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ALGORITHMS FOR CONTROL OF TOWER CRANE STABILITY IN

CONDITIONS OF AIR SHOCK WAVES
AJITOPUTMMU YITPABJITHHSA CTIMKICTIO BAILITOBOT'O KPAHY B YMOBAX
HOBITPAHUX YIAPHUX XBUJIb
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Kuiscoxuil nayionanvHuil yHigepcumem 0y0ieHUymaa i apximexkmypu,
Kuis, Ilosimpogromcoruii npocnexkm, 31, 03037

Anomauia. Poboma 6awmosux Kkpauie Ha 0)0iBeIbHUX MAUOAHYUKAX 3aledxcumsb 6i0 Oii
OuHamiunux Haeanmadgcenvb. OOHICIO CKIA00B0I0 YUX HABAHMANCEHb € WBUOKICHUL HAMUCK
nOGIMPAHOI YOapHOI X6Ui, Wo Modce Npu3secmu 00 3YNUHKU KPAHIB, a MAKOMC MONCIUBL asapii
abo nepexudanHs 6e0ymov 00 NPOCMIl0 MAa 3HAYHUX eKOHOMIYHUX eumpam. B cmammi po3pobaenuii
cnocib ma peanizo8aHull 8 ancopummax 3abe3neueHHs CMitkocmi Oauimogo2o Kpamy 6 yMoeax
NOBIMPAHUX YOAPHX X6UTb, 3ACHOBAHULL HA 3ACMOCY8AHHI Memooie HeuimKoi nociku. Hasedena 6

pobomi  peanizayis ancopummié 00NOMOdNCe. KOHMpOAosamu I 3abe3neuyeamu CMIUKICMb
Oawmo6o2o Kpana 8 HepobouOMy CMAHI 8 YMO8AX WBUOKICHO20 HAMUCKY NOGIMPAHOI YOapHOi
xeuni;  Komwmponwosamu  cmitikicmb — 8aHmMAMCONIOUOMHO20 — KpaHA  NpU  GUKOHAHHSA

PO36AHMANCYBATILHO-HABAHMAICY BATILHUX POOIM Y POOOYOMY CIAHI 8 YMOBAX NOGIMPAHOI YOApHOT
X6UJl.

Kniouosi cnosa:. oOawmosuii KpaH, WEUOKICHULL HAMUCK, NOGIMPSAHA YOAPHA XGUJA,
aneopumm, memoo Heyimkoi no2iku, nakem newimkozo ananizy MATLAB Fuzzy Logic.

Berym.

OmauM 13 KJIIOYOBUX  MEXaHI3MIB  Ha  OymiBelbHUX  00’€KTax €
BaHTaXOIJiiMalbHa TEXHIKA, 30KpeMa, OamToBi KpaHH. bamToBi KpaHU MaroTh
BHCOKY YYTJMBICTH JIO0 BITPOBOI'O HATHCKy, TOMY Oe€3leka Ta MPOJAYKTHUBHICTh
BAHTAKHO-PO3BAHTAXXYBAJIbHUX PpPOOIT, BUKOHYBAHMX HHUMH, 3HAYHOIO MIPOIO
3QJICKUTh BIiJl BIUIMBIB Ha METAJIOKOHCTPYKIIIO 30BHIMIHIX (DaKTOPiB, IO
00yMOBIIIOIOTb, [TOB’I3aHUX 31 3MIHOIO TUHAMIKH BITPOBOTO HATHUCKY.

[TosiBa HeOaXkaHUX TMHAMIYHMX HaBaHTaXK€Hb BUOYXOBOI XBUJII MOKE€ BIUIMHYTH
Ha CTIMKICTh OamTOBOrO KpaHy, IO B CBOIO 4Yepry, MpU3BEAE 0 BHUHUKHEHHS
aBapiHuX cuTyariii. Tomy 3amo0iraHHs NMEPeKUJaHHIO € OJIHIEI0 3 OCHOBHMX IIICH
3a0e3nedeHHs 0e3neku poOOTH BAHTAXKOIITHOMHUX MAIIIHH.

Meta. Po3poOutu croci6 migBUIIEHHS CTIMKOCTI OAIITOBUX KpaHiB B pOOOUOMY
Ta HEPOOOUOMY CTaHaX B yMOBAX MOBITPSHUX YAAPHUX XBUJIb.
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AJITOPUTMH YIIPABJIiHHS CTINKICTIO 0AIITOBOI0 KpaHa.

3ano0iraHHs MEPEKUIaHHIO € OJHIEI0 3 OCHOBHUX IUJIEH 3a0e3nedeHHs Oe3neKu
poOOTH BAaHTAXOMITAOMHUX MAalllMH. 30€peeHHs] CTIMKOCTI B yMOBaxX MOBITPSHUX
yVIAapHUX XBWJIb B poOOYOMYy 1 HE poOOYOMYy CTaHaxX KpaHa OOYMOBIIOETHCS IIJTUM
psaoM napametpis [1-3].

CucreMu 3axucTy, 110 3a0e3MeuyoTh 0e3MeKy BeJACHHS pOOIT, PO3TIIsAAatOThCs
TaK caMO 1 fK TPHUCTPOi 3 MIABUIIEHUMHU 1HGOPMAIIMHUMHU BIACTUBOCTSAMH, IO
JO3BOJISIIOTh  MAIIMHICTY KpaHa OpIEHTYBAaTHCS B HABKOJUIIHIA OOCTaHOBII,
YHUKHYTH aBapii, MOLIKOHKEHHSI BAHTaXy 1 KOHCTPYKIIN, pO3TAalIOBAHUX MOOIU3Y
00’€KTYy.

Bci cucremu 3axucty mnmoOynoBaHI HAa MPUHLMIN  BU3HAYEHHS CTYMNEHS
HAONMKEHHsI 3HAUEHHS T[OTOYHOTO TMapaMmeTpy HaBaHTAXEHHA JO JIESIKOTO
TPaHUYHOTO 3HAYEHHS, IO MPHU3BOAWTH A0 TMepekuaaHHs. Peamizariis BU3HAUCHHS
I[bOTO 3HAYEHHSI B OUIBIIOCTI CUCTEM Oe€3IMeKu 0a3yeThCcsl Ha KIACHYHUX JIOTTYHUX
MIPUHITUIIAX TTOPIBHSHHS €TAIOHHOT MaTEMaTUYHOI MOJIEII 3 MOJIEJUTI0, OTPUMAHOIO B
pe3yabTaTi o0uuciaeHb QYHKIN 3 BXIIHUMHA 3MIHHUMH, 1110 BUPAXAIOTh MapaMeTpu
BAHTAYKOITIHOMHOT MaIlIHU.

[Ipuctpiit Ge3meku CTaIliOHAPHOTO OAIITOBOTO KpaHAa B YMOBax IMOBITPSHUX
yAapHUX XBWIIb y HEPOOOUYOMY CTaHi MOOYTOBAHO HA MPHUHIUIN KOPUTYBaHHS Ta
MIATPUMAaHHS 33IaHOTO MapajieIbHOTO TMOJIOKEHHS CTPIIIOBOTO MPHUCTPOIO BITHOCHO
IIBUJIKICHOTO HATHCKY, MO 3ac00ax yIpaBJiHHS anapatyporo 3ade3neuye CTIMKICTh 3
MOXJIMBICTIO 3MIHU >KOPCTKOCTI, BIPOBAKEHOI B KIHEMAaTUYHY CXEMYy MOBOPOTY
OamTu.

VY pobGodomy cTaHi OCHOBHA (PYHKUIS HNPUCTPOIO OE3MEKM L€ MPOrHO3YBaHHS
30UTBINIEHHST IIBUAKICHOTO HATHCKYy BHOYXOBOi XBWJII 1 BUBEICHHS BIiIMOBITHOI
iHpopmariii Ha OJIOK BI3yalbHOI I1HAWKAIi. Y KPUTHYHUX CHUTYAIisIX TIpH
NEPEeBUIIICHH] MaKCHUMAaJbHO JOMYCTUMOIO HATHUCKY JJIi poOOYOro CTaHy KpaHa,
MPUCTPI BUKOHYE (DYHKI[IF0O aBBTOMAaTUYHOTO KOPUTYBAaHHS CTIMKOCTI.

JIyist onucy anropuTMIB aBTOMAaTUYHOTO KEPyBaHHS CTAI[lOHAPHUM OalITOBUM
KpaHOM y poOouoMy Ta HEpOOOYOMY CTaHi B YMOBAax IMOBITPSHUX YJAPHUX XBUJIb,
HEOOX1THO CTBOPUTH MAaT€MAaTHYHY MOJIEJb 3 0araTo 3MIHHUX, SKI BU3HA4YalOTh
NOTOYHI MapaMeTpy MalIuHU (MOJIOKEHHS CTPUIM, IMIBUAKICHUA HATHCK Ta MOro
HaAMpsIMOK TOWIO), IO B CBOIO YEPry, YCKIATHIOE MPOrPaMHY YACTUHY MPHUCTPOIO
Oesmeku. PimeHHs (yHKIIOHATBHUX 3aJIeKHOCTEH MJIs BCIX BXIJHUX 3MIHHUX
MaTEeMaTHYHOI MOJIENi, IO OINUCY€ IIBUAKICHUA HATUCK, BHMAaraTUMeE BEJHKY
00YHCITIOBANIbHY MOTY>KHICTB, 110 YCKJIAJHIOE allapaTHy YaCTUHY MPUCTPOIO.

Y poOOTI MPOMOHYETHCS BUKOPUCTOBYBATH Mg peamizauii  GyHKIH
aBTOMATUYHOTO KepyBaHHS CTalllOHAPHUM OAalliTOBUM KpaHOM Yy Tmepion mii
MIBUAKICHOTO HATUCKY TOBITPSHOI YJapHOi XBWII, CHUCTeMY, MNOOyJOBaHy Ha
aIropuTMax HEYiTKOi Joriku. Lle moB’si3aHo 3 TUM, 1110 peami3aiis QyHKIii 0e3neku
He NMoTpedye 0OYMCIICHHS TOYHUX 3HAaUYeHb BX1THUX 1 BUX1THUX ITapaMeTpiB.

BukopucTaHHs HEYITKOI JIOTIKM B CHUCTEMaxX KepyBaHHsS JI03BOJISIE OMUCYBATH
HEUITKI TOHSTTS, HEYITKI (PyHKIIi 1 poOMTH HEUITKI BUCHOBKU. BukopucTtanHs
HEYITKOTO KEpyBaHHS BUIIPABIAHO, KOJIM MPOIECH € 3aHAATO CKIAHUMU JJIs aHATI3Y
3a JOMOMOT0I0 3arajbHOMPUNUHATUX KITbKICHUX MeTOiB. HasBHICTH MaTeMaTUUYHHUX
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3aco0iB B1IOOpaKE€HHSI HEYITKOCTI BHUXITHOT 1HQOpMAIli 103BOJIIE MOOYIyBaTH
MOJI€JIb, aJICKBaTHY PEATBHOCTI.

Ha mincraBi gociiikeHb CTIMKOCTI CTAllilOHAPHOTO OAIITOBOrO KpaHy 1 MUTaHb,
PO3MIIIHYTUX paHiIIe, Po3pO0IsSEThCS aBTOMATU30BAHUM KOMIUIEKC, KM TMOBUHEH
BUPIIIYBaTH Taki 3aBJaHHS:

1. KontposoBatu 1 3a0e3meuyBaTy CTIHKICTh 0aIlITOBOTO KpaHa B HEPOOOUOMY
CTaHl B yMOBaXxX HIBUAKICHOTO HATUCKY MOBITPSHOI yAapHOI XBUII;

2. KonrtpomoBaTu CTIHKICTh BaHTaXOIMIIAOMHOTO KpaHa MpU BHUKOHAHHS
PO3BAHTAXKYBaJbHO-HABAHTAXXKYBAJIBHUX POOIT y poOOYOMYy CTaHi B YyMOBax
MOBITPSHOT YIaPHOI XBUJIIL.

JIIs  TMpOEKTyBaHHS CHCTEMH  aBTOMATHYHOTO  KEPYBaHHS  CTIHKICTIO
CTaIliOHAPHOTO OaITOBOIO KpaHa CKOPUCTAEMOCS TPOTPAMHHUM KOMILIEKCOM
MATLAB nakerom Heuitkoro aHanizy Fuzzy Logic [4, 5].

[Ipu MmBHUIKICHOMY HATHCKy TMOBITPSHOT YJapHOi XBWII JyXK€ BaKJIMBa
IIBUJIKOMIS CHCTEMH 3a0€3MEUYCHHS CTIMKOCTI, IO 3a0e3Meuy€eThCsl CHCTEMOIO
YIpaBIiHHS aKTUBHUM JIOTIOMIXHUM MPUBOJIOM IMOBOPOTHOI Tutatrgopmu kpana. J{is
IIOTO B arapatr HEYiTKOI JIOT1KH JTaHOI CUCTEMH YIIPaBIIIHHS BBOJAMTHLCS JIIHTBICTUYHA
3MIHHA «TPUCKOPEHHS TUCKY», 110 BUKOHYE MPOTHOCTUYHY (PYHKIIIFO, III0O B YMOBax
PI3KO1 3MIHU IIBUJIKICHOTO HATHUCKY Ta JI03BOJISIE CKOPUTYBATH TOJIOKEHHS CTPLIU
KpaHa JI0 TOTO, SIK KOe(IIIEHT 3aracy CTIMKOCTI IpUiiMe KPUTUYHE 3HAUCHHS.

BnpoBamkeHHss TOMOMIKHOTO TPUBOAY TOBOPOTHOI TUIaTGoOpMu  KpaHa
N03BOJIsIE  3a0€3MEUYUTH MAKCUMyM IIBUAKOMAII TP BUHUKHEHHI HEOE3MeYHUX
MIPUCKOPEHB 32 PAXyHOK TOTO, IO KpaH NMPUHMAE CTIMKE MOJI0KEHHS 3 MAKCUMAJILHO
MOJIMBOIO MBHJIKICTIO. J[OCTIIKEHHS IBOTO TPOIIECY MPOBEICHO B MPOTPAMHOMY
nakeri Simulink cepenoBuma MATLAB 3a J0moMorow CHHTE3Y CHCTEMH
ABTOMATUYHOTO PETYIIOBAHHS MPUBOAY MOBOPOTHOI MIAaTHOPMH, a BXIJTHI CHTHAIH
JUISL MOJIENIIOBAHOI CHUCTEMHU KepyBaHHS (OPMYIOThCS 3a JIOMIOMOTOI0 CHCTEMH
HEIMapHUX Ipasui [6, 7].

BxigHuMU JTIHTBICTUHYHMMH 3MIHHUMHU JUISI 1€ CHUCTEMU € «IPUCKOPECHHS
HMIBUKICHOTO HATUCKY», «IIBUAKICHUNA HATUCK», 1 «IIOJOKEHHS CTPUINY, BUXITHUMHU
«KOMaHJa yMOpPAaBIIHHSI JOMOMDKHHMM TPHUBOJAOM», «CTaH riapomydpTtu». Ilpu
akTUBIZaIli 1€ cucreMu Ha OJIOK  IHAWKAII  KpPaHIBHUKY  HAIXOJHTh
nonepeKyBalbHUI CUTHAJ PO MOKJIMBOI HEOE3MEKH.

JIIHTBICTUYHOIO 3MIHHOIO «IPUCKOPEHHS IIBUIKICHOTO HATUCKY» OyAyTh
BIIMIOBIIaTH JIBa TepMa - «normay, «danger» HajmexaTh HEYITKIM MHOXHHI
«uskorenie» (pucyHok 1), 31 3Hauenmsmu [0,5 1], [0,5 2,5] 3 koopauHatamu
Makcumymy 1, 2,5 M/c 1 koediieHTaMu KoHIeHTpauii Bianosiguo 0,8 1 1,7.

JIIHTBICTUYHOIO 3MIHHOIO «IIBUAKICHWA HATHUCK» OyayTh BIAMOBITATH JBa
TepMa - «normay, «danger» HajexaTb HEUITKI MHOXUHI «skorost» (pucyHok 2), 3i
sHayeHusmu  [0,5 5], [0,5 10] 3 koopauHatamu Makcumymy 5, 10 m/c 1
KoedirieHTaMu KOHIeHTpallii BianosiaHo 1,51 5,2.

JIIHTrBICTUYHOIO 3MIHHOIO «IIOJIOKEHHSI CTPLIN» BIJIMOBIAAIOTH TpU Tepma - «0-
10», «10-50», «50-90» Hanexatb 0e3miui «polojenie» 3 3HaUECHHAMH (YHKIIOHATBHOT
npuHanexHocTti - [10 0]; [15 45]; [15 90] (pucynok 3), ne 0, 45 1 90 - 3HaueHHS KyTa,
BUpaxxeHe B rpaaycax, a 10, 151 15 - koedilieHTH KOHLIEHTpaIli.
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Pucynok 1 - HeuiTka MHOkHHA «uskorenie»
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Pucynok 2 - Heuitka MHO:KknHA «skorost»
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Pucynok 3 - HewiTka MHOKMHA JIIHIBICTUYHOI 3MIHHOI «I10J102K€HHS CTPiIm»
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Buxiani miHrBicTUYH1 3MiHHI (POPMYBATUMYTh BUKOHYIOUI CUTHAIN YIIPABIIIHHS
oOJaZHaHHSAM JIOMOMDKHOTO TMPHBOLY MNOBOpOTHOI mnatdopmu. lle BuxigHi
JIHTBICTMYHI 3MIHHI «KOMaHJa YMpPaBIIHHS JIBUTYHOM» 1 «KOMaHJAa YIPaBIiHHS
rizpomy¢roroy». JIiHrBicTHYHAa 3MIHHA «KOMaHJa YIPABIIHHS  JBUTYHOM)
BIJINOBIJIAIOTh TEPMHU «BKJI» 1 «BUKI», a JIHTBICTUHYHOIO 3MIHHOIO «KOMaHa
YOPaBIiHHSA T1IPOMY(TOI0» - TEPMU «BIIKPUTAY, «3aKPUTa» (PUCYHOK 4).

turn off turn on zakryto otkryto

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

output variable "komanda-upr-dvigatelem" output variable "komanda-upr-gidromuftoi"

Pucynok 4 - Onuc BUXiTHUX JIHTBICTUYHUX 3MIHHUX

B3aemosis Mk BXIIHUMH Ta BUXIJTHAMH 3MIHHHUMH ONHCYETHCS CHCTEMOIO
MEBHMX JIOTIYHUX MPaBUJI, MPEICTABIICHUX HA PUCYHKY 5

1 If (uskorenie is danger) and fskorost e danger) and (pokszhefs is 0-10) then (komanda-upr-
dvigaieiem is vy)(komanda-upr-g>dromuftoi is otkryto) (1)
2 If (uskorenie is danger) and fskorost e danger) and (pokszhefs is 10-50) then (komanda-upr-
dvigaieiem is vy)(komanda-upr-g>dromuftoi is otkryto) (1)
3 If (uskoreme is danger) and (skorost is danger) and (polozheme is 50-90) then (komanda-upr-
dvigatelem s vkl)fkomanda-upr-gidromuftoi is otkryto) (1)
4 If (uskorenie is norma) and (skorost is norma) and (polozheme is £0-90) then (komanda-upr-
dvigatelem is vyklIKkomanda-upr-gidrornuftoiis zakryto)(1)
5 If (uskorenie is danger) and (skorost is norma) and (polozhenie is 10-50) then (komanda-upr-
dvigatelem is vkl)(komanda-upr-gidromuftoi is zakryto) (1)

PucyHnok 5 - CucreMa JIOriYHOT0 B3a€MO3B'AA3KY Mi’K BXi/IHUMM Ta BUXITHUMH

JIHrBiCTHYHI 3MiHHI

Jlnis Bizyanmizamii HEUiTKUX MPaBUJI BXOJIIB - BUXOJIB MPEICTABUMO MOBEPXHIO
HEYITKO1 0a3u 3HaHb (PUCYHOK 0).

Mix cucreMaMu KepyBaHHS Ha HEUITKIM JIOTII OCHOBHUM IPHUBOJIOM
MOBOPOTHOI MIaThopMu OAIITOBOTO KpaHa 1 JOMOMDKHUM TPHUBOJOM ICHYE 1 UITKE
JIOTIYHE TPABWIO - OMKHC CTaHy TIAPOMYy(TH AOMOMIKHOTO TMPUBOJY MpUNMAaE
3HAUYEHHS KEpYyIoUOro CHUTHaly <«BIOKPUTO», TUIBKM SKIIO CTaH TiApoMy(pTH
OCHOBHOTO TIPHUBOJY ONMHCAHO 3HAUEHHSM «3aKkpuToy». [IoB’s3aHO 11e 3 THM, IO J1Ba
MPUBOAM BCTAHOBJEHI B CHUCTEMI NapajiebHO 1 BKJIIOYEHHS OJIHOIO B pOOOTY
BUKJIIOYA€ BKJIIOUEHHsS 1HIIOTO. [lei JoriyHui B3a€MO3B’SI30K peali3yeThes 3a
JOTIOMOTOI0  peJie, MPAaLIOYoro SK K4, M0 BAOCKOHAIEHO Y (PYHKI[IOHAJIbHIN
CXEMI1 CUCTEMU KEepyBaHHs, 3MOJIEJIbOBAaHE B MPOrpaMHOMY KoMIuiekcl «Simulink» sik
050K «Switchy.

ISSN 2567-5273 7 www.moderntechno.de
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uskorenie

PucyHnox 6 - IloBepxHsi 0231 3HaHb BXOAU — BUXOH

BucHoBku

1. Crioci6 3abe3mneueHHs CTIMKOCTI CTallioHapHOTO OAIITOBOrO KpaHa B YMOBaXx
MOBITPSHUX YAApPHUX XBWJIb 3aCHOBAaHUM Ha MPHUHIUIII aKTUBHOTO KOPUTYBaHHS Ta
MIJITPUMKH 3aJaHOTO TMOJOXKEHHS CTPUIM KpaHa N[00 IIBUAKICHOTO HATHUCKY 3
MOMNEPEHKYIOUUX KEPYIOUMX CHUTHAIIB MEXaHI3MH, 10  3a0e3Me4yrTh MOBOPOT
CTp1JIM KpaHa Ta 30€peXeHHs CTIMKOCTI O BUHUKHEHHS KPUTUYHOTO MOMEHTY.

2. Po3pobnennii cnoci® peanizoBaHUl y alropuTMax 3a0e3NedeHHs] CTIHKOCTI
CTaIllOHAPHOTO OaITOBOrO0 KpaHa MPU IMIBUIKICHOMY HATHUCKY MOBITPSHOI yJIapHOI
XBUJI1 3aCHOBAHUX HA 3aCTOCYBAHHS METO/I1B HEYITKOT JIOTIKH.

3. Mix cucrteMaMu KepyBaHHS Ha HEYITKIM JIOTII[I OCHOBHHUM TPHUBOJOM
MOBOPOTHOI MIaTHOpMH OAIITOBOrO KpaHa Ta JOMOMDKHHM IMPUBOJOM ICHYE UITKE
JIOTIYHE TPaBUJIO - OMHUC CTaHy TiApoMy(TH JOTOMIDKHOTO TPUBOAY HalOyBae
3HAUYEHHS KEPYIOUOro CHUTHAIY “BIAKPUTO”, TUIBKH SKIIO CTaH TiApoMy(pTH
OCHOBHOTO IPHUBOJIy OIIMCAHO 3HAYECHHSAM ‘3aKpUTO’ .
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Abstract. The operation of tower cranes on construction sites depends on the action of
dynamic loads. One component of these loads is the speed pressure of the air shock wave, which
can lead to the shutdown of cranes, as well as possible accidents or capsizing lead to downtime and
significant economic costs. The article developed a method and implemented in algorithms to
ensure the stability of the tower crane in conditions of air shock waves, based on the use of methods
of fuzzy logic. The implementation of the algorithms given in the work will help: control and ensure
the stability of the tower crane in a non-operating state in the conditions of the high-speed pressure
of the air shock wave; Monitor the stability of the lifting crane during unloading and loading
operations in working condition under air shock wave conditions.
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Anomauin. Y cmammi po3eisiHymo a8moHOMHUL MOOIIbHUL poOOmM 3 MAHINYAAMOPOM. [{ns
00Cni0dCeHHa OUHAMIKU CUCmeMU 3ACMOCO8AHA MOOelb «HOCIU — nepeHeceHe MINOY.
Ilepemiwjennss  mawninyiamopa  8iOHOCHO — NAAM@OOPMU  HAOAOMb  HEOIA2OHANbHICMb — MaA
HecmayioHapricme men3opy inepyii cucmemu. 00 ’ekm 00CniONceHHs - Oa2amo38 sa3Ha cucmema
KepyBaHHs A8MOHOMHO20 MOOIIbHO20 poboma 3 mauinyaiamopom. Ilepexpecnuii 36'a30k kananie
30IUCHIOEMbCA 34 PAXYHOK (Di3uuHuUX enacmusocmetl 00 ’ekmy KepysauHs. Mema OocniodicenHs —
aumaniz cmitkocmi 6Oaeamoss’a3Hoi cucmemu Kepyganua. Ilouamxosumu Oanumu 01 AHANIZY
CMIUKOCmMi € CMpPYKmMYpHA cxema ma nepeoamoywi QYyHKYii He3MIHHOI 4acmuHu Ccenapamuux
KaHauie ma nepexpechux 36 a3Kie 8 00 'ekmi kepyganus. OYiHKY CMIlIKOCMI NPO8edeHO 3a KOPeHAMU
Xapakmepucmu4Ho2o pieHAHHA ma y3azanibHeHum memooom Hatikgicma. 3a 3a0anux nouamkogux
YM0o8ax bazamo3e’si3Ha cucmema Kepyeanus nepedysamume Ha Mexci CmilKocmi.

Knrowuosi cnosa: asmonomuuti MooOibHUlL poOOM, MAHINYAAMOp, O6a2amoss’si3HoI cucmemu
KepyBaHHsi.

Beryn.

CyuacHi MOO1JIbHI pOOOTH J1IOTh 3@ JOIMOMOT0I0 aBTOMATHU30BAHOTO KEPYyBaHHSI
3 JUCTaHIIAHOI0 y4YacTiO JIIOJAMHH-OoNepaTopa. B Takomy BUNaaKy, poOOT BUKOHYE
3aBJJaHHSI CaMOCTIHHO, aje OMepaTop 3HAXOJIUTHCS Y BIAAAJICHOMY MICIl 1 MOXe
KOHTpoitoBaTu Horo mii. Ile ocoGimBo kopucHO B HebOesnmeuHux abo
BaKKOJIOCTYITHUX MICIISIX, JIe JIFOJIMHA HE MOXKE MPSIMO KEPYBATH pOOOTOM, ajie MOXKE
TaTh HEOoOX1JHI KOMaHIW Ta BecTH Harisad. B poGortax [1, 2] migkpecaroeThbes
BXJIMBICTh 3aCTOCYBAaHHSI MOJYJIBHOTO TPUHIUITY CKJIQJaHHS KOHCTPYKIIIH
aBTOHOMHMX MOOUTbHHX po6oTiB (AMP). HasBHiCTh 3MIHHOTO 00JIaIHAHHS
(MaHimynsiTOp, wiym, Oyp, KIBII 1 T.aI. ) Ta IHCTPYMEHTY IOIIMPIOE Taily3b
3actrocyBanHs AMP [3, 4]. I[lpu excruryaramii AMP 111 eneMeHTH pyXaroTbes
BIJIHOCHO MJIaT(HOPMHU, 3MIHIOIOYH TE€OMETPII0 MAC CUCTEMHU.

3aBllaHHS CHUCTEMM KEpyBaHHS - 3a0€3MEUeHHs] MiIHIMAJIbHOTO BIAXWJICHHS
ueHtpy Mac miargopmu AMP  Big 3agaHoi Tpaektopii. Kepyioul MoMmeHTH
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BUKOHABYMX IMPHUBOJIB HaIIPaBJIEHI B3JOBX OCEH CHCTEMU KOOPIMHAT 3B’SI3aHOI 3
mwiatdopmoro AMP [5].

[Ipu 3nilicHEHH] TEXHOJOTIYHHUX OIepaliil 3 BUOyxoHeOe3neyHuMH 00’ €KTaMu
3aCTOCOBYIOTh JUCTaHIIMHO kepoBani AMP 3 wmaninynstopom [1-3]. AMP 3
MaHIMyJIATOPOM € CKJIaJHOI0 MEXaHIYHOIO CHUCTEMOIO “HOCIH — INepeHEeceHe TuI0”:
JaHKU MaHIMyJsTOpa — NepeHeceH1 Tina, mwiardgopma — Hecyde Tijo. [Ipu BitHOCHOMY
pycl MaHIImyJsTOpa TOJIOBHI IIEHTPAIbHI OC1 1HEPIi MEXaHIYHOI CHUCTEeMH He
CIPSIMOBAH1 3 OCSAMHM CUCTEMHU KOOPJIMHAT 3B’ 513aHOI 3 Tuiargopmoro AMP. 3HaueHHs
BIILICHTPOBUX MOMEHTIB 1HEpIlli CUCTEMU NPH BIAHOCHOMY pPYyCi MaHIMyJAaTOpa
CYMIipHIi 3HaYEHHSIM OChOBHUX MOMEHTIB 1HEPIIli CUCTEMH, HABITh SIKILIO Maca PyXOMHUX
€JIE€MEHTIB KOHCTPYKIlli ctaHoBUTh 10% macu mnarpopmu AMP [6]. Tlepemimenns
MaHIMyJIsTOpa  BIAHOCHO  MiIaTGOpMH  HAAAIOTh  HEOIarOHAJIBHICTH  Ta
HECTallIOHAPHICTh TEH30pPY 1HEPIIlT CUCTEMHU Ta OOYMOBIIOIOTh MEPEXPECHUN 3B'SI30K
KaHaJIiB KepyBaHH |7, 8].

[Ipu 3aiiicHEHH] TEXHOJOTIYHUX OMepalliii 3 BUOYyXOHEOe3NeUHUMH 00’ €KTaMu
JIOIIJIBHO 3aCTOCOBYBATHU y3ropkeHi Ail rpynu AMP [9-11]. Ha onepatuBHOMY piBHI
cucTeMa KepyBaHHs Jyist KO)kHOTo AMP po3B’si3ye pi3sHOMaHITHI 3aBJIaHHA [9]:

— HasBHICTH po0OTa Yy 3a/1aHii TOYIl poOOUYOT0 MPOCTOPY B O3HAYCHUN TEPMiH,

— PYX B3JIOBX 33/IaHOTO MapiIpyTy,

— 00’131 mepemkos 1 T.1I.

Ha ctpareriuHomy piBHI cucTeMa KepyBaHHS Ma€ y3roJuKyBaTH 1ii Bcix AMP
rpynu. HasBHICTh pi3HOMaHITHOTO HaBiCHOTO oOyamHanHg AMP B Mexax rpynu Ta
BUKOPHUCTAHHA KOPEKTHUX AaJTOPUTMIB KEPYBAaHHS JI03BOJISIE PO3MIMPUTH 00IACTh
3actocyBanHsa rpynu AMP. Henonikom icHyrounx MeToAiB kepyBaHHs rpynoo AMP
€ HEY3TOJKEHHS QJITOPUTMIB KEPYBAHHS 3 KIHEMAaTUYHHUMH OOMEXEHHSIMHU Ta
auHaMiKo okpemux poOoTiB [10]. Cnix 3a3HauMTH, 110 NMOMUJIKA B KEPYBaHHI
onHoro AMP moxe npuBecTu 10 3HMLIEHHA rpynu [11].

AKTyallbHICTh pOOOTH MOJSTa€E B HEOOXITHOCTI 3a0€3MEYEeHHS KEpOBAaHOCTI
AMP npu 3711iiCHEHH] TEXHOJIOTTYHUX ONEPALliil 3 BUOyXOHEOe3[IeYHUMHU 00’ €KTaMH.

Mera gociigkeHHsi — aHaji3 CTIMKOCTI 0arato3B’si3HOI CUCTEMHU KEPyBaHHS
aBTOHOMHOT'O MOOIIBHOTO poOOTa 3 MaHIMyJaATOpoM. JlJis JOCSTHEHHS II€l METH
nOTpiOHO PO3B’sI3aTH HACTYIHI 3aa4i:

— MpoaHali3yBaTH CTIMKICTh 6araTo3B’A3HOI CUCTEMH KEpYBaHHS,

— BU3HAYUTHU KOJMBAJIbHY MEXY CTIHKOCTI 0arato3B’si3HO1 CUCTEMHU KEpyBaHHS.

OO0’eKTOM JOCTIDKEHHSI € CHCTeMa KepyBaHHS aBTOHOMHOTO MOOLUTEHOTO
po0oTa OCHAIIEHOTO AaHTPONMOMOP(YHUM MAHIMYJIATOPOM 3 YOTHPMA CTYNECHSIMH
PYXJIUBOCTI.

Marepiaju Ta METOMN.

Konctpykiis AMP 3 maninynstopoMm (puc. 1) ckinamgaeTscs 3 MOBHONPHUBIAHOT 4
— koxicHoi minatpopmu AMP, Tta aHTpornoMop(HOTro MaHIIMyJIsATOpa CKIAIEHOrO 3
KUIBLIS, 110 00epTA€ThCsl HABKOJIO BEPTUKAIBHOL BICI, Ta CTPUKHEBUX JIAHOK — PYKH,
3’€IHAHUX POTAIMHUMH KIHEMATUYHUMHU ITapaMu 1’ ATOTO KJacy.

[ukn po6otu AMP 3 MaHIMyASTOPOM MOKHA PO3IITUTH Ha ACKIIbKA PEKUMIB:

1) pyx mnatdopmu AMP B310BX 3a1aHOT TPAEKTOPII 3 3aPiKCOBAHUM

MaHIyJIATOPOM;
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2) BUKOHAHHS MAaHIMYJISITOPOM TEXHOJIOTIYHUX OTeparliii Ipu HEPYXOMiid
mwiatdopmi,
3) mepemimeHHs miathopmu AMP 3 pyXJIMBUM MaHIyJISTOPOM.

Pucynok 1 - CxemMa KOHCTPYKIii ABTOHOMHOI0 MOOiJIbHOTO po0oTYy 3
MAaHINYJIATOPOM

Iocepeno: [7]

[Tpu peamnizariii nepiioro pexxumy pyxy AMP 3 maHimyasTOpoM MO>KHA BBayKaTu
YOTUPUKOJICHUM MOBHOIPHUBIAHUM BI3KOM. JIMHAMIKy Ta KEpOBaHICTh TaKOTO BI3KY
JeTaabHO AOCIIKEeHO y [12].

I[Ipu nppyromy Ta TpeTthoMy pexumi AMP  MoXHa po3rismatv  sIK
aHTporioMOp(PHUN MaHIMYJIATOP HA PYXJMBIM OCHOBI. BUKOHaHHS MaHIMYJATOPOM
TEXHOJIOTIYHUX Omepalii nmpyu Hepyxomiil miaTdopmi 00yYMOBIIOE JIiHINMHI Ta KyTOBI
30ypeHHs BITHOCHO TOJIOKEHHS PIBHOBArd MEXaHIYHOI CUCTEMHU.

[Ipu peanizartiii TpeTbOro pexXMUMy KEpyIOUl BIUIUBH — MOMEHTH MPUKIAJICHI 10
KOXKHOT'O KoJieca OOYMOBJIIOIOTH BIAXWJICHHS MAaHIMMYJISATOpa BiJ pO3PaxyHKOBOIO
MOJIOKEHHS B HACTIJIOK HEA1arOHAIBHOCTI TEH30pY 1HEPIIII.

KinbkicTh Kepyrouux BIUIMBIB: JJIS TEPIIOTO PEXUMY — YOTHPU (HA KOXKHE
KOJIECO); IS APYroro peXuMy — YOTUPU (HA KOXKHY y3araJilbHEHy KOOPJUHATY
MaHIIyJISTOPa); AJII TPETHOTO PEKUMY — BICIM KaHAJIB.

[TepexpecHuii 3B’ 30K KaHaIIB CUCTEMU KepyBaHHs 1jis AMP 3 mMaHimyiasitopom
oOyMOBJICHUN (PI3UYHUMU BIACTUBOCTSIMU 00’€kTy KepyBaHHS. (OcoOIMBOCTI
JMHAMIKUA Ta METOJIU aHAJT3y ¥ CUHTE3Yy TaKUX CUCTEM KepyBaHHS HaBeJeHO y [13].

HocmipkeHHs cTiiikocTi 6arato3s’sa3Hoi cuctemu kepyBaHHs (BCK) 3miiicHeHO
3a CTPYKTYPHOIO cXemoro (puc. 2).

