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KOMMNEKC TEXHUYECKUX PELLEHUN
AnsA COBEPWEHCTBOBAHUA CYLWUECTBYHOLWNX METOAOB
AHTUKOPPO3UUHOW 3ALLNTBI MATUCTPATbHbIX
TPYBOMNPOBOAOB

IO. B. Kpbimines, A. E. 3anoabcknii

Tomenvckuil 2ocyoapcmeeH bl MEeXHUYeCKUll YHU8epcumem
umenu I1. O. Cyxoeo, Pecnybnuxa benapyce

Paccmompenvr  ocnognvie  npobnemvl  aHMUKOPPOZUUHOU — 3auumvl  NOO3EMHBIX
Ma2ucmpanrbHulx mpyoonposooos. Ilposeden ananuz sHepeemuyeckou 3@gexmusHocmu cyuje-
cmeytowux cmanyuii kamoouou sawumoel (CK3) u gaxmopos, 6vl3b186ar0uyux HEPAGHOMEPHOCb
3awumuoeo nomenyuana. Ilpednoscen KOMNIEKC MEXHULECKUX PeUleHUll, GKIIOUAIOWULL nepexod K
ungepmopnvim CK3 ¢ MHO20KaHATbHLIM UMAYILCHLIM PEyIUPOSAHUEM, NPUMEHEeHUE AlbmepHa-
MUBHbIX UCIOYHUKOS OJHEp2UU (COMHEeUHbIX NaHenel U 6empo2eHepamopos), OpeaHu3ayuio
PE3EPBUPOBAHHO20  KAHANA MeEIeMempuu ¢ UCHOAb306AHUEM KOPOMKOBOIHOBOU YUDpPogoll
Paouoceszu U GHeOpeHue Heupocemesvix ANoOpumMo8 Oiisk NPOSHOZUPOBAHUS OMKA308 U
adanmugHoco ynpaenenus 3awumot. Ilpusodsamcs pacuemmuvie COOMHOULeHUsT 05 6bIOOPA
Gomosnexmpuueckux npeobpazosameneii U onpeoeieHus napamempos uzonayuu. Peanuzayus
NPEONOJNCEHHBIX Mep NO03B0JAem NOBbICUNL PAGHOMEPHOCMb  PACHpeOeNeHUsl  3auumno2o
nomenyuana, cHu3UmMb 9Hepeonompebdienue u obecnewums asmonomuocms CK3 na yoanenuvix
YUaAcmKax mpacc.

KnoueBble ciaoBa: KaTogHAas 3alllTa, MaruCTPalbHBIA TpyOOmpoBon, 3Hepro’dQexTus-
HOCTb, HHBEPTOPHAs CTAaHLMS, COJHEYHAs TaHeJ b, KOPOTKOBOJIHOBAS PaJHOCBsI3b, HCKYCCTBEHHBII
UHTEJJICKT, HEMPOHHAs CETb.

COMPLEX OF TECHNICAL SOLUTIONS FOR INCREASING
ENERGY EFFICIENCY AND AUTONOMY OF CATHODIC
PROTECTION SYSTEMS FOR MAIN PIPELINES

Yu. V. Kryshneu, A. Ya. Zapolski
Sukhoi State Technical University of Gomel, Republic of Belarus

The main problems of anticorrosion protection of underground main pipelines are
considered. An analysis of the energy efficiency of existing cathodic protection stations (CPS) and
factors causing non-uniformity of protective potential is carried out. A set of technical solutions is
proposed, including the transition to inverter CPS with multichannel pulse regulation, the use of
alternative energy sources (solar panels and wind generators), the organization of a redundant
telemetry channel using short-wave digital radio communication, and the introduction of neural
network algorithms for failure prediction and adaptive protection control. Calculation
relationships for selecting photovoltaic converters and determining insulation parameters are
given. The implementation of the proposed measures will improve the uniformity of distribution of
protective potential, reduce energy consumption and ensure the autonomy of the CPS in remote
sections of the route.

Keywords: cathodic protection, main pipeline, energy efficiency, inverter station, solar
panel, shortwave radio communication, artificial intelligence, neural network.

TpyOonpoBOAHBIN TPAHCHOPT ABIAETCS KPUTHUECKU BaKHBIM 3JIEMEHTOM 3KOHOMUKHU
Pecniybnuku benapych, oOecnieunBasi TpaH3UT HE(PTH, IPUPOJHOTO Tra3a U HEPTENPOIYK-
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ToB. CTOMT OTMETHTb, UYTO 3HAYMTEIbHAs YacTh CYIIECTBYIOIIEH MHQPACTPyKTyphl IKC-
IUTyaTUPYETCsl JUTUTEIbHOE BpEMSI.

OCHOBHOM IIPUYMHON OTKAa30B M aBapUIHBIX CUTYyallMH SIBISAETCS KOPPO3Hs — IOCTE-
MCHHBIM AJIEKTPOXUMHUYECKUA WM XUMHUYECKHI MPOLECC pa3pylI€HUs METAJUIOKOH-
CTPYKLMH NpPHU B3aUMOJECUCTBUM C arpeCCUBHOM OKPY’KAIOLIEH CPENOM, BBI3BAHHBIN Tep-
MOJIMHAMUYECKOW HEYCTOWYMBOCTHIO METAJIIIOB, KOTOPHIE B €CTECTBEHHOM Cpesie HaxOoIsT-
Csl B OKMCIICHHOM cocTosiHuM. Koppo3us kinaccupuiupyercst Io MeXaHu3My ee Mpoxoxk/ie-
HUS, XapaKTepy pa3pylLIeHUs, TUILy OKpPY KaroIlel Cpeibl.

Knaccudukanus no MexaHu3My MpOX0XKJICHHsT KOPPO3UH SBISETCS ONpeAesSIOIeH:
XUMHUYECKHH U 3JleKTpoxuMudeckuil moaturn. CTeneHb akTUBHOCTH METAJJIOB 3aBUCUT OT
UX CIIOCOOHOCTH BBITECHATH BOJOPOJ M3 BOBI M KMCIOTHBIX pacTBOpoB [1].

