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AHHOTAIUA

B crathe mpuBOAMTCS pe3yIbTaThl KOMIBIOTEPHOTO MOJCIMUPOBAHUS COCTOSIHHS TPAHCIOPTa PecIryOnuKH
Tamxukucrad. [IporHosmpoBanne B XO3SHCTBEHHON AEATENFHOCTH TpaHCIOPTa peciyOnuku TaKUKHCTaH C
Y4eTOM MHOXKECTBO BIIMSIOMHNX (haKTOPOB IPHUBOIUT K XOPOIINM PE3yJIbTaTaM, TaK KaK B JaJbHEHIIEM IPHMEHSS
pe3yapTaThl  MPOTHO3UPOBAHMSA MOMKHO IIEJIele00pa3HO 3aIUIaHUPOBAaTh M TOA0OpaTh HEOOXOAMMBIX
MaTEepHATBHBIX IIEHHOCTEH M MOJOXHUTENBHBIX (DaKTOPOB AJISI ONTUMH3AIHMK pabOTHI TPAaHCIIOpTa PecIryOIuKH
Tamxukucrad. Mcnonb3ys SKOHOMHUYECKHE IOKa3aTeNM 3a Mpeablayliye ToAbl MOXHO HpPOTHO3HPOBATh
MEpPCTIEKTUBBI Pa3BUTHS JIFOOOTO BH/Ia TPAHCIIOPTA ¥ BBIOPATh ONTUMAJIbHBIN BapUaHT IUIAHUPOBAHMS TPAHCIIOPTA
Ha CJIEAYIOIIUE TOBL.
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B pa60Te OPUMCHCHBI MCETO/bL KOMHLIOTCpHOﬁ MOJACIHUPOBAHNA B 3KOHOMHUKE. Onpeueneﬁm
MAaTEeMaTHYCCKUEC YPABHCHHUA MOJACIIN, IPUMCHASA KOTOPbIX MOYKHO IIPOTHO3UPOBATH U 3aIJIAHUPOBATL 3aIT4YaCTH K
TPaHCIIOPTHBIM CPEACTBAM, a TAKIKC rOproYrne CMa304YHbIC MaTCpHaJIbI (FCM) JJIA HUX.

ABSTRACT

The article presents the results of computer modeling of the state of transport of the Republic of Tajikistan.
Prediction in the economic activity of the transport of the Republic of Tajikistan, taking into account many
influential factors, leads to good results, since in the future, using the results of forecasting, it is possible to plan
and select the necessary material values and positive factors to optimize the transport of the Republic of Tajikistan.
Using economic indicators for previous years, you can predict the prospects for the development of any type of

transport and choose the best option for transport planning for the next years.
The paper applied the methods of computer modeling in the economy. The mathematical equations of the
model are determined, using which it is possible to predict and plan spare parts for vehicles, as well as combustible

lubricants for them.

KiroueBble ciioBa: MOJCIUPOBAHNA, S3KOHOMUYCCKHUE ITOKa3aTejnu, TPAaHCHOPT, JUHAMUKA, U3MCHCHUC,
METOH, CTATUCTHKA, NICPCIICKTUBA, KOMIIBIOTEP, pETpECCUsl.
Keywords: modeling, economic indicators, transport, dynamics, change, method, statistics, perspective,

computer, regression.

Beenenne. Pecrybmmka — Tamkukuctan ——
rocygapctBo Ha LleHTpanbHOM A3uu, BOanu ot Mopei
Y OK€aHOB, THIIMYHO rOpHas cTpaHa ¢ BeicoTamu ot 300
o 7495 ™. 93% Teppuropum  peciryOnuKu
Ta/KUKHCTaH 3aHUMAIOT TOpBI, OTHOCSNIHECH K
BBICOYAHIIINM TOPHBIM CHCTEMaM MHpa.

Hasemns1it TPaHCIIOPT
Tamkukucrad Obul M OcraeTcd — BaKHeHuei
KOMMYHHMKAllUOHHOM  CTPYKTypOH  pEeruoHaJIbHOMI
XO3SUCTBCHHOW ¥ OOLICCTBEHHOW XHM3HH CTpaHbl. B
CBA3U C JTUM, 3((QeKTHBHOE BHEApPCHHWE B IKU3HBb
pa3pabOTaHHEIX NPOEKTOB, HAIPABICHHBIX HA POCT
SKOHOMHUKH CTpaHBl, HEBO3MOXXHO 0€3 pelIeHus
TPaHCHOPTHBIX MpoOJeM, W B TEPBYI OdYepensp,
mpoOieM aBTOMOOWIBHOTO —TpaHcmopTa. JlaHHas
npobinema crano eme Ooliee BOCTPEOOBAHHBIM C
nproOpeTeHneM peciy0JINKON He3aBUCHMOCTH.

JUis TIpOTHO3MPOBAHUS COCTOSHHE CHCTEMBI B
mocjeqHee BpeMsl TNPHUMEHSIOTCS  pa3HoOoOpa3HbIe
METOABl  HccienoBaHusA.  lIporHo3mpoBaHume B
XO3SIICTBEHHON JEATEIbHOCTH CHUCTEMBI C YUYETOM
MHOXECTBO BIHUSIOINX ()aKTOPOB MPHUBOAUT K
XOpOIIKMM pe3yJibTaTaM, TaK Kak B JajbHeiiem
NPUMEHSISI  PE3yJIbTaThl IPOTHO3UPOBAHUS MOXKHO
Henereoopa3Ho  3alulaHUpOBaTh W TOJ00paTh
HEOOXONMUMBIX ~ MaTepHajbHBIX  I[EHHOCTEH U
TIOJIOXKHUTEIBHBIX (PAKTOPOB IS PA3BUTHS KOHKPETHOM
AKOHOMHUYECKOM cuctemsi [1 - 8].

Lemnbio paboTHI SABISIETCS:

- HCIONB3ys SKOHOMHYECKHE IIOKa3aTeNld 3a
NpeABIAYIIAe TOABI TPOTHO3MPOBATH IEPCIEKTHUBEI
pa3sBUTHA HA3eMHOTO TpPAaHCIOpPTa ©  BHIOpaTh
ONTHUMANFHBI  BApHAaHT IUIAHUPOBAHUS  pabOTHI
TpaHcHopTa pecryOiuKu Tamxukucran Ha
CIEIyIOIINE TOABI;

- IPUMEHEHHUs] KOMIBIOTEPHOTO MOJEIUPOBAHUS
JUISl TUTAHUPOBAHMSL pabOTHl TPAHCIIOPTA pecIyOIINKU
Tamkukucran;

- OompeAeleHUE MaTeMaTUYeCKHe YypaBHEHUS
MOJIENIN, TPUMEHSSI KOTOPBIX MOXKHO IPOTHO3HPOBATH
W 3alUIAHUPOBATh 3am4acTd K  TPAHCIOPTHBIM
CpeacTBaM,

a TaxoKe roproyne cMazouHsle MaTepuansl (I'CM)
JUTS HUX.

Martepuansl HcCaeI0BAHUS.

PecniyOnuku

H3BecTHO  4WTOo,  TPAaHCHOPT  Kak  BHI
XO3SHCTBCHHON [IESTENBHOCTH IIOAPA3AEIsICTCSl Ha
TPaHCIIOPT OOIIETO M HEOOLIETO IOJIb30BAHMA.

Tparcnopt 00LIEro MOIB30BaHMUS 3TO TPAHCIIOPT,
YIOBJICTBOPSIOMIAN MOTPEOHOCTh BCEX  OTpacieit
SKOHOMHKHM M HAaceJeHHS B IEpPeBO3KaX TPy30B U
[acCaXUpoB, IMepeMelalollie Ppa3IHYHble BHUJBI
NPOIYKLUH MEXIY MIPOMU3BOIUTEISIMU u
HOTPEOUTENSIMH, OCYLIECTBISIOIINA O0O0IEN0CTYTHOE
TPAaHCIOPTHOE 00CITyKUBaHHE HaCEICHHUS.

K mepeBo3kam TpaHcIopTa 00IIEro MoJIb30BAHMS
OTHOCSTCS TEPEBO3KM Ha KOMMEPUYECKOH OCHOBE
TIaccakKupOoB WM TPy30B. [lepeBoska, ocyiiecTBisieMast
KOMMEpPYECKOH OpraHM3aIyeH, MpU3HAETCA
TIEPEBO3KOM TPAHCIIOPTOM OOIIETO MOIb30BaHMUS, €CIIN
W3 3aKOHA, MHBIX IPABOBBIX AKTOB MJIM BBIJAHHOTO
STON OpraHU3aIlMM pa3pelieHHs BHITEKAaeT, 4TO 3Ta
opraHuzamys o0s3aHa OCYIIECTBIATH IEPEBO3KH
IPY30B, IIACCAXKUPOB U Oaraxa Mo o0palleHHUIo JI000ro
rpaxJaHHHA WIH IOPUANIECKOrO JINIA.

Tpancnopt HeOOLIETo MM0JIb30BaHMS, KaK TPABUIIO
HEPEBO3UT T'PY3bI M ACCAKUPOB CBOETO MPEIPHUSITHS,
oObemuHeHNsT (pasznuyHble  (UPMBL,  (HEepMepCcKOoro-
JIeXKaHCKHE X035 CTBa, acCOMaNNy, KOHIIEPHA U T.I1.)

Hcnonb3yss SKOHOMHYECKHME IIOKa3aTelH  3a
MpeAbIIyIINe  TOABI ~ MOXKHO  IPOTHO3UMPOBATH
TIEPCIIEKTHBHI Pa3BUTHUs JIOOOT0 BUJA TPAHCIIOPTA U
BbIOpaTh  ONTHMAIBHBIA BapuUaHT IUIAHUPOBAHUS
TPaHCIOPTa Ha CJIEAYIOLINE TOIBI.

[Mpumensist CTaTUCTUYECKHE
«CrarucTu4eckuit €)XKEr0THHUK
TamKuKUCcTaHy, HaMH CMOJICIINPOBaHa
XO39MCTBEHHBIHN JIESITETILHOCTD TpaHCIIopTa
pecnyonuku Tamxukuctan[9]. Ilpu mMozenupoBanue
MIPUMEHEHBI METOJIBI MaTeMaTHYecKoi n
KOMITBIOTEPHOH MOJIEINPOBAHUS B IKOHOMHUKE.

WHcTpyMeHTH MOAEIMPOBaHUSI.

IMporpammy Sigma Plot, kak HHCTpyMeHT
MOJISTIMPOBAHMSI MBI TIPUMEHSEM Ul TIOCTPOCHUS
rpaKOB 3aBUCHMOCTH TapaMeTpoOB W HAXOXKICHUS
KOA(PHUINEHTOB PETPECCHOHHBIX ypPaBHEHHH, W 3TO
OTpaKeH BO MHOTHMX Hammx cratesax[6 — 8, 10-12].
I'paduxm 3aBuCUMOCTH 00BEM TEPEBO3KH TPY30B U
maccaxupoB 3a 10 et  aBTOMOOWUIBHBIM H
ABMALMOHHBIM  TPAaHCIIOPTOM MO  pECITyOJIMKH

JIAHHBIE,
pecyOmuKu
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TapKUKUCTaH Tak)ke IOCTPOEHBI C IMPUMEHEHHEM
nporpammsl Sigma Plot.

HocrouncTBa nporpammMsl Sigma Plot B Tom, 4to
M0 MOJYYEHHBIM pE3yJIbTaTaM MOXKHO OIPEAEIUTh
M3MEHEHHE 1T0Ka3aTeliel 1 HaXO0IUTh MaTeMaTHYeCKUe
3aBUCUMOCTH 3THX IIEPEMEHHBIX 110 TOJaM.

Pesynpratel  MopenupoBaHuUs
MOJIyYEHHBIX Pe3yJIbTaToB.

Ha pucynke 1 npuBeneHa 3aBUCHMOCTh 00beMa
MEPEeBO3KH TPY30B W MAaCCaXKUPOB M0 peciryOnnke
Tamxuxucran 3a nepuon 2010 - 2019 rozst.

n aHaJIn3

a
I
I
1z04{ 2
i e
—
o q =
B0 S
izt
MNepeecsia NYE0E, BCEMD
*  AEToNOSHNMEHEIM TREH CNCPTOM
40 4 ¥ ASHBUWOHHEM TDEHCNOPTOM
—— FauETHLIE 18HHEIE
=0 —— PaouETHoe 18HHEE
< —— PoaosETHoe gaHHme
04 Y ¥ ¥ v w L ¥ ¥ ¥ ¥
1 1 1 1 1 1
2008 200 2012 2114 2018 2138 2020
Pucynox 1 - Hamenenue obvema nepegosku epy308 u naccaxcupog 3a nepuoo 2010 — 2019 ee.
ITpumensisa METO/Ibl KOMIIBIOTEPHOIO Ha rpajpuxke (Pucynok 1) Teoperndeckue
MOJICIUPOBAaHMSA, HAMM OIpENeNeHbl AMIMPHUYECKHE  pacu€THhlE  3HAYCHMsS  IOKa3zaTeledl  CcorylacHO

3aBUCUMOCTH TI0Ka3aTelleH.
Bce Buab! Tpancnopta (MITH. TOHH)

V = 2547944,37 — 253552V + 0,6308 V2 (1)

Nonlinear Regression

SMIHUPHYECKON ypaBHEHHs | MPHBEIEHBI CIUIOMIHBIMHU
YepHBIMH JUHUSIMH. Takke HaMH pPacCUHUTaHbI
perpeccroHHble KO3(D(DUIIMEHTHI ypaBHEHHUSI.
3HaueHHs PErpecCHOHHBIX KO3(GHUINECHTOB IS
NIEPEBO3KU IPy30B BCEMU BUIaMU TPAHCHOPTA.

Data Source: Ilepesoska rpysos (Bcero, 10° Tonnbi)

Equation: Polynomial; Quadratic
f=y0+a*x+b*x"2

R Rsgr Adj Rsqgr Standard Error of Estimate
0,98960,97940,97353,0868
Coefficient  Std. Error t P VIF
y0  2547944,3727543872,0770 4,6848 0,0022310446988891,0183<
a  -2535,5183 539,9567 -4,6958 0,0022 1,2418E+012<
b 0,6308 0,1340 4,7069 0,0022310448093361,0318<

Analysis of Variance:
Uncorrected for the mean of the observations:

DF SSMS
Regression 3 68900,6034
Residual 7 66,6967

Total 1068967,30016896,7300
Corrected for the mean of the observations:
DF SS MS

22966,8678
9,5281
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Regression 2 3169,0472

Residual 7 66,6967

Total 93235,7438 359,5271

AHanu3upyst TpHBEICHHbIE (HaKThl, MOXKHO
3aMCTHUTH HeyCTOI\/'I‘-II/IBOCTL HEKOTOPBIX
SKOHOMHYECKMX  TOKa3aTeled 1o  pechmyOimnke.
Hampumep, ponb aBuamepeBo30K TIOJ 3a TOJOM

YMEHBIIACTCSI, YCTyTas
TPaHCIIOPTHBIM CPEJCTBAM.
Cpenn BUIIOB Ha3eMHBIX TPAHCHOPTHBIX CPE/ICTB
BeIyllee  MeCTO B peclyOiluke  3aHHMaeT
ABTOMOOWIBHBIN TpaHCHOPT. [lepcreKTuBbl pa3BUTHS
ABTOMOOWJIFHOTO TPAHCIOPTA B PECITyOJINKE MOXKHO
MPOTHO3UPOBATh HAaxXoJs MaTeMaTUYeCKHid MOJeb

CBOI0O MECTYy Ha3€MHBIM

1584,5236
9,5281

166,3001 <0,0001

W3MEHEHHs] TapaMeTPOB U3MEHEHNS 3a ONpeeIICHHBIN
mepuos  BpeMeHH. Hamm  Take — omnpelnelieHbI
SMITHPHYECKHE 3aBUCHMOCTH B BHJIE PErpecCHOHHON
KBaJpaTUIHOH 3aBUCUMOCTH (cM. Puc.1).
ABTOMOOWIBHEIHN TpaHcTOPT (MIIH. TOHH)

V =2136301,15 — 2127,33V + 0,5296V2 (2)

Jlanee TPHBOIMM pacCUUTAHBI PETPECCHOHHBIC
ko3 unmeHTs ypaBHeHus (2).

Nonlinear Regression (ABTOMOOH/ILHBINH TPAHCIOPT)

Data Source: Data 1 in Notebook1
Equation: Polynomial; Quadratic
f=y0+a*x+b*x"2

R  Rsgr Adj Rsqr Standard Error of Estimate

0,99070,98150,97623,1152
Coefficient Std. Error t

y0  2136301,1483550306,5046 3,8820
a  -2127,3263 546,3450 -3,8937
b 0529 0,1356 3,9056

Analysis of Variance:
Uncorrected for the mean of the observations:

DF SSMS
Regression 3 58294,4757
Residual 7 67,9303

Total 1058362,40605836,2406
Corrected for the mean of the observations:

DF SS MS
Regression 2 3602,5345
Residual 7 67,9303
Total 93670,4648 407,8294
HpI/IMeHH}I METOAbI MaTeMaTHU4YCCKU-

KOMIIBIOTEPHOE MOJEIUPOBAHHS MOXKHO OIPEIEIUTh
POIb U MECTO CYyXOIYTHOI'O TPAHCIIOPTA HA CPABHEHUIO
c aBTOMOOMIILHBIM u JKENE3HOIOPOKHBIM
TPaHCIIOPTOM MECTHOTO 3HAUCHHMS I10 PECITYOIIHKH.

Ha pucynke 2 mpuBeaeHsl 3aBUCHMOCTb 00beMa
MEpeBO3KH TPY30B CYXONYTHBIM TPAHCHOPTOM 3a

P VIF
0,0060312064098215,1328<
0,0059 1,2483E+012<

0,0059312065776440,1528<

19431,4919
9,7043
F P
1801,2673 185,6148 <0,0001
9,7043

nepuog 2010 mo 2019 rompl Ha CpaBHEHHIO CO
ABTOMOOWIBHBIM M JKEJI€3HOJJOPOXKHBIM TPAHCIIOPTOM
pecrryonmukn  Tamkukucran. s pacuetoB
OIIpeZieIeHNsT M3MEHEHHE IIoKa3aTesieil 3/1ech TakkKe
MIPUMEHEHa METOJIbl MaTeMaTHYECKU-KOMIBIOTEPHOTO
MO/JIETTMPOBaHMs 1 porpamma Sigma Plot.
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BeiBOABI.

Takum o0pa3oM, NpUMEHsSS MaTeMaTHYeCKo-
KOMIIBIOTEPHOE MOJICTUPOBAHUS MOXKHO OIPEIEeITUTh
MEPCTIEKTHBBI Pa3BUTH TPAHCIIOPTA B PECIyOJIHKe
Tampkukucran.  MopenupoBaHHE — TPaHCIIOPTHBIX
000pOTOB  pecHyOiaMKH TO3BONISET IUIAHUPOBATH
HEOOXOANMMBIX MAaTEepHaIOB I HYXXA TPaHCIIOpTa
pecnyOnuku. CyXONyTHBIM TpaHCHOPT, a WMEHHO
ABTOMOOWIBHBII TPaHCIIOPT B Pecny0nmke
TamKuKUCTaH cpeand JAPYrHX BHAOB TpaHCIOpTa
MEPBEHCTBYET, KaK M0 00BbEMy NEpPEeBO30K, TaK H IO
MacCaKUpPO- U TPy30000pOTY U 0Nl €ro COCTaBIISET
6ousiee 91 % ot obuIero oObeMa epeBo30K.

I'eorpaduueckue yciaoBus PecryOnuku, KOTOPBIA
MUMEeT IMIMPOKHH CHEKTP HMPUPOJHBIX YCIOBHH — OT
MECYaHHO-ITyCTBIHUCTBIX PAaBHUH JI0 BBICOKOTOPHBIX
9KOCHCTEM, 3aTPYAHSIOT CTPOUTENBCTBO IKEIE3HBIX
JOpOT, a’pOJPOMOB W  JIPYTHUX  TPAHCIIOPTHBIX
COOPY KEHUI.

B 9THX YCIIOBUSIX, CTPOUTEIBCTBO
aBTOMOOWJIBHBIX ~ JIOpPOT  OOXOIUTCA JCLIeBIEe U
obecrieynBaeT NPOIYCK HEOOXOOMMBIX TPYy30B U
MaCCaXHPOTIOTOKOB.
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ANNOTATION

This report investigates this discipline that deals with natural and artificial systems. In the past few years there
has been a lot of research on the application of swarm intelligence. A large number of algorithms have been used
in different spheres of our life. In this paper we give an overview of this research area. We identify one of the
algorithms of swarm intelligence systems and we show how it is used to solve problems. In other words, we present
Bee Algorithms, a general framework in which most swarm intelligence algorithms can be placed. After that, we
give an extensive solution of existing problem, discussing algorithm’s advantages and disadvantages. We conclude
with an overview of future research directions that we consider important for the further development of this field.

AHHOTAIUSA

By ecen Taburu skoHE KacaHIBI KyHelepre KaThICTH OCHI MOHAL 3epTTeini. COHFBI OipHeIIe KbUT imiHae
MHTEJUICKTTI KOJIaHy OOHBIHIIA KONTEreH 3epTTeyiep Kyprizunmi. Kenreren anroputmuep 0i3miH eMipiMi3iH
SpTYPpJIi cananapsiHaa KoaaHeuisl. OCh )KyMbICTa 013 OCHI 3epTTey callachblHa IOy XKacaiMbl3. bi3 kapynanran
MHTEJUIEKT JKYHeNepiHiH aNropuTMAEpiHiH OipiH aHBIKTaHMbI3 >KOHE OHBIH €CenTep/i WIbFapy YILIH Kajal
KOJIIAHBUIATHIHABIFBIH KopceTeMi3. backamma aiiTkanma, Oi3 Ha3apiapblHBI3Fa AITOPUTMACPAIH KOMIILUTIriH
OpHaJacThIpyra OoNaThIH Xajirmel meHOep Bee amropurmaepin ycbiHambi3. OcbliaH KeliH 013 aNrOpUTMHIH
apTHIKIIBIIBIKTAPEI MEH KEMIIUTIKTEPiH TaNKbUIal OTBIPHIN, Oap MOCEJeHiH KeH IIemiMiH Tabambi3. bi3 ochr
caJlaHbl OJJaH 9pi IAMBITY YIIIH MaHBI3/IbI JIETl CAHANTBIH OOJIaIIaK 3epTTey OaFrbITTAPBIH HIONYMEH asKTalMBbI3.

AHHOTAIUSA

DTOT OTYET HCCIEIyeT 3Ty JAWCHMIUIMHY, KOTOpas MMEET JeJI0 C €CTECTBEHHBIMH U HCKYCCTBEHHBIMHU
cucrteMaMu. B mocneiHie HECKOIBKO JIET OBLIO IPOBEICHO MHOT'O UCCIICAOBAHM IO IPUMEHEHHIO Pa3BEIKHU POSL.
BomnpIroe konnaecTBo anropuTMOB OBUTO NCIIONB30BAaHO B Pa3sHBIX cdepax Hamiel xku3HU. B 3T0l cTaThe MBI TaeM
0030p 3T0i1 00sIacTH KccaeoBaHUi. MBI orpesiesnisieM OIMH U3 aJrOPUTMOB CUCTEM Pa3BEIKH POsI U [TOKa3bIBaeM,
Kak OH HCIOJIb3yeTcsl JuIsl penenus nmpobnem. Jpyrumu cioBamu, Mbl npezcrasisieM Bee Algorithms, o6mryro
CTPYKTYPY, B KOTOPYIO MOKHO IIOMECTHTh OOJIBIIMHCTBO AJITOPUTMOB pa3BekH posi. [lociie 3Toro Mel moapo6Ho
paccMOTPUM CYLIECTBYIOIIYIO IpoOsieMy, 0OCYyJUM JOCTOMHCTBA M HEJOCTaTKM aJropuTMa. MBI 3aBepliaeM
0030p OyayIX HaNpaBIeHUH HCCIIEA0BaHUI, KOTOPbIE MBI CYNTAEM BRXKHBIMHU JUUISL aTbHEHIIIEr0 pa3BUTHSI ATOM
obmacru.
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A swarm is a large number of homogenous, simple
agents interacting locally among themselves, and their
environment, with no central control to allow a global
interesting behavior to emerge. Swarm-based
algorithms have recently emerged as a family of nature-
inspired, population-based algorithms that are capable
of producing low cost, fast, and robust solutions to
several complex problems. Swarm Intelligence (SI) can
therefore be defined as a relatively new branch of
Artificial Intelligence that is used to model the
collective behavior of social swarms in nature, such as
ant colonies, honey bees, and bird flocks. Although
these agents (insects or swarm individuals) are
relatively unsophisticated with limited capabilities on
their own, they are interacting together with certain
behavioral patterns to cooperatively achieve tasks
necessary for their survival. The social interactions
among swarm individuals can be either direct or
indirect. Examples of direct interaction are through
visual or audio contact, such as the waggle dance of
honey bees. Indirect interaction occurs when one
individual changes the environment and the other
individuals respond to the new environment, such as
the pheromone trails of ants that they deposit on their
way to search for food sources. More specifically, this
paper discusses one of the most popular models of
swarm intelligence inspired by bees’ behavior.

In the past decades, biologists and natural
scientists have been studying the behaviors of social
insects because of the amazing efficiency of these
natural swarm systems. In the late-80s, computer
scientists proposed the scientific insights of these
natural swarm systems to the field of Artificial
Intelligence. In 1989, the expression "Swarm
Intelligence” was first introduced by G. Beni and J.
Wang in the global optimization framework as a set of
algorithms for controlling robotic swarm. In 2005,
Acrtificial Bee Colony Algorithm was proposed by D.
Karabago as a new member of the family of swarm
intelligence algorithms.

Since the computational modeling of swarms was
proposed, there has been a steady increase in the
number of research papers reporting the successful
application of Swarm Intelligence algorithm in several
optimization tasks and research problems.

The remainder of this paper is organized as
follows: The next section presents an overview of
natural swarm system (Bees). Then, the last section
summarizes the advantages and limitations of swarm
intelligence and provides some concluding remarks on
the paper and open questions of the field.

Swarm intelligence is the discipline that deals with
natural and artificial systems composed of many
individuals that coordinate using decentralized control
and self-organization. In particular, the discipline
focuses on the collective behaviors that result from the
local interactions of the individuals with each other and
with their environment. Swarm intelligence models are
referred to as computational models inspired by natural
swarm systems. To date, several swarm intelligence
models based on different natural swarm systems have
been proposed in the literature, and successfully
applied in many real-life applications. Examples of

swarm intelligence models are: Ant Colony
Optimization, Particle Swarm Optimization, Artificial
Bee Colony, Bacterial Foraging, Cat Swarm
Optimization, Artificial Immune System, and

Glowworm Swarm Optimization. In this paper, we will
primarily focus on one of the most popular swarm
intelligences models, namely, Bee Colony.

The Bees Algorithm is inspired by the foraging
behavior of honey bees. Honey bees collect nectar from
vast areas around their hive (more than 10 kilometers).
Bee Colonies have been observed to send bees to
collect nectar from flower patches relative to the
amount of food available at each patch. Bees
communicate with each other at the hive via a waggle
dance that informs other bees in the hive as to the
direction, distance, and quality rating of food sources.
The information processing objective of the algorithm
is to locate and explore good sites within a problem
search space. Scouts are sent out to randomly sample
the problem space and locate good sites. The good sites
are exploited via the application of a local search,
where a small number of good sites are explored more
than the others. Good sites are continually exploited,
although many scouts are sent out each iteration always
in search of additional good sites, the process is
repeated.
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Population initialization

Path exploration

Perform waggle dance

Population initialization

No

criteria?

Process Bee colony algorithm

Step 1: Assign control parameters

Step 2: Initialize solutions

Step 3: Repeat until stopping criteria is met

[1 Send the employed bee and calculate fitness

[] Send the onlookers and calculate fitness

[ Send the scout bees

[1 Memorize the best solution

Step 4: Stop condition

Using Bee algorithm we can find a global
maximum of function.

Let consider one function f(x, y) = -(x"2 + y"2).

The sign “- is placed because of the function has
a global maximum, not minimum. Global and single
maximum of this function is in the point (0;0), where
f(0,0)=0.

Necessary parameters:

The number of bees scouts: 10

The number of bees that are sent to the best sites:
5

The number of bees that are sent to other selected
areas: 2

The number of the best sites: 2

The number of selected areas: 3

The size of each section: 10

Let the scouts were the following, portions (list
sorted in descending order of the objective function):

f(15, 18) =-549

f(-30, -15) =-1125

f(22, -31) = -1445

(18, 40) = -1924

f(-25, 47) = -2834

Is topping

Find optimal
solution

Stop

(60, 86) = -10996

f(-91, -99) = -18082

(17, -136) =-18785

f(-152, -1) = -22501

f(-222, 157) = -73933

First, the best points will be chosen:

f(15, 18) = -549

f(-30, -15) = -1125

Then, other 3 points of the perspective areas will
be chosen:

f(22, -31) = -1445

(18, 40) = -1924

f(-25, 47) = -2834

In the neighborhood of the best points will be sent
by 5 bees:

For the first best point coordinate value, which is
limited to the site will be:

[15 - 10 = 5; 15 + 10 = 25] for the first coordinate

[18 - 10 = 8; 18 + 10 = 28] for the second
coordinate

And for the second point:

[-30 - 10 = -40; -30 + 10 = -20] for the first
coordinate

[-15 - 10 = -25; -15 +10 = -5] To the second
position

Similarly, the intervals are calculated for selected
areas:

[12; 32] [-41; -21]

[8; 28] [30; 50]

[-35; 15] [37; 57]

Note that here for each of the coordinates the size
of the area is 20, but in reality it is not necessarily so.
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In each of the top five points we sent our bees. And
also to selected areas on two bees. And, we will not
change the position of the bees who have found the best
and selected areas, otherwise there is the likelihood that
the next iteration of the maximum value of the objective
function will be worse than in the previous step.

Now suppose that in the first section, we have the
best following bees:

f (15, 18) = -549

f(7,12) =193

f (10, 10) = 100

f (16, 24) = 832

f (18, 24) =900

As you can see, among these new points, there are
some that are better than the previous solution.

So the same actions with the second section, and
then similarly with the selected area. Then among all
the new points again, marked the best candidates, and
the process repeats.

Here you need to pay attention to one feature that
may be important in the implementation of the
algorithm. A few bees can get to the same area (close
to each other, the size of the area, or perhaps the
proximity of bees given a separate option). Therefore,
there are two variants of behavior:

We believe that these two bees found two different
intersecting sections and both of these areas noted as
the best or selected.

Also, there is one area whose center is at the point
that corresponds to a bee with a large value of the
objective function.

In the implementation of which will be described
below, a second variant of behavior, as it seemed less
prone to jamming in local extremes.

This algorithm is introduced in the real life.

Let consider one example. Assume that there is an
accident which connected with a shipwreck. As a
consequence, there are lots of people who are in the
water. Using the above-mentioned method, we
implement such drones instead our bees. These drones
randomly direct in order to know the places with the
most number of people and send the information to the
base. With the received data the rescuers are send firstly
to these places most number of people of people.
Secondly, to the places with less number of people and
SO on.

Summary

In conclusion, it can be stated that the swarm
intelligence can be used in the number of applications.
As we mentioned before, we used bee algorithm in our
real life to solve problems and make human life easy.
Such as unmanned aerial vehicles (considered in
application). Using this information, we will make a
program, which shows the possibilities of the bees
algorithm.
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AHHOTANUA

W3nosxeHsl pe3ybTaThl OUCHKU CprKTypHOﬁ CBsA3U, TOXKIACCTBCHHOCTHU U B3aMMO3aMCHACMOCTH OCHOBHBIX
ACCUMCTPUYHBIX THUIIOB TCEOPETUUCCKUX pacnpe,ueneHI/Iﬁ, HauboJiee 4acTo MNpUueMJIEMbIX JId OLCHKU
pacnpe,ueneﬂnﬁ pa3JIMIHbIX nokasartejiell B reoJoruu u tTexuuke. Mcmonn3oBan METOA OMIIUPUYICCKOT'O aHaJIn3a
U CTAaTUCTUYCCKUX BBIBOAOB C TMPHUBJICYHCHUEM HCINAPaAMCTPUICCKUX q)aKTOB o  3aKOHOMCPHOCTAM
pacopeneneHuil. BpINMoNHEH aHanu3 SMIMPUYECKUX PE3yJNbTaTOB NPUMEHEHUS JIOTHOPMAJIBHOTO ramma- |
pactipeneneHust BeiiOymna ¢ mpuBiedeHHEM OOMIMPHBIX CTATHCTHYECKUX MaHHBIX W3 JIUTEPATypHBIX H
HCCJIICAOBATCIbCKUX HMCTOYHHKOB. PaCKpLITLI XapaKTECPHBIC 0COOEHHOCTH M CTaTHCTHYECKHE 3aKOHOMEPHOCTH
pacnpeﬂeneHHﬁ TIpUCYIINX K HHUM, IOJIYYEHBI OLNEHOYHBIEC CTATUCTUYECCKHE BBIBOABI, IO KOTOPBIM BBISIBJICHBI
CTPYKTYpPHBIE CBSI3U MEXAY (PYHKIMSIMH JIOTHOPMAJIFHOTO, TaMMa- U pacrpeneneHus BeiOyma. Y craHoBIeHBI
TOXACCTBEHHOCTh W HIACHTUYHOCTH Pa3BUTHUA BEPOSATHOCTHBIX YacTOT IIPH WX HPUMCHEHUH, O606I.LICH
KOMHHeKCHpOBaHHHﬁ FeOMeTpI/IquKPII;'I «06pa3» ACUMMCTPUYIHOCTH, CBOMCTBEHHOM K OTUM THIIAM
pacnpe,ueneﬂnﬁ. CprKTypHLIe CBA3U H B3aUMO3aMCHACMOCTb ACUMMCTPUYHBLIX THIIOB pacnpe,ueneHI/H?I
PCKOMCEHAOBAHbI [Jid MNOBBIICHUA HAACKHOCTU U JOCTOBCPHOCTH OLCHOYHOTO BLI60pa pacopeacicHusa B
YCIOBUAX HEOIPCACICHHOCTH U HE3HAYUTCIbHOCTU CTATUCTUYCCKUX NAHHBIX NPU PCIICHHUU 3ada4, CBA3aHHbLIX
MPOTHO3aMHU, TEXHOJIOTHUIYCCKUMU U KOMITbBIOTCPHBIMU pa3pa60TKaM1/I.

ANNOTATION

Presented the results of evaluation of structural connection, identity and interchangeability of main
asymmetric types of theoretical distributions most often acceptable for assessing the distributions of various
indicators in geology and technology. The method of empirical analysis and statistical inference was used with the
involvement of nonparametric facts according to the distribution patterns. The analysis of the empirical results of
the application of the lognormal, gamma distribution and the Weibull distribution with the involvement of
extensive statistical data from literary and research sources is carried out. The characteristic features and statistical
regularities of distributions inherent to them are revealed, estimated statistical conclusions are obtained, according
to which structural relationships between the functions of the lognormal, gamma and Weibull distributions are
revealed. The identity and authenticity of the development of probabilistic frequencies in their application have
been established, the complex geometric "image" of asymmetry inherent to these types of distributions is
generalized. Structural relationships and interchangeability of asymmetric types of distributions are recommended
to increase the reliability and credibility of the estimated choice of distribution in conditions of uncertainty and
insignificance of statistical data when solving problems associated with forecasts, technological and computer
developments.

KiaroueBblie CJI0Ba: TO)K,I[GCTBeHHOCTL, B3aUMO3aMCHACMOCTD, CTPYKTYPHBIC CBA3H, YHaCTOTHI,
ACUMMCTPUYHOCTDb, pacHpeACJICHUC, I'CONPU3HAKU, TCXHUYCCKUE BCJIMYNHbI, THTCHCUBHOCTb, CTATUCTHUYCCKUC
BbIBO/JIbI, OIIIMOKH.

Key words: Identity, interchangeability, structural connections, frequencies, asymmetry, distribution,
geoindicators, technical, technical quantities, intensity, failures, statistical inferences, errors.

B ropHoreomormueckux paspaboTKax MOYTH
BCeTza UCTIOJIb3YIOTCS CTaTHCTHYECKOE
pacmpezeneHue H3ydaeMoro mnokasatens. OJHako
BBIOOP €ro KOHKPETHOTO BH/Ia YaCTO COMPOBOXKIAIOTCS

TeOJIOTUYECKUX IPU3HAKOB U TEXHUYECKUX BEJIUYMH.
Wzyuensl ycnoBus HuX (OPMHPOBAHUS C Y4ETOM
CBOMCTBEHHBIX K HHMM 3aKOHOMEPHOCTEM pa3BUTHUS
BEpPOATHOCTHBIX 4acTOT. B ocHOBY omnpexneneHus

CKPBITBIMHU M TPyOBIMH OIIMOKAMH, COOTBETCTBEHHO M CTaTHCTHYECKHX  3aKOHOMEPHOCTEH ¥ BBIBOJIOB
3HAYUTENBHBIMH TOCIeACTBUsIMU. [IpoOemMa OLEHKH  TOJIOKEHBI 000011eHHBIE KOMITO3ULIUOHHBIE
pacnpesieNleHuii  T€ONpPHU3HAKOB W TEXHHYECKMX  WHBAPHAHTHBIC (OpMBI pasBUTHS  BEPOSTHOCTHBIX
IEPEMEHHBIX IIMPOKO M3y4eHa U OCBELICHBl B  4acTOT IO 3TUM  OCHOBHBIM  aCHMMMETPUYHBIM
JIUTEPATYpHBIX  MCTOYHHMKAX, HO HEAOCTAaTOYHO  PaCIPEICIICHUSIM. 3aKOHOMEPHOCTH
M3Y4YEHBI CTPYKTYpPHBIE CBSI3M U B3aUMO3aMeEHsIeMOoCTh  (opMooOpa3oBaHus BEPOSITHOCTHBIX 4acToOT

ACUMMETPUYHBIX THIIOB TCOPECTUICCKUX MPUCYIIUX K HUM HCIIOJIb30BAHBI KaK TOXJICCTBCHHBIC

pacrpezeeHuii.

Jns wccnenoBaHus 9TOM TPOOJSIEMHOW 3amadu
WCIIONIB30BaH METOJ AMIHPHYECKOTO aHalmm3a |
CTaTHCTHYECKHX  BBIBOJIOB  C  NPUBIICUYCHHEM
pe3yIbTaTOB OLEHKH PacHpeAeeHU FeONPU3HAKOB U
TEXHUYECKUX IIEPEMEHHBIX C IPUMEHEHHEM OCHOBHBIX
ACHMMETPUYHBIX THUIIOB TEOPETHYECKUX
BEPOSATHOCTHBIX 3aKOHOB JUIl KOTOPBIX HCHOJIb30BAHBI
JaHHBIE W3 JIMTEPATYPHBIX M HCCIIEI0BATEIBCKUX
UCTOYHUKOB [1-4]. B craThe mpuBEAEHBI pe3yNbTATHI
HCCIEN0OBaHUSA CTPYKTYpHOH CBSI3U 51
TOXXJIECTBEHHOCTH CTPYKTYPHBIX mapamMeTpoB
JOTHOPMAaJbHOTO,  TaMMa- H  pacupeae’cHus
Beiibymnna, Hambonee dYacToe NPUMEHSEMBIE TIPU
OLIEHKE SMIHPUUECKUX pacnpeneneHuit

W B3aMMOCBSI3aHHBIE HEMapaMeTpHuecKue (axThl,
OTpaXKArOIIUX OCHOB 000OIIEHHONW KOMITO3UITMOHHON
ACHMMETPUYHOH (HhOPMBI pacIpeneneHus.

W3 aHamuTH4yecKOro H3y4deHHs pacHpereneHui
Pa3HOOOpa3HbIM TE€ONPU3HAKOB Pa3JIMUHbIX ITOJIE3HBIX
ucKkomaeMbIX [1,2] BBITEKalOT, 4YTO XapaKTEpHBIE

0COOCHHOCTH TPUCYIIMX K HHUM CBOJAUTCI K
CJIETYFOIINM:

3aBUCUMOCTh YPOBHS aCUMMETpPUU oT
ko3¢ punreHTOoB BapUaIu o pa3InYHBIM
TEOPETUIECKUM pacnpeneeHusIM
TIPSMOTIPOTIOPIIMOHATEHAST u BBIPAKAETCS
UJACHTUYHBIMH KPUBBIMH, JlorHopmansHOMY,

BeiiOynna u ramma-pacnpeeseHusIM MPUCYITH 001ast
HUICHTUYHAS MIPaBOACKUMMETPUYHOCTD
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I PIHepGOHI/I‘IeCKOFO XapakTrepa pa3BUTHUA  4acCToOT, KOHOKOJ‘IOOGpaSHLIM u MOXET OBITh HYaCTUYHO
KOoTOpas HU3MCHSICTCA B 3aBUCUMOCTH oT OIIMCaHbI pacnpeacicHueM Bei/i6ynna u
ko3¢ ¢unneHTa BapualM{; [P  ONpPENEJCHHBIX  BepOATHOCTHO-CTPYKTYPHBIM paclipeAeieHHeM; IpH
3HAYCHUAX KOS(l)(i)I/IHI/IeHTa Bapuanuu MNEPpEMECHHOTO L[O6I>I‘{e IpoUuCxXoauT TpaHC(l)OpMaHI/IH
OTU PACIpPCACIICHUA HMCIOT 6J'II/I3KyIO CXOJUMOCTH, ACUMMECTPUYHBIX pacnpe,ueﬂennﬁ, KOTOpbIC u

OJTHaKO HECMOTPSI Ha PsIJl TIOTIBITOK, HATIPABICHHBIX Ha
YCTaHOBIICHHE CBS3M IIApaMETPOB PaCIpPEACICHHUs C
XapaKTePUCTUKOW M3MEHYMUBOCTH, 3Ta HpOOJIEMHas
3aJada OCTArOTCs] HEPEIICHHOM.

ToXIeCTBEHHOCTD, HACHTUYHOCTD "
B3aHMOCBSI3aHHOCTh  JIOTHOPMAlIbHOTO, TaMMa- |
Beiibymuia  pacmpeseseHWil  yCTaHOBIEHBI IO
pesynbTataM ~ OLEHKM  HMX  (DYHKIHMOHAJBHBIX
(;morapumuyeckux) pacrnpeneneHuii,
AKCUOMATHYECKUX  CBOMCTB  XapaKTEpUCTUYECKHUX
(npousBoAsIIMX) QYHKIUH, B3aNMO3aMEHSIEMOCTH HX
OpU  OIEHKE  HOMIMPUUECKUX  paclpejieNeHuit
COJICp’)KaHWH KOMIIOHEHTOB DPAa3lIMYHBIX PYyHA, TOPHOH
MacChl ¥ 9aCTHI] MBIIIH.

VAeHTHYHOCTh OIMCHIBAEMBIX HMMH Pa3IMIHBIX
MPOLIECCOB TOKa3aTeNell HAaKOIUICHHS, yCTalOCTHBIX
MOBPEXJICHNH ¥ WHTCHCHUBHOCTH OTKa30B pPabOTHI
MEXaHU3MOB, HUHTEPBAJIOB BpPEMEHU MEXTY
COOBITUSIMH, HM3yY€Ha C Y4YeTOM CXOJUMOCTb UX B
KOHKPETHBIX 3HaueHMsAX Kod(dduimeHTa Bapuanuu K
CUMMETPHYHBIM pacnpeneneHusm; MOJTy4YeHa
SMIMPHYECKOE TOATBEPKACHUE TECHON CXOAMMOCTH
uX (pyHKIMOHAIBHBIX paclpeaeieHui, HASHTHIHOCTH
¢bopM W  CBOWCTB HMX  MOACIUPYIOUIMX |
XapaKTepPUCTUYECKNX  (QYHKIMH ¥ SHTPOIHH.
ToXIECTBEHHOCTD HX NMAapaMETPOB, BHIBEJCHBI HCXOIS
n3 0000meHHoro IudQepeHIHaTbHOTO YpaBHEHUSL
JIMHEHHON TMHAMUYECKON MOJIENH, pacCMaTpUBaeMoil,
Kak o0mast yHKIHS INIOTHOCTH pacipeeseHus..

Jns  ompeneneHHMs ~— MHBapHaHTHBIX  (opm
pa3sBUTHA BEPOSATHOCTHBIX YaCTOT T'EONPHU3HAKOB
KCII0JIb30BaHbI pe3yJIbTaThl 00001IIeHHBIX
HelapaMeTpUYecKux (DakTOB, BBISIBICHHBIX IIyTeM
YCTaHOBJICHHUS OTHCNBHBIX WHBAPHAHTHBIX  (hopMm
pa3sBUTHA  BEPOSTHOCTEH TO  JIOTHOPMAJIBHOMY,
MOKa3aTeJIbHOMY, TraMMa- M paclpeleseHUIo
Beiioynma. Vcmoms30BaHBl  pe3yibTaThl  aHAIIN3a
SMITMPUIECKUX pacripeneneHui Pa3INIHBIX

MPU3HAKOB M0 MECTOPOKICHUSIM YEpHBbIX, LIBETHBIX U
PEAKUX METAIJIOB C NMPUBJICYEHUEM JIUTEPATYPHBIX U
OTYETHBIX HWCTOYHUKOB, IO KOTOPBIM YCTAHOBJICHBI
XapakTepHble OCOOCHHOCTH M 3aKOHOMEPHOCTH
NPUCYIIHNX K UX pacupeneneHusM [1, 2]. B pesyipraTe
BBISIBJICHBI KIIFOUYEBBIC CTAaTUCTUYCCKUC
3aKOHOMEPHOCTU CBOMCTBEHHBIX K PaCHpEEICHUSM
TCOJIOTHYCCKUX IMPU3HAKOB!:

. Te0JIOTNYeCKHe MIPU3HAKH, 4acTo
MNOJMMETAIIMYECKUX MECTOPOXKICHUN U MOKa3aTeneil
UX  OTpabOTKM B  OCHOBHOM  OIIMCHIBAIOTCS
ACUMMETPUYHBIMU  paclpelieIeHUsIMHU, aCUMMETPHS
yaiie mpasasi, O4eHb pexe JieBas (s OCIHBIX pyn);
aCHMMETpPUYHBIE PacpENEICHUS YaCTO OMUCHIBAIOTCS
JIOTHOPMAJIBHBIM PaCHpCACIICHUEM, U PEXKE TaMMa-
pacnpesesieHneM U pactpesencaieM Beiilyina;

o pacripeneneHus coiepKaHuii KOMIIOHEHTOB
PYZ YepHBIX METAJIOB U B MacCHBE M TOOBITON Macce,
BbIXObl TOBApHBIX M CBIPBIX PYJ, MNOKA3aTciIn HX
cebecronmocTn OIM3KH K CUMMETPUYHBIM

MPUBO/SIT K YMEHBUICHUIO BEIMYMH aCUMMETPUH H
JKCIIecca; TpaHCHOPMAIIHS TAKXKE TIPOUCXOJIHT 32 CUET
MPOLIECCOB YCPEAHUTEIBHON CTAOHIN3ANKN KauyecTBa
PYZ TIpH J00BIYE;

. pacrpesienieHus TeoJIOTHYSCKUX TPH3HAKOB
4acTo PEIKOMETANTbHBIX u 30JI0TOPY/IHBIX
MECTOPOXKICHUH B OCHOBHOM OITMUCHIBAIOTCS KpaifHe-
ACMMETPUYCCKUMHU MMOKa3aTeIbHBIMU
pacmpeNeNeHusIMi;,  3TH  PaclpeleNiCHUsl  9acTo
OINHUCHIBAIOTCS pacrpesenacHueM BeiiOymia u ramma-
pacrpeielieHUueM;

° JlormopmansHOe, Befibymnma wu ramma-
pacripeiesieHiss OJHOBPEMEHHO YIOBIETBOPHUTEIHHO
OIUCHIBAIOT PACIPE/ICIICHIN KYCKOB TOPHOM MOPOIBI U
YACTHIL MBUIM [0 Pa3MepaM MpH Pa3iudHbIX CIIOc0Oax
paspyuieHust U IpoOIIeHHs TOPHBIX TIOPO/I.

CTpyKTypHbIE CBSI3U MPUCYIIUX K
paCCManHBaeMLIM pacnpeﬂeneHHﬂM I/I3y'~IeHI>I HUCXOoOs1
UX MPUEMIIEMOCTH B 0O0JIACTH TEOPHUH HAJICKHOCTH.

AHanTUTHYECKUH BBIBO/ 0 CTPYKTYPHOI
TOKJECTBEHHOCTH ACUMMETPUYHBIX TUIIOB
pacmpeneneHuil  INOJlydeH MCXOAsd M3  YCIIOBMH

NPOLIECCOB HAKOIUICHHSI MICHTHYHBIX MOBPEXKICHUIN
Ipu paboTe MEXaHM3MOB C YYETOM ITPOIIecca epexoa
U3 OJHOro cocTosiHUA B npyroe [3, 4]. PaccmoTpum
CHCTEMY, B KOTOPOH C TCUCHHEM BPEMEHH ITPOUCXOAUT
HaKOIUICHHWE i €IUHUYHBIX MOBPEXICHUA K MOMEHTY
BpemMeHu T, U Koropas umeer cocrosHue E;.
BepostHocte mepexoma E. — E .4, 3a Bpems
ArBeraucisiercst o ¢opmyne:  8(T)=  AAp+0(Ar).
CocrosiHME CHCTeMbl XapakTepu3yercsi (GYHKIHIMHU
{P.(T),x =0,1, ...}, Torma P, — BepOATHOCTb TOTO, UTO
k MomeHTy T cucrema Haxomurcsi B coctosiHuu E,
Oyzer ompenensaTcs mo Gopmyie:

Po(T) = 26T >0 1)

o

BeposTHOCTE TOro, 4ro BpeMms 0e30TKa3HOH
padotet T He  MeHpme, dYem T  (T.e.
P{t > T =Y —¢ Px(T)}) npu t<<T pasHa:

PAT<T=1-%0% e (2)

K!

[Monyuennast gopmyrna ecTb HE YTO HMHOE, Kak
(yHKIHS TaMMa- pacipeaeeHus.

BreBon dopmynsl  pacnpenenenus BeiiOyma
ocyrectisiercst u3 cootrorenust P (T) = O‘KL')Ke‘AT
Ipu yCJIIOBUH, YTO YHUCJIO DJICMCHTOB HeHHOﬁ CHCTEMBI
K Bemmko. VYcraHoBiIeHO, dYTO Bce (YHKIUH
pacripenenenus F;(t) takoBsl, yto npu T—0 umeer
MecTo paseHctBo: Fi(t) = qT% + O(T‘s), rae ¢>0 u
6>0. DTO COOTHOIIIEHUE OMpeAeIsAeT MOPAIOK POCTa
F(t) npu wmaneix 3nauenuwsx T. Ilpu Gomsmux K
(GyHKIHS pacnpeneseHus XOPOIIo apOKCUMHPYETCS
BbIpaxkeHneM suja (B = 1/q%):
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TS
F(T):{l —e F,ecmT =0 (3)
0,eciu T <0

3Oto0 ecTh (QyHKIHA pacupeneneHus BeitOyma.
BEIBOJ JTOTHOPMAJBEHOTO PACIIPEACIICHUSI MOXKHO
HOJIYYHTh M3 BBIBOJA TaMMa- paclpelerncHus. B stom

P{TSTzG(T)—

Orcroma IUIOTHOCTH

pacrpe/eneHus:

JIOTHOPMAJIBHOT'O

g

ciiydae crmoco0 BbIBOJA TraMMa- paclpeeicHus
JOIyCKAeT, 4YTO  CilyyalHas  BEJMYMHA  WMEET
[UIOTHOCTh HOPMAalbHOTO pacnpenenenus. Cpenuss
CKOPOCTh HM3HOCA MEXaHU3Ma - M{e’;(t)}:i,a > 0.
AHaNorn4Ho crocoba BEIBOJA raMMa- pachpe/eieHus
MOJTYYHM:

[Taln(1+T)—c]2_L

q(T) = {ﬁ e 202

[pu 1+T=T u a=1 momyunm oOIIyI0 PopmMyIy

GbyHKIHH TUTOTHOCTH JIOTHOPMAJIbHOTO
pacnpeznenenus (T=0, T<O0).

JlornopmaseHoe, Beii0Oymna u ramma-
pacmpeieNieHuss  HepeIuleTaloTCss M CTaHOBATCA

B3aMMO3aMCHSACMBIMU TPH OICHKE SMITHPUYCCKOTO
pacripeneieHusl TI0Ka3aTelsi HHTCHCUBHOCTH OTKa30B
MEXaHU3MOB BO BpeMs MX paboTHl. DTOT MOKa3aTeib
SBIISICTCS BAYKHBIM [TAPaMETPOM B TCOPHH HAICKHOCTH
MalvH [2, 3]. Pa3znuuHble NposBIECHUS HHTEHCUBHOCTH
OTKa30B OMHCHIBAIOTCSA pa3HbIMH (yHKIusaME A(t)
(T=0) u UM CcOOTBETCTBYIOT 00OOIICHHAs MO

pacmpenelieHus  BpeMeHH ~— O€30TKa3HOH  paboThl
MeXaHu3Ma:
T
F(T) =1 —exp (- J; A(t)t) (6)

@OyHKIMS  WHTEHCHBHOCTH  OTKAa30B  MOJXET
NPUHAMATH Pa3INYHbIE 3HAYCHHS M COOTBETCTBEHHO
XapaKTepu30BaTh TIepUOBIL: nepepaboTKHy,
HOPMAJIBHOH SKCIUTyaTalii ¥ CTapEeHUsL.

PaccmoTpuM wactHele ciayyau [3]:

[pu AMt)=const, HMEEM:
F(T) =1—ef0TMtz1—eMt~ 1—eT
[Monyuennas byHKIMS MOKa3aTeIbHOTO
pacrnpeneneHus;

}'TTT—I
Ipu AM(t)= U3 pelIeHus

r-1? -
(r= D AT -+ (AT)T 1
nojydaeM ramma- pacnpenencuue. [pu yBennuernn T
MOHOTOHHO pacteT 3HaueHue A(t).

aln(1+T) (u— c)2_¢[aln(1+T) a] (4)
14T ecu T = —1;ecmun T < —1 5)
t6-1
IIpu k(t)=87, MOJy4YHM  paclpesereHne
BeiiOymna.

Ilo cxeme HaKaIlJIMBAKOIIIUX HOBpC)KZ[eHPIﬁ, €CJIn
BCPOATHOCTb CAMHUYIHOI'O ITOBPECIKACHHNA 3a/laHa B BUJIC

2
s MDy=5Ar +0(4y),

(lnt a)?

MOJIyYruM JIOTHOPMAJIbBHOC

/[1 _ cI)(lnt a)]
JlornopmansHoe, pacnpeneneHI/Ie Beiibymna u
raMMa- pactpesesIeHNs] MOXKHO TaKXKe OLICHUTH IyTeM
OTIpEAEICHUS nx (YHKIIMOHATBHBIX
norapuMHIECKUX QYHKIIUU paclpeaIeHUuH 3HaYeHNI
JorapuMoOB  TIEPEeMEHHBIX. TecHas CBs3b U
UJICHTUYHOCTh 3TUX PACIpENEeNICHUH M0 CyLIECTBY H
bopme KPUBBIX W3MEHEHUHI BEPOATHOCTEU
YCTaHOBJICHA IO HCCIIEI0OBAaHUAM 0€30TKa3HOH paboThHI
U YCTaJIOCTHOM JIOITOBEYHOCTH MEXaHU3MOB M MAIlIVH.
BriBop torapuduyeckoro ((GyHKIHOHATHHOTO) raMMa-
pacIipeseneHus OCyIIECTBISCTCS] KaK M BBIBOJI CaMOH
(opMyJIBI TaMMa- pactpeieNICHNs, TIPEIIIOIONKHB, YTO
3a Bpemss T+Ar cucrema, TNOJNYy4YHB €IMHUYHOE
moBpexkaeHne ¢ BeposTHOcThO O(T) m HakomuB ¢
noBpexaeHui, Oyner umeth otkas [3]. BepostHocTb
€IMHUYHOTO TIOBPEXKICHUS paBHa:

pacupenenenne MT)=—

8(T)=% Ar + 0(A7). Tocne psma mpeoGpazoBaHmin
k—aAln (1+T)

Pk (T) _ [aAln (1+T)I]d

3nece BMmecto AT TPHUHATO fOTa—At =alln(1+7),

ortyna Oymem umerh: F{T<T}=1-Y,—o P (T).
Jlorapupmugeckoe ramma- pacnpeeeHue
MOJTlyYaeTcsi C TOMOINBI0 BBEICHHUS IIEPEMEHHON

HOJTYYHM: ,k > 0.

[pu [ THoCIIeHee BBIPAXKEHUE . >
aCHMMETPHUECKH 1aeT HopManbHoe pacnpenenenue, B~ MOHOTOHHOU ‘byHIquH u=u(t) B coorsercrain u3 LI(Y).
STOM Cilyuae, B OTIHYME OT TaMMa- pachpeiesienns, —ACTOTb3YA  CBOHCTBO  MOHOTOHHOCTH bynxunm
M) —0 mp T—>co. MOJNyYMM  TUIOTHOCTh  JIOTAPU(MUYECKOTO TraMma-
pacrpeeneHus:
1
1—22a?[In(1+T) 1! e"l‘”n(“” —,ecuT >0
o0 ={ !y D @
0,eciuT<O0
BeiBox  orapud)MHUECKOTO  paclpesieseHus
Beiibyima BBITEKAET KaK CIIEICTBHE u3 Fi(T) = ub(T) + O[uS(T)] (8)
NOrapu(MHUYECKOr0 raMMa-  paclpeelieHus, U3
COOTHOIIICHHS rie  lim u(M=0 opu T-0, F(T)-

norapn(bMqucxoe ramMMma- pacupeacjicHue.
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Maremarnueckoe OXUAaHUEC CKOPOCTU H3HOCA SABJISICTCA HEKOTOPbIM HpeO6pa30BaHI/I€M
3a1a€TCs paBCHCTBOM: HOPMAaJIbHOTO. Hepexoa OT raMmma-pacrnpeacicHus K
HOpMaJIbHOMY (1)PI3I/I‘I€CKI/I 06OCHOBLIBaeTC$I, cClIn

M{f(t)} = L (9) peaiusanus H3HOCa JIJIIATCIIBHOC BpEMA naeT

14t

Toraa cornacHo ¢GopMmynaM JOrapupMUIECKOTO
ramma-pacnpenenenus, ¢yakuust  F;(T) Bpemenu
0e30TKa3HOH paboThI BBIpa3UTCs (hOpPMYJION

o [Aln(1+7)] _
FiT) = Xep e

m!

(10)

Ipu T—0, F;(T) = [ @+ (rll”)]

3agaercst paeeHctBom: U(T)=CIn(1+T), a B poam
HoKa3aTels cTerneHy O BblcTymnaer . Torga mokasaHo,
9TO ecind O BEeNWKO, TO (YHKIHSA paclpeneieHus
BpEeMEHH 0€30TKa3HOW pabOTHl ILEMHOH CHCTEMEI
XOPOLIO AIMPOKCHMHUPYETCs BEIPAKECHUEM BHIA:

. Tem camemm (T)

_[In@3+M]8
F(T)=y1—e Fo,ecmuT =0
0,eciu T <0

(11)

KOTOpOE sIBIsIeTCs (DyHKIUEH JIOrapr()MUIECKOTO
pacmpeneneHus BeliOya.

Takum o00pa3oM, J0Ka3aHa TOKAECTBEHHOCTH,
UACHTUYHOCTh U B3aMMOCBSI3aHHOCTD B OTIPEIEIEHHBIX
YCIIOBUSIX 3TUX TPEX paclpeciICHui.

ToxkIecTBEHHOCTD JIOrapu(MUUECKOTO, FTaMMa- U
pacmpeneneHust BeiiOymia BBITEKaeT Takxke U3
CBOMCTBA HMX  CXOAUMOCTH C  HOPMAaJbHBIMHU
pacnpenenenusamu [1,2,4]. YcTaHOBIEHO, YTO KpUBas
J0rapu(pMUIECKOTO HOPMAIBHOTO PACIpeIeNICHNs IPH
MaJIOM 3HA4E€HWH CTaHIapTa G CTAHOBHUTCS OJM3KOH K
HOpMaJibHOH [4]. JlIorHOpManbHOE pacipeneieHue, Kak
HETIOCPEICTBEHHOE ITPpeo0pa3oBaHie HOPMAIBHOTO,
€CTh paclpeiesieHNe CITy4aiiHON BEIMUUHBI, JIOTapupm
KOTOpO# pacmpezneneH HopMaipHO. Ilpu 3HaYeHMAX
Bapuaniuu  okoso  30% (M>3) pacnpeneneHue
Beiibysuia mo ¢popme KpUBOI IUNIOTHOCTH COBIAAAET C
HOPMAaJIbHBIM pacmpeseieHueM. I'amma-
pacmpeneneHne, Kak o0oOmeHHas ¢opma  A%-
pacrnpeneneHus, ABIISCTCA KOMITO3UIIUOHHBIM
pacrpeielleHieM HEe3aBUCHMBIX CITyYailHbIX BEJIWYHH,
MMEIOIINX OJHO M TO K€ HOPMAaJIbHOE paclpeiesieHne
¢ napamerpamu: a=0, o=1. ['amma- pacnpenenenue,
AQHAJIOTUYHO  JIOTHOPMAJIBHOMY  PAacIpeJleNICHHUIO,

neperuieTasch pyT ¢ ApYroM Mpexkiae, 4eM HAaCTYNUT
oTka3. bim3kas cxoguMoCTh HOPMAaNBbHOTO W ramMMa-
pacnpeneneHui MOKa3bIBAIOTCS TAKKe C IOMOILBIO
BBIPaBHUBAS MX Ha BEPOSTHOCTHOH Oymare.

[TpuBeneHHBIE  PE3yNbTAaTHl  AHATMTHYECKOTO
WCCIECIOBAaHMUSA  JOKa3plBAlOT  HAIWYMK  TECHOH
CTPYKTYpHOH  CBA3M MW  B3aUMO3aMEHIEMOCTh
JorapupMUIECKOro, Beiibymia u raMMa-
pacrlpeneneHuy, KOTOpble MMEIOT YCTOHYHMBOCTh
TeHETUYHOOOpa3HbIN XapakTep.

BoiBoabI

O0bocHOBaH CTaTUCTHYECKHH BBIBOJ] 0
CBOWCTBEHHOCTHU CTPYKTYpPHOI1 CBA3U
B3aMMO3aMEHSEMOCTH K AaCHMMETPHYHBIM THUIIAM
TEOPETHIECKUX pacrpeneneHnH, KOTOpBIC
PEKOMEHIYIOTCS ~ HMCHONB30BaTh [UIS  ITOBBIMICHUS
JOCTOBEPHOCTH M HAaJEKHOCTU PE3yJIbTATOB OLEHKH
pacIipesielieHNi TOoKa3aTesiell IpH peIIeHuH 3anad
IpOTHO34, 060CHOBaHI/I)I TCXHOJIOTHYCCKUX u
KOMITBIOTEPHBIX pa3pabOTOK.

CBOHCTBa TOXJECTBEHHOCTH, HWIACHTUYHOCTH,
B3aMMO3aMEHAEMOCTH IPUCYIUX K JIOTHOPMAJILHOMY,
raMMma- M pacopereneHuit  BeifOymma — mpu
COOTBETCTBYIOILIEH aHAJUTHYECKOH MOAM(pHUKALUH
MOXET OBITh WCIOJIB30BaHBl K YCTPAHEHHIO DHCKa
JOIYCTUTH CKPBITBIX M I'PYOBIX OIIMOOK B YCIOBHAX
HEOIPEICIICHHOCTH " HE3HAYNTEILHOCTH
CTaTHUCTHYECKUX JaHHBIX KOHOMHYECKOE
TIOCIIEICTBIE KOTOPHIE OBIBAIOT OTPOMHBIMH.
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PACUYET TOPMO3HOI'O ITYTHU 2JIEKTPOIIOE3/10B ITP SKCTPEHHOM TOPMOXEHHUHA

Muponoe /Imumpuit Onezosuu

Couckamen,

Q@I'AOY BO «Poccutickuti ynugepcumem mpancnopma (MUHUTy,
2. Mockea, yn. Obpasyosa, 0. 9.

AHHOTAILIMS

Lenbto mccaemoBanus ABIseTCA onpereneHne 3)(QeKTHBHOCTH TOPMO3HOM CHCTEMBI JIEKTPOIoe3ia yepes
pacdeT JUTHHBI €T0 TOPMO3HOTO Iy TH IPH SKCTPEHHOM TOPMOKEHHH. VICIIOIB30BaHbI 00IIETOTHIECKHE METOBI H
METOABI MATEMATHIECKOTO MOACIIUPOBAHUA. B PE3yabTaTE MOJYYCHBI 3HAYCHUS MJIMHBI TOPMO3HOTO IIYTH IJIA
OTIENBHBIX BaroHOB 3iekrporoe3na DI12/] u qma 10-BarorHOTO 31eKTpornoe3na JI12]] ¢ TumoBoil TopMO3HOH
CUCTEMOM € KOJOJOYHBIM TOPMO30M U C MU3MEHEHHOM TOPMO3HOW CHCTEMOM C IUCKOBBIM TOPMO30M. PacueTsl
BBIINIOJIHCHBI OJIs1 IMOABHMKHOI'O COCTaBa 6e3 yu€Ta BECa MNaCCa)XUPOB U NEPEMEHHBIX IIaCCaXXUPOIIOTOKOB
(yuuThIBajach TOJIBKO Tapa BarOHOB). Y CTAHOBJICHO, YTO MPUMEHEHHE JUCKOBOTO TOPMO3a BMECTO KOJIOAOYHOTO
CHOCOGCTByeT CYIIECTBEHHOMY COKpAlICHUIO IJIWHBI TOPMO3HOI'O NYTHU, B YAaCTHOCTH, Ha MOTOpP-BaroHHOM
MOABMKHOM COCTaBE C IPOTHUBOIO3HOW cHcTeMol Omarojapst OonblieMy KOI(GHUIMEHTY TpeHHs
KOMITO3UIUOHHBIX TOPMO3HBIX HAKJIAJOK MO CPAaBHECHUIO C YYT'YHHBIMH TOPMO3HBIMHU KOJIOAKAMU.

ABSTRACT

The purpose of the study is to determine the effectiveness of the braking system of an electric train by
calculating the length of its braking distance during emergency braking. General logical methods and methods of
mathematical modeling are used. As a result, the values of the braking distance for individual cars of the EP2D
electric train and for a 10-car EP2D electric train with a standard brake system with a pad brake and a modified
brake system with a disc brake are obtained. The calculations were made for rolling stock without taking into
account the weight of passengers and variable passenger flows (only the container of cars was taken into account).
The use of disc brakes instead of drum greatly reduces the stopping distance, in particular, motor-wagon rolling
stock with antiskid system due to the greater coefficient of friction of composite brake lining compared with cast
iron brake blocks.

KiroueBble ¢JI0OBa: 3JICKTPOINOE3[l, SKCTPEHHOE TOPMOXKEHHUE, (DPUKITHOHHBIN TOPMO3, JUIMHA TOPMO3HOIO
IIyTH, AUCKOBBIN TOPMO3.

Keywords: electric train, emergency braking, friction brake, brake path length, disc brake.

Ha ckopocTHBIX 3nekTponoesfax MNPUMEHSETCs D¢ pexTBHOCTD (hpUKIIOHHOTO TOpMO3a
ABTOMATHUYECKUH ITHEBMAaTW4eCKHH (PUKIMOHHBIA  3aBHCHT OT MHOXKECTBA IapaMeTpOB, KOTOpBIE
JIICKOBBIM TOPMO3, KOTOPBIA SBISIETCS PE3CPBHBIM M,  W3MEHSIOTCS BO BPEMEHHM HENWHEWHO (HaXaTue
KaKk IpaBWJIO, HCHOJB3YEeTCS TOJNBKO JJISi IIONHOM  KOJOJOK  (HAaKiamok),  KOo3(GGHUIMEHT  TpeHus,
OCTaHOBKM D3JeKTporoe3na. B MexagyropomHom u  kod¢p¢unueHt cueruieHus). [loaBmkHOI cocTaB c
MPUTOPOAHOM  COOOIIEHWH  HCHOJIB3YIOTCS M JUCKOBBIM  TOPMO30M  O0s3aTE€IbHO  OCHAIAeTCs
AJIEKTPOTIOE3]1a TOPOJICKOTO TUTa Takue, kKak OI12J] [3], TpOTHUBOIO3HON  CHCTEMOW, UYTO MPEAOTBpAIIAET
KOTOpblE YacTO JKCIUIyaTHPYIOTCS B KadecTBe  3aKJIMHUBAHME KOJICCHBIX IAp M CYIIECTBEHHOE
9KCIPECCOB. Taxue 3JIeKTpoIoe3ia UMEIOT  CHIDKEHHE TOPMO3HOTO d(dekra.

ABTOMATHYECKHH ITHEBMATHYECKUH  (PPHUKIIMOHHBII W3BecTHO, 4YTO CKOPOCTHOM MOTOP-BarOHHbIN

KOJIOZIOUHBIH TOPMO3, BBIOJHEHHBIH 110 CTaHAAPTHOM
JUIT  OTEYECTBEHHBIX DJEKTpOmoe3noB cxeme. Ha
CKOPOCTHBIX ~ MACCAXKUPCKUX BaroHax JUCKOBBII
TOPMO3 CTall yXe€ IpPHUBBIUHBIM, TUIOBBIM, a Ha
0TE€YECTBEHHOM MOTOp-BaroHHOM MOJIBUKHOM
COCTaBE, PACCUUTAHHOM Ha CKOPOCTH JKCILTyaTalluu
10 120 xm/4, mpuMeHsIeTcsl KOJIOOYHBIN TopMo3. [pn
SKCTPEHHOM TOPMOXKEHHH JJIsi OBICTPOH OCTAHOBKH
TPaHCIIOPTHOTO cpeacTBa OJTHOBPEMEHHO
MPUMEHSIOTCS BCE MMEIOIINECs TOPMO3HBIE CHCTEMEI,
JUTA PUKIIMOHHOTO TOPMO3a SKCTPEHHOE TOPMOKEHHE
O3HAa4aeT MAaKCHMalbHO  BO3MOXKHOE  JIaBJICHHE
CXKAaTOro BO3AyXa B TOPMO3HBIX LWIMHApaxX U
MaKkCUMalbHO BO3MOXKHOE HaXKaTHE€ TOPMO3HBIX
KOJIOZIOK  (HAakJIaJoK) Ha OCb, 4YTO BBI3bIBAET
MOBBILIEHHBIH HArpeB B Mapax TpeHHs (pPUKIHOHHOTO
TOpMO3a.

noaBkHOM coctaB Tumna IC-2I" «Jlacroukay» [4] umeeT
M0 JIBA TOPMO3HBIX JHCKAa Ha KOJECHBIX Iapax
MOTOPHBIX BaroHoB (c TATOBBIMU
JIEKTPOJBUTATEIISIMH) U TIO TPU TOPMO3HBIX JHCKA Ha
KOJISCHBIX Tapax NPHLENHBIX BaroHOB (0€3 TATrOBBIX
anekTpoasurareneit). OJHako MMeeTcsi OrpaHUuYCHHE
0 CyMMapHOMY Ha)KaTHIO TOPMO3HBIX HAaKJIaJOK Ha
OCb, COOTBETCTBEHHO, II0Jl pa3HBIMH BaroHaMH
(MOTOPHBIMH W TPUIENHBIMH)  MaKCHMaJbHbIC
JABJICHUSI CXKATOTO BO3/AyXa B TOPMO3HBIX OJIOKax
Pa3NUYHEL.

Taxoke B 9KCIUTyaTaIH HaXOJATCS
anekTponoesna tuna AI-2Ts «MBonray [2], koTopsie
nmeroT 1o 4 TopmosHbIX Gioka gupmer Knorr-Bremse
1 110 4 TOPMO3HBIX JAHMCKA Ha KaXIOW TeJexKe (1Mo 2 Ha
KaXJIOH  KOJEeCHOH Tmape), B  OTIMYHME  OT
2NIEKTPONOoe3 0B TUMa «JlacTouka», y KOTOpPBIX pa3HOe
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KOJIMYECTBO TOPMO3HBIX OJIOKOB U TOPMO3HBIX JUCKOB
O] BATOHAMY Pa3HOTO THIIA.

W3zBectHa dopmyna  mus orpesieTIeHus
TOPMO3HOTO MYTH TOE37]a MO HUHTEpPBAJaM CKOPOCTH
[1], cornmacHo KOTOPO# TOPMO3HOM MyTh ONPEENSIETCS
KaK CyMMa MOJIrOTOBUTEIBHOTO TOPMO3HOTO MyTH Sy U
JICUCTBUTEILHOTO MYTH TOPMOXKCHHUS Sy

Sy =S+,

[loaroroBuTENbHBIA TOPMO3HOM IYTh MOXHO
OTIpeNeNuTh 1Mo popmyire:

rae V, — HadaibHas CKOPOCTh TOPMOXKEHUS, KM/;

ty — BpeMs HOATOTOBKH TOPMO30B K /I CTBHIO, C.

JlefiCTBUTENBHBII TOPMO3HOM ITyTh ONPEENISIETCS
o hopmye:

500 - (V2 — V&)
A_E'(bT+w0+ic)’
rac VK — KOHCYHas CKOPOCThb BaroHa, KM/‘I,

& — 3aMeIICHHE IKHMaxa, KM/4;
b, — ynensHast TopMo3Has cuia, H/xH;

®, — OCHOBHOE
JBHXKeHHIo BaroHa, H/xH;

ic — yIenpHOe YCKOpSIIOIIee YCHINE Ha MOEe3M OT
YKJIOHA ITyTH.

VYnenvHas TOPMO3Has CHia SIBISIETCS (QYHKIMEH
HaOXaTUS TOPMO3HBIX  KOJOIOK  (HAKNAZOK) U
Kod(dunreHTa TpeHus . BakHBIM yCIIOBHEM BEIOOpa
Ha)KaTHs TOPMO3HBIX KOJIOJIOK MIIM HAKJIAJOK SIBIISIETCS
HejomnyleHre 103a. [1oaBMKHOM cocTaB ¢ JUCKOBBIM
TOPMO30M B 0O0S3aTENBHOM TOPSAKE OCHAINACTCS
MPOTUBOIO3HOM CUCTEMOHM B OTJIMYME OT MOABUKHOIO
cocTaBa €  KOJIOJOYHBIM  Topmo3oM.  Ilpm
UCIIOJIb30BAaHUH KOJIOJIOYHOTO TOPMO3a BO3MOXKHOE
Ha)XaTHE TOPMO3HBIX KOJIOJAOK HE HCIOJIb3YeTCs
MOJTHOCTBIO, T.K. MOXKET NMPHUBECTU K 3aKJIMHUBAHUIO
KOJISCHBIX Tap TMpu TopMmMoxkeHHH. OpHuM U3
MIPEUMYILECTB TUCKOBOTO TOpPMO3a SIBIISIETCS Oosiee
3¢ (eKTHBHOE WCIIONB30BAHUE HAXKaTHSI TOPMO3HBIX
HaKJIAI0K.

Jns mpuMepa OBUI BBIIOJHEH pPacdeT JUIMHBI
TOPMO3HOTO IIyTH OTEYECTBEHHOTO 3JIEKTPOIoe3aa
OI12]] 6e3 orpaHIYCHAS HaXKaTUS TOPMO3HBIX KOJIOJIOK
U C OTpaHMYCHUEM HaXKATHS U3 YCIOBHS HEJOIYLICHUS
103a. Pe3yibrarel pacyera npencrasieHsl B Tadnune 1
U Ha pUCyHKe 1.

YACIBbHOC  COHNPOTUBJICHUC

Tab6muma 1.
Pe3ysbTaThl pacueTa AJTHHBI TOPMO3HOT0 MyTH dJiekTponoe3na DII2]] 6e3 maccakupos
JlimHa TopMo3HOTO
Ne
Twum Barona (rmoe3zia) MyTH, M
/1
be3 yuera 103a C y4JeToM r03a

1 TostoBHOM BaroH 388,9 769,3

2 MoTOpHBII BAroH 455,9 797,2

3 HemotopHslii Baron 378,8 760,4

4 10-BaroHHbBIH NOE3]T 4218 782

Kak BuaHO w3 TaOmumbel 1, mpwW BHITOJHECHUH
YCIIOBHS HEJOMYIICHHUS 1032 JJIMHA TOPMO3HOTO ITyTH
3HAUMTENBHO YBEJIMYUBAETCS U3-3a OTPaHUYCHUS
HAXKATHsI TOPMO3HBIX KOJOAOK. Jlasiee ObLI BBIMOJIHEH
pacder JAIMHBI TOPMO3HOTO TYTH JJEKTpOIoe3na

800

OII2J1 ¢ maccaxupamu (o 100 denoBek B KakaoM
MOTOPHOM M HEMOTOPHOM BaroHax u 1o 60 4eioBex B
KaXX/IOM TOJIOBHOM BaroHe), pe3yJbTaThl pacdera
MPECTABICHBI B TAOIHIIE 2.

790 -

780 -

H [0/10BHO BaroH

B MOTOpHbI BaroH

770 -

760

[OnvHa TOpMO3HOro NyTH, m

750 -

740 -

HemoTOpHbI BaroH

10-BaroHHbI noe3s,

Pucynox 1. J[nuna mopmosnoco nymu snexmponoesoa II12]] 6e3 naccaxcupos
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Tabnuna 2.
PesysabTaThl pacyera JJIHHBI TOPMO3HOTO MyTH 3JekTponoesaa JII2]I ¢ nmaccaxkupamu
Ne Tun Barona (1oe3/a) KonudecTBo naccaxupos JltiHa TOpMO3HOIO
1/t MyTH, M
1 T'onoBHO# BaroH 60 850,4
2 MoOTOpHBIH BaroH 100 908,5
3 HeMoTopHbIii BaroH 100 907,5
4 10-BaroHHsbI# moe3 920 896,9

IIpu mpumeHenuu Ha »saekTponoesne OII2]]
JIICKOBOTO TOPMO3a C NPOTHBOIO3HBIM YCTPOMCTBOM
MOJKHO TOJY4HTh OONbIIHii TOpMO3HOU 3(ddekr, 3a
CUeT JIy4IIEero HCIOJNB30BAaHMS HAaXKATHS TOPMO3HBIX
HakiIagok. [IpuMeHeHWe AHCKOBOTO TOpPMO3a C
TOPMO3HBIMH OJIOKAMH CIIOCOOCTBYET CHHIKEHHUIO
HOATOTOBUTEIFHOTO TOPMO3HOIO IIyTH, T.K. 00BEM

MEHbIIE 00beMa TOPMO3HBIX UWJIMHIPOB, OOJIbIIE
KII[I mexaHM4YecKOW dYacTH TOpMO3a M ObIcTpee
YCTaHABJIMBAETCS MAKCHMAaJbHOE JaBJICHHUE CYKATOrO
BO3JlyXa B HUX.

Bbln BBINOIHEH pacyeT IIMHBI TOPMO3HOIO IIYTH
anektponoezga DI12]] Ge3 maccakupoB C JTUCKOBBIM
TOPMO30M, pE€3yJibTaThl pacuera IpelCTaBICHbl B

MHEBMOIIIIIMHIPOB  TOPMO3HBIX OJIOKOB ropa3mo  Tabmme 3.
Tabmuna 3.
Pe3yJbTaThl pacyeTa AJMHHBI TOPMO3HOrO MyTH 3J1ekTponoe3aa 121 6e3 naccaskupoB
JlmMHa TOpMO3HOTO
No ", M
Tun Barona (moe3za)
w/n C KOJIOAOYHBIM
C IMCKOBBIM TOPMO30M
TOPMO30M
1 I'0710BHOI Barod 769,3 662,3
2 MoOTOpHBII BaroH 797,2 655,9
3 HemoTtopHbIii Baron 760,4 622
4 10-BaroHH.IH MOE3.1 782 647,8

W3 Tabnunpl 3 BHIHO, YTO JAMCKOBBIA TOPMO3
Oonee >¢ddexTuBeH, YeM KOIOMOYHBIH, T.K. B HEM
Oomee  3(PQPEKTHBHO  WCIONB3YETCS  HaKaTHE
TOPMO3HBIX HaKJIa/IOK. [pu YBEIHMUCHAN
Ko3(HUnneHTa CIEIUIeHHs KOJeC C pelbcaMu HpH
9KCTPEHHOM TOPMOXKEHHMH (HaIllpuMmep, Iojava IecKa
MOJ KoJieca) TOSBJISETCS BO3MOXKHOCTH JIyYIIIETO
UCIIONIb30BaHMsl HAXKaTHs TOPMO3HBIX OJIOKOB, 4YTO
TaKKe NPUBOJUT K COKPAIICHHIO JUTMHBI TOPMO3HOTO
My TH.

BBIBO/IbI.

IIpumenenue B TOPMO3HOHI cucrTeme
MPOTHUBOIO3HOTO yCTPOMCTBA CHOCOOCTBYET JIydIIeMy
UCIIONIb30BAaHUIO  HAa)XaThUs TOPMO3HBIX  KOJIOJIOK
(HaKIaMoOK), YTO  CIOCOOCTBYET  YMEHBIICHHUIO

TOPMO3HOTO MyTH. JIMCKOBBII TOPMO3 HMEET psf
NPEUMYLIECTB epe] KonoAouHbIM. [Ipu yBenuueHuu
BECa IOJBMYKHOTO COCTaBa YBEJIWYMBAECTCS JJIMHA
TOPMO3HOTO IyTH.
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Tpa"cmopta. — M.: MapuipyT, 2004. — 120 c.
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HccenoBano BIMsIHUE afacopOLMH KUCIOpOAa Ha IPOBOAUMOCTS IieHOK PbhTe. IMomydeHsr p-n mepexomsl
Ha ocHOBe MieHOK PbTe dotouyscTBuTensHbie B UK 061acTH CieKTpa ¢ MAKCUMYMOM (DOTOUYBCTBUTEIHHOCTH
Amax MKM. [ToKa3aH TyHHETIBHBIH MEXaHU3M MIPOTEKaHMS TOKa depe3 P-N mepexo.

ABSTRACT

The effect of oxygen adsorption on the conductivity of PbTe films is studied. Pn junctions based on PbTe
films are photosensitive in the IR spectral region with a maximum photosensitivity of 4,,,, microns. The tunneling
mechanism of current flow through the pn junction is shown.

C TpakTHYECKOW TOYKH 3pEHHUS HAMOONBIIHN
MHTEpEeC TPEJCTABISET HEPEHICHHAsl JI0 HACTOSIIEro
BpPEMEHH 3aJ[a4a MaTeMaTHYECKOTO OITMCAHMS BIUSHUS
JIaBJICHUS] KHCJIOpOJa Ha IPOBOJUMOCTH CJIOEB B
ciydae OOEIHEHWsI CJOS HOCHUTENIIMH Ha BCIO
TOJIIINHY, MTOCKOJIBKY MaKCHMaJbHas
ra3049yBCTBUTEIBHOCTD MOJUKPHCTAIIMYECKUX CIOEB
HaOJIOaeTCsT NpU  YCJIOBHM TOJTHOTO OOeIHEHUs
3epeH, Koraa AiuHa 3kpaHupoBaHusa LD mpessimaer
cpenuuii pasmep kpucramumra LC B obpasme [1]. B
9TOM ciIydae TEOPEeTHYECKHI aHaiu3 CUTyaluu
CYLIECTBEHHO YIPOINAeTCs, TaK KaK IPOLECCH
nepeHoca HOCHTeNel 3apsifa B CHIIBHO 00EIHEHHOM
CJI0€ JOMYCTUMO aHAJIN3UPOBAaTh B IPUOIIKEHUH
IUTOCKUX 30H, TpeHeOperas Kak HEOIHOPOJHOCTHIO
pacripenienieHusl HOCUTeNed Mo o0beMy 3epHa, Tak U
CKayKaMHM MOJBIDKHOCTH Ha rpaHunax 3epeH [2]. Llens
JIAHHOW pabOThl — W3YyYECHHE BIMSHUS aacopOmmu
KHCJIOPO/ia Ha MPOBOIUMOCTH HOJIHKPHUCTATUTMIECKUX
TUIEHOK OKCHJa 0JI0Ba N-THIIA, CPETHHUNA pa3Mep 3epHa
KOTOpBIX MeHbIe BenuuuHbl LD, a Taxke nomyuenne
BBIPAXEHUS, OIIMCHIBAOIIETO 3aBUCHMOCTD
KOHLIEHTPAI[MM OCHOBHBIX HOCHTENIEH 3apsijia B 3epHE
OT JIaBJICHUS KUCIIOPO/1a.

HeranbHoe MOHMMaHWE B3anuMOIM(PPYy3Un WU
B3aUMOJICHCTBUSI METAIIIMYECKUX IUICHOK Tpedyercs
BO MHOTHX OOJACTSIX TOHKOIUICHOYHOH TEXHOJIOTHHU.

Co BpemeHnH nosiBNieHHs1 0030pa Yusepa [3, 4] B 1971
TOAy 3HAYUTENBHO YBEIUYWIOCH YHCIO pPaboT IO

B3auMoaAnpdy3nu TOHKHX IJICHOK. 9to
IpUMedYaTeNlbHO B MEPBYI0  OdYepeab  OOJIBIINM
MacCcollepeHOCOM  IIpU  HU3KUX  TeMIeparypax,

0OYCIJIOBJICHHBIM HE TOJIbKO MaJbIMH PacCTOSHHUSIMH
muddy3un, HO W BBICOKOH JE(PEKTHOCTBIO TOHKHX
TIeHoK [3].

Oco0eHHO MHTEpECHA CBA3b MEXIY CTPYKTYpOn
MOBEPXHOCTH YHUCTOIO KpHUCTANIa W THPUPOJIOH U
SHepruell 0Opa3oBaHUS MMOBEPXHOCTHBIX KOMIUIEKCOB
anpcopbent-ancopbar. I'pur wu Jlm [5] wm3ywamm
KMHETUKY afcopOLMH KHCIOpOoJia Ha MOBEPXHOCTH
(100) kpucramta PbTe. Kpucramn umeer cTpyKkTypy
KaMeHHOH conu, mnoBepxHocTh (100) cocromt wu3
pachpesielieHHbIX B IIaXMaTHOM HOpSIKE aTOMOB

TeUlypa W  CBUHIA. bbUIO  TOKa3zaHO, 4YTO
MOHOMOJIEKYJISIDHAasE ~ aJcopOuus  TpoTeKaeT 70
3anonaerns 0,7, ToOcIe 4Yero HAYMHASTCS pOCT

OKHCHOM IIJICHKH, IOKPBITHUE TOBEPXHOCTHU
OIPCACIIACTCA KaK 4YUCIIO0 aﬂCOp6I/IpOBaHHBIX aTOMOB
KucjiopoJa, OTHECCHHOC K quciy aTOMOB
TOBEPXHOCTH.

yCTaHOBJ’IeHO, 4TO U3 aTMOC(i)epHBIX ra3oB
OCHOBHYIO PpOJIb B XHMHYCCKUX TIIpoHeccax Ha
MOBEPXHOCTHU XaJIbKOI'CHU10B CBHHIIa urpact


https://www.doi.org/10.31618/ESU.2413-9335.2020.6.77.1001

22

Espasutickuti Coros YueHbix (ECY) #8(77), 2020

KUCIIOPOA,  aacopOIus  KOTOpOro  NPHBOIUT K
TOSIBJICHHIO JIETHPOBAHHOT'O TOBEPXHOCTHOT'O CJIOSL.

Hamu BbipammBanuch mwieHkn PbTe tommmHO#
~50 HM Ha CHOIOIMHBIX NOIOXKKax (puc.l) co
ckopocthio 0,05-0,25 um/c. [Ipu ckopoctu pocTa Oornee
0,1 HM/C TUIEHKH WMeNH KOHIEHTPAIMI0O HOCHUTEINEH
03Ky K cobeTBeHHoM (N~10% cm3).

VYMEHBIICHHE CKOPOCTH pPOCTa OO0 BEIUYUHEI
Hiwke 0,1 HM/C TPUBOANT K MOJYUYCHHUIO TNICHOK N-THIIA
MPOBOAUMOCTH. Peryimpysi CKOPOCTb pOCTa, MOYKHO
MOJTy4YaTh IUIEHKH C KOHIIEHTPAaIWEH 3JIEKTPOHOB OT
10% no 3-10%8 cm3. MccnenoBanue HpoBOAUIOCH B
IuMama3zoHax naasieHui: ot 7,5-10° go 7,5-107 mm
pr.cT. 1 o1 7,510 MM pT.cT. 10 aTMOChEpHOTO.

B Havane B cucteMy HallyCKaeTcsi KUCJIOpPO/I, a BO
BTOPOM clydyae  Tylda  IOCTyHal  BO3AYX.
OKCHEepUMEHTHI TI0Ka3ajiH, 4YTO YXKE IpH JaBJICHUU
7,510° MM  pT.CT. HOPOUCXOAUT  HEKOTOPOE
YMEHBIICHNE KOHIIEHTPAlUN 3JEKTPOHOB, KOTOpast
IPH JaBJICHAU OKOJo 7,5-107 MM pT.CT. cTaHOBHTCH
3HAUUTETbHOW. A  1pu  OONBIIMX  JABICHHUAX
KOHIICHTPAIHS JIEKTPOHOB YMEHBIIACTCS XapaKTEPHO
muddy3noHHOMY TIporieccy [6].

Wsrorosienue AKTHUBHBbIX 3JICMCHTOB
QJICKTPOHHBIX CXEM B €AMHOM TEXHOJOTHYCCKOM aKTC
SIBJIACTCA OI[HOﬁ us3 OCHOBHBIX 3aJga4
MUKpOSJIEKTPOHUKHU. B Hameld pabote mpeanpunsara
MIOIBITKA IOy YEHHUs p-n [IEPEX0I0B B
SNHWTAKCHAIBHBIX IUICHKaX TEIUIypHIa CBUHIA NpH
BBIPALIMBAaHUN nux METO/IOM KOHJCHCAIINU
MOJIEKYJIIPHOTO MOTOKA B BakyyMme ~10° mm pr.ct. 6€3
HapyIIeHUs TMpoIecca pocTa M TNPHHYIUTCIHHOTO
BBE/ICHHS JITUPYOLIHUX MIPUMECEH.

Hcnapenne  mpoBogwiu K3 rpadUTOBOM
KHYJICCHOBCKOW SYEHKH, B KayecTBE HCTOYHHUKA
UCIIONIB30BAIM W3MENbUCHHBIH KPHUCTAIUT TeJUTypHia
CBHHIIA N-THIIA, TOAJI0XKKaMH CITY>KHIIH CKOJIBI CITIOJIBI.
Temneparypa uctounuka mensuiacs oT 900 no 1000 K,
TeMIeparypa HoaIoXKKu Opia moctostHHON Tr=598 K.
CKkopoCTh KOHJICHCAIINH U, 3a/laBajlack TEMIIEpaTypoi

WUCTOYHWKA. BpIpamyBaHue NPOBOIWIOCH Yepe3
MOJBIDKHYIO MAacKy-3acJIOHKY C IIPOpPE3sIMH, YTO
obecrieynBago  IMOIy4YeHHE  IUIGHKH B BHIC
NEPECEKAlOIUXCS.  CUCTEM  IIOJIOCOK  IIMPUHOMN

~(3-5)-102 cm. Ilocne ocaskaeHUs OXHOH CHCTEMEI
MOJIOCOK TPU TeMIiepaType ucmapurens 11, 3acIOHKa
nepekpbpiBajacb M B TedueHue  [-2  MHH.
YCTaHABJIMBAIOCh HOBOE 3HAYCHUE TEMIIEPaTyphl T2, a
3aTeM OCaXIajiach Apyras CUCTeMa TOJOCOK MPU TOH
JKe TEMIIepPaType TOIII0OKKH.

BAX mwmepsmuce npu  T=77 K Ha
JIBYXKOOPIUHATHOM CAMOITKCIIC U Ha ocHmiorpage. B
KayecTBe  OMHYECCKMX  KOHTAaKTOB K  [P-CJOI0
HCToNb30Bajcs cmas In-Au (puc.2).

BripamieHHbIe IICHKH OPHUCHTHPOBAHBI TPAHBIO
(111) mapamnensHO mommoxkke. [Ipu v, = 0,035aM/C
TUICHKK  WMEIOT  JBIPOYHYI0  TIPOBOAUMOCTH C
KOHIIEHTpaLueil HocuTeneii sapsgap = 5 - 107 em® u
HOJBUKHOCTBIO [, = 400cm?/Be. VBenudenue Uy 110
0,12 BM/c m Oonee TPUBOTUT K POCTY IUICHOK C
AIEKTPOHHOH TPOBOIUMOCTBIO C KOHICHTpamuei
n=10% Mm% u

Puc. 1. Dnexmponozpamma om nienxu PbTe na
criooe UK=0,2um/c; Tn=1800C; d=50um.

[Tromans P-N MepexomoB COCTABIsUIA BEIUUUHY
~(1-3)10%cm?, muddepeHnnanbHOE CONPOTHBIIEHHE
Ipy HyJIeBOM cMeteHnH Ro=10° Om.

Bce p-n mepexoas! 66uTH (POTOUYBCTBUTENBHBI B
UK ob6mact cnektpa. TwummdHas crekTpanbHas
XapaKkTepUCTHKAa WX TpeacTaBlieHa Ha  puc.3.
MakcumMyM (OTOUYBCTBUTEINBHOCTH TPHUXOAUTCS Ha
JUIMHY BOJHBI Ap,, MKM C TIOJIOTHM CHaJOM JI0
A~6MKM.

HocuTenek HOJBHKHOCTH
Uy, = 103cM?Be. (mpu 300 K).
I, MkA
it
it
4 -
2 -
1 | 1 1 1 1 1 | 1 1
. 3 01 | 001 03 05 UB

Puc.2. Bonemamnepnas xapaxmepucmuka p-n
nepexooa Ha ocHose naenox PbTe necuposannvix
KUCTOPOOOM 80 8peMsi pOCA.

Wzyuenne npsmbix BetBe BAX B uHTepBane
temmneparyp 77-120 K moxkasano, 4YTO TOK,
MPOTEKAIOIINI uepe3 P-N mepexoj, COCTOUT U3 JIBYX
YyacTeil: TPy MaJIBIX CMENICHUAX 3aBUCHMOCTH TOKa OT
U OSKCHOHEHIMAIbHO C IOKazareneM [ = 2, mnpu
Oonpmux cMemeHnssx HakioH BAX ¢ temmepatypoit
HE MEHsSeTcsa. DTO, OUYEBUHO, CBA3aHO C TYHHEIbHBIM
MEXaHU3MOM TIPOTEKaHUs TOKa uepe3 P-N mepexon

(puc.4).
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CONTINUOUS-TIME FRACTIONAL ORDER LINEAR SYSTEMS IDENTIFICATION USING
CHEBYSHEV WAVELET
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In this paper, the identification of continuous-time fractional order linear systems (FOLS) is investigated. In

order to identify the differentiation or- ders as well as parameters and reduce the computation complexity, a novel
identification method based on Chebyshev wavelet is proposed. Firstly, the Chebyshev wavelet operational
matrices for fractional integration operator is derived. Then, the FOLS is converted to an algebraic equation by
using the the Chebyshev wavelet operational matrices. Finally, the parameters and differentiation orders are
estimated by minimizing the error between the output of real system and that of identified systems. Experimental
results show the effectiveness of the proposed method.

Keywords: Identification, fractional order system, Chebyshev wavelet, Operational matrices, Optimization

Introduction

Building an effective and accurate mathematical
model to characterize the system’s dynamic behavior is
an important issue in many engineering fields,
especially in the community of control. Traditionally,

most of real systems were modeled by differential
equations in the frame of integer order calculus (I0C).
The integer order differential equations (IODE) are
finite dimensional, in other words, they have local
characteristic and short-term  history memory.
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Therefore, IODE can not fully describe the adequate
dy- namics of complex systems in some times. As a
branch of mathematics, fractional order calculus (FOC)
is an extension of IOC to non-integer case. Different
from 10C, FOC is non-local and it is able to emphasize
mathe- matically the long-term history memory.
Therefore, many real systemssuch as semi-infinite lossy
transmission lines [1], diffusion of the heat through a
semi-infinite solid [2, 3], viscoelastic systems [4] and
dielectric polarization [5] are more suitable to be
described by fractional order models (FOM) than integer
ones.

In recent years, modeling real control systems by
FOMs is more and more attractive to researchers. For
examples, Podlubny built a FOM for a heat- ing furnace
in [6], the lead acid battery was modeled by a FOM [7],
and Wang et al. built a FOM for thermal process in the
boiler main steam sys- tem [8]. At present, the practical
and popular way of building a FOM for a control
system is to system identification. The primary goal of
fractional order system identification is to establish a
FOM capable of reproducing sys- tem’s physical
behaviour as faithfully as possible from a series of
observations [9]. In the literature, many methods have
been proposed for fractional order system
identification. These methods can be roughly classified
into two cat- egories, i.e., the time domain methods and
the frequency domain methods. In time domain, the
equation-error and output-error methods proposed in
[10-13] are basic and typical methods. Simplified
refined instrumental vari- able (SRIVC) method [14],
subspace method [15] and set member method [16]
have also been proposed for fractional order system
identification. In frequency domain, the Levy’s
identification method was extended by Val erio et al. to
identify fractional transfer function [17-19]. The
commensurate and non-commensurate fractional
transfer function were studied in [17] and [19],
respectively. In [20], a robust estimation of FOM in
frequency domain using set membership method was
proposed. In [21], a subspace identifica- tion method in
frequency domain was proposed for commensurate
fractional order system identification. In [22], the
identifiability of FOM in frequency domain was
investigated.

Though great progress have been made in
fractional order system iden- tification, several
disadvantages are still associated with current
researches. First, no matter for time or frequency
methods, it is still difficult to iden- tify the
differentiation (or integral) orders of fractional order
systems [19], coupled with the parameters. Second,
extensive computation burden is involved in the
process of fractional order system identification. This
is because

D2 =

f;((.lT]_Q. Q

the calculation of fractional derivative of input and
output signals is more complex than integer derivative
[23].

Operational matrices, which is constructed based
on various orthogonal functions, have been widely
adopted to deal with the problems of dynamic system
such as the solution of systems, identification and
optimal control, etc. [24-26]. The main characteristic
of this technique is that it converts a differential
equation into an algebraic one. Therefore, it not only
simplifies the problem but also tremendously reduces
the computational complexities. Recently, various
operational matrices of fractional differentiation and
integration operators have been developed. B-spline
operational matrix [27], Bernstein operational matrix
[28], Chebyshev operational matrix [29], block pulse
operational matrix [25] and wavelets operational matrix
[30-32] are just a few examples. However, these
operational matrices were used to find numerical
solution of various fractional differentiation equations.

Motivated by the above facts, a novel method
based on Chebyshev wavelet operational matrix for
FOLS identification is proposed in this paper. Com-
pared to other orthogonal functions, Chebyshev
wavelet has several attractive features. First, wavelet
can provide accurate representation of many functions
and operators. Second, it is local supported, and is very
suitable to the analysis of system with abrupt
variations. Furthermore, Chebyshev wavelet can be
regarded as the hybridization of Haar wavelet and
Chebyshev polynomial. First, the FOLS is converted to
an algebraic equation via Chebyshev wavelet
operational matrix. Then, the parameters and
differentiation orders of the FOLS are simultaneously
identified by minimizing the error between the output
of the true system and that of identified system.

The rest of this paper is organized as follows. In
section 2, some mathematical knowledge relative to
fractional calculus are briefly introduced. The
Chebyshev wavelets and their fractional integration
operational matrix are given in section 3. The
identification of FOS using Chebyshev wavelets are
explained in section 4. The experimental results are
given in section 5. Finally, conclusion remarks are
given in section 6.

Mathematical background

Definitions of fractional
integrals

In this section, we give some necessary definitions
which will be applied in this papper. Fractional calculus
is a generalization of the integration and differentiation
to non-integer order fundamental operator aDa, where
aand t are the limits and o (aR) is the order of the
operation [23]. The operator is defined as

derivatives and

i‘i‘ a >0

I, a=0, (1)

.'f\w
(-
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There are several definitions for fractional and Riemann-Liouville (R-L) definition will be used in
calculus. Among these definitions, the G-L definition  this paper. The G-L definition is given as

[t—al/h

.1 ,
DFF(1) = lim - 3 (j.’)f(f—m (2)
j=0

where [-] means the integer part, and

( q ) I CR VINCESY -
J I(j+ 1) (a+j—1) ’
I'() isthe Euler’s Gamma function and his the finite sampling interval. The R-L definition is given as [25],
. 1 d\" [t f(r)
e e A= W

where n —1 <a <n,n e N. The fractional integration of R-L is given by

Lot flr)
(I F)(t) = — dr. (5)
e Do) Jo (t=7)7 |
where t > a and « is the real positive integration Another useful tool for describing fractional order
order. system is the Laplace transform. The Laplace transform

The Laplace transform of fractional derivative of R-L fractional derivative is defined as [33]

..

3
|

—

LLDEf (1)} = S F(s) = 3 s oDg™ 1 £(1))mo. (6)
0

by
Il

Under zeroinitial condition, the Laplace transform of fractional derivative is simplified as
L{oD; f(t)} = s*F(s). (7)

The Laplace transform of fractional integral under zero initial condition is given as

_ 1
& o _ . "
LG ()} = —F(s). (8)
Chebyshev  wavelet operational matrix of Waveletsare a family of functions constructed from
fractional integration a dilation and trans- formation of a single function
Chebyshev wavelet called the mother wavelet. The continuous wavelets are

defined as [34]

Uap(t) = |a.|_l’/2?;"‘ (t%b) ca.be R a#0, (9)

where (t) is called the mother wavelet, a is the  discrete values as a = a¥, b = nakho (a0 > 1, bo >0, nand
dilation parameter and b is the translation parameter. If Kk
the dilation and translation parameter are restricted to 0 O
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are positive integers), one can obtain discrete
wavelets as

Urn(t) = |ao| 2 (afit — nby). (10)

Chebyshev wavelets are constructed from Chebyshev polynomials, they are defined on the internal [0,1) as

. 2,1.‘/2 T (9k — 9 T <t < .
-a---mm_{ R (11)

B 0, othm wise

where k is any positive integer, n =1, 2, - - -, 21, and Un(t) is defined as

lf\/_ m =10 .
; 12
Un { V21T (t)., m >0, (12)

where m=0, 1 - -, M— 1, Tm(t) is the first kind  function w(t) = 1/ 1 — t2 on the interval [-1,1]. Tm(t)
of Chebyshev ploynomials with the degreVe of m, can be determined by thefollowing recursive formula,
which are orthogonal with respect to the weight

To(t) =1, Ti(t) =1, Thp(t) =2tT(t) = Trna(t). m=1,2,3.---
(13)

Any square integrable function f(t) on the interval [0, 1) be expanded onto Chebyshev wavelet series as

D=3 conthun(t). (14)

n=1 m=0

where cnm is called wavelet coefficient and is given by

Cam = (F(t), bum(t)) = /O F(E) (1) dt. (15)

In practice, the series is truncated and one has an approximation of f (t) as

-1

[ 8]
?..
..-

M-

,_.

IIE

c an—’mn( ) CT W(t ( ) ( 16)

n=1 0

3
I

where C and (t) are 25*M x 1 matrices given by

C= [Clo_-. Ci1, " " 5 C1M—15C20, " * ", C2M—1, " * "5 Cok—1p, * * 7 Czk—lﬂf—l]T (17)
(t) 2 [10, Y11, - - Yim—1, P20, - - - Yang—1, - - - Yor1g, - - - Yor1pr—q] T (18)

Chebyshev wavelet operational matrix of fractional integration
For a Chebyshev wavelet vector ¥(t) in (18), if

(LY)(t) = PU @), (19)

then P is called the Chebyshev wavelet operational ~ wavelet operational matrix of fractional integration via
matrix of fractional in- tegration, whose size is 2“'M  the block functions. Since Chebychev wavelets are
2IM . In the following, we derive the Chebyshev
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piecewise constant, they can be expended into m-term
block pulse functions as

]'Ifm(t) - {I)m.x-mBm(t)a (20)

where B(t) = [b1(t),b2(t), - ,bm(t)] " is block pulse function vector with

1, L<t<td
bi(t) = { 0. otherwise ' (21)

The block pulse operational matrix of fractional integration F ¢ is [35]

fi o f3 ... fu
0 f fo ... fua

FQ—(%) ﬁ - .fl fﬂ{—Q (22)
o ... .. 0 fH )

where f, = 1, f, = p*12(p1)“! + (p2)**L. Take the R-L fractional integration in both sides of Eq.(20), one can
obtain - T

(I[?q’fm)(t) = (I§q>771x-m3171)(t) = {I)m.x-m(ISBm)(f) = {I)mmeaBm(t)- (23)
FromEq.(20), one has

Bp(t) = @

M X1

U, (t). (24)
Substitute Eq.(24) into Eq.(51) and we canget

(I80,,)(t) = &y n FOD !

mxm

U, (1), (25)

therefore, we have the Chebyshev wavelet operational matrix of fractional integration as

- o g —1
Prﬁ-x-m = Qpx m-FQ(I)-mx m: (26)
The analytical expression of fractional integrable function f (t) can be expressed as
(I°f)(t) = CTP*W,,(t). (27)

By applying the Chebyshev operational matrix, consideration. The Chebyshev operational matrix of
one can convert the frac- tional integral of a function  fractional derivative Go. can be obtained by inverting
into an algebra operation, which can dramatically the matrix P a, i.e.,
reduce the complexity of problems under

G = p°. (28)
FOS identification using Chebyshev wavelet Consider a single input single output (SISO) linear
operational matrices time invariant (LTI) fractional order system described

by the following differential equation,
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T

Z a;Dy'y(t) = Z bngj-u(t). (29)

i=0

The transfer function of the system (29) is given as
H( ) }f(s) b'm'gﬁm + b-m—lsﬁm_l + -+ boS"ﬁD
S) = — =

L'I (S) a_nsﬂ'n + a_n_lsﬂn—l _I_ PR _I_ a_DSCt'(}

(30)

where ;i and g are arbitrary positive real numbers, In this paper, the Chebyshev wavelet operational
u(t) and y(t) are the input and output of the system. matrices of fractional integral is utilized for this
The goal of FOLS identification is to estimate the  purpose. To this end, both the numerator and
system parameters ai, bj, and the differential orders ai  denominator divide san , one can get
and Bj according to the measured input and output data.

}f(s) bms'ﬁm_an + b.m_ls-"ﬁm_l_aﬂ g bosﬁo—ﬂn

U(s) A+ Ay SO=17 4 SO0

H(s) = (31)

Eq.(31) can be expressed as
T T
N @[TV (s)] =Y bi[sP U (s)). (32)
i=0 j=0
Applying Eq.(27) to the system input and output, one can get

(Igy)(t) = CEP T, (1), (33)

And
(Igu)(t) = Cy P Ty (1). (34)

Take the inverse Laplace transform of both sides of Eq.(32) and using Eqgs.(33)- (34), one can get

CEDV,,(t) = CENT,, (1), (35)
Where
D = apP*" ™™ + a P + -+ apl, (36)
And
N = bo PP 4 by PP 17 o by L (37)
From Eq.(35), onehas
cy =CiND. (38)
Since
y(t) = Cy Uin(t), (39)

Therefore, wehave
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y(f‘) — CE:;T\FD_lllfﬂI(t)'

Eq.(40) provides an effective and simple way to
calculate the output y(t) of fractional system (29). It is
an algebraic operation instead of differen-tial equation,
which avoids complex calculation of fractional
derivative of input and output signal. Furthermore, the
matrix ND ™! contains the sys- tem parametersand the
fractional differential orders. The above advantages

§(t) = CEND™'W,, (1),

(40)

enable us easily to construct an algorithm to identify the
parametersand the fractional differential orders.

Let a1, "bj, i and B7j be the estimation of ai, bj,
ai and Bj. According to (40), the operational matrix
representation of the output of the estimated system can
be written as

(41)

where N and D are the estimation of matrices N and D. The optimal estimation of parameters can be obtained

by minimizing the following objective function,

.

(a;.55.67, 57) =

where T is the admitted search range of system
parameters, and L is the number of data point used for
parameter estimation.

To solve the optimization problem (42), many
conventional optimization techniques can be used. In
this paper, fmincon function in MAT- LAB
optimization toolbox is used. For the convenience of
statement, let 6 =[al, a2, - - - ,an, bl, b2, - - -, bm, al,
a2, - - -, an, Bl, B2, - - -, pm] be the gener- alized
parameter vector of system (16), which contains the
parameters ai, bj and the fractional differential orders
ai and Bj, 0" be the estimation of 6. The main steps for
identifying the parameters and fractional differential
orders of the fractional order system are summarized as
follows:

Step 1: Preparing identification data. Exciting the
original fractional system using an input signal u(t) and
record the its corresponding output y(t).

RE=|0-6]/]6].

Example 1
Consider a FOLS as

min
(d,b.60.3;)€T

(42)

73 lw(t) — (1)

t=1

Step 2: Let k = 0, give an initial guess of the
estimated parameter vector 670, and calculate the
output of estimated system according to Eq.(34).

Step 3: Performing an iterative process to get the
next estimation 6°k using a certain optimization
method.

Step 4: k = k + 1, and goto Step 3 until a
termination criteria is satisfied.

Simulation examples

In this section, four identification examples are
given to show the effec- tiveness of the proposed
identification method. To quantify the estimation
accuracy, the relative error (RE) of parameters
identification and the mean square error(MSE) between
the output of the true systemare calculated. RE is defined
as

(43)

2.5

s

(44)

First, both the numerator and denominator divide s?5, then, the transfer function of system(44)can be written

as

2 .55 25

H(s)

The coefficient of system (44) are a, = 0.7,
a1 = 1.5 a, = 1.2, bo = 2.5 and the integral order are
00=2.5,a1=1.2, 02 =0, fo = 2.5. A unit step signal is
used as input to excite the system and record the input
output data. In simulation, we select M = 4, k = 7.

T 12+ 15512107525

(45)

Therefore, the dimension of the Chebyshev wavelet
operational matrix is m = 256.

And we can take 1000 collocation points on the
interval[0,10]. Therefore, for arbitrary orders, the input
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signal vector U inEq.(23)isU =[1,1, ,1]7, whose length
is equal to 256.

The identification of the parameters and orders is
achieved by minimizing objective function (42). To this
end, the MATLAB function fmincon with interior-
point method is adopted. The identification results are
listed in Table 1, which are compared with the Haar

wavelets operational matrix method. The step response
of the true system and the identification system are
plotted in Fig.1, and the Bode diagrams are shown in
Fig.2. Itcanbe seen that the parameters of the identified
system are in agreement with the true values, so the step
responses are almost overlap. The frequency responses

Table 1: Parameter identification results of Example 1

Parameter True value Haar wavelets Chebyshev wavelets
o 2.5 2.4991 2.4992
o 1.2 1.2011 1.2010
% 0 0 0
Bo 2.5 2.4980 2.4981
ag 0.7 0.7054 0.7052
ay 1.5 1.5135 1.5128
as 1.2 1.2169 1.2157
bo 2.5 2.5265 2.5249
PE 0.0070 0.0066
MSE 5.4840e-05 5.0542e-05
6.0 | | | |
50 -
L A0
£30F
3 L
2.0
i true model
1.0 ++ + » jdentified model []
0.0 ] ] ] ]
0 2 4 6 8 10
Time (s)

Figure 1: Step responses of the true system and the identified system of Example 1
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= true model
— identified model

Magnitute(dB)

Phase(deg)

10° 104

_27[] MEEWRTIT | PRI | PR YT | A --nnul. PR

1t 10* 10?2 10! 10° 10! 10°
Frequency(rad/sec)

Figure 2: Bode diagram of the true system and the identified system of Example 1

of the two systems come to the same conclusion. The identified the system is verified by using a
Therefore, the identified models give satisfactory sinusoidal u(t) = sin(t) as the input signal to excite the
results. system. The response of the two systems are shown in

Fig.3.

~ | T T

+ s+ + Jdentified model
true model

0.3
0.2
0.1
0.0
—0.1
02
—0.3 I | |
0 2 4 6 8 10
Time (s)

Figure 3: Sinusoidal responses of the true system and the identified system of Example 1

Output

Example 2 The second FOLS with the following transfer
function is considered,

Y(s 2.3513 +3
IO & — (16)
U(s) 1.5s214+0.7s15 4+ 278074+ 0.5
Similarly, the numerator and denominator of
system (46) both divide s'®, then system (46) can be
rewritten as
2.3570% 435721 .
H(s) = (47)

1.540.7s706 427514 4 (.55—21

The parameters of system (46) are ap = 0.5, As in Example, a unit step signal is used as input to
a1=2.7,a2=0.7,a3=2.3,bp =3, b1 =2.3 and the orders  excite the system. The identification process is the same
areap=21,a1=1.4,02=0.6,03=0, fo=2.1, 1 =0.8. as Example 1. The identification results are shown in
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Table 2. The step response of the true system and that of
identified systemis shown in Fig.4 and the Bode diagram
is shown in Fig.5.

The identified system is verified by using an
sinusoidal as input. The responses of the true system and

the identified system for sinusoidal signal are shown in
Fig.6. It can be seen that the time and frequency
responses of the two systems are very close. Therefore,
the identification results are satisfactory.

4.0 T T

Output
) wo
=) <)
I I

=
(=
I

+ identified model [
true model

0.0 ' '
0 2 4

Time (s)

6 3 10

Figure 4: Step responses of the true model and the identified model of Example 2

Table 2: Parameter identification result of Example 2

Parameter True value Haar wavelets Chebyshev wavelets
ag 2.1 2.1237 21177
aq 1.4 1.4139 1.4111
g 0.6 0.6753 0.6636
as 0 0 0

Bo 2.1 2.0822 2.0859
B 0.8 0.7925 0.7925
ag 0.5 0.4231 0.4412
a, 2.7 2.7202 2.7235
as 0.7 0.7329 0.7213
as 1.5 1.5313 1.5373
by 3 3.0456 ,3.0465
by 2.3 2.2618 2.2766
PE 0.0227 0.0191
MSE 8.3603e-05 5.4363e-05

—true model

— jdentified model

Magnitute(dB)

45
- [ | (1 (1 (1 Y (1 (1
§ 0 _
E
= —45F -

P

renml PP ESPRPITY BEAPR PP

_90 PRI B TR B AR T R

10° 103 102 10!

10" 10! 102 10° 10*

Frequency(rad/sec)

Figure 5: Bode diagram of the true model and the identified model of Example 2
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2.0 T T T T

+ o+« jdentified model | 4
true model

Output

Time (s)
Sinusoidal responses of the true model and the identified model of Example 2

Figure 6:

Example 3
Here, we consider an integer order system, which

is a special case of fractional system. Its transfer
function is given as

gat

n
——’

[
| =

The numerator and denominator of the system both divide s?, one gets

=
S

H(s) = 143571 4252

(49)

The parameters of the system are ap = 2, a1 =3, Fig.8, respectively. It can be seen that the time and
frequency responses of the two systems are very close.

a2=1,bo=1, and the ordersare ap =2, a1 =1, a2 = 0.
The identification process is the same as the previous
two examples. The estimated values are listed in Table
3 . The step responses and Bode diagrams of the true
system and the identified system are shown in Fig.7 and

Example 4

function is given as

G(s) = :
)T 140045131 + 6009.55997 +1.69°

Lastly, a heating furnace is considered, its transfer
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Table 3: The parameter identification results of Example 3
Parameter True value Identified value

g 2 1.9987 1.9987
%} 1 0.9967 0.9967
o 0 0 0
Bo 2 1.9983 1.9983
ag 2 1.9797 1.9844
a 3 2.9715 2.9786
as 1 0.9946 0.9970
bo 1 0.9909 0.9934
PE 0.0075 0.0056
MSE 4.7642e-06 4.7406e-06
0.5 T | T
0.4 -
E_ 0.3 -
5 0.2 -
0.1F + » identified model |
B true model J
0.0 | | | |
0 2 4 6 8 10
Time (s)

Figure 7: Step response of the true system and the identified system of Example 3

i | L | ™y L] L T
. 0F -
=2
T —s0f -
?L‘ —100F —— true model 7
E _1:}[] L — jdentified model -
=

_.)[][] EWETT EEEEW T BT ErETTTT B w1 BT BETErETTIT B E T |
-0

Phase(deg)
|
=

—135

—180 - - - .

10t 10® 10?10t 10° 10 102 10° 10*
Frequency(rad/sec)

Figure 8: Bode diagram of the true system and the identified system of Example 3
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» 1dentified model
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Figure 9: Sinusoidal responses of the true system and the identified system of Example 3

Also, the numerator and denominator both divide s'-3! and one can get

Y(s)

.—1.31

S

U(s) "~ 14994 + 6009.55 03 4 1,605 131"

The parameters of the system are ap = 1.69,
a1 =6009.5, a; =14994, by = 1, the orders of the system
are oo = 1.31, a1 = 0.34, a2 = 0 and fo = 1.31. The
identification process is similar to the previous three
examples. The identification results of parameters and

(51)

thefractional differential ordersare listed in Table 4. The
step responses and Bode diagrams of the true system
and the identified system are shown in Fig.10 and
Fig.11, respectively.

Table 4: Parameter identification results of Example 4

Parameter True value identified value

o 1.31 1.3562 1.3306
o 0.34 0.3858 0.3565
oo 0 0 0

Bo 1.31 1.3481 1.3285
ao 1.69 1.6484 1.5965
a 6009.5 6009.02 6009.1337
as 14994 14994 14994.2317
by 1 1.0591 0.9654
PE

MSE

Conclusion

In this paper, a novel method is proposed to
identify FOLS based on Chebyshev wavelet
operational matrix of the fractional integration. Several
simulations are presented to demonstrate the efficiency
of the methodology for fractional system identification.
Compared with block pulse functions and Haar

wavelets operational matrix method, Chebyshev
wavelets operational matrix method has better accuracy
with lower PE and MSE when applied to the
identification of fractional system. The precision can be
improved by increasing the dimension, but it comes at
the cost of computational time
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0.7 T T T T

Output
o O
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+ identified model
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L L ! L 1
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Time (s)

e @
o =

Figure 10: Step response of the true system and the identified system of Example 4

—— true model

Magnitute(dB)
<

—150 F = identified model
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Egy -
2 oot -
_135 MEERTTY B RN TTTT B R T T R Il PRI BRI B E e |

104 1% 1w? 10t 10° 10! 102 108 104

Frequency(rad/sec)

Figure 11: Bode diagram of the true system and the identified system of Example 4

0.0 T T [ I

true model
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Output

0 2 4 6 8 10
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Figure 12: Sinusoidal responses of the true system and the identified system of Example 4
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PepaKkuuoHHaA Koanerua:
A.N.H., npodeccop ApKyauH T.B. (Mockea, P®P)

YneHbl pegakuMOHHOM KoNernu:

e AprtadoHoB BaAuyecnaB bopucoBuY, KaHAMAAT OPUANYECKMX HayK, AoUeHT Kadeapbl
3K0JI0rMYecKoro 1 npupogopecypcHoro npasa (Mocksa, PO);

e WrHatbeBa WpuHa EBreHbeBHa, KaHAMAAT 3KOHOMMYECKMX, npenoaaBaTtesnb Kadeapol
MmeHeaxmeHTa (Mockea, PO);

e  Ka)kemaeB AnekcaHap BMKTOpoBWMY, KaHAMAAT MCUXONOTMMYECKMX, AOO0LEHT Kadeqpbl
¢duHaHcoBoro npaga (CapaTos, PO);

e  KopTyH ApKaguit BnagmmmpoBuu, OOKTOP negarornyeckux, npodeccop Kadeapbl Teopumn
rocyaapcrtsa v npasa (HuxHuit Hosropoa, P®);

e PoBeHcKaa EneHa PadaunnoBHa, OOKTOp lOpUANYECKUX HayK, npodeccop, 3aBeayowmim
Kadeapoi cynebHbix akcnepTuns, anpektop MHcTUTyTa cyaebHbix akcnepTtns (Mocksa, Poccus);

e  Cenuktaposa KceHuns HukonaesHa (Mocksa, Poccus);

e  CopHoBcKasa Hatanba AnekcaHapoBHa, AOKTOP COLMOJIOTMYECKUX HayK, npodeccop Kadeapbl
COLMOIOrMN U NOAUTONOTNN;

e  CBUCTYH Anekceit AneKkcaHApPOBWMY, KaHAMAAT PUNONOrMYECKUX HAYK, AOLEHT, COBETHUK Npu
pekTopate (MockBa, Poccus);

e  TiomeHeB AMUTpUit AnekcaHapoBuY, KaHAMAAT opUANYECKUX HayK (Knes, YKpaunHa)

° BapkymoBa EneHa EBreHbeBHa, KaHANAAT GUNONOTNYECKMX, AOLLEHT Kadbeapbl puaonornm

e (ActaHna, KasaxcTaH);

o  KasepwH Bnagumump BnagmmmpoBmY, Hay4YHbIN COTPYAHUK apXUTEKTYPHOrO paKybTeTa, OLEeHT
(MwuHck, Benopyccus)

o YykmaeB AneKkcaHap MBaHOBMY, LOKTOP IOPUANYECKUMX HAYK, Npodeccop Kadeapbl yroN0BHOMO
npaBsa (ActaHa, KasaxcTtaH)

OTBeTCTBEHHbIN penakTop
A.Mn.H., npodeccop KapkywuH Amutpuii Netposuy (Mocksa, Poccus)

XyAoXKHUK: KocbirnH B.T
BepcTKa: 3apybuHa K.J1.
ypHan 3apernctpmposaH ®PepepanbHoit cnybon no Hagzopy B chepe cBA3n, MHOOPMALMOHHBIX
TEXHO/IOMMIM N MACCOBbIX KOMMYHUKALLUIA.

CtaTbu, NoCTynatoLLMe B pefaKkLumio, PeLeH3npyoTcs. 3a 4OCTOBEPHOCTb CBEAEHUM, U3NOKEHHbIX B CTATbAX,
OTBETCTBEHHOCTb HECYT aBTOPbI. MHEHMeE pefaKLMM MOKET He COBMNaZaTh C MHEHMEM aBTOPOB MaTepPUasoB..
Mpu nepeneyaTKe CCbIIKA Ha XKypHan obssatenbHa. Matepuanbl Ny6AMKYHOTCA B aBTOPCKOW peaaKkLuu.
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