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HccaenoBanne IMHAMHUYECKHUX XAPAKTEPUCTHK FOJIOHOMHOI0 podoTa
€ KOJIeCaMM THIIA MEKaHyM
Ha ocHOBe 3D mapamMeTpu4ecKoid MMUTAIIMOHHOW MOJIEJIH

) )

Maructpant A. A. Paakesnu", kanu. Texn. nayk, non. C. A. Iapmokosen’

1)E»enopyccmi/'l HalMOHAJIBHBIN TeXHUUECKNH yHuBepcuteT (MuHck, PecryOnuka benapycs)

© benopycckuil HallMOHANBHBIN TEXHUYECKUH yHUBepcurerT, 2024
Belarusian National Technical University, 2024

Pedepat. B crathe mpoBeneH aHaIN3 AMHAMUYECKUX ITOKa3aTesIedl YeThIPEXKOIECHOTO MOOMIIBHOTO po0OTa, MPUBOIUMOTO
B JIBIDKCHHE BCEHAIPABICHHBIMU KOJIECAMH THIA MeKaHyM. Jiis momydeHust HHGOPMAaInH O €ro JUHAMHYECKUX XapaKTepH-
CTHKaxX pa3paboTaHa KOMITBIOTEPHAsT MOJIEIIb B IIPOrpaMMHOM cpene 6irounoro mojenupoBanust MATLAB Simulink, kotopast
HO3BOJIMIA UCCIIEIOBATH NOBEACHUE TOJIOHOMHOTO MOOMIIBHOIO 0OBEKTA C KOJIECaMU MEKaHyM B ITyCKO-TOPMO3HBIX PEXKHUMAX,
HE TOJIKO OCHOBBIBAsICh HA €r0 MAaTEMaTHYECKOH MOJEIH, HO M YyUUThIBas MaccorabapuTHbIE MapaMeTpsl poOoTa, BHEIPEH-
HBIE B MOJIETTb Y€Pe3 HHTETPALHIO TPEXMEPHOTO IN(POBOrO MPOTOTUIIA UCCIIEAYEMOT0 00beKTa. M3yueHne qUHAMIKY BCEHa-
MIPaBJICHHOTO po00Ta pacCMaTPUBAIOCH B paMKaX MOJEIHPOBAHUS pa3roHa, PABHOMEPHOTO ABM)KEHUS M TOPMOXKEHHST O0BEK-
Ta Ha IDIOCKOCTH II0 IPSIMOJIMHEHHOH TpaekTopun. B pe3ynbTaTe mMoy4eHbl 3aBHCHMOCTH KHHEMAaTHIECKUX, JHHAMUYECKIX
U MEXaHMYECKHX XapaKTEePUCTHK: YIJIOBOH CKOPOCTH M BPAIIATEIFHOI0 MOMEHTA KaXJIOro KoJieca OT BPEMEHH, JIMHEHHOU
CKOpPOCTH LIGHTpa Macc po0oTa OT BpeMEHH, ITPOHIEHHOTO pOOOTOM IyTH OT BPEMEHH, OIIMOKH MO3UIIMOHUPOBAHUS IIPH OTPAOOTKE
3aJaHHOTO TEPEMEICHHS, MPOCTPAHCTBEHHOH BM3yanm3auuu KoneOanuii ckopoctd. [Ipm momomm wuHcTpymenta Mechanical
Explorer ¢ ncrions3oBaHreM HHTETPHPOBAHHOTO B MOJIENB IIM(POBOTO KIIOHA HCCIIETYEeMOro poboTa IOTydeHa aHUMAIsl JBIDKe-
HUsL 00BbeKTa Mo TpaekTopuu. [IprMeHeHHBIN MOIXOJ, OCHOBAaHHBIM Ha MHTErpalld MaTeMaTH4YecKOi OJOYHOW M TpeXMepHOH
MapaMeTPUYECKO Moziesieil 00beKTa ¢ BO3ZMOXKHOCTBIO BU3Yaln3alil M aHUMALUU PE3y/IbTaToB, MO3BOJIAET HaHOOIee MONHO HC-
CIIEZIOBATh JUHAMIKY M KHHEMATHKY HEJMHEIHBIX MeXaTpoHHBIX crucTeM. [lomydeHHble qanHbIe 00 ommOKax MO3WIMOHNPOBAHHS
M KOJIEOAHMSIX CKOPOCTH B TPEX KOOPAMHATAX ITO3BOJIMIIN CAEIATh BEIBOJ O HAJIMYHMY CIIy9alHBIX KOJIEOAHHH NPH IBYDKEHUN pOOO-
Ta, OJHAKO 3TO HE OKA3aJI0 3aMETHOT'0 BIIMSTHHSI HA TOYHOCTH OTPAOOTKHU 3aJaHHOH TPaeKTOPHHL.

KnroueBble ci10Ba: MOOMIBHBIN poOOT, BCEHANPABICHHOE BI)KEHHE, KOJIECO MEKaHyM, TOJIOHOMHBIN OOBEKT, IBI)KEHHE 110
TPaeKTOPHHU, UMHTALMOHHOE MOJACIMPOBAHKE, TAPAMETPHYECKOE MOJICIUPOBAHKE, LIM(PPOBOH IPOTOTHUII, TUHAMUYCCKUE Xa-
PaKTEPUCTHKH

Jas nurupoBanusi: Pankesuy, A. A. MccrnenoBanue AMHAMUYECKUAX XapaKTEPUCTHK TOJJOHOMHOTO po0oTa ¢ KOJeCaMH THIIa
MeKaHyM Ha ocHoBe 3D mapamerpuueckoil umutanmonHon moaenu / A. A. Paakesuu, C. A. IlaBmtokosent // Hayka u mexnu-
xa.2024. T. 23, Ne 5. C. 359-369. https://doi.org/10.21122/2227-1031-2024-23-5-359-369

Investigation of Dynamic Characteristics of Holonomic Robot
with Mecanum wheels Based on 3D Parametric Simulation Model

A. A. Radkevich", S. A. Pauliukavets”

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper analyzes dynamic characteristics of a four-wheeled mobile robot driven by omnidirectional mecanum
wheels. To obtain information about dynamic characteristics of the robot, a computer model was developed in the MATLAB
Simulink block modeling software environment. The constructed simulation model allowed to research the behavior
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Hugpopmamuxa

of a holonomic mobile object with mecanum wheels in start-braking modes, based not only on its mathematical model,
but also ta-king into account the weight and size parameters of the robot, introduced into the model through the integration
of a three-dimensional digital prototype of the object. The investigation of the omnidirectional robot dynamics was considered
within modeling the acceleration, uniform movement and deceleration of an object on a plane along a rectilinear trajectory.
As a result, the dependences of kinematic, dynamic and mechanical characteristics were obtained, such as the dependence of
angular velocity and torque of each wheel on time; the dependence of linear velocity of the robot's center of mass on time;
the dependence of distance traveled by the robot on time; positioning errors while processing a given movement; spatial visu-
alization of speed fluctuations. With the help of Mechanical Explorer tool, using a digital clone of the robot integrated into
the model, an animation of the object’s movement along the trajectory was obtained. This approach, based on the integration
of mathematical block and three-dimensional parametric models of the object with the possibility of visualization and animation
of the results, allows to most fully investigate the dynamics and kinematics of nonlinear mechatronic systems. The obtained infor-
mation of positioning errors and speed fluctuations in three coordinates allowed to conclude that there were random fluctuations
during the robot’s movement, but their presence did not have a noticeable effect on the accuracy of the specified trajectory. MoGub-
HBI poOOT, BCEHAIPABICHHOE JIBUKCHHE, KOJIECO MEKAaHyM, TOJIOHOMHBIN OOBEKT, JBIDKCHHE 110 TPACKTOPUH, MMHTALIMOHHOE
MOJICJTUPOBAHHE, [TApaMETPHUCCKOE MOJICITHPOBAHHE, LIU(POBO POTOTHII, JUHAMUYECCKUE XapaKTePUCTUKA

Keywords: mobile robot, omnidirectional motion, mecanum wheel, holonomic object, trajectory movement, simulation mo-
deling, parametric modeling, digital prototype, dynamic characteristics

For citation: Radkevich A. A., Pauliukavets S. A. (2024) Investigation of Dynamic Characteristics of Holonomic Robot with
Mecanum wheels Based on 3D Parametric Simulation Model. Science and Technique. 23 (5), 359-369. https://doi.org/10.

21122/2227-1031-2024-23-5-359-369 (in Russian)

BBenenue. IloctanHoBKka meaun
W ompejiesieHUe 32124 UCCIIeI0BAHUS

[IpoGemaTrka UCCIIEOBAHUS U aHANIH3a JIBH-
JKEHHsI TOJIOHOMHOTO MOOWJIBHOTO OOBEKTa, TO
€CTh TaKOT0, KOTOPBIH CIOCOOEH HETpephIBHO IIe-
peMemnaThCs B IIOOBIX HANPaBICHUSAX, OTPAaHUICH-
HBIX TOJIBKO €T0 CTENEHSMH MOJBUKHOCTH, OIHpa-
eTCSl Ha pelICHHE CIOXHBIX 3a/lad KUHEMAaTHUKU
U TUHAMHKH, (GOPMATU3YIONINX MOBEICHUE 00BEK-
Ta KaK B CTATUYECKOM, TaK U B JUHAMUYECKOM
pexxnMax paboTel. B 3amade aHanmza auHaMude-
CKOM CBOWCTB MOOMIJIBHOTO POOOTa IPH M3BECTHBIX
ero mapameTrpax M CTPYKType HEOOXOOUMO OCHO-
BBIBATHCA HA TIOKA3aTEIsIX KaueCcTBa CHUCTEMBI,
a4 UMEHHO TOYHOCTU MO3ULMOHUPOBAHUS MPU OT-
paboTKe 3amaHHOW TPAEKTOPUH, OTKIOHEHHWH OT
HaMEUYeHHOW KOOPAMHATHI B HECKOJBKHX IJIOCKO-
CTSIX, K0JeOaTeIbHOCTH MEPEMEHHBIX B IEPEXO[-
HBIX PeXHUMAaX MPU IUHAMUYECKUX YCIOBUSX JIBU-
JKEHUSL.

Bompocsl aHanu3a IWHAMHUKM W KUHEMaTHKU
BCCHAIPABICHHBIX MOOWIBHBIX POOOTOB aKTHBHO
U3Y4aloTCS U OTPAXEHBI B psAJC HAYUHBIX HCCIe-
noBaHui. Tak, B ctaThe [1] aBTOpBI OTMETHIIH, YTO
KHHEMAaTHKa JBUKCHHS MOOWIBHBIX POOOTOB C
KOJecaMH MEKaHyM Ha IUIOCKOCTH JIOCTaTOYHO
XOpOIIIO HCCeoBaHa, B TO BpeMs Kak JWHAMHKa
CBOOOJHOTO WM YHPaBJIIEMOTO IBHKEHUS MPAKTH-
YeCKH He paccMaTpuBaercs. B asrToit ke pabore
MpEACTAaBICHbl YPAaBHEHUS OUHAMUKH YIIpaBiisie-
MOTO IBWKEHUS MPH IBIKEHWH poOOTa Ha Kole-
Cax MEKaHyM BJI0Jb Pa3iIM4HBIX TpaekTopuil. [lan-
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HOMY BOIPOCY yJelIeHO BHIMaHUE U B TEKCTE CTa-
TbU [2], Tme wuccleqoBaHa TUHAMUKA JIBMKCHIS
MOOMIIBHOTO PO0OTa TpH Pa3IHYHBIX BHEIIHUX
CWiIax, NEHCTBYIOIUX Ha Kojeca MekanyM. Coue-
TaHWEe JUHAMHYECKOTO W KHHEMaTH4YeCKOTO
yHOpaBJieHusS poOOTaMH Ha KoJiecaX MEKaHyM, Kak
OTMEUYeHO B [3], MO3BOJIAET IMOBBICHUTH TOYHOCTH
yIOpaBlieHHS M OCYIIECTBUTH €ro ONTHMH3AIUIO,
ONIHAKO TpeOyeT mpopabOTaHHYK MaTeMaTHye-
CKyI0 MOJIENIb CUCTeMEI. B oTinume oT KuHeMaTu-
YECKOTO YIIPaBJICHUS IapaMeTpaMH CKOpOCTel
KoJiec 0o TeHTpa Macc podoTa MOJENb, COCTAB-
JIEHHasl ¢ Y4eToM JWHaMHuYecKux (pakTopoB (3Ha-
YCHHWI MOMEHTOB, CWJI TPEHUs), JEMOHCTPUPYET
0oJ1ee BEICOKYIO TOUYHOCTD TP JIBHKEHHH.

Psn wccnemoBaHmii MOCBAIIEH KOMIBIOTEPHO-
My MOJIEIHPOBAHHUIO PEKUMOB IBM)KCHUS BCEHa-
MIpaBJIeHHBIX MOOMIBHBIX poboToB. Kak mpasmio,
MOJICTTUPOBAaHHE MOOWMIBHBIX POOOTOB Ha KoOJecax
MEKaHyM OCYIIECTBISACTCA JUIA H3Y4YEHHs OTpa-
OOTKM 3aJaHHOHN TpaeKToOpWuH, a caMm poOOT pac-
CMaTpUBAETCS C TMO3UIMH CHUCTEMBI YIIPABICHUSI.
B uwactHocTH, B mokmame [4] cmporHo3upoBaHa
TPAeKTOPHUS JUIS YIPABICHUS NICCTHKOJCCHBIM
MOOWJIBHBIM pPOOOTOM MEKaHyM U TIPOBEICHO
MOJICIUPOBAHUE CHUCTEMBI YIIPaBJICHUS, TOCIE
Yero MmoKa3aHO CpaBHEHHE HCXOIHOW M BOCHPO-
U3BEIICHHOW TpaeKkTopuil IBWKeHHud. B pabo-
Te [5] ocymiecTBIeHa CHUMYJSALUS IBUKCHUS
poboTa Ha Kollecax MEKaHyM C TPEOAOJICHHEeM
MPENSATCTBHIA 1O CHUTHANaM OT JaT4YWKa AAIbHO-
Mmepa. B crarhe [6] mpoBedeH CpaBHUTEIBHBINA
aHaJIN3 MOJEIHMPOBaHMs POOOTa Ha TPAJAULIUOH-
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HBIX U MEKaHyM KOJE€CaXx M PacCMOTPEHBI €ro
3JIEKTPOIMHAMUYECKUE U 3JIEKTPOMEXAHUYECKHUE
XapaKTEPUCTUKH.

