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MATEMATHRA H MEXAHHRA

YK 512.643.5

O CYMMAX KOPHEM XAPAKTEPUCTUYECKOI'O YPABHEHMUSI

Hnrwweukun Hukuma Bacunvesuu
AO «Konyepn «Mopungopmcucmema — Aeamy
Poccus, 2. Mockea

ON THE SUMS OF ROOTS OF THE CHARACNERISTIC EQUATION

Ilyushechkin Nikita Vasil’evich
Joint Stock Company “Concern Morinformsystem — Agat”
Russia, Moscow
AHHOTAIUS
[ToBeneHue penieHuit cuctTeMbl 0OBIKHOBEHHBIX MU (D (hepeHINaTbHBIX YPaBHEHHI B OKPECTHOCTH TIOJIOKEHUS
pPaBHOBECHSI 3aBHCUT OT HAJMYMS HJIM OTCYTCTBHUS PE30OHAHCOB Y 3TOil cucTeMbl. [Ipy OTCYTCTBHHM PE30HAHCOB
npaBasi 4acTh CHCTEMBI MOXKET OBITH NpHBEACHAa K CBOCH JMHeWHO# ¢(opme. HamoMHHMM, 4TO pe3oHaHCaMU
Ha3bIBAIOTCSl HEKOTOpHIC IEJOYHMCICHHBIE COOTHOIICHUS MEXIY COOCTBCHHBIMH 3HAUYCHHSIMH MATPHIIBI
JMHEHHOro NpUOJIMKCHUST CHCTeMbl. B cTaThe HCCIemyeTcs HAIMYMe HEKOTOPBIX NPOCTEHINNX PE30HAHCOB
CHCTEMBI, MOPOXAEHHBIX PAaBEHCTBOM HYJIIO CYMMBI ONPEICIEHHOIO YHCIa KOPHEH XapaKTepUCTHYECKOTO
YpaBHEHUsI CUCTEMBI. MaTpHIia CHCTEMBI IIPEIIOaraeTcsi KOMIUIEKCHOH. PaccMaTprBaeTcs mpou3BeieHUe BeexX
BO3MOJXKHBIX YIOMSHYTBIX CYMM COOCTBEHHBIX uucel. BeiBomurcsi hopMyiia, BeIpaXkarolias 3T0 MPOU3BEICHUE
4yepe3 JJIEMEHTHl HMCXOAHOW Marpunpl. [lis BelBoga 93TOH  (OPMYJIBI CTPOMTCS JIMHEHHBIH —omepartop
npeoOpa3oBaHusi MPOCTPAHCTBA BHEHIHUX (OPM OMpeAeaEHHOro mopsaka. HaineHHyro (opMyiay MOMKHO
paccMaTtpuBaTh Kak 0000mieHne Gopmyiel Opnango. C €€ mOMOIIBI0 MOXHO ONPEACSITh HATUYAE HEKOTOPHIX
MPOCTEHIINX PE30HAHCOB Y CUCTEM aBTOHOMHBIX TU(depeHHatbHbIX ypaBHEHHH.
ABSTRACT
When studying an autonomous system of differential equations, the behavior of its solutions in the vicinity
of the equilibrium position is of great importance. This behavior depends on the presence or absence of resonances
in the system under consideration. In the absence of resonances, its right-hand side can be reduced to its linear
form. A system of eigenvalues of a matrix of linear form is called resonant if one of these eigenvalues is an integer
linear combination of the other eigenvalues with positive coefficients. The sum of these coefficients is called the
resonance order. This article presents a method for recognizing the presence of certain simple resonances of the
system, generated by the equality to zero of the sum of a certain number of roots of its characteristic equation. The
product of all possible aforementioned sums of eigenvalues is considered. A formula is derived expressing this
product in terms of the elements of the original matrix. To derive this formula, a linear operator is constructed for
transforming the space of external forms of a certain order. Using this formula, the presence of certain simple
resonances can be determined.
KaroueBble c10Ba: XapaKTepUCTHYECKUI MHOTOUJICH, COOCTBEHHbIE YHCIIa, pe3oHaHC, Gpopmyna Opnano,
BHEIIHsA opMa, TEH30p, CBEPTKA, JIMHEIHBII omepaTop, kopJaHoBa (popma.
Keywords: characteristic polynomial, eigenvalues, resonance, Orlando formula, exterior form, tensor,
convolution, linear operator, Jordan form.

BBenenue qmcend Ay, ..., A, Ha3bpIBaeTCs pe3oHaHCHBM [ 1, ¢. 210],

IIpeanonoxxum, YTO HMEETCS ABTOHOMHAs  €CIM  MEXAY HHMH HMEETCS  LEeJIOYHCICHHOE
cucrema OOBIKHOBEHHBIX muddepeHnnanbHbIX  cOOTHOIIEHHE Buaa Ag = myAy + -+ + my,4,, rae Bce
KOMIUIEKCHBIX YpaBHEHUI uenble wuena m; =0 w m=my+--+m, =2
Uwcno m Ha3pIBaeTCs IPH 3TOM IOPSIKOM PE30HAHCA.

u=7ZzZu+ -, (1) Teopema Ilyankape yTBepKJIaeT, uTO  €CIH

COOCTBEHHBIC YHCJIa MAaTpUIBl Z HEPE30HAHCHBI, TO

rae Z — KOMIUIGKCHas KBaapaTHas Marpuna  cucrema (1) 3aMeHOM MMepeMeHHBIX U =V + -+
mopaaka n, U= (Uy,...,U,) — HEU3BECTHAA IPUBOJMTCA K JHHEHHOH cucTeMe V¥ = Zv, 4TO
KOMIUIEKCHAsi ~ BEKTOp-QyHKIMA, a MHOrOTOYHE  CyHIECTBEHHO YIIPOIIAET eé Ka4eCTBEHHOE
0003HayaeT 4jeHbl CTENEHH JBa M BBIIE OT  ucciemoBaHue. TakuM o6pa3oM, HAIMYUE PE3OHAHCOB
NEPEMEHHBIX Uy, ..., Uy,. IIpaBas yacTe cucremsl (1) y cOOCTBEHHBIX 3HAYEHHMH MATPULBI Z 3aTPymHIET
HPEAIOIAraeTCs aHAIMTHIECKON B OKPECTHOCTH TOYKU  uccenoBanue cucteMsl (1). Tlpu 9TOM 4YeM MeHbIIe
u=(0,...,0). Tarxoxe IIPEAIOoJIaraeTcs, YTO  TIOPAJOK pe30HaHca, TeM OOobliee BIMSHHE 3TOT
coOcTBeHHble umcna Ay,..., A, MaTpuubl Z IONAapHO  pe30HAHC OKa3bIBaeT HAa MOBEICHHE PEIICHUI CHCTEMBI

pa3IUYHbl M OTIMYHBI OT HyJisd. Habop cCOOCTBEHHBIX B OKPECTHOCTH €€ HYJICBOTO PEIICHUS (B YaCTHOCTH, HA
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ero ycToWuymBOCTh). HacTosimas cratbs MOCBsIIECHA
00HAPY)KECHUIO HEKOTOPBIX MPOCTEHINNX PE30HAHCOB
cuctemsl (1), MOPOXKAEHHBIX COOTHOIICHUSIMH BUIA

Aig o+ A, =0, )

rme k < n u iy <<l [dua mpocToTsl
IpeAnonaokuM, 410 A + -+ + A, = 0. Torma nHabop
COOCTBEHHBIX ~ 3HaueHWd  Aq,...,A,  sBusgercs
PE30HAHCHBIM, C pe3oHaHcoM Ay = 24 + A, + -+
Arnopsanka k + 1.

OcHoBHas1 4aCTh

B pabore [2] Obi1 mokasaH BapHaHT (GOpPMYJIBI
Opnango [3, I'naBa 5, § 34] g xapakTepuCTUIECKOTO
MHOTO4JIEHA IPON3BOJILHOM MaTpupl. UMEeHHO, ImycTh
Z =(z;) — KOMIUIEKCHas KBaJpaTHas MaTpuIa
nopsaka n, a Ay,...,A, — €€ coOCTBEHHBIE YHCNa C
yaéroM ux KpatHocTel. B [2] BeBeneHa hopmyna

[l + 24) = det Z*, (3)

rae Z' — BcoMorarenbHas MaTpHIA HOPAIKA 71(71
— 1)/2, o>neMeHTBl KOTOpOW SIBISIIOTCS BechbMa
NPOCTHIMH JIMHEHHBIMU (OpPMaMK OT BJIEMEHTOB Zj;
Matpunel Z. Hwmke Oymer BeiBeneHO 0000IICHHE
Gopmynbi (3) Ju1s IpousBeieHus Bcex CyMM Buna 4;, +
o+ Ay, tae k <nuniy <-- <l BuactHoCTH, €cin
YIOMSIHYTOE TPOU3BEJCHHE DPAaBHO HYIIO, TO paBHa
HYJIIO M OJIHA U3 CYMM, YTO JaéT pe3oHaHC Hopsaka k
+1.

CumBoom L =C"™ wmbl Oygem o00603Ha4aTh
KOMIUIEKCHOE TIPOCTPAHCTBO pPa3MEpHOCTH 7, a
cUMBOJIOM Mat-(n) — NpOCTPaHCTBO KBaJIPaTHBIX
KOMIUIEKCHBIX Marpul mnopsaka n. basuc asrtoro
IPOCTPAHCTBa 00PasyroT MaTpuiml Ky puj,/ = 1,...,n,
COJIepIKalllie €JMHUIy Ha IEPEeCeYeHUH CTPOKU C
HOMEpOM j U CTOJIOLIA C HOMEPOM [/, ¥ HyJH Ha BCEX
OCTallbHBIX ~MecTax. Ham moHamoOHWTCS — Tarke
npoctpancto A¥(L) Bcex KOCOCHMMETPHYECKHX
(BHemHux [4, ['maBa 15, § 1]) ¢opm crenenu k Hapg
npocrpancteom L. Ilycts eq,...,e, — HEKOTOpHIH
6asuc npoctpanctsa L, a el,...,e™ — nBoiicTBeHHEIIl
emy Oasuc compsbkéHHoro ¢ L mpocrpaHcrBa L'
nuHelHblX QopM Ha mpoctpaHcTBe L. basmc
npoctpasnctsa A% (L) o6pasyror hopmsr et A -+ A elk,
rae i; < -+ < i. MBI onaraem, 4to

et pnpelk =Y, go_eio'(l) ® - Qelal, (4)

rIe CyMMHpPOBaHHE pAacIpoOCTpAaHEHO Ha Bce
MOJICTAHOBKU 0 MHOXecTBa {/,...,k}, Oe3 nmemeHus Ha
k!. 3mecy &, — 3HaK MOJCTAaHOBKH . PasMepHOCTBH
IIPOCTPAHCTBA Ak(L) paBHA YUCITy COYETAaHUN U3 1 1O

i 31eMEHTOB INPOU3BOJBHOM Marpuubl Z €

Mat;(n) BpemMeHHO OyJeM HCIOJIB30BAaTh TEH30PHOE
oGo3Hauenue z] (j — HOMep cTpokW, [ — HOMep
cronbua). [Tpn dukcupoBaHHbIX Oasucax eq,...,e, U

el,..., e™aroit MAaTPHIIEC COIIOCTABISCTCS OMITMHCHHBIH

(yHKIMOHAA HA Mpou3BeAcHUU L X L*, KOTOpBIA MBI
Oynem 00o03HaYaTh Kak Z (MpsSMOH KUPHBIA TpUPT):

Z(x;€) = oy 2/, 5)

rae x = x'e;, & = §je’ (B obenx dpopmynax sHaK
CYMMBI OITyCKaeéM B COOTBETCTBHHU C O0O3HaUCHHSMH
Ounmrteitna).  3Hauenwe  Z(x;&)  ompeaencHo
WHBapHUaHTHO, TO €CTh HE 3aBUCHUT OT BEIOOpa Oa3mca
€q,...,en.

[pousBonbHas BHemHsAs dopma A € A¥(L)
SIBJISIETCSL  MOJIMJIMHEHHOW — (YHKIHMEH BEKTOPHBIX
apryMeHTOB Xi,...,Xy, € L, npuuéM 3HaueHue 3TOH
(GYHKIMM paBHO HYJIO, €ClIu Kakue-nmiubo naBa eé
apryMeHTa paBHbI Mexay coboit: A(xy,...,xx) =0,
ecm X, = xsnpu 1 <r <s < k. Orcioga cnenyer,
YTO TPH MEPECTAHOBKE JIOOBIX [BYX apryMEHTOB
¢ynkunu 4 oHa MeHseT 3Hak. [Ipon3BoiIpHOM MaTpuIle

Z = (z]) conocrasum nuneitnbiii oneparop

78 (L) - A*(L), (6)

n

nedicTByroummit B 6asucax eq,...,e, u el,... e

no dopmyse Z=K(A) = A, rne

A(xy, ;) =
R By A(Xes e X1, €0 Xy, - X ) L (X5 €0).

(7

3mecs mpm kKaxkaoM p = [I,...k cHadama
BBINOJIHSAETCS YMHOXKCHHE MOJTHIMHEHHBIX (DYHKIMH, a
3areM cBEépTka [5, c¢. 65] mosyumBIIerocs
MIPOU3BEACHUA 10 OOAHOMY us3 BEKTOPHBIX nu
€IVHCTBEHHOMY KOBEKTOPHOMY aprymenry. llosromy
HPEUI0KEHHOE ONpe/e/IeHne HHBAPUAHTHO, TO €CTh HE
3aBUCHT OT BbIOOpa 0asuca ey, ..., e,. Jlokaxxem Tenepb
KOCOCHMMETPUYHOCTE (opmbl A(Xy,...,x;). Ilycts
PaBHBI apryMEHTHl X, = X; = Xx Ipu » < s. Torga B
cymme (7) paBHBI HYJIIO BCE CllaraeMble C P U P #
S B cuity kKococummerpuuHocT (opmbl A. Ocranoch
paccMOTpETh cilaraeMble, COOTBETCTBYIOIUE CIIYYasM
p=rup==s. B stux ClIydasax UMEEM CyYMMbI

STy AL X1, €4 Xyt ) Z(X; €0) (8)

S A, Xem1s € Xey1s - X)L (5 €D). (9)

B nepBoii cymMme npu JaHHOM i Ha MeECTe 7 B
(dopMe A CTOUT apryMeHT e;, a Ha MecTe § — apryMEHT
x. Bo BrOpoi#t cymme Ha Mecte » B dopme A CTOUT
apryMeHT X, a Ha MecTe s — aprymenr e;. Bce
OCTaJIbHBIE apIyMEHTHI 0UHAKOBEL. [ToaTOMy

A(xy, ..
—A(xy,..

o Xr—1, € X1y ey xk) =
) Xs_1,€ir Xsa1, -+ r Xg)- (10)

CrnenoBarenbHO, CYMMBI (8) u Q)
NpOTUBONIONOXHBL U A(xq,...,x;) = 0. Urak,
orieparop Z"k neitctBuTenbHO oro0Opaxaer



Espasutickuti Coro3 YueHbix. Cepus. mexHuU4Yeckue u puauko-mamemamuyeckue Hayku. #1(132), 2026 5

npoctpancteo  A¥(L) B cebs u  omnpenenéu
MHBAapHaHTHO. Marpuiyy 3Toro omeparopa B 0Oasuce
{e!t A--- A ek} o6osnaunm uepes ZK. TTocmotpum,
KaK M3MeHHTCs onpenenutens det ZYF 31oii Matpuib!
npu 3aMeHe 0asuca ey, ..., e, npoctpanctsa L. [lycth
fi,-.., fn — Apyroii 6azuc 3TOro mpocTpaHcTBa U V —
MaTpHlia Iepexoja OT MepBoro Oasuca KO BTOPOMY.
Torma wMatpuma Z mpeoOpasyercsi B HEKOTOPYIO
MaTpuily W no gpopmyie
w=v-1zv. an
Ipu stom Gasuc {e't A -+ A ek }mpeoGpasyercs B
6asuc  {f* A--Af%} ¢ Hekotopoil Marpuueii
nepexona V,,. Torma wmatpuna onepartopa Z%K
npeobpasyercs no dopmyne WK =vitzbky,
ITosTOoMy
det WY = det 7Yk, (12)
TO €CTh ONpEIENMTENb MaTPHUIILl oniepatopa Z >k
HE 3aBUCHT OT BbIOOpa Oa3uca mpocTpaHcTsa L.
Teneps nocTapaemcs onucath Matpuiy Z K, Kax
BUIHO 13 Qopmyast (7), coorBercTBHE Z — ZYK
nuHeHo. [103ToMy HaM JO0CTaTOYHO IS KayKJOU apsl
WHICKCOB  j,/  HalTH  MaTpuily  oIeparopa,
COOTBETCTBYIOIIETO OasucHod matpuue Ej,
KOTOpPOH MBI BIpenb OyaeM HCIIOIb30BaTh TEH30PHOE
o0o3HauCHHE E]l ( j — HOMEp cTpoku, [ — HOMEp
ctos61a). [Ipu Takux 0003HAUCHHSIX HMEEM

j i Lk
Z=3"_,z/E,Z" =¥ _, 2/ (E))". (13)

s xaxkaoro Habopa UHAEKCOB i < ++ < I HAM
HY)KHO  HAaWTH  KOCOCHMMETPHUYECKHA  TEH30p

ALY i
(E]-) (e't A= Ae'k). Jna Tpou3BOJBHOTO Habopa
BEKTOPOB X, ..., X, € L crpaBeuBo

) . xil e xk
e A ANek(xy, ., x) =] :.(14)
x]l-k e x,l(k

I[anee, 10 OIPEACIICHUIO
,k ., .
(B (et hen o)) Gayen ) =

= 2}5:12?:1 el A A
. P
e (X, e Xp_1, €5 Xpr1, - X ) Ej (35 €. (15)

IIpu 3TOM crosIIIEe 3/1€Ch BBIPAKEHUE et A A
eik(m )OTJIMYHO OT HyJIS JINIIB B CIIydyae, €CIM HHAEKC
i COBNAAAET C OJHUM W3 HMHJIEKCOB iq,...,I;. Kpome
TOTO,

E}(xp;e) = x,l,(Sji,

(16)

rae 8]-" - CUMBOJ

Kponekepa. Takum obpa3om, B

mpaBoii wactu paBeHCTBa (15) OTIIMYHBIMH OT HYJSA

MOTYT OBITh JIMIIb CJAraeMble, y KOTOPhIX [ = j = i,
A1t Hekotoporo g, 1 < g < k. B aToMm ciyuae

((Eilq)n,k (ei1 A A eik)> (X1, %) =

ko i i !
Yp=1€ T A ANek(Xy,..., Xp_q, eiq,xpﬂ,...,xk)xp.

(17)

Onpenenurenp, CTOSAMUN B TPaBOW dacTh
¢dopmysl (14), 0603HauMM yepes X, a anrebpandeckoe
JOTOJIHEHHE €r0 3JEMEHTa, CTOSIIET0 B CTPOKE C
HOMEPOM [4H CTONOIE C HOMEPOM p — YEpPE3 Xf; . U3

¢dopmymst (17) cnenyert, 910

0,k . .
<(El.lq) (et /\.../\elk)> (X1, x) =
PO x;,XiZ, (18)

TO €CTh TIONydaceTcs PAa3lIo’KEHHE IO CTPOKE C
HOMEpPOM [/  OmlpemenuTeNs, IONYy4YeHHOTO U3
onpezenurens X 3aMEHOW CTPOKM C HOMEPOM [,

crpoxoit (x}, ..., x}). CrenoarensHo,

0k i . . ;
(E{q) (et A-Nek) =elt A pela-1 Aet A
elati A A ek, (19)

[Ipu aTOM MoOmpazymeBaeTcs, YTO €CIu UHACKC /
COBMAaiaeT c OJIHUM u3 HHJIEKCOB
il,...,iq_l,iq+1,...,ik, TO NpaBas 4YacTb paBEHCTBA
(19) paBna mymo. Eciu sxe wHIEKC / He COBMAgaeT HU
C OJHMM W3 YIOMSHYTHIX HWHIEKCOB, HO HE
YIOBIETBOPAET HEPABEHCTBY [5_g <l <ligyq, TO B
npaBoii yactu (19) Hy>KHO MPOU3BECTH MEPECTAHOBKY
COMHOXMHTENEH ¢ BO3MOXKHOM MEpeMEeHON 3Haka,
9TOOBI TONYYUTh Oa3HCHBIA JIIEMEHT MPOCTPAHCTBA
A¥(L). VI3 ckazanHOro BBILIE CIICIYET, UTO

nNok, .
(E)) (et A--ne)y =0, (20
€ClM WHJEKC j He COBNAJaeT HU C OJHUM U3
HUHJEKCOB Iy, ..., ig.

Dopmynsel (13), (19) u (20) mo3BOIAIOT HaWTH
matpuiy Z ¥ s nponssosbHo# Matpuer Z. CHauana
MPEIIOoJIOKUM, YTO MaTpulia Z JuaroHajibHa, Z =
diag(Ay,..., A,). Torna u3 aTux Gopmya cienyer, 4To

Zn,k(eil A A eik) — (/11,1 4ot )Lik)eil A A
ek, (21)

TO €CTh B PACCMATPUBAEMOM Cilydae MaTpuua Z
TOKE JMATOHANbHA, C demMeHTamu Ay + -+ 4; Ha
nuaronanu. [Tostomy
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det Z"F = Hi1<~-<ik(’1i1 Tt Aik)' 22)

IMycte Teneps Z € Mat;(n) — mnpou3BoJbHAS
Matpuma. [IpmBeném e€ k sxopmaHoBOW (opme
nocpencTsoM npeodpazoBanust nogobwus (11). Cragana
MPEJIOIOKHAM, YTO COOCTBEHHBIC YHCTA Aq,...,A,
Matpul Z u W nonapHo pasnuyssl. Torna marpuna W
IuaroHanbHa U w3 (12) ciemyert, 9To U B 3TOM CiTydae
BepHa (opmyna (22).

[epeiiném k o0mEMy ciiydyaro, KOTJa HEKOTOPhIC
COOCTBEHHBIE YMCIIa MAaTpUIBl Z MOTYT COBHAJaTh, a
Marpuia W comepXHT >KOPAAHOBBI KIETKU MOpPSIKa
JBa win Oonpmie. Torga MOXKHO MOCTYHHTH Tak, Kak
npeyiosxkeHo B [6, c. 112]. MmMenHO, paccMoTpum
marpuy Ws, monydeHHylo W3 Marpunsl W
no0OaBileHHEM K €€ IMaroHalbHBIM DJIEMEHTaAM Aj
ManbIx cnaraeMbix 6; npu j = I,...,n. ITycTh Takxke 9T
JI00aBKH TaKOBBI, YTO JHATOHAIBHBIC dJIEMEHTHI A, +
6yy.vyAp + 6, Mmarpumpl Ws momapHO pasIH4HBL
Torna mno yxe pnokazaHHoMmy u3 Qopmynsl (22)
CJIE/TyET, 9TO

det Wy =TT, <..ci (A, + =+ Ay, +4), (23)

rae A =6 + -+ 6. O6o3naunm raxke Zs =
VW5V 1. Torma, eciu ycTpeMHUTh Bce J0OABKHU 6
HYJII0, TO Matpuia Zs yCTPEMHTCS K MaTpuie Z,
BCJIC/ICTBHE YEr0

det ZVk = fgifg det Zg* = Miy<ciy (A, + -+ +
Xi) (24)

TO ecTh opmyina (22) ycTaHOBJICHA U B 0OIIEM
ciaydae. E€ MoXHO paccMmarpuBaTh Kak 00001eHue
thopmymsr Oprranzo.

[puseném npumep Matpuusl Z° mpu n = 4.
DnemenTsI Gasuca npoctpancTsa A° (L) pacionoxum B
HOpsIKe

etne?ned et ne?net et Aednet e’ A
e3 Aet (25)

U3 popmyn (13), (19) u (20) umeem

Z%3 (e ne?ned) = (zf +z2 +z3)et neP ned +
+z3et Ane? net —zZel NeP net +zie? Aed Aet,

Z%3 (e Ae? het) = (2] +z2 + zDet Net net +
+z5et Ne? ned +zZet NeP Aet —zie? Aed Aet,

Z%3 et nednet) = (zl + 25 +zDet ned net —
—zgel Ne? neP +z3et Nne? Aet +zie? Aed net,

Z93((e*nePnet) = (25 + 23 +zDe? Aed net +
+ziel Ne? ned —ziet Ne? Aet +z7el Ned Anet.

(26)
Bo3sspamasice K Ooiee MIPUBBIYHBIM
0003HaYEHUIM Zj s DIEMEHTOB MaTpulisl Z,
MoJIy4yaeM OTCIOJIa, YTO

¢11 Z34  TZ24 Z14
z z -z
bk — 43 (22 23 3 ) 7)
—Z42 232 (33 Z12
Z41 231 Z21 Caa

rae

C11 = Z11 + Zap + Z33, (o2 = 211 + 223 + Zua,
(28)

(33 = 211 + Z33 + Z44, (44 = Zop + Z33 + Zya.
(29)

3akJiouenue

U3 dopmyinsr (22) cienyer, 4To HaIW4ue paBHOMN
HYJTIO CYMMBI k COOCTBEHHBIX 4HCENT MaTpuipl Z
PAaBHOCHJILHO CIPaBEUTMBOCTH paBeHcTBa det Z“F =
0. Takum oOpa3oM, JUis OOHApPYXKCHUS PE30HAHCA
npocredmero suga A, = 24, + A, -+ + A, mopsamka k
+ 1 pjocrarouyHo yOeauTbCS B CIIPaBEJIUBOCTH
YIOMSHYTOTO paBeHcTBa. ITopsgok Matpuusl det ZYF
PaBEH YHUCIy COYCTAaHMU U3 7 TO k, a €€ DIEMCHTHI
SIBIISIFOTCS BEChMa IPOCTBIMU THHEHHBIMU (popMaMu OT
9JIEMEHTOB MaTpuIlbl Z (HeIUaroHaJdbHBIC SJICMEHTHI
Matpuipel Z“¥ ¢ TOYHOCTBIO [0 3HAaKA COBNANAKOT C
HEKOTOPBIMHU HelMaroHaJIbHBIMU JJIEMEHTaMHU
MaTpuubl Z, a €€ IMaroHalbHbIE 3JIEMEHTHI SBIISAIOTCS
CyMMaMH Kk JMaroHajJbHBIX OJIEMEHTOB TOM JKe
MaTpuisl). B o0mieM ciryuae k03¢ QUIMEHTH CHCTEMBI
ypaBHeHHH (1) MOTYT 3aBHUCETh OT HEKOTOPOTO YHCNA
rapamMeTpoB, ¥ TOrga [UIsi TPOBEPKH HAJINYUS
pe30HaHca cieayeT IPUBICYh METOIBI KOMITBIOTEPHOM
anreOpel.
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THERMAL BEHAVIOR AND FATIGUE OF PIPE GLASS COATING

N. Yu. Ibragimov

Azerbaijan State University of Oil and Industry (ASOIU),
16/21 Azadlig Ave., Baku, AZ.1010, Azerbaijan.

DOI: 10.31618/ESU.2413-9335.2026.1.132.2227

W3ydeHO moBeAeHNE CTEKIITHHOTO MOKPHITHS TPYOBI B 30HE IOBBILICHHOT'O TEMIIEPATYPHOTO KPaeBOIro
¢ pexTa. YCTAaHOBICHO, YTO PacIpOCTpaHCHHE M XapaKTep pa3BUTUA Ae(PeKTOB HaONIOaroTCs B BHIC
KOJIBLICBBIX M BHHTOBBIX TPCINUH, [0 MEPE BO3PACTAHUSA TEMIIEPAaTyphl U1 CTalbHBIX U JIATYHHBIX
CTCKJITHHBIX HOKPBITHHA Tpy0. Y CTaNbHBIX W JIATYHHBIX CTEKISIHHBIX NOKPBITHH Tpy0 COOTBETCTBEHHO
PACIIOIOKEHBI TPEIIMHBI OT TOPIEBHIX ceueHwuit 1o rmyounsl 0.6-0.8 ntnaMerpa MeTaIndecKoul TpyOHI.

Ilpu 270°-300°C (opMupoBamuch KOIbIEBble TpelluHH Ha paccrosamu 0,25d u 0,4d miam 1gBa
HENMONHLIX BUTKAa BUHTOBOH JMHUH Ha TeX ke paccTosnuax. Ilpum 300°-350°C y Bcex o6pasios
(dbopMuUpOBaNIKCh € KaXAOro Topua Mo 2-3 BUTKa BUHTOBBIX JNWHHMH Ha paccrosuuu 0,5-0,6 d.
[ToBbleHUA TeMIepaTyphl B npejenax 350- 450°C BBI3BIBANIO MOABIEHHE YETBEPTHIX M IATHIX BUTKOB.
[Ipu 3ToM riy6uHa mponyckanus TpemuH He npesbimana 0,8 d. Ipu 450°-550°C B oTAENBHBIX Cllydasx
TPEUIUHBI PacCIpOCTPaHsIINCh Ha TIyOuHy 1o d, a 3aTeM MOSBUJIKCH IIECThie BUTKU M CETKa TPEIIMH 10
riy6ounsl 0,6-0,8d. ITpu 550-650 C npoucxoamnsio B3AYTHE MOKPHITUS, KOTOPOE MPH 3TOM UMEJO KPaCHBIN
BeT. BecnyuMBanue IMOKPHITHS B BUAE MEIKHX M KPYIHBIX Kamendb HacTymano 700°C

The behavior of the glass coating of the pipe in the zone of increased temperature edge effect was studied. It
was found that the distribution and nature of the development of defects are observed in the form of ring and screw
thermal behavior cracks, as the temperature increases for steel and brass glass pipes. In steel and brass glass
coatings of pipes, cracks from the end faces are located respectively sections to a depth of 0.6-0.8d of the diameter
of the metal pipe. An experimental study of the effect of increasing temperature on the temperature resistance of
glass-coated pipes was conducted. At 270-300C, ring cracks were formed at a distance of 0.25d and 0.4d or two
incomplete turns of the helical line at the same distances. At 300-350C, all samples formed 2-3 turns of helical
lines from each end at a distance of 0.5-0.6d Moreover, for some samples, a tendency for cracks to spread sharply
into the depth was observed. An increase in temperature to 350- 450C caused the appearance of fourth and fifth
turns. In this case, the crack penetration depth did not exceed 0.8 d. At 450-550C, in some cases, cracks spread to
a depth of d, and then sixth turns and a network of cracks appeared to a depth of 0.6-0.7 d. In some cases, only a
network of cracks formed to a depth of 0.6-0.8d. At 550- 650 C, swelling of the coating occurred, which was red
in color. Swelling of the coating in the form of small and large drops occurred at 700 C

KawueBbie caoBa : TemmeparypHoe MOBEICHHE , KOJIBLEBBIC M BUHTOBBIC TPCIIMHBI, TOPLEBHIC
CEUCHUsI, CTANbHBIC U JIATYHHBIC TPYOBbI,M3MEHEHHE TOJIIMHBI CTEKJISHHOTO HOKPBITHSI, F€OMETPHUYCCKHUE
pasMepsl CTEKIITHHOTO HOKPBITHS TPYOBI.

Keywords: Thermal behavior , thermal resistance, ring and screw cracks, end sections, steel and brass
pipes, thermal fatigue, thermal conductivity coefficient, scale factor, geometric dimensions and cut of glass
coating

BBenenune
HpI/I HAHCCCHHUU 3alIUTHOTO CTCKIIAHHOT' O

MOKPBITHH, KOTOpBIE HE TPeOyIOT CIIOXHBIE W
JOPOTOCTOSIIIINE TIOJATOTOBKH TOBEPXHOCTH IS

MOKPHITHS Ha BHYTPEHHIOI IIOBEPXHOCTH TPYObI
ocoboe BHHUMaHWE TpeOyercs, IS TOrO YTOOBI
OUYHMCTHTH  IOBEPXHOCTH  MeTaia HeobOxoxumo
TIIATEJIBHO OYUCTUTH MOBEPXHOCTh OT OPraHWYECKUX
BEILECTB, PXKABYMHBI U IPyTUX 3arps3HeHUH, NpUIaTh
K TIOBEPXHOCTH OIPEIEICHHYI0 [IEPOXOBATOCTh U, 110
BO3MOXXHOCTH  aKTHBHUPOBaThb €€ C  I[IOMOIIbIO
XUMHYECKHX U Ipyrux cpenacts [1, 2,3].

Jis ocBoeHus, HauboJiee MPEANOYTHTEIbHBI
TEXHOJIOIMYECKHE MPOLEeCChl HAHECEHMS 3aIIMTHBIX

oOecreuyeHns BRICOKOT'O0 Ka4eCTBA MOKPBITHIA.

[Ipou3BOACTBO CTEKISHHBIX MOKPHITHIA TPyO
MOKa3ajdd, YTO [JIs TOJNYyYCeHHS KAYeCTBEHHOTO
CTEKJITHHOTO TOKPBITHS JOCTaTOYHO CTpYHHAs
00paboTka ¢ TOCIEIyIONEeH MPOTYBKOH CXKATOTO
Bo3nyxa.[4,5 ,6,7, ]

15 obecrieueHnss Ka4eCTBEHHOTO MOKPHITHS U
IpyTux DKCIITyaTal[MOHHBIX rokazarenei
CTCKIIAHHOT O l'IOKpBITI/IH HeO6XO}Z[I/IMO 3HATh
COOJIIOICHNE TEXHOJIOTHYECKOTO perjiiaMeHTa. DT
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napaMeTpbl B 0O0JIBIIMHCTBE cily4aeB
B3aMMOCBSI3aHbl W 3aBUCSAT OT CBOMCTBa HpPHUMEH-
geMOro CcTekna (MakcuMaslbHas TeMmIeparypa,
CKOPOCTh Harpesa TpyObl, TeMIlepaTypa HaHECEHUs
U BpeMsl KOHTaKTa u T.1.) [8,9,10]

Takum 00pa3om, MeTaIITNIECKyI0 TpyOy mepen
HaHECEHHEM MOKPHITUS 00XKUTAeT IPH TeMIIepaType
300-400°C, u ¢ MOMOIIBPIO METAITMIECKOTO epIia
YAAISAIOT € BHYTPEHHEH ITOBEPXHOCTH TpPYOBI
BEIIECTBA CTOPAHUS U APYTHe HHOPOIHBIE YACTHIIBL.

KpOMe TOTO, TCXHOJOTUYHOCTH CTCKJIa
onpeaeaiacTCs B OCHOBHOM cMauuBaronen
CITOCOOHOCTHIO PasMATYECHHOTO CTCKJIa 1o

OTHOILIEHUIO K OKHMCIIGHHON MOBEPXHOCTH MeTasia
TpyOs1.[11,13,14]

TEOPETHYECKAS YACTH

JInUTenbHOCTh Mpolecca HaHECEHUS MOKPBITHS,
COCTOHT M3 IBYX NEPHOOB:

a) pa3orpeB METaJUIMYeCKOW ¥ CTEKITHHOU
TpyOBI 10 TOSABICHHS OypOTO [IBETA HA TOBEPXHOCTH
CTEKJa U MIOTHOTO MPHJICTAHUS CTEKJISHHOHN TPyObI
K CTEHKaM METaJIINYeCKOH TpyOsbl;

0) KOHTAaKT pa3MAT4CHHOI CTEKISTHHOU TPYOBI C
MOBEPXHOCTHIO METAINIMUECKON TPYOHI.

Ha puc. 1 mpencraBinena cxema COBMECTHOMU
JneopManuy NP HAHECEHUH CTEKISTHHOW TpyObI Ha
BHYTPEHHIOIO TIOBEPXHOCTh METAJUIMYECKOI TpPYyOBI.
VYcnoBue COBMECTHOCTH NPOJOJIBHON JeopMaiuu
CTEKJISTHHOTO MOKPBITHS U TPYOBI IPEACTABISIET COOOH:

e=u T+ U =wl-U, (1

rme oy, o2 — KOd)(UIMEHTH JTHHEHHBIX
paclmmpeHuii CTEKISIHHOTO MOKPBITHS W MeTala
TpyOBl. T — Temmeparypa pa3MATdCHUs] CTEKISTHHOMN
Tpyos;U;, U, — OTHOCHTENBHOE  TPOJOJIBHOE
YJUIMHEHUE CTEKJITHHOTO MOKPBITHS U METAJUINYECKON
TpyOBI COOTBETCTBEHHO.

OTHOCHUTENBHbIE ~ YUIMHEHUS  CTEKIISTHHOTO
MOKPBITUSL U METaJuIa TPYOBbI ONpeEENseTCs 0 3aKOHY
I'yka [15, 16]

Ur =2 (1 - up);
E1
o1
Ur=— (1 - ), (2)
2

rae Oy, O; HOpMAaJIbHBIC PACTATHUBAIONINE H
CKMMAIOIINAE HANPSKEHUs CTEKIITHHOTO MOKPBITHA U
metaiia Tpyosr; Ei, Ez, Wi, J2 — COOTBETCTBEHHO
Moaymu ympyroctd u  koaddummentsr Ilyaccona
CTEKISIHHOTO  TOKPBITHS WM MeTaula  TpyOBI.
CoBMecCTHBIE JEUCTBUSL CTEKISHHOTO HOKPBITUS U
METaJUTNIECKOil TpyOBbl MIMEET ypaBHEHHE PaBHOBECHS
B CIIEIIYIOIIEM BHJIC.

ouf1to.F=0, 3)

rae Fi, F> — miomanyM IONEpPEeYHBbIX CEYEHUM
CTEKJITHHOT'O TIOKPBITHS M MeTaJlIa TPYOHI,

Pemrass comectHo ypaBuenus (1), (2) u (3),
AMEeM:

¥

0n = Enp1 (02— 0)T; Erpl = =g — 1=
& Rt R

(4

Om = Enp2 (02— ar)T; Epp2 = ﬁ
Rt T, 2R

rie Enpi, Enp2 — IPUBEAEHHBIC MOAYNH YIPYTOCTH
CTEKJISIHHOTO MOKPBITHS ¥ METAIMYECKOH TPYObI;

IlonyueHne KaueCTBEHHOTO MOKPBITUS MpHU

BBICOKUX TEMIEpaTypax CBA3aHBI C OIpEIEICHHBIMU

3aTpyIHEHUSIMU, T.€. C HHTCHCHBHBIM BBIICICHHEM

yriepona ¢ obpa3zoBaHueM my3sipei. [Ipn HaHeceHHn

MOKPBITHS,  TAaKXKE  BBI3BIBACTCS  BCIyYHMBaHHE
CTEKISIHHOTO  HOKpbITus. IlosToMy HE00X0IMMO
OIIPEACIUTH ONTUMAIIBHYO TEMIIEPATYPY HAHECEHHS,
MIPOJIOIKUTENEHOCTD mporecca Harpesa

MeTayundeckoi Tpyosi [17,18,19,20].

CyIHOCTh pa3pylleHUs] CTeKJa MPH PEe3KOM
nepernage TEMIEpaTyp CBOJUTCS K CIEAyIOIIEeMY:
[Ipu pe3koM M3MEHEHHUHU TEMIIEPaTyp BO BHEIIHUX U
BHYTPEHHUX CIIOSIX cTeKJIa BO3HUKAIOT
TEMIEPATypHbIE HANPSIKECHNAS IMPOTHBOIIOIOXKHOTO
3Haka. [Ipu oxXJIaXJIeHWH B TOBEPXHOCTHBIX CIOSAX
BO3HUKAOT TEeMIEepaTypHBIE HaTPSKCHUS
pacTsDKeHHUs, IpU HarpeBaHUM — cxarud. [lostomy B
CTEKJITHHBIX NMOKPBITHAX TPyO HampspKeHHE CKATHS
o0ecrednBaeT BBHICOKYIO HECYIIyI0 CIOCOOHOCTH H
MOBBILIEHHYIO  paborocmocobHocTu.  CremoBa-
TEJBbHO, TEMIIEPAaTypHOE IOBEJCHHE CTEKJISHHOIO
MOKPBITUS HAXOJUTCSI B 3aBUCUMOCTH OT BEJTUYHHBI
3THUX TEPMUYECKUX HaNpspKeHud . MHoroneTHue
UCTIBITAHHSI TIOKAa3bIBAIOT UTO, OCEBBIE CHKUMAIOIINE
YCHJIUSI B CTEKJISTHHOM MOKPBITHH BOJIM3H TOPLA MTPH
JuiHe | > d yMeHbIIAlOTCS K TOpLY A0 HYJS IO
¢byukuuonanpHO# 3aBucumocTd f(d). B cBs3u ¢
9TUM SBIIEHHEM CIEIUIEHHE CTEKJITHHOTO MOKPBITHS
BOJIM3M TOpPILIAa 3HAYMTEIHHO MEHbIIE, UM B TTyOHHE
TpyObl. [loaTOMY NpH JIOOBIX BHELITHUX HAIPYy3Kax, B
TOM 4YHUCJIE W TEPMHYECKUX, CJIEIyeT OXHUIaTh
paspylieHie MOKPHITHUS, IIPEXK]IE BCErO y TOpLAX .

IKcnepUMeHTAJTbHAS YacTh:

DKCIepUMEHTAILHOMY HCCIIEeIOBAaHUIO
NOJBEPTajlCh  OCTEKJIIOBAaHHbIE  CTajbHBIE |
nmaTyHHBIe 00pasmbl TpyO ¢ pasmepamm D25x2.5;
®32x4,0 ®57x3,5; P89x4,5 u | > 3d mnunamu u ¢
ToamuHaMu ctekia 6=0,2-0,8 Mm,.

B kaxmoi maptum ObuM ABa oOpasna OJHOTO
pasmepa (A um B). OOpasmsl mocienoBaTeIbHO
HarpeBajy B IIEYH JI0 OIIPE/IEICHHOI TeMIepaTyphl U
MoJiBepraiiu BHU3YyaJIbHOMY Win
MHUKPOCKOTTUYECKOMY 0CMOTDY. Pesynbratsl
HCCIIeIOBAaHUS PUBEACHBI B Tabmumax 1 u 2.

YucauTens — pacCTOsSHUE BUTKA OT TOPLA B MM,
3HaMEHaTeNlb — KOJHUYeCTBO BUTKOB. [Tocie kaxoro
ocMOTpa (DUKCHPOBAIM W3MEHEHHST B COCTOSIHUH
CTEKJISIHHOTO MTOKPBITHS TPYOBI.
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Tabnuuna 1.

PacnpocTpaHeHne TPeNINH NMPH HAHECEHHH CTEKJIAHHOTO MOKPBHITHS TPYOBI, (6=0,2 — 0,6 MM)
Crack propagation during glass coating application on pipes, (6=0.2 — 0.6 mm) Table 1.

O6pasip! (Samples) (6= 0.2-0,6mMm)
Temneparypa(,temperature) 1 2 | 3 | 4
Topiw! (Ends)
°C
A b A b A b A b
250 51 - - - 31 - - -
300 -8/2 8/2 51 - 8/2 - 2/1 -
350 - - - - 2/1 - 5/2 512
400 12/3 12/3 - - - - 8/3 -
450 16/4 12/3 - - - - - -
500 - - 7/4 16/3 12/4 10/3 - -
550 24/6 12/3 - - - - - -
600 24/6 12/3 7/4 16/3 14/5 20/4 17/6 17/5
Tabnumna 2.
PacnpocTpaHeHHe TPeIMH NPH HAHECEHUH CTEKJISTHHOI0 MOKPbITHSA
TpYyo6BI, (6=0,6 — 0,8 MM)
Crack propagation during glass coating application on pipes, (6=0.6 — 0.8 mm) Table.2
Temmepa- O0pa3up! (Samples) (6= 0.6-0,8mm)
Typa, 1 | 2 3 | 4
(;temperature Topws! (Ends)
oC A b A b A b A b
400 - - 31 51 31 51 4/1 4/1
450 51 5N 8/2 8/2 8/2 51 5/2 5/2
500 8/2 8/2 12/3 12/3 2/1 12/3 13/3 13/3
550 - - 15/4 15/4 - 12/3 13/3 13/3
580 12/4 12/4 15/2 15/2 - 14/3 15/2 15/2
600 13/2 13/4 15/2 15/1 12/4 14/2 15/1 15/2

IIpoBoauan MapkupoBKY oOpasla Kaxaoe, U3
MapKHpOBaHHBIX TOPIIOB, HAOIIOJEHHE BEIU 3a
KaXJIbIM TOPIIOM, a 3aTeM 000011an pe3yabTaThl.

Cnegyer  OTMETHTH  4YTO,  CIIOCOOHOCTh
CTEKJISITHHOTO MIOKPBITUS BBIJICPKHBATh Pa3HbIE Mepe-
TaJIbI TeMIIepaTyp XapaKkTepu3yeT ux
TeMIiepatypHoe noseaeane. OOpa3nbl HarpeBajrch B
MyQpeNnpHOH Tedd, a OXJaXIalduch C 3aJaHHOW
TeMIeparypoil  (OIHOKpATHBIH) TIpU Iepenamax
20,30,40,50°C Hanuuue tpemuH oTmeyanock
tonmsko npu mepemaze 50°C . 3a MakcUMaabHBIH
mepemnaj — TeMIepaTypsl  CTeKJa  IpHHHUMAanach
temneparypa 50°C (tabmuna 1) u ( Tabnuua 2) , npu
KOTOpPOH CTEKISIHHOE IOKPBITHE BBIAEPKHUBAJIO 0e3
paspymenus. [locTpoeHbl 3aBUCHMOCTHU TTyOUHBI
pacmpocTpaHEHHUs  TpemHMH OT  TeMIIepaTyphl
CTEKJITHHBIX MOKpHITHH TpyO. Ha puc. 2 m 3 kax
ciaexyer w3 TpadUKOB, 3aBHCHUMOCTb HOCHT JIH-
HEHWHBIH XapakTep. XapakTep pa3BUTUA U BUJ
TPEeIMH 10 Mepe BO3pacTaHWs TEMIIEpaTypbl s
CTaJbHBIX M JIATYHHBIX OOpAa3[OB pa3NUYHBL. Y
CTaNBHBIX 00pa3noB guamerpamu ®25x2.5; ®32x4, (
6=0,2— 0,6 ™M), TpeIMHBI MOSBIAIOTCS MpPHU
temnepatypax 250°C-600°C, a jnsa juameTpos
d57x3,5; ®89x4,5 ¢ TommuuHamu crekia ( 6=0,6— 0,8
MM), COOTBETCTBEHHO TIpu Temmeparypax 400°-600°C .

VY nmatyHHBIX 00pa3noB amamerpamu ®25x2.5;
®32x4, u tommmHamu crekna ( 6=0,2— 0,6 mMm),
TPEIIUHBl TOSABIAIOTCA Npu TemmepaTtypax 400°C-
600°C, a nns tpy6 mumamerpamu ®©57x3,5; ©89x4,5

u ¢ tonuuuoi crekna ( §=0,6— 0,8 mm,), TnameTpoB
npu Temneparypax 500°-600°C .

O0cyxaeHue pe3yabTaTOB

Ipu 270°-300°C GpopMupoBaNUChH KOJIBLIEBHIE
TpemnHbl Ha paccrosinuu 0,25d u 0,4d wnm nBa
HEMOJIHBIX BHTKa BWHTOBOW JIMHUU Ha TeX XKe
paccrosnusx. IIpu 300°-350°C y Bcex o6pasuos
(opMHUpPOBANTHCH C KaXJIOTro Topla mo 2-3 BUTKa
BUHTOBBIX JHUHHH Ha paccrosaun 0,5-0,6 d.
[Ipudem nns HeKOTOpHIX 00pa3noB Habionanach
TEHJEHIHS PACHPOCTPAHEHHUS TPEIIMH pPE3KO
Briuy6s. IloBeImenus Temmeparypsl 10350- 450°C
BBI3BIBAJIO MOSBJICHUE YETBEPTHIX U MATHIX BUTKOB.
I[Ipu »TomM rnyOuMHa mNpoONyCKaHUs TPEUIUH HE
npessimana 0,8 d. Ipu 450°-550°C B oTAenbHBIX
Cily4asiX TPeUIMHBI PAaCIPOCTPAHSINCH Ha TIyOUHY
1o d, a 3aTeM MOSBMJIMCH LIECThIE BUTKH U CETKa
tpemua g0 rayounsl 0,6-0,7d. B oTamenbHBIX
CiIydasx JUIIb GOPMHPOBAINCH CETKA TPEIINH /10
riny6unst 0,6-0,7d. Ilpu 550-650 C mpoucxonuio
B3JyTHE MOKPBHITHS, KOTOPOE INPHU 3TOM HMEIJO
KpacHBIi 1BeT. BcnyuuBaHHWe NMOKPHITHS B BHJE
MeJIKMX M KPYTHBIX Karenb HacTynano 700°C. Ha
doTorpadun.1 NpEJCTaBICHBI CHUMKH
pa3IMYHBIX JUaMETPOB 00pa3loB CTEKJISHHBIX
MOKPBITHH TPYO.

Jns  naryHHeIXx  obpasuos npu  300°C
HAYMHAJIOCh HapylleHHe MOKPBITHS MO  Bcell
MMOBEPXHOCTH. Y OTAENBHBIX 00pa3oB HaOIIOgaIH
pacnpocTpaHeHHe TpelUUMH [0 TIyOuHbI, PaBHOMN



10 Espasutickull Coto3 YdeHbix. Cepusi: mexHuU4Yeckue U (usuko-mamemamuyeckue Hayku. #1(132), 2026

nuametpy, Ilpu temneparype 650°C mabionanu
MOJIHOE paspylIeHHe IIOKPBITUS BcexX 0oO0OpasIoB,
KOTOpPO€ TPOSBISUIOCH B BHJE CIUIONIHOW CETKH
TpeIuH

VY3en mnoabemMa BHHTOBBIX JIMHUH y BcexX
06pasmnos cocTaBasan okono 4-6° . B manpreimem
3TOT y9acTOK B PSJE CIydaeB MPEBPAINAICSA B CETKY
TpemuH. DTO XapaKTEepHO IS IIMHHBIX 00pa3moB
l>5d nmamerpa. Y koporkux o6pasnosl > 3d
JuaMeTpa CeTKH He HaOIIoaanocs.

Paspymenuss  mokpeiTuss  BOJIM3M  Topua
MPOSIBISUIOCH B BHJIE OJHOW MJIM JBYX TpPEIIMH,
UMEIONINEe TEHACHLIHIO PacHpOCTPaHsIThCS BriyOb
oA yTJIOM 459 Ha nnuny 1,5d. B oTaenpHBIX

ciay4asx  paspylleHue CTeksia BooOie He
HaOmrofanu. YCTaHOBJICHO BIIMSHHE KPaeBOTO
sddexra Ha TeMIEPaTypHYIO CTOMKOCTP
CTEKJISITHHOTO MOKPBITHS TPYOHI.

3AKJIIOYEHUE

1.U3yueHo TeMIIepaTypHOe HOBEJICHUE
CTCKJITHHOTO  IOKPBITUS  TpyOBI B 30HE

TOBBIIIEHHOTO TEMIIEPATYPHOTO KpaeBoro 3¢ ¢exra.
Y cTanbHBIX H JJATYHHBIX OCTCKJIIOBAHHBIX Tp}IG
COOTBETCTBEHHO  HAONIOJAETCs  BHHTOBBIE H
KOJbILEBLIC TPCUHIUMHBI OT TOPLEBBIX CeueHUM 0
rryouns! 0.6-0.8 nuaMeTpa MeTaUTHYEeCKOH TPYyOHI.
2.IIpoBeneHo IKCTIEPUMEHTAIBHOE
HCCIIeIOBAHNE BJIMSHUE TOBBIMICHHUS TEMIEPATyphI
Ha  TeMIepaTypHOe  TIOBEJEHHE  CTEKJISHHBIX
NOKPBITHM  Tpy6.  YcTaHOBJNIEHO  4YTO,  Ha
TEMIIepaTypHOe TMOBEICHUE 3HAYUTEIHHO BIHSET
U3MEHEHHE TOJIIUHBI CTEKJISHHOTO TIOKPHITHS |
TEOMETPHUECKUX Pa3MEPOB METAIUTHUECKUX TPYO.
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Puc.1. CoBmecTHas TepMuUeckas AeopmManus NOKPLITUS H TPYObI

1- cranbHas TpyOa; 2- CTEKISTHHOE MOKPBITHE; 3- 1eopMalius METAJUIMIECKOM TPYObI; 4-
nedopManus CTEKISTHHOTO TTOKPBITHSI
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Puc.2 3asucumocms 2nybumnvl pacnpocmpanenus mpewun y mopya ocmekioganuvix mpyo @25x2,5; @32x4, (
0=0,2—- 0,6 mm), A -cmanvuvie . x - namynnvie

Fig. 2 Dependence of the depth of crack propagation at the end of glass-coated pipes @25x2.5; @32x4, (6=0.2—
0.6 mm), A - steel. x — brass.
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Fig. 3 Dependence of the depth of crack propagation at the end of glass-coated pipes @25x2.5; @32x4, (6=0.6—
0.8 mm), A - steel. x — brass.
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TEXHUYECHME HAVKH

TPAHCTPAHUYHBIE ACTIEKTBI PA3BUTHS JIEKTPOTPAHCIIOPTA: MEX/JTYHAPOHBIMI
OIIBIT U PET'YJISITOPHBIE BbI3OBbI

Koponee Muxaun Huxonaeguy

Cosnadeney KOMRAHUU U UCNOTHUMENbHBII OUPEKMOP O MENCOVHAPOOHOMY PA3BUMUIO NPOU3B00CTNEA
INEKMPUYECKUX ABMOOYCO8 U UX NPOOGUICEHUIO

BbMI epynn

CROSS-BORDER ASPECTS OF ELECTRIC TRANSPORT DEVELOPMENT: INTERNATIONAL
EXPERIENCE AND REGULATORY CHALLENGES

Korolev Mikhail Nikolaevich
Co-owner of the company and Executive Director for the international development of electric bus
production and their promotion
BMG group
DOI: 10.31618/ESU.2413-9335.2026.1.132.2228
AHHOTAIUA

B pamkax mcciemoBaHus OBUI IPOBENCH KOMIDICKCHBIM aHAJIN3 COCTOSHUS W TIPOTHO3HBIX TPACKTOPHA
pa3sBUTHA MHPOBOTO M POCCHHMCKOTO PBHIHKOB AJIEKTPOTPAHCIOPTAa Yepe3 MpHU3MYy TPAaHCTPAHHIHOTO
perymupoBaHds W MekAyHaponmHod muddysum texHomormii. Ha OCHOBE HHTEpIIpeTaniyl CTAaTHCTUYECKUX
MaccuBoB 3a 2024-2025 romel HOCHTU(HUIIMPOBAHBI OIMPEICIAIONINE TEHACHIMH B CETMEHTaX JIETKOBBIX
TPaHCIIOPTHBIX CPEJCTB U OOIIECTBEHHOIO TPaHCIOPTa. AKIEHT CIeNaH Ha PEeryJsTOPHBIX 3aTpyJHEHHSX B
pamkax EBpasuiickoro skoHomuueckoro coro3a (EADC), Bkitouas mnpoOieMaTHKy TaMOXXEHHO-TapU(HBIX
MEXaHU3MOB U HEOOXOIUMOCTh aJaNlTallMOHHBIX HM3MEHEHHH TexHuueckoro pernmamenra TP TC 018/2011.
BrInosnHeHO conocTaBIeHNEe HHCTPYMEHTOB FOCYIapCTBEHHON MOIICP)KKH, IPUMEHAEMBIX B IPYTUX CTpaHax, U
OJTHOBPEMEHHO pPAacCMOTPEHbI TEXHOJOTHYECKHE IEepCHEeKTUBB BHEIPEHUS pELICHUH JABYyHaNpaBlIEHHOTO
sHeprooomena (V2G) u MHTEIUIEKTYJIN3UPOBAHHOTO YIIPaBICHHs 3apsaHON uH(pacTpykTypoil. B 3akimrouenue
cIeTaH BBIBOA O TOM, 4YTO MajibHEWIIee MAacImITaOMpOBAHWE SJICKTPOTPAHCIOPTa TpPeOYeT COTIACOBAHUS
CTaHJApPTOB, 00ECIIEUYNBAIOIIETO OSCIIPEIIATCTBEHHOE TPAHCTPAHUIHOE TIePEeMENICHNE TPAHCTIOPTHBIX CPECTB, a
TaKKEe WHCTUTYIHOHAJBHONH ¥ TEXHOJOTHYECKOW WHTETPAIlH AJICKTPOTPAHCIOpPTa B HAIMOHAJHHEIC

SHEPreTUIECKUEe KOHTYPHI.

ABSTRACT

This study provides a comprehensive analysis of the current state and projected development trajectories of
the global and Russian electric transport markets through the lens of cross-border regulation and international
technology diffusion. Based on an interpretation of statistical data for 2024-2025, key trends in the passenger car
and public transport segments are identified. Emphasis is placed on regulatory challenges within the Eurasian
Economic Union (EAEU), including issues related to customs tariff mechanisms and the need for adaptive changes
to the technical regulation TR CU 018/2011. A comparison of government support instruments used in other
countries is provided, while the technological prospects for implementing bidirectional energy exchange (V2QG)
solutions and intelligent charging infrastructure management are examined. The conclusion is that further scaling
of electric transport requires the harmonization of standards to ensure seamless cross-border movement of vehicles,
as well as the institutional and technological integration of electric transport into national energy systems.

KiaroueBble ciaoBa: 53IeKTpOTpaHCIOpPT, EBpasumiickmii sxoHOMmYeckuid coro3, TP TC 018/2011,
MEXIYHApOIHBIA OIBIT, 3apsaHas WHOPaCTPyKTypa, COBOKYIHAs CTOUMOCTb BIAJNCHHS, DKOJOIHYSCKUE
CTaHIapTHI, TAMOKEHHO-Tapu(pHOE peryauposanue, Vehicle-to-Grid, nekapOoHu3arius.

Keywords: clectric transport, Eurasian Economic Union, TR CU 018/2011, international experience,
charging infrastructure, total cost of ownership, environmental standards, customs and tariff regulation, Vehicle-
to-Grid, decarbonization.

BBenenne TPAHCHOPTHBIX CPEACTB 3aKpeIUIIeTCs B KadecTBE
CoBpeMeHHasi MUpOBasi SKOHOMHYECKasi cucteMa  0a30BOTO WHCTPYMEHTA JieKkapOOHHU3aINN
HepeKUBaCT JTan riryOoKoi CTPYKTYPHOH  MOOWJIBHOCTH, 4YTO WUIIOCTPUPYETCS AMHAMUKOW

MEepECTPOHKH, JETCPMUHHPOBAHHOW HMIEpaTHBOM  TiobampHOro cmpoca: B 2024 romy mpolaxku
mepexoja K  HHM3KOYIJIEDOJHBIM  TPAaeKTOpUsAM  dJeKTpomoOmielt yBemnmuuinch Ha 20,14% u nocturnm
pasBuTHd. B fmaHHOM KOHTeKcTe TpaHcHopTHas 16,7 miH eauHun [1].

0Tpacilb, OTHOCAIIASCS K YUCIy HauOojee 3HaUYMMBIX BMmecTe ¢ TeM pa3BHTHE 3JIEKTPOTpAaHCIOPTa HE
HUCTOYHUKOB  BBIOPOCOB  TApHHMKOBBIX  Ta30B, HCYEPIBIBACTCA SKOJOTHYECKOH MpoOIeMaTHKOH W
nproOpeTraeT KI0YeBOe 3HAUYCHHUE JUIA MPAKTHYECKOH  (GopMupyeT  OTYETIMBOE  TPAHCTPAaHHYHOE U
peanu3aluM  LENCBBIX  yYCTAHOBOK  [lapmKCKOTO  I'€03KOHOMHYECKOE HM3MEpeHue. JuBeprenius

COrJIalICHUA Io KIInMary. QHGKTpI/I(bI/IKaHI/IH HaIlMOHAJIbHBIX CTaHIapToOB SapﬂﬂHOﬁ
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UHPPACTPYKTYPHI, paznuuus B MIPOTOKOJIAX
B3aUMOJECHCTBUSL ~ TPAHCIOPTHOTO  CpEACTBA €
9HEProceThl0, a TAKXKE MPOTEKIMOHUCTCKHUE MOAXOJIbI
B TaMO>KEHHOM peryIMpoBaHUH CO31a10T
WHCTUTYLMOHAJLHBIE u TEXHOJIOTHYECKHE
TIPS TCTBHSA TSI CBOOOTHOTO ITepEeMEIIeHIUS PeIIeHA N
n nponykuuu. s Poccuiickont ®epepanuu u

rocyaapcTB—IIapTHEPOB () EBpasuiickomy
skoHoMHuueckomy  coto3y  (EADC)  ykazaHHas
COBOKYITHOCTh (hakTopoB npuobperaet
CTpaTerunaecKui Xapakxtep B YCIOBHSIX
OJTHOBPEMEHHOH  MOTPEOHOCTH B YKPEIUICHUH

TCXHOJIOTUYCCKOI'0 CYBCPCHUTCTA M BKIIIOUCHUH B

ro0ajbHbIE  [EMNOYKH  CO3AaHHs  CTOMMOCTH.
AKTyanbHOCTb UCCIICI0BaHUS oTpeeNnsercs
HE00XOJUMOCTBIO Hay4YHOH WHTEPIPETALIH

perynsaTopHbix casuroB 2024-2025 ronos: B Poccun
(uKcHpyeTcs HeOTHO3HAYHAS TMHAMHKA, IPH KOTOPOI
obmmii poct mapka g0 59,6 Teic. equann B 2025 roxy
COYETACTCSI C COXpPaHEHWEM KpalHe HH3KOH IoJn
anexkTpomobmieid, mopsaka 0,12% B cTpykType
JIErKoBOro aBTomnapka [2]. OnHOBpEMEHHO U3MEHEHUS

[apaMeTpoB  TEXHUYECKOTO  PEeryjaupoBaHUs U
HaJIOTOBO-OIO/DKETHBIX ~ MHCTPYMEHTOB,  BKJIIOYas
pe3Koe MOBBINICHUWE YTUWIM3AIMOHHOTO cbopa B

okTsiOpe 2024 roma, 3aMETHO TPaHC(HOPMUPYIOT
ycnoBust QyHKIMOHUPOBAHHUS phIHKA [3].

Heap padoThl 3aKII09aeTCs B aHAJIHN3€ BIUSHUS
TpaHcTpaHuyHoro perymupoBanus (B8 EADC u B
CONOCTaBUMBIX  IOPHUCAMKIMAX) HAa  TEMIBl U
KOH(UTypanuio pa3BUTHS PEIHKOB 3JIEKTPOTPAHCIIOPTa
Poccum m Mupa, m 00OCHOBAaHMM HaNpaBJICHUN
TrapMOHM3AIIN CTaHAApTOB u HHTETpaLuy
3JIEKTPOTPAHCIIOPTa B HHEPTETHUECKHE CHUCTEMBI C
yueToM uHppactpykrypsl 1 V2G.

ABTOpCcKasi TUNOTe3a  OCHOBHIBaeTCA  Ha
MNPEINOoNOKEeHHH O  TOM,  YTO  yCKOpEeHHe
MacImTaOupoBaHHUs 3JIEeKTpoTpaHcnopra B Poccun u
EADC Oynmer pmocTturateCsi HE CTOIBKO POCTOM
cyOcuanii, CKOJBKO COTJIaCOBAaHMEM TEXHHYECKUX M
TaMO>KEHHO-TapHU(PHBIX PEKHMOB (BrITIOUAs
agantanmto TP TC 018/2011) w BKIIOYCHHEM
3apsgHOW  wWHppacTpykTypsl ¥ V2G B eAHWHBIN
TPaHCIIOPTHO-?HEPTETHUECKUH KOHTYp, CHIKAIOIINI
TPaH3aKIIMOHHBIE  M3JIEPXKKH M COBOKYITHYIO
CTOMMOCTH BIIQJICHUSI.

HayyHasi HOBM3HA 3aKiIIO4aeTcs B TOM, HYTO
BIIEPBBIE B paMKaxXx HCCICAOBAHHUS MpeIIoKEeHa
KOMILICKCHAS pamka aHanmm3a «PBIHOK—
perynupoBaHue—HMH(pPACTPYKTypa—IHEPrOCUCTEMAY, B
KOTOPOH CTaTHCTHKA MOCIEIHHX JIET MO CerMEeHTaM
JIETKOBOTO M OOIIECTBEHHOTO 3JICKTPOTPAHCIIOPTA
yBsI3aHA C KOHKPETHBIMH PEryJISITOPHBIMH y3JIaMU
EADC  (iprortsl/orpanu4eHus  TPaHCTPAHUYHOTO
NepeMelleHNs, YTHIM3AaUOHHBIH  cOOp, KOHTYp
OTTC/CBKTC/3ITC nu 3MC) u ¢ TEXHOJIOTUIECKUMHU
Mexanuzmamu Smart Grid/V2G kak HHCTPYMEHTOM

HMHCTUTYIMOHAILHO-TEXHOJIOTHYECKON HHTETPALUH.

Martepuanabl 1 METOABI

Metopmonorudeckuif  Kapkac  HCCIIEIOBaHUA
copMHUpOBaH Ha OCHOBE CHCTEMHOIO II0/IX0Ja,
OPUEHTUPOBAHHOI'O HAa PACCMOTPEHUE TPAHCIOPTHBIX
1 SHEPreTHYECKUX MOJCHCTEM KaK B3aHMMOCBSA3aHHBIX
JJIEMEHTOB ~ €IMHOTO  COLMAaIbHO-3KOHOMUYECKOTO
KOHTypa. [IpuMeHEeH COBOKYNHBIA HHCTPYMEHTApHIi,
BKITIOYAOIINI CTaTHCTHYECKYI0 00pabOTKy MaHHBIX,

METOJBI CPaBHUTEIHHOTO TIPaBOBEICHUS u
SKOHOMHKO-MaTeMaTHIECKOe MOJICTTHPOBaHHUE
COBOKYITHOM CTOMMOCTH BJIAJICHUSA (TCO).

OMmnupuyeckas 1 HOpMaTHBHas 0a3a chopMupoBaHa
n3  o(uUIMANBEHBIX  MaTEpPHAIOB  aHAJTMTHUYECKHX
areHTCTB .

OtnenbHOE METOJI0JIOTHYeCcKOoe 3Ha4YeHUe
npugano kouremuu Avoid—Shift-Improve (ASI), B
paMKax KOTOpPOH »neKTpuuKamus TpaHCIOPTa
OTHECEHA K HU3MEPEHUIO «Improve» KaK
TEXHOJIOTHYECKOE COBEpPILEHCTBOBAHHUE,
OJHOBPEMEHHO CO3/IAI0IIee MPeNIoChUIKN ATt «Shift»
—  HepepacmpefieieHHs ~ cOopoca B TONB3Y
00ILECTBEHHOTO TpaHcHopTa npu YCIIOBUHU
MOBBILICHUsI €ro KOM(OPTHOCTH M JOCTYITHOCTH.
IIpoBeneHHOE  HCClEOBaHME  IIOCTPOEHO  Ha
MIPUHIUIAX 00BEKTHBHOCTH u Hay4HOI
000CHOBaHHOCTH, YTO IOJIEPIKUBAETCs OOpalieHneM
K BepU(HIMPOBAHHBIM HCTOYHUKAM Poccuiickoit
Denepany 1 MEKAYHAPOIHBIX OpraHU3aluil.

Pe3yabTaTsl U 00Cy:KIeHHE

MupoBas TPaCKTOPHS nepexoja K
JIEKTPOMOOHMIBHOCTH ~ COXPaHSAET  BBIPAXKEHHYIO
HMHEPLUIO pocra Jaxe B YCIIOBHSX
MaKpOKOHOMHUYECKOH  BosaTWwibHOCTH. CoriacHo

MIpeBapUTEIbHBIM OLICHKaM, IJI0OaJbHBIE MPOJAXKU
yBenuamwinck ¢ 13,9 mnn eaunun B 2023 roxy mo 16,7
MiH B 2024 romy [1]. JlomomHUTEIHHBIM
HOJTBEPKICHUEM YCTOHYMBOCTH TEH/ICHITNH
BBICTYNAIOT pe3yibTaTel uions 2025 roma, korna
MHpPOBOM  pBIHOK mpubaBmn 21% B romoBom
BBIPaYKCHUH, ¢bukcupys TIPOJIOJKEHNE
pacIpoCcTpaHEeHUs] TEXHOJIOTHH C HyJIEBBIM YPOBHEM
BEIOpOCOB [4].

Poccuiickuil pblHOK, HApOTHUB, AEMOHCTPUPYET
pa3HoHanpaBieHHYI0 AuHaMuKy. B uione 2025 roga
3aperuCTPUPOBaH MEPBBI 3a mocneanue 13 Mecsien
pOCT TMpOJak HOBBIX AIIEKTPOMOOMICH: MOKa3aTeib
yBenuumics Ha 15% ortHocutensHO nionst 2024 ronpa
(1,26 TtIc. emmamn npotuB 1,09 TeIC.) [4].
ORHOBpEMEHHO B KyMYJSITUBHOM pa3pese 3a sHBapb—
utoJb 2025 roga 00beM peanr3aiui COCTaBmII 5,7 ThIC.
aBTOMOOWIIEH, YTO MPHUOIU3UTENEHO B [IBa pa3a HIDKE
ypoBHsl comocTtaBumoro mnepuojga 2024 roma. 3to
COIIPOBOXKAATIOCH COKpaIlleHUEM JOIH
JJIEKTPOMOOMIIEH B CETMEHTE HOBBIX JIETKOBBIX
aBToMobwueii ¢ 1,3% mo 0,9% [4].
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Tabmuna 1

IIponaxku 31eKTPoMOOHIBLHBIX OpeHaoB B P® B urose 2025 roga n cratyc Ha pbIHKe

(cocTaBiieHO aBTOPOM Ha ocHOBe [4]).
Table 1.

Sales of electric vehicle brands in the Russian Federation in July 2025 and market status

(compiled by the author based on [4]).

bpenn Ipopaxxu B PO (uross 2025, miT.) Cratyc Ha pbIHKe
Zeekr 313 JIuep UIMIOPTHOTO CETMEHTa
MockBuy 249 Jlnnep noKaIbHOM cOOpKH
Evolute 224 AKTHBHOE pa3BUTHE MOJENBHOIO psijia
Avatr 87 [IpemMuaIbHBIIA CETMEHT
BYD 67 ["noGanbHbIH Maep

JluHaMuKa TOCIEOHUX JIeT TIOKa3blBaeT, uTo
POCCHHCKHMH CErMEHT JJISKTPOMOOWJIEH BXOOUT B
CTaIMIO CTPYKTYpHOU TpaHchopmanuu:
CIOpaJNdecKiue  KaHalbl  BBO3a  IIOCTENIEHHO
BBITECHAIOTCSA 00Jiee yCTONYMBBIMH JIOTHCTHUECKUMHU
KOHTYpPaMH, OpHEHTUPOBAHHBIMM Ha  KHTalckne
OpeHIpl, mapauIeIbHO ¢ 3TUM (POPMHPYETCST KOHTYP
OTEYECTBEHHBIX MIPOEKTOB. OnHOBpPEMEHHO
COXpaHseTcs MpeebHO HU3Kas OIS 3JIEKTPOKAapOB B
obmem mapke (0,12%), dro yka3spIBaeT Ha
COBOKYITHOCTh nH(pacTPyKTypHBIX,
MHCTUTYLMOHAIBHBIX U IOBEJACHYECKUX OTPaHUICHUH,
C/ICPXKMBAIOIINX MaccoBYlO Iu(dy3HI0 TEXHOIOTHU
[2].

B kagecTBe Kit04eBOro Oapbepa BBICTYIIAECT HE
TOJBKO HEJOCTATOUYHOCTD 3apsAHON CETH KaK TaKOBOM,
HO ¥ TIPOCTPAHCTBEHHAs] ACUMMETPHS €€ Pa3BHUTHSL:
KOHIICHTpAIlisl  MOIIHOCTEH B KpYHHEHIITNX
arJoMepanysx CONPOBOXKIACTCS «IIyCTOTAaMW» Ha
MEKPErHOHABHBIX KOPHIOPAaX M B INEpUPEPUHHBIX
TEPPUTOPUAX, UYTO  CHIDKAET  MpeIcKa3yeMoCTh
MapuIpyTH3allil M TOBBIIIAET BOCIPHUHHUMAaeMbIe
PUCKH SKCIUTyaTanuy. JlONMOJHUTENBHOE 3HA4YeHHE
NpHOOPETAIOT  PEeryasTOpHbIE W ONEpaIOHHbIC
HEOIPEJeICHHOCTH:  BapHMaTUBHOCTh TapudoB U
YCIIOBUH MOIKIIOYEHUs, (parMeHTalysl ONepaTopos,
HEO/IHOPOIHOCTD CTaH/IapTOB CEpPBHCHOTO
0o0CIyXMBaHHS ¥  OTPaHUYEHHOCTh BTOPHUYHOTO
poiHKa. B coBokymHOCTH 3TH (DaKkTOpEI (OPMHUPYIOT
NICUXOJIOTHYECKUH ~ Oapbep,  BBIPAXKAIOUMIMHCS B
3aBBIIICGHHOM OLEHKE BEPOSTHOCTH OTKAa30B M
HEJIOOICHKE IOJHOM SKOHOMHH 3aTpaT >KU3HEHHOTO
IIUKIIA.

ComocTaBieHne ¢ MEXAyHapOJHON TNPaKTHKOH
JEMOHCTPHPYET, uTO 3((EeKTHUBHbIE TPACKTOPUHU
anekTpuduKauu TpaHcnopra (HOPMHPYIOTCS, Kak
MPaBUJIO, B PaMKax JBYX KOMIUIEMEHTapHBIX JIOTHK
CTUMYJIMPOBAaHUS — LEHTPAIN30BAHHOM,
Onuparlieiica Ha TOCYAapCTBEHHOE IUIAHUPOBAHUE U
o0s3aTenbHble TPEOOBaHUS, W JELEHTPAIM30BAHHOM,
OCHOBAaHHOW HA pPETHMOHAIBHBIX MHCTPYMEHTAaX |
THOPUIHBIX (bMHAHCOBBIX MeXaHH3MaXx. B
eBPONEHCKOM KOHTEKCTEe IMOKa3aTelbHa (hpaHIfy3cKas
MOJeTb, TA€  3aKOHOAATENbHOE  3aKpPEIUICHHE
MHQPACTPYKTYPHBIX OOS3aHHOCTEH COYETaeTcsl C
KpyITHOMAacIITaOHBIMHA MHBECTHUIMAMH. Tak, 3aKOH 00
opuerraru MobmisHOCTH (LOM) mpexycMmaTtpuBaeT
00s3aTeNnbCTBA 1O OCHAIICHHWIO  MApKOBOYHBIX
MPOCTPAHCTB 3apsAHbIMU pemieHussMu: k 2025 romy

napKkoBKH OoJiee yeM Ha 20 MeCT B HEXXHIIBIX 3AaHHIX
JIOJDKHBI UIMETh KaK MUHIMYM OJIHY TOUKY 3apsiaKu [S].
[TogoOHBIE HOPMBI ~ CHIXKAIOT  TPaH3aKIMOHHBIC
W3IEPKKH  pa3sBEPTHIBAHUS ~ CETH,  ITOCKOJBKY
MePeBOAT HHPPACTPYKTypHBIE TPeOOBaHUA U3 chHephl
J0OPOBOIBHBIX pemeHnit B IUIOCKOCTh
MIPEACKa3yeMoro CTaHaapTa.

DOKOHOMHYECKasi COCTOSTENEHOCTh (DPaHITy3CKUX
porpamMmm ANIEKTPOOYCOB MOATBEPIKIACTCS
pe3yJbTaTaMH PETHOHAJBHBIX WHUIMATHB, BKIIIOYAs
fle-de-France Mobilités ¢ Gromkerom 5,7 MIpA €BPO:
(bUKCcHpyeTCsl CHIXKEHUE OTepallMOHHBIX PAacXO[0B Ha
25-30% B matunetHeM ropusonte [8]. Ha yposze
METOJOJIOTMM  OIIGHKM  3TO  O3HAyaeT,  4TO
KOHKYPEHTOCIIOCOOHOCTh JOCTUTACTCS HE TOJIBKO 3a
CYeT KamuTaJbHBIX cyOcumnii, HO U dYepe3 IPPeKT
MacmrTaba, ONTHMHU3AIMIO JCIIOBCKOW 3apsiiku U
CHI)KEHHE cToMMocTH mpocTtos. CyIiecTBeHHBIM
(akTOpOM BBICTYHAae€T M CTPYKTypa IEPEMEHHBIX
3aTpaT: CoOBOKymHas crtoumocTh BiageHus (TCO)
3JeKTpoOyca CONMKACTCS C JTU3CIbHBIMU aHAIOTaMHU
BCJICJICTBHE€  OTHOCUTEIBHO  HU3KOW  CTOMMOCTH
anekrposrepruu  (0,18-0,22 eBpo/kM) U MEHBIIHX
pacxoJI0B Ha TEXHUYECKoe 00cmykuBanue [9].

AMepHKaHCKas TPAeKTOPHUsi BO MHOTOM 33/1aeTCsl
momutukoit  Kamudoprmu, rme poms apaiiBepa
BBIIIOJIHAIOT ~ HOPMAaTWBBl W MHHOBAIIMOHHBIE
MeXaHu3Mbl cyOcumuposanus. [IpaBmima Advanced
Clean Truck Regulation ycraHaBIHBalOT IEIEBOH
opuentup: k 2035 romy 75% mpomaxk HOBBIX
TPY30BHKOB JIOJDKHBI ITPUXOAWTHCS HA TPAHCIIOPT C
HYJIEBBIMHU BBIOpOCaMH [5] [Ipuxnanuyro
3G PEKTUBHOCTh JIEMOHCTPHPYET BayuepHas MOJEIb
HVIP, o6ecrnieunBarorias ckuaky g0 150 000 qomtapos
TS KOMMEPUYECKHUX ZEV-TexHonorui
HETIOCPEJCTBEHHO B MOMEHT IPUOOPETEHUs, 4YTO
yMeHbIIaeT 6apbep BXO/a JUIs aBTONAPKOB U YCKOPSIET
obOHOBIeHHE TexXHUKH [5]. [lapamiensHo pa3BUBAIOTCS

CTPOUTEINILHBIE HOPMBI, 3aKpeIUIIonIye
00513aTeILHOCTh pegycMoTpa 3apsiAHON
nH}pacTpyKTypHI B MHOTOKBapTHPHOM

CTPOHTEIILCTBE, a TAKKEC WHBECTUIIMH KOMMYHAIBHBIX
cnyx0; mpumepom sBIseTcs Tporpamma Southern
California Edison o6semom 6osee 300 MiH m0/u1apoB
[5]. B coBokynmHOCTH 3TO (hOpMHpPYET KOHTYp, TAE
peryJsTopuka 3amaeT o0s3aTelbHbIe OPHUEHTHUPHI, a
(UHAHCOBBIE HWHCTPYMEHTHI CHIDKAIOT CTOMMOCTD
nepexoga B KpUTHYECKOW (hase pacrnpocTpaHeHUs
TEXHOJIOTHH.
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Hunepnannckas MOJIeNb WUTIOCTPUPYET ~ UCIONBb30BaHMS ~ MHOPACTPYKTYpsl M CHHXKATh
NperMyIecTBa T'MOKOH apXUTEKTyphl MOANEPXKKH, NHMKOBYIO Harpys3ky Ha ceth [8]. Takoii moaxon BakeH
OpPUEHTUPOBAHHOI Ha CHelMaNIU3UpOBaHHBIE  KaK JO0Ka3aTelIbCTBO TOTO, YTO TEXHOJOTHMUYECKOe
CErMEHTHI U IM(POBYIO onTUMH3alMio. [Ipumenstorest  nmaepcTBo obecrieunBaeTcsi HE TOJBKO pPa3MEpoM
OTAEJbHBIE CXEMbl CyOCHIMpOBaHHs, BKJIIOYas  CyOCHAHWIL, HO U Ka4eCTBOM PETYJIITOPHOTO u3aiiHa,

SPRILA (wactHast mH(pacTpykTypa A OW3Heca) H
SPULA (3apsaka uist TshKeJIoro Tpaucmoprta) [6]. [lpu
9TOM YCKOpPEHHas OKYyIlaeMOCTh HWHBECTHLHH B
3eKTpoOyCcH (6—8 mer) OOBSCHAETCS COYeTaHHEM
KOHKYPEHTHOH CpeAbl YacTHBIX IIEPEBO3YUKOB U
Pa3BUTHIX HU(PPOBBIX CEPBHUCOB YIIPABICHUS 3aPIIKOI,
TIO3BOJISIOIINX MOBBIIIATh K03 unyeHT

CO3JIAIOMIETO CTUMYJIBI IS 3 (YEeKTUBHOCTH.

Jnst cucteMaTH3anuy MEXIyHapOIHOTO ONbITa U
COIIOCTABJICHHS PETYISATOPHBIX ApXUTEKTYP
LeTIecO00pa3HO CBECTH  KIIOYEBBIE HHCTPYMEHTHI
HNOAJEPKKH 3JIEKTPOTPAHCIIOPTA B CPABHHUTEIBHYIO
MaTpuiy (Tadm. 2).

Tabmuma 2.

CpaBHMTe/IbHAS XapPAKTEPUCTUKA HHCTPYMEHTOB PeryJUpOBaHUs U MOIEPKKH YJIEKTPOTPAHCIOPTA B
OT/AeJbHBIX IOPUCAUKIIUIX
(cocTaBiieHO aBTOPOM Ha ocHOBe [5-7]).

Table 2.

Comparative overview of regulatory and support instruments for electric transport in selected
jurisdictions

(compiled by the author based on [S-7]).

HobMaTueH Hudpacrpykry | MnTerpanus c
IOpucaux blep].le.ﬂl/ll/l DuHAHCOBBIE pHbIe HeprocucteMm | TpaHcrpanuvnbie
nus TDeGoBAHIS CTHMY.JIbI TpeOoBaHUSA U oii (Smart 3¢ dexThI/6apbephl
P IJIAHUPOBaHMe Grid/vV2G)
O0s13aTenseT
Ba o Wudpactpykryp
OCHAII[EHUAIO a “BiIMBaeTcsa’ B AKIeHT a Bricokast
MTapKOBOK CTPOUTENBHBIE U MIPEACKa3yeMOCTh
. Kombunanms YTIPaBISIEMOCTH
3apsiIKod B . 9KCIUTyaTallHOHH CTaH/apTOB
TOCHHBECTUIINH U 3apSIIKH "
paMKax bIe HOPMBI; obsierqaeT
Opanmus PETHOHATBHBIX ONITHUMU3AINT
LOM CHU)KECHHE MacImTabupoBaHHe
mporpamm (B T.4. Jerio/TpaduKoB o
(mampumep, TPaH3aKIMOHHBI pemeHnit "
3JIeKTPOOYCHI) KaK (dakrop
TpeboBaHue X U3IepIKEK COBMECTHMOCTh
camwkerns TCO
K MapKOBKaM pa3BepThIBAHUSA 00opyioBaHus
B HEXHJIBIX ceTH
3/1aHUSX )
TpeboBanmst K
Hopmartusu PasButne
Bayuepnbie/ckun | moaroToBke Perynstopuka
ble . CETEeBBIX
OYHBIE 3apsIHON 3a7aeT KECTKHE
OPHCHTHPD o xarmsmbl nH(pacTpyKT TPOTPAMM 1Y e nTnper HO
CIIA o goine ZEV PacIpYKIYp TapuHBIX P PP,
(manpumep, BI B 9 MEXXIITaTHAs
(Kamudop | B mpomaskax peleHuit uepes
HVIP), CTPOUTEINIbHBIX HEOAHOPOJHOCTD
HUS) KOMMepYecK SHEProKOMITaH
CTUMYJIUpPYIOIINE | HOpMax + CTaHIAPTOB  MOXET
oro UH; TOJrOTOBKA
0OHOBJICHUE HMHBECTUIUH YCIIOXKHSTh
TPAHCHIOPTA | o promapkos KOMMYHAIbHbIX | - cepprcam HU(DUKALNIO
(ACT u np.) p yHar THOKOCTH y
KOMITAaHHUH
[IpakTuku
Cnennanusuposa . smart chargin;
T'ubkas ! P CunpHBIA  ynop ging
HHBIE CcyOcuaun KakK Bricokas
apXHUTEKTypa Ha  1UdpoBBIC
Ha WHCTPYMEHT HHTEpoIepadenbHOC
HoAepaiH nH}pacTpyKT CEPBHCHI CHIKEHUS Th ¥ OUGPOBHU3AMA
Hupepnan | no PACIPYKTYPY YIIPABJICHUS p
Ut . MTUKOB U | TOBBIMIAIOT
JIBI CerMeHTaM 3apAAKON u
Ou3Heca/TSKEIoT TTOBBIIICHUS MIEPEHOCUMOCTh
(8 T.4. MOBBIIIEHUE
- 0 Tpacnopra | F— 3¢ (}EeKTHBHOCT | MpaKTHK u
(SPRILA/SPULA u TpeGOoBaHUIA
TPaHCTIOPT) WCII0JIb30BaHUS
) HHPPACTPYKTY
pbI
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HNudpactpyxt IMotennuan
TamoxenHo- | INonumHHas bpactpyxTyp H OrpanuyeHus
Hble TpeboBanus | V2G
TapudHas JIBroTa aprotel (B T.4U.
MeHee MIpU3HAETCA
EADC mprora  Ha | (ocBoOOXIEHHE 3amnper nepeaavn
., | yaudumpoBan | mepcrieKTHBHBI
(J1eroTHI Ha | BBO3 oT BBO3HOM npaB BiajieHus B PO
Bl TIO COI3Yy; | M, HO Tpedyer
MMIIOPT) 9JIEKTPOMOO | TIOLUIMHBI  TIPH JUISL psijia CIlydaeB)
. 3aBUCHMOCTh OT | yHU(UKaIH
et 10 | cobmonennn CETMEHTHPYIOT
N HAalMOHAIBHBIX | MPOTOKOJIOB/za
31.12.2025 YCIIOBHIA) PBIHOK CO03a
porpamMm HHBIX
Hnst V2G
VYxecToueHn edyercs
KocBennas Tpeby Bricokas poJb
e psna « » | HOpMaTuBHOE .
MOTHBALUS Puck “HOXHMII PeryJIsITOpHOM
PO IapaMeTpoB rosie
JIOKaIN3aIHN MEXAYy LeIIMHU CHHXPOHM3ALMH  C
(BHYTpEeHH | mpoMslIlIeH arperaTopos,
M yepes pocT | nokanuzauuu U EADC u
s HOM . TIPOTOKOJIBI
. BXOJHOW  LIEHBI | TeMIIaMH CTaH/JapTaMu
HacTpoiika | moiauTuku (B obMeHa .
AMIopTa pa3BepTHIBAHUSA HCTIBITAHHN/CePTUD
) T.9. yepes o JTaHHBIMU u
(YyTMIHM3anMoOHHBI | 3apsITHOM ceTn HKaIun TS
¢uckaneHbIe | TapuQbl Ha
it cbop) CHIDKCHHS U3ICPIKEK
MEXaHHU3MBI) yCIyTH
ruOKOCTH
B IIPOCTPAHCTBE EABC pasButue  TpeboBanus TP TC 018/2011, BbIIONHSIOMIETO POJb

JIEKTPOTPAHCIIOPTa OCJIOKHACTCA HEOOXOJUMOCTBIO
OJTHOBPEMEHHOT'0 CTUMYJIMPOBAHUS CIIPOCA U 3aIUTHI
(hopMHPYIOIIMXCST TTPOU3BOJCTBEHHBIX KOMIIETCHIIMH.
CyIIECTBEHHYIO POJIb HUIPACT TaMOXXCHHO-Tapu(Has
koH(purypanusi: Coser EBpasuiickoil 2KOHOMUUYECKOI
KOMHCCHH TIPOJUTMJI Tapu(HYIO JBrOTy Ha BBO3
anektpomobmieit  mo 31 gmekabps 2025 roma,
IpefycMaTpuBasi — OCBOOOXKIEGHHE  OT  BBO3HOM
MONUTHAHEI (CTaHJapTHas craBka — 15%) [7]. OxHako
PEXUM COLCPIKUT 3HAYUMBIE OTPaHUYEHHS: IbroTa
JocTymHa  rpaxigaHaM  Apmenun,  bemapycu,
Kazaxcrana u Kuprusum, a amsd TpaHCHOPTHBIX
CPEICTB, BBE3ECHHBIX II0 JAHHOU cXeMe, NEHCTBYEeT
3ampeT Ha Teperady IpaB BIAJCHHUA JHIAM U3
Poccuiickoit @eneparun [7]. Takas KOHCTPYKITHS
(hakTHUECKH  CETMEHTHUPYEeT PBIHOK  CO03a |
MPOBOLIUPYET pAa3In4usi B IEHOBBIX TPACKTOPHUAX
MEXIy CTpaHaMU, 3aTPYyIHAS (GOPMUPOBAHUE €ANHOTO
SKOHOMHYECKOTO MPOCTPAHCTBA B JAHHOM CETMEHTE.
BuyTpupoccuiickuii  KOHTYp  peryJMpOBaHUs,
HaNpOTUB, AEMOHCTPUPYET TPEH] K Y>KECTOUEHHUIO: B
okTsi0pe 2024 roma cTaBKM YTHIH3AIOHHOTO cOopa
6bu1H yBenmueHs! Ha 80%, 4TO HHTEPIPETHPYETCs Kak
WHCTPYMEHT MOTHBAIlMM HMHOCTPAHHBIX OpEHM0B K
JOKaJgM3alMyd Tpou3BoacTBa [3]. DKOHOMHYECKHH
3¢ dexT Mmogo0HBIX Mep MHPOSBISAETCS B BHJIE pocTa
BXOJIHOH IIEHBI U MepepaclpeeNieHus CIpoca MEXIy
UMIIOPTHBIMU U JIOKAJIH3YEMBIMU MOJAESIMU, OHAKO B
KPaTKOCPOYHOM  NEPUOJE  YCHIMBAETCS  PHUCK
3aMeJUIeHHs] TPOHMKHOBEHHS JIICKTPOMOOWMIIEH NpH
OTCYTCTBUM CUHXPOHHOTO pAaCHIMPEHUs 3apsaHOl
MHQPacTpyKTypsl M JOCTYNHBIX  (PUHAHCOBBIX
MeXaHU3MOB. B pe3ynbraTe BO3HUKACT «HOXKHHUIIBD)
MEXIy LEeNIAMU HPOMBIIUICHHOM IOJUTHKH U
3a/1a9aMu YCKOPEHHOTO BHEAPEHUS
HU3KOYTJIEPOJHOTO TpaHCHOpTa, TpeOyrommue Ooiee
TOHKOM HAaCTPOMKU MHCTPYMEHTOB C YYETOM IIOJIHOTO
YKU3HEHHOTO IUKJIA TEXHOJIOTUH U ceTeBBIX d((HEKTOB.
TexHuueckoe peryaupoBaHue

anekTporpanciopta B EADC  omwmpaercs Ha

0a30BOro MexaHu3Ma oOecredeHHs 0e30MacHOCTH U
kayectBa mpoaykiuu. C 1 sHBaps 2025 rona
MIPEeIyCMOTPEH BO3BpaT K IIOJHOMY OOBEMY HOpPM
pernamMeHTa, uTO IOJApa3yMeBaeT  00s;3aTeNbHOe
OCHAII[EHUE TPAHCTIOPTHBIX CPeACTB cucTeMaMu ABS,
ESC wu axTyanbHBIMH CpEICTBAaMU IaCCUBHOMU
0e30macHOCTH, BKJIIOYAs MOEIH, IPOU3BOIMMBIE B
pexume nokanuzauuu [11]. Tem caMbIM cHUXaeTcs
PHCK TEXHOJIOTHYECKOM Jerpajanmuu KadecTBa B
YCIOBUSIX HMIIOPTO3aMEIIEHH U  OJHOBPEMEHHO
TIOBBIIIAIOTCS TPEOOBAHUS K WH)KCHEPHON BallMIaluu
KOMITOHEHTOB, DJICKTPOHHBIX OJIOKOB YIpaBJICHHS U
UHTETPUPOBAHHBIX CHCTEM aKTUBHON 06€30I1acHOCTH.
Jlng mpaBOMEpHOTO BBIBOAA AIIEKTPOMOOWIS B
oOpaleHne Ha peIHKE TpeOyeTcsl MaKkeT JOKYMEHTOB,
pasiIuyaromuiicss MO XapakTepy BBITyCKa M KaHAIy
noctaBkd. CBKTC mnpumeHseTca Ui €IMHUYHBIX
TPAaHCIOPTHBIX CPEICTB, BBO3UMBIX M3-3a pyOexa [3].
M cepuitapix  Mogmenedt  odopmisercs OTTC,
IIpeAroyaraonee  MpoBeJeHHe  IOJHOTO  IHKJIA
3aBOJICKHX UCTIBITAaHHH, MOATBEPKIAIOIINX
COOTBETCTBHE TpeOoBaHWsAM Oe3omacHocTH  [3].
OJEeKTPOHHBIH MAacloOpT TPAHCIOPTHOTO CPEICTBa
(BIITC)  sBusiercss  0OA3aTENBHBIM  DJIEMEHTOM
PETHUCTPAIIMOHHOTO KOHTYpa M HCIOJB3YeTCs MpH
HoCTaHOBKe Ha yueT B noapaznenenusx [ B/ [3]. B
COBOKYITHOCTH JJaHHBIH JOKyMEHTO000pOT hopMHpYET
«KOHTYD J10Ka3aTeJIbHOCTH» COOTBETCTBHS, OJTHAKO €T0
MIpaKTHYeCKass peanu3anus Uil 3JeKTPOTPaHCIopTa

YCIOXHSIETCS. ~ BBICOKOM ~ JoJIel  IporpamMMHO-
anmapaTHBIX byHKIMH, TpeOyrommx
BOCIIPOM3BOJIMMBIX ~ METOJMK  TECTUPOBAaHHS U

IPO3PavYHOCTHU UCIIBITATCIBHBIX IIPOTOKOJIOB.
Hawnboinee ClI0KHBIM 3JIEMEHTOM TNOATBCPIKIACHU A

COOTBETCTBHSA BBICTYTIAIOT WCTIBITAHUS Ha
3JIEKTPOMarHUTHYIO COBMECTHUMOCTh (BMCO),
mpuoOpeTaromue  KPpUTHYECKOE  3HAYCHHE I

JJIEKTPOMOOHIIEH BCIEACTBHE BBICOKOW MOIHOCTH
CHJIOBOH DJICKTPOHHKH, HATHYHsI HHBepTOpoB, DC/DC-
npeoOpa3oBaTeniel M CHUCTEM  BBICOKOBOJBTHOMN
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kommyTauuu [3]. B ycioBusix pocra  gonu
«uudpoBeix»  ¢(yHKuMid  aBTomoOmns  (ADAS,
TeleMaThKa,  yAajeHHas  aumarHoctuka) OMC
CTaHOBUTCS (akTopom HE TOJBKO
9NEKTPOOE30NaCHOCTH, HO W (YHKIMOHAIBHON

HamexHOCTH. [apMoHm3amms moaxomoB Kk DOMC c
tpeboBanusmu ISO m IEC paccmarpuBaercss Kak
HEOOXOAUMOE YCIIOBHE YNPOIIEHHS TPAHCTPAHUYHBIX
MOCTAaBOK U B3aMMHOTO IPHU3HAHUS PE3YJIbTATOB
UCIIBITAHUH, TIOCKOJIbKY CHHXAET pErylsTOpHbIe
M3JAEPKKH W yMEHBIIAET  PHCK  IIOBTOPHOM
CepTUPUKAIIMKA TPHU TMEPEMCIICHUN TEXHUKH MEXITy

IOPUCIUKIISIMH.

WudpacTpyKTypHbIii ~ KOHTYp  HpEICTaBISET
co0oil KiIOYeBOEe OrpaHHuYCHHE MaclITaOupOBaHUS
INEKTPOMOOHIIBHOCTH, MOCKOJIBKY HUMEHHO

JIOCTYITHOCTh 3apsIKH OMPEICIseT Kak (PaKTUIEeCKYIO,
TaKk W BOCIPHHHUMAEMYIO MPHUTOIHOCTh TEXHOJIOTHH
JUIsl TIOBCEAHEBHOM H3KCIUTyaTanuu. MexayHaponHas
CTaTHCTHKA JIEMOHCTPUPYET YCTOHYHBYTO
KOPPEIAIII0 MEXAY JoNel JIeKTpoMoOmiIeil B
MpoJaXkax W IUIOTHOCTHIO 3apsAOHBIX CTaHOWH Ha
MWUIMOH peanu3oBaHHbiXx MamuH [10]. IIpu stom

3HaYeHHe HMEIT He TOJBKO KOJIMYECTBEHHBIC
MOKa3aTead, HO M KayecTBO HHQPACTPYKTYpBIL:
pacmpezeneHde O  MOIIHOCTH,  HaJeXHOCTb,

COBMECTUMOCTh TPOTOKOJIOB, JHOCTYITHOCTh OIIATHI
HHTEPOIepabeIbHOCTh OMepaTopoB, (GopMupyroime

CANHOC MMOJIB30BAaTCIIBCKOC MNPpOCTPAHCTBO n
CHWIKAKOMINC TPAH3AKIINOHHBIC U3JICPIKKU BJIaJICHUS.
HepCHeKTI/IBHHM HalpaBJICHUEM

TEXHOJIOTMYECKOI MHTETPALIH BBICTYIIAET BKIIOUCHNE
3NEKTPOMOOHIIEH B apXUTEKTYPY HHTEIUICKTyalbHBIX
sHeprocucteM. Texnomorus Vehicle-to-Grid (V2G)
M03BOJISIET BO3BPALIATh SHEPTHIO U3 TATOBOM Oarapeu
B CeTh B MEPHOABI IHMKOBOTO CIpOCa, IpeBparmas
aBTOMApK B paclpeleNeHHBI HCTOYHUK TMOKOCTH.
[IpakTuyeckue peanu3alMyd BKJIIOYAIOT MHJIOT B
Puanro (Kanudophus), rae snexkTpuueckue aBToOyChI
WCTIONB3YIOTCS ISl CTaOMIM3allMd TOPOJACKOI ceTw,
npoekT B asporopry Ocno apaepmysH ¢ ydactrem
NPUITAPKOBAaHHBIX ~aBTOMOOWIEHl B OalaHCHPOBKE
Harpys3kd, a TaKXe HWHUIHMATHBBI B YTpexTe, TIe
koHuenuust Smart Charging BHeIpeHa Ha ypoOBHE
JKMJIOro  KBaptaja [6]. DKOHOMHKO-PEryJTOPHBII
cMpicn V2G 3aiiIo4aeTcss B MOHETH3alMU  yCIyT
ruOKOCTH, OJHAKO JUIsi BHeApeHHs B Poccuiickoit
Deneparun Tpedyercs: GOPMHUPOBAHHE HOPMATHBHOTO
MOJISL arperaTopoB, YHU(UKAILKSA TPOTOKOJIOB 0OMEHa
JaHHBIMM W pa3paboTka Tapu(HBIX KOHCTPYKIIMH,
MO3BOJIIIOMMX (UKCHUPOBATh M OIUIAYMBATh BKIJIAM
TpaHCIIopTa B OANaHCHPOBKY CETH, HE cO3/aBas IpH
9TOM CTHMYJIOB K YCKOPEHHOM Jerpaianuu oarapeii.
OtaenbHOE 3HAYEHHE NPHOOpETaeT mNepexo] K
TUIAaHWPOBAHUIO 3aPAIHON HHPPACTPYKTYPhI HA OCHOBE
JIAaHHBIX, TO3BOJIIONMIA n30erath Kak neduura
MOIIHOCTEH, TaK M HEIPPEKTUBHOTO H3OBITOUHOTO
cTpouTenbeTBa. ['epMaHus JeMOHCTPHPYET Pa3BHUTYIO
MPaKTHKY KCIOJIb30BaHUs [U(PPOBBIX HHCTPYMEHTOB,
Bkimogas StandortTOOL, mis BeIOOpa pazMerneHus
3apsAAHBIX Xa0OB HAa OCHOBE aHANIM3a TPAHCHOPTHBIX
MOTOKOB M JIOCTYITHOCTH CETEBBIX MOIIHOCTEH [6].
TupaxupoBanne mnono0HbIX pemennii B EADC

MOTEHUUAJIBHO  IOBBIIIACT
HWHBECTHLIUH 3a cder
NIPUOPUTU3UPOBAHMS  JIOKalMi,  MOJIEIMPOBAHUS
CLIEHapHEB crpoca, yueTa OrpaHUYEeHHUN
pacIpesenuTeIbHbIX CeTe M ONTHMHU3AIMU COCTaBa
000pyIOBaHMS 110 MOIHOCTHU H THITY 3aPSAKH.
OKOHOMHUYECKHE M COLIHAIbHO-3KOJIOTHIECKUE
3¢ ¢eKTsl  AIEeKTpU(UKAIUN  TPAHCIIOPTAa  HMEIOT
MHOTOKAHAJIBHYIO TIPHPOAY WM HPOSBIAIOTCS KaK Ha
YPOBHE 3aTpaTr XM3HEHHOTO ILUKJIA, TAaK U HAa YPOBHE
pblHKa TpyAa M KadecTBa Tropojackod cpeabl. Bo
@Opanun u Huznepnanpmax — snekTpuduKanus
aBTOOYCHBIX IapKOB CONPOBOXKIAJAach CO3JIaHHEM
3HAYUMOT0 YHCIa PabOYMX MECT B WHHOBALMOHHBIX
cermentax (5-7 TeIc. BO ®paHuuu), BKIIOYas
NIPOM3BOJCTBO Oarapei, CEepBUCHBIC LIENOYKH U
pa3paboTky  HM(POBBIX  pEIICHWH  yHpaBleHUS
sapsakoit  [8].  Takoit  addext  obycmosieH
(¢bopMHUpOBaHHEM HOBOW IIETIOYKH J0OABICHHOM
CTOMMOCTH, TI€  3aHATOCTh  CMEIAeTCs  OT
TPaANIOHHBIX CEPBUCHBIX OIEpanii K MHKCHEPHBIM

oTaady  OHOKETHBIX
Goiee TOYHOI'O

KOMIETCHIHAM B obnacTu 3JIEKTPOHUKH,
MPOrPaMMHOTO  OOECHeUeHUus] M HHEPreTHIecKOn
HH(PaACTPYKTYPHI.

DKOJIOTHYECKUIT ~ pe3yJIbTaT  BBIPAXKACTCS B
CYILIECTBEHHOM COKpalIeHUH BBIOPOCOB u

CONMyTCTBYIOMIUX 3arpsi3HuTencit. [ns ¢panmysckux
nporpamm npuBogutca cHuwxkerne CO: Ha 900-1100
TOHH B Tox Ha Kaxnueie 100 aBToOycoB [8], a Takke
YMeHbIIIeHHEe BEIOpocoB okcruaoB a3ora (NOXx) Ha 12—
15 Tomn B rog Ha 100 emguHun TtexHuku [9].
VYiry4menne kadecTBa BO3AyXa U CHIDKEHHE IIyMOBOM
Harpy3Kd KOPpEJIUPYIOT C POCTOM IIPHUBJIEKATEILHOCTH
OOIECTBEHHOTO TPAHCIOPTa, YTO B psiieé TOPOAOB
ACCOIIMMPOBAHO C YBEIMYECHHEM MacCaXUPOIIOTOKa Ha
8-12% [8]. B ananuTHueckoM IJIaHE BaXKHA
KOppEeKTHast MOCTaHOBKA TpaHuIy OLICHKH:
MaKCHUMAaJIbHBIH s dekr JIOCTUTAETCS pu
OJIHOBPEMEHHOH ONTHMHU3ALMA MApUIPYTHOU CETH,
NpUOpUTETaX  JBWXKEHHS M JAeKapOOHH3aluH
JJIEKTPOT€HEepAalNy,  IHOCKOJbKY  KIMMAaTHYECKUI
npoduib 3NEKTPOTPAHCIIOPTa oTIpeeIsieTCs
CTPYKTYpOI1 SHeprodanaHca.

B MHCTUTYIINOHAILHOM
JIOJITOCPOYHAs HKOHOMHYECKAs YCTOWYNBOCTD
3NeKTpupUKaLUU 00IIIeCTBEHHOT O TpaHcTopTa
YCUIINBAETCS npu KOMOUHUPOBAaHUH Mep:
HOPMATHBHOTO  3aKpelyieHust  TpeOoBaHWMM K
0€3011aCHOCTH ¥ COBMECTUMOCTH, HHPPACTPYKTYPHBIX
WHBECTHIIHH, a TaKxe WHCTPYMEHTOB,
KOMIICHCUPYIOUIMX  KamWTalbHbIE  3aTpaThl B
HadasibHOM (hase mepexoma. CBsA3Ka TEXHHYECKOTO
peryianpoBaHus, udposoro TUTAaHUPOBAHUS
nHPacTPyKTypsl W  MEXaHU3MOB MOHETH3aluHU
cereBoi ruOkoctn (Bkmowas V2G) dopmupyer
YCIOBUS, TPH  KOTOPBIX  3JIEKTPOMOOMIBHOCTH
repectaeT ObITh HUIIEBOM TEXHOJOTHEH M MEePEeXOaAnT
B PEXHM CHCTEMHOTO 3JEMEHTa TPaHCIOPTHO-
9HEPreTHIECKOT0 KOMIUIEKCa.

3akii0yeHue

Takum 00pa3oM pa3BUTHE AIEKTPOTPAHCIOPTA B
2024-2025 romax OTpaxaeT CMeIIeHHe OT (a3sl
panHe uddy3um K dTany HMHIYCTPHAIBHOTO

U3MEpPCHUUN
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BCTpauBaHMs B IIPOU3BOJICTBEHHEIE,
MHQPACTPYKTypHbIE W OHEPreTUYECKHE KOHTYPBHI.
MexayHapogHas ~— NpakTHKa  IIOKa3blBaeT,  4TO

PE3yJIBTaTUBHOCTh JEKapOOHU3aLUK B TPAHCHOPTHOM
chepe GopMupyeTcs He U3 U30TUPOBAHHBIX MEp, a U3
COTJIACOBAHHOI'O COYETaHUs PEryJTOPHBIX PEeLICHHH,
(HCKaIBHBIX CTUMYJIOB M TEXHOJIOTHYECKUX HOBALHH,
00eCIeYnBalOINX  NPEACKa3yeMOCTh  pbIHKA U
YCKOpEHHE MaCIITaOMPOBaHUSI.

Hna Poccuiickoii ®enepauy U rocynapcTB
EADC nambomnee 3HAYMMBIMH OCTAIOTCS CJICIYIOIIHE
npoGyieMHbIe  y31mbl.  Bo-mepBeIX,  coxpaHseTcs
NOTPEOHOCTh B BBIPAaBHUBAHMU  PETYJSTOPHOMN
APXHUTEKTYPBI coroza: OTpaHUYEHUS Ha
TPaHCTPAaHUYHOE IepEeMELICHHe AJIEKTPOMOOMIEH,
NPUOOPETEHHBIX  C  HCIOJIB30BAHUEM  JIBIOTHBIX
PSKHMOB, a TaKXKe pPacxXOXKAeHHs B HPUMEHEHUH
YTUIIH3aHOHHOTO cbopa HPETATCTBYIOT
(OPMHUPOBAHUIO YCTOIYMBOIO EIMHOTO pBIHKA U
CHIKAIOT 3¢ exTHBHOCTD KOOIICPAIMOHHBIX
MEXaHH3MOB. BO0-BTOpBIX, aKTyalu3HpyeTcs 3amada
MOJACPHHM3AIIMM  TEXHHYECKOIO  PEryJHpOBaHUS:
BoccTaHoBieHne B 2025 roay monaHOro oObeMa
tpeboBanuit TP TC 018/2011 ycunuBaer naBieHue Ha
NPOU3BOJUTENEH U TPeOyeT YCKOPEHHOTO OCBOCHUS
BBIIIYCKA KPUTHYECKH 3HAYMMBIX KOMIIOHEHTOB,
Braouass ABS, ESP u o2nemeHTB maccHBHOMI
6e3omacHocTH, 0e3 KOTOPBIX HEBO3MOKHO
obecrieueHHe  HOPMATHBHOW  COBMECTUMOCTH U
KOHKYPEHTOCIIOCOOHOCTH PO TYKIUH.

B-tperbux, BOCIIPOM3BOIUTCS
HHPPACTPYKTYpHBIH  mucOanaHc, (YHKIHOHAIBHO
OTPaHUYMBAIONIMI CIPOC: KpaiiHe HH3Kas JOJs
anektpomobmner B PD (0,12%) xoppemupyer ¢

HEOCTaTOYHON TIIIOTHOCTBIO 3apsiiHOM ceTH U
OTCYTCTBHEM 0053aTeNbHBIX CTPOMTENBHBIX
TpeGoBaHUit o OCHAIIIEHUIO MapKOBOYHBIX
MIPOCTPAHCTB 3apsAAHBIMH yCTpOHCTBaMH,

COTNOCTaBUMBIX € (paHIy3CKOH TNpakTHKOW. B-
YEeTBEPTHIX, NEPCIEKTHBHOE HAIPABJICHHE CBA3AHO C
pa3BuTHEM apxuTeKTypsl Smart Grid: BkIHOUCHHE
3IEKTPOTPAHCIIOPTA B IJHEPIOCUCTEMY Yepe3 PELICHUS
V2G cnoco0HO CcTaTh WHCTPYMEHTOM YIIPABICHHUS
POCTOM NHKOBBIX HAarpy30K W IIOBBIIICHHS THOKOCTH

CeTH, OJTHAKO MpaKTHYecKast peanu3anys
Mperonaraer (dbopmupoBanue CTaHJapTOB
HMHTEpOIepabenbHOCTH, a  TakXke  HAcTPOHKY
TapuQHOTro peryaupoBaHus, MO3BOJISIOIIET 0

HKOHOMHYECKH OOOCHOBATh JIByCTOPOHHHE PEKUMBI
oOMeHa »Heprueil.
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AHHOTAIUS
B ycnoBusix akTHBHOW HU(POBOH TpaHCHOpPMAIMU KPYIHBIE OPraHM3alUHM HANpaBIIIOT 3HAYMTENbHBIC
nHBecTuiy Bo BHeApeHnne CRM-, ERP-, SRM-, HRM- u Bl-cuctem, npeamnonarasi 10CTHKEHHUE YCTONUHUBOTO
pocta (MHAHCOBBIX TIOKasareneil M TOBBIIICHHE OlNepanuoHHON 3¢ ¢exTuBHOCTH. OHAKO SMIHPUYECKas
MPaKTHUKa IEMOHCTPUPYET OTCYTCTBUE MPSIMO¥ JIMHEHHOM 3aBUCUMOCTH MEXK Ty 00HEMOM ITH(PPOBBIX HHBECTHIIUN
U IOUHAMUKOW Takux MeTpuk, kak EBITDA, penrabemprocts mHBecTHImMi (ROI) m mpuObue Ha OIHOTO
coTpyAHHKa. L{esp MccrenoBaHus 3aKIIF0YaeTCs B BBIBICHUH SKOHOMHYECKHX OTpaHHYCHHI M3MepeHus 3¢ dekra
1 poBoi TpaHchOpMaALUK M aHAIU3E (PAKTOPOB, 3aTPYIHSIOMMX YIPABICHYCCKYIO aTPHOYLHIO (PHHAHCOBOTO
pe3ynbTata KOHKPETHBIM LU(DPOBBIM MHULIMATHBAM. METONOJIOrHsS OCHOBaHAa Ha COYCTAHWUH AHAIUTHYECKOTO
0030pa HAyYHbIX ITyONMKAlMi W SMIMPUYECKOrO aHajIHM3a arperHpOBAaHHBIX MaHHBIX IIECTH POCCHHUCKHX
MHOTOIPOMIBEHBIX XOJNIMHIOB B TOpPH30HTE 1-3 JieT mocne BHenpeHus LUQPOBBIX pemieHuil. B xone
UCCJIEJIOBAaHUSI YCTaHOBJICHBI HEJIMHEHHBIA XapakTep B3aMMOCBS3M LU(GPOBBIX WHBECTHLHUH M (DUHAHCOBBIX
TnoKasaTesell, Halnuue BPEeMEHHOTO Jiara nposBieHust 3G QeKTa, nepepacipeesieHue ypaBleHIeCKOW Harpy3KH
BMECTO €€ COKpaIeHHs, a TaKXKE pa3MbIBaHHE DKOHOMHYECKOTO pe3yJsbTara MpH OJHOBPEMEHHOH peaan3aluu
HECKOJIBKUX TPaHC(POPMAIMOHHBIX MPOekToB. CaenaH BeIBOI 0 ToM, uTo npupoct EBITDA, ROI u npubsiin Ha
COTpPYJIHHKa HE MOXKET OBbITh OJJHO3HAYHO aTPUOYTHUPOBAH OTACIBHBIM HU(POBBIM HHUIUATUBAM 0€3 N3MEHEHUS
YIPaBJICHYECKOW apXUTEKTYPBl U CUCTEMBI OLIEHKH (P PEKTHBHOCTH.
ABSTRACT
In the context of ongoing digital transformation, large organizations allocate substantial investments to the
implementation of CRM, ERP, SRM, HRM, and business intelligence systems, expecting improvements in
financial performance and operational efficiency. However, empirical evidence does not confirm a stable linear
relationship between digital investments and key financial indicators such as EBITDA, return on investment (ROI),
and profit per employee. The purpose of this study is to identify the economic limitations of measuring
digitalization effects and to analyze the factors that complicate managerial attribution of financial outcomes to
specific digital initiatives. The methodology combines a structured literature review with an empirical analysis of
aggregated data from six Russian diversified holdings observed over a period of one to three years following the
implementation of digital solutions. The findings reveal a nonlinear relationship between digital investments and
financial performance, a significant time lag in the manifestation of economic effects, a redistribution rather than
reduction of managerial workload, and the dilution of measurable results when multiple transformation initiatives
are implemented simultaneously. The study concludes that increases in EBITDA, ROI, and profit per employee
cannot be directly and unambiguously attributed to individual digital projects without corresponding changes in
managerial architecture and performance evaluation systems.
KnroueBbie cioBa: Lludposas tpancdopmarims, 3xkoHOMUUecKas 3pdekTuBHOCTh, WHBecTHIUH B UT,
EBITDA, ROI, npuOsi1s Ha COTpYAHUKA, YIIPaBICHYCCKAS aTPUOYIIHSL.
Keywords: Digitalization; Digital transformation; Economic efficiency; IT investments; EBITDA; Return
on investment (ROI); Managerial attribution; Organizational transformation.

Beenenne JOJTOCPOYHYIO0 KOHKYPEHTOCHOCOOHOCTh KOMIAHHWU
Hudposas tpancdopmarus paccmarpusaercsi kak — [10], [11], [14]. B ynpaBnerueckoi goruke nudpossie
CTpaTeTHuecKuit WHCTPYMEHT MOBBIICHUSI ~ WHUIMATHBBI CBS3BIBAIOTCSA C POCTOM IPO3PAYHOCTH,

KOHKYPEHTOCHOCOOHOCTH M 3((PEKTUBHOCTH KPYITHBIX
opranmsaiuii  [9], [13]. B HayuHOll nuTeparype
mudpoBast  TpaHchopmanms — ompenensercss  Kak
KOMIUIEKC W3MEHEHUH OW3HEeC-MOJeNH, IIPOILECCOB,
YNpaBICHYECKUX IPAKTUK W  OPraHM3aMOHHBIX
crocoOHOCTEH (capabilities), (hopMupyFOIINX

onTuMH3anuen H3JEPKEK u yIIy4IIeHUEM
(MHAHCOBBIX MOKa3aTeled, BKIOYAs ITOBBIIICHHE
MIPOM3BOAUTENBHOCTH  TpyAa ©  3(PPEKTUBHOCTH

HCIIOJIb30BaHMS YEJIOBEYECKOro KanuTania [5].
OnHako Ha NPAKTHUKE NpsiMasi KOPPEISILHS MEXKIY
00bE€MOM TM(POBBIX HWHBECTUIIMH W JHUHAMUKON
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(hMHAHCOBBIX METPHK HEPEOKO OTCYTCTBYeT. HecmoTpst
Ha BHeaperue ERP, CRM, BI u apyrux cucrem, poct
EBITDA u ROI ¢ukcupyercs He Bcerga ambo
MPOSIBISIETCS C CYIIECTBEHHBIM BPEMEHHBIM JIarOM.
[IpoGnema  M3MEPUMOCTH  SKOHOMHYECKOTO
a¢p¢exra mudpoBoit Tpanchopmanmm 00ycIOBICHA
CIIOKHOCTBIO aTpUOyIMH pe3ynpTaTa B YCIOBHAX
HapauIeIbHBIX YTPaBICHIECKUX N3MCHEHHH,
WHCTUTYLINOHAIBHOW WHEPIUH W MHOTO(aKTOPHOMH
npupoas! GuHAHCOBHIX Tokasareneit [3], [7]. B psnme

HCCITe TOBaHMUH o T4EpPKUBACTCS, 410
TEXHOJIOTHYECKHE WMHBECTUIIMM HE TapaHTUPYIOT
IKOHOMHYECKOTO 3¢ dexra 0e3 HU3MCHEHHUS

YIPaBIEHYECKON CTPATETHUH U apXUTEKTYPhI MPUHITHS
pemtenutii [12].

Llens HacTOSAIIErO HCCIENOBAHUS — aHAIU3
9KOHOMHUYECKHX OrpaHUYeHHH OLICHKH
3¢ dexTHBHOCTH NU(POBHIX MHAIMATHAB U BBIABICHHE
(baxTopos, 3aTPYIHAIOLINX YIIPABICHYECKYIO
aTpuOynuro (MHAHCOBOTO pe3yibTaTa B KpPYIHBIX
OpraHU3aIHsX.

MerTopoJiorusi Mccae0BaHUsA

HccnenoBaHue — peanu3oBaHO B paMKax

CMEIIIAaHHOTO HCCIICIOBATEIbCKOrO au3aitHa (mixed-
method approach), coderaromiero aHaJTUTHYCCKHUIA
0030p Hay4HOH JIUTEPATyPhl U IMIIUPUUECKHN aHAITN3
yIOpaBlIeHYEeCKUX JAaHHBIX [9]. Metogonorndeckas
KOHCTPYKLMSI BKJIIOYAET TPH B3aWMOIOIMOJIHSIIOUINX
Omoka:

1.cucTeMaTH3UPOBAHHBI aHAIU3 TEOPETUUSCKUX
HOAXOIOB K HU(POBOIl TpaHCHOpMALMK H OLCHKE €
SKOHOMHUYECKOH d(PPEKTUBHOCTH;

2.mpononeHeid (longitudinal) ananmu3 muHAMUKH
(MHAHCOBBIX ITOKa3aTeNeil;

3.9KCIIEPTHYIO OLICHKY YIpaBJICHYECKON
aTpuOyiuu  QuHaHCOBOrOo pesynbrata IHHUGPOBBIM
MHHIMATHBAM.

OMnupuyeckas BbIOOpKa BKJIFOYAeT 6
MHOTONPOQUIBHBIX ~ POCCHHCKMX  XOJJIUHIOB  C
YHCICHHOCTHIO TepcoHana 6osee 1000 coTpy THHKOB U
aKTHBaMHU cBbIlIE 1 MIpa pyOIiei, pyHKIHOHUPYIOIINX
B chepax  NPOMBINUICHHOCTH, JICBEJIONMEHTA,
TOCTHHUYHOrO OM3HEeca U HHPACTPYKTYpbl. ' Opu30HT
HaOJFOJCHUsI COCTABUII OT | 10 3 JIeT mociie BHEIPEHHUS
H(POBBIX PELICHUH.

HHCTPYMEHTOB. I  OLEHKM  3KOHOMHUYECKOIO
s¢eKTa HCIONB30BAINCH CIIEAYIONINE IT0Ka3aTelu:
EBITDA, penrabensHocts uHBecturmii  (ROI)
IU(POBBIX MPOEKTOB M NPUOBIIHL Ha  OJHOTO
COTpyaHMKa. [IpuMeHsIcs CpaBHMUTENbHBIM aHAIH3
OUHAMUKA TIOKa3aTened myOnmyHOH (HUHAHCOBOH
OTYETHOCTH [0 BHEAPCHMS HU(POBBIX PEIICHUI U B
TocTIe Ty oIIe epruoasl (pre/post analysis).

Ananutndgeckas npouenypa BKJTIOYasa
OMHUCATEbHBIN CTaTUCTHYECKHH aHaus,
COINIOCTABJICHHE TPEHIOB, a TaKXKE MEXKEHCOBYIO
UACHTH(HUKALNIO TOBTOPSIOMINXCS YIPABICHUYECKUX
3aKOHOMEpHocTe  (cross-case pattern analysis).
JIONOMHUTENBHO TIPOBOAMIIACH CTPYKTYPHPOBAHHAS
JKCIIEPTHAsl OLEHKAa PYKOBOJUTEIEH KOMIIAHMH,
HampaBJieHHas Ha  ONpejeleHHe  CyOBEKTUBHO
BOCIIPUHMMAEMOr0 BKJIaaa HHU(GPOBBIX HHUIMATHB B
oOmuit pHUHAHCOBBIA Pe3yIbTaT.

C yu€toM oOrpaHMYeHHOTO 00BEMa BBHIOOPKH U
arpernpoBaHHOTO XapakTepa MAaHHBIX HCCIICTOBAHHUC
HE MIPETCHAYET Ha CTaTHCTHYECKYTO
PENPE3eHTaTHBHOCTh BCEI COBOKYITHOCTH POCCHHCKHUX
xonnuHroB. Ero 3amaua 3akmiouaeTrcs B BBIABICHUH
YCTOMUMBBIX  YHpaBIEHYECKUX  MAaTTEPHOB U
WHCTUTYLIMOHANIBHBIX ~ OTPaHMYCHUH  HM3MEpeHus
sKOHOMHUUeCKOro 3 dexTa nnppoBoit TpaHchopMauu
B KPYIIHBIX OpTaHHU3aIHSX.

B kadecTBe pabouell aHAIUTHYCCKOW THUIIOTE3BI
MIPEAIoNarajoch, YTO KPAaTKOCPOYHAs JAWHAMHUKA
(MHAHCOBBIX  TIOKa3aTesNedl  mocie  BHEAPEHUS
IU(POBEIX pEIIEHHH HE OTpakaeT HX IIOJHOTO
SKOHOMHYECKOTO MOTEHIMAJA BCICICTBHE BPEMEHHBIX
JIaroB M HMHCTUTYLMOHAIBHBIX (hakTopoB. IIpoBepka
THIIOTE3BI OCYIIECTBIIAIACH TIOCPEACTBOM
COIIOCTABJICHUS JUHAMUKHU INTOKa3aTejedl B FOPH30HTE
OJTHOTO, IBYX U TPEX JieT. Pe3yspTaThl CONOCTABICHUS
HOJTBEPANUIIN HAJIMYHE BPEMEHHOT'0 Jlara ¥ OTCYTCTBHUE
YCTOWYMBOW KPAaTKOCPOYHOM KOPpPEISLUN MEXKAY
BHEIPEHHEM LH(POBBIX pEIIEHHH U JTUHAMHKOH
(DMHAHCOBBIX METPHK.

OcHOBHbBIE pe3yJIbTAThI

AHanu3 mokasall, 4To B KPaTKOCPOYHOM HEpHO/IE
(1 rom) mocine BHeApeHHsS IH(PPOBBIX pEIICHUI
3ragnmMoro npupocta EBITDA He 3adukcupoBaHo B 4
13 6 KOMIIaHUH.

OObekTaMH  aHAJM3a  BBICTYMAIH  [POCKTHI Cpeanue mokaszarenu 1o BIOOpKE MpeIcTaBIeHbBI
BHenpenus CRM-, ERP-, SRM-, HRM-cuctem u BI- B Tabmure 1.
Tabmmna 1.
Cpeansisi fnHaMuKa (PMHAHCOBBIX MOKa3aTes el nocjie BHeApeHus UG POBLIX HHUIMATUB
INokazatens 1 rox 2 roxa 3roma
EBITDA +1,8 % +4,2 % +6,5 %
ROI 1iudpoBbIX POEKTOB oTpuuarensHbiid wmm 0-3 % 4-7% 812 %
[TpuObIH Ha COTPYTHMKA +0,9 % +3,5% +5,8 %
JlanHbie JIEMOHCTPUPYIOT BBIpaKEHHBIHN e 00y4eHHs IEpPCOHAIA,

BpeMeHHOW Jar. CyIIeCTBEeHHBIH HIKOHOMUYECKUI
3¢ PeKT HAYMHAET NPOSBIATHCS MTPEUMYILIECTBEHHO Ha
2-3 roge peanu3anuu.

VYcTaHOBIIEHO, YTO  BHEJIpEHHE  LU(PPOBBIX
pelIeHni B psiie CIy4aeB COMPOBOXKAAIOCh POCTOM
orepaiMoHHBIX pacxonoB (OPEX) B mepBeli rop
BCJIEZICTBHE:!

® TapauIeNbHOTO0 (YHKIMOHUPOBAHUS CTAPBIX
U HOBBIX CHCTEM,

®  yBEJIMYEHUS Harpy3Ku

MOAPA3JIEICHHUS.
B 3 xomMnaHusiX mepBbId TOJl COMPOBOXKAAICS

camxeHreM ROI nngpoBbIx MHUIMATHB.

Ha

UT-
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B epUoL aHanusa
peann30BHIBAIIICE!

e  OpraHu3alliOHHbIC U3MEHEHUS,

®  PECTPYKTYpH3aIHs,

e  ONTHMH3AIMS ITATA,

® U3MCHEHHS B CUCTEME 3aKyTIOK.

B pesynpsrate poct EBITDA B 2 KoMmaHusAX He
MOXET OBITh OJHO3HAYHO OTHECEH K IM(PPOBBHIM
WHHAIMATHBaM. OKCIEPTHas OLEHKa II0Ka3aia, dYTo
BKJIa/1 IA(POBBIX pelieHui B (PMHAHCOBHIN pe3yibTaT
OLICHUBAJICSI ~ PYKOBOJACTBOM  CyOBEKTHBHO  H
BapbupoBaics ot 15 1o 40 % ot obiero npupocra.

B 4 xommaHusX aBTOMaTH3alUsl HE IpPHBENa K

napajjieJibHO

COKpAILIEHUIO YUCICHHOCTH YIPaBIEHYECKOTO
nepcoHana B TIepBble [OBa roga. Habmopanock
nepepacipeaeieHue byHKIMIA u ycuieHue

AHAIUTUYECKON HArpy3KHU.

OTO MOATBEP)KAAET TE3UC O TOM, UTO IHU(DpOBas
TpaHchopmanust HEe Bcerza O3HAYaeT HEMEIIEHHOE
COKpAIllEHHE U3JEPAKEK.

Oocy:xnenue

IIpencraBneHHbIE IMIHUPHYECKUE
MO3BOJISIIOT paccmaTpuBath UpPOBYIO
TpaHchopManuo KaK MHOT'OYPOBHEBBIH
YIIPABJIEHYECKUH IPOLECC, B KOTOPOM 3KOHOMHUYECKUH
ahdexT dopMupyeTcs  MOCIEAOBAaTCIBLHO — Yepe3
TEXHOJIOTUUECKHH, OPraHU3al[MOHHBIA U (DUHAHCOBBIN
YPOBHH.

Ha rtexHomormueckoM ypoBHE HPOHCXOIUT
BHenpeHue WUT-cuctem, aBToMaTu3anus onepauuid u
(opMHpOBaHME  AHATUTHYECKHX  HWHCTPYMEHTOB.
JaHHbBI 3Tan  Cco30a€T MOTEHLOHWANl IOBBINICHUS
3¢ PEeKTUBHOCTH, OHAKO caM M0 ceOe He rapaHTHPYeT
pocTa (pMHAHCOBBIX MMOKA3aTelNeH.

KiroueBbIM 3BeHOM TpaHc(opManuy BBICTYHAET
OpraHu3aIOHHEIN ypoBeHb. OH BKIIIOYaeT H3MEHEHHE
OU3HEC-TIPOLIECCOB, YIPABICHYECKUX PETIaMEHTOB,
pacrpesieieHusl OTBETCTBEHHOCTHM UM MEXaHHM3MOB
OpUHATHUA pelieHuil. JMEeHHO Ha 3TOM  ypOBHE
mudpoBele  pemeHus JaU00  MHTETPUPYIOTCS B
YIpaBICHYECKYI0  MPAKTHKYy, JHOO  OCTaroTCs
(opmanbpHO BHEIPEHHBIMU HHCTPYMEHTaMu. B ciydae
HEIO0CTaTOYHOI ajanTanun MPOLECCOB u
YIOPaBIEHYECKOH  apXUTEKTyphl  MOTEHLIUAIbHBIN
3¢ ekt TUPPOBBIX WHBECTHIIUI YaCTUYIHO
yTpaunBaeTca. Takum o00pa3oM, OpraHHM3aIMOHHBIN
YPOBEHb CTAHOBUTCSI 30HOM, B KOTOPOH dalle BCEro
«TEPSIETCS» 0KUJAEMbII SKOHOMUYECKUN PE3yiIbTaT.

OUHAHCOBBIM ypOBEHb OTPAKAET UTOTOBYIO
muaamMuky EBITDA, ROI u npubsumn Ha OmHOTO
corpyaHrka. OHaKO JaHHBIE TOKa3aTeIN GUKCUPYIOT
YK€ ONOCPENOBAaHHBIM pe3ynbTar, chOpMHUPOBAHHBIN
uepe3 OpraHuU3allMOHHBIE U3MeHeHusa. OTcyTcTBUE
yIpaBIeHYECKOI TpaHchopManuu 00BsCHSET
BBISIBIICHHBIE BPEMEHHBIE JIard U CIIOKHOCTb MPSIMOI
aTpuOynuu  ¢uHaHcoBoro s>ddekra  OTACIBHBIM
UGpPOBEIM MHUNHATHBAM. [loydeHHBIE pe3yIbTaThI
MOATBEPIKIAIOT, YTO  DKOHOMHYECKHHA 3 deKT
muGpoBoif  TpaHC(OPMALMU  HOCHUT  CIIOXKHBIM,
HEJIMHEWHBIN XapakTep. BhIIBIEHHBIN BpeMEHHOM Jar
COTJIaCyeTCs C BBIBOAAMH 3apyOEKHBIX HCCIEIOBAHUI
0 CTpaTeruIecKou TIpUpoJIe (GPOBBIX
npeoOpasoBanwmii [7], [8].

JaHHBIC

Ionmy4yennsle pe3yabTaTh MO3BOJISIIOT
HHTEPIIPETHUPOBATh HU(POBYI0 TpaHCchHOPMALUIO HE
KaK U30JIMPOBAHHBIM TEXHOIOIMYECKUN MPOEKT, a Kak

9JIEMEHT 0Oonee  MIMPOKOHW  HMHCTUTYIMOHAIBHOMN
TpaHcopMally OpraHU3alUH. DTO COINIacyeTcs C
MIOJIXOI0M, paccMaTpUBArOLIAM ugpoBere
HMHBECTHLIUH Kak ¢axTop N3MCHEHUSA
OpPTaHM3aIlMOHHBIX ~ CIIOCOOHOCTEH, a HE  Kak
HEINOCPEACTBEHHBII IipaiiBep (bMHAHCOBBIX
pE3yIIbTaTOB.

CnoxHOCTh aTpuOymuu 3¢dQexra cBsi3aHa C
MHOTO()aKTOPHOCTBIO (DMHAHCOBBIX MOKa3aTeled |
WHCTUTYIMOHAIBHBIMA ~ OCOOCHHOCTSIMH  KPYITHBIX
opranmzanuii [3], [5].

Takum  oOpazom, omeHka 3ddeKkTHBHOCTH
muQpoBEIX MHUIMATHB  TpedyeT mepexoga OT
KpaTKOCPOYHBIX ~METPUK K CpPEJHECPOYHOM U
CHUCTEMHOM MOJEJIM aHaJIN3a.

IIpakTHYeckne peKoMeHAAUHU

B  ychoBuax  umdpoBoit  TpaHcopmanuu
1enecoobpasHo CMemIaTh aKICHT OLICHKH
PE3yIbTATUBHOCTU OT arpernpoBaHHBIX (PHHAHCOBBIX
METPUK K MoKa3aTessM OpraHU3aIIMOHHON
MIPOM3BOAUTENBHOCTH. B 4YacTHOCTH, mpHOBUIL Ha
OJTHOTO COTPyJHHKa MOXET BBICTymaTh OoJjee
YyBCTBUTEIBHBIM HHIMKATOPOM LU(PPOBOH OTHAYH,
MTOCKOJIBKY oTpakaet TpaHcdopmanuro
3¢ (GEKTHBHOCTH  HCIOJB30BAHUSA  YEJIOBEYCCKOIO
KaliTasia v CTeNEeHb MHTETPalliy IU(POBBIX PEIICHNI
B  YNpaBJICHYECKyI0  MpakTHKy. Ha  ocHoBe
MIPOBEAEHHOTO aHalIW3a MOXHO c(opMynnpoBarth
CIICIyIOIINEe PEKOMECH AN

1. OmueHuBaTh 3KOHOMHUYECKUN
TOpU30HTE HE MEHee 2—3 JIET.

2. Pazgenste  addexr
OpraHU3aIOHHBIX U3MEHEHHUH.

3. Hcnonp3oBaTh KOMOWHHPOBAaHHYIO MOJIENb
KPI (¢puHaHCOBBIE + MPOIECCHBIE).

4. He BxmouaTh kpaTkocpodHsIii poct EBITDA
B o0s3aTelbHbIC KpPUTEpUH ycrexa 1ud)poBOro
MIPOEKTA.

5. BHempATe METONWKY MO3TATHON aTpHOyIHUU
BKJIaJa HU(PPOBEIX NHUIIUATHUB.

3aki04yeHue

[TpoBenénHoe ucciaenoBaHNe MOATBEPKIAET, YTO
udpoBast TpaHcopMalKs KPYHHBIX OpraHu3aluil He
o0ecrieunBaeT JHMHEWHOIO M MTHOBEHHOTO pocTa
(MHAHCOBBIX MOKa3arelieil. DKOHOMHYECKash oTaadya
U(POBBIX UHUIMATHB (OPMUPYETCSI OIIOCPEIOBAHHO
— uepe3  TpaHcopMmanuio  ynpaBieHYECKOU
ApXHUTEKTYphl, OW3HEC-TIPOLIECCOB M MEXaHU3MOB
NPUHATHS pelieHui. BhIsIBIEHHBI BpeMEHHOW Jlar u
CJIOKHOCTh YIPaBJICHYECKOW aTpuOynuu pesylsibTara
CBHJETEJILCTBYIOT O TOM, YTO (DMHAHCOBBIE METPUKH
OTpaXkaloT He caM (DaKkT BHEAPEHUS TEXHOJIOTHH, a
CTENEHb X OPraHU3alMOHHON HHTETrpaluy.

Taxum 00pa3oM, M pPOBBIE HHBECTHIINH CO3/1AI0T
MTOTEHIMAJ TOBBIIICHNS 3PPEKTUBHOCTH, OJHAKO €0
peanu3anys 3aBUCUT OT IIyOWHBI OpraHM3aIMOHHBIX
M3MEHEHHH U CIOCOOHOCTH KOMITAHHH aaliTHPOBATH
yTpaBJIeHIECKHE MPaKTHKA K HOBBIM
TEXHOJIOTHYECKUM  BO3MOXHOCTSIM.  OTcyTcTBHE
TpaHchopMaM HAa  OPraHM3allMOHHOM  YPOBHE

apdexT B

TCXHOJIOTHYCCKUX U
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OPUBOAUT K UYacCTHMYHOM  yTpare  O0XHMIAaeMOro
9KOHOMHYecKkoro odddexkra ¥  3aTpyAHSET  €ro
KOPPEKTHYIO OLICHKY.

Jos TOT-MEHE)KMEHTa 3TO O3HayaeT
HEeo0X0JUMOCTh paccMaTtpuBaTh uQgpoByIo
TpaHC(hOpPMANHIO HEe KaK N30TUpoBaHHEIH W T-nipoekT,
a Kak KOMILIEKCHYIO YTIPaBICHYECKYIO
TpaHC(hOpMAIHIO, TpeOyIOIyI0 mepecMoTpa
npoueccos, poned u cuctemsl KPI. Kpome Toro,
NPUHATHEC HMHBECTUIMOHHBIX pEIICHWH B 00IacTh
IU(POBBIX TEXHOJOTHUH ODKHO CONPOBOXKIATHCS
(hopMHpOBaHMEM MEXaHU3MOB ITOITAITHON aTpUOYLUH
¢ eKTa U OLUEHKOH pe3ylbTaToB B CPEIHECPOUHOMN
HNEepCHeKTHBE, a HEe TOJBKO B TOPH30HTE OIHOTO
(uHaHCOBOTO roja. JlaHHbIE TOJI0KEHHS BBITEKAIOT U3
BBISIBJICHHOI MHOTOYpPOBHEBOI NPHPOABI LH(POBOrO

a¢dekra. Tem CaMbIM MIOJITBEPKIaeTCA
HEOOXOANMOCTb HMHTETPALM TEXHOJIOTHMYECKUX U
YOPaBJIEHYECKUX PpEUIEHMM B  paMKax €IUHOU
CTpaTeruu TpaHc(hOopMaIiH.

CnenoBarensHo, nudposas  TpaHC(HOpPMAIHA
JIOJDKHA  paccMaTpUBaThcsi KaKk — CTPaTErMYeCKHN
YIIPaBJIEHYECKUI mpotecc, B KOTOPOM
TCXHOJIOTHYCCKHEC peuicHusA BBICTYIIAIOT JIMIIb

MHCTPYMEHTOM OoJiee T1yOOKON WHCTUTYLHOHAIBHOM
MepeCTPOWKK OpraHu3alnuu. be3 M3MEeHEHHs JIOTHKH
YIpaBJICHUS M CUCTEMBbl OLEHKH pe3yJIbTATUBHOCTH
Jaxxe MmaciitabHple 1HUQPOBbIE WHBECTUIMU HE
00eCTIeYNBAOT YCTOWYMBOTO (PHHAHCOBOTO 3 deKTa
[13].
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ABSTRACT

The development of maritime and inland waterway transport has led to increasingly stringent requirements
for security and safety systems in waterway transport. One measure to improve maritime safety is to improve data
processing methods in ship control systems, including the issue of target trajectory tracking. The problem of
tracking maneuvering surface targets using multi-model filters has attracted significant research attention. Multi-
model algorithms, in particular the Interactive Multiple Model (IMM) algorithm, are considered effective methods
for filtering and estimating target trajectories. However, traditional multiple-model algorithms with fixed
structures exhibit notable limitations when applied to highly maneuvering targets. To overcome these limitations,
variable-structure multiple-model (VSMM) algorithms have been proposed, allowing the model set to be
adaptively adjusted according to the target’s motion state. In this study, a VSMM algorithm based on an adaptive
grid method is proposed for tracking surface targets performing constant-speed turning motion. Simulation results

demonstrate the effectiveness of the proposed method.

Keywords: target tracking, trajectory processing, trajectory filtering, multiple-model algorithm, VSMM
algorithm, adaptive grid algorithm, coordinated turn model.

Introduction. The oceans cover three quarters of
the Earth’s surface. According to the IMO
(International Maritime Organization) of the United
Nations, more than 90% of all foreign trade cargo is
transported by sea [1]. At the same time, the number of
ships is constantly increasing. Consequently, the
demand for maritime transport safety systems is
growing. Among the measures aimed at improving
maritime safety, the enhancement of data processing
methods in ship control systems occupies an important
position. One of the stages of radar data processing is
the construction of trajectories of surface objects. A
large number of surface targets are tracked
simultaneously, which requires the use of appropriate
trajectory filtering algorithms.

Multi-model (MM) algorithms [2—4] are widely
accepted as effective methods for filtering the
trajectory parameters of moving targets. These
algorithms are characterized by the fact that at any
given time, not one but several target motion models
are employed, each representing a possible mode of
target motion. By generating estimates of trajectory
parameters for each model and evaluating their
likelihood, the computational filter estimates the
resulting state vector as a weighted sum of these local
estimates.

Traditional MM algorithms, among which the
most popular is the IMM algorithm [5-7], are classified
as fixed-structure MM algorithms (FSMM), in which
the set of models and their parameters are specified
once and for all before the start of the filter. However,
this approach has certain drawbacks. For targets whose
maneuvering mode is unknown, it is necessary to use a
sufficiently large set of models covering the entire
range of possible maneuvers, which significantly
increases the computational burden. Moreover,
increasing the number of models does not guarantee an

improved tracking accuracy, as competition between
models arises.

To overcome the aforementioned problems,
variable-structure multiple-model (VSMM) algorithms
have been proposed [8, 9]. The essence of these
algorithms is to adapt the parameters or the structure of
the algorithm depending on the nature of the target’s
motion [10]. There are various directions of adaptation,
among which the grid adaptation method is most
commonly considered [11]: the adaptive grid multiple
model (AGMM) algorithm [12]. The grid is used to
describe multiple models and consists of a set of values
within a continuous interval of the target maneuver
parameter (for example, the turn rate when using the
constant turn (CT) model). The adaptive grid algorithm
determines the values of the grid points, which are
assigned to the filter bank at each estimation step as
tuning parameters selected from the continuous
maneuver-parameter interval.

The literature reports the application of AGMM
algorithms for tracking airborne targets performing
coordinated turns [13] and linear acceleration [14]. The
aim of this work is to study the possibility of using grid
adaptive multi-model algorithms for tracking surface
targets, as well as to compare their effectiveness with
the IMM algorithm under different tuning parameters.

Variable-structure MM. The IMM algorithm's
set of models is fixed and typically includes a large set
of models covering the entire range of possible
maneuvers. For example, for targets making intense
turns at a constant speed, this includes one model for
straight-line motion (the CV model, constant velocity)
and 4-8 CT models designed for different turning
speeds. Accordingly, the IMM wuses 5-9 filters
operating in parallel. At the next evaluation step, each
of these models is considered to correspond to the true
target motion mode. Based on the mark assigned to the
trajectory, filter estimates are calculated, model
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likelihoods are estimated, and the resulting estimate is
found as the sum of local estimates, weighted by these
likelihoods and the predefined transition probabilities.

Adaptation the
model set
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Figure 1: Generalized block diagram of the VSMM

The VSMM algorithm employs a more compact
set of models whose structure and parameters are
adaptively adjusted to the changing motion mode of the
target. Fig. 1 presents a generalized block diagram of
the VSMM algorithm. Compared with the basic IMM
algorithm, the VSMM includes a model set adaptation
module, which is used to determine the set of models to
be activated at a given time. Based on the filtering
results of each model (i.e., their state vectors and
likelihoods), the values of the maneuver parameter
(turn rate) are estimated for the entire model set so that
the updated set more accurately matches the true
motion mode of the target.

This paper explores the adaptive grid method. The
model set uses three models, each tuned to its own turn
rate. The basic idea of the method is that the turn rate
value for each model is selected from a continuous set.

Thus, in general, the VSMM algorithm is similar
to the standard IMM algorithm; however, it includes
one additional stage-the adaptation of the model set, for
which adaptive grid (AG) algorithms are used in our
study.

The VSMM algorithm consists of the following
SiX steps.

1. Adaptation the model set.

Assume that the actual turn rate of the
maneuvering target at the current time is unknown, but
lies within a continuous interval [—wmax,,,,, | where
Wmax -Maximum possible turn rate of the given target,
taking into account physical constraints. We construct
a time-varying set of three models, which at a certain
time instant kkk has the following form: M, =

[wk wk wk], where the turn rate values of each

model (grid values) are(w¥, w¥, wk) € [—wmaxyqy, |
k=1, 2, ...,N. The letters L, C, R denote the left,
central, and right models of the MM configuration,
respectively.

The model shift diagram in the AG algorithm is
shown in Fig. 2. The top line shows the range of
possible turning speeds [—wmax,,q,.] At any given
moment, the model set AG contains three models: the
right, center, and left models. An arrow from one model
to another indicates the direction of model shift.
Arrows on either side indicate possible shifts to the
right or left. Both the center of the model set and the
distance between them can be adjusted according to a
given decision rule.

In the VSMM algorithm with an adaptive grid
scheme, the decision rule consists of two main
elements: first, retuning the grid center; and second,
retuning the grid spacing. The grid center is the
parameter of the central model (w.), while the grid
distance (step) is the interval between the parameters of
any two neighboring models.

The true value of the current turn-rate parameter
lies within the parameter domain covered by the entire
model set. However, if the true parameter value is
outside this domain or close to its boundary, this fact
must be detected immediately and appropriate actions
for adapting the model set must be taken, including
shifting the models and expanding the parameter
domain. The VSMM algorithm is initially run with
initial values My = [w? w2 2], which are chosen
for the same reasons as for the conventional IMM [15].
At each evaluation step, two parameters are adjusted as
needed: the grid center and the grid step.
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S,

Figure 2: Model shift diagramThe grid center adjustment. The position of the grid center is adjusted if the a
posteriori probability of the central model u§ falls below a predefined threshold t1, a nd is determined by the
following expression:

ot =X pfof (1)

where u¥ — posterior probability of the i-th model
at the time k. Otherwise, the position of the set of
models does not change, i.e. wkt! = wk.

The grid step adjustment. The grid distance is
adjusted according to the following rules:

1) If the central model has the highest probability

among all models, i.e. u¥ = max{ul} SN there is no

model shift. However, if the left and/or right models are
determined to be unlikely (that is, the posterior
probability of the model is less than the chosen
threshold value t,), the corresponding distance of this
model will be halved:

8
k+1 _ ook
) i <t
whktt = J@c 2’ fouL z
wk* — sk, otherwise
k
k+1 _ Og k
) i <t
wl}g+1 C 2’ f Ugr 2 , (2)
wk*t — sk, otherwise

where §F = max(wf — w¥,7), 8F = max(wk
— wk, 1) and t, - threshold for detecting an unlikely
model (for example, 0.05); » — model distance (design
parameter). This action will help to reduce the range of
velocity values and reduce estimation errors.

2) If the left model has the maximum probability
among all models, i.e. uf = max{,ul} w @ shift to
the left is performed:

K k if ok
Wk = W™ = 28F, if uf > i3
wk*tt — 6F, otherwise
wl}g+1 k+1 + 6%, (3)

where t3 - threshold for detecting a significant
model (for example, 0.95). In this case, the left part of
the parameter value range expands, and the distance
between the center and the left model doubles.

3) If the right model has the maximum probability
among all models, i.e. uf = max{yl} , a shift to

the right is performed:

(JJIE+1 k+1 5L
1 +1+26R, if uk >ty
WR ™ = k1 k o
wet + 0f, otherwise

in this case, the right part of the parameter value
range expands, and the distance between the center and
the right model doubles.

2. Calculate of a priori transition probabilities:

i i
st — Tishk—1 7)
klk—l ZmSEMk_l ”isH;(_l

where ;5 - probability of transition from the i-th
model to the s-th model; u!_, - probability of the i-th
model at the k-/-th estimation step. Here and hereafter,
the index i refers to the models at step k—/-th, and the
index s refers to the models at step &-th.

3. Determining the initial conditions of each
filter of the s-th model:

o0s  _ oi sli
Xp-1 = Z Xi—1Mg k-1

MsEMp_q

D bl [Pl + Ry — R82,) %
X (X;'(—l — R 1) ]'(8)

where &,_; n P{_, — state vector and covariance
of the i-th model at the - 1-th step.

4. Filtration.

- Extrapolated estimate of the state vector and its
covariance:

Ripe—1 = FIME_DR% 45
Pljlk—1 = F(Mli—l)PI?ilF(Mk—JT + Qi-1,(9)

where F’ — the transition matrix of the state of the
Kalman filter model Mj;_;; Qj_; — process noise
covariance.

Extrapolated estimate of the measurement vector:

2I§|k—1 = H(Mli—1)ﬁz|k—1'(10)
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where H — observation matrix.
The residual vector and its covariance matrix:

Vi = Zk — Zj-1;
Sg = HMDP e HM) + Ry, (11)

where z, u R, — current measurement and its
covariance.
Matrix Kalman gain:

K = P HIMDT(SO™Y (12)
State vector and its covariance matrix:
PN ok
Ri = Ryp—1 T KiVi-os

Pg = Py — KgSE (KD (13)

5. Calculating posterior probabilities of the
truth of models:

s i
Al EmgeM), Tishy—1

a4

”S -
k — )
steMk ”isﬂllc_lAi

where A}, — likelihood function:
1 1 _
Ay = ——exp [~ GDTSH G| (15)
[emms]

(m is the size of the vectors z and y).
6. The result of the evaluation of the state vector
and its covariance matrix:

Rk = Yomgem, Killi s
Py = Yonsem, Ml PE + [R5 — K ][R5 — % ]"). (26)

Simulation result.

To analyze and evaluate the effectiveness of the
proposed algorithm, a scenario of tracking a
maneuvering target is considered. The target initially
moves at a constant speed and then turns. Initial state
of the target xo = ¥y = 1km, v, = 10 (miles) vy, =
6 (miles), g, = 60 (m), g, = 0.5°, total motion time
750c¢, and other relevant motion parameters are shown
in the table 1.

Table 1.
Target movement parameters
Time (c) Turn rate speed (°/c)
0-90 0

90-180 -2

180-240 0

240-330 2

330-360 0

360-540 -1

540-600 0

600-750 1

For comparison, the IMM algorithm was chosen,

which uses a fixed set of models with 5 rotation models 09 if i=s
M=[-2,-1,0,1,2]. Initial probabilities of the model y, = T, =1 0,1 . .
[0.025 0.025 09 0025 0025, Threshold N1 U iFs
t; =03, t, =025, t3=0.75 wne and the where N — number of models.

transition probability matrix:

1500

The simulation results are presented in Fig. 3-8.
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Figure 3: True trajectory
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Figure 4: Trajectory after filtration
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Conclusions

VSMM trajectory filtering algorithms for tracking
maneuvering surface targets are considered. These
algorithms employ a reduced set of motion models
compared to the fixed-structure IMM algorithm,
together with an appropriate decision rule for
modifying model parameters, developed based on
adaptive grid schemes. Simulation results show that the
proposed method provides more accurate tracking of
maneuvering targets than the conventional IMM. In
addition, since fewer filters are used, the algorithms
require lower computational cost. The proposed
adaptive methods exhibit similar trajectory-tracking
characteristics, including high accuracy and good
adaptability to various target maneuvers.
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OCOBEHHOCTHU MPOEKTUPOBAHMSI MOJAEJENR JTAHHBIX HH®OPMAIIMOHHOM
CUCTEMBI IINTAHUPOBAHUS PABOYEI'O BPEMEHMU ITEPCOHAJIA

Ilopemos E.C.
PTY MUPDA, uncmumym unghopmayuonnwvix mexnonrozuti (MHUT),
2. Mockea

FEATURES OF DATA MODEL DESIGN FOR AN INFORMATION SYSTEM FOR EMPLOYEE
WORKING TIME PLANNING

E. Poremov
RTU MIREA, institute of information technology (IIT),
Moscow
DOI: 10.31618/ESU.2413-9335.2026.1.132.2230
AHHOTAIUSA
B yciioBHsIX yCII0)KHEHHsI IPOLIECCOB YIIPaBJICHHs IIEPCOHATIOM U pOCTa TPeOOBaHUI K TOUHOCTH M THOKOCTH
TUIAaHWPOBAHUSI BO3PACTaeT POJb MH()OPMALMOHHBIX CHUCTEM IUIAaHMPOBaHUS pabouero BpeMeHu. KirroueBbM
KOMITOHEHTOM TaKUX CHUCTEM SIBJISETCS MOJENb JAHHBIX, O0ECIeUYMBAIOIas KOPPEKTHBIH Y4ET CMeH, poseit
TMOJIb30BATElICH, HOPMATHUBHBIX OTPaHUYCHHUI U UCTOPUH M3MEHEHHil. B craThe paccmarpuBaroTcsi 0COOCHHOCTH
MPOEKTUPOBAHHS MOJIENM JAHHBIX MH(OPMALMOHHOW CUCTEMBbI TUIAHMPOBAHUSI pabouero BpEeMEHH IepCoHaa.
[pennaraemplii MOAXOA YYUTHIBACT TPEOOBaHHS TPYJOBOIO 3aKOHOJATENBCTBA, a TAKKE BO3MOXXKHOCTH
PACIIMPEHHsT MOJEIIH JUTS PELICHHS aHATUTHYCSCKUX U YIIPABICHYSCKHUX 3a1a4.
ANNOTATION
In the context of increasing complexity of workforce management processes and growing requirements for
planning accuracy and flexibility, the role of information systems for working time planning is becoming
increasingly important. A key component of such systems is the data model, which ensures correct accounting of
work shifts, user roles, regulatory constraints, and change history. This paper examines the features of data model
design for an information system for employee working time planning. The proposed approach takes into account
labor regulation requirements and provides opportunities for extending the data model to support analytical and
managerial tasks.
KiroueBble cjoBa: IuiaHupoBaHue pabodero Bpemenu, Workforce Management, Moaenb JaHHBIX,
MPOEKTHPOBaHKUE 0a3bl JaHHBIX, H(GOPMALMOHHASI CHCTEMa, YIIPaBJICHHE IIEPCOHAIIOM.
Keywords: working time planning, Workforce Management, data model, database design, information
system, personnel management.

BBEI]CHHC. B COBPCMCHHBIX OpraHu3anusax ¢ I/IH(I)OpMaLII/II/I, CHW)XCHHUIO TPOU3BOJAUTCIBHOCTH U

MOCMEHHEIM ~ peXUMOM  paboThl () (HEKTUBHOCTH  YCIIOKHEHHIO COTIPOBOKICHUS.
YIPAaBJIEHUS! NEPCOHAJIOM B 3HAYUTEIBLHOW CTENEHU Oco0ylo0  CIOXXKHOCTE TIPH  TPOCKTUPOBAHHU
OTIpeJIeNIsIeTCsT KadyeCcTBOM IIJIAHUPOBaHUS pabouero  Mojaenu  gaHHbix  WFM-cuctem  mpejcTaBiisieT

BpeMeHH. PocT TpebGoBaHMi K TOUHOCTH PacTHUCaHUH,
OTIePATUBHOCTH BHECEHUSI M3MEHEHUH U COOIIIOICHUIO
HOPMATHBHBIX OTPaHUYEHUH PUBOANT K YCIOKHEHHIO
COOTBETCTBYIOUTNX HH(OOPMAITHOHHBIX CHCTeM. B aTHx
YCIIOBHUSIX KIIIOUEBYIO POJIb HAUMHAET UIPaTh MOJEIb
JMAHHBIX,  OMNpEICINAIoMmas  CHocoOBl  XpaHCHHS,
00paboTkn W aHanm3a WHGOPMAIMA O CMEHax,
COTpYIHUKAX, MpaBHIax IJTAHUPOBAHUS u
BBISIBJISIEMBIX HAPYILIEHUSX.

WudpopManoHHBIE  CHCTEMBl  IUIAHUPOBAHHS
paboyero BpeMeHH OTHOCATCA K Kiaccy WFM-cuctem

(Workforce Management) ©  XapaKTepH3YIOTCS
BBICOKOH TpaH3aKLIMOHHOU Harpy3kom,
HEO0OXOTUMOCTBIO CTPOTOro cobmoeHMs

pEerIaMeHTOB U MOJAEPKKON MCTOpUM M3MeHeHui. B
OTJIMYHUE OT MPOCTHIX YYETHBIX CUCTEM, TAKHE PEILICHUS
JIOJDKHBI 00€CTIeYMBATh COTNIACOBAHHOCTD TAHHBIX TPH
YaCcThIX KOPPEKTUPOBKaX TpadUKOB, MOIICPKUBATH
pa3iiYHbIC  PEXUMBl  IUIAHUPOBAaHHA U OBITh
pacmMpsieMbIMU IS IOCIEAYOUIETO AaHAIUTHYECKOTO
ucnonp3oBaHus. HemponymanHas Mmojlenb JAaHHBIX B
MOTOOHBIX CUCTEMAaX MPUBOIUT K TIOTEPE HETOCTHOCTH

HEOOXOIUMOCTh OJJHOBPEMEHHOTO Y4YeTa HECKOJIbKUX
ACTEeKTOB: CTPYKTYpPhI MEpPCOHANA, NIA0JIOHOB CMEH,
KaJCHIapHBIX OrPAaHHYCHHA, MapaMeTpoOB Tpyna, a
TaKkKe (HUKCAUU OTKIOHEHHH OT HOPMATUBOB U
KOPPEKTHPOBOK pacTHcaHM. DT0 Tpedyer
B3BEIICHHOTO BHIOOpA apXUTEKTYPHI XPaHCHUS JTAHHBIX
1 MOCTICIOBATENBHOTO TIepexXo/ia OT KOHIIETITYaTbHOTO
ONMCAHMS TMPEIMETHOW 00JacTH K JIOTHISCKOH U
(u3ndeckoit MoesiM 0a3bl TaHHBIX.

Heas wuccaenoBanusi. llenp paHHOW cTaThu
3aKII0YaeTcsl B aHanmm3e W (hopmanmsanuu
0COOEHHOCTEH MPOCKTHPOBAHUS MOJEIICH JTaHHBIX
HHGOPMAIIMOHHOW CHCTEMBI IIAHUPOBAHHS pabodero
BPEMEHH MepcoHaa.

Matepuaj W MeToAbl MccjenoBaHus. J[is
JMOCTHYKEHHUSI  TIOCTABJICHHOM I€M  HEeOoOXO0IuMO
OIpeNeNuTh TPeOOBaHUSA K XPAHCHUIO U 00paboTKe
JAHHBIX, a Takke OOOCHOBAaTh BHIOOP APXHUTEKTYPHI
nHpopMannoHHOH 0a3bl, CIIOCOOHOW obecneynTh
KOHCHCTEHTHOCTh, MACIITA0UPYEMOCTh U MOIIACPIKKY
periIaMeHTHBIX OTpaHUYCHUIH. ApXUTEKTypa
WHPOPMAIMOHHOW 0a3sl — 3TO COBOKYIHOCTH


https://www.doi.org/10.31618/ESU.2413-9335.2026.1.132.2230

32 Espasutickull Coto3 YdeHbix. Cepusi: mexHuU4Yeckue U (usuko-mamemamuyeckue Hayku. #1(132), 2026

NPUHIUIIOB U MEXaHU3MOB OPraHU3alNH, XPaHSHUS U
JOCTyNa K JaHHBIM B MH(MOPMALMOHHON cucteme. B
KOHTEKCTE  aBTOMAaTU3UPOBAHHOTO  IUIAHWPOBAHUS
rpa¢ukoB  pabOTBl  COTPYJHHMKOB OHa JOJDKHA
rapaHTHPOBATh TOYHOCTh PACIMCAHUH, OIIEPaTHBHOCTh
OOHOBNICHHH, HAAEKHBIN yd4€T W3MEHEHHH U
OeCIIOBHYIO MHTETPAaNHI0 ¢ KopHopatuBHEIMH HR- u
pacuérapiMu 1atdopmamu [1]. s pemeHHs 3THX
3amad OOBIYHO PAacCMATPUBAIOT CJIEAYIONINE THIIBI
Mozenel 0a3 TaHHBIX:

—PeTAIIOHHAS,

—II0KyMEHTHO-OPUEHTUPOBaHHAS;

—KJII04-3HAa4YCHUE;

—rpadoBasi;

—KOJIOHOYHAs;

—-newSQL;

—MHOTOMO/IEJTbHASI.

PaccMmoTpuM KakIpIit U3 BUIOB OApOOHEE.

Pensumonnass mopnens. JlaHHBIE XpaHATCA B
TaOJMYHBIX CTPYKTYpax CO CTPOTOH CXEMOW: CTPOKHU
— 3aluCH, CTONONBI — aTpuOyTHl. CBA3M MEXIY
TaOIUIIAMHU 3amaloTcs yepe3 kmoun, a SQL-3ampocs

MO3BOJSIFOT  TMOKO  OTOMpaTh H  arperupoBaTh
uapopmanuio. ACID-TpaH3aknuu  00eCIeUnBaIOT
KOHCUCTEHTHOCTb pu OJIHOBPEMEHHOM

pPEIAaKTUPOBAHUM PACHUCAHUWA M HaAEKHBIM OTKAaT B
cilydae OIIMOOK.

Kirou-3nauenune. [Ipocreiimmii  cnocod —
XpaHEHHE IPOU3BOJIBHBIX JAHHBIX 110/ YHHKAJIbHBIMU
kiaroyamMu. OTiMYaeTcss O4eHb BBICOKOH CKOPOCTBIO
olepalyii YTEHUs/3alnCcH, HO HE INpeAHa3HAa4YeH s
AQHAIMTHKH WU CJIOXHBIX BBIOOPOK, TpeOYIOMMX
O00BEIMHEHUST PA3NUIHBIX CYIIHOCTEH (COTpYyIHUK +
mabJoH + OTYETHOCTS ).

I'padoBas monens. Madopmarst onrcsiBaeTCs B
BUZE y37I0B M pPEOEp, UYTO ECTECTBEHHO OTPaXaeT
HepapXuy, CBSA3M 3aMEUICHUsS] COTPYIHUKOB U APYTHE
B3aumMOOTHomeHUs . OmnrumaneHa I TIyOOKOH
AQHAIWTHKH CBs3eH, HO WH30BITOYHA IS OCHOBHOM
OLTP-Harpy3ku INIaHUPOBAHUSA CMeEH [3].

Konmonouynass  momens.  JlaHHBIE — XpaHATCS
CTOJIOLIaMH, a HE CTPOKaMH, YTO YCKOPSET MacCOBBIE
AQHAIMTHYECKUE Olepanuy (arperanusi 4acoB, OTYETHI
3a mepuonsl). [Ipu sTom sobas Menkas TpaH3aKLUsS
(dactoe OOHOBJICHHWE CMCH) BBIMIOJHACTCS MEHEe
3¢ deKTHBHO 10 cpaBHEeHHUIO ¢ persiuonHo CYB/I.

NewSQL. Coueraer TOPU3OHTAIIBHYIO
MacImTabupyeMocTh H pacrpenenéHHocTh NoSQL-
knactepa ¢ noxanepxkkod  ACID-tpanzakuuii
unrepdeiicom SQL. ITloaxoaut nans cucrem, rue
TpeOyeTrcss W BbICOKAas JAOCTYIHOCTb, M CTpOTas

KOHCHCTEHTHOCTb, HO TpeOyeT Oojee CIOXKHOIO
aJIMUHHCTPHUPOBAHUSA KiacTepa [4].
MuoromonensHas — miatgopma.  [To3Bomser

HCIOJb30BaTh HECKOJBKO MOAENeH (pesUoHHYIO,

JIOKyMEHTHO-OpHUEHTUPOBAHHAS MOJIETIb. 2
. . JIOKyMEHTHYI0, rpadoBYI0 W Jp.) B paMKax OIHOH
Kaxprit 00BEKT MIPEACTABISET coboit CYBJL  Jlag 6 5
o . aér THOKOCTH BBHIOOpa [BWKKAa IIO
camocTosTensHbIH qokyMeHT (JSON, BSON u 1. 11.) ¢ pa A A
. Z KOHKPETHYIO 3aJady, HO TIOBBIIIAET CIIOXHOCTh
JuHaMHdIecko cxemoil. Iloaxomut, ecnu mabioHbI
CONPOBOXKACHUSI M MOXXET 3aMEUINTh BBOJA B
CMEH OTJIMYAIOTCS IO CTPYKType, W HY>KHO OBICTpO
3KCIUTyaTauuto [5].
BHOCHTh M3MeHEHHs B (opmar xpaHeHus. OgHako
o Paccmotpum  Tabmumy 1 co  cpaBHeHHWEM
BO3MOYKHOCTH TI0 CJIOKHBIM COEIAMHEHHM 3amuceil u
N apXUTEKTyp 0a3 JaHHBIX.
TpaH3aKIIMOHHON 00pabOTKe YCTYNAIOT PEISIIMOHHBIM
CYBA [2].
Tabmuna 1
CpaBHeHHe apXUTeKTYp 6a3 JaHHBIX
Monens
Tum 6a3b1 z[aHJIIﬂ)Ix IIpumepst CrieHapun Macurrabupye OcHOBHBIE OcHOBHBIE
JIAHHBIX CHCTEM WCIIOJIb30BaHUS MOCTb HEIOCTaTKH JIOCTOMHCTBA
ACID-
XpaHenue CnoxxHo
. BeprukanbHas TpaH3aKIUH;
pacrcaHui, MacITabnuposa
u 3penbie
Pemsiimonnbr | TaGmignas | PostgreSQ 1a0JIOHOB OrDAHICHHAS Tb HE CHTEI
ebJl MOZENb L, MySQL CMEH, P TOPU30HTAJILHO TPYM
R TOPH30HTAIIbHA w ; THOKHE
OTYETHOCTB 110 ﬂ ; JKECTKas SOL
yacaM paboThI cxema
3aI1pOCHI
I'mbxas
XpaHeHue
OrpaHnyeHHbIE cXema;
JlokymeHTHO MongoDB o Jlérkas AQH3aKIINY; 0CTOE
JSON/BSO g I1a0JIOHOB CMEH P ’ P
OPHUEHTHPOBA , TOPH3OHTAJIbHA BO3MO>KHBI W3MCHEHHUE
N 1 Pa3HOPOJHBIX
HHbIE BJ] CouchDB owct A IyOmMpoBaHHs | CTPYKTYPHI;
c:p JHHKOB JIAHHBIX MOIIHas
P HHJEKCAIHs
Beicokas
. Kammposanue MuHuMaIbHbIE CKOpPOCTh
Maper Redis, P Ouenb npocTast pocty
B «xmrou— Ppe3yabTaToB BO3MOXKHOCTH omeparuii;
CKITFOY— DynamoD TOpU30HTAJIbHA
3HAYEHHUE» HOCTPOEHUS CJIOKHBIX NPOCTOTA
3HAYCHUE» B N 1 .
pacrnucaHuii BBIOOPOK Ppa3BEPTBIBAH
ust
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Db dexTrBHBI
CrnoxXHOCTb il aHaM3
Anamiz
TOPH3OHTAJIBHO CJIO’KHBIX
. B3alMO3aMEHse N
I'pacpoBbie V3nbl u Neo4j, MOCTH OrpannyeHa ro CBsI3eH;
B/ péopa ArangoDB peaym3aiueli | MacmTaOuUpoBa | MHTYMTUBHAs
COTPY/THUKOB,
9 HUS; Mo7ieNb
Opr. CBs3eH
M30BITOYHOCTD | TIPEICTABIICH
ust
Beicokas
['eneparus CKODOCTE
ClickHous OTYETOB U Headdexrnra P
Kononounsie | Crombriosast OrmmiaHas st AHATTUTUYECK
e, Amazon arperars BI JUTS MEJIKHX
B MO/IEITh . AHATTUTUKA o HX 3aIpOCOB;
Redshift 4acoB palbOTHI TpaH3aKIUHA
KOMIIPECCHst
3a EepPUO/IBI
JIAHHBIX
ACID-
OcHoBHOE
XPaHWJIHLLE C TapaHTHi
Pacnpenené | Cockroach P SQL-
ACID n Croxzoe N
HHas DB, l'opuzonTansn unTepeiic;
NewSQL TOPH30HTAIBHBI AIIMUHHUCTPUPO
peTAIMOHHA Google ast MacIITabupoB
M BaHHE KJIacTepa
s Spanner aHue 0e3
MacITabrpoBa
TIOTepH
HEEM
LETIOCTHOCTH
Io COBOKYITHOCTH (YHKIMOHATBHBIX  TO3BOJIIET HATJIITHO OTOOPA3UTh CTPYKTYPY CHCTEMBI
(aBTOMaTHueckoe  (QopMupOBaHWE ~ pacIUCaHW, HA BEICOKOM YPOBHE, OTAETSIS OCHOBHBIC OOBEKTHI, HX

JIOTTUPOBAHKE, PEATIbHOE BPEMSI IPABOK, MHTErpaLys C
HR u pacuérHbiMU cucTeMaMu) 1 He(h)y HKIIMOHAIbHBIX
TpeOoBaHUit (ObIcTpOACHCTRHE, HaJEXKHOCTD,
6e30MMacHOCTh M MAaCIITaOMPyEeMOCTh) ONTHMAIbHBIM
pelieHreM SBJISIETCS pesIMOHHAs MoJeNb Ha 0ase

PostgreSQL ¢  mocneayromieii  BO3MOXKHOCTBIO
pacimpeHus yepe3 NewSQL-coBmecTrMbIE
pacumpeHus JUIst TOPHU30HTAIBHOTO
MaciTabupoBaHUsL.

Hauwamo  mpoektupoBanust  0a3bl  JaHHBIX

TpeJIoiaraeT BhIIEICHUE KITFOUSBBIX CYIIHOCTEH, HX
CBOICTB M YCTAaHOBJICHHE CBSI3€H MeXIay HuMuU. B
KayecTBE MHCTPYMEHTa JJIsl HSTOTO HCHOIB3YyeTCs
KoHuenTyanbHas ER-monens mo Yeny, paspaboTanHas
ITutepom Yenom B 1976 r. u sBiAtONIascs OJHOW W3
MEPBBIX ~ METOJIOJIOTUH  «CYIIHOCTh—CBs3b». OHa

XapaKTEePUCTHUKHU U CBSI3H.

OCHOBHBIE CUMBOJIBI HOTAIuK YeHa:

1.CymHocTH — HNpSAMOYTONBHUKH, B KOTOPBIX
OTpaXkaroTcsd OOBEKTHl WM MOHATHS, COXpaHSEMBbIE B
B/

2.CBsi3u — pOMOBI, WIUIFOCTPUPYIOIIHE THUIIBI
B3aUMOJICHCTBUI MEKY CYIIHOCTSIMM.

3. ATpuOyTH — OBaJbI, MOKA3BIBAIOIINE CBOHCTBA
CYILIHOCTEH U CBSI3EH.

4 Kmoun — nNOAYEPKHYTHIE
aTpuOyTOB, o0o3Havaromme
HACHTH(HUKATOPHI CYITHOCTEH.

Ha Pucynke 1 mpeacraBieHa KOHLENTyallbHas
ER-cxema mpoektupyemMoii HHGOpMaIMOHHON 0a3bl B
HoTanuu Yena [6].

HaMMCHOBaHHUA
YHUKaJIbHBIC
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Pucynox 1 — Konyenmyanvuas mooenv dannvix 8 homayuu IHumepa YenaKonyenmyanvuas ER-mooens
obwvedunsiem cywnocmu « Compyonuxy, «Illabnon cmeny u «Kanenoapvy, na ocnose komopulx popmupyemcs
«I'pagux cmeny. [na yuéma usmenenuii npeoycmompenst « Koppexmuposxu cmeny, a paxmuueckoe nokpvimue
u Hapyuienus guxcupyromes 8 cywynocmax «Ilokpvimuey u «Hapywienusny, npu smom «Mazazun» u
«Ilapamempor mpyoa» onpedenarom KOHMEKCM U 02PaAHUYeHUs NIAHUPOBAHUS, YMO 8 COBOKYNHOCMU
obecneyugaem HaznA0HOe NpedcmasieHue 102UKY NOCMpPOEHUs. PACRUCAHULL U KOHMPOIA paboyezo epemenu [7].
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Ha Pucynke 2 npezacrapiieHa joruyeckas MOAeb
JIAHHBIX — 3TO paclIUpeHne KOHUENTYyalIbHOH MOJEIH

anI/IGyTI)I, KJIHOYH nu B3aMMOCBA3U, KOTOpbIC
OpeaACTaBJIAIOT 61/I3HCC-I/IH(1)OpMaHI/IIO U OINpCACIAOT

nmaHHbIX. OHa BKIIOYAaeT B ceOs BCE CYIIHOCTH, OW3HEC-TIPaBHIIA.
KoppexTpoBka cmeHs!
1D koppekTupoBKM PK
1D emeHbl FK
HaBbIk COTpyAHWKA ID cotpyammka FK
ID HaBbika PK WcxagHoe Hasano
Ha3BaHHe HaBLIka LWa6noH cMeHbl ncmﬂ,uum KoHeu
Kon HaBbika 1D waBnowa losoe Hauano
dnar nassixa Kanengape ' o gﬂanlu KOHEL|
ID pomxHoCTH FK 1D kanexpaps PK Bpema navana TaTye
Rata Bpemn okoHYaHHA
Tun gus OnucaHue Y{
I N MokpeiTve Harpyakm
-+ 1D nokpeiTHa PK
T fara
AomxHocTe 1D marasuHa FK
1D nomkHocTH PK T Hack!
Hassanne pomxHocTH ﬁ SanpuiTuie “acs
Ko AommocTe T 1D cotpyasuka FK
Liser ID gomxHocTH FK
Pexvm , L o]IDcuess PK Bpems chukcaun
- [lata Havana
———O] flata okoHuaHms W W
1D cotpyaHuka FK
) FK
L) P "] 1D watnoua FK
1D HapyweHun PK
1D corpynHmka FK +
Rara }ﬂ
TR HapyweHuA CoTpyanmk t
Nuwhwe yace! 1D cotpyasmka PK |1 T
1D emeHbl FK Wus ! 1 apameTp TPYAR
Dara dukcaun E0—}— damunun ID napamerpa PK
3nexTpoHHan novTa MarasuH fara wavana
1D y4eTHOR 3anucK FK , D PK DNara okoH4yaHua
1D gomxHocTH FK [T o 3HaveHme NapameTpa
Hassanue ——0<{ ID marasusa FK
';’gr:" - Wpexmucpukatop noapasnenesms
Hoctyn 1D cotpy FK
YueTHan 3anuce ID goctyna PK
= 1D y4eTHOM 3an1cH FK
ID yueHod sanncu PK Telegram chat id N
Torwx ®nar yseaomnenwia email
Mapons
Dnar aKTMBHOCTH PernoH
[Aara nocnegrerc exopa N 1D perviona PK

[RELLERTLY

Pucynok 2 — Jloeuueckass moodenv 6azvl dannvix 8 Homayuu Crow's Foot

Jns  ommcaHWs IJIOTHYECKOW CTPYKTYpHI Oa3bl
JIAaHHBIX 4YacTo Hcmoyib3ytoT HoTauuio Crow’s Foot,
KOTOpas HAIJSIIHO JEMOHCTPHPYET CBS3H MEXIY
tabmumamMu. C  e€ TOMOIIBIO  MPOSKTHPOBIIUKH

BU3YQJIM3UPYIOT, KakuM o00pa3oM 3alHCH OJHOM
TaONMIBl CBA3aHBI C 3alUCSIMU  JPYTOH, JIerko
pacro3HaBas OTHOILICHUS «OJWH-K-OJHOMY», «OJUH-
KO-MHOTHUM» u «MHOTHE-KO-MHOTHM) o
CrelaIbHbIM CUMBOJIaM Ha KOHLIAX COEIMHUTEIbHBIX
nuHAH [§].

duHanbHBIM ITarnoM MIPOEKTUPOBAHUSI

CTaHOBUTCS coO37aHue (U3UUECKON Monenu 0a3bl
JaHHBIX, I'7le MOJAPOOHO (UKCHPYIOTCS TEXHHUYECKHE
nmapaMeTpsl  XpaHeHHs uHpopmammu. B aToM

JOKyMEHTE 3aJafoTCsl CTPYKTYpPHI (aitnoB u dopmaTsl

3alliCH, CXEMblI HWHACKCHUPOBAHUA IS YCKOPCHUA
BBI60p0K, a TaKXKC CTpaTerun OIITUMHU3alluH
NPpOU3BOAUTCIIBHOCTH  — p336I/IBKa Ta6J'II/II_I Ha

paszensl, KIACTepU3alys TaHHBIX W pachpeiciicHHe
TaMSATH.

PesynpTaTom mepexoja OT KOHIENTYadbHOTO W
JIOTUYECKOTO  TPOEKTUPOBAaHUS K  (UBNIECKOM
peanu3zaiu sBiseTcss GopMuUpoBaHUe Habopa TadIHIl
0a3bl JMaHHBIX, OTPAXKAMOIIUX KIFOUYEBBIC CYI[HOCTH
npeaMeTHOH obmactu [9].

[IpencraBnennass Ha Pucynke 3 ¢wusudeckas
MOJIeNb IalITHPOBaHa o ocobeHHocTH PostgreSQL.
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Pucynox 3 — @usuueckas mooenv 6azvi OaHHbIX
Pe3yanbTaThl HCCJIEMOBAHUS H HX 00CYyKIeHHE.  (PYHKIMOHUPOBAHHUS CHUCTEMBI IJITAHUPOBAHUSA

IIpu  dopMupoBaHMM MOIENM JAHHBIX  Jajee
paccMaTpUBAIOTCS OCHOBHBIE CYIIHOCTH
HH(POPMAIMOHHONW CHCTEMBI, OTPAKAIOIIHNE KITFOYCBBIC
O00BEKTHI TIPEIMETHOH 007acTH m 00eCTIeUMBAIOIINE
XpaHeHHe W 00pabOTKy MaHHBIX, HEOOXOAUMBIX IS

pabouero Bpemenu nepconana [10].

B Tabmune 2 oroOpaxkeH aTpuOyTHBIA COCTaB
Tabnuupl user accounts. JlaHHast CYIIHOCTD BKJIIOYAET
JIaHHbIC YYETHBIX 3aMUCEH MOJb30BATENCH CHCTEMBI,
HEOOXOAMMBIE Ul ayTCHTH(PUKAMU U YIPaBICHUSL

JOCTYIOM.
Tabmuma 2
Onucanue aTpudyToB Ta0/AULBI User _accounts
ATpuOyT Omnucanue Twun naHHBIX Wunexc
id 'YHUKaIBHBIA HICHTA(DHKATOP 3aITHCH int PK

username Jlorun nosk3oBarens text

password [apons text

is_active drar akTHBHOCTH YUETHOM 3aITHCH boolean

last login JlaTa 1 Bpemst ocIIeIHEro BXO/1a timestamp

B Tabmune 3 otoOpakeH aTpuOyTHBI COCTaB

TIepCOHaJIbHBIE JaHHbIE U CITy)KeOHY10 HH(OPMALIUIO O

tabnuipl employees. JlaHHAs CYyIIHOCTh XPaHUT B cebe  COTPYJHHMKaX OpraHU3aliy.
Tabmmna 3
Onucanne aTpudyToB Tad1uubLI employess
ATpubyt Onwicanue Tun naHHPIX Wupexc
id YHUKaJIbHBIA HACHTU(HUKATOP COTPYIHUKA int PK
first name Mwms cotpyaHuka text
last name Damuiyis COTpyIHUKA text
email DJeKTpOHHAs MoYTa text
user_id CchUika Ha YYETHYIO 3aIHCh int FK
job id Cchuika Ha JIOIDKHOCTh int FK

B Tabnumne 4 oroOpakeH aTpuOyTHBIM COCTaB
tabmmupbl  shift schedules.  Jlanmas  cymHOCTB
BKITIOYAeT Ipad)uKud CMEH COTPYIHUKOB C YKa3aHUEM

BPEMEHU Hayajla U OKOHYAHMs, a TAKKE IPUBSI3KY K
COTPYIHUKY,
KaJICHIAPHOMY JHIO.

JOJDKHOCTH, INAabJIOHy CMEHBI W
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Tabnuua 4
Onncanne atpudyToB Tadauubl shift schedules
ATpulyt Omnucanue Tun JaHHBIX Wuneke
id Y HUKaJIbHBIH MISHTH(HUKATOP CMEHEI int PK
start_date /Jlara u BpeMs1 Hauajio CMEHBI timestamp
end date /Jlata v BpeMsi OKOHYaHHSI CMEHBI timestamp
employee_id CchlIka Ha COTPY/THUKA int FK
template_id Ccpuika Ha 1a0JIOH CMCHBI int FK
calendar day id CchUlka Ha KaJleHIapHbIHA IeHb int FK

KOppeKTHOCTL CHpOGKTHpOBaHHOﬁ MOACIIN

JIaHHBIX MOJTBEPKIACTCS BO3MOKHOCTBIO
BBITIOJTHEHHS THUIIOBBIX AQHAINTHYECKUX u
KOHTPOJIBHBIX 3aIpOCOB, o0ecIeunBarONINX

BBISIBIICHHE HapylIeHHH TrpadukoB U 00paboOTKy
JaHHBIX IO paboyeMy BpEMEHH.

BeiBoabl. B crathe paccMOTpeHBI 0COOEHHOCTH
MIPOEKTUPOBAaHUSI MOJENeH TaHHBIX HH(POPMAIIHOHHOM
CHCTEeMBl  IUIAHMPOBaHMSA  pabodero  BpEeMEHH
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OTpaHUYEHUH.
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PEIUOHHON ApPXUTEKTYPBI 6a3bI JIaHHBIX,
obecrieunBaronel MOAIEPKKY U IEJIOCTHOCTh TaHHBIX
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o0ecIeunTh YHHBEPCAIBHOCTh MOJIENM JAHHBIX U
BO3MOXHOCTb €€ NPHUMEHEHHUS B  Pa3IHMYHBIX
OpTraHM3alyiaX C MOCMEHHBIM PEXHMOM pabOTHI.
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AHHOTAIIUSA

Paspabotan HOBBIHN 3¢ pekTUBHEIN MeTOX TIPOoN3BOACTBA (hocHOpHON KUCIOTH U POCHOPHBIX yIOOpEeHUH Ha
OCHOBE KHHETHYECKOH MaTeMaTHYeCKOH MOJENH, YYHTHIBAIOIIMH OCHOBHBIC  (DH3MKO-XMMHYECKUC
XapaKTEePUCTUKH IPOLIECCOB.

br1a npeasioskeHa TeXHOJIOTHYECKas CXeMa JUTsl HeMPEPhIBHOTO MPOMBIIUICHHOTO IPOU3BOACTBA.

C ucnonp30BaHUEM MaTeMaTHYECKOTO MOJICIIMPOBAHUS ObUTH 10I00paHbl paboyre 00bEeMbI anmapaTroB JUIs
of0eux craauii mpomeccoB. MeTogoM MaTeMaTHUECKOTOo MOAEIMPOBAaHUS ObUIM HailIeHBl ONTHUMAaJIbHBIC
napaMeTpbl HENpPEephIBHOTO IPOIecca, € MOMOIIBI0 KOTOPBIX JIOCTHIAaeTCs MaKCHUMAJbHBIH KOd(QQUIHMEHT
n3BnedeHns P,Os B pacTBOp Ha MepBOW CTaIMu M MaKCHMallbHash CTENEHb NEPEKPUCTAIUIM3AIMU Ha BTOPOIi

CTaavu.

Pa3pa6OTaHLI PEKOMCHAAUN 1O HCIOJIb30BAHUIO JaHHOI'O criocoba B MPOMBIIIJIECHHOM Macirabe s

OemHbIX pyxd Gocdopuros.

ABSTRACT
New effective method for producing wet phosphoric acid and phosphate fertilizers was proposed on the base
of kinetic mathematical model taking into account main physical - chemical features of the process.
The technological scheme for continuous process was proposed.
With the use of mathematical modeling we selected the reactor working capacities for both stages of the
processes. By means of mathematical modeling optimum parameters for continuous process were found that give
maximum P,Os recovery into the solution on the first stage and maximum degree of recrystallization on the second

stage.

Recommendations were developed for the use of this method in industry for poor phosphorite ores.

KunroueBble ciioBa: MOKpbI mporiecc, (ochopHas KHCIOTA, AUTHAPATHO-TIONYTHAPATHBIN TMpoIlece,
MO/ICTTUPOBAHUE, ONITUMHU3AIINS, HEMPEPBIBHBIH MPOLIECC, KHHETHIECKAs! MOJIEITb.

Key-words: wet process, phosphoric acid, dihydrate - hemihydrate process, simulation, optimization,

continuous process, kinetic model.

INTRODUCTION

Aim of the study: Using mathematical model to
find optimum technological parameters for continuous
wet process of phosphoric acid production that gives
maximum P,Os recovery into the solution on the first
stage and maximum degree of recrystallization on the
second stage.

Phosphorous - containing fertilizers play an
important part in agriculture [1, 2]. At the moment
phosphorites with varying compositions and high levels
of undisired impurities are going into practice [3]. This
requires new methods for their treatment. The purpose
of this work was to create continuous dihydrate-
hemihydrate process (DHP) for production of

phosphoric acid from low-grade phosphorites. The
proposed process has several advantages in comparison
with dihydrate one including reducing costs for
evaporating weak phosphoric acid and eliminating
waste dumps by yielding nearly pure hemihydrate
which can be used as a binding material in construction
[4].

In previous studies [5, 6] we have developed
mathematical models for dihydrate and hemihydrate
stages of the batch process, studied the kinetics of the
batch process under laboratory conditions and
determined coefficients for both stages.
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In this work a continuous dihydrate - hemihydrate
process is proposed for low-grade phosphorites to be
used in industry.

MATERIALS AND METHODS OF
INVESTIGATION
Mathematical model for phosphoric acid

production was developed taking into account main
physical - chemical phenomena.

The composition of phosphorites was taken from
Djambul plant “Chimprom”. The influence of the
quantity of sulfuric acid entering to the first and second
stages of the process as well the concentration of
recycled phosphoric acid entering the first stage and the
temperature impact were studied.

The process was described using heterogeneous
media mechanics which is based on physical laws of
mass, impulse and energy conservation. On the first
stage we used function of phosphate films particles

Phosphate  H,SO,

distribution on two parameters: the size of insoluble
phosphorite grains and the thickness of sulphate films.

For solving system of mathematical model
equations we used first order difference scheme.

In the system of difference equations the
fractional step splitting method was used. The scheme
is absolutely stable.

MAIN PART

1.Experiment

According to the proposed scheme (Fig. 1)
phosphorite raw material is loaded into the first stage
together with recirculated phosphoric acid which goes
from the hemihydrate pulp filtration stage. This pulp is
fed into the dihydrate stage reactor where concentrated
sulfuric acid (93-95%) also enters. At a temperature of
75—80°C the decomposition of phosphorites at the
first stage occurs within 0.8—1.2 h forming calcium
sulfate dihydrate (CSD).

H,0

[

»‘ Filtration > Washing

r \"
recycl. Stage [
Stage 11
H,POy4 recycled

Product acid

>

Fig. 1. Technological scheme for the production of extraction phosphoric acid using the dihydrate -
scmihydrate method.

To ensure primary crystallization of CSD only a
portion of the stoichiometric amount of sulfuric acid
goes to the first stage. The recrystallization of CSD into
calcium sulfate hemihydrate (CSH) in the second stage
is conducted under conditions of increasing
concentrations of SO3; and P,Os and increasing
temperature in the pulp (from 83 to 95°C) using the
remaining portion of sulfuric acid that is loaded at the
beginning of the second stage. This process releases
some P»Os captured by the CSD precipitate and leads
to further decomposition of the raw material.

During the second stage crystallization of calcium
sulfate hemihydrate (CSH) from the solution and
recrystallization of the formed CSD into CSH occur.
The second stage lasts for 3.5—4.0 h. After that the
pulp is filtered and washed.

2.Mathematical simulation

While developing a mathematical model of
continuous DHP we created a kinetic model so that
thermodynamic conditions in the reactor were taken
into account. The following assumptions were made:
the reactor of the dihydrate stage is considered to be a
single cell of ideal mixing. A single section “Rythm”
extractor was proposed as the reactor for the first stage
and a standard ten-section reactor (each cell consists of
two sections) with a capacity of 740 m? was used for
the second stage.

The mathematical model for continuous
production was developed taking into account the
material flow structure in the reactors. Coefficients U

- Us were introduced changing to 0 or 1 depending on
the cell number. The kinetic mathematical model for
dihydrate stage of the continuous process can be
described by the following equations:

Equation for the balance of the number of
phosphorite particles:

df afr ofy VP

Y _y oo
ac” ol " on UGVQf Us

XV
Vy

£ (D,

where f0 is the granulometric composition of the
phosphate raw materials and fis the distribution
function of dissolved phosphorite particles by sizes [
and A.

The first term on the right-hand side of Eq. 1
represents the input of raw materials into the reactor
and the second term represents the removal of
phosphorite from the apparatus. Similarly the balance
of the number of CSD crystal particles was calculated.

Equation for the balance of the number of CSD
crystal particles:

dp 0 Vi
_€0+ﬂ=_USZV1z¢
9

dat  dl

(2),

where the right-hand side reflects the exit of CSD
particles from the reactor. Equations (1), (2) represent
the qualitative and quantitative characteristics of the
solid phase of the reactor pulp which depend on the
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intensity of the processes occurring in it as well as on
the material flows in the apparatus.

According to the same principle the balances of
components of the liquid phase were developed
(changes in the concentrations of the solution
components), namely ones for the sulfuric acid, for the
balance of phosphoric acid, for the balance of calcium
sulfate in the solution.

Using a mathematical model for the dihydrate
stage of the continuous process the reactor volume at
the first stage V; (for a given productivity and residence
time of particles in the apparatus) was calculated as
well as the consumption rates of phosphoric
acidVy po,, sulfuric acid Vjo,, and phosphorite

d“gm Ig(l)+U ZV Mg(z n
dt P \%
(i)
dP:lgt —Mtﬁ(” +U, ZV ng(l n

i
The equations for the second and third moments
of the density function distribution for the number of
CSD particles were developed the same way as were

n(i-1)

.lvlo

d““ (l) n(i i i-

1 nll()() l ZZ 1 “1( 1)

d“‘ (1) n(Z i on(i-
Zt 21,]“1() ll Z “2( 1)

dl"" @ (i i n(i-

i

The balance of the number of CSH particles
shows both the increase in their quantity due to
nucleation processes Ig;,and crystal growth n as well as
changes in the number of CSD crystals due to their
arrival and departure with technological flows.

Vowere adjusted to allow maintaining the optimal
concentrations and volumes of the components in the
solution.

The mathematical model for the second stage (the
hemihydrate stage) of the continuous process was
developed as equations for the first three moments of
the density function distribution for the number of
particles of CSD and CSH by size, respectively, as well
as the equations for changes in the concentrations of
P»0s, SO3, and CaO in the solution and the equations
for changes of solution density for each i-th cell of the
reactor. The expressions for the first two moments of
the density function distribution for the number of CSD
particles are presented in the form of the equations

ZVI' g(i) V g(5)
e 1 2) 3
U v [V 5V, —Lps 3)
\ v,
s—z SR OR v —LuE® (9

i 5
the equations for the moments of the density function
distribution for the number of CSH particles.
Similarly we can write the balance of the number
of CSH particles for the i-th cell of the recrystallizer:

Vi (i V
SZ ] uo()_U

l_ v 2?9
U, ZVIV'H?“ u Y, W (6)

Zvlv'u;‘“’ U, z W (7)
U, ZVIV"u;“” U, \V, e )

Equations (3)-(8) demonstrate the characteristics
of the solid phase of the pulp depending on the intensity
of the processes occurring in it and the material flows
in the reactor.

Let us formulate the balance of the liquid phase
components. The equation for the balance of sulfuric
acid in the i-th cell of the reactor is following:

N (o d, M . YV
- _ 1 1 @ _ ;0 1 (i-1) ~(i-1) _
P 1t Mo, U R A
SVi oo o Vo .
Li (()@) Oral®) _H,S04 0 0
-U; p G - U, pl G +U, —~,  Pu,s0,%1,50, )

i 5

1



40 Espasutickull Coto3 YdeHbix. Cepusi: mexHuU4Yeckue U (usuko-mamemamuyeckue Hayku. #1(132), 2026

The right-hand side of Eq. (15) characterizes the
change in the amount of sulfuric acid due to the
competing processes of CSD dissolution (J;) and
nucleation and growth of CSH crystals from the
solution (J;), the second term on the right-hand side.
The following terms on the right-hand side show the
change in the amount of sulfuric acid in the cells of the
second stage reactor model due to its arrival and
departure with technological flows and introduction
into the corresponding cell: V132504, p%2504, C22504’

i) (D)
(i)dcé _ o M;

P T T gy M aso,

namely: the consumption, density, and concentration of
sulfuric acid.

The same way we developed the equation for the
change in the concentration of P,Os in the solution.

The balance equation for the concentration of
CaO in the solution reflects the difference in the
intensity of the two processes: dissolution of CSD (J;)
and formation and growth of CSH from the solution

(J2):

N Vii ey i
© _ 0y g, 2N a0 b

i

Vi i i V
&M v, Yepoes o)

i

The second term on the right-hand side of Eq. (10)
represents the amount of calcium sulfate that has
entered the solution due to the dissolution of CSD
crystals and the consumption of calcium sulfate for the
formation and growth of CSH crystals in the liquid
phase volume. The quantitative characteristics
reflecting the intensity of these two opposing processes
are primarily determined by the difference in the degree
of supersaturation of the solution with respect to CSD
and CSH which depends on the difference in the
solubilities of CSD and CSH crystals.

Also we developed the equation for the density
change in the solution in the i-th cell of the reactor
model.

In all of the equations of particle balance and
liquid phase composition the terms characterizing the
intensity of the material flows contain
coefficientsU; (i = 1,...,6) equaling 0 or 1 depending
on the reactor cell number. By setting the values of the
coefficients U; not only the location of the reactant
input but also the structure of the material flows can be
changed depending on the type of the reactor.

3.Searching optimal parameters of continuous
process

In this work before the mathematical simulation of
the continuous DHP for processing low grade
phosphorites some preliminary calculations were
conducted. Assuming a slurry density of 1460 kg/m?
the slurry volume V, = 182 m? per hour was obtained.
Knowing that the time for the crystallization process of
CSD into CSH should be at least 3.5-4 h the working
volume of the apparatus that we want to use in the
second stage as a recrystallizer can be calculated:

Vgt = Vo - Tip
Viey = 182 B 4 = 728m3

The approximate value is the volume of a ten-
section reactor with a working capacity of 740 m?
which has found wide application in industry.
Therefore during the recrystallization second stage we
decided to use this type of reactor with the volume of
740 m3.

Since the process is organized without
intermediate filtration between the first and second

5

stages the volumes of the slurry at these stages are
approximately equal. From the study of the periodic
mode [5, 6] it is known that the residence time of the
particles in the dihydrate stage extractor should be at
least 0.8-1.2 h. According to this assumption the
working volume of the reactor in the first stage can be
calculated:

Vanl = Vn T

Vo = 182 8 1.1 =~ 200m?

By fixing the volumetric flow rate of phosphorite
at 55 t/h and the working volumes of the facilities in the
first (200 m?®) and second (740 m’) stages the
volumetric flow rates of sulfuric acid in the first and
second stages of the DHP and the recyclable
phosphoric acid in the first stage were defined using
mathematical simulation by the scanning method to
achieve optimal concentrations of the solution
components. Based on the preliminary calculations the
volumetric flow rates were calculated:

— Volumetric flow rate of sulfuric acid in the first
stage Vi 0,1 = 15 - 35m3/h,

— Volumetric flow rate of sulfuric acid in the
second stage Vi) 50,1 = 5 — 20m3/h,

— Volumetric flow rate of recyclable phosphoric
acid in the first stage

Vid.po, = 90 — 140m3/h.

Using mathematical simulation the following
values of volumetric flow rates were obtained to
maintain the optimum concentrations of the solution
components:

— Volumetric flow rate of sulfuric acid in the first
stage Vg 0,1 = 25m3/h

— Volumetric flow rate of sulfuric acid in the
second stage Vi 0,1 = 15m3/h,

— Volumetric flow rate of recyclable phosphoric
acid in the first stage

V8. po, = 130m*/h.

In our work [6] the degree of recrystallization of
CSD in to CSH was studied under different temperature
conditions. The optimal temperature for the second
stage was found to be 95—97°C. Under these optimum
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conditions the extraction coefficient of P,Os into the
liquid phase reaches 97.5% and the degree of
recrystallization of CSD into CSH is 98—99%.

CONCLUSION

The structure of kinetic mathematical model has
been developed that takes into account the physical -
chemical phenomena in reactors and the scheme of
material flows as well as the design features of the
modeled reactor that are the most suitable for solving
practical engineering tasks.

Mathematical simulation of CSD recrystallization
into CSH at given V; values corresponding to the
working volume of the sections allows us to adjust the
consumption of sulfuric acid V132504and to maintain
optimum concentrations of the components in the
solution. This provides achieving maximum degree of
recrystallization.

With the help of mathematical modeling the
optimum consumption of sulfuric acid for the first and
second stages of DHP, the consumption of reverse
phosphoric acid and phosphate in the first stage as well
as the optimum volume of the first stage reactor were
found. This allows to maintain optimum content of the
components in the liquid phase to achieve maximum
extraction coefficient in the first stage and maximum
degree of recrystallization in the second stage. Under
optimum conditions and the temperature of 95-97°C
during the recrystallization process the extraction
coefficient of P,Os in the solution reaches 97.5—98%
and the degree of CSD crystallization in CSH reaches
98-99%. Thus a technological scheme for continuous
DHP operation was developed and the volume of the
first-stage reactor and flow characteristics that provide
maximum extraction P,Os yield in the first stage and
maximum degree of recrystallization in the second

YIK 613.2:582.263

stage were defined using mathematical modeling.
Recommendations were given for the industrial scale
use of this method for low-grade phosphate rock.
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AHHOTOLMUA

KynbTuBupoBaHue MUKPOBOAOPOCIEH

SABIIACTCA

OKOHOMHYCCKU OIIpaBAaHHBIM U  CTPATCTUYCCKU

HeO6X0)II/IMLIM 3JIeMEHTOM B OnoskoHoMuKke Poccun. OcoOEHHOCTHIO XJIOpEJUIbL ABJIACTCA €€ CIIOCOOHOCTH
MPpOU3BOAUTL PA3JIMYHBIC OHOJIOrMYECKHU LHCHHBIC KOMIIOHCHTBI, MOJy4Ya€MbIC IMYTEM HU3MCHCHHA COCTaBa

MUTaTEJIbHOMN CPEBbI.

ABSTRACT
Microalgae cultivation is economically viable and a strategically necessary element of Russia's bioeconomy.
This microorganism can produce various biologically valuable components for human life. The synthesis of these
necessary substances can be controlled by altering the composition of the nutrient medium.
KioueBble cioBa: mukpoBogopocnu, Chlorella, aMHHOKHCTIOTEI, IPUPOCT OHOMACCHI, CKOPOCTH POCTa,

BAB u3 Bonopocneit

Key words: microalgae, Chlorella, amino acids, biomass increase, growth rate, biologically active substances

from algae

Ha cerogusmnuii 1eHp B MHUpE OIHUM U3
MEPCICKTHBHBIX OHMOTEXHOJOTHYCCKUX HAIPABICHUN
JUIsl  TIOJIy4eHHUs IeNIeBbIX MNPOAYKTOB IMHTaHUS
JKABOTHBIX M YEJIOBEKAa SBIISIECTCS MHKPOBOJIOPOCIH
Chlorella [1,3-5]. B cyxoit bmomacce MUKpOBOIOPOCITH
comepxkurcs 10 55% Oenka, 25% yraeBomoB, 12%
munuaoB U 10 8% MuHepansHbIX BemiecTB. [lpu
M3MCHECHUH KOHIIEHTPAIUN KOMITOHCHTOB
MUTATCILHOW CpPEAbl MOXKHO TMOJydUTh OHoMaccy
IIMPOKOTO creKkTpa cocraBa: 9—88% Oenka, 5-86%
nunuaoB, 6—-38% yrneBonoB. benok MuxpoBogopocin
M0 Ka4eCTBY HE YCTYIMAET U3BECTHHIM PaCTUTEIbHBIM
OenkaM, TaKk KakKk COJEPXKUT Bce HEOOXOAUMbIe
aMUHOKHCIIOTBHI, B TOM YHCIIE HE3aMEHUMBIE, TaKHe KaK
apaxuJOHOBas, JIMHOJICBAass W JIMHOJICHOBAs, a TakKKe
HamOojee IIEHHBIC JIJI 4YeJOBeKa M KHMBOTHBIX
MTOJIMHEHACHIIICHHBIE aMHUHOKHUCIIOTHI -
3liKO3aleHTaeHoOBass U Joko3arekcaeHosas. B 100 r
ofmero asora XJOpeUTbl  coAepXHTCS: 6,4 T
acraparuHOBOW aMUHOKHUCIOTHL;, 6,2 T rmnuHa; 7,7 T
ajanuHa; 7,8 T TIIyTaMUHOBOW aMHMHOKHUCIOTHL, 3,3 T
cepuHa; 2,8 r Tpuo3uHa; 5,8 T nponuna; 0,2 T MUCTHHA;
5,5 r BanmHa; 15,8 r aprunuHa; 3,3 v ructunuHa; 3,5 T
n3oneinuna; 6,1 r nevinmua; 10,2 T ngusmHa; 1,4 T
MeTHOHHMHA; 2,8 T ¢peHmnananuna; 2,9 r rpeonnna; 2,1
r Tpuntodana [1-4].

Xnopemna COOEp)KUT TPUPOJHBIC COCIMHEHUS,
oOnamaronye CBOMCTBaMHU AHTUOHOTHKOB.
Cunre3upyemblil €0 komiuiekc BAB non Ha3Banuem
«XJIOPEJUTUH» YHUUYTOXKACT MAaTOTeHHYI0 MUKPOQIIOpY:
B  KoHUeHTpauuu 1:500000 wu 1:1000000 ou
3¢ (HeKTUBEH MPOTUB CTPENITOKOKKOB, CTA(DMIOKOKKOB,
KUIICYHOH MajJ04YKH U BO30YIUTENs TyOepKyJesa.

Kynberypa xjopemisl He 0ocobo TpeboBarTenbHa K
nurTarenbHol cpene u pH, ontumanbHas Temneparypa
qia pocra 20-28 °C, KympTHBHpYETCS Kak IIpH
€CTECTBEHHOM, TaK W HCKYCCTBEHHOM OCBEIICHUU B
mabopaTOPHBIX YCIOBHAX M HE 3aBUCHT OT CE30HA TO/Ia.
IIpr MOCTMKEHWW TUTOTHOCTH KIETOK TPEX MITH/MII
MPOSIBIISIIOTCS AHTArOHUCTUYECKHE CBOMCTBA K APYrou
anerodiope, OakTepusM u WHQY30pHAM, 10 JTaHHOMH

npuuuHe 1npu  KyiabruBupoBanun  Chlorella  He
TpeOyIOTCS CTEpUIIbHBIE YCIIOBHSI.
Croiikoro HKJIa pa3BUTHS KyJIbTypa

MHUKpPOBOJIOPOCIIM HE UMEET, B KYJIbTYPE Pa3BUBACTCS
ACHHXPOHHO U 3Ty 0COOEHHOCTH MOKHO HCIIOJIb30BaTh
JUIsl yCTaHOBJIEHMsI IIpOLECCa CHUHXPOHM3aUUU U
COOTBETCTBEHHO YBEJIMYEHHUS BBIXOJAa OHOMAcCCHI.
COOTBETCTBEHHO, W3MEHSSl MUTATENBHBIA  PEXUM,

OCBEIICHHOCTh M (hopMaT KyJIbTHBHPOBAHUS MOXKHO
MoJyyaTb HE TOJBKO OTJACIBbHBIE HEOOXOIUMBIC
YEJIOBEKY U JKUBOTHBIM KOMIIOHEHTBl, HO U
TTOJTHOTICHHBIN Cymepy I A1 TUTAHUS JTFOACH.

Henpto wuccnenoBaHui — SIBISIETC  U3YyYEHHUE
BIUSIHAS  aMHHOKHCIOT Ha JKH3HCGHHBIH  IIHKI
XJIOpeIUTBl TyTeM WX DJHIOTCHHOTO BHECEHHUS B
CTaHIApTHBIA MUTATENBHBIN pacTBOp Tamus.

W3 nutepaTypHBIX JaHHBIX HW3BECTHO, YTO
BBICOKHI YPOBEHb YCBOCHHUSI NHUTATEIHHBIX BEIECTB
pa3TUYHBIMU OpTaHU3MaMH OOECTIeUHBAIOT B MEPBYIO
ouepelb TaKMEe aMUHOKHCIOTHI, KaK TIIOTaMHUHOBAas
KHUCIIOTA, JIM3UH, TUCTHIWH, METHOHHH, TJIMIIMH,
KOTOpbIE TIPU CONMPUKOCHOBEHUU C MUKPOIJIEMEHTaMHU
00pa3yloT XenaTtHele coenuHeHus. [lojoxuTenpHOE
BIIMSTHAE Ha METa0OJII3M pacTeHUI OKa3bIBAIOT BAJIMH,
TpuntodaH, TPEOHUH, CEPHH, NPOJUH, aJaHWH,
aJIcHUH, apTUHUH, (GEeHWIANaHUH W THPO3WH. OHH

CIIOCOOCTBYIOT ~CKOPEUIIEMy BOCCTAHOBICHHIO B
CTPECCOBBIX CUTyaLUsX.
Jns  ombiTa  ObUIM  B3ATHI  CJICAYIOIIUC

AMHHOKHCIIOTHI — TTTyTaMHHOBAsI KucioTa (1), apruHun
(2), ananus (3), TpeonuH (4), BamuH (5), mmuH (6),
e (7), metnonuH (8), Tpunrodan (9), ageHuH
(10), ¢enmnananun  (11) w mpomua  (12) B
kouneHrparusax 0,001, 0,0001 u 0,00001% mno macce
(pucyHok 1).

AMHMHOKHCIIOTEl BHOCWJINCH OTJAEJIBHO IpPYyr OT
Jpyra B NHTaTeNbHYIO Cpely HENOCPEICTBEHHO B
HadaJIbHBIA MOMEHT KYJIbTUBHPOBAHMS KYJIBTYPHI
MHKpPOBO/IOpOCTH. KOHIEHTpamusi MO IOKa3aTesro
OIITUYECKOM MIIOTHOCTH cocTtaBmiia 0,6 OTH.e.

B Xone  J1abopaTOpHBIX UCCIIeI0BaHU
HPOBOJIMIIOCH KYJIBTUBHPOBAHHE MHUKPOBOJOPOCIH Ha
nutatensHol cpene Tamus. HapamuBanue 6rnomaccel
MHKPOBOJIOPOCIIM  TPOBOJUIOCH B 3-X  KpaTHOM
HOBTOPHOCTH B TeueHHe 3 CyTOK. B TeueHue Bcero
BPEMEHH KyJbTHBHUPOBAHHS MTPOBOAMIOCH U3MEPEHHE
ONTHMYECKOH  IUIOTHOCTH,  KOTOPOE  OTpa)kaeT
KOJINYECTBO OHMOMAacchl KJIETOK B 1 M KyJbTYpBI.
W3mepeHnsi onTHUecKOH IUIOTHOCTH HPOU3BOJIMIN
yepe3 Kaxple § 4acoB (PUCYHOK 1).

CoryacHO TIOJIly4EHHBIM JIaHHBIM YCTaHOBIICHO,
YTO BCE BHECEHHbIE AMUHOKHUCIOTBHI  OKa3alu
MOJIOKUTEIbHOE BO3/ICHCTBUE B JIAHHBIX H3Yy4aeMbIX
KOHLIEHTPALMSIX Ha KYJIBTYPY MUKPOBOAOPOCIIH.

bbb paccuuTaHbl cpeHHUE YACIbHBIE CKOPOCTH
pocTa KyJNBTYpbl B 3aBUCHMOCTH OT BHECEHHBIX
AMHMHOKHUCIIOT (PUCYHOK 2).
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Hcxonst ux AaHHBIX MOCTPOEHHBIX IMAarpaMmmbl,  TpeoHHH (4), BanuH (5), penunananus (11) u npomun
HauOoJblIas yaeabHas CKOpocTh pocta Hadmonaercst  (12). A HauMmeHbIIas ynenbHas CKOPOCTh PocTa - MpU
npu BHECEHUU CJIe Iy IOLINX aMUHOKHUCJIOT:  BHeceHuu rmiuH (7), MetuonuH (8), Tpuntodan (9),
riryramuHoBas kuciora (1), aprunuH (2), ananus (3),  aneHuH (10) (pucyHok 2).
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Pucynox 1 — Obwas menoenyusi pocma MUuKpo8oO0OpoCiu npu Oeticmeull pAa3IuyHbIX AMUHOKUCTIOM
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Pucynok 2 — Cpeonsis yoenvhas cKopocms pocma Kyabmypbl MUKPOBOOOPOCIU

B nienom ycranoBiena monoxutenbHas nuHamMuka  Genwnananud (11) m mpomun (12) B u3ywaemoi
BIMSHUS NPOTEMHOTE€HHBIX AMHUHOKHMCIOT Ha pocT M koHueHTtpauuu 0,001% macc.
pa3BUTHE KYJIbTYPBl MHKpOBoJopociu. Haubonbmiee
BIIMSHUE pa CKOPOCTb POCTAa M IIPUPOCT OHMOMACHI Hcnonb3yemast mutepaTtypa:
OKa3aJM aMHUHOKHCIIOTHI TiyTaMuHOBas kuciora (1), 1. SI6nouckas E.K., Maunesa H.JI. ITepcriekTiBbI
aprunuH (2), amanuH (3), TpeonuH (4), BanmuH (5), TPUMEHEHUS AMUHOKUCIOT M WX KOMIUIEKCOB B

OMOTEXHOJIOTUH TPOM3BOCTBA XJIOpeIuTsl /B cOopHuKe
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