MoOHO
OKCHJIa YTiepofia KaK pas3/iebHO, TaK ¥ COBMECTHO.

Puc. 2. UcnsiTarenpHas kamepa (EMKOCTB)
,pazpadorku ['TY:

1 - éMKOCTB; 2 — KpBIIIKa EMKOCTH; 3 — BEHTHJIIATOD;

4 — KOMOMHUPOBAHHBII TEPMOMETP C ICUXPOMETPOM; 5
— Tpy0ka nonauu [1I'C; 6 — mmpwui; 7 — u3MepuTeabHas
cxema; 8 — ceHcop; 9 — NUHEHHBIH TpeoOpa3oBarenb
corpoTuBieHus cencop; 10 — Omok mwranus; 11 —
udpoBoii ocrmsIIorpad

00béM (5100 M) EMKOCTH 1, BBIMTOJTHEHHON W3
CTeKJIa, OBUT U3MEPEH METOIOM €€ 3aIllOJHEHUS BOIIOW
(ynenbHbI Bec pu Temmepatype 20°C pasen 0,99823)
MepHoi k0160 B 1000Mn+0,8Mmi1, a 103a Mmerbe 1000
MiI ObuUla W3MEepeHa C TOMOIbI0 BecoB. [l
ompeneneHus: 00béMa Bo3ayxa u3 BeauuuHbl 5100 M
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BBIWIM 00BEMBI BEHTWIISITOPA (28 MIT), M3MEPUTEIBHON
cxeMbl (21 wu1), KOMOWHUPOBAHHOTO TEPMOMETpa C
ncuxpomeTpom (7 Mit), CyMMapHBI 00BEM ITPOBOIOB U
TpyOok (14 mi) u nobGaBiieH 00BEM IMOJIKPHIIIEYHOTO
mpoctpancTBa (4 mi). B mrtore o0BéM BO3myxa mis
cmemuBanus ¢ [II'C coctasur 5034 mi.

B mpomecce paboTel OBUIM  M3TOTOBJIEHBI
HECKOJIKO OIBITHBIX OOpa3lloB AETEKTOpa C ILENbI0
MIPOBE/ICHAS.  WCHBITAaHWH B CICLHATU3HPOBAHHBIX
METPOJIOTUYECKUX OpPraHMU3alUH HUMEIOMIUXCS TPaBo
[IPOBeICHUST pabOT MO ONPEHEIECHHUI0 COOTBETCTBHUS
rapaMeTpoB NpHOOpa MeXIyHApPOIHBIM CTAHAAPTaM.

OoOopynoBanune, mpudopsl M MaTepuajbl. B
9KCIIEPUMEHTE HCIIONIB30BAIH CIIE/TyTOIIIHE
000pyioBaHuUE, IPHOOPHI N MATEPHAIIbIL:

Ucnertatensrass  éMKOCTh  ,pa3pabotku [TV,
JluHelHBI NBYX [WAIMa30HHBIA  TpeoOpa3oBaTelb
COIIPOTHUBIICHHS TIOITYTIPOBOJHHKA CEHCOPa pa3paboTKh
I'Ty, Cencopsl TGS2611-C00, Hudposoii
ocumwmiorpagp INSTRUSTAR - ISDS205A. bammon
[I'C comepxanus 95,5% wmerana, bammon III'C
conepxxkanusa 98% moHo okcuaa yriepona, [lnpurry 1 M
¢ uenoit menmeHust 0,02 wmu, mpury 5 mn ¢ 1eHoi
nenenus 0,25 vut, npunr 10 M ¢ nenoit nenenus 0,5 m
n Komnsrorep.

Kanubposky ocmmmiorpada INSTRUSTAR-
ISDS205A OCYIIIECTBIISIIN C MIPUMEHEHUEM
obopynoBaHus LabVIEW kommanuu National
Instruments.

Conep:xaHue M Tpoleaypa dKcnepuMeHnTa. B
MPOIIeCCe JKCTIEPUMEHTAIBHBIX HCCIICTOBAHUNA OBLITH
PacCMOTPEHBI CIIEIYIOLIHE 33/1a4H:

e YCTaHOBJICHHUE ONTHMAaJIbHBIX HHHTCHBHOCTeﬁ
HUMITYJIbCa HAarpe€Bsa " 1nay3bl MEX1Y HUMU.

e llccnenoBanne BO3AECUCTBUS  MOHOOKCHA
yraepona u merana Ha TGS2611-C00 npu moHmKeHHOM
MOIITHOCTH UMITyJIbca HarpeBa — 220 MBT £2%.

e llccnenoBanne BO3AECUCTBUS  MOHOOKCHA
yraepoma w Merana Ha TGS2611-C00  npum
MHMHHUMAJbHOW 3asBICHHOM MOIIHOCTH HMITyJIbCa
Harpesa — 260 MBT +2%.

e llccnenoBanne BO3AECUCTBUS  MOHOOKCHA
yraepoma w Merana Ha T1GS2611-C00 npum
MaKCUMaJIbHOM 3asiBIEHHOM MOIIHOCTH HMITyJibCa
HarpeBa — 305 MBT £2%.

e llccnenoBanne COBMECTHOTO BO3IAEHCTBHUSA
MOHOOKcH[a yraepoaa u metana Ha TGS2611-C00.

IIpouenypa s3kciepuMeHTa COOTBETCTBOBAIA PEKOMEH-
nanusim [11] u cocrosina U3 ciaenyoumx AeHCTBUM.
Bog III'C B wucnoeiTarenbHylo EMKOCTb [
OCYIIECTBIUIM  Yepe3 pe3WHOBYI0 TpyOkKy. Bo
n30eKaHUE BITUSHUS «MEPTBBIX MPOCTPAHCTBY IIIPHUIIA
Ha koHmneHTpanmto III'C, mepen ero HamoJHEHHEM
OCYIIECTBILTIN 2-3 TpeaBapUTEIbHBIX HAMTOTHCHUSI—
OTIOPOKHEHWSL. 3aII0THEHHE MTPUTIA 6 TIPOU3BOIMIH JI0
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yIopa xoja ero nopiHsa. beicTpo oTcoequHsIM mnpuiy
Y BTHIKAJIU B PE3WHOBYIO MIPOOKY, a 3aTeM, HE IOBOS 10
MaKcUMaJIbHON MeTkm, Cxumanmu III'C aBmkeHuem
moprras. CojepkaHue MINpPUIA BBEICPKUBAIA TIPU
KOMHATHOW TeMIlepaTtype psIOM C HCIBITATeIbHON
émKocThIo0. [T cokpaleHus BpeMeH TOMOT¢HA3AINH,
TpyOka 5 momaum III'C mpomyBamack BO3BpaTHO-
MMOCTYTATENbHBIMU JIBIKCHUSIMH TOPIIHS JPYTOTO -
MIPOAYBOYHOTO IIPHUIIA 6, TEPMETUIHO COSANHEHHOTO C
sTol TpyOKoi. Bo3myx BHyTpH EMKOCTH TIpH
HeO6XOZ[I/IMOCTI/I YBJIIAXHATIA HAHCCEHHUEM TaMIIOHOM
BJIalrM HA CTEHKM MHCHOBITATEIbHOM EMKOCTH C
BHYTPEHHEH CTOPOHBL EMKOCTH TepMeTH3MpOBATH U
BKJIIOYATA  BCHTWIATOpP,  3HAUCHHE  BIAXKHOCTHU
HaOmIOZamM  Ha  JWCIUIEE  KOMOMHHUPOBAHHOTO
TEPMOMETpa C TCHUXPOMETpOM. [Ipu mpeBBIIEHUN
3HAYCHHS BIAXHOCTH HAX OXHUIACMBIM, KpaTKO-
BPEMCHHBIM pasrepMeTH3NpOBaHIEM éMKocTH
CHW)XalM €€ 3HaueHue. BplnepkuBaid BpeMms U
CTa0MIM3aluil TEeMIepPaTypbl W BIAKHOCTH HYHCTOTO
BO3IyXa BHYTpH EMKOCTH. OHOBPEMEHHO BKIIOYAIN
U3MEPUTENIBHYI0 CXeMy ISl €€ mporpeBa. 3amuch |
N3MEPCHUE CHUI'HAJIOB C BbIXOa JIMHEWHOTO
npeoOpa3oBaTelisi CONPOTHBICHUS IOJIYIPOBOJHHKA
CEHCOpa OCYIIECTBISUIN MOCPEACTBOM Mporpamm Data
Recorder u Oscilloscope/SpectrumAnalyzer
(Professional)*DDS  mmdpoBoro  ocimmiorpada
INSTRUSTAR - ISDS205A, mOAKIIOYEHHOTO K
KOMIBIOTEpY (HOYTOYKY). [lepByto 3ammch u n3MepeHue
TIPOU3BOIVIIH JJIs1 YUCTOTO BO3IyXa.

BBoxg wmccrnemyeMpIXx  Ta30B  OCYIIECTBILSIICS
pa3lenpHO, TOCIENOBATEIIFHO HA4YWHAS C  Majiod
KOHIICHTPALIMHU JI0 BBICOKOH. 3HaUCHNE KOHIICHTPAIIUU
MTOTy9eHHON cMecH (PUKCHpOBAliach B CIUHHIIAX ppm
(10-%06BéMHOM KOHIEHTparyn). I1oce KakmIoro BBoIa
BBOAHAs  TpyOka  TpomayBajach  IPOIYBOYHBIM
mmpuieM.  3anuch W M3MEpeHHe  HUQPPOBHIM
ocumuiorpad)oM OCYIIECTBIISIM B IIPOIECCE Ka)I0ro
Hogoro BBoma III'C. 3Hauenus mis  TaOJHII
(bUKCUPOBAIM HE paHEE CEMU ITUKJIOB IEPUOTUUCCKOTO
HarpeBa-oxjaxacHus. OOBMHO pe3yJIbTaT CHUMAIU
MoCie JICBATOTO IUKNA. [lONy4eHHBIC pe3yJIbTaThl
oopmiieHs! B TabmMuHO opme.

BBugy toro, uro III'C BBOAMIACH WIMPHUIIOM
BPYYHYIO COTJIACHO €ro JCICHHSM, TO JOCTHIKCHHUC
BBICOKOM TOYHOCTH BBOJA HE MPEACTABIIOCH
BO3MOKHBIM. Brrancienne oO0BEMHON KOHIICHTPAIIUH
MIPOU3BOIMIOCH 1O yrpomieHHOH Gopmyne Vco/ Vair,
BMmecto kco*Vco/ (Vairt Vco). Tlpu 3TOoM 3HaUYeHHE
Vair 6pamu 5000 mir BMecto 5034 M. Tabnmunsie 20
ppm peanbHO coctaBusioT 19,5 ppm, 40 ppm - 38,9
ppm, 60 ppm - 58,4 ppm, 80 ppm — 77,9 ppm, 100 ppm
- 97,3 ppm, 150 ppm — 146 ppm, 200 ppm - 194,6 ppm,
300 ppm - 291,9 ppm, 400 ppm - 389,2 ppm.

TabnmaHble 3HaAYCHUS 00BEMHON KOHIIEHTPAIIHH C
ucrionib3oBaaneM III'C  (UN1954), comepxkamuii
OCHOBHOM KOMHOHEHT 95,5% wmetran u npumecH
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yrieBooposioB. Mx oOiee BO3aeHCTBHE Ha CEHCOP
TGS2611-C00 ¢ HexkoTOpOH A0 AONMYIIEHUS MOKHO
npupaBHATh K 1,5% BozaeiicTButo Metana. Mcexons us3
9TOr0 JONYIIEHHWs ODKBHBAICHTHYIO KOHLEHTPAIHIO
MeTaHa MOKHO cuuTaTh 97%. Vcnomnp3ys yTOUHEHHYTO
bopmyiny  Kcna*Vens/  (Vawt  Veng)  TaOIHUHBIC
3HAUEHHMS PEaJbHO COCTABIIIOT A MeTaHa: 20 ppm —
19,3 ppm, 40 ppm - 38,5 ppm, 60 ppm - 57,8 ppm, 80
ppm—77,1 ppm, 100 ppm - 93,3 ppm, 150 ppm — 144,5
ppm, 200 ppm - 192,6 ppm, 400 ppm — 385,2 ppm, 600
ppm - 577,7 ppm, 800 ppm - 770,1 ppm, 1200 ppm —
1155 ppm, 1600 ppm — 1539 ppm, 2200 ppm — 2115
ppm, 320 Oppm - 3073 ppm.

Pe3yabTaThl NPOBENEHHBIX IKCIEPUMEHTOB. B
tabnuuax  ObuiM  3adMKCHpOBaHbl  Pe3ynbraThl
9KCIEPUMEHTOB TP TOHMXXEHHOH  MOIIHOCTH
uMIynbca HarpeBa 220MBT, KOTOpas cocTaBiseT 78,5%
0T HoOMUHaNbHOM (280 MBTE25 MBT) a pe3yJbTaThI
SKCIEPUMEHTOB NpU MUHUMaIbHOH 260 MBT+2% oOT
3asBJICHHON HOMUHaIBbHOH (280 MBTE25 MBT)
MOITHOCTH  WMITyJbca  HarpeBa.  lccrmemoBaHUS
MIPOBOAWINCH C HOBBIMH CEHCOPAaMH C MajbIM H
JUTATENEHBIM (0oJiee 2 JIeT) BpeMEHEM XpaHCHHUS MU
HE3HAYUTENILHBIM BPEMEHEM Pa0OTHI, a TAK)KE C CEHCO-
paMu rocie 4eThIPEXIETHETO MePUoa SKCIITyaTaliu.

AHayim3 pe3ysabTaToB. [Ipy ananmuse pe3yapTaToB
MIPOBEJICHHBIX HKCIIEPUMEHTOB OBIIM OIpE/IEeNICHBIL:

e Bospgeiictue 100 ppm u 20 ppm MOHO oKcHaa
yraepoga u 100 ppm u 20 ppm merana nHa TGS2611-
CO00 mpu NOHMKEHHON MOITHOCTH UMITYJIbCa HarpeBa —
220 mBT £2% ;

e Bospgeiictue 100 ppm u 20 ppm MOHO OKcHaa
yraepoga u 100 ppm u 20 ppm merana nHa TGS2611-
CO00 mpm MHUHUMATHHON 3asSBICHHOW MOITHOCTH
nMITyJibca HarpeBa — 260 MBT £2%;

e Bospgeiictue 100 ppm u 20 ppm MOHO OKcHaa
yraepoja u 100 ppm u 20 merana Ha TGS2611-C00 npu
MaKCUMaJIbHOM 3asBJICHHOM MOILHOCTH HMITYJIbCa
Harpesa — 305 MBT £2%.

IMon BozneiictBuem CO HabmromaeTcst poCT
mapameTtpa AU npy NOBBIIICHUH MOIITHOCTH HArpeBa OT
220 MBtr mo 260 mBt. JlanmpHelmiee yBemTHUCHHUE
MOIIIHOCTH HarpeBa ceHcopa ot 260 MBT mo 300 mMBT
MIPUBOAMT K YMECHBIICHUIO 3HAYCHUS STOTO MapaMeTpa.
IIpu sToM mox Bo3aeiicTBueM meTana napamerp AU Ha
MOpAAOK MEHBLUIC W TIPU POCTE KOHUCHTpAUHUU €ro
3HauYeHHe He yBenuumBaercsi B oriamdyue ot CO, mnpu
KOTOPOM 3TOT MapaMeTp 3HaYUTENbHO PacTET.

ITapamerp B mo CO B pa3sl MOpeBHIIAET ITOT
napameTp 1Mo MeTaHy Mpu MoITHOCTH Harpesa 220 MBT.
OTO O03HAa4YaeT CYLIECTBEHHO OOJBUIYIO YyBCTBH-
TENBHOCTh MOJyNpoBoAHMKAa ceHcopa k CO 1o
CpaBHCHHIO C €ro 4YyBCTBUTCJIBHOCTHIO K MCTaHYy,
MIPOSIBIISIEMYIO UM B TIpoliecce Harpesa. [1pu MomHocTH
HarpeBa ceHcopa 260 MBT 3to npeumyiectso p no CO
YMEHBIIaeTCs JO MHHUMyMa. [lpu nmanbHeiimem
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yBeIMUEeHUH MolHocTh Harpea B mo CO
YBEJIIMYMBAETCSI IOPU  OYEBUIHOM  YMEHBIIEHUU
napamMeTpa f} mo MeTaHy COIJIacHO UCTOYHUKY [4].

[TapameTtp v mo CO, xapakTepu3yIOIUil CKOPOCTh
HU3MEHCHUA BPEMCHHU OXJIAXKIACHHUA IMOJYIIPOBOJHUKA
CEHCOpa, TAKXKE HCIBITHIBACT CYIIECTBEHHBIH POCT IO
CPaBHCHHUIO C BO3JICHCTBHEM [0 METaHy IPHU IOBHI-
LIEHUU MOIIHOCTU Harpesa oT 220 MBT 10 260 MBT.

OpmnHako Oomee  CTaOWNBHBIA  OT  BIHMSHUSA
OKpYy’Kalommel cpemsl, Kak BUOHO w3 Tabmmi 22-29,
SIBIIIETCS mapaMeTp B mpu MomHoCTH Harpesa 260 MBT.
OTO0 MOXHO OOBSCHUTH T€M, YTO MpPU CHIDKESHHH
MOIIIHOCTH HarpeBa Ha MOJTYIPOBOJHHUK CEHCOpPa pacTeT
BJIMAHUC OPYTUX 3arpA3HAIONINX BO3AYX KOMIIOHECHTOB,
B TOM YHCJE M aJKorojs. Eciu ydecTh TO, 4TO MpH
MPOBEACHUH KCIIEPUMEHTOB 0TOOP «YUCTOTO BO3AYXa»
OCYILECTBIISUICS HA MEPBOM ITAXKE PAJIOM C MPOE3KEH
YacThI0 YJMIBI, TO MOXXHO OOBSICHHUTH OOJBIIUE
OTKJIOHEHUS [} OT CpeHETro 3HAYCHHUS TIPU MOHMKCHHOM
MOIIIHOCTH HarpeBa ceHcopa.

[lomy4eHHbIE BrEpBBIE OPUTHWHAJIBHBIE PE3YIIb-
TaThl B IpOLIECCE HarpeBa MOIYMpPOBOJHMKA CEHCOpa
TpeOyroT 00bsicHeHnil. CHIKEHNE MOIIHOCTH HarpeBa
CeHCOpa W HH3Kasg TeMIeparypa TECTHPYEeMOro
BO3/IyXa, a TAaKXKE HHU3Kas BIAKHOCTH CIOCOOCTBYET
pocty AU. Hwuskag MOIIHOCTb HarpeBa CeHcopa
CHW)XAaeT WHTCHCHUBHOCTh BBITECHCHHS BIATH U3
CTPYKTYPBl MHOTOCJIOMHOTO TMOJYNPOBOJHHKA, HTO
crocoOcTByeT npu AOCTIKeHHH Umin COXPAaHEHHIO B
CTPYKTYpE TOJIyIIPOBOJAHMKA OOJBIIEro COJCpIKaHMs
BJIary, a B KOHIIE HAarpeBa IMOIyYUTh OOJIBIIYIO Pa3HHUILY.
IIpy mNOBBINIEHWH MOINHOCTH HarpeBa CeHcopa U
CBS3aHHOTO C ATHM pOCTa TEMIEepaTyphl COIIACHO
npuHuuny Jle-lllatense [4] MHTEHCUBHOCTh pEAKLUU
MoHookcHa yriaepona CO npH BBICOKON TeMIlepaType
¢ Monekynamu Hz:O0 comyTcTByrOmEH BIaXHOCTH
CHIDKaeTca. Bmecre ¢ 3TuM, OJHOBPEMEHHO PACTET
qyBCTBHUTEILHOCTh MOTyTPOBOTHUKA CEeHCOpa.
[TosTOoMy omTHMasibHAas MOIIHOCTH HarpeBa ceHcopa
Haxoautcsi B obmactu 250-260 mBt. Hamporus,
Ype3MepHO BBICOKas MOIIHOCTh HarpeBa CeHcopa
MHTEHCHUBHO OCYIIACT NMPHJIETAIONIYI0 K HarpeBaTellio
CTPYKTYPY MOJIYIIPOBOIHHUKA yKe 10 TocTHXEeHUS Umin,
B CJIC/ICTBHE UEr0 UMEET MECTO YMEHBIIIEHHE Pa3HOCTU
MEXJIy KOHLEHTPAIMsIMM BJIQXHOCTM B MOMEHT
goctukeHUsI Umin 1 Ustab. OCHOBHOE CHMXKEHHE
COIPOTHUBJICHUS MOJTyTIPOBOIHUKA ceHcopa
MIPOMCXO/UT 32 CYET MOBBIIICHUS €ro TeMIEpaTyphl.
VYmenbmenne Ustap U CBA3aHHOE C ITHM CHU)KEHUE
pocta AU MOXHO OOBSCHUTP B CIIEACTBHE BO3ICHCTBUSA
MTOBBIIIICHHOW BJIQXKHOCTH Ha TepudepuiiHeIe CION
TIOTYIPOBOIHUKA CEHCOPA.

BeiBoasbl. Bennunny 3Hauenus napamerpa AU
Ustab-Umin B OCHOBHOM XapaKTEpHU3yeT HallM4Hhe B
TECTUPYEMOM BO3JyX€ MOHOOKCHIA yIJiepoja W
BIQXXHOCTH, COPOMPOBaHHbIE B  MOJYIPOBOJHHK
ceHcopa. [loaTomMy mpH 3ara3oBaHHOCTH BO3IyXa
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METAaHOM 3TOT napaMeIp 3HAYUTCIIBHO MCHBIIIC.
IMapametp Ustab He3HaunTENBHO OTiHYaeTCss OT Umin.
Buicokoe 3nauenue AU aensemcsa omauuumenvHoil
ocobennocmoro mexncoy CO u y21e6000pooHbIMU
MOJIEKY1aMu PpU ux udeHmuurayuu.

OOHapyXeHHas  BBICOKas  YyBCTBHTEIBEHOCTH
MOJYIIPOBOTHUKOBOTO ~ CEHCOpa K  MOHOOKCHILY
yriaepojia JOJDKHA TO3BOJIUTH PEIIUTh poOIeMy
M3MEpPEHHsT 3ara30BaHHOCTH BO3[yXa MOHOOKCHIOM
yriepona aHAJIOTMYHO METOoIaM HU3MEpEeHUs
3ara3oBaHHOCTH BO3[yXa MeTaHoM. [Ipu 3TomM 3TO
BIEpPBBIE OyNET OCYIIECTBUMO B PEKHUME HMITYIIbCa
HarpeBa. Takke BIEPBbIE CTaHET BO3MOXKHBIM
HUACHTU(QHUIIMPOBATH  MOHOOKCHI  yrjepoma [0
XapaKTEPU3YIOIIAM TOJBKO €ro BBICOKOMY 3HAYCHHUIO
AU=Ustab-Umin. [Ipumenenne mnapamerpa P=Uwmin/
UMinair B YCIIOBHSX HM3MEHSIOIICHCS TEMIICPATYphl H
BJIQKHOCTH MPH CHCTEeMAaTHIecKoM 0OHOBIICHUH UMinAir
MO3BOJIMT  YCHCITHO  NPEOJOJETh  3aBUCHUMOCTH
COIPOTHUBIICHHS TIOTYTPOBOJHUKA CEHCOPA OT BIUSHHUS
KITUMATHYECKUX YCITOBHH.

B CBA3U C 3TUM BO3HHKACT np06neMa
I/II[eHTI/I(l)I/IKaHI/II/I «YHUCTOTO BO3ayXa», peuIicHuc
KOTOpOﬁ npeanojaracTcs npu aHaJIn3¢ BBIIIC

NEPCUYNCIICHHBIX UCCICAYCMbBIX ITAPaAMETPOB.

B pa3pabotaHHOM JIeTEKTOpE ra3a CUrHAIM3ALNI0
YpOBHEH 3ara30BaHHOCTU OCYIIECTBIISIOT CPaBHEHUEM
napamerpa P=Umin/Uminair C 3aJaBa€MBIMH YPOBHAIMH
PLN I KaXIOro  ypOBHA  CHUTHAIM3allUU
3ara3oBaHHOCTH. [Ipn 3TOM U1 yCTpaHEHHS BIMSHUS
TEMIIEPaTypbl, BIaKHOCTH, aTMOC(HEPHOTO AABICHUS U
BPEMEHHOW 4yBCTBUTEIBHOCTH CEHCOPA EPHOANIECKH
OOHOBIIAIOT  3HAUCHWE CHUTHANAa  COINPOTHBICHUS
MOJYTIPOBOTHUKA CEHCOpa B YUCTOM Bo3yXe UMinAir.

B pa3paboTaHHOM JIETEKTOPE Ta3a CHTHAIH3AIHIO
YPOBHEH 3ara30BaHHOCTH OCYIIECTBIISIOT CPaBHEHHEM
napameTpa B=Uwmin/Uminair C 337aBa€MBIMU YPOBHSIMH
BLN TS KaXXI10TO YPOBHS CUTHAIM3aLUHU
3ara30BaHHOCTH. HpI/I OTOM JId YCTPAaHCHUSA BJIUSAHUA
TEMIIEPATYPBhI, BIAKHOCTH, aTMOC(EPHOTO JAaBICHUS
BPEMEHHOU YyBCTBUTEILHOCTU CEHCOPA MEPUOTUUCCKU
OOHOBIIAIOT ~ 3HAYEHHWE CUTHAJA  COMPOTHBIICHHS
MOJYIPOBOIHMKA CeHCOpa B 4yUCTOM BO3ayXe UMinAir.
YcTaHOBIEHHST 3aBUCHUMOCTH  MOIIHOCTH — HarpeBa
CeHCOpa OT TeMIEpaTypbl TECTUPYEMOTrO BO3IyXa
CO3/1aCT BO3MOKHOCTE YIIPAaBISIEMOTO HAarpeBa ceHcopa
C IEJIBI0 CTAOMIIM3AINE TEMIICPATYPHOTO PEXKKMMa €ro
MOJTYTIPOBOTHHKA.
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Levan Imnaishvili, Kakhaber Kasoshvili
Energy efficient household gas stove

Summary. The effectiveness of the control of the distance between the burner of the household gas stove and the
bottom of the dishes is justified in the work. Based on the bottom temperature of the dishes, a diagram of the
functioning of the energy of an effective household gas stove is proposed, taking into account modern technology.
Keywords: Household gas stove. Ring. Plate efficiency.
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Maguli Bedineishvili, Levan Imnaishvili, Gocha Zedginidze

Monitoring and management of computer power consumption

Summary. The paper proposes a system for monitoring the power consumption of a computer class, analysis of load
tasks by computer programs for the required power and methods for its reduction.
Keywords: Computer Power Consumption, Power Consumption Monitoring, Computer Power Consumption

Management.
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Levan Imnaishvili, Maguli Bedineishvili, Gela Goderdzishvili, Gocha Zedginidze, Archili Tchovelidze

Technology of remote conduct of laboratory experiment

Annotation. The paper proposes an approach and technology for conducting remote laboratory / in-kind experiments.
The proposed technology involves remote access from the student's computer to the lab machine computer, remote
video surveillance on the lab machine, and interactive interaction between the student and the instructor.

Keywords: Computerized laboratory experiment, remote laboratory experiment.
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KOpuii KoBanb

0030p HOBBIX HaTYUKOB raza komnanuu FIGARO

AuHoTanusi. Cmamvs 3HaAKOMUmM dumameneli ¢ HOBbIMU OAMUUKAMU KOHMPOISL Kauyecmed 6030yXa 6Hympu
nomMeweHul, OamuuKamu ymeuku Memand, (peona, OamyuKamu ayemona, Y2ieKucio2o u yeapHo2o 2asd, KUciopood, a
MaKaice packpuléaem HeKomopble 0COOEHHOCMU UX NPUMEHEHUIL.

Kuarouesble cinoBa: meman, FIGARO, TGS8101, TGS8410, TGS2630, TGS1820, CDM7161, KE-25LF.

Yuri Koval

Overview of the new FIGARO gas sensors

Abstract. This article introduces readers to new indoor air quality sensors, methane, freon, acetone, carbon dioxide
and carbon monoxide, oxygen sensors, and also reveals some of the features of their applications.
Keywords: methane, FIGARO, TGS8101, TGS8410, TGS2630, TGS1820, CDM7161, KE-25LF.

Beenenne. HecmoTps Ha mnpojosmkaromuics
SKOHOMHYECKMH KpPU3UC W3-3a MaHIEMHUH KOpOHa
BUPYCHOH OONEe3HHM, a TaKke ChagoM o0BeMOB
MIPOM3BO/ACTBA M MPOJaX - PBIHOK JAaTYMKOB Tasza
MIPOIOJDKAET pa3BUBAThCS. Temepp, B KOMIIAHWU
FIGARO, rze ¢ 01.04.20 mpe3uaeHTOM U JUPEKTOPOM
cran Toshihiro Udaka, Bce Oompme mOMHHHPYIOT
OPOAaXH IaTYMKOB M MOAYJIEH TOpIOYMX, a Takke
B3PBIBOOIACHBIX T'a30B, a BCTPEYH C JUCTPUOBIOTOpPAMH
npoxozst B popmare BeO-koHDepeHIHH.

Kpome Toro, B cBsi3u c 3TOM maHgemmen -
MOSIBIJIUCh HOBBIE TEHACHIUM K YBEJIMYEHHUIO CIpoca
Ha JaTYUKU KUCIOPOAA M JaTYMKH KOHTPOJsS KadecTBa
Bo3nyxa komnanuu FIGARO, a umenHo:

- B pecnuparopax cO BCTPOCHHBIMU JaTYHKaMU
KHCIOPOZAA, KOTOpbIE TaKK€ HCHONB3YIOTCS U B
anmnapaTax NCKYCCTBEHHOHN BEHTWIISINH JIETKHX;

- B gerektopax CO2, KOTOpBIE YIPAaBISAIOT
BEHTWJISILUEN BHYTPU NIOMEILIECHUN;

- B JICTEKTOpaxX BUPYCOB B BBIIBIXa€MOM BO3yXe€,
KOTOpbIE€ HCHOJB3YIOT JATYMK KOHTPOJS KadecTBa
BO3yXa.

OcHoBHasi 4acTb. HOBBIN, mnpenBapUTENbHO
kaauOpoBaHublii  gatumk  TGS8101,  koTopwIid
MpeAcTaBiIsieT n3 cedsd JMaTduK KOHTPOJS KadecTBa
BO3JyXa BHYTpM IOMELICHUN, OTHOCUTEIHHON
BIakHocT U Temmeparypsl. TGS8101 BemonHeH no
texHomorun MOMC (MuKpo3IeKTpoMeXaHNIecKas
CHCTEMa) Ha OJJHOH MOAJIOKKE C HHTETPATBHON CXeMOH
cHenradbpHOro HasHadeHus 1o texHosiormu KMOII-
MODMC, sBasieTcsl JATbHEUITUM COBEPIIEHCTBOBAHHEM
matuyuka TGS8100 [1], xoTopeli celfwac cepuitHO
npousBoauThcs Ha 3aBojgax FIGARO. Opnako, mpu
nonkmoueHun  garumka  TGS8100 x  BHemHel
WHTErpasibHOM cxeMe 00pabOTKH JTaHHBIX, BO3HHKAIOT
JIOTIOJTHUTETIbHbBIE PACXO/bl, CBSI3aHHBIE CO CJIO>KHBIMU
KOPIIyCHBIMH ¥ IPOBOJHBIMH MEKUYHIIOBBIMU CBA3SIMH,
I MapasuTHas CBsI3b MOPOXKAAET AONOIHUTENBHBIN
myMm. bonmee mpoxBuHYTHIM cnoco®d HMHTErpauuu
KMOII-MDMC B TGS8101- 5T0 MOHONMHTHBIH
MOJXO0J, TAE JaTYUK W CXEMBl pa3pabaThIBalOTCS W
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M3TOTaBJIMBAIOTCSA HAa OJHOW MOJIUTIOXKKEe. MOHOTUTHAS
WHTETPAls TOBBIIACT XapaKTePUCTUKN IaTYWKa 3a
CUeT YMCHBIICHHWS €ro pasMepa, IMOTpedIsieMoit
MOIITHOCTH | Tryma [2].

TGS8101 OymyT NPUMEHSATHCS B aBTOMATH3H-
POBAaHHBIX CHCTEMAX “yMHBIM JOM~ It KOHTDPOJS
KayecTBa BO3AyXa, B OUYUCTHTENIAX BO3AyXa, VIS
yIpaBJICHUS paOOTON BBITSKKH BO3AyXa Ha KyXHE, B
JneTekTopax 3amaxa. IlepBeie oOpasmsl  TGS8101
CTaHyT JOCTYIHBI K TMPHOOPETCHHUIO B TPEThEM
kBaptaine 2021 rona.

OcCHOBHbIE XapaKTCPUCTUKH TGS8101
MPHUBEJICHBI B Ta0J. 1, a BHENTHMIA BU HA puc. 1.

OcHoBHBIE XapakTepucTuku natunka TGS8101

Ta6muma 1
Hampsxenne nutanust 1,7..3,6 B
Pabouwnii quamnazon 0100 % RH
BIIQKHOCTH
Huanazon H3MEpAEMBIX 0,5 ... 100 ppm
KOHIIEHTpaLUii ra3a
Pabouwnii Tok 2 MA
Temneparypa skcrmyatanun | -40 ... +85 °C
BrixogHoit naTepdeiic 12S, SPI

Puc. 1. Baemrnnii Bun matunka TGS8101
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Hatuuk yTeuku metana u Bogopoga TGS8410,
u3roToByieHHbId 0 MOMC TexHoioruu B KOpITyce
TO-5 (cM. puc. 2), KOTOpBIi OBUT aHOHCHPOBaH
FIGARO eme B 2013 rony, nocie cepuy UCIBITAaHUN U
TTOHCKY ONTHMABHBIX TIPOU3BOICTBEHHBIX
MOIITHOCTEH, OXWIAaeT HAKOHEI[ Hadaja CBOETO
CepUITHOTO MPOU3BOACTBA B OKTsA0pe 2021 roxa.

brnaropapst BBICOKOH JOITOBEYHOCTHU "
crabmipHOCTH, HaTdyuk MetaHa TGS8140 umeaneH mis
TaKUX TPUMEHEHWH, KakK, HampuMmep, IMOPTAaTHBHEIC
ra3oBble JETEKTOPHI, AETEKTOPHI ra3a C aBTOHOMHBIM
SIEKTPONUTAaHHEM, B TOM YHCIE€ W JAJS KOHTPOJIA
YTEUKU MEeTaHa Ha ra3olpoBOJax U ra303alpaBOYHBIX
CTaHLUAX.

Hosbriit JlaTYUK co3aaer BO3MOXHOCTb
pa3paboTKu  JETeKTopa METaHa, KOTOPBIA MOXKET
HAJEXKHO TPopadoTaTh OKOJIO 5 JIET BCErO JHIIb OT
OTHOW NTUTHEBOW Oarapeiiku ¢ HampsokeHueM 2.8 B u
eMKocThI0 2400 MA/4.

Puc. 2. Baemnnii Bujg natunka TGS8140

Hogerit mogyns FCM2630 ¢ matankom TGS2630
(puc. 2), Oyner NPUMEHATHCSA I KOHTPOJS YTCUKH
¢peona R32 B cumcreMax OXJaXIACHWSI W B
KOHIUI[HOHEPAX.

Puc. 3. Buemnwuii Bun monyneir FCM2630 ¢
natuynkamu TGS2630

FCM2630 Oymer mMeTh 3aBOJCKYIO KaaHOpPOBKY ITO
HU3MEPEHHI0 YTEeUKH (pPeoHa, CXEeMy TeMIlepaTypHOR
KOMIICHCAI[MH, YCTOWYUBOCTh K MHTEP(EPEHIIMOHHBIM
ra3aM, KOMIIAKTHOE WCIIOJIHEHHE W COOTBETCTBHE
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crangaptam [EC60335-2-40 u JRA4068. Monyns
FCM2630 Oynmer mocTymeH B TpeX HCIONHCHHSAX -
FCM2630-C01 (anamoroBsiii Bbixoa), FCM2630-E00
(undposoit Beixox ¢ omHuM natdukoMm) U FCM2630-
HOO (mudpoBodi BBIXOA C OBYMSA JaTIHKAMH).
bnaromapst ~ MCHIONB30BaHMIO — ABYX  JIaTYHMKOB,
FCM2630-HOO ©Oyner wuMeTh ITOBBIMIEHHBIH CpOK
CITyXOBI - 15 7er.

Jnst n3MepeHnst ypoBHS KOHIICHTPAIUHU alleTOHa,
komiranus FIGARO mpepiaraer ucrosib30BaTh HOBBI
TepMoKaTanuTrdeckui matyuk TGS1820 u moxmyins
EM1820 (puc. 4).

Puc. 4. Buemnmii Bua gatunka TGS1820 u moxyns
EM1820

OcobOennoctu gatunka TGS1820:

- BBICOKAsl 4yBCTBUTEIBHOCTD K AllETOHY;

- BBICOKas CEJEKTUBHOCTh K HHTepQepeH-
[IHOHHBIM T'a3aM, TAKMM KaK 3TaHOJ ¥ BOJOPOI;

- OBICTpOE BpeMs pEakiMd Ha HM3MCHCHHE
KOHIICHTPALIUY alleTOHA;

- moTpedIsieMas MOIIHOCTE 0koyi0 160 MBT.

IIpumeHnenus:

- QHANIM3aTOPHI AllETOHA B BBIABIXAaEMOM YEIIOBEKE
BO3/IYyXE€;

- IETEKTOPHI all€TOHa;

- JaT4dK HapylleHHs MeTabonusma mpHu

OJHOTHUITHOM JTHETE.

Tenepp, paccCMOTPUM HOBBIE PEIICHUS KOMITAHHH
FIGARO pys ynpaBieHus CUCTEMaMH BEHTHIISIIMU
BHYTPHM IOMEILECHUN. MeHbllle LIUPKYJISALIUN CBEXEro
BO3/lyXa B  TIOMEUICHWM  JaeT  3HAuUTEJIbHBIE
MPEUMYILECTBA B OSKOHOMUHU OHEPIUH, HO MOXET
CIOCcOOCTBOBaTh AajbHEimeMy M Ooliee LIMPOKOMY
pacIpocTpaHeHHI0 KOopoHaBupyca. [loaTBepxaeHuHEM
9THX CJIOB MOKET OBITh MHIMACHT, KOTOPBII BO3HHK HA
SIMOHCKOM ~ KpyHM3HOM  JaifHepe  “bpunnuanTtoBas
npuHnecca’ 3umoit 2020 roaa, rie ObLT 0OHAPYKEHBI
OOJBbHBIC KOPOHABHUPYCOM, IOATOMY Ha CyJHE OBLI
OOBSIBIICH KapaHTUH M OHO MECSI MPOCTOSIIO B MOPTY
WMokoramsr. Cpenut 3711 ueloBeK NacCaupoB 1
YJIEHOB JKHIaxka, 761 yemoBek 3abomeno u 11 genoBek
yMepiIo.

Jaruukn yriekucnoro raza (CO;) MOTyT BHECTH
CBOH BKJIa[ B BCHTUJISIITUIO C KOHTPOJIEM
JHEPronoTPeOICHHS, obecrnieunBas HAWITy4IIee
COYETaHHWe SKOHOMHUH IJIEKTPOIHEPTUH U BEHTHIIALNH,
CM. puc.5.
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CO, sensor

Puc. 5. Ucnons3oBanue gatunkoB CO; amnst
A(eKTUBHOTO YIPABICHUS CHCTEMOI BEHTHUSIIIIUI
BHYTPH IOMEIIICHUH.

Kommanuss ~ Figaro  aHoHcHpoBasia  HOBBIM
moayipHBIH nmatank CO, CDM7161 (puc.6) st
OlpeneeHus]  KOHIIGHTPAIMM  YTJIEKHCIOro  rasa
(mByokucu yraepoaa CO,). Moaynb OCHaIleH IBYMS
UH(PPaKPaCHBIMA CCHCOPAMH U OTJIMYACTCS BBICOKOM
TOYHOCTBIO TIPU CBEPXHU3KOM 3HEPromnorpedsicHuu. B
MOJyNle HCIoNb3yroTes gBa MK nmatdwmka auokcuma
yraepoga CO,, paboTarmomme 1O  MPHHIUILY
OIpeIeIICHUS TOTJIONCHHS HHYPAKPACHOTO U3ITYUCHUS
Ha pa3ubix MK mimHaxX BOJH, KOTOPBIE H3TyYarOTCS OT
onHoro ucrounuka MK cera. Ogun gaT4uk usmepser
MHTEHCUBHOCTh Ha dacrore noriouienus WK ceera
monekynamu CO,, a BTOpOH - HHTEHCUBHOCTH
sramoHHOW WK 4acTtoTel, OTIMYHYIO OT YacTOTHI
nornamenuss WK  cBera  momekymamu — COas.
COOTHOIHCHI/IC MCXKAY HUHTCHCUBHOCTIAMH YacCTOTbI
MOTJIONICHUSI W JTAJOHHOW YacTOThI - OMNpPEIeNseT
a0COJIFOTHYIO KOHIICHTPAIIMIO YIJICKHCIOr0 Tra3a B
BO3JIyXe.

@,

Puc. 6. BHenHmii Bua gaTunka yriaekuciaoro rasa
CDM7161

B 0osee mpOCTHIX MOYISIX UCTIONB3YETCS TOJNBKO
OJIUH JaTYMK, YTO MO3BOJSCT OCYIICCTBIIATH JIHIIb
OTHOCHTEIJIEHBIC HU3MEpEHUL KOHIICHTPAIUH
yraekucnoro rasa. Konctpykmus ¢ gsyms UK
JaTdukami, padorarommmMu Ha ogHoi MK wactore, kak
B gatunkax CDM7160, mno3BOJsSE€T MCIOJIb30BAThH
MOIYTh Ui TONY4YCHHS aOCONIOTHBIX — BEINYHH
konneHntpammu CO; B BO3MyXe, a HCIOJIb30BAHKE
HOBOrO aByxdactoTHoro WK MeToAa, Kak B
CDM7161, 1o3BOJIIET 3THM JdaTYMKaM IPOBOJUTH
BBICOKOTOYHBIE U3MEPEHHs B IOMEIICHUSIX C BEICOKUM
0a30BBIM COJICPKAHUEM JUOKCHUIA YIiIepoia — TaKuX,
Kak OOJIbHMIIBI, yUCOHbIC 3aBEICHHS W JPyrUe MecTra
JIOJITOBPEMEHHOTO0 MacCOBOTO CKOIIJICHHMSI JIFOJIEH.
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O6pa3upl gatunkoB CDM7161 OyayT noCTymHBI
Kk 3aka3y Bo II kBaprane 2021 roaa.

IIpon3BoACTBO  AaTUYMKOB  YIJIEKHCIOrO rasa
CDM7160 KOMIMaHuen FIGARO MoKa
TIPHOCTAHOBIICHO B CBS3H C IOXKapoM B OKTsiOpe 2020
roma Ha 3aBoge Asahi Kasei Microsystem B ropoae
Hobeoka (SmoHms), KOTOPBI KOMIDIEKTYET WX
HEOOXOZMMBIMH  JIEKTPOHHBIMH  KOMIIOHCHTaMH.
IlosTomMy 3aka3wl 10 HUM ceilyac He NMPUHUMAIOTCA U
KIIMEHTaM pPEKOMEHAYETCsl HCIOIb30BaTh ITOX0XKHE
aHaJIOTH.

HepnasHo, KOMITaHHUS FIGARO OCBOMJIa
MIPOU3BOJICTBO HOBOTO 3JIEKTPOXUMHUYECKOTO JaT4HKa
kuciopoaa KE-25LF mo O0ecCBHHIIOBOW TEXHOJOTHH C
raJlbBAaHUYCCKUM THIIOM sueiiku (puc. 7). OCHOBHBIC
xapakrepuctuku natuuka KE-25LF mnpusenens! B
Tadm. 2.

Puc. 7. Buewnuit Bua gaTunka KUCIopoaa
KE-25LF

OcuoBHBbIe XapakTtepucTuky natanka KE-25LF ¢
rajJbBaHIMYECKUM THUIIOM STUCHKU

Tabmuma 2

Juanazon n3MepeHus 0...30%
KOHIIEHTPALIUK KUCIIOPO/a
Temmneparypa +5...+40 °C
Bpewms otximmka (90%) 15 cex
ATmochepHOe TaBICHHE (0.8~1.2

atm)
IIpogomKUTEeTbHOCTD 5 ner
0e30TKa3HOW paboThI IpU
temneparype +20° u
CTaHJapTHON
koHueHTpanuu O; B
aTMocdepe

BoiBoabl. [ TaBHEIMH JOCTOMHCTBAMH HOBOTO JaTYHKa
SBIISIIOTCSI ~ OCCCBHHIIOBAasE —~ TEXHOJIOTHS,  KOTOpas
cooTBeTcTBYyeT  nupektuBe ROHS,, oTcyrcrBHe
HeO6XOI[I/lMOCTI/l BO BHCIIHCM HCTOYHUKE ITUTAHUA, HCT
BPEMEHU IIPEIBApUTEILHOIO Harpesa, OBICTPBIIA
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OTKJIMK Ha W3MEHEHHE KOHLEHTPALUH KHCIopoJa |
oTcyTcTBUE uyBCcTBUTENBHOCTH K CO», HoS 1 SO,.

[IpuMeHSIOTCS ~ DMEKTPOXMMUYECKHE  JTATYUKH
KHCIJIOpOJia B pa3paboTKe M MPOU3BOJICTBE:

- MEIOHMIHMHCKOr0 O00OpYHOBaHHS: HApKO3HO-
JpIXaTeNbHAs ~ allaparypa, peclupaTtopbl, KHCIO-
pomHBIE O00OTAaTHTENH, KHCIOPOIHbIE WHKYOATOpBHI,
anmapatsl BJT;

- o0opymoBaHHs U NHIIEBOH IPOMBIIUICH-
HOCTH:  XOJOOWIBHOE  00OpyIOBaHME,  TEIUIULE,
pedprrkepaTopsl ¥ OBOILEX PaHIIIHIIA;

- cucTeM 0€30HacHOCTH M  KIMMaT-KOHTDOJIS:
KHCIIOPOJIHbIE ~ JaTYMK{, MOXKapHbIe W3BEINATEeNH,

ra3zoaHajn3aTopbl W CUTHAJIM3aTOPLI 663OHaCHOCTI/l,
KOHAUIIMOHEPHI, AHAJIN3aTOPbI TOIIOYHBIX u
BBIXJIOIIHBIX I'a30B.
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1. www.figaro.co.jp

2. Barrettino, D.; Graf, M.; Zimmermann, M.;
Hagleitner, C.; Hierlemann, A.; Baltes, H. A smart
single-chip micro-hotplate-based gas sensor system
in CMOS-technology. Analog Integr. Circuits Signal
Process. 2004. 39. 275-287
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Nugzar lashvili, Shota Mestvirishvili, Ketevan Makhashvili

Microprocessor Devise for Quality Control of Natural Gas Odorization

Abstract. The report examines the issues of determining the quality of the process of adding odorant in natural gas. The
place of odorisation in the network of household gas supply to the consumer is shown. A general algorithm for gas
odorization is given. The main requirements for the microprocessor of the odorization quality control device are

formulated.

Keywords: Gas odorization; Odorant; Quality control; Microprocessor device.
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KoHcTanTHH AreeB

YerpoiicTBo 00HApY:KeHUS YTeuKH razoB « Kpucranm» 1Js xKUJIbIX MOMelleHui, cucTeMa
MOHMTOpPHHIa yTeuku razos “CERBER”

AHHOTaHI/lﬂ. B pa6ome paccmompeHrsbl 60Nnpocsl Cc030aHUs CucHaauzamopa ymedku 2a3o6 U Cucmemvbl MOHUmMopuHeda,

NOCMPOEHHO20 Ha basze HMo20 YCmpoucmaa.

KawueBble ciioBa: ymeuka 2aszoe, cazocucHaluzamop, 3Jl€KmpO/l/laZHumeluv KlanaH, cucmema MOHUmopuHea,

aneopumm pabomol.

Konstantin Ageev

Residential gas leak detection device ""Crystal'" and gas leak “CERBER” monitoring system

Annotation. The report discusses the issues of creating a gas leak detector and a monitoring system based on this

device.

Key words: gas leakage, gas detector, solenoid valve, monitoring system, work algorithm.

Beenenue. IIpenynpexnenue aBapUIHBIX
CUTyaIlMi TpH dKCIUTyaTallud ra30BOro 000pyA0BaHUS
OYECHb BAXKHBIA W HEOOXOJUMBIH Y4acTOK paboThl B
LIETIOYKE IIOCTAaBKM W IOTpeOJieHHsT OBITOBOrO Tasa.
CraTucTuKa TOBOPUT O TOM, YTO €KEAHEBHO B MHpE
MIPOMCXOMAT B3PBIBEI OBITOBOTO Ta3a, pa3pylIaloTCs
JoMa, THOHYT Jogu W JKuBOTHBIe. Emé Tparmunee
BBINVIIAUT CTATUCTHKA THOENHN JIOJEH M KUBOTHBIX OT
yTapHOTo rasa.

Hemnoro w3 wmcropum paspaborkm. Llens
pa3paboTKu — CO3AaHHE CHCTEMBI MPEXYNPEXICHUSI
aBapui MPH HMCIOJIB30BAHUM Ta3a B OBITY, MOSBICHHS
yrapHoro rasa B IIOMCUICHUAX, YBCINYCHUA
TEMIIEPATypbl OKPYKAIOIIEH Cpellbl B IOMEILEHUU 10
KpuTUYECKOi TemnepaTypsl (+54°C). PaGoTa cucteMbl
JOJDKHA OBITh MaKCHMaJbHO aBTOHOMHOM, alrOpUTM
paboThl CHCTEMBI JIOJDKEH HCKIIOYaTh 4YEIOBEYECKUH
(dakTop B YNpaBICHWH IOJadMl Ta3a B IIOMEIICHHE
(3maHme), TOE KOHLEHTpAIMs Ta3a IPEBBIIAET
MPEJENBHO JOMYCTUMBIE 3HAUCHHUS.

Cucrema Monutopmara yrekum raza “CERBER”
Oputa paspaborama B 2011 romy B pesymbraTe

COBMECTHOM paboTsl CIIELMAINCTOB JIBYX
OPEANPUATHA - YacTHOTO BHEAPEHYECKOTO Hay9IHO-
IIPOU3BOJCTBEHHOIO NIPEAIIPUATUSA “Yxpakcro-
mporecc” M 4YacTHOTO — Majoro  MpearpHusTHs
“Kpucramn”.

YacrtHoe BHEJPEHUECKOE Hay4HO-
IIPOU3BOJICTBEHHOE IpEANPUSITUE "Vkpakcrmo-
mpouecc” ocHoBaHo 21 nekabpst 1991. OcHOBHBIM
BUJOM  JEATENBHOCTH  SIBISIETCA  HHXKEHEPHO-

TEXHUYECKOEe 00ecreyeHne MpPOMU3BOJICTBA, BHEIPEHUE
HOBEHIIMX TEXHOJOTMH M H3AEIUI OTEUYeCTBEHHBIX
TOBapOIPOU3BOJUTEINEH.

YactHoe wmasioe mnpeanpusitue «Kpucramm»
ocuoBano 20 ¢despanst 1992 roga. OCHOBHBIM BHIOM
JEATEIIbHOCTH MPEATPUSATHS SIBIISIETCST -
KOHCTPYKTOpCKast paspabotka u cepuitHoe
NPOU3BOJICTBO  JJIEKTPOHHBIX  OJIOKOB  Jt00OM
CJIO’)KHOCTH 110 TEXHUYECKUM 3aJJaHusAM 3aKka3uukos. B
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TeYeHHe 28 JeT MpeanpusaThe H3roTOBHWIO U
MOCTAaBMWIIO B ajpec 3aKa34uKOB OoJiblle 4 MIJUIMOHOB
ANEKTPOHHBIX HM3AETHH, a MX aCCOPTUMEHT 3a 3TOT
nepuo1 coctapui Oornee 150 HaMMEHOBaHHMI.

Ha nporsokennn nocneanux 15 mer TIBHBII
"Vkpokcno-npouecc” ycnemno corpynaunuaer ¢ YMII
"Kpucrann", MMEHHO MO3TOMY CHELMAJIUCTBl JBYX
KOMIIAaHUH Ha4yaau pabdoThl MO pealu3aluyl ITPOEKTa
BHEJIPEHHUsSI CHCTEMBI 0E30IacHOTO WCIIOIb30BaHUS
ObITOBOTO rasa.

B 2011 romy Obpmmm pa3paboTaHbl, BIIEPBEIE B
VYkpanae cepTH(GUIIMPOBAHBI TO cTaHAApTy EBpomBI
JICTY EN 50194: 2009, 3anateHTOBaHO B YKpauHe, U
HA4aToO TPOM3BOJCTBO Ta30CHUTHAIM3ATOPOB Moemneil
D&K wu cucreMbl MOHUTOpPHHra YyTEUYKH rasa
«CERBER», ¢ 1enpl0 OMNEpaTHMBHOIO IOJIyYEHUs
aBapUIHBIMU CIIy’)KOaMH CHTHaJOB 00 yTeuke W
IIPEBBIIICHHUE JIOMYCTUMON 0e30IacHON KOHLEHTPAINH
ra3a. B 2012 rony cucremMa MOHUTOPUHTa YTEUKH ra3a

«CERBER» Bomwia B 4HCIO  MPU3EPOB
BCEYKPAaWHCKOTO KOHKypca KadecTBa mpoaykunu «100
JIVUIINX TOBAPOB YKPAUHBI». B atom xe 2012
roly TI0 MHHUIMATUBE TeHEepaTbHOrO AupekTopa Coro3a
peanpuHIMaTenei MaJIbIX, CPeIHHUX "
NIPUBATU3UPOBAHHBIX IIpeANPUATHI YkpauHsl
brikoBua BsuecnaBa MuxaiinoBuya u  MuH3HEpro
VYkpaunel B ropome XMEJNbHUIKOM Ha 0ase
NPEANPUATHS 110 Ta30CHA0KEHHI0O M Ta3u(HKALUH
[TAO "XwmenbHuukrasz" cocrosuiach BceykpanHckoe
CHEelMaIbHOE TEXHMYECKOE COBELIAHHME IO BOMPOCY
BHEJIPEHMs TI'a30CHrHaNn3aTopoB Monenu D&K 2-A-
GS u cucremsl MoHuTOpUHra yreuku rasa "CERBER",
0 WTOraM KOTOpOH OBUIO IPHHATO pELICHHUE
MPEATIOKNUTh BCEM OOJACTHBIM TPENPHATHSIM 10
ra30CHA0KEHUIO BHEIPUTH «IHJIOTHBIE NPOEKTHD» IO
YCTaHOBKE CUCTEMBI «CERBER» u
razocurnainmuzaTopos D&K.

OcHOBHas1 4YacTh. AJTOPUTM PadOThI CHCTEMBbI
«CERBER». T'azocurnamuzarop wMoxaenu D&K,
KOTOpBI ~ YCTaHOBIEH B  IOMEUIEHWH,  IpHU
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MIPEBBIIICHNH  JIOILyCTUMOM
KOHIIeHTpanuu ra3za (mm1  wMertana 0,5%) wmm
MIPEBBIIIEHNH  JIOMYCTUMOTO O€30I1aCHOTO  YPOBHS
yrapHoro raza (0,005%), mpeBBIIIEHUsI TEMIEpaTyphI
okpyxkaromeit  cpeasl  cpime  54°C  Bkmrouaer
aBapuifHyI0 3BYKOBYIO (He HIDKe 85 nb) U CBETOBYIO
CUTHAJIN3AIlUH, BBIKJIIOYAET OTCEKAIOIUI KiIanaH (Ipu
€ro HaJIMYMH B MOMEIICHNH ), OTHOBPEMEHHO TMepeiaeT
nHpopmanuio Ha [1K nucnieryepa aBapuitHON Ta30BOi
CILyKO0bI 00 azpece, rie YCTaHOBJIEH
ra30CHIHAJIN3aToOp, IaHHBIE BIAAENbIA ITOMELIEHUs
(®.1.0., Tenedonsl U T.A.) U BHJI Ta3a, IO KOTOPOMY
COCTOSUTIOCH CpabaThIBaHWE Ta30CUTHAIN3ATOpa. Bpems
nepefraun  wHGOpPMAIMU  Tocie  cpaOaThIBaHUS
ra3ocurHaiamszaropa ue 6osee 10 cexyHz.

Bpemsi cpabaTeiBaHHs Ta30CHUTHAIN3aTOpa MOCIE
JOCTHKEHUS YCTaHOBJIECHHBIX YPOBHEH KOHIIEHTpanuil
ra3oB 1o Mmerany He GOojee 30 CekyH[, MO yrapHOMY
razy He Oomee 60 cexkynn. Kpome Toro,
ra3oCHIHaJIM3aToOp  pacChUIaeT  TPEBOXKHBIE  CMC-
coobmenre Ha 10 HOMEpOB MOOMIIBHBEIX Tene(hOHOB
(Bmanernblia, coceqield, pOJCTBEHHUKOB U T.1.), KOTOPbIE
BIIaJIeTen 3apaHee 3ammcan B aMATh
ra3ocurHainzaropa. 11o mpeanokeHHuIo CIIeINalIuCcTOB

JI0  B3pBIBOONIACHOU

aBapuiHONW Tra30BOW  CHyXObl, TIE IPOXOAWIO
TECTUPOBAHUE CHCTEMBI, NPEIYyCMOTpeHa (QyHKIUSA
yAaIeHHOTro (C MyjibTa MAWNCIETYepa) OTKIIOYCHUS
MarucTpaineii  rasocHaOxeHus  (IpH  HAJIUYUH
YIPaBIsIEMOTO BEHTHIIS).

Bes cuctemMa MOHUTOPHHTA YTEUKH Ta3a
«CERBER» coctomT W3 Tra30CHTHAIN3aTOPOB,
HEHTPAILHOTO OJIOKa M MPOrPaMMHOI0 00CCICUYEHHS,
yCTaHaBIMBaeTCs Ha pabouyeM MecTe olepaTopa
aBapuiHOW ras3oBoil cmyx0bl 3a 20 MUHYT U He
TpeOyeT Kakux-Iu00 JOIOIHUTENbHBIX MaTepHaIoB U
pabotr. B cucteme mnpemycMOTpEHO OIHOBPEMEHHYIO
paboTy cO BCeMH oOmepaTropaMd MOOMIIBHOM CBS3H.
OanH TEHTpPaNbHBIA OJIOK CHCTEMBI OJXHOBPEMEHHO
oOcimyxkuBaeT Jr000€ KONMYECTBO aOOHEHTOB, B
6a3oBom Bapuante 200 000.

B 2019 r. mo mpemtoskeHNIo 3aKa3unKOB CUCTEMaA
MonuTopuara yreuku Taza «CERBER»  Obuia
JIopaboTaHa M TOJNy4YWSia HOBBIH alrOPUTM pabOTHl U
HOBble (QYHKIMH, 4YTO JeJaeT CUCTeMy Ooliee
YHHBEpCAILHOI 1 HaA&XKHOM B pabore.

B pesynbraTe m0pabOTKM cHCTeMa TOIyYHiIa
HOBBIE COCTaB M aJITOPUTM pabOTHI.

[Tpumep cucremsl puBeeH Ha puc 1., Tae:

- I
l [x1] s e L e " HenTpansumii &10K
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I =1 Keaprapa 2 |
: aadll - ' | : o --peeen- .‘ A
| - o I GSM-vamax |
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Puc. 1.

--- MPOBOJIHOE COETMHEHNE
--- GECIIPOBOIHOE COETMHEHHE
(GSM-kanan uiu paguoxkaHan)

K1 - snexTpokianaHbl OTCEKAIONMUE C TaTIYMKOM
NOJIOKEHHs1 IITOKa, pabovee HanpspbkeHune 12 B
IMOCTOAHHOI'O TOKa, YCTAaHABJIMBAIOTCA B KBapTUpaX.
Knaman cTosika - 3JIEKTPOKJIAIaH OTCEKAIOIINH C
JaTYMKOM IIOJIOKEHHs IITOKa, paboyee HarpspKeHHe
12 B mocTosSIHHOTO TOKa, yCTaHABJIMBAETCS HA CTOSIKE.

BY Kl - 6mok ympaBieHHs KiamaHaMu, KOTOPEIE
yCTaHaBJIMBAIOTCS B KBapTHpax. HampsokeHne muTaHus
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BY K1(N) 220B, 50T

biiok ymnpaBieHUs COCTOMT U3 aKKyMYJIATOPA, CXEMBbI
npeobpa3oBaHus HanpspkeHUs nepeMmeHHoro 220 B B
HalpsDKeHWE TOCTOSHHOTO TOKAa HEO0OXOIMMOTrO JUIs
NUTAHUS CXEMBl PAJAMOMOAYJSA, CXEMbl 3apsiKu
AKKyMYJISITOpPa, CXEMbl [aTUUKa IOJIOKEHHs IITOKA
KJIaraHa.

Oyukin BY K1(N):
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* obecrieyeHHEe HEOOXOOMMOTO HANpPSDKEHMS MUTAHWS
Uil paOoOTBl KiamaHa, B T.4. OT BCTPOEHHOTO
aKKyMyJsiTopa B CIydae OTKIIOYCHHS CETEBOTO
Hanpspxerns 220B;

» obecrieucHNE MEpefadn HMITYJIbCA OTKIIOYEHUSI OT
ra30CHIHaIN3aTopa KIIalaHy;

* obecneuenue nepenadyd MHGOPMALUK O MOJOKESHHH
MITOKa  KJIalaHa 4epe3  TIa30CUTHAIM3aTop  Ha
neHtpanbHbiii 0ok “CERBER” u IIK mucnerdepa
aBapUHHOMN CITy)KOBI.

BY KC - Onox ynpaBieHHs KiallaHOM, KOTOPBIH
yCTaHABIMBACTCS Ha CTOAKe. HampspkeHwe nuTaHus
BY KC 220B, 50I'u. bnok ympaBineHHs COCTOUT W3
aKKyMYyJISITOpa, CXeMbl MpeoOpa3oBaHMs HAIPSHKECHUS
nepemeHHoro 220 B B HampspkeHHE TOCTOSHHOTO TOKa
HEOOXOIMMOTO Il MHUTAaHHUS CXEMBl PaJHOMOYJIs,
GSM- Momysi, CXeMbI 3apsKH aKKyMYJISITOpa, CXEMBbI
JaTdyuKa IT0JIOKCHHUS LITOKA KJIallaHa.

Oynkiun BY KC:

* obecrieyeHuEe HEOOXOIMMOTO HANPSDKEHHS MUTAHHS
Uil paboTel KiamaHa, B T.4. OT BCTPOEHHOTO
aKKyMyJsiTopa B Clydae OTKJIIOYEHHS CETEBOTO
Hanpsbxenus 220B;

* obecnedyeHne Tmepenaddl HMMITYJIbCca OTKIIOUCHHUS
KJIaraHy OT Ta30CHTHAIN3aTOPOB, YCTaHOBIICHHBIX B
KBapTHUpax, Ta3oBoe  00OpyZOBaHHE  KOTOPBIX
TIOJKITIOYEHO K CTOSIKY;

* obecrieueHre (OPMHUPOBAHUS UMITYIIbCA OTKIIFOUCHHUS
TI0 33JaHHOMY aJITOPHTMY

*  KOJNMYECTBO  Ta30CUTHAIM3aTOPOB,  KOTOpBIE
BKJIFOUHMITH aBaPHIO T10 JIIOOOMY Ta3y WM TEMIIepaType
Ha MMPOTSHKEHUH yCTaHOBIICHHOTO BpeMeHu. Hampuwmep,
3 rasocurHaiaMzaTopa cpaboTany B TEYEHHH 5 MUHYT.
ITapameTpsbl (KOMYECTBO cpaboTaBIIIX
ra30CHIHAJIN3aTOPOB M BpEMs) alropuTMa MOXKET
MEHATb, N0 KaHally paguomonyis win GSM- Moy,
OTIepaTop aBapuiHOM CITyKOBbI;

» obecrieueHne nepenadn HHPOPMAIMA O TTOJIOKESHUH
mTOKa Kilanana Ha neHTpanbHbeld 010k “CERBER” u
[IK nucrieTdepa aBapuitHOM CIIyKOBI.

ANropuT™ paboThI KlIalaHOB (KBAPTUPHBIN, CTOSYHBIH,

MarucTpanbHbIN)

IIpu ompeneneHuu anropuTMa padOTHI TPEX BHUIOB
KJIaTIaHOB - KBapTUPHBII, CTOSYHBII u
MarucTpajbHbId, Mbl BBIOMPAIH U3 JIByX BO3MOIKHBIX
BAapPHAHTOB:

1) BKJIIOUEHHE  KaXJOro  BUAa  KjamaHa

MIPOMCXOUT TPU JOCTHKEHUHM KOHIEHTpAIMU Tras3a
onpenenéHHOro 3HadyeHus. Hampumep, KBapTUPHBIIL
KJIaraH MEepeKpBIBACT M0jady Tasza IMpU JOCTHXECHUH
KOHIIEHTPALIMHU 3HAYCHMS 0,55% MeTaHa B
OKPYXaIOIIEeM BO3[yXe, CToA4YHbIA Kiamad npu 0,75%
¥ MarucTpaibHBIN Kinanad mpu 1,1%;

2) BKITFOUEHHE KBapTUPHOTO KJIaraHa
MpoucCxXoauT IpU AOCTHIKCHUH KOHULCHTpALMU Tasa
onpezie JIEHHOr0  3HA4YeHWsl, JUIS CTOSYHOTO U
MarucTpaib"HOrO  KJIalaHOB  IPOHMCXOIUT  4epe3
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onpenenéHHble BpEeMEHHble yCTaHOBKH. Hampumep,
KBapTHPHBIN KJIalaH MEepeKpBIBaeT IOJady rasa IpHu
JTIOCTHKCHUT

3) KoHIeHTpanuu 3HaueHus 0,55% wmerana B
OKpY’KaromieM BO3IyXeE, CTOSYHBIN KJIaIaH
MEPEKPBIBAETCS TIPH YCIOBUH HETIPEPHIBHOTO HATHYUS
koHLeHTparuu Oonee 0,55% B Teuenun Bpemenu T1,
MarucTpaibHBIN KIanaH MepeKphIBACTCS NPU YCIOBUU
HEIPEPHIBHOTO HAJTMYMUS KOHIeHTpalmu oosee 0,55% B
TeueHuu BpemeHu T2. 3Hauenue BpemeHu T1 Bcerna
MeHblIe T2, 1 OHM yCTaHABIUBAIOTCS OIpeneIEHHBIM
3HaYCHWEM TpPU  3aBOJCKOW  KanuOpoBke. B
nmampHeiimeM T1 w T2 wmoryr OBITP W3MEHEHBI
aIMUHUCTPATOPOM CHUCTEMEL.

[epBrIit BapuaHT WMEET NMPEHMYIIECTBO B YCIOBHAX
mabopaTOPHBIX HCIBITAHWA H OKAa3bIBACTCS OYEHB
HETOYHBIM B PEaJbHBIX YCIOBUSAX SKCIUIyaTalldu
Ta30BbIX YCTAaHOBOK M aBapUUHBIX CUTyarusaX. OTbBITHI
MOKa3ajliy, YTO HETOYHOCTh CBS3aHA C Pa3IUYHBIMHU

YCIIOBUSAMHU JKCIUTYaTalluu (Temmepatypa
OKpyXarouied  cpensl, arMocepHoe  JaBleHHUE,
BJI@XHOCTh), KOTOpbIE 3HAYUTENBHO BIMAIOT Ha

KOHLIEHTPALMIO Ta3a B Pa3JIMYHbIX TOUKAX MOMEIIEHUSI.
Tak, W3MepeHus] NpPELU3HOHHBIM H3MEpPUTENIEM ras3a
IpU BKJIIOYEHHOM, HO HE 3aXOKEHHOW ofHOW u3 4
ra30BBIX TOPEIOK OBITOBOM ra30BOM IUIMTHI TOKA3aJIH B
Y4eThIpEX TOYKAaX HaJ Ta30BOM IUIMTOH 3HAYCHUS B
MOMEHT cpalatbiBanHus razocuraanuzaropa — 0,55% B
MECTe YCTaHOBKHM razocurnanmusaropa, 0,38% - B 40 cm
0T CUTHAIM3a~TOpa 110 ropru3oHTanu Bipaso u 0,8% - B
40 cMm BiieBo. CrieMaIUCTEI OTO O0BACHSIOT «IIOXHM)Y
CBOMCTBOM nepeMeuiMBanug ME€TaHa ¢ BO3yXOM, 4YTO
NPUBOJUT K HEOJHOPOJHOCTH KOHICHTpPAlMU B
peasbHBIX YCIOBUIX aBapUIHOM CUTYaIIH.

Bropoii BapmaHT ycCTpaHsSeT HEIOCTaTKH IIEPBOTO H
JaéT BO3MOXKHOCTH OoJiee TMOKOM HACTPOHKH pabOTHI
CHCTEMBI B ILIEJIOM YK€ BO BpeMs e€ dKCIUTyaTalWu.
[TosToMy BBIOOP OCTAHOBHIIM Ha BTOPOM BapHaHTe.

B KOHCTpyKLIMU NPeaycCMOTPEHO U3MEHEHUE 3HAUYECHUI
Tl w T2 mporpammHO, ©0€3  JOeMOHTaXxa
ra3ocurHanm3aropa, npu nmomomu 10 (ycraHOBICHO B
ra3ocHMrHajguMzaTope) ¥  sms —  COOOIIEHHH.
HacrpauBaemblii  napamerp-  BpeMs  OKMJAHUSA
noBTopHoro aHanmusa T1, T2, BenudynHa B CEKyHIaX.
Junana3oH nomycTuMslx 3HaueHHH 1...999 cek.

Ha cragum HacTpoWKM W 3aBOJICKOH KaJMOPOBKH
mapamerp T1 ycTaHaBnMBaeTcss B 3Ha4y€HUE IO
ymomuanuto 180 cek, mapamerp T2 — 240 cek.
Bce mpaBa  agMuHHMCTparopa MBI
MPEANIPUATHIO — 3aKa3UHKY.

BeBogsl. B cucTtemMe MBI HCIONB30BaNM  KIIAIaHBI
npoW3BoACTBa  Typuum, Ha  IOTOK  KOTOPBIX
YCTaHABIMBAaEM [JaT4YWK IOJOKEHHS IITOKA, TAaKUM
o0pa3oM, HE W3MEHAi1 W HE BMEIIUBAs’ACh B
KOHCTPYKLHMIO KJallaHa, Mbl MOJIy4aeM (YHKLHIO
KOHTPOJISI TIOJIOXKEHHUs 1IToKa. J[is Han&kHOW paboThI
razocuranmuzaropo  D&K  2-A-GS u  cucremsl
MoHuTOpHHra yTeuku raza "CERBER" mb1 mpumMeHnsiem

nepenaém
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KOMIUIEKTYIOIUE BEAYILUX MUPOBBIX NIPOU3BOAUTENIEH
JIEKTPOHHBIX KOMIIOHEHTOB — JaTYUKH  (HPMBI
“FIGARO”  (SlmoHmsl), = MHKpOKOHTPOJUIEPHI  H
creruaigbHble  MUKpocxembl ¢upmbl “MICROCHIP”
(CLIA).

BHenpenne u SKCIUTyaTanusl Ta30CHTHAIM 3aTOPOB
momener D&K 2-A-GS u cucteMbl MOHHUTOPHHTA
yreukn raza "CERBER" mno3BoauT mnpeaymnpenuthb
aBapuifHBle CHUTYallud W 3HAYUTEIHHO YMEHBIIUTH
KOJIMYECTBO JKEPTB U pa3pylICHUM 30aHuUil IIpU
9KCIUTyaTalli Ta30BOT0 000PY/I0BaHUS B OBITY.

Jluteparypa
1. EN50194-1. Anmapar TOJNBKO CHUTHAIHM3ALUS IUIS
0oOHapy>KeHHsI TOPIOYMX Ta30B B KIUIBIX ITOMEIICHUAX.

Yacte 1. Meronsl wucmpiTaHUd U TpeOOBaHHA K
XapaKTEePUCTHKAM.
2. EN50291-1. JleTexTopsl rasa.

DnekTpo—000pyIOBaHHE IS OOHAPY)KCHHUS OKHUCH
yriaepoja B JOMamIHuX yciaoBusx. Yacte 1. Metombl
UCIIBITAaHUI i TpeGoBaHUSA K pabounm
XapaKTCPUCTHKAM.

3. TGS3870. Texuuueckas
KOMOWHUPOBAHHBIX  aTYHUKOB
yraepona, 12/2005.

4. JP2004309343A. Croco6 YIIpaBJICHUSA
MOy TIPOBOJHUKOBBIM Ta30BBIM JaTdukoM. 2004.

5. IlepekpecTtHass  4yBCTBUTEIBHOCTb  JaTUUKOB
TGS26XX.Hos6ps. 2008. Figaro Engineering Inc.
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Csetiana KienunkoBa

CTpyKTypHBIe B3aUMOCBSI3H MOACHCTEMBbI YIPABJIeHUs SJHEPTrHO3PPEKTHBHOCTHIO
NpeNPHUATHS C HCNIO/Ib30BAHHEM HCKYCCTBEHHBIX HeliPOHHBIX ceTeil

AnHoTauusl. Ha ocnose onvima agmopa no npumMeHeHuro UCKyCCmeeHHblX HelpOHHbIX cemeli COBMECTNHO ¢ Memooamu

9KCHEPMHBIX OYEHOK U KOPPENAYUOHHO20 AHANU3A 0TI pACYEMA NPOSHO3HO20 NOKA3AMEIA IHEPLOEMKOCMU NPeOnpUAmus

€ Yenblo UCNONb30BAHUSL PE3YIbINATNOE NPU YAPAGIEHUU €20 IHEP20IPPEKMUSHOCHbIO NPEONONCEHO CO30aHUE ePYNbl

UHMENIEKMYAIbHO20 MEHEOJICMEHMA, ONnpedeieHbl ee NpPodEecCUOHANbHBIL COCMAas, @QYHKYUU U  cooepicanue

63aUMOOEUCMBUsL CO CIMPYKMYPHBIMU ROOPA30ELEHUAMU U PYKOBOOCMEOM NPEORPUSIMUSL.

KroueBble ciioBa: ynpasienue s1epeo3¢h@exmusHocmoio, NiaHUPOSaHue, UCKYCCMEEHHble HeUPOHHbLE Cemi,
NPOSHO3HBLI NOKA3AMENb, 2PYNNA UHMELIEKMYAIbHO20 IHEPLOMEHEONCMEHMA.

Svitlana Klepikova

Structural relationships of the enterprise energy efficiency management subsystem
using neural networks

Annotation. [t is proposed to create an intellectual management group, determine its professional staff, functions and
content of interaction with structural units and enterprise management. The proposal is based on the author's experience
in the use of artificial neural networks together with the methods of expert assessments and correlation analysis to
calculate the predicted indicator of the energy intensity of an enterprise in order to use the results in managing its energy
efficiency.

Key words: energy efficiency management, planning, neural networks, forecast indicator, intellectual energy

management group.

Beenenne. Hactosmuii aTan coBepiieHCTBOBAHHS MIPOMBIIIUICHHOCTh  SIBIISIETCS  OAHOW W3 HamOoee
yTIpaBICHUS] SKOHOMUKON XapaKTepPHU3yeTCs EPEX010M SHEPronoTPEOISFONINX OTpaciIeH.
K nugpoBoit skoHOMIEKe. B Ykpamne Pacopsoxernem [IpennoxxeHHass aBTOPOM METOAMKA IMO3BOJISIET C
Kabunera MunuctpoB ot 17 smBaps 2018 Ne 67-p. momompto MMHC, a Takke HCIIONB30BaHMEM METOJA
npunsrta KoHemnius pa3Butust tHPpoBOii SKOHOMUKH U SKCIIEPTHOM OLICHKM U KOPPEISALMOHHOIO aHalu3a Ha
obmectBa Ykpaunbl Ha 2018-2020 rojbl, COrNIacHO OCHOBE TPEANICCTBYIOMHNX CTATUCTUYECKUX ITaHHBIX
KOTOpOW OJHOM W3 OCHOBHBIX IIeJed sBIseTCs BBIYMCIISATE ~ NPOTHO3HOE  3HAYEHUE  ITOKa3aTels
TEXHOJOTrMYeckass W mudpoBas  MoAepHHU3ALUS SHEPrOEMKOCTH,  IPEACTAaBISIONIET0  OTHOIICHHE
MIpOMBIIUIEHHOCTH [1]. o0beMa CpelCTB 3aTpavyeHHBIX Ha JHEPTOHOCUTEIH K

OpHUM U3 METO/IOB HCIIONIB3YEMBIX B HEKOTOPBIX €IMHHLIE CTOMMOCTH BBIITYIIEHHON MPOAYKIHH [7].
00JIaCTSX 3KOHOMHMYECKOW JESITENbHOCTH  SBIISIETCS Hear paborbl. Ha mnpumepe ynpasieHus
METO/ MCKYyCCTBEHHBIX HeWpoHHbBIX cereit (MTHC). 9HEpProdGEeKTUBHOCTBIO MPEATIPUATHS TPEIOKHUTH
Cpenn  wWcclefoBaHWH  HEHPOHHBIX  CETEH s CTPYKTYpY U OIPEIENINUTh COACPKAHUE B3aUMOICHCTBUS
WCITIONIb30BAHUSI  TIPOTHOZMPOBAHUS  (PMHAHCOBBIX MOJpa3ACICHNH MPEANPUATHS IPU  HCIOIb30BAHUU
PBIHKOB citeyeT BeimenuTs padotel Kuan C., White H. HCKYyCCTBEHHBIX HEWPOHHBIX CETEH I OmpeiecHHUs
[2], Swanson N. [3], xoTopele [xOKa3amu NPOTHO3HBIX ~ TOKa3aTeNedl MNpH  IUIAHMPOBAHUHU
s ¢exruHocTh MHC npu aHamn3e BPEMEHHBIX PSIOB. MIPOU3BOJICTBEHHOMN JEATEIBLHOCTH.
Garcia R., Geneay R. [4], Qi M. u Madala G. [5] OcHoBHOIi MaTepuan. [lonmydeHHbIH  TIpU
00OCHOBAJIM  TOJIE3HOCTh HEHPOHHBIX CETeH s BBINOJTHEHUH pabOTHl OMBIT NPHUBET K BBIBOAY, YTO
aHaM3a TPEHIOB Ha POHIIOBOM pHIHKE, a Jorion P. [6] - 3¢ PEKTUBHOE HCIIOIB30BAHHE METOIMUECKOTO TT0/1X0/1a
JUIS1 TIPOTHO3MPOBAHMS BAJIFOTHOTO Kypca. pacuéTa  NPOTHO3HOTO  3HAuUEHWs  IOKa3aTels

ABTOpOM OblIa czeaHa MOMIBITKA HCIIOJIb30BaTh SHEPro€MKOCTH MPEIIPHUATHS C TOMOIIBI0 HEHPOHHBIX
WHC mnpu pemeHHH WCKIIOYUTENBHO BayKHOM JUIst cereil  TpeOyeT: CHCTEMaTH4eCKOro  HAKOIUIEHHS
CTpaHbI IPOOJIEMbI OBBILIEHHSI Y3HEPTOd(PPEKTHBHOCTH ©KETrOJHBIX CTaTUCTUYECKUX JIaHHBIX, KaK CaMmoro
MIPOM3BOACTBA, TIOCKOJIBKY OKA3aTelb SHEPrOEMKOCTH IOKa3aTes], Tak U (PaKTOPOB, KOTOPBIE HA HETO BIMAIOT;
BBII VYkpaunsl onuH u3 Xxyamux B Epone, a aHanM3a pacy€ToB M YCTAHOBJIEHUS KOPPEKTHOCTHU

JaHHBIX (¢ TOYKH 3pCHUA BO3JCUCTBUS Ha
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paccUMTHIBAEMbIil TOKa3aTeNb; BBIABICHHE THITMYHBIX
pacxoXXJIeHUH B TPAKTOBKE TOTO WJIM MHOTO (hakTopa u
BBEJICHHE COOTBETCTBYIOIIUX KOPPEKTUPOBOK; YydéTa
0COOEHHOCTEW MPEANPUSTHS; IPOBEICHHS C ITIOMOIIBIO
NHC wnccnenoBanmid 1O BBIOOPY panMOHAIBHBIX
3HAYEHHUI IIAaHUPYEMBIX IMOKa3aTeledl IMpOU3BOACTBA,
BIIUSIOIINAX Ha IOKa3aTelb SHEProéMKOCTH;
HCCIIEOBAaHUS o MOBBIIICHUIO TOYHOCTHU
TIPOTHO3UPOBAHUS 32 CUET U3MEHEHUM B CTPYKType U
rnapameTpax HEHPOHHOM ceTu U 1Ip.

Takoii mwmpokuii HaOop oOs3aHHOCTEW W
HEOOXOJUMOCTh CHUCTEMAaTHYECKOTO WX COBEPLICHUS
MIPUBOJHUT K BBIBOJY O 11€1€CO00pa3HOCTH CO3JaHus B
CTPYKTYp€ yIpaBJIeHUs PEANPUIATUEM TOACTPYKTYPHI,

rokKazarejieldl MpeanpuaThs Ha CHEAYIIHA roa u

MPOTHO3HOTO  00BEMAa  3KOHOMHH  CPEICTB  OT
MTOBBINICHUS YHEPTOCOCPEIKCHUS;
6) KoHTponb 3a €XEroJHbIM HAKOIJIEHUEM

CTaTHCTHYECKHUX JAHHBIX, HEOOXOANMBIX JJIsI O0YIEHUS
HEHPOHHO CeTH W MPOTHO3UPOBAHMUS;

7) IlpoBepka ageKBATHOCTH HEWPOHHOH CETH
IMyTEM COIMOCTABJICHUS PAaCCYMTAHHOTO IPOTHO3HOTO
MoKa3aTess U PaKTUIECKH JOCTUTHYTOTO;

8) AHanm3 U BBIBJICHHE NPUYHH CYIICCTBEHHBIX
PacXoXkJIeHNI paCUUTaHHOTO IPOTHO3HOTO ITOKa3aTels
9HEPro€MKOCTH ¥ (PaKTHYECKU TIOCTUTHYTOTO;

9) UccrnenoBanue BIMsSHNS BXOJHBIX (PaKTOPOB Ha
3HaYEHHeE M0Ka3aTelsl IHEProEMKOCTH U ITPEJICTaBIICHHE

YCJIOBHO Zpynnol UHmMENTEKmMYa/ibH020 PYKOBOACTBY HPCANPUATUA MAAaHHBIX A TMPUHATUA
anepzwuenedmmeuma (rpyHHBI I/IQM) CcOo YHOpaBJIICHYCCKUX pCH.ICHI/Iﬁ BApUAHTOB HUCIIOJIb30BAHUA
BHemmHHEe KOMITIOHEHTEL
Briciine vepapXxuyeckKkne YPOBHH YIIPaBJIeHWs
] s e |
Briciniee PYKOBOJICTBO IMPCANTPHUSTHS
N IMokasarenn
1 AeeHeLiL (punancupoBanus
IKOHOMHH OT DC s
Cnyxba D — LI pyia INMnanoso-hunancosas
SHEPrOOOMEHEKMEHTA oM > cyxGa
JAaHHEIS 'y
1T 1 AL s HAIM3a 4 b
Jlamcno xo/y DUHAHCHPOBAHNEC
BhinofiHe Hs

IMonpasnenenus
]IpCJLIIpMH']HH <

Puc.1l. CTpyKTypHBIC B3aMOCBSI3U [IOACUCTEMBI YIIPaBJICHUsI SHESProdO(HEKTUBHOCTHIO IPEAIIPUSITUS C
ucnoaes3zoanuem MHC

CIEAYOUMMA (QYHKIUSIMU:

1) Omnpenenenne, ¢ yu€ToM OCOOCHHOCTEH
OPEANPUATHS, OKa3aTejIel, KOTOPhIC IODKHBI OBITH
BXOAHBIMU (hakTOpamMu HeHWpoHHOW ceru. [{is uyero
HEOOXO0UMO:

- CO3JJaHHe 3KCIIEPTHOM IPYMIIBI;

- BBIIONHCHHUE AaIpPUOPHOTO
ToKa3aresneu;

- TIPOBEpKa COTIACOBAaHHOCTH MHEHHUH 3KCIIEPTOB
o kputeputo Kernena u [upcena [7];

2) ObecnieueHne KOPPEKTHOTO YIETa KaXKIOTO M3
BXOJHBIX (DaKTOPOB;

3) Obyuenne (cMHTE3) HEHPOHHOW CETH, UCXOJS
U3 HCTOPUYECKOTO OIBITAa (CTaTUCTHYECKUE JaHHBIE
TOPEANPUATHS TPEABIAYIINX JICT);

4) Ananu3 B TEYEHMHM ro/ia XOJla BBITIOJHEHUS
3aIUIaHMPOBAHHBIX TIOKa3aTeled - BXOIHBIX (pakTopoB
WHC, onpenenenns KOPPEKTHOCTH UX Y4€ETa U TEKyIlee
koppekTupoBku  Bbixoga MHC - mokaszarens
SHEPro€éMKOCTH MPENIPUATHSL.

5) Pacu€rel mMpOrHO3HOTO 3HAYCHHS MOKA3aTeNs
SHEPro€MKOCTH, Ha  JTale  MpeaBapUTENFHOTO
IUTAHUPOBAHWUS  KOHEYHBIX  3HAYCHHH  IUTAaHOBBIX

pamXHUpOBaHUS
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00BbEMOB SKOHOMHH CPEJICTB OT YMEHBIICHUS 3aTpaT Ha
SHEPropecypchl;

10) Mzyuenue BO3MOKHOCTH U 11ETIECO00PA3HOCTH
ucnonb3oBaHuss  kpome PERCEPTRON  nppyrux
CTPYKTYP UCKYCCTBEHHBIX HEHPOHHBIX CETEH.

[Tepeuenp  (QyHKIMOHANBHBIX  OOS3aHHOCTEH
CIEIMAJINCTOB BHIICYKA3aHHOW TPYIIBI YKa3bIBaeT Ha
HEOOXOJMMOCTh HaJUIeKAIIeH WX KBaIM(UKAMK W
XOpolllee 3HaHHe IPOU3BOACTBEHHOTO MpoIiecca.

Hamomanm, 9T0 OCHOBHAS IIE€Ib HCIIOJIB30BAHUS
HCKyCCTBEHHBIX HEHPOHHBIX CeTell - 3T0 obecreueHne
JONONHUTENbHON  MH(OpPMAIMH  SKOHOMHYECKOTO
XapaxkTepa IpU NPUHATUM YIPABJICHYECKUX PELICHUM
Ha JTare IJIAaHWPOBAaHUS NPHU ONpeAeieHUH 00BEMOB
CpEeICTB, B YAaCTHOCTH Ha IIPOrpaMMBlI JHEPro-
cOepexxeHns. Ha o0beM 3THX CpeicTB BIUSET 00beM
O)I(H[laeMOﬁ 3KOHOMHH 3a cycra MOBBIIICHUA
9HEProdGEKTUBHOCTH TMPEANPHUATHS, TaK KaK 3TO
MOXET pPaccMaTpUBaTbCsi KaK  JONOJTHUTEIIBHBIN
WCTOYHMK HMHBECTUPOBAaHUS. DTOT O00BEM DPACCUHTHI-
BaeTcs C TIIOMOIIBIO  IIPOTHO3HOTO  ITOKA3aTelns
SHEPro€MKOCTH, a Ml JTOr0 HY)XHO 3HA4YCHHE
MJJAHUPYEMBIX Ha CIEOYIOIIMA ToJ IOKa3zareie -
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BxozHbIX (akropoB MHC. Ilockonbky ruiaHupoBaHue
9THX MOKa3aTeNeH SABISIETCs MPOLECCOM MOCTENEHHOrO
MPUOIIDKEHNST K KOHEYHBIM 3HAYEHHSM BCIEICTBHE
yuéTa TeX WM MHBIX BHYTPEHHHX U BHELIHHX
00CTOSATENBCTB (JOTOBOPOB, KPEANTOB, MHBECTHIINH H
Ip.), KOTOpblE MOTYT W3MEHSAThCA B Ipolecce
IUTAHUPOBAHMS, IPUBJICYCHUE PACUETOB, CACNAHHBIX C
rmomomsio THC odeHs momne3Hsl, Oiaromapst OpICTpoTe
W KOHKPETHOCTH TMIONydeHHOH wuHpopmanuu. B
MIPEITIOKEHHON MOJENN YIpPaBJICHHUS 3TO OTPakaeTcs
HaJIMYHUEM NPSIMBIX U 00paTHBIX cBa3el rpynnsl 1OM c
PYKOBOJACTBOM  MpPENNpUATHS AN ONEPaTUBHOIO
obmena napopmanueii (Puc. 1).

OCO0EHHOCTBIO  IMPEIIOKEHHOH  CTPYKTYpHOU
CXeMBbl sBIAeTCS BblneneHue rpynmel MOM, kax
0mOoenbHOU NOOCMpPYKmypuvl, KOTOpas UMEET CBSI3b C
BBICIINM PYKOBOZACTBOM TIPEATIPUATHSA. 9to
00YCIJIOBIICHO, BO-TIEPBBIX, TE€M, YTO HaHHAs TpyIIa
COCTOMT W3 CIEIHUAINCTOB PAa3HOro  MpOoGMIs:
CIELHUATINCTOB TI0 DJHEPrOMEHEKMEHTY, IUIaHOBO-
(uHAHCOBBIM  BoOmpocaM, crnendanuctoB mo IT-
TeXHOJIOTUSAM U 1Ap. Bo-Bropeix, amsa pacuéroB MHC
HY)KHbl OCHOBHBIE ITOKa3aTelll - BXOJHbIE (hakTOpbI
HHC, xoTopsle OyIyT 3aJI05KEeHbBI B IPOU3BOJCTBEHHEIE
IUTaHBl  OpeanpusTus. B-Tpetbux, Ha  JTame
MIOCTENEHHOI0 YTOYHEHUs IJIAHOBBIX IOKa3aTeled Ha
CIIeyIOIMKA  Troj  IIeJIecoo0pa3HO  OnepaTUBHOE
B3aMMOJECUCTBHE  Mexay rpymmoii HWOM wu
PYKOBOJACTBOM HPEANPHUSITHS, YTO YCKOpSET Mpolecc
MIPUHATHUS pallMOHAIBHBIX PELICHUN.

Ce3u  rpynmel IDM ¢ moxapa3mencHUSIMHU
TIPEATIPUATHS HEOOXOINMBI TSt IOy IEHUS
uHopMalMK O XOA€ BBHIIOJHEHHS IUIAHOB IO
SHEProOMEeHE/PKMEHTY. B oTiMuue oT CBsI3M CIyXObl
SHEPrOMEHEKMEHTa C JTHUMH THOApa3JeIcHUIMU
JaHHast MHGOPMALsI BBITIOJHSIET HE POJIb KOHTPOJIS, a
HeoOXoJuMa Ui TNPOMEXYTOYHBIX  PacdéToB
MIPOTHO3HOTO KO3((uIKeHTa 3HEproéMKocTu. ITO, B
CBOIO ouepelb, HEOOXOAMMO Ui  KOPPEKTHOTO
OIpENENeHUs] TOr0 MM WHOTO MOKa3aTessl, BXOAHOIo
¢dakTopa HeWpoHHol cern. Hampumep, coryacHO
TUTAHOBOTO NTOKA3aTeNsI MHBECTHILINI 000py10BaHHE IS
MOJICpHHM3AIMH 3aKyIUIEHO, HO XOJ| €r0 OCBOCHHUS
MTOKA3bIBAET, YTO OHO XOTA M OyJEeT CMOHTHPOBAHO U
YCTaHOBJICHO, HO B 3TOM I'OJly He ycCIleeT 3apaboTaTh B
MOJHYI0 Mepy. be3ycnoBHO, B 3TOM ciiy4ae, 3HaUeHHE
WHBECTUIIMH Kak BxomHoro ¢akropa mis HWHC
HEOOXOJMMO CKOppeKTHpoBaTh. CBs3b €O CIykO0H
SHEProMeHe)KMEHTa HMeeT B3aUMOOOMEHBII
XapakTep, YTO  TO3BOJSET  DHEPrOMEHemKepaM
yuutbiBath naHuble pacuéroB MHC mpum paspabortke
CTpaTeruy, LeJie M 3amad SHeprocOepeeHus: |
COTJIACOBAHUS MX C PYKOBOJCTBOM IPEATIPUATHS.

[IpenyiosxeHHbIN B pabOTe METOAMYCCKHIA TOAXOT
MOXET OBITh TaK)Xe WCIOJIb30BAaH IIPH  OLIEHKE
KOHKYPEHTOCIIOCOOHOCTH ~ HPEANPUSTHS  COMOCTaB-
JIEHWEeM pPACCUUTAaHHBIX MPOTHO3HBIX MOKa3aTenen
SHEPrOoéMKOCTH C MHPEAIpUATHSIMH-KOHKYPEHTAMH C
LENbI0  ONpENENEeHUs] JTaloB MPOHU3BOACTBEHHOIO
LUKJA, KOTOPBIE HY>KAAIOTCS B COBEPIIEHCTBOBAHNH.

BeiBoa. Ilpu mepexone k muQpPOBO IKOHOMHUKE
BaYKHBIM HAITPABIECHUEM SIBJISETCS] COBEPLUICHCTBOBAHNE
YOPaBICHUE  MPOMBIIUIEHHBIMH  MPEINPUATHIMH.
D¢ GeKTUBHBIM  amnmapaToM — COBEpIICHCTBOBAHUS
SABJIAIOTCA HNCKYCCTBCHHbBIC HeﬁpOHHHe CCTH
MO3BOJIAIOIIME TIpU  IUIAHUPOBAHUHM, HUCXOAd U3
MpeIbIIyIIUX CTaTUCTUYECKUX JAHHBIX, IIOJIy4aThb
KOHKPETHBIE TIPOTHO3HBIE IIOKa3aTeld, C Y4ETOM
CJIO’KHOM B3aMMOCBSI3U MPOU3BOJICTBEHHOU
JesaTenbHOCTH.  JIIs  3TOro  Ha  OPEANpHUITHU
1esecoo0pasHo Co34aBaTh COOTBETCTBYIONIYIO TPYIITY
HHTEIUIEKTYalIbHOTO IIPOTHO3UPOBAHUS, BKIIOYAIOLIYIO
CHEIMAINUCTOB II0 3KOoHOMHKE, IT — TEeXHOIOTHAM,
MIPOU3BOACTBY, EHEPrOMEHEPKMEHTY, OOCCIICUUB €€
BSaHMO[[eﬁCTBHC CO CTPYKTYPHBIMU NIOAPA3ACTICHUAMU
U PYKOBOJCTBOM IPEANPUATHS, KaK ATO IOKa3aHO B
CTaThe Ha TpUMepe YyhpaBieHHus dSHeproddoex-
TUBHOCTBIO.

Jluteparypa

1.Konnenmus pa3ButHs muQpoBOii 5KOHOMUKH M 00OIIecTBa
Vkpaunbsl Ha 2018-2020 rr.: Pacnopsbxenne KaOunera
MunnctpoB Ykpaunsl oT 17 sauBaps 2018. Ne67. -p.
URL:http:/ zakon5.rada.gov.ua/laws/show/67-2018-
%D1%80.

2.Kuan C. M., Hornik K., White H. A Convergence Result for
Learning in Recurrent Neural Networks. Neural
Computation. 1994. Vol.6 (3). P. 420—440.

3.Swanson N., White H. A. Model-Selection Approach to
Assessing the Information in the Term Structure using
Linear Models and Artificial Neural networks. Journal of
Business & Economic Statistics. 1995. Ne 13 (3). P. 265-275.

4.Kiani K. Detecting Business Cycle Asymmetries using
Artificial Neural Networks and Time Series Models.
Computational Economics. 2005. Ne 26 (1). P. 65-89.

5.Qi M., Madala G. Economic Factors and the Stock Market:
a New Perspective. Journal of Forecasting. 1999. Ne 18. P.
151-166.

6.Jorion P. Predicting Volatility in the Foreign Exchange
Market. The Journal of Finance. 1995. Ne 50 (2). P. 507—
528.

7.Knenmkosa C.B. IlpumeHeHne HEHpOHHBIX ceTed B
yIOpaBaeHUH  eHeprod(G(EeKTHBHOCTBIO  MPEINPUSITHS.
Neuro-Fuzzy Modeling Techniques in Economics. KuiB :
KHEYVY, 2018. Ne 7. C. 127 —147.

CgejeHust 00 aBTOpax
KaenukoBa CaeTjiaHa BianumMupoBHa, KaHAWZAT 3KOHOMHUYECKHX HAyK, IOLEHT, HannoHaIbHBIM TEXHUYHBIN
YHUBEPCHUTET «XapbKOBCKHH MMOJUTEXHUUECKUHA HHCTUTYT, T. XapbKoB, YKpanHa; e-mail: klepikovasv75@gmail.com



II Log®msdm®obim badgsboghm-Ggdbogmmo 3mbag®dgbios "gbgMagdogol msbsdgpmmgy 3t mdamgdgdo
05 35000 35¢05§ig39GH 0L 3BYd0", MBI, bsgstmggmem, 2020 ferols 7-10 g37ddgHo
IT International Scientific and Technological Conference '""Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, December 7-10, 2020

Maia Melikidze, Jaba Gvelebiani

Renewable energy —major aspects of new regulatory framework of the energy sector in Georgia

Abstract: The present document is the review of major legal aspects of the renewable energy reform in Georgia.
Results of the research is based on the so called Desk Study methodology and the information received based on the

processing of secondary data. Moreover, applying quantitative methodology, by treating and analyzing of statistical

data, which were obtained from reliable sources, as well from publicly published information and the data requested to

organizations.

World experience regarding abovementioned topic is studied and essential components are identified, which are
necessary for rehabilitation of global tourism industry after the pandemic.

General list of the literature includes academic articles from international publications relevant for referencing,
legal and sub-legal acts, strategical documents, results of the relevant international researches, requested information

from the state structures.

Key Words: Renewable energy, legal harmonization, regulatory framework, energy sector reform.

Introduction. Since EU and Georgia signed the
agreement regarding association (hereinafter referred to
as the Association Agreement) on 17 of June, 2014,
Georgia has implemented number of legislative
amandements, for the purpose of fullfilement of the
obligations envisaged by the agreement.

Ministry of Economy and Sustainable Development of
Georgia elaborated ‘National Renewable Energy
Action Plan’ (NREAP) in August, 2019. The strategic
document, which defines past and future actions of the
government of Georgia regarding renewable energy,
within the framework of the obligations of EU and
economic needs of the country.Along with the
legislative amandements envisaged by the reform,
National Action Plan includes appraisal of cost and
benefit of supporting means of renewable energy

politics, whichcan be defined as an important
monitoring indicator for appraisal of regulation
effectivity.

Regulatory Environment. The “Law of Georgia on
Promotion of Production and Utilization of Energy
from Renewable Sources” is the major legislative
document for regulation of the field. For achieving
defined aims and tasks, within the renewable energy
reform, the law envisages number of means to be
accomplished by the Government of Georgia, the
Ministry of Economy and Sustainable Development of
Georgia (hereinafter the Ministry) and Georgian
National Energy and Water Supply Regulatory
Commission (GNERC).

Establishing additional regulatory framework, foreseen
by the law, is allocated to 24 months period since the
law went into a force (December 20, 2019); moreover,
envisages preparation, adoption of certain legal acts by
major authorities.

Adoption of the rule for establishing minimal
requirements of harmonized sample, for national action
plan of renewable energy, was one of the first
obligations that was imposed on the Government of
Georgia 1 month after adoption of the law.The rule for
establishing minimal requirements of harmonized
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sample, for national action plan of renewable energy
was approved by the Resolution #75 of the
Government of Georgia of February 6, 2020.The rule
defined list of the information that the national action
plan of renewable energy shall envisage: expected final
energy consumption for 2030; national target
indicatiors of the field of 2030 and expected share of
energy, generated from renewable energy sources, in
electricity, heating, cooling and transportation; means
for achieving goals; supporting schemes in electricity,
heating, cooling and transportation for promotion of
utilization of energy generated from renewable energy
sources; means for promotion of utilization of energy
generated from biomass; accessibility of the biomass as
for internal potential, so regarding the importation;
relations with other countries and appraisals regarding
potential results of means to be implemented.

The Government of Georgia adopted second
documentregarding approval of the rule of metering of
energy generated from heat pump on February 6, 2020.
The Resolution #74 determined aerothermal,
geothermal or hydrothermal energy metering formula
for energy generated from heat pump, for the purpose
of counting energy generated by this form to target
indicator determined by the “Law of Georgia on
Promotion of Production and Utilization of Energy
from Renewable Sources”.

Basic Characteristics of the Reform. Adoption of the
“Law of Georgia on Promotion of Production and
Utilization of Energy from Renewable Sources” on
December 20, 2019, was one of the major steps for
implementation of renewable energy reform. The law
establishes legal basis and with the coming into force
of legislative framework, in accordance with the law,
Georgia shall achieve major targets of the reform.For
better understanding of the significance ofrenewable
energy reform, we will discuss its three major
characteristics: target indicators, means of support and
mechanisms of cooperation with other states.
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One of the main characteristics of renewable energy
reform is absolutely new approach of legislative
regulation of Georgia — determination of target
indicator of the sector.The “Law of Georgia on
Promotion of Production and Utilization of Energy
from Renewable Sources” defined minimal indicators
of the share of energy generated from renewable
sources out of total final energy consumption, that shall
be achieved due to joint means of different state
bodies, after the law comes into force.

According to the law, for 2030 national common target
indicator of the share of energy generated from
renewable sources shall constitute 35% out of total
final energy consumption, that exceeds existing
indicator for the end of 2019 by 5.5%. Except the
general indicator, the law additionally defines average
indicator for the term of very two years, thatthe country
shall comply for the purpose of achieveing the
common target. Moreover, the law defined obligation
for the Government of Georgia, that except achieving
the common indicator, for 2030 it is significant that out
of final amount of utilized energy by all means of
transport in Georgia, 10% of the share of energy to be
generated from renewable energy sources.Regulative
approach of the “Law of Georgia on Promotion of
Production and Utilization of Energy from Renewable
Sources”, regarding definition of special target
indicators of the sector, shares the structure and the
format of the Directive 2009/28/EC. It is noteworthy
the “Law of Georgia on Promotion of Production and
Utilization of Energy from Renewable Sources” can
not be considered and a comprehensive regulatory
document of the sector without complete adoption and
the additional regulatory framework to come into
operation. The Directive 2009/28/EC  defined
principles, that 20% share of EU energy consumption
by member states shall come from renewable energy
sources by 2020. For this purpose, the Directive
determined various fixed indicators of the mandatory
growth for the member states, taking GDP and existing
share of renewable energy into account. The Directive
involved three sectors: electricity, heating and cooling;
and transportation.
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Figure 1. Indicators of the EU and its member
states by 2018

By 2010 out of final energy consumption in Estonia the
share of energy, generated from renewable sources
constituted 24.6%; whereas, the directive 2009/28/EC
determined 25% as the target indicator for 2020.
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According to the research conducted in 2015, Estonia
reached target indicator, determined by the directive, in
2011

In case the EU achieves the target indicator
(20%)determined by the Directive 2009/28/EC by
2020, planned growth constitutes of 12% by 2030;
whereas envisaging share of energy generated from
renewable sources in Georgia (29.5%) in 2019,
planned growth by 2030 constitutes 5.5%. It is worth to
mention, that according to the data of 2018, only in 7
EU member states (Sweden, Finland, Latvia, Denmark,
Austria, Portugal, Estonia) the share of energy,
generated from renewable sources exceeded 28%.

Support Mechanisms. For the purpose of achieving
common national target indicators the “Law of Georgia
on Promotion of Production and Utilization of Energy
from Renewable Sources” envisages establishement of
special supporting mechanisms.

Information regarding supporting schemes in Georgia
shall be transparent and accessible for everyone
interested, such as: consumers, architects, constructors,
installers, as well heating, cooling electrical device
suppliers, moreover the means of transportation
working on  renewables.Information  regarding
implememted supporting schemes and reports shall be
submitted to the Secretary of the Energy Community
by December 31, 2024. Whereas, after this, once every
two years.Supporting schemes shall be approved
within 12 months after adoption of the law, through
presenting by the Ministry to the Government of
Georgia.Schemes for promotion of energy production
from renewable sources shall be reviewedwith the joint
context of promotion of general mechanisms of
electricity sector. According to the Law of Georgia on
Energy and Water Supply, promotion of the electricity
generation shall be regulated by following criterias:
transparency, non discrimination, economic
expediency, minimal cost of the consumer and balance
of electrical energy and influence of the operation of
Georgian electrical energy system.

The law additionally determines, that with the various
supporting mechanisms, determined by the legislative
and sub-legal acts, for the purpose of promotion of
cogeneration and electricity production from renewable
sources, the level of electricity generation from
renewables and/or combined production of electricity
and heetingshall be achieved, that is defined for
Georgia by the legislation of the Energy Community.
However, the Government of Georgia has not yet
approved supporting schemes for promotion of energy
generation from renewable sources, “The Concept
Design for the Georgian Electricity Market” was
approved on April 16, 2020, which envisages
significantsnewses for the energy sector (hereinafter
reffered to as “Market Concept).Concept of electricity
market modelsetstheguiding principals for organizing
and functioning of electricity wholesale market. One of
the main aims of the Market Concept is promotion of



II Lsg®msdmMobim badgsbogmm-Ggdbozmmo 3mbagmabaos "9bgMagdolol msbsdgpmmgy 3Gmdamgdgdo
€05 35000 99sfY393 0L 3BYd0", MdoOlo, bsgstrmggmem, 2020 ferols 7-10 g3gddgHo
II International Scientific and Technological Conference "Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, December 7-10, 2020

supporting mechanisms, envisaged by the “’Law on
Promotion of Production and Utilization of Energy
from renewable Sources’’.

Market Concept defines idea of wholesale public
service and its specific obligations in the field of
renewable energy, such as: payments, within
supporting schemes, to producers of renewables and
other participants of supporting schemes and
promotion of renewable energy integration in
organized markets.Within the Organized Market, for
energy producers, benefiting from renewables
supporting schemes, the envisaged cost is reimbursed
by public service organization.The rule of carrying out
the wholesale public service function, also forming and
spending the fund of it, will be defined by the
Government of Georgia. As mentioned before,
successful use of hydro power resources determines
greatest share in renewable energy production and
utilization. For the purpose of better assimilation of
natural resource and attracting foreign investments, the
Government of Georgia offered signing of Guaranteed
Power Purchase agreement (PPA) to foreigner
investors, that after completing construction of hydro
power plant and beginning of production, envisaged
obligation of the government to purchase produced
energy at specific price.

According to the paragraph 4, of the article 23 of the
Law on Electricity and Natural Gas in force before
December 20, 2019, in case of agreement among the
Government of Georgia, market operator and an
investor regarding constructon of new power plant, the
market operator was obliged to sign direct agreement
regarding generated energy and/or purchased
guaranteed capacity. In spite of obvious growth of the
direct foreign investments in the energy sector, due to
the implementation of PPA model, the system was
often  criticized for lack of transparency,
uncompetivenes and fiscal hazards, due to the long-
term financial obligations of the state.

Market Concept defined rule of realization at organized
electricity market, envisaged by the Guaranteed Power
Purchase Agreement. Participant of Guaranteed Power
Purchase Agreement is entitled to agree on the rule of
compensation for the difference between market price
and price determined by the agreement signed with
wholesale public service organization, or sell energy at
organized maret on its own.

However, realization of the electricity, generated from
the most prevalent renewable sources — hydropower,
which is implementedbased on the Guaranteed Power
Purchase Agreement, in accordance with the Market
Concept it shall fall within a new legislative regulation.
Free electricity market on the one hands, gives
possibility to energy producers to preserve guatranteed
price, determined by the agreement; on the other hand,
by denying guaranteed price, they can operate
independently at organized market for the purpose of
their benefit growth.
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Taking into account the existing legislative framework,
the Government of Georgia established support
mechanisms for energy production from renewable
sources on Decemebr 20, 2020. Regarding this matter,
practice and guiding principles of the EU, that
encouraged implementation of the Directive
2009/28/EC, are relatively important.

The Guiding Documents reviews advantages and
disadvantages of support schemes of energy production
from renewables. The European Commission considers
several support models; among them are guaranteed
tariffs (feed-in tariffs (FIT)), premimum tariffs (feed-in
premiums (FIP)), quotas, tax release, tenders and
investment encouragement. Commission estimates
supporting feed-in tariffs as outdated model, that
makes weaker the commection of production with the
market demands, hinders flexible market formation,
limits technological progress and capacity growth.
Moreover, feed-in tariff that is regulated by Guaranteed
Power Purchase Agreement (PPA) encourages
reduction of capital expenses of investments and
protects investors from price changing hazards.
According to the Guiding Document, feed-in premiums
is evolved version of feed-in tariffs, when the
renewable energy producer sells produced energy at
free market, though gets additional state reimburse for
wholesale price.Premiums are fixed or variable, that on
the one hand aims growth of production and promotion
of technological progress in terms of market
competition, on the other hand, promotion of
investments by proposing mechanisms of reducing
market price.

Except guaranteeing the tariff and compensation
mechanisms, the Guiding Documents reviews such
support schemes when energy suppliers are obliged to
purchase specific amount of renewable energy from
energy producers.Investment support takes various
forms, the main types being grants, preferential loans
and tax exemptions or reductions.Based on the
analyzing of existing various mechanisms, for the
development of energy market and promotion of the
competition, the European Commission considers state
auction model as the most effective scheme, which
allows all competitive contributors to implement
renewable energy project.Besides general
recommendation of the auction system, auctions may
still require some ex ante calculation of energy costs by
the agency preparing the scheme, partly to help avoid
strategic bidding, and often include floor or ceiling
prices.

Conclusion. Renewable energy sector of Georgia went
through various significant phases. For the purpose
ofutilization of country’s major hydro resources,
Georgia implemented number of reforms over the
years. Implementation of Guaranteed Power Purchase
agreement (PPA) model is one of the most significant



II Lsg®msdmMobim badgsbogmm-Ggdbozmmo 3mbagmabaos "9bgMagdolol msbsdgpmmgy 3Gmdamgdgdo
€05 35000 99sfY393 0L 3BYd0", MdoOlo, bsgstrmggmem, 2020 ferols 7-10 g3gddgHo
II International Scientific and Technological Conference "Modern problem of power engineering
and ways of solving them", Tbilisi, Georgia, December 7-10, 2020

actions, which encouraged evident growth of direct
foreign investments in the energy sector.

Due to the legislative amandments, made for the
purpose of the growth of country’s energy
independence and establishement of competitive
environment, energy sector became more competitive
and is moving towards the growing phase. Adoption of
Market Concept and stepts toward the operation of
Energy Exchange are confirming this fact. Regarding
Georgia’s economic challenges and obligations,
envisaged by the Association Agreement, Georgian
renewable energy sector has started transformation
according to EU standards, which caused new
challenges for the country.

Georgia defined obligatory target indicator for
common energy consumption by 2030, due to the
adoption of the first special law on energy generation
from renewable sources on December 20, 2019. Taking
into account existing indicator (29.5%) by 2019,
determined indicator (35%) for 2030 cannot be
appraised as an ambitious target. However, appraisal of
the indicators is depended on the number of economic
factors and analyzing it is beyond the topic of our
research. Within the research, we studied relevant
legislative acts of the EU, regarding renewables and
new regulatory framework of Georgia. As the result,
we indicated that the Law of Georgia on Promotion of
Production and Utilization of Energy from Renewable
Sources is established based on the content and
structure of the Directive 2009/28/EC. Accordingly,
the major legislative act of the sector is more
declaratory document, rather than regulatory one. That
is typical for directives adopted by the EU, though it
does not comply with the standards of the major
regulatory framework. We can make the conclusion,
that adoption of the Law of Georgia on Promotion of
Production and Utilization of Energy from Renewable
Sources is not sufficient for achieving targets of the
reform and for establishing legislative base, until
additional regulatory document, envisaged by the law,
is set in complete motion.

When analyzing the characteristics of the reform we
should pay an attention on two important newses,
which are hardly found in legislations of other sectors:
obligatory target indicator and support scheme. After
determining target indicators as obligatory by 2020 by
the Directive 2009/28/EC, the EU made a decision that,
for achieving targets by 2030 the same approach was
not advisable. Hence, member states were given more

freedom regarding this issue. Considering above
mentioned, to estimate wheather it is appropriate to
define obligatory target indicators for Georgia by 2030
by the law requires additional research. However,
sharing experiencis of the EU countries might become
interesting indicator for scrutinizing the topic.
According to researches conducted by the EU, defining
obligatory target indicators is not always the best mean
for achieving the objective. Based on the example of
Estonia, we can make a conclusion, that the low
obligatory target indicator hindered ambition of the
country for renewable growth. Apprising effectivity of
directive’s approaches is appropriate only after the EU
publishes final report on the implementation of the
Directive 2009/28/EC. However, the condition, that the
EU changed its approach for 2030, can be reviewed as
an interesting topic for appraisal appropriateness of
Georgian regulatory decision.

Withing the research, we also studied legislative
regulation regarding support schemes and foreign
practice. Despite, sub-legal act on defining support
schemes, envisaged by the law, is not adopted yet,
taking into account tendencies and changes in energy
sector, it is already possible to identify supposed
approaches of Georgia in choosing support schemes.
By adopting Market Concept in April, 2020, which
regulates principles of realization of renewable energy,
we can conclude, that Georgia will offer feed in
premium tariff to market contributors. Which includes
compensation mechanism for price difference,
envisaged by market and Guaranteed Power Purchase
Agreement. Market Concept makes clear country’s
approach towards free market and promotion of
competition, which can be estimated as a positive
event, taking into account international experience and
EU recommendations.

It is relatively hard to appraise potential effect or
appropriateness of legislative mechanisms after
adoption of only first stage of the legislative reform of
renewable energy sector. In case different state
structures timely adopt sub-legal acts envisaged by the
law, reform of the sector is supposed to complete by
2022. Moitoring of medium target indicators for 2021-
2022 envisaged by the law will give possibility to
interested parts to estimate the first effect, whereas
appraisal of impact of complete legislatve package will
be impossible before 2023.
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Technological Transformations In The Electric Power Complex Of Ukraine

Annotation. The article is devoted to identifying the features and priority directions of technological development of the
electric power complex of Ukraine. On the basis of the influence of the emerging economic conditions, the author
identified the main factors that determine the need for cardinal transformations in the electric power complex of Ukraine.
The necessity to take into account the production, technological and innovative components of the energy complex in the
process of implementing the directions of the country's energy security has been substantiated.
Key words: technological development, electric power complex, investments, energy security.

Introduction. The technologies used in various
sectors of the economy represent complex systems with
a specific history and development dynamics. They are
characterized by a body of knowledge that is involved in
the use of economic resources in the production of goods
(services), and methods of their transformation in the
process of economic activity of an enterprise -
production of goods, processing of raw materials,
assembly of finished products, and control over their
quality.

A key feature of modern global economic
processes is the rapid increase in the competition
between states for limited natural resources, the main of
which are energy services and goods. Virtually no
country can fully provide itself with such resources.

The electric power complex, which ensures the
activities of enterprises, various industries, the security
of the state and the material living conditions of the
population, all of the above makes the basis for strategic
system. It is difficult to overestimate the degree of
influence of the state of the electric power complex on
the economy of Ukraine, the high energy intensity of the

The Energy Strategy of Ukraine for the period up
to 2035 “Security, Energy Efficiency, Competitiveness”
(ESU-2035), approved by the order of the Cabinet of
Ministers of Ukraine dated 18.08.2017 No. 605-r [1],
defines the development goals of the energy sector in
accordance with the needs economic and social
development of the country. The main goal of energy
development until 2035 is to ensure energy and
environmental safety; transition to energy efficient and
energy saving use of resources; energy consumption
using innovative technologies.

According to the forecast structure of the total
primary energy supply, the volume of natural resources
use will significantly decrease in 2035 compared to
2015, and the share of renewable natural resources is
planned to increase over this period by more than 20%.
In the field of renewable energy sources, it is envisaged
to constantly expand the sources of use of all types of
renewable energy (which requires the development of
the segment of energy storage devices and smart
technologies). The share of renewable energy sources in
the total primary energy supply will increase from 4% in
2015 to 25% in 2035, and for electricity production from
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gross domestic product and the growing demand for
energy resources make the problems of the efficient
functioning of energy enterprises among the most
important ones.

There is every reason to believe that in the future
the electric power systems will undergo significant
changes, since due to technological progress, there will
be a radical transformation of the methods of production
and consumption of electricity and the attitude of
citizens towards it [2].

Ukraine has chosen one of the priority areas of
economic  development -  obtaining  energy
independence. Already today, the state is confidently
moving along the path of reducing and replacing gas
consumption, increasing the level of energy efficiency
in various sectors and spheres of life, and developing
renewable energy.

Purpose of the work. The purpose of the study is
to highlight the development of the electric power
complex of Ukraine, the need for technological
transformations.

5% in 2015 to more than 25% in 2035. The actual and
forecast structure of the total the primary energy supply
to Ukraine is presented in Table 1, where the
approximate forecast of electricity production in 2035
will amount to 195.0 billion kWh, including NPP - 48%,
CHPP - 32%, HPP (PSPP) - 7%, renewable energy
sources - 13% [5].

The basis of the electric power complex of Ukraine
is the United Energy System, which provides centralized
supply of electricity to domestic consumers, interacts
with the energy systems of neighboring countries,
ensuring the import and export of electricity. It
combines power generating capacities, distribution
networks of the regions of Ukraine, which are
interconnected by backbone power lines with a voltage
of 220-750 kV. Operational and technological
management of the Unified Energy System and
management of the power system modes are carried out
centrally by the state enterprise NEC Ukrenergo.

In the electric power complex, technologies differ
significantly from those of industrial enterprises. Today,
the Ukrainian electric power industry is characterized by
the simultaneous interaction of various technological
structures and technological methods of production.
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The structure of the total primary energy supply
to Ukraine,% [5]

Table 1
Primary - - - -
energy 25 | 885|488 8| &8
source S E SE|SE| S8 &E
&L S S S
name
Coal 30,4 22,0 16,1 14,3 12,5
Natural 290 | 293 | 31,0 | 30,8 | 302
gas
Petroleum |, o1 115 1 9o | 82 | 73
products
Atomic 255 | 293 | 322 | 29,7 | 25,0
Energy
Biomass,
biofuels 2.3 49 | 69 | 88 | 11,5
and waste
Solar and
wind 0,1 1,2 2,4 5,5 10,4
power
HPP 0,5 1,2 1,1 1,1 1,0
Thermal 06 | 06 | 1,1 | 1,6 | 21
energy
TOTAL 100,0 | 100,0 | 100,1 | 100,0 | 100,0
Labor, material, capital, energy, information

technologies, their various combinations and ratios in
various systems with their inherent features, which are
determined by the socio-economic conditions and the
scale of the production process, the availability of
production technological personnel and qualified
management personnel, are being introduced, capital
supply of one employee, regional conditions, local
characteristics.

The changes, which indicate a complete
transformation of the electricity complex in the future,
are based on technological innovations that include
solutions ranging from a variety of technologies for
generating electricity using renewable energy sources,
smart grids and technologies for storing large reserves
of electricity to distributed power generation systems,
and separate power systems to meet the needs of
individual users. The development of these energy
technologies coincides in time with the electronic
revolution, which opens up new opportunities for
creating simplified methods of energy control, energy
management and electricity trading [3].

At the same time, the transformation of the
technological system of the electric power industry
implies not only the restoration of basic production
assets, investment assets of all links of the electric power
complex of Ukraine, but also ensuring energy and
environmental safety, as well as energy and economic
efficiency through “smart” energy.

The creation of such an electric power system is a
necessity due to the increasing complexity of tasks in the
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organization and management in the context of reform,
the constantly growing demand for energy services, both
in quantitative and qualitative form, the formation of an
active consumer status, new requirements of society
itself to social, environmental and institutional image of
energy.

Consumers will play an increasingly important role
in technology choices and competition in the sector will
intensify. Factors such as consumer behavior,
competition and technology are expected to surpass
policy and regulation as the main drivers of
destabilization, or at least be at the same level with them.

At the moment, the concept of creating an
intelligent energy system in Ukraine is already being
formed, where special attention is paid to the problems
of the development and placement of generating sources
of all types (nuclear and hydro, thermal and renewable
energy sources) based on the tasks of rational use of
natural energy resources, consumer requirements, taking
into account uneven load schedule, power supply
problems in large cities and decentralized load. This
leads to new requirements for the structure of the
country’s fuel and energy balance, a new hierarchy
scheme and segmentation of the organizational structure
of the electric power industry.

Thus, the main factors that determine the need for
cardinal transformations in the electric power complex
of Ukraine under the influence of the emerging
economic conditions can be grouped as follows (Fig. 1).

The identification of these conditions and factors
has raised the problem of the development of the
Ukrainian electric power industry within the framework
of traditional approaches and existing principles and
methods, including technological transformation.

Thus, the energy strategy of Ukraine for the period
up to 2035 determines that in order to ensure the
possibility of parallel operation of the united energy
system of Ukraine with the energy association of
European countries, a significant amount of
organizational and technical measures should be carried
out, which will be for the modernization, technological
and economic development of the national electric
power complex, since at this point in time most of the
generating facilities and power grids are worn out by
more than 50% and are ineffective:

- as of the end of 2018, more than 85% of blocks
of thermal power plants and combined heat and power
plants exceeded the limit of physical deterioration of
250 thousand operating hours and need modernization
or replacement, since equipment wear leads to excessive
fuel consumption, a decrease in operating capacity and
a deterioration in environmental performance;

- nuclear units are approaching the end of their
design operational capacity: more than 70% of nuclear
units require an extension of their service life in the next
10 years;
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4 N * development of technologies, materials \
and devices (including in other industries)
that can be applied in the electric power
industry, development of computer and
information technologies;

Factors of scientific
and technological

progress « growth of small generating (renewable)
energy sources;
« a trend towards an increase in the level of
\ ) process automation.
( )

« increasing requirements for the range and quality
of energy services;

« expectation of a decrease in prices for industry
services;

* growing requirements for the transparency of the
system of relationships between the stakeholders
of the electric power complex, primarily with

\ ) consumers. )

4 \* the growing level of wear and tear of )
machinery and equipment;

« the need to invest in the modernization of
fixed assets;

« decrease in the level of reliability of power
supply;

« high level of losses in the transformation,

Factors increasing the
active role of
consumers

Factors of reducing
the reliability of the
electric power system

\_ A transmission and distribution of electricity)
1 4l Aot Lol
( \ functioning of the electric power internal \
market;

* economic instability;

« reforming the organization of the
functioning of the electric power complex
in the world;

« development of the market for quotas for
environmentally hazardous emissions;

« the duration of the investment and life
k ) cycle of assets and the electric power )
« the need to reduce the negative impact on
the environment;
« the need to improve energy efficiency and
energy saving.

Changes in the
electricity sales
market

Drivers of increasing
requirements in the
field of energy
efficiency and
environmental safety

J
Figure 1. The main factors determining the need for
cardinal transformations in the electric power complex
of Ukraine under the influence of the emerging
economic conditions

- the power balance of the Ukrainian electric power
system is characterized by a deficit of both regulatory
and flexible capacities; the share of hydroelectric power
plants providing the bulk of maneuverable capacities in
the total balance of capacities does not exceed 10%,
while their optimal level is more than 15%. As a result,
CHP and CHP units, which are designed to operate in
base mode, are used to support the variable portion of
the power system load curve;

- as of the end of 2018, more than 45% of overhead
power lines with a voltage of 220-330 kV have been in
operation for more than 50 years, more than 65% of the
main equipment of transformer substations have
exhausted their technical resource;

- significant problems also arise in connection with
the insufficient transmission capacity of power
transmission lines for the output of the power of nuclear
power plants (Rivne, Khmelnytsky, Zaporozhye) and
the transfer of excess energy from the Western region to
the center and East of Ukraine;
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- in distribution networks, a significant number of
objects have also worked out their resource: 40.5% of
electrical networks and 37.6% of transformer
substations need reconstruction or replacement [1].

Based on the current state of the electric power
industry, in order to maintain the reliability of the
unified electric power system and ensure the growth of
the country's economy, the priority tasks of the electric
power industry in Ukraine are:

- modernization of existing generating capacities to
ensure a solution to the problem of sorbent supplies and
waste disposal from its use;

- modernization and development of trunk
networks and distribution networks;

- implementation of projects for the construction of
HPPs and PSPs (with a total capacity of 5 GW);

- extension of the operating life of operating NPP
power units to 20 years, subject to a positive periodic
reassessment of the safety of work;

- construction of the third and fourth blocks of the
Khmelnytsky NPP with a minimum capacity of 2 GW;

- development of renewable energy sources;

- construction of coal-fired plants to replace
capacities that are being decommissioned;

- construction of nuclear power units to replace
existing units that will be decommissioned after 2030.

To address the priority tasks of the electric power
industry, the Ministry of Energy and Coal Industry of
Ukraine should develop and implement programs for the
development of generating capacities and power grid
facilities, taking into account the export potential, which
will include:

- programs for the modernization of existing and
construction of new generating capacities to avoid
capacity shortages;

- an updated program for the development of
backbone networks, which is consistent with the
program for the construction and modernization of
generating capacities;

- a detailed program for the development of
distribution networks, coordinated with the program for
the construction and modernization of generating
capacities and the priority development of trunk
networks.

One of the critical tasks of the Ukrainian electric
power industry is also the alignment of the daily
schedule of electricity consumption. To do this, together
with tariff regulation methods, it is necessary to apply
non-tariff methods — raising awareness among
consumers, spreading the use of heat pumps, thermal
accumulators for heating needs, using “smart grids”
(technologies that include “smart” systems for
measuring and managing energy flows, control
electricity supply in accordance with the demand for
electricity, as well as devices and systems for
accumulating electricity for daily regulation of power
supply in the context of the development of distributed
generation based on renewable energy sources [4].
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In addition to the development of electricity
generation from renewable sources and the
implementation of energy efficiency measures, which
are priority measures worldwide to reduce the negative
impact on the environment, Ukraine needs to take the
following important steps to improve the eco-
friendliness at existing power generating facilities:
reducing emissions of pollutants and greenhouse gases
and stimulation of utilization of ash and slag waste.

Today, for the successful functioning of the
electric power complex of Ukraine, it is important to
combine technological and investment development
with the improvement of organizational management of
enterprises.

To attract investors and ensure a return on
investment in technological transformation in the
Ukrainian electric power industry, you need:

- to carry out the transition to a new model of the
electricity market, providing for reimbursement of
economically justified costs to electricity producers,
including return on invested capital;

- to introduce a tariff setting system that guarantees
a return on capital for investments in natural monopoly
objects;

- during the construction of new generating
capacities, provide for the need to introduce clear
procedures for issuing permits for the construction of
generating capacities, as well as the use of tender
approaches for the construction of new generating
capacities if initiated by the state (provided that there are
insufficient incentives for such construction by
investors).

In this connection, there is a need to change the
business model to ensure that it meets the needs of the
transformation of the electricity sector. Utility
companies will need to have a clear understanding of the
path that the market in which they operate is likely to
develop, as well as their company’s place in the
changing energy system. Companies need to determine
in which direction their own markets will develop in the
future, how technological advances are affecting those
markets, and what this means for their business
strategies.

Conclusions. Changes in the energy sector can
become an important factor in the socio-economic
development of Ukraine, which will lead to an
improvement in the living conditions of the population,
an increase in the competitiveness of the economy, the
leveling of the problem of energy dependence, and the
like. Of course, such an “energy transition” will require
significant resources (human, financial, technological),
as well as provide for the need to implement appropriate
structural changes in the Ukrainian economy. The

transformation of the system in the electric power
industry will not only create the conditions (need and
opportunity) for the modernization of the electric power
industry itself on a new organizational, informational
and technological basis, but will also become a powerful
stimulus for the innovative development of related
industries (power engineering, construction, transport
and communications, repair service enterprises,
adjustment and design), as well as for the development
of energy science and highly qualified personnel for the
energy sector.
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