IIpuBeneHHbIN 0030p HayYHBIX HCCIIEAOBaHUI
MOKa3bIBAET, UYTO CYIIECTBYET MpoOieMa MOJelu-
pOBaHUS MOOWJIBHBIX BCEHAIPaBICHHBIX POOOTOB
JUIsL aHajdu3a UX AMHAMMYECKHX IOKa3aTrenel, Ko-
Topasi TpeiacTaBisieTcs akTyanpHoi. Crernudpuka
UCTOJB3yEeMBIX KOJEC MEKaHyM, OO0JIaJaronmx
CIIO)KHON KMHEMAaTHKOW, 3a4acTyr0 IpeHeOperaer-
Csl TIpH MOJENMPOBAaHWU W3-32 OOJBIIOTO dYHCIa
FEOMETPUYECKUX M MEXAaHWYECKUX IapaMeTpoB,
B pe3yibTaTe dYero IMOJyYCHHBIC 3aBUCUMOCTH
B [IOJIHOM MEpe HE OTPAKAIOT PEATbHYIO TUHAMUKY
JIBHYKCHUST MOOMIIBHOTO po0oTa.

B nanHoii cTaTthbe npeasiaraeTca UMUTALMOHHAS
MOJIeNTb TOJIOHOMHOTO po0oTa C KollecaMH MeKa-
HYM, COCTaBJICHHAsl C YYETOM HE TOJIbKO €ro Ku-
HEMAaTUKH, HO U MEXaHUYECKUX U T€OMETPHUIECKUX
XapaKTEPUCTUK, HATPSMYIO MOJYYCHHBIX U3 WHTE-
TPUPOBAHHOIO B MOJENb KOMIIOHEHTa TPEXMEPHO-
ro MuQpPOBOro MPOTOTHIIA PACCMATPHUBAEMOTO PO-
0ora. Takod MOIXOJ, BO-TIEPBBIX, MO3BOJSET IO-
JTy4duTh JUHAMHUYECKHE TIOKa3aTelnw, Hambosee
MPHUOIKEHHBIE K PeabHBIM 110 CPaBHEHHIO C MO-
Jelblo, COIEpXKalled TOJIBKO KHHEMaTH4YEeCKUE
U JUHAMUYECKHUE COCTABISIONIME, BO-BTOPHIX,
MPEIOCTABISAET BO3MOXKHOCTH TPOM3BECTH TPEX-
MEpHOE TapaMeTpUIecKoe MOJIENHpPOBaHUE IUd-
POBOr0 MPOTOTHUINA C €r0 BU3yalIH3alueH, 4To sB-
nsieTcs 00JIee HarsIHBIM BOCIIPUSITHEM PE3yIbTa-
TOB MOJICTTUPOBAHMSI.

BrlImtotHeHHE TIOCTABJIICHHON TeMd pabOTBHl —
UCCJEeIOBaHUE IOUHAMUYECKUX IOKa3aTelel Bce-
HANPaBICHHOTO po0OTa Ha KoOJEcaX MEKaHyM —
OCHOBBIBAETCS Ha PEIICHUU TAKHUX 332, KaK:

1) pa3paboTka UMHUTAIIIOHHONH MOJIETH poOoTa
C HCIONB30BAaHHEM TBEPIOTEIBHOTO HHU(POBOTO
MPOTOTHUIA, YUUTHIBAIOIIAS TEOMETPUUECKHUE U Me-
XaHUYECKUE IMapaMEeTpPhl, a TaKKe KMHEMATHKy U
MUHAMUKY 00BEKTa, HA OCHOBAaHUU €r0 MaTeMaTH-
YeCKON MOJCIIH,

2) MOJenUpOBaHUE TUHAMUYECKUX PEKHUMOB
JIBUKCHUS po0OTa TpPH TIOMOIIU COCTABICHHOU
UMUTAIMOHHOW MOJEIH;

3) aHamM3 TOJYYCHHBIX 3aBHCHMOCTEH, OTpe-
JIeJICHUE OIMIMOKU TO3UITMOHUPOBAHUS U COOTBET-
CTBUA MHAMUYECKUX MapamMeTpOB KPUTEPHUSIM Ka-
YeCTBa;

4) olleHKa BIHSHUS HCIIONB3YEMBIX KOJIEC Me-
KaHyM Ha JUHAMHUYECKHUE MOKa3aTeNH MpHU JABUXKE-
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HUHU TOJIOHOMHOTO po0OTa Mo pe3yjbTaTaM MOJe-
JINPOBAHMS C HCIIONB30BAHUEM TPEXMEPHOro Ia-
paMeTpUIecKOoro MpOTOTHUIIA.

Jliis mocTpoeHusl UMUTAIIMOHHON Moaenu (op-
Manm3yeM YCJOBHSA ABIKEHUs poboTa. ['eomer-
pUYecKre NaHHBIE 00BeKTa OTpa)keHBI B 3D Mo-
nenu poboTa, ckoHCTpynpoBaHHO# B SolidWorks
u wumnoprupoBanHoi B MATLAB Simulink.
Macca pobora 2,16 xr (B TOM yucIe Macca Kop-
myca 0,4 xr, obozna xoneca 0,3 Kr, poiuka Koje-
ca 0,01 kr, ctynuner 0,05 xr), quameTp Kojeca
0,092 M, niuna ponuka 0,047 M, 4UCIIO POJIMKOB
B Kojece 9. JIBmkeHHe MPOUCXOAUT B TpeXMep-
HOH cucteMe kKoopauHaT (XYZ) mo MmIOCKOCTH,
MpeacTaBIsoneld co0oil  HemepopMHUpPyEeMYIO
MIOBEPXHOCTh, CLEIJIEHHE KOTOPOH ¢ poJsHKa-
MH KOJIEC TPOHWCXOOUT 0e3 MPOCKaIb3bIBAHMUS,
a BCE AJIEMEHTHI po0O0Ta KECTKO CBSI3aHBI MEXKIY
co0oii.

Pa3padoTka KoMNbIOTepHOI
napamerpudeckoii 3D monesnn
MOOMJIBHOT0 PO00OTa € KOJIECAMH MEKAHYM

Marematndeckass MOJENb YETHIPEXKOJIECHOTO
MOOMJIBHOTO po0OTa Ha BCEHAIPaBJICHHBIX KOJie-
cax THIIa MEKaHYM, HCIIOJIb3yeMas JUisl OJIOUHOTO
MIPEJICTABJICHUS KMHEMAaTUKA U TUHAMHUKHU JBUXKE-
HUs, ompejeiieHa aBTopamu B ctatbe [7]. C wmc-
MOJIb30BAaHUEM D3TOH MOJENH, a TakKXke IMOCTPO-
€HHOTO B Cpele aBTOMATH3MPOBAHHOTO TIPOEK-
tupoBanus SolidWorks 1mdpoBoro mIpoOTOTHIIA
00BeKTa, IS pealin3alliid MOJICIIUPOBAHUS B TIPO-
rpammHoM maketre MATLAB Simulink coOpana
OJIOK-cXeMa MOJeTH C NpPUMEHEHHEeM OJIOKOB W3
oubmmorek Simscape n Simulink ¢ ncoTb30BaHM-
€M JIONOJHHUTEIBHOrO Habopa HWHCTPYMEHTOB
Mobile Robotics Simulation Toolbox.

JIaHHBIM MAKeT COACPKUT HUHCTPyMEHTapHH
U MOZICTTUPOBAHUS MOOMIIBHOTO poOOTa U pa3pa-
OOTKM aNroOpuTMOB yTpaBieHHsa. B dwacTHOCTH,
Mobile Robotics Simulation Toolbox mipemocTtas-
JSeT BO3MOXHOCTH 3D-Bu3yanusanuu, mo3BOJISSA
CUMYJHPOBATh OTPa0OTKY 3aJaHHON TpPaeKTOPUU
pobota yepe3 okHO Mechanics Explorer. Taxxe
ObLTa 3a/eficTBOBaHA MOIKIIIOYECHHAs OMOIMOTEeKa
Simscape Multibody Multiphysics Library, conep-
Kaiask 0JIOKM MEXaHWYEeCKHX Tepenad U JUHAMH-
YECKUX OOBEKTOB, IMO3BOJIAIONIAS MOJICIIMPOBAThH
HEJIMHEHWHBIE  DIIEKTPOMEXaHUYECKHE CHCTEMBI.
OO0mmiA BUI WMHUTAIMOHHOW MOIEIN IBVKCHUS
pobota rmokasaH Ha puc. 1.
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Fig. 1. General view of simulation model of mobile robot with mecanum wheels
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Fig. 2. Model of robot inverse kinematics and frame kinematics subsystem
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[MoncucTeMbl KWHEMATHKK M IWHAMUKHU JIEBOTO
MepeIHer0, 3aJHEr0 IMPaBOTO M 33HETO JIEBOTO
KOJIeC MEKaHyM HJIEHTHYHBI MOJICHCTEME, H300pa-
>KEHHOM Ha puc. 5 [8], 32 UCKIIOYEHHUEM TOTO, YTO
B Onoke Rigid Transform s kakmoro koneca u3-
MEHSIETCS YToJl TOBOPOTA B INIOCKOCTU XTZ.

KunemaTnueckne 3aBUCHMOCTH 3alaloTCs B
Onokax pacyera NpsSMOH M MHBEPCHOHM 3agad Ku-
HEMAaTHKH C UcToNb30BanneM ¢yHkuuiit MATLAB
1 TIPH TIOMOIIH CTICTIHAIBHBIX OJIOKOB OMOIHOTEKH
Simscape, TTO3BOIIAIONINX MTPOU3BECTH UHTETPAITUIO
C makeToM TBepHoTenbHoro 3D MopenupoBaHUS
Solidworks. KoHcTpyKIus MoaeH moipasyMeBaeT
JKECTKYI0 MEXaHHUYECKYIO CBSI3b BCEX DIIEMEHTOB,
3a UCKJIFOUEHUEM POJIMKOB KOJIEC, CTIOCOOHBIX CBO-
0O0IHO BpamaThCs U COBEPIIAThH MJIOCKOE JBIIKE-
HUe npu nomoutu onoka Spatial Contact Force.

Uepes Osoxu World Frame, Cartesian Joint n
Rigid Transform 3amaHbl MONOXXEHNE U HaYallbHBIC
KOOPIMHATBI YCTAHOBKH OTHCIBHBIX JIIEMEHTOB
pob6ota. biok Revolute Joint TO3BOIWI OCyIIIEe-
CTBUTh TIPOCTPAHCTBEHHYIO OPHEHTAIUI0 BCEX
JJIEMEHTOB.

[Tpu momomm 610k0B File Solid B mporpammy
UMIIOPTUPOBAaHA TapaMeTpudeckass MpOCTpaH-
CTBEHHAs MOJIeTTb MOOMJIHHOTO po0O0Ta, IIPOaHAIH-
3UpOBaHHAs aBTOpPaMH B CTaThiAX [7, 9], cocTosmias
U3 OTIENbHBIX KOMITOHEHTOB: KoOpIryca po0oTa,
000J10B, CTYNUII M POJUKOB KOJEC, DIIEMEHTOB
MO/IBECKU U CEHCOPOB. MoJienn 00BEKTOB COCTaBIIe-
HBI C yIETOM HX T€OMETPHH 1 Ta0apHUTOB, yKa3aHHBIX
BO BBEJCHUH, U MaTepHaiOB, aHAJIOTHYHBIX MPHUMe-
HSIEMBIM TIpU CO3AaHMU poboToB. [lomumo reomer-
PHUYECKUX MapaMeTpOB B OJIOKE 3aJalOTCS TaKKe
(hm3nyeckue XapaKTepUCTUKH KOMIIOHEHTa, TaKue
KaKk Macca W MOMEHT WHepuuu. Takod IMoaxon
MO3BOJIJI, BO-TIEPBBIX, MIPOBECTH MOAEIUPOBAHUE
C YYETOM peabHBIX T€OMETPHUYECKHUX MapaMeTPOB
00BEKTa, a BO-BTOPHIX, TOIYYHTh aHUMAIIHIO Tpa-
€KTOpUU NIBHKEHHS Po0OTa 10 pe3ysbTaTaM OTpa-
OOTKH 3aJar0Iero BO3ACHCTBHAL.

B Mopenu ucnosib3yroTcs pamuyc Kojeca, reo-
METpPUYECKHe JaHHBIE TUATGOPMBI M HadaIbHOE
MIPOCTPAHCTBEHHOE TOJIOKEHNE POOOTa B KAUeCTBE
€ro HCXOIHBIX MapaMeTPOB. YIPaBICHUE MOXKET
OBITH peaJH30BaHO JIMOO uepe3 3aJaHue KHHEeMa-
TUYECKUX TEPEMEHHBIX, JTHOO C MOMOINBIO OIpe-
neneHHoro 3akoHa. CUTHajdaMH YIpaBIICHUS SIB-
JSIFOTCSL HampsDKEHHsl, TOoJaBaeMble Ha JBHrarte-
T KOJIeC, MPOMOPLUUOHAIBHBIE CKOPOCTH KaKIO-
ro kosmeca (winu IeHTpa Macc poborta). KoHTyp
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oOpatHoil cBs3u ¢ IIM-perynaropom CKOpOCTH
(k02 GUIIMEHT TPOMOPIIMOHATHFHON  COCTaBIISAIO-
meit 0,02, uaterpansHoil — 0,2) B AMHAMUYECKON
YacTH — 3JIEKTPONPUBOJAX Kojiec poboTa moanuep-
JKUBAeT MOCTOSHHYIO YTJIOBYIO CKOPOCTH MX Bpa-
merns. OunbTpanus CUTHAIOB CKOPOCTH IPOWC-
XOJUT Yepe3 MHEPIMOHHOE 3BEHO 1-ro mopsika,
CTTIQKUBAIOIIEe KOJNeOaHNUs U BHOPALUU TIPU JIBU-
JKEHUH.

