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*KuiBchKuii HanioHa bHMIE yHiBepcuTeT GyAiBHANTBA i apXiTeKTypH

OBIPYHTYBAHHSI TIAPAMETPIB IMPOLECY PO3SMIHYBAHHSI
I''TPOAMHAMIYHUM PYUHYBAHHAM

Y Oocniosicenni  nmpedcmaeneno 06Ipynmyeanus napamempise npoyecy pO3MIHYBAHHA MEmOoO0OM
2IOpOOUHAMIYHO20 DYUHYBAHHSA, AKUL 00360JA€ eQeKmugHO 3HeWKo0HCY8amu GilicbKosi MiHU 0e3 pusuxy
demonayii ocHogHo2o 3apady. Taxuu nioxio nioguwye besneKy nio yac onepayiii 3 PO3MIHY8AHHA MA MIHIMIZYE
PUBUKU  HeOadCanux HAacaiokie y 30Hax Kougaikmie. Ilposedeno Oemanvhuil auaniz KOHCMPYKMUBHUX
ocobnugocmell HAUNOWUPEHIWUX TMUNi6 OemoHamopie I niopusauie GilICbKOSUX MiH, WO O0al0 3MO2y
i0enmugbikyeamu KIH0408i eneMeHmu KOHCMPYKYil, 5AKi 6NIugaromv HaA @OYHKYIOHANbHICMYb I HAOIUHICMb
subyxonebesneunux npucmpois. Ha ocHnogi yvoeo auanizy 0y10 po3pobOreno nociuny mooerb 00 €Kkma
00CNiONHCEHHS, AKA BPAXOBYE B3AEMO38 A30K MIXHC OCHOBHUMU CINPYKIMYPHUMU eleMeHmamu cucmemu ma 00360.14€
BUSHAUUMU MOXNCIUGI cmanu cucmemu. [na ioenmugbikayii 8pasiueux enemenmis GiliCbKOSUX MiH ceped
HECKIHYeHHOI KITbKOCMI MOJMCIUBUX KOMOIHayil i3uunux napamempie 3anponoHOBAHO GUKOPUCMAHHSL
iHhopmayitino2o Kpumepiio, 3acHO08aH020 HA nowsmmi enmponii [llennona. Bukopucmanms yb020 Kpumepiio
003607UNI0 BUBHAYUUMU eleMeHmU, AKI CYMMEBO 3HUNCYIOMb CMYNiHb HEeBU3HAYEHOCMI cucmemu ma mMarmo
BUpIWATbHUL 6NAU6 Ha I (PyHKyioHanbHicmb. Bpasiueuil enemenm Gu3HAYEHO AK CMPYKMYPHY OOUHUYIO
NPUCTPOIO, SIKA XAPAKMEPUZYEMbCS HAUMEHULO 3AIUUKOBOI0 eHMPONIE CUCmeMU ma HAubLIbWumM 6NIUEOM HA
cman 8ubyxoHebe3neurHo2o 06’ekma. Y x00i 00CniodicenHs CMAHOBIEHO, WO HAUBPA3IUBIUUM eeMeHMOM, 6i0
K020 3A1eHCUMDb 3d2aNbHA NPaAYye30amHicmy cucmemu, € Kopnyc niopugaya Ooenpunacy, wo 6idiepac Kiyosy
ponb y 3abe3neyenni besneku ma cmadinbHocmi KoHCmpyKyii. JJocniodcents He auuie 8UC8IMIOE IHHOBAYIIHE
BUKOPUCMAHHS 2I0POOUHAMIYHO20 DYIUHYBAHHS 8 ONEPAYIsAX 3 PO3MIHYBAHHS, dfle Ul 2TUOOKO AHANIZYE 83AEMOOII0
CMPYKMYPHUX ma QyHKYIOHATbHUX ACNeKmi6 8ubyxonebesneyHux npucmpois. 3acmocyeanns enmponii Lllennona
07151 OYIHKU 8PA3IUBOCHI CUCTHEMU HAOAE HOBY AHANIMUYHY OCHOBY OJisl MEXHON02IU po3minyeanns. Llet nioxio
0036075€ MOYHO [0eHMU@IKy8amu KpumuyHi KOMNOHEHMU, 6UXio 3 JAady SAKUX MOdiCe 3HEUKOOUmu
subyxonebesneunuil npucmpit 06e3 GUKIUKY HeOadCcamux HAcHioKie. Axyewm Ha Kopnyci niopugaua AK Ha
207I06HOMY 6PA3NUBOMY eNleMeHmi NIOKPeCIoE 8aANCIUBICIMb PO3YMIHHA U020 MEXAHIYHUX eracmugocmell i
83aemo0il y medcax npucmporo. Lleti 6ucHO80K 8i0KpUBAE HOBI MOICIUBOCMI O PO3POOKU CHeYiani308aHUX
iHCmpymenmie | Memooie, CApAMOSAHUX Ha Oe3neuniwie U egeKkmusHiule NOPYUWIeHHs (DYHKYIOHATbHOCHIE
subyxoHebesneunux npucmpois. Inmezpayis nepedosux anarimMuyHux Mooeiel i3 NPAKMUYHUMU MemoOamu
DO3MIHYBAHHS pOOUMb 8A2OMULL BHECOK Y PO3GUMOK 2YMAHIMAPHO20 PO3MIHYBAHHS MA GIUCLKOBOT IHIICeHeDIl.

KoarouoBi cinoBa: cucmema posminyeanns, eubyxonebesneunuii npucmpii, 8ilicbkoéa Mina, niopusayay
boenpunacis

Beryn

BiiicbKkOBi MiHH Ta CHapsAM 3aJIMIIAIOTHECSA CEPHO3HOIO 3arp03010 UI BiHCHKOBHX IMiIPO3MIiNTiB, MUPHUX
XKWUTENiB 1 iHPpacTpyKTypu B yMoBax KOH(IIKTY abo micis Horo 3aBeprueHHs. [IpucTpoi mis 3HEMIKOKESHHS
BIHCHKOBHX MiH JI03BOJISIIOTH BHJIAIIATH III0 3arpo3y, 3a0e3nedyoun 6e3neKy i 3aXHIardu XUTTS Jroaei. barato
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KpaiH 3000B's13aHI MDKHAPOJIHUMH yrolaMy 3HEUTKOKyBaTH MiHM Ha CBOil TepuTopii. Po3pobka eexkTHBHUX
NPUCTPOIB Ul 3HEUIKO/KCHHS BIMNCHKOBUX MIH Ta CHapsIiB JIOIIOMAara€ BUKOHYBaTH I 3000B's3aHHSA i
HiATPUMYBaTH MDKHapoJHHUH mpecTyX. B yMoBax BiliHM a00 KOH(QJIIIKTY HasBHICTh €(pEKTUBHHX 3acoOiB UIs
IIBUJIKOTO Ta OE3MEYHOTO 3HCIIKO/KCHHS BIMCHKOBMX MIiH JI03BOJIsiE€ 30epiraTh OOWOBI MOXKIHBOCTI 1
MiATPUMYBaTH BUCOKHH PiBeHb TOTOBHOCTI BIHCHKOBHUX MipO3AiiiB. BunaneHHs BiiCbKOBHX MiH 37aTHE 3HAYHO
MOKPAILIUTH TYMaHITapHYy CUTYallil0 B IIOCTPAXIAIUX pallOHaX, 1€ BINCHKOBI MiHHM 3aJIMIIAIOTHCS 3arPO30I0 JUIs
MHUPHOTO HAacCeJICHHS, MEepPEIIKO/HKAIYN ITOBEPHEHHIO JIIOJEeH 10 IXHIX JOMIBOK 1 BiJHOBICHHIO COLIAJILHO-
€KOHOMIYHOTO XHUTTA. P03p0oOKa HOBHX Ta BIOCKOHAICHHS ICHYIOUHX TEXHOJIOTIH IS 3HEIIKOKEHHS BIHCHKOBHX
MiH CIIPHUAIOTH TEXHOJOTIYHOMY PO3BUTKY B KpaiHi, CTUMYJIOIOUH HAyKOBi JOCHI/KEHHS Ta iHHOBAmMii B Tamy3i
6esmnexn i oboporn. OTKe, po3poOKa MPUCTPOIB IJISI 3HEMIKOKEHHS BIHCHKOBHX MiH Ta CHApSAIIB € BaYKIIUBOIO
CKJIa[OBOI0 TOJITHKHA OE3MEeKH IepiKaBW, CIPSIMOBAHOIO HA 3aXHCT ii TrpomasnsH, 3a0e3redeHHs BiHCHKOBOL
TOTOBHOCTI i BUKOHaHHA Mi>XKHapoaHUX 3000B's13aHb. Lle HeoOXinHa iHimiaTHBa A 3MIITHEHHS 000pOHO3AaTHOCTI
Ta 3a0e3rmeveHHs cTabiIFHOCTI HAlllOHATBHOTO 1 MKHAPOAHOTO PiBHSL.

OCHOBHOIO 1I€€I0 PO3POOKH € CTBOPEHHS KOMIIAKTHOTO HAJIHHOTO MPUCTPOIO, IO HAIAacTh 3MOTY
0co00BOMY CKJajay BICHKOBMX YaCTHMHU Ta IHIIMX MiIPO3ALIM, IO CIELiali3yloThCs Ha TyMaHiTapHOMY
PO3MiHYyBaHHS TEPUTOPIH B MOJBOBHX YMOBAaX IPOBECTH 3HEMIKO/DKEHHS BINCHKOBUX MIiH(CHAPSIIB) 3 MaJOO
BIPOTIHICTIO JeTOHAII1. J[JIsI JOCSTHEHHS MOCTABICHOT METH MPOMOHYIOTHCS BUKOPUCTATH CYYacHi JOCSITHEHHS
y coepi mocmimkeHHs Gi3uku KymynsaTuBHOT mepdopariiii. B 3amexHOCTI Bi HEOOXIZHOCTI MOTYKHOCTI
KyMYJISITUBHOT'O 3apsily TIPOIIOHYEThCSI BAKOPUCTAHHS YAAPHUKIB PI3HOT KOHCTPYKIIT.

Jln1s 3MeHIIeHHS TUHAMIYHOTO BIUIMBY Ha BHOYXOBY BEIMYHMHY IIPOIIOHYEThCS BUKOPHCTaHHS ACKITbKa
IrapiB KOMIIO3UTHUX MaTepialliB Ha OCHOBI IITYYHHX BOJIOKOH 3 Pi3HUMU (i3NKO-MEXaHIYHIMH BIACTHBOCTAMU 1
(yHKIIIOHaTbHUM NpU3HAYCHHSIM. BHKOpHCTaHHS €1aCTUYHOI OCHOBH(IAPY), sIKa BUTOTOBIIAETHCS B ITOJBOBUX
yMOBaxX, MO03BOJsIE (DIKCyBaTH MPUCTPii B HEOOXITHOMY IIOJIOKCHHI Ta IIOTIIMHAE BHOYXOBY XBHUIIO Bif
KyMYJSITUBHOTO 3apsiny. [lormuHanHs eHeprii BHOYX0BOi XBHIII, IO Ma€ paaiaibHy OpPIE€HTAIIIO BiTHOCHO 3apsiay
BiIOYBA€THCS KOMIIO3UTHHM MAaTepialoM Ha OCHOBI HEOPraHIYHHX BOJOKOH(KBapIa (KpUCTAUIMYECKOTO
kpemHezeMa (SiO 2 )), mea0YHoro mMoJIeBOro LinaTa , INIArioKiiasa v MoJIeBOTo HINaTa) 3 BHKYUOl0 PEYOBHUHOIO.

OKpeMOI0 YaCTHHOI PO3POOKU € CTBOPEHHS HaIHHOIO Ta BiJHOCHO JICIIEBOTO CIIOCO0Y MUCTAHIIITHOTO
MPUBEJICHHS B JII10 PUCTPOIO 32 JOMIOMOT0I0 PAJIi0eIeKTPOAETOHATOPA. 3 METOIO 3/ICIIEBICHHS | MAKCUMaJIbHOTO
MOIIMPEHHST PO3POOJICHOTO MPHUCTPOIO IUIAHYETHCS BUKOPUCTAHHS MaKCUMAJILHO JOCTYITHUX PaliOeIeMEHTIB Ta
TEXHOJIOT1H, TAKMX K MIKDOKOHTPOJIEPH 3 BOYZOBAHUMH MOJYJISIMU PaJIio YaCcTOT, HU3bKOBAPTICHI pa/lioyacTOTHI
nepenaBadi Ta MpuitMadi, MO BXKE BHUKOPUCTOBYIOTHCS B NPOMHCIIOBOCTI Ta AOCTYNHI AJISl IIHPOKOTO KOJa
po3poOHuKiB. OcobnmBa yBara MpH IIbOMY HPHUIUIAETHCS BHOOPY KOMIIOHEHTIB, IO MAalOTh ONTHMAJbHE
CHIBBIIHOIIICHHS I[iHH Ta SKOCTI, IO TO3BOJISIE JOCITTH HEOOXITHUX TEXHIYHUX XapaKTEPUCTHK ITPH MiHIMaTbHAX
BUTpaTax Ha BHpOOHHMITBO. Takmil miaxin 3abe3neyuTs 3pOCTaHHS KOHKYPEHTOCHPOMOKHOCTI MPHUCTPOIO Ha
PHHKY i IIO3UTHBHO BIIMHE Ha HOTO TOIIHUPEHHSI.

Kymynarueauit 3apsan (K3) — BuOyxoBuil HpHCTpiid, €(EKTHUBHICTH SKOTO BH3HAYAETHCS TIHOHHOIO
npoOuTTs mepemkoan KymynsaTuBHOO cTpyMmeHeMm (KC) aGo BH3HAuaeThCs €HEPri€lo yIapHOTO B3aeMOJIl 3
neperikozaoo KC, yaapuoro sapa (YS) (explosively formed penetrator), siki yTBOPIOIOTBCS MPH CXJIOIMYyBaHHI
naiiHepa. 3a octaHHi 15-20 pOKiB KiNbKICTh MyOiKaiiii, NPUCBIYSHUX JOCITIDKEHHAM (yHKIoHyBanHs K3,
noMiTHO 30inmblmiacs. [lepeBakHO Lie CTajOCS 3aBASKU MOSBI IPOTPAMHUX IPOJAYKTIB, HIO JIO3BOJISIOTH
MIPOBOIUTH KOMIT'IOTEpHE MOJAETIOBaHHA mpouecy Buoyxy K3, a came: meronarii BuGyxoBoi peuosunu (BP),
nedopmanii xoprycy K3, cxmomyBanns naitHepa 3 yrBopeHHsM KC a6o Y Tta mpormkaenHs KC (V) B
nepemkony. Y 0aratboXx poOOTax pe3ysbTaTH pPO3PaxyHKIB 1 aJeKBaTHICTh MaTeMAaTHYHHX MOEJeH, IIo
ONMHUCYIOTH MOBEAIHKY MaTepiajiB B EKCTPEeMaJIbHUX YMOBAX, MeEpeBIpsUICS EKCIEpUMEHTaIbHO abo
MOPIBHIOBAJIUCS 3 IHIIMMH Pe3yJIbTaTaMU JOCITIKCHb, OMyONiKOBaHWX iHOIMMH BuYeHUMH [1-8]. Psam poOir
MPUCBSYCHUN BHBUCHHIO MaTepialo3HaBUMX acleKTiB ¢pyHKuioHyBaHHS K3 [3-6]. AHami3 pobir [1-6] no3sose
BUIUTUTH OCHOBHI 0COOMUBOCTI KOHCTPYKIIi K3, 0 BH3HAYAOTh TIMOWHY MIPOOHTTS MEPENIKOIH Ta BiAIOBITHUH
o0'eM kKaHay B Hiil: TOBIIMHA, GopMa i MaTepian maiiHepa, eHepris BuOyXy 3apsay BP, cxema iHimiroBaHHS
JnetoHamii 3apsimy. Y poOoti [2] kpiM iHIIOTO OTPUMAaHI KiTBbKICHI OIIHKHM BIUIMBY Ha MPOOUTTS TEPEIIKOIN
OKpPEeMHX T€OMETPUYHUX TMapaMeTpiB KyMYJSITHBHOTO 3apsay abo ix kombOinarii. 3a3Ha4eHo, M0 HAHOIIbIIHiA
BIUIMB Ha eekTnBHICTh K3 Mae po3ranryBaHHS TOYKH iHIIiFOBaHHS AeTOHAI] 3apsny BP (cxemu 30ymkeHH:) i
TOBIIHA JIAiTHEPa, 1 3HAYHO MEHIIU BIUTMB Ma€ 3HAUCHHS KyTa y BepIIMHI KOHyca B Aiana3zoHi 44° - 46° i BixcTanp
JI0 meperkoay. Takox ciiT 3a3HaYWTH [Bi i11ei migBumeHHs eGexTuBHoCTI K3, moB's3aHi 31 3MiHOIO MeXaHI3MiB
cxjomyBaHHs obmuioBanb K3 [3, 7]. SIk mokasaB aHai3 NMpoOIECY CXJIOIyBaHHS MiBCEPUIHOT OOIMIIOBaHHS
JIETPECHBHOI TOBIIMHM (3HAU€HHS TOBIIMHMU JIaiHEpa 3MEHIIYETHCS BiJl HOro BEpUIMHH A0 OCHOBH), (i3nMyHa
NpUYMHA 30UIBIIEHHS IIBUAKOCTI (POPMYIOUOrO NMpH LbOMY CTPYMHHHOTO Tedil IoJsra€ B TOMY, IO B Takid
KOHCTpYKLii K3 cTBOproeThcs yMoBa aiist 00XaTTs OOJNMIIOBaHHS, OJIM3bKE 0 CHEPUYHO-CUMETPUYHOTO. Y
pe3yNbTaTi MOCHUITIOETHCS MPOsiB eeKTy chepruuHoi Kymysrsnil. MacoBo-mBukicHi mapamerpu KC npu mpomy
HaOmkaroThest 10 piBHA napaMerpiB KC mpu cxiomyBaHHI KOHIYHMX JIaliHepiB, a B pa3i onrtumizauii Gopmu
JaifHepa MOXJIMBO MOXYTh IepeBuIlyBaTtH ix [7]. Y poOGorti [8] omumcanumii iHmMMNA MeXaHi3M CXJIOIMYBaHHS
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KOHIYHOIT OOJIMITIOBAHHS, BiIMIHHUH BiJ] MEXaHi3My CXJIOIYBaHHS 3apsliB TPAIUIIHOI KOHCTPYKIIii (KOHyC abo
6m3bKi 10 HBOTO (hopmu). J1is IbOTO B 3pi3aHiil BepIIMHI KOHYca JlaliHepa po3MIllyIOTh JOJaTKOBUH €JIEMEHT Y
BUTJISII CHelianbHOl miacTuHu. [Ipu BigoOpakeHHI HaOIraloYMx MOTOKIB BiJ INi€i IUIACTHHU BiIOYBa€ThCS
CXJIOIyBaHHS Marepiany yaiiHepa mig KyTom, OinpmuM 3a 180°. ¥V pesynbrati MoxyTh Oytn orpumani KC 3
OibIIOI KiHETHYHOIO eHeprieto, HixX KC mpu TpaaumiiHill cxemi CXJIONMyBaHHsS KOHIYHOTO JlaifHepa, IO i
MiATBEP/KYIOTh pe3yJIbTaTi MOJIENOBaHHs (QYHKIIOHYBaHHS Takoro 3apsny [6]. Jis ¢opmyBanHS moToKy, 1o
MOX€ pYHHYBaTH €JEMEHTH BIHICHKOBHX MIH JOLIIBHO BHKOPUCTATH rifipoanHaMiuHuii edekt IOTkiHa.
Buxopucranas naHoro eekTy J03BOJIUTH 3POOHUTH TpOIEC PO3MIHYBaHHA OUTBII EKOJOTIYHO YHCTHM Ta
6e3nedHnM.
Y poborti [7] aBTOpH mOCTiKyBaNny BIUIMB KyTa y BEpIINHI KOHyca JlaifHepa, BiJICTaHi O MEepemIKoIu i
JOBKUHH KyMYJIITHUBHHX 3aps/IiB Ha €EKTUBHICT IPOHUKHEHHS B OETOHHI Lifi. J{Js IIhOT0 BUKOPHUCTOBYBAIINCS
KOHIUHI JTaifHepa, y AKUX 3HaYeHHA KyTa mpu BepruuHi Oyim 90°, 100° i 110° mpu 30BHIOTHEOMY JiaMeTpi 3apsmgy
76 mM. KoMIT'toTepHe MOJETIOBAaHHSA B IIbOMY JOCHIKEHHI OyJI0 BUKOHAHO 3 BUKOPHUCTAHHSAM IIPOTPAMHOTO
3abe3neueHHs LS-DYNA, i pe3ysnbratu nokasaiy, mo KyT konyca 90° npusBoauTh 10 GpopMyBaHHS HalAOBILIO]
KC 3 Haii011bIIMM 3HaYEHHSM LIBH/KOCTI FOJIOBHOT YacTHHY NpHOIM3HO yepe3 30-40 MKc micis neToHauii 3apsay
BP. V npomy Bunajxy ontuMmaibHa BiZICTaHb JI0 Mepemkoay craHosuia Big 70 mo 100 MM, npu sIKii cTpyMiHb
MOrJIa JJOCSI'TH MaKCUMaJIbHOT MIBUAKOCTI 1 JOBXKHHH.
ABTOp po60TH [8] POBIB TOCIPKEHHS BIUIMBY TOBIIMHH aTIOMiHIEBOTO JaifHepa i KyTa pu HOro BepILHHi
Ha e()CKTHUBHICTh MPOOUTTsA mepeuikoa. [Ipu 30inbmieHHI KyTa gaiHepa 3 100° qo 120° riubuHa MPOHUKHEHHS
KC 3MeHmIyersces, mo cBiqauTh PO 3HIDKCHHS ii IBUAKOCTI, a pu 30UIBIICHHAI TOBIIUHY JaitHepa 3 2% 1o 8%
kaniopy K3 rmubrHa npoHUKHEHHS 301TBITYE€THCS.
Jns cTBOpeHHs aHOi CHCTeMHM HEOOXITHO BH3HAYMTH BPA3JMBlI CNEMEHTH CHCTEMH SIKi HE O3BOJISITH
CIpAaIfoBaTH TOJIOBHOMY 3apsay. MiHIMi3yBaTH BipOTiOHICTH CIpPAIlbOBYBaHHS OCHOBHOTO 3apsay BiHICEKOBOTO
MiHI MOIIUBO TIPH PO3TIISAAL 00’ €KTa B MUIOMY 3 BU3HAUCHHSIM HOTO CTPYKTYPH, MOXKIIUBUX CTaHIB 1 MOMIJIMBHX
pYHHYBaHb €JICMEHTIB.
Mera i 3aBAaHHS A0CTiKeHHSA
Mertol0 1aHOTO JOCIIKEHHS € po3po0Ka HOBOT CUCTEMH PO3MiHYBaHHS Ha OCHOBI BU3HAYECHHS OCHOBHHUX
BPa3JIMBUX CTPYKTYPHHUX €JIEMEHTIB 1 CTaHIB BIliChKOBUX MiH 3 BpaXyBaHHSIM OCOOJHBOCTEH B3a€EMOJIIT CKJIAJOBUX
MiIpHUBaYiB OOEMPHUIIACIB.
Jlnist [OCSITHEHHS OCTaBIeHOT METH Y poOOTI BUPIIIyBaJIlCh HACTYIIHI 3a/1aui:
- Po3poOka cTpyKTypHOi cXeMH BiiiChKOBHX MiH 3 BpaxyBaHHSIM OCOOJIMBOCTEH B3a€MOIIT CKIIaJOBHUX, IO
JI03BOJINTH BCTAHOBHUTH B3a€MHI BIUTUBH Pi3HUX YaCTHUH 00’ €KTY JOCIIIKEHHS Ha HOTO CTaH;

- Bu3HaueHHs MOKJIMBHUX CTaHIB BIMICHKOBHUX MiH;

- BcraHoBIIGHHST  Bpa3NMBHX  €JIEMEHTIB CHCTEMH JJIsl CTBOPEHHS CHCTEMHM  PO3MIHYBaHHS
TiAPOAMHAMIYHUAM PyHHYBaHHSIM.

MarepiaJ i pe3yJibTaTH A0CTiIKEHHS

ITpu po3poOui CTPYKTYpHOI CXeMH BIMCHKOBOI MiHI PO3IVITHEMO THIIOBY KOHCTPYKIIIO sIKa 3HalIIIa
HaWOUIBIIOrO 3aCTOCYBaHHS. AHAJIOrOM OUIBIIOCTI MPUCTPOIB 10 BUKOPUCTOBYIOTHCS Ha TEPUTOPIi YKpaiHu €
npotuBoTaHkoBas MuHa TM-89. bBoiioBa wacTMHAa CKJIagaeThes i3 CTaJEBOrO KOPIYCY 3 KYMYJISITHBHUM
OOJIMIIIOBaHHSM, CHOpPSPKEHOro 3apsimoM BP. YV BepxHill 4acTHHI KOpIycy € KUIbLIEBUH BY30JI KpIilUICHHS
MiPUBHKKA, 10 MICTHThH CTAJICBE 1 JFOPATIOMIHIEBE KiJbIl 1 TyMOBY mpokiaaky. CtaneBe AHO MiHHU 3'€HAHE 3
KOPITyCOM 3aKaTKOIO 1 Ma€ 7Bl 3aJIMBAJIbHI TOPJIOBUHM, 3aKPUTI KPHUIIKAMH, 1 CKOOY 3 PyUKOIO MaTtep'siHo1o 6 1iIs
MIEpeHECeHHs] MiHM, CKISHKA Il JICTOHATOp, 3aKpUTHIl y TPAHCIOPTHOMY MOJIOKEHHI IOJIETHICHOBOIO
3arJIyIIKOIO, 1 By30JI KpIiIUICHHS AeTOHaTopa. By30: KpilieHHs 1eTOHATOpa Ma€ CTajleBy KPHUIIKY 3 IPYXHUHHUM
(hikcaTOpOM, 3aKpITUICHY Ha [THI 32 TOTIOMOTOIO IETJIi 1 3aKPUTY TPAHCIIOPTHOMY ITOJIOKEHHI CTPIYKOI0 YEPBOHOTO
Konbopy. BuOyx mpusnauenwit anst migpuBy 3apsny BP MiHM mpu BIUIMBI Ha HEi MarHiTHOTO HOJS TaHKa,
OpoHeTpaHcniopTepa abo aBToMo0O1sL. [TinprBau Ooenpunacy cKIagaeTbest 3 KOPIyCy, AUCTAHIIHHOTO MEXaHi3My,
TiAPOCHOBIIFHIOBAaYA, EJIEKTPOHHOTO OJIOKY, 3amo0i’KHO-BUKOHABYOTO MEXaHI3My Ta MICTUTh €JIEMEHTH
BOTHEBOTO JIAHITIOTA: €JIeKTPO3alalbHUK, MPOTEXHITHHUN MTiJICHITIOBAY 1 IBa KarCyi-IeTOHATOpH. 3HU3Y KOPITyC
MiApUBHUKA 3aKpHUTHI KoXyxoM . Kopmyc migpuBaua Goempumacy BUTOTOBICHHH 3 aJIOMiHI€EBOTO CIIIABY.
JlucTaHmiiftHUA MeXaHi3M TpHU3HAUYEHWH i1 TpPWBENCHHS B [il0 Ta a1 3abe3nedeHHS Oe3MeKu Tija dac
BCTaHOBJICHHSI MIH 3aropojUKyBaueM Ta Bpy4HY. JMCTaHIIMHHHA MeXaHi3M CKJIQNAEThCSI 3 BTYJKH, KPHIIKH,
KOTYIIKH 1 ckoOu. Kpuiiika yTpuMyeThes y BTYIII 32 paXyHOK pO3BaJIbIIOBAHOTO KOBMavKa. J{Jisi 3aXUCTy KPHIIKH
BiJI BUIIaJIKOBOTO BHOYXY Ha HEl HA/IATAETHCS YeKa, siKa 3acTibaeThes MIMiIbKoo. HUTKa, HaMOTaHa Ha KOTYIIKY,
YTpUMy€ CKOOy y HIKHBOMY HOJIOKeHHI. OAMH KiHElb HHUTKH NPUKPIIUIEHWH 10 KPUIIKH JUCTaHLIHHOTO
MeXaHi3My, Apyruil BUTbHHH. Cko0a yTpuUMye LITOK TiIpOCIIOBUIbHIOBAYa B NPUTUCHEHOMY CTaHi i He Jae
MOXJIMBOCTI JIBHXKKY 3aroO0DKHO-BUKOHABYOTO MEXaHi3My MiJPHBHUKA IEPEBECTHUCS B OOHOBE ITOJIOXKEHHS.
IlyckoBuii MexaHi3M Ha BiIMIiHY JUCTaHIIHHOTO MEXaHi3My HEMa€ HUTKH Ui JAUCTaHIIIHOTO IMycKy. Bin
CKJIQIAETHCS 3 BTYJIKH, KPUIIKH (YOPHOTO KOJIBOPY), BTYJIKH 3 TBUHTaMH 1 KOBITAYKOM 1 3pi3HOi yekn. Kpuinka
MyCKOBOTO MEXaHI3My YTPHUMYETHCSl y BTYJIII 32 JIONIOMOIOI0 BTYJIKH, KOBMAdKa Ta 3pi3HOI 4eku. [ BUHTOM
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ITyCKOBHM MEXaHi3M YTPUMYE ITOK TiIPOCHOBUIbHIOBAYA y MPUTHCHEHOMY TOJIOKEHHI. 3YCHILIS 3pUBY KPHUIIIKH
IIyCKOBOT'O MEXaHI3My Take came, sIK 1 y TUCTaHLIHHOro MexaHi3My. BuOyx MiHM nomyckae crops/pKeHHS HOro
JIBOMa THIIAMH JDKEpena CTPyMy aMITyJIbHUM, IO BCTAaHOBIIOETHCS Ha 3aBOAI-BUPOOHMKY, a00 TalbBaHIYHUM
€JIEMEHTOM, III0 BCTaHOBJIOEThCA IEpE] 3aCTOCYBAaHHSAM MiHM. KOHCTpYKIis 3ariyliK mKepena CTpyMy
3aJIeKHUTh BiJ THUILYy JDKepela CTpyMy, IO 3aCTOCOBYEThCs. [IpM BHUKOpHCTaHHI y MiAPUBHUKY BOYJIOBaHOTO
JoKepesia CTpyMy HEHTPaIbHHN OTBIp 3ariIylIIKH 3aKPHUTO IIOJIIETHIICEHOBOIO 3ariyHIKOIO 3 METJIEI0 31 CTPIYKH
YEpPBOHOTO KOJIbOPY, @ MPU BHKOPUCTaHHI 3MIHHOTO JDKepelia CTPyMy BEpXHs YacTHHA 3arilylIKH BHKOHaHA
CYHTBHOIO 3 TOTJIHOJNICHHAM IIiJl BUCTYIH KiIfoda. PyKosTKa 3 BaJMKOM depe3 MpPYXWHY KpydeHHS 3'€IHAHA 3
IBUTYHOM 3armo0iKHO-BUKOHABYOTO MEXaHi3My MiIpHBHHKA i MpU3HAUEHA AJIS NEepeBeACHHS IiApUBHHUKA 3
TPAHCHOPTHOTO TOJOKEHHS B OoifoBe. Koiip moBepxHi pyKOSTKH, 3BEpHEHOI Ha30BHI, BiIIOBIJa€ IOJIOKEHHIO:
YepBOHHH - TPAHCTIOPTHOMY, 3aXHUCHHUU O0ifoBOMY. PyKosiTka 3aKOHTpEHa CTOIMOPOM i OINIOMOOBaHA IIIOMOOTO.
Cromop pyKOSATKH Ma€ i3 30BHIIIHBROTO OOKy Ma3 Mix KPIOKOMOXiOHWI BHUCTYyN Kiroda. [igpocCroBiTbHIOBAY
3abe3meuye yac manekoro 3BeaeHHs miapusHuKaA Bix 20 mo 700 c. BiH BCcTaHOBIEHUH y HEHTpaTbHOMY THi3Ai
KOpIYyCY MiAPUBHUKA ITi AUCTAHIIHHIM (ITyCKOBHMM) MeXaHi3MOM. [ 1IpOCIIOBUIbHIOBAY CKIIAIAETHCS 3 KOPITYCY ,
KPHIIKH, LITOKA , MOPIIHA 1 npyXuHH. Kopryc 3almoBHEHUI MOpPO30CTIHKMM Kay4ykoM. EnekTpoHHHI 610K
NpU3HAYCHUH JUIsi 0OpOOKH, IMOCUIICHHS 1 IEPETBOPEHHS CUTHAITY, CTBOPIOBAHOI'O TEXHIKOIO, IO PYXAEThCS, B
eJIEKTPUYHHUN cUrHaN. ENeKTpoHHHMH ONOK PO3MIIIy€ThCs YCepenuHi KopIycy minpuBHHKA. Hecyunm By3snom
OJIOKY € OCHOBA, JI0 SKOTO KPIIUIATHCSA 3 OJHOTO OOKY JPyKOBaHA IUIaTa 3 paaioeIeMEHTaMM, MarHITONPOBI 3
IHIYKIIHHOIO KOTYIIKOIO JIaTYMKa, a 3 IHIIOr0 OOKY KOpITyC 3al001KHO-BHKOHABYOTO MEXaHi3My ITiJpUBHHUKA.
OcHOBa eJIEKTPOHHOTO GJIOKY KOPCTKO KPIMUTHCS A0 KOPITYCYy MiJPUBHUKA 33 JOIIOMOTO0 OOTHCKAHHS KOXKyXa.
Jis migBWINCHHA MeEXaHIYHOI MIIHOCTI BHYTPIMIHIA 00'€eM KOpPIyCy 3 eJNEKTPOHHHM OJIOKOM 3aJUTHH
miHomoJiypeTaHoM. 3armo0iKHO-BUKOHABYNK MEXaHi3M MMiApUBHUKA IPU3HAYCHUH 17 3analieHHs mopoxy B3 ta
nycky I1IM MiHM pU CIpanbOBYBaHHI MiAPHBHHUKA, MEXAaHIYHOTO PO3PHBY B BOTHEBUX JIAHLIOTaX MiJAPUBHHEK -
B3, migpuBauk - I1IM i a1 po3pHBY €NEKTPHYHOTO JIAHIIOTa IIJPUBHUKA B TPAHCIIOPTHOMY ITOJIOXKCHHI.
3ano0i>KHO-BUKOHABYMI MEXaHI3M CKJIAQJA€ThCsl 3 KOPHYCY 1 JBHI'YHa , B SKOMY BCTAaHOBJICHI KarcCyJiu-
JICTOHATOPH 1 OBOPOTHA MpYykuHA. [[eHTpabHUI KaICy/ib-1ETOHATOP 3aKPIIUICHUN B IBUTYHI OOHKOM, a O14HMIA
- pi3pOOBOI0 BTYNKOK. Y KOpIyci 3amo0iKHO-BHKOHABYOIO MEXaHI3My PO3MIIICHI EIeKTpO3anaabHUK,
MIPOTEXHIYHUK MiACUIIIOBAY, HEPYXOMHH KOHTAaKT IITHPHOBOI i NMOBOPOTHHH KOHTAKT, L0 MAaE€ MEXaHIYHHH
3B'SI30K 3 JBIDKKOM. Y TPaHCIIOPTHOMY MOJIOKEHHI KOHTAKTH PO3IMKHYTI. BUIIUOHMI 3apsa NpU3HAYSHUH /15
BUJIAJICHHS ITiIpUBHUKA T4 MacKyBaJbHOTO LIAPY IPYHTY i3 30HU (JOPMYBaHHS KyMYJISITUBHOTO CTPYyMEH:I Iepen
BUOYXOM MiHM. BUIIMOHWI 3apsn cKIamaeThes 3 IIOPATIOMIHIEBOTO KOPIYCY, CIOPSIKEHOIO MOPOXOBUM
3apsIOM.

Cepen HaWOINBII CKIATHUX EIIEMEHTIB SKi MAalOTh HAWHIDKYY HAIIHICTH € MigpuBada OO€mpHIIacy.
PyiiHyBaHHS OJHOTO 3 EIIEMEHTIB IO NPWU3BOAWTH O IHIIIIOBAaHHS NpUBEAE IO HeWTpamizamii 00 €KTy.
PosrnsHEMO CTpYKTYpHY cXeMy mifpuBada Ooenpumnacy(puc. 1)

Pucynox 1-Jlociuna mooenv niopusaua boenpunacy:
1 - xopnyc; 2 - ducmanyiiinoeo mexarnizmy; 3 - 2i0pocnosinbHIO6aY, 4 - eleKmpoHHO20 6I0KY,
5 - 3anobixcHo-euxorHaguuli Mexanizm, 6 - eleMeHmu 602He8020 IAHYI2A

st Toro mo6 cucteMa mnpanoBajia 3 MaKCUMaJIbHOIO e(eKTHBHICTIO, B KOXKHOMY KOHKPETHOMY BUITAJIKY
HEeoOXiHO BUPIIINTH 3a1a4y BUOOPY MiHIMAJIBHO JOCTATHBOI KUJIBKOCTI eNeMeHTIB uisi ypaxeHHs[7]. OnnuM 3
TOJIOBHUX KPHUTEPiiB BHOOpPY €JIEMEHTYy CHCTEMH $Ki XapaKTepH3yIOTh TEXHIYHHH CTaH € iH(GOPMATHBHHMA.
Enement BuOpanuii 3a iHQOpMaTHBHAM KpPUTEPiEM J03BOJISIE 3 HAWOUIBIIOW BipOTiTHICTIO BHBECTH MiApUBad
Ooempuracy 3 Tpare31aTHOTO CTaHy 0e3 JeTOHAIlil TOJIOBHOTO 3apsiay.

Jns Bubopy enemeHTa CTPYKTypHOIO cxemoro. CucreMa, 10 po3risiiaethes ckianaerbest 3 N =6
€JIEMEHTIB. 32 MOXKJIMBI CTaHH IIPUIIMEMO BiZIMOBY KOXKHOTO efieMeHTy. KoHTposb cTaHy minpuBada Goenpumnacy
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TTAHYEMO 3a KilbKIiCTIO TIapaMeTpiB piBHOMY KinmbkocTi enemenTiB K =6. B pesysbTati mocHifkeHHs BiaMOB
€IIEMEHTIB CHCTEeMH CTBOpeHa TaOmums craHiB (Tabm. 1). BiporimHicTe BiZMOB KOXKHOTO €IEMEHTY IS
HOIEPEAHBOrO PO3IIISLY NPUIMEMO PIBHUMHU:

P(Si)zllN:1/6. Q)
B manomy BUTIa[IKy €HTPOIisI CHCTEMH 3 KIHIICBOIO KIJTBKICTIO CTaHIB MaKCUMAJIbHA.
BuxinHa €HTpOIis CHCTEMU BU3HAYAETHCS KITBKICTIO MOXKJIMBHX CTaHIB!

H(S,) = Z P(N.)log, P(N,) = —6% log, % = 2,582 Gim . )
i=1

Ilo3HayuMo 4epe3 M, - YMCIIO OAUHUILL B KOKHOMY PSAKY TaOJHMIIi, My - YUCIIO HYNIB B TOMY XK PAAKY.

3anumkoBa HEBU3HAYSHICTH IPH KOHTPOJII KOKHOTO ITapaMeTpa Ha IEPIIOMY KPOIli O0UHCITIOEThCA 3a (POPMYIIOr0

A m
H (Z—kj = % log, m, +W°Iog2 m . 3

PesynbraTil po3paxyHKy 3aJHMIIKOBOI €HTPOIIii HaBeIeHI B OCTAHHBOMY CTOBITYMKY TabuI. 1.

Tabimus 1. — Tabauus cranis

JliarHOCTUIHHH Cranu A
napameTp H (Z_k)
z
‘ ATATATAIALA
1 0 0 0 1 1 1 | 3,662
2 1 0 1 1 1 1 |3
3 1 0 0 1 1 1 | 3,662
4 0 0 0 0 0 1 | 3,662
5 1 1 1 1 0 1 |3,011
6 0 0 0 0 0 0 | 3,662

Ha ocHOBI po3paxyHKiB MOOYyIOBaHO JiarpaMy CHTPOIi CHCTEMH, sKa JO3BOJISIE BCTAHOBUTH
iHpOpPMaTUBHY 3HAYMMICTb JIarHOCTHYHOTO apaMeTpy.

2

ol
1

1 2 3 4 5

PucyHok 2 -/liaepama enmponii cucmemu

JlificHO, 110 €JIEMEHT CHUCTEMH, SKUH Ma€ HAMMEHIIy 3aJHIIKOBY CHTPOIII0, Ja€ HAHOIIbIIYy KiIbKICTh
indopmaii mpo ii craH, i TOMy BiH HOBHHEH pyHHyBaTHCh y nepury depry. Takum enementom Oyne Z,. To0To
JUBISIYMCH HAa CTPYKTYpHY CXeMy MHijpuBada Ooempunacy (puc. 1) naHuii HOMep BiANOBiJa€ KOpPILyCy.
HactynnuMu eneMeHTaMmu, siKi CyTTEBO BIUIMBAlOTh HA EHTpOIil0 cuctemu Oynyts Z,,Z,,Z.. Jlani Homepu

BiJIMOBIAAIOTh CHUCTEMAM JHUCTAHI[IHHOIO MeEXaHi3My, eJEeKTPOHHOTO OJIOKY, 3amo01>KHO-BUKOHABIOMY
MEXaHi3Mmy.

BucHoBkH

Po3polOiieHo cTpyKTypHY CXeMy BiHCBKOBHX MiH, SIKa BPaXOBY€ OCOOJIMBOCTI B3a€MOJi CKJIaJOBHUX, IO
JIO3BOJIMJIO BU3HAYHUTH B3a€EMHI BIUIMBHU PI3HUX YaCTHH 00’ €KTa JOCIIKEHHs Ha HOTO CTaH.

BusHaueHO MOJKIIMBI CTaHW BIHCHKOBHX MiH, II0 € OCHOBOIO JUISl aHalli3y iXHBOI IOBEIIHKH B Pi3HHX
yMOBax.

BcraHoBNeHO Bpa3nuBi €IEMEHTH CHCTEMH, IO CTBOPIOE MIATPYHTS I PO3POOKH €PeKTHBHOI CHCTEMHU
po3minyBaHHs. [laHHI pe3ynbTatu 3abe3meuyroTh 0a3y IS MOAANBIIMX JOCTIKEHb Ta Po3poboK y chepi
3HEMIKO/HKEHHS MiH MIJITXOM TiIPOMEXaHIYHOTO pyHHYBaHHS.

0. Vovk?!, Dr. Sc. (Eng.), Prof., ORCID 0000-0002-7531-9847
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JUSTIFICATION OF THE PARAMETERS OF THE DEMINING PROCESS BY
HYDRODYNAMIC DESTRUCTION

The study presents the rationale for the parameters of a mine clearance process using the method of
hydrodynamic destruction, which enables the effective neutralization of military mines without the risk of
detonating the primary charge. This approach enhances safety during demining operations and minimizes the risk
of adverse consequences in conflict zones. A detailed analysis of the structural features of the most common types
of military mine detonators and fuzes was conducted, allowing for the identification of key design elements
affecting the functionality and reliability of explosive devices. Based on this analysis, a logical model of the
research object was developed, accounting for the relationships between the primary structural elements of the
system and enabling the determination of potential system states. To identify vulnerable elements of military mines
among an infinite range of possible combinations of physical parameters, the use of an informational criterion
based on Shannon’s entropy concept was proposed. This criterion facilitated the identification of elements that
significantly reduce system uncertainty and have a decisive impact on its functionality. The vulnerable element
was defined as the structural unit of the device characterized by the lowest residual system entropy and the most
significant influence on the state of the explosive object. The study concluded that the most vulnerable element, on
which the overall functionality of the system depends, is the casing of the munition fuze, which plays a key role in
ensuring the safety and stability of the design. The research not only highlights the innovative use of hydrodynamic
destruction for demining operations but also delves deeply into the interplay of structural and functional aspects
of explosive devices. The application of Shannon’s entropy t0 assess system vulnerabilities provides a novel
analytical framework for demining technology. This approach enables the precise identification of critical
components whose failure could neutralize the explosive device without triggering unintended consequences. The
emphasis on the fuze casing as the primary vulnerable element underscores the importance of understanding its
mechanical properties and interactions within the device. This finding opens avenues for designing specialized
tools and methods tailored to disrupt the functionality of explosive devices more safely and efficiently. By
integrating advanced analytical models with practical demining techniques, the study contributes to a significant
leap forward in the field of humanitarian demining and military engineering.

Keywords: demining system, explosive device, military mine, ammunition fuse.
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SIMULATION AND ANALYSIS OF THE INFLUENCE OF THYRISTOR
CONDUCTION TIME IN THREE-PHASE CONTROLLED RECTIFIERS
ON HARMONIC DISTORTIONS IN THE POWER SUPPLY NETWORK

Background. Modern technologies related to power electronics and microprocessors create new
challenges for ensuring high-quality electrical energy. The use of single-phase and three-phase rectifiers for
supplying loads often leads to current waveform distortion, which negatively affects equipment performance and
reduces the operational characteristics of energy systems. The main issue is harmonic distortion caused by load
nonlinearity, which can degrade the quality of electrical energy and affect the performance of transformers and
cable lines. Objective. The aim of the study is to analyze the changes in power quality indicators when the control
angle of thyristors in a three-phase asymmetrical controlled bridge rectifier is modified. The study is conducted
through analytical calculations and computer simulation. Methods. The research was carried out based on a
simulation model of a three-phase asymmetric bridge rectifier. MATLAB® and Simulink® environments were used
for simulating three cases: without a filter, with a filter but without considering the internal resistance of the
transformer, and with a filter, taking into account the transformer’s internal resistance. The simulation included
an analysis of parameter changes at different thyristor control angles. Results. It was found that increasing the
control angle leads to an increase in the harmonic distortion coefficient in the network, which may exceed the
permissible limits defined by IEEE 519-2022 and DSTU EN 50160:2023 standards. The study also explored the
impact of LC filters on power quality, particularly their negative effect in the form of a reduced power factor.
Conclusions. The change in the thyristor control angle affects the quality of electrical energy by increasing
harmonic distortion and reducing the power factor. The obtained results emphasize the need for careful selection
of rectifier control parameters and harmonic filtering to ensure compliance with regulatory requirements. An
important recommendation is to consider the internal resistances of transformers when designing such circuits,
as they influence the level of current and voltage distortion in the electrical network.

Keywords: harmonic distortions, thyristor rectifier, total harmonic distortion, power quality, computer
modeling

Introduction.

The development of modern household and industrial electrical equipment, closely related to the use of
technologies involving power electronics and microprocessors, presents new challenges for ensuring proper power
quality. Power electronics is a key component of power supplies for various types of equipment. Single-phase
rectifiers are used for loads up to 1 kVA, while three-phase rectifiers are used for loads over 1 kVA [1]. Due to
their functionality, these technologies improve energy efficiency and automation, finding applications in both
domestic and industrial settings. Power converters are conventionally classified by their power rating and
application area, as shown in Table 1.

During the rectification process, the current flows through semiconductor devices only for part of the cycle
of the fundamental frequency. As a result, power converters are often viewed as devices for regulating DC voltage.
If electrical energy is used in the form of alternating current but with a different frequency, the DC current obtained
from the rectifier passes through an inverter, which converts it back into alternating current with the required
frequency.
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The nonlinear characteristics of the components in rectifier circuits can lead to a deterioration in the quality
of electrical power in medium and high-voltage networks [2-4]. At the same time, the semiconductor devices
themselves are sensitive to the quality of electrical power. Harmonic distortions of voltage and current, which arise
due to the nonlinearity of end consumers, can affect the efficiency of parallel-connected power consumers. These
distortions can reach distribution transformers, which are generally not designed to handle high levels of harmonic
components.

Table 1. Classification of Power Rectifier Applications
| High power || Medium power ||
In industry for controlling the speed

Low power |

In household and entertainment

In the metallurgy industry and high-
voltage direct current power
transmission systems.

of electric motors, as well as in the
railway sector, electric welding
equipment, and electrochemical

devices: televisions, personal
computers, chargers, uninterruptible
power supplies, lighting systems,

technologies. etc.

The nature of current distortion at the input of the rectifier largely depends on the chosen rectification
scheme, even if a pure sinusoidal voltage is supplied to the converter input. However, this assumption is only valid
under theoretical conditions, without considering the resistance of lines and transformer magnetization. Current
distortions can negatively affect parallel-connected loads and equipment in the electrical network upstream of the
energy flow through the point of common coupling [5-11]. The analysis of scientific research shows that higher
harmonic components of voltage and current, caused by the nonlinearity of loads from end users, can significantly
affect power transmission cable lines [5-6] and electrical equipment in the network [7-10], leading to a reduction
in their lifespan and deterioration of operational characteristics. Furthermore, high-frequency harmonics increase
losses due to eddy currents and hysteresis, resulting in the heating of transformers. These effects combine, creating
issues in the operation of each component of the energy system [11, 12]. Research indicates that the problem of
harmonic distortions is systemic, not local. The mutual influence of electrical equipment through the point of
common coupling is presented in the form of a schematic diagram of the power grid in Figure 1.

common impedance
(namely cables, transformers, ...)

PCC (point of common coupling)

® 0 ¢ ammmmml) [ N )
sinusoidal
voltage source
Customers
Other Other Other
customers customers customers
linear loads non-linear

loads
Figure 1 — Schematic diagram of the power supply for energy consumers

The analysis of the harmonic spectrum of the input current in single-phase and three-phase uncontrolled
rectifiers has been widely conducted and published, as noted in [13-15]. In [16], based on simulation modeling, as
well as theoretical and experimental methods, the results of studying the impact of changes in the control angle,
the harmonic spectrum of the input current in single-phase controlled rectifiers without using a filter, and the
impact of the transformer are presented. In addition, experimental evaluation and analysis of power quality in [17,
18] demonstrate significant distortion of the current waveform by certain household appliances containing single-
phase rectification circuits of different configurations.

Although the use of uncontrolled rectification circuits remains widespread, the control of the rectified
voltage is achieved through the use of thyristor circuits. Most textbooks on power electronics provide a detailed
study of harmonics at the output of controlled rectifiers, but such an analysis of the input current is lacking both
from an empirical and theoretical perspective.
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Purpose of work.

The study is focused on analyzing the changes in power quality indicators from the power source due to
the variation in the control angle of the thyristors in a three-phase asymmetric controlled bridge rectifier, using
analytical calculation methods and computer modeling.

Research material.

Voltage and current deviations from the ideal sinusoidal waveform, particularly harmonic distortions, are
important factors affecting power quality indicators. Furthermore, these phenomena are closely related to
electromagnetic compatibility, which ensures the proper functioning of electrical devices in a shared
electromagnetic environment.

Regulation of power quality requirements is carried out at the international level according to standards
developed by the Institute of Electrical and Electronics Engineers (IEEE) in the United States [19] and the
International Electrotechnical Commission (IEC) for European Union countries [20]. The main focus of these
standards is on defining the maximum allowable values of power quality indicators that must be maintained at the
points of common coupling of consumers to AC networks of different voltage classes under normal operating
conditions.

In Ukraine, power quality requirements are regulated by the DSTU EN 50160:2023 standard [20], which
sets the permissible voltage parameters at points of consumer connection. At the same time, the IEEE 519-2022
standard regulates not only voltage characteristics but also the permissible levels of current harmonic distortions
at points of consumer connection (as shown in Figure 1).

The degree of harmonic distortion in the current is characterized by the Total Harmonic Distortion (THD)
factor, which is determined by the following formula:

(h)
THD, = 1"=2.100%,

|
@
where: h — harmonic order; |,y —root mean square (RMS) value of the individual harmonic component of order

h for the current; 1) — the root mean square (RMS) value of the fundamental harmonic (first-order component)

for the current.

To study the complex impact of the nonlinearity of the rectifier circuit elements, the control angle of the
thyristors, the filter parameters, and the internal resistance of the transformer’s secondary winding on the
propagation of harmonics in the power supply network, a series of studies have been conducted. The studies also
aim to analyze the harmonic levels and determine the moment when the regulatory limits are exceeded for three
cases:

1. Without considering the filter and the internal resistance of the transformer's secondary winding.

2. Considering the filter, but without taking into account the internal resistance of the transformer's
secondary winding.

3. With the filter and taking into account the internal resistance of the transformer's secondary winding.

The studies were conducted based on a classical three-phase asymmetric controlled bridge rectifier without
a zero diode [1], whose block diagram is shown in Figure 2.

VS1 VS2 VS3

~ N K

TV

A
o—

B

C

VD1 VD2 VD3

N AN AN

Figure 2 — Three-phase asymmetric controlled bridge rectifier

It is assumed that the rectifier is powered by a symmetrical three-phase source, with its windings connected
in a star configuration, with a direct phase sequence, through a connected three-phase step-down transformer TV,
where the windings maintain a star connection at the output. In the study, it is assumed that the initial phase of the
phase voltage for phase A is 0°. A three-phase bridge rectifier with a resistor load R; is connected to the network

from the secondary winding of the transformer. The asymmetric three-phase bridge without a zero diode and filter
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consists of three controlled valves (thyristors VS1, VS2, VS3), which form the cathode valve group, and three
diodes (VD1, VD2, VD3), which form the anode valve group. Assuming an ideal transformer with leakage
inductance, at any given time, two valves are in the open state: one in the cathode group (provided that control
pulses are applied to them) and one in the anode group. In the cathode group, the valve in the open state is the one
whose anode has the highest positive potential relative to the zero point of the transformer’s secondary winding.
In the anode group, the valve in the open state is the one whose cathode has the most negative potential relative to
the zero point of the transformer's secondary winding. Thus, the current in the transformer’s secondary windings
flows twice per network voltage period in different directions.

Itis assumed that u,, u,, U, represents the instantaneous values of phase voltages, and i,, i, i, represents
the instantaneous values of phase currents, and accordingly, the line currents.

Circuit modeling and process studies were performed in the MATLAB® and Simulink® environment [21].
For computer modeling, a typical circuit of a semi-controlled three-phase rectifier and filter was used for the three
research cases mentioned above.

a b c

Figure 3 — Simulation model of the rectifier in the MATLAB® and Simulink® environment:
a — without considering the filter and the internal resistance of the transformer's secondary winding;
b — considering the filter, but without taking into account the internal resistance of the transformer's secondary
winding; ¢ — with the filter and taking into account the internal resistance of the transformer’s
secondary winding.

The following values of the model parameters were used in the calculations: the amplitude of the
electromotive force (EMF) of the ideal three-phase voltage source E;, = 26,114 -2 B, the network frequency
fret =50 H, and the resistance of the resistive load Ry =4 Q. These parameters allow for obtaining the rectified
voltage Uy =36 V, which is necessary for the operation of a typical commutator electric motor used in kids quad

bikes.
For the second model, the parameters of the corresponding elements remained the same. A G-shaped LC
filter was added, where the inductor was connected in series with the parallel combination of the capacitor and

resistive load. The filter parameters were set to the following values: Ly =5 mH, Rg =25 mQ, Cg =1-10* pF.

In the third model, to enable the practical use of the rectifier with the G-shaped LC filter for a resistive load,
it was decided to add the internal resistance of the transformer with the following parameters:
L, =18,12 mH, R, =114 mQ.

The studies were conducted with the control angles of the thyristor switches varying from 0° to 90° in
intervals of 10°. It is worth noting that when the control angle of the thyristors is a =0, the rectifier is

symmetrical, considering the thyristors behaving as diodes, the ripple frequency of the rectified voltage ( f,ipp|e)
is considered to be equal to fippe =6- fre, for other angles, the ripple frequency is different — fijpe =3- figr .

This clarification becomes important when recording the harmonic composition data.
The oscillograms (Fig. 4) in the coordinates of the input voltage (secondary winding of the transformer)

(Ug) show the family of currents of the secondary winding of the transformer for phase A (Ig ), the family of

time diagrams of the load voltage (Ud ) , and the family of time diagrams of the load currents ( Iy ) with the control
angle (OL) varying from 0° to 90° in steps of 10°. As expected, the current signal shapes are distorted in all

considered cases. In the case of considering the internal resistances of the transformer, the phase voltage signal
undergoes distortion.
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Figure 4 — Time diagrams of the network voltage (Ug ) , network current (Ig ) load voItage(Ud ) , and load

current (1) as the control angle of the thyristors () changes:

a — without considering the filter and the internal resistance of the transformer's secondary winding;
b — with the filter, but without considering the internal resistance of the transformer's secondary winding;
¢ — with the filter and considering the internal resistance of the transformer's secondary winding.
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The obtained simulation results, recorded in the MATLAB® and Simulink® environment, are presented in
the form of graphs showing the dependence on the change in the control angle, for the root mean square value of
the network phase current (Fig. 5), its total harmonic distortion (THD) normalized to a reference value (Fig. 6),
active power (Fig. 7) and reactive power of the network (Fig. 8), the change in the phase shift angle between
voltage and the first harmonic of the phase current (Fig. 9), and the power factor (PF) (Fig. 10), the value of the
zero harmonic component of the rectified current (Fig. 11), and the rectified current ripple factor (Fig. 13).

A
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Figure 5 — Dependence of the phase current
magnitude on the thyristor control angle
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Figure 7 — Dependence of the active power
magnitude of the network on the thyristor control
angle
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Figure 9 — Effect of the thyristor control angle on
the phase shift between voltage and the first
harmonic of the network current.
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Figure 6 — Dependence of the phase current THD
magnitude on the thyristor control angle
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Figure 8 — Dependence of the reactive power
magnitude of the network on the thyristor control
angle
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Figure 10 — Dependence of the PF value on the
thyristor control angle.
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Figure 11 — Dependence of the zero harmonic value
on the thyristor control angle. Figure 12 — Dependence of the ripple coefficient value

on the thyristor control angle.

The analysis of the obtained results shows that increasing the control angle leads to a decrease in the root
mean square value of the phase current and the value of the rectified voltage at the zero harmonic. At the boundary
points, the reduction in the phase current is approximately 1.6 times, and the rectified voltage decreases by a factor
of 1.86, with this trend being consistent for all three cases.

The ability to control the rectified voltage by changing the angle (o) introduces additional nonlinearity to
the rectifier circuit. Thus, the shorter the conduction time of the thyristors, the more harmonics are generated,
increasing the total harmonic distortion (THD) of the current. As a result, the THD of the network current (THDI)
increases, exceeding the allowable value by 3.27 times at o= 30° and by 10.365 times at o.= 90°. From the graphs
presented in Fig. 6, it is evident that the use of a filter helps reduce the harmonic components in the network current
curve by 8-15%, depending on the thyristor control angle.

Along with the increase in nonlinearity of the rectifier circuit, an increase in the control angle leads to an
increase in the phase shift angle between the phase voltage and current of the network in the fundamental harmonic

component at the input of the rectifier circuit, ranging from ¢ =0 to ¢ =32" for the case of the circuit without
a filter. The presence of the filter worsens the situation due to the increase in the phase shift angle, ranging from
=28 to ¢p=53,8°. This explains the decrease in the power factor and the increase in the generation of reactive
power. At the same time, from the graphs (Fig. 10), it is evident that the use of the filter leads to a reduction in the

power factor: o =30° the decrease is 3.15%, for o = 60° — 15.7%, and for a. = 90° — 31%.

The harmonic composition of each phase current waveform was analyzed using the Fast Fourier Transform
(FFT) function in MATLAB® and Simulink®. Figure 13 shows the spectral composition of the input current for
three cases when applying the control angle change.
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Figure 13 — Values of the harmonic series of the grid current as a function of the thyristor control angle,
normalized to the fundamental harmonic for three simulation cases:
a — without considering the filter and the internal resistance of the transformer’s secondary winding;
b — with the filter considered, but without the internal resistance of the transformer’s secondary winding;
¢ — with the filter and the internal resistance of the transformer’s secondary winding.

A detailed analysis of the amplitude-frequency characteristics of the phase currents was conducted for the
control angles o =0°;20°;30°;60%; 70°;90°. It was established that for all control angles, the harmonic

components of the grid current are observed up to the 50th harmonic. The diagrams (Fig. 13) show the amplitudes
of the harmonic components of the input current normalized to the fundamental harmonic.

Conclusions.

This study analyzes the impact of thyristor rectifiers on power quality in three-phase networks. The results
of the modeling conducted using the MATLAB®/Simulink® environment showed that asymmetric controlled
rectifiers can cause significant harmonic distortions, leading to the total harmonic distortion (THD) exceeding the
permissible limits defined by the IEEE 519-2022 and DSTU EN 50160:2023 standards.

The proposed use of LC filters to reduce the harmonic levels revealed their negative impact on the system:
a decrease in the power factor and the current magnitude in the network. This highlights the need for careful filter
design to ensure the optimal functioning of the power system.

Thus, the results of the study emphasize the importance of considering harmonic distortions during the
design and operation of thyristor rectifiers in three-phase systems, as well as the need to implement appropriate
measures to ensure proper power quality in accordance with current standards.
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MOJAEJIIOBAHHSA TA AHAJII3 BIIVIMBY YACY TPOBIJHOCTI TUPUCTOPIB
Y TPUPAZHUX KEPOBAHUX BUITPAMJIAYAX
HA TAPMOHIYHI CIIOTBOPEHHSA B MEPEXI EJIEKTPOKUBJIEHHSA

IlIpoonemamuxa. Cyyacni mexuonocii, nog’a3aHi i3 CUNOB0I elIeKMPOHIKOIO Ma MIKpOnpoyecopamu,
CMBOPIOIOMb HOBI BUKIUKU 0151 3a0e3neueHHs BUCOKOI AKocmi enekmpuyHoi enepeii. Bukopucmanna oonogasnux
ma mpugasHux UNPAMAALIE OISl HCUBIEHHS HABAHMAICEHD YACTNO NPU3EOOUMb OO CNOMBOPEHHS POPMU CIPYMY,
WO He2amueHoO 6NIUBAE HA eheKMUBHICIb pOOOMU 0OIAOHAHHS MA SHUNCYE eKCNIYAMAYIiHi XapaKmepucmuKku
eHepeemuyHux cucmem. 10N08HOIW NPOOIEMOIO € 2APMOHIYHI CHOMBOPEHHs, CHPUYUHEHI HeliHIIHICmIO
HABAHMAIICEHb, AKI MOXCYMb NOZIPUWUMU AKICMb eleKMPUYHOi eHepeli ma nauHymu Ha npaye30amuicmo
mparncgopmamopis i kabenonux ninii. Mema docnioyncenus. Memoio 00CniOdNCeHHs: € aHANI3 3MIH NOKA3HUKIG
AKocmi enekmpoenepeii npu 3MiHi Kyma KepysanHsa mupucmopamu 8 mpupasnomy Hecumempuunomy KeposaHomy
mocmogomy  eunpamaaui. [locniodcenns npogooumscs 3a OONOMO20I0 AHANIMUYHO20 PO3PAXYHKY ma
Komn'tomepno2o mooeniosants. Memoouka peanizauii. Jlocniosxcents npogoounucy na 6asi imimayitinoi mooeni
mpughasHo2o MOCMOB020 HECUMEMPUUHO20 BUNPAMAAYA. [{1A Ybo2o suKopucmo8ysanucy cepedosuwe MATLAB®
ma Simulink®, de npooounu mooento8aHHs Mpbox UNAOKie: be3 Qitbmpa, 3 gitempom, ane 6e3 8paxy8aHHs
BHYMPIWHL020 ONOPY MPAHCHOPMAMopa, a MaKoxiC 3 Qinbmpom i 6pAXYBAHHAM GHYMPIUHBLO2O ONOPY
mpancgopmamopa. Moodeniosanns 6KIIOYANO aAHANI3 3MIH  napamempié npu pisHUX Kymax KepyeauHs
mupucmopamu. Pezynomamu 0ocniorycennn. Becmanosneno, wjo 30inbuientss Kyma Kepy8anus npu3gooums 00
3DOCMAaHHA KOepiyicHma 2apMOHIYHUX CNOMBOPEHb ) MepPedci, Wo Modxce nepesuuyyeamu OONYCMUMi Medxici,
susnaueni cmanoapmamu IEEE 519-2022 ma ACTY EN 50160:2023. Takoac oocnidocerno enaue LC-pinompie
Ha AKICMb eleKmpOoeHepeii, 30Kpema IXHill HeeamusHUll eghekm y 6ueisiOi SMEHULeHHS KOe@IiyieHma NOMYHCHOCMI.
Bucnogku. 3mina Kyma Kepy6amHA MUpuUcmopamu 6nIUGae HA AKICMb eleKmpuuHoi enepeii, 30inbuiyrouu
2APMOHIYUHI CNOMBOPEHHST Mma 3HUdCYIOUU Koeghiyicnm nomydxcnocmi. Ompumani pe3yrbmamu niOKpeciioonms
HeOOXIOHICMb pemenbH020 6UOOPY NaApaMempie KepyeaHHs GUNPAMIAYAMU Ma Qirbmpayii 2apmMoHIK OJis
3abe3neuents GION0GIOHOCMI HOPMAMUBHUM 8uMO2am. Baoicaugorw pexomenoayiclo € 8paxy8anHs GHYMPIUHIX
onopie mpanc@opmamopie npu NPoeKmyanHi MaKux cxem, OCKLIbKU GOHU 6NIUBAIOMb HA PiGeHb CHOMBOPEHb
cmpymy ma Hanpya2u 6 eeKmpudHini Mepeoici.

Kaw4oBi caoBa: ecapmonitini  cnomeopenus, MupucmopHull GUAPSAMIAY, 3d2albHUll  Koegiyicum
eapmoniunux cnomeopensv (THD), sikicme enekmpoenepeii, Komn'tomepHe MOOeI08aHH s
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KOMYTAIIMHUA IPOUEC Y TPUGAZHOMY
JIBOMOCTOBOMY KOMIIEHCAIIMHOMY NNEPETBOPIOBAUI

Haseleni pesynomamu  ananizy eHepeemuuynux npoyecie y OO0CHIONCYBAHOMY KOMNEHCAYIHOMY
nepemeopioeayi npu YOMUPUKPAMHIL 4acmomi IMRYIbCI6 KepyeanHs mpanzucmopamu. Buseneno nasenicmo
MPbLOX pecumie pooomu, AKi 8iOPI3HAIOMbCA 3AKOHOMIDHICIIO 3MIHU cCMpymy asu KonoencamopHoi bamapei.
Ooun i3 yux pedcumie O0ocrioxcyemvca 0oKaaoHo. Ilpu yvomy ompumano HO8uil HaAyKosuti pesyivmam. Bin
3ac6iouye, wo y 6UNAOKY, KOAU KOMYMAYIUHULL Npoyec y CUNOBOMY eNeKMPUYHOMY 6eHmuni OOHiel ¢hasu,
8i00y8acmuvcsa 6 inmepaani pooomu MpaH3UCMopa KOMymyuoi 1aHKU HACMYNHOT ¢asu, 8euduHa KOMymynodoi
Hanpyau y MOMEHm KoMymayii He 3anexdcumsv 6i0 BeIUYUHU 3AMPUMKU NoO0adl IMRYIbCI8 KepYBaHHSA HA
mpansucmopu. [na niomeepooicenns i eepughikayii ompumanux pesynbmamie 3aCmoco8aHe CXeMOmeXHiuHe
modemosannsn y naxemi Micro Cap. Onucana memoouxa mooenoganns, HaeOeH i ii pe3yibmamu, npPo6edeHo
auaniz pezynomamis. Ilopienanbuuti ananiz 4UCIO6UX 3HAYEHb XAPAKMEPUCIUK EHepemUYHUX Npoyecie
00Ci0JHCYBAH020 Nepemeopiosaid, OMPUMAHUX 6 pe3yIbMmami AHANIMUYHO20 PO3PAXYHKY I CXeMOMEXHIUHO20
MOOen08ants, nokazas, wo posdixcuicms ne nepesuwye 4%. Lle ceiouums npo adekeamuicms 3acmocosaHoi
MemOOUKY MOOENI08ANH S | NPULIHATNHY MOYHICMb pe3yabmamie anarimuunux pospaxynxis. bidm. 6, puc. 4.

KarouoBi cnoBa: konoencamopua 6amapes, cxeMomexHiuna Mooenb, KOMymylouda Hanpyaa, el1eKmpusHull
B8EHMUIb, KYW KOMYMayii, Kym pe2yio8aHHsi.

Beryn. Cxema 1BOMOCTOBOTO TpH(]a3HOrO KOMIIEHCALIHOTO IIepeTBOpIOBaya HaBeAeHa Ha puc. 1. Bin
BITHOCHTBCSI 10 HOBOTO IOKOJIHHS NPHCTPOIB CHJIOBOI €IEKTPOHIKM KOMIICHCAIIIfHOTO THITYy, CTBOPEHHS Ta
JOCTIKCHHS IKUX BefeThes y HamionansHOMY TexHivHOMY yHiBepcuteTi Y kpaiau «KIII im. Irops Cikopckkoroy
[1]. JKuBnenHs neperBoproBaya 3/IHCHIOETHCS uepe3 TpUdasHuil TpaHcopmarop 3 ABOMa BTOPUHHUMHU
BEHTUJILHUMHU 00MOTKaMH, 3’ €THAHUMH 32 IIPSIMOIO Ta 3BOPOTHOIO 3ipKoto. [TepeTBoproBau MicTUTh 1B TpudaszHi
IPYIH CHJIOBUX €IEKTPUYHUX BEHTHJIB KoMreHcauiiHoi yactiuau (VD1 — VD3 ta VD4 — VD6), nBi tpudasui
IPYIH CHJIOBHX EJIEKTPUYHHUX BEHTHIIIB HekoMneHcaniiHol yactunu (VD7 — VD9 ta VD10 — VD12), komyTyrody
JIaHKY, sIKa CKIIala€Thes 3 Tpr(asHol KOHIeHcaTopHOT OaTapel 1 Tpuda3HoT IpynH ITOBHICTIO KEPOBAHUX MTPUIIAIIB
(tuniB GTO, IGCT a6o IGBT) Ta HaBanTaxenHs R, 1 Lq.
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Pucynok 1 - Cxema mpughasnoeo 060mMocmogoeo Komnencayiiho2o nepemeoprosaia
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CkiagHa CXeMOTEeXHIYHa TOOyI0Ba JOCHIKYBAHOTO TEPETBOPIOBAaYa Ta MIUPOKI MOMIIUBOCTI IIOJO
PETYJIIOBaHHS MPOLIECY JKUBJICHHS CIIOKMBAYIB IOCTIHHOTO CTPyMYy, OOyMOBIIOIOTH DPI3HOMAHITTS poOOYMX
PEKHMMIB Ta OCOOIMBOCTEH €IeKTPOMArHITHUX MPOLECIB, 110 iX CYNPOBOIKYIOTE.

[epmi pe3ynpTaTH JOCHIIKEHHS €JIEKTPOMArHiTHUX TMpOLECiB y  TpugasHOMY JBOMOCTOBOMY
KOMIICHCAIIHHOMY TepeTBoproBadi omyOiikoBani B [2]. YV myOmikaumii Bimmidanocs, [0 HepeTBOPIOBAY
BITHOCUTBCS JI0 3aCO0IB CHJIOBOI CIICKTPOHIKH 3 KOHACHCATOPAMHU Y CHIIOBHX KoJjiaX. Po3poOka i JoCiimKeHHS
TaKHUX IPHUCTPOIB MPOBOIUTHCS K Y Haliit kpaiui [3,4], Tax i 3a ii mexxamu [5,6].

VY my6mikamii [2] craBuiocst 3a MeTy BU3HAYEHHS BIUIMBY KEPYBAHHS TPAH3UCTOPAMH KOMYTYIOUOT JTaHKH
Ha 3aKOHOMIPHICTh 3MIHH CTPyMy KOMYTamii CHJIOBAMH €JIEKTPUYHHMH BEHTWIAMH, BEIHYMHY KyTiB
perymoBaHHS 1 KOMYyTallil, Ta BH3HAYCHHS EHEProe(eKTHBHUX peXHUMiB pobotn. OOcsar mocmimkeHs OyB
oOMEeXXeHUH pekuMaMu poOoTH, sKi 3a0e3ledyBaIiCh PETYIIOBAHHSA TPAH3UCTOPIB KOMYTYIOUOi JIAaHKH
IMITyJIbcaMH TOABO€HOT YacToTH. [IpM HmpOMY ypaxoByBajach BEJMYMHA BHUIIPSAMIICHOTO CTPYMY (CTpyMy
HaBaHTaXXEHHS /4), EMHICTH (ha3u KOMYTYIOUHX KOHAeHcaTopiB C, IHAYKTUBHICT KOJa 3MIHHOTO CTpyMmy L, ymoBH
pery:roBaHHs poOOYOTo PeKUMY TPaH3UCTOPaMH KOMYTYIOUOi JIaHKH O Ta T. 1H.

3a pesyiabTaTaMd IPOBEJCHUX JOCITIDKEHb JOBEJIEHO, IO CTOCOBHO KOMYTAaLiHHOTO mpoLecy Yy
JIOCITIKYBAaHOMY HIEPETBOPIOBAYi 32 CXEMOIO PHC. 1, yce pI3HOMAHITTSI poOOYHX PEXXKUMIB, ITPH MOIBOEHIH YaCTOTI
IMITyJIbCIB  KEpyBaHHS TPAaH3UCTOpAaMHM KOMYTYIOUOi JIaHKM, MiANOPSJKOBYEThCS JIBOM Yy3aralbHEHHM
CHIBBITHOILIECHHSAM CTPYMY KOMYTAII ik, SIKi 3aJ1€KaTh B 3aKOHOMIPHOCTI 3MiHU CTPyMY ic (ha3u KOHAEHCATOPHOT
Oarapei B iHTepBani KoMyTalii. Bapiantu Bupa3siB cTpymy ¢aszu KoHIeHcaTOpHOI OaTapei HaBeeHi ai:

. 1 2. .

leq :_éld _glk , 1
. 2.
lc2) =1 _Elk . 2

KoxxHOMYy BapiaHTy 3aKOHOMIPHOCTI 3MiHH CTpyMmy (pa3um KoHIeHcaTOpHOI Oatapei BiAmoBimae BHpa3
CTpyMy KOMYTaIlii CHJIOBHX €JICKTPUYHAX BEHTHIIIB KOMIICHCAIIITHOT YaCTHHU TepeTBOproBada. Y myomikarii [1]
HaBEeJICHO HOPMOBaHI BHpa3H CTpyMiB komytamii. IIpn mpomy 3acTocoBaHa HACTyNHa CHCTeMa Oa3MCHHX
BEJTHYHH:

OasucHa Hanpyra U, = \/?:Em ;

GazucHuit ctpym: |, = \/§Em /2x,, me X, - IHAYKTHBHHMH Omip (asu NePETBOPIOBAILHOTO
TpaHchopMaTopa, NPUBEACHE 10 HOro BTOPUHHOI OOMOTKH;

OasncHa gactoTa @; = w =314,

0a31CHA PEAKTHBHICTD KOJIA 3MIHHOTO CTPYMY: X; = \ﬁEm 121,.

OcTaTouHO HOPMOBAaHWH BHpa3 CTPyMy KOMyTalii IpH MOJBOEHINH 4YAacTOTI IMITYyJIbCIB  KepyBaHHS
TPaH3MCTOPaMHU KOMYTYIOUO] JIAHKH 3aITHCY€ThCS TaK:

. 1 cos(9-a) ,1 cosa sina . .
by =— 5 F 5 +(=- ) C0S @y 3 ———————SiN W3 ; (3)
2 Xu(op-1) 2 X.(05-1) @y X (05 —1)
oy =154+ 900 70) (g5 COSE e Y Gngs. @)
X, (@) —1) X, (@) —1) @y X, (@) —1)

JocmipkeHHsT  eNeKTPOMArHiTHUX TIPOIECiB y TIEpeTBOPIOBadi 3a CXEMOK TpU(a3zHOTO
JIBOMOCTOBOTO KOMIIEHCAI[IfHOTO TEpeTBOpIOBaya, INpH OiIbII BHUCOKMX YAacTOTaX IMITyJIbCIB KepyBaHHS
TPaH3UCTOPaMH KOMYTYIOUOI JIaHKH, paHillle He IPOBOAMUIOCS.

Mera po6orn. Bu3HauuTH BIUIMB MiJBHIICHOI (YOTHPHUKPATHOI) YACTOTH IMIYJIBCIB KepyBaHHS
TPAH3UCTOPAMH KOMYTYIOUOi JIAaHKM Ha 3aKOHOMIpHICTh 3MIHH CTPyMy KOMYTallii CHIOBUMH EJIEKTPUIHUMHU
BEHTWISIMH Ta BEJMYMHY KyTiB PETyJIIOBaHHS 1 KOMYyTaIlil, SKi € OCHOBHOIO EHEPTeTHYHOIO XapaKTEPHCTHUKOIO
KOMITEHCAI[ITHOTO MepeTBOpIOBaya.

PesyabraTn gocaimkens. Cucrema BxinmHoi EPC tpudasHoro neperBoproBaibHOro TpaHchopmaropa
cxemH puc. | € ctanaapTHOIO TpH(A3HOIO CHCTEMOIO TIPSIMOTO YepryBaHHs (a3:

e, =E,sin($+7/6+y);

e, =E, sin($-7/2+y); (5)
e = E,sin($+57/6+y),

ne E_ - ammmityna BropunHOi hazHoi EPC neperBoproBasibHOTO TpaHcdopmaropa; 3 — IOTOYHA 3MiHHA; f —

m
MoYaTKoBa (aza HAINPyTH MPU BKJIIOYEHH] BEHTHIIS.

KomyTariifHuii nporiec B aHOJHHX Tpylax CWIOBHX €JIeKTpHYHMX BeHTHIiB VD7 — VD12 y norouHiit
myOsikanii He pO3MIIANAETHCS, OCKIIBKM BiH € BifIoMHM. 3a3HaueHi CHJIOBI €JIEKTPUYHI BEHTWII NPamioloTh Y
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3BUYAHHOMY (HEKOMIICHCAIIMOMY) PEeXHMi 1 iX KOMYTAI[ifHWIA TIporec BigOyBaeThCsSs TOYHO Tak, K 1 Yy
TpudasHOMY MOCTOBOMY BUIIPSIMIIUI 3a cxeMoto JlapioHoBa.

Pexxum poboTH 3 BHIEpEIDKAIOYMM KyTOM DPEryioBaHHA ¢ (KOMIEHCALIHHMN pPeXHM) MaloTh CHIIOBI
eNeKkTpuuHi BeHTWIi karoanol rpymu VD1 — VD6. Ockinbku cuctema tpudasaux EPC mepeTBoproBaabHOTO
TpaHcdopmaropa € CHCTEMOIO IIPSIMOTO YepryBaHHs (a3, MOCIIIOBHICTh BCTYITy B POOOTY CHJIOBUX €JIEKTPHYHUX
BEHTWJIIB KOMIICHCALIHOT YaCTHHU TepeTBoproBaya Oyzae takoto: VD1— VD2— VD3 ta VD4— VD5— VDe.
Mi>x MOMEHTaMH BCTYITY B pOOOTY 3a3HaYeHUX TPIHOK CHIIOBUX EJICKTPUYHHUX BEHTHIIIB Ma€ MicIie 3CyB 3a (a3olo,
II0 TOPiBHIOE TTOJIOBHHI TIEPioTy, BIATIOBIAHO O CXEMH 3’ €THAHHS BEHTUJIBHUX 0OMOTOK.

Sk 3a3Ha"eHO y MeTi poOoTH, y MyOJiKarii mpencTaBlieHi pe3yabTaTH TOCIIHKCHHS PEXHUMIB POOOTH
TIepeTBOPIOBaYa IMPH YOTHUPUKPATHIA YacTOTI IMITyJIBCIB KepyBaHHS TPaH3MCTOpAMH KOMYTYIO4Oi JaHKd. Lle
TaKOXX BIAMOBimae mpsMoMy depryBaHHIO (a3. BimmoBimHO, MOCTITOBHICTH BCTYIy B POOOTY TpPaH3HCTOPIB
KoMmyTyrouoi tanku VT1— VT2— VT3.

AHaiti3 eHepreTHYHHX MPOLECIB Y JOCHIIHKYBAaHOMY KOMIICHCAIIIITHOMY HEpETBOPIOBAUl 3 ypaXyBaHHIM
ITOPUTMY KOMYTAIlil CUJIOBUX EJIEKTPUYHHUX BEHTUIIIB Ta TPAH3UCTOPIB KOMYTYIOYOT JIJAHKU NPH YOTUPUKPATHIN
YacTOTI IMITyJIbCIB KEepYBaHHS TPAaH3UCTOPAMH, TAKOXK CBIAYUTH PO HIMPOKHH CHEKTP iX OCOOIMBOCTEH,
OB’ sI3aHUX 31 3aCTOCYBaHHSAM 3MiHM MOMEHTY I10Jja4l IMITyJIbCIB KEpYBaHHS Ha TPaH3UCTOPH. Y poOOTI 31iliCHEHO
rpagiuHy moOynoBy KpHBUX CTpyMy (ha3u KOHAEHCAaTOpHOi Oartapei IJisi yCiX MOXJIMBUX PEXHUMIB poOOTH 3
ypaxyBaHHSM YCiX BUK/IaaeHUX Buile (akropis. [IpoBenene rpadiuHe AOCTIHKEHHS BHSIBUIO HAasIBHICTh TPHOX
PEeXKHUMIB pOOOTH, SIKi BIIPI3HSAIOTHCS 3aKOHOMIPHICTIO 3MiHU CTPYMY (a3u KOHJIeHcaTopHOi Oarapei. OnuH i3 nux
PEKHMMIB, SIKMH JOCIIUKyBaBCS MEPIINM, XapaKTEepU3yBaBCS THUM, IO KOMYTALIIHWI TNpoIec y CHIOBOMY
eslekTpuuHOMY BeHTHIII VD1 BinOyBaBcs B iHTEpBai 4acy, MPOTATOM SIKOTO IPAIFOBAB TPAH3UCTOP KOMYTYIOUOi
nanku VT2.

Ane me He OCHOBHAa XapaKTEPHCTHKA MOCIIUKYBAaHOTO pEXHUMY poOOTH. bimbm BaxsmBuM ais
€HEpreTUYHOr 0 TPOIIECY € T€, IO B iHTEpBaJli pOOOTH CHIIOBOTO €IEKTpHYHOTo BeHTHIst VD1 Tpan3nucTop Tiei x
¢asu VT1 Berymae B pobotry jwmie oawH pa3. lle BUIUIMBaE 3 TOro, IO MPOTSHKHICTE POOOTH CHIIOBOTO
EJIEKTPUYHOTO BEHTHJIsS ckianae (2m/3 + ), a iMmyiabc KepyBaHHS TPAH3UCTOPAMHM KOMYTYIOUOI JIAHKH INPH
YOTHPUKPATHIH 4aCTOTI Ma€ MPOTHKHICTD 71/6. Tox 3a0e3MeunTH OCIIIKYBaHUH PEKUM POOOTH IIEPETBOPIOBaYa
MOXIIMBO JIMIIE 32 PaXyHOK [IEBHOTO IHTEpBaJy 3CYBY IMITyJIbCIiB KEpYBaHHS TPAH3UCTOPAMHU KOMYTYIOUOT JIAHKH.
Tomy oTpumaHna rpadiyHO 3aKOHOMIPHICTH 3MiHHM TOJIOBHHH Iiepiofy cTpyMmy (a3u KoHJeHcaTopHOI Oarapei
Npe/CTaBlIeHa Ha pUC. 2 y BUIILA Tphox rpadikiB. I'padiuna moOynosa 3ailicHeHa sikicHO, Oe3 ypaxyBaHHs
BEJINYMHA BHIIEPEIHKAIOYOTO KyTa PETYIIOBAHHS CHJIOBHX EJIEKTPHYHMX BEHTHJIIB KOMIIEHCALIHHOI YacTHHH
MepeTBOpIOBaya.

8)

Pucynok 2 — @opma cmpymy gpazu kondencamophoi bamapei
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Puc. 2,0 Bimmomimae BUMAAKy, KOJIH IOYATOK KOMYTAIil CHJIOBOTO €IEKTPUYHOTO BeHTWIs VDI
MOYMHAEThCS B iHTepBasli podot VT2, a 3akiHuyeThest — Ko VT2 BUXOQUTH 3 poOOTH.

Puc. 2,6 BiamoBijgae BHUINajaKy, KOJIM KOMYTAllis CHIIOBOTO €IEKTPUYHOro BeHTHISA VDIlmounmHaerbes i
3aKiHuyeThcs B iHTepBaii pobGori VT2. Toxx mpuHArigHO BiAMITHMO, IO YCi BHKJIAJEHI BUILE MipKyBaHHS
CTOCYIOTBCS JIMIIE TaKUX PEXUMIB POOOTH MEpEeTBOpIOBaya, NPH SKUX KyT KOMYTAllll CHJIOBUX €JIEKTPUYHHX
BEHTIJIIB OTO KOMIICHCAIITHOT YaCTHHU HE TICPEBUINYE T/6.

Puc. 2,6 BinnoBizae BUnaKy, KOJM MOYaToK KOMYyTalil CHJIOBOTO eNeKTpruyHoro BenTwist VD1 36iraeTses
3 MOMEHTOM BCTYITy B poOoTy Tpan3uctopa VT2.

Ane y BCiX 3a3HauCHHMX BHUINE BHUIIAJKaX, B iHTEepBaJli KOMyTamii cTpyMm (a3u KOHAEHcaTopHOi Oartapei
3MIHIOETCS 332 3aKOHOM

. 1 2
e :gld _gik' (6)

Jiist moanbImoro JOCIHiIKEHHST CKOPHUCTAEMOCH METO/IMKOIO, sika 3acTocoByBaiiack y [2]. Tam HaBenene
YHIBEpCaJIbHE PIBHSHHS KOMYTalil CTPYMY CHJIOBUMH €JIEKTPUYHHMHU BEHTHIISIMH OYAb-SKOTO IEPETBOpPIOBaYa
KOMIICHCAIIHHOTO THITY:

di

2xy$—uC =BE, sin(9+y). (7
1 g
ne uC=E£|Cd19+uC(O). (8)
3nificHUBIIM CHIbHUI PO3B’s130K (6), (7) 1 (8), oTpuMaeMo HaCTyIHE PiBHSAHHS JUIs KOHTYPY KOMYyTalil 3:
di, 1%2 1 :
2xyﬁ+—_([(§|k —gld)dS—uC(O) =BE, sin(9+y). (9)
JudepeHwitoeMo OCTaHHE 1 OTPUMAEMO:
d%, 2i |
2L, —& +— -9 =3E, cos(9+
Y AW w ol Ee L Catd
qu
d%si, 2 |
20L, —5 +— =3E, cos(I+y)+—-.
45 T aac = WE W) T

3BepHIMO yBary, 10 OCTaHHE JudepeHIiiaabHe PIBHIHHS BIAPI3HIETHCS BiJ HABEIEHOTO Y [2] JHIIIe 3HAKOM
JIPYTOro JI0JIaHKy NpaBoi 4acTUHH. ToK HOro BUPIIIEHHS 111010 3aKOHOMIPHOCTI 3MiHH CTPYMY KOMYTAIlil TaK0oX
OyJe CKIamaTHCs 3 IBOX BUMYIIICHHUX CKIIAJOBUX Ta OJHIET BUIBHOI:
iy =iy +ig, i - (10)
BinbHa i 0JjHa 3 BUMYIICHHX CKJIaJIOBUX OyIyTh TAKMMH K, 5K 1y [2], a iHIIa BUMYyILIeHa Oy/e Takor Xk 3a
BEJIMUMHOIO, aJie MTPOTUIICKHOIO 32 3HaAKOM. OCTaTOYHO 3aKOHOMIPHICTh 3MIHU CTPYMY KOMYTallil y 3arajibHOMY
BUIJISA/I 3aITUILIEMO HACTYITHUM YHHOM:
N \BE, cos(9—a)
k — 5 4d A ln.r~ o1
2 2/30C -20L,

Craui iHTErpyBaHHS OTPUMAEMO, BUXOJISTUH 3 HACTYITHUX MipKyBaHb. Y MOMEHT ITOYaTKy KOMYTALll 1ipu 9

+chos&19+Kzsin&,9. (11)
[0 [0

= 0, crpym xomyTarii i, =0, Ta ypaxoBywoun Toil (hakt, 1[0 KOMYTALlisi CTPyMY MOYHHAETHCS B MOMEHT, KOJIH

JiHIHHA Hampyra BTOPMHHOT OOMOTKHM IEPETBOPIOBAIBLHOTO TpaHc(opMmaropa 3piBHIETHCS 3a BEJIMYHUHOIO 3
KOMYTYIOUOIO Halpyroio (a3 KOHJICHCATOPHOI Oarapei, BKIIOYEHOT MK KOMYTYIOUMMH BEHTHJISIMH, 1 PI3HHULS
3a3HauCHMX HAIPYT MPH L[bOMY JOPIBHIOBATHME HYJIIO.
3acTOCyBaBIIM TAKOXX HaBE/ICHY BHILE CUCTEMY 0Aa3UCHUX BEJIMYHMH, OTPUMAEMO OCTATOYHUH HOPMOBaHUM
BUpa3 CTPyMy KOMYyTamii CHJIOBHX €JIEKTPUYHHUX BEHTHJIIB HPH YOTUPUKPATHIA YacTOTI IMITyJIbCIB KepyBaHHS
TPaH3MCTOPaMHU KOMYTYIOUO] JJAHKH y JJOCIIIXKYBaHOMY PEKUMI POOOTH KOMITEHCAIIITHOTO TIepeTBOPIOBaya:
. 1 cos(9—a) ,1 cosa sina
o =2 @i ) 2 el D T (@ D)
(@5 (@0 ox X, (D
Ty x camy cucTeMy 0a3MCHHX BEJIMYMH 3aCTOCYEMO 11010 OTPHMAHHS HOPMOBAHOTO BUPa3y KOMYTYIOUOL
HaNpyTH TpH 3’ €THAHHI KOHAECHCATOPHOI O6aTapei TPUKYTHHKOM:

Sin @4 . (12)

3 t
Uy = xy*a)g*f i.d 3 +Uc.(0) . (13)
0

Crinpauit po3s’s30k (13), (12) Ta (6) nae 3Mory oTpuMaTH 3aKOHOMIPHICTh 3MiHH KOMYTYIO4YOi HallpyTH
y IOCTiKyBaHOMY peXuMi poOOTH TiepeTBoproBada. Po3paxyHOK MPOBEICHO 32 OKPEMUMH iHTEpBaIaMu:
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. . 1 2.
| inTepBan: IC*=§—§|W 0<9<y;

g g
. 9t
Ueey = Exy*a)g* [iced 9+ 1. (0) = x,.07. G- [i0d 9 +uc.(0).
0 0

7

B xinui intepBany npu 3=y, Ucpq = xy*a)g* (g —jik*d ) +uc.(0).
0

Il intepBan: i.. =—1/3, 0<9<(n/6-y—p);

3 2 r . 2 19 2V T .
Ucasz) = 3 xy*a)o*j Iend G+ Ug puigy = =X, w O 3 + X D (E - J i d 3) +uc.(0) .
0 0

v
B kiuui intepsany npu 3= (7/6—y—f8), Ugpay = X0 (—% +y —J.ik*dg + B 12)+uc.(0).
0

Il inTepBan: i.. =-1, 0<9<7/6 ;
3 3 39 Vid T
Uew =5 xy*a)g*jzc*dg U gy = X e (— ?) + X, (_E +y- Izk*ds +B12)+u..(0) .
0 0

V4
B kinmi intepsany mpu 9= 7/6, Ugyy = X,.0% (—% +7 = [iwd 9+ B12)+uc. (0).
0

IV inTepsa: iC*:%, 0<9<4;

3 3 9 7 T
Ugprqay = 5 xy*a)(f*.fzc*d G+l przy = X O (E) + X0 (_5 +y— _[ i d 8+ p12)+uc..(0).
0 0
B xinui intepBany npu 3= B, Ucwayk = xy*a)g* (—% +y- jik*dg + ) +uc.(0).
0
11

V iHTepBan: ic*=§+§ik*, 0<89<y;

3 T g 1. T T
Ucaxs) = Exy*woz*_[lc*d‘9+uCA*(4)k = xy*a)(f* (E +§jlk*d8) + xy*a)(f* (—§+ % —Ilk*d9+ﬂ) +uc.(0) .
0 0 0

4
B kinui intepany npu 3=y, Ucyws) = xy*a)g* (—% + 377/ —% i d 3+ f)+uc.(0).
0
Vlinrepsan: i.. =2/3, 0<9<(n/6-y—p);
3 t T 3y 1%
TN Exy*a)g* [iced 9+ ug ey = X,u0h+ X, %, (5 +5 =5 ) ied 8+ B)+uc.0).

0 0

v
B xinui inrepsany npn $=(7/6—y =), Ucyueyk = xy*a)g* (—% + g —%Iik*dS) +uc.(0).
0

VIl intepsan: i.. =0, 0<9<7/6 ;

3 ,F ,, T y 1%,
Ucaxry = 2 xy*a’o*_[lc*dlg T lcareyk = Xy Wox (_g + 5 _Ejlk*dlg) +uca (0) = gy
0 0
VIl inTepBan: i.. =—-2/3, 0<9<p ;
3 2 3 d _ 2 2, vy 1%, d 0
Ucax@) = Exy*a)o*z[’c* G+t nye = ~X 10 (9) + X0, (_E +E_§£lk* ) +uc.(0) .
L. ,, Ty 1%,
B xinui intepsainy mpu 3 = B, Ucpug) = X0 (_E +E—§J.lk*dl9—ﬂ) +uc.(0).
0

IX inTepBait: iC*=—§+%ik*, 0<9<y ;
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3 . 1%, x y 1%,
Ueroey = Exy*a)oz* [iced 9+ ttgpgy = x,.05. (-9 + > [ied9)+x,.c, C5+55 [iwd = B)+uc.(0) .
0 0 0

B kinui inTepBany mpu ¢ =y, Uepug = xy*a)g* (—Z e B)+uc.(0).

XinrepBan: i.. =—1/3, 0<39<(x/6-y—p);
3 'y 4 V4
Ugaraoy = Exy*cooz*jzc*d FH g pugy = Xp @ (— E) +x,0h (= — % - B) +uc.(0).

0 g 6
L _ _ 2, T P
B kinui intepsany npu $=(7/6—y—f), Ucsagp = XD 2 —E) +uc.(0).
Xl inrepsan: ic. =1, 0<9<7/6 ;
3 . 3 T B
Ucarayy = 5 xy*woz*jzc*d G+ e o = xy*a)(f* (E 9) + xy*a)(f* (_Z - E) +uc.(0).

0
B xinmi intepsany npu & =7/6, Ucyuqy, = xy*a)g* (- g) +uc.(0).

1

Xl inTepsa: ic*:§' 0<9< g4 ;

3 - 2 4 2, P
Ucaraz) = Exy*wo*jlc*d‘g T Ucrank 0)= X 2 T X O - E) +uc.(0).
0
B kinui intepany npu ¢ = f, Ug,qz = Uc+(0)-
BU3HAYMMO MOYATKOBE 3HAYEHHS KOMYTYIOUOi HAIPYTH, BUXOAAYM 3 YMOBH, IO KPUBA KOMYTYIOYOL
HAIPyrH, HE Ma€ MOCTIHOI CKIamoBoi, TOOTO, Il CepeqHE 3HAYCHHS 3a Iepioj MOpIBHIOE HyI0. BHKOHaBIIN
PO3paxyHOK, IOAPOOHII SKOTO TYT HE HABSACHO, OTPUMAEMO:

, (moy 1 ¥
'HC%‘{G)ZI},*(DO* g_§+§£ Ik*dl? . (14)

OTpuMaHMi pe3yNbTaT € HEOUIKYBaHUM, UM HenepedadyBanuM. 3i criBBinHoeHHs (14) BUILIMBAE, 10 Y
BUIAJIKY, KOJIM KOMYTALIITHU I POIEC y CUIIOBOMY €JIEKTPUYHOMY BEHTHIII OJHI€T (ha3u, BiJOyBa€EThCS B iIHTEpBai
po6OTH TpaH3UCTOPA KOMYTYIOHOT JJAHKW HACTYIHOI (ha3u, BEIMUMHA KOMYTYIOUOI HAIPYTH Y MOMEHT KOMYTaIlil
HE 3aJIOKUTh Bijl BEIMYHMHU . 3MiHA 1i€] BEJTMYUHH IPU PETYJIIOBAHHI POOOYOT0 PeXKUMY POOOTH IIEPETBOPIOBaYa
3IIMCHIOETCS PEryJIIOBaHHSAM MOMEHTY MOZadi IMITYJIbCIB KEPYBaHHS HA TPAH3UCTOPH KOMYTYIOUO] JIAHKH.

Ile HOBMIT HAyKOBHH pe3ysbTaT, OCKUIBKM IHIIUMH JIOCHIPKCHHSIMH KOMIIEHCAILITHNX TepEeTBOPIOBAYIB
HOBOTO TIOKOJIIHHS OAIOHUX BIacTUBOCTEH He Oyno BHsABICHO. Pa3oM 3 TuM, 3MiHa (JOPMHU KPHBOi KOMYTYHOUOL
HaINpyTy Npu 3MiHI MOMEHTY I10/1adi IMITyJIbCIB KEpPyBaHHS Ha TPAH3MCTOPW KOMYTYIOUO] JIAaHKH, pe3yJIbTaTaMu
JOCITIKeHb, MPEICTaBICHUMH Yy TIOTOYHIH ITyOJiKarmii, maTBepIKyeTbcsa. JOCHTh 3BEepHYTH yBary Ha
3aKOHOMIPHICTh 3MiHM KPUBOi KOMYTYI04OT HAIPYTH HAa OKPEMHX IHTEpBaJax, MPeICTaBIeHUX Bulle. Sk 6aunmo,
y BCi BUpa3 BXOJAUTH BEJIMUMHA f.

Bynp-skuii HOBUI HayKOBUil pe3ysbTar HoTpeOye miaTBepKEeHHS 1 Bepudikailii. 3MOAEII0EMO Y CHCTEMI
CXeMOTexHiYHOTO MozemoBanus Micro Cap 12 yci Tpu BUMAAKH, HOCTIKCHI aHATITHYHO y TIEPIIiH MOTOBUHI
nyOnikanii. BigmoBimHo 1o cxemu puc. 1 10CiHiIpKyBaHOrO TpU(A3HOTO JBOMOCTOBOIO KOMIIEHCALiHHOTO
MePETBOPIOBAaYa, HA PHUC. 3 HaBeIEHA HOro CXEMOTEXHIUYHA MOJENb, HA SKii 3a3HAYCHI MapaMeTpH CIEMEHTIB
MOJIeN i CTpyMH 11 BiTOK.

CkJ1aj0BI MOJIEIi TOCHI/DKYBaHOTO KOMIIEHCALIITHOTO IIepeTBOpIOBaya.

1. TleperBoproBansHuii TprudazHui Tpancdopmarop. Hum monemoersest tpudasna cucrema EPC npsimoro
YyepryBaHHs (a3:

e, =57.8sin($+0.523);

e; =57.8sin($-1.57); . (15)
e. =57.8sin($+2.618).

Meronuka TOCTiPKEHHS OCHOBHOTO THTAaHHS IyOJIKAIii MONSTae y HACTYITHOMY. YCTaHOBIIOIOTHCS
mapaMeTpy €JIEMEHTIB MOJEeNi, BIANOBIZHO MaHHX poOOYOro peXUMy, IO MOJETIOEThCA. PesynpTarn
MOJICTIFOBAHHSI ITPEACTABISIOTECS Y TpadiuHiil Gpopmi i HeoOXiHI U1 aHAI3Y JaHi PO3APYKOBYIOTECS. 3 aHAJI3Y
JTAaHUX MOJEITIOBAHHS POOUTHCS! BUCHOBOK III0JI0 IIUTaHHS, SIKE JIOCIIJDKY€EThCS.
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Pucynok 3 — Cxemomexniuna mooens mpugasnozo 080MOCmo8020 KOMREHCAYIIHO20 Nepemeoplosaid

Sk 6aunmo, amrutitygHe 3HaueHHs ¢a3Hoi EPC tpanchopmaTopa gopisaioe 57.8 B.

[TpuBeneHe 3Ha4eHHs 1HAYKTUBHOCTI KOJIa 3MIHHOTO CTPYMY IO (ha3aM MOJIENIOEThCs eneMeHTamu L6, L7,
L8, L9, L10, L11, uncnoBe 3HaYeHHS SKUX oxHaKoBe i qopiBHIOE 0.0025 T'H.

2. Yotupu TpudasHi Tpynu CHIOBHX eNeKTPUYHHMX BEHTWIiB. Yci BoHHM € miomamm Ty MPN3700. Tx
XapaKTepUCTHKA 3aMl0o3MUeHa 3 010TI0TEKH KOMIIOHEHTIB.

3. Tpudaszna xoHaeHCATOpPHA OaTapes. €MHICTD ycix (a3 Oartapei (C) omHakoBa. Y 06a30BOMYy pexuMi
po6otu mopisHroe 0.00006 .

4. Tpudasna rpymna tpansuctopiB IGBT. ¥V mozneni Bukopucrana xapakrepuctika tpanzuctopis IGBT 3
6i0mioTeku komnoHeHTiB TUIy IXGT40N60C2.

5. xepena s hopMyBaHHS IMITyJIbCiB KepyBaHHs. 1[i mKepena 3acTOCOBYIOTHCS i  (hOPMYBaHHS
imnyisisciB kepyBaHHs IGBT komytyrouoi nanku. Bonm peanmizoBani kommnonentom «PULSE SOURCE» i
TeHEePYIOTh IMITYJIbCH MPAKTHYHO MPSIMOKYTHOT (hopmu 3 ammutiTyaoro 10 B.

6. JIBodhasuuii 3piBHOBAXYBAIbHHI peakTop. MOoIemoeTbcs YoTUpMa iHIyKTHBHOCTIMHU 1m0 0.5 T'H 31
3B’s13k0M Mix HUMH K4 Ta K5 1o 0.99 I'n.

7. Komo HaBaHTaxxeHHs Mozelni. CKIagaeThCs 3 aKTUBHOTO OMOpPY BEIHIHHOIO 14 OM i 3Ti1apKyrodoro
npocens iHgyktuBHIiCTIO 0.5 TH.

3MOJIENIIOEMO YCi TPH BHMAJKH pOOOYOTO PEXUMY. 3a 3a3HAYEHUX YHCIOBHX JIAHHWX LBOTO PEXHMY,
HaBEeJICHUX BHIIIE, BIACHA YacTOTa KOHTYpY KOMyTalii 3rizHo [2], ckiagae:

a)o = l :J 1 =l490.7p(10 .
3LC 3-0.0025-0.00006

HopmoBane 3HaueHHs 1iei yactotn @,. =1490.7 /314 = 4.75.

Takox ypaxyemo, o 6a3ucHU CTpyM po3paxoByeThes K |, = \/§Em 12X, , ne X, - iHIYKTMBHHUH orip

(a3u nepeTBOPIOBAIBHOIO TpaHCc(hOpMaTOpa, IPUBEICHE 10 HOro BTOPUHHOI OOMOTKH, TO HOT0 YHCIOBE 3HAUCHHSI
y Mozeli TpudasHOro IBOMOCTOBOIO KOMIIeHcaliiiHOro neperBopioaya ckiagae |, =100/1.57 =63.694 .

KomyTytoua Hanpyra € HaiiBaXKJIMBIIIOIO XapaKTEPUCTHKOIO IEKTPOMArHiTHOTO i €HepreTHYHOT0 IpoLecy
KOMIIEHCAIlIHOrO MepeTBOpIoBaya eleKTpHUHOi eHeprii. Ii BeamuuHa i Gopma 3anekuTh Bifl HU3KH (BaKTOPiB:
BEJIMYMHH BUIPSMIICHOTO CTPyMy II€pPETBOPIOBaYa, €MHOCTI (pa3sm KOMYTYIOUMX KOHAEHCATOPIB Ta MOMEHTY
Nojavi iMITyJIbcy KepyBaHHS HA TPAaH3HCTOPH KOMYTyIouoi JlaHkH. TouHie, BiJl BeMUYNHM 3aTpUMKH O 1onadi
IMITyJIbCIB KEpYBAHHSI Ha TPAaH3UCTOPH KOMYTYI04oi jlaHku. TOMy KpHBa KOMYTYIOUOi Hampyru BXOAWTH 1O
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MepeNTiKy THX XapakTepPUCTHUK, AKi MalOTh OyTH BifOOpaXKEHUMH y pe3yibTaTax MOJCIIOBAHHS TOCIIKYBaHUX Y
po0OTi BUMaIKax poO0Yoro pexkuMy KOMIICHCAIIIHOTO MEPETBOPIOBAYA.

OkpiM KpUBOI KOMYTYIO4OI HalpyrH, Ul aHallizy NOTPIOHO MaTu KpUBY CTpyMy (a3u KOHIEHCATOPHOI
Oarapei, 715t miATBEpKESHHS pe3ynbTatiB 11 rpadivyHoi o0y J0BH, HABEAEHOI HA puUC. 2.

VY myOunikauii, 32 MOMEHT NMOYATKy BiJUTIKY NPW aHajli31 eJIeKTPOMAarHiTHUX MPOLECiB, NPUHHATO MOMEHT
nepexoy JiHIHHOT Hamnpyrn BTOPHMHHOI OOMOTKM MEpEeTBOPIOBAILHOTO TpaHC(pOpMaTopa dYepe3 HyJbOBE
3HaueHHsA. ToMy y po3ApYKiBIIi KIHIIEBOTO PE3YJIbTaTy CXEMOTEXHIYHOTO MO/ICIIOBAHHS, Ma€ OyTH KpHBa Uca.

HasBHICTP y pO3IpYKIiBII HANpPyrw Ha TPAH3UCTOPI KOMYTYIOUOi JIAHKH UyT2 1 CTPYMy CHIIOBOTO
ENEKTPUYHOTO BEHTHIS Ivp1 MOTPiOHA 1St iHGOPMAITIT 1I0I0 BEIMIWHH BUIIEPEDKAIOYOTO KyTa PETYIIIOBAHHS 0,
KyTa KOMYyTalii y Ta IPOMIXKY 9acy, MPOTSITOM SKOTO BiOYBAETHCSA KOMYTALIis.

JlaHi 11010 pe3yabTaTiB CXEMOTEXHITHOTO MOJICITIOBAHHS HaBe/ICHI Ha puc. 4.
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Ha puc. 4 niBa cyminsHa BepTHUKaIbHA JIiHIS TTO3HAYA€ MOMEHT TIOYaTKy KOMYTAaIliHHOTO Tpolecy. Y e
MOMEHT JIiHiHa Hampyra BTOPHMHHOI OOMOTKM II€PETBOPIOBAILHOTO TpaHc(hopMaTopa 3piBHSETBCS 3
KOMYTYIOUOIO HAIIPYTOIO.

Yucnosi JaHi pexuMiB poOOTH MEPETBOPIOBaYa, sIKi MOAEIOIOTHCS, 3HAXOAThCSl Y KOJOHKAX AaHUX ik
Left Ta Right. Bimik yacy 3ailiCHIOETBCS y MiJTicCEKyH/Iax. 3HAYESHHS 1IbOTO MOMEHTY — HIKHIN psaaok T(Secs)
KOJIOHKH JaHMX. [HIII YKUCIIOB] JaHi:

R(12)*10 — BenuunHa CTPYMY CHIIOBOTO eleKTpuuHoro BeHTuis VD1 (A), nomHoxeHa Ha 10;

1(13,9)(V)*10 — cTpym ¢hazu xoHOeHCATOPHOI OaTapei (A);

V(3,1)(V) — minifina HanipyTa Uca BTOPHHHOI 00MOTKH TpaHchopmartopa(B);

V(13,9)(V) — BemmunHa KOMYTy10490{ HanpyTH KoHAEHcaTopiB Uc (B);

V(29,28)(V) — iMmynbc KepyBaHHS TPaH3UCTOPOM VT2 KOMyTYIOUOi JTaHKH.

Ha puc. 4 miBa cy1ineHa BepTHKaIbHA JIiHisl HO3HAYa€ MOMEHT ITOYaTKy KOMyTaIliifHoTo npotecy. [ ycix
JOCTIKEHNX Y poOOTi BapiaHTiB el MOMeHT aopiBHIOE 358,4 Mc. Y 1eif MOMEHT JiHii{Ha Hampyra BTOPHHHOL
OOMOTKHM NEpeTBOPIOBAILHOTO TpaHc(hopMaTopa 3piBHSETHCS 3 KOMYTYIOUOIO HAalpyrowo, sika JOpPiBHIOE
npakTHyHo 48 B. OTpuMaHuii pe3ysbrar miATBEp)Ky€e BUCHOBOK, SIKU BHIUIMBAE 13 cHiBBinHOMIEHHS (14), npo
Te, 110 MOYAaTKOBE 3HAYCHHS KOMYTYIOUOI HalpyIu He 3aJIeKUTh Bij £.

VY KiHI[l KOMYTaliiHOTO NPOLIECY CTPYM KOMYTAIIi] 10csATae CBOro MaKCHUMalIbHOTO 3Ha4eHHsI. L{eit MoMeHT
4acy MO03Ha4E€HHUH MTPaBOIO MyHKTUPHOIO BEPTHKAJIBHOIO JIiHI€I0. YKCI0Ba XapaKTepHCTHKA MOMEHTY 3HAXOIUThCS
mix Right i qnst ycix nocnimkenux y po0ori BapianTiB nopiBHioe 358,4 mc. Pisnuns wacy Delta cknanae 0.9 mc.
VpaxyBaBuiy, o oAHid MimicekyHai Ha puc.4 BimmosigzaroTh 18° pospaxyemMo KyT KOMyTawii eleKTpUYHHX
BEHTHJIiB KATOJHOI YaCTMHH JOCIIiIKyBaHOTo iepeTBoproBaua: » =0.9-18=16.2° .

Buxomuts, 1110 Bij £ He 3aJIe)KUTh HE JIMILE TOYaTKOBE 3HAYCHHS KOMYTYIOUOi HaNpyTH, a it KyT KoMyTaii
y. TIpHHArigHO TaKoX 3a3HAYMMO, 0 y KoMmeHcauiiinnx mnepersoproBadax U..(0) =SiNa. Ockinbku y

JOCIHIIKYBAaHHX BapiaHTax po0OYOTro peXxuMy IABOMOCTOBOTO KOMIICHCAIIHHOTO IEPETBOPIOBAYA ITOYATKOBE
3HA4YEHHSA KOMYTYI040i HAIIPYTH OJHAKOBE 1 € BIZIOMUM, PO3PaXyeMO BUIIEPEIKAIOUNN KyT PETYITIOBAHHS:
a =arcsin[u...(0)] = arcsin(0.48) = 28.7°.

Iro »k XapaKTEepUCTUKY €IEKTPOMArHITHOTO MTPOIECY MOXHA PO3PaxXyBaTH 1 HIINM ILIIXOM, BUXOIIYH 3
HacTymHHX MipKyBaHb. Ha puc. 4 MmomeHT t = 0 € Toukol0 ouaTKy npupoaHoi komyranii. Bona Biznosigae 360.0
MC Ha po3IpykiBkax puc. 4. SIk 3a3HaYeHO BHINE, Y AOCIIHKYBAaHOMY KOMIICHCAIIIfHOMY Ie€peTBOpIOBayi
KOMYTallisl y CHJIOBOMY eleKTpuuHoMy BeHTHii VD1 nounHaeThest y MoMeHT vacy 358.4 mc, ToOTo Ha 1.6 mc
paHille TOYKM NPUPOAHOI KOMyTallii. YpaxyBaBuIM, IO OfHil MimicekyHmi Ha puc.4 Bianosimarots 180,
BUIIepeUKAI0UMi KyT perymoBanas o =1.6-18=28.8". Orpumanuii pesynbrar 36iracThCsi 3 MONEPEHIM
PO3paxyHKOM.

3nificHuMo  BepH(iKallilo OTPUMAHUX BHIIE YHCIOBUX XapaKTEPUCTHK EHEPreTHYHOIO IPOLECy
JIOCITIJPKYBAHOTO MepeTBOpIoBaya. BHKOpUCTaEMO HOPMOBaHHI BHpa3 CTPyMy KOMYTalil CHJIOBUX €JIEeKTPHYHUX
BeHTWIIB (12) mpM YOTHUPHKpATHIA YacTOTI IMITYJIbCIB KepyBaHHS TPAH3MCTOPaMH KOMYTYIOUOi JIaHKH Y
JIOCIIIJDKYBAaHOMY pPeXuMi poOOTH KOMIIEHCAliiHOTro TmeperBoproBaya. [Ipy 1poMy ypaxyemo, 1O B KiHII
KOMYTaIIHOTO Mpoliecy, MpH 4 = y , 4nuciioBe 3Ha4eHHs Bupasy (12) mae nopisHioBaru 1. [lepeBipumo.

o = 1 N 0.9763 (l N 0'8772)0.2265— 0.4799
2 10416 2 1.0416 4.9449

Sk Gauumo, moxuOKa po3paxyHKy He nepepuurye 4%, 10 € IUJIKOM NPHAHSITHUM, YPaxOBYHOYH

3aCTOCOBAHY METOIUKY Bepudikarrii.

0.9740 =1.0388. (16)

BucHoBKH. 3 HaBeIEHOTO Y MyOIIiKaIlil aHATI3Y CHEPTeTHYHHX MPOIECIB Y TOCTIKYBaHOMY TpH(a3HOMY
JIBOMOCTOBOMY KOMIIEHCAILlIHHOMY IEpETBOPIOBaYi, 3 ypaxyBaHHIM aJlTOPUTMY KOMYTallii CHIIOBHX €JIEKTPHYHHX
BEHTWJIIB Ta TPaH3UCTOPIB KOMYTYIOYOI JIaHKM TPH UYOTHUPUKPATHIH YacTOTI IMITyJIBCIB KepyBaHHS
TPaH3MCTOPaMH, BUIIMBAIOTh HACTYITHI BUCHOBKH:

- KOJIM KOMYTalifHUH MPOIIeC y CHIIOBOMY €NIEKTPUIHOMY BeHTW ojHiel (a3, BitOyBaeThes B iHTEpBAi
poOOTH TpaH3UCTOpa KOMYTYIOUO1 JIAHKH HACTYITHOI (ha3u, BETMYNHA KOMYTYIOUO1 HAIPYTH Y MOMEHT KOMYTaIlii
HE 3aleXWUTh BiJl BENWYMHH [, sKa (aKTUIHO € TOKA3HWKOM 3aTPUMKH TOAa4i IMIyJIbCiB KepyBaHHSA Ha
TPaH3UCTOPH;

- TIOTIepEeIHIl BUCHOBOK TAaKOXX CBIAYUTH MPO Te, [0 HE3aJECKHIUMHU BiJ BEIHIHMHU 3aTPUMKH € OCHOBHI
XapaKTEePUCTUKU E€HEPreTHYHOrO MPOIECY MEPeTBOPIOBaYa, a caMe: BUIIEPEDKAIOUUIl KYT PEryJIOBaHHS 1 KyT
KOMYTaIlii CHJIOBUX €JIEKTPHYHHUX BEHTHIIIB KOMIIEHCANIHHOT YaCTHHH IIEPETBOPIOBAYA;

- Y JIOCHIPKYBaHOMY pPEXKHMI pO30ODKHICTD MDK pe3yibTaTaMHM aHaJIITHYHOTO pO3paxyHKy Ta
CXEMOTEXHIYHOTO MOJIETIFOBAHHS OCHOBHUX €HEPreTHYHNX XapaKTEpPUCTHK MNepeTBOpIoBaya, He rnepeBunye 4%,
TOOTO, 3aCTOCOBaHA METOJMKA aHAII3y POOOTH KOMIICHCAIIHHOTO INEpeTBOpIOBayYa HIISIXOM CXEMOTEXHIYHOTO
MO/ICITIFOBAHHSI € aJIeKBATHOIO 1 I[ITKOM IIPUHHSTHOIO.
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COMMUTATING PROCESS IN A THREE-PHASE TWO-BRIDGE
COMPENSATION CONVERTER

The article presents the results of the analysis of energy processes in the studied compensating converter
at a four-fold frequency of transistor control pulses. The presence of three operating modes differing in the pattern
of change in the phase current of the capacitor battery is revealed. One of these modes is studied in detail. A new
scientific result is obtained. It shows that in the case when the commutating process in the power electric valve of
one phase occurs in the operating interval of the transistor of the commutating link of the next phase, the value of
the commutating voltage at the moment of commutating does not depend on the delay in supplying control pulses
to the transistors. To confirm and verify the obtained results, circuit simulation in the Micro Cap package is used.
The modeling technique is described, its results are presented, and the results are analyzed. A comparative
analysis of the numerical values of the characteristics of the energy processes of the studied converter obtained
as a result of analytical calculation and circuit simulation showed that the discrepancy does not exceed 4%. This
indicates the adequacy of the applied modeling technique and acceptable accuracy of the results of analytical
calculations. Refer. 6, fig. 4.

Keywords: capacitor battery, circuit model, commutating voltage, electric valve, commutating angle,
regulation angle.
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«KuiBchknmii nosritexniyanii incrutyT imeHi Iropst Cikopcbkoro»

JOCJILIKEHHSA XAPAKTEPY TAPMOHIYHUX CITOTBOPEHbB
TA TEIIJTOBUX BTPAT IHBEPTOPA
ITPU ®OPMYBAHHI BUXIJTHOI HAIIPYT'HU

Hiosuwennsn eghexmusnocmi cucmem 8izyanizayii 015 GUKOHAHHS 3A80AHb 8 YMOBAX CYUACHUX OOUOBUX il
€ MOJNCIUBUM NPU AOCKEAMHIU CUMYAYIUHIU 00I3HAHOCMI 3A60KU UKOPUCMAHHIO MEXHOL02It A8MOMAMUYHO20
susgIeH s 3a2p03. Baxciueum acnexmom po3podku maxux cucmem 6i3yanizayii € 00cniodcenHs 6nIU8y Yacmomu
LIIM ingepmopa Ha axicme popmysanua 1020 8UXioHoi Hanpyau. Buacrioox xomymayitinux npoyeci cunosux
e/leMenmi6 iHeepmopa GUHUKAIOMb CHOMBOPEHHS 3A0aH020 2apMOoHiuHo20 cuenany. Kpiv mozo, ak éidomo, yei
npoyec, maxoic, Cynpo8oONCYEMbCsL Menaiosumu empamamit. Tomy 00Criodcents cmynenio iUy CHOmeopeHsb
2aPMOHINHO20 CUSHATLY MA MENI08UX BMPAM HA eHep2oe@eKMUSHICMb QYHKYIOHY8ANHS e1eKMPOMEXHONI02INHO20
Komnaexcy gizyanizayii 6 sanescrnocmi 6i0 wacmomu ILIM € akmyanohumu. [[na KinbKicHOI oyiHKu cmyneuo
8NIUBY YUX pakmopie npogedeHo 00CNiONCeHHS (DYHKYIOHYB8AHHS PO3POOAEHOI KOHCMPYKYil 0eouapogol
opykosanoi niamu. Bubip i posmawysanus enemenmis niamu UKOHY8a8Cs 8i0N0GIOHO 00 MEXHIUHUX BUMO2 3
VYPAxXy8aHHAM YMO8U w000 3aOe3nevenHs y KOMNAKMHIU KOHCMPYKYIi mMaKux nNpucmpois MiHimizayii
enexmpomasHimuux nepewkod. Pospobxa niamu ma 0ocnioxcenns il QYHKYIOHY8AHHA NPOBOOUUCHL 3
BUKOPUCIAHHAM NpocpamHo2o cepedosuwja Proteus. Ilpu pospobyi Opykosanoi niamu nepeobaueno cxemme
PilenHs w000 3211a02ICY8ANHSA MOJICTUBOI NOAGU GUCOKOUACMOMHUX KOIUGAHb | KOPOMKOYACHUX NIKIG CIMPYMY npU
RIOKIIOYEHHI CUTOB0T YACMUHU [HBEpMOPA 00 ONIOKY JHCUBIEHHS NOCMilHO20 cmpymy. /i eenepayii cuenanie
Kepysanna opavieepamu 3ameopie IR2 104 cunosux MOSFET-mpan3sucmopis ineepmopa o6pano MikpoKoHmpoaep
ATmegal28-16A4U. Pesynomamu 0ocnidxcensb cgiouams npo me, wjo npu 30invuienni yacmomu LLIM insepmopa
8100Y8AEMbCS 3MEHWEHHS 2APMOHIYHUX CNOMEOpeHb. Buensao yici sanescnocmi mae einepboniunuil xapakmep. Y
motl dce wac nioguwennsn yacmomu LLIIM npu3eooums 00 30inbuients meniosux mpam.

KuarouoBi caoBa: cucmema 6izyanizayii, xomymayis, iHeepmop, uacmoma, WUPOMHO-IMIYAbCHA
MOOYAAYIA, CUCeMAa Kepy8aHHs NOTOHCEHHAM, eHep2oepheKmueHicmb.

AxTyajbHicTb. Sk Binomo, npu (opMyBaHHI BHXiJHOI Halpyru iHBEPTOpa BHHHUKAIOTh CIOTBOPEHHS
3aJJaHOr'0 TapMOHIYHOro curHaimy. KpiM Toro, mporec KoMmyTalii CHIIOBHX €JEMEHTIB CYNPOBOKYETHCS
YTBOPEHHSIM TeIUIoBUX BTpaT. OOuaBa ui Qakropu HeoOXiJHO BpaxOByBaTH IpU BHOOpI “KOMIPOMICHOro™
nianasony yactotu LLIIM inBepropa. Tomy 1ociipKeHHS XapaKkTepy rapMOHIYHHX CIIOTBOPEHB Ta TEINIOBHUX BTPAT
Ha eHeproe()eKTUBHICTE pOoOOTH iHBEpTOpa B 3aleKHOCTI Bix 9actotu IIIM € akTyansHUMHU.

AHAJTi3 OCTaHHIX AOCTiIKeHb Ta MyOJdikamiid. Y cy4acHHX NOCHIIDKCHHSX, NMPHCBIYCHHUX IITUPOTHO-
iMmybeHid Moyssmii (LIIM) ans kepyBaHHS MepeTBOPIOBAYAMH HANPYTH, 3HAYHA yBara MpHIUIETbCS BHOOPY
eeKTUBHOT yacToTH Moxyisinii. OCHOBHUMH €JIeMEHTaMM aHaji3y € TapMOHIYHI CIIOTBOPEHHS, €HEpTreTHUHI
BTpPaTH y CHJIOBHX Kiouax Ta enekrtpomarHiTHa cyMicHicte (EMC) cumcremn. 3okpema, y poboti [1]
posrisinatorbest BruimB vactoTH LIIM Ha siKicTh BHXIZIHOI HAmpyrd Ta piBeHb I'apMOHIYHHMX CIIOTBOPEHb.
JlociipKkeHHs TOKa3yIoTh, 1110 301IBIIECHHS YaCTOTH MOJYJISILIT 3MEHIIY€ PiBEHb HHXKYMX TapMOHIK, IIPOTE MOXKE
MPU3BOJUTH JI0 3pOCTaHHS BTPAT Y CUIIOBHX €JIEMEHTaX MePEeTBOPIOBAYA Yepe3 YacTi nepeMukaHHs. Y poOori [2]
MPOBEJICHO aHalli3 BIUIMBY FAPMOHIYHUX CIIOTBOPEHb Ha (D)YHKI[IOHYBAHHS €JIEKTPHYHUX MAIKH, 0 OTPUMYIOTh
KUBJICHHS BiJl IHBEPTOPHUX IepeTBOPIOBadiB. JloCIiKeHHS BKa3yOTh HA HEOOXiAHICTh OajlaHCy MK 9acTOTOIO
IIIM i#BepTOpa Ta AKicTIO chOPMOBAHOI HANIPYTH, OCKIIBKH HaJAMipHE 3pOCTAaHHS YaCTOTH MOXKE CTIPHYUHHUTH
301IBIICHHS MAPa3UTHUX CTPYMIB Y JBHUI'YHI Ta meperpiB 0OMOTOK. TakuM YMHOM, aHalli3 OCTAaHHIX JOCIHiIKEHb
BKa3y€ Ha HEOOXIiJHICTh KOMIUICKCHOI OIlIHKK IMOJ0 BHOOPY e(QeKTHBHOTO niama3zoHy wyacror IIM
NIepeTBOPIOBAYIB.

Meta nocaimkenns. [lokasHukn BUXiZHOI HAaNpyrd iHBEPTOPIB BH3HAYAIOTh CHEPrOCPEKTUBHICTH IX
3aCTOCYBaHHS JUIS KMBJIEHHs €JEKTPOJBUIYHIB. B cBoro uepry neil mokasHuK 3aynexuTh Bij yacrtotd LM
iHBepTOopa. MeTor JOCHiPKeHb € BH3HA4YEHHs “‘KOMIIpomicHoro” niamazony uactor IIIIM imBepropa mpu
dbopmyBaHHI #ioro BHXimHOT Hampyru. JIJs MOCSTHEHHS METH JOCTiIKeHb HEOOXiHO pOo3poOuTH amapaTHy
YaCcTHHY iHBEpTOpa Ta MPOBECTH JTOCIIKEHHS 3aJI€KHOCTI BIUIMBY CIIOTBOPEHB 331aHOTO TaAPMOHIYHOTO CHTHAIY
Ta OYiKyBaHUX TEIJIOBHX BTpat Bix gactotu IIIIM moo ominku eHeproe()eKTUBHOCTI HOTO BUKOPHUCTAHHS.

Martepiajim Ta MeTOaM J0CTiTKeHHsI. MaTepiasoM JUIs BUKOHAHHS JOCTiKEHb € CTBOpEHa BipTyajbHa
MOJIeTb IHBEpTOpa y porpaMHOMy cepenoBuii Proteus. EnementamMmu Mojeni € po3po0ieHi eneKTprUdHI CXEeMHU.
Jlochikenuss QYHKIIOHYBAHHS BIPTYaJbHOI MOJEI IHBEPTOPAa BHKOHYBAJIOCH METOJOM MATEMATHYHOTL'O
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MozemoBaHHA. [l KiMBKICHOT OIIHKM OTPUMAaHHX PE3YIbTaTiB BHKOPHCTOBYBAINCH METOAW AHAJITHIHOTO
PO3paxyHKy.

PesyabTaTn gocaimxkens Ta ix odroBopennsi. [Ipy mpoekTyBaHHI NEPETBOPIOBAILHOTO IIPUCTPOIO B
CHCTeMI KEpyBaHHS MOJIOKEHHSM JJIsl JKUBJICHHS OE3KOJEKTOPHOro JBUryHa mnocriiiHoro crpymy (BJIIC)
MOTYXHOCTI 5 BT BpaxoByBanuch KPUTHYHO BaXKJIMBI BUMOTH IOAO 3aCTOCYBaHHS CHCTEMH Y crieludidHuX
ymoBax. KpiM BUMOT mozi0 eHeproe()eKTUBHOCTI HEOOXiTHO, TAKOK, BpaXyBaTH BUMOTH IOJI0 3a0€3MeUeHHs Yy
KOHCTPYKLII TakMX MPUCTPOIB MiHIMI3allii eNeKTPOMAarHiTHUX MEepemKkoy]. 3 ypaXyBaHHAM LUX BHMOT OyJo
po3po0ieHO0 ApPYKOBaHY IUIaTy, IO MicTUTh MikpokoHTpoiep ATmegal28-16AU Tta npaiiepu [IR2104.
3aranpHUIA BUTTISA JPYKOBAHOI IUTaTH 300pakeHo Ha puc. 1.

Pucynox 1 - 3acanvuuii 6uensao opykosanoi niamu

Po3po6ka mnaru BinOyBanock y Tpu ertanmu. Ha mepiioMy erami CTBOPIOETBCS CXeMa CHHYCOiJajbHOTO
reHeparopa, sKuii reHepye 3-(as3Hi CUrHaJIM 3 YaCTOTORO, IO BiIIOBIIA€ YaCTOTI )KUBJICHHS JIBUT'YHA.

Ha puc. 2 300paxeHo elekTpuuHy cxemy onHOi 3 (a3 reHeparopa. EnextpuuHi cxemu iHmmX aBox a3z
MAarOTh aHAJOTIYHUN BUIIIS,.
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PucyHok 2 - Enexmpuuna cxemy o0Hoi 3 ghaz eenepamopa

®a3oBi curHaaM MaroTh 3cyB 120°, 1110 € HEOOXiJHOI YMOBOIO It 3a0€3MeUeHHs] CHMETPUYHOT Tprda3zHOT
cuctemu xuBneHHs [4]. [TobymoBa cxemu TpudaszHOTo iHBEpTOpa BUKOHYBAJIACh HA IPYTOMY €Tarmi po3poOKH.

Cxema TpudasHoro iaBepropa 3 mictebMa MOSFET-Tpan3ucropamu, mo KOMYTYIOTHCS BiIIIOBIIHO 1O
currajis I1IIM 300pakeno Ha (puc. 3).

Bukopucranns apaiisepiB IR2104 no3Boisisie kxepyBaTH SK BEpXHIMH, TaK 1 HIDKHIMH TPaH3HCTOPaMH
KOKHOTO Tuteda. [lpaiiBepu, Takox, GopMyloTh HEOOXiAHY Hampyry Ui 3a0e3ledeHHs KOPEKTHOI poOoTH
MOSFET-tpan3ucropis [5].

Po3po0xka reneparopa LLIIM-curnanis 3aiicHIOBaNach Ha TpeTboMy eTari. CUrHaJIM IIUPOTHO-IMITYJIECHOT
MOIYJIAIT POPMYIOTHCS Ha OCHOBI OIIOPHHUX CHHYCOINANBHUX CUTHANIB KOXKHOI (hazu Uoy. [ligBuimenHs yactotu
NepeMHUKaHHsI TPYI TPaH3HUCTOPIB JO3BOJSIE 3MEHIIUTH TAapMOHIYHI CIIOTBOPEHHS BHXIAHOTrO curHaiy [6].
®dyHKIiOHaTBHA cxeMa TpudaszHoro reneparopa [LIIM npencrariena Ha puc. 4.

biok tpansucropie Q1-Q6 ¢opMye Hanpyry >KMBIICHHS Ha HaBaHTAXKEHHI y BIAMOBIJHOCTI 10 CHUTHAIY
3apaanHs vactotd. OmnopHi cunycoinanbHi curHamd  (Uoni, Uom, Uons) 3 BuXoay 1m(po-aHAIOrOBOrO
nepetBoproBada (LIAIl) 3 ypaxyBaHHSIM CHTHaJIiB 3BOPOTHHX 3B s13KiB (33) MoIat0TECS Ha BXiJ] OJIOKY PETYJIISTOPIB
i pami, apaiiBepu OJOKy KomyTamii 3a0e3NedyroTh KepyBaHHS CTaHOM TpaH3UcCTOpiB. Bukopucrtannsa II-
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PETyIATOPiB JO3BOIISAE MPAKTHYHO O3 3ami3HEHHS IepeaBaTH CUTHAJ KepYBaHHS 10 IpaiBepiB OJIOKY KOMyTaIlii
[7]. MikpokouTponep (MK) BiAmoBiHO IO CHTHANy 3aBIaHHS YaCTOTH yepe3 IIMHY HaHHX (GopMmye BXimHuit
curnan AT
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Pucynok 3 - Cxema mpugpasnoeo ingepmopa 3 wicmoma MOSFET-mpanszucmopamu
SABLIHHR - WNHA | | ] ]
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peryaatopis KOMyTauji TPaM3IucTopiB
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Pucynox 4 - @yukyionanvrua cxema mpugasnozo eenepamopa LLIIM

JocTipKeHHsT XapaKTepUCTHK CIPOEKTOBAHOTO MPUCTPOIO 3 BUKOPUCTAHHIM IPOTPAMHOTO CEpPEIOBHILA
Proteus. no3Boisie OLIHWTH CTYMiHb CIOTBOPSHHS CHHYCOIZAIBHOIO CHUTHAJy BHXIZHUX HAmpyr Uil YMOB
peapHOl Horo excruryaTamii. XapakTep 3aJIe)KHOCTI CIIOTBOPEHb T'apMOHIYHOIO CHI'HANTY BHXIZHOI HampyrH
MepeTBOPIOBaYA B 3aJICIKHOCTI Bi Hecy4ol yactotu [1IIM 300pakeHo Ha puc. 5. AHaii3 xapakTepucTuku (puc. 5)
CBIIYMTH PO Te, WO i3 30UbIIeHHsM yacToTu LIIIM 3MeHIIyeThCst KOeiUieHT ImyJibcalii CHHYCOIH BHX1THOTO
CHTHAJIy Halpyrd, TOOTO MiJBUIIYETHCS €HEProe(eKTUBHICTh BCHOTO ENIEKTPOTEXHOJIOTTYHOTO KOMILIEKCY.

1.16 .

1.06

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
f. Ty

Pucynok 5 - I paghix 3aneacnocmi xoeghiyicuma nyavcayii cunycoiou 6io yvacmomu LIIIM

IIpu ocrarounomy Bubopi gactotn [IIIM HEoOXimHO MpUIMaTH KOMIIPOMICHE PIIIEHHS BPaXOBYIOYH TOH
(baxT, M0 piBEeHb BTpPAT y CWJIOBHX €JEMEHTaxX INepeTBOproBada 30UIBIIYETHCS 3 MiJABHMIIEHHSIM 4acToOTH [8)].
3HaX0J/DKEHHSI ONTUMAaJIBHOTO CIIBBIHOMIEHHS Mk yacToToro 111IM 3a Moka3sHHKOM CIIOTBOPEHHS TAPMOHIYHOTO
CHTHAJy Hampyrd Ha BUXOJl 1 piBHEM BTpaT € JIOBOJI CKIIaJHOIO 3a/adelo JUIs BUPILIEHHS SKOI HEoOXimHO
MPOBOJINTH BEJIMKY KUTBKICTB OCITI/DKEHb [9]. Po3paxyHKOBe 3HaU€HHS BETMYMHHU BTPAT y CHIIOBHX €JIEMEHTaX B
3anexHocTi Bij yactoru L1IIM Bu3Hauanach 3a BUpa3oMm:

ton + ¢

P, = I35 * Rps(on) * D + (MTW> * Ups * Ips * fs

1€ ton, topy — YAC BKIIOYEHHS 1 BiIKIIOYEHHS TPAH3UCTOPA,;

108 ISSN 2308-7382 (Online)




ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexnonozii, ekonozia. 2025. No 1

Ips — MakCHUMaIbHUM CTPYM, IO TPOTIKAE yepe3 Mepexia CTIK-BUTIK Y PEKUMi HACHUEHHS, A;
Ups — Hampyra CTik-BHTIK, B;
D — koeoiuient 3anosueHHs 1111M;
fs — yacToTa mepemukaHHs TpaH3UCTOpPA, ['11.
Yac BritoueHHs ton TpaH3uCTOPA:
t,, = UDs*sts*_(ROR+RG) + (Rog + Rg) * Cjss * In (UGSF liGS(TH)).
Gsr—Ugp Ugsr—Ugp
ne Crss — 3BOpOTHA TIepexiHa EMHICT TpaH3HucTopa, D,
Ror — ormip Ha BKIIOYEHHS TpaH3UCTOPa, OM;
Re — BHyTpimHi# omip 3aTBopa Tpanzucropa, Om;
UgsF — Hanpyra 3aTBOp-BUTIK, B;
Ugp — Hampyra 1pH sikiii Hactae eekt Minnepa, B;
Ciss — BXiJIHa EMHICTh TpaH3ucTOpa, D;
Ugs(tH) — HOpOroBa Hanpyra 3aTBOP-BUTIK, B;
Yac BukitoueHHs toff TpaH3uCTOpPA:

torr = (Ror + Rg) * (

ne Ror— onip Ha BUKIITOUSHHS TpaH3ucTopa, OM;

Crss — 3BOpPOTHA TIepeXiTHa €MHICTh TpaH3ucTOpa, .

Ha puc. 6 300paxkeHO 3aIIeKHICTh BTPAT ¥ CHIIOBHX TpaH3ucTopax Bixg gactoTu LIIIM. 11s 3anexHicTh Ma€e
MPaKTHYHO JiHIMHUHN XapakTep.

Pa, Br

Crss * Ups  Ciss * Ugp

Ugp Ugsrm)

.

PucyHoK 6 - I paghix 3anescnocmi nomyscHocmi, wjo 8UOLIAEMbC HA MPAHZUCMOPI 80 YACMOMU NePEMUKAHHS
mpawnzucmopa

VY pasi 3actocyBaHHs JpKepena IOCTIHHOTO CTpyMy JUlsi JKMBJIEHHS CXEMH y CHJIOBHX JIAHIIOTaX 3
MOSFET-Tpan3uctopaMi MOXYTh BHHHMKaTH BHCOKOYACTOTHI KOJIMBAHHS 1 KOPOTKOYACHI MiKU cTpymy. Y
CXeMHI# peaizamii i 1X 3ryiapKyBanHs nepeadadeno kouaencatop Cl (puc. 3) 3 eMHICTIO, sIKa € T0CTaTHHOIO
JUIsl MiHIMi3alii mepenajiB Hampyru Ta 3a0e3ledYeHHs] CTaOlUIBHOTO JKUBJICHHS CHJIOBUX KoMIoHeHTiB [10].
3acTocyBaHHS EJIEKTPOJITUYHOIO KOHJAEHCATOpa Iepeadadyae peanizallilo CUCTEMH IUIAaBHOTO 3apsiay IpH
MiAKITIOYCHHI HOro 10 JpKepesa )KUBJICHHS 311 KOMIICHCallii cTprOKa cTpyMy. BHKOpUCTaHHS Takoi CUCTEMHU
JO3BOJISIE TPOJIOBXKUTH TEpPMiH eKCIUlyaranii koHneHcartopa [11]. Cxemy cHCTeMH TUIaBHOTO 3apsay
koHzneHcaropa C1 B cepenoBuiii Proteus 306paxeno Ha puc. 7.

PesynbraT MoJenIOBaHHS MPOLIECY 3apsiay KOHJEHcaTopa MPeCTaBlIeHO Ha puc. 8.

3a pe3yibpraTaMHi MOJAEIOBAHHS TPHBAIICTH ANEPiOANYHOTO XapakTepy 3aps/DKEHHs KOHJEHcATopa JIo
BesinanHK Harpyru 0.95U,ou 3 103apsipkeHHsIM 10 3HaueHHS Uy (4ac MOBHOTO 3apsiTHOTO CTaHy) CTaHOBUTH
npubau3Ho 600 Mc. Takwmii yac 3apsay KOHIEHCATOPA JO3BOJIsE 3a0€3MeINTH HEOOXiTHY CTAPTOBY TOTOBHICTD JIJIsSI
(hyHKIIOHYBaHHS iHBEPTOpA Ta MiABUIIUTH 3aTajbHY HAIII{HICT CHCTEMH.

BuCHOBKH i nepcrneKTHBH.

3a JOMOMOTOI0 BHKOPHCTaHHS MPOTPAMHOTO CepemoBHINA Proteus BHKOHAHO pPO3BENEHHS IBOLIAPOBOI
JIPYKOBAaHOI IIATH 3 YpaxyBaHHSAM BHMOT IIOAO MiHIMI3alii eJIeKTpPOMAarHiTHUX 3aBaj Ta 3abe3redeHHs
HAaJISKHOTO OXOJIO/IKEHHSI CUJIOBUX KOMIIOHEHTIB.

CrnpoekToBaHO Ta 00paHo amaparHy yacTuHy cuctemu kepysanHs B/TIC.

3a pe3yJsipTaTaMu JI0CIIKEHb BipTyaiabHOI MoJieni Tpu(a3HOTo iHBEpTOpa BU3HAUCHO, 110 BUKOPUCTaHHS
npaiiBepiB IR2104 nns kepyBanus MOSFET-Tpan3zucropamu 3abe3neuye eekTHBHY KOMYTaIilo i CTaOUIbHICTD
(hopmu #oro BUXiHOT HaNpyTH.
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BcranoBneHo, mo 3 MiABUINEHHSM YacTOTH TEPEMUKAHHS TPaH3MCTOPIB 3MEHIITYIOTHCS TapMOHIYHI
CIIOTBOPEHHS Ta OJHOYACHO 301IbIIYIOTHCSI KOMYTaliiHI BTPaTH.

PexoMeH10BaHO 7151 OCTaTOYHOTO BUOOPY podouoro aianazoHy yactrot LIIIM iHBepTopa BpaxoByBaTH He
TUIBKW CTYIIHb CIIOTBOPEHb 33JaHOT0 T'apMOHIYHOTO CHUTHajly, ajle ¥ KOMyTaliiiHi BTpaTH B HOTO CHJIOBHX
KJTIOYax.

[Nonanbma po3poOka By3na BiIeOCHOCTEPEKEHH Nepeadayae BUKOPUCTAHHS CIIPOEKTOBAHOTO iHBEpTOpa
qutst sxuBnerdst BJTIC npu nociimkeHHs: QyHKIIOHYBaHHS CUCTEMH aBTOMAaTHYHOTO KEPYBAHHS ITOJIOKESHHSIM.
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V. Korotenko?, master student
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RESEARCH OF THE CHARACTER OF HARMONIC DISTORTIONS AND HEAT
LOSSES OF THE INVERTER DURING OUTPUT VOLTAGE FORMATION

Increasing the effectiveness of visualization systems for performing tasks in modern combat operations is
possible with adequate situational awareness through the use of automatic threat detection technologies. An
important aspect of the development of such visualization systems is the study of the influence of the inverter's
PWM frequency on the quality of its output voltage formation. As a result of the switching processes of the
inverter's power elements, distortions of the given harmonic signal occur. In addition, as is known, this process is
also accompanied by heat losses. Therefore, the study of the degree of influence of harmonic signal distortions
and heat losses on the energy efficiency of the visualization electrotechnological complex depending on the PWM
frequency is relevant. To quantitatively assess the degree of influence of these factors, a study of the functioning
of the developed design of a two-layer printed circuit board was conducted. The selection and arrangement of the
board elements were carried out in accordance with the technical requirements for the implementation of the
inverter, taking into account the condition for ensuring the minimization of electromagnetic interference in the
compact design of such devices. The development of the board and the study of its functioning were carried out
using the Proteus software environment. When developing the printed circuit board, a circuit solution was
provided to smooth out the possible occurrence of high-frequency oscillations and short-term current peaks when
connecting the power part of the inverter to a DC power supply. The ATmegal28-16AU microcontroller was
selected to generate control signals for the IR2104 gate drivers of the inverter's power MOSFET transistors. The
results of the research indicate that with an increase in the inverter's PWM frequency, harmonic distortion
decreases. The shape of this dependence is hyperbolic. At the same time, an increase in the PWM frequency leads
to an increase of heat losses.

Keywords: visualization system, switching, inverter, frequency, pulse-width modulation, position control
system, energy efficiency.
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"Hauionanbnuii Texnignnii ynisepcurer Ykpainu

«KuiBchknmii nosritexniyanii incrutyT imeHi Iropst Cikopcbkoro»

EHEPITOE®EKTUBHUI EJEKTPOIIPUBO/I TYPBOMEXAHI3MIB
HA OCHOBI BEHTHJIBHOI'O JIBUI'YHA 31 3bY/’KEHHAM
SMIHHUM CTPYMOM

Poboma npucsesuena amanizy enreKmpoMexamiyHux enacmueocmetl 6eHmunvHux osucynie (BI) 3i
30YO0ANCEHHAM 3MIHHUM CIMPYMOM Y 3acmocysanii 00 enekmponpueoodie (EIT) mypbomexanizmis (eéenmunsamopis,
Hacocie, mypooxomnpecopig). OCKilbKU maxi Mexawizmu cnodcusaioms 0ausvko 25% enexmpoenepzii y
npomucnogocmi, onmumizayia ixuix EIl € kpumuuno eadxciusum 3agoamHam. 3anpononosano cxemy BJl, saxa
yeysae npobaemy 8i0cymHoCHmi MAWUHHOT KOMymayii 6enmuiie iHeepmopa Ha HU3LKUX YaCMOomax i nio yac nycky.

IIposedeno mamemamuunuti ananiz xapakmepucmux BJJ, 30kpema 0ocniodiceno onmumansiy 4acmomy
30y00iceHs, wo 3a0e3neuye MiHIMAIbHY NOMYX’CHICMb nepemeopiosauie y pomopi ma cmamopi. Ilokasawno, wo
npu uacmomi 36yooicenns 4—6 I'y cymapra nomydicnicms nepemeopiosayis snusicyemocs na 15—20% y nopienanni
3 MpaouyiiHuMu cxemamu NOOGIlIHO20 dHcugienHs. Takodc NOKA3aHo, wo 3MiHa HANPAMKY 00epmaHHs Nojs
30Y02iCeHHsL 00360J15€ POWUPUMU OlANA30H Pe2Yl08AHHS WEUOKOCTI, W0 NIO8ULYE AOANMUBHICIb CUCTEMU 00
SMIHHUX YMO8 eKCRAYaAMayii.

Ompumani pezynomamu O0eMOHCMPYIOMb Nnepesazu 3anponoH08aHO20 NiOX00Y, 30KPeMa 3HUICEHHS
Mennosux empam, nNiosuwenHs nepesanmaxcysanvhoi soammocmi EIl ma euxmouenns neobxionocmi 'y
6CMAHOBNIEHHI 0AMYUKA NONONCEHHA pOmopa. 3anponono8ami pillenHs MOXCYMb Oymu GUKOPUCMAMI 0N
PO3POOKU BUCOKOCHEKMUBHUX CUCEM KEPYBAHHSA MYPOOMEXAHISMAMU.

KarouoBi ciioBa: erexmponpugoo, mypbomexauizmu, 6eHMUIbHUL 08USYH, 30Y0HCEHHA 3SMIHHUM CIPYMOM,
KOMYmMayis 6eHMuIie, ONMUMI3ayis 4yacmomu 30Y0x4CeHHs.

Beryn.
EdexTrBHICTS BUKOPUCTAHHS E€IEKTPOCHEPTil B MPOMHUCIIOBUX CHCTEMaX 3HAYHOIO MIpOIO 3aJIeXKHThH Bif
nmockoHanocti  enektponpuBonis  (EIT), ocobmuBo i TypOOMeXaHi3MiB - BEHTHJISTOPIB, HACOCIB 1

TypOOKOMIIpecOopiB, siKi € OOJIaJIHAHHSIM MacoBOTO 3acTOCyBaHHs. L[i MalmIMHU CIOXHBaKOTh OJM3bKO 25%
3arajibHOr0 O0CSTY €JIEKTPOCHEPril, 10 BUPOOIISIETHCS B CBIiTI, [0 POOUTH aKTYaJIbHUM IMOIIYK €KOHOMIYHHX i
TEXHIYHO MPOTPECHBHUX PIllleHb JJI iXHBOTO ympaBmidus [1]. OmHuM i3 KIFOUOBUX 3aBIaHb € 3a0e3MeUeHHs!
pEryJIIOBaHHS MPOJIYKTUBHOCTI TypOOMEXaHi3MiB i3 MIHIMAJIbHHUMHU E€HEPreTHYHHMH BTPAaTaMH, L0 MOXKJIHBO
3aBJSIKM onTHMizalii yactotu obepranus EII.

Bentwneni apurynau (BJ]) 31 30yIpkeHHSIM 3MiHHAM CTPYMOM 3HaXOJSTh 3aCTOCYBaHHS B cydacHHX EIT
TypOOMeXxaHi3MiB, TAKHX SK BEHTWIATOPH, HACOCH Ta TypOokommpecopu. Lle oOymMoBIeHO IXHIMU TepeBaramu
MOPIBHAHO 3 TPaIUIIHHUMH acHHXpOHHUMHE IBUTYHaMmu (AJ]) 3 wactoTHO-perynsoBannMu npuBogamu (YPII), a
came:

1. Bucoka eHeproedekTuBHiCTh: B MaloTh MEHII BTpaTH €HEprii 3aBISKH BiJCYTHOCTI KOMYTAIliHHIX
BTpaT 1 MiHiMi3auii peakTHBHOI MOTYKHOCTI. Lle cripusie 3HWKEHHIO eKCIUTyaTalliiHUX BUTpPAT Ta MiJBUILEHHIO
3arajyibHOI €()eKTHBHOCTI CUCTEMU.

2. lllupokuii riana3oH perynmtoBaHHs mBHAKOCTI: B/l 3a0e3neuyioTh cralinbHy poOOTY NpPU HHU3BKHX
MIBUAKOCTSIX 00EpPTaHHS, 1110 € KPUTUYHHUM JUISL A€SKUX 3aCTOCYBaHb TypOOMEXaHI3MiB.

3. Bucoka HaiiiiHiCTh Ta JOBrOBIYHICTB: BiZICyTHICTD IIITKOBO-KOJIEKTOPHOTO By3Jia 3MEHIIYE MEXaHIuHe
3HONIYBaHHSA, IO iABHIY€ HATIHICTh Ta 3HWKYE MOTpeOy B 00CIyrOBYBaHHi.

4. KoMnakTHICTh Ta 3MeHIIeHa Maca: B/l MaroTe MeHII rabaputu Ta Macy HOPIBHSHO 3 TPaAMIiHHUMHU
AJl, mo cripolye iX iHTerpauito B iCHYI04i CHCTEMH.

Henmonixu B/I:

1.CxiragnicTh kepyBanHs: BJl BUMararoTh CKJIaIHUX CUCTEM KepyBaHHS JUIsl 3a0e3MeUeHHs] CHHXPOHi3alil
Ta cTabIIbHOI POOOTH, IO MOJKE ITiIBUIIYBATH BAPTICTh CUCTEMHU.

2.3Ha4Ha BapTicTh: Uepe3 BUKOPHCTaHH CIeLialli30BaHUX MaTepialliB Ta KOMIIOHEHTiB, B/l MoXyTh OyTH
JIOPO’KYUMH Y BUPOOHHUITBI Ta 006cmyroByBanHi Hixk YPII.

3.UytnuBicth 10 yMOB ekciutyaratii: B/ € Ouibl 4yTIMBUME 10 3MiH HANPYTH Ta YaCTOTH JKUBICHHS y
nopiBHsHHI 3 UPTI, 110 BIMarae 101aTKOBUX 3aXOJIiB s 3a0e3MevUeHHs CTab1IbHOT poOOTH.

IopiBasro 3 BJI, YUPII MaioTp  HemomiKHM, Taki SK HIKYAa CEHEProe(eKTHBHICTh NPH 3MIHHUX
HaBaHTAXXCHHAX Ta 0OMEXXEHUI Aiama3oH peryiroBaHHs mBHAKOcTi. Tox Bubip mixk BJ] Ta UPII 3anexuTs Bix
KOHKPETHUX BHMOT 3aCTOCYBaHHs, OCKUIbKM BJI IpONOHYIOTH BHIIY €HEProe(eKTUBHICTh Ta HAMIMHICTH, ajie
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BUMArafoTh CKJIAQHIIINX CHCTEM KEpyBaHHS Ta MOXYTb OyTH HOpOXYMMH. IIpoTe mIs IOTYXHHX
TypOOMeXxaHi3MiB 3 Pi3KO3MIHHUM HpodineM HaBaHTaxeHHs, B/], 3a3Bu4aii, € oNnTUMaNbHUM BapiaHTOM.

[HIIi TiIX0/AM 10 peryJitoBaHHs, Taki SK BUKOPHCTaHHS aCHHXPOHHHUX MainH (AM) i3 ¢a3HUM poTOpOM y
pexuMi nojBiitHoro >xuBieHHs abo EIT mocTiiiHOTO CTpyMy, MalOTh TaKOX CyTTEBI HEJOJIKM MOpiBHsIHO 3 B/I:
CKJIQIHICTh KOHCTPYKIIi, HEJOCTaTHA e(eKTHBHICTh Ha HU3bKMX YaCTOTAaX 1 BHCOKI TEIUIOBI BTpaTH. Y LbOMY
koHrekcti EIT Ha ocHoBi B/] 31 30yI5KeHHSIM 3MiHHUM CTPYMOM HPOIIOHYIOTh IIEPCIIEKTUBHY albTEePHATHUBY.

MeTo10 1ILOTO JIOCHI/PKEHHSI € aHali3 eJeKTpOMeXaHIYHUX BiacTuBocteil BJl i3 TpudasHUM 3MiHHHM
CTPYMOM HH3bKOi 9aCTOTH, i BH3HAUCHHS ONTUMAaJIHLHUX ITapaMeTpiB podotu TypOoMexaHizMiB. HoBuzHa poboTn
TOJISITAa€ B YCYHEHHI MPOOIeMHU BiICYTHOCTI MAIIMHHOI KOMYTAIIii ITiJ] 9ac ITyCKy Ta B IPOIIO3UIIii ONTUMAaIBHOI
YacTOTH 30YIKEHHS U 3HIKEHHS ITOTY>KHOCTI IEpETBOPIOBAYIB.

ITocTanoBKa 3aga4i Z0CTiTKEHHS.

IIpoGnemarnka ynpaBiiHHSI TypOOMeXaHi3MaMH Ta JIarHOCTHKH IXHBOTO TEXHIYHOTO CTaHY € IPEAMETOM
YHUCIICHHUX JOCITIDKeHb. Y mparx [1, 2] posrisiHyTo OCHOBH TEXHIYHOI MiarHOCTHKH TiApaBIiYHAX TPUBOIB,
MIIKPECIIEHO BayKJIMBICTh PAHHBOT'O BHSBJICHHS HECIIPaBHOCTEH Juisl 3a0e3nedyeHHs cTabinpHOl ekciutyaramii. Y
[3] mpoaHanizoBaHO 3aKOHOMIPHOCTI 3MiHH POOOYHMX PEKUMIB IIAXTHUX BOJOBIMUTHBHUX YCTAHOBOK, IO CTAJIO
OCHOBOIO JIJIs PO3pOOKH aIallTUBHUX cHcTeM ynpasiiHHg. CydacHi TOCHTiPKeHHs, Taki sk [4-9], 30cepekyroThCs
Ha 3actocyBaHHi BJ] muist miBuIieHHs: eHeproe()eKTHBHOCTI MalllMH BEJIUKOT MOTY>KHOCTI, HATOJIOIIYIOYH Ha TXHIX
nepeBarax nepej TpaguliiHUMU PillICHHSIMH.

Jlyis peryiroBaHHS 4acTOTH OOCpTaHHsS TypOOMEXaHi3MiB TPAIUIIHO 3acTOCOBYIOTh AM 3 ¢asHuM
potopoM y pexumi monsiiHoro xwuBieHHA [3]. IIpoTe mi cucteMm MarOTh OOMEKEHH:, 30KpeMa CKIaTHICTh
KOMyTallii BEHTHJIIB i 3Ha4HI CHEPreTHYHI BTPAaTH HAa HU3BKHX dYacToTaX. ANbTepHaTHBHUHU miaxixm - B/l 3
MOCTITHAM CTpYMOM 30YIXKSHHS, OTIMCaHi B [5], - IEMOHCTPYIOTH Kpallli XapaKTePUCTUKH, alle iXHs e(PeKTHBHICTh
3HIDKYETBCS Yepes BiICYTHICTh MallIMHHOI KOMYTALii i Yac IIycKy. Y OboMY AOCITIIXKEHHI IPOIIOHYETHCS CXeMa
B/ 3i 30ymkeHHSM TpU(a3HIM 3MIHHUM CTPYMOM, SIKa YCYBA€ IIi HEAONIKH, 3a0€31eUyI0ul cTaOUThHY poOOTyY B
YChOMY JIiama3oHi 4acTOT 00epTaHHS.

Awnanis miteparypu [3-9] mokasas, 1o 1uist 61TBIIOCTI TypOOMEXaHi3MiB JOCUTh MATH TPH-YOTHPH POOOUHX
MIBUAKOCTI, IO JOCSTAIOTHCSl EKOHOMIYHUMH 3 TOUKH 30pY CIIOKMBaHHS elIeKTpoeHeprii 3acobamu. Taki pexumu
nerko peanizytorbes EIT 3a cxemoro B/l Ha oCHOBI CHHXPOHHOT MamIMHU 31 30YPKEHHSIM MOCTIHHUM CTPYMOM.
YnpaBiiHHS THPUCTOPAMHU 1HBEPTOPA 3AIHCHIOETHCSI CUTHAIIOM JIaTYHKa MoJioxkeHHs abo natunka EPC poropa.
TonoBHMI HeloMIK MOAIOHOT CXeMHM - BIJICYTHICTh MAIIMHHOI KOMYTAalil BEHTHIIIB iHBEpTOpa MiJx 4ac MycKy i
poboTH Ha Manmx 4actorax obepraHHs. Lleit Hemomik ycyBaeTbes y B/l 31 30ymkeHHsIM TpUQa3sHUM 3MiHHUM
ctpymoM (puc. 1).

SIkopeM JIBUTYHA CIY>XUTh POTOp AM, B KOJIO SKOTO BKJIFOYECHHH NMEPETBOPIOBAY 3 JAHKOK IOCTIHHOTO
cTpyMy. SIK IHIYKTOp BHKOPHCTOBYEThCS CTaTOp AM, IIO JKMBUTHCS BiJl MEpETBOPIOBaYa TpHU(a3HOI HANPYTH
HHM3BKOI YacToTH. Y JaHill cXeMi MarHiTHe mojie 30y/DKeHHs 00epTa€eThCsl, 3aBIASKA YOMY B POTOPi HABOIHUTHCS
EPC HaBiTh Ipu HybOBIH IIBUAKOCTI ABUTYHA. [{nM 3a0e3medyeThesi MalIMHHA KOMYTAIlis 3AJIeXKHOTO iHBEpTOpa
B YCbOMY Jliania3oHi 4acToT oOepTaHHs, B TOMY YHCII i npu mycky. Baxxnusoro nepesaroro B/ 31 30ymxeHHIM
3MIHHMM CTPYMOM € TaKOX BIICYTHICTh HEOOXIIHOCTI Y BCTaHOBJICHHI Ha Basty AM JlaT4uKa IMOJIOXKEHHS pPOTopa.
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Ileii Henomik ycyBaetbes y Bl 31 30y mxeHHsIM Tprha3HUM 3MiHHUM CTpyMoM (nuB. puc. 1). ¥ miii cxemi
potop AM BHKOHYE (YHKIIIO SKOPS, 0 SIKOTO MIKIIOYEHO MePEeTBOPIOBaY 13 JaHKO0 nocTiiHoro ctpymy (I1B).
Crarop, sIK iIHIyKTOp, )XMBHUTHCS Bifl IepeTBOpIOBayda Tpr(a3HOi HAIIPYTH HU3BKOI YaCTOTH. 3aB/AsSKU 00EpPTaHHIO
MarHiTHOTo 1oJs 30y/pkeHHsl B poTopi BuHMKae EPC HaBiTh 3a HYJIbOBOI IIBUIKOCTI JIBUTYHa, 110 3a0e3neduye
MalIMHHY KOMYTAIlil0 3aJIe)KHOr0 1HBEpPTOpa B YChbOMY Jiama3oHi 4acTOT O0OepTaHHs, BKIIOYHO 3 ITyCKOBUM
pexxruMoM. BaxiBoIo repeBarolo € BiICYTHICT TOTPEOH B yCTAHOBIII AaTUMKa MOJ0KEHHS poTopa Ha Baity AM,
IO CTPOIIYE KOHCTPYKIIIFO Ta 3HIKYE COOIBAPTICTH CHCTECMH.

OcHoBHi MaTepiaau gocaigKeHHs.

AHaTHYHI 3aJeKHOCTI, IO BH3HAYAIOTh MeXaHi4HI XapakTepucTuku BJ[ 31 30ymKEHHSM 3MiHHUM
CTPyMOM, OTPHMaHI Ha OCHOBI MOZEJ MAaIIMHU TOABIMHOTO >XUBJIEHHS [4] a00 acCHHXPOHHO-BEHTHIHHOTO
KacKajy 3 peryJbOBaHOI pPOTOpPHOIO rpymoro BeHTWIiB [3]. KoedimienT xoB3anns S y cxemi BJl mae Toii camuit
3MicT, mo # y CTaHAapTHIN cxeMi yBiMKHEHHSI AM, i BU3HAYA€THCS SIK:

§=(0; + w)/w; = wy /0, = fo/f1,

Je W — 4YacToTa o0epTaHHs poOTOpa; W, = 2Tf;/p, w, = 2Tf,/p - KyTOBI HIBHAKOCTI OOEpTaHHS
MarHiTHOTO HOJIS BITHOCHO cTaTtopa i potopa; fi, f, = f; + p/(2m) - 4acTOTH HamIpyry craTtopa i poTopa; p —
yucIo map nomocis. [Ipu oGepTaHHI poTOpa NPOTH HANPSAMKY IMOJs cTaropa (IO XapaKTEepHO IJISl ITyCKOBOT'O
pexumy) S > 1.

JocrmipkeHHs XapakTepucTuk B/l BHKOHYBanocs 3 ypaxyBaHHSM 3arajJbHONPHUHHATHX NPHIYILECHb IIPO
3aMiHy peambHHX HecHHycoimampHuX Hampyr, EPC 1 cTpyMmiB IXHIMH mepmiMu TapMOHiKaMu. PiBHSHHS
eNIeKTPUYHOI piBHOBAry (a3 nepBHHHOI Ta BTOPHHHOT 00MOTOK AM B pesxxumi B/ MaroTh BUTIISIA

Uy = Lyry + jL,X,/S + j1,X00 /S = Iyry + jLX, /S — By, (1)

Uy = Ly +jLX; + jL X1 = L, + j1 X, — E, 2)

ne I, I, — ctpymu cratopa i potopa; Uy, U,, E;, E, — ¢a3ui Hanpyru ta EPC cratopa i potopa; X;, X,—
IHAYKTHBHI OIOpU pO3CIIOBaHHA cTaTtopa i poTopa; X1, Xmz — TOJNOBHI IHAYKTHUBHI ONOpH, 3yMOBIICHI

OCHOBHHMH TapMOHIKaMU MarHiTHOTO TOJIST; X4, X,; — IHIYKTHBHI OMOPH B3a€MHOI 1HAYKIIIi; 77, 7,— aKTHUBHI
oropu. Yci iHIYKTHBHI OITOPH 3BEICHO 0 YaCTOTH POTOpa f,, TOMY B IIEPIIOMY PiBHSIHHI IPUCYTHIH KOeiieHT

1/S . SIKIIO TO3HAYHTH € = f 1H/ £, ne f1,=50 ', To imgykTBHI onopu B (1) 1 (2) OymyTh 3B’s13aHi 3 BiAIOBITHIMHA
1

HOMIHAJILHUMU 3Ha4eHHsIMH (Ha acToTi 50 I'r) MHOXKHUKOM S: X; = XlHS/ e Xy = Xoy 5/ £ TOIIO.
Jnst cnpomeHHsl aHalli3y peXuM poOOTH MAallMHH 3BEJCHO 10 EKBIBaJEHTHOTO DPEXHUMY HEpPyXOMOi
MamrHU. [IoMHOXXUBIIM 0OW/IBI YaCTHHM HEPILIOTO PIBHAHHS HA S, OTPUMY€EMO:
SU, = nS+jLX, — SE,, U, = L, +jL,X, — E,. ®)
i piBHSHHS BigUOBIZAIOTH CXEMi 3aMillleHHs, 300paxkeHid Ha puc. 2, me X, — IHAYKTUBHHUHA OIIip
HaMarHidyBaJIbHOTO KOHTYDY, 3Be/IeHH# 0 portopa. CTpyM HaMarHidyBajbHOTO KOHTYpY Iy = I; + I,, a Hanpyra
Ha oro 3aTuckayax: SE; = E,.

IS iX1 iX2 | )
o ——
L iz
UiS 1o JL C iXo U2
o - ©

PucyHok 2 — V3acanvnena exsisanenmua cxema CM, wjo euxopucmogye napamempu onopy ma peakmueHo20
onopy 05 ananizy pobomu: U, S, - 6xiona nanpyea nepgunnoi 06momxu 1S — akmueHul onip nepeuHHoi
obmomxu, jX; — IHOYKMUGHULL ONip NEPeUHHOT 0OMOMKU, 11 — CIMPYM NePBUHHOL 0OMOMKU, [y — cmMpyM
HamaeHiuenHs, jXo — IHOYKMUSHUI ONip HAMACHIYYBALHO2O KOAA, [ X, — IHOYKMUGHUL ONIp 6MOPUHHOT
00MOMKU, Ty — AKMUBHULL ONIP GMOPUHHOL 0OMOMKU, [, — cmpym emopunHoi oomomxu, U, — euxiona nHanpyaa
6MOPUHHOT 0OMOMKU

JList mocImiKeHHsT TIPOLIECiB Y KOJIi pOTOpa CXeMy 3aMillleHHs (pHC. 2) IepETBOPEHO 32 TEOPEMOIO PO
ekBiBaJieHTHHUI reneparop (puc. 3). KoeoirieHT ¢y, Bimomuit i3 Teopii AM, Mae BUTTISIA:
¢1 =Uy/Ey =1+ X1 /X — j11€/Xow = 1+ X1/ Xow 4)
ne € = fi0/f1, fin = 50I'L — HOMiHaJILHA YacTOTA.
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rS/Ci IX1/C iXa 2
| 7YY\ 7YY\
o—l__J —— - }—o
U:S/Ci= Ex iz Us
o o

Pucynok 3 - Exsieanenmua cxema samigennss CM, wo suxopucmogyemocst 05t ananizy pobomu B/ 3i
36y0dcennam aminnum cmpymom y konmexcmi EIT mypbomexanizmie: U, S [C; = Eoq — 6xiona nanpyea
nepsuxHoi oomomku (cmamopa), 36edena 00 Koeiyienma kog3anus S ma uucia nap nonocié Cy, wo 0opienioe
EPC xonocmozo x00y Eyq, 11S/Cy — akmugnuii onip nepsunnoi o6momku (cmamopa), 8paxoeanuii 3
Koe@iyicumom kogzannsi S) ma yuciom nap noniocie Cy, jXi/Cy — indykmugnuii onip po3cito8ans nepeuHHoi
o6momxu (cmamopa), 36edenuii 0o uucaa nap nomocie Cy, I, — cmpym nepsunnoi o6momxu (cmamopa), jXy —
[HOYKMUGHULL ONIP HAMASHIYYBAILHO20 KOHMYPY, I,'V, — cmpym HamazHiuyeanns, jX, — iHOyKmueHuil onip
emopunnoi 06momKu (pomopa), v, — akmusHuti onip émopunnoi o6momxu (pomopa), I, — cmpym emopunnoi
o6momxku (pomopa), U, — euxiona nanpyza émopunnoi o6momxu (pomopa).

Ll1 cxemMa BHKOPUCTOBYETHCS [UIsi aHANi3y €JIEKTPOMEXaHIYHUX XapaktepucTuk BJI, 30kpema s
BU3HAYCHHS ONTHUMAaJIbHOI YacTOTH 30yJDKEHHS, siKa, SIK 3a3HAY€HO B CTaTTi, CTAHOBUTH 4—6 ['I1, 1m0 103BOIISIE
3HU3UTH CyMapHy IOTYXHICTh HepeTBOpIoBadiB Ha 15—20% MOpIBHIHO 3 TpaAWIIHHIMU CXEMaMH HOABIHHOTO
JKUBJICHHSL.

st Toro, mo6 y cxemi BJ] 3a0e3neunT HOMiHANBbHUN HAMAarHiuyBaHUH CTPyM MalluHHU g, KOl HeMa
CTpyMy B poTopi, Hanpyra 30ypkeHHs U1 1 HOMiHANBHA HampyTa cTatopa B HOPMaJbHIA cxemi BBIMKHEHHS Uy,
MOBHUHHI TOPIBHIOBATH

Uy = C1Ey = Ciloy Xy + Xoin) /5
U1H = ClElﬂ = ClHIOH(Xlﬂ + Xmln)l

3Bigku U, /U, = E,/E{; = 1/¢, mo BimmoBigae BiZOMOMY 3aKOHY 3MiHHM HANPYTH HPU YaCTOTHOMY
ynpasmiaai A/l

EmextpomarniTauit MomeHT B/l po3paxoByeThes 3a (OpMYIIO0

M = E4lq(S — 1)/(Sw) = 3(V6E;oly cos B+ X, 13)/ (w,), (5)

ne Eq = 3(V6E,, cos w + X, 1) /T (6)

cepenne 3HaueHHs EPC Ha BXomi iHBepTOpa, [3 — KYT BHIIEpPEKEHHS BiIMHKaHHS BEHTHJIIB iHBEPTOpa
BiZIHOCHO KoMyTyto4oi EPC.

VY dhopmyny (5) BXOAUTH 4acTOTa ,, CICKTPOMATHITHUNA MOMEHT BiJl HEl HE 3aJIeXkKKb, OCKUTBKU F,q 1 X
TAKOX MPOMOPINHHI W,: Eyg = EyyS/e; Xk = XkuS/€; wy, = w45/, ne E,y — vHominanbha daza EPC potopa
AM; Xgpy — 3nauenns Xy Ha yactoti 50 T'n. Orke, M = 3(V6E, 1, cos B+ Xgyl3)/ (wy).

Jnst nanoi cuctemu EI nysxe BaXXJIMBUM € BU3HAYEHHS ONTUMAIBHOT YaCTOTH 30y IKEHHS, IO 3a0e3meuye
MiHIMaJIbHY TOTYKHICTh IIEPETBOPIOBAYA B CTATOPI1 1 pOTOPI.

Hocnimxenns xapakrepuctuk B/l nokazano, o onTuMaibHa 4acToTa 30yIKEeHHS fio JIOKUTh Yy MeXax 4—
6 I'u 3anexxHO Bim KyTa [3, mo 3abe3medyye MiHIMaIbHY CyMapHY BCTAaHOBJICHY IOTYXKHICTH IIEPETBOPIOBAYIB y
potopi Ta cratopi. CymMapHa MOTY>KHICTh JIBOX MEPETBOPIOBAYIB PO3PAXOBYETHCS SIK:

P =3(U;I1n + Eonlan),

ne I, I,, — HOMIHaJBHI CTpyMu craropa i poropa, U; — ¢a3na Hanpyra cratopa, E,, — HOMiHaJbHa
EPC poropa.

VY pexxumi o0epTaHHS MarHITHOTO TIOJIS CTATOPa 1 POTOpa B OJHOMY HAaIpsSMKY 9acTOTa CTPYMY B POTOpi
BU3HAYAETHCS SIK:

f2 = w10/ (2T) — fio. )

f2 = 0'p/(21) + fio. 8
[IpupiBHIOIOUN LI BUPa3H, OTPUMYEMO:
0 =Wy — 2w, = w1 —2/¢).

I3 3anexxHocTi (9) BUIHO, 10 YUM OlTbIlIA YACTOTA MOJIst 30YDKEHHS f;(, TUM OLIBII YaCTHHY MOTYKHOCTI
EIl croxuBae depe3 crapop i TMM MeHIIy — depe3 poTop. ToMmMy cyMapHa BCTaHOBJIEHA IOTYXHICTb
NepEeTBOPIOBAIILHUX arperariB y poTopa i crapoi Mo)ke MaTH MiHIMYM IIpH A€SKOMY 3Hau€HHI f.

CymapHa MoTyXHIiCTh JBOX TepeTBoproBauiB gopiBuioe P = 3(U; Ly + Eyclzy), ne Iy, I,y — HOMiHATBHI
cTpyMH craropa i poropa AM; U; — ¢a3Ha Hanpyra craropa; E,, — Hanpyra BropuHHOT 00MOTKH TpaHcdopmaropa
IPU XOJIOCTOMY XOJI.

[Ipu npoTHnexxHOMY 00epTaHHI:
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YcraHoBIIeHa TIOTYKHICTh TIEPETBOPIOBAYIB Y BITHOCHUX OJMHUIISIX
P* = P/(BEzulzy) = Ciky /e + U3, (10)
ne C, =U,/E;; k; = I,/ Iy — HOMIHaNBHHH CTpyM cTaTtopa, HaBeneHWi mo poropa; E; — EPC
craropa; U, * — koedimieHT 3amacy BugHOHO HOMiHambHOI EPC poropa AM.
SIKI10 MarHiTHe MoJjie cTaTopa i pOTop 00epTAIOTHCS B OTHOMY HANPSMKY, TO
Ué* = cos B {Amax[(g - 1)(1 + 7"1*) + 7"2*‘(:] +e— 1}/8' (11)
e
Apax = 0,5(1/cosB —1), B < 60°
Amax = (/1 +sin(2B — 60°) / cos? p — 1)/2, B = 60°; (12)
T14, T2 — €KBIBAJICHTHI OIIOPH CTAaTOpa i poTopa.
SIKI10 MarHiTHe MoJjie craropa i poTop 00epTaroThCs B NPOTUIIC)KHUX HANPsIMax, TO

U,, = cos{A(e + D[(1 + 1) + rp.e]l + e+ 1} /¢ (13)
IponudepennitoaButu (10) mmo € 3 ypaxyBauasam (11) i (13) i mpupiBHABIIN MOXiAHI IO HYJIA, iCTAHEMO
86 = \/(Clki/ Cos B - Amax - 1)/(7'1*Amax); (14)
& = \/(Clki/ cos B + Apax + 1)/(r1*Amax) (15)
CniBBinHomieHHs (14) Mae 3MiCT TUIBKHU NTpH

ciki/cosB > Apax +1 (16)

BBaxaroun, mo 3 < 60° i miacTaBsitouu A,,q, 3 (12) B (16), micins nepeTBopeHb AicTaHEMO
c1k; > cos?(B/2) (17

Ockinbku ¢ = 1ik; > 1, to HepiBuicts (17) 3aBxau Bukonyerbes i (yHkiis (10) mae MiHiMyMm.
[Mopisusuus criBBinHomenb (14) i (15) mokasye, mo (g, < €;), TOOTO B CHCTEMi 3 TPETHOTO HAMPSIMKY OIS
3CyBY ONTHUMaJIbHA YacTOTa MOJIst OiIbIa.

3a pomomororo ¢Gopmynu (10) mpu 3amaHiit yactoTi 30yKEHHS MOXHAa BH3HAYUTH MIiHIMAJIBHY CyMy
MOTYKHOCTEW IepeTBOPIOBAYIB.

®dopmya cUTHaITy 3a1aHOi 9acTOTH f; MEepeTBOprOBaya-30ymKyBadya BiIOYBAETHCS 3BUYAMHO B (PYHKIIIT
3aJaHoi MIBUAKOCTI o0epTaHHs ABUTYHA. [Ipy mycky mosie 30yIDKEHHs B HANPSIMKY, TPOTHUIIC)KHOMY HAINpPSIMKY
o0epTaHHs pOTOpa, 3 YacTOTOK f; = fi3. Y TakOMy peXuMIi CHCTeMa IMpale3JaTHa J0 JTOCATHEHHS IIBUIKOCTI
w=w,(1-1/e)(1—-2/¢).

[Tpu mopmanbioMy 30LIBIIEHHI HIBUAKOCTI BilOYBa€ThCSl 3MEHILEHHSI YaCTOTH f; JI0 HYJISI 3 HACTYITHHM
30UIBIICHHSM 1i 10 TIEPBUHHOTO 3HAYCHHSA [, aJie 3 HATPSAMKOM 00epTaHHSIM MOJI, IO 30ira€Thes 3 HAIPSIMKOM
obepTaHHs poTopa.

BucHoBKH.

JlocmipkeHHsT OTpUMAaHUX 3aJIeKHOCTEH MoKa3ye, 1o:

-y B/l 3i 30y/okeHHSIM 3MIHHUM CTPYMOM ICHY€ ONTUMAJIbHE 3HAYCHHS YaCTOTH T10JIs 30y KEHHS, 1110
3a0e3mneuye MiHIMAIbHY CYMapHY BCTaHOBJICHY TIOTYXKHICTh IIEPETBOPIOBATBHUX arperaTiB y poropi i cratopi. Ll
4acToTa 3aJIe)KHO Bifl KyTa [ BUNEpe/KeHHs BIIMUKAHHS BEHTHIIIB iHBEpTOpa CTaHOBUTH 4-6 ['11;

- KepyIo4M 4acTOTOIO OIS 30yPKeHHS 1 HaIpsSIMKOM HOTro 00epTaHHs, MOXKHA 3MiHIOBAaTH IIBHKICTH
obepTaHHst poOOYOro KoJjieca TypOOMAIIMHH MPH KYT1 YIIPaBIiHHS TpaHC(HOPMATOPHOIO TPpyIoio BeHTHIiB ar = 0,
1o 3a0e3revye HailOiIbIT eKOHOMIYHHIA PEXKIIM;

- npu nepeseaeHHi AM y pexum B/l 3i 30y DkeHHSAM 3MiHHUM CTPYMOM BHKJIIOYA€THCSI HECUMETPUYHE
HarpiBaHHsi 0OMOTOK CTaTopa, 3HWKYIOTBCS TEIUIOBI BTPATH 1, OTXKe, BiJNaaae HeOOXiHICTh Y 3HAUHOMY 3araci
NOTYKHOCTI ZBUTYHA [3].

HonatkoBoro nepeBaroto B/l 3i 30y/)KeHHSIM 3MIHHHM CTPYMOM € 3HIDKCHHS TEIUIOBHMX BTPAT 3aBJASKU
BUKJIIOYEHHI0 HECUMETPUYHOI'0 HarpiBaHHs OOMOTOK ctaropa. lle 3MeHmrye motpeOy B 3amaci MOTY>KHOCTI
JIBUTYHA, MiJIBUIYIOYH HOT0 NepeBaHTaXyBalbHy 3aaTHICTh Ha 10—15% nopiBHsSHO 3 AM B peKiMi O/ABIHHOTO
JKUBJICHHSL.

EIl i3 B/I 31 30ymkeHHsM Tpu(a3HUM 3MIHHHUM CTPYMOM € €()EKTUBHHUM PIlICHHSM JUI TypOOMEXaHi3MiB
3aBISKH TaKUM II€peBaram:

- 3a0e3reveHHs MallMHHOT KOMYyTallii BEHTWIIB iHBEpTOpa B YChOMY Jiala3oHi 4YacToT oOepTaHHS,
BKJIFOYHO 3 ITyCKOBHM PEXHUMOM.

- BIJICYTHICTb IOTPEOH B AATUYNKAX IIOJIOKEHHS POTOPA, L0 CIIPOLIYE KOHCTPYKIIIO Ta 3HIKYE BUTPATH.

- onTUManbHa yactora 30yiukeHHs (4—6 I'm), sika MiHIMI3y€e cyMapHY IOTYXHICTh IEpETBOPIOBaUiB y
poTopi Ta cTaropi.

- MOKJIUBICTh PETYJIIOBaHHS IIBHJKOCTI OOEpTaHHS ILUIIXOM 3MiHM 4YacTOTH Ta HANpsAMKY MO
30yIKeHHS, 1110 3a0e3redye eKOHOMIYHUN peXnuM podoTH.

- 3HW)KEHHS TEIUIOBHUX BTPAT 1 MiBUICHHS [I€pPEeBaHTaKyBaIbHOI 31aTHOCTI IBUTYHA.

- pe3yJbTaTd JOCHIKEHHS i ATBEpKYI0Th[3], 1m0 3anpornoHoBana cxema BJl mepepepiiye Tpaauiiiini
pilreHHs 3a eHeproeeKTUBHICTIO Ta THYYKICTIO.
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ENERGY-EFFICIENT ELECTRIC DRIVE OF TURBOMACHINERY BASED
ON A BRUSHLESS MOTOR WITH AC EXCITATION

This study is dedicated to analyzing the electromechanical properties of brushless motors (BM) with AC
excitation for application in electric drives (ED) of turbomachinery (fans, pumps, turbo compressors). Since such
mechanisms consume approximately 25% of industrial electricity, optimizing their ED is a critically important
task. A BM topology is proposed to eliminate the issue of missing machine-side commutation of inverter switches
at low frequencies and during startup.

A mathematical analysis of BM characteristics has been conducted, specifically investigating the optimal
excitation frequency that ensures minimal power conversion in the rotor and stator. It has been shown that at an
excitation frequency of 4-6 Hz, the total power of the converters decreases by 15-20% compared to conventional
doubly fed schemes. Additionally, it is demonstrated that reversing the direction of the excitation field rotation
allows for an extended speed regulation range, enhancing the system’s adaptability to variable operating
conditions.

The obtained results highlight the advantages of the proposed approach, including reduced thermal losses,
increased overload capacity of the ED, and the elimination of the need for a rotor position sensor. The proposed
solutions can be utilized in the development of high-efficiency control systems for turbomachinery.

Keywords: electric drive, turbomachinery, brushless motor, AC excitation, switch commutation, excitation
frequency optimization.
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POJIBOBI MOJIEJII YITPABJIIHHA MIKPOMEPEXAMMU

Ipoyecu Oeyenmpanizayii cynpogooICyiomvcs nepemseopenHam mpaouyitiHux po3nooilbHUX MepediC Hd
aKmueHi cucmemu  po3noodiny, 00 AKUX IHMe2POo8AHO 30ANAHCOBAHI MIKpOMEpedCi, Wo Micmamo
MIKpO2eHepY8AbHI YCMAHOBKU NEPesadCHO HA 0a3i anlbmepHAmueHux md BIOHOBNIOBAHUX OXcepen eHepaii,
HABAHMAIICEHHA MA YCMAHOBKU 30epieants eHepeii. Ynpasninua akmueHumu CUCMeMamil po3nooiny eumazae
NPUHYUNOBO HOBUX KOHYENMYANbHUX NIOX00I8, AKUMU MAE OYMU 8PAX08AHO, 30Kpemda, 0a308i 3acadu YMeopeHH:.
MiKpomepedic i bisHec-mo0eni ynpasuinua Humu. Y cmammi 0ocniodceno Oiznec-mooeni ma onucano po3pooiexi
Ponbosi mooeni ynpasiinus mikpomepedscamu 3a DSOMM, PC, FMM, a makooic eusnaueno ocobausocmi
HAYIOHALHO20 HOPMAMUBHO-NPABOBO20 3a0e3neueHHs NPOYECi6 YMBOPeHHs. Md QYHKYIOHY8ANHA eHep2eMUYHUX
Koonepamugie, w0 00OYMOGULO OOYINbHICMb PO3POOKU OKpeMUx poabosux Mmooeneti 01 YNPAGIiHHs
MIKpoMepedicamu npudymKosux ma Henpubymrogux enepeemuynux koonepamusig. bion. 13. Puc. 4.

KuarouoBi ciaoBa: axmugnuii cnooicugau, eHepeemuyHull Koonepamus, Mikpomepedca, Mooelb
MIKpomepedici, Mooenb ynpasiinks mikpomepediceio, OY3E, poavosa modern, DSOMM, PC, FMM.

Beryn. Y cepmni 2024 poxy BepxoBHoto Pagoro Ykpainu Oyino npuitHaTo 3MiHd 10 3akoHy Ykpaiaun “IIpo
PUHOK eJeKTpuYHOi eHeprii” [l] sKUMH BHW3HAYCHO, 30KpeMa, TepMiHH ‘‘MiKpoMmepexka”, ‘“KopHcTyBad
MiKkpoMepexi”, “ocTpiBHHI pexxuM Mmikpomepesxki”. IIpote, e Ha eTarmi OTPUMaHHS 3aKOHOIIPOEKTY BepxoBHOIO
Pamoro HayKOBO-EKCIIEPTHUM BHCHOBKOM [2] 1O BHIIE3ragaHOTO 3aKOHY OyJi0 BHUCYHYTO HH3KY 3ayBa)keHb.
30KpeMa, eKCTIEPTH 3a3HauMIIH, 10 3aIIPOIIOHOBAHI HOBI TEPMIHH, IKUIMHU IPOMOHYBAJIOCH AOTMIOBHUTH 3aK0H [1],
BUKOPHCTOBYIOThCS JIMIIE Y SIKOCTI BU3HAUYCHb 1 Jaii MO TEKCTy 3aKOHy B3arajii He 3raayroThcs. KpiMm Toro, y
3aKOHOJIAaBUOMY BHMIpi HEMa€ 3arajbHO BU3HAHOTO PO3YMIiHHS TOTO, HANpPUKIAL, M0 € “TPYyIo
B3a€MOIIOB’SI3aHUX HABAHTAXXCHb a00 ‘“3MaTHICTh MIKPOMEpPEXi MpaIoBaTH MapajeibHO 3 00’€IHAHOIO
enepretudHoro cuctemoro (OEC) Ykpainu”, a Takox He BU3HAY€HO MeXaHI3MH peajizauii Takux pexxumis. OTxe,
MOCTA€ aKTyaJbHUM MHUTAHHS JOCITI/DKEHHS MOZENEH YINpaBlliHHS MIKpOMepeXaMH B paMKax Hal[lOHaJbHOTO
3aKOHOJIaBUOTO TIPOCTOPY.

MeTo10 [OCTIDKEHb € pO3poOKa pOJLOBHX MOJIENIeH YHpaBiiHHA MIKpOMEpeXKaMH B paMKax
3aKOHOJaBCcTBa YKpaiHW. JIist JOCSATHEHHS IIOCTaBJICHOI METH HEOOXiIHO IpoaHaii3yBaTH HalliOHAJIbHE
3aKOHOJIaBCTBO, 30KpeMa, B YAaCTHHI MOAENEeH MIKpOMepeX Ta yNpaBiiHHS HHUMH; BU3HAUYUTH OCOOJIMBOCTI Ta
onTUMI3yBaTH Oi3HEC-MOJIENI YIPABIiHHSA MIKpOMEpe)aMu; PO3POOUTH POIBOBI MOJENI Ui KOXHOI Oi3Hec-
MOJIEITI YTIPaBIiHHI MiKPOMEPEKEIO.

Marepian i pe3yabraTn gociaigxkensb. CborolHi B HAyKOBIi JiTeparypi BUAUISIOTh TpU Oi3HECc-MoJedi
YIpaBJIiHHSA MIKpOMEPEKAMH, a caMe: MOJIeJb MOHOIMOJII omepatopa cuctemu posnoxaiay (Distribution System
Operator Monopoly Model, DSOMM), koucopuiym mpoctomepis (Prosumer Consortium, PC) Ta Moiestb BiIbHOTO
punky (Free Market Model, FMM) [3]. V [4] nochimkeHO MOXIHBICTP BHKOPHUCTaHHSIM Oi3Hec-momeneit
MIKpOMEpeX B KOHTEKCTI HOpMaTHBHO-TIPaBOBOi 0a3n YkpaiHu. 3a pe3ysbTaTaMu JOCITIPKEHb BU3HAYECHO, IO
HaIlloHaJTbHE 3aKOHOaBYe 3a0e3neueHHs PyHKIIIOHYBaHHS MOJIENeH MIKpoMepek MiCTHTh YHCIEHH] IPOTaINHI
Ta KOJIi3il, BTIM, MOe OyTH OCHOBHOIO /IS 32aCTOCYBaHHS Oi3HeC-MoeNel yIpaBiliHHI MikpoMepexxamu. B crarti
JIOCJIIJPKEHO HalliOHAIbHE HOPMAaTHBHO-TIpaBOBe 3a0e3neueHHs (YHKIIOHyBaHHS Oi3Hec-Mopenei ynpaBiiHHS
MikpoMepexamu. Pe3ynbpraTu gociikeHb OizHec-Mozenel ynpaBiliHHS MIKpOMepex aMH, a TAKOXX He0OXiJHICTh
YCYHEHHS KOH(JIKTIB iHTEpeciB IpaBLiB PHHKY OOyMOBIIOIOTH HEOOXiIHICTH PO3POOKM TIapMOHI30BaHHX
POJIBOBHX MOJIENICH YNpaBJIiHHS MIKpOMEpPE)KaMM 3aJ€XHO BiJi HOPMATHUBHO-TIPABOBHMX 3acaj] YTBOPEHHS i
(hyHKIIOHYBaHHS MiKpOMepeXXi Ta 0COOIMBOCTEH YIIPaBIiHHS HEIO.

CyTth ynpaBiiaas MikpoMmepexketo 32 DSOMM mnonsrae y HaaiieHH] oneparopa Mepexi (omeparopa
cuctemu posnoxiny, OCP, Distribution System Operator, DSO) mupoKHMH MOBHOBaKEHHAMH TSI YIPABITiHHS
MiKpoMepexer. 3a3BH4aid, Taki MIKpOMEpEeXi pO3TAalIOBYIOThCA y reorpadidHo BiJaJeHHX pETioHaX, Jie 3
TEXHIKO-€KOHOMIYHHX MIipKyBaHb INPHEAHAHHS IO 3araibHOi MepeXi € HEeBHIIpaBIaHWM. PolbOBY MOzensb
ynpaBmiHHA Mikpomepexero 328 DSOMM naseneno Ha puc. 1. BiamosinHo 10 3anmponoHOBaHOT poOJIbOBOI MOJEN]
BUPOOHMK, CIIOXKHBA4 Ta oneparop ycraHoBkH 30epiranns eneprii OY3E e cropoHamu, 1110 IpueTHAH] 10 MEpexi
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(CIIM), T00TO Oi3MuHnMH ab0 IOPUANYHHUMH OCOOAaMH, SKi HAAUICHI TPaBOM BigmyckaTH abo BimOmpaTh
CJICKTPOCHEPTII0 J10/3 CNEKTPUYHUX Mepexk omeparopa cuctemu (m.1.2.1 Kogekcy komepiiiitHOro o0Iiky
enrextpuuHoi eneprii, KKOEE [5]). KoxHuii y4acHUK pUHKY €JIeKTPUYHOI €HEprii € CTOPOHOI0, BiANOBINAIBHOO
3a 6ananc (CBB), npore, icHy10Th fesiki BUHATKH. Tak, CrioXuBadi, 0 KyMyIOTh €JIEKTPOSHEPTiio 32 JOrOBOPOM
MOCTa4YaHHsI eJIEKTPUYHOT eHeprii y eJIeKTponocTadyaibHIKa, HE HECYTh BiANOBIJAbHICTh 32 BJIACHI HebantaHCH
(m.1.5.1 TIpaBun puHKy [6]), ockinbku BianosigHo 1o 4.2 cr.70 3akoHy Ykpainu “IIpo pHHOK elIeKTpU4HOT
eHeprii” enektpornocrayanbHukn € CBB cBoix cnoxwuBauiB [1]. Kpim Toro, Oynab-siKMHd Y4YacHHK PHHKY
eJIeKTPUYHOI eHepTii MOJKe MepeaTi CBOO BiAIOBINANBHICTE 32 OaJlaHC iHIIIH CTOPOHI 32 YMOBH BXO/XKCHHS HAM
no OarmaHCyBaNbHOI rpynu. BperynroBanHs HeOanaHCIB 3MiHCHIOETECS y B3aemonii CBB Ta omeparopa cucremu
nepexadi (OCII) BimnmoBigHO K0 YKIaAESHOTO Mi>K HUIMHU JIOTOBOPY.
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Pucynox 1 — Posnvosa mooens ynpaeninusa mikpomepesiceio sa DSOMM

Bupo6nuk, cnoxuBad Ta OY3E TakoX MOXYTh BXOJHWTH JI0 arperoBanoi rpymu. [Ipu oMy oaHa
€JIEKTPOYCTaHOBKA, [0 ITPU3HAYCHA /I BUPOOHMIITBA Ta/ab0 CroKuBaHHsI, Ta/abo Y3E Moke BXOIHUTH JIHIIE 10
onHiel OIWHMWIN arperarii, OKpiM eJeKTPOyCTAaHOBOK 3 BCTAaHOBJCHOI NOTYXHicTI0 moHax 20 MBT, sxi
BiznosinHo 10 m.8 ¢1.302 3akony Ykpainu «IIpo pUHOK €TeKTPUYHOI EHEPTii» HE MOKYTh BXOJMTH JI0 CKIay
oIuHHMIE arperarii [1].

Bci ydacHumku puHKy, ski BimmoBimHO 1m0 Komekcy cucremu mepemadi (KCIT) [7] BomomitoTs
reHepyBalbHUMU oquHHIIMU THITB B, C Ta D 3000B’s13aHi OyTH mocTadyalbHAKaMHU MOCTYT 3 OajJaHCyBaHHI.
Arperarop 3000B’s3aHui OyTH nocrtadaibHuKoM mnociyr OamancysanHus (III1B) y pasi ympaBmiHHS HUM
TeHEePYBaJIBHUMU OJIUHHIISIMHY, 110 MAFOTh B CKJIAJ1 OJMHUII BiIIyCKY i3 CYMapHOO MOTYXHICTIO oHax 1 MBT.
Cnoxwusaui, OY3E T1a arperaropu, siki He 3/1iHCHIOIOTh YIIPaBIIiHHS OJJUHHUIIIMH BiANycKy, MOxyTh cTati 1115 Ha
nobOpoBinbHUX 3acanax (1m.m.4.2.4-4.2.5 IlpaBun punky [6]). banancyBanpamii puaok (bP) enektpudnoi eneprii

ISSN 2308-7382 (Online) 119



ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexmnonozii, ekonozis. 2025. N 1

kepoBanuit OCII. 3 meToro y4acti Ha BP ygacuuk punky nmogae 3assy OCII npo Hamipy nipueTHAHHS 10 HBOTO Ta
BHOcHThCS 10 peectpy [1I1b. Oneparop punky (OP) nanae OCII punkoBy iHdopmarito o0 pe3ynbTariB TOPTiB
Ha pUHKY «Ha 100y Hanepen» (PIH) ta BHyTpimHb0q000BOMY puHKY (BP).

Sk 1 nva BP, yyacts Ha punky nonomikHux nociayr (PIIT) moxe OyTtu sik mOOpOBULIBHOIO, Tak i
000B’s13k0BOI0. BrnacHuku renepyBainbHUX oquHUNb THIy C Ta D, mo Oynu BBeAEHI B eKCIUTyaTallilo Mics
npuitasaTTs KCII, a Takox Ti, 1110 TpOHIUIM MOJEpHi3alilo Ta/abo peKOHCTPYKIIiI0, 3000B’s13aHi MaTH TEXHIYHY
CIPOMOXHICTh HaJ[aHHS JOINOMDKHMX TOCIYr 3 pe3epBy miarpumku 4actotu (PITY), pesepBy BinHOBIICHHS
gactotn (PBY) ta pesepBy 3amimienss (P3). Arperaropu, cymapHa BCTaHOBJICHA MOTYXKHICTH SKHX CKIIAJae
20 MBr i 6inbie, Takox 3000B’43aHi CTaTH MOCTadanbHUKOM HonoMikauX mociyt (ITAIT) Ta mpomonyBaTH cBoi
nocyru 3 PITY, PBY Tta P3 na aykuioni. disueHicTh cnoxuBadiB Ta OY3E na P/III € nobposinpHOIO (11.11.3.1.5-
3.1.6 IpaBun punky [6]). PAIL, sk i BP kepyerscst OCII. 3 mieto metoto OCII 3abe3nedye (yHKIIOHYBaHHS
€JIEKTPOHHOI TIATPOPMH, /1€ TIPOBOIATHCS ayKLIOHN 3 IPUBOLY KYHiBIII/TIpoaaxy gonoMixaux mocuyr (II1).

CroxkuBadi Ta OY3E MOXyTh 3aKyTIOBYBaTH €JNEKTPUYHY SHEPTil0 depe3 eIeKTPOIIOCTAa4aIbHUKIB SK B
MIKpOMEpeXi, TaK i B 3araibHiil Mepexi. i1 3aiicCHeHHs 1MX Ail CrOXXHMBadi MarOTh OyTH BUIBHHUMH y BHOOpi
eJIEKTPOIIOCTaYabHUKIB. KpiM Toro, ajis croxuBadiB, SKUMH MOXyTh Oyt i OVY3E, icHye MOXIHBICTH
caMocTiiiHo abo yepe3 adinboBaHy IOPUAMYHY OCOOY CTaBaTH €JIEKTPOIIOCTadYaIbHUKAMHU CaMHM Ul ceoe,
OTPUMABIIH BiJIOBIAHY JIIEH3II0 JIJIsI MPOBA/PKECHHs Takol aisuibHOCTI. IIpoTe, BapTo BpaxyBaTH, IO y pasi
3aKyMiBJI eNeKTPUYHOT eHeprii y Tpeiinepa MiKpoMepexki y Meplly 4epry BapTo 3a0e3HeYUTH eJIEKTPOSHEPTIiEr0
CIOXKMBaUiB MIKPOMEPEXKi, 8 HaIMIIKK MOXHA peaji3yBaTH B 3arajibHil MEpexi.

Bupobuuku Ta OY3E MOXyTh mpopaBaTH BHPOOJCHY / HAKOIMYCHY ENEKTPUUYHY EHEprilo sK 0
MIKpOMEpeXi, Tak i 10 3araxbHOI Mepexi depe3 TperaepiB. Bigmosigao 1o 11.92 4.1 ct.1 3akony Ykpaiau «IIpo
PHHOK eJNEKTPUYHOI eHepril» Tpelaepchka HisUIBHICTH XapaKTEepU3YeThCs 3aKyIIBICIO ENEKTPHUYHOI eHepril
BUKJIIOYHO 3 METOIO ii mepenponaxy (OKpiM MPOAaxy eIeKTPOCHEPTii 3a TOrOBOPOM NOCTaYaHHS EINEeKTPUIHOI
eHeprii cnoxwuBady) [1]. BapTo 3a3HauuTH, MmO MikpoMmepeka (QYHKIIOHYE, 30KpeMa, 3 METOI 3a0e3MeUeHHS
NPUEJHAHUX J10 Hel CII0KUBAYiB €IEKTPUYHOIO SHEPTi€lo B pasi Bii’€JHAHHS MIKPOMEPEXi Bijl 3aralbHOi Mepexi
(octpogizariii). Came ToMy BOa4a€eThCst AOIILHIM O POJIi Tpelaepa Ha «Tpeiimep MiKpoMepeKi» Ta «Tpeiaep
Mmepexiy. Tpeitnep MikpoMepexi Moxke 3aKyIOBYBaTH €JICKTPUYHY SHEPTi0 Y BAPOOHUKIB SK B MIKPOMEPEKi, TaK
i B 3arampHiii Mepexi. [Ipore, mneprioueproBMM HOro 3aBIaHHSAM € NPOJAXK EIEKTPUYHOI eHeprii
EJIEKTPOIIOCTaYaIbHUKAM, sIKi 3a0€3MeUyI0Th TOMUT CII0KUBAUiB, IPHEAHAHUX 10 MIKPOMEpEXi, i TOMY BiH Ma€e
NPIOPUTET MiJ Yac 3aKyMiBJi eJEKTPUYHOI eHeprii y BUPOOHMKIB MikpoMmepexi. Tpeiinep Mepexi BUIbHUH Y
3aKYIIBIl €NeKTPUIHOI eHeprii y BHPOOHHUKIB MiKpOMEpeXi MU 3aralbHOIO PHUHKY ab0 X IMEeperpomaxy B
MIKpOMEpeXi eIeKTPIUIHOI eHeprii, 3aKyIIICHOT Y BUPOOHHUKIB 3arajbHOT MEPEKi.

Mopnens ympasninas Mikpomepesxkamu PCs (puc.2) mepembadae CTBOPEHHS FOPUAWIHOTO 00’ €THAHHS
CIIOXXWBAYiB, BHPOOHHKIB i oreparopiB ycTaHOBOK 30epiranHs cHeprii (OY3E) Ta mepemauy ympaBiiHHS
MikpoMepexer arperatopy. Ha Binminy Bix DSOMM, ne OCP mae 3HauHMii piBeHs MOHOTMONII, y PC Baromy
POJb BIIITPArOTh caMe BUPOOHHKH, CIIOKHBadi (30KpeMa, akTuBHI kopuctysaui) Ta OY3E.

Arperatop 3mICHIOE isJIbHICTh, sSKa MOJsira€ B 00 €IHAHHI OAMHUIL arperaiii (TeHepyBaHHSI,
HABAaHTAKCHHS Ta/ab0 HakomuyeHHs / 30epiranHs) 3 METOW 3aKyMiBii / MPOJaKy eIeKTPHYHOI EeHeprii,
II0CTaYaHHs OCyT 6ajgaHCyBaHHA Ta/ab0 JONOMIKHUX IOcyT. Bignosiguo 1o 1.2 ¢1.302 3akony Ykpainu “IIpo
PHHOK €JISKTPUYHOT eHeprii” arperarop MoXKe arperyBaTu oAHy a0o jaekinbka oguHuLb arperatii [1]. AkTuBHI
CHOXHBAYl 3A€OUIBIIOr0 MEePECHiAyIOTh JBI TOJOBHI METH: MaKCHMi3alis MOPUOYTKY NUISXOM MPOJAXKy
CJICKTPUYHOI eHeprii, BUpOOJIEHOT BIACHUMH I'€HEpyBAaJIbHUMH YCTaHOBKaMH, a00 K caM03a0e3NeueHHs CBOIiX
notped. BupoOnuku Ta OY3E MOXyTh MaTH TakoX JBa BapiaHTH: a0 HajaBaTH IPaBO PO3MOPSIKATHCS
BUPOOJICHOIO / HAKOIIMYEHOI0 EJICKTPUYHOK EHEPri€lo arperatopy i Bxke BiH Oylne Ha BiIacHWi poscyx ii
npoaaBaTH Ta/abo noctadatu [16 ta/ado JI1. IHmmit BapiaHT Hojsrae B ToMy, o BupoOHUKH Ta OY3E MOXYTH
CaMOCTIHHO MpOJAaBaTH BIACHY BUPOOJCHY / HAKONMYCHY EIECKTPOCHEPTil0 B ONTOBOMY PHHKY €NEKTpOeHepril
(OPE) ta/abo moctrayatu nociyru Ha bP Ta/abo na P/II1.

Buxonsun 3 mporo mpomoOHYEThCS B MEXax YHPaBIiHHA MiKpoMmepexero 3a monxemto PC cTBoproBaTtH
moHalMeHIe aBi arperoBani rpymu (puc. 2). Ilepma arperoBaHa Tpyla OPIEHTYEThCS Ha MaKCHMI3aIliio
npuOyTKy, a 0T)Ke BUpOOHHKH, criokuBadi Ta OY3E minkoM moxiIagaroThes Ha arperaTtopa Ta mepenalTh HoMy
MIPABO PO3MOPSIKATHCS EICKTPUIHOIO SHEPTi€r0, M0 BUPOOIISETHCS Ta/ab0 30epiracTbesi ydyaCHUKaMH, 3 METOIO
ojiep kaHHA pUOYTKy. [pyra arperoBana rpyma Opi€HTye€ThCsS Ha MaKCUMaJIbHE 3a0e3MeUeHHS CBOiX MOTpeO (AJ1s
CTIOKMBaYiB), a BiqHOCHO BUpOOHUKIB un OY3E — Ha BUKOHAHHS TOMEPETHBO 0OYMOBIEHUX 3000B’s13aHb 11010
npojaxy enekTpuuHoi eHeprii unm mocradaHHs I1b Ta/abo [II1, a Ha[UIMIIKaMK eNEKTPUYHOT eHEepTii MOXKYTh
PO3IOPSDKATHCS Ha BIIACHUH po3cy1. BifmoBiiHo, BUXOAS4M 3 LJIEH YYaCHHUKIB B KOHKPETHHI 11€pioJ] 4acy BOHH
MOXYTb BXOJIMTH Ta BUXOJUTH 3 TIEBHOI arperoBaHol IPyIH, AEJIEryI0UH NPaBo HA PO3NOPSPKAHHS €JIEKTPUIHOIO
eHeprieto, mo Oyna BHpoOJeHa BIIACHUMH T'e€HEpYBaJbHUMH yCTaHOBKaMM Ta/abo 30epexena B Y3E abo x
POBIOPSDKATHCS HEIO CAMOCTIHHO.

PesynbraTi noOCHiKeHHS OCOOMMBOCTEH HAIiOHANBbHOI 3aKOHOAABYOI 0a3M CTOCOBHO EHEPreTHYHHX
KOOTIEpaTHBIB, a caMe: MOXKJIMBICTh IXHBOTO YTBOPEHHS BiIMOBiAHO M0 3akoHy Ykpainu “IIpo xoomepariiro” [8]
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(BUKITIOUHO HETpHOYTKOBI KooTmepartuBu) Ta 3akoHy Ykpainu “IIpo croxkusdy koomeparito” [9] (MoximuBuit
BapiaHT OTPUMaHHS NPHOYTKY), OOYMOBIIOIOTH HEOOXiIHICTH PO3pPOOKM IIBOX PI3HHX DOJILOBUX MOJEINCH
YIpaBIiHHS iXHIMH MiKpoMepexamH. Y BHINQJKy HPUOYTKOBOTO EHEPreTUYHOro KOOIEPaTHBY IOLIIHHOO
6aunthes Mozenb PC. 1o % crocyeThest HETPUOYTKOBOTO KOOTIEPATHBY, TO JOLUIBHO MepeadadylTH MOKINBICTD
3aKymiBil eJleKTpu4yHoi eHeprii i crnoxxuBada Ta OY3E y enekrpomocravalpHMKa i3 3arajibHOI Mepexi
(Hanpukiaa, Koyiu oOcCsr reHepalii B Mexax MIKpoMepexi € HemocTaTHIM). Takoxk BapTo mependauyuTH pojb
Tpeiinepa, mo 103BoauTh BUpoOHukam Ta OY3E mikpoMepexi mpopaBaTh eNeKTPUYHY €HEpriro 10 3arajbHoi
Mepexi (puc. 3).
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PucyHok 2 — Ponvoga modens ynpaeninus mikpomepeoicero PC / npubymrosozo enepeemuyno2o Koonepamusy

HasBHicTh poneii enekTpornocTadyanbHUKa 1 Tpeiepa BcepeHi MIKpOMEPEKi € HeIOLIBHOIO Yepes Te,
IO CHOXXMBadi MOXXYTh HAamNpsiMy OOMIHIOBATHCH €JEKTPHYHOIO EHEPTi€l0 3 METOI JOCSATHEHHs IJIeH
KoonepatuBy. BpaxoByroun Te, 110 HENPHOYTKOBHI €HEPreTHYHMI KOOIEpaTHB HE Ma€ Ha METi OTpUMaHHS
npuOyTKy, TO MOXHA CTBEpPIXKYBaTH, L0 TOJIOBHOIO METOK) TaKOro €HEPreTHYHOTo KOOIepaTuBy € HajiliHe
3a0e3neueHHs CIIOKUBAUiB €IEKTPUYHOIO SHEPTI€I0, IKY BUPOOJICHO BIACHUMHU I'eHEPYBAJILHUMHU Y CTaHOBKAMH.

Bimnosiguo 10 u.7-9 cr.58! 3akony Ykpainu “Ilpo punok enextpuuHoi eneprii” [1] akTusHi crioxuBaui
30KpeMa, EHEpreTUYHI KOOIEepaTMBH MAloTh IMPAaBO MNPUEIHYBATH N0 BJIACHUX MIKPOMEpEX TeHepyBalbHi
ycraHoBku Ta Y3E, mo Hamexatb TpeTiM ocobaM 3 METOI0 MOAAIBIIOr0 BHKYITy BCHOTO BHPOOIEHOTO HUMHU
obcsary emekTpuyHoi eHeprii. IIpm 1bOMy mpomaxk eNeKTPUYHOI eHeprii, Mo BHPOOJIeHa TeHEepYyBaJIbHUMU
yCTaHOBKaMH TpeTix ocib Ta/abo Bimmymena 3 Y3E 3a yMoBHM NpHeaHAHHS 1X IO MEPEX aKTUBHOTO CIIOKMBaya He
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BBaXA€THCS IOCTAYAHHAM E€JIEKTPUIHOI eHeprii B po3yMiHHi 3akoHy Ykpainu “TIpo puHOK enexTpudHoi eHeprii”
[1], a omxe He mOTpeOy€e OTpUMAHHS JIiIIEH311 32 YMOBH HE MEPEBUILICHHS BCTAHOBJICHOT MOTY>KHOCTI PHEAHAHUX
JI0 MIKpOMEpEKi aKTHBHOI'O CIIOXKMBada T'eHEpyBaJbHUX ycTaHOBOK 5 MBt. Hapnmumku, sxi He Oyio
BUKOPDHCTaHO  aKTUBHUM  CIIO)KMBaueM, MPOJAIOTHCS Ha PHHKY €JIEKTPUYHOI €Heprii 3a MexaHi3MOM
camoBupoOHuITBa. [1[0 cTOCY€ETHCS €BPOMEHCHKOrO 3aKOHOAABCTBA, TO ¥ .43 [upektuBu 2019/944 BBOAUTHCS
Take TMOHATTSA SIK “CHiJbHE BUKOPUCTAaHHS enekTpuuHol eHeprii” (“Community energy offers an inclusive option
for all consumers to have a direct stake in producing, consuming or sharing energy”) [10]. Ilig crmixeHEM
BUKOPUCTAHHSIM EJIEKTPHYHOI €Heprii, po3yMi€Tbcs OOMIH eIEeKTPOSHEPTi€l0, 0 BUPOOJICHa TeHEPYBATbHUMHI
YCTaHOBKaMH B MEXaX €HepPreTHIHOI criabHOTH. KpiM Toro, .46 Qupextusu 2019/944 no3Boisie 0OMiHIOBATHCh
eJIEKTPOSHEPTI€I0 HEe 3HAXOIIYNCH B Oe3nocepeaHii (i3udaHii OMM3BKOCTI 10 TeHepYBaJIbHOI YCTAaHOBKH [6], aje
BapTO 3a3HAYMTH, IO y TAKOMY BHIIAJIKy EHEPTETHIHY CIUIBHOTY HE MOKHA BBayKaTH MIKPOMEPEKEIO.

Mopenb BimbHOTO puHKY FMM (puc. 4) xapakTepu3yeThCsl MaKCHMMaJIbHOI CBOOOIOIO BIIACHWKIB
TeHePYBAIbHUX OIMHHIF B CBOiX Hisix. Mikpomepexi 3a FMM kepyloThCS BHUXOASYM 3 PI3HUX MOTHBIB
(eKOHOMIYHMX, TEXHIYHMX, €KOJIOTIYHHMX TolIO) 3aiHTepecoBaHHX cTopiH (OCP, cnoxwuBadiB, arperaTopsis) i
3aIUIaHOBaHI PEXHMMHU (YHKIIOHYBaHHS MIKPOMEPEKi Y3rOKYIOThCS KOHCEHCYCOM 3aJy4eHUX YYaCHHKIB
000080 B peanbHOMY uaci [11].
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Pucynox 3 — Ponbosa modens ynpasnints Mikpomepesiceio Henpubymko8020 eHepeemuiHo2o KOONepamusy

3a Takoro mifXoay BiAacHE OIepaliiHe YNPaBIiHHSA pPEeKHUMaMH 3 YpaxyBaHHSIM pe3yJbTaTiB
MepeMOBHH, MO OyiaM JOCATHYTI MIDK TpaBISIMH, PEaTi3y€TbCs B ABTOMATHYHOMY PEXHMI HEHTPAILHUM
kouTpostepom Mmikpomepexi (Microgrid Central Controller, MGCC), sikuii 0HOYACHO BiAmNoOBizae 3a GanamHc B
MIKpOMEpeXi, 3IIMCHIOE KOHTPOJb IMIIOPTY Ta EKCIIOPTY ENeKTPUYHOi eHeprii, 3abesmedye ympaBiiHHI
(hyHKIIOHYBaHHIM MiKpOMEpEXi, a TAaKOK MOHITOPHHT PiBHS BHKH[IB. TakuM YMHOM, TIOTEHLiHI OeHediTn 3a
pesynbTratamMu (DYHKIIOHYBaHHS MiKpoMmepexi Oyle po3MOMAiIeHO MiXK yciMa 3aIy4eHHMMH YYacHHKaMHU Ha
y3rompkeHnx ymonax [12; 13].
Moxna cka3ath, o FMM sBinse coboto nibepanizoBaHy MOJENb PUHKY €EKTPUYHOI eHeprii y “Mikpo”
Macmrabi. OCP € eauHuM 1 BiIOKpEMJICHHUM B IHIIMX POJEH Ta HE MOXE 3MIHCHIOBATU MiSUIBHICTL 3
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BUPOOHHUIITBA, 30epiraHHs Ta moctadaHHs enekrpudHoi eneprii. Tak, OCP He Moke 310BXHUBaTH 1 3000B’A3yBaTH,
HaIpyKJa], CI0XKMBavyiB BUKOPUCTOBYBATH HasiBHI JDKEpesa reHepalii B Mexax MIKpoMepexi JUIsl 33 0BOJICHHS
BJIaCHHUX MOTped (3 METOI0 YHMKHEHHS BIUIMBY Ha PEKHMH PO3MOAUIHHOI MEPEeXi), KOJNU I[IHA Ha 3arajJbHOMY
PUHKY €JNEKTPUYHOI eHeprii € BUTIAHIMMMHU JJI8 CHOXKMBadiB. 3 iHIIOr0 OOKY, YIpaBIiHHSI MIKPOMEPEKEIO
BUKJIIOYHO CIIO’KMBAa4YaMy, sIKi 3a3BHYail MparHyTh MEpeayciM 10 eKOHOMii BUTpAT Ha €JIEKTPOCHEPrilo, MOXKe
CIPUYMHUTH HETATHBHUM BIUIMB Ha PEXUMH po3noiisHol Mepexi. Omke, FMM no3Boisie BpaxyBaTu iHTEepecu
BCIX 3aJI[y4eHUX CTOPIH y MaKCHMaJbHO NMPO30pHH cIociO, ajie € BKpai CKJIQJHOI0 AJs peanizaiii MOJeuIo
YHOPaBITiHHSA MIKPOMEPEKEIO.
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Pucynox 4 — Ponvoga modens ynpagninus mikpomepediceio 3a FMM

BucHoBku. Po3po0iieHi posiboBi MOJIEN YIIPaBIiHHS MiKpOMEpPEXKaMH y3TOJDKEHI 13 3arajbHONPUHHSTO0
MO/ICIUTI0 MIKpOMEpEXi KOHCOPIiyMYy MPOCIOMEPIB i BPaxOBYIOTh OCOOJIMBOCTI HALlIOHAILHOTO 3aKOHO/aBCTBA
I10J10 MIKPOMEPEk MPUOYTKOBUX Ta HEMPHOYTKOBUX €HEPreTUUHHUX KOonepaTusiB. IIpoTe BapTo 3a3HAYUTH, 1110
HasiBHI YMCJIEHHI HEBU3HAYCHOCTI 1 MPOTAIMHUA CTOCOBHO €HEPreTHUYHUX KOOIIEPATUBIB, YTBOPEHHS 1 AisIbHICTD
SKAX ChOTOJHI PETYJIOEThCS Ha OCHOBI 3acrapinoi 3akoHOIaBuoi 0a3u, L0 CTOCYEThCS PI3HUX THIIB
KOOIEPATUBIB: BUPOOHUYMX, 0OCITYrOBYBaIbHUX, CIIOXKHUBYHKX. TO 3K MPOIYKTHBHE 3aCTOCYBAHHS MIKPOMEPEX B
VYkpaiHi BUMarae nepeayciM BIOCKOHAJICHHs HAIiOHAIbHOTO HOPMAaTHBHO-TIPABOBOrO 3a0e3NEeUYEHHS MPOLECiB
iXHBOTO YTBOPEHHS 1 3acTOCYBaHHs. PO3B’s3aHHs 3a3Ha4eHOT POOIEMH J03BOJIHUTH 301IBIIUTH MPOIYKTHBHICTD
MIKpOMEpEXK Ta CyTTEBO IMOCHIUTH IXHIO KEpPOBaHICTh, IO CHPHATUME IiJBHIICHHIO CTiMKOCTI 00’€1HaHOI
€JIEKTPOEHEPreTUYHOI CUCTEMHU YKpPaiHHU.
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MICROGRID MANAGEMENT ROLE MODELS

Decentralization processes are accompanied by the transformation of traditional distribution networks into
the active distribution systems, into which balanced microgrids are integrated, containing microgeneration units
mainly based on alternative and renewable energy sources, loads and energy storage units. Management of active
distribution systems requires fundamentally new conceptual approaches, which should take into account, in
particular, the basic principles of microgrid formation and business models for their management. The paper
examines business models and describes the developed role models for microgrid management according to
DSOMM, PC, FMM, and also identifies the features of the national regulatory and legal support for the processes
of formation and functioning of energy cooperatives, which determined the expediency of developing separate role
models for microgrid management of profitable and non-profit energy cooperatives. References 13. Figures 4.

Keywords: active consumer, CDS, CEC, DSOMM, energy cooperative, FMM, MCP, microgrid, microgrid
model, microgrid management model, PC, prosumer, role model.
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IMPROVING THE COMPETITIVE STRUCTURE OF THE DISTRICT
HEATING MARKET THROUGH ENERGY STORAGE DEVICES

This research article explores the modernization of structural frameworks in district heating systems
(DHSs) operating under competitive market conditions by integrating energy storage devices (ESD). Recognizing
the necessity to enhance operational flexibility and reliability, particularly with the increasing share of intermittent
renewable energy sources like wind and solar, the study investigates the role of ESD in optimizing DHS
functionalities. The primary objectives include conducting a literature review to identify effective technologies for
DHS integration and proposing an upgraded structural interaction scheme tailored to competitive environments.
The literature review highlights the potential of various thermal energy storage (TES) solutions, each contributing
to enhanced energy management despite inherent economic and technical challenges. The proposed
modernization of structural schemes redefines the roles of multiple actors in the DHS, including energy producers,
transportation networks, and consumers, alongside operations management. By facilitating demand response and
adapting pricing structures, the competitive DHS environment aims to reduce reliance on fossil fuels and enhance
the viability and resilience of energy networks. In conclusion, this research underscores the transformative impact
of integrating ESD into DHSs, promoting sustainable urban energy infrastructures that align with global
sustainability objectives. Continued innovation, coupled with strategic policy support, is essential to overcome
existing barriers and fully exploit the potential of ESD in modernizing district heating frameworks for resilient
and economically viable energy solutions.

Keywords: district heating, DH market, energy storage, renewable energy sources, grid stability.

Introduction

The ongoing evolution of energy systems worldwide is driven by the imperative to enhance efficiency,
minimize environmental impacts, and integrate a greater proportion of renewable energy sources into existing
infrastructures. This transformation is particularly relevant to district heating systems (DHSs), which are crucial
components of urban energy distribution networks. DHSs stand poised for significant modernization reforms,
especially under competitive market conditions where the integration of energy storage devices (ESD) emerges as
a critical enabler [1]. The drive for such modernization stems from an urgent need to address the challenges posed
by the growing share of intermittent renewable energy sources (RES) like wind and solar power [2, 3]. Fig. 1
illustrates the trend in the increasing share of renewable energy sources in the European Union [4].

2013 2014 2015 2016 201Z(eg(r)18 2019 2020 2021 2022
Figure 1 - Share of energy from renewable sources (European Union - 27 countries)

The integration of ESD into DHSs facilitates greater operational flexibility and reliability by enabling these
systems to store surplus energy generated during peak periods of renewable energy production for use during
demand peaks or low production phases. This capability addresses the inherent variability and intermittency
associated with renewable energy, thus ensuring a stable and reliable energy supply [5, 6]. As urban centers
transition towards a more sustainable energy landscape, exemplified by initiatives striving for 100% renewable
energy, the strategic role of DHSs equipped with advanced energy storage cannot be overstated [7]. Structured
approach of understanding the use of energy storage within a DHSs presented in Fig. 2.

Furthermore, the modernization of DHSs through energy storage solutions aligns with the global emphasis
on sustainability as outlined in international accords like the Paris Climate Agreement. By reducing reliance on
fossil fuels and enhancing energy efficiency, DHSs contribute not only to reduced greenhouse gas emissions but
also to more resilient and economically viable energy networks [8]. This broader transition is supported by
comprehensive research efforts focusing on the development of innovative techno-economic models designed to
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integrate energy storage technologies effectively into DHS frameworks, thus optimizing their interaction with
various entities within the microgrid system under competitive settings [9].

The drive towards integrating ESD within DHSs is further motivated by the need to enhance energy security
and economic efficiency across European electricity markets, particularly in balancing services sectors where
DHSs can serve as pivotal contributors [10, 11]. Technologies such as combined heat and power (CHP) systems
and power-to-heat (P2H) systems can extend the role of DHSs beyond traditional heat delivery, enabling them to
provide valuable balancing services that maintain grid stability amid increased RES penetration. However,
achieving these objectives requires strategic advancements in energy storage technologies and structural
modernizations that address the unique needs of competitive DHS environments [12, 13].

Energy storage in DHSs

i

&~ -~ A »

Load Peak Supply Energy
balancing shaving optimization flexibility

Figure 2 - Structured approach of understanding the use of energy storage within a DHSs

Research [10] highlights that regions with advanced district heating infrastructure hold significant untapped
potential for integrating ESD to facilitate energy balancing services, although this prospect is often underestimated
due to data limitations and country-specific implementations. Overcoming such challenges requires not just
technological innovation but also comprehensive reviews and adaptations of energy service frameworks, ensuring
these systems cater to the diverse and evolving requirements of modern energy markets [9, 13].

The modernization of structural schemes in DHSs through the incorporation of ESD is a pivotal aspect of
current research focused on transforming urban energy systems to meet the demands of a sustainable future. This
integration promises not only to enhance operational efficiency and reduce emissions but also to redefine service
delivery frameworks in competitive environments, aligning local urban systems with broader global efforts
towards renewable and resilient energy infrastructures. This research aims to significantly contribute to the
development of modern DHS structures, leveraging storage technologies to foster innovative solutions for
sustainable urban energy management [8, 13].

The purpose of this research is to improve the competitive structure of the district heating market through
energy storage devices. To achieve this goal, the following tasks must be completed:

1. Conduct a literature review on the application of ESDs to identify the most effective technologies for
integration into DHSs.

2. Propose upgraded structural scheme of interaction among entities in the competitive DHS using energy
storage.

1.0Overview of promising energy storage technologies in DHSs. Modern DHSs face the dual challenges
of increasing efficiency and reducing environmental impact. As the energy landscape shifts towards sustainability,
integration of ESDs has emerged as a pivotal strategy in enhancing the flexibility, reliability, and efficiency of
DHSs. This literature review encapsulates various studies focusing on the application and integration of advanced
energy storage solutions in DHSs to address these challenges.

One of the primary focuses in the field is on improving energy storage methodologies, particularly through
various forms of thermal energy storage (TES) systems. Borehole thermal energy storage (BTES) is recognized
for its potential to integrate with fifth-generation district heating and cooling systems, offering cost-effective and
environmentally friendly solutions that help in balancing the time gap between energy supply and demand [14].
Underground Thermal Energy Storage (UTES), which includes aquifer, borehole, reservoir, and ground heat
exchangers, is emphasized for its capacity to optimize load sharing and enhance system flexibility, contributing
significantly to the decarbonization of heating and cooling processes [15]. Similarly, large-scale thermal ESDs,
such as pit and tank TES, are crucial in capitalizing on renewable energy potential while reducing curtailment [16].
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The coupling of biomass-fueled Combined Heat and Power (BCHP) systems with DHSs, augmented by
thermal energy storage, represents an optimization pathway for energy systems, promising enhanced reliability
and reduced environmental footprint, specifically under competitive market conditions [17]. The integration of
power-to-heat technologies, including electric boilers combined with TES, facilitates enhanced flexibility in CHP
plants, reducing reliance on fossil fuels while supporting smoother load balancing within 4th generation district
heating frameworks [18, 19]. Furthermore, the implementation of photovoltaic thermal (PVT) systems along with
TES infrastructures presents a promising advancement in urban heating solutions, underscoring both current
applicability and future prospect potentials as discussed by recent reviews [16, 20].

Decentralized storage solutions, particularly innovative control strategies for domestic hot water (DHW)
needs demonstrate energy savings and reduced thermal losses, marking significant advancements in distributed
storage technologies [21, 22]. In parallel, short-term TES solutions help district heating networks provide
flexibility and ancillary services to the electricity grids, thereby harnessing potential benefits in fluctuating energy
markets in regions like Europe and China [23]. The integration of building-induced demand response strategies
alongside centralized TES further indicates avenues for optimization, economizing on peak loads and heating
generation costs [24].

A techno-economic evaluation of hybrid TES geometries has shown promising results in optimizing cost
and performance, offering guidelines on the economic viability of large-scale TES applications in DHSs [25]. The
integration of thermal storage with building-scale photovoltaics and ground source heat pumps further affirms the
importance of storage in optimizing energy management and cost-efficiency under market-based conditions [26].
Moreover, the combination of TES with strategic demand-side management approaches helps address
uncertainties, reducing operational costs and emissions, thus enhancing system performance under market
constraints [27].

Recent reviews and analyses underline the importance of strategic TES integration with HVAC systems,
comparing various configurations and emphasizing the management of thermal distribution networks to maximize
system efficiency and renewable integration [28, 29]. The deployment of water tank TES, specifically for prosumer
economic performance, further illustrates significant cost savings and operational optimization potential, thereby
underlining the competitive edge TES can provide within DHSs [30].

Based on the reviewed literature, the most promising energy storage technologies for DHSs were classified
and their features, pros and cons were defined and presented in Table 1.

Table 1. Promising ESD technologies for competitive DHSs.
Features Pros Cons

Utilizes the ground's Environmentally friendly, High initial setup costs and

ESD type
Borehole thermal

energy storage
(BTES)

subsurface for storing thermal
energy via deep boreholes

long-term storage capabilities,
and reduces greenhouse gas
emissions.

site-specific dependency on
geological conditions

Pit thermal energy
storage (PTES)

Utilizes insulated, large-scale
pits to store heat, often as
water or gravel-water
mixtures

Economically viable on a
large scale and efficient for
seasonal storage

Large land use footprint and
high initial construction costs

Aquifer thermal
energy storage
(ATES)

Stores and retrieves heat from
groundwater in aquifers

Large capacity potential and
minimal surface disruption

Site-specific limiting factors
due to geological
requirements and potential
environmental impacts

Sensible heat storage
(SHS)

Stores thermal energy by
changing the temperature of a
liquid or solid media,
commonly water or rocks

Cost-effective and reliable
with ease of use

Requires significant space for
large storage volumes

Phase change
materials (PCM)
storage

Uses materials that absorb or
release heat during phase
transitions, such as melting or
solidification

High energy density and
reduced storage volume

Higher costs and technical
complexity during installation

Battery energy
(BES)

Stores electrical energy by
creating a potential difference
between lithium ions

High energy density, fast
response times, long cycle
life, and scalability

Costly and power limited
compared to thermal
solutions

Chemical energy
storage (CES)

Involves storing energy
through reversible chemical
reactions

High energy density and long-
term storage without energy
losses

Low technology maturity and
high operational costs

Overall, the integration of ESDs in district heating frameworks not only addresses immediate operational
efficiencies but also lays a foundation for future advancements in sustainable urban energy networks. The
consistent theme across the literature echoes the critical role that TES technologies play in enhancing the
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adaptability and eco-friendliness of modern DHSs while navigating complex market and competitive
environments. This body of work serves as a reference point for ongoing research and development aimed at fine-
tuning these storage integrations to meet future energy demands efficiently and sustainably.

2.Modernization of structural scheme of interaction among entities in a competitive DH market
based on ESDs. The need for modernization of the structural scheme of competitive DHS presented in [31, 32]
arises from several factors. The integration of renewable energy is increasingly essential in today’s DHS, as
sustainability goals call for cleaner energy sources. Advanced demand response capabilities and energy storage
are increasingly necessary to efficiently handle fluctuating demand, especially with the rise of intermittent RES.
Enhancing these features in the previous scheme would improve energy efficiency and system stability, supporting
a more dynamic balance between supply and demand. Decentralized management aligns well with the growing
complexity of modern energy networks. Such a structure allows the system to distribute responsibilities across
multiple operators, making it easier to respond to changes in demand and balance loads efficiently. This approach
also supports a consumer-centric model by giving end-users more influence over their energy consumption and
costs. Modernizing the DHS to focus on consumer engagement and adaptable pricing could encourage energy-
saving behavior and boost satisfaction.

The proposed basic scheme in Fig. 3 illustrates a competitive DHS in which multiple actors are involved
in producing, transporting, consuming, and managing energy. The system is divided into four main groups: the
energy production group, the energy transportation group, the energy consumption group, and the DHS operations
group.

The energy production group consists of several entities that generate thermal and electric energy. The CHP
producer plays a dual role by supplying both electric and thermal energy. Electricity produced by the CHP is
directed to the electricity market, facilitating the balancing of electric supply and demand. Independent energy
producers, including RES and other independent thermal energy producers, contribute thermal energy to the
system, which is essential in a competitive environment. A major player in this group is the main thermal energy
producer, who supplies significant amounts of thermal energy to the network.

The energy transportation group is primarily managed by the thermal energy network organization, which
serves as the central entity for distributing thermal energy across the network. This organization receives thermal
energy from various producers, including both independent and main thermal energy producers. It ensures efficient
distribution to meet consumer demand and works in close collaboration with energy storage to balance supply and
demand fluctuations. Energy storage plays a critical role by absorbing excess energy during low-demand periods
and releasing it when demand peaks, thereby stabilizing the network and optimizing resource utilization.

Consumers are represented in the energy consumption group, where buildings or other end-users receive
thermal energy through the thermal network. Consumers rely on this energy for heating and other applications,
making them the final link in the energy flow chain. Cash flows from consumers to the DHS operations group,
highlighting the financial transactions necessary to sustain the energy supply chain.

The DHS operations group encompasses several crucial roles that ensure the stability and efficiency of the
system. The system operator is responsible for maintaining overall network stability, overseeing the smooth
operation of the energy flows and balancing them as needed. The energy storage operator manages the energy
storage facilities, collaborating closely with the thermal energy network to help balance demand and supply. This
group also includes the market operator, who oversees the trading of thermal energy, creating a competitive
environment that benefits both producers and consumers. Finally, the demand response coordinator is tasked with
managing demand response mechanisms, encouraging consumers to adjust their energy consumption patterns
based on system conditions. This helps alleviate demand peaks and prevents potential strain on the system.

Thermal energy flows from various producers to the thermal network organization, which distributes it to
consumers, representing the core functionality of the DHS. In parallel, the CHP supplies electric energy to the
electricity market, adding value and efficiency to the system. Cash flows indicate the financial interactions between
consumers and the DHS operations, while system control and management flows reflect the communication and
coordination among different operators and the network organization. These management flows are essential for
ensuring that the system operates in a synchronized manner.

In competitive conditions, multiple energy producers vie to supply thermal energy to the network,
incentivizing efficiency and potentially lowering energy costs for consumers. The integration of energy storage
adds flexibility, allowing excess thermal energy to be stored and used during periods of high demand. The market
operator plays a key role in maintaining a fair and efficient trading environment, while the demand response
coordinator’s involvement helps manage peak loads and prevent system overload. The system operator oversees
these interactions, ensuring that the DHS remains stable and reliable despite the complexities of competition and
varying energy demands.

Discussion

The integration of ESD into competitive DHSs presents significant potential to enhance operational
efficiency, increase system flexibility, and reduce environmental impact, aligning with broader sustainability
goals. One of the primary technological advancements outlined is the strategic integration of TES systems, such

ISSN 2308-7382 (Online) 129



ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexmnonozii, ekonozis. 2025. N 1

as BTES, PTES, and ATES. These technologies offer substantial promise in addressing the inherent variability of
RES, such as solar and wind, by providing reliable energy storage solutions that bridge supply-demand gaps.
However, challenges such as high initial costs and site-specific geological dependencies present barriers that
necessitate further innovation and refinement. The incorporation of PCM also highlights an innovative avenue for
enhancing energy density and reducing required storage volumes, albeit with associated technical complexities.
Moreover, BESS and CES add a new dimension by enabling electrical energy storage, although they are often
costly and require advancements in technology maturity to be viable on a larger scale. These systems, in
conjunction with TES, broaden the scope of energy storage options available to DHSs, potentially enabling more
nuanced and efficient energy management strategies.

Energy prodietion growp

P

Energy producer Independent energy Independeat

; _ thermal energy
(m’ producer (RES) producer

Main thermal System

encTgy producer operator

Energy storage
Energy storage

' N Operator

Electriciy market
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Energy consumption gronp

DHS operations group

Thermal energy flow » Cash flow

~— Electric cnergy flow »  System control and management flow

Figure 3 — Basic modernization of the structural scheme of the competitive DHS with ESD

From an economic standpoint, utilizing ESD in competitive DHSs promises to reduce operational costs and
enhance grid stability. The proposed structural scheme fosters a multi-actor competitive environment where
various energy producers contribute to a dynamic energy marketplace. By facilitating demand response and
allowing for a more decentralized system management approach, DHSs can better optimize pricing structures and
encourage energy-saving behaviors among consumers. Strategically, the integration of ESD supports a shift
towards a consumer-centric model, enhancing end-user engagement and satisfaction. Additionally, by capitalizing
on technologies like CHP, DHSs can extend their roles within energy networks, providing valuable balancing
services that maintain grid reliability amidst increased RES penetration. This, in turn, enhances energy security
and bolsters the economic viability of DHSs in competitive settings, where efficient energy management is crucial.

Despite the clear benefits, several challenges must be addressed. The complex interplay between different
technological components requires careful coordination and management, demanding robust control systems and
strategic planning. The financial implications, particularly concerning initial investment costs and economic
feasibility in diverse geographical contexts, need in-depth analysis.

Looking towards future research directions, the scheme laid out can be explored through various alternative
structural configurations. Given the diverse potential interactions between energy storage, producers, and
consumers, further studies could focus on optimizing these relationships to maximize efficiency, economic, and
environmental outcomes. Additionally, advanced modeling and simulation techniques could be applied to analyze
the impact of various ESD integration strategies under different market and regulatory scenarios, providing critical
insights for policymakers and industry stakeholders.

Additionally, ongoing advancements in smart grid technologies and real-time data analytics will play
pivotal roles in refining these systems. As DHS operations become more data-driven, integrating advanced
analytics and machine learning could lead to more accurate forecasts and better demand-supply matching, thereby
enhancing overall system performance.
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Conclusions

The modernization of competitive DHSs through the integration of ESD represents a critical advancement
towards achieving a sustainable, efficient, and flexible urban energy infrastructure. This research confirms that the
incorporation of promising energy storage technologies, such as TES and other advanced storage solutions,
significantly enhances the operational capacity and adaptability of modern DHSs. By enabling more effective
management of the variability and intermittency associated with RES, ESDs are essential for ensuring a stable and
reliable energy supply.

Through a comprehensive literature review, this study identified key technologies that stand out for their
potential to improve DHS performance. TES solutions like BTES, PTES, and ATES emerge as particularly
effective, though initial costs and geological dependencies pose challenges that need strategic consideration.

The proposed structural scheme illustrates a dynamic interaction model among various entities within a
competitive DHS, encompassing energy producers, transportation networks, and consumption sectors, alongside
robust operations management facilitated by a market operator and a demand response coordinator.

The shift towards a decentralized and consumer-centric model promotes energy-saving behaviors and
enhances user engagement, aligning with global sustainability efforts and reducing greenhouse gas emissions.
Energy storage, particularly in conjunction with CHP technologies, offers the dual benefit of maintaining energy
security and providing valuable balancing services to the electrical grid, thereby reinforcing the critical role DHSs
play in modern energy networks.

In summary, this research underscores the transformative capacity of ESD in DHSs, positioning these
systems at the forefront of sustainable urban energy solutions. Continued innovation and strategic integration of
these technologies will be vital in catering to evolving energy demands and meeting stringent environmental
targets globally.
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Yncraryr 3aranbnoi enepreruxn HAH Ykpainn

YJIOCKOHAJIEHHS KOHKYPEHTHOI CTPYKTYPU PUHKY
HEHTPAJII3OBAHOI'O TEIIVIOIIOCTAYAHHSA YEPE3
EHEPI'OHAKOIIMYYBAUYI

Y it cmammi Oocridscyemovcs molepuizayis CMpYKMYPHUX cXem Y CUCMeMax YeHmpanizo8anozo
mennonocmauanna (CLT), wo npayioioms 6 KOHKYPEHMHUX YMOBAX 3 GUKOPUCIAHHAM HAKONUYY6AUIE eHepail.
Busnaiouu neobxionicmuv niosuwenus pooouoi eHyuxocmi ma Haoiunocmi, 0coOIUBo 3i 30LIbUEHHAM YACTNKU
BIOHOBIOBAHUX Odcepenl eHepeil, MAKux sK eimep i conye, 8 pOOOMI OOCHIONCYEMbCA POIb HAKONUYYBAYIE eHep2il
6 onmumizayii @yukyionysanna CLT. OcHno6ni 3a80aHHSA O00CHIONCEHHS GKIIOUAIOMb NPOBEOCHHS 0210y
aimepamypu 015 BUSHAYEHHS epekmusHUx mexnonoziu ons inmezpayii ¢ CLIT ma eusnauenusi ononeHoi cxemu
cmpyKkmypnoi  63aemo0ii, adanmoganoi 00 KOHKYpeHmHnoz2o cepedosuwa. O2nad nimepamypu niokpecnioe
nomeHyian pizHUX piulend 015 30epieanHHs Menniogol eHepeil, KOJCHe 3 SIKUX CHPUSE NOKPAUWEHHIO VIPAGIIHHS
eHepeielo, He38adCarodu HA GIACMUBI eKOHOMIYHI ma mexHiyHi npobremu. 3anponoHosana MoOepHizayis
CMPYKMYPHUX CcXeM nepeocmucmioe poxi bazamvox yuacuukie y CLT, exnouaiouu 6upodOHuKie enepeii,
MPAHCNOPMHI  Mepedci ma CROJCUBAYi6, a MAKOIC CMOPOHU O0epIHCAGHO20 KOHMPONO Ma YNPAGIIHHSL.
ITiocymogyiouu, ye 0ocnioxcents nioOKpeciioe mpancoopmayitnuii 6niue inmeepayii eHepeoHAKONUYy8ayia y
CUT, cnpusinua cmitikitl MiCbKitl eHepeemuyHin iHGQpPaAcmpykmypi, aKa 6i0nogioae 2100aibHUM YiIAM CManioco
PO36UMKY.

KarouoBi cioBa: yenmpanizoeane mennonocmauanus, puHox mennoeoi ewepeii, 30epicanus enepeii,
BIOHO6I06AHI Ddicepena eHepeii, CMAabIIbHICb Mepedic.
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'Vkpaincbknii gep:kaBHUi yHIBEpCHTET HAYKH i TeXHOJIOTi

JAOUIJIBHICTb BUKOPUCTAHHSA TA IEPCIHHEKTUBU PO3BUTKY
EJEKTPUYHOI'O ABTOMOBIJIBHOI'O TPAHCIIOPTY
Y KPATHAX €BPOIIA 3A IHTET'PAJIBHUM IHJIEKCOM BUKU/IIB

Memoro cmammi € 02150 pO3BUMKY eLeKMPUUHO20 ABMOMODIIbHO20 MPAHCROPHTY MA OYIHKA OOYLTbHOCHI
1i020 BUKOpUCMAanHA Y Kpainax €eponu, euxooauu 3 ananisy piens euxudie COz 3a inmespanbHumM NOKAZHUKOM.

Enexmpuunuii asmomodineHuti mpancnopm po3gueacmscs y mpboxX OCHOBHUX HANPAMKAX — GUKOPUCHIAHHS
AKyMYJISIMOpPi6, 600HEGUX NANUBHUX €eMEeHMIE Mma eleKmpuikayis agmowisaxie. AKyMyasimopHi agmomooini
Mamms wWuUpoKe 3acmoCcy8anHs, aie ixHe maubymue mooice 6ymu obmediceHe uepe3 npobiemu 3 Gapmicmio,
3apsoHoI0 THppacmpykmypoio ma cupogunoio. Boouesi mpancnopmui 3acodu nponoHyloms weuoKy 3anpasky,
npome nompebyioms 3HAYHUX IHBeCMUYIL § 6UCOKUX cmandapmie besneku. Enexmpugixayis aemowisxie exiouae
5K KOHMAKMHL, Max i 6e3KoHmaxmui cucmemu nepeoaui enepeii. Koumaxkmui cucmemu, 30Kkpema, 3a6e3neyyoms
BUCOKY NOMYAUCHICMb | HUZLKI eHepeemuyHi 6mpamu, wo pooums ix OnMuUMAarbHUMU OJisk MPAHCHOPMHUX 300016
3 GENUKUMU eHePeeMUYHUMUY NOmpedami.

Exonociuna egpexmusnicme enekmpomo0inie 3HAUHOIO MIPOIO 3anedCums 8i0 0dicepend eleKmpoeHepai.
Kpainu 3 eucoxor uacmkorw anvmepHamugnux —Odxcepen enekmpoerepeii, makxi sk Hopeecia i ®@panyis,
0eMOHCmMPYOmb DLIbULY eKONO02IUHY eheKmMUBHICIb 3ACMOCY8AHHS eeKmMpPOasmomMo0iis.

Ocobnugy ysacy eapmo npudiiumu eirekmpugixayii asmooopie, ujo 003801A€ 3IMEHUUMU MPUBATICTb
ABMOHOMHO20 DPYXY MPAHCROPMHO20 3Aco0y 8i0 aKymynamopHoi bamapei ma 6i0N0BIOHO 3MeHWUmu 00’em
ocmanHix, 30inbwytouu ix mepmin excnayamayii. Ile 30inbuwums mepmin excniyamayii HAKONUYY8ayie ma
mMamume NOZUMUBHUI BNIUB HA OOBKILISL Yepe3 3MEHUEHHIO GUKUOIE 3a0PYOHIOIOUUX Pe4OBUH NPU UPOOHUYMEBE
ma ymunizayii akymynisamopis.

KuarouoBi cioBa: erexmpoaemomobini, enexkmpompancnopm, EVEI Oiokcud xapbowuy, erekmpugixayis
ABMOWLISAXIB, eKONO2IUHA eeKmUBHICTb.

Beryn. YV cBiTI cmocTepiraeThCsi 3pOCTaHHS MPOAAXKIB elIeKTpoMoOimiB [1-3], mo 3yMOBICHO 3HAYHO
HIDKYMMH BUTPaTaMH HA 3apsi/KaHHs aKyMYJISITOPIiB IOPIBHSHO i3 3aIpaBKOIO TPAAWIIHHUM MaTMBOM, MEHIIUMHA
BUTpaTaMHM Ha TEXHIYHE 00CIYyTOBYBaHHS, & TAKOXX MAPKETHHIOBOIO PUBAOJIMBICTIO IIUX CYYaCHUX TPAHCIIOPTHUX
3aco0iB. Tak y 2023 porui B yceoMy CBiTi OyIto 3apeecTpoBaHo Maiike 14 MiTbHOHIB HOBHX €JIEKTPOMOOLIIB, IO
JIOBEJIO 1X 3arajibHy KUIBKIiCTh Ha Y CBITi 70 40 MinmbiioHiB [3]. Y MacoBiil cBimOMOCTi eleKTPOMOO1ITi BBAXKAIOTHCS
€KOJIOTTYHO YUCTUMH TPAHCIIOPTHUMHM 3aC00aMH, OCKUIBKH IIiJ] Yac pyXy HE IPU3BOJSTH 3a0pyAHEHHS JOBKIJLIS,
IO ACOIUIOETHCS 3 TPAAWLIHHIMH aBTOMOOIISIMH, TAKUMH PEUOBHHAMH, SK OKCHIH a30Ty, BYIJICKHCIUHA ra3 Ta
TBepai yacTuHKU. KpiMm TOro, enekTpomMoOisli MaloTh iHIIY €KOJIOTiUHy IepeBary — BOHHM 3HAYHO THXIIIi, HiX
aBTOMOO1JIi 3 JBUTYHAMH BHYTPIITHBOTO 3TOPSHHS, IO 3HIDKY€E IIyMOBE 3a0pyIHEHHS. X04a 3 OCTaHHIM Ba)KKO
CriepevaTHcsl, mepliie TBEPIKSHHs He € TaKUM OlHO3HaYHKUM. Hacnpasni, Oyb-SKHUil eIeKTPOTPaHCIIOPT Mifl Yac
eKCIUTyaTamii CIPUYHMHSE OMOCEPEKOBAaHI BUKUAM B aTMochepy: MiIBUILYIOYH MOIHT Ha €JIeKTPOCHEPrilo, BiH
HepeKIIa/ia€ BiAMOBIaIbHICTh 3a 3a0py/IHEHHS Ha JpKepena ii BApOOHHUITBA. A SIKIIO J0JaTKOBO BpaxyBaTH €TalH
JIOCTaBKH €HEprii 10 TPaHCIIOPTHOTO 3ac00y, TO EKOJOTIYHUI CIIijl eeKTPOTPAHCHIOPTY BHSBISETHCS JAJIEKO HE
HyneoBUM [4, 5]. 3icTaBieHHs OOCSTIB BUKUIIB MAPHUKOBHX Ta3iB, IO BHHUKAIOTH IIiJi 4ac BUPOOHUIITBA,
eKCILTyaTanii Ta yTuiizanii TpauniiHuX i eIeKTPUYHNX aBTOMOOLTIB, MOXKEe MOKa3aTH MoAiOHI pe3ynsraTH abo
HaBiTh BKa3aTH Ha OUIBIIY IIKOAY BiX €JIEKTPOMOOLUTIB. SIKIIO eleKTpoeHepris BUPOOJISETHCS BHKIOYHO Ha
BYTUTbHUX EJEKTPOCTAaHIliAX, TO 3aranbHi BUkuaun CO, 3a BeCh XKUTTEBUH IUKI aBTOMOOUIA (BKITIOYAIOYU
BUPOOHUIITBO, eKCIUTyaramiro Ha auctaniii 150 000 kM Ta yTwmizanio) gocsaraioTh 43 186 Kr, 10 MEPEBUILYE
MOKa3HUK OEH3MHOBOTO aBTOMOOIIS B aHANOT yHIX yMoBax (37 322 kr) [6]. OnHak, TpU BUKOPHUCTAHHI BUKJIIOYHO
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BiJTHOBJIFOBAHUX JDKEPEI CHEPTii, TAKUX SIK COHSIYHI Ta BITPOBI enekrpocTaniii, BUukuaun CO, Bil e1eKTpoMoOiis
CYTTEBO 3HIDKYIOTBCS — 10 16 106 KT 3a Bech nepion Horo ekcruryararii.

Tomy cTpykTypa BHpOOHHITBAa €NEKTPOSHEprii Mae CyTTEBUIl BIUIMB Ha CEKOJOTIYHY JOLLIBHICTBH
BUKOPUCTAHHS €JIEKTPOABTOMOOLUIIB, Ky KUIBKICHO MOXKHA OIIIHUTH 3aCTOCOBYIOYM BIiANOBITHHUN MOKAa3HUK —
EVEI (Electric Vehicle Emissions Index). L{s merpuka, 3anporoHoBaHa B po0orti [7], BpaXoBy€ BUKHIH Bin
TPaMLIITHOTO TPAHCIIOPTHOTO 3aco0y Ta BUKU/H BiJ BUPOOHMIITBA Ta CIIO)KHUBAHHS €JIEKTPOCHEPTil, BKIIOUAIOYH
TeHepalifo, Iepenady eHeprii eJNeKTPUIHMMH MepeKaMH Ta Ii TepeTBOpEeHHS y BHYTPINIHIX CHCTEMax
eJIeKTpOoaBTOMOOII. [HIEKC HaZae MOXKIIMBICTE BPAaXOBYBAaTH PI3HHUIIO y BUKHIAX HA PEriOHAIFHOMY DiBHI, IO
JI03BOJISIE BUKOPUCTOBYBATH HOTO AJIs1 (JOPMYBAHHS MONITHKH Ta CTUMYJIB IO PO3BHUTY aJIBTEPHATUBHHX JIKEPEI
€JIEKTPOEHEPTIT Ta ENEKTPHUIHOTO TPAHCIOPTY.

MeTo10 €TATTi € OITIST PO3BUTKY €IEKTPHYHOTO aBTOMOOITEHOTO TPAHCIIOPTY Ta OIiHKA JOUIIBHOCTI HOTO
BUKOPHCTAHHS y KpaiHax €BPOIH, BUXOASIIH 3 aHANI3y piBHA BUKUAIB CO, 3a iHTErpaIbHUM ITOKa3HUKOM.

J1n1st nOCSATHEHHS IOCTaBJICHOI0 METH Nepe10auaeThcss BAKOHAHHS HACTYITHUX 3a/1a4 J10CJIiPKeHHSI:

1. Ormsin cyyacHOTO CTaHy PO3BUTKY €IEKTPUYHOTO aBTOTPAHCIIOPTY
2. AHaui3 TexHOJOr1# enekTpudikarii aBTOMOOUIEHOTO TPAHCHIOPTY
3. ocmipkeHHs BIDIHBY aKyMYJISITOPHUX e1eKTpoMoOitiB Ha Bukuau CO,

1. CyyacHuii cTaH PO3BUTKY eJ1eKTPUYHOI0 ABTOTPAHCIOPTY

3a 2023 pik y cBiTi mapk eneKTpoaBTOMOO1IiB 3pic 10 40 MinbioHIB, mpomaxi 3pociu Ha 35 % MOPIBHIHO
3 2022 poxkom, i enexkTpomoOini ckianu 18 % Bix ycix mpopaHux aBromMo0iniB. OCHOBHUMH PHHKAMH, SIKi pa3oM
3abesmeumn 95% mnobanpHUX mnpoxmaxis, Oymu Kwuraii, €poma ta CHIA [1-3]. JInHamika KUIBKOCTI
enekTpoaBToMo0iiB 3a 2018-2023 pp. y cBiTi Ta €BpoITi MOKa3aHa Ha puc. 1 Ta 2.

KLngicTs KuskIlcTh
45 000 000 1 3 000 000
40 000 000 -

[ 2 50! I .
3[000000 — o 590 600 —]‘ Hivesronsn

-~ 1 = Y i [08ReA Cpassis
- - }\}D ¥

30000000 2000000 | === CROSyHeHE XOPOUSCTS0

‘ ese Capoma .
25000 000 —| -» Hopseris

| wemEC | 1500000 | bl T
20000 000 — 1 =& : Hizepamean

15 000 000 1 000 000 | s
10 000 000
00000 |

5000 000

0 ‘ 0

2018 2019 2020 2021 w2 2023 2018 2019 2020 2021 2022 2023
Pucynok 1 — Kinvxicms erekmpomobinis y ceimi ma PucyHok 2 — €gponeticvri deporcasu-nioepu 3a

c8imogi depaicasu-nioepu, 20182023 pp. Kinvkicmio enekmpoasmomooinis, 2018-2023 pp.

Y 2023 poui npogaxi enekTpomMobOuTiB y €Bporri 3pociu Maibke Ha 20 %. Y HiMmeuuuni Brepiie 3a pik
3apeectpoBano 700 THcsd HOBUX entekTpoaBToMoOiniB. Y IlIBenii enexkrpomo0ini ckinamm 60 % Bifj ycix mpopaHux
aBTo, a B Hopgerii — 93 %. Ha puc. 3 Ta 4 nokasaHo cTaTUCTHKY ITPOJaXiB eNEKTPOTPaHCHOPTY 32 MUHYIHH (2023)
PiK, 110 IEMOHCTPY€E HACKUIBKH AKTHBHO I1i KpaiHU MEpeXoAsTh Ha HOBI BUJIU TPAHCIIOPTY.

Cranom Ha 2024 pik 3araigbHa KiTbKICTh JISTKOBUX TPaHCTIOPTHUX 3ac00iB y €BPOCOI03i JOCATIa OIIU3BKO
289 muH. Cepen HuX 1 672 998 enexkTpoMoOiniB, i3 sIKUX 66,4 % Npanio0Th Ha aKyMyJIATOPHUX Oarapesx, 33,3 %
— e ribpuan 3 ABUTYHaMH BHYTPILIHBOTO 3ropsiHHA Ta 0,3% — aBTOMOO1TI 3 BOAHEBUMH NTAIMBHIMH €lIeMEHTaM1
(BIIE).

EtexTpoMoOiIbHIIA TPAHCTIOPT CTPIMKO MOIIMPIOETHCS, OXOIUIIOIOYM HE JIMIIE JISTKOBI aBTOMOOLI, a i
TPOMAaZChKHHA Ta BaHTaXHUH TpaHcmopTr. Y 2023 pomi y bensrii, Hopgerii ta IllBedmapii mpomaxi
eJeKTpoaBTOOYyCiB B)Ke MEPEBUINMINA NMPOJaXi 3BHUaiiHux. 3aranoMm y €Bpomnelicekomy Coro3i akyMymnaTOpHi
aBToOycu ckiain 43 % Bix ycix MiCBKHUX aBTOOYCIB, IPUAOAHNUX Y IIBOMY K POIIi.

CBiTOBI IIPO/IAXKi EJIEKTPUYHHUX BAaHTAXKIBOK TAKOX JEMOHCTPYIOTh 3HaUHe 3pocTaHHs — y 2023 pori BoHH
30inpmucs Ha 35% nopiBHsAHO 3 2022 pokoM. Y €Bpori TeH/AeHIis He MeHII AnHaMiyHa —y 2021 poui Oymo
3apeectpoBano 1 700 eneKkTpUUHHUX BaHTaXIBOK, y 2022 — 3 700, a Bxe y 2023 pomi 1 undpa 3pocna go 10 800
OIMHUIIB.

[Iponaki eJEKTPUYHMX BaHTAXIBOK 3pPOCTAIOTh, 3HAYHOIO MipOI0 3aBASKU YPSIOBIH MiATPUMII.
Hanpuknan, crangaptu €sponelickkoro Coro3y BumaratoTs ckopotutu Bukuau CO, Ha 90 % mo 2040 poky.
Bonnowac ypsan Bemmkoi Bpuranii imBectye 250 mma momapis CHIA y mporpamy Zero Emission HGV and
Infrastructure Programme [8], cmpsMoBaHy Ha NPOBEACHHS pEaJbHUX BHIPOOYBAHb EKOJOTIYHO UYHCTHX
BAaHTAXIBOK. Y paMKax Ii€i iHII[iaTWBU IUTaHyeThcs 3aaiaTé 370 BaHTaXiBOK 1 30ymyBatu maibke 60 cydacHHX
3apsITHUX Ta 3aMPaBHUX CTAHIIH.

134 ISSN 2308-7382 (Online)




ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexnonozii, ekonozia. 2025. No 1

Hopuerin 1 110001
Hineuwin
Hizepanwan 1§ 210000
Crnoaywene Kopoleciaoe w
@panuin | 470000
HivMeuuuun wm
CIIIA == | 390000
€( 5000
Ceponn N 3300000
KHP aaaassssssssssmm——— = 00000
i3 r | 0000

Pucynok 3 — Kinbkicmb npodanux HOGUX elekmpuyHux agmomodinis, 2023 p.
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Pucynok 4 — Yacmka Hosux enekmpuyHux agmomooinie 3 npooanux asmompancnopmuux 3acobie y 2023 p.

VY 2024 poui 3arajgpHa KUIBKICTh 3apsigHUX IMPUCTPOIB ISl aKyMYJISATOPHHUX aBTOMOOUIIB y €Bpomi
craHoBUTh O01m3eK0 800 THCsY, Mt aBTroMo01miB 3 BIIE — 269 ogununeb.

TakuM YMHOM, MOAANBIIMN PO3BUTOK PHHKY EJIEKTPUYHOTO aBTOTPAHCIOPTY MICHsA HOTO HAacHYCHHS
MePCOHATBHUMH €IEKTPOMOOLIAMHE Ta e1eKTpoOycaMy BU3HAYaTUMETHCSI TIOIIMTOM KOMEPIIiTHUX MepEeBi3HHUKIB Ha
eJIEKTPUYHI BaHTaXKIBKH, SKi 37aTHI KOHKYPYBATH 13 3aJII3HAIIIMHE TIPH IepEBE3eHHI KOMEPIIHHUX BaHTaXIB.

2. AHaJIi3 TeXHOJIOTiH ejieKTpHpikanii aBTOMOOIIBHOIO TPAHCIIOPTY

Inest 3acTocyBaHHS O€3pEHKOBOTO €IEKTPOTPAHCIIOPTY HE € HOBOIO 1 M0Yaa peatizoByBaTHCh HAIIPUKIHII
XIX cromiTrsi. Ha mouarky XX cTomiTTs €1eKTpoMo0ilIi, sIKi MpalfoBaiy Ha CBUHLIEBO-KHCIOTHUX aKyMYJISITOPHUX
Oarapesix, KOHKypyBaJu 3 aBTOMOOUISIMH 3 JIBUTYHaMU BHYTpilHboro 3ropsiHHs ([IB3). OnmHak, 3 po3BHTKOM
BUPOOHHMYMX TMPOIECIB Ta BIPOBA/KEHHSIM MAacOBOTO BHPOOHUIITBA JIEIIEBHX aBTOMOOLIIB 3 JBUTYHAMH
BHYTPIIIHBOTO 3TOpPaHHs, €JIEKTPOTPAHCHIOPT MOCTYNOBO BTPAaTHB CBOK KOHKYpEeHTHY mepeBary. Kpim Toro,
BUHAN/ICHHS EJIEKTPUYHOTO 3alajlOBaHHS CHPHSUIO MOAAJbLIOMY YHNOBUIBHEHHIO DPO3BHTKY aKyMYJISTOPHHX
aBTOMOOLTIB 10 KiHIA 1980-X pokiB XX CTOMITTA.

3pocTaHHS eKOJOTIYHUX NPOOIEM Ta IHTEHCUBHUIN PO3BUTOK alIbTEPHATHBHUX JDKEPEN SHEpTil CIOHYKaIN
KOMTaHii O MOBTOPHOTO iHBECTYBAaHHS Y PO3BHUTOK eJekTpoMoOimiB. ¥ 1996 poui General Motors BumycTiia
cepiiiauil enekTpomMoOime GM EVI1 Ha CBHHIIEBO-KHCIOTHHX aKyMYJSTOpaX, KU CTaB BAKIUBUM KPOKOM Y
BIZIPOJKEHHI 1HTEpecy 10 eNeKTpoTpaHcnopry. Bike HactymHoro poky Toyota mpencraBuia nepuvii riOpuaHui
aBTomo0ims Toyota Prius, oOmamHaHWii OCH3MHOBMM JBHTYHOM Ta Hikeldb-MeTanorigpuaanM (NiMH)
akymyssitopoM. Lli Kpoky mokasanu, 10 eNeKTPOJABUIYHH MOXYTh e(peKTHBHO KOHKypyBatu 3 /B3, nmononasim
00OMEXEHHS, TIOB’s13aHi 3 HU3bKOKO EMHICTIO HAKOMMYYBadiB eIeKTpoeHeprii [9].

KpiM akyMyJIaTOPHUX CHUCTEM, JUIsl €J1eKTPOMOOLIIB aKTUBHO PO3IIISIAIOTHCS BOAHEBI MAIMBHI €JIEMEHTH
(BIIE) sik anmbrepHaTHBHE JDKepeno eHeprii. [lepimmm aBToMoOIeM Ha BOJHEBUX MaJMBHHUX €JEMEHTaX CTaB
Chevrolet Electrovan, Burorosnennit General Motors y 1966 poui. OgHak, nomamsiri po3poOku B mii ramy3i Oymu
€KOHOMIYHO HeIOIIbHUMU Ha Tod dYac. [licnmst TpuBamoro mepiomy 3arumims, y 1996 pomi Toyota Motor
Corporation npogemonctpyBana FCHV-1 — mepmuit aBTOMOOUT KOMITaHIT Ha TAJIMBHUX CIIEMCHTAX.

Takox BiZioMa iHIIIA TEOJIOTis, iCTOpis siKo1 po3mnoyanacs 1882 poky, konu B. CimeHc BUnpoOyBaB KapeTy
Ha eJIEKTPUYHIN Ts31, IKa OTPUMYBaJIa €JIIEKTPOEHEPTIIO BiJl THYYKOTO KaOero 4epe3 NPHeAHAHUH 10 KOHTaKTHOTO
npoBoay Bi3ok — trolley. Bix ocraHHBOro MOXOOWTH Ha3Ba TPOJEHOYCIB — MONIMPEHOTO BHJY TI'POMAJCHKOTO
CJIEKTPOTPAHCIIOPTY, SIKUH XapaKTepH3y€eThCs ITAHTOBUM CTpyMOIIpHiiMadeM, 10 3a0e31edye MaHeBPEHICTh Ha
AaBTOMOOUTHHHX Aoporax. ¥ XX CTOJNITTI eKCIIEPUMEHTYBAJIN 3 TPOJIEHBO3aMH — BaHTaKIBKAMH 3 TPOJIEHOYyCHUM
ctpymonpuitmadeM. OCHOBHOIO TEPEBAror0 TPOJCHBO3IB € 3[aTHICTh €IEKTPOJABUTYHIB 70 peaisamii OiIbmol
mBHUaKoCTi Ha migiomi. CydacHi TponelBo3M, Hampukian kap epHuit camockun Bin Hitachi [11], obGmamgnani
nantorpadamu. Ile 0OyMOBIEHO THUM, L0 INTAHTH MOXYTb 3IpBAaTHUCS 3 KOHTAKTHOTO IIPOBOAY, a TaKOX
BiJICYTHICTIO HEOOXiTHOCTI B BUCOKiif MaHEBPEHOCTI TPAHCIIOPTHUX 3aCO0iIB y Kap’ €PHUX YMOBAX.
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Takum 9uHOM, HEOOXiTHO PO3MIISIHYTH TpH 0a30B1 HANIPSIMKH PO3BUTKY aBTOMOOITHFHOTO TPAHCIIOPTY:

1. BukopucTaHHs HAKOIIMYYBaYiB €JIEKTPOCHEPTii;

2. BukopucraHHs BOJHEBHX MAJIUBHHUX EIEMEHTIB;

3. Enexrpudikanis aBTONLIIXIB.

ABTOTpPaHCNIOPTHI 32c00U 3 HAKOMMYYBa4YaMu. [|Jis1 IbOTO BULY TPAHCIIOPTY SHEPTis, siKa HAKOITMUCHA B
aKyMyJISITOpHIH Oarapei, mepemaeTbcsi Ha ENEKTPONPHBOZ ENEKTPOMOOLIS, IO CKIAaaeThes 3 1HBEpTOpa Ta
eJIEKTPOABUTYHA. 3araibHa eeKTHBHICTD Mepeaadi eHeprii Big Oarapei 1o komic csrae 6nusbko 80 %. 3apsika
Oarapei 3mifiCHIOETBCS BiXl enekTpoMepeski. Cepel eleKTpoaBTOMOOITIB 3 HAKOMMYYBauaMH BUIUIIIOTH KiJTbKa
tuniB: HEV (Hybrid Electric Vehicle) — me ribpunHi enexTpoMo0bimi, sKi MOEIHYIOTh OBUTYH BHYTPIIIHBOTO
sropsHHEA ([IB3) Ta enexrpomBuryH, mpuuoMy Oarapes 3apsupkaeThes min gac pobotu B3 abo pekymepamii
eneprii; PHEV (Plug-in Hybrid Electric Vehicle) — e ribpuau 3 Oinpmioto 6atapeero, sika JO3BOIIE 3apsKaTh
aBTOMOOUTH Bix 30BHIMHIX mKepen enekrpoeHeprii;, REEV (Range-Extended Electric Vehicle) — e
eJIeKTpOMOOiTi i3 mogoBXKyBadeM mpobiry, ne JIB3 BUKOpHCTOBYeThCS NHIIe AN 3apsakd Oarapei, a pyx
3I1MCHIOETHCS BUKIIFOYHO 32 PaXyHOK ejekrpoasuryHa; BEV (Battery Electric Vehicle) — e moBHicTIO eneKTpryHi
aBTOMOO1JTI, 1110 MPAIIOIOTh JIMIIE Ha OaTtapei, sika 3apsKaeThCsl BiJl 30BHILIHIX Jkepen, Oe3 HasBHocTi [IB3, a
MPOOIr 3aJICKUTH Bl EMHOCTI aKyMyJIsTOPA.

Amnani3z mxepen [9-13] cBiqUUTB, 1110 BUKOPUCTAHHS aKyMYJIITOPHUX aBTOMOO1JIIB CYIIPOBOIYKYETHCS PSAOM
BUKJIMKIB. 30KpeMa, HeoOXiIHO MaciuTaOyBaTH BHPOOHHITBO aKyMYyJISTOPIB, PO3LIMPIOBATH IHPPACTPYKTYpY
3apsiTHUX CTaHIId 1 CTBOPIOBATH BINNOBIAHI JIOTiCTHYHI EHTpH. [lompu mporpec y 3HM)KEHHI BapTOCTi Ta
MOKpAIIeHH] XapaKTePUCTHK aKyMyJISATOPiB, 1e(iliT CHPOBUHU MOXKE TPU3BECTH O AUCOAIAHCY MiXK OITUTOM i
MIPOTIO3HUITIET0, 301TBIICHHAS BAPTOCTI HAKOIIMIYBAYiB Ta 3aTPUMOK Y X BUPOOHHIITBI.

CyuacHi eNeKTpOBaHTaXIBKH MAIOTh MOXKIUBICTh Tpoixatu Bz 300 1o 500 kM Ha OTHOMY 3apsifi, 3aJICKHO
BiZ BUpOOHNKA, CTHIIIO BOMIHHS, YMOB EKCIUTyaTallii Ta HABKOIMIIHBOTO CEPEAOBHIIA. Y TOH K€ Jac BaHTaXiBKH
3 IU3ENBHIMHE ABUTYHAMH MOXYTH momnoiary 1o 2000 kM Ha omHOMY 0aKy MajxbHOTO. X0dYa I BiICTaHb 3a3BHYail
HE JI0JIA€THCS 33 OJJMH JICHb, BOHA CBITYUTH IIPO MOXKJIMBICTH 0araTo3MiHHOTO BUKOPUCTAHHS TAKUX TPAHCIIOPTHUX
3aco0iB.

OnHi€l0 3 KOHKYPEHTHUX IepeBar TPaHCIOPTHUX 3ac00iB 3 IU3EIbHAMH JIBUTYHAMH € IIBHIKICTb
JI03aIpaBKH, sIKa 3HAYHO KOPOTIIA, HIXK [TPOLIEC 3aps/IKA aKyMYJISTOPIB.

3aranom, HaKONMHU4yBa4l HaMKpalle HiIXOAATh Uil KOPOTKHX, 3aIJIAHOBAaHUX MEPEBE3EHbB, 1€ MOXKIUBHNA
TpUBaJIIMA uac 3apsiaku. Jis IOBroTpuBaNuX MapUIpyTiB NMOTpiOHA iH(GPACTPyKTypa 3apsiIHHX CTaHLiH i3
MOXITUBICTIO ITOTIEPETHHOTO OPOHIOBAHHS, 1100 3a0€3IIeUYNTH BUCOKY JOCTYIHICTh Ta EKOHOMIYHY €(DEKTUBHICTD.

Astotpancnopti 3aco6u 3 BIIE. Bonuesuit nanusamii enement (BIIE) — e mpuctpii, skuit mepeTBoproe
XIMIYHY €HEepril0 BOJHIO B CIICKTPUIHY SHEPTIO 32 JIOTIOMOTOI0 EIEKTPOXIMIYHOI peakIfii Mi>k BOTHEM 1 KHCHEM.
B pesymbraTi mi€el peakiii yTBOPIOIOTECS BO/IA Ta SHEPTid, sKa 3aMacaeThes Y aKyMyISITOpHIN OaTapei aBToMOO1IIs.
Pexynepanist eHeprii 6e3nocepeJHbO0 B TAJIMBHAN €JIEMEHT HEMOXJINBA. [annBHUI eleMeHTa IMTiAKII0Ya€eThCs /10
akymyisitopa yepe3 DC-DC neperBopioBau. EhexkTuBHICTS Takoi cucTeMH cTaHOBUTH MpnOim3HO 45 % [9].

BukopuctanHs BOJHIO SIK JKepesia eHeprii JJisl TPaHCIOPTHHUX 3aC00iB, 0COOIMBO sl 311HCHEHHS TAIEKUX
nepeBe3eHb, € IHHOBAIIfHOIO TEXHOJIOTIEI0 3 BEJIMKAM MOTEHI[aoM, SKIIO0 BHPOOHUITBO BOJAHIO Oyne
3I1CHIOBAJIMCH 3 BUKOPUCTAHHSM BiJHOBIIIOBAHUX JDKEpEN eleKTpoeHeprii. BonqHouac y HaykoBUX MyOmikarisx,
NpUCBSYEHUX Wil TexHoiorii [9, 14-16], akueHTyeTbcs yBara Ha BHCOKHX BHUTparax, IIOB’SI3aHUX 13
BUKOPHCTAaHHSIM BOJHEBUX TPAHCIOPTHUX 3aco0iB. Tak BBakaeThcsd, 0 €Bporna He MaTHME JOCTaTHBO
BIZTHOBJIFOBAHOI €JIEKTPOEHEPrii Ul BHPOOHHUIITBA BCHOTO HEOOXIIHOTO BOIHIO, TOMY BIIPOBAJDKEHHS
TpaHcnopTHuX 3aco0iB 3 BIIE mepembauarume fioro immoprt. Ile Bumarae BenmkoMacmTaOHOTO BHPOOHHUIITBA
BOJIHIO 32 KOPJIOHOM Ta 3ac00iB JUIsl HOTO TPaHCHIOPTYBaHHSI.

Cepen KITIOYOBHX IepeBar BOJHEBUX BAaHTAXKIBOK — IIBUIKUI MPOLEC 3allPaBKN Ta BUCOKA CHEPreTHYHA
IITBHICTE BozHIO. [IpoTe BofeHs 3aliMae Oisbliie IPOCTOpY, IO CKOPOUY€E JOCTYITHUH 00’ €M ISl BAHTAXKY.

Kpim Toro, BoeHb — BUOyXOHEeOe3EeUHH, 110 BUMAra€ BUCOKNX CTaH/AApPTIB OE3IEKH.

JlanpHICTh pyXy BaHTaXIBOK Ha MaJMBHUX €JIEMEHTax 0e3 JOAaTKOBOI 3ampaBKy BapifOEThCS 3AJIEKHO BijT
Mozeni Ta BupoOHuka. Hanpukian, y [17] Bka3yrors Ha muctaniito onuszpko 1000 kv Ge3 mo3ampaBkw, a y [18]
OpieHTYIOTh Ha 500 kM.

Enexrpudikauis aBroumusixiB. Ille oganM HampsMKOM PO3BHTKY aBTOMOOUTLHOTO TPAHCIIOPTY €
BUKOPHCTAaHHS PI3HHX TEXHOJIOTIH TMepemadi eJIeKTPOCHEeprii PyXOMHUM TpPAaHCIOPTHUM 3acobaM. AHai3
AQHAJITHYHUX 3BITIB Ta HAYKOBHX IyOmikamiid [19-26] mo3Boisie BUAIMTUTH KIFOUOBI XapaKTEPUCTHKH I[HOTO
HanpssmMKy. Hacamnepen, ciocoOu niepezadi eeKTpoeHeprii 10 TpaHCIOPTHOTO 3ac00y MOAUISIOTHCS HAa KOHTAKTHI
Ta OE3KOHTAKTHI.

KoHnTakTHi cucreMu nependavaroTb BUKOPHCTAHHS MOBITPSHUX JiHIH (KOHTaKTHOI Mepexi) abo peiok,
PO3TaIIOBAaHUX Y JOPOXKHBOMY HOKPUTTI 4 Haj HUM. Hampukmax, rmokasane Ha puc. 5, pimeHHs Siemens i3
KOHTaKTHHMH ITPOBOJIaMH BUKOPHCTOBY€E MaHTOrpad, Mo 3a0e3neuye MmiKII0UeHHS 10 MOBITPSHUX JIHIA Y30BX
ABTOMOOLUTHHOI JIOPOTH.
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Pucynox 5 — Cmpymonputivay 6anmascrnozo asmomooins (cionogozo mseaua) 3 KOHMAKMHOI Mepercero

3HayHMH NOCBIA BIPOBAKEHHS Ta BUKOPUCTAHHS y 3aJi3HUYHOMY TPAHCIIOPTI Ta MICBKHX MACAXKUPCHKUX
MepEeBE3CHHIX KOHTAaKTHUX MEPEX HaJae IM YMMallo repesar. BiH 103Boise BpaxXyBaTH Bei MOTEHIIIHI TEXHITHI
I eKcIuTyaTaIiitHi BUKIIKH, 30KpeMa aclieKTH 0e3MeKH Ta HalifHOCTi CHCTEMH.

Kpim Toro, 3aBnsky HassBHOCTI KBadi(pikoBaHUX (DaxXiBIIiB, SKi MIPOUIIITH CIICIiaIbHY HiATOTOBKY, MOJKJIHBE
IIBUAKE PO3TOPTaHHS TaKMX CHCTEM Ha aBTOMOOLTbHUX MaricTpaisix. Lle#t mpodeciiinuii pecypc 103BoIsIe
3a0e3MeUnTH SKICHMH MOHTaX Ta MOJaJbllie 0OCIYrOBYBaHHS IOBITPSHUX KOHTaKTHUX MEpEX, M0 POOHUTH iX
NPUBAOIMBUMHU IS IHTETpalii y JOpOXHIO iHQpacTpyKTypy.

Bapiantu 31 CTpyMONpPOBITHUMHK peiiKamMu, 3aBISKH MEHINIH BiICTaHI MK TPAHCIIOPTHUM 3acO00M i
TOYKOIO KOHTaKTY, 3a0€3MeuyoTh MHpINY chepy 3aCTOCYBaHHsS Ta MOXKYTh BHKOPHCTOBYBATHUCH ISl KUBIICHHS
PI3HMX THIIB TpaHCHOPTY. EneKkTpuuHWi 3B'S30K i3 pEHKOI BCTAaHOBIIOETHCS 33 JOIOMOTOI0 BHCYBHOTO
CTpyMoONpHiiMaya, po3TaIlioBaHOro i/l TPAHCHOPTHUM 3ac000M.

IcHye KkinbKa pillleHb, MO BiAPI3HAIOTHCS KOHCTPYKTUBHUMHE 0coOMMBOCTIMA. Hanpukiana, kommaHis Evias
peaiizyBania CHCTEMY, y SKiii ABi peHKH pO3TalIOBaHi B Ma3axX Ha JOPOXKHBOMY MOKPHUTTI. BoHM po3mineHi Ha
cerMeHTH 110 50 MeTpiB 1 aKTUBYIOTHCS JIUIIIE TOJII, KOJM HaJl HUMH TIPODKIKAE TPAHCIIOPTHHIA 3aci0. PimmeHHs Bifg
Elonroad nependauae BUKOPUCTaHHS PEHKH, SIKa CKIIAJIA€THCS 3 KOPOTKHUX 3a3€MJICHHX CEIMEHTIB, BCTAHOBJICHHX
y310BX ofHiei miHii. [{i cerMeHTH MOCTiJOBHO aKTHBYIOTHCS TUTBKH Mif 9ac PyXy TPAHCIOPTHOTO 3aco0y HaJ
HuMu. Kommanis Honda pospobuna cBoro cucremy, Jie pelika He IHTErpoBaHa B JOPOTY, a IPUKpIMJIeHa 0
JIOPOXKHBOTO Oap’epy. Y 1bOMY pillleHHI CTPYMOIIPHIIMay BUCYBA€ThCS 300Ky aBTOMOOLIS Ta MiAKIIOYAETHCS 10
MO3UTHBHOTO ¥ HEraTHBHOTO IIOJIIOCIB PeiKU. MakchManbHa JOIyCTHMa BiZICTaHb MIXK aBTOMOOIJIEeM 1 pelKkoro
CTaHOBHTH 1,3 M.

Po3rairyBaHHs CTPYMONPOBIAHUX KOMIIOHEHTIB KOHTAKTHOI CUCTEMH TIOOJIN3Y TIOBEPXHI 0POrd NOTpedye
oco0nuBoi yBaru a0 Oe3neku. Lle 30iiblrye pu3uKk IXHHOTO MOUIKOMKESHHS, 1[0 MOXKE TIPU3BECTH JI0 CEPHO3HUX
HaCITiAKiB. 30KpeMa, 3p0oCcTae MMOBIPHICTh 3iTKHEHHS TPAHCIIOPTHUX 3aCO0IB 13 CTPYMOTIPOBITHUMH €IIEMEHTAMH,
a TaKOXX BIUIMBY HECIPUSTIMBHUX 30BHIMIHIX (paKTOPIB, TAKMX SK ITOTOJHI YMOBH UM MEXaHIYHI YIIKOJDKECHHS Bif
JIOPOXKHBOTO PYXY.

YV 0e3KOHTaKTHHX CHCTEMAax CHEpTis MepeIacThes Bi JOPOTH 0 aBTOMOOLIS 0e3 BUKOPUCTAHHS IPOBOIIB
3aco0amu IHIYKTHBHOTO 3B’ s3Ky. Lle 3miiCHIOEThCS 3a JOIIOMOTOIO IBOX HA0OPIiB KOTYIIIOK — OfTHA Y IOpO3i, iHIIa
B aBTOMOOLTI. BiAmoBigHO, 6e3KOHTAKTHI CHCTEMH MAaIOTh IIEPEBAry: BIICYTHICTh CTPYMOTIpHiIMada 1mo3a Ky30BOM
TPAHCTIOPTHOTO 3aco0y, 110 MO3UTUBHO BIUIMBAE HA €CTETUYHUI BUIIISA] aBTOMOOLIS Ta 3HIDKYE iIMOBIPHICTh HOTO
MEXaHIYHOTO MOIIKO/KEHHS, a TaKOX, 3aKPUBAIOYH €JIEeMEHTH CHCTEMHM BiJl NPSMOrO JOCTYITY, 3HHKYE PH3UK
YpaKeHHS eNEeKTPUIHUM CTPYMOM, MPOTE YCKIAAHIOE i1 00cmyroByBanHs. HemomikoM OE3KOHTAKTHUX CHUCTEM €
BTpaTH €Heprii y ii eleMeHTax Ta JOPOKHBOMY MOKPHUTTI. TakoX MpeIMeTOM AOCITIUKEHHS € eNeKTPOMarHiTHa
CYMICHICTh CHCTEMH i3 CyMDXKHUMH NPUCTPOSMH T4 CAMUMH TPAHCIIOPTHUMH 3aC00aMU.

KonTtakTHi cructemMu mepemaroTh HabaraTo Oinmbine morykHOCTi. Hampukian, Siemens ta Evias — 1o
200 kBt, Honda — mo 450 kBt Haromicte, Oe3konTakTHa cucrema Bim Electreon mepemae mmme 20 kBrt.
[Ipobemoto, 3 KO0 CTUKAIOTHCSI KOHTAKTHI CUCTEMH, € 3HOLIEHHS NPUCTPOIB Y MiCLli KOHTAKTY, 1110 IPU3BOANTD
JI0 HEOOX1THOCTI PEryIIPHOTO KOHTPOITIO CTaHy MPOBOIB a00 peiiok. TexHOIoris 3 pelikoro BUMarae mocTiiHOTo
KOHTPOJIIO Ta 00CIIyTrOBYBaHHS 3’ €JHyBaJbHUX LIBIB MK PEHKOIO Ta MOBEPXHEIO IOPOTH, 3 METOIO 3aro0iraHHs
NPOHUKHEHHS BOAM Y MOKPUTTS JOporu. [HIIoro mpobieMoro € crapinHs Ta 3a0pynHeHHs peiok. Lle ocobmuBo
aKTyalnbHO JUII cucTeMH Bix Evias, me pelknm po3TamnoBaHi HIDKYE MOBEPXHI JOPOTH. 3arajioM, Uil PeHKOBHX
CHCTEM CKJIAJHIiIIe BUPIIIyeThCS podiemMa 3a0e3MeueHHs 3aXUCTy BiJl YpaKeHHS €NeKTPHYHUM CTPYMOM. Y TOH
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K€ 4Jac pIIIEHHS 3 KOHTAKTHOIO MEPEKEI0 BIHMBAE HA JOPOXKHIO CTPYKTypYy JIMIIE Yepe3 BCTAHOBICHHS OIIOP
MOBITPSIHOT JIiHIT O1JIs1 TOPOXKHBOTO MOKPHTTS, IO TAKOXK MOXKE BIUIMHYTH Ha CTIHKICTH JOPOXHBOI OCHOBHU Ta
CIPUYMHUTH OCLIaHHS IPYHTY, SIKIIO OTIOPH PO3TAIIOBaHi 3aHAATO OJIM3BKO 10 JOPOTH.

Takox, JIOKami3awisi TPAHCHOPTHHUX 3acO0IB B ONHIM YacTHHI JOPOXXHBOI'O IIOJIOTHA MHPU3BOAUTH [0
HEPIBHOMIPHOTO PO3MOJy HABAaHTAXKCHHS. YHACTINIOK IBOTO HA JITHKaX JOPOTH, J€ KoJieca aBTOMOOLTIB
KOHTaKTYIOTh 3 NOBEPXHEI0, IIOCTYIIOBO YTBOPIOIOTHCS MornOeHHs . Lg npobiema akTyanbHa s BCIX CHCTEM
3apsIIKK aBTOMOOLIIB MiJ Yac pyXy, OCKUIBKH TaKi TEXHOJIOTIi epen0avaroThb, 0 TPAHCIIOPTHI 3aCO0M MMOBHUHHI
pyXaTHcs y BH3Hau€HHX CMyTax, Ji¢ BOYIOBaHI €JeMEHTH 3apsaaHoi iHppacTpykTypu. Sk pesymbrar, mocriiHe
HaBaHTA)XCHHS Ha OZHI # Ti caMi IUITHKH ZOPOTH MOKE 3HAYHO MPUIIBUAIINTH 11 3HOIICHHS.

3. BuiuB akymyJISITOPHHUX eJieKTpoMoOiaiB Ha Bukuan CO;

Ha cporomni OibIIiCTh €1EKTPOMOOLTIB, MOMNPEHUX Y KpaiHax €BpOmH, HAJEKATh 10 aKyMyJISITOPHOTO
tuny. Tomy npoanamizyemo Bukuau CO; CHpHYWHEHI IIMM BHIOM €IEKTPOTPAHCIIOPTY IiJ 9ac PyXy B 3aJISKHOCTI
BiJl CTPYKTYpH BUPOOHUIITBA EJIEKTPOCHEPTIi.

O1iHKY BUKOHA€EMO /I YMOBHOT'O aKyMYJISTOPHOTO €JIEKTpOMOOiIsi, 6€3 PHB’SI3KU 10 KOHKPETHOT Mozieti
TpaHCIIOPTHOTO 3aco0y. Pe3ymbrarm BapilOIOTbCS 3aJIe)KHO BiJl PErioHaJbHUX OCOONMBOCTEH reHeparlil
eJIEKTPOEHEPTii Ta e)eKTUBHOCTI i mepeaui yepe3 eHeproMepesi KoKHOT OKpeMOoi KpaTHH.

Electric Vehicle Emissions Index (manmi ingexkc BukuniB ado EVEI) po3paxoByeTbcs sk BiHOIICHHS
3arajlbHAX BHUKHIIB EJIEKTPOMOOUISI A0 BHUKUAIB aBTOMOOUIS 3 JBUTYHOM BHYTPILIIHBOTO 3TOPAaHHS IMpH
MPOXOKEHHI OTHAKOBOI BiJCTaHi d

€
EVEl = <L, (M
EICEV
Iie gy — eMicis BiJ eIeKTPOaBTOMOOII,
N dYEPEey
EV — ,
NMvNww

€[cEy — eMicif BiJ TpaJuLiifHOrO aBTOMOOIN,
eicev = AYekpicev -

Jo Bupasy (1), 3a sIKUM BH3HAYarOTh 1HAEKC BUKHIB, BXO/SATh HACTYIIHI CKJIaI0BI:

Y — IUTOMI BUKU/IM TIAPHUKOBOT'O T'a3y Ha OJMHHUIIIO €JIEKTPOSHEPTil;

Ppy — IMTOMa BUTpPAaTa EJIEKTPOCHEPTii eIeKTPOaBTOMOOIIIEM TIiJT Yac Pyxy;

Ny — CPEKTUBHICTD EIEKTPOMEPEIKI;

Nww — €PEKTUBHICTE IEPETBOPECHHS ENEKTPOCHEPTIi Y eIeKTPOaBTOMOOIII;

Y — TUTOMI BUKHIM ITAPHUKOBOTO a3y BiJl CHAIIOBAHHS OJMHUIII MTAJTNBA;

Prcgy — MMTOMA BUTpATa ajMBa HA OIMHMINIO BiJICTaHI;

k — dakrop BUKHIIB y BUPOOHHYIOMY JIAHIIFOTY, III0 BPAXOBY€E HONATKOBI BUKUIM, SIKi YTBOPIOIOTHCS ITi [T Yac
BHUPOOHUIITBA, TPAHCIIOPTYBaHHS, 30epiraHHs Ta ePEepPOOKH MaINBa.

Jnsi po3paxyHKy 3HAYeHHs MapamMeTpiB B3ATi 3 HACTYyNHHUX Jokepen: Yy — 3 [27], pPgy =
0,15...0,25 xBrrog/xm [28], Ny —3 [29], nww = 0,8 3 [9].

JoOyToK Y¢ * Prcey = 122,7 v/xm mns 6ersunoBoro JAB3 [30], mpu mpomy k = 1,25 [7]. Toni Buxumu CO,
BiJl TpaJAMIIHOrO aBTOMOOLJIS 3 ypaXyBaHHSIM BUPOOHHYOTO JIaHIIIOTa CTAHOBIATE 153,4 1/KM.

Pesynbrar po3paxyHKy iHIEKCY BUKHIIB IpEACTaBiCHUI B Tabn. 1, a xiacrepusaiis KpaiH 3a piBHEM
BukuaiBe EVEI (max) anst BepXHBOi MeXi Py — Ha puC. 6.

Bukopucrasmu [6], ne Bkazani Bukuau CO; Bia enekrpoaBroMoOuIst Ta aBromo0ins 3 JIB3 ymponosx
BCHOTO MHUKIY JKUTTS, BCTAHOBAMO, 10 BUKHI CO; Bij eleKTpoaBTOMOOLIS Oe3 BpaxyBaHHS IEepeBi3HOI poOoTH
ctanoBuTh 15 500 xr 3a 10 pokiB. Bmaxaroun, 1o 3a 10 pokiB aBToM00i1b Tpoine 150 THC. KM Ta pe3ynbTatu
po3paxyHky emicii CO; 3 Tabu. 1, oTpuMaeMo CyKyIHI BUKHIH MTAPHUKOBOTO Ta3y 3a aHANOTiYHAHN nepiox. [licms
3iCTaBIIEHHS OCTaHHIX 3 BHKHIaMu aBTroMoOiriB 3 /IB3 3a 10 pokiB, MOXXHAa BCTAaHOBHTH, III0 BXKE MIPH 3HAYCHHI
EVEI 0,96 i Butiie 3araibHi BUKUAH BiJl €IEKTPOABTOMOOLISA IEPEBUIYOTh BUKHUIH BiJI TPaIUIIIITHOTO aBTOMOOLIIS.

Tomy nist KpaiH 3 NepeBayKHOIO TEHEPAIlI0 €JIeKTPOCHEPrii BiJl ByriIbHUX Ta Ia30BUX €JIEKTPOCTAHIIH,
takux sk [Tomemma, Kinp, Mansra Ta Uexist, BAKOPUCTAHHS aKyMYJISTOPHHUX aBTOMOOLTIB IPHU3BEE 10 301IBIIICHHS
BUKH/IIB TAPHUKOBOTO Ta3y B arMocdepy.

Hopgeris Ta ®panuis, AeMOHCTPYIOTh BUCOKHH PIBEHb €KOJIOTIYHOT BiAIOBIaIBHOCTI 3aBISKHA CTPYKTYpi
CBOIX eHepreTHYHuX cucteM. HopBeris maiibke MOBHICTIO MOKJIANA€EThCS HA TiAPOCHEPTETHKY, IO 3a0e3nedye
YHCTy Ta BiJHOBIIOBaHY €HEPTIIO JJISI BHYTPIIIHBOTO CIIOXHUBAaHHS. Y DpaHIlii OCHOBHY YacTKy €JIEeKTpOeHepril
BUPOOJISIIOTh aTOMHI CTaHIii, sIKi MaroTh HU3BKUH piBeHb BUKHUIIB CO,. PO3BUTOK €IEKTPOTPAHCHIOPTY y IMX
KpaiHax MaTuMe 3HAYHWH MO3UTUBHUI €KOJIOTIYHUH e(eKT.

Kpainu 3 nomipao Hu3bkumu nokazuukamu EVEI 3okpema, [lanis, [Topryranis ta JlrokcemOypr, MatoTh
CTPYKTYpy CHEPreTHKH, 3 MEHIIOI0 YaCTKOI0 BiJHOBIIOBaJbHOI Ta aTOMHOI €HepreTHKd. BongHouac BoHHM
MPOJOBKYIOTh BUKOPUCTOBYBATH BHKOITHE MAJIMBO, 110 BIUIMBAE HA 3arajlbHUI PiBEHb BUKHIIB.
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Cepen kpaiH i3 cepennimu nmokazaukamu EVEI moxHa Bumimuta Yipainy, Itamito, Himequnny. Li kpaian
MalTh 3MIllIaHy €HEPreTHYHY CTPYKTYpY, SKa BCE IIe 3HAYHOIO MIpOI0 3aJIe)KUTh BiJ BYTiLIS Ta rasy, Ta
o0ymoBiIoe cepenHiit piBeHb BHKHIIB CO,. Anle pO3BUTOK €IEKTPOTPAHCIOPTY TAKOXK A€ 3HIDKCHHS BHUKHIIB
BYIJIEKHCIIOTO Tazy.

Tabnuu 1. PozpaxyHok ingekcy BukuaiB CO»

Egy €gy EVEI EVEI
JepxaBa Ve, e (min), (max), (min), (max),

r/(kBt-TOm) /KM /KM T/KM T/KM
Hopgeris 30 0,94 6,01 10,01 0,04 0,07
[Beris 41 0,95 8,01 13,36 0,05 0,09
®DpaHIis 56 0,94 11,22 18,7 0,07 0,12
DirsHIIsS 79 0,96 15,47 25,79 0,1 0,17
JlrokceMOypr 105 0,94 21,06 35,11 0,14 0,23
ABCTpis 111 0,95 21,95 36,58 0,14 0,24
CrnoBauydnHa 117 0,98 22,45 37,41 0,15 0,24
JlaTBist 123 0,91 25,4 42,33 0,17 0,28
Benbris 138 0,95 27,38 45,63 0,18 0,3
Janis 152 0,94 30,29 50,49 0,2 0,33
JIutBa 160 0,78 38,47 64,11 0,25 0,42
ITopryraist 166 0,9 34,5 57,5 0,22 0,37
Icnanis 174 0,9 36,1 60,17 0,24 0,39
YropmuHa 204 0,88 43,68 72,8 0,28 0,47
XopBartist 205 0,87 44,24 73,73 0,29 0,48
ClioBeHis 231 0,95 45,54 75,9 0,3 0,49
Crioiry4ueHe KopoJliBCTBO 238 0,92 48,61 81,01 0,32 0,53
PymyHist 241 0,89 50,62 84,36 0,33 0,55
YkpaiHa 260 0,89 54,64 91,07 0,36 0,59
Hinepnanau 268 0,95 52,69 87,82 0,34 0,57
Ipmannis 291 0,92 59,22 98,69 0,39 0,64
€Bpona 319 0,94 63,78 106,3 0,42 0,69
Itamis 331 0,93 66,67 111,12 0,43 0,72
I'pewis 337 0,92 68,78 114,63 0,45 0,75
Himeuunna 381 0,96 74,31 123,86 0,48 0,81
Ecronis 417 0,93 83,79 139,66 0,55 0,91
Yexist 450 0,95 88,32 147,19 0,58 0,96
Mauisra 459 0,95 90,31 150,52 0,59 0,98
Kimp 534 0,96 104,33 173,89 0,68 1,13
MongoBa 643 0,78 154,68 257,80 1,01 1,68
Tlomnbiia 662 0,94 132,69 221,15 0,87 1,44

BucHoBku. AHaini3 craTHYHOI iH(GOPMAIIii Ta OIS aHATITHIHHX 3BITiB BKa3y€ Ha MOJAIBIIHNA PO3BHTOK
Ta IHTepec 0 eNEKTPOABTOMOOLIIB y TPUBANUIT MepCIeKTHBI. Y €BpOIi OTpHMaH IOIIUPEHHS aKyMYISATOPHI
€JIEKTPOABTOMOO1II, 1110 3YMOBJIEHO MPOCTILIMM JOCTYIOM JIO JKEpes eHeprii HOPIiBHSHO 3 TEXHOJIOTISMH Ha
OCHOBI BOJIHEBHX MAJIMBHHUX EJIEMEHTIB.

[Tonpu nepcreKTUBHICTb, TPAHCHOPT i3 BOIHEBMMH MNMAJMBHUMH €JIEMEHTAMHM Hapas3i Mae oOMexeHe
3actocyBanHs . OCHOBHUMH NIPUYMHAMH IIbOTO € BUCOKA BAPTICTh BUPOOHMIITBA BOJHIO, HEAOCTATHHO PO3BUHEHA
iH(pPaCTPyKTypa AJIs 3alIpaBKH Ta CKJIAIHOIII, TIOB’s3aHi 31 30epiraHHsIM BOIHIO.

SO OIiHIOBAaTH TEXHOJNOTi0 enekTpudikamii MUIsIXiB, TO BOHA MOTpPeOye 3HAYHMX IHBECTHIIA B
iHppacTpyKTypy Ta 00OMEXy€e 3aCTOCYBaHHS TPAHCIIOPTHUX 3acO0iB JIMIIE MAapUIPYTHUM CroiydeHHsIM. OfHax,
Taka TEXHOJIOTiS Ma€ CyTTEBI EKOJOTiYHI IepeBarw, a came, [O3BOJsS€ 3MEHIIMTH EKOJOTIYHHH Clij
CJICKTPOTPAHCIIOPTY 3aBASKH BiJCYyTHOCTI aKyMyJSITOpiB, a BIJIOBIIHO 1 BUKH/IIB Biag iX BHPOOHMIITBA Ta
YTHITI3aIl1.

[oennanns enexTpudikanii aBTONIIAXIB 3 TEXHOJOTIEI aKyMYJSITOPHHX aBTOMOOLTIB JIO3BOJISIE
BHUKOPHCTOBYBATH MEHIILy 0aTapero Ta EKOHOMUTH 11 pecypc Ha MapIIpyTi, KOJIM TPAHCIIOPTHHUH 3aci0 nmpueTHaHui
JI0 MEPEXi, 1110 TAKOXK J03BOJISIE 3MEHILIUTH IIKIATMBAN BIUIUB HA TOBKIJLIS.

BaxiBe 3HauY€HHsS Yy EKOJIOTIYHOMY acleKTiB 3aCTOCYBAaHHS EJIEKTPOTPACIIOPTY Ma€e CTPYKTypa
BUpOOHHMITBAa eyekTpoeHeprii. Haiikpami mnepcnekTuBH y IOMY HAmpSIMKy JIeMOHCTPYIOTh KpaiHH
CkannnHaBchkoro miBocTpoBa Ta @paniis, ae inaexkc EVEI He nepesumnye 0,2. 3a po3paxyHKaMu, iHTETpalibHE
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snauenHsi EVEI mis €Bponu cranoButh 0,69, 110 HiATBEPIHKYE MOUUIBHICTh BUKOPHCTAHHS €IEKTPUYHOTO
ABTOTPAHCIIOPTY.

Jns YkpaiHun BIpPOBaKEHHS TEXHOJIOTIH enekTpuikarii aBTOMOOIIBHUX NUISAXIB JJISI BAHTOKHHUX Ta
MacaXMPCHKUX IEPEeBE3CHb € TAKOXK INEPCHeKTHBHUM. Takuil minxigx Moxke 3a0e3neduTH NeKiIbKa BaXKJIMBHX
IIepeBar, a came:

1. Enexrpudikaiis TpaHCIOPTHOI I1H(PACTPYKTYpPH CHPHATHME CYTTEBOMY 3HIDKCHHIO BHKHJIB
MApPHUKOBHUX T'a3iB, 0 MIO3UTHBHO BIUIMHE HA CTAH HABKOJHMIIHHOTO CEPEAOBHIIA.

2. BipoBa/pkeHHS IIMX TEXHOJOTIH CHPHUATHME IMiIBUIICHHIO EHEPreTHYHOI HEe3aJIeKHOCTI KpaiHu.
BuxopuctaHHS eleKTpOeHepTii, 0 BUPOOIIETHCS 3 BiTHOBIIOBATIBHUX JDKEPENl, TAKUX SK BITPOBi, COHSYHI Ta
TiIPOENeKTPOCTAHIIIT, JO3BOIUTH 3HU3UTHU 3AIICKHICTD BiJ] IMITOPTY HATH Ta rasy.

3. Po3mmpeHHsT BUKOPHCTAHHS EIEeKTPH(PIKOBAHNX NIIIXiB MOXKE CTAaTH KaTali3aTOpOM UIS PO3BUTKY
TPAHCHOPTHOI iHPPACTPYKTYypH Ta IHHOBALIWHUX pillleHb y Taimy3i. Taki MPOEKTH 34aTHI 3ayYUTH iHBECTHUIIT i
CTBOPHTH HOBI po00dYi MicIIs.

3aranom, iHTerpamis TEeXHOJIOTiH €JIEKTPUYHOrO aBTOTPAHCIOPTY BiANOBiJA€ IIOOATbHUM TEHICHLISM
JekapOoHi3alii TpaHCIIOPTHOI Trajy3i, 0 TaKOX BIAKPUBAE MOMIIMBOCTI JUIS PEriOHAJIBHOTO Ta MI>KHAPOIHOTO
CHiBPOOITHULITBA Y cepi 3eJeHOT eHEPIeTUKH Ta TPAHCIIOPTY.

PucyHnok 6 — Inmeepanvruil inoexc euxuoie EVEI ons kpain €gponu
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FEASIBILITY AND DEVELOPMENT PROSPECTS OF ELECTRIC ROAD
TRANSPORT IN EUROPEAN COUNTRIES BASED ON THE INTEGRAL
EMISSIONS INDEX

The aim of this article is to review the development of electric road transport and assess its feasibility in
European countries based on an analysis of CO, emissions using an integral index.

Electric road transport is evolving in three main directions. battery-powered vehicles, hydrogen fuel cell
vehicles, and road electrification. Battery electric vehicles are widely used, but their future may be constrained by
issues related to cost, charging infrastructure, and raw material availability. Hydrogen-powered vehicles offer fast
refueling; however, they require substantial investments and strict safety standards. Road electrification includes
both contact and wireless energy transfer systems. Contact-based systems, in particular, provide high power and
low energy losses, making them optimal for vehicles with significant energy demands.

The environmental efficiency of electric vehicles largely depends on the source of electricity. Countries with
a high share of renewable energy, such as Norway and France, demonstrate greater environmental efficiency in
electric vehicle adoption.

Special attention should be given to road electrification, which reduces the duration of battery-powered
autonomous driving and allows for smaller battery sizes, thereby extending their lifespan. This approach not only
increases battery longevity but also has a positive environmental impact by reducing emissions associated with
battery production and disposal.

Keywords: electric vehicles, electric transport, EVEI, carbon dioxide, electrification of roads,
environmental efficiency.
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CYYACHI IPOBJIEMH HE3AKOHHOTI O OBIT'Y
PAJJIOAKTUBHUX MATEPIAJIIB

Cyuacni npobaemu He3aKOHHO020 00i2y padioaKmueHux Mamepianie cCmaHo8IAMs Ceplio3Hy 3aepo3y Ol
2nobanvhoi besnexu, exonoeii ma 300pos's aooeil.

IIposiswu ananiz KI0OYOBUX ACHEKMIB YbO20 AGUWA, MOJICHA SUSHAYUMU NPUYUHU 1020 GUHUKHEHHS,
30Kpema HeOOCMAamHill KOHMPOb 3a padioaKMUSHUMY Mamepianamu, cladKicmes pe2yiamopHUux MexaHizmis y
HU3Yi KpaiH, a maxooc 3pOCMAnHA MEepOoPUCMUYHUX MA KPUMIHATGHUX 3a2po3. Y cmammi po3easioaiomscs
HACNIOKU HEe3aKOHHO020 00i2y padioakmusHux mamepianié O CYCHIIbCmMed, MmakKi AK pusuku paldiayiiHo2o
3a6pyOHeHHs, NIOBUUEHHS PIBHA MEPOPUCTUYHOT AKMUBHOCTI MA eKOHOMIUHI 6Mpamu.

Ocobnusa ysaza npuoilaemvbcs AHANIZY MIHCHAPOOHUX 3YCUNbL WOO00 Npomudii He3aKoHHOMY 00i2y
PAdioaKmuHUX Mamepianie, 6KI0YAIOUU OisIbHICMb MAKUX opeanizayii, ax Mixcuapoone azeHmcmeo 3 amomHol
enepeii (MAI'ATE) ma [nobanvha iniyiamuea 3 6opomsdu 3 akmamu s0epHo2o mepopusmy. Buceimueno pouv
CYYACHUX MEXHON02I MOHIMOPUH2Y, IHMEZPOGAHUX CUCMEM CHOCMEPEdICeHHs Ma asmomamuszayii npoyecie
KOHMPOJIO.

IIpononyromuvca winsAxu nioguujents epexmueHocmi npomuoii, cepeo AKUX YOOCKOHANEHHS MINCHAPOOHO20
3aKOHO0ABCMBA, CMBOPEHHS 2100AIbHOI 6a3u 0aHUX padioaKmueHUx Mamepianie, nio8uUWeHHs pieHs npogecitinoi
ni020MOBKU NepCOHANY, 8i0N0GIOANbHO20 30 KOHMPO/b, d MAKONMC NOCUNEHHS THQOPMAayitiHoi 83aeM00ii Midxc
oeporcasamu. Cmamms € 6HECKOM ) HAYKO8e 002060peHHs NPOOIeMU Ma NPONOHYE KOHKPEMMI NPaAKMU4Hi 3ax00u,
CHPAMOBAHI HA 3MEHUIeHHS PUUKIB, N08'A3AHUX 3 He3AKOHHUM 00i20M padioaKmueHUX Mamepianis.

KarouoBi caoBa: padioakmueni mamepianu nosa pecyoiouumM KOHMPOeM, He3aKOHHUu obie
PAOIOAKMUBHUX MAMEPIANie, HeNnpagoMipHe SUKOPUCHAHHSA pAdiOaKMUSHUX MAmMepianis, A0epHull mepopusm,
«Opyona bombay, exonoziuna kamacmpogha, padioakmugHe 3a0pyOHeHHA HABKOIUUWHBLO2O CepedosUUd.

Beryn.

CyuacHuii CBIT iepeOyBae y cTaHi IJ100abHIX BUKJIMKIB, OHUM 13 SKHX € MPo0iieMa He3aKOHHOTO 00iry
pamioakTMBHUX MatepianmiB. L[i MaTepianu, BHMKOpUCTaHHS SKHX paHilie OyJo OOMeXKeHe HayKOBHMH
JIOCJTIJDKEHHSIMH, TIPOMHCIIOBICTIO, MEJIMIIMHOIO T4 aTOMHOI0 €HEPreTHKOI0, TEeIep CTaIM 00’ €KTOM iHTepecy s
370YMHHUX YIPYMyBaHb 1 TePOpUCTUYHHUX opranizamii [1, 2]. Hacnigku HemnpaBOMipHOTO BUKOPUCTAHHS
palioaKTHBHUX MaTepialliB MOXKYTh OyTH KaTacTpo(iyHMMHU: Bifl JIOKaJBHOTO padiallifHOrO 3a0pyTHEHHS 10
CTBOPCHHS pajioNioTivHuX "OpyaHHX O0MO", 3MaTHUX 3aBIATH IIKOIW HACENICHHIO, CKOJIOTIl Ta €KOHOMIIl Ha
riobanbHOMY piBHi [3, 4].

Oco0nMBy aKTyaJbHICTh 11 mpobiemMa Mae Uit YKpaiHW, fKa € TPaH3UTHOI KpaiHOI0 B CHCTEMI
MDKHAapOJHNX TEepeBe3eHb, Ma€ PO3BHHEHY aTOMHY €HEPreTHKY i CKJIaJHYy IOJITHYHY CHUTYallilo, IO 301IbIIye
PH3HKH HE3aKOHHOTO BHKOPHCTAHHS PaJiOaKTHBHHUX MarepiamiB [5, 6]. B yMoBax MOCTIHHOTO 3arocTpeHHsI
TeOMNOJIITUYHUX KOH(QIIKTIB Ta aKTHBI3alii TEPOPUCTUYHUX OpraHizamiid YKpaiHa CTHKA€ThCsI 3 HEOOXIAHICTIO
TIOCHJICHHS KOHTPOJTIO HaJT TIEPEMIIICHHSIM | BUKOPUCTAHHSAM Paji0akTHBHUX Matepiaiis [7].

AKTyaJIbHICTh JOCIIKEHHSI OOYMOBJIEHa TaKOX 3POCTaHHSIM KUIBKOCTI BHIAJKIB HE3aKOHHOTO 00iry
PaioaKTHBHUX MaTepialliB, ki QiKCYIOTHCS OCTAHHIM 9acoOM B MIXKHAPOJIHHX 1 HAIlIOHATBHUX 0a3ax maHux [8].
[Ipobnema noTpedye AeTaNBLHOTO aHANI3y, PO3POOKH MPEBEHTHBHUX 3aXOMIB 1 BJOCKOHAJICHHS HAasBHUX CHUCTEM
koHTpouTto [9].

1.0cHoBHI 3arpo3u He3aKOHHOT0 00iry pagioaKkTHBHMX MaTepiaJiB

HeszakonHuii 00ir pafioakTHBHUX MaTepiajliB CTAHOBUTH CEPHO3HY 3arposy 4depe3 JIeKUIbKa KIIOYOBHX
ACTICKTIB y BHUTJIAI MMOTCHIIITHUX HACIIIKIB:

1.3arpo3a >KHTTIO Ta 370pPOB’I0 IIOACH: BHTOKH pAJiOAKTHBHHX PEYOBHH MOXYTH CHPUYHHATH
3aXBOPIOBAHHS, ITOB’S[3aHI 3 paliallifHAM ONPOMiHEHHSM, 30KpeMa OHKOJIOTiYHI XBOpPOOW, TeHEeTHYHI MyTaIllii,
MOPYILIEHHS IMyHHOI CHCTEMH.

2.Exoustoriuni kaTactpodu: 3a0pyaAHEHHS HABKOJIUIIHROTO CEPEIOBHUINA PATi0aKTUBHIMHK MaTepiaJaMu Mae
TPHBAJIi HACTIAKH, SIKi MOKYTh BIUTMBATH Ha IPYHTH, BOJHI pecypcH Ta ¢Guiopy 3 (GpayHOI0 MPOTATOM AECATHIITh

8, 9.
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3.MOXKIIUBICTh CTBOPCHHS PAIioaOriyHOl 30poi: TEPOPHCTHYHI OpraHizamii MOXKYTh BHKOPHUCTATH
paaioakTHBHI Martepianu AJs CTBOPEHHS pazioyioriyHux mnpuctpoiB ("OpyaHux 060om0"), siKi MOXYTb OyTH
3aCTOCOBaHi JIs 3aJSIKYBaHHS YU peanbHuX atak [4, 5].

4. ExoHOMiYHa HECTaOUIBHICTh: IHIUACHTH 3 PaJi0aKTUBHIMH MaTepiallaMi BIUIMBAIOTh HA MIKHApOJHI
MepeBe3EHHsI, TOPTiBIIO, TYPUCTHYHY INPUBAOIMBICTD PErioOHIB, IO YCKJIAIHIOE €KOHOMIYHY CUTYyallilo SK Ha
JIOKaJbHOMY, TaK 1 rmobansHoMy piBmsix [10].

2.IlinpuB Miz:kHAPOIHOT Oe3nmeKH

Mixuapogauit 1oCBix y 60poThOi 3 HE3aKOHHIM 00IiroM palioaKTUBHUX PEYOBHH € JYIKE BaXKITHBUM IS
POo3po0OKH ePEeKTUBHUX CTpATETiH Ta 3aX0/iB HAIIIOHAIFHOTO Ta MIXKHAPOIHOTO PiBHIB.

Bararo kpaim OepyTh ydacTp y MIKHApOJHHUX Yrojax Ta KOHBEHIISX, CIIPSIMOBAaHHX Ha OOpOTHOY 3
HE3aKOHHUM 00iroM pagioakTBHUX pedoBrH. Hampukiran, KoHBeHIIis po (i3nIHMIA 3aXUCT SASPHUX MaTepiaiiB
[8] 3abe3meuye MiKHApOAHI CTAaHIAPTH Ta BUMOTH IMIOA0 (Di3MYHOTO 3aXWCTy SACPHUX MaTepialliB Imif dac ix
TPaHCIIOPTYBaHHSI.

HesakonHuit 0o0ir pagioakTHBHHX MaTepialiB 4acTO CYNPOBOPKYETHCS HENEraJbHUMH CXEMaMH, IO
3aJy4aroTh TPAaHCHALIOHANBHI 3I0YMHHI yrpyIOBaHHsI, 301IbIIYI0YH HAPYTY MIXK JIep)KaBaMH.

ToMy 31iHCHIOETBCSI aKTUBHA CIIBITpaLst y cdepi 0OMiHy iH(OpMaLi€ero Ta IHTeIeKTyalbHUX PECYpPCiB s
BUSIBJICHHSI Ta PO3CJIi{yBaHHS BUIIaJKIB HE3aKOHHOTO 00Iry paJioakTHBHUX MaTepiaiiB. 3aCTOCYBaHHS Cy4yacHUX
TEXHOJIOTI Ta METOJIB KOHTPOJIO JO3BOJSIE INJABHIIMTH €(QEKTUBHICTh BHUSBICHHS Ta IEPEXOIUICHHS
HE3aKOHHOTO 00Iry paioaKTHUBHIX MaTepiamiB.

3.TeopeTuunuii orJisig mpodIeMu

PamioakTuBHI Marepiali € Ba)XJIMBUMH CKJIQJIOBUMH Cy4acHOTO CBITY, BUKOPHUCTOBYIOTHCS B 0araTbox
cepax JTOACHKO] iSUTBHOCTI, POTE BOJHOYAC CTAHOBIIATH CEPHO3HY 3arpo3y 32 YMOB HEHAJIEKHOTO ITOBOKEHHS
ab0 He3akOHHOTO 00iry. PagioakTHBHI MaTepiaiu - Iie sACpHI MaTepiaid, paaiOaKTUBHI BIIXOAM Ta JKepela
IOHI3yIOYOTO BHIIPOMIHIOBaHHS. HalOinbll MOMIMPEHUMH paAiOaKTHBHHMH MaTrepiajlaMH € ypaH, IUTYTOHii
(a1epHuii MaTepia), pajiil, a TAKOK HU3Ka pali0i30TOMIB, TAKUX AK Hoz-13 1, ko6ansT-60 Too. IX BukopucTanHs
OXOIUTIOE Pi3HI Tay3i: SACpHY CHEPreTHUKY, MCAMIMHY, IMPOMHUCIOBICTh, HAYKOBI JOCIIHKEHHS Ta KOCMIYHY
rajy3b.

VY siepHiit eHepreTHLll paaioakTHBHI MaTepialiy, sK-0T ypaH-235 1 i1y ToHii-239, € OCHOBHIMHU JiXKepeIaMu
eHepril U1l aTOMHHX eJIEeKTPOCTaHIii. BoHN 3a0e3meuyioTh BUPOOHUITBO €IEKTPOCHEPTil y BEIMKUX 00csrax,
IO € BAXIUBUM JJIsI €KOHOMIKM 0araThoX KpaiH. Y MeIWINHI pamioaKTHBHI 130TOMH 3aCTOCOBYIOTBCS IS
JIKYyBaHHS OHKOJOTIYHHX 3aXBOPIOBaHb, MIaTHOCTUKHM OpTraHiB 1 CHCTEM, a TaKOX Yy paziorepamii. Y
MIPOMICIIOBOCTI BOHH CITYTYIOTh UL HEPYHHIBHOTO KOHTPOJIIO SIKOCTI MaTepialliB, BU3HAYCHHS MILTBHOCTI Ta PiBHS
pimmH. Y  HAayKOBMX JOCHIKEHHSX paJiOaKTHBHI Marepiaid BHUKOPHCTOBYIOTBCS JUIS  BHBYEHHS
(dbyHmaMeHTaNPHUX (I3MYHUX, XIMIYHHX 1 OlojorigHmx mporeciB. KpiM Toro, y KOCMi4HIH Tady3i BOHH
3a0e3MeuyroTh )KUBJICHHS anapaTiB, siKi HEOOX1IHO 3a0€3MeUUTH MOTYKHUM 1 TPUBAIIUM JXKEPEJIOM eHeprii.

[Tonpu MMPOKY KOPUCHICTb, PaJiOaKTHBHI MaTepiaju HeCyTb 4duciieHHi pu3uku. OCHOBHa 3arposa
NOB’si3aHa 3 TXHIM 10HI3YIOUMM BHUIIPOMIHIOBAHHSIM, SIKE MOXXE CIPUYMHUTH CEPHO3HI HACIIIKU ISl 30pPOB’s
JFOIUHU. 30KpeMa, KOHTaKT 3 PaJioaKTHBHHUMHU MaTepialaMi MOKe BUKJIMKATH IPOMEHEBY XBOPOOY, OHKOJIOTI4H1
3aXBOPIOBaHHs, MOPYIIEHHS PEIPOYKTHBHOI CUCTEMH, & TAKOK TeHETHYHI MyTallil, SIKi BIUTMBAIOTh HAa Mai0yTHI
nokoyiHHsA. Kpim Toro, pamgioakTnBHEe 3a0pyJHEHHS HAaBKOJIMIIHHOIO CEPENOBMINA, IO BHHUKAE BHACIIJOK
BUTOKIB 200 aBapiif, MOXX€ MAaTH TPHUBANi HACIIJIKU JJIS SKOCHCTEM, BKJIIOUAIOYH IPYHTH, BOIHI pecypcH Ta
GiopizHomanitTs [3].

Oco01By 3arpo3y CTaHOBUTH MOXKJIMBICTh BUKOPUCTAHHS PaliOaKTHBHUX MaTepialliB y TEPOPUCTUUYHUX
ninsx. TepopucTudHi yrpynoBaHHS MOXYTh BUKOPHUCTOBYBATH X ISt CTBOPSHHS PaioNoriyHoi 30poi, Tak 3BaHNX
"OpyaHuX 60MO", SIKi MOMIMPIOIOTH PalioaKTUBHE 3a0pyAHEHHS Ha BEJIHKI TepuTopii. Takuii crieHapiit 3arpoxye
HE JIUINE JKUTTIO Ta 3J0POB’I0 JIIOJICH, a W MAPUBAE €KOHOMIUHY CTaOUTBHICTh 1 MOMITHYHY O€3MeKy AepikKaB.
[HIIMM Cepiio3HMM PU3UKOM € MOKIIMBICTB pagiallifHAX {HIMACHTIB MiJ Yac TPAHCIOPTYBaHHS a0o 30epiraHHs
PanioaKTHBHUX MaTepialiB, sIKi MOXKYTh CTATH IPUYHUHOIO aBapii i3 6araTopivHUMHU HACITIIKaMH.

CyJacHHid CTaH HE3aKOHHOTO 00iry paJioaKTUBHUX MaTepialliB 0OyMOBIEHHH HU3KOI YHHHHKIB.
Hacammepen, e cmaOkuii KOHTpOJb 3 OOKy JepikaB, sIKi MarOTh 3HAYHI 3amacy pPajiOaKTUBHUX PEYOBHUH.
HenocraTHst KiTbKIiCTh CIEliai3oBaHOTO OOJaAHAHHS JUIsl MOHITOPUHTY Ha KOpPJIOHAX, Opak CUCTeM OOJIiKy Ta
MapKyBaHHS pPa/i0aKTUBHHX MarTepialiB CIPHAIOTh iXHROMY HE3aKOHHOMY NepeMileHHI0. J[0J1laTKOBO IbOMY
CIIpHSI€ KOPYIILis Y IPABOOXOPOHHMX | MUTHHUX OpraHax, HU3bKUI piBeHb IpodeciiiHOT MiArOTOBKY MepcoHaly, a
TaKoX oOMexeHi piHaHCOBI pecypcH aiIst 3a0e3MeueHHs Oe3MeKH.

He Menm1 BaxnuBuM (akTOpOM € TEXHOJIOTIYHA JJOCTYIHICTh pallioakTHBHUX MaTepiaiiB. Crapi MpuUCTpOi,
SIKi MICTATB Pa/li0aKTUBHI 130TOIH, YaCTO 3aJMIIAIOTHCS 03 HAIEKHOTO KOHTPOJIIO, III0 CTBOPIOE PU3HMK IXHBOTO
MOTPAIUISIHHS HAa YOPHHUH PUHOK. BifcyTHICTH ri100abHOT KOOpAMHALIT MK KpaiHAMHU TaKOX BiJirpae 3HauHy
pornb. BiqMiHHOCTI B 3aKOHOAABCTBI, CTaHAApTaX OE3MEKH Ta PiBHI TEXHIYHOTO 3a0€3ME€YeHHS YCKIAIHIOIOTh
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MDKHApOIHY CITIBIIpaIio B 00poTh0i 3 He3akoHHUM 00irom. HapemTi, reonosliTiaHa HeCTaOIbHICTD, 30pOitHI
KOH(TIKTH Ta EKOHOMIYHI KPU3H CTBOPIOIOTH CIIPUATIUBI YMOBH JJISI AiSTIBHOCTI KpUMIHAJIBHUX yTPYyTIOBaHb, SKi
3aiiMarOThCS KOHTPaOaHIO paJioakTHBHUX Matepiaiis [4].

OTxe, He3aKOHHHMH OO0Ir paJiOaKTMBHUX MaTepialiB € CKJIaJHOI0 1 0araTorpaHHoO0 Mpo0JieMoro, ska
BUMAarae KOMIUIEKCHOTO Mmiaxony s ii Bupimenns [1]. Heo6ximHo po3po6isT Ta BIpoBamKyBaTH eeKTHBHI
3aX0AM KOHTPOJIIO, ITOCWJIIOBaTH MIXKHApOJHY CIIBIIPaIo, BJIOCKOHAJIIOBATH TEXHOJIOTIT MOHITOPHHTY Ta
Mi/IBUIIYBaTH PiBEHb MiATOTOBKH MEPCOHAITY, BIIIOBIAAIBEHOIO 32 OE3IeKy.

4 MiskHapoaHUiT KOHTEKCT

Hezakonnnii 00ir pafioakTHBHUX MaTepialiB CTAHOBUTH TJI00albHY IpobieMy, mo moTpedye aKTHBHOL
CIiBIIparli MijK iepykaBaMu, Mi>KHAPOIHUMHE OpTaHi3allisiMA Ta TPAaBOOXOPOHHAMH CTPyKTypamu [2]. 3 ormsiay Ha
BHCOKI PH3MKH, IOB’SA3aHI 3 PaJiOaKTUBHIMH MaTepiallaMH, MDKHApOIHE CITIBTOBAPUCTBO CTBOPHIIO HI3KY
HOPMATHBHO-TIPaBOBHX aKTiB, SIKi PETJIAMEHTYIOTh 3aX0AH OE3MeKH Ta MPOTHIl He3akoHHOMY 00iry. Kpim Toro,
3Ha4yHa POJIb HAJISKUTh TaKMM OpraHizalisM, sk MixHaponaHe areHTcTBO 3 atomHOi eHeprii (MAI'ATE), sxe
KOOPJAUHYE il KpaiH y 1boMy HampsiMi [1].

OnHUM 13 KIIIOYOBHUX JOKyMeHTiB € KoHBeHIis npo (i3UuHHUN 3aXUCT SAEPHOTO Marepiany, yXxBaueHa y
1980 poui [5]. Bona perysroe 3axoan Oe3nekd MPU BHKOPHCTAHHI, 30€piraHHi Ta TPAHCIOPTYBAaHHI SICPHUX
MmarepianiB. KOHBeHIIisI BCTaHOBIIOE OOOB’SI3KM Jep)KaB-wWICHIB II0J0 3amo0iraHHs KpaaikkKam, BTpaTi 4u
JMBEPCISAM PajioaKTHBHUX MarepiamiB. 3TiZHO 3 I MOJOXEHHSAMH, JepKaBu 3000B’s3aHi CIHIBIPALIOBATH Y
PO3CIiTyBaHHI iHIWICHTIB Ta MPUTATYBATH IO BiIMOBITAIEHOCTI OCi0, MPHYETHUX A0 HE3aKOHHOTO 00iry. Y 2005
pori Oynu yxBalleHi MOTpaBKH, sAKi po3mupwin chepy aii KoHBeHIii, BKIIOUMBIIN MUTAHHS 3aXHUCTY SICPHUX
YCTaHOBOK, a TAKOX SIICPHUX MaTepiaiiB Mix 4ac iXHbOro BHYTPIIIHHOTO BUKOPHCTAHHS.

Cepen iHIIMX BaXIIMBUX JOKYMEHTIB BHIUIIEThCI MiKXHApOIHA KOHBEHIIS PO OOpOTBEOY 3 aKTaMu
SAEPHOTO Tepopu3My, yxBaneHa y 2005 poui [6]. BoHa ciipsiMoBaHa Ha 3an00iraHHs He3aKOHHOMY BHKOPHUCTAHHIO
palioaKTUBHUX MaTepialliB y TEPOPUCTUIHUX HIIsIX. KOHBEHIIisI 3000B°s13y€ Aep:KaBU BCTAHOBIIIOBATH XKOPCTKUN
KOHTPOJIb HaJl TAKMMH MartepialaMH Ta 3alpoBapKyBaTH KPHMIiHAJbHY BiINOBIJAIBHICTh 332 IXHE HE3aKOHHE
BUKOPHCTAHHSL.

He men BaxuiBolo € aisibHiCTh Pajgu besnekn OOH, sika npuiiHsiaa HU3KY Pe30JIIOLIii, CIIPSIMOBaHUX Ha
00poTHOY 3 HE3aKOHHUM 00IroM pajioakTUBHHUX MaTepiaiiB. 3o0kpema, Pesomrowis Ne1540 (2004 p.) [7] Bumarae
BiJl IcpKaB CTBOPCHHS HAIIOHAJBHUX MEXaHI3MIB KOHTPOJIIO JIJIsl 3aI00iraHHs MOTPAIUISHHIO SACPHUX, XIMIYHUX
Ta OIOJIOTIYHMX MaTtepialliB IO PYK TEPOPHUCTHYHHUX yrpynoBaHb. Lled NOKYMEHT MiIKPECITIOE BaXKIUBICTh
MDXKHapOIHOI CITIBIIPaIli B MUTaHHAX 00MiHY iH(pOpMAIIi€I0 Ta KOOpAWHAIIT 3ycrinb. Pe3omormis Ne1373 (2001 p.)
[5], yxBaneHa miciast TepOPUCTHYHHX aTak |1 BepecHs, aKIEHTye yBary Ha HEOOXigHOCTI OOpoTEOM 3
(hiHaHCYBaHHSM TEPOPHCTIB, SIKi MOKYTh BUKOPHCTOBYBATH PaliOaKTHBHI MaTepiald AJsl CTBOPEHHS "OpyIHUX
6om0".

BaxmuBy pons y mikHapomHoMy KoHTEKCTi Bimirpae MAI'ATE, sixke € OCHOBHOIO Oprasizami€ro, IIo
3aMAaEThCs THUTAHHSIMH sepHOi Oesmeku. OmHUM 13 KIIOYOBUX IHCTpyMeHTiIB arentcrBa € Incident and
Trafficking Database (ITDB) — 6a3a nanux, sika (ikcye BHIIKH HE3aKOHHOTO OOIry simepHHX Mmarepiamis [8].
MAT'ATE Takox po3po0iisie cTanaapTi 0e3IeKH, sKi IepKaByi MOXKYTb BIIPOBAIKYBaTH Ha HAI[IOHAJIbHOMY DiBHI,
OpraHi3oBy€e HaBYaHHS Ui CIIBPOOITHUKIB MPAaBOOXOPOHHMX OPraHiB i MUTHHIb, & TaKOX HAJNAE TEXHIYHY
JIOTIOMOT'Y KpaiHawm, 1110 NoTpeOyrTh MOJIepHi3allii CBOIX CHCTEM KOHTPOJIIO.

[Ipukiagn TpaHCKOPAOHHHX IHIUACHTIB CBiAYATH MPO CEPHO3HICTH mpoOiemu. OOWH i3 Pe30HAHCHUX
BumaKiB ctaBcs y 2017 poni B CrioBaydwnHi, e OIS 3aTpUMalia 3II0YHHHY TPYIy, sIKa Hamaraiacs npoaaTa |
KT ypany-235. Lle#t marepian mir OyTH BUKOPUCTaHUH IJs CTBOpEHH "OpyaHOi 6oMOu". [HIIHMIT BUITagoKk cTaBcs
y 2016 pori B ['py3ii, komu OyI10 BIIIy4eHO palioaKTHBHAHN 11e3iii- 137, BUKpaIeHui i3 HayKoBoi ycTaHoBH. Y 2018
poli Ha TyperbKkoMy KopoHi 3 ['py3iero MutHHKH BB 18 rpamiB kainidopHir0-252 — pigkicHOTo MaTepiaiy,
SKAH MOKe OyTH BUKOPUCTaHHH Y SIIEPHUX peakTopax abo 30poi.

VYci mi iHIUIEHTH AEMOHCTPYIOTh BHCOKHHA DPIBEHb 3arpo3M, IIO TOB'SI3aHUHA i3 HE3aKOHHUM 00irom
panioakTHBHUX MarepiaiiB. BoHM MiIKPEeCTIOIOTh BaXJIMBICTHP MDKHApOAHOI CHIBIpAaIli, BIOCKOHAJIECHHS
HOPMATHBHO-TIPaBOBOi 0a3M Ta TOCWICHHSA KOHTPONIO. [l 3MEHIIeHHS pH3HKIB HEOOXiZHO He JmIe
BITPOBA/IKYBATH CydacHI TEXHOJIOTIi MOHITOPHHTY, a i IMiIBUIIyBaTH 00i3HAHICTh MPAI[iBHAKIB IPaBOOXOPOHHUX
CTPYKTYp Ta HIUPOKOT TPOMAJCHKOCTI. Y IbOMY KOHTEKCTI MisTbHICTh MiXKHAPOJHUX OpTaHi3alliii, TaKux sK
MATATE, € xi1touoBoro 171 3a0e3nedeHHs TJI00anbHOT SIepHOi Oe3MmeKH.

5.Cutyauis B Ykpaini

VYxkpaina 3aiimae ocoOnuBe Micle y I100aIbHii cucTeMi 00pOTHOM 3 HE3aKOHHMM 00IroM pajli0akTHBHUX
MarepianiB yepe3 ii reonoTiTHIHE MOJIOKEHHS, HassBHICTb PO3BHHEHOI aTOMHOI eHepreTuku Ta cnagok CPCP y
BUIJIA/I PafioaKTUBHUX Jpkepen i matepianiB. [Ipobiema He3akoHHOTO 00iry B KpaiHi Ma€ icTOpUYHE KOPIHHS, IO
Oepe MoYaTOK y Iepio] MOMITHYHOI Ta EKOHOMIYHOI HecTaObUThHOCTI 1990-X poKiB, aje 3aIHIIaeThCs aKTyaabHOIO
1 CbOTO/IHI.

ISSN 2308-7382 (Online) 145



ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexmnonozii, ekonozis. 2025. N 1

ITicns posnagy CPCP VYkpaina ycmagkyBaia 3Ha4HY KUTBKICTh SIZICPHAX MaTepiaiiB, BKJIIOYAIOUH Ti, 110
BUKOPHCTOBYBAJINCSI B HAyKOBO-JOCIIHUX YCTaHOBaX, IMPOMHCIOBOCTI Ta BIHCHKOBOMY KoMmiuiekci. OjHak
€KOHOMiYHa KpH3a, CalOKICTh AEp)KaBHUX IHCTUTYLIH 1 HEJOCTATHICTh KOHTPOJIIO CTBOPWIIM YMOBH ISl TTOSIBU
YOPHOTO PUHKY PaaioakTUBHHUX MarepianiB. ¥ 1990-x pokax Oyino 3adiKcCOBaHO YHMCIECHHI BHIIAJKU BUKPaJACHHS
Ta HEJIETAILHOTO TPAaHCIIOPTYBaHHS paaioakTHBHUX pedoBuH. Hanpuknan: y 1993 poui y Kuesi Oyno 3arpumano
TpyIy oci0, sIKi HamMaranucst MpoiaTH KOHTeHHep i3 1e3ieM-137, BUKpaeHUM i3 IPOMHUCIIOBOTO ITiAPUEMCTBA, a
y 1997 pori npaBooXOpoHIi BUSBWIN cIIpoOy NepeBe3eHHs IUTyTOHII0-239 uepe3 3axifHuA KOPIOH YKpaiHu —
3JIOBMHCHUKH TUTAHYBAJH MIPOJATH MaTepial 3a KOPJOH, aje oIeparito OyJo MPUIMHEHO 3aBISKH OTIepaTUBHII
POoOOTI IPaBOOXOPOHIIIB.

OpHi€l0 3 TMPUYMH TOMMPEHHS TAaKUX BHIAAKIB Oyia BiACYTHICTh e(eKTuBHOI cucTeMH OOJIKy Ta
MapKyBaHHS paTiOaKTHBHUX MaTepialliB, a TaKOoXX HHU3BKHI piBeHb (I3MYHOTO 3aXWCTy Ha OaraTbox
MiATIPIEMCTBAX 1 B HAYKOBHX yCTaHOBaX. 3HaYHA KiJIBKICTh CTaporo oONamHAHHA, SIKE MICTHJIO paJiOaKTHBHI
130TOMH, 3aiHIanacs 6e3 HaJeKHOTO OOIIKY, IO HOJETIIyBalo HOro BUKPAICHHS.

CraHoM Ha CHOTOJHI CHTYyalis 3 HE3aKOHHMM OO0IroM paJioakTHBHHX MaTepiaiiB B YKpaiHi 3HauHO
TIOKPAIIMIACS 3aB/SIKH BIPOBAPKEHHIO HOBHX TEXHOJIOTiH MOHITOPHHIY, MDDKHAPO/IHIH CHIBIIpalli Ta 3MIIIHEHHIO
3aKOoHOAaBuOI 0a3u. [IpoTe mpobiieMa 3aNuIIaeThCs AKTYyaTbHOK Yepe3 Hu3Ky ¢aktopis [9].

[To-nepuie, reorpadiyHe MoNOKeHHsT YKpaiHH, sKa € TPaH3UTHOK 30HOI0 MK Cxomom i 3axomom. [lo-
Jpyre, 30poiHMN KOHQIIIKT Ha CXOJ1 KpaiHH, 10 MOCIaduB KOHTPOJIb HAa OKPEMHX TEPUTOPISX 1 301IBIINB PUUK
KOHTpabaHI1 HeOe3NeyHUX MaTepiais.

3rigHo 3 opimiHHUME JaHUMHU, B YKpaiHi MOPivHO QiKCYIOTHCS NECATKH BUIIAIKIB HE3aKOHHOTO 00iry abo
cpo0® HE3aKOHHOTO TPAHCHMOPTYBaHHA pamioakTHBHHX MatepiamiB. Hampukmax, y 2018 pomi Ha KopaoHi 3
[Nonpmiero Oyno 3ynuHEHa crpoOy BUBE3CHHS 00JIaHAHHS 3 pali0aKTUBHUMHU JDKEpENIaMH, sike OyJI0 BUKpaJCHE
3 IPOMHUCIIOBOTO 00’€KTa B IEHTpaibHIA YKpaini. Y 2021 pomi Ha cXoxi KpaiHu OyII0 BUSBIICHO paliOaKTUBHUH
MaTepial y 30Hi, KOHTPOJIbOBaHIH HE3aKOHHUMH 30pOHHIMHE (HOPMYyBaHHSIMHU.

HesakonHuit 0o0ir HaivacTimie MoB’si3aHUil 13 PaJiOaKTHBHUMU JUKEpEIaMH, SIKi BUKOPUCTOBYIOTHCS Y
npomMucioBocti (1e3ii-137, crponuii-90) ta MenuuHux 3aknanax (ion-131, xobanbt-60). HesBakarounm Ha
3Ha4YHEe 3MEHIICHHs! KiNBKOCTI TaKMX BUIIAAKIB MOPIBHSAHO 3 1990-MM pokamu, pH3MK 3pOCTaHHS HeJeTalbHOT
JUSUTBHOCTI 30€piraeThes.

6.PoJib MPaBOOXOPOHHMX OPTraHiB i cneniaTbHUX Miapo3aiiiB

[IpaBoOXOpOHHI OpraHM Ta CIEIialbHI MIPO3MUTH BiAIrPAIOTh KIIOYOBY POJb Y HMPOTUAIl HE3aKOHHOMY
00iry pamioakTHBHHX MarepiaiiB B YkpaiHi. OCHOBHEMHU CTPYKTypaMH, IO 3aMarOThCS IIEI0 MPOOIIEMOIO, €:
Crnyx0a Oesrekn Ykpainu, HarionansHa mominist Ykpainu, Jlep:kaBHa nmpukopaoHHa ciayx6a Ykpaiau (JCITY).

JepxaBHa TNpUKOpAOHHA ciyx0a YKpalHM OCHalleHAa Cy4YacHHMM OOJagHaHHAM Ui pajialiifHoro
MOHITOPHHTY, sIKE TO3BOJISIE BUSBILITH HABITh HE3HAYHI PiBHI PalioaKTHBHOTO BUIIPOMIHIOBAHHS. Y CITIBIIpALli 3
MuUTHOIO ciry)6010 JIICY perymspHO BUSBIISIE CIPOOM HE3aKOHHOTO MEPEMIIICHHS PaliOaKTHBHUX MaTepialiB
4yepe3 KOPAOH.

HauionaneHa noninist YkpaiHu 31iCHIOE ONIepaTHBHO-PO3LIYKOBY JNiSUTBHICTh y chepl HE3aKOHHOTO 00iry
pamioakTHBHUX MarepianiB. OcoOJIMBY yBary NpUIUISIOTh PO3CIIyBaHHIO BHUIAJIKIB KPaIKKU pajlioakKTHBHUX
JUKEpeIl 3 MeAMYHUX, IIPOMUCIIOBHX 1 HAYKOBUX YCTAaHOB.

Ciyx6a 6e3nekn YkpaiHu 3aiiMaeTbesi 00pPOTHOOIO 3 OPraHi30BaHUMH 3JIOUMHHUMHM yTPYIIOBAaHHSAMH, SKi
3aliMaroThCcs KOHTpabaHAOK HeOe3meyHHMX MarepianmiB. OkpiM Toro, ciyx0a KOOpPIUHYE 3YCHIUIL 3
MDKHapOJIHUMH TIApTHEPaMH JUIS BUSIBIICHHS MEpPEX IOCTA4yaHHS Ta KaHAIIB 30yTy paJioaKTHBHHX MaTepiais.
s cTpykTypa BiAIOBiAa€ 32 MOTPUMaHHIM 3aKOHOJABCTBA y c(hepl BHKOPHCTAHHS PaTiOaKTUBHIX MaTepiaiB.

JleprkaBHa 1HCTIIEKLS SEPHOTO PETYJIIOBaHHS PO3po0JIsie HOPMATHBHO-IIPABOBY 0a3y, 3I1HCHIOE HATIIA] Ta
KOHTPOJb CyO’€KTIB NISTIBHOCTI y cdepi BUKOPHCTaHHS sSAepHOi eHeprii. YKpaiHa aKTHBHO CIIIBIIPAIOE 3
MATATE Ta iHmMMH MDKHapOJHUMH OpraHizalisiMu y cdepi 60poTsOM 3 HE3aKOHHUM 00IroM pasiioakTHBHUX
MmatepianiB. KpaiHa oTpuMye TexHIUHYy gomomory, 0epe y4acTs y TpeHiHrax Ta oOMiHi JOCBiZIOM, IO T03BOJISE
BJIOCKOHAITFOBATH HAIIOHABHY crcTeMy Gesmex [8].

7.Cy4acHi 3aBIaHHS 3 BUpPillleHHS MP00JIeM He3aKOHHOr 0 00iry

IIpobnema He3aKOHHOTO 0O0Iry pamioaKTUBHHUX MaTepialiB 3ajHIIacThCs BAXKIWBUM BHKIUKOM JIS
HaIllOHATBFHOI Ta MiXKHapogHOi Oe3mekn. EdextnBHa 60poThba 3 MM SBHUIEM NOTPeOye SK BIOCKOHAICHHS
ICHYIOUMX MiAXOJIB, TaK 1 BIPOBAKEHHS HOBUX TEXHOJOTIH Ta cTparerid. Y oMy KOHTEKCTI Ba>KJIMBUM €
PO3BUTOK CUCTEMH PaHHBOTO TIOTIEPEPKEHHS, IHTErpallis 3 MKHApOJHUMH 0a3aMH JaHUX Ta IIOCUIICHHS CaHKIIIH
3a MOPYLICHHS, OB’ A3aHi 3 00iroM pajiicakTUBHUX MaTepianis [5].

OnHUM i3 KITIOYOBUX HANPSIMIB € PO3BUTOK CHCTEMH PAaHHBOTO IOIEPEPKCHHS, SKa J03BOJINUTH LIBHIKO
pearyBaTu Ha IHOMAEHTH, NOB’sI3aHi 3 PafioaKTHBHMMHU Marepianamu. Lle BKIrouae BIPOBA/KEHHS CydacHHX
3ac00iB MOHITOPUHTY, TaKUX SIK CTalllOHApHI Ta MOOUIbHI AETEKTOPH pajiamii, 37aTHI BUSBISATH HABITH HU3bKI
PiBHI 10HI3yI0YOT'O BUIIPOMIHIOBAaHHS. Y JOCKOHAJICHHS TEXHIYHOTO 3a0e3MeYeHHsI Ha MyHKTaX MPOITyCKYy depe3
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Jep)KaBHUH KOPHOH € KPUTHYHO BAKIUBHM, OCKUIBKM CaMe KOPIOHHM YacTO CTAalOTh MicIieM HE3aKOHHOTO
TpaHCIIOPTyBaHHs. BakuBo Takox 3a0e3MeYuTH pPeryisipHe HaBYaHHS MEPCOHAIly, SIKMH IMpaitoe i3 3acobamu
paianifHOro MOHITOPUHTY, 00 MiIBUIUTH HOTO KOMIIETEHTHICT Ta €(EKTUBHICTh y BUSIBJICHHI 3arpo3.

[HIIMM Ba)KJIMBUM acIeKTOM € IHTerpamis 3 MDKHapoJHMMH Oa3aMu JaHHMX, TakuMu sk Incident and
Trafficking Database (ITDB) MAT'ATE. Taka inTerpatiisi J03BOJHUTH ONEPATUBHO OTPUMYBATHU 1HPOPMAIIiFO PO
BUIIAJKK HE3aKOHHOTO 00Iry paJioakTHBHUX MartepialliB y CBiTi, aHaJi3yBaTH TEHJAEHLIi Ta e]ekTHBHiIIe
BUSIBIISITH MOSKJIMBI KaHAJIM HE3aKOHHOTO IiepeMillieHHs: MaTepiaiiB. KpiM Toro, BaXxIMBO BIPOBA/XKYBaTH CIIIbHI
MDKHapOAHI orepanii Ta 00MiH iHopMaIli€ro MiXk MTPaBOOXOPOHHUMH OpraHaMH Pi3HUX KpaiH Uil HeWTpaizamii
TPaHCHAIIOHAIBHUX 3JIOYMHHUX TPYI. [HTerpamis 3 MbKHApOAHUMH CHCTEMaMH TAaKOX CIIPUSATUME BHSIBIICHHIO
MIPOTaJIMH y HAIliOHANBHIN crcTeMi Oe3lekr Ta ITO3BOJHUTH afanTyBaTH Kpamli MDXKHAPOIHI MPAKTHKH IO YMOB
KOHKpETHOI Kpainu [7].

He MeHII BaXJIMBHM 3aX0J0M € TOCHWJICHHS CaHKIIIH 3a MOPYIICHHS, MOB’s3aHi 3 HE3aKOHHUM 00iroM
panioakTHBHUX MaTepianiB. YnHHE 3aKOHOJABCTBO Ma€e OyTH BIOCKOHAJICHE, 00 TapaHTyBaTH HEBiABOPOTHICTh
MOKapaHHs JUIsi 0Ci0, MPUYETHUX JI0 TaKuX 37104uHIB. OKpiM TOro, mTpady, TEpMiHH YB’S3HEHHS Ta IHIII BHIH
MOKapaHb MaloTh OyTH NOCHIICHI, 0O CTBOPUTH CTPUMYBAJIBHUHN e(eKT AJIsl MOTEHUIHHNX 3104nHLIB. OcobmmBa
yBara MOBWHHA MNPHUIULITHCS OpraHizaTopaM Ta IIOCepelHMKaM Yy Mepexax KOHTpaOaHIu pajioaKTHBHHX
MarepiaiB, OCKIIbKY BOHHU € KIIOYOBUMHU (irypamul y NOMIMPEHHI HE3aKOHHOTO 00iry.

BucHoBku

Hezakonunut 006ir paioaKTHBHUX MaTepialiB CTAHOBHTB CEPHO3HY 3arpo3y sK s HAliOHAJBHOT, TaK 1 IS
MikHapogHO1 Oe3mexu. OCHOBHI NPOOIIEMH IOB’A3aHiI 3 HENOCTATHIM TEXHIYHAM 3a0€3MEYCHHSIM, CIIa0KUM
MDKHapOIHUAM CITIBPOOITHUIITBOM Y Wil cpepl Ta HEIOCKOHATICTIO 3aKOHOIAaBYMX MeXaHi3MiB. J{JIs BUpIiMICHHAS
X TpoOlieM HEOOXiTHO BHPOBAKYBATH KOMIDICKCHHH TWIiAXiA, SKWHA TOE€JHY€E TEXHIUHI, NpPaBOBI Ta
OpraHizariitHi 3aX0H.

[MomepemkeHHsT HE3aKOHHOTO 00Iry PaaiOaKTUBHUX MaTepialiB Ma€e BEJIHKE 3HAUCHHS I 3a0e3MeueHHs
rinobanbHOi Oesnexd. BoHO m03Bosse 3amoOirTH €KOJOTiYHUM KaracTpodam, TEpOPUCTHYHUM akKTaM i3
BUKOPHCTAHHSIM pa/lioaKTHBHUX MaTepiajiB 1 HOPYIIEHHSIM MI>KHapoAHOI cTabinbHOCTI. [locuneHHs: KOHTpOIIO 32
00IroM pazioakKTUBHUX MaTepialiB CIPUSITUME 3MIIIHEHHIO AOBIPU MiX KpalHaMH Ta ITiABUIICHHIO e()eKTUBHOCTI
MIDKHApOJIHUX 3yCHIlb Y 00pOThOIl 3 L€ 3arpo30I0.

[epcriekTHBH MOJATBIINX JOCTIHKEHb Y 1ii cepi BKIIOYAIOTh PO3p0OKY HOBHX TEXHOJIOTiH BHUSBICHHS
pamioaKTHBHUX MarepiajiB, aHali3 EKOHOMIYHHX 1 COIaJbHHX HACHAKIB HE3aKOHHOTO 00Iry, a TakKoX
BJJOCKOHAJICHHSI TIPABOBHX MEXaHi3MiB MDKHAPOJHOTO ciBpoOiTHHIITBA. OcoOIMBa yBara Mae OyTH TpHIiicHa
PO3BHUTKY iHHOBAIIHHUX METO/IiB HABUAHHSI [IEPCOHANY, IKUH NpaIioe y chepi MOHITOPUHTY Ta OE3MEKH, a TAKOXK
CTBOPEHHIO HOBUX aJITOPUTMIB B3aEMOIT MK KpalHaMH ISl IIBHKOTO pearyBaHHs Ha IHIUACHTH. TakuM 4MHOM,
O0opoTh0a 3 HE3aKOHHUM OO0IrOM pPagiOaKTUBHHUX MaTepialiB 3alMIIAETHCS OTHUM i3 KIFOYOBUX HAIPSMKIB
IUSUTBHOCTI Y cepi TI00abHOT Oe3MeKH.
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MODERN PROBLEMS OF THE ILLICIT TRAFFICKING
OF RADIOACTIVE MATERIALS

Modern problems of the illicit trafficking of radioactive materials pose a serious threat to global security,
ecology and human health.

The article provides number of events dealt with the prevention of the illicit trafficking of radioactive
materials as in Ukraine so in other countries. Reasons of the occurrence of radioactive materials out of regulatory
control are considered. Having analyzed the key aspects of the problem, it is possible to apply the reasons for its
occurrence, in particular, insufficient control over radioactive materials, the weakness of regulatory mechanisms
in a number of countries, as well as the growth of terrorist and criminal threats. The article examines the
consequences of the illegal circulation of radioactive materials for society, such as the risks of radiation
contamination, an increase in the level of terrorist activity, and economic losses.

Special attention is paid to the analysis of international efforts to combat the illicit circulation of
radioactive materials, including the activities of such organizations as the International Atomic Energy Agency
(IAEA) and the Global Initiative to Combat Acts of Nuclear Terrorism. The role of modern monitoring
technologies, integrated surveillance systems and automation of control processes is highlighted.

Ways to increase the effectiveness of countermeasures are proposed, including improving international
legislation, creating a global database of radioactive materials, increasing the level of professional training of
personnel responsible for control of radioactive materials, as well as strengthening information interaction
between states. The article is a contribution to the scientific discussion of the problem and offers specific practical
measures aimed at reducing the risks associated with the illegal circulation of radioactive materials.

Keywords: radioactive materials out of regulatory control, illicit trafficking of radioactive materials,
illegal use of radioactive materials, nuclear terrorism, "dirty bomb", environmental disaster, radioactive
contamination of the environment, nuclear security.
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