Y(1) Y(t)
%7 Wip) Wa(p) || Wy(p) W3(p) g

Pucynok 2 - CTpyktrypHa cxema 0araTo3B’si3HOI CUCTEMH KePyBaHHS
Aemopcovka po3pobdka
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IlepexpecHl 3B’SI3KM KaHAIIB KEPyBaHHsS 30CEPEIKEHI y OaraToBUMIPHOMY
00’ €KTI KepyBaHHS.
[lepenatouni matpui (IIM) niHiiHEX TaHOK y ckiiaai 4oTHpboxBUMipHOT BCK
MalOTh BUTJISL
Wi(p)=diag{Wpi(p); Wp2p); Wps(D); Wpa(D)};
Wap)=diag{Woi(p); Wox(p). Wos(p); Wou(p)},
Wi(p)=diag {1/p); 1/p) 1/p); 1/p) },

ne W,{p)— nepenarouHi QpyHKLIi i-ro cenapaTHOro peryisropa; i = 1,...4;

Wolp) = & — mepenatouHi (yHKUil HE3MIHHOI YaCTUHHU i-TO
(1+ pT,))A+ pT},)
cenapatHoro kaHainy; Wi(p) = [E+W.(p)] — [IM kommencatopa 13 NpIMHMH
MepexpecHuMH 3B’ a3kamu. TyT
0 0 0 Wy(p)]
0 0 Wa(p) 0
W(p)= g
0 Wy (p) 0 0 ’
Wa(p) 0 0 0 |

a Wa@), Walp) Wa(p) 1 Wu(p) — nepenatouni ¢yHkiii npsmMux (a00 3BOPOTHUX)
MEPEeXpPEecCHUX 3B S3KIB y CKIAIl MOCIIIOBHOTO KOMIIEHCAaTopa, M0 3abe3mneuye
BJIACTHBICTh ABTOHOMHOCT] KaHaJiB PEryJIIOBaHHS;

I A A
1 1 W .(p) 1
— y3
S w1 1|
_Wyl( p) 1 1 1 |
A€ (p) = K, —mepemarouni QyHKIIIi IEPEXPECHHUX 3B’ SI3KiB B 00 €KTI KEPyBaHHSL.

1+ pT,

i
JIist BU3HAYEHOCTI, sAK mpukiaa, po3rsiHemMo BCK 3 moyaTkoBUMH JaHUMU
HaBeJCHUMH y Tao. 1.

Taouanus 1. KoedinieHTn nepearounux QyHKIii

Howmep KoedirienTn HE3MIHHOT YaCTUHU KoedimieaTtn
KaHaly [-TO CenmapaTHOrO KaHATy MepPEXPECHUX 3B’ A3KIB i-TO
CenapaTHOro KaHaIy
1 Ki, C'1 Tai, C TBi, C Kyi, C'1 Tyi, C
1 125 0,07 0,01 -15 0,028
2 135 0,11 0,009 10 0,0135
3 110 0,06 0,035 -12 0,024
4 120 0,15 0,032 10 0,048

VYci po3paxyHKH MTPOBEAEMO 3 3aCTOCYBAHHSIM TAKETy MPUKIIATHAX TPOrpam
MathCad.
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Pe3yabTaTn g0caigkeHb Ta 00roBOpeHHs

CriiikicTh_0araTo3B’s3HOI_cucTeMH KepyBaHHs. AHami3 nauHamiku AMP 3
MaHIMyJIATOpoM [6] TOBOAUTH, IO MEPEXPECHUM 3B’S30K MK KaHAJlaMU KEpPYyBaHHS
OOyMOBIIIO€ BIAXWJICHHS B IUIONIMHAX MEPHEHAUKYJSIPHUX HAIMPSIMKY PyXYy.
BinxuieHHss BiJl yCTaJeHOrO0 BEPTUKAJIHHOIO IOJIOKEHHS MOXE IPU3BECTH [0
naJiHHs 1 BTpaTH QyHKiioHaty AMP.

3anuiemMo nepenaBagbHy MaTPUIIO PO3IMKHYTOI cucTeMu ( pHc. 2)

W(p)=Ws@)W, () Wr(0) W\(p) - (1)
Bupas m1g onep:kaHHsa XapaKTEepUCTUUHOTO PIBHSIHHS
det [E+W(p)]=H(p) =0, (2)

ne [E+W(p)] — marpuns obepHeHux pizHulb. podoBo-pamionansHa ¢Gyskuis H(p)
MICTUTh Y YUCENbHUKY XapaKTepUCTUYHUHN momiHoM @3(p) ais 3amkHyToi BCK, a B
3HAMEHHUKY — XapaKTepUCTUUHUHN MOJIIHOM @p(p) i po3iMkHYTOI BCK
H(p) = ¢:(p)/op(p)- (3)

3a pgomomororo nporpamHoro nakera MathCad 3nHaiinemMo XapakTepUCTUUHHIMA
nosiiHoM po3iMkHYTOT BCK. 3piBHsIEMO ofepx)aHUIl MOJIHOM 10 HYJSA W OJEPKUMO
KOPEH1 XapaKTepUCTUUHOTO piBHIHHS po3iMKHYTOi BCK

P, =-378; p, =—180; p, =0; p, =0; p, =—114-479; p, =—114+479;
P, ==217-0102; py ==2,17+0,102j; p, =—64,7—138; p,, =—64,7 +138}.

3a pesynpTaTaMu PO3paxyHKy, POOMMO BHCHOBOK, mo po3iMkHyTa BCK
3HAaXOJIUTHCS Ha anepionyHii MeXi CTIKOCTI.

HocmimkenHss crikocti 3amkHyToi BCK mpoBeneHo 3a  y3arajabHEHUM
kputepiem HaiikBicta 13 3actocyBanHsM H(p). 3amiHumMo p = jow 1 10gaMO

BHU3HAUYHUK MaTpPHIll 0OEpHEHUX PI3HUIb Y BUTIISII CyMH JIACHOI U ySIBHOT YaCTHH
H(jw)=|E+W(jw)|=P(w)+jO(w).
[ToGynyemo y3aranpHeHuit romorpad Haiikicta 3a J0MOMOTo0 MporpaMHOro
naketa MathCad (puc. 3).

1 5 .
Qrw) Qrw) Qrw)

5]
0 5 10 15 0 25 30 35 40 45 430 35

Plw)

Plw)

= 3;:10‘“—25;:10‘“'—»10‘3—%10‘“'—1x101“75x10§' 0 5x10%x101
A
\ R+
L =
-1 s — 1x10®
a 9] 8
Pucynok 3 - Y3araabsHenuii rogorpag HaijikBicTa

Aemopcvka po3pooka

K10 po3iMKHYyTa CUCTEMa 3HAXOJUTHCS Ha amepiogUyYHIA MeXl1 CTIMKOCTI, TO
st criiikocti 3amMkHyToi BCK HeoOxigHO ¥ mocTaTHRO, 100 y3araJlbHCHHMA
rogorpad HaiikBicTa, IOMOBHEHWN Ha JUISHII PO3PUBY MAYrOI0 HECKIHUEHHO
BEJIMKOTO pajiyca, He OXomioBaB Touky 3 koopauHatamu (0; j0). OckuIbku
y3arajibHeHuil Tojaorpad HaiikBicta, JOMOBHEHMI Ha JAUISHII PO3PUBY JYyTrOrO
HECKIHUEHHO BEJIMKOTrO pajiyca, 0Xorioe Touky 3 koopauHatamu (0; jO) (puc. 3, ),
to 3amkHyTa BCK Hecriiika.
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KoauBajbHa Meka CTilKoOCTi. 3a JOMOMOIOK Yy3arajibHEHOTo Tojorpada
HaiikBicTa MmoxxHa miibpatu Taky napy 3HaueHb mapameTpiB K; i Ky, 3a axux BCK
3HAXOAUTHCS HA KOJUBAIBHIA MeEXl1 CTIMKOCTI. [l Hamoro po3paxyHKOBOTO
npukinany: K;=0,262; K,=135.

300pa3umo BinkopekToBaHuii rogorpad Haiikpicta s cucteMu 31 3HaIEHUMU
koe(dirmieHTamMu B 007aCTI BUCOKUX YaCTOT (puc. 4).

"
Qi)

5

-

PucyHnoxk 4 - BinkopexkroBanmii rogorpag HaiiksicTa
Aemopcovka po3pobdka

[lepeBipuMO mpaBUIBHICTH OOuUMCIEeHUX 3HaueHb MojaemoBaHHsM BCK. 3a
goriomoroto mporpamHoro makera MathCad mnobyayemo rpadiku mnepexiTHux
mporieciB h;(t) Ta hy(t) (puc. 5).

15| MO

a5 i i i i i i i \ i
0 02 04 0§ 08 1 12 14 1B 18 te

PucyHnok S - I'pagiku nepexignux npouecis.
Aemopcovka po3poboxa

I'padiku mepeximHUX XapaKTepUCTUK (PpHUC.S) SABISIOTH COOOK0 HE3racarodi
KOJMBAaHH], OTXKE, 3a 3aJaHuX I[apaMeTpiB cuctema IMepeOyBaTUME Ha MExi
CTIHKOCTI.

BuchoBku.

VY poboTi mpeacTaBiICHO PE3yIbTATH JOCTIHKEHHS CTIHKOCTI Oarato3s’s3HOT
cucTeMu KepyBaHHA. [lo4aTKOBMMM NaHUMHU JUIsl aHali3y CTIMKOCTI € CTPYKTypHa
cxeMa Ta IMepenaroyHi (yHKIi HE3MIHHOT YacTHHMU CemapaTHUX KaHAIB Ta
nepexpecHuX 3B’s3KiB B 00’€kTi KepyBaHHSA. OIIIHKY CTIHKOCTI MPOBEACHO 3a
KOPEHSMH XapaKTePUCTUYHOTO PIBHSHHS Ta y3araJbHEHHUM MeTojnoM Haiiksicra. 3a
3a/IaHUX MapaMeTpiB cucTemMa nepedyBaTiMe Ha MEXK1 CTIMKOCTI.
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[Tomanpini  JOCHIKEHHS 1 CHHTE3 0araTo3B’sI3HOI CHUCTEMU KepyBaHHS
MOOUTFHOTO po0OTa 3 MAHIMYJISITOPOM JO3BOJIUTH MIABUIIMTA MO0 XKUBYUICTh 1
e(peKTUBHICTh 32 YMOB aBTOHOMHOI poOoTH. OCKUIBKM MOOUIBHHI pobOT 3
MaHIMyJATOPOM € TPUKIAIOM Kiacy OO ’€KTIB «aBTOHOMHHUN MOOUIBHHUN poOOT
3MIHIOBaHOi KOH(QIryparii», TO OTpUMaHi pe3yJbTaTH MOKHA 3aCTOCOBYBATH 10 BCIX
00’ €KTIB IIOTO KJIACY.
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Abstract. The article deals with an autonomous mobile robot with a manipulator. To study the
dynamics of the system, the "carrier - transferred body" model is applied. The movement of the
manipulator relative to the platform provides off-diagonality and non-stationarity to the inertia
tensor of the system. The object of research is a multi-link control system of an autonomous mobile
robot with a manipulator. Cross communication of channels is carried out due to the physical
properties of the control object. The purpose of the study is to analyze the stability of a multi-link
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control system. The initial data for the stability analysis are the structural diagram and the transfer
functions of the constant part of the separate channels and cross-connections in the control object.

Stability was assessed using the roots of the characteristic equation and the generalized Nyquist
method. Under the given initial conditions, the multi-link control system will be at the limit of
stability.

Keywords: autonomous mobile robot, manipulator, multi-link control system.
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Anomayia. Y cmammi HageOeHO pe3yibmamu KiHEMAMUuyHO20 aHALi3y MAHINYIamopa
memooom [lenagima — Xapmenbepea. CmpykmypHa cxema MAaHinyasmopa Micmums n’sime J1aHOK
NOEOHAHUX POMAYIUHUMU KIHEMAMUYHUMU napamu n’amoco kiacy. Kinemamuunuti awaniz ma
MamemamuyHe MOOEN08AHHSA PYXi8 MAHINYAAMOPA NPOBEOCHO 3 GUKOPUCMAHHAM NPOSPAMHO2O
cepedosuwa MathCad. Bnposadoicenns pe3ynomamis KiHeMamuyHo20 anaiizy 00360J5€ HA emani
npoexkmy6arHs MIHIMI3yBaTH KUIBKICTh CTYICHIB PYXJIMBOCTEH IS 3aJaHOTO TEXHOJIOTIYHOTO
nporecy, oopamu npusoou ma nepeoamoyHi MexXawizmu, po3pooumu egekmueHi areopummu
KepysanHs. Lle 003601umsv 3HU3UMU MACY KOHCMPYKYIL MA CNONCUBAHY eHep2ilo, W0 00YMOBIIE
niO8UYeHHs NPOOYKMUBHOCMI Ni0 Yac eKCNLyamayii Maninyismopa.

Knwuoei cnosa: maninyiamop, Kinemamuxa, Mmampuys nepemsoperb KOOpOUHAam.

Beryn.  Ilpu  mpoekTyBaHHI  HOBHUX  MAaHIMYJSATOPIB,  BIPOBAKEHHI
aBTOMAaTHU3aIlli BUPOOHUIITBA Ta 3AIMCHEHHI HAYKOBUX JOCIHIIKEHb TOTPIOHO
MPOBOJIUTH KIHEMAaTUYHUUN aHa3 MaHimyJasaTropa. BubOip mapameTrpiB KOHCTPYKIIiT
(bopma Ta TEOMETpUYHI PO3MIPH JIAHOK, KOHCTPYKI[iSl KIHEMAaTUYHUX Tap, TUIHA
MPUBO/IIB Ta MEpelaBaJbHUX MEXaHI3MIB 1 T.N.) 0OYMOBIIIOE CUHTE3 TPAEKTOPIi MpH
BUKOHAHHI YMOB JIOCS)KHOCTI Ta Opi€HTallli MOJIOCY CXBaTy MaHIMyJaTopa y
BY3JIOBUX TOYKax. Takul TOX1J MOXE 3HU3UTH BapTICTh 1 3a0e3MedyuTH
KoH(piryparii, ki MOXYTh OYyTH HEAOCSKHI YHIBEPCAIBbHUM MaHIIyIsATOpaM TIpU
JiAX B ICHYHOUOMY OOMEXKEHOMY cepeloBuill. J[asg KiHEeMaTH4YHOro aHamizy
MaHIMyJATOPIB IIMPOKO BHUKOPUCTOBYIOTHCS PIZHOMAHITHI aHAIITHUYHI Ta YHCEJIbHI
metoau. Ctyaentcbkuii ipoekT Glove nmependadae cTBOPEHHS MPUCTPOIO KEPYBaHHS
(eMeKTpOHHOT  pyKaBUYKHM) JJig1  3a0€3MEUeHHS  JAUCTAHIIMHOTO  KEepyBaHHS
MaHinyisTopoM. [Ipu po6oti Hax npoekTom Glove BUHHKIIA HEOOXIAHICTH CTBOPUTH
nporpaMHe 3a0e3mneueHHs Il 31HCHEHHS] KIHEeMAaTUYHOTO aHaJli3y MaHIMyJIATopa Ha
eTamnax MpOeKTyBaHHS, BIPOBAHKEHHS Ta €KCILTyaTallii.

AHaii3 ocTraHHiX aochailkeHb Ta myOaikamii. [lpu cTBOpeHHI HOBUX
KOHCTPYKITIA MAaHIMyJISITOPIB 3aCTOCOBYIOTHCSI aBTOMATH30BaHI METOJM TeHepailii
KIHEMaTHYHOI cxemu. Y cTaTTi [1] reHeparlis KiHeMaTUdHOT CTPYKTYpH 0a3y€eThCs Ha
MacIITa0OBaHUX TPHUBOJHUX MOAYJISX IIAPHIPIB 1 MOAYJSAX HECY4YHMX IUIeUed 3
MEPEeBIPKOI0 JTOMYCTUMOTO KPYTHOTO MOMEHTY MPHUBOAY Ta 3THHAILHOTO MOMEHTY
Hecydyoro enemeHTta. s reHeparlii  Bapiamiii  KiHEMAaTUYHHUX  CTPYKTYD
BUKOPHUCTOBYETHCSI aJICOPUTM ONTUMI3allli, 6a30Ba BUMora (pyHKIIi MPUIATHOCTI —
11e 37IaTHICTh MPOXOJUTH 3a/IaHy TPAEKTOPIIO 3 MEBHOI OPIEHTAIIIEID THCTPYMEHTY.
[IpencraBieHi pe3yibTaTH TOCIIIHKEHb JO03BOJISIOTH ONTHMI3YBaTH 3arajibHy Bary
pOOOTH30BaHOI PYKH 3 MPUBOJIAMHU B IIApHIpaX Ta CIOXUBAHHS €IEKTPOCHEPTIl ISt
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NEBHOT'O 3aBAaHHS KepyBaHHS.

Y crarri [2] mnpencraBieHO YOTHPU PI3HI aITOPUTMH IS TeHepaiii
KIHEMaTUYHOI CXEMH MaHIMyJasITopa 3 BHUKOPUCTaHHSIM Merona JleHaBiTa-
XaprenOepra. /[Ba anroput™Mu JA03BOJISIOTH ONTUMI3YBaTH KIHEMATHYHY CXEMY JJIS
3MCHIIICHHS] TTOXWOKM TO3UIIIOBAaHHS CXBaTy y 3afaHid mo3wiii. JIJis MBOX IHIUX
QITOPUTMIB KPUTEPIEM OMTUMI3AIil KIHEMAaTUYHOI CXEMU € He JIMIIe MOXHUOKa
MO3UIIIOBAHHA a 1 OpIEHTAIlsl CXBaTa. 3alpolOHOBAaHI AJITOPUTMHU ONTHUMIi3aLii
BUKOPHUCTOBYIOTh CIUIaiiHK be3be, anpokcumallito Ta BEeKTOpHY anredpy. Pesynbratu
OILIIHIOIOTHCS IIUIIXOM BHUMIPIOBAHHS MAaHIMYJSTUBHOCTI Ta 3arajbHOl JOBXKHUHU
JAHIIOTa KIHEMaTUYHUX CTPYKTYP.

JIns epeKTUBHOTO MPOEKTYBaHHS HAJ0OMEXKEHHUX MEXaHI3MIB KiHEMaTHYHHI
OMHUC MaHINyJsITOpa 3AIMCHIOEThCA 3a MeTojnoM JleHaBiTa-XapreHOepra, a KyTH
Eiinepa  BUKOpUCTOBYIOTBbCS 11 (OpPMYBaHHS T'€OMETPUYHHX  OOMEXKEHb
CHHTE30BaHMX MEXaHI3MIB 3 HaaMipHHUMH oOMexeHHsMu. lllmsxom perymroBaHHS
JOBXHH JIAHOK, KyTIB 3aKpy4yBaHHS 1 KyTIB 3'€JHaHHS TE€HEPYIOTHCS PI3HI CXEMH
KOHCTPYKITi HamoOMexkeHnx MexaHi3miB. HoBu3Ha pocmimkenHs [3] momsirae B
MoAyJsipu3aiii  HaJOOMEXEHOTO MEXaHI3My Ha JBa PYXOMHUX TOCIIJOBHUX
MaHIIyJISATOpa, CXBAaTH SKUX MAIOTh 1ICHTHYHY TPAEKTOPIIO Ta Opl€HTaIlit0. Takum
YUHOM, BH3HAYEHHS TC€OMETPUYHUX OOMEKEHb HAJOOMEKEHOTO MEXaHI3My MOXKE
OyTH MEepeTBOPEHO B 3HAXO/KEHHS KYTOBUX MapaMeTpiB, 110 OMUCYIOTh OPIEHTAIIIO
IUX JIBOX TIOCIIAOBHUX MaHImyisaTopiB. KyToBi mapaMmerpu MOCTIAOBHUX
MaHIMyJATOPIB MOXYTb OyTH JIErKO BH3HA4YeHI 3a JomoMmororo kyTiB E#mnepa.
IIpencraBienuit MeToq Moke OyTH MOLIMPEHUNM HAa KIHEMAaTUYHUN CHHTE3 Ta aHaIIi3
O1IBII MPOCTOPOBUX MEXAH13MIB 3aMKHYTOTO ITUKITY.

HocmipkeHHs: kiHemMaTtuku Maninynstopa Comau NM45 y crarti [4] MICTUTB
pO3B’s3aHHS MPSAMOI Ta 3BOPOTHOI 3aj1ay KiHemMaTuku. [Ipsima 3amada KiHEeMAaTUKU
BupimeHa merogoMm Jlenamita — XaprenOepra. [[ns 3BOpoTHOI 3amadi KiHEMAaTHUKH
MaHimyJsTopa BUKopructano miaxin [linepa BukopucroBytouu 1iei miaxia, oOepHeHa
KIHEMaTHYHA 3ajJada po30MBAETHCS HA JIBI HEBEJIMKI MEHII cKiamHi 3amadi. lle
CKOpOUYy€ dYac KIHEMAaTHYHOTO aHaji3y MaHimysisTopa. OTpumaHi aHATITHYHI
PO3B’s3KH OYJI0 IEPEBIPEHO MATEMATUYHUM MOJICITIOBAHHSAM PyXY MaHITyJISITOPA.

[Ipsima Ta 3BOpoTHA 3amadl KiHematuku poootiB Scara T6 Ta UR10 B crarti [5]
po3B’sizani B Matlab no anroputmy JlenaButa-XaptenOepra. MozentoBaHHs
TpaekTopii BUKOHaHO B Matlab. 3anpomnoHOBaHO alropuT™M CHHTE3y TPAEKTOPIH
CXBaTy MaHIMYJATOPY 3 BpaxyBaHHSM KOOPAMHAT MOYATKOBOI Ta KIHIIEBOI TOYKH,
MaKCHMaJIbHI IIBUJIKOCTI U Yac pyXy.

3BUYaliHI METOM PO3B’SI3aHHS 3a/1a4 KIHEMAaTHUKU MaHIIyasaTopa He e€(eKTUBHI
JUTSL KOHCTPYKIIH 3 TaHKaMH CKJIaAHOI reoMeTpuuHoi hopmu. Y aociipkeHHi [6] ps
BUPIIICHHS TIPSAMOi 3ajaul KIHEMaTUKH MAaHIMyJaTopa 3acTOCOBAHO MaTpHII
neperBopenb JlenaBita-XaprenOepra. st 3HaX0KEHHS PIBHSHD TOJIOXKEHHS CXBaTa
BUKOPUCTOBYETHCSI MaTpulla Tpancdopmaiii. Anroputmu ALO, PSO, GWO ta SCA
BUKOPUCTOBYIOTBCSI JIJII TPOTHO3YBAHHS OpIEHTAIlli Ta TO3UINIOBAaHHS CXBaTy
MaHinyJsiTopa B pobOodomy mpocTopi. IloxmOka mosuiitoBaHHS (PI3HHI MiX
peaTbHUM Ta IIJTLOBUM PO3TAIIyBaHHSIM) OIIHIOETHCA 3a JOMOMOTO (iTHEC-
¢byskmii. PyHKHisS (ITHECY BUKOPUCTOBYBAJAcs Ui 3HAXOKEHHS OOEpHEHUX
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KIHEMaTUYHHUX PO3B'A3KIB HIJISXOM 3MEHIICHHS MOXMOKU MO3UIIIFOBAHHS MOJIOKEHHS
MOJIFOCY CXBaTta.

VY crarTi [7] mpencraBiieHO HAOIp ATOPUTMIB CHHTE3Y KIHEMATHYHUX CTPYKTYP
MOCITIIOBHUX MAHIMYJATOPIB 3 BHUKOPUCTAHHSIM MHOXUHHUX (OPMYITIOBAHb
oOmexxeHb. KpiM TOro, HaBeeHO TOPIBHSIHHS MPOJYKTUBHOCTI PI3HUX METO/IIB
reHepairii KineMatnyHoi cxemu: [leHaBita-XapreHOepra, MOOYTKY EKCIIOHEHIIIQIB
(rBunTiB) Ta KyTiB Roll-Pitch-Yaw 3 mapametpamu tpancmsmii. HaBeneni B [7] nani
CB1lUaTh, 10 BHOIp METOAY IMPOEKTYBaHHS OOMEXKEHb Ma€ 3HAYHWN BIUIMB Ha
YCHIIIHICTh 301KHOCTI onTuMi3aiii. Bubip nmpeacTaBieHHs Mae MEHIIWN BIUIMB Ha
KOHBEPTEHIIII0, ajleé € BIJIMIHHOCTI B 4aci ONTHUMI3aIll Ta JOBXKHHI CIPOSKTOBAHUX
MaHinyJatopiB. Kpim Toro, Haiikpaiili pe3yJbTaTh JOCSATAIOThCS TPH MOEIHAHHI
JIEKIIBKOX METOIOJIOTIH.

OCKUTbKM aHAJTITAYHI MOJIEJl, OTPUMaHI Ha OCHOBI T'€OMETPUYHOTO METOY,
Teopii TBUHTIB 200 YHCENBHUX METOJIB, Mepea0avaroTh HAOIMIKEHHS 1 BUMArarmTh
OUTBIIOT OOYMCITIOBAIIBHOI TMOTY)KHOCTI, BOHM HE JOIIBHI JIsl yTPaBIIiHHS
MaHIIMyJIITOPOM B peallbHOMYy 4Yaci. Y cTarti [8] mpoaeMOHCTPOBAaHO JOIUIBHICTH
BUKOPUCTAHHS IITYYHOTO 1HTEJIEKTY JIJIsi PO3B’SI3aHHS 3BOPOTHOT 3a7]a4l KiIHEMaTHUKH
MaHIIyJIsTOpa, 0COOIMBO IS CKIAIHUX TE€OMETpii JIaHOK. Pe3ynbTaTu, oTpuMadi 3a
JIOTIOMOTOI0 JITOPUTMIB MAITMHHOTO HaBYaHHS Ta miaxony JleHaita-XapteHOepra,
MOPIBHIOIOTBCS. 3  €KCIIEPUMEHTAJIBHUMHU  pe3yibTaTaMH IS OIlIHKH  1X
npoaykTuBHOCTI. KiHemaTuuHy Mojelb JJisl  3alpONOHOBAHOIO  MPUKIIAILY
KOHCTPYKIIIT MaHIMyJISITOpa OTPUMAHO 3 BUKOPUCTAHHAM MOAM(IKOBAHOTO M1IXO1Y,
KIHEMaTU4Hl PO3B'SI3KM  OTPUMAaHO 3a JOMoMorow airoputmy JleBenOepra-
MapkBapara. s nmepenbadyeHHss HACcTymHOi  KOHirypamii — MaHimyJsTopa
3aCTOCOBYIOTBCSI PI3HI QJIrOPUTMH TNPOTHO3YBAaHHS, TaKi SK MHOXXWHHA JIiHIMHA
perpecisi, 6araToBUMipHa MOJIIHOMiaJbHa PErpecisi, OMOPHUIN BEKTOP, IEPEBO PillIEHb,
BUITAJIKOBA JIICOBA perpecis Ta OaraTomapoBi Mepexi nepcentpoHa. Habip manux,
HEOOXITHWUW NIi  HaBYAaHHS  MEPEXi, TEHEPYEThCS EKCIEPUMEHTAIBHO 3
BUKOPHCTAaHHAM KoHIen il mapkepiB ArUco.

VY crarti [9] mpencraBiieHO PE3yNBTaTH MPOEKTY MO CTBOPEHHIO IMIAPHIPHO-
34JICHOBAHOTO POOOTa-MaHIMyISITOpa 3 TPhOMA CTYIEHSAMH pPyXJIUBOCTeH. Jlyis
BU3HAYCHHS TIOJIO)KCHHS CXBaTy BHPIMIEHO TpsMy 3a7ady KiHEMaTHKA 3
BUKOpUCTaHHAM MeTony JleHaBita-XapTteHOepra. 3BOpoTHa 3ajada KIHEMaTHKUA Mae
anreOpaiyHuii  PO3B'A30K  TEOMETPUYHUM METO/IOM, 3aCHOBaHU Ha
TPUTOHOMETPUYHUX (popmyniax. MonentoBaHHSI pyXiB MAaHIMYJSITOpa 3A1MCHEHO 3
BUKOpHUCTaHHAM TmporpamHoro cepenosuima MATLAB. Kpim Toro, po3po0ieHa
€JIEKTPOHHA CXeMa CHUCTEMU KepyBaHHS MaHINyJIaTopa 3 BUKOPUCTAHHSIM
MIKpoKoHTpoJiepa Arduino.

Jlns 3abe3rneueHHs] €(heKTUBHOTO AUCTAHILIMHOTO KEpyBaHHS MaHIMyJISTOpaMHU
po3po0Ka aNropuTMiB, BU3HAYCHHS HOMEHKIJIATypH 1H(OPMAIIITHO-BUMIPIOBAIEHUX
MPUCTPOIB Ta BHOIp KaHATIB 3B 53Ky 3/IIMCHIOETHCS HAa OCHOBI PpE3yJIbTATIB
KIHEMAaTHYHOTO0 Ta AWHAMIYHOro aHamizy. Y crarrti [10] mpencraBiieHi pe3yiabTaTh
MPOEKTYBaHHS PETYJATOpAa TOYHOTO TIOJOXKEHHS IS cXBara Madimynsropa. Ha
IepIIOMYy €Tall 3JIMCHEHO PO3B’s3aHHS NIPSAMOI Ta 3BOPOTHOI 3ajay KiHEMAaTHKHU
MaHinmynsatopa wmeroaoM JlenaBita - Xaprenbepra. Ha apyromy etami
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IPOaHai30BaHO JAMHAMIKY MAaHINMyJIsTOpa 3a 3arajbHUM piBHAHHIM FEiinepa-
Jlarpanxa i ¢hopmymnoro marpuili Kopiomica. Ha TperboMy ertarmi 3amponoHOBaHO Ba
3aKOHMW YTMPABIIHHS TIOJOXCHHSIM CXBaTy MAaHIMyIsTOpa 3 BUKOpPUCTaHHSIM PD -
00UYHCITIOBAILHOTO KOHTpoJepy KkpytHoro MomeHTy (PD-CTC) 1 xoHTposepy
koB3HOro pexxumy (SMC). Ha gerBepTOoMy erami IpoBEACHO YHCEIbHE MOACITIOBAHHS
pPYXiB CXBaTy MaHIMyJsATOpa 1]l KEPyBaHHSAM 3alpONOHOBAHUX KOHTPOJIEPIB. IS
poOoTa-MaHIimyJsATOpA.

3HIKEHHSI KPYTHHX MOMEHTIB y KIHEMAaTHYHHUX [apax [03BOJISIE€ 3HUZUTH
CIIOKUTY €HEPTit0, a TAKOXK 30LIBIINTHA TEPMIH €KCIUTyaTallii MaHinmyJsiTopa. ¥ CcTarTi
[11] 3anmponoHOBaHO BUKOPHUCTaHHS aJITOPUTMIB E€BOJIOLIMHUX OOYMCIEHb IS
ONTUMI3AIllT TPAEKTOPINA PYXy MaHIMyJISATOpa 3 METOI 3HM)KEHHSI KPYyTHUX MOMEHTIB
3'enHanHd. JlocmiKeHHs KIHEMaTUYHUX BJIACTUBOCTEN MaHIMyJATOpa MPOBEIAEHO 3a
meronaoMm JleHnaBiTa-XapTeHOepra, aHami3 JMHAMIKKM MaHINMyJISTOpa - METOJaMH
Jlarpamxa-Einepa ta Hprorona-Eitnepa. 3acTocoBaHO aaropuTMH ONTHMI3AIii Ha
OCHOBI MITYYHOTO IHTENEKTY: TeHETUYHUN aITOPUTM 3 BHKOPHUCTAHHSIM BHITaIKOBOI
Ta CepeaHbOi peKoMOiHaIlli, IMITAIlIHHWK BiANal 3 BUKOPUCTAHHSIM JIHIMHOI Ta
T€OMETPUYHOI CTpaTerii OXOJO/KEHHS Ta audepeHiiansHoi eBofomii. Meroau
MOPIBHIOIOTHCS, 1 PE3yJIbTaTH TMOKa3yIOTh, IO TEHETHYHUW aJITOPUTM 3a0e3leuye
HaMKpalli pe3yJbTaTH 1010 MiHIMi3allii KPyTHOIO MOMEHTY.

AKTyaJIbHiCTL po00TH OOyMOBJIEHA THUM, IO pPE3YyJIbTaTH KIHEMAaTUYHOTO
aHai3y € OCHOBOIO I CTBOPEHHS, AOCIIHKEHHS Ta BJOCKOHAJIEHHS MaHIMyJ IS TOPIB.

MeTta aocHigKeHHsI — ONTHUMI3AIlisl KOHCTPYKII MaHIMyJIsITOpa METOI0M
KiHEMaTU4YHOTo aHam3y. [lepenik SKICHUX KpUTEPIiB JJIsi ONTHUMI3allii KIHEMaTHYHO1
CTPYKTYPH 3aJIe)KUTh BiJ Taly3l 3aCTOCYBaHHs MaHimysTopa. Haitboinem nommupeHi
napaMeTpy OIIIHIOBaHHS IPH ONTHMI3AIli KIHEMAaTHYHOI CTPYKTYPH MaHIMyJIATOPA,
ne: 1) MiHiMi3alls CTYNEeHIB PYXJUBOCTEH IS 3aJaHOTO TEXHOJOTIYHOTO IMPOIIECy,
2) poboua 30Ha Ta MEXI1 JOCSHKHOCTI TOJIOCAa CXBaTa, 3) MEpeBipKa Ha MPOCTOPOBI
31ITKHEHHS, 4) CTIOKUBAHHS €HEPTii, 5) MiHIMI3aIlis MacH.

006’ext nocaimkennsi. Ctynentcekuii mpoekT Glove mependadae CTBOpEHHS
MIPUCTPOIO KepyBaHHS (E€JIEKTPOHHOI PYKABUYKH) ISl 3a0€3MEUCHHS AUCTAHIIIITHOTO
KepyBaHHsA MaHinmymsiTopoM. OO0’ekToM KepyBaHHS oOpaHO I’ SITHUJIAHKOBHUU
MaHIMyJIATOP 3 POTALIHHUMH KIHEMaTUYHUMU TTapaMu 5-ro kiacy (puc.l).

320 190 200 130,

—O O = £ k

O, O3 Oy Os P

200

Y ||01 8
200 Y

X
v O

Pucynok 1 — Po3paxyHkoBa cxema MaHinyJsiTopa
Aemopcovka po3poboka
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Martepianu Ta MmeToau. MaHIyJIsSTOp € BIIKPUTUM KiHEMAaTUYHUM JIAHIFOTOM,
KOPCTKI JIaHKW SIKOTO 3'€HaHI KIHEMaTHYHMMU IMapaMu I'ATOTO Kiacy. SKio
KIHEMAaTUYHHUM JIAHLIOT HE MICTHTh BHYTPIIIHIX 3aKPUTUX KOHTYpPIB, TO KUIBKICTb
KIHEeMAaTUYHUX Map N BHU3HAYa€ KIJIbKICTh CTYNEHIB PYXJIMBOCTI MaHIMyJSATOpA.
[Toso>keHHA KIHEMAaTUYHOTO JIAHIIOra MAaHIMyJIsATOpa BU3HAYAETHCA 3a JIOIMOMOTOIO
y3araJbHEHUX KoopauHat g;(t), (i =1,2,..n), 10 XapakTepu3yloTh BIAHOCHI PyXHU B

KiHeMaTUYyHUX Tapax. KinemarnuHuii aHami3 MaHIMyJAaTOpa MICTUTh HACTYIIHI
3aBJAHHS:

— Teplie 3aBIaHHs KiHEMaTHUKH (TpsMa 3a/1a4a MOJIOKEHHS MaHIITyJISITopa),

— JIpyre 3aBJaHHS KIHEMATHUKH (3BOPOTHA 3a/1aya MOJIOKEHHSI MaHITyJISITOPa).

PimieHHst 3BOpOTHOI 3a/1aul TMOJIOKEHHS MAaHIMyJIsATOpa 31MCHIOETHCS SIK Ha
cTajli MPOeKTYBaHHA, TaK 1 Ha CTaJll CHHTE3y KOMaH] kepyBaHHs. Cij 3a3HAYUTH,
10 JIJIS MAHIIMYJISATOPIB 3 BEJIMKOIO KUIBKICTIO CTYIIEHIB PYXJIMBOCTI 3a/1aHy MO3HUIIII0
crieniayibHOI TO4KK P (mmostocy cxBaTa) MOXHa 3a0€3MeUUTH JeKiIbKOMa HabopamMu
y3arajlbHeHUX KOOpJIMHAT. BUOip ONTUMAaIbHOTO PIlIEHHS 3aCHOBAHO Ha JI0JIaTKOBUX
oOMexkeHHAX abo Kpurepisix skocTi. KiHemaTMuHuid aHami3 MaHIMyJsTOpa
MPOBOAMMO 3a MeToJIoM JleHaBiTa -XapTeHoOepra.

MaHinynsTop TepeMilllye CcXBaT 3 HaBaHTAKEHHSIM (3aroTiBKa, 1HCTPYMEHT,
KOHTPOJIbHI Ta BUMIPIOBAJIbHI MPUCTPOI) 3TITHO 3 JAHUM 3aKOHOM PyXY. 3aJI€KHO BiJ
METH MAaHIMYJATOpa Ha PI3HUX JUISTHKAX TPAEKTOpli MapaMeTpu HaBaHTAKCHHS
MOXYThb 3MIHIOBaTHCS: TE€OMETpUYHI po3mipu, Gopma, posmomin wmacu. Ll
0COOJIMBOCTI BpaxOBaHO Ha e€Talll CKJIaJaHHS MaTeMaTUYHOI MOJETi, OCKIJIbKH
koedimieHTH nudepeHIianbHuX pIBHSIHL € (YHKISMHU Yy3araJbHEHUX KOOPAWHAT
MaHIIyJISITOpa Ta 3ajeXaTh Bl 3aKOHY pyXy Ta apamMeTpiB HAaBaHTAKEHHS.

JIist KiHEMaTUYHUI aHaji3y MaHIMyJsaTopa 3acTOCOBAHO MAaKeT MPUKIATHUX
nporpam Mathcad.

IouaTkoBi ymoBu. KiHemaTWuHuIl aHali3 BUKOHAHO 3a PO3PaxXyHKOBOKO
KIHEMaTUYHOIO CXeMOI0 MaHimyJsitopa (puc. 1). JIOBXKHMHAa KOXHOI JIAHKH Y MM
HaBeJIeHAa Ha pO3paxyHKOBiM cxeMi (puc.l), HIIBHICTH JIAHOK MaHimyjistopa p=1,5
r/cm®. TloyaTkoBi monokeHHs nanoK q10=0,257 pan, q20=0,257 pan, q30=0 pax, qs0=0
pan, qso=0.257 pan.

3 KOXHOI JIAHKOI MAaHINMyJIATOpa 3B’s3aHa IMpaBa CUCTEMa JEKapTOBUX
koopauHat Oxyiz;. [louatox koopaunat O; po3TamoBaHo B IeHTpi mapHipa. OgHa 3
BiCe¥ KOOpAMHAT CIPSMOBaHA 3 BICCIO MIAPHIPA, Apyra BiCh KOOPJWHAT HaIpaBjicHa
B3JIOBK BICI CUMETpIi JIAaHKH, TPETS BICh - JIONOBHIOE TpaBy cuctemy [12]. bazora
cUCTEMa KOOpAMHAT MOB’sI3aHa 3 HEPYXJIMBOIO OCHOBOIO MaHimyJsiTopa. Pyx momtoca
CXBaTa MaHIIYyJIATOPA BU3HAYAETHCS 3MIHOIO y 4acl y3araJlbHEHUX KOOpAUHAT ¢,(f),

Kl € KyTamMH oOOepTaHHsi y KIHEMAaTUYHUX TMapax. 3aKOH 3MIHM y3araJbHEHUX
KOOpJMHAT BU3HAYAETHCS IMapamMeTpaMu BHKOHABUMX MpHUBOJIB. llpumyctumo, 1o
peani3yloThCs HACTYITHI 3aKOHH 3MIHU y3aralbHEHUX KOOPIUHAT:

q,(t) =0.025¢* +0.01t + q,y,  q,(t)=—0.03t> =0.01¢ + g,,,
q;(1) =—0.03t> =001t + q;,,  q,(t)=0.1£* +0.01t + g,
gs(1)=0.1£* +0.01¢ + g4, .
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PesyabTaTu 10ciaiaKeHb Ta 00roBOpeHHs

Ilepmie 3aBAaHHs _KiHeMATHMKHM. 3a 33/J1aHOI0 KIHEMAaTHUYHOIO CXEMOIO
MaHIImyJIsTOpa Ta  3aKOHaMH  pyxy  (3aKoHaMu  3MiH  y3arajibHEHUX
KoopauHaTaxq;(t),i =1,..5) BHU3HA4EHO MOJIOKEHHS 0co0aMBOI TO4YkM P (momrocy

cxBara) y 0Oa3zoBiii cuctemi KoopauHat. CKIaIeHO MAaTpulll IePEeTBOPEHHS
KOOPJAMHAT:

1 0 0 0 Cosq, 0 -Sing, O
|10 Cosqs —Sings 200 4 0 1 0 190

5 _

4= Sing; Cosqs 0 |3 7| Sing, 0 Cosq, 0 |
0 0 0 1 0 0 0 1
1 0 0 0 1 0 0 0

i 0 Cosq; —Sing; 320 42— 0 Cosq, —Sing, O
> |0 Sing; Cosq; 0 "1 |0 Sing, Cosq, 200/
0 O 0 1 0 0 0 1
Cosq, —Sing, 0 0
4l = Sing, Cosq; 0 0 |
° 0 0 1 200
0 0 0 1

KoopauHaTte moJirocy cXBaTy B CHCTEMi KOOPJIWHAT 3B’sI3aHIN 3 I'ATOIO JITAHKOIO
— T .o .
72 =(0 130 0 1)",aB Gasosiii cucTemi KoOpAHHAT

’_;19 :f(ql(t)’qz(t)>aqk(t)) = A(l) Al2 A23 A; AZ }_;f? :TS }_;Ifa
ne 7Y - BEKTOp KOOpPIMHAT IOIIOCY CXBaTy B 0a30Biii CHCTeMi KOOpAMHAT,
75 - BEKTOp KOOPIAMHAT TOTIOCY CXBATy B CHCTEMi KOOPAMHAT 3B’A3aHill 3 M'ATOIO
naukoto, T, = Ay - Al - A3 - A - A; - 3arajibHa MaTpulld HepeTBOPEHHs KOOPIAUHAT Bifl
5 —oi manku 110 0 — ro JIaHKU (OCHOBU MaHIIyJIsTOPA).

J51 00YUCIIeHHS MIBUAKOCTEN Ta MPUCKOPEHD MOJIIOCY CXBaTa BITHOCHO 0a30BO1
CUCTEMH KOOPJIUHAT CKOPUCTaEMOCS (GOopMyTIaMu:

d d

=0 =10 -5 -5
Vp=Tp :E(TS'VP)ZETS"”W
o w0 AP as\_dD
agzrpozﬁ(TS-r;)zﬁTs-r;.

PesynbpTat po3B’si3aHHS MpsAMOT 3a7adi KIHEMAaTUKU 3 BUKOPHCTAHHSM IMaKeTy
NpUKIaHUX nporpamMm Mathcad HaBeneHo Ha puc.2.

Px(f) =  Py(t) = Po(t) =
-0.385 0.255 1.032 L5
0356 0255 1.031
0358 0355 103 =~
“0.361 0.255 1.028 Px(1) 0.67 N
-0.364 0.255 1.025
-0.367 0.255 1.022
0372 0.255 1.019
-0.376 0.355 1.015
-0.382 0.354 1.01
0388 0253 1.005
0394 0252 0.999 0
“0.401 0351 0.993 t

PucyHok 2 — Pe3ysabTaTn po3B’si3aHHS NPSMOI 32/1a4i KiIHeMATHKHA
Asmopcovka po3pobka

™
.
o
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PesynbraT MareMaTHYHOTO MOJENIOBAHHS MIBHJIKOCTI Ta MPUCKOPEHHS
MOJIFOCY CXBAaTy BIAHOCHO 0a30BOi CHCTEMHU KOOPAWHAT HaBEACHO Ha puc. 3.

Pucynok 3 — Moae,ll0BaHHS IIBUAKOCTI Ta MPUCKOPEHHS MOJIIOCY CXBATY

BiIHOCHO 0230B0I CHCTEMH KOOPAMHAT
Asmopcovka po3pobka

3a pesyibTaTaMud MaTEMaTUYHOTO MOJIEIIOBAHHS IIBHJKOCTEHW Ta MPUCKOPEHD
MOJIFOCY CXBaTy MOKHAa OOpaHO BHUKOHABYl MPUBOAM y KIHEMAaTHYHHMX TMapax Ta
nepeaToO4YHl MEeXaH13MHU MaHIMyJIaTopa 3a YMOBU 3a0e3MeUeHHs 3aJ1aHOl TPAEKTOPii
MOJIF0CA CXBATy Ta 3MEHILIEHHS CIIO’KUBAHOI €HEPT1i.

JApyre 3aBlaHHA KiHeMaTHKH. 3a BIJOMOIO KIHEMaTHYHOIO CXEMOIO
MaHIMMyJIITOpa BCTAHOBUTH HAOOpPW 3HAYEHb Yy3arajJbHEHUX KOOPJAWHAT JIs
3a0e3neyeHHs 3aJJaHOT0 MOJIOKEHHSI Ta Opi€HTALlli OJII0CY cXBaTa B 0a30Biil cucTeMi
KOOpJIMHAT.

[Tono>keHHs Ta OpIEHTALIIO0 TMOJIIOCY CXBaTa BU3HAYUMO 3a JOMOMOTOI0 TPHOX
miHIAHEEX  X(2), y(¢), z(t) Ta TpBHOX KyTOBUX KoopamHaT «(t), B(t), y(¢). Hns

obuncnenns g¢;(t,),i=1.5 ckopucraeMocs Gopmyor0

7 =(1,)" 7,
ne 7y - BEKTOp KOOPIAMHAT MOJIOCY CXBAaTy B 0a30Biil cucTeMi KOOpAMHAT, 7 -
BEKTOp KOOpAMHAT IIOJIIOCY CXBaTy B CHUCTEMI KOOpAMHAT 3B’sA3aHiil 3 H'ATOIO
JnaHkKoro, 15 = A(l) -Al2 -A;’ -.A34 - A} - 3aranbpHa MaTpHIIS MEPETBOPEHHS KOOPAUHAT Bijl
5 —oi nanku A0 0 — ro NaHku (OCHOBU MaHIMyJsITOpa). SIKIo BpaxyBaT, IO AJis

MOMEHTY 4acy f,, KOOpAUHATH IOJIOCY CXBAaTa JI0PIBHIOIOTh

rp = [t x(8,), ¥(t,,), 2(t,,), a(t,,), B(t,,), 7 (2,,))

MOJXKHA 3aIlluCaTu

x(tm):E(tm’ql(tm)ﬁqZ(tm)’qz(tm)’qn (tm)7
y(tm) = F2 Um?Ql (tm )9QZ(tm )”"Qi (tm)’Qn (tm)a
z(t,) =F5(t,,9,(2,,).9,(,,),--q;(1,,),.-q,(2,,), (1)
a(tm):F4( m’QI(tm)’qz(tm)ﬂ"‘qi(tm)9“’qn(tm)ﬂ
ﬂ(tm) = FS (tmﬂch (tm )9 q, (tm )9"‘qi(tm )’qn (tm)’
y(tm) = F6 (tmaql (tm )9 Q2 (tm )9‘”qi (tm )7"‘qn (tm)

TakuM 4mHOM, U BHUpILIEHHS APYTOro 3aBJaHHS KIHEMATHKH Y 3arajJbHOMY
BUIA/IKy NOTPIOHO [UII MOMEHTY 4acy f, PO3B’A3aTU CHUCTEMY HENIHIMHUX PIBHSIHb

Buay (1).
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Merton pieHHs cCUCTEeMHU PiBHSHB (1) 3alieKUTh BIiJl KUIBKOCTI y3araJbHEHUX
KOOpJMHAT B KIHEMAaTU4HIN cxemi MaHimyisTopa. s po3riasHyToi KOHCTPYKIIi n
=5. Sxmo n <6, To pileHHs cucTeMHu piBHAHB (1) iCHYe A 0OMEXEeHOTro Habopy
MOJIOKEHb cXBaTa. B 1pboMy BumMaaky poboda 30Ha MaHIMyJIsATOpa Mae OOMEXEHHS.
Cucrema piBHsHb (1) 1HOmOBHEHa OOMEXEHHAMH, €(PEKTUBHO BUPIIIYIOTHCS B
cepenoBuiili Mathcad.

PesynapTatn po3B’si3aHHS 3BOPOTHOI 3aJaul KIHEMAaTUKU 3 BHUKOPUCTAHHSIM
MakeTy npukiIaaHux nporpam Mathcad nHaBeneno na puc.4.

Zvorotna_zadacha_kinematiki
glk =0 @2k =0 gk =0 qdk =0 g5k =0

Xp=-03 Yp:=0433 Zp =-0.017

Given
Xp = sin (qlk }-(0.8 + 0.7-cos(q2k ) + 0.6-cos (g2k = q3k) + 0.3-cos(gZk + g3k + q4k) — 0.05-sin(q2k + g3k + gdk)-sin(gsk))

Yp = cos(glk )-{0.8 + 0.7-cos (qZk } + 0.6-cos (q2k + g3k} + 0.3-cos (q?k + g3k + gdk) — 0.05-sin(q?k + g3k =+ qék)-sin(g3k))

Zp = —0.05-cos(g2k + g3k + gk )-sin(gk) — 3-sin(q?k + q3k + gk} + 5 — 6-sin(q2k + g3k) — T-sin{q2k)

[ 2.5356878027030048394 2.5356878027030048394 — 60590485088678839908 — 60590
2.8161645253338211005 2.2303957487587411127 1.4488657403016409034 56541«
Find (qlk, g2k ,q3k ,qdk ,q5k) — | .32542812825597213796 .91119690483105212578 1.6927269132881523351 2.5761°
—1.3574737674987986556 .12084873441177439190 2.5072147520089949754 —49293
0 0 0

Pucynok 4 — Pe3yibTaTn po3B’si3aHHsA 3BOPOTHOI 32124l KiHEeMaTHKH
Aemopcovka po3pobxa

3a pe3ynbTaTaMy KIHEMAaTUYHOTO aHAi3y BUKOHAHO ONTHUMI3AII0 KOHCTPYKINT
MaHinyJstopa (puc.4).

‘_u'r\. Y
-y
."'f ff
i J
320 190 200 130 ]
—a [ ] — — - i s

Pucynok 4 — Cxema KOHCTPYKIii MaHINyJIsITOPa
Aemopcovka po3pobka

[Tpu omparroBaHHI KOHCTPYKIllT MaHIMyJIATOpa BU3HAYEHO TE€OMETPUYHY (PopmMy
Ta PO3MIpH JAHOK MAaHIMyJATOpa 3 METOI MiHimizamii Macu. Ha ocHOBi aHamizy
MIBUAKOCTEN Ta MPUCKOPEHb 00paHO BUKOHABYI MPUBOAM Ta MEPEAATOUHI MEXaHI3MH
MaHIMyJIATOpa 3a YMOBH 3MEHIIEHHS CIIOKMBAHOI €Heprii. MojemroBaHHS PyXiB
MaHIMyJIATOpa JO3BOJIMIO BUSHAYUTH MEXKi JOCSKHOCTI TIOJIF0CA CXBaTa
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BucnoBku. [IpoBeneHHS KIHEMAaTHYHOTO aHANi3y MaHIMyJIsATOpa BUKOHAHO
METOJIOM TepeTBOpeHHs koopauHaT [leHasita - Xaprenoepra. 3acToCyBaHHS MaKETy
npukiagHux mnporpam Mathcad no3Bomnsie QopmainizyBatu mpoLEC PpO3paxyHKY,
3HM3UTH BHUTpaTH 4Yacy Ta 3MEHIIMTH KUIBKICTh TOMWJIOK. BukopuctaHHs
pe3yNbTaTiB KIHEMATUYHOTO aHaTi3y JI03BOJIMIIO ONTUMI3yBaTH T€OMETPUYHI PO3MIPH
JaHOK, oOpaTd THUIN BHUKOHABYMX TMPHUBOJIIB Ta IMepeAaTouyHux MexaHismiB. lle
J03BOJIUTh 3HM3UTH Macy KOHCTPYKI[I Ta CIOXHBaHy EHEPriio, M0 OOYMOBIIOE
MIJBUINCHHS TPOAYKTUBHOCTI MM Yac eKcIuryaTamii Madinmymnstopa. CTBopeHe
nporpaMHe 3a0e3mnedeHHs Oyjae Yy MOJajbIIoMy 3acTOCOBAHO IIpU  Po3poOiri
QITOPUTMIB JUCTAHIIKHOTO KEPYBAHHS MaHITyJIATOPOM.
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Abstract. The article presents the results of the kinematic analysis of the manipulator using
the Denavit-Hartenberg method. The structural diagram of the manipulator contains five links
connected by rotary kinematic pairs of the fifth class. Kinematic analysis and mathematical
modeling of the movements of the manipulator were carried out using the MathCad programming
environment. Implementation of the results of kinematic analysis allows at the design stage to
minimize the number of degrees of mobility for a given technological process, to choose drives and
transmission mechanisms, to develop effective control algorithms. This will allow to reduce the
weight of the structure and the energy consumed, which leads to an increase in productivity during
the operation of the manipulator.

Keywords: manipulator, kinematics, coordinate transformation matrix.
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Anomauin. B pobomi posensdaiomvcs 0CHOBHI npobiemu noOy00suU CeHCOPHUX Mepedic, U0
CMOCYIOMbCSL CHONCUBAHHIO eHepaii MepedCi ma 3anedcHocmi it pobomu 8i0 NPonycKHOi 30amHoCmi
bazosux cmanyit. OOHUMU 3 HAUBANCTUBIUUX eTleMeHmMI8 Mepedici € pomonpuiimayi, poboma sKux
BNIUBAE HA WBUOKICMb Ma | winbHicmsb nepedadi ingopmayii. Came momy 6 pobomi po3ensiHymi
CYYACHI KOHCMPYKYIT C8IMI08UX (Pomooemexmopis, ix OCHOBHI XAPAKMEPUCTMUKU MA HeOOJIKU.
3anpononosani omonputimayi Moxcyms NOKpAwumu weuoKicms nepeoadi OAHUx 8 CYYaCHUX
CEHCOPHUX Mepeacax.

Knrowuosi cnosa: cencopni mepesici,0a306i cmarnyii, nponyckHa 30amuicme, homonpuiimadi,
WeUOKicmb, WiNbHICMb, nepedaya iHgopmayii.

Beryn.

[cCHYIOTH JBI OCHOBHI MpoOJeMU MOOYAOBH CEHCOPHHMX MEPEXK: IMO-TepIIe,
CEHCOPHI MepeXl CIHOXMBAaIOTh OCHOBHY YAaCTHHY €HEprii Mepexi, a Mmo-apyre, dac
poOOTH BCl€T MEPEXi 3aJI€KUTh Bl MPOIYCKHOI CTaHII1 0a30BUX CTaHIlIN, OCKUIBKU
o0poOKa JTaHWX, OTPUMaHMUX BiJl JATYMKIB, MIATPUMYETHCS HA TEXHOJIOTISIX POOOTH
OKpeMHX JNaTyukiB. J[Jis BUpIIIEHHS APYToi NpoOjieMy MBUIKOCTI Ta €PEeKTUBHOCTI
CEHCOPHUX MEpPEK Ha pasl BIPOBAIKYETHCA arapaTHO MPOTpaMHi PIMIEHHS Jis
ontuMmizamii Tpadiky 3 BHKOPHCTaHHSIM Takery HOBuUX TexHojorii MEC (Multi-
Access Edge Computing) abo ECMA (Edge Computing with Multiple Access).
CrnpaBa B TOMY, 1110 OUTBIIICTh MTPOTPaM HAIAIOTh CBOT OHJIaH-00uucIeHHS (00poOKa
naHuX) 1 30epiraHHsl KOHTEHTY Ha BIJJJAJICHHX cepBepax (XmapHi oOYMCIICHHS), SKi
3a3BUYail PO3TAIIOBaHI JAJ€KO BiJ KIHIIEBOTO KOpHUCTyBaua. [Ipu BUKOpHCTaHHI
texHosoriunoro mnakery MEC wactuna QyHKIii oOpoOku Ta 30epiraHHs JaHHUX
BUKOHYETHCSA Ha MEX1 0€3/IpOTOBOI CEHCOPHOI MEPEXKi 3a JOIMOMOTOI0 CIEIialbHOTO
MEC Server, iHTErpoBaHoro B 6a30Bi CTaHIIIi.

Apxitexktypa MEC Bkiitouae B ce0e HaOlp KIOYOBUX TEXHOJIOTIHN AJi IHTerparlii
[oT y 6e3apoToBi cucteMu. BaxnuBimmu 3 SIKUX €:

- BipTyam3aiis MmepexeBux Qynkiid (NFV);

- mporpamMHo BuzHadeHa Mepexka (SDN);

- iH(opmMmariitHo-Bu3HaueHa mepexka (ICN);

- po3spizanns mepexi (NS).

[le mae MOXJIMBICTH MPOBOJIUTH (UIBTpaIlito TpadiKy, MOJIETIIYE MOXKIUBICTh
MPUNHATTS PIIICHh HAa OCHOBI JIOKAJIHHO OOpOOJICHHX JaHUX Ha MEXI MEpexi, II0
3MeHIye HackpizHy 3aTpuMky (E2E), miaBuiye maciraboBaHICTh 1 TEPMIH CITyKOU
rpuctpois [oT.
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Ane 3acTocyBaHHS OyJb-SIKMX TEXHOJIOTIA MOXe OyTH OOMEXEeHHUM
BJIACTHBOCTSMU €JIEMEHTIB CUCTeMH Mepexi. OAHMM 13 TakuxX €JIEMEHTIB €
dboTompuiiMay, MBUAKICTh il SKOTO MOXE ICTOTHO BIUIMBATH HA IIBUAKICTH Ta
HIUIBHICT Tepeiadl JaHUX B Mepexki. ToMy B poOOTi pO3IIIAHYTI OCHOBHI THUIIU Ta
KOHCTpYKLUIi hoTonpuiimadiB, 10 MOKYTh BUKOPUCTOBYBATHCH B TAKUX Mepexax.

1. Cy4yacHuii CTAaH CEHCOPHMX MEpe:K.

HamiBnpoBinHukoBi QoTonmpuiimMadi BHUKOPUCTOBYIOTHCS B SKOCTI YYTIMBUX
€JIEMEHTIB B YCiX BiJIeOKaMepax, JaTYMKax pyXy, A€TeKTOpax MOIyM s, IipoOMeTpax,
CBITJIOBMX 1HAMKATopax, Yy Qotopere y cuCTeMax BYJIUYHOTO OCBITJICHHS,
TEIJIOBI30pax, JIIOKCMETpax, MPUIajJax HIYHOTO OauyeHHs, SK JXKEepeao Hanmpyrd B
coHslyHUX Oatapesix. OJHaK, OCHOBHA YacTHWHA (POTOJETEKTOpIB — 1€ HEBIJ €MHA
YacTMHA BCI€I CHCTEMU ONTUYHOrO 3B'A3KY, SIKa MpPUWMAE KOPUCHUN ONTHYHMMA
CHUTHAJI Ta TIEPETBOPIOE HOTO B EICKTPUUHHIA.

3a nporrozamu Cisco, y 2024 porri kiibkicTh 00’ekTiB [HTepHETY peueit (IoT)
3pocte Outbll HDK 70 S50 MUIBIpAIB MIAKIIOYEHUX TpUcTpoiB. HeobximHo
3a0€3MeYUTH BHUCOKOIIBUJIKICHUN 3B 30K [IJI1 BEJIMKOI KIJIBKOCTI KOPHCTYBauiB
OJIHOYACHO.

[IBuaKICTh 1 MUIBHICTG Tepenayl iHdopMaIllli Mo ONTHYHUX KaHajlax 3B'S3KY B
COTHI pa3iB BUIIE, HDK MO pajioKaHanax. ¥ 3B’S3Ky 3 UM HPOTATOM JCCATHIITH
BEJIYThCS TOCIIKEHHS 11010 PO3POOKH TEXHOJIOT1I OOy I0BU ONITUYHOI O€31pOTOBO1
nokanbHOi Mepexi Li-Fi, sika 0 crana aabTepHATHBOIO BUKOPUCTAHHIO MOLIMPEHOTO
paniokanany 0e3apoToBoi JokanbHOi Mepexi Wi-Fi, mepexi. Taki gpipmu, sk General
Electric (CHIA), Koninklijke Philips NV (Higepnanau), Oledcomm (®paniis),
pureLiFi Limited (Bemuka bpuranig), Panasonic Corporation (fAmonis), Acuity
Brands, Inc. (CIIA), LightPointe Communications Inc. (CIIA), LightBee
Corporation (CIIA), FSONA Networks (BenukoOpuraHnis) Bke BHUPOOISIOTH
oOnasHaHHs AJi11 M0OyA0BU ONTUYHUX OE3POTOBUX JIOKAJIbHUX MEPEK.

Li-Fi (Light Fidelity) — Texnonorist mo0y10Bu 6€3IpOTOBOI ONTUYHOI JIOKATbHOT
MEpexi, fKa peai3oBaHa AK KOHKYPEHT pajiokaHaldy JoKalibHOi Mepexi Wi-Fi
(Wireless Fidelity) [1], mo BHUKOpPUCTOBY€E colliaJiIbHE OCBITJICHHS K KaHal s
nepeaadi JaHux.

3oBHimHI enekTpoHHi USB-kiroui juist BukopucTanHs TexHojorii Li-Fi Bxke
JaBHO BUPOOJISIOTHCS MacoBo, a 3 2020 poky kommnanis Getak Technorlogy Corp
BUITyCKAa€ IUIAHIIETH 3 BOymoBaHow ¢yHKIieo Li-Fi. 3aBasgku UM BeTuKuM
rpaBusiM puHOK Li-Fi ctaB Haa3BH4aiiHO KOHKYPEHTHUM [2].

[IpoBinHi yKpaiHChKI AUCTPUO OTOPU OO THAHHS IS CUCTEM OCBITIICHHS BXKE
NPEICTaBISIIOTh TOTOBY TMPOIYKIIO [JIsl oprasizamii jgokampHuX Li-Fi mepex.
[aTrerpoBanuii cBiTnoaioguuil cBituabHUK PureLiFi ciyxuts Toukoro goctymy Li-Fi
1 OCHAIeHW MapmpyTH3aTOpoM 1 JpaiiBepom Jjamnu. Bid cymicHuit 3i
CBITJIOZIOAAMH  KIIBKOX  Ppi3HUX  BUpOOHUWKIB. Hapaszi ramkeru TOBHHHI
BUKOPUCTOBYBAaTH 30BHIIHIA KiIt04 13 Buxogom USB nns orpumaHHsA Ta
JIEKOJIyBaHHS JTaHUX HM3X1JHOI JIHIT 3B’SI3Ky Ta MOJYJISIT CUTHATy 3aBaHTaKCHHS
TS iepeaadi iHdopMaliii BUCX1THOT JIiHIT 3B's13Ky uepe3 kaHai Li-Fi.

2. CyyacHi KOHCTpPYKUii (pOTO TeTEKTOPIB.

B gpanuii yac B TexXHIIl BUKOPUCTOBYIOTbCS TUIBKM HaMIBIPOBITHUKOBI

ISSN 2567-5273 31 www.moderntechno.de



Modern engineering and innovative technologies Issue 30 / Part 1 éw

dboTonpuitMaul, AKi BIAPI3HAIOTHCS MPHUHITMIIOM IEPETBOPEHHs CBITJIOBOI €HEprii B
enektpuyHuii curdan. Cepen HUX (OTOPEIUCTOP — II€ B HAUMPOCTIMIOMY BUIAAKY
HAIIBIPOBITHAKOBA TUIACTMHA 3 JBOMAa OMIYHUMH KOHTakTaMu. DOTOpEe3nucTop
BUKOPUCTOBYE €(peKT (OTONMPOBIAHOCTI - MIABUINEHHS MPOBIAHOCTI 3pa3ka
HAIIBIIPOBIIHKKA B pe3yJbTaTl TeHepallil eJeKTPOHHO-AIPKOBUX map (OTOHAMHU.
CtpyMm B OCHOBHOMY (DOPMYETHCSI OCHOBHUMH HOCISIMU Ap, OCKIJIBKA BOHHU BIJIBHO
MPOXOJIATh Uyepe3 OMiuHI KOHTakTH. HeocHOBH1 HOCIT An 30epiratoTbcsi Ha OJTHOMY 3
KOHTAKTIB, JI¢ BOHU BHKJIMKAIOTh JOJIATKOBY 1H'EKIIF0 OCHOBHUX HOCIiB, IOKH BOHH
He 00'eqHAIOThCSA. 3aBASKU Takid BJIAaCTUBOCTI HEOCHOBHUX HOCIIB 3apsay, SKi
HAKOIUYyBaTUCS Ol1s1 OJHOTO 3 OMIYHUX KOHTAaKTIB (POTOPE3UCTOP MAE BHYTPIIIHE
nocusieHHsT ¢oTocTpyMy. (OCHOBHOIO TiepeBaror0 (OTOPE3UCTOPIB € BEIHKE
BHYTpPIIIHE NOCUJIEHHS (oTonpoBigHOCTI G, ~ 20 + 100. sike MOXHa OTpUMATH,
SKIIO TPUCTPOI BUTOTOBJEHI 3 MaTepiasliB 3 BEJIMKUM YacOM JKHUTTS HEOCHOBHUX
HOCIiB T,. AJle IpU LIbOMY 3MEHIIYETbCA YacToTa poOOTH (HOTONPHUIIMAYa fmax. TOMY
BHYTpIIIIHE TOCHJICHHS (oTope3ncTopa HaWdacTiiie 30UTBIIYEThCS — MIISAXOM

SMCHIICHHA 4YacCy IIPOXOKCHHA 0asu pe3nucropa OCHOBHHUMMU HOCISIMU 3apany

2
TRANS
t- —

p Mp U
enexktpogamu. Heponikamu (OTOPE3UCTOPIB € BEIUKHN TEMIOBUU CTPYM Ipark,
HU3bKa PO00YA YaCTOTA fmax 1 CUIIbHA 3aJICKHICTh BUXITHOTO CTPYMY BiJ 30BHIIIHBOT
temneparypu. Kpim Toro, oTOpe3ancTop CokuBa€e BEIUKY KUIBKICTh €HEPTii uepes
BEJIMKUNA TEMHOBHM CTpyM. 3alIeXHICTh CTpyMy dYepe3 (OTOpe3UCTOp BiA
OCBITJIEHOCTI (BUX1/IHAa XapaKTepUCTHKA (POTOAECTEKTOPA) HEMiHIHHA.

Tak, y poGoti [4] mpeAcCTaBICHO CydacHy KOMIUIEKCHY KOHCTPYKIIIO
dotonpuiimaua GaAs Ha OCHOBI CTPYKTYypHU METaJI-HAIIBIPOBITHUK-METAN, B SKIH
HaIIBIPOBITHUKOBHH TIap €miTaKCiaJbHO BUPOIIECHO Ha miakiaaii Si. BuponryBanss
GaAs 3aiMCHIOETBCA 32 JOMOMOIOK  YJIBTPATOHKUX  HU3BKOTEMIEPATypPHUX
npomapok Ge. Pe3ynbrar nokasyrors 4y10By cBITJII0uyTIUBICTH (0,54 £ 0,15) A/BT.

dortomion — p-n-miepexif 13 MNPO30PUM BIKHOM Yy KOpHycl Hpuiamy Juis
HaJIXO/DKEHHS cCBITVIa Ha 0Oazy mnpwiangy. Y  (oromiofii BUKOPUCTOBYETHCS
¢doToranbBaHIYHUNA €(EKT — eJeKTPOHHO-IIPKOBI Mapu, CTBOpPEHI (HOTOHAMH,
PO3IUIAIOTHECS BOYJIOBAHOIO PI3HUIICIO TOTEHLIATIB p-n-TIEPeXoy, 10 3HAYHO
30UTBIITY€E apeiidoBUil CTPYM Yepe3 Mepexi] IPU OCBITICHHI.

3aBasiku  (HOTOETEKTPUYHOMY €(EeKTy BHYTPIIIHBOTO PO3JALICHHS (HOTOHOCIIB
3apsgy, Oyab-skuil (oTomion Moxke OyTH BHUKOPHUCTAHUN SIK JIKEPENO HAmpyru —
CoHsiYHA Oarapesi, sika TIEPETBOPIOE CBITJIOBY €HEprito B enekTpuuHy. Hocii 3apsny,
CTBOpEH1 CBITJIOM, OyIyTb DPO3ILISATHCS, AOKH Hampyra, CTBOPIOBaHa CBITJIIOM, HE
KOMIIEHCY€ BOYJIOBaHy pI3HUIIO MOTeHHiamiB. i 301IbIIEHHS CTPyMy, SKHii
CTBOPIOE COHsYHA Oarapesi, moma poOOY0i OCHOBH TMEPEXOy_pPOOUTHCS BEIIHUKOIO.
Konu doromion BUKOpUCTOBYETHCS K (HOTOAETEKTOP, 3BOPOTHA 30BHIIIHS Hampyra
NPUKJIAJAETHCS 10 p-n-TIEPEXoay sl OTPUMaHHS MiHIMAJIbHOTO TEMHOBOTO CTPyMY
Iparc. OCHOBHOMO mepeBarorw (GoTojioJa € MaJuid TEMIIOBUN CTPYM Ipark. POTOAION
noTpedye cTaOUIbHOI 30BHIIIHBOI HAINPYTH >KUBJIEHHS ISl CyBOpOro (hikCyBaHHS
poO0OUYOT TOUKH ISl OTPUMAHHS JIIHIHHOI BUXiAHOI XapakTepucTuku. Hemomikamu

, @ LIe BUMAarae BUCOKOi PYXJIUBOCTI [, 1 KOPOTKOi BiAcTaHl d MIiX
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dboTroaiona € TOBHA BIJACYTHICTh BHYTPINIHBOTO MiJicuiIeHHS Gp; = [, HEIOCTaTHS
po0oUa YACTOTA fimax 3AJIEKHICTH BUX1THOTO CTPYMY BiJ] 30BHIIIHBOT TEMIIEPATYpH.

byno 3ampomoHoBaHO HOBY apXiTekTypy (OTOMIOAHOTO JETEKTOpa 3
PE30HAHCHUMHU OCEpeJIKaMH, B SKiil J3epKajia 3aMiHEHI Ha rpaTdyacTi METallOBEPXHI.
[TokazaHo, 1110 CTPYKTYypOBaHi (OTOAETEKTOpU cepeaHboro [Y-aiana3oHy TOBUIMHOO
menme 10 Mxm 3 mormmuHadem cBitna HgCdTe ToBmmHOIO 75 HM MOXYThH
3a0€3MeUYnTH HEeTIepeBEPIIEHY MAKCUMAaJIbHY €(PEeKTUBHICTS [5].

doToaioM HA OCHOBI 3MillIaHUX OJHOBUMIpHUX (1D) 1 TpuBuMiIpHUX (3D) p-n-
TFETEPOCTPYKTYP 13 CHUHEPTiYHMMHU BJIACTUBOCTSAMH PI3HUX PO3MIPIB MOKa3alu
YHIKaJIbHI ONTHUYHI BJACTUBOCTI 3aBJSIKA BEJIUKUM TEPEX1THUM ILJIOIIAM 1 BUCOKOMY
MONEePEYHOMY TMEPETUHY MOTJMHAHHS, 1110 3a0e3Meuye BiIMIHHY ONTHKO-EJIEKTPOHHI
xapakTepucTuku. OHaK Yepe3 CKIaJHICTh MPOEKTyBAaHHS Ta CTBOPEHHS HAJICKHOTO
1D-3D p-n-j-nepexoy ixH1 €JIEKTPOHHI BJIACTUBOCTI BCE 1€ HESICHL. Y [6] CTPYKTYpy
ID-3D  ZnO/CsPbBr;  p-n-nepexony  CTBOPEHO  NIJISIXOM  BUPOIIYBaHHS
kpuctanmyaux Mikpomnactud CsPbBr3 na nanoaporax ZnO B pinkiil ¢dasi, ski
BUABIISIIOTh YyJ0BI (POTOAETEKTOPHI BJIACTUBOCTI. SIK (POTOAECTEKTOP BIH OXOILTIOE
CBITJIO BiJ YIbTPa(ioneToBOro 10 BUAUMOIO CBITA.

P-i-n-poromion — nie poromion, B AKOMy p- Ta n-00JacTi IEPEXOAY PO3ILIEHI
IIapoM 130J1sITOpa JIJIsl 3HWKEHHS O6ap'€pHOI EMHOCTI p-n-Tiepexoy, 3a paxyHOK 4Oro
30UThIIy€EThCST  pobOoua dyacTtoTa (GoTompuUMada fmax. P-i-n-GOTOMIOn TaKOX
BUKOPUCTOBYE (poToraibBaHiuHui eexkt. OCHOBHMMU mepeBaraMu p- i-n-gpoTojioaa
€ MAJIMM TeMIOBUN CTPYM Ipark 1 BE€IMKA poOOUa yacTora poronpuiiMaya fmax. P-i-n-
doTomion mnorpedye CTAOUIbHOI 30BHINIHBOI HAMNPYTHd JKUBJICHHS IS TOYHOTO
dikcyBaHHS poOOYOI TOUKW JJii OTPUMAHHS JIIHIMHOT BHXIJHOI XapaKTEPUCTHKH.
Henomnikom p-i-n-doToniosia € moBHA BIACYTHICTh BHYTPIIIHBOTO NOCHICHHS Gpy = 1.

PosrnsanaroTeess cydacHI KOHCTPYKIII TepMaHIEBOTO p-i-n-PoTojeTrekTopa 3
PE30HAHCHOIO METANlOBEPXHEI0 HOPMAIbHOTO MAIHHS JJIsi BUPIMICHHA NPOOJIeMH
KOMITPOMICY MK KBaHTOBOIO €()EKTHUBHICTIO IETEKTOPa, HOTO POOOUYOI0 YaCTOTOIO Ta
JTOBKHHOIO XBWJII BUIIPOMIHIOBaHHS, SIKE TOTJIMHAETHCS B 0a3l 1iomy. 3aBIsSKH
HAJTOHKOMY BHYTPIINTHBOMY IIIapy 130JsTOpa TOBIIMHOK 350 HM, IOCSTA€THCS
BHCOKAa 30BHINIHS KBaHTOBa e(eKTUBHICTH moHan 60% 1 diTke po3Mi3HABaHHS
IMITYJIbCIB CBITJIOBOI'O CUTHAJTYy Ha MIBUAKOCTI nepenaui inHgopmarii 20 I'6/c.

HoBa cydacHa KOHCTPYKIlii BHCOKOIIBUAKICHOTO  p-i-n-GhOTOAETEKTOpa
HOpMaJbHOTrO TadiHHS Ha ocHOBI GeSn mnpexacraeineHa B [7]. Lllo6 peamizyBatu
BHUCOKOIIBUJIKICHE BHUSBJIEHHS B YCIX [lama3oHax 3B’s3Ky, OyJI0 ONTUMI30BaHO
KOHIIEHTpALIII0 AOMIIIKK Sn B NOTIMHAIOYOMY IIapi, TOBUIMHY MOTIMHAIOYOTO 1Iapy Ta
po3Mip mpucTporo. UyTIMBICTH MPUCTPOIO 31 CTOPOHOIO BIKHA 18 MKM MpH TOBIIMHI
1550 am pocsrae 0,32 A/BT 3 pO3LMIMPEHOI0 JOBXKWHOK XBWJI BifcideHHs 1700 um
(iHpauepBOHUI [miama3oH CBITIA) 1 cMmyroro mnpomyckanHs 3 n1b mo 28 I'Tu mpu
3mimeHHi 3 B.

Benerbcst po3poOka repmaHieBUX BEPTHUKAIBHUX p-i-n-(OTOIIONIB 3 MAaCHBOM
3arnubneHb y (opmi rapOy3a Ha moBepxHiI 0azu. PDOTOmIONM BHUTOTOBJICHI Ha
repMaHieBid MiAKIAAl 3 4YynoBoro uymiuBicTio 0,74 A/BT. 3a 10moMororo
MOJICTIOBAaHHS TI1JpaXxOBaHO, IO KOHCTPYKIlsA 3ariauOineHb y ¢opmi rapoOysa
3a0e3nedye OUIbI BUCOKE ONTHUYHE TMOTVIMHAHHS TOPIBHSHO 3 OTBOPOM Yy dopmi
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UJITHpA.

Takox y p-i-n-potomioni ans 3axoruieHHsS (OTOHIB BIepiie Oynu BBEIEHI
MIKpOCTPYKTYpU B 0a3y ¢oTomerekTopa Ha ocHOBI (Ge-Sn 3a paxyHOK 4Oro Oyio
JIOCATHYTO BUCOKOC(EKTUBHE JETEKTYBAHHS BUIPOMIHIOBAHHS Ha JOBXXHHI XBUJI 2
oM 3 uytiuBictio 0,11 A/Bt. JlemoHcTpaiiiinuii 3pa3ok OyB peami3oBaHUN 3a
nomoMoror Ge-Sn/Ge MHOKUHHOT KBaHTOBOI simu (MQW).

JlaBunnuii dpotomion (APD) — ue p-i-n-poromion, sKuil mpairoe mpu BUCOKUX
3BOPOTHHUX HAMpyrax, JOCTaTHIX JJIs yAapHOI 10H13aIlli aTOMIB MIBUAKUMHU HOCISIMHU
3apsany. Ha Bigminy Bif 3BHUYaliHOTO p-i-n-GOTOI0AY L€ MPUCTPIM 13 BHYTPILIHIM
nocwieHHs M. BiH BukopuctoBye (oToranbBaHIYHUN ePeKT pa3oM 3 JIABUHHHUM
MIOMHOKEHHSIM (DOTOHOCIIB — 11€ 30UIbLIEHHS YKCia HOCIIB 3apsily MpU 3ITKHEHHSX
BHUCOKOIIBUJKICHUX HOCIIB 3apsiay 3 atoMamu. [Ipu 30UIbLIEHH] 3BOPOTHOI HANpPyTH
Ha p-n-TIEPEXO/i NI0 JAESKOTO IOPOTOBOTO 3HAYEHHS HOCII 3apsay B CHIBHOMY
CJIEKTPUYHOMY IIO0JII p-n-TIEPEX0Ay MOYMHAIOTh HAOMpPATH IIBUIKICTh, TOCTATHIO AJIs
10HI3a1lli HUMH aTOMIB 3 YTBOPEHHSIM EJEKTPOH-IIPOYHUX Map — HOBHUX HOCIIB
3apsany. Cami HOBI yTBOpPEHI HOCII 3apsay OepyTh y4acTh y TOJAJBIIIN 10HI3AII].
[Ipotiec 301abIIEHHST KOHIIEHTpAIlli HOCIiB, a OTKe, 1 CTPYyMYy, Ma€ JIABUHOIIOA10HHMIA
xapaktep. OCHOBHUMH TiepeBaramMu JIaBUHHOTO (POTOI0/Ia € BEJIMKUN KOeDIIieHT
nocwieHHs ¢dotoctpymy G,y ~ 100 1 Benmka pobOoda 4YacTOTa frmax. JIaBUHHMIA
doTomion Mae BeIMKY YYTIMBICTH: BIH MOXKE BHABIATH OUTbII ciIaOKl ONTHYHI
curHaiau. Hegonikamu n1aBUHHOTO (DOTOAI0/1a € BUCOKUU PIBEHh CTOPOHHIX IITYMIB y
BUXIJIHOMY CHUTHaJI1 1 CUJIbHA 3aJIeKHICTh BUX1JTHOTO CTPYMY BiJl 30BHIITHBOI HAPYTH
1 TemnepaTypu. BuxigHa xapakTepucTuka JaBUHHOTO (orosaiofa HemniHiHaA. Kpim
TOT0, JIJABUHHUM (hOTO10]1 BUMArae OUIbIIOT HAMPYTH 3MIIIEHHS, TOMY BIH CIIO)KHBA€
Oararo eneprii. JlaBunHuii ¢dortomion € KpauwMm  (HOTOAETEKTOPOM IS
aepoOTO3MOMKH Ta JJIsl BUCOKOIIBUKICHOTO OMTOBOJIOKOHHOTO 3B'SI3KYy Ha BETHKI
BIJICTaHI 3aBISKH WOTO0 BHYTPINIHBOMY TOCUJICHHIO, sKe 3a0e3medye  3amac
YYTIWBOCTI TIOPIBHSHO 31 3BHYAWHUMH p-i-n-(hoTomiogamu. YyTIHUBICTh JIABUHHOTO
dotomiona Ha 5-10 nb BumIa, HIXX 3BUYAWHOTO p-i-n-GHOTOAI0AA, 32 YMOBH, IO IITyM
MHOKEHHSI HHU3bKHMH, a JOOYTOK IOCWJIEHHS Ha CMYTy MPOMYCKAaHHS JOCTaTHBO
BEeNUKHUMA. J[71 BHCOKOIIBHIIKICHOTO ONTHYHOTO 3B'SA3KY 3alpONOHOBAHO HOBHIA
MaJIOIIyMHUN JIaBUHHUN (OTOI0A Ha OCHOBI TpamuiiiiiHoro wmatepiany InP 3
HAHOPO3MIPHUMH KBaHTOBHMH sIMaMH B 6a3i Jioja.

Benukuii  iHTepec mpenacTaBiigie  po3poOKa  MaJOLIYMIIMBUX  JIABUHHUX
doTOMIOAIB B KOPOTKOXBHJIbOBIM 1H(pauepBoHii obmacti (1,5-3 HM) 1 B
cepeaHbOXBUIILOBIN 1H(PpauepBoHiil obnacti (3-5 uM). CydacHi JaBUHHI PoTOI10U
3aCHOBaH1 Ha MDK30HHMX Iepexojax y Teaypuni pryti-kaamiro (HgCdTe) 3 Bucokum
NIJCUICHHSIM 1 HU3bKUM KO€(DILIEHTOM HAJJIMIIKOBOTO IIyMY 3aBISKH CHPUSTIMBIN
30HHIA CTPYKTypl, fIKa CHpUs€ YyAapHIA 10HI3amii oaHoro Hocis. OpHak, npu
KIMHATHOI Temmeparypi Juisi KoedimieHTa MHOXKEeHHs jaBuHU 10 TeMHOBUU CTpyMm
TaKOI'o JaBUHHOIO (OTOMI0AA € BUCOKHM, 1[0 BUMArae€ KplOr€HHOTO OXOJIOJKEHHS.
A 1ie moTpelye T0AaTKOBUX BUTPAT PECYPCIB.

DOTOTPaH3UCTOP — 1€ TPAH3UCTOP 13 BIAKPUTUM BIKHOM B KOPITyCl IpUOOPY IS
BJIYyUYEHHS I1aJal04yoro CBITia Ha 0a3y TpaH3ucTtopa. POTOTPaH3UCTOP BUKOPUCTOBYE
dboToranbBaHIYHUM €(EKT 3 J0JATKOBOK I1HXKEKI€ HOCIiB 3apsany. [Ipu mpomy

ISSN 2567-5273 34 www.moderntechno.de



Modern engineering and innovative technologies Issue 30 / Part 1 éw

IeHEpOBaHI CBITJIOM HEOCHOBHI HOCII, IK Y (OTOPE3UCTOpi, HAKOMUYYIOThCSA B 0asi
TpaH3UCTOpPA 1 3HWXKYIOTh TMOTEHIIWHUNA Oap’ep eMlTepHoro nepexoay, Mo
MPU3BOJUTH 10 JOJATKOBOI 1HXEKINi HOCIIB 3apsiay 3 emiTtepy B 0a3zy Ta naii B
konekrop lle momaTkoBO  30UIbIIye  BUXIIHUM  (OTOCTPYM  MPHUCTPOIO.
@DOTOTPAH3UCTOPU B OJJHOMY MPHUCTPOi 00’ €THYIOTh 3/IaTHICTh 3aXOIJICHHS CBITJIA B
EMITEPHOMY p-n-TIEpEX0/l NpU 3BOPOTHOMY 3MilleHHI (K B (Qoroaionax) Ta
(GYHKIIIF0 TOCUJIEHHS CUTHATY (SK B (DOTOpPE3NCTOpax), TOMY MalOTh BHUIIY ONTHYHY
3/1aTHICTh BUSBIIATH CJIA0KUI ONTUYHUNA CUTHAJ Ta HUXKYUUN PIBEHD IIyMY MOPIBHSHO
3 oTopesucropamu Ta GOTOAI0IaMH.

OCHOBHMMH TiepeBaraMu JaBUHHOTO (DOTOTpPAH3UCTOpPA € BEIUKE MOCHIICHHS
dbotoctpymy Gy ~ 20. @oTOTpaH3UCTOPY MOTPIOHA CTaO1IbHA 30BHINIHSA HANpyra
KUBJICHHS JUIS TOYHOTO (pikcyBaHHsS pPoOOYOi TOYKM MNpU OTPUMAHHI JIHIHHOT
BUX1JIHOI XapakTepucTuku. Hemomikamu QoToTpaH3ucTopa € CTOPOHHI MIyMU Y
BUXIJTHOMY CHTHaJIl, HEJOCTATHA p0O0Ya YACTOTA fiax, 3ATCKHICTH BUXITHOTO CTPYMY
BiJl 30BHIIIHBOI TemrepaTypH. Kpim Toro, ¢oTOoTpaH3UCTOp MOXKE CIOKMUBATU Oarato
eHeprii. [lng  miABUIIEHHS  €PEKTUBHOCTI  MOBEpXHIO  0a3u  CydyacHHUX
(GOTOTPAH3UCTOPIB BJOCKOHAIIOIOTh IIUIIXOM CTBOPEHHS Ha HIM CHeIiadbHUX
KOMILJIEKCIB JIJIs TTOTIMIIICHHSI 3aXOIJIEHHS (DOTOHIB.

OmnroenexkTpoHika Ha ocHOBI kBaHTOBUX TOo4ok (KT) mpuBepHyma 3HauHWMIA
iHTEepeC  Juisi  IIMPOKOTO  BUKOPWUCTAHHA  3aBASKA  CBOIM  YHIKQJIBHHUM
($hoTOGYHKITIOHATEHUM MOJKJIMBOCTSIM, TaKUM SIK YyJOBUUA KOEQIIEHT ONTHYHOTO
MOTJIMHAHHS, 3/aTHICTh PETYJIIOBAaTH IIUPUHY 3a00POHEHOT 30HHM 3aJEKHO BiJ
JOBXHHM XBHWJII T[1aJIal040r0 CBITJIa Ta MPOCTOTY pIlIeHb sl BJOCKOHAJIECHHS
BlacTuBOCcTeN (PoroaerekTopiB. [IpoTe BIIMB MOBEpXHI 3 KBAHTOBUMHU TOYKAMH Ha
ONTOEJEKTPOHHI BIACTUBOCTI IETEKTOPA 3AJIMIIAETHCS HE3PO3yMITUM. VY [8] omucaHo
pe3ysNbTaTH EKCIEPUMEHTIB 3 JIOCHIDKEHHS BIIACTUBOCTEH BHCOKOUYTIUBHUX
riopuaaux pororpanzuctopiB CdSe 3 KBaHTOBUMH TOUKaMH, 0OpOOJIEHUX y PO3UHHI
aMOp(PHO-OKCUTHUX HAMIBIPOBITHUKIB 3 BUCOKOS(HEKTUBHUM (HOTOIHyKOBAHUM
TPAHCIIOPTOM HOCIiB 3apsily 3 BUKOPUCTaHHSIM IOBEPXHEBOI (yHKITIOHAMI3AIT
JITaH/IB MOJICKYJIIPHUX XaJbKOTEHIJIIB METaJIiB.

JIBoBuMIpH1 (2D) namiHatu oTpuMaiu 3Ha4YHY yBary 3aBJSKU CBOIM YHIKaJIbHIN
KPUCTAJIYHIN CTPYKTYpl Ta BHUJIATHUM ONTHYHUM 1 €JIECKTPUYHUM BIACTHUBOCTIM Yy
doToenekTpuyHOMYy AeTekTyBaHHI OnHak Ounbmricte 2D MartepiaiiB gyke YyTIuBI
JI0 HAaBKOJUIIHBOI'O cCepefoBuIlia. AjcopOdarv 1 MacTKu, IO BBOASATHCS B IPOIlEC]
MiTOTOBKY, HETATUBHO BIIMBAIOTH HA pOOOTY MPUCTPOIB HA OCHOBI IIUX MaTEPiaiB.

PosrnsmaeTscst HOBa  KOHCTPYKIIA — (OTOTPAaH3UCTOpAa 13  PO3MIMPEHUM
KOPOTKOXBIJILOBUM 1H(paduepBOHUM crekTpoM noriauHanHg (e-SWIR) Ha ocHOBI
reteporniepexony InP i3 magrpatkamu InGaAs/GaAsSb (T2SL) B sikocTi mornvHayva.
MononiTHe BupoIyBaHHS (HOoTOTpaH3UCTOpa Ha miakmaa InP mae Hu3ky mepesar,
TakKMX SK BJIACTHBICTh  Y3TO/DKCHHS  MapaMeTpiB  KPUCTANIYHOI  PEIIiTKH
reTeponepexoay 3 HeOOXiJHOI IMPUHOIO 3a00POHEHOT 30HH (POTOUYTIMBOT 001aCTI
32 paXyHOK BUKOPHUCTaHHS CUCTEMH MaTepiajiiB reTeporepexo/ly Ha OCHOBI CIIOIYKH
InP/InGaAs/GaAsSb.

Y poGoti [9] cTBepmKyeEThCS, MO MPAKTUYHE 3aCTOCYBAaHHS HEOPTaHIUHUX
($hOTOACTEKTOPIB 3HAYHO OOMEKEHEe uepe3 OaraTo HEIOJIKIB, BKIIOUYAKOYHM CKIIaJIH1
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BUPOOHUY1 MPOIECH Ta HU3bKY MEXaHIYHY THYUYKICTh. Y IIi€i pOOOTI pO3TIIsSIa€ThCs
KOHCTPYKLIS OpraHiyHuX (QOTOTpaH3UCTOpPIB Ha 0a3l HOBUX (DOTOUYTIUBUX
OpraHiuHuX MarepiaiiB. B BHCHOBKax poOOTH CTBEPIKY€ETHCS, 1[0 HOBI OpraHiuHi
(GOTOTpaH3UCTOPH TOCTAIOTh SIK TMOTEHIINHI KOHKYPEHTH 3 BpaKaroUMMH
XapaKTepUCTHUKaMH MPOJAYKTUBHOCTI, TaKMMH SIK BHCOKA THYYKICTh 1 MpPOCTOTa
BUTOTOBJICHHSI, 1110 POOUTH 1X MPUAATHUMU JIJIS1 €JICKTPOHHHUX MPUCTPOIB HACTYITHOTO
MTOKOJTIHHS.

3aBASKM CBOIM ONTUYHUM BJIACTHBOCTSIM 1 UyJOBIH PYXJIMBOCTI HOCIIB 3apsy
raJIOreH1IHI EPOBCKITH METaliB OyJM IIMPOKO BUBYEHI B 00JaCTi (POTOAETEKTOPIB
JUISL COHSIYHUX €JIEMEHTIB. Y MEPOBCKITHUX (POTOAETEKTOpPAX iXHE BUCOKE ONTHUYHE
MOTVIMHAHHS Ta YyJ0Ba KBAaHTOBA €()EKTUBHICTh CIPUSIIOTH MiABUIIIEHHIO YyTIMBOCTI
Ta J€TEKTUBHOCTI.

BucnoBku

B poGoti OyB mpoBeneHMii CHCTEMHUI aHaji3 ICHYIOUUX (POTOAETEKTOPIB, SAKi
MOXXYTh BHUKOPHUCTOBYBAaTHCb B CEHCOPHHUX MepexkaX, 3 METOI BHU3HAYCHHS
HaWKpalux cepel HuX, s 3acTtocyBaHHs. [lokazaHo, 10 Ha Hall TOTJISA
HaWUTMEePCIEKTUBHIMMMHU € (HOTONETEKTOPU: MAJONIYMHUN JIABUHHHK (OTOMI0A Ha
ocHoBi InP 3 HaHOPO3MIPpHUMU KBAaHTOBMMHU sIMaMU B Moro 6a3i Ta (OTOTpaH3UCTOPH
13 pO3IIMPEHUM KOPOTKOXBHJIbOBUM 1H(GPAYEPBOHUM CIIEKTPOM TIOTJIMHAHHS (e-
SWIR) na ocnosi rereponepexony InP 13 nagrparkamu InGaAs/GaAsSb (T2SL) B
SIKOCT1 MOTJIMHA4Ya, TOMY, 1110 BOHU MalOTh O1IbIITy €HEProHE3aJIeKHICTh, TOKPAIICHY
IIBUJIKOJI1F0, TA MAOTh MEHILIUMA BIUIMB 3 OOKY 30BHIIIHIX YAHHHUKIB.
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Abstract. The paper examines the main problems of building sensor networks related to
network energy consumption and the dependence of its operation on the throughput of base
stations. One of the most important elements of the network are photodetectors, the operation of
which affects the speed and density of information transmission. That is why the work discusses
modern designs of light photodetectors, their main characteristics and disadvantages. The proposed
photodetectors can improve the data transfer rate in modern sensor networks.

The introduction discusses the design principles and architecture of sensor networks. The first
part is devoted to the current state of networks and prospects for their development. The second
part examines the designs and operating principles of various photodetectors. Based on an
analytical comparison of their characteristics and properties, it is proposed to use certain of them
as optimal for building sensor networks.

From a comparative analysis of photodetectors, in our opinion, the most promising
photodetectors are: a low-noise avalanche photodiode based on InP with nanosized quantum wells
in its base and phototransistors with an extended short-wave infrared absorption spectrum (e-
SWIR) based on an InG heterojunction of absorber quality, because they have a higher energy
independence, improved performance and are less influenced by external factors.

Key words: sensor networks, base stations, bandwidth, photodetectors, speed, density,
information transmission.
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Abstract. Hydrogen energy has been rapidly gaining prominence of the past decades. Many
new production pathways, applications, storage methods and distribution networks were developed
because of this effort. Despite many of these technologies being in their early stages, there is a
significant number of experimental projects and theoretical research that promise the introduction
of low-cost hydrogen into the worldwide energy system. In the context of Ukraine, where a large
proportion of energy infrastructure has been destroyed, hydrogen is considered to be a major
potential export, with outlines calling for significant investment and installation of electrolyzers
with a capacity of up to 10 GW to be installed in Ukraine. Ukraine has the potential to support up
to 500 GW of "green" hydrogen electrolyzers. An overview of the main technologies for the
production, storage and distribution of hydrogen, proposals for the development of joint Ukrainian-
European projects in wartime are presented.

Key words: hydrogen, renewable energy, alternative fuel, Ukraine.

1.Introduction. The increasing global energy consumption poses a significant
challenge for the worldwide community. In the past decade, primary energy use has
risen by 21 thousand TWh. Furthermore, 81.79 % of energy consumption in 2022
was from fossil fuels, such as: coal, oil and natural gas [1].

It 1s widely recognized by the scientific community, that energy production is
the leading cause of greenhouse gas (GHG) emissions, especially CO, [2].
Multinational action is being taken against climate change, consisting of improving
energy efficiency, reducing energy consumption and, most importantly, deploying
variable renewable energy sources (VRES) [3]. The sharp growth in the share of
VRES in electricity generation globally over the last 30 years can be seen in Fig. 1.
Technologies such as photovoltaic cells and wind turbines have proven to be the
future of electricity generation. However, a major issue concerning the use of VRES
relates to the need for costly storage in low-generation periods [4], and lackluster
viability of electric vehicles (EV) due to their limited range [5]. A potential solution
for these problems is hydrogen.

Even though hydrogen is the most abundant element in the universe [6], its
presence in the pure form is limited on Earth in quantities at around 500 parts per
billion in the atmosphere [7]. In recent years, an increasing number of studies have
been conducted into hydrogen as an energy carrier in a low-carbon economy due to
its high heating value (120MJ/kg) and its only combustion product being water [8].
Presently hydrogen is predominantly used in the chemical industry as a reactant and
is well an established aerospace propellant, but it is being evaluated for its use as fuel
for internal combustion engines, use in fuel cells and applications in municipal
central heating [9]. Moreover, hydrogen can be easily produced through electrolysis
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and combusted in a gas turbine when VRES energy output is low, and demand is high
(Fig. 2) [10]. Apart from electrolysis, there are many promising H, production
methods which will be investigated in this paper. Despite hydrogen’s potential, there
are many substantial challenges connected with the inefficiency of electrolysis, its
low volumetric energy content and safety hazards due to its extreme flammability
[11]. In the context of Ukraine hydrogen may become an invaluable complement to
the after-war energy system. Over the course of the war, 40 % of the centralized
energy infrastructure in Ukraine has been destroyed and needs to be rebuilt [12]. It
makes little sense to reconstruct the Ukrainian energy system using fossil fuels as the
main driver for its operation, when VRES are becoming more and more
commonplace in energy systems around the world, hence many companies are
seeking investment into construction of carbon-free power plants and related projects.
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Plans for hydrogen production in Ukraine and export abroad have been drawn up in
2021 [13] and the Ukrainian company MCL has launched an experimental wind
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power plant with the aim of producing hydrogen via electrolysis [14]. The number 1
roadblock in the way of hydrogen energy proliferation is the lack of investment and
the reluctance to replace existing energy systems [15], but in Ukraine a unique
opportunity is formed for foreign investors to test cutting edge technologies and
develop models for global application operating on experience gained in Ukraine. To
encourage investment, every opportunity and challenge must be analyzed, an
overview of, and suggestions regarding applications, production methods and
problems related to hydrogen in the Ukrainian energy systems is the purpose of this
paper. Firstly, this paper will consider both current and potential applications of
hydrogen, then it will provide an overview of hydrogen production methods, storage
and distribution challenges, and finally will provide a complex of suggestions for the
development of Hydrogen energy.

2. Applications of hydrogen. Hydrogen was used in a range of fields from as
early as the first half of the 19" century [16]. Nowadays, hydrogen is widely
produced and used in several different industries, however, its utilization in the
energy industry so far only be considered experimental. Most hydrogen applications
have not yet reached commercial scale due to the significant challenges and a lack of
technological background, but as governments and enterprises around the world
recognize the potential of H,, the amount of research into the topic in steadily
increasing [17].

Current applications. Agriculture. One of the most important ingredients in
nitrogen-based fertilizers 1s ammonia [18], which is produced via the Haber-Bosch
process described in Eq. 1.

Nz + 3H2 — 2NH3, (1)

Agriculture is one of the most important types of human activity, and in Ukraine
it accounted for 41 % of exports in 2021, making this use of hydrogen unquestionably
ingrained in the current Ukrainian economy [19].

Metallurgic industry. Metallurgy is also a major source of hydrogen demand,
especially in reduction of ores into metals. The first and foremost utilization of H, is
in production of crude iron by utilizing the reducing properties of gaseous hydrogen.
Such technology has been proved to work best with pure hydrogen, yielding a 98 %
rate of product metal recovery. Another, less widespread application of hydrogen is
the production of 3000 °C oxygen-hydrogen flames that are used to melt thermally
resistant metals and ores. As demand for high melting point metals increases, this
hydrogen utilization may become vital for technological and economic development.
In Ukraine, at pre-war rates over 20 million tons of pig iron and crude steel were
produced annually [20, 21]. Many of the metallurgic enterprises such as Azovstal
were destroyed as a result of the war and in, the context of a potential increase in
hydrogen production, reconstruction with novel hydrogen reduction technologies may
be a priority. Even if a shift to the use of pure hydrogen is deemed to be economically
unviable metallurgy, gaseous mixtures containing H, are certain to be used.

Aerospace propulsion. Hydrogen-oxygen mixtures are commonplace in rocket
propulsion due to the high energy produced by burning such fuels. More specifically,
liquid hydrogen (LH,) is used as combustible fuel and liquid oxygen (LOX) is used
as an oxidizer for the reaction. The tremendously high specific impulse of LH,— LOX
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fuel allows for creation of high-speed water vapor that propels the rocket [22]. In
aviation, the use of hydrogen fuels so far has been limited to experimental and
theoretical. However, as the push for green aviation is becoming stronger and
stronger, fuels such as kerosene, which is derived from fossil fuels, are due to be
replaced by carbon-neutral propellants. Hydrogen’s only combustion by-products are
steam and nitrogen oxides (NOy) making it significantly cleaner than current options,
and its energy density is highest among widely researched fuels [23], but due to its
low volume density, H, has to be compressed or cooled to be used efficiently. These
processes are extremely energy intensive and are not developed on a scale required to
be implemented into commercial aviation yet [11]. Aerospace sector in Ukraine has
collapsed after the Russian invasion, and no plans for continuation of commercial
flights have been drawn up yet [24]. Despite this, companies such as Antonov may,
with proper management, become a major component of the Ukrainian economy and
develop novel technologies in the sphere of aviation, hydrogen fuels included.

Potential applications. Transportation.

Hydrogen powered vehicles, along with EV, are the crux of the transition to
environmentally friendly personal and cargo transport. It is expected that the share of
EV in light-duty vehicles will rise to 58 % by 2050, however, heavy-duty vehicles are
unlikely to adopt the use of conventional battery-motor setup, due to a higher energy
demand. Hydrogen technologies may be utilized to fill this gap [3].
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Fig. 3 — FC operation principle

The most promising hydrogen-based technology in transportation are fuel cells
(FC). Similar to a battery, a fuel cell is a device that converts chemical energy into
electricity or heat, but it is different in that it does not use internal energy of its
materials, but rather a constant stream of hydrogen and oxygen. This is advantageous,
because lengthy EV charge times are replaced by relatively fast hydrogen refueling.
Polymer Electrolyte membrane fuel cell (PEMFC) is the most common types of FC.
Its three main components are anode, cathode and electrolyte that are used to
generate electricity by using H, and O, (Fig. 3). Currently, all types of hydrogen FC
are in the early stages of development and require face major challenges such as: high
operating temperatures, low power output, short lifetimes and high production and
operations costs. Significant research and investment are needed to make FC viable
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commercially. Despite the roadblocks, Volvo, Toyota, Daimler, and hundreds of
startups are developing and have released prototypes for hydrogen powered trucks
and other heavy-duty transport. In addition, to land-based vehicles, hydrogen is being
considered as a clean fuel for ocean-going ships in order to reduce shipping-related
emissions. In 2018 international shipping accounted for 1.2 % percent of global
emissions but is excepted to sharply rise to 18 % by 2050. Utilization of direct
hydrogen combustion engines or fuel cells in marine vessels would be an important
step in accommodating the growing international economy. Several major
engineering challenges need to be overcome, such as fuel storage, energy density and
safety risks, before hydrogen can be used to power ships on a large scale [25-31].

Electricity generation. The use of hydrogen in electricity generation has so far
been very limited since it takes more energy to electrolyze water than is produced
when H, is burned, although the margin is relatively small — 3.55 kWh/m?® for
generation and 3.3 kWh/m?® for combustion [11]. While, other methods of hydrogen
production may be more sensible for direct electricity production, electrolysis using
VRES is considered to be the most viable option for large-scale use of H, as an
energy carrier. On the other hand, it is argued that direct use of power generated by
VRES is favorable. However, it is important to take into account the fact that VRES
are variable and constant generation is not guaranteed. One of the proposed solutions
are hybrid renewable energy systems (HRES), which consists of a conventional
petroleum-based generator and VRES. This approach accounts for intermittent power
production, but it is reliant on the use fossil fuels. While creating HRES systems may
be a temporary solution for energy systems globally, it is not a carbon zero method
and cannot be adopted in the long term, therefore, an environmentally friendly
electricity storage technology must be implemented into green energy systems. The
most popular approach are lithium-ion batteries which provide a low cost per cycle
storage and are a very well-established technology, accounting for 85.6 % of energy
storage in 2015. The production of lithium metal carries serious environmental risks
at every stage of the life cycle, from extraction to waste disposal. Lithium is an
extremely limited resource on Earth, 9 countries of the world produce this metal, 53.2
% - Australia, which creates geopolitical and economic tensions [34]. Hydrogen is
proposed as a substitute for traditional batteries for the storage of RES electricity [32-
34].

Hydrogen is a key element of the future carbon-free energy system due to its
energy and environmental properties, it has a high calorific value, does not form
pollutants except water and nitrogen oxides (NOx), is non-toxic, and its production
methods have been in the focus of the scientific community and private enterprises
for decades. In periods of high generation excess electricity is used to electrolyze
water into H, and O,, hydrogen is then stored until power output drops and
supplemental energy sources are needed. Combustion of hydrogen in a gas turbine is
a sparsely researched topic, but it has been shown that hydrogen combustion provides
a similar to natural gas power output, efficiency and can be engineered in a way to
comply with NOy emissions [35]. The most major problem with hydrogen in VRES
system is storage, since H, under normal conditions cannot be stored efficiently. Like
for transport applications, compression or cooling are possible solutions for this issue.
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Overall, hydrogen has a potential in VRES systems, but many experimental systems
must be built to determine the best configuration.

Municipal heating. Building heating systems accounted for 11 % of global
GHG emissions in 2021, largely due to the use of natural gas or other fossil fuels as a
driver for municipal heating. Consequently, an interest in alternative systems has
been taken by the wider public. Electricity based systems such as the heat pump,
which uses electricity to transfer heat to needed spaces, or direct electric heaters are
promising, but provide less utility compared to natural gas. Hydrogen has the
potential to restructure the building heating industry. While large-scale pure hydrogen
storage and distribution is unfeasible, due to infrastructure limitations and safety
concerns, blending of hydrogen into natural gas networks is a promising idea for
reducing GHG emissions. An example of such a project is HyDeploy in the UK,
which used a mixture of 20...80 % natural gas to heat 133 buildings on the territory
of Keele University. The project has demonstrated that a 20 % injection of hydrogen
into heating systems is safe and efficient [36-39]. Even though the concept of
hydrogen municipal heating has been proven experimentally, it is essential to take
into account the fact that this approach does not eliminate GHG emissions
completely, but rather dampens the impact. Furthermore, the cost of green hydrogen
is far too high compared to natural gas to be viable [30].
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Fig. 4 — Hydrogen color spectrum

3. Production pathways. For extensive integration of hydrogen into world
energy systems, it must be produced at a much larger scale compared to current
amounts (90 million tons annually [40]). Additionally, new ways of production must
be explored, as currently prevalent methods rely exclusively on fossil fuels and are
not suitable for a carbon free economy. Research into hydrogen production pathways
is becoming more and more abundant, hence more and more methods are being
proposed and evaluated for their viability. Both established and emerging hydrogen
production methods and their relevant colloquial nicknames are presented in Fig. 4
[41]. This section of the paper will provide an overview for the most promising
methods and analyze their viability for use in Ukraine.

Hydrocarbons reforming. Currently most of the world’s commercial hydrogen
production comes from fossil fuels, more specifically from steam methane reforming
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(SMR). This technology is considered to be mature in the petrochemical industry and
is believed to be at its theoretical limits of efficiency. The SMR process consist of
several steps, the main ones being stem reforming of methane into carbon monoxide
and hydrogen (Eq. 2), and water-gas shift of carbon monoxide into carbon dioxide
and hydrogen (Eq. 3).
CH4; + H,O — CO + Ha, (2)
CO + H,0 — CO;, + Ha, (3)

Further hydrogen is purified as needed by using pressure swing adsorption
(PSA), or amine scrubbing [42]. The SMR process yield efficiency is estimated to be
74 % and the cost is $1.8 (642) kg™! [9]. However, while this process is economically
viable for H, production it is unsuitable for a carbon-neutral economy, as the main
byproduct of SMR is CO; with a production rate of 10-15t CO,/t H, [43]. This
deficiency can be alleviated by using carbon capture and storage (CSS). It is possible
to store separated CO, underground in depleted oil and gas wells, aquifers, or in the
liquid form using dedicated facilities. Even though, CSS is a promising technology,
but it is important to consider that a 15% efficiency drop is associated with
implementing CSS [44]. Furthermore, it should be considered that the petrochemical
industry may be interested in continuing to supply hydrocarbons under the mask of
CSS and a complete shift from fossil fuels would be the only true way to mitigate
climate change.

In Ukraine hydrogen is mostly produced through SMR for the production of
ammonia-based fertilizers. In 2021 2.1 million tons of ammonia were produced and,
at a rate of 180 kg H, per ton of NHj3 it can be approximated that the pre-war annual
hydrogen production in Ukraine was 360 thousand tons [45], this translated to almost
4 million tons of CO, released into the atmosphere, which accouns for 2 % of annual
GHG emissions in Ukraine [46]. It is clear that there is established demand for
hydrogen in Ukraine, but current methods of production do not allow for expansion
of applications, as using SMR derived hydrogen for energy would be neither cost-
effective, nor environmentally friendly, hence other H, production pathways must be
explored to create a sensible development plan for Ukraine.

Water electrolysis. Undoubtedly, the most widespread developing hydrogen
production technology is water electrolysis. Crucially, renewable energy has been
recognized by the general public as one of the solutions to climate change and most
countries around the world are engaging in both internal and international projects to
develop renewable energy infrastructure, therefore, VRES are believed to be the
future of the world energy system. However, as mentioned in section 2, “green”
energy storage is the main roadblock for system wide VRES implementation. It is
proposed that storing electricity in the form of hydrogen may become an important
way of mitigating this VRES flaw. Furthermore, if electrolysis facilities are created,
hydrogen can, relatively easily, be directed into the production of FC or used in the
chemical industry. The water electrolysis reaction is described in Eq. 4.

Hzo — Hz + 1/202, (4)

Product hydrogen purity depends on the purity of water used in the process, so
high concentration of H, needed for FC and other processes can be achieved through
water purification before electrolysis [47]. It is essential that electrolysis is performed
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using carbon-free electricity, since electricity from mixed grid sources may produce
up to 1.5 times more pollution compared to SMR during hydrogen production [43].
Another problem that must be considered is that 80 % of the products by mass is
oxygen, considering that production of hydrogen is expected to reach 660 million
tons by 2050 [48], largely fueled by VRES, 2.4 billion tons of additional O, will be
produced. Presently, oxygen is widely used in the medical and metallurgic industries,
however, the demand for oxygen is not sufficient to use the excess O, from
electrolysis, therefore, unless new fields for large-scale oxygen use are found, it
would have to be released into the atmosphere, decreasing the overall economic
viability of the process.

Ukraine is considered to have an enormous potential for hydrogen production
through electrolysis. It has been estimated that up to 45 million tons of “green”
hydrogen can produced in Ukraine [49], however, for this level of production to be
possible, over 500 GW worth of VRES generation would need to be installed in
Ukraine [45]. The possibility of large-scale electrolysis facilities in Ukraine has been
recognized by the European community through the Green Hydrogen for a European
Green Deal: 2x40 GW Initiative. This 2020 document developed by Hydrogen
Europe outlines the possibility of installing electrolysers with combined capacity of
10 GW in Ukraine with 80 % of hydrogen production being oriented for export to
Europe and 20% allocated for sustainable ammonia fertilizer production [50]. Several
hydrogen production projects developed by Ukrainian companies exist and most of
them focus on the scheme VRES — Hydrogen — Ammonia. An example of such a
project is the development of a wind energy facility “Volodymyrets” by the energy
consultant firm MCL. The project’s goal is installation of 72 MW wind turbine array
with the goal of electrolyzing water into hydrogen. Another company focused on
“green” H, synthesis is LLC “Argus service”, it proposes a photovoltaic solar power
plant with a capacity of 125 MW dedicated to water electrolysis. Both projects plan
to convert the hydrogen produced into ammonia for fertilizer production, however, if
such projects are a success, a broader utilization of H, in Ukraine is bound to follow
[48-50].

Natural hydrogen extraction. The vast majority of current hydrogen projects
focus solely on producing hydrogen through different chemical processes; however,
an emerging field of study is natural geological hydrogen that can be extracted using
technology similar to established fossil fuels extraction methods. It is estimated that
20 million tons of hydrogen is released yearly from the earth with even larger
volumes trapped underground, with concentrations of hydrogen reaching 98 %.
Natural hydrogen deposits could potentially supply 1000 million tons per year for
100 000 years, although such estimation is only theoretical, it puts the amount of
hydrogen underground into perspective. Furthermore, it has been approximated that
natural hydrogen could account for 85 % of global production, provided sufficient
investment is present. The equipment needed to extract natural hydrogen is very
similar to that used in gas extraction, hence, the investment needed to begin H,
mining is significantly lower than that which is needed for “green” hydrogen. The
equipment needed to extract natural hydrogen is very similar to that used in gas
extraction, hence, the investment needed to begin H, mining is significantly lower
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than that which is needed for “green” hydrogen. Companies focused on extracting
hydrogen from the ground are already in present, Helios Aragon in Spain and Gold
Hydrogen in Australia have already achieved sizable H, extraction with a cost
comparable to that or SMR. Natural hydrogen production exists in Ukraine, 11
significant hydrogen deposits with a concentration of up to 80 %. Additionally, this
field of study is being investigated by Ukrainian scientists, studies by Bahrii 1. et al
2022 [53], 2023 provide insight into occurrence of hydrogen as a part of hydrocarbon
wells. Little progress in term of creating plans for extracting geological hydrogen in
Ukraine has been done so far, but it is a promising field of research [51-54].

Natural gas pyrolysis. Another developing hydrogen production pathway is
fossil fuel thermal decomposition, also known as pyrolysis. Like SMR, thermal
decomposition of methane (TDP) is grounded in existing petrochemical technology,
although due to a more complex process it has not been implemented on a scale
similar to SMR. The principle of TDP is very simple, methane is thermally
decomposed into carbon and hydrogen at temperatures above 700°C. (Eq. 5).

CH4; — C+ 2H,, (5)

The advantage of TDP is the lack of direct GHG emission, potentially making
the process carbon neutral [44]. However, several significant limitations of TDP must
be considered. Firstly, by mass 75 % of products of the reaction is carbon and, similar
to the issue with oxygen oversupply from electrolysis, there is no sufficient demand
for such amount of carbon, considering current demand for hydrogen (90 million
tons), if all of it were produced through TDP, 270 million tons of solid carbon would
be produced, which is 13...18 times more than current global annual carbon demand
[43]. This issue can be solved by introducing pyrolyzed carbon into soil, which has
been shown to increase soil fertility, especially in Chernozems which are extremely
widespread in the south of Ukraine [55]. The second problem connected with TDP is
interconnected with the argument that CSS is a tool for petrochemical companies to
stay in business in a climate-conscious world. TDP may be presented to the public as
a remedy for GHG emissions, while fossil fuels keep being extracted and used.

For Ukraine TDP can become an alternative for SMR, however, replacing
established fossil fuel-based hydrogen production infrastructure with another type of
hydrocarbon dependency would not be sensible, when truly environmentally friendly
technologies like VRES have been proven to be effective for H, synthesis.

Nuclear energy utilization. Nuclear energy, despite its poor reputation caused
by accidents such as Chornobyl and Fukushima, is believed to be one of the cleanest
and most environmentally friendly options available [56]. It has been proposed that
byproduct heat from nuclear power plants can be used in thermochemical water-
splitting reactions. Canada, China, and Japan have developed nuclear to hydrogen
systems that use primary of secondary heat from a nuclear reactor to thermolyze
water into H, yielding a cost per kilogram of $2.7/kg H, (20...45 % cheaper than
conventional electrolysis), although these projects did not consider storage and
transportation cost [57]. However, nuclear energy is not favored by the general
public, hence little development or investment has been done into nuclear power
plants.

Ukraine relies heavily on nuclear power, as 58 % of Ukrainian electricity
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production in 2022 was from nuclear energy [1], and due to Russian attacks on the
Ukrainian energy system nuclear is expected to stay an integral component of
Ukrainian energy system. Existing nuclear power plants in Ukraine would require
extensive and expensive modifications to allow for hydrogen production, and due to
Europe’s reluctance to accept nuclear energy as an invaluable component of the
world energy system, it is unlikely that significant foreign investment will be present,
making full-scale nuclear hydrogen unlikely.

Waste and biomass pyrolysis. The world municipal waste production has been
rapidly increasing for the past decades and, if current trends stay the same, by 2100 it
is projected to reach 4 billion tons a year [58]. Consequently, recycling, and other
waste disposal methods are needed to avoid an environmental catastrophe. Waste to
energy model has gained quite some prominence due to its efficiency and many
projects around the world have been developed. It is estimated, that in 2019
approximately 19% of municipal waste was incinerated and 9 % recycled leaving the
remaining 72 % to lay in landfills and contaminate the environment [59]. It is
proposed that organic waste can be pyrolyzed into syngas, a combination of CHy,
CO, CO; and H,, which can be combusted for energy. The principle of this process is
similar to TDP in that more complex organic compounds are broken down into their
simple components at high temperatures (700...1000°C). This method, although not
carbon zero is significantly less harmful to the environment and may aid the world
energy system in the transition from fossil fuels [60].

Ukraine has a significant waste management problem, as 45 million m?® of waste
is produced annually, with the vast majority of it ending up in unsanitary and often
severely mismanaged landfills and dumps [61]. Odessa landfill may become an
example of successful waste management and disposal. In 2019 degassing systems
were installed at Odessa landfill with a capacity of 3 MW. Through pyrolysis of
organic matter, which accumulates at the Odessa landfill at the rate of 157 000 tons
per year, syngas is produced and then either burned for energy or separated and sold.
This method is capable of producing at least 1 kg of hydrogen per 10 kg of biomatter
[62]. If such systems are implemented on a wider scale, they can not only lessen the
problem of waste accumulation in Ukraine, but also synthesize hydrogen from
organic matter with a ration of at least 1 ...10.

Hydrogen storage. Hydrogen in the under normal conditions is a gas with a
density of 0.082 kg/m? [63], making its storage highly space inefficient, and
rendering gaseous H, practically unusable in vehicles. To alleviate this problem
several ways of compressing hydrogen were developed, including mechanical
compression, liquefication and geological storage, as well chemical methods such as
conversion into ammonia, metal hydrides, formic acid or carbohydrates. Hydrogen
compressed at pressures between 25...70 MPa, however, for industrial applications
H, is usually stored in metallic cylinders at 20...30 MPa to achieve the lowest cost.
For applications in vehicles 70 MPa is considered optimal, requiring the use of costly
carbon fiber composite pressure vessels, and incurring an energy penalty of at least 7
% [64]. To achieve reliable and cost-effective hydrogen compression more research
must be done into long term storage and the impact of operating conditions of the
materials [65]. An alternative to compression is liquefication at temperatures below
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to 30K [9]. It is considered the most space effective option, offering a density of 70
kg/m? [66], and has achieved technological maturity. On the other hand, liquefication
incurs an energy penalty of over 30 % [64]. Furthermore, it is important to consider
that liquid hydrogen vessels must be well insulated, adding to capital costs, and
continuously refrigerated, adding to operational costs. Liquid hydrogen storage is not
suitable for commercial applications and should be used exclusively when no other
option is available.

Among chemical storage, metal hydrides provide by far the highest hydrogen
density ranging from 70 kg/m?...150 kg/m? [9]. Although, metal hydrides incur an
energy penalty moderately higher than hydrogen compression and thus, a higher cost
[31]. Therefore, even though both of these technologies have the potential for
efficient H, storage, it must be considered which of the two methods is more sensible
in a given case. Ammonia is also a candidate for hydrogen storage and transportation.
It is uniquely suited for Ukraine, as most current production and even developing
projects mentioned in section 3.2 focus on converting H, into ammonia for either
fertilizer production, or more efficient storage and distribution. Ammonia is
production is approximately 1.3 times more expensive than hydrogen, however,
storage of NHj3 is almost 30 times more cost effective than hydrogen, making it very
well suited as a hydrogen-derived energy carried [67]. Despite these incredible
advantages, ammonia is incredibly toxic to humans and produces NOy in the process
of combustion [3]. Therefore, more research is required to mitigate these issues.

Storage of hydrogen can also be performed without physical or chemical
modification of the gas through underground storage. A number of human-made and
natural geological formations can serve as spaces for H, storage, more specifically
depleted natural gas and oil wells, aquifers, salt caverns, abandoned mines and rock
caverns [10]. A 2016 study analyzed the potential for geological hydrogen storage in
Poland, it has identified 26 sites in the Carpathian fore deep and the Carpathians
proper, it can be inferred from this study, that Ukrainian Carpathians must also have a
high potential for underground hydrogen storage. However, proper surveys must be
conducted to determine the possibility of hydrogen storage in the Ukrainian
Carpathians [68].

Hydrogen distribution. The problem of cost and space-effective hydrogen
distribution is closely related to hydrogen storage. The problems being low
volumetric energy density and high cost of transportation if traditional hydrogen
storage technologies are used. Hydrogen gas pipelines have already been tested and
proven as a viable distribution method, as 3000 kilometers of high-pressure hydrogen
pipes have been installed in Europe [64]. Compressed hydrogen can be transported by
trucks and delivered directly to a refueling station without the need for intermediate
distribution nodes [69]. Furthermore, hydrogen can and is transported overseas by
using conventional tanker ships [70]. While these methods are undoubtedly viable for
certain situations, converting hydrogen into ammonia allows for transportation by
using practically the same technology as that which is used for natural gas, although
additional safety measured must be installed to mitigate ammonia’s toxicity.
Hydrogen energy has the potential to revolutionize the world energy industry, by
providing a cost-efficient method for VRES-generated electricity storage and making
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clean transportation possible by utilizing FC technology. Water electrolysis has now
practically reached technological maturity and can be safely implemented without the
risk of investment loss. Other H, production pathways need significantly more
research and experimental projects to reach commercial scale. Storage and
distribution remain the main roadblocks on the way to a hydrogen economy, but more
and more solutions are being proposed and some of them, such as hydrogen pipelines
and hydrogen tankers have already been proven to be effective method of
distribution. Chemical storage of H, promises high efficiency and low cost but has
serious flawed connected with safety and commercial implementation, hence, more
research and testing are needed.

In Ukraine, there is a major hydrogen market directed at ammonia fertilizer
production, with most of the hydrogen being produced through SMR, but the
potential for “green” hydrogen is immense and recognized by European investors.
Ukraine can provide low land and labor costs together with a high energy yield;
however, the current war deters investors from engaging with Ukrainian projects. It is
unlikely that this fear of losing their investment will disappear fully until the war is
over, hence, Ukrainian companies and startups must develop comprehensive, low-
risk and appealing projects for investors. It is possible that dispersed VRES such as
photovoltaic could be paired with low-scale electrolysis plants to reduce the risk of
complete system destruction in case of a Russian attack on the facility. Natural
hydrogen extraction projects cannot be reduced in scale and still remain viable,
however many of H, formations occur in regions with already developed mining
infrastructure, therefore it should be possible to begin extraction with relatively low
capital costs. Conversion of hydrogen into ammonia may be significantly more
dangerous, as refineries capable of such processes are generally not scalable and are a
greater target for attack. Hydrogen storage must be decentralized to avoid destruction
similar to that of oil storage facilities. Compressed hydrogen could be transported and
stored by trucks domestically, and by exported to high-demand European countries
via train, although this would require creating either construction of compression
facilities or conversion of H, into NHs. Hydrogen pipelines are a possibility, but in
order to reduce the risk of complete destruction, they would need to be low scale, at
least until crossing the border into the European Union. These propositions should be
evaluated by the scientific community and investigated by Ukrainian developers
interested in attracting European investment in wartime. The most important
component of this investigation should be the creation of proof-of-concept production
and distribution projects that would bring theoretical models to life, so that it can be
scaled with relative ease. Furthermore, it is essential that Ukrainian and Global
scientific communities engage in deeper collaboration to provide both the needed
data and capabilities to analyze it and develop realistic models for hydrogen energy in
Ukraine.

Thus, an overview of hydrogen applications in agriculture, metallurgy, transport,
renewable energy storage and municipal heat supply, hydrogen production routes
such as SMR, water electrolysis, geological hydrogen production, TDP, nuclear
thermolysis and pyrolysis of organic waste is presented. Additionally, H, storage
utilizing physical and chemical manipulation and the possibility of underground
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storage were investigated, together with relevant distribution methods. Finally,
several suggestions for developing Ukrainian hydrogen economy in the conditions of
war were proposed, more specifically, focusing of dispersed facilities and expanding
Ukraine-Europe scientific and commercial cooperation. Further research could focus
on economic analysis of different steps of hydrogen production in Ukraine, surveying
potential production sites and developing models for hydrogen delivery to Europe.
The production of hydrogen through the use of solar energy or other renewable and
safe sources can be considered promising [71, 72].
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Anomauyia. B ymosax punKo6oi eKOHOMIKU 6aMCIUB020 3HAUEHHSA HA0Y8AE 3A80AHHS
SHUICEHHSL COOI8APMOCMI BUPOOHUYMBA Ui CHONCUBAHHS MeNnjloeHepeii. SHUINCeHHs sumpamu naiuea
6 MeniomexHoN02ii — ye He MINbKU BANCTUBUN eKOHOMIUHUL 3aXi0 O/ NATUEBHO-eHePLeMUUHO20
KOMNIIEKCY Kpainu, ane i WLiAX 3HAYHO20 3HUMNCEHHs KANimanoeEMKOCMi meniomexHoI02iyH020 I,
0c00IUB0, MENIOMEXHIYHO20 O0ONAOHAHHA, KANIMANbHI SUMpAmu Ha AKi 3  PO3GUMKOM
EHep2emuyHo20 Ui MEeXHON02IYHO20 Npoyecy cucmemamuyHo 30inbuyromscsa. B pobomi
PO327140A€EMbCAL OOYINbHICMb MA MOACIUBICTD NEePegedeH sl NAp08020 KOMENbHO20 azpe2amy muny
E na 6oooepitinuii pesxcum pobomu. I3 yieto memor SUKOHYIOMbCA MENIosull i 2iopasiiuHuil
PO3DAXYHKU KOMAA U NPONOHYEMbCA PEKOHCMPYKYIS Ccucmemu YUupKyiayis 600U 6 KOMIL.
Ompumani  pe3yrbmamu  pO3PAXYHKY HIOMBEPOHCYIOMb, WO NPU MIHIMATbHUX KANIMATbHUX
sUMpaAmMax ModACIUBO 3abe3neuumu HeoOXiOHUL nidiepié 800U, a ye 8 C8ow uepzy 3abe3nedums
3a0Ua0IHCeH A NATUBHUX PeCypCi8.

Kniouosi cnosa: 6ooocpitinuii Komen, ONAnOBANIbHA KOMENbHS, YUPKYIAYIUHUL KOHMYP,
Menjio8a mepesica, monKosa Kamepa, menjiosuil ma 2iopasniyHuLl po3paxyHKu, MepelcHuUli Hacoc.

Berym.

B ymoBax pHHKOBOi €KOHOMIKM Ba)XIMBOTO 3HAueHHS HaOyBae 3aBIaHHS
3HMKEHHS CO01BapTOCTI BI/Ip06HI/IHTBa ! CIIOKUBAHHS TETIOCHEPT].

IcHytoua Ha cbOTOAHI 1H):[yCTp1aJILHa 6aza pralHI/I npaioe HeePEeKTUBHO, B
nepury 4epry ToMy, IO Jil0Yl TEXHOJOTI4HI CXeMU 1 oOJaJHaHHA BUPOOHMIITB
MarTh HU3bKI eHepro3oepiraroui i pecypcozodepiraroui TexHosorii. To6To, BapTiCTh
3aTpar €Heprii, MO0 NPUXOAUTHCS HA MUTOMUN MPOJIYKT, HAabararo BHILA, HIK Yy
KpaiHax €BpoImu.

[linBuIIeHHS €PEeKTUBHOCTI BUPOOHHUIITBA HEMOXKIIMBE 0€3 PEXXUMY €KOHOMIT. Y
3B’SI3KYy 3 PO3BUTKOM IPOMMCIIOBOCTI Ha 0a3i CTBOPEHHS BHCOKOINPOAYKTHBHHUX
YCTAHOBOK 3pOCJI0 3HAYEHHS MPOLECIB TEIJIO- 1 MacoOOMIHY 3 TOYKH 30py
paIlOHAIbHOTO BUKOPUCTAHHS TEIJIOCHEPTreTUYHUX 1 CHUPOBHUHHUX PECYpCiB.
HaiiBa)xIuBIIIMM  TEXHIYHMM  3aBJIaHHSAM BHPOOHHUIITBA €  1HTCHCH]IKAIlis
TEXHOJIOTTYHUX TMPOIECIB Ta EKOHOMISI CHPOBUHH, OCOOJIMBO TAJUBA.

3HIKEHHS BUTpaTH MajuBa B TEIUIOTEXHOJOI] — 1€ MUIAX [0 3HUKCHHS
KaImTaJIOEMKOCTI TEIIOTEXHOJIOTIYHOTO 1, 0COOJIMBO, TEMJIOTEXHIYHOIO 00JaHaHHS,
KamiTaJIbHI BUTPATH HA SIK1 3 PO3BUTKOM €HEPTreTUYHOTO M TEXHOJOTIYHOTO MPOIECy
CUCTEMATUYHO 30UTbIIYIOTHCA.
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ITocTanoBka 3axaui.

O6'exToM posrisiny € koten E-1,0-0,9, BcTaHOBIEHUI y KOTENIbHI BUPOOHHYOTO
MIANPUEMCTBA. 3aBISKH JaHOMY KOTIY BIJOYBAEThCS OMAJICHHS JOMIOMIKHUX
cnopyn. Ilapa, sxka BHUPOOISETHCS KOTIOM, BUKOPUCTOBYETHCS AJI MIAITPIBY BOIM,
IO CIIO’KUBAETHCS CUCTEMOIO Tero3abe3neueHHs. Bin npuzHauenuil ans po6otu B
3aKpUTIN CUCTEMI TeTuIonocTayanHs 3a rpadikom 75 - 90 °C.

3 METOI E€KOHOMil MPUPOJHOTO Ta3y JOILIIFHO BUKOHYBAaTH TNPSIMUN HarpiB
BOJIM Y BOJAOTPIAHOMY KOTJI. I3 Ii€10 METOIO BUKOHYIOTHCS TETUIOBUH 1 T1ApaBIIYHUN
pPO3paxyHKH KOTJa W TPOIOHYETHCS PEKOHCTPYKIliSI CUCTEMH IUPKYJIAIIS BOIU B
koril. lle 103BOJMMTH TpU MIHIMAIBHUX KamiTAJbHUX BUTpaTax 3a0e3nmedyuTH
HEOOX1AHUH MIIrPiB BOJIU 1 3a0IIaAUTH TAJIUBO.

Pe3yabTaTtu podoru.

OG’exToM JocCHiKeHHST € KoTenbHuil arperaT E-1,0-0,9, skuif HamexuTh 10
TUITy BEPTUKAJIBHO - BOJOTPYOHHUX, JBOXOapabaHHUX 13 MPHUPOIHOIO IUPKYJIAIIEIO,
MpU3HAYeHUW 11 BHpPOOITKY HacuueHoi mapu Tuckom 0,9 MIla. Koren
BUKOPUCTOBYETHCS ISl TOTpeO omnajeHHs OyJAMHKIB TEXHIYHHUX CIOPYI. TexHIdHa
XapaKTepUCTHKA KOTEJIbHOTO arperary npejacTtasieHa B [1].

[lepeoOnagHaHHsT KOTJa 3BOJUTHCS, TOJOBHUM YHHOM, JI0 OpraHizaiii pyxy
BOJIM 3 HEOOX1THUMH IIBUIKOCTSIMHU, 110 3a0€3MeUyI0Th HaJIHHE OXOJOMHKEHHS TPYO
MOBEpXHI HarpiBaHHsA. PyX Boau B KOTJII 3A1MCHIOETHCA B TaKWil CrociO: 3BOPOTHA
BOJla JBOMa TNapajeiIbHUMU TOTOKAMH TMOJA€THCS B HIKHI KOJIEKTOPH OI1YHMX
€KpaHIB Yepe3 YOTUPH WITYLEepH (1O JBa HA KOKHOMY KOJEKTOpi, AiameTpom S1 x 3
MM) 1O TpyOax OIYHUX €KpaHIB MiJHIMAETbCS Yy BEPXHI KOJEKTOPH. 3 BEPXHIX
KOJIEKTOPIB OIYHMX €KpaHIB BOJla HAIMpPABISETHCA YEPE3 CTOSKU B IONEPEUHHIA
kosekTop. [lo monepedyHoMy KoJiekTOpi i TpyOaM CTETHOBOTO €KpaHy BOJa MOMajae
y BEpXHiil OapabaH KOTJIa, y IKOMY BCTAHOBJICHA IIEPErOPOIKA AJI HAMPSAMKY TOTOKY
B TpyOM mepmoro psay KOHBEKTMBHOro mydka. Ilo Ttpybax mepmioro psmay
KOHBEKTHUBHOI'O Ty4YKa BOJa OIYCKA€ThCS B HIDKHIA OapabaH 1 mo iHIIUX TpyOax
HaJIXOJIMTh Y BEpPXHii 6apabaH KOTJIa, 3BIJIKM HAIIPABIISETHCS CIIOKHUBAYCBI.

Cxema 1upKyJIsiii BOAM B KOTJII IpeACTaBiIeHa Ha pUCYHKY 1. BuximgHi nani s
PO3paxyHKy KOTEJIBHOTO arperary mpejacTaBiieHi B Ta0aui 1.

Po3pi3HAI0T KOHCTPYKTHUBHUM 1 TEPEBIPOYHUN TEIJIOBUU po3paxyHOK. s
ICHYIOYOTO KOTJIOArperaTy BHUKOHYIOTh NEPEBIPOYHUN PO3PAXyHOK IO HASBHUX
KOHCTPYKTUBHUX XapaKTEPUCTUKAX TMPU 3aJlaHUX HABaHTAKEHHAX W manwBi. [lpwm
NEPEBIPOYHOMY PO3PAaXyHKY HEBIOMI MPOMIKHI TEMIEpaTypyd AMUMOBUX Ta3iB 1
BHYTPILIIHBOTO CEPEOBUINA, KIHLEBI TEMMEpaTypyd BIAXIAHUX Ta3iB, MIAICPIBY
noBITpA ¥ 1HOAI meperpiBy mnapu. /s BHUKOHAaHHS PO3PaxyHKY JIOBOIUTHCS
3alaBaTHCs I[HMH TEMIEepaTypaMd ¢ YTOYHIOBATH IX MUISIXOM TOCIHITOBHUX
HaOmmkeHb. [Ipu po3paxyHKy Ha MOYATKy BUSHAYAOTh OOCATH W €HTANBIIIT TIOBITPS i
npoayktiB 3ropsHHs, KKJI 1 BuUTpaTy manuBa, a HOTIM BUKOHYIOTh PO3PaxyHOK
TEII000MIHY B TOIIKOBIM KaMepH il 1HIITUX OBEPXOHb HArpiBaHHS.

Po3paxyHOK BHMKOHAa€EMO Ha TiJICTaBl HOPMATUBHOTO METOAY TEIJIOBOTO
pO3paxyHKy KOTEJIbHUX arperaTiB [2]. Pe3ynpTaTh TEmIOBOTO PO3paxyHKY
MpeJICTaBICH] B TaOIHIT 2.
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Pucynok 1 — Cxema nupkyasiuii Boau y kotJai E-1,0-0,9
1 — HudICHI Koekmopu OOKOBUX eKpaHnie; 2 — mpyou 60KOBUX eKpaHie; 3 — GepxHi
KOJeKmopu O0K08UX eKpaHis, 4 — cmosku, 5 — nonepeynuii konekmop, 6 — mpyou
Cmenvbo8020 ekpawy, 7 — eepxuit bapaban;, 8§ — mpyou I psdy KoneekmueHo2o
nyuxa, 9 — nuoicnit 6apaoan; 10 — mpyou Il — XI psdie koneekmueHo20 nyuka

Ta6auus 1 — BuxiaHi 1ani 11 TenI0Boro po3paxyHKy KOTeJIbHOI0 arperarty

E-1,0-0,9
HalimenyBaHHS mOKa3HUKA OnuHuIl BUMIpY 3HAYCHHS BEIMYUHU
1 2 3

1. IMaponpoaykTtuBHicTh [l T/TOI. 1,0
2. Tuck napu B O6apabani Ps MIlIa 0,48
3. Temneparypa >KMBUJIbHO1 BOJIU °C 9
4. ITanuBo [TpupoaHuii ra3
5. Cknan rasy: %

- CHy 98.9

- CHs 0,3

- C3H;s 0,1

- C4Hyo 0,1

-N» 0,4

- CO, 0,2
6. TernioTa 3ropaHHs NaJivBa, QE L/ 35880
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Ta6auus 2 — Pe3yJbTaT TeM10BOro po3paxyHKy KOTeJIbHOTO arperatry

E-1,0-0,9 y BogorpiiiHomy pe:kumi podoTn
No Ha3zpa Benmnunnu [Toznauenns | Ogunauii | Po3paxyHkose
3/m BUMIPY 3HAYCHHS
1 2 3 4 5
Po3paxyHoK TenjaoBoro 6ajaHcy Kotja
1 | Temneparypa BiJIXiTHUX Ta3iB Vsginx °C 360
2 | Egranenis BIAX1JHUX ra3iB Loinx K Jox/m> 6378.3
3 | Temneparypa XOJIOAHOIO HOBITPS ten °C 16
4 | E"TanpIist X0JIOAHOTO MOBITPS Lin K JK/m> 199.,9
5 | KK]] xotia u» % 78,8
6 | Temneparypa BoJu Ha BXO/II t °C 70
7 | ExTansiig Bogu Ha BXO1 i’ K J>K/KT 293.,5
8 | TemmepaTypa BOAM Ha BUXO/I1 t" °C 95
9 | EHTansInis Boau Ha BUXO/1 i" K J[>x/Kr 398,6
10 | Burpara nanusa B m/c 0,027
Po3paxyHoK Temi1000MiHy B TOMI
11 | KigekicThb TETIOTH, 10 BHOCHThCS Q, Tk 299,89
JI0 TOIIKH 3 MOBITPAM
12 | KopucHe TemioBUAICHHS Y TOMII O, Kk Jx/m> 35930,5
13 Amg6aTHqHa TeMIlepaTypa 0, 0C 1819
TOpiHHS
14 | Temneparypa rasiB Ha BUXO/II 3 o oC 1100
TOTIKHU
15 | ExTansmis ra3iB Ha BUXO/I1 3 I KT/ 20503.8
TOTIKU
16 | Temnepatypa rasiB Ha BUXOI1 3 o oC 1090
TOTIKU
17 | EnTansmis ra3iB Ha BUXO/I1 3 I T/ 20298.7
TOTIKU
18 | CymapHe TeniaocnpuiMaHHs z 0. KT/ 403,49
TOTIKHU
Po3paxyHOK KOHBEKTHBHOI YACTHHH KOTJIA
19 | Temneparypa rasis Ha BXOi v, oC 1090
20 | ExTansTis rasiB Ha BXOAi I kJox/Mm> 20298,7
21 | Temmeparypa rasiB Ha BUXO/I1 v/ °C 725
22 | Exranenois ra3is Ha BUXO/I1 I K Jox/m> 13421,1
—— : 3
23 | KinpKICTh TEILUIOTH, SIKa BlJjIaHa O kJox/M 6584.5
razam
24 TemmnepaTypa BoAHM Ha BXO/I1 a °C 83
25 | Temneparypa BOAU HA BUXOI t" °C 95
o . 3
26 T.CI'IJIOCHpI/II/IHHTT}I MOBEPXHI M0 0, kJ>x/m 9720,17
PIBHSIHHIO TeIuIionepeaayl
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IIpu mepeBeleHHI MapoOBOro KOTJAa y MPSIMOTOKOBUH  BOJOTPIMHUN PEXKUM
poGotu s 3a0e3medeHHsT MHPKYJAil BOAM y KOTII HEOOXimHO mimibpaTu
HUPKYJSALIAHUNA Hacoc. Y 3B'A3Ky 3 UMM B poOOTI BHUKOHAHO TiIPaBIIYHHIMA
PO3paxyHOK KOTJIa 32 METOJIMKOIO, IPEJCTABICHOIO B [2, 3].

[ppaBmiuHUN pO3paxyHOK, pE3yJbTaTH KOO HaBeleHI y Tabmuui 3,
BUKOHY€ETHCS MO0 OKPEMHM JUISTHKAM TPAKTy BIAMOBITHO O CXEMH LUPKYJIALIT BOAU
(pucyHoK 1):

| pinsgHka — po3noaibHa rpediHka, MO 3'€JHYE€ OCHOBHUN TpyOOIpoOBia
MEpPEKEBOT0 HACOCY 3 HIKHIM KOJIEKTOPOM 3a TOTIOMOTOIO ABOX MaTpyOKiB;

2 NUISTHKA — BiJl HUYKHBOTO KOJIEKTOPa J0 BEPXHBOTO;

3 IUIIHKA — B1J] BEPXHBOT'O KOJIEKTOPA JI0 TONEPEYHOTO KOJEKTOPa;

4 ninsiHKa — B1J] IOTIEPEYHOr0 KOJIEKTOpa A0 BXO/AY Y BEpXHii OapadaH;

5 ninsiHKa — BiJ BEpXHBOTO OapabaHy /10 BXOJly Y HUXKHIN OapalaH;

6 IUIsTHKA — B HWKHBOTO OapabaHy 10 BXOJYy Y BepXHiii OapabaH;

7 nisiHKa — TPYOOMpPOBII, IO 3'€/IHY€ BEPXHii OapabaH 3 MOYaTKOBOIO TOUKOIO
TETIOMEPEXKI.

[TimcyMKOBHMIA T1paBIiYHUAN OTIP 2AP , [1a koTna BU3HA49aeMO 3a (HOPMYIIOIO:
ZAP=ZAP1 +ZAP2 +ZAP1'+ZAP£ +ZAP3 +ZAP3' +ZAP4 +ZAP5+

+ 2 AP+ AP, (1)

2AP = 5. 10137,11 +2-42,3 +2-6279,74 + 577,49 + 330,1 + 2,05 +
+4116,79 =37944,73 I1a = 38 klla.

Bubip MepexxHoro Hacocy 3AIMCHIOETBCA Ha MiACTaBl PO3PaXyHKOBUX
CyMapHOTO Mepenaay TUCKY B TEIUIOBIM MEpeXi Ta CYMapHOTO TipaBiIidyHOIO OTOpY
KOTJIa, SIK1 BIIITOBIIHO cKiamaroTh 136,6 xIla Tta 38 kIla.

Takum uymHOM, CyMapHa BTpaTa THUCKY B LIJIOMYy Ha MEpPEXi, BPaxOBYIOUHU
CyMapHHUi TipaBIidyHui omip kKoTiaa ckiangae 175 klla.

Brpara Bomu B TemuioMepexi ckiaamae 26 m/rox. Llum xapakTepucTHKam
BIJIMOBIIa€ OHOCXIAIeBU BianeHTpoBuid Hacoc Wilo IPN 65/160-5,5/2 (65 mm —
aiameTp natpyOka, Mo MpUETHYETbCs; 55 BT — MOTYXKHICTh enekTpoaBuryHa; 160
MM — JllaMeTp poOoUYOro Kojieca; 2 — THUIl 3aXUCTY €JIEKTPOJBUTYHA) 13 IITUHHUM
yIIUIbHIOBauEM, 1110 KoB3ae. Temmepatypa cepenosuiia — Big -10 °C go + 140 °C;
pobouwnii Thck: 13-10°I1a - 1o 140 °C; 16-10°I1a - o 120 °C. KK]I asuryna 85 %.

Taoauus 3 — Pe3yJbTaT riipaBjaivHoOro po3paxyHKy KOTeJIbHOI0 arperary
E-1,0-0,9 y BogorpiiitHomy pexumi

No Hassa Benmnuunau ITo3nauenns | Onuuuii | Po3paxyHkose
3/m BUMIPY 3HAYCHHS

1 2 3 4 5

Jinsanka 1

1 | Butpara Bonu G Kr/C 3.595

2 | llIBuakicTs BOOAU ) M/c 2,33

3 | Brpatu Ha TepTs AP, ITa 131,65

4 | BrpaTu Ha MICIIEBUX OMOpax AP, ITa 10005,16

5 | Cyma BTpar > AP, Ila 10137,11
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1 2 | 3 4| 5
Hinsinka 2
6 | Butpara Boau G Kr/C 0,2115
7 | HIBuakicTe BOoau ) M/c 0,14
8 | Brpatu Ha TepTs AP, ITa 6,18
9 | Brpatu Ha MiCTIEBUX OITOpax AP, Ila 36,12
10 | Cyma BTpar > AP, ITa 42,3
Hinsinka 3
11 | Burpara Bogu G KI/C 3,6
12 | HIBuakicTs BOau ) M/c 2,33
13 | Brpatu Ha TepTs AP, ITa 882,06
14 | Brpatu Ha MicTIEBUX OITOpax AP, I1a 5397,68
15 | Cyma BTpar > AP, ITa 6279,74
Jinsinka 4
16 | Butpara Boau G Kr/c 0,6536
17 | HIBuakicTs BOau ) M/c 0,42
18 | Brpatu Ha Tepts AP, I1a 81,28
19 | Brpatu Ha MiciieBUX oropax AP, ITa 496,21
20 | Cyma BTpar > AP, ITa 577,49
Hinsiaka 5
21 | Butpara Bonu G Kr/C 0,5136
22 | IIBuakicTs BOAU ® M/c 0,33
23 | Brpatu Ha TepTA AP, ITa 36,97
24 | Btpatu Ha MICLIEBUX OIOpax AP, ITa 293,13
25 | Cyma BTpar D AP, ITa 330,1
Hinsinka 6
26 | Burpara Boau G Kr/c 0,0521
27 | llIBuakicTh BOAU ) M/c 0,03
28 | Brpatu Ha TepT4 AP, ITa 0,26
29 | BrpaTtu Ha MiCLIEBHX OIOpax AP, ITa 1,79
30 | Cyma BTpar D AP, ITa 2,05
Jinsiaka 7
31 | Butpara Bogu G Kr/c 7,19
32 | llIBuakicTh BOAHU ) M/c 1,48
33 | Brparu Ha TepT AP, ITa 186,12
34 | Brpatu Ha MiCI[eBHX OIOpax AP, ITa 3930,67
35 | Cyma BTpar > AP, ITa 6,79

BucnoBku.
B naniit poOoTi mpoBeneHo mepeoOiafHaHHS KOTENBHOTO arperary, a came,
NEepEeBEeICHHsT HOro 3 MapoBOTO PEXUMY pOOOTH y BOAOTPIHHUI. 3 IIEI0 METOIO
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BUKOHAHUH TEIJIOBUN PO3pPaxXyHOK KOTJIA Y BOIOTPIHOMY pekumi poOoTH; 3p00sIeHO
riIpaBIiYHUN PO3PAaXyHOK KOTJIA MPU MPSIMOTOUYHOMY PYCl BOJHM, OTPHMAaHI JIaHl IO
TiIpaBIiYHOMY OINOPY KOTJA, SIKI BUKOPUCTOBYIOTHCSA IPH BHOOPI MEPEHKHOTO
Hacocy. OTpuMaHi pe3yJbTaTH MOKa3yloTh €()EeKTUBHUI PiBEeHb POOOTH KOTEIHLHOTO
arperary IpH nepeooyiajHaHHI HOro 3 MapoBOTO PEXUMY POOOTH y BOJOTPIAHUM 1
J1a€ MOKJIMBICTh NMPU MIHIMAJIbHUX KaliTaJbHUX BUTpaTax 3a0e3MeUnuTH HEOOX1THUIMA
ITIJIIrpiB BOJIM 1 3a0IaUTH TAJIUBO.
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3. CrenanoB J[.B. KotenbHi yCTaHOBKM MPOMHCIOBUX  MIATPUEMCTB:
HapuabHUH nocionuk / J[.B. Crenanos, €.C. Kopxenok, JI.A. bognap. — Binnus:
BHTY, 2011. - 120 c.

Abstract. In the conditions of a market economy, the task of reducing the cost of production
and consumption of thermal energy becomes important. Reducing fuel consumption in heat
technology is not only an important economic measure for the fuel and energy complex of the
country, but also a way to significantly reduce the capital intensity of heat technology and,
especially, heat technology equipment, the capital costs of which systematically increase with the
development of the energy and technological process. The paper examines the expediency and
possibility of switching the E-type steam boiler unit to water-heating mode of operation. For this
purpose, thermal and hydraulic calculations of the boiler are performed and reconstruction of the
water circulation system in the boiler is proposed. The obtained calculation results confirm that
with minimal capital costs, it is possible to provide the necessary water heating, and this, in turn,
will ensure the saving of fuel resources.

Key words: water heating boiler, heating boiler room, circulation circuit, heating network,

combustion chamber, thermal and hydraulic calculations, network pump.
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Abstract: An increasing number of people recently refuse to consume products containing
gluten, citing its harmful effects on the body . According to WHO data, about 1% of the world's
population suffers from celiac disease, a hereditary gluten intolerance. Celiac disease requires
strict adherence to a special gluten-free diet. The article describes the expediency of using leaven of
a spontaneous fermenter from the flour of cereal crops (corn, buckwheat and rice) in the
technology of gluten-free bread. It was established that leavens have a positive effect on the
physico-chemical and organoleptic indicators of finished products with a control sample.

Keywords: gluten-free bread, technology, leavens, fermentation

Formulation of the problem.

Gluten is a group of proteins that is part of cereal seeds: wheat, rye, oats. An
increasing number of people recently refuse to consume products containing gluten,
citing its harmful effects on the body .

Products such as rye, wheat, and barley are 80% gluten protein. This protein, or
more precisely, its particles, moving through the small intestine, can damage the villi
on the surface of its mucous membrane. Villi help move food through the intestines
and promote its assimilation. Excluding products containing gluten from the diet, you
can strengthen the villi and, as a result, normalize the work of the digestive tract.

In the food industry and everyday life, gluten is also known as gluten. The
concentration of gluten in flour is one of the indicators of quality: the greater the
amount of gluten, the more aromatic and lush the baked bread will be. Gluten
proteins make up 80% of the total amount of proteins present in bread. These proteins
are rich in essential amino acids that enter the body with food.

According to WHO data, about 1% of the world's population suffers from celiac
disease, a hereditary gluten intolerance. Celiac disease requires strict adherence to a
special gluten-free diet. However, experts at the University of Maryland Center for
the Study of Celiac Disease say that many more people suffer from mild gluten
intolerance.

Scientists and manufacturers of many countries of the world are paying attention
to the issue of developing the technology of gluten-free bakery products. The
problem of creating gluten-free bakery products is also relevant in Ukraine, but the
population's needs for them are met mainly by expensive imported products.
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Analysis of recent research and publications.

Gluten-free food products are intended for people with celiac disease, which is
caused by an allergic reaction of the body to a-gliadin, which is manifested in the
irritation of the mucous membrane of the small intestine [1,2].

As a result of such processes, the assimilation of food nutrients by the patient's
body deteriorates, which causes a decrease in body weight, vitamin deficiency,
nervous disorders and others Patients with celiac disease follow a gluten-free diet and
completely exclude from the diet products that contain wheat, rye, barley and oats. At
the same time, there is a problem in following a diet, since many products on the
market contain "hidden gluten". It is known that in the technology of cheeses and
meat products, dry wheat gluten is used, and cereal products are added to milk drinks.
Eating bread, pasta, confectionery and products that contain gluten leads to an
exacerbation of the disease, so the diet of such people is very limited. To ensure the
diversity of the diet, special dietary products are made: gluten-free bread, gluten-free
pasta, cereals based on various types of starches and gluten-free types of flour. To
prevent this, traditional bread products are replaced with protein-free or gluten-free
onesTo ensure the diversity of the diet of patients with celiac disease, special protein-
free or gluten-free dietary products are made - bread, confectionery and pasta
products, the recipe of which includes various types of starch and gluten-free types of
flour. The gluten-free diet has become a fashionable trend over the last decade, and
its supporters believe that it contributes to the health and rejuvenation of the body [3].

For the production of gluten-free bread, it is allowed to use rice, corn,
buckwheat, millet, sorghum and amaranth flour. The production technology of this
bread, in contrast to the traditional one made from wheat and rye flour, involves only
the proofing of the dough blanks and the absence of the dough fermentation process,
so the products are characterized by a fresh taste and a faint aroma [4].

One of the ways to improve the quality of gluten-free bread is the use of
sourdough starters.

The easiest way to determine hypersensitivity to gluten is to exclude certain
products from the diet. The main source of gluten is flour, so the first step is to
eliminate any flour products. However, giving up only bread and muffins will not
allow you to accurately identify problems with gluten absorption. The reason for this
is that, in addition to gluten, flour products contain a large amount of carbohydrates
(sugar, starch). Therefore, it is impossible to say with certainty which of the
components has a harmful effect on the body. Also, a large number of vegetables and
the absence of starch in the diet make a gluten-free diet very similar to a
carbohydrate-free diet. For some reason, the fact that the refusal of flour products led
to the loss of extra kilograms and the acquisition of vigor does not give certainty that
gluten itself is harmful to the body [5].

Spanish and Argentinian scientists have proven the relevance of developing
gluten-free products, in particular, using the process of spontaneous fermentation [6].

In Turkey, the influence of spontaneous fermentation rice starter on the
rheological properties of the dough and the technological process of baking bread
from rice flour was investigated [7].

Irish scientists from the School of Food Sciences studied starters of spontaneous
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fermentation from buckwheat flour under different fermentation conditions and found
in them a wide range of developed microflora: various types of lactic acid bacteria
and yeasts, which were traditional for wheat and rye starters, and some species, in
particular Pediococcus pentosaceus, Leuconostoc holzapfelii, Lactobacillus
gallinarum, Lactobacillus vaginalis, Lactobacillus sakei, Lactobacillus graminis and
Weissella cibaria, Lactobacillus plantarum, were unconventional. They proved that
the composition of stable microflora as a whole depends on the fermentation
conditions [8].

Nigerian scientists developed a spontaneous fermentation starter from corn flour
and studied the microflora at different pH values [9].

At the University of Hohenheim in Germany, universal and microbiologically
resistant strains of lactic acid bacteria were isolated using spontaneous fermentation
of amaranth flour dough [10].

The purpose of the work is the study of the feasibility of using starters of
spontaneous fermentation from the flour of cereal crops for the production of gluten-
free bread.

Materials and methods.

Trial laboratory baking of bread with the addition of corn, buckwheat and rice
sourdough was carried out. 10% of the flour specified in the recipe was added with
the leaven. Control sample of bread - without using leaven.

Organoleptic indicators of the quality of finished products are established
according to DSTU 7044:2009, physico-chemical indicators - according to DSTU
7045:2009 1n 4 hours after baking.

Results.

The first stage was the preparation of the starter for spontaneous fermentation,
consisting of cycles of dilution and renewal.

In the dilution cycle, sourdough is prepared from flour of a certain type of cereal
crop and water with a temperature of 30-32 *C. The cycle lasted 72 hours. After every
24 h, a nutritional mixture of flour and water was added to the previously ripe
sourdough. The moisture content of the sourdough was 56—60%, depending on the
water absorption capacity of the flour, and it had a final acidity of 10.5-18.5 degrees.
Since the water-absorbing capacity of each type of flour is different, water was added
until the mixture reached a "sour cream-like" consistency (the ratio of flour to water
was from 1:2 to 1:2.5). The production cycle involved the selection of 30% of the
starter and the addition of a nutrient mixture.

Renewal of sourdough was carried out in order to accumulate its quantity and
wash out of it "wild microflora", which gives sourdough a bitter taste and a specific
sour smell.

After the fifth renewal, the quality of the sourdough stabilizes, it has good
organoleptic properties, accumulates the necessary acidity and acquires sufficient
activity of lactic acid bacteria and can be used in the production cycle for making
bread. This can be explained by the change in the composition of the sourdough
microflora during its fermentation.

In spontaneous sourdough, fermentation is carried out by microflora introduced
with flour, which is quite diverse. However, the main microflora is the lactic acid
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bacteria Lactobacillus plantarum and Lactobacillus brevis, as well as the acid-
resistant yeast Saccharomyces minor.

Corn sourdough is characterized by the lowest activity, which correlates with the
lowest accumulated acidity. During the study of the composition of the microbiota of
cereal starter cultures, it was found that they are represented by a wide range of
microorganisms of different taxonomic groups, among which lactic acid bacteria of
the genera Lactobacillus, Lactococcus, Enterococcus and Leuconostoc dominate.
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Fig. 2. The Acidity in starter cultures
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Research into the technological properties of cereal flour and the results of trial
laboratory baking showed that gluten-free bread with cereal flour differs in terms of
quality from bread made from starch. Rice, corn and buckwheat flour affects the
rheological parameters of the dough quality, which leads to a decrease in the specific
volume of bread.
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In order to improve the existing technology for making gluten-free bread and to
improve the organoleptic and physico-chemical quality indicators, trial baking of
bread was conducted in laboratory conditions using leavens of spontaneous
fermentation.

It has been investigated that the addition of leavening agents from cereal flour
increases the accumulation of acids in the dough, and the duration of the proofing of
the dough blanks is reduced by 10—15 min compared to the control

Sourdough bread has an elastic crumb with uniform porosity, a pronounced taste
and aroma, a larger volume, a better porosity index than the control sample.
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Fig. 7. Organoleptic evaluation of gluten-free bread produced in laboratory
conditions Author's development
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According to the results of the tasting commission, it was established that the
organoleptic indicators of bread with the addition of sourdough have higher ratings.
The unleavened bread had a fresh taste and a pale crust.

Conclusions. The effectiveness of the use of leavens of spontaneous
fermentation from corn, buckwheat and rice flour in the technology of gluten-free
bread has been proven. These starters intensify the accumulation of acids in the
dough and speed up the ripening process.

As a result of the vital activity of lactic acid bacteria, ready-made bread has a
pronounced taste and aroma, and their positive effect on the volume of bread and its
porosity is observed.
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Anomauia: Ocmannin yacom ece Oinbute a00ell 8iOMOBISAIOMbCI 8i0 BHCUBAHHS NPOOYKMIE,
Wo micmams 2n0meH, NOCUIAIYUCy HA U020 WKIOIUSUl 6naus Ha opeatizm. 3a oanumu BOO3,
o1u3vko 1% Hacenenus nianemu cmpasxcoae Ha YeniaKito — CNaA0K08y HeNnepeHOCUMICb 2NH0MeH).
Leniakis sumaeae cysopo2o 0OMpUMaHHs CneyiaibHoi be321meHo8oi diemu. Y cmammi onucano
O00YibHICMb BUKOPUCMAHHS 3AK8ACOK CNOHMAHHO20 OpPOOIHHA 3 OOpPOWHA KPYN SHUX KYAbMYp
(KVKYPY 0381020, 2Peyano20 ma pucogozo) y mexuonoaii bes2nomenoso2o xiioa. Bcmanosneno, wo
3aK8ACKU NO3UMUBHO BNIUBAIOMb HA  (DI3UKO-XIMIYHI Ma Op2aHOIenmMuyHi NOKASHUKU 20MOGUX
8Up00I8 NOPIBHAHO 3 KOHMPONLHUM 3DA3KOM.
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Abstract. The results of the study of the exchange of proteins and nucleic acids in the tissues
of chickens in connection with the age and physiological state of the body are given. It was
established that the live weight of experimental chickens met their standards, which are accepted
for the corresponding age periods. The fastest growth and development was observed in the first
three months of life, then body weight increased more slowly, and at the age of 6.5-12 months it was
maximum - 2000-2200 g for Leghorn chickens, 2200-2400 g - for New Hampshire chickens. The
absolute weight of the liver of Leghorn chickens gradually increased until almost 12 months of age
(spring egg-laying), and during molting and sexual rest (18 months) it significantly decreased (by
24%) and corresponded to the weight of the organ during puberty (4.5 months ). With the beginning
of a new egg-laying cycle (20 months), the weight of the liver increased again, but did not reach the
level of spring egg-laying (12 months). The relative weight of the liver gradually decreases with
age, except for the weight during winter egg laying (6.5 months) and during spring egg laying (12
months). During these periods, the relative weight of the liver does not change. The absolute mass
of both sections of the oviduct increases many times before the beginning of egg laying and reaches
its maximum values during spring egg laying, exceeding by 4-8 times their mass during puberty (4.5
months), and with the cessation of egg laying it sharply decreases and reaches the level during
puberty. With the beginning of a new egg-laying cycle, both sections of the oviduct increase again
by 2-4 times, but do not reach their mass at the age of 12 months. In the liver, the content of non-
protein nitrogen also actively increases with age, and its maximum values are noted at 6.5 and 12
months, that is, at the beginning and during the most intensive spring egg-laying, and during the
period of sexual rest, its amount decreases by 20-25%, with the beginning of the second ovulation
cycle, a new rise is noted, but to a lesser extent than in previous periods of sexual activity.

Key words: liver, chickens, egg laying, breed, protein, nitrogen, metabolism

In order to build a full-fledged theory of the ontogenesis of agricultural animals
and poultry, it is necessary to have a broad foundation of facts on the chemistry of
protoplasm and changes in its individual components during embryogenesis and in
the postnatal period of life up to aging and lethality, which is of great general
biological and practical importance in animal husbandry. In particular, the study of
metabolism in tissues is important for the correct organization of feeding and
maintenance of animals in order to increase their productivity.

Nucleic acids take part in the synthesis of specific proteins, in the growth and

reproduction of cells, in the transmission of hereditary properties [5, 6]. Changes in
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the number of nucleic acids in tissues can serve as indicators of the intensity of
protein synthesis in them, depending on the age and functional state of the body.

It is known that with age, the synthesis and rate of self-renewal of proteins
gradually decrease and at the same time the concentration of nucleic acids decreases,
which is equally characteristic of animals, microorganisms and plants, that is, a
phenomenon characteristic of all living nature [1].

With age, not only the amount of ribonucleic acids (RNA) and deoxyribonucleic
acids (DNA) in the protoplasm decreases, but also the ratio between nucleic acids,
proteins and lipids changes [7], reflecting the level of synthetic processes in the cell.

Given that the body of chickens synthesizes a large amount of protein, we
studied the peculiarities of their metabolism in different periods of their growth and
development at different physiological states of the body.

Research was conducted on egg-laying Leghorn chickens and New Hampshire
egg-meat breed in the following age periods: 2-3 days after hatching; 1, 2, 3 months —
growth and development; 4.5 months — puberty; 6.5 months - the beginning of egg
laying; 12 months - spring egg-laying; 18 months — sexual calmness, molting; 20
months - the beginning of a new egg-laying cycle. Feeding and maintenance of
chickens were complete, in accordance with age, season of the year and productivity.

Research objects: the liver is a heterogeneous organ that performs numerous
synthetic functions in the body; pectoral muscles — organs with pronounced
mechanical and energetic functions, which represent the most valuable part of the
carcass; oviduct, the function of which is extremely complex. In the oviduct, all
substances necessary for the completion of egg formation are added to the yolk.
Protein and non-protein nitrogen, collagen, nucleic acids and phosphoproteins were
determined in the tissues. In each series of experiments, there were 6-8 chickens,
which were slaughtered after a 12-hour diet. The removed tissues were immediately
placed on ice and examined. Average data were obtained based on the results of 6-8
studies and statistically processed.

The live weight of experimental chickens met their standards, which are
accepted for the corresponding age periods. The fastest growth and development was
observed in the first three months of life, then body weight increased more slowly,
and at the age of 6.5-12 months it was maximum - 2000-2200 g for Leghorn
chickens, 2200-2400 g - for New Hampshire chickens.

We will present the data obtained on the Leghorn breed. The absolute weight of
the liver gradually increased until almost 12 months of age (spring egg-laying), and
during molting and sexual rest (18 months) it significantly decreased (by 24%) and
corresponded to the weight of the organ during puberty (4.5 months). With the
beginning of a new egg-laying cycle (20 months), the weight of the liver increased
again, but did not reach the level of spring egg-laying (12 months).

The relative weight of the liver gradually decreases with age, except for the
weight during winter egg laying (6.5 months) and during spring egg laying (12
months). During these periods, the relative weight of the liver does not change. The
high weight of the liver at 6.5, 12 and 20 months can be explained by its increased
functional activity in connection with egg laying. Obviously, during the egg-laying
period, various egg precursors are synthesized in the liver.
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The absolute mass of both sections of the oviduct increases many times before
the beginning of egg laying and reaches its maximum values during spring egg
laying, exceeding by 4-8 times their mass during puberty (4.5 months), and with the
cessation of egg laying it sharply decreases and reaches the level during puberty.
With the beginning of a new egg-laying cycle, both sections of the oviduct increase
again by 2-4 times, but do not reach their mass at the age of 12 months.

The growth and development of the fallopian tubes are caused by hypertrophy
and hyperplasia of all layers of the organ, especially the tubular and unicellular
glands of the secretory layer. Different rates of growth and development of chickens
in different periods of post-embryonic life and dynamism of physiological states of
the body are related to the intensity and peculiarities of metabolism in different age
periods of life. we studied these features using the example of changes in the
nitrogenous and phosphorous compounds of the liver, pectoral muscles, the protein
part of the fallopian tube, and the uterus.

During the growth and development of the body, protein nitrogen accumulates
in the liver and muscles, and its maximum content is noted for the liver at the age of
6.5-12 months, for the muscles at the age of 12 months. At the age of 18 months
(sexual quiescence), the amount of protein decreases (more in the liver and less in the
muscles). With the beginning of a new egg-laying cycle, the level of protein nitrogen
rises slightly, but not higher than during the spring egg-laying period (12 months). In
the first days after birth, the liver contains 25-30% more protein than in the muscle, in
the following periods its amount in both organs is approximately the same, with the
exception of the age of 12, 18 and 20 months, when the protein in the muscles is
somewhat more.

Works [3, 6] show that in the post-embryonic period of life, the protein content
in tissues first increases, and then, after reaching a certain level, remains unchanged
or gradually decreases. Our data correspond to the general biological orientation with
the establishment of specific features for the liver and muscles of chickens. The
picture of protein nitrogen changes in the oviduct of chickens looks different. In the
process of growth and the onset of a new physiological state of the organism, the
content of protein nitrogen in the tissues of the oviduct changes dramatically,
especially in the protein part, where its amount increases by 50-70% compared to the
period of puberty, and during sexual rest it decreases by almost the same amount .
With the beginning of a new cycle of egg-laying (20 months), a new increase in the
protein content is noted, but it does not reach the indicators at 12 months of age.

Similar changes with age and a change in the physiological state are observed in
the uterus, but the total amount of protein is 24-45% less than in the protein
department, which is due to their different function in egg formation.

Obviously, the reactions of protein deamination and hydrolysis take place more
actively in the muscles than in the liver and oviduct. They contain more free nitrogen
compounds, such as nucleotides, creatine and creatine phosphoric acid, creatinine,
free amino acids, etc. In the pectoral muscles, non-protein nitrogen actively increases
in the first month of life, more slowly in the next three months and maximally in 6.5
months, that 1s, in the period when growth and development are mostly finished and
egg laying begins. In the following periods, the content of non-protein nitrogen in the
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muscles gradually decreases or almost does not change due to the change in the
physiological state of the body. Taking into account the intensive growth of protein
and non-protein nitrogen until now, we can say that during the period of growth and
development, protein synthesis prevails over other transformations, and in the future,
a dynamic equilibrium is established in the reactions of synthesis and decay of
nitrogenous substances.

In the liver, the content of non-protein nitrogen also actively increases with age,
and its maximum values are noted at 6.5 and 12 months, that is, at the beginning and
during the most intensive spring egg-laying, and during the period of sexual rest, its
amount decreases by 20-25%; with the beginning of the second ovulation cycle, a
new rise 1S noted, but to a lesser extent than in previous periods of sexual activity.
This directionality of changes in non-protein nitrogen is also observed in both
sections of the oviduct, in which it actively increases with the egg-laying period. At
this time, non-protein nitrogen in the protein part of the oviduct is 20-25% more than
during puberty.

Thus, the level of non-protein nitrogen in the liver and fallopian tube changes
not only with age, but also depending on the functional activity of the organ, which
changes depending on the physiological state of the body. This indicates that the most
active transformation of proteins in the liver and fallopian tube occurs during egg
laying, when the protein in the body is intensively synthesized, which is necessary for
the formation of egg mass and other needs of the body. Precursors of egg proteins are
obviously synthesized in the liver.

The high content of non-protein nitrogen in the tissues of the oviduct during
egg-laying 1s apparently due not only to the products of protein metabolism of
tissues, but also to low- and high-molecular nitrogen compounds brought by the
blood, the amount of which increases during egg-laying by 50-100% [4 ].

The data on protein and non-protein nitrogen allow us to conclude that each type
of tissue has its own characteristics of protein metabolism, which change differently
due to age and the physiological state of the body. Collagen swells well with an
excess of water and gives it away with increased removal of liquid from the body.

It was established that with age, the amount of collagen in the pectoral muscles
decreases, and the most sharply in the first two months of life - by 25-30% compared
to its content in day-old chickens, and by 18 months of age - by 50%. The amount of
water changes in approximately the same way. Similar changes in collagen with age
are noted [2] in the muscles of humans, pigs, and rats. Based on our data and those of
other researchers, it can be assumed that as the animal body ages, the content of
collagen in the tissues does not increase, but its physical and chemical structure
changes, in particular, it becomes stronger against tearing, the time of fiber
contraction increases, and its elasticity decreases. All these changes can be
considered as a result of the increase in the strength of the bonds between all the
components of the collagen complex, and not as a result of the accumulation of this
protein.

In the uterus, the amount of collagen is 20% greater than in the protein
department. This is consistent with the dynamics of water in them, the amount of
which is greater in the uterus than in the protein part of the fallopian tube. In both
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sections of the fallopian tube, the collagen content decreases with age, despite the
change in its functional activity.

[Ipn yTBOpeHHI IIKapajdylmd B MaTIi KoyareH ckiaxaB 2,95%, a mnpu
¢opMyBaHH1 OUTKY B OUIKOBOMY BiAIiI KUIBKICTh KOJIar€HY B MaTLi Oyia Maiike B
nBa pasu ounbiie — 4,34%. Bmict konareny 3poctae i B 6u1koomy Bigaui Ha 14,5%,
KOJIU STAIIE TIEPEXOAUTh Y MATKY.

In all periods of research, the muscles contained 4-6 times less RNA phosphorus
than in the liver and fallopian tube. In the liver and muscles, RNA phosphorus
actively increases until one month of age, that is, during the period of the most active
growth and development, when relatively large amounts of protein are needed as a
plastic material for developing organs and tissues, as well as for resistance. In
subsequent periods, the concentration of RNA in muscles steadily decreases with age
and almost does not change due to different physiological states of the body.

In the liver, a decrease in the content of RNA is noted only before puberty and
at 6.5 and 12 months, with the beginning and active spring egg-laying, there is a
sharp rise in the content of RNA in the cytoplasm of the liver - by 25-30% more than
at the age of 4.5 months. Then, with the completion of egg-laying, the amount of
RNA decreases again, and with the beginning of a new cycle of egg-laying, its
synthesis increases again.B m’s3ax Bwmict ¢ochopy JHK 3 Bikom moctymoBo
3MEHIIYEThCSA, KPIM THMYacoBoi crabim3zarnii B 4,5-6,5 1 12 wmicsiiB, TOOTO BMICT
JIHK B M’s13ax 3MIHIOETbCSI MPUOJIM3HO Tak caMo, sik 1 PHK.

The ratio of RNA phosphorus / DNA phosphorus remains constant until 12
months of age, and then increases slightly as a result of a relative decrease in nuclear
volume. In the liver, DNA phosphorus increases until the age of three months. At this
time, obviously, cells divide most actively, which 1s determined by the level of DNA
in them. During this period, the fastest increase in the absolute mass of the liver was
noted. At 4.5 months, the amount of DNA decreases by 10-12% compared to its
content at three months of age. With the beginning of egg-laying (6.5 months), the
greatest increase in DNA phosphorus is noted, in 12 and 20 months its level does not
actually change, and at 18 months, when egg-laying stops, the amount of DNA
increases by 24% compared to the period of spring egg-laying (12 months ) and a
new egg-laying cycle (20 months). This should be explained by a decrease in the
synthetic activity of liver cells and a relative increase in the volume of cell nuclei,
which is confirmed by a decrease in the nuclear-cytoplasmic ratio of RNA
phosphorus / DNA phosphorus, the amount of RNA phosphorus and the absolute
weight of the liver.

Attention is drawn to the higher phosphorus saturation of RNA cytoplasmic
formations of the protein department, in which it is 35-50% more than in the uterus,
which is due to the different level of protein synthesis in their glandular cells. In the
protein part of the oviduct, the entire mass of egg white proteins is secreted, and in
the uterus, a little collagen is produced to form the framework of the shell and the
epishell. The synthesis of ONK in the oviduct is more intense at 12 and 20 months,
that is, during the period of spring egg-laying and its new cycle, and at 18 months
(during sexual rest) the amount of RNA decreases, as it did before 6.5 months of age.
If we take into account that before the beginning of egg-laying (6.5 months) and
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especially before the period of spring egg-laying, both sections of the oviduct
increase by 4-8 times, and the phosphorus content of RNA increases in 12 and 20
months per unit mass of tissue, then when calculating for the whole organ, a colossal
synthesis of RNA is observed ( Fig. 7), which undoubtedly takes part in the synthesis
of egg proteins at the expense of amino acids brought by blood, and possibly also in
the transformation of other blood proteins into egg protein.

With the cessation of egg laying, the RNA content in both departments
decreases to the level at 4.5 months of age, and with the beginning of a new cycle of
egg laying, the amount of RNA increases again, but does not reach the indicators of
12 months of age. Phosphorus in DNA practically changes little until spring egg-
laying and during its repeated cycle, and increases by 43% during the period of
sexual rest. This can also be explained by the relative increase in the volume of the
nuclei of the glandular apparatus of the oviduct sections, which is indirectly
confirmed by the decrease in the mass of both sections of the oviduct (involution) and
a sharp decrease in the content of RNA up to this time, which saturates mainly the
cytoplasm.

The stability of the DNA phosphorus content per unit mass of tissue during the
egg-laying period is relative, since a large increase in DNA phosphorus is observed
when calculating the entire organ. This indicates its active synthesis before the egg-
laying period, as well as RNA. In our opinion, there is nothing unusual in this, since
RNA and DNA are genetically related, DNA determines the synthesis of RNA.

In the liver, the content of phosphoproteins gradually decreases with age and, in
fact, almost does not depend on the physiological state of the body. Another picture
of the dynamics of phosphoproteins in the oviduct. During puberty, there is very little
phosphorus in the tissues of the oviduct, and with the beginning of egg-laying (6.5
months) and especially during spring egg-laying (12 months), the number of
phosphoproteins increases sharply; during sexual rest (18 months) in the uterus, they
disappear completely, traces are found in the protein part. With the beginning of a
new cycle of sexual activity (20 months), the amount of phosphorus in
phosphoproteins increases again, but much less than during spring egg-laying (by 40-
35%).

Conclusions.

The exchange of total proteins, collagen and nucleic acids has specific features
for each type of tissue and depends on the age, physiological state of the body and
breed of bird.
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Chechotkin, O. V. Kranina // Ukrainian conference of young scientists. - Kharkiv,
1992. - P. 28-29.

3. Exchange of proteins and nucleic acids in broiler turkeys in relation to age
and breeding technology / O. V. Chechotkin, M. I. Kartashov, V. I. Voronyansky, O.
M. Kucherenko // Problems of zootechnics and veterinary medicine and ways their
solution in modern conditions: materials of reported scientific conferences Institute
according to the results of research in 1992 and 1993 / Kharkiv Zooveterinary
Institute. - Kharkiv, 1996. - Vol. 1(25). - P. 50-51.

4. Biochemistry of farm animals: textbook / under the editorship. O. V.
Chechotkina; O. V. Chechotkin, V. I. Voronyanskyi, M. 1. Kartashov. - Kharkiv:
[RVV KhZVI], 2000. - 466 p.

5. Hladka N.I. Peculiarities of the energy metabolism of broiler chickens during
technological cultivation and the use of humates and carotenoids: dissertation for
obtaining the scientific degree of candidate of agricultural sciences: 03.00.04 -
biochemistry / Nataliya Ivanivna Hladka; National Agrarian University. - Kyiv, 2008.

6. V. O. Prykhodchenko Peculiarities of energy exchange processes in organism
of broiler chickens under the influence of humates and carotenoids: dissertation for
obtaining the scientific degree of Candidate of Agricultural Sciences:03.00.13 -
human and animal physiology / Vita Oleksandrivna Prykhodchenko; Institute of
Animal Husbandry of the Ukrainian Academy of Sciences. - Kharkiv, 2009.

7. Nischemenko M.P., Omelchuk O.V., Khomyak O.A., Yemelyanenko A.A.,
Dovbysh V.V. The laying hens photolyticenzy me digestive organs activity under the
selentum, zinc, and vitamin A nanoacvachelates influence. UniversumViewl7:
International scientific and practical conference, Vinnytsia, December 10, 2019:
abstracts of the report. Vinnytsia, 2019. P. 150-152.

Anomauin. Haseoeni pesynomamu 00CHiONHCeHHST 0OMIHY OLIKI8 ma HYKIeIHOB8UX KUCIOM 8
MKAHUHAX Kypell Y 363Ky 3 8iKoM ma Qi3iono2iuHum cmaHom opeauizmy. Bemanoeneno, wo scusa
maca 0ocnioHux Kypeu 6ionogidana ix cmawnoapmam, AKi NpuuiHami 01s GIONOGIOHUX BIKOBUX
nepiodie. Haiibinbw weuoxuil picm i po3sumox GiOMi4anucy y nepuii mpu Micayi dHcumms, nomim
6aza mina 30i1buLy8anace nogiivhiwe, i y eiyi 6,5-12 micsayie éona oyna maxcumanvror — 2000-
2200 2 ona xypeii neceopu 2200-2400 e — ona kypeil nopoou Hwvio-cemnwuup. Abconomna maca
NeyiHKu Kypeu nopoou 1e220pH NOCMYNO080 3pocmana maidice 00 [2-micayHoeo iKYy (8ecHAHA
AUYeKnIaoxa), a nio wac IUHAHHA I cmamegoeo cnokoio (18 micayie) 3nauno 3meHwysanaco (Ha
24%) i sionogioana maci opeamy 6 nepiod cmamegozo 003pisants (4,5 micayi). 3 nouamxom H08020
yurny auyexiaoxku (20 micayis) maca newinKu 3H08Y 3p0Cmana, aie He 00CA2ANa PiBHs NPU 8eCHAHI
ayexnaoyi (12 micayie). Bionocna maca neyinku 3 8ikOM NOCHYNO80 3MEHULYEMbCS, 3d BUHMKOM
macu npu 3umosiu suyexnaoyi (6,5 micayis) i npu eecuaniu (12 micayis). B yi nepioou sioHocHa
Maca nedinku He 3MiHloemuvcs. Abconmomua maca 060x 8i00inie Alyenposody 30LIbULYEMbC 6
bazamo paszie 00 noyamky AUYEKIAOKU | MAKCUMATbHUX NOKA3ZHUKIE 00Cs2d€ Ni0 4ac BeCHAHOL
Alyexnaoxku, nepesuwyiouu 8 4-8 paszie ix macy 6 nepioo cmamegozo 003pieanus (4,5 micayi), a 3
NPUNUHEHHAM KIAOKU SIEYL PI3KO 3MEHULYEMbCA 1 00CA2A€ PIBHA 8 nepiod cmameso2o 003pieants. 3
NOYAMKOM HOB020 YUKTY AUYEKIAOKU 00ud8a 8i00inu Aiyenposody 3H08y 30iibutyiomvcs 8 2-4
pasu, ane He docsearoms macu ix 6 12-micaunomy 6iyi. B neuinyi emicm HebiIK08020 a30my 3 8IKOM
MAaKod*C AKMUBHO HAPOCMAE, | MAKCUMAIbHI NOKA3HUKU 11020 8i0miveni ¢ 6,5 i 12 micsayie, mobmo
Ha nouyamky i nio uac Haubiibu IHMEeHCUBHOT 8eCHANHOI AUYEKNAOKU, d 8 NEePIi00 CMame8o2o CnoKow
KinbKicmb 1020 3meHuwyemovcs Ha 20-25%,; 3 nouamkom NOBMOPHO20 YUKTY AUYEKIAOKU
BIOMINAEMBCS HOBUUL NIOUOM, Ajle 8 MeHWLiU MIDi, HIJIC 8 NONEPeOHi nepioou Cmamesoi akmueHOCMI.

Kniouogi cnosa: neuinka, Kypu, atiyekiaoxa, nopood, OiioK, azom,00MiH pe4o8uH
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Anomauia. O6’ckmom 00CNIONCEHHs € AHANI3 MA 3ACMOCYBAHHS CYUACHUX MEXHON02I Npu
CMBOPEeHHI coyianbHux mepedxc. Y cmammi npeocmasieHi mMooeni ma mMemoou OO0CHIONHCEHHS 8
COYIANbHUX MEPEAHCAX.

3a oOonomozoro UML mooenioeanns 30ilicHeHO Npoyec NPOEKMYBAHHA MA peanizayisi
anzopummie pobomu cucmemu, npeoCmagieHo KIIEHMCbKY mda cepeepHy YACMUHY apXimeKmypy
COYIAbHOI MepedxCi.

Y cmammi npononyemvca cmeopenns coyianbHoi mepexci 01 YKpaiHOMOBHOI ayoumopii 3a
donomoeoro niamepopmu Node.js ma bioniomexu React.js.

Knrowuosi cnosa:, coyiarvna mepesxca, aneopumm, aunaniz, UML-mooenoeanns, niamgopma
Not.js, 6ibniomeka React.js.

Beryn.

B ocrtanHi poku coriaqibHI Mepexi HaOyJud BEIMKOi MOMYJSIPHOCTI SK Ha
TepuTopii YKpaiHHU, TaK 1 B YCbOMY CBITI. 3 KOXHHUM JIHEM Bce Oijblle 1 OuIbiie
KOPUCTYBauiB Mepeki IHTEpHET peecTpyroThbCs 1 IMOYMHAIOTH CBOIO aAKTHUBHY
JUSJIBHICTE Y BCE HOBHMX COIIIAJIBHUX MEpeXKax, sIKi MIIHO YBIMIIUIM JO CIHCKY
HaWBI/IBIIYBaHIIIMX YKPATHCHKUMH KOpUCTyBayaMu caiTi [11].

Jroau MinsAThCA CXOXKUMU TPyNIaMH B COLIalIbHUX Mepexax. Kap’epHi iHTepecH,
COIllaJIbHI 1HTEPECH, PEINITiHI MAPO3UTH, CIUIbHI Jpy3l Ta CHUIbHI MEPEKOHAHHS €
OJIHUMH 3 THIOBHX 3B’SI3KIB, SIK1 MOJUISIOTH 1 )KUBYTh WieHN criabHOTH. ColliaiibHa
Mepeka TOJIETIIY€E 3B’ S3KM MK PI3HUMH JIFOJBMH 3 OJIHAKOBUMH 1HTEpECaMH, 1100
cTatu Apy3aMu cepell uieHiB. ColliaibHI Mepeki BUBYANMCA OararbMa BUYCHHMH B
PI3HUX Trajly3X 1 B IIHPOKOMY CIEKTpl TE€M, TaKuX SK KOH(QIACHLIMHICTH Ta
IIGHTUYHICTh, @ TAKOX COLIaJIbHUM KamiTaja chiabHOT. HalmonmymnsipHimii oHJaiiH-
colianbHi Mepexi 00'enHyroTh moHaa 20 MUIBHOHIB KOpHUCTyBaudiB 1 moHan 150
pizHux pemecen. KopucTyBau coIlalbHUX MEpPEX MOXE HamucaTH CBOO
aBrooOiorpadito y cdepi ocBiTH Ta poOOTH Ta MOXKE 3aNPOCUTU APY3iB, LI00
MOPEKOMEHIYBATH 1i 1HIIMM a00 CHIBMIpALIOBATH, MOYMHAIOYU HOBI chepu poOoTH.
TakuMm 4yMHOM, LI MEpexi € OJAHI€0 3 oOjacTel, Kl BiAJajeHl BiJg MalOYyTHHOIO
BEJIUKUX COIlaIbHUX Mepex [1].
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AHAJII3 OCTAaHHIX TOCTI’KEHb.

[lepmnii HamPSIMOK aHANI3y COLIATBHUX MEpEeX MOJAraB y MOIIyKy (opM ix
Bi3yamizauii. OpHi€l0 13 3 mepmux (opM MpeICTaBICHHs COLIATBHUX MEpex Oyiu
comiorpamu (SI. Mopeno 1953 p.) [3-5]. S. MopeHo mnepmuM MOCTAaBHB 3aJady
aHaJli3y MIDKOCOOMCTICHMX BIJIHOCHMH B MaJMX Ipynax. AHami3yloduHd CTPYKTYpy Ta
AMHAMIKYy Maiaux Tpym, . MopeHOo mpeiacTaBUB JtOJEH Ta 3B SI3KU MK HUMHU Y
JIBOBUMIPHOMY TPOCTOpI 3a JOMOMOTOI0 TOYOK Ta BIJIPI3KiB, MO iX 3’€IHYBaJH.
Touku BiAMOBIAANM JIIOASM, a BIAPI3KM — 3B’sI3KaM. Take MNpeacTaBiICHHS, IO
OTPUMAJIO Ha3BY COIIOTpaMH, YacTO 3aCTOCOBYBAJOCh [UIsl TPEICTAaBJICHHS
CTpyKTypu Manux rpyn [3], 3okpema: cnuibHOTH emiT (E. O. Laumann ta F. U.
Pappi, 1976 p., E. O. Laumann ta D. Knoke, 1987 p.); BHYTpilIHbO-KOPIIOPATUBHUX
38’s3kiB  (J. H. Levine, 1972 p.); ctpykrypu poseit B rpynax (R. L. Breiger, S. A.
Boorman ta P. Arabie, 1975 p., R. S. Burt 1976 p., 1982 p.); mabnoHiB B3aeMO/ii B
manux rpymnax (A. K. Romney ta K. Faust, 1982 p., L. C. Freeman, S. C. Freeman Tta
A. G. Michaelson, 1989 p.).

[IpencraBnenHs coiiorpaM B MaTpu4Hiil (hopMi JO3BOJIUIO BUBYATH COIlIaJIbHI
CUCTEMHM MaTeMaTUYHUMHU MeToaaMu. /[[ns ommcy couiadbHUX Tpyn MHOoYalld
3aCTOCOBYBAaTHM YHCENIbHI XapakTEPUCTHKU TakKi, fAK IIEHTPAJIbHICTh aKTopa Ta
[EeHTpami3alis Tpyn, OOOMIIBHICTh Ta B3a€EMHICTh, CTPYKTYpHUU OanaHc, Tpa-
H3UTUBHICTh. [li3HimIe copMyroBaIu MaTeMaTUdH1 BUSHAYEHHS TOHSTH COIllaibHA
rpyna, 130JbOBaHICTh, MOMNYJSAPHICTh, MPECTHX, OalaHC, TPaH3UTUBHICTD,
yIpylyBaHHS, MIArpyIa, collajbHa 3rypPTOBAHICTh, COLlajbHA IMO3MIIIS, COLllalbHa
pOJib, OOOMUIBHICTh, B3A€EMHICTh, OOMIH, BIUIMB, JIOMIHAHTHICTh, KOHPOPMI3M TOIIIO
[3, 5-6].

Jpyruii HampsIMOK aHai3y COI[laJlbHUX MEPEX OTPUMAaB Ha3BY CTPYKTYpPHUI
oamanc (Heider F. 1946, T. M. Newcomb 1953) [3, 7]. Bin cTocyeThcsi BUBHAUYCHHS
MO3WTHUBHUX Ta HETATUBHUX 3B’S3KIB B IPYIIi,

ISSN 1997-9266. Bicauk BiHHUIIBKOTO MOMITEXHIYHOTO 1HCTUTYTY. 2015. No 2
NepeBIpIll TE3UCY MPO Te, 0 BOPOT MOTO BOPOTy — Miit Apyr. CTpyKTypHUl OajaHC
CIPUSIB BUBUYECHHIO TPAH3UTUBHOCTI MEPEX 3 YpPaxXyBaHHSM TPHUIUIETIB — TEPHAPHUX
BIJIHOIIEHb aKTOpiB. B cTpykTypHOMYy OanaHci BBEICHO O3HAYEHHSI CTPYKTYPHOI
€KBIBaJICHTHOCTI, SIKy MPUIUCYIOTh aKTOpaM 3 OJHAKOBUMH MHOKMHAMHU 3B’S3KIB B
mepexi (F. Lorrain Ta H. C. White 1971) [8]. Ha 6a31 cTpykTypHOi €KBIBaJIEHT-HOCTI
c(hOpMOBaHO TMOHATTS POJIb, COIIABHUI CTaTyC, COIliajbHa TO3UIlISA Ta PO3POOICHO
OCHOBH KJIac-TepH3allii comianbHux Mepex [8-10].

Tperiit HanmpsAMOK aHai3y Mepex 0a3yeThCs Ha 3aCTOCYBaHHI MaTEMaTUIHOI
cratuctuku. J. A. Devis, P. W. Holland Ta S. Leinhardt B cepii cBoix mpais B 1970-x
pokax [3] 3ampomoHyBanM HHU3KY MMOBIPHICHUX PO3MOAUTB  BHIIaJKOBUX
HampaBlieHUX TpadiB UIs NEPEBIPKH PI3HUX CTPYKTYPHUX TEHICHIM COLIabHUX
Mepex. B 1980-x pokax po3poOieHo Mojeni 1y poOOTH 3 PI3HUMH THUIAMU
COIIaJIbHUX MEPEXK, K1 JO3BOJISIOTH aHANII3yBaTU OlHApHI, TEPHApHI Ta OaraToapHi
BigHOIIEHHS. [5, 9].

AHaji3 HayKOBUX DO3BIIOK 3acBiguye TOW (akT, MO0 COLladbHI MEpexi Ta
ColLllalibHI Me/ia MalTh HaJ3BHUYaiiHy 3alliKaBJICHICTh Yy HAyKOBHX Koiax. Tak,
kuiBchbkuit gocaianuk O. Kyp6an, npu gociiKeHH1 posti Ta MiCLs COL[IaIbHUX Mejia
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B pobOoti PR-¢axiBiiB Ta cucremMaTHU3yBaBIIM IHCTPYMEHTH cydacHoro SMM-
MEHe/Kepa, HaroJolly€e Ha TOMY, 10 3aCTOCYBaHHS HOBITHIX IHTEPHET-TEXHOJIOTIH Yy
cdepi 3B’SA3KIB 3 TPOMAACHKICTIO 1 € OJHUM 3 aKTyaJIbHUX MNPOQUIBLHUX TPEHIIB
ChOroJIeHHs [2, ¢. 1].

OcHOBHA yacTHHA.

Ananiz ma 00cnioHceHHA COUIATbLHUX MeEPeIHC

CorrianpHl MepeXl CTAHOBJSATH OCOONWBUM I1HTEpEC N0 PIZHUX COIlaTbHUX
JOCJIIKEHb, BUKOPUCTOBYIOTh KIJIbKICHI (OOYHCIIOBaJIbHA CTAaTUCTHKA, MAaIIMHHE
HaBYaHHS Ta 1HIIHUX.) 1 3BaH1 «BEJUKI JaH1» METOAN OOpOOKHU JaHUX.

OOcsr Ta JOUHAMIYHICTG HAOOpPIB JAHUX COLIAIBHUX MEpPEeX MOTPeOyIOTh
Creliai30BaHOi aBTOMAaTU30BaHOT OOpPOOKH ISl aHaMI3y JaHUX 3a KOPOTKUN Mepioj]
qacy.

1. CrpykTypHHI aHaJi3 Ta aHaJ13 MOCUJIAHb aHAJI3YIOTh MTOBEIIHKY IMOCHUJIaHb
y COLIAJIbHUX MEpPeKax /Jis TOIIYKY BIAMOBITHUX BY3JIB, 3B'A3KIB MK BY3JIaMH
TOIILIO.

2. Jlunamiuyauii Ta craTdyHAid aHami3. CTaTUYHMA  aHall3  dYacTiIne
BUKOPUCTOBYIOTH y Oi0miorpadgiyHux Mepexax, HIDK y TOTOKOBOI TMepenadi.
Cratuunuii aHani3 nependavyae MOCTYNOBY 3MiHY JJAHUX COIIAIbHOI MEPEXKi 3 4acoM,
a aHaii3 BCi€l MEpEXi MOXKHA BUKOHYBATH MakeTHOMY pekuMi. OHaK JUHAMIYHHMA
aHas13 BUKOPUCTOBYETHCS B COLIATIBHUX MEPEKaX, /1€ TaKl MOCUJIAaHHS TEHEPYIOThCS
IIBUJIKO Ta Y BEJIMKINA KiJTbKOCTI.

OcCHOBHI HANPAMKU OO0CTIIOHCEHHA COUIAIbHUX MePeC.

Teopis rpadis Oysa, MaOyTh, HAMBAKIUBIIINUM METOJOM JOCIIKCHHS Y PaHHIM
1CTOPIi JOCIHIIPKEHb ColllalbHUX Mepexk. Llel miaxij BUKOPUCTOBYEThCS JJIsSl aHATI3Y
COLIIAIBHUX MEPEX JJIsl BUSABJICHHS BAXKJIIMBUX XapaKTEPUCTHK MeEpexi (3B'A3KIB Ta
MepexkeBuX By37iB). KopucTyBau comiaibHOI MEpeki BU3HAYAETHCS K MEPBUHHUMN
(bakTop, 1110 BIUIMBAE HA JIIi Ta TyMKH 1HIIUX KOPUCTYBadiB 3ac00aMu, JOCTYITHUMU B
COIIIAIbBHUX MEpekax. AHali3 COLabHUX MEPEX 13 BUKOPUCTAHHSIM Teopii rpadis
JIOBIB CBOIO €(EKTHBHICTb Ha BEJIMKWUX HaOopax maHuX. B mnpuHIumi, MoxHa
BUJIUIUTH JIBa OCHOBHI HAIIPSIMKHU JTOCTIKEHB 13 BUKOPHUCTAHHAM Teopii rpadis [12].

1. InenTudikamis CHUIBHOTH 3 BHKOPUCTAHHSM 1€papXiyHOI KiIacTepH3allii.
dopmyBaHHA BY3/1iB, Mal0yTh, HaWBaXJIMBIIIA OCOOJUBICTH COITIAJLHUX MEPEXK.
KopucryBaui 13 CHiJbHUMH 1HTEpECaMH yTBOPIOIOTH CIUIBHOTH, IO MPU3BOJIUTH JI0
CHJIBHOI CTPYKTYPH pO31iTy. BUSBIICHHS YTPYIIOBaHb 5K Y COIlIaIbHUX MEPEKax, TakK
1 B peaJlbHOMY CBITI - JQyK€ CKJIaJHa MPOIEIypa, OCKUIbKH iX Ba)XXKKO BHSBUTH.
BaxxnmnBo BUKOPHCTOBYBATH MPABWIBHI IHCTPYMEHTH JJIsl BUSIBJICHHS Ta PO3YMIHHS
MOBEIHKA OHJIAMH-CITIBHOT, OCKUTBKH X MOHA 3aCTOCOBYBATH JJISl MOJICTIOBAHHSI
AMHAMIKKA JOMEHY, 0 SKOrO HajeXaTb KOpPUCTyBaul. B mimomy, mis moumryky
CHUIBHOT MOXHa BHKOPHUCTOBYBATH PI3HI METOAM KiacTepu3allii, aje OIHUM 13
Haile(eKTUBHIIIMX €  MeTojJ  lepapxiuHoi  kiacrtepusanii. [lotim  BiH
BUKOPHUCTOBYETHCS IS TIOJIUTY MEPEXkK1 Ha CITUIBHOTH

2. Pexomenpamii sl CHUIBHOT COILIAJIBHUX MEPEK Ha OCHOBI TPYHOBUX
BI/IHOCHH B COIIAJIbHUX MeEpeXax METOAM CIUIbHOI (UIBTpaIlli MOXYTh
BUKOPUCTOBYBATUCA Il (DOpMYyBaHHS OJHOIO 3 TPHOX KIIACIB PEKOMEHAAIINHUX
CUCTEeM, SKI MOXHAa BHUKOPHUCTOBYBAaTH JJIS BCTAaHOBJIECHHS acoIlialiii  Mix
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kopuctyBauamu. OIHUM 13 TaKMX BapiaHTIB BUKOPUCTAHHS € TaK 3BaHMU MiIXiA
EntreeC, sikuif BUKOPUCTOBYETHCS JIJIs1 pEKOMEHAAIlll peCTOpaHiB.

Buoip incmpymenmansvhux 3aco6ie npu nooyoosi coyiaibnoi mepeosici

[IporpamMuuii  mpoaykr Oyae  BHUKOPUCTOBYBATH  IyOJIIYHO-KITIEHTCHKY
apxiTEeKTypy 3 BUKOPHUCTAaHHSIM KOPHUCTyBauaMH OpPraHi30BaHOi BHYTPILIHBOI 0a3u
JaHUX, 1i 3py4YHO BUKOPHCTOBYBaTH TaK SIK PO3JIUILE€ KIIEHTCHKY Ta CEpBEPHY
YaCcTHUHY, KJIIEHT CIUIKY€ThCS 3aBasku 3anuTiB ¢ API cepsepa.

KiienTcpka yactuna Oyjae BUKopuCTOBYBaTH React.js. BakJIMBOIO KOHIIEMIIIEIO
React € kommonentu. Jlana aOcTpakuis 103BOJSiE€ 30MpAaTH BEJIMKI MPOrpaMH 3
MaJICHbKHUX «IIIMaTOuYKiB». BoOHM sBsIOTH CcOOOK MpHUAATHI [0 TOBTOPHOTO
BUKOpHUCTaHHs 00'ekTH. React — 1e nexnaparuBHa, edexTuBHA 1 THyuyka JavaScript
010J110TEKa sl CTBOPEHHSI KOPUCTYBallbKUX 1HTep(deiiciB. BoHa no3Bodisie 30upatu
ckyanauii Ul 3 ManeHbKUX 130JIbOBAaHUX IIMATOUKIB Koay (puc. 1.).

Web

API

Web

AP Utils
User ACTION .
interctions CREATORS Ao
REACT VIEWS DISPATCHER
events+ 1T STORE c.l:-:lu

Store queries

Pucynok 1 - Apxitektypa komnoneHTiB React.js

CepBepHa yacTHMHA B3a€EMOJII1 KOPUCTyBaya 3 BHYTPIIIHKOK 0a3010 JJaHUX Oyjie
opranizoByBatucs 3aBasgku Node.js. — margopmMu 3 BIAKPUTAM KOAOM IS
BUKOHAHHS BHCOKOIMPOJAYKTHUBHUX MEpPEKEBUX 3aCTOCYHKIB, HANHUCAaHUX MOBOIO
JavaScript. fkuio panimie Javascript 3acTocoByBaBcs i1 00poOKU JaHUX B Opay3epi
KOpPHUCTyBada, TO node.Js HagaB MOXJIMBICTh BUKOHYBaTh JavaScript-ckpuntu Ha
CepBepl Ta BIANPABIATH KOPUCTYBAa4YEBl Pe3yibTaT iXHbOTO BUKOHaAHHS. [ImaTdopma
Node.js neperBopuia JavaScript Ha MOBY 3arajJbHOTO BUKOPUCTAHHS 3 BEJIHMKOIO
CHUTBHOTOI POo3poOHUKIB. Node.js cipoeKkToBaHMid A1 TOOY0BH MAacIITaDOBaHUX
MepexxeBux aonatkiB [13]. Ha pucyHky 2 mnpexacraBiieHa apXiTEeKTypa MOJIYJIIB
Node.js.

Mongodb - mnnardopma paHux s po3pOoOHMKIB, sIKa HaJa€ TOCIYTd Ta
IHCTPYMEHTH, HEOOXIJIHI JUIsi IIBUAKOIO CTBOPEHHS PO3MOAUICHUX JOJATKIB
BIJINOBIJIHO /10 TOTPEO KOPUCTYBAUIB Y MPOIYKTUBHOCTI Ta MacTadiB (puc. 7) [14].
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PucyHnok 2 - Apxitekrypa moay.aiB Node.js

BuznaueHHs BapiaHTIB BUKOPUCTAHHS Ta CTPYKTYPHU CUCTEMH

Jlnst  3aranbHOTO  YSABJICHHS  (DYHKI[IOHAIBHOTO TPHU3HAYEHHS  CHUCTEMU
no6ynoBano aiarpamy Use Case Diagram (puc. 3).

Jlnst  3aragpbHOTO  YSBJICHHS — (DYHKITIOHAJIBHOTO  TPU3HAYCHHS  CHUCTEMHU
no6ynoBano niarpamy Use Case Diagram (puc. 3).

Y nomatky kopucTyBad OyJe MaTH MOXIIMBICTH CTBOPIOBATH JIONUC Ta
neperasagatd  npodiai  IHIIMX KOPHUCTYBadiB 13 MOXIIMBICTH HAJICIaTH M
MOBITOMJICHHsI. TakoX KOPUCTyBad MOXKE MPUETHATHCS 0 KaHATY, SKUH MyOIiKye
JOTIMCH TI0 TIeBHIM TemaTHIll a00 » CTBOPHTH CBIM BIACHUN KaHAN 13 MOXJIHBICTIO
myOJIiKyBaTH Ta 3MIHIOBaTH JaHl KaHaity. Y Tpodisli KOpUCTyBaya € MOCUJIaHHS Ha
CTaTUCTHKY, sika (OPMYETHCS 13 aKTUBHOCTI KOPUCTyBaya.

Login / Logout

Make / organ|ze
Manage friends i
— membership o =
Admin ~ - User

Manage User profile
content

@ @

@

Provide
feedback

Pucynok 3 - /liarpama BapiaHTiB BUKOPHCTAHHS
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IIpoexTyBaHH Ta peaJi3alisi AJJrOPUTMIB poOOTH CHCTEMHU

[IpencraBieHo anropuTMu poOOTM Ta CTaHU MPOTPaMHOI CHCTEMH 32
JOTIOMOTOI0 JllarpaMu  JisibHOCTI (activity diagram) Tta niarpamu 0a3u JaHUX
[IpencraBiena aiarpama AisUTBHOCTI JJIsl CTBOPEHHS JOMUCY 300paskeHa Ha PUCYHKY
4. Onuc piarpamu akTUBHOCTI (CTBOPEHHS 1OIUCY):

1. 3aroBHEHHS JaHUX TPO JIOMHC.

2. BigmpaBka qaHux Ha cepBep.

3. O6po0Oka 1aHuX Ha cepBepi.

4. BignpaBka pe3yibTaTy 00poOKH 13 cepBepa Ha KIEHTChKY YacTHHY.

= User = Web-server

insert data

send data processing data

getting the result | «

PucyHnok 4 - /liarpamMma akTHBHOCTI CTBOPEHHS JI0NHUCY

Omnwuc niarpaMu akTUBHOCTI “BifnpaBka nmoBiqoMieHHs .

1. 3HaifTK KOpUCTyBaya SKOMY IMOTPIOHO BIAMPABUTH MOBIIOMJICHHS.

2. IlepeiiTu 10 4yaTa 3 KOPUCTyBa4YEM.

3. BianpaBuTH MOBIIOMJICHHS.

Ha mnactynmuux pmiarpamax (puc.5,6) mpeacraBiieHl giarpaMud KOMITOHEHTIB
KJIIEHTCHKOI Ta CEpBEPHOI YaCTUHHU.

E App.js
% Module $ Router
% Config % Helper

PucyHnok 5 - KOMIIOHEHTH CepBepPHOI YACTHHU
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Pucynok 6 - KOMIIOHEHTH KJII€HTCHKOI YaCTHUHH

B cTBOproBaHoMy BeO-101aTKy Oy/ie BUKopucTaHa 6a3za qanux MongoDB. bazu
nanux MongoDB mmpoKko BUKOPUCTOBYIOTECS B CYYACHUX EJIEKTPOHHUX MPUCTPOAX
Ui 30epiraHHs JaHWUX PI3HUX JIOJATKIB (mporpaMamMu OOMIHY MUTTEBUMU
NOBIAOMJICHHSIMH, BeO Opay3epamu Tomo). PeanizoBana 6a3a JaHUX CKJIala€eThCs 3
13 Tabmuib, AKi MICTATH y cO01 BC1 AaH1 Jyist pOOOTH MPOTPAMHU.

Cxema B/] 300pakena Ha puc.7

o
< Tomdd
e [
waruger Zorsemion i B
i Doy M e wCEnE oo
reabl Dt caadal Dt o g
| modstwass Cuin pemtedst Duw =
erdsr fiwg mETEETL ArTEy b i
W Fy rermamisy dnw;
OrwsTond Sy = st B
=
wparm=cm s — oarim
oo |
i Dumcsd | L & Camond . 1 - Cpwcia
0 b0
(ST paldal Done cna Do
cremiesit Detn
pduitat Dty pduiegat Dty dsiadal Cuis
updsisiss Cute
penton Sy R STg aara Sweg
vamy Sing
TR SRy rverPiae Sreg L]
Eaeart Duw Ty Ay
Guisknd Cuin Kaleng: Anay |
Lt ) AAGn dgemen |
il Sy | sy
arud Sewg
g Freg
Commants
] Ever et =
]
e i Obmcid P —
eI D
remnis Cuis compmidl Cmis et D
sedamidl Tl
T A D wEpEal
L] parid Sy
k. vy Felewirs Skl = riaid Tawg
L L L ]
ertmic S e g chonresd. Simg
i Jrg
aFa B [T ] g Gy
o Shng
hea Sy diba Dl corerenlE A r——————
rcepton Surg demcpes Sg mur Ay
wveviink Sing sass; Bing
e Sy g B

Pucynok 7 - Cxema 0a3u 1aHux
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Peanizauisa nogaTky couiajbHOI Mepexi
st peamizarii goctymy g0 0a3 gaHUX BUKOPUCTOBYEThbCs mongodb. Jlms
OTHCaHHS HEOOX1THUX HAJAIITyBaHb BUKOPUCTOBYETHCS KJIaC MONgoose.connect.

mongoose.connect(
"mongodb://localhost:27017/social”,
{ useNewUrlParser: true, useUnifiedTopology: true },

0=>{

console.log("Connected to MongoDB"),
/

)i

[TinkaroueHHs 10 €HANMOIHTUB BIJOYBAEThCSA LIISXOM 3aHECEHHS BIAMOBIIHUX
MOJYJIIB JIO app.use Jie¢ NepIivil mapamerp Iie¢ 00OB’A3KOBHH LUIAX, a JAPYTHH IIe
MOYJIb.

app.use("/api/auth”, authRoute);
app.use("/api/users"”, userRoute),
app.use("/api/posts"”, postRoute),
app.use("/api/experience”, experienceRoute);

Tabnui 1o 6a3u JaHUX OMUCYIOTHCS Yy CXeM1 mongo, /e 3a3Ha4al0ThCsl TIOJIS Ta
omirii TabIuIII.

const mongoose = require("mongoose”);
const CommentSchema = new mongoose.Schema(
{

userld: {

type: String,
required. true,

2

postld: {

type: String,
default: "'

4

questionld: {

type: String,
default: "'

2

desc: {

type: String,
required. true,
max. 500,

2

2

{ timestamps: true |
),.

module.exports = mongoose.model("Comment", CommentSchema);
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v "~

JIJist CTBOPEHHSI KIHIIEBOI TOYKH BUKOPUCTOBYETHCS router siki IMIOPTYETHCSA 13

010mioTekn express. Y IMX KIHIEBUX TOYKaX BUKOHYIOTbCS MNOTPIOHI (yHKIIT
00po6ku ganux. /st o6poOKku naHux 13 6a3u JaHUX IMIIOPTYETHCS OMKCaHa CXema, a
MOTIM 3aCTOCOBYIOThCS (PYHKIIIT mongo 3 MOTPIOHUMH IMapaMeTpaMHu.

const router = require("express”). Router();
const Comment = require("../models/Comment");
router.get("/", async (req, res) => {

try { const comments = await Comment.find();
res.status(200).json(comments),

} catch (err) {
res.status(500).json(err);

/
P28

['omoBHMIT (aitn 3 SKOro MOYMHAETHCS CTAPT KIEHTCHKOI YaCTUHU TaK SKHUM

00'e/THy€ TIeBHI TJI00aIbH1 KOMIIOHEHTH 11e App.js

import "./main.css";

export const UserContext = createContext(); function App() {
const { user } = useContext(AuthContext);
return (

<Router>

<UserContext.Provider value={user}>
<Switch>

{user ? (

<>

<Topbar />

<div className="homeContainer">

<>

<Route path="/login">
<Login />

</Route>

<Route path="/register">
<Register />

</Route>

</>

)}

</Switch>
</UserContext.Provider>
</Router>

)’.

/
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export default App;

InTepdeiic cepicy coniaabHOI Mepexki.
[Ipu mepmomMy 3axofy y AOJaTOK MOTPIOHO aBTOPU3YBATHCS, TaK SIK yCs
HACTyIHa poboTa Oyjie BUKOHYBATUCS BiJ] IMEHI aBTOPH30BAHOT'O KOPHCTYBaya.

Moyta

Mapone

HaBKono Bac Ha linkUA.

Zabynu napons?

PucyHok 8 - ABTopu3auisi Ha cepsici

[Ticnst aBTOpM3alii Ha CEpBICl aBTOMATHUYHO IE€PEHAINPABISIETECS HA TOJIOBHY
cTopinky. CTpyKTypa CalTy MOJUIIE€ThbCs Ha: HapiramiliHy maHesb, IIANKy CauTy,
OokoBe MeEHIO 1H(opMallii Ta IEHTp sKiM MICTUTH 1H(pOpPMAII0 MPO TOTOYHY
CTOPIHKY. Y HaBiramiiHuM MmaHe i MOXXKHa NEPETJITHYTH CITUCOK JOCTYIMHUX CTOPIHOK,
cepen skux €: Crinka, Yatu, Kananmu, 3anuranns, Po6ora, [Toaii, Crtatuctuka. [1pu
HaTHCKaHHI Ha BIJIMOBIIHE MOCHJIAHHS TIEPEUTH Ha MOTPIOHY CTOPIHKY (puc.9-10,11).

Link A Q, & 28 a
B Criesa
3flapona
B sm X
. anwd o

&L Kanani
@ 3anwrannn
(Y Posora
B nogi
M CTATHCTHHE

bchdan

rageR

test123

testgwel

FwEWET

_ E=

Pucynok 9 - Cropinka 4yariB
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- y oo |

R Crimea

VEIMAHAMM  KAHANA K]0 SRV ML MOT KAHAH THORHTA Wil KAHAN

B
Indoprayin npa KOpACTYBaYa
an Hamank v image 113733 1
i
@ zarwrams
CnigkysasnA
[ Potom . Taae 101
Noura
B nosi
PolioTh
A Cratmctukn . Tust name
s
bohdan et i olher umer 3 11 07202 1 FaPANATHA
Amcmis
rogety
Bewt in other user 11,07 022
test123 Apy3i koprcTymasa

testgwel best 1137

gwelWE

sedasdl

Bohdan

i Tud TR TP DV e 1
|ipopaalgs Npo KOpACTYBINS
et CALgFBsHIE
Mierita
GaECWEL
i nepuimA nocT) Pob

andant|
[ [ ESrE e - ]

Pucynok 11 - Cropinka npodii kopucryBada

BucHoBkwm.

B nmanni#i crarri Oyno pO3IJISHYTO HAWBKIIMBIIIL alrOpUTMU 1 CleHapil
BUKOPHUCTAHHS CEPBICY, Ta MPOaHATi30BaHO B3aEMO/III0 CUCTEMHUX KOMIIOHEHTIB M1XK
coboro. byno mpencraBiieHO apXITEKTypy BeO-A0JaTKy Ta HEOOXITHI YMOBHU st
posroprtanHs. [IpogeMOHCTPOBAaHO OCHOBHI CTOPIHKU Ta BIKHA 3 iX (YHKI[IOHAJIOM y
nonatky. 3a ponomororo UML monentoBaHHS 3/1MCHEHO MpOLIEC MPOEKTYBAaHHS Ta
peaiizallisi aJrOPUTMIB pPOOOTH CHUCTEMH, MPEJCTABICHO KIIEHTCbKY Ta CEpPBEPHY
YACTUHY apXITEKTYpy COIaIbHOT MEPEexI.
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Abstract. The object of the research is the analysis and application of modern technologies in
the creation of social networks. The article presents models and research methods in social
networks.

With the help of UML modeling, the process of designing and implementing the algorithms of
the system was carried out, the client and server part of the architecture of the social network were
presented.

The article proposes the creation of a social network for the Ukrainian-speaking audience
using the Node.js platform and the React.js library.
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ANALYTICAL DESIGN OF THE LINEAR STRUCTURE PROFILE
AHAJIITUYHE ITPOEKTYBAHHS ITPO®LITIO JITHIMHUX CIIOPY /I
Radov S.G. / Panos C.T'.
c.t.s., as.prof. / k.m.H., 0oy.
ORCID: 0009-0003-5721-996X
Kuznetsova O. V. / Ky3neunona O.B.
senior lecturer / cmapwiuti 6ukiaoay
ORCID: 0009-0006-2189-7306
Cherkasy State Technological University,
Cherkasy, Shevchenko boulevard 460, 18006
Yepracvkuil OepaicasHull mexHoL02iuHULL YHIBepcumen,
m.Yepkacu, oynvseap Lllesuenxa 460, 18006

Anomauin. Cmamms npuceésaueHa OnNMuMizayii NPOEKMHO20 NpPo@inio NIHIUHUX CHOpYO
AHANTMUYHUMU MeMOoOaMU 34 OCHOBHUMU KpUmMepismu ONMmuMaibHoCmi (MiHiMmizayis pooouux
NO3HAYOK, OANAHC | MIHIMYM 3eMIAHUX POOIM, PAHUYHE 3HAYEHHSA NPOEeKMHO20 YXUy). Pozenanymo
aHanimuuyHe  NPOEKMYGAHHA  Memooamu  HAUMEHWUX  Keaopamie ma  KeaopamuiHo20
npocpamyeants. Po3pobieHo memoouxy 6piGHOBANCEHH NPOEKMHUX NO3ZHAYOK MOYOK NepeSUuHy
npo@inio, 8 MoMy YUCTL 3 YPAXYBAHHAM 8A208UX KoeqhiyicHmie 6n1ugy poboyux no3HAYoK Ha balaHc
semaanux pobim. Ilokazano, wjo 011 6paxy8amHs 000AMKOBUX YMO8 ONMumizayii wjooo cymu
POOOYUX NO3HAYOK MA 2PAHUYHO20 YXULY, OOYLIbHO SUKOPUCIOBY8AMU MEMOO KEaOpamuyHo20
npoepamyeants. HageOdeHi npuxnaou amanimuyHo2o0 NPOEKMYBAHHA MNOB3008IHCHLO2O NPOQINIO
OLIAHKU A8MOMODIILHOT 00pO2U.

Kniouosi cnosa: ninitina cnopyoa, nog3008xcHitl npo@inte, poboua nosHauxa, Kpumepii
ONMUMATLHOCMIE, MEMOO HAUMEHWUX K8AOpamie, Memoo K8aOpamuyHo20 NPocpamy8aHHs.

Berym.

VY mpakTuill NpoeKTyBaHHs JIHIHHUX CHOPYJ BUKOPHUCTOBYETHCS, SIK MPABUJIO,
rpadoaHaTITHYHUM CIOCIO 3 TOCTYMOBUM HAOIMKEHHSM J10 TPUUHATHUX MPOEKTHUX
pilieHb. AHAMITUYHUHN c1OCiO € OUIbII MEPCHEKTUBHUM JJIsi aBTOMATH3allll MPolecy
MPOEKTYBaHHS, 3a0€3MeUeHHsI KPUTEPIiB ONTUMAIIBHOCTI Ta TOYHOCTI PO3PaXyHKIB.

JlocHiPKeHHST aHANMITUYHOTO TMPOEKTYBAaHHA MPO(UI0 JIHIKHUX  CIOPYI
HaBeneHi B mpargsx [1,2,3,4] ta immmx. B mpami [4] HaBOmMThCS METOIMKA
BpPIBHOBaXEHHSI POOOYMX TO3HAYOK METOJAOM HaWMEHIIMX KBajApariB, ajie 0e3
3abe3rneueHHs OanaHCcy 3eMisiHUX poOiT. B crarti [3] 3ampornoHOBaHO CKJIaIHUN
AJTOPUTM TOCIIIOBHUX HAOMKEHB IS IPOEKTYBAaHHS MPOoQUI0 13 3a0e3MeUeHHIM
OanaHCy Ta MiHIMYMY IJIOII HACUITY 1 BUIMKH IPYHTY B3JI0BX Tpacu. B mpaisax [1,2]
HAOUIbII TOBHO PO3IJISHYTE AaHAJITUYHE NPOEKTYBAaHHS pOOOYMX TIO3HAYOK 3
JOJICp>)KaHHAM OajlaHCy 1 MIHIMYMY IUIOIT HACUITY 1 BUIMKHU Ta 3 ypaXyBaHHSAM Pi3HHUX
KpUTEPIiB ONTUMAJIBHOCTI 1 BaroBUX KOEQIIIEHTIB, IKE OCHOBaHE Ha HAOIMKEHOMY
BHU3HAUEHHI MPOEKTHUX YXUJIIB 1 MO3HAYOK IIEHTPIB TSKIHHS AUITHOK MPOQ1IIO.

B ocHOBy aHamiTUYHOrO MPOEKTYBaHHS MOB3JOBKHBOTO MPOPUIIO JTIHIMHUX
cropyjl TOKJIAJeHO ONTHMIi3amito MeTonamu HaWMeHmux kBampatie (MHK) Ta
kBaapaTuuHoro nporpamyBaHHs (MKII) minboBux ¢yskmit F = f(r)Big podounx

MO3HAYOK (7;), AK1 3anexarh Bl (paktuunux (H;) Ta NpoekTHUX (Z; ) MO3HAYOK
penbedHUX TOYOK (puc. 1)
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=2, — H, (i=12,...n). (1)

B 3anexxHocTi Bif BUMIALY IIbOBOT (DyHKIII MPUHHATO PO3ALISATH HACTYIHI
criocobm orrrmmizarii [1, ¢. 108]:

a) MiHimizawii po6oumx mo3Hauok — F =) r’ =min;

6) MiHiMi3auii GanaHCOBHX POOOYMX MO3HAYOK — F =) pr’=min, e p —
Koe(ILI€HT BIUIUBY poO0OYOi MO3HAUKHU HA OanaHC 3eMIISTHUX POOIT.

KpiMm nomatkoBux yMmoB omtumizaumii  ».r=0 Ta > pr=0 Merox

KBaJIpaTUYHOTO MPOTpaMyBaHHs [03BOJSIE 3a/laBaTd TIPaHUYHE 3HAYCHHST (u,,)

.

MPOEKTHUX YXHIIIB (u) Ha Tpodiil y BUTIIAII HEPIBHOCTI ‘u‘ < ‘uep

VY3araJibHEHHSI JOCBIAYy BUKOPHUCTAHHS PI3HUX TEXHOJIOTIA I 1HXKEHEPHO-
I€0JIC3UYHOTO  TPOEKTYBAHHS  JIHIMHUX  00'€KTIB  3yYMOBIIOE  HEOOXIAHICTH
3aCTOCYBaHHS CTPOTOTO CIOCO0Y OMNTHUMI3ZAIlli MPOEKTHUX PIIIEHb 3 MOXJIUBICTIO
aBTOMaTH3allli.

Metorw cTaTTi € po3poOKa aJIrOpuTMy ONTHUMI3AIT MPOEKTHOTO MPOPUIO
JIHIAHUX CIOPY/ aHATITUYHUMHU METOJIAMH.

Pe3yabTaTu i NOSICHEHHS.

[IpoekTyBaHHS TOYMHAETHCA 3 TOOYIOBHM (AKTUUYHOTO TOB3OBKHBOTO
npodiro (puc. 1) Ta BCTAHOBJICHHS JUISHOK 3 OJTHAKOBUM IMPOEKTHUM YXUIIOM MiXK
TOYKAMU 3 JIOKAJIBHUMHU EKCTPEMAJIbHUMH 3HAYEHHSMH (PAKTUYHUX TO3HAYOK
(manpuxnan, austHky 1-5, 5-9 Ta 9-12).

10
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Pucynok 1 — IToB3noB:xuiii npodian Jginilinoi cnopyau npu > pr? = min.

[IpoexTHHIl yxua Ha OKpeMmid AUISHII TpoduIo (puc. 2) BHU3HAYAETHCS 3a
dhopmyIioro:
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u, = L= 12 (2)

ne Z;o Ta Zj — NPOEKTHI IIO3HAYKH IT0YATKOBOI Ta KIHIEBOI TOYOK j JUISHKU IPOQLI0
(=1,2,3,...,m) 3 TIPOEKTHUM YXWIOM u;; m — KUIbKICTb JUISHOK HpopLI0 3
OJIHAaKOBUM HaxuiioM; (k+1) — kuibkicTh TO4OK (i=0,1,2,...,k) Ha j aiasHIl podio;
D; = Xjx - X0 — OOBXuUHA j OUIAHKU Npodumo; Xj; — MIKETaXKHE MOJOKEHHS
BIZITIOBITHOT TOYKHU TPOQITIO.

[IpoexTHI MO3HAYKU (Z;;) TPOMIKHHMX TOYOK AUISHKH HNPO(MIUI0 BU3HAYAKOTHCS
3a MPOEKTHOIO MO3HAYKOIO (Z;0) MOYATKOBOI TOUYKH BIJNOBIAHOI JUISIHKY 3 YXWIOM U;

(puc. 2):

Zj.:’ = z:,r'.ﬂ + ujxj.:'a (3)

ne xj; = X;; — Xjo — BlJaJeHHs] HOTOYHOI TOYKH BIJl TOYATKOBOI TOYKH j IIISTHKH
npoduTto 3 ogHakoBUM yxuiioM (i=1,2,3,....k).

ik

J,0

J;,0 Ji1 ji2 J3 Jii Jik-1 Jik

J,0 b1 2 )3 Jii k-1 Jik
< X >
i §

yal

>

PucyHnok 2 — Jlinssnka npoguiio 3 0AHAKOBUM MOB3/I0BKHIM yXHJIOM.
lloznauenns: j — nomep oinanku, D;— ooeocuna oinanxu, i (i=1,2,...,k-1) — nomepu
NPOMINCHUX MOYOK HA OLNAHYI, X;; — 6I00ANEHHs NOMOYHOI MOYKU 80 NOUAMKY
OUIAHKU, d;j+] — 6I0CMAHb MINC CYMINCHUMU MOUKAMU NPOQPITIO.

OanuM 3 KpUTEpiiB ONTHUMAIBHOCTI MPOEKTY JIIHIMHOI cropyau € OanaHc
3eMJISHUX poOIT. SIKIIO MpUMHATH, MO0 IIUPUHA JHIAHOI CHOPYId NPUOIH3HO
OJIHAKOBa Ha yCIX AUISTHKax, TO OajaHC rwiomny Hacumy (Sy) Ta BUIMKH (S;) Ha
MOB3J0BXHBLOMY MPOo( 111 IPU3BOIUTH 10 OanaHCy 3eMIITHUX Mac (AS):

M=M.1{]Dc}f (4)
S +8S o

H B

[lmoma enemeHTapHOl MUISHKKM HacuIily a0 BUIMKH, pO3TAIlIOBAHOI MIX
CYMIDKHUMH TOYKaMH TPodito 3 pobourMu mo3HaukamMu «0» Ta «£r» (Hampukia,
Touku 1-2 Ha puc. 1), 3a7eKUTh BiJl BEIUUYMHU poOOUYOi MTO3HAUKH () Ta BijcTaHi (d)
MDK TOYKaMU 1 BU3HAYAETHCSA 32 BIIOMOIO (POPMYIIOIO IO TPUKYTHUKA:

1
S=5d-r, (5)
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1e 7 Ta d — OCHOBA Ta BUCOTAa TPUKYTHHUKA.

AHaJIOTIYHO BH3HAYAIOTHCS €JIEMEHTApHI IUIONI Ha MIISHKAX MUK TOYKaMH 3
PI3HKMMHU 3a 3HAKaMHU POOOYUMU MMO3HAYKAMU (HAIPUKIIAJ, JUISHKA MIX TOUYKaMH 2-3
Ha puc. 1). B nux Bumajgkax momnepeaHho MOTPIOHO BU3HAYUTHU BIJCTaHI BiJ TOUKH
«HYJBOBUX» POOIT 10 TOYOK MPOPiIItO0:

g —_ml
i.0 |T'!|+|T;:| ik
(6)
B L
SO Inl + Il

ne ri, dio Ta ry, dro — OCHOBH Ta BHUCOTH BIJMOBITHUX TPUKYTHHUKIB. 3HAK POOOUYMX
MO3HAYOK BU3HAUAE HASIBHICTH HA LIN AUISAHLI HACUIY a00 BUIMKH.

Bunanok, koiau Ha CyMDKHUX TOYKax i Ta kK npoduio podoUi MO3HAYKH OJTHOTO
3HaKy (HampuKiaja, MiXk Todkamu 3-4 Ha puc. 1), IPUBOIUTH A0 JBOX TPUKYTHHUKIB 3
PI3HUMU OCHOBaMH (7, ) Ta OJHIEI0 BUCOTOIO (d; k).

OckUIbKM KOKHa MpOMIXKHA poOoya TMO3HAYKa Ma€ BPaXOBYBATHCh IS
OOYHMCIEHHS TUIONI IMOMEPEAHbOTO0 Ta HACTYMHOIO TPUKYTHUKA, BHUCOTH IS
MPOMDKHMX TOYOK BU3HAYAIOTHCS SIK PI3HUIIS MIKETAKHOIO IMOJIOXKEHHS HACTYITHOL
(Xi+1) Ta monepeaHboi (Xi.1) TOUOK:

d; = Xip1 — Xios (7)

Jns  aunanimuunozo npockmyeannsa napamempudynum cnocooom MHK
NpUIMEMO 3a HEBIIOMI ITapaMeTpy MPOEKTHI MO3HAYKU NOYATKOBUX (Z;¢) 1 KIHIEBUX
(Z; k) TOUOK TUISHOK MPO(III0 3 OJHAKOBUM IPOEKTHUM YXUJIOM Ta BCTAHOBHUMO, 1110
ix HaOM>KeH1 3HaYeHHS Z' TOPIBHIOIOTh (PaKTUYHUM To3HauKkaMm H (puc. 2):

Z Ij.ﬂ = I 0,

Z‘rj.k = Hj.k .

(8)

Jlns oOumcneHHs: HaOMMKEeHUX 3HAa4eHb MPOEKTHUX YXHWIIB (#'7) Ta MPOEKTHUX
HO3HAYOK (Z'; ;) IPOMIKHUX TOYOK IpodiTto ckopuctaemocs popmynamu (2, 3).

PoGoui nosnauku r; (i=1,2,3,...,n) moB'si3aHl 3 napameTpamMu Zjo Ta Zji
(=1,2,3,...,m) mapaMeTpUYHUMH PIBHSHHIMHU 3B’A3KYy, SIKI y 3araJlbHOMY BUIAJKY
MalOTh BUTJISL:

vi=fi(Z1o; 21572205 224723055 Lin-1x7ZLmo; Zmi), 9)
a00 B MPUMHATHUX MTO3HAYCHHSX (pUC. 2) I { MPOMDKHOI TOYKH Ha j TUISTHITL:
X - x. -
— _ — L gt
0= (Gt w) ~ M= Go(1- 3 )+ u T ~Hu (0
j j

1€ j — HoMep OUISHKM; D; — NoBXkUHA j OUIAHKY; [ (i=1,2,...,k) — HOMep MOTOYHO]
IPOMIXHOI TOYKH Ha j IUISHLI; Xj; = X;; - Xjo— BIIJAJICHHS | HOTOYHOI TOYKH BiJ
MOYaTKYy j JIJISTHKH.
[Tepeiinemo Bija piBHSAHHS 3B’s3Ky (10) a1 i MpOMIKHOI TOYKM HA j AUISHII J0
[apaMETPUYHOTO PIBHSHHS TONPABOK (POOOUYUX MMO3HAYOK 77;)
Qjoljo+ il + 1L =15, (11)

ne Ajo , Ajx — NONPaBKU A0 HAOIMKEHUX 3HAUYEHb MPOEKTHUX MO3HAYOK Z'o , Z'j .
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KoedinienTn mapamMeTpuuHuX piBHIHB NOMPABOK IS (i) TPOMIKHOI TOYKH, 110
po3TarioBaHa M mo4aTkoBoto (j,0) Ta KiHIeBo (j,k) Toukamu (j) TIISHKH, 3T1THO
(10) BuzHauarThCs 32 HOpPMyJIaMU:

@o=1-23 13 g, =2 (12)
0 =1——2- e =7 -
] D}- J Dj

BinbHMI uieH mapaMeTpUYHOTO PIBHSHHS MOMPABOK BU3HAYAETHCS I KOXKHOI
TOUYKU 3a HAOJVMIKEHUM 3HAUYEHHSM IpPOeKTHUX (Z';;) Ta daxktuuHux (/H;;) mo3Hauok
TOYOK MPOLITIO:

f

HanumeMo B MaTpyUyHOMY BUIJIAJl CUCTEMY MapaMeTPUYHUX PIBHSIHb
MOMNPABOK, NpHUIIMalOYM 3a TMOMpPaBKU pPoOOYl MO3HAYKKM B penbedHUX TOUKaX
npoduto (To0TO, poO0Ul MO3HAYKH #; — 1€ MOMPABKU /10 (PAKTUUHUX MO3HAYOK TOYOK
H; nnst onep>kaHHs iX MPOEKTHUX 3HAYEHbD Z;):

A-A+L =R, (14)

ne A — matpuis koedimienTis (12) mapameTpUuyHUX PiBHSAHB HOMPABOK;
L — BekTop BUTbHUX wieHIB (13) mapaMeTpUyHUX PiBHSAHB MONPABOK;
R — BekTop pobounx nmo3uadok (11) Touok mpodinro;
A — BEKTOp MOTPABOK 10 HAOIMKEHUX 3HAYEHB MPOEKTHUX MO3HAYOK.
Jlig BU3HA4YEeHHs HEBLAOMUX MOIpaBok A; (7=1,2,3,...,m) CKIaJa€eTbCsI CUCTEMA
HOPMaJIbHUX PiBHSHB:
(ATPA)-A+ (ATPL) =0, (15)

ne P — niaroHajgbHa MaTpUIlS BaroBUX KOe(iIi€HTIB.

PoGoui mo3HauKKM TOUYOK TpPodiI0 BU3HAYaAKOThCA 3a ¢opmynoo (11).
OcTaTo4HMii KOHTPOJIb BPIBHOBAXEHHS MOJISITa€ B MOPIBHAHHI POOOYUX MO3HAYOK,
onepxkanux 3a ¢popmynamu (11) Ta (1). Jnsg 1iporo 3a BpiBHOBAXKEHUMHU 3HAYECHHSIMU
oOpaHHX apaMeTpiB

Z=Z;+4, (16)

OOYHCIIIOEMO TMPOEKTHI YXWIU (2), MPOEKTHI MO3HAYKU YCIX MPOMDKHUX TOUYOK
npodiio (3) Ta podoui mo3zHauku (1).

Koutpons o0uncieHHs [pr?] npu mapaMeTpu4yHOMY CIoco0i BPiBHOBaKEHHS

MO’HA BUKOHATH 3a opmyiiamu [5, c. 39]:
[Prz] = [p:'a:'.lla'] ) ﬂl1 + [p:'ﬂ:'.zla'] ’ '5‘2 + -t [p:'a:'.n‘!:'] ’ ﬂm + [p:I:I:] (17)

Jlna minimizayii pooouux nosnauoxk MHK BcTaHOBIIOEMO pPIBHI 3HAYCHHS
BaroBUX KoediIieHTIB (Hapukiaza, p~=1), To0To o04ucioeMo pododi mo3HaUKu (7;)
IIpH YMOBI Y 1 =min.

B Hamomy mpukiazi 3aipo€KTYEMO TPU JUISTHKA 3 OJHAKOBUMHU MPOEKTHUMHU
yXWIaMud — JOUISHKA MDK Toukamu 1-5, 5-9 ta 9-12. Ilpumiimemo, mo mija dYac
MPOCKTYBAaHHS MMO3HAYKU MOYATKy Ta KIiHI Tpacu HE 3MIHIOIOThCS, ToOTO Z1=H; Ta
Z1»=H1>. Toal HEBIIOMUMU MMapaMeTpaMH 3aJIMIIAOTHCS MPOEKTHI MTO3HAYKHU Zs5 Ta Zo.
Takum urHOM, HAOJMMIKEH1 3HAYEHHS MPOEKTHUX MO3HA4Y0oK (Z') aist Touok 1, 5, 9 Ta
12 nopiBHIOIOTH 1X PaKTUYHUM TT03HaUKaM (H).
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3a pesynbpratamu BpiBHOBakeHHT MHK maemo Z5=9,038 M Ta Z9=5,622 w,
[*1=1,992, a Buaumi Ha npodini miomi Hacuny S,=82,10 M* ta BuimMku S;=52,97 M2,
o 00YHMCIIeHl 3a BIJMOBIIHUMU POOOYMMH IO3HAYKAMHU 7;, TOKa3ye, MO OajaHC
3eMJITHEX poOIT ckiagae AS=21,6 %.

TakuM 4YMHOM, ONTHMIi3allis pOOOYMX IIO3HAYOK 3a YMOBH [r’]=min He
3abe3neuye OalaHC 3eMIISTHIX Mac.

Cnocio minimizauii 6anancosux pooouux noznauok peanizyerbcs MHK mpu
yMOBi Y pr’=min BpaxXyBaHHSAM BaroBux KoeQiLieHTIB (p;), AKi BCTAaHOBIIOIOTHCA 3a
BIJICTaHSIMU BIJl MOTOYHOI TOYKU (i) A0 momepeanboi (i-1) Tta mo HactymHoi (i+1)
TOYOK:

P =di_q;+ i1 (18)

Bimomo, mo Ha pesynpraTé BpiBHOBaxkeHHs MHK BmnmmBae cmiBBiIHOIICHHS
Bar, a He ix BenmmuuHA. [Ipu oMy OakaHo, MO0 Bara OKpeMHUX pe3yJbTaTiB Oyia
65m3bKOI0 710 onuHUI. Ha moB310B)KHROMY Mpodii TIHIMHUX CIOPY BiICTaHI MIXK
MIKEeTHUMHU TOYKaMH cKJaaaroTh d=100 M, TOMy NMPOMOHY€ETHCS Bary BCTaHOBIIIOBATH
3a opmynamu:

py = dy5/200;
P = (di_y;+ d;;41)/200 (i=234..,n—-1) (19)
pn = dn—l.nszi‘l]o-

ne d;i+; = Xi+; — X; — BlACTaHb MK TOYKaMH po¢11ro 3 Homepami (i) Ta (i+1).
KonTtposnem obunciienss Bar 3a popmynamu (19) € ix cyma:
Xp; = D/100, (20)

ne D = X, — X; — 3arajibHa IOBXXWHA TPACH.

3a pesynpratamu BpiBHOBakeHHs MHK maemo Z5=8,936 M Ta Z9=5,643 WM,
[pr*]=0,957. IIpoekTHuit npodins, MoOy0BaHUI Ha OCHOBI MiHiMi3awii OanaHCOBUX
poboYMX MMO3HAYOK 3a YMOBH [pr’]=min, HaBenenuii Ha puc. 1. Sk i ouikysamocs,
MOKAa3HUK OalaHCy BUAMMHUX Ha PO IO 3eMIITHUX POOIT 3HAYHO MOKPAIIHUBCS
Ta ckiagae 9,6 %.

Ananimuune npoekmyeanns MKII tmonsrae B 3HAXO/KEHHI 3MIHHUX
napaMeTpiB MpU €KCTpeMalbHOMY (MakCHMajJbHOMY ab0 MiHIMAJbHOMY) 3HAa4YeHHI
IJIbOBOI (PYHKIIII APYTroro mopsAKy Ta CUCTEMHU JITHIMHUX 0OMexeHs [6, ¢. 91].

Crin BiI3HAYMTH, IO BUKOPUCTAHHS METOAA KBAJPATHYHOTO MPOTPAMyBaHHS
s MiHiMizanii  pobounx (F=Yr’=min) abo 6GamaHCOBMX PpOOOYMX MO3HAYOK
(F=Ypr’=min) 6e3 DOJATKOBUX OOMEKEHb NPUBOIUTE IO PE3yJIbTATIB, OACPKAHUX
METOJIOM HaMEHILIUX KBaJIpaTiB.

3 TOYKH 30py MPOEKTYBAHHS JIHIMHUX CIOPYA HAWHOLIBII aKTyaIbHUMHU €
3a0e3nedeHHs] MiHIMyMy poOOYHMX TIO3HAYOK, OajaHCy 3€MIITHHX pOOIT Ta
0OMEKEHHS MPOEKTHUX YXUIIB TPAHUYHUMU 3HAYCHHSIMH.

Ils 3amaua Moke OyTH BHpIII€HA, HANpPHUKIaA, 3 BUKOPHUCTAHHAM CEpBICY
«ITomyxk pimenHs» enekTpoHHUX Tabmuik «Microsoft Excely [1, ¢. 110]. [ns uporo
3a ¢opmynoro (11) ckmamaerbes TaOMMIS TApPAMETPUYHUX PIBHAHD MOMPABOK
(poboumx MO3HAYOK r), siKa BKIIOYA€E Bary (p), koedimienTu (a) Ta BubHI uieHH (/)
piBHsHB. LI po3paxyHKH, sSIK 1 B METOJI HAWMEHIIMX KBaJpaTiB, BUKOHYIOTHCS IS

ISSN 2567-5273 95 www.moderntechno.de



Modern engineering and innovative technologies Issue 30 / Part 1 ﬁw

HAOMKEHUX 3HAYCeHb OOpaHMX HEBIAOMHX IapaMeTpiB — MPOCKTHUX IMO3HAYOK
MOYATKOBUX Ta KIHIEBUX TOYOK JIUISHOK 3 OJHAKOBUMHU yxwmiamu. [Jlami
PE3EPBYIOTHCS KIITHHKUA I TONpPaBoK (AZ) 1o HEBigoMHX mapameTpiB (Z) Ta
KOJIOHKH /ISl OOYMCIIEHHS pOOOUNX MAa03HAUOK (7;) 1 m0OyTKiB (pi#;) Ta (piri), B AKUX
3aMUCyIOThCS GOPMYIIH BIOBIIHUX BEIUYUH:

— poOOYMX MO3HAYOK 1; = A; 4 " Ay +@;0 - Ay + -+ a;,, - A, +1;;

— 10OyTKIB Barv Ha po0o4y MO3HAYKY p;7; Ta iX CYMY Y. pit';

— I00YTKiB Baru Ha KBaJpaT poOOYMX MO3HAYOK P72 Ta iX cyMy Y. pir.

Jlis BUKOHAHHA ONTHUMI3alii 3amoBHIOETbCS Qopma «IlapameTpu momryky
PILICHHS:

— BKa3y€TbCsl KIITHHKA TaOJUIl, B SAKIA OOYMCIIOETHCS 3HAYEHHS ILJIHOBOI
Gynxuii — > pirs;

— MO3HAYAETHCS YMOBA ontuMizaiii — « MiIHIMym»;

— BKa3YIOTbCSI KIIITUHKH, SIK1 3ape3epBOBaH1 JJIs HONPaBOK AZ;

— BKa3y€EThCS KIIITUHKA TaOJIUIT, B SIKIM OOUHCITIOETHCS Y pi7i, Ta YMOBA «=0»;

— 3HIMAETHCS TO3HAYKA, 1110 3MiHHI MOXKYTh OYTH TIJIbKH JTOJATHHMH.

Ontumizamis  1winboBoi  QyHKUii F=[pr’]=min Me€TOZOM KBaIPaTUYHOIO
nporpaMmyBaHHS 3a YMOBU [pr]=0 moka3ye, IIO0 CIIOCTEpIraeTbcs OajaHC IUIONI
HACHITY Ta BUIMKH — Sy, = S; = 68,91 M>.

3 MeTOI0 3a0e3MeYCHHS TOMMYCTUMHIX 3HaYeHb MPOCKTHUX YXUJIIB

ly| <u,  (G=123..,m) (21)

CKJIaIal0ThCS IOJIATKOBI JIiHIIHI HEPIBHOCTI

Zik 2o

',
D;

—uy, <0, (22)

1€ Urp. — TPAHUYHE 3HAYEHHSI IPOEKTHOIO YXUITY.
ITicns meperBopeHHs (22) onepKuUMO MapaMmeTpudHy ¢GopMy HEpIBHOCTI Yy

BUTJISAL:
No—Ax+D - (Ju] —u,) <0, (23)

ne Ajo Ta Ajx — IONPaBKU 10 HAOIMKEHUX 3HAYEHb IIPOEKTHUX MO3HAYOK I10YATKOBOI
Ta KIHIEBOI TOYOK (j) JUISHKU 3 IPOEKTHUM YXWIIOM u;; D; — NOBKUHA (j) ITSHKH.

[TapameTpuyHi HEPIBHOCTI AJI YXWIIB JIOAAIOTHCS 10 OOMEKEHb B MapaMeTpax
MIOIITYKY PIIICHHS.

BucHoBkwu.

ABTOMaTH3aIlisl TIPOIECY MPOEKTYBAHHS IMOB3J0BXKHBOTO MPOGUI0 JHIMHUX
CHOPYJ /A€ MOXJIMBICTh MOUIYKY ONTUMAJIbHUX PIlIEHb aHATITHYHUMH METOJaMU
HalMEHILMX KBAJpaTiB Ta KBAIPATUYHOTO MPOTPAMyBaHHS 3a PI3HUMU KPUTEPISIMHU.

He3anexxno Big 00paHMX KpUTEPIiB ONTHUMI3alli Mpoleaypa aHaliTUYHOrO
MPOEKTYBAHHS TOYMHAETHCS 3 aHami3y (aKTHYHOTO MPOQiIo, MOOYIOBU TPEHIY
penbedy Ta CKIAJaHHS TapaMeTPUYHUX PIBHSIHL M1 POOOYMX TO3HAYOK, IO
CIPOIILY€E aJTOPUTM ONTHUMI3allii 1 pO3pOOKY KOMIT FOTEPHOI TPOTPaAMH.

B po6orti 3anpononosani yHigikoBani 111 MHK ta MKII cnoco6u Bu3HaueHHs
Koe(iIieHTIB MapaMETPUYHUX PIBHSIHb, BCTAHOBJICHHS BaroBUX KOE(QIIIEHTIB Ta
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OIIIHKM OajaHCy 3eMJISTHUX POOIT, a TakoXX mapamerpuyHa (Gopma HEpiBHOCTI IS
TPaHUYHOTO 3HAYEHHSI MPOEKTHOTO YXUITY.

PesynpTatn poOOTH MOXYyTh BUKOPHCTOBYBATHCS JJIs IiJIBUIECHHS SKOCTI Ta
ONITHMI3AaIli] MPOEKTHUX PIllIEHb TOB30BKHBOTO MPOQPLIIO JHIKHUX CIIOPY.
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Abstract: The article considers the analytical methods used to optimize the linear structure
design profile taking into which utilizes the main criteria of optimality (minimization of working
marks, balance and minimum earthwork, and the limit value of the design slope). There has been
considered the analytical design applying the methods of least squares and quadratic
programming. The authors developed and offered the methodology that can be used to balance the
design marks of profile inflection points, taking into consideration the weighting factors of the
working marks influence the balance of earthworks. The quadratic programming method has been
proven to be efficient and offered to be used when it is necessary to take into account additional
optimization conditions regarding the sum of working marks and the marginal slope. The examples
of how the longitudinal profile of a road section is analytically designed are introduced.

Key words: linear structure, longitudinal profile, working mark, optimality criteria, least
squares method, quadratic programming method.

ISSN 2567-5273 97 www.moderntechno.de



‘ _

Modern engineering and innovative technologies Issue 30 / Part 1 ﬁ \

http://www.moderntechno.de/index.php/meit/article/view/meit30-00-044
DOI: 10.30890/2567-5273.2023-30-00-044

UDC 624.012
DESIGN AND CALCULATION OF REINFORCED CONCRETE
STRUCTURES
Hud M.I.
c.t.s., as.prof .
ORCID: 0000-0001-8793-3193
Meshcheryakova O.M.

senior lecturer

ORCID: 0000-0003-1563-9870

Kachor A.V.

Student gr. MBm-61

Ternopil Ivan Puluj National Technical University ,

Ternopil, Ruska, 56, 46001

Hud V.L

Post graduate student.

Ternopil Volodymyr Hnatiuk National Pedagogical University ,
Ternopil, Maxyma Kryvonosa, 2, 46027

Abstract. The article explores the essential principles and methodologies involved in the
design and calculation of reinforced concrete structures. Reinforced concrete has become a
fundamental material in contemporary construction due to its versatility, durability, and ability to
withstand various environmental conditions. This article aims to provide a comprehensive overview
of the key aspects involved in the design process, encompassing structural analysis, material
considerations, and safety factors.

The discussion begins with an examination of the fundamental properties of concrete and
reinforcement materials, highlighting their interplay in achieving optimal structural performance.
Subsequently, the article delves into the principles of structural analysis, addressing the importance
of understanding load distribution, moment-resisting systems, and other critical factors that
influence the design process. Practical examples and case studies are incorporated to illustrate the
application of these concepts in real-world scenarios. Furthermore, the article emphasizes the
significance of complying with relevant design codes and standards, ensuring that the resulting
Structures meet safety requirements and industry regulations. Special attention is given to the
various limit states, including serviceability and ultimate limit states, guiding engineers in the
development of robust and resilient designs.

In addition, the article discusses the role of computer-aided design (CAD) and finite element
analysis (FEA) tools in enhancing the efficiency and accuracy of the design process. These
technological advancements empower engineers to simulate complex structural behaviors, optimize
designs, and assess the performance of reinforced concrete structures under different loading
conditions. The integration of sustainability considerations in reinforced concrete design is also
explored, underscoring the importance of eco-friendly practices and materials to minimize the
environmental impact of construction projects.

In conclusion, this article serves as a valuable resource for engineers, architects, and
construction professionals involved in the design and calculation of reinforced concrete structures.
By providing a comprehensive understanding of the principles, methodologies, and technological
tools involved in the design process, the article aims to contribute to the development of safe,
efficient, and sustainable structures in the field of civil engineering.

Key words: concrete, precast concrete, monolith concrete, reinforced concrete, finite element
analysis, computer-aided design.
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Introduction.

Reinforced concrete, with its unique combination of strength, durability, and
versatility, stands as the backbone of modern construction. As populations burgeon
and urban landscapes evolve, the demand for innovative and structurally sound
solutions becomes increasingly paramount. In response to this imperative, the article
titled "Design and Calculation of Reinforced Concrete Structures" embarks on a
journey to unravel the intricate processes involved in creating robust and resilient
structures.

This article serves as a comprehensive guide, delving into the fundamental
principles that govern the design of reinforced concrete structures. From
understanding the properties of concrete and reinforcement materials to navigating
the intricacies of structural analysis, the narrative unfolds with the aim of providing
engineers, architects, and construction professionals with a holistic understanding of
the design process.

Moreover, the article explores the critical role played by technology in
advancing the field. Computer-aided design (CAD) and finite element analysis (FEA)
tools have revolutionized the way structures are conceptualized and optimized,
offering engineers unprecedented insights into the behavior of reinforced concrete
under varying conditions.

As sustainability becomes an increasingly integral consideration in the realm of
construction, this article also investigates the incorporation of eco-friendly practices
and materials in reinforced concrete design. By aligning structural innovation with
environmental responsibility, the article seeks to contribute to the development of not
only safer and more efficient structures but also a more sustainable future for the built
environment.

In the subsequent sections, we delve into the essential components of reinforced
concrete design, exploring the intricacies of structural analysis, material
considerations, compliance with industry standards, and the integration of cutting-
edge technologies. Through a synthesis of theoretical insights and practical examples,
this article endeavors to empower professionals with the knowledge and tools
necessary to navigate the evolving landscape of reinforced concrete construction.

Main text

One of the pioneers of the introduction of reinforced concrete in Ukraine was
engineer S. Rudnytskyi, who worked in Odesa. Between 1889 and 1907, his
construction office built about 100 reinforced concrete tanks on the railroad tracks,
used reinforced concrete in the structures of the Bessarabian Market in Kyiv, the
stearin factory, and some residential and commercial buildings in Odesa.

In 1894, on the initiative of M. Tullier, a reinforced concrete bridge-arch with a
span of 11.05 m was built in the courtyard of the Higher Polytechnic School as an
exhibit for an exhibition held in Lviv at the time.

At the beginning of the nineteenth century, engineers of zemstvos, railroads,
university professors, especially professors S. Prokofiev, Y. V. Stolyarov, E. Paton,
engineers Y. Uspensky, N. Pyatnytsky, A. Ginzburg, V. Leontovych, N. Letunovsky,
I. Kyrylenko, S. Vislotsky, and many others.

In 1901, for the first time in Ukraine, concrete bored piles were used to construct
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the foundations of St. Nicholas Church in Kyiv.

The American Concrete Institute, contains the following basic definitions [1]:

Concrete is a mixture of portland cement or any other hydraulic cement, fine
aggregate, coarse aggregate, and water, with or without admixtures.

Concrete can be classified as composite material and that is a combination of
different components which improve their performance properties. In general case
binder component which can be in hard crystalline or amorphous state is considered
as the matrix of composite material. In concrete matrix phase the grains of aggregates
(dispersed phase) are uniformly distributed.

The largest building with a full reinforced concrete frame was a six-story
commercial bank in Kharkiv (1913, architects A. Rzepyshevsky and N. Vasyliev).
The building is a frame building with a specially designed brickwork infill.

The spread of reinforced concrete structures made it possible to use them in
industrial construction. These include bunkers, silos, re-servoirs and water towers in
Kerch, Yekaterinoslav, Mykolaiv, Khartsyzsk, Yalta, Odesa, etc.

In Ukraine, the most prominent engineering structure made of monolithic
reinforced concrete is the lighthouse in Mykolaiv. It is the world's first structure of
this type. In 1903, engineer N. K. Pyatnitsky and architect A. A. Baryshnikov
designed the lighthouse in three versions (metal, brick, and reinforced concrete). A
feasibility analysis revealed the advantages of the reinforced concrete version. The
lighthouse structure is a cone-shaped tube 36 meters high with a wall thickness of 29
cm. The authors dedicated this work to their teacher, the famous scientist F. S.
Yasinsky. N. A. Belelyubsky participated in the development of the project.

The feasibility of using precast concrete was recognized as early as 1902. Thus,
engineer N. K. Pyatnytskyi wrote that the shortcomings of monolithic reinforced
concrete made it necessary to create a floor that could be laid in finished form on the
site. And in such a way that the molds for its manufacture could be used several
times.

Among the first precast concrete elements were slabs, stairs, pipes, piles, and
elements of reinforced concrete bridges.

Admixture is a material other than hydraulic cement, aggregate, or water, used
as an ingredient of concrete and added to concrete before or during its mixing to
modify its properties. In this section, unless indicated otherwise, these definitions
apply to the terms concrete and admixture [4].

Precast concrete structures are the most common in modern construction. Their
main advantages are high industrialization and the possibility of significant use of
cheap local building materials. It is advisable to use such structures [2,7,4,8] in:

1) residential and civil buildings (large-panel and bulk-block multi-storey
residential buildings, frame-panel general-purpose buildings, elements of floors,
roofs, stairs, foundations, etc;)

2) industrial buildings (truss beams with a span of up to 18 m, trusses with a
span of 18 and 24 m, crane beams with a span of 6 and 12 m, roofs of multi-storey
buildings with a grid of 6x6, 6x9 and 6x12 m columns, shells, foundation beams,
foundations, piles, etc;)

3) agricultural buildings (columns, frames, beams, slabs, arches, wall panels,
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vineyard posts, etc;)

4) in engineering structures (road and railroad bridges-overpasses, transport
galleries, pipes, retaining walls, re-tanks, bunkers, elevators, power line poles, etc;)

5) hydrotechnical and marine structures (buildings of thermal, nuclear and
hydroelectric power plants, dam slopes, quays and piers, coastal protection devices,
etc.)

Monolithic reinforced concrete structures have some positive qualities compared
to prefabricated ones: no joints, indistinguishability of structures, higher rigidity and
monolithicity, which reduce material consumption and increase seismic resistance.
However, their use is economically viable only in the following cases:

1) when it is possible to use reusable sliding or sliding formwork;

2) during the construction of facilities where the use of unified prefabricated
elements is impossible;

3) when concreting structures at the construction site does not slow down the
pace of construction and does not hinder other works at the same time.

In recent years, monolithic reinforced concrete structures have become
increasingly used, they are successfully used in the construction of residential and
general purpose buildings, as well as elevators that are built in sliding formwork (or
interchangeable), in hydraulic and marine construction, etc. Sometimes it is advisable
to use precast concrete structures, which practically do not require formwork (it is
performed by prefabricated parts of the structure) and are characterized by simplicity
and low metal consumption of joints [7].

The structure of concrete is highly heterogeneous; it consists of a simple cement
stone lattice filled with grains of sand and gravel containing a large number of
micropores and capillaries.

In a compressed concrete specimen, stresses are concentrated on the stiffer
particles, so a force tends to break the bond between the particles along the
connection planes. At the same time, compressive and tensile stresses are
concentrated near the pores. And since there are many grains in concrete, tensile
stresses overlap. As a result, concrete with poor tensile strength is destroyed by
tearing in the transverse direction.

The absence of regularity in the arrangement of particles of hardened concrete,
as well as in the location and size of the specimens leads to a scattering of strength
indicators when testing specimens from the same concrete. Concrete strength
increases over time as concrete hardens over years.

Typically, after concrete reaches the age of 28 days, the increase in strength over
time is not significant. Therefore, concrete is tested for compressive strength after 28
days, or the test results are adjusted to the 28-day results by multiplying the strength
values by the correction factors obtained during comparative tests.

The strength of concrete depends on the shape and size of the specimens. In
Ukraine, a concrete cube with a side of 15 c¢m is accepted as a normal specimen; with
a decrease in the size of the cube, the strength increases, with an increase - decreases,
since the probability of defects increases with large sizes. The conversion factors to a
normal cube with a side of 15 cm are as follows: from a cube with a side of 10 cm -
0.91, from a cube with a side of 20 cm - 1.12.
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As the height of the specimen increases, the compressive strength of concrete
decreases, but at 3<h/a<8 (where h is the height of the prism, and a is the side of its
base), the strength of the prisms practically becomes constant.

In the United States, a cylinder with a diameter of 15.2 cm and a height of 30.5
cm is considered a normal specimen. The tensile strength of a cylindrical specimen is
0.7-0.75 of the tensile strength of a normal cube [2].

The concrete class, or cubic strength, is a conditional indicator, since the friction
between the supporting faces of the specimen and the press plates causes a complex
stress state in the specimen. A better idea of the uniaxial compression strength of
concrete 1s provided by testing prisms with a height 3-4 times higher than the side of
the base, since the influence of friction is negligible in the middle part of the prism.

The strength of concrete prisms (prism strength) can be determined by the cubic
strength, since there is a fairly stable relationship between these characteristics: for
heavy concretes, concretes with porous aggregates and porous but not less than 0.72C
[2]:

Serprism= (0.77-0.001 C) C. (1)

The prismatic strength of concrete is used in the calculation of bending and
compression of structural elements (beams, columns, compressed elements of trusses,
arches, etc.).

In the case of a clean cut, which is rare in practice, the tensile strength is
determined by the empirical formula [3,5]

fcw = 0a7\lfckfctk,0 0s OF fcw = 2fczk,o 05 * (2)

Reinforcement of reinforced concrete structures consists of working
reinforcement (rods, wires, ropes), which are placed according to the acting forces,
and structural and installation reinforcement to combine working reinforcement into
reinforcing meshes or cages.

In this case, working reinforcement is divided into reinforcement for reinforcing
conventional reinforced concrete structures and reinforcement for reinforcing
prestressed concrete structures.

The results of many experiments on bending elements up to fracture revealed the
dependence of the stress-strain state (SSS) of these elements on the size of the load.
In the case of a steady increase in load, three stages of stress deformation can be
distinguished [8].

Stage 1. At low loads (bending elements), the stresses in concrete and
reinforcement are small, and predominantly elastic deformations develop in concrete.
The relationship between stresses and deformations is almost linear, and the stress
diagrams in both the compressed and tensile zones can be considered triangular

Stage II. With a further increase in load, cracks appear in the concrete of the
tensile zone, which increase up to the neutral axis; in places where cracks have
formed, the concrete is excluded from operation and only the reinforcement perceives
tensile stress. In the compressed zone, the stress curve in concrete becomes curved.

Stage III. In the case of further load increase, cracks in the tensile zone open,
stresses in the materials increase, and the bearing capacity is exhausted (beam
failure). At this stage, inelastic deformations cover a significant portion of the
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compressed zone, and the stress curve in concrete has a distinctly curved-linear
shape. The criteria for the exhaustion of the bearing capacity are based on the
occurrence of one of three cases. The first is the achievement of the ultimate
deformation of the concrete in the compressed zone ( & =¢, ), the second is the
rupture of the tensile reinforcement (¢ =¢, ) and the third is the loss of deformation
resistance [7,8].

A structure may lose its required performance for one of two reasons [8]:

1) due to the exhaustion of the bearing capacity (destruction of the material in
the most stressed sections, loss of stability of some elements or the entire structure);

2) due to large deformations (deflections, vibrations, settling), as well as due to
the formation of cracks or their large opening.

In accordance with these two reasons, which can lead to the loss of performance
of structures, two groups of their design limit stages are established:

1) by loss of bearing capacity;

2) unsuitability for normal operation.

The basic calculation complexes based on the finite element method and
allowing to perform calculations of reinforced concrete structures are LIRA, Revit,
Tekla. All of them have the ability to create three-dimensional models, calculate the
parameters of structures and produce the necessary documentation.

Summary and conclusions.

The article on the "Design and Calculation of Reinforced Concrete Structures"
has provided a comprehensive exploration of the fundamental principles,
methodologies, and technological advancements involved in creating robust and
sustainable structures. It commenced with an overview of the essential properties of
concrete and reinforcement materials, emphasizing their collaborative role in
achieving optimal structural performance.

The discussion extended to the intricacies of structural analysis, covering crucial
aspects such as load distribution, moment-resisting systems, and the application of
various limit states. Practical examples and case studies were integrated to illustrate
the practical application of these principles in real-world scenarios.

The article highlighted the importance of compliance with industry codes and
standards, ensuring that the resulting structures meet safety requirements and adhere
to regulatory guidelines. Special attention was given to the incorporation of
sustainability considerations, emphasizing the need for eco-friendly practices and
materials to minimize the environmental impact of construction projects.

Furthermore, the role of technology, specifically computer-aided design (CAD)
and finite element analysis (FEA) tools, was explored. These tools were shown to
enhance the efficiency and accuracy of the design process, enabling engineers to
simulate complex structural behaviors, optimize designs, and assess performance
under various loading conditions.

In conclusion, the article underscores the vital role of reinforced concrete in
contemporary construction and provides a roadmap for engineers, architects, and
construction professionals involved in the design and calculation of structures. The
integration of theoretical insights with practical examples equips professionals with
the knowledge necessary to create structures that not only meet safety standards but
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also contribute to a more sustainable built environment. The emphasis on compliance
with industry standards and the incorporation of cutting-edge technologies reflects a
commitment to ensuring that reinforced concrete structures are not only durable but
also adaptable to evolving challenges. As the construction industry continues to
evolve, this article serves as a valuable resource, fostering a deeper understanding of
the intricacies involved in the design and calculation of reinforced concrete
structures, ultimately contributing to the advancement of engineering practices and
the development of safer, more efficient, and sustainable structures.
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