B pamkax wmccrienoBaHWs TWHAMHKH TOJOHOM-
HOro poOoTa Ha Kojecax MEKaHyM MpPOU3BEICHO
MOJICTTMPOBAHHE JIBUKCHHSI 00BEKTa Ha TIOCKOCTH
B TPEXMEPHOHU cucreme koopauHat XYZ mo nps-
MOJIMHEWHOUW TpaeKTOpUM B TedeHue 8,5 ¢ co cie-
IYIOIIMMH Y9aCTKaMH JBIDKCHUS: TPOTaHHE Ha IPO-
TSDKEHHU | ¢, paBHOYCKOPEHHOE JIBHXKCHUE (Pa3roH)
¢ ycxopenueMm 0,115 wm/c® Ha npoTsiKeHHH 2 C, paB-
HOMEpPHOE JBIKEHHE CO CKopocThio 0,23 wM/c
(5 pan/c mns kaxaoOro Kojeca) B TeUeHHE 2 ¢, paBHO-
3aMeJUICHHOE JIBIDKEHHE (TOPMOXKEHHE) C YCKOPCHU-
em munyc 0,115 M/c” B TeueHue 2 ¢ 10 HyIIeBOIi CKO-
pOCTH, IOJIHAs OCTaHOBKA Ha MPOTshkeHuu 1,5 c.

Pe3yHLTaTbI MoOA€IUpoOBanus,
HX aHAJU3 U OLICHKA

[IpoBeneHHOE MOJICNIMPOBAHUE DPEKUMA JIBH-
JKEHHMsI, OITMCAHHOTO B MPEIbIAYyIIeM ad3alle, mo3-
BOJIMJIO BBIABUTHL WU NPOAHAJIMU3UPOBATH PAJ 3aBU-
CHUMOCTEH KWHEMAaTHYECKHX, MEXaHUICCKUX W JTU-
HAMHYECKHX MEPEMEHHBIX B MPOIECCe OTPAOOTKH
pobOTOM 3aJaHHOrO TepeMelieHus. B yacTHoCTH,
MOJTy4YeHHBbIC TpadUKH 3aBUCUMOCTEH YIIIOBBIX
CKOpOCTEH KoJieC OT BpeMeHUu wy = f(f) (puc. 6a)
" Bpaljaromrux MOMEHTOB KOJIEC OT BpEMCHHU MN =
= f(t) (puc. 6b) CBUACTEILCTBYIOT O TOM, YTO PO-
00T oTpaboTayl YCTaHOBJICHHOE HEIMHEHHOE 3a1a-
HHUE CKOPOCTH C OINPECIICHHON TOYHOCTEHIO.

Ha puc. 6a myHKTUpOM 0003HAYEHO 3a/ar0Iiee
TparneneuIaabHOe BO3ACHCTBUE CKOPOCTH Ha Kak-
noe koisieco. ['pauk TEMOHCTPUPYET, YTO KaKI0C
KOJIECO COBEPIIMIO OTPabOTKy IepeMEIIeHUs
[0 OJIHOMY U TOMY € 3aKOHY U JIOCTHIJIO CKOPO-
CTH 5 paji/c K MOMEHTY PaBHOMEPHOTO JIBH)KCHHSI.
WHEepIMOHHOCTh CUCTEMBI CKAa3bIBACTCS HA HENH-
HEHOM XapakTepe rpaduKoB C 3ama3IbIBAHUCM
o 0TpabOTKE BO3ACHCTBUS: Pa3roH HAYAJCs Yepe3
0,4-0,7 ¢ mocne MOCTYIJICHUSI CUTHAla 3a/laHus,
TopMokeHue — ciycTs 0,2 ¢, mojiHasi OCTaHOBKA —
ot 0,2 ¢ ma 3aganx konec m0 0,4 ¢ i mpaBoro
nepeaHero kojeca u 1,1 ¢ s n1eBoro nepeaHero
KoJieca.
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Puc. 6. I'paduxu 3aBUCIMOCTEH1: @ — YTIIOBBIX CKOPOCTEH KOJIeC OT BpEMEHHU my(?);
b — Bpamarommx MOMEHTOB KOJIEC OT BpeMeHH My

Fig. 6. Graphs of dependences: a — angular speeds of wheels on time @(?);
b — wheels torques on time My(t)

Taxoke NPUCYTCTBYIOT OpPOCKH CKOPOCTH IIPU
mycke, nocturaromue =+0,4 pan/c, CBsI3aHHBIE
C TpPOraHueM, U 3aMeTHbIC KojeOaHHs CKOPOCTH
(£0,2 pan/c) mpu paBHOMEPHOM IBM)KEHUH, BO3-
HUKIINE U3-32 KOHCTPYKLIUHU KOJIeC MEKaHyM — OT-
CYTCTBHS IOJHOTO HENPEPHIBHOI'O KOHTAKTA C II0-
BEPXHOCTHIO 3a mepuoj obopora [10]. I'paduxu
3aBHCHMOCTEH BpallalOIINX MOMEHTOB KOJIEC OT
BpeMeHH (puc. 6b) moBTOpSIOT (GopMmy Tpadu-
KOB CKOPOCTH, HO C 3aMETHBIMH OTIMYHMSIMHU:
nepeiHue KoJieca Pa3BHBAIOT OOJBIIUA MOMEHT
(M, = 0,32 Hwm; M, = 0,33 H-m), yem 3anmHue
(M5 = 0,27 H-m; My = 0,275 H-Mm). DTO cCBHIETEID-
CTBYET O CO3JaHNU TOPMO3HOI'O MOMEHTA 33 HUMHU
KOJIECAaMH, a B MOMEHT TpOTaHMs 3aJHUE KoJjeca
1 BOBCE CO3AlOT OTpULaTelbHbId MoMeHT (—0,02
u —0,04 H-m), mocne ocTaHOBKM — COXPaHAIOT Bpa-
mrarouuii MoMeHT (0,025 u 0,04 H-Mm) mpu HyeBoit
CKOpPOCTHU JBUXEHHUS. Pa3HOCTh 3HaUYE€HU MOMEH-
TOB KOJIEC O3HA4yaeT, YTO poOOT OTKIOHSAETCA OT
MPSIMOJIMHEWHOW TPaeKTOPUH NPH JBIKEHHHU, OJI-
HAKO yCTOWYMB IO CKOPOCTH 3@ CUET BHEIPEHHBIX
II1-peryastopoB  ckopoctu. Kunemaruueckoe
yhpaBlieHHE 3a/laHHeM 3aKOHA M3MEHEHHs CKOpO-
cTH 0€3 BO3MOXHOCTH KOHTPOJIS JUHAMHUKHA Po0O-
Ta, OYEBHIHO, CHWXAET TOYHOCTH IMO3ULMOHUPO-
BaHHS OOBEKTa, HO aJTOPUTMBI KOHTPOJSA AWHA-
MHYECKOTO YPOBHSA BBIHY)KJAIOT HCIIOJIb30BaTh
Oonee CIOXKHBIE MaTEeMaTHUYECKHUE MOJENIU CHCTe-
mel [11, 12].
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AHNManusi ABWXEHUS pPOOOTa IO NPAMOJIH-
HEWHON TPAaeKTOPUU C 3aMUCAHHOM TPaeKTOpHUEH
€ro MepeMelleHHs IMONy4YeHa 4epe3 HHCTPYMEHT
Mechanics Explorer n oroOpaxkeHa Ha puc. 7.

X

sl I i

Puc. 7. AHumanus IBIKeHHs po0oTa 1o MpSIMOJIMHEHHOM
TPACKTOPHHU ¢ (PAKTHYECKHM OTKIOHEHHEM

Fig. 7. Animation of robot moving along a straight-line
trajectory with actual deviation

IToxasanHas Ha puc. 7 BU3yalIn3alysl ABUXKE-
HUS JEMOHCTPUPYET NPaKTHYECKU JUHEHHYIO Tpa-
EKTOPUIO MEPEMEUICHUSI C HEKOTOPBIM OTKJIOHEHH-
€M TIOJIOKEHHS KopIlyca po0oTa OT HAYaJLHOIO B
KOHIIE MOJEIUpOBaHus. J[BI)KEHHE IJIOCKOE B KO-
opauHaTHBIX ocsix OXY comepX uT NepeMelleHue
pobota u3 Touku ¢ koopauHatamu O1.X|Y| B TOUKyY
¢ koopauHatamMu O,X,Y, O 3agaHHOW TMPSMOJH-
HEHHOM TpaeKTopuH, 0003HAYCHHOW MTyHKTHPHOH
JIMHKEN YepHoro upera. @akTUUECKU MPONHJIECHHAS
pobOTOM TpacKTOpHs, W300pakeHHAs CILIOITHOMN
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JUHUEH KpacHOTO IIBETa, IMOKA3hIBAaCT OTKJIOHE-
HUE MpU [BWXKEHUH, OIPEACNIIEMOE Pa3HOCTHIO
yIIIoB o, u o. CymMMapHOe TiepeMeIieHne poooTa
coctaBmiio 0,97 M 3a Bpems 8,5 C, a €ro OTKIOHEHUE
OT IPSIMOJIMHENHOM TpaeKkTopuH Ha yron Ao = 1,68°
3aCTaBWIO OTKJIOHUTBCSA OT 3aJaHHON IIPSIMOM
Ha 0,057 M. DTO maeT OCHOBaHMS MoOJIaraTh O
HAIMYUKA OINMOKW TIO3MIIMOHHPOBAHUS, BO3HUK-
e 10 UTOTY ACHCTBUS KHHEMATHKHU U TUHAMUKH
KOJIEC MEKAaHYM IpU Pa3roHe U TOPMOKECHHH.
PaccmorpuM  mpoeknuu JIMHEWHOW CKOPOCTH
IIEHTpa Macc poOOTa B TPEXMEPHOU IUIOCKOCTHU Tie-
pemeriennss XYZ, oTtoOpaxkarolmiue IEeHCTBUE CITy-
YalHBIX KOJICOaHWIi, BHI3BAHHBIX JTUHAMHKON MEKa-
HYM KOJIEC, CTIOCOOCTBYIOITIX OTKJIOHECHHIO KOPITyca
poboTa OT HaMedeHHOI TpaekTopuu (puc. 8a, b, c).
OtoOpakeHHasi Ha pHUC. 8a 3aBHCUMOCTBH JIH-
HEHHOUM CKOPOCTH IIEHTpa Macc pobOTa B IIIOCKO-
cti X, TO eCTh B IUIOCKOCTH [BHXEHHUS POOO-
Ta, COBMAJaeT C rpadukamMu CKOPOCTEH KoJec
(puc. 6a) m sABHAETCS PE3YIBTUPYIOIIUM BEKTO-
POM JIMHEHHON CKOPOCTH BCEX YETBIpEX KOJEC.
[Ipu TopMOXEHUHM 3aMETHBI OOJice PE3KUE CKad-
KH CKOPOCTH, YeM IIPU Pa3roHE, CBS3aHHBIC C He-
OJMHAKOBBIMHU 3HAYEHUSIMU MOMEHTOB K Hauaiy
TopMmoxkeHusi. Ha puc. 8b mokasanbl kojicOaHuUs
CKOPOCTH B IIIOCKOCTH Y, MepHeHIUKyJISIPHOU
HaTPaBJICHHUIO JBIKEHUS poOoTa. XOTs MOKa3aHUs
BEJIMYKMHBI CKOPOCTH, MMEIOLIEH CIIy4yalHbId Xa-
paKkTep pacnpeleieHus, HaXOIITC B OCHOBHOM B
npenenax ot —0,01 mo 0,01 m/c, pe3koe yBemmue-
HUE aMIUIUTYAbl TAPMOHUK CKOPOCTH Ha IMpOMe-
KyTKe OT 3 10 7 ¢, Korma poOOT COBEpIIacT paBs-
HOMEPHOE M PaBHO3aMEIJICHHOE IBUXEHHUE, [O-
CTHTaoIUX CBOero muka Ha orMerke —0,051 m/c

Ha 6,7 ¢ (B MOMEHT TOPMOXKCHHS), 03HAYAET, UTO
MMEHHO B 3TUX PEXUMaX MMPOUCXOTUT HAMOOIb-
miee OTKJIOHEHHE PoOoTa OT CBOEH TpPaeKTOPHH.
Heobxoquma styuimas (puiibTpanusi CHTHaIa CKOpO-
CTH 3a cYeT moadopa Ooiee ONTHUMANBHBIX KOApQH-
LHEHTOB arepHOIMYECKOro 3BEHA, a TaKkKe MpHuMe-
HEHHE KOHTypa pEryJMpPOBaHUS JHHAMHYECKOTO
MOMEHTa B KOHTPOIIS THHAMHYECKUAX MapaMeTpoB.
OTtoOpakeHHbI Ha puc. 8¢ rpadUK 3aBHCUMOCTH
JIMHEWHOU CKOPOCTH po00Ta B TUIOCKOCTH Z TTOKA3hI-
BaeT KoyieOaHWsI, BIMSIONINE HA €0 JBIKEHHE CO
CTOPOHBI MOBEpXHOCTH. [IpH TporaHuu 3aMeTeH pes-
KW CKadoK ckopocTH 1o 3Hadernid —0,9 u 0,22 m/c.
3arem, TI0 Mepe pa3roHa, YHCIo KolebaHui Bo3pac-
TaeT W ycTaHaBIuBaercs B muarazoHe +0,08 m/c
B TeueHHe 2—6 ¢, K KOHILy TOPMOKeHHUS BHOBb Taja-
er. Jlanaple KoneOaHUS OOBSICHSIIOTCS TPOQIIIEM
MTOBEPXHOCTH KoJieca MEKaHyM, He HMMEFOIIETO He-
MPEPBIBHOTO KOHTAKTA C MIOBEPXHOCTHIO M3-32 HAJIU-
YHsl MOBEPHYTHIX Ha Yroi 45° ponuKoB, B pe3yibTare
Yero ¢ pOCTOM CKOPOCTH KoJieOaHHs 3TOTO MapameT-
pa cTaHOBATCS Bce 0oJiee CyIIeCTBEHHBIMH.