XuMHYecKasi KOppo3us OIpenesseTcs] IUIOMIAJbI0 KOHTAaKTa «MeTami—cpena (He
JIEKTPOJINT)», MPOIOJIKUTEIBHOCTBIO B3aMMOICHCTBHS, TEMIIEpaTypoil, KaueCTBOM U BU-
JIOM 00pa0OTKH METAIJIMYECKON MOBEPXHOCTU. ['pyHTHI JIensTcsl Ha 3 CTENEHU KOPPO3HU-
OHHOM aKTMBHOCTH — BBICOKYIO (IIpU p < 20 OM - M: TOpDSHUKHU U BIaKHBIE YEPHO3EMBI),
cpeanioro (mpu p = 20-50 OM - M: TOpDSTHUKH 1 YEPHO3EMBI C HU3KOM BIIAXKHOCTBHIO), HU3-
Ky1o (rpu p > 20 OM - M: 11ecok, IliuHa, 6eIHbIN uepHo3eM) [2].

DNeKTpoXUMHUUECKasi KOppO3Usl CBs3aHa C pa3pyLIEHHEM MeTaijia IMoJ JeHCTBHUEM
raJIbBAHUYECKUX 2JIEMEHTOB, BO3HUKAIOIIUX B KOPPO3UOHHO-aKTUBHOH cpene. OCHOBHBIM
AJIEMEHTOM 3JIEKTPOXUMHUYECKON KOPPO3UU SIBISIETCS 3JEKTPOJIUT, KOTOPBIM MpU B3auMO-
JNENCTBUM «METANI-METAIUI-IIEKTPOJINTY» WIN «METAIUI—CIUIAaB—JIEKTPOJIUTY» MPUBOAMUT K
BO3HUKHOBEHUIO B 3aMKHYTOM rajlbBaHUUYECKOM 3JIEMEHTE Pa3pyIIalolero HOHHOTO TOKa:
METAJIJI C MEHBIIUM OKHCIIUTEIbHO-BOCCTAHOBUTENIBHBIM MIOTEHIIMAJIOM PA3pyIIAETCs, a C
OOJBIINM — COXpaHSETCS.

[To xapakTepy MpOXOXKJIEHHsSI KOPPO3HsI JEIUTCS Ha MOJHYI0, OOLIYI0 U JIOKAJIBHYIO.
[lepBrie 2 Buaa sBistOTCA HanOosiee KPUTUYHBIMU, TaK KaK MOTYT IOJHOCTBHIO BBIBECTU
00BEKT U3 CTPOSL.

[Tpu 5TOM CKOPOCTh KOPPO3HM Ha Pa3HbIX yyacTKax TPyOONpoBOJa OTIMYAETCS, YTO
IPUBOJUT K HEOJHOPOJHOMY M3HOCY OOBEKTa Ha pa3HbIX €ro y4acTkax, 4To JIelaeT Kop-
PO3UIO CIOXHBIM IIPOLIECCOM, Ha KOTOPBIM HauOoJblIee BIUSHUE OKa3bIBa€T B3aHMMOJIEH-
CTBHE «OOBEKT — BHEILIHSAS Cpeaay.

CriocoObl aHTUKOPPO3MOHHOM 3alIUTHI MOKHO Pa3AeiUTh HA AKTHBHBIC U TACCUBHEIE.
K akTHMBHBIM M€TOZAaM OTHOCST 3JEKTPOXMMHUYECKYIO 3aIIMUTYy, K ITACCUBHBIM — M30JIALU-
OHHBIE TIOKPHITH. [IpUHIMIT peann3anuu akKTUBHOW 3aIIUTH B BUAEC KOH(PHUTYpauu CTaH-
LIMY KaTOJHOW 3alllUThl TPOJEMOHCTPUPOBAH Ha puc. 1.

[Tpu xaTomHOM 3amuTe TPyOOIPOBOJA MOJIOKHUTEIBHBIN MOJIIOC UCTOYHUKA TTOCTOSH-
HOI'O TOKa (aHOA) MOJKJIIOYAETCs K CIEHUATIbHOMY AaHOJHOMY 3a3€MIIMTEIN0, a OTpulla-
TEJbHBIN (KaTO/) — K 3alIUIIAeMOMY COOpPYKEeHHIO [2].

[IpuHIMN AEWCTBUSA KATOAHOM 3aIMThl aHAJIOTUYEH 3JeKTpoau3y. [lox Bo3nencTBu-
€M 3JIEKTPUYECKOTO I0JI1 HAUMHAETCS ABM)KEHUE JIEKTPOHOB OT aHOJHOTO 3a3€MIIUTENS K
3alUILAEMOMY COOPYKEHHUIO. Tepss 2JIEKTPOHBI, aTOMBbI METAJIJIa AHOAHOIO 3a3€MIIMTENS
NIEPEXOJAT B BUAE MOHOB B PacTBOP MOYBEHHOIO 3JIEKTPOJIUTA, IPU ITOM AHOAHBIN 3a3eM-
JUTEIb Pa3pyIlIacTCs, YTO ONPENEISAET €r0 BTOPOE Ha3BaHME — <GKEPTBEHHBIM aHOM». Ha
Katoje (TpyOorpoBoie) HaOmonaeTcss H30bITOK CBOOOIHBIX JIEKTPOHOB (BOCCTAHOBIICHHE
MeTajula 3allMIIAEMOr0 COOPYKEHU).

Peanuzanus MeponpusATH 1O 3aUTe 0OBEKTOB HE(TEIPOBOAHOTO TPAHCIIOPTA Tpe-
OyeT 3HaYUTEIbHBIX SKOHOMUUECKUX 3aTpaT, B IEPBYIO OUEpeb — 3aTpaT Ha AIIEKTPOIHEP-
TUIO Il CUCTEM aKTUMBHOM NPOTHBOKOPPO3MOHHOM 3alllUThI, IJIABHBIM 3BEHOM KOTOPBIX
SIBJISIFOTCSI CTAaHIIUK KaToiHO# 3anuThl (CK3).
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Puc. 1. Texnonornyeckasi cxeMa 3JIEKTPOXUMUYECKOM 3aIUThI
C pacrpeneneHHbIMU aHOJaMU:
K3V — xatoanoe 3amutHOoe yerpoiictBo; R1, R2, R3 — perynupoBounsie
conpoTtuBieHus; Al, A2, A3 — aHOIHBIE 3a3eMITUTEITN

[Tpu atom nerictByromue HopMmaTuBsl (I'OCT 9.602-2016, CTb 'OCT P 51164-2001)
OCTaBJIIOT HEPEIICHHBIMU s IpobuieM [3, 4]:

1) oTrcyTcTBHE rapaHTHH PaBHOMEPHOI'O PaCHpeeseHHsl 3alUTHOTO MOTEHIUAa 110
MOBEPXHOCTH OOJIBIION MPOTSKEHHOCTH;

2) oTcyTcTBHE TPEeOOBAaHUU MO aBTOMATHYECKOW MOJCTPOMKE MOJ MOCTOSHHO HU3MeE-
HSIOLMECS NTapaMeTpbl SKBUBAJIEHTHOTO KOHTYpa MPOTEKAHMS TOKA 3alllUTHl (CE30HHAs U
MHUKPOOHOJIOTNYECKas IUHAMKKA CONPOTUBIIEHUS I'PYHTa, COCTOSIHUE KEPTBEHHOI'O aHO/a
M Ip.);

3) OTCYTCTBHE yueTa NEePEXOAHbIX IPOLIECCOB HAPACTAHUs U CIajia MOJIAPU3aLUH;

4) OTCyTCTBHE yueTa YCKOPEHHOIO KOPPO3MOHHOI'O pa3pyLIEHUS METaUINYECKUX
KOHCTPYKLIMH Ha OTBETBJISIEMBIX OT OCHOBHOT'O 3aILlMIIIAEMOr0 HETENPOBOIA yUacTKaX;

5) OTCYTCTBUE KPUTEPUEB COBMECTUMOCTH IAPAMETPOB JIEKTPOXUMHUUECKOMN 3alUThI
C MarepuanaMu TpyOONpoBOAA U €T0 3aLIUTHOTO MOKPBITHS;

6) oTcyTcTBHE TpeOOBaHMUN MO FHEProdPPEKTUBHOCTH MPUMEHIEMbIX TEXHHUYECKUX
peLIeHu U ap.

Hcxons u3 3TOT0 aKTyallbHOW 3ajaueil siBiseTcsl pa3paboTKa KOMIUIEKCA TeXHHYe-
CKUX PELICHUH 0 aHTUKOPPO3HMOHHOH 3aIllUTe MaruCTPaIbHBIX TPYyOOIPOBOIOB.

KommekcHoe penieHue 0KHO BKII0YaTh MEPhl, KOHLIEHTPUPYIOIIHUE B cede coBpe-
MEHHBIE allllapaTHBIE U MPOTPAMMHBIE CPEJCTBA, HAIPABICHHBIC HA IOBBIIICHUE JHEpPre-
THaeckoil apdextuBHocTH U aBToHOMHOCTH CK3 mpu ogHOBpeMeHHOM oOecrieueHHH paB-
HOMEPHO KaTOIHOM 3alUThI OJI3€MHBIX MarkCTPAIbHBIX TPYOOIPOBO/IOB.

Pemenue naHHBIX MPOOJIeM BO3MOYKHO KOMITJICKCHBIM ITyTEM: YBEIMYCHUEM KOJIHYe-
ctBa CK3 ¥ aHOIHBIX 3a3€MJICHUM, U3BMEHEHHEM YCTAHOBJIEHHON MOIIHOCTH U PEXKUMOB
pabotbl craHimit u ap. IlepcneKTUBHBIMH SIBISIOTCS NPUMEHEHHE HMITYJIbCHOTO TOKa
JNEKTPOXUMHYECKOM 3aIMUTHI, ITUPOKOE UCIOIb30BAaHUE IPUPOJHBIX HCTOYHUKOB SHEPTUN
Ui (GOPMHUPOBAHUSA 3ALUTUTHBIX MOTEHIIMAIOB, IEPECMOTP KOHLEIIIMIA yCTAHOBKH aHOIHBIX
3a3eMJIMTENEH C LENbIO0 TOBBIIIEHHUS] HHTETPaIbHON 3()(h)EKTUBHOCTH 3aLUTHI TOJ3EMHOTO
TpyOOIMpPOBOIA B IIETIOM.

CymecTByroniye HOpMaTUBHBIE JOKYMEHTBI HE COAECPKAT IMPAMOI0 YKa3aHUs Ha KOH-
KPETHBIE PACCTOSHUS MEKIY CTAHLMSAMHU, TaK KaK 3TOT apaMmeTp sBJIETCS pacueTHOM Be-
anarHOM. OH 3aBUCUT OT MHOTUX (DAKTOPOB: AHaMeTpa U TOJILUHBI CTEHKU TPYOBbl, CONPO-
TUBJICHUSI U3O0JIALIMOHHOTO TOKPBITHS, YAEIBHOTO CONPOTHUBIIEHUS I'PyHTa U CHJIBI TOKa
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crannuii. Ognako umeHHo CTb TOCT P 51164-2001 3anmaet obmue TpeboBaHus (Hampu-
Mep, K BEJTMUMHE 3alllUTHOTO MOTEHIMaNa), KOTOPbIE UCIIONIb3YIOTCS IPU MPOEKTUPOBAHUHI
JUIs OTIpE/IeICHUs] ONITUMAIIBHOTO KOJIMYECTBA U MECT YCTAaHOBKM CTaHIMH 3JIEKTPOXUMHU-
YECKOM 3aIUTHI.

Pa3paboTka 1 BHeIpeHHe TAaHHOTO KOMIUIEKCa MO3BOJIUT YBEJIMUHUThH CPOK CITYKOBI CyIlie-
CTBYIOUIHMX ¥ HOBBIX HETETIPOBOIOB, CHI3UTh 3aTPAThl HA MX 00CITY>KUBAHHE U PEMOHT.

CraHuMM KaTOJHOW 3allMTHI 1O THUITY CHJIOBOTO MpeoOpazoBaTeis pa3ivyaroT BbI-
PSIMUTEIbHBIE, TAPUCTOPHBIE, UHBEPTOPHBIE.

TpancpopmaTopHble CTaHIIMK ¢ TUPUCTOPHBIMU IpeoOpa3oBaTesIIMu 001a1al0T MPo-
CTOTOM KOHCTPYKLIIMHU M PEMOHTONPUTOJHOCTHIO, OJTHAKO XapaKTEPU3YIOTCA: HU3KUM KO-
s¢¢punuentom noseznoro neiicreua (KIIA) — 60-80 % B HOMHHAIBHOM pEXUME, MPH
atoM peanbhblid KII1/] 3HaunTenpHO Magaet npyu CHUKEHUH BBIXOJHON MOITHOCTH.

Nusepropusie CK3 obnanator KIIJl Ha ypoHe 90-93 % Ha HOMHHAJIBHON MOIIHO-
CTH. 3a CYET NepeHeceHus TpaHchOopMalUK HANPSKEHUI B BHICOKOYACTHYIO 00J1aCTh OHU
UMEIOT MEHbIIMe rabapuThl U BeC, a TakKe 00ecleynBal0T HU3KUI ypOBEHb ITyJIbCAIUi
BBIXOJHOTO TOKAa. OHM TEXHUYECKH COBEPIIEHHEE THUPUCTOPHBIX CTAHIMI, OJTHAKO UMEIOT
0oJiee CII0KHYI0 CXEMOTEXHHKY.

3aBucumocts KIIJI paznmunbix mo Texauueckoit peanuzanun CK3 ot koaddunmenrta
UX 3arpy3Ku IMOKa3aHa Ha puc. 2.
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Puc. 2. 3aBucumocts KI1J] pa3nuuHbIX 0 TEXHHYECKOHN peaTn3aiyu
CK3 ot ko3¢ ¢uumnenra ux 3arpy3ku [5]

W3 puc. 2 BUIHO, YTO Il JOCTHXKEHUSI HAaHOOIbIIeH SHEProdpHEKTUBHOCTH, PEXKUM
skcrryaranuu CK3 moboro tuma no Harpyske aosmkeH npudmmkatees Kk 100 %. Onnako
HE0O0X0IMMO MOTYEPKHYTh, YTO C Y4ETOM TpeOOBaHM 3amaca Mo MOIIHOCTH, peajbHas
YCTaHOBJICHHBSI MOIITHOCTH Aciuryatupyembix CK3 3nauutensHo (B 8—10 pa3) mpesbimmaet
HOPMAaTUBHYI0, HEOOXOAUMYIO JJIs TIOIEP>KaHMs 3aIaHHOTO peKuMa paboThl. ITO IPUBO-
auT K cHmkeHuto KITJI cranmmii.

MoutHocts CK3 3aBUCUT OT TakuxX KpPUTEPHEB, KaK CE30HHO-3aBHCHMOE YJIEIbHOE
JNEKTPUYECKOE COMPOTUBICHUE TPyHTa U COCTOSIHUE OCHOBHBIX CHCTEMOOOpa3yIOMINX
AJIEMEHTOB CTAHLINU.

VY enpHOE 3IEKTPUYECKOE COMPUTUBIICHHE SIBISECTCS CUCTEMOM CONPOTUBIICHWH, B
KOTOPYIO BXOAMUT XapaKTEPHUCTUYECKOE BXOJHOE CONPOTUBICHUE TPyOONpOBOJA, CONPO-
TUBJICHHE COCAMHUTEIBHBIX IPOBOJIOB U COMPOTUBIICHUE aHOIHBIX 3a3€MJIUTENECH.
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XapaKkTepuCcTUYECKOe BXOJHOE COMPOTUBJICHUE TPYyOONpPOBOAA TAaKkKe OMpEeseTcs
KaK CHCTE€Ma CONPOTUBJICHUHN, KOTOPYIO 00pa3yeT MpPOAOJIBHOE CONPOTHBIIEHUE MeETalla
TPyOBI, IEPEXOHOE CONPOTUBICHHUE U3OJSALMH U COIPOTUBIICHHE IPYHTA.

B nporecce 3KCIulyaTanuy nepexoqHoe CONPOTUBICHUE H30ISUHU aAaeT 10 HKCIIO-
HEHIMAJIBHOMY 3aKOHY, COIPOTUBIIEHUE AHOJHBIX 3a3€MJIMTENIE MOHOTOHHO BO3PACTaeT
BCJIE/ICTBHE 00pa30BaHUs HA HUX KOPPO3HOHHBIX OTJIOKEHUHM M UX IOCTENIEHHOTO PacTBO-
peHUsl B TPyHTE; YyAEIbHOE CONPOTUBIEHUE TPYHTA HCIBITHIBAET CE30HHBIC KOJIeOaHus,
JOCTHUTAIONINE €r0 a0CONIOTHOW BeMMYMHBL [Ipr (UKCHPOBAHHBIX HACTPOWKAX TOKA HIIH
HanpspkeHuss CK3, ykazaHHble BapHallMK NPUBOAST K HEPABHOMEPHOCTH 3alIUTHOIO IO-
TCHIHAJIA U TTOABJICHUIO JIOKAJIbHBIX YYaCTKOB C HEAOITYCTUMO HU3KOH S3alIUIIICHHOCTBIO.

['padyky BpeMEHHBIX 3aBUCUMOCTEH CONPOTHBIIEHUH, KOTOPhIE OKa3bIBAIOT BIMSHHUE
Ha 3allUTHBIA ITOTEHIMAJ, MOKa3aHbl Ha pHC. 3, TpaQUK W3MEHEHHS CONPOTHBICHHS
M30JILIMH B 3aBUCUMOCTH OT BPEMEHH €€ UCIOJIb30BaHus MI0Ka3aH Ha puC. 4.

Rnpr Rmﬂ J RDS Rep

Puc. 3. I'pacuku 3aBUCHMOCTEH CONPOTUBIICHUH, KOTOPBIE OKa3bIBAIOT BIIMSHHUE
Ha 3allIUTHBIH TIOTEHIMaN, OT BPEMEHH:
Ryp — CONPOTHBIIEHHUE NTPOBOJIOB; Ry, — COMPOTHBIIEHHE aHOIHBIX 3a3€MINTEINEH;
Ry, — cONpOTHBIIEHUE TPYHTA (BJI0Jb TPyOONPOBO/IA)

Ruz A

Puc. 4. Fpa(bmc HU3MCHCHHS CONPOTUBJICHUA U30JIALNU B 3aBUCUMOCTU
OT BpEMCHU €€ UCIIOJIb30BaHMS

Taxum 006pa3zom, epBOOYEPEHBIMU 33Ja4aMU COBEPILIEHCTBOBAHUS SBJISIOTCS Iepe-
X071l Ha 3Heprod3(p(eKTUBHBIE MHBEPTOPHBIE MPeoOpa3oBaTeIn C BO3MOXKHOCTBIO OIEpa-
TUBHOTI'O PETYJIMPOBAHUS IO COCTOSIHUIO OOBEKTa M MPUMEHEHME MCTOYHHUKOB IHUTaHUS,
oOecneunBaromux aBTOHOMHOCTh CK3 Ha yaneHHbIX y4acTKax Tpacc.

ba3oBeIil critoBoit 610K JOMKEH OBITH TOCTPOSH Ha MHBEPTOPHOU (OecTpaHchopma-
TOpHOM) cxeme, BeimonHeHHOM Ha MOSFET-Tpan3uctopax ¢ MMHMMAaJbHBIM BPEMEHEM
NEPEeKIIOYEHUs] U YOPaBISIEMON MHUKPOIPOLIECCOPHBIM  YCTPOWCTBOM  YIIPABICHMS
(MITYY). Ipunnun peanusanuu crabmimmzaropaa anogHoro toka st CK3 renemexanu-
YECKOTO THNAa MoKaszaH Ha puc. 5, peanuzanus CK3 maHHOTO THIIA ¢ MUKPOTIPOLIECCOPHBIM
YIPaBISAIOLUM YCTPOHCTBOM — Ha puc. 6.

JUis CHIKEHMs] TMHAMUYECKUX MOTEPh IPUMEHSIOTCS BBICOKOCKOPOCTHBIE JJpaiiBephl,
a JJIi MUHHUMM3ALUU CTATUYECKUX MOTEPb B BBIIPSIMUTENE — CHHXPOHHOE BBINIPSIMIICHHE
Ha auozaax lllortku. OMuyeckue norepu B 0OMOTKaxX TpaHC()HOPMAaTOPOB MUHUMHU3UPYIOT-
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Cs 3a CUET BBICOKOM YaCTOTHI HpeOGPaSOBaHI/IH (I[CCSITKI/I KFLI), 4TO MO3BOJICT PE3KO CO-
KpaTuTh YUCJIO BUTKOB U UCIIOJIB30BATh NPOBOAHHUKHU YBCINYCHHOI'O CCUCHU.

et KoHTpOAL
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o noTeHUMaAa
Miutanue K3y+

GSM
FoHTpoARHOR

ToMED

() 3ALMLLAEMbIRA | oBvekT )

SAEKTPOA CPABHEHMA

Puc. 5. llpuHmn peanu3anny cTaOMIN3aTOpaa aHOAHOTO TOKA
st CK3 TeremexaHU4eCcKOro THIIA:
K3V — katoaHoe 3amutHoe ycTpoiictBo; A1—-AS — riryOuHHBIE aHOTHBIE 3a3EMITUTENN
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Puc. 6. CK3 ¢ MUKpOIIPOIIECCOPHBIM YIPABIISIOIUM YCTPOHCTBOM:
MIIVY — MUKPOIPOLIECCOPHOE YCTPOUCTBO yNpaBICHUS;
K1-K5 — kanaine! ctabuimsaropa-IemTelis TOKa;
NY1-1Y5 — uzmepurensHble yeunmtenu; bIT — Gnok nuranus;
OH1-®HS5 — popmMupoBaTeny HapsHKCHNUS;

GSM - TerekoMMyHHUKAITMOHHBIE Moayu ¢popmata GSM

OIIHMM M3 KITIOUYEBBIX AJIEMEHTOB CUCTEMBI SBJISIETCSI MHOTOKAHAIBHBINA UMITYJIbCHBIN
crabminzarop aHonHoro toka. MIIYY uepe3 u3aMepuTelbHbIE YCHINTENIN HENPEPHIBHO
KOHTPOJIMPYET BEJMYMHY 3alIUTHOTO TMOTEHIIMAajda Ha KaXJIOM TJIyOMHHOM aHOJIHOM 3a-
3eMIIUTENIC U MHIUBUIAYAITbHO PETYIUPYeT TOK KaXKIAOro KaHajga TakuM o0pa3oM, 4TOObBI
BBIPOBHATH IMOTEHIMAT MO BCEW 3alMIAeMON MOBEPXHOCTU. PeryiupoBaHue BemeTcs ¢
KOMIIEHCALIMEN OMUYECKOW COCTABIISIIOIIEH METOJIOM KPaTKOBPEMEHHOTO OTKJIFOUEHUS TO-
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Ka, YTO TO3BOJISIET BBIJACIUTH MOJSPU3ALMOHHBIM MOTEHIMAJ, HEMOCPEICTBEHHO BIHSIIO-
M Ha CKOpOCTh Koppo3uu. Berpoennsiii GSM-Monyns obecrieunBaeT nepenady Tese-
METpUYECKOi MH(popManuu Ha aucrerdepckuil myHKT. CTpyKTypHas cxema ycTpoiicTBa
MOHHUTOPHHTA 3alIUTHOTO MOTEHIHAIA ¢ MUKPOKOHTPOJIEPHBIM YIPABICHHEM M IHCTaH-
LIMOHHBIM KaHAJIOM CBs3H [6, 7] moka3zaHa Ha puc. 7.

S-kapTa
F
¥
B -
2mMe pUTENE HEIR Y
npeobpazoEaTeNE +
CymMmapHara/
MONAR WA LM OHHOr0 hKA+NMATE MHamkatop
NoTEHUMANE (S0-card)

Puc. 7. CprKTypHaSI cXema YCTpoﬁCTBa MOHHUTOPUHTA 3allIUTHOIO MOTCHIIMAIa
C MUKPOKOHTPOJIEPHBIM YIIPABJICHUEM U JUCTAHIIMOHHBIM KaHAJIOM CBA3U

3HauuTENbHAS MPOTSHKEHHOCTh TPYOOIPOBOJOB M YJAJCHHOCTh MHOTHX YYacTKOB OT
JIMHUM 3JEeKTpOoNepeaadyn JeNnaoT akTyanbHbiM nepeBoa CK3 Ha aBTOHOMHOE 3HeprocHal-
JKEHHE ¢ UCTIONb30BaHueM (oTodtekTpruaeckux maneneit (OII1) u Betporeneparopos [8, 9].

YNpaEnede Tow o8

MK HMINEHOH
MO HOCTH A
Helbop
l — HCTOdHEKE
AMTaHKA LR
oI CHCTEME o
CHCT R0 | wnpaeneHma
MoEMUMOHK- = 1 3apana
pOEEHN A GaTapen +
A KEyToly NATOR
—
| IH'I:E_-IHE
CraupoHapHaa L b
INEKTROCRTE JapagHoe +
ACDC - .
— WETROMCTED .
f 1 T

YNPEENSHAE Pek oM
ELNPAMNEHHA

Puc. 8. CprKTypHaﬁ CX€Ma aBTOHOMHOI'O ITMTaHUs C UCIIOJIb30BAHUEM
COJIHEYHBIX IIaHEIICH C TIOBOPOTHBIM MEXaHU3MOM

CyTouHasi 3Heprusi, BelpadaThiBacMasi MaHEIbI0, 3aBUCUT OT CYTOYHOW HHCOIISIUH,
HpHXO[[HH.ICﬁCSI Ha TOPU3OHTAJIbHYIO MOBCPXHOCTL C YUCTOM pPCaJIbHbLIX NOTOAHBIX YCJIO-
Buii u KI1JI ¢porosnexrpudeckoro nmpeodpazonarens [9].
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Jns yBenudeHust 0TOOpa MOUIHOCTH B YCIIOBHSIX MEPEMEHHON OCBEILIEHHOCTH IIeie-
cooOpa3HbIM sBIsieTcs Hcnonb3oBanne MPPT-kontpomnepa (Maximum Power Point
Tracking), KOTOpHIii B peaibHOM BpeMeHHU cMelnaeT padbouyto Touky ®III B Touky mMakcu-
MalibHOM MommHocTH [10].

CrpykTypHasi cxeMa aBTOHOMHOTI'O ITUTaHUS C UCIIOJIb30BAaHUEM COJHEYHBIX MaHenen
C TIOBOPOTHBIM MEXaHMU3MOM MOKa3aHa Ha pHUC. 8, pealu3amus Pa3InYHbIX MEXaHH3MOB
IIOBOPOTA COJTHEUHBIX MaHesel oTHocuTeabHo ComHIla — Ha puc. 9.

JlononHuTeNbHOE MOBBIIICHNE 3(P(PEKTUBHOCTH JTOCTUTAECTCS TPUMEHEHHEM CHCTEM
AaBTOMAaTHUYECKOTO MO3UIMOHUPOBAHUS MAHEJeH: OHOOCEBBIX MJIH JBYXOCEBBIX TPEKEPOB,
a TaKKe AITOPUTMUYECKUX CHCTEM, PACCUUTHIBAIOMINX a3UMYT M yros Mecta CoiHIa 1o
reorpa)u4ecKUM KOOpIMHATAM U BpEMEHH 0€3 MCIO0Ib30BaHUS BHEIIHUX JaTYNKOB.

KomOunupoBannoe wucnosibzoBanne OOl u Mayblx BETPOYCTAHOBOK COBMECTHO C
Oy(epHBIMH HaKOTIUTENSIMH SHEPTHHU MO3BOJISET CTIaJUTh CyTOYHBIC U CE30HHBIE KoJeOa-
HUS TeHepaluu U o0ecneunTh rapanTupoBanHoe nutanue CK3.

OnnooceBoii THI JIByXoceBoii THII

Puc. 9. Peannzauus pa3ianuHbIX MEXAHU3MOB IIOBOPOTA COJIHEYHBIX ITAHENEH
otHOCcHTENbHO COINHITA: OAHOOCEBOU M IByXOCEBOW MEXaHU3M

Jns peanuzanuu yaaaeHHOro MoHuTopuHra u ynpasienus CK3 npeanaraercs nByx-
ypoBHeBast cucteMa cBsizu. OCHOBHOM KaHall OpraHu3yercsi Ha 0a3e COTOBOM CETH, 4TO
o0ecrneyrBaeT BbICOKYIO CKOPOCTh Mepeadyr JAHHBIX O 3alUTHBIX MMOTEHIMAIaX, COCTOs-
HUM 000pYy10BaHMS U TPEBOKHBIX COOBITHAX. OTHAKO 3aBUCUMOCTb OT UHPPACTPYKTYPHI U
OIEPATOPOB CBSI3U JAEJIACT 3TOT KaHAJ YA3BHMBIM B ABAPUMHBIX CUTYallUsAX M HA ydacTKax
C HEYCTOMUYUBBIM ITOKPBITHEM.

B xayecTBe pe3epBHOIO U MOJHOCTHIO ABTOHOMHOI'O KaHaja IpeIaracTcsi UCIoJIb30-
BaHue 1HQpoBoil kopoTkoBoIHOBOM (KB) pammocs3u. BeimonHeHHbI aHamu3 ycloBUil
pacIpOCTPaHEHHsI I€KaMETPOBBIX BOJIH C YYETOM MOBEPXHOCTHOW M NPOCTPAHCTBEHHOMN
COCTAaBJIAIOIIMX TOKa3aJl, YTO ONTUMAJIbHBIM JI1 OpraHU3aliy CBSI3M HA PACCTOSHUSAX OT
JIECATKOB JI0 TIEPBBIX COTEH KMJIIOMETPOB B JII000E BpeMs CyTOK siBisieTcsi 40-MeTpOBBIi
nuanasoH (7,0-7,2 MI'n). OH mpakTU4YeCKH HE UMEET «MEPTBOM 30HBI» U MO3BOJISIET Nepe-
naBaTh MH()OPMAIMIO TIPU OTHOCHTEIBHO HHU3KOW MOIIHOCTH mepenaryuka. J{ius HeOoIb-
IIMX PacCTOSIHUM AOIyCTUMO NpuMeHeHue 80-MeTpoBOro nuarnazoHa. MexaHusMm pacnpo-
CTpaHEHUs PaIMOBOJIH MOKa3aH Ha puc. 10.

[lepenaua maHHBIX MOXET BECTUCh C MCIIOJIb30BAaHHEM Y3KOIOJIOCHBIX LH(POBBIX
npotokonoB (PSK31, Olivia, FTS8), obecneunBaromux BBICOKYIO MOMEXOYCTOHUYHUBOCTH
IPY MaJIOM OTHOIIEHUH CUTHAJ/IIYM.

[Tpemnnosxxennsiit KB-kanan obecrieunBaeT JOCTaBKY Ha TUCIIETYEPCKUI MyHKT KOH-
TPOJIBHBIX CUTHAJIOB (CpabaThlBaHUE 3alllUT, HECAHKIIMOHUPOBAHHBIN JIOCTYI, EPEX0/ Ha
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pe3epBHOE MUTAHUE), PE3YIbTATOB U3MEPEHUS 3AIIUTHOTO MOTEHI[HAIA U COCTOSTHUS DJIEK-
TPOJOB CPaBHEHUS, @ TAKXKE OOIETro YHEPronoTpedIeHus: CUCTeMbL. TakuM oOpa3oM, noc-
TUTAETCs TOJHAs aBTOHOMHOCTh MH(OPMAIIHOHHOTO 00MEHa, He 3aBHCSIIAs OT (PYHKIHO-
HUPOBAHUS BHEIITHEN TEIEKOMMYHUKAIIMOHHON HHMpacTpyKTypsI [11].

MpocTpaKcTeeHHan

Wonocepa

Puc. 10. MexanusM pacnpocTpaHeHHsl paJuOBOJIH

[ToTok fgaHHBIX, MNOCTYHAIOMIMX OT PACIPEeAEICHHOW CHCTEMbl KOHTPOJIBHO-
MU3MEPUTENbHBIX TyHKTOB, COACPKUT CKPBITHIE 3aKOHOMEPHOCTH, OTPAKAIOIIUE TUHAMUKY
Jerpajaliii U30JIALHUN, CE30HHBIE TPEHIbI CONPOTUBIICHUS ITPyHTA U MPEABECTHUKU OTKa-
30B 000opyaoBaHus. [t onepatuBHONW 0OpaOOTKU ITOTO MOTOKA U BHIPAOOTKH YIIPABIISIO-
IIMX BO3JCHCTBUH IpeaiaracTcsl IpUMEeHEHHUE TITyOOKHX HEHPOHHBIX ceTeit [12].

Jlist pemieHust 3amaud MPOTHO3MPOBAHUS OOpa30BaHUs JOKAIBHBIX YYaCTKOB HEJO-
3alIUTHl U OI[EHKH OCTATOYHOI'0 pecypca M30JSALHUOHHOTO MOKPBITUS MOTYT UCIOJIb30BaTh-
csl HepoceTeBble MOJIENIN, O0OYUYCHHbIE Ha HCTOPHUYECKUX JAaHHBIX O paclpeieeHUH TOKOB
U TOTEHIMAJIOB BJIOJIb TPACCHI, TEMIEPATYPE, BIAXKHOCTH, XUMUUYECKOM COCTaBe TPyHTa U
MapKepHBIX COOBITUAX (Pe3yIbTaThl IYP(HOBOK, JaHHBIE 0 peMoHTaX). CeTh criocoOHa BbI-
SBJIATH AHOMAJIMH U MPECKa3bIBaTh pa3BUTHE Ne(EKTOB, YTO MO3BOJISET MEPEHTH OT IuIa-
HOBBIX PEMOHTOB K 0OCITYKHBaHHIO 10 (PAKTUYECKOMY COCTOSIHUIO.

JIst mporHO3UPOBaHMS OTKA30B CHIIOBBIX 31eMeHTOB CK3 (TpaH3uCTOPHBIX MOIYyJIEH,
AQHOJIHBIX 3a3€MJIMTEJNIEH, 3JIEKTPOJOB CPAaBHEHUS) U ABTOMAaTHUECKON KOPPEKIUN YCTaBOK
3aIIUTHOTO TOKa MpEeajiaraeTcsi MCIOJb30BaTh pekyppeHTHbie cetu Tuma LSTM (Long
Short-Term Memory), 3¢ ¢ekTrBHO ynaBiauBaoNIe JOITOCPOYHBIE 3aBUCUMOCTH BO Bpe-
MEHHBIX psJlax U3MEpPEHUl, Tu00 cBepTouHble HelipoHHBIEe ceT (CNN), oOpabaTteiBaromme
IPOCTPAHCTBEHHO-BPEMEHHBIE MAaTTEPHBI CO MHOXECTBA TOYEK KOHTpoJjs. Imybokoe ma-
HIMHHOE 00y4YeHHE MO3BOJISIET TakKe ONTUMHU3UPOBATH pacHpeleieHHe TOKa MEXy aHOI-
HBIMH 3a3eMJIMTENISIMA TI0 KPHUTEPUI0 MHUHUMYMa JHEPronoTpebleHUs TpHU 3aJaHHOM
YPOBHE 3alIUIIEHHOCTH [ 12].

[IpakTUueckoe BHEIPEHUE WHTEICKTYAJIbHOTO YIPABJICHHUS MO3BOJISIET COKPATUTH
9KCIUTyaTallMOHHBIE 3aTPAThl HA 3JEKTPOIHEPTHIO M OOCIyKMBaHHE, OJHOBPEMEHHO IIO-
BbIIIas HA/IKHOCTh MTPOTUBOKOPPO3UOHHOM 3aIIUTHI.

BrINonHEHHBI aHANIN3 U TPEII0KEHHBI KOMIUIEKC TEXHUYECKUX PEHICHUN OXBaThI-
BAIOT KJIIOYEBBIE ACMEKThl COBEPIICHCTBOBAHUS CHCTEM KaTOAHOW 3alIUThl MarucTpaib-
HBIX TPyOOTpOBOAOB: SHEProdhPexkTuBHOE Mpeodpa3oBaHne, aBTOHOMHOE YHEPTrOCHAOXKe-
HUE, DPE3EPBUPOBAHHYIO TEJIEMETPUIO W aJalTHUBHOE HHTEJUIEKTYaJlbHOE YIIpaBJICHHUE.
Buenpenue nnBepropHbix CK3 ¢ MHOTOKaHaJbHBIM HMITYJIbCHBIM PETYJIMPOBAHUEM IIO-
3BOJISIET YCTPAHUTH MPOOJieMy HEpaBHOMEPHOCTH 3alIMTHOTO MoTeHIMaia. Mcmonb3oBa-
HUE COJHEYHbIX naHened ¢ MPPT-koHTpoiepaMu 1 BETpOreHEpaTOPOB MO3BOJISET OTKA-
3aTbCs OT poporocrosmeii nHppactpykrypsl JIDII Ha yaaneHHsix yuactkax. [Ipumenenue
KOPOTKOBOJIHOBOM PaJIMOCBSI3M B KAYECTBE aBAPUHMHOTO KaHaIa 00ECreYrMBACT HAJCKHBINA
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JUCTAaHLIIMOHHBIA KOHTPOJIb BHE 3aBHCHMOCTH OT COCTOSIHMS COTOBBIX cerTed. Hakowern,
HENpOCEeTEBbIE ANTOPUTMBI OTKPBIBAIOT MYTh K MPEIUKTUBHOMY OOCITYKUBAaHUIO U OITH-
MaJIbHOMY YIIPaBJICHHIO 3aIUTON, MUHUMU3UPYS yeraoBedeckuil pakrop. B coBokynHocTH
NPEJIOKEHHBIE PEIICHUS CO3/al0T HAYYHO-TEXHUYECKYI0 OCHOBY Ul IOCTPOEHHs pac-
IIPEJICIICHHON alallTUBHOM CHCTEMBl aHTUKOPPO3UOHHOM 3aIlUTHI HOBOT'O MIOKOJIECHHS.
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METAL IHTAHALBIAHBIX TABYNATYP AnA PACIMA3HABAHHA
| CIHT33Y NPACAAbIYHbLIX CPOOKAY MAYJIEHHA
ANMAPATHA-NPATPAMHbIMI CICTOMAMI

1O. B. KpI)IIIIHéS"Z, M. Y. Bypaxonaz, C. 10. Kpmmﬂéyl, C. A. II:sMiprlc2

1 . o o . . .
Tomenvcxi 03apowcaynvl yHigepcimam ims @panyvicka CkapuiHbl,
P>scnybnixka bBenapyco

2 . o . oo . .
Tomenvcki 03aporcaynvl maxuiynol yuieepcimam ims 1. B. Cyxoea,
Pscnybnixka benapyco

Aniceaeyya memao iHMaHaybliiHbIX MadYIAmMyp 015 KAOABAHHS NPACAObIYHBIX NAPAMEMPA)
MAyneHHs (8blUbIHI MOHY, IHMIHCIPHACYI, MAMNY) 3 MOIMAU IX pPACNA3HABAHHA | CIHMI3Y
anapamua-npazpamuuivMi - cicmamami. Pazeneooicamnvr  akycmolumvia acnekmol 2yKaAymMeapiIHHS,
CecMeHMubIL I CYyNnpacecMeHmublsi a03iHKI MO8bl, ACHOYHbIA QyHKybll inmanaywli. [Ipananasana
npaocmaynenne IHMAHAYbIIHA2A KOHMYpPY V 6bleasd3e nacisgooyHacyi 8-0imHblx KoOay, sKis
aonasaoaroys AudUKam mampeiyel 8§ X 8 (mabyramypel), 03¢ Kamobinaywii Oimay 3adaroyb
2yuHaAcyb, 3pyX yacmamel gapmanmol i npaysaziacysb. Memaod O0a3zeansie He3anedxdcHa nepaoasayb
YOABbIsL IKGIGATIEHMbL PYHOAMEHMATLHBIX CYNPACEZMEHMHBIX NAPAMEMPAY, WO 6aXNCHA O
0aKIaoHa2a CiHmMI3y MayieHHs i VOACKAHALEHHs Mayienuvblx inmapgeiicay. Anicanvt smansvi
paanizayvli memaoy. GblsyAeHHE AKYCMbIYHBIX THBAPBIAHMAY, PACNPAYOYKA Memaoaiocii aHanisy i
CIHM33Y, CMBAPIHHE NPACPAMHA-MIXHIUHBIX CPOOKAY T 0A3bl OAHBIX.

KnwuaBbiss cj10BbI: iHTaHAIBIHHBI TaOyJaTyphl, NPacoAbld, pacla3HaBaHHE MayJICHHS,

CIHT?3 MayJIeHHS, aKyCTBIYHBISI MapaMeTPhl, BBINIBIHSA TOHY, IHTIHCIYHACIb, TAMII, (DapMaHTHI,
CErMEHTHBIA a31HKI.

METHOD OF INTONATIONAL TABLATURES FOR
RECOGNITION AND SYNTHESIS OF PROSODIC SPEECH MEANS
BY HARDWARE-SOFTWARE SYSTEMS
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This paper describes a method of intonational tablatures for coding prosodic speech
parameters (pitch, intensity, tempo) to enable their recognition and synthesis by hardware-
software systems. Acoustic aspects of phonation, segmental and suprasegmental units of language,
and the main functions of intonation are considered. The proposed approach represents the
intonation contour as a sequence of 8-bit codes corresponding to cells of an 8 x 8 matrix
(tablature), where bit combinations encode loudness, formant frequency shift, and duration. The
method allows independent transmission of digital equivalents of fundamental suprasegmental
parameters, which is important for accurate speech synthesis and improving speech interfaces. The
implementation stages of the method are outlined: identification of acoustic invariants, development of
analysis and synthesis methodologies, creation of hardware-sofiware tools, and a database.

Keywords: intonational tablatures, prosody, speech recognition, speech synthesis, acoustic
parameters, pitch, intensity, tempo, formants, segmental units.