AHaIOTHYHBIM 00pa3oM MpOoaHaIH3UPyeM IIpo-
eKIMH MepeMelIeHns poboTa B TpPEeXMEPHOII Iioc-
KOCTH XYZ v onpenenrM OTKIOHEHHsS B ITO3UITUO-
HUPOBAaHUH, OCHOBBIBasICh Ha pHc. 9a, b, c.

Kax BumnHo W3 rpadmka Ha puc. 9a, podoT co-
Bepumn nepememienue 0,97 M 3a 6,8 ¢, npoiias
9Tarbl Pa3roHa, PABHOMEPHOTO IBMKEHHS U TOp-
moxenust. Ha mpotskennu Bpemenu ot 6,8 10 8,5 ¢
poOOT Haxommwics B COCTOSHHM TOKOsl. Kpusas,
npencraBieHHass Ha puc. 9b, sBisercs rpaduxom
MIepeMENIEHIsI, KOTOPOE COBEPIIIT POOOT B IIOCKO-
CTH, TIEPIEHIUKYIAPHOH TIUIOCKOCTH JIBWYKEHHUS,
WHBIMH CJIOBAMH, OIIMOKON €ro MO3ULHOHUPOBAHUSL.

C

9,, M/c
0,2
AL e
_0,2
-0,6
-1,0
6 8 0 2 4 6 8

f,c

Puc. 8. T'paduku 3aBucUMOCTEH IPOSKLMI JINHEIHON CKOPOCTH LIEHTPa Macc pob0Ta OT BPEMEHH Ha INIOCKOCTh:
a—X3x(); b—Y 3y(8); c —Z 37(9)
Fig. 8. Graphs of projections of linear velocity of the robot’s center of mass on time to the plane:
a—-X9x(); b—Y Sy(8); c —Z 929
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Puc. 9. I'paduku 3aBUCHMOCTEH POEKINiT HepeMeneHus poooTa OT BpEeMEHH Ha IIIOCKOCTh!
a—XSyt); b— Y SK?t); c —Z SH2)

Fig. 9. Graphs of projections of the robot’s movement on time to the plane:
a—XSyt); b—YSWt); c —Z SH2)

Kax u B ciryuae ¢ rpadukom ckopocta (puc. 8b),
OTKJIOHCHHE MPHU JBUKCHUU UMEJIO MECTO Ha BCEM
MPOTSDKEHUU JIBIKEHHS po0OTa, HAYMHAS C pas-
TOHAa, M HE MPEKPAaTHIOCh AAXKe TOCIE ero OCTa-
HOBKH. JTO OOBSACHSETCS TEM, UTO 3a/JHHE Koyeca
MPOOJDKAIOT CO3/aBaTh BPAIAIONIUH MOMEHT U
MBITAIOTCS CMECTUTh KOPIyC poOoTa B TUIOCKO-
cti XY. Konebanus ckopoct, co3naBaeMbie BHO-
panmel Kojec MeKaHyM TP JBM)KEHUH, HEN30exK-
HO TIPUBOJAT K OTKJIOHEHUSM PACCTOSHUS B ILTOC-
KOCTU Z, KPaTKOBPEMEHHOU IOTEpe KOHTAKTa C
MMOBEPXHOCTHIO U TPsICKe poboTa (puc. 9¢), rae mo-
Ka3aHo, YTO TPU Pa3TOHE U JBUKECHHUU IIaT(HOpMBI
co ckopocthio 0,23 M/c BUOpauu KoJieC MPUBOJISIT
K OoTpbiBYy oT moBepxHoctu Ha 0,1-0,4 cMm, npu
CHI)KEHUHU CKOPOCTH TaKHE OTKJIIOHCHHS MCUE3at0T.

Ha puc. 10a BrIBeieHa OMMOKa MO3UITUOHUAPO-
BaHUs poOOTa Ha BCEM NPOTSHKEHUM MYyTH — 3aBU-
CHUMOCTB TIPOEKIINH TIEPEMEIICHNS Ha TIOCKOCTh X

0,045+

0,035}

0,025+

0,015+

0,005

0,4 0,6 0,8 1
X, M

0 0,2

9y, M/c

OT TMpPOEKIHMH TMEPEeMEIICHUsT Ha IUIOCKOCTh Y.
TpexmepHoe npeacTaBieHne KoleOaHn CKOPOCTH
pobota m300paxeHo Ha puc. 10b.

I'padmk omMOKM TO3UIIMOHUPOBAHUSI, TOKA-
3aHHBIA Ha puc. 10a, mpeacTaBiseT 3aBUCUMOCTb
repeMenieHnss podoTa o OCH X OT TepeMelIeHuUs
1o ocu y. MakcuManbHOE OTKJIIOHEHHE OT 3aJIaHHOU
TpaekTopuu coctaBmwiio 0,057 M B MOMEHT JOCTH-
JKeHUs1 po0oToM oTMeTKH (0,85 M TPU TOPMOXKECHHH.
[lo orHomeHWIO K OOWMEMYy MNpPOWACHHOMY ITyTH
ommOKa nepemenieHus cocrasmwia 5,87 %. M3o0pa-
*keHHas Ha puc. 10b npocTpaHCTBEHHAs BH3yallu3a-
U Koje0aHWi CKOpOCTH po0OTa BBIIBISET CITy-
YaliHBIA XapakTep MX pa3MelIeHUs W OToOpakaer
JKCTPEMyMBI, yCTAaHOBHBIIHMECS HAa 3HAUYEHHUAX —
0,051 u 0,28 m/c. B 11€110M TTO3UITMOHUPOBAHHE PO-
0oTa Tpu 0TPabOTKE 3aJIAaHHON TPAECKTOPUH MOYKHO

OILICHUTH KaK YJOBJIETBOPUTEIHHOE.
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Puc. 10. T'paduku 3aBUCUMOCTEH: OIMOKH TO3UIIMOHUPOBaHUs podoTta x = f(y) (a)
U Koj1e0aHui ckopocTH poboTa B IIockocTaX XYZ Sy y A7) (b)

Fig. 10. Dependency graphs: robot positioning errors x
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= f{y) (a) and robot speed fluctuations in XYZ planes 3y y A7) (b)
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BbIBO/IbI

HccnenoBaHbl TUHAMHYECKUE XapaKTEPUCTHKU
MOOHMIIBHOTO BCEHAINPABIECHHOTO POOOTa ¢ Koyeca-
MU MEKaHyM C MPHUMEHEHHEM MMHTAIMOHHOH MO-
JICJIY, TIO3BOJIMBIICH JaTh OICHKY, IPOBECTH aHa-
JIN3 U CACJaThb BBIBOIbI O CBOMCTBAaX M KauyecTBaX
CUCTEMBI.

1. B nmakere momenupoBanus MATLAB Simu-
link co3mana koMmmbIOTepHAas MOJENb pobdOTa Ha
KoJlecaX MEKaHyM C TNPUMEHEHHEM TEeXHOJOTHI
TBEPJAOTENBFHOTO LHU(POBOrO MPOTOTUNA, BHEI-
PEHHOTO B MOJIENb, YUNUTHIBAIOIIAS MaccOTradapuT-
HBbIC TIApaMeTphl, a TAaK)Ke KHHEMAaTHKy U JWHAMU-
Ky 00OBbEKTa Ha OCHOBAaHHWU OJIOUHOW 3alUCH €ro
MaTeMaTU4YeCKOU MOJIETH.

2. PesynmpTaraMu TpOBEICHHOTO MOJIEIIHPOBA-
HUS SIBUWINCH TIOJYYCHHBIC 3aBUCHMOCTH KHHEMa-
TUYCCKUX, TUHAMHWYCCKHUX U MCXaHNYCCKUX XapaK-
TEPHUCTUK: YTIIOBOW CKOPOCTHM U BpAIIaTeIbHOTO
MOMEHTa Ka)JIOTO KoJieca OT BPEMEHH; JIMHCHHON
CKOpPOCTH IIEHTpa Macc poboTa OT BpeMEeHH; MPOK-
JIEHHOTO POOOTOM ITyTH OT BPEMEHH; OIIMOKHU TO-
3UIMOHUPOBAHHS TMPU OTPabOTKE 3aJaHHOTO TIe-
peMeleHys; TMPOCTPAHCTBEHHOW BH3YaIHM3aluu
KoJIeOaHH CKOPOCTH; TMONydyeHa aHWMAIls J[BU-
JKEHHS 00BbEKTa 10 TPACKTOPHUHU.

3. B xo/1e MpOBEJIEHHOI0 aHaIN3a MOJyYeHHBIX
rpadKOB yCTaHOBIICHO:

e MaKCHMaJbHasl OIIMOKAa IMO3UI[MOHUPOBAHUS
0,057 m (5,87 %), a yron oTkiioHEHHs poOOTa OT
HaYaJIbHOTO MOJIOXKEHHUS cocTaBmI 1,68°;

e MaKCHMalbHbIEe KOJeOaHUsI CKOPOCTH B Tep-
TICHAVKYJSIPHOW JIBIDKEHUIO po0O0Ta IUIOCKOCTH
0,051 M/c B Iporiecce TOPMOKEHUS;

e CHUCTEMa YCTOWYHBA IO CKOPOCTH Onaromaps
BHeApeHHbIM [IM-perynstopamMm CKOpOCTH, OJTHAKO
B TUHAMHYECKUX pPEXKHMMax HNMEIOT MECTO 3Hadu-
TeNbHBIE MYyNbCAIlMM CKOPOCTH, YTO TpedyeT
YIIyYIICHHOTO MEXaHU3Ma (PUILTPALUY;

e BpAIIAONINH MOMEHT KoJieC poOoTa Xapakre-
pusyercss pa30eXKOW XapaKTePUCTHK, MyJIbCAIHs-
MU BEJIMYMH U CJAa00H YCTOWYHBOCTHIO M3-3a OT-
CYTCTBHSL KOHTPOJISI MTWHAMHUKH POOOTa (HMCIIONH-
3yeTcss KHHEMaTHUYeCKOe YIIpaBlieHHE 3aJaHueM
CKOpOCTH), YTO CHHU3WJIO TOYHOCThH MO3UIMOHUPO-
BaHUS 00BEKTa W MOBJMSIIO HAa €r0 OTKIOHEHHE OT
MPSIMOJIMHENHOMN TPAEKTOPUH.

4. Hcnonp3yembie B poOOTe KoJieca MEKaHyM
13-32 CBOEH KOHCTPYKTHBHOM OCOOCHHOCTH — pac-

368

MTOJIO’KEHHBIX 110/ yriioM 45° c¢cBoOOMHO Bpalnaro-
[UXCSl POJTUKOB — HE MOTYT OOecreunBaTh He-
MIPEPHIBHBIIL KOHTAaKT C ITOBEPXHOCTHIO, BCIICH-
CTBUE YEro C YBEIUYECHUEM CKOPOCTH MPOUCXOMAST
Kkonebanusi poboTta (TpsCKa) C OTKIOHEHHEM €ro
or moBepxHoctu Ha 0,1-0,4 cM u KomeOaHUA
CKOPOCTH B BEPTHKAJILHOW IJIOCKOCTH (BUOpAIus)
1o 0,08 m/c. JlaHHas 0COOCHHOCTH CHIKAET yCTOM-
YUBOCTH poOOTa B JUHAMUKE.
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Abstract. In this paper, a novel metamaterial-inspired microstrip antenna for wireless applications is proposed.
The proposed design consists of a radiating path on top and a uniformly distributed split ring-shaped metamaterial structure
on the ground. The presented antenna of 50x38 mm with a thickness of 1.6 mm is printed on FR, substrate and resonates
at 1.80 GHz. The design was fabricated and the measured results were found to be in accordance with the simulations.
The goal is accomplished by loading uniformly distributed split ring-shaped metamaterial structures on the ground plane of
this antenna. The results of the experiments show that using the metamaterial structure on the ground plane improved gain
from 4.34 to 7.3 dB, efficiency from 5.94 to 7.8 dB compared to the conventional patch antenna. This introduction in the
ground plane exhibits return loss up to —38 dB and modified the gain and directivity to 7.3 and 7.8 dB respectively.
The presented antenna has 45 MHz bandwidth. The presented design is proven by simulated surface current, S parameter,
VSWR, radiation pattern. We have also investigated the effect of substrate permittivity, split width, and inter-element spacing
in a split ring-shaped metamaterial structure on return loss. This directive antenna is designed for the applications of wireless
local area networks and other Internet of things-based applications.
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u pe3onupyet Ha gactore 1,80 I'T. AHTeHHA HaHHON KOHCTPYKIMH OBbUIA M3TOTOBIICHA, a MOJTyYCHHBIE PE3yIbTaThl H3Mepe-
HUI COOTBETCTBYIOT paHee CMOJICJIMPOBAaHHBIM. Llesb gqocTuraeTcs 3a cueT 3arpy3Ku paBHOMEPHO PacIpe/ie/IeHHbIX CTPYKTYP
MeTamaTeprana B (opMe pa3pe3HbIX KOJIeIl Ha 3a36MIICHHYIO TIOCKOCTh 9TOH aHTEHHBI. Pe3ynbTaThl SKCIIEPUMEHTOB TOKa-
3BIBAIOT, YTO MCIOJIB30BAaHUE KOHCTPYKIMHU M3 MeTaMaTepuala Ha 3a3eMJICHHOH ITIOCKOCTH IIO3BOJIMIIO YIIYUIIHTh YCHICHHE
curHana ¢ 4,34 no 7,3 nb, addexruBroCTh € 5,94 10 7,8 1B 10 cpaBHEHMIO ¢ OOBIYHON MaTY-aHTCHHOU. [IpenokeHHOe HO-
BOBBEJICHUE B 9KpaH aHTEHHbI IIO3BOJISIET CBECTH 00paTHbBIe MOTepH 10 —38 b, a Taxke yiaydlmuTh 3HaUeHHUA Kod(duimenta
YCHIICHHS aHTE€HHBI ¥ KO3 HIeHTa ee HanpasiaeHHocTH 10 7,8 u 7,8 n1b coorBercTBeHHO. [IpencraBneHHas aHTCHHA HMEET
nosocy nporyckanus 45 MI'n. Ilpeuiaraemast KOHCTPYKIIHS alipoOMpOBaHa ¢ IOMOIIBIO CMOICIUPOBAHHOTO TIOBEPXHOCTHO-
ro Toka, mapamerpa S, VSWR (koaddurpeHT cTosrueil BOJIHBI HAPSDKSHNU ), THarpaMMbl HAIIPABJICHHOCTH aHTEHHBI. ABTOPBI
TaKKEe MCCIIEN0BANN BIUSHUE AMAIEKTPUUECKOH MPOHUIIAEMOCTH MOATIOKKH, IIUPHHBI PAa3AeTIeHHs 1 MEXIIEMEHTHOTO pac-
CTOSIHUSI B CTPYKTYpe MeTamaTeprana B (popMe pacIIeIIeHHOTo Koblia Ha oOpaTHbie motepu. [Ipemmaraemas HanpaBieHHas
aHTEHHA NpeHa3HaYeHa IS IPUIOKEHUH OeCIIPOBO/IHBIX JIOKAJIBHBIX CETEH, a TaKKe JIPYTruX MpHIoKeHui B IHTepHeTe.

KuiroueBble ciioBa: meramarepuai, K03(Q(UIUSHT HAMPaBICHHOCTH, KOI(QQUIMEHT HANPABICHHOTO ISHCTBUS, pPa3beMHOE
KOJIBLIO

JUist uMTHPOBaHMsI: AHAIN3 U UCIIOJIb30BAHUE MHUKPOIIOJIOCKOBOW aHTCHHBI Ha OCHOBE MeTaMarepuala Juisi OeCrpOBOAHOM
ceszu / C. B. Tlauge [u ap.] // Hayxka u mexnuxa. 2024. T. 23, Ne 5. C. 370-379. https://doi.org/10. 21122/2227-1031-2024-

23-5-370-379
Introduction

Printed antennas have been in demand in recent
years, and this demand attracts global researchers
around the world to work on microstrip anten-
nas and produce significant results in response to
the growing demand. Other Internet of Things
(IoT)-based applications and wearable technolo-
gies are now using microstrip antennas, expanding
their use beyond WLAN and satellite communi-
cation.

Researchers have applied available techniques
to improve antenna parameters such as resonating
frequency, return loss, bandwidth, VSWR, gain,
and radiation pattern in recent years. Among them,
metamaterial seems to be the most promising tech-
nique available.

In recent years, metamaterial has emerged as
the most promising technique, prompting extensive
research on its potential to improve antenna pa-
rameters. Stu Wolf and Valerie Browning from the
DARPA Defense Advanced Research Projects
Agency highlight that Metamaterial Technology
(MTM) represents an innovative category of anti-
cipated combinations that exhibit exceptional fea-
tures not observed in the environment. These fea-
tures come from qualitatively novel response tasks
that are not found in element materials and are the
result of extrinsic, short, artificial homogeneities.

There is no particular definition available, that
is universally accepted, but generally, it is defined
as a structure that contains some unusual properties
that are not found in nature [1, 2].

Hayka
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Metamaterials have properties that don't come
from the materials themselves, but rather from the
structures they are made of. Their shape, size, ori-
entation, and arrangement make them smart
enough to manipulate electromagnetic waves in
ways that go beyond what is not possible with re-
gular materials. To get benefits, they can enhance,
block, or even absorb bending waves.

Recently reduction in radar cross-section was
achieved by implementing polarization conversion
metamaterial [3], metamaterial could be the com-
bination of variously shaped structures, it may con-
tain only a split and a thin wire as a combination or
it can be a group of SRRs [4-6].

Printed antenna with slots on the ground plane
has also been trending along with the metamate-
rial [7-10], as this is also the effortless technique
available to modify the antenna parameters.

Ref [11] presents an MTM-based magneto
dielectric structure that helps in miniaturization.
The given antenna has problems, particularly its
complex construction and its inability to improve
antenna parameters. This presented work includes
a modification of the patch antenna utilizing
the SRR metamaterial structure on the ground
plane, which significantly enhances antenna pa-
rameters.

Due to the compact design of MPA, it attracts
researchers to match the requirements of commu-
nication equipment [12]. The authors have pro-
posed a wide range of metamaterial structures
so far. Parameter enhancement after implementing
metamaterial is achieved [13].

Ref [14] describes RMPA resonating at 1.8 GHz.

The antenna's electrical dimension is 51x73 mm.
The presented antenna in this paper is smaller than
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the stated antenna. Incorporating a metamaterial on
the ground plane offers higher gain enhancement
and compactness in comparison to previously pub-
lished antennas.

In Ref [15], it has been demonstrated that patch
antennas can be reduced in size by incorporating
metamaterial structure on the ground plane. Using
metamaterial, return loss, size reduction are
achieved.

A lower dielectric constant and a thicker sub-
strate improve the antenna's performance by
providing a larger bandwidth, improved radiation,
and increased efficiency. If the substrate is thin,
then it increases the size of the antenna [16].
We use a substrate with a higher dielectric con-
stant, which consequently reduces bandwidth and
efficiency. Hence, there is a tradeoff between an-
tenna dimensions and antenna performance.

Ref [17] tried to reduce the antenna size. De-
spite achieving some miniaturization, the reported
antenna gain remains extremely low. It may be
challenging to decrease the size of the antenna in
an existing system while maintaining a high gain.

There have been numerous reports of micro-
strip patch antennas with reduced sizes. Various tech-
niques such as Metamaterial loaded patch [18-19],
Minkowski and Koch Fractal [20], Shorting
pin [21], CLRH transmission line [22], and De-
fected Ground Structure [23—26] were used to mi-
niaturize the antenna.

For WLAN applications, a small patch that
incorporates the A/4 resonator has been presented
in [27] for improving the bandwidth and gain of
the antenna. The antenna's electrical dimensions
are 40x30 mm?’. This method did not significantly
enhance the gain compared to the proposed anten-
na in this paper.

Over the past few years, demand for highly ef-
ficient and compact antennas has steadily in-
creased. A small and cheap antenna has always
been favorable. The proposed study will imple-
ment SRR metamaterial on the ground plane to
minimize the size of patch antennas. This imple-
mentation reduces the antenna size while impro-
ving gain and return loss.

The design process includes geometrical
design, calculation, simulation, and comparison of
results with or without MTM. The CST 2018
Microwave Studio serves as a tool for design and
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simulation. The first step in the modeling process
is to determine its dimensions based on the
operating frequency. After designing and compa-
ring it with the measured demand, we will deter-
mine whether the proposed antenna fulfills all the
desired characteristics or not. If not, we will pro-
ceed with further modifications. The focus will be
on providing a small, tunable antenna.

This paper proposes the use of a novel meta-
material structure. This proposed work involves
a modification of the patch antenna using the
metamaterial structure on the antenna's ground
plane. This introduction not only improved the
antenna's return loss but also increased the BW,
gain, and directivity. This paper presents a dire-
ctive antenna with improved return loss, increasing
a return loss of —38 dB and modifying gain and
directivity to 7.3 and 7.8 dBi, respectively. This
antenna is suitable for wireless applications.

We have divided this paper into the following
sections: The second section discusses motivation.
Section 3 introduces antenna geometry and con-
struction. Section 4 presents a parametric analysis.
Section 5 presents the simulation and measurement
results, along with a comparison of other published
literature. In Section 6, we present the conclusion.

Motivation

Motivations come from the in-depth literature
review, which shows that the need for smaller,
smarter, and cheaper products has emerged, and
the demand has been on the rise for several years.
At microwave frequencies, MPA is very attractive
because of its various advantages, such as its low
profile, low weight, and low cost.

There is a lot of research being done on anten-
nas for radio amateur communication and other
portable applications. As a result, it proves that
MPA generates good-quality radiation, but patch
elements have the disadvantage of low gain. In
recent years, researchers have applied available
techniques to improve antenna parameters such as
resonating frequency, return loss, bandwidth,
VSWR, gain, and radiation pattern. Microstrip
antennas are the most cost-effective option for
meeting such demands due to their fabrication pro-
cess, which is largely dependent on printed circuit
technology. Additionally, they are smaller than
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other antennas. Furthermore, they are very thin,
making them compatible with integrated circuit
technology. In recent years, metamaterial has
emerged as the most promising technique, attra-
cting research to enhance antenna parameters.

Design of Patch antenna loaded with MTM

We designed a microstrip patch using an FR4
(lossy) substrate with a dielectric constant of and
a width of 1.6 mm. We designed this antenna for
a wide range of WLAN applications. Strip fed was
used in the design of this proposed antenna.
The simulation was done on CST Version 2018
and then results were analyzed.

The following Mathematical equations are used
to approximate patch antenna design [28-30], unit
cell SRR:

R B 1)
2f \e, +1
C
L, =S @
o 2
a
w

[ Hayka
wTexHuKa. T. 23, Ne 5 (2024)
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Based on the above calculations, using a per-
mittivity of 4.4 & thickness of 1.6 mm, the pre-
sented antenna design on frequency 1.8 GHz re-
quires a size of 50 mm width, 38 mm length.
In this paper, we present an antenna that resonates
at 1.8 GHz. Fig. 1 shows the proposed patch, all
the dimensions are in mm.

The proposed rectangular patch consists of
a 50x38 mm. After designing this patch, a simula-
tion was done and the results were analyzed.
The optimized dimensions of the designed rectan-
gular patch (Patch 1) are as follows (in mm) as
shown in Table 1.

Fig. 1. Geometrical configuration along with its dimensions:
a— Top view; b — MTM structure applied in ground plane;
¢ — Three Dimensional (3D) prototype of the proposed antenna
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Table 1
Dimensions of designed RMPA

Parameter Value (mm)
Patch's Width (W) 50
Patch’s Length (L) 38
Substrate thickness (z;) 1.6

ground plane thickness (z,) 0.036
Width of Feed line (W) 1.5
Dielectric constant of substrate 4.3
Length of Feed line (L)) 16.5

After designing the conventional rectangular
patch antenna, the metamaterial structure complies
with SRRs [31-33] was implemented in the ground
plane.

The Proposed SRR used in the MTM structure
is shown in Fig. 1 (b).

8
:£:3X—IO9:0.1666m; (6)
f 1.8x-10

A 01666 _ 1\ 04165 m=41.65 mm.

4 4
e QOuter ring radius (R): 4.5 mm.
e Inner ring radius (R;): 2.5 mm.

e Area of outer ring radius: TR, =63.58 mm’.

e Area of Inner ring radius: 7R’ =19.62 mm’.

e Area of the ring = (63.58-19.62) = 43.98 mm’.
Taking square root (in meter) = 6.63 mm.

So the design unit cell-driven MTM has
size <A/ 4.

The dimensions of the proposed SRR used
in the MTM structure as (in mm) shown in Table 2.

a

Table 2

Dimensions of proposed SRR
Parameter Value (mm)
Ring's inner radius (R,) 2.5
Ring's outer radius (R;) 4.5
Horizontal split gap (G;) 1.6
Vertical split gap (G») 0.036
Distance of horizontal separation Between
two SRR (X)) 23
Distance of Vertical separation Between
two SRR (X3) 19

After creating the initial SRR, a combination of
these prototypes was combined and implemented.
The proposed metamaterial structure, implemented
in the ground plane of the antenna is presented
in Fig. 1c. This proposed structure is the combi-
nation of 9 SRR separated with the distance
of X;=23 mmand X, =19 mm.

A 3D model and geometry of the proposed
antenna can be seen in Fig. 1a, b, and c. Fig. 2a-b
shows the fabricated prototype on the FR, sub-
strate. Fig. 2c—e illustrates the design procedure
during the development stages of Metamaterial
Structures.

Parametric Study

A) Effect of split width G, and G,
on S parameter

This section explains the impact on S11 charac-
teristics of the Antenna by varying various parame-
ters of the unit cell on the ground plane.

7z
®
7N
INT

d

7N
N

Fig. 2. a,b— Top and bottom view of the proposed fabricated antenna;
c—e — Development stages of the proposed MTM Unit Cell
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Fig. 3 shows a parametric study of the Width
“Gy” of the periodical split ring resonator designed
on the ground plane and their impact on the S11
characteristics of the proposed antenna. Width
is changed from 1 to 3 mm in a step of 1 mm.
The effect of increasing the split width G, decreases
the capacitance which in turn increases the resonant
frequency [G; = 1 mm, F, =1.79 GHz, G, = 2 mm,
F,=1.805 GHz, G; =3 mm, F,.=1.82 GHz].

S Parameter (dB)
L
S

— G =1mm — G, =2 mm

=35
|

—40
0

G =3 mm

Frequency (GHz
freq v ( 2) 5

Fig 3. S Parameter for different values of parameter “G,”

Fig. 4 shows the impact on the S11 characte-
ristics of the antenna by varying the width “G,”
of the periodical split ring resonator designed
on the ground plan. We change the width from 1
to 3 mm in steps of 1 mm. In the proposed design,
the introduction of the second split G, connects the
capacitance in series, leading to a decrease in the
overall capacitance and an increase in the resonant
frequency [G, = 1 mm, F,= 1.77 GHz, G, =2 mm,
F.=1.805 GHz, G, =3 mm, F,= 1.82 GHz].

S Parameter ( Magnitude in dB)

10
— "
m
5 0 1 2 3
5 —10
g
& 20
i
o
9 30
G,=1mm—G,=2mm G,=3 mm
40
Frequency (GHz)

Fig. 4. S Parameter for different values of parameter “G,”

B) Effect of inter-element spacing
on S parameter

This section explains the impact of changing
the metal width of the inner and outer ring on the S
parameter. Increasing the metal width of the rings

Hayka
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decreases the mutual inductance as well as capaci-
tance. Therefore SRR with narrow rings as shown
in the Fig. 5 have smaller resonant frequencies.

00— : Ya —
-5 \
~10 | == spacing between 1
-15 tworing= 2.5 mm |
—20 | ==———cpacing between
-25 tworing= 2.0 mm
-30 spacing between
-35 tworing=1.5 mm
-40 |
45
0 1 2 3

Frequency (GHz)

Fig. 5. Impact on S Parameter by changing Inter
element spacing

C) Effect of Substrate Permittivity
on S Parameter

The impact on the S11 parameter by changing
the substrate permittivity is shown in Fig 6.
S11 parameter considering different permittivity’s
as Rogers RO3003 (g, =3), FR4 (g, =4.3), Ro-
gers RT6006 (g, = 6.45).

By increasing the substrate permittivity the res-
onant frequency shifts toward the lower side be-
cause it has an inverse relationship with permitti-

vity (e, ) .
S Parameter (Magnitude in dB)

-5
)
)
o}
k3]
§ -25
[
a
n — FR4 substrate
45 Rogers RO3003
0 1 2 3

Frequency (GHz)

Fig. 6. The impact on the S11 parameter by changing
the substrate permittivity

Result and Discussion

We simulated the antenna design in CST ver-
sion 18 to get the antenna performance analysis.
The results are as follows.

A. Frequency characteristics
Below, we present the surface current distribu-
tion and return loss, which aid in understanding the

frequency characteristics of the proposed design
antenna.
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I. Return loss

Fig. 7 shows the comparison of the reflection
coefficient before metamaterial implementation
and after metamaterial incorporation. After meta-
material inclusion, significant improvement was
observed. We simulated and analyzed the proposed
antenna with a novel metamaterial structure; the
conventional antenna did not have parameters that
could meet the demand.

S Parameter (Magnitude in dB)
0

-5
-10
-15
-20
-25
=30 |—— with MTM
=35 |—— without MTM
—40

0 1 2 3
Frequency (GHz)

S-Parameters (dB)

Fig. 7. Comparison of the reflection coefficient
with and without MTM

To make it usable, amendments were required.
After SRR implementation in the ground plane,
the following Fig. 8 shows S11 variation during
the development stages of MTM, focusing on three
configuration ring with no cut, with one cut and
double cut.

S Parameter (Magnitude in dB)

0 — S
6 05 10 15 [}T) 25
)
220
3
D
g
= Ring with no cut
ﬁ? —40 Ring with one cut
w Ring with double cut
Frequency(GHz)
-60

Fig. 8. S11 during the development stages of MTM

It can be observed that the Conventional pro-
posed antenna has a return loss of —11 dB whereas
after metamaterial implementation having a return
loss of =38 dB shown in Fig. 7.

II. Current distribution

Fig. 9 (a-b) shows the surface current distribu-
tion of the proposed antenna at 1.8 GHz.

I11. Radiation pattern

Fig. 10 shows the simulated radiation pattern
of the presented antenna at different cut angles.
Fig. 11a, b illustrates the 3D radiation pattern of
a conventional patch antenna, showing gain and
directivity, and Fig. 1lc, d after metamaterial
implementation at 1.8 GHz, showing gain and di-
rectivity.

Fig. 9. Distribution of surface current in the proposed antenna (a) front (b) back

a b
Farfield Gain Abs (Phi=90) Farfield Gain Abs (Phi=180)
phi= 20 30 _Y_ 30 pizaro phi=180 3030 phi=360
60 { 50 60 K0 60

Theta / Degree vs. dB Theta / Degree vs. dB

c d
Farfield Gain Abs (Phi=270) Farfield Gain Abs (Phi=0)

Theta / Degree vs. dB

Theta / Degree vs. dB

Fig. 10. Radiation pattern of the presented antenna at different cut angles:
a—90 degree; b—180; ¢ —270; d — 0/360 degree
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farfield (f=1.8) [1]

Type Farfield
Approximation  enabled (kR »» 1)
Component Abs

Output Gain

Frequency 1.8 GHz

Rad. effic, -1.604 dB

Tot. effic. -2.035dB

Gain 4,343 dB

farfield (F=1.8) [1]

Type Farfield
Approximation  enabled (kR »> 1)
Component ~ Abs

Qutput Gain

Frequensy  18GH:
Rad.effic.  -1467dB
Toteffic. 149148

Gain 134 dB

farfield (f=1.8) [1]

Type Farfield
Approximation  enabled (kR »> 1)
Component Abs
Output Directivity
Frequency 1.8 GHz
Rad. effic, -1.604 dB
Tot. effic, -2.035dB
Dir. 5.947 dBi
d

farfield (f=1.8) [1]

Type Farfield

Approximation enabled (kR »> 1)

Component ~ Abs

Output Directivity

Frequency  18GHz

Red.effic.  -1467dB

Tot. effic, -1491d8

Dir. 7808 dBi

Fig. 11. Radiation pattern of conventional patch antenna showing gain and directivity (left side)
and after Metamaterial Implementation (right side) at 1.8 GHz showing Gain & Directivity (c—d)

B. Measured result

We have developed an antenna by loading a
uniformly distributed split ring-shaped metamate-
rial on the ground plane resonating at 1.8 GHz for
WLAN applications. We perform the measurement
using the Portable Spectrum Analyzer Model
TW4950. Fig. 12 shows a comparison of the simu-
lated and measured return losses. The simulated
and measured values of the gain are fairly close
to each other.

S-Parameters [magnitude in dB]

0
-5
-10
g
25 _:1”“ a‘: -15
730 — (| EESLIT _20
=35
—40 =25

1213141516 1.718 1920 2.1 2223

Frequency / GHz

Fig. 12. Comparison of the simulated & measured return loss

Table 3

Ilustrates the comparison between the performance of the presented MTM antenna to that of reference
antennas [12, 16, 21-23, 25-27]. Compared with existing design, the presented antenna has better return loss, gain, directivity

Antenna Antenna Parameter
. . Frequency .
Ref. Dimensions (GHz) Return BW Gain | Directivity Technique
(mm) Loss (dB) | (MHz) | (dB) (dB)
1 2 3 4 5 6 7 8
[11] 80x80 -17.5 - - - Conventional FR, antenna
60x60 1.8 —24 39 3.54 - Metamaterial based Magneto dielectric
antenna
[14] 51x73 1.8 —-15.61 43 4.39 - Conventional Rectangular patch
antenna
[ Hayk
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Ending of Table 3
1 2 3 4 5 6 7 8
[15] 51x38 —22.5 - - - Traditional microstrip patch antenna
41x28 1.8 -25 - - 5.45 Array of 5 split ring resonators (SRRs)
unit cells
[17] 30%30 25 2.11 - First Design — 2 parallel Interdigital
capacitors.
1.76 o .
24x24 50 -12 - Second design-interdigital capacitor
and a spiral inductor
[34] 49x12 1.8 -23 - -0.67 - Electrically small antenna
[35] 50x40 . —-12 - - - Traditional RMPA
1.
32%x18 -34 - - 6.14 Substrate with left hand metamaterial
[36] 40%x40 1.76 -14 35 5.4 - antenna with CRLH loading
[37] 23x58 1.76 -19 27 6.4 - MTM transmission line
Proposed 50x38 1.8 -11 42.6 4.34 5.94 Conventional patch alone
Antenna -38 45 73 7.8 Array of 9 Split Ring Shaped Meta
material Structure
CONCLUSION 4. Pandeeswari R., Raghavan S. (2015) Microstrip Antenna

The proposed metamaterial structure, which
has nine split-ring resonators on the ground plane
of the conventional patch, implies that a metamate-
rial structure can significantly improve antenna
characteristics. Modifications to the antenna struc-
ture's geometry alter the antenna's performance
parameters, including resonating frequency, return
loss, bandwidth, VSWR, gain, and radiation pat-
tern. A comparison with the existing results and
the conventional patch reveals an improvement in
the parameter modification. The author noted that
researchers could achieve promising results if they
preferred metamaterials along with conventional
methods.
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Pedepar. B crathe Ha OCHOBaHNH PE3yJIBTATOB SKCIEPUMEHTANBHBIX HCCIICIOBAaHNH yCTAaHOBICHBI BaXKHBIE 3aKOHOMEPHOCTH
3aBUCHMOCTH YacCTOTHI KOPOTKHX 3aMbIKaHHH TyrOBOTO NPOMEXYTKa M KOd(QQHUIMEHTa HNOTEeph IEKTPOAHOr0 MeTajia Ha
pa3OpBI3TUBaHUE OT HAPSDKEHUS Ha AyTe U CKOPOCTH MOAAYN MPHUCAJOYHOI MPOBOJIOKH IIPH CBapKe U HAIJIABKE C BBEACHUEM
razoobpasnoro SF¢ B 3amuTHy0 cMech Ar + CO,. [Ipeanaraercs BBoauTh hropconaepxaiire KoMnoHneHTol SFg Hemocpen-
CTBEHHO B 3allIUTHYIO ra30By10 cMech 82 % Ar + 18 % CO, B konuuecTBax, He IpeBblaromux 2 %. TeXHonorus no3Bouset
CHHU3MTH KOJIMYECTBO JU((HY3MOHHOrO BOAOPOJA B HAIUIABICHHOM METAJLIE, YTO SBJIACTCS aKTyalbHOH 3ajaueill mpu cBapke
BBICOKOIIPOYHBIX CTaJIeH M MaTepHajoB, YyBCTBUTENBHBIX K BOJOPOIHOMY OXpYHUHBaHMIO. Panee HaMu OBUI pelIeH psi BO-
MPOCOB, CBSA3aHHBIX C MPEMATCTBHEM IOBBIIICHHUS KOHIEHTPAIMU S B HAIUIABIEHHOM METaJlle, YTO MO3BOJIMIIO OINPEASIUTh
Hanbouee 3 dexTrBHBIe KOHIEHTpan SF¢ B cocTaBe 3aUTHOM ra3oBoii cpesbl, orpaHudeHHsIe 1,5 % 1o o0beMy oT obe-
ro cocraBa (Ar + CO,) + SFe. IIpu 3ToM MoauuKaiis 3alIUTHON ra30Boil atMocepsl TalloreHHIHbIM coequHeHneM SFg
OKa3bIBaeT CYIIECTBEHHOE BIIMSHMC HA XapaKTEPHCTHKHU IUIABICHUS 3JIEKTPOJHON IIPOBOJIOKU U TEMIIEPAaTypHBIE ITOKa3aTeIn
B 30HE TOPEHHUS QyTH. OTO O0OYCIOBJICHO BHICOKMM IOTEHIMAIOM HOHM3aIMHU (Topa Kak MPOAYKTa BBHICOKOTEMIIEPATypHOH
peakiuu auccounaryu SFe. [TonyueHHbIe pe3ysibTaThl HO3BOJIMIN ONPEASIUTE Hanboee 3 GeKTHBHBIE COOTHOIICHUS MEXK-
Jy 3HAQUCHUSIMU IIapaMETPOB PEKHMa, a TAakKe MCCIIEN0BaTh CHENH(UKY MIaBICHNS IPHCAJL0THON MPOBOJIOKH B MOAUGHIN-
poBanHOi1 SF¢ 3ammuTHON atMocdepe. YcTaHOBIEHB! BaXKHBIE 3aKOHOMEPHOCTH, PACKPBIBAIOIINE TEXHOJIOTHYECKHE 0COOEH-
HOCTH CBapKH{ M HAIUIABKH C MOAU(HKAIINEH 3aIUTHOH aTMOC(EpPHI TalIOTeHUTHBIMU COeANHEHHUSM.

KuroueBble ci10Ba: TyroBasi CBapKa B 3alIMTHBIX Ta3aX, 3aIUTHBIC Ta30BbIE CMECH, MOAN(HUKAIINS 3AIMUTHON ra30BOH CPEIbL,
K03 (QHUIMEHT MOTEPh SICKTPOIHOTO METalia Ha pa30phI3rUBaHKE, YACTOTAa KOPOTKHUX 3aMbIKAHHUH TyTOBOTO MPOMEKYTKA
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Technological Features of Filler Wire Melting
for Arc Welding and Surfacing with the Introduction of SF,
into Protective Gas Atmosphere
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Abstract. On the basis of the results of experimental studies the paper establishes important patterns of dependence of the
frequency of short circuits of the arc gap and the coefficient of loss of electrode metal due to spatter from the voltage on the
arc and the feed rate of the filler wire during welding and surfacing with the introduction of gaseous SFg into the Ar + CO,
protective mixture. It is proposed to introduce fluorine-containing components of SF¢ directly into the protective gas mixture
of 82 % Ar + 18 % CO, in quantities not exceeding 2 %. The technology makes it possible to reduce the amount of diffusion
hydrogen in the deposited metal, which is an urgent task when welding high-strength steels and materials sensitive to
hydrogen embrittlement. Previously, we resolved a number of issues related to the obstacle to increasing the concentration
of S in the deposited metal, which made it possible to determine the most effective concentrations of SF6 in the protective
gas environment, limited to 1.5 % by volume of the total composition (Ar + CO,) + SF¢. At the same time, modification
of the protective gas atmosphere with the halide compound SF¢ has a significant effect on the melting characteristics of
the electrode wire and temperature indicators in the arc combustion zone. This is due to the high ionization potential
of fluorine as a product of the high-temperature dissociation reaction of SFs. The results obtained have made it possible
to determine the most effective relationships between the values of the mode parameters, as well as to study the specifics
of melting the filler wire in a protective atmosphere modified with SF6. Important regularities have been established that reveal
the technological features of welding and surfacing with modification of the protective atmosphere with halide compounds.

Keywords: arc welding in shielding gases, shielding gas mixtures, modification of the shielding gas environment, coefficient
of loss of electrode metal due to spattering, frequency of arc gap short circuits

For citation: Karatseyeu A. A., Fiatsisava K. A., Parshin S.G., Karatseyeva A. A. (2024) Technological Features of Filler
Wire Melting for Arc Welding and Surfacing with the Introduction of SF; into Protective Gas Atmosphere. Science and Tech-

nique. 23 (5), 380-389. https://doi.org/10.21122/2227-1031-2024-23-5-380-389 (in Russian)

BBenenue

Ha ceropnsiminuii 7eHp AyroBas cBapka B cpe-
Jie 3alUTHBIX Ta30B SBISETCS HanOOJee pacrpo-
CTpaHEHHBIM CIIOCOOOM, HCITONIB3YEMBIM B IIPO-
MBIIIJIEHHOCTH JJISl MOJIY4YEHUsI HEPa3bEMHBIX CO-
€IUHEHUM METAIUIOKOHCTPYKIUN U3 CTalIed U
craBoB. Illupokuil accopTUMEHT THUIIOB IpHca-
JIOYHBIX TIPOBOJIOK MO3BOJISIET C(HOPMUPOBATH TpPE-
OyeMblii KOMIUIEKC 3KCIUTyaTallHOHHBIX CBOMCTB
CBapHOTO COEAWHEHHUs, O0ECHEeYUTh €ro mpoy-
HOCTHBIE XapaKTEPUCTUKHU IIPU BBICOKOM MPOU3BO-
JUTENBHOCTH U BO3MOYKHOCTSX JUJISI MEXAHU3ALMU
U aBTOMATHU3alUU TEXHOJIOTHH.

B mocnennee Bpemsi HaOmOmaeTCsl MpakKTHYe-
CKM TIOJIHBIM IEpexXoJ Ha MCIOJIb30BaHUE B Kaye-
CTBE 3allUTHBIX T'a30BbIX CPEJ CMECEH HAa OCHOBE
aprona (82 % Ar + 18 % CO,, 95 % Ar + 5 % CO,
U 1p.). DTO MO3BOJISET HE TOJIBKO YIYUIIATH TEX-
HOJIOTMYECKHE XApAKTEPUCTUKH IUIABJICHUS IIPH-
CaJIOYHOM TPOBOJIOKH, HO U 3((HEKTUBHO MpHUME-
HUTH CITOCOO IS CBapKH JIETUPOBAHHBIX CTaJIeH,
TaKk KaK OKUCJIHUTEIbHBLIM IOTCHIMAT 3alUTHOU
aTMocdepsl CYIIECTBEHHO HUKE, YeM IIPH CBapKe
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B unctoM CO,. Crneyer OTMETUTD, YTO 3aIIUTHAS
razoBas cpella IpU CBapKE TPATUITMOHHO BBIMOJ-
HACT JBe (YHKIIMHM: BBITCCHEHHE aTMOC(EPHOTO
BO3/lyXa W3 30HBI TOPECHUS IyTH U CO3JaHHE HEOO-
XoquMon aTMmocdepsl, odecreunBaroIIel Hanbo-
nee 3QQeKTHBHOE NPOTEKaHHE CBAPOYHBIX IPO-
1eccoB. B ciydae MUHAMUKU mepexonia K MHEPT-
HBIM Ta30BBIM CpelaM MPaKTUYECKH OTCYTCTBYET
BO3MOYKHOCTh METAJUTyPTHIECKOTO BO3ICHCTBUS
Ha TMPOLECCHI, TPOUCXOAIINE B 30HE IIABICHUS
IIPOBOJIOKU U MEPEHOCA PaCILIaBICHHOTO METalia
yepe3 JyroBoil mpoMmexyTok. ITpeumMyIriecTBeHHO
WHEpPTHAs cpefia HE B3aUMOJCHCTBYET C JKUIKUM
METaJJIOM. B Takux ycrnoBusix Hanuyue B paboueit
30HE 3arps3HEHUH, TPOAYKTOB METAJLTYPrHIECKUX
peakmuii TOCTOPOHHETO TPOUCXOKIACHHS, WHUITH-
WPYIONIUX TMOSBJICHUE CBOOOJHOTO BOAOPOAa B
atMocdepe Qyru, MPUBOIUT K €r0 HHTEHCHBHOMY
pPacTBOPEHHMIO B JKHIKOM MeTamie. B oTmmume
OT CHOCOOOB CBapKH, MCIHOJB3YIOMIMX (DIIIOCH U
MOKPBITHSI  DJIEKTPOJIOB, COJACPIKAIINX OOJBIIOE
KOJIMYECTBO DJIEMEHTOB JUIsi 00eCTieueHusl yIpaB-
JIIEMOT'0 MEXaHW3Ma METAJUTyPru4eCKOro BO3ZCH-
CTBHS, B PacCMaTPUBAaEMOI TEXHOJOTUU BO3MOXK-
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HOCTH OTCYTCTBYIOT. OTHUM U3 pELICHU SBISCT-
Csl IPUMEHEHHE MOPOIIKOBBIX IPOBOJIOK, OIHAKO
HE BCeraa Ha MpeInpusiTHA UMEETCsI BO3MOXHOCTD
UCIIOJIb30BAHUS IOPOTOCTOSIIUX U CIIOKHBIX IPHU-
CaJIOYHBIX MaTEpPHAJIOB.

OCOOEHHO 9yBCTBHUTEJIBHBIMH K BOJOPOAHOMY
OXPYIUUBAHUIO SIBJISIOTCS] BBICOKOIIPOYHBIE CTAJIH.
Oto oO0ycnoBieHO CHIWKeHHEM anddy3noHHOMH
MOJBIKHOCTH BOJAOPOJAa B CBAPHOM COCAMHEHHH
MOCJIE CBAapKH B OOJIACTSIX, UMEIOLIUX CTPYKTYPHI
MapTeHcuTa u OeiiHuTa. [IponcxoauT mpakTHye-
CKM TIOJNHAsi ero OJOKHPOBKA, MPEMATCTBYIOLIAS
BBIXOJy Ha MOBEPXHOCTh M CIIOCOOCTBYIOLIAs CO-
3aHUI0 OTPOMHBIX BHYTPCHHUX MIABICHUH IIPH
MOBBIIICHUN KOHIEHTPALMU B 00JACTIX MHUKpO-
neQeKTOB U MUKPOTPEINH, PACKPBIBAIOIINX HUX B
KOHEYHOM CUeTe C BBIXOJOM MAaKpOTPEIIUHbI Ha
MOBEPXHOCTh B TCUCHHWE HEKOTOPOTO BPEMEHH.
OTO MOJTHOCTHIO BHIBOAMT KOHCTPYKIHIO U3 IKC-
IUTyaTaluy ¥ TpeOyeT ncnpasieHus aedekra.

OnucaHHBI MEXaHU3M I03BOJISIET IPEAIIOIIO-
XKHUTh, 4TO Hambojee >(P(PEKTHUBHBIM CIIOCOOOM
00prOBI ¢ MU GY3NOHHBIM BOJOPOJOM B TaKUX
YCIIOBUSIX SIBJIAETCSI CHMXKEHHE €ro PacTBOPUMO-
CTH B METaJIe CBAPOYHON BaHHBI U NMPHCATOYHOM
MaTepuaie Ha CTaJud IUIaBJICHHUS AIIEKTPOAHON
IPOBOJIOKHU. Takue NOAXO0bl peaqu30BaHbl B CIIO-
co0ax CBapKH IOKPBHITBHIM TUIABSIIAMCS DIIEKT-
POIOM, HOPOIIKOBOH MPOBOJIOKOH, mox (iarocom
Y OCHOBaHBI HA BBEJCHUHU (PTOPCOAEPKALIMX KOM-
IIOHEHTOB B 30HY CBapku (IPEeUMYILECTBEHHO
CaF,, KF, NaF, BaF,). Ilpu ucnons3zoBaHuu mpo-
BOJIOK CIUIOIIHOTO CEYEHHsI B MHEPTHBIX Ta30BbBIX
CMECSX TaKHE MEXaHU3Mbl B TPAJUIIMOHHON MpaK-
TUKE HE TIPUMECHSIIOTCSL.

B cratbe mpennaraeTcs BBOAMUTH (TOpCOnEp-
JKalre KOMIIOHEHTHl B BHIE TrazooOpasHoro SFg
HETIOCPEICTBEHHO B 3aIUTHYIO Ta30BYI0 CMECh C
COOTHOIIIEHHEM KOMITIOHEHTOB 82 % Ar + 18 % CO,
B komuuectBax 0,5-2 % mpu cBapke W Hamas-
ke [1-10]. DddexTuBHOCTL Takoro cmocoba, ¢
TOYKW 3pEHHS CHIKCHUS KonudecTBa TUQPy3u-
OHHOTO BOJOpOJa B HAIJIAaBICHHOM MeTajle, Ka-
YECTBEHHO yCTAaHOBJICHA U IIOKa3aHa HaMHU paHee
B pane myOnukauuid [6]. Taxxe pemeH psza BoO-
MPOCOB, CBSI3aHHBIX C MPEMATCTBHEM MOBBIIICHUS
KOHLICHTPAllud Cepbl B HAIUIABJICHHOM MeTajle,
YTO 10 COBOKYHHOCTH (DaKTOPOB II03BOJIMIIO
onpenenuTb Haubonee 3(PQeKTuBHBIE 00JIACTH
KoHUeHTpauuu SFe, orpannuyenusie 0,5-1,5 % no
00BeMy OT OO0IIEero cocTaBa 3alIUTHONW aTMocde-
pot (Ar + CO,) + SF¢ [1-7].
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B crathe mpuBeneHsl pe3yibTaThl UCCIEN0Ba-
HUS KOd(QQHLMEHTa MOTeph Ha pa3OphI3THBaHUCE
M Y4acTOTHl KOPOTKUX 3aMBIKaHHH JIyTOBOTO IPO-
MEXKYTKa, OIPEAENSIOINEe OCHOBHBIC TEXHOJIOTH-
YecKHe ImapaMeTpsl mpouecca. B kauectBe mpuca-
JOYHOH TPOBOJIOKU HCIIOIB30BAIACH IIPOBOJIO-
ka CB-08I"2C.

OcHoOBHAA YacTh

st cmoco6oB cBapKU TUIABSIIUMCS 3JICKTPO-
JIOM TIEPEHOC JJIEKTPOJHOTO MeETaljia SBIACTCA
OJTHUM W3 OCHOBHBIX TEXHOJOTHYECKHX IPOIec-
COB, ompeAensaomux 3((OEKTUBHOCTh TPUMEHE-
HUSI TeXHOJOruu. Ha cerogHsAmHuil 1eHb, OCHO-
BBIBASICh Ha JJIUTCIILHOW TMPAKTUKE U OOJBIIOM
o0beMe pe3yNIbTaTOB MUCCIIEIOBaHUN B 3TOM 00na-
CTH, CUUTACTCS, YTO HAMOOJee MPEAIOUYTUTEIh-
HBIMU BHJIaMU TI€pEHOCAa MO0 COBOKYIHOCTH Tapa-
METPOB SBISIOTCS MEPEHOC KOPOTKUMHU 3aMbIKa-
HUSMH JTyTOBOTO TIPOMEKYTKA U TaK Ha3bIBaeMBIi
«CTPYHUHBIN».

IlepBBIii W3 HUX XapaKTEPU3YeTCs OTHOCH-
TENbHO HEBBHICOKMMH JJIsi KOHKPETHOTO THIA U
IuaMeTpa CBapOYHOW MPOBOJIOKH 3HAYCHUSIMHU
CHWJIBl TOKa. BcleAacTBHE HEBBICOKOM MOITHOCTHU
IYyTOBOTO pa3psAla M CKOPOCTH IUIABIEHHS IIPO-
BOJIOKH KaIUIsl PacIUIaBIICHHOTO METailjia He OTJe-
JSeTCs OT Hee W MPHOIMKASTCS K MOBEPXHOCTH
pacmaBJIeHHON BaHHBI BIUIOTH JO KOPOTKOTO 3a-
MBIKaHUs AYTOBOTO MPOMEXKYTKA, YTO COMPOBOXK-
JAETCS PE3KUM CKAYKOM 3HAYCHHUS CHJIBI TOKa.
DTO MPUBOJUT K TIEPETPEBY U BCKUIIAHUIO YKHUIKOH
MEepeMbIYKN MEX]y Kalied W MpPOBOJIOKOW, CTpe-
MHUTETHFHO YMCHBINAIOMIEHCS BCICACTBUE JCH-
CTBHUS CxkuMaroniero 3¢ @{exkra MarHUTHOTO MOJIs,
C BBIOPOCOM YAaCTH JKHUAKOTO METayla U BO300-
HOBJICHHEM TropeHus Ayru. OTIenuBIIAsICS Karlis
3a CYET CHJIBl OBEPXHOCTHOI'O HATSDKEHMSI Tepe-
XOJUT B CBapOYHYIO BaHHY. MeXaHU3M U Xapak-
TEp pacupeieNeHus] CHJI, ONPEAEIIIONINX IIHA-
MUKY TpPOTEKaHUs TIPOIECCa, HA CETOMHSIIHUN
JIEHb OTHOCUTENILHO XOpoIo uccienoat. [lpu stom
MMEHHO PE3KWH CKAdOK 3HAYEHHWS CHIIBI TOKa B
MOMEHT KOPOTKOTO 3aMBIKaHHS SIBIIAETCS Xapak-
TEPHBIM TMPU3HAKOM OTACNICHUs KaIlld pacIuiaB-
JIEHHOTO MeTa/Ula TMPH aHallu3e OCIHLIOrpaMM
IpoIiecca, 9TO MO3BOJIAET JOCTATOYHO MPOCTO Pe-
anu30BaTh CHUCTEMBl YIOPABICHUA IEPEHOCOM
ANIEKTPOJHOTO MeTayuia. Takxke ClienyeT OTMETUTh,
YTO B MOCJETHEE BpeMs Bce OOJbIIE MPUBETCTBY-
IOTCSI TCHACHIIMH WCIIOJIB30BAHUS «HEBBICOKUX)

Hayka
urexHuka. T. 23, Ne 5 (2024)



Mechanical Engineering and Engineering Science

3HAa4YCHUI apaMeTpoB PEKUMA, YTO 00YCIOBICHO
HEOOXOIUMOCTBIO OTPaHMUYCHHS TEIIOBIOKEHHS
B OCHOBHOW MaTepHaj C LENbI0 INPeA0TBPaICHUS
MIOTEPHU JIETHUPYIOLIMX 3JIEMEHTOB B [yTOBOM IIPO-
MEXYTKE, CHIKEHHS BHYTPEHHUX HaIpsLKEHUH
B KOHCTPYKLHMH H3-32 HEPaBHOMEPHOTO Harpena,
BBINIOJIHEHUSI CBApPHOI'O COEAMHEHHMs 3a Oosbliee
KOJINYECTBO TPOXOJOB TaK HA3bIBAEMBIMU «HHU-
TOYHBIMM» BaJIMKaMH. JTO JAeJaeT Juara3oH 3Ha-
YEHUH MapaMeTpoOB PEXHMA, COOTBETCTBYIOLIMX
MIEPEHOCY 3JEKTPOJHOTO MeTallila KOPOTKUMH 3a-
MBIKaHUSIMH, HanOoJIee pacpOCTPaHEHHBIM.
«CrpyHHBII» XapakTep HEepeHoca 3JIEKTPOA-
HOTO METaJUla BO3HMKAET NPH 3HAYCHUSAX CHIIBI
TOKa, MPEBBIIIAIONINX TaK Ha3bIBAEMOE «KpUTHUE-
ckoe». B aTtom cimyuae cknanpiBaeTca psf ycio-
BUM, MMPU KOTOPBIX PABHOJEUCTBYIOIIAs BCEX CHUII,
JNEHCTBYIONMX Ha Karullo KUJIKOTO MeTaja,
HalpasjieHa B CTOPOHY pAacIlJaBI€HHOW BaHHBI.
OTO NPUBOAMT K BHITATMBAHUIO KUIKOTO METaJlIa
II0 OCH IPUCAOYHOH NPOBOJOKH U €ro Apobiie-
HUIO Ha MEJIKHME KaIlM, BU3YalbHO CII0)KHO pa3-
JMYUMbIE M MPEACTABIAIONIME CO00i CIUTOMIHOM
kaHail. [Iponecc mocTatoyHO cTaOWIIEH M NIPAKTHU-
YEeCKH JIMIIEH MOTeph Ha pa3OpBI3TUBaHHUE 3JIEK-
TpoaHoro Metamia. Bmecte ¢ Tem TtpeOyercs
HCIONb30BaHUE JIOCTATOYHO BBICOKMX 3HAYEHUH
cuibl Toka (cBeime 280-300 A g mpoBOJIOK
quameTpoM 1,2 MM), 4TO B psAle CIy4yaeB MOXKET
NPUBOIUTH K MEPErpeBy CBapUBAacMbIX JeTajel
BCJIEZICTBUE OOJIBIIOrO TEIUIOBIIOKEHHUS, YTO Orpa-
HUYUBAaECT 00JacTh SPQPEKTHBHOTO NPUMEHEHHS

CTPYHHOTO pEKHMMa Ha IMPAKTHUKE, OCOOECHHO IMpHU
CBapKe MaTEpHUAaNIOB, YyBCTBUTEIBHBIX K TEPMUYUC-
CKOMY ITHKIY.

IlepexoaHbIM TIpOILIECCOM SIBIISIETCS Kallejb-
HBIIl IEPEHOC ANEKTPOIHOTO METallla, XapaKTepu-
3yeMBIi OTPBIBOM OTHAEIBHBIX Kamelb OT TOpIa
MIPOBOJIOKK JIO MOMEHTa KOHTaKTa C IIOBEPXHO-
CTBIO pacIUIaBiI€HHOM BaHHBI. [Ipu 3TOM OHHU CBO-
00IHO TIepeMeIIalTCs Yepe3 JAYTOBOU MPOMEXY-
Tok. Ilpomecc TpyIHO KOHTPOIHMPYEM, TaK Kak
MOMEHT OTJEJCHHUS KaIld OT MPOBOJIOKH JTOCTa-
TOYHO CJIOXHO 3a()UKCHPOBATh U Ha MPAKTHKE
MPUMEHSIETCA OTPaHUYEHHO.

Monudukanus 3aluTHON ra3oBoii aTMocheps
raJjoreHuIHbIM coenuHeHueM SFgq okasbiBaer cy-
LIECTBEHHOE BIUSHUE HA XAPAKTEPUCTUKU ILIAB-
JIEHUST DJIEKTPOTHON TIPOBOJIOKH, OCOOCHHOCTH
JIyTOBOTO pa3psjia, TeMIepaTypHble IOKa3aTelu
B 30HE JyTr'H. ITO 00YCIIOBJICHO B IIEPBYIO OUYEPEh
BBICOKMM TIOTEHI[MAJIOM HOHHW3aluu (ropa, Kak
MPOIYyKTa BBICOKOTEMIIEPATYPHOU pPEaKIHH I¥C-
coruamnun SFg.

HccnegoBanue 4acTOThI KOPOTKUX 3aMBIKAHHMA
JyTOBOTO TMPOMEXKYTKAa M OCOOCHHOCTEW mepeHoca
pacIUIaBICHHOIO METaJula MPOBOJAUIIOCH C MPUME-
HEHHUEM METOJMKH aHalIu3a OCLUIUIOIpaMM 3JIEK-
TPUUYECKUX MapaMeTPOB C COBMEIIEHHON CKOPOCT-
HOW BHJIEOCHEMKOM TMpH HAaIJIaBKE OJMHOYHBIX
BAJIMKOB Ha IIJJACTUHY. BHENIHWI BHUJl YCTaHOBKH
U TIONly9aeMble KaJapbl BHICOCHEMKH IEpeHOCca
MIpeJICTaBIeHbl Ha puc. 1, 2.

Puc. 1. Bueuinuii Buj yCTaHOBKH JJIsl CKOPOCTHOW BUCOCHEMKH IIPOLIECCa IePeHoca IEKTPOIHOrO MeTaslia:
1 — HampaBisttoIast; 2 — cUcTeMa MOJICBETKH C JIAMITON; 3 — JInH3a; 4 — cTOJ ¢ 00pa3LoM JUlsl HAaIUIABKHU;
5 — cucrema CBeTOPHIBTPOB; 6 — Kamepa

Fig. 1. External view of the installation for high-speed video filming of the electrode metal transfer process:
1 — guiding system; 2- lighting system with a lamp; 3 — lens; 4 — table with a sample for surfacing;
5 — light filter system; 6 — camera

[ Hayka
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1 2 3 4
Puc. 2. Craguu nepeHoca 31eKTpOJHOro MeTaiuia: 1 — cragus GopMHUPOBAHUS Kallld;

2 — KOPOTKOE 3aMbIKaHHE JAyTOBOI0O MPOMEXKYTKA; 3 — Pa3pblB HEPEMbIYKH KUIKOTO METaIa
(B0300HOBNIEHUE TOPEHNUS IYTH); 4 — cTaans (GOPMUPOBAHUS KAIUTH

Fig. 2. Electrode metal transfer stages: 1 — stage of drop formation; 2 — short circuit of the arc gap;
3 — rupture of the liquid metal jumper (resumption of arc combustion); 4 — stage of drop formation

Jns perucrpanuu 3Ha4€HHH IapaMeTpoB pe-
’)KUMa TIpH HaruIaBKe HCIOJIB30BAJICS PETHCTpa-
top PKII-0401. KomnuectBo BBOAgummoro SFg
u3MeHsu10¢h oT 0 10 2 % mpu NOMOIIM CHEIUATb-
HO pa3pabOTaHHOTO HAMHU YCTPOWCTBA YIS CMEIIIH-
BaHHA [4], mpencrasieHHoro Ha puc. 3. Ilpume-
HEHUE JId DTUX ILEeJIEM INTATHBIX CMECHTENEH
HEA((PEKTUBHO, TaK KaK KOJHUYECTBO BBOJUMO-
ro SF¢ HeBenmko u TpeOyeTcs IMOCIenoBaTeIb-
HOE NBYXJTAITHOEC CMEIIMBAHHE C YK€ TOTOBOM
cmeckio 82 % Ar + 18 % CO..

Bri0op ¥ 3amaHue 3HAYCHHUI MMapamMeTpoB pe-
KAMa OCYIECTBISUITMCH Yepe3 CKOPOCTh ITOJavH
IIPHUCAJ0OYHON MPOBOJOKU Vi, W HAaIpPsHKEHUSA Ha
nyre U,. Ilpu mpoBeneHHH 3KCIEPUMEHTAIBHBIX
HCCTIEIOBAHUM HAMH HCIIOJIB30BANIUCH IISITh BapH-
aHTOB 3Ha4Ye€HWH ckopoctu noxauu: 2,3; 3,7; 5,3;
7,7, 9,2 wm/mun. IlepBele Tpu U3 HHX COOT-
BETCTBYIOT OOJIACTH TIEPEHOCAa 3JICKTPOJIHOTO
MeTaula KOPOTKHUMH 3aMBIKAHUSIMU JTYTOBOTO
MMPOMEKYTKa M OTPAaHUIMBAIOTCS CHJIOW TOKa B
muamnaszone 100-200 A.

Puc. 3. BHemHMit BUA HAIUIABOK, BRIMONHAEMBIX B [IPOLECCE MPOBEACHNS SKCIIEPUMEHTAIBHBIX HCCIETOBAHHMI:
1 — porametp s onpeneneHus pacxona cmecu Ar + CO, Ha BxoJ cMecuteis; 2 — fnaBieHue cmecu Ar + CO, Ha BXoJe;
3 — naBnenue SFq Ha BXoze; 4 — poTamMeTp sl onpeseneHus pacxonaa SFg (1uana3on 3HadeHnit 10 3 %);
4 — porameTp Juis onpezneneHus pacxona SFe (1ranazon 3HadeHuit 10 6 %); 6 — poTaMeTp IS ONIPEAEIeHHS
pacxoga cmecu Ar + CO, + SF¢ Ha BbIXOZIE

Fig. 3. Appearance of surfacing performed during experimental research:

1 — rotameter for determining the flow rate of the Ar + CO, mixture at the inlet; 2 — pressure of the Ar + CO, mixture
at the inlet; 3 — SF¢ pressure at the inlet; 4 — rotameter for determining the SF¢ flow rate (range of values up to 3 %);
4 — rotameter for determining SF6 consumption (range of values up to 6 %); 6 — rotameter for determining the flow rate
of the Ar + CO, + SF¢ mixture at the outlet
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B ycroBusX mOCTOSHCTBa CKOPOCTH IMOJA4U
N3MCHCHUC 3HAUCHUA HAIPSKCHUA Ha AYre I103-
BOJIIET 2 (OEKTHUBHO BIMSITH HE TOJHKO HA DHEPTe-
TUYECKHE XapaKTEPUCTHKH JyTOBOTO paspsiaa, HO
Y W3MEHHTDH JIUHY AYTH, HETIOCPEICTBEHHO OKa-
3aB BJIUSHUE HA JNIUTEIBHOCTH CYIIECTBOBAHUSA
JIyTOBOTO MIPOMEXKYTKA U XOJ NPOTEKaHUs MeTaj-
JypPrU4eCKUX Peakiuil B3aUMOAECUCTBUSA KUIKOTO
MeTaJjla CHJIBHO TEPerpeToil Kalllh C HCTEeKaro-
IIUM M3 COIUIAa MOTOKOM 3aIUTHOM ra30oBOH cMme-
CH, a TaKXe MPOJYKTaMU €€ BBICOKOTEMITEPaTyp-
HBIX TpeoOpazoBanuii. MccnemnoBanus mpoBoau-
JUCh HaMH B JBa J3Tama. Ha mnepBoM »Tame
MPOU3BOAMIICS aHadu3 KkoddduiueHTa mnoTeph
JJIEKTPOHOTO MeTajula Ha pa3Opbi3ruBanue. Pe-
3yJIbTaThl MIPEJCTABICHBI Ha puc. 4, 5 B BUJIE I'pa-
(hryecKrx 3aBUCUMOCTEH.
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Puc. 4. 3aBucUMOCTh 3HaUeHUS K03(DHUIHEHTA TOTEPh
3NIEKTPOAHOTO MeTaiua () oT HanpspkeHus Ha gyre (Uy)
IPY PA3IMIHBIX 3HAYEHHUSX CKOPOCTH MOAYH MPUCATOIHON
MIPOBOJIOKH U KOJINUECTBE BBOAUMOro SF¢ B 3aIIMTHYIO
atmocdepy: 1 —2,3 m/mun; 2 -3,7;3-5,3;4-7,7;
5—9,2 m/muH; a — cBapka B cpeae 82 % Ar + 18 % CO,;
b—0,5 % SFs
F Fig. 4. Dependence of the value of the loss coefficient
of the electrode metal (y) on the arc voltage (U,) at different
values of the filler wire feed speed and the amount
of SF¢ introduced into the shielding atmosphere:
1-2,3m/min; 2-3.7;3-5.3;4-7.7;5-9.2 m/min;

a —surfacing in 82 % Ar + 18 % CO, mixtures; b— 0.5 % SF;
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Puc. 5. 3aBucuMOCTb 3HaUeHHS K03 UIHEHTA TIOTEPh
3NIEKTPOHOTO MeTauia (V) oT HanpspxeHus Ha xyre (Uy)
[PH Pa3IM4HbIX 3HAYEHUAX CKOPOCTHU MOAYH TIPUCAT0UHOI
MPOBOJIOKH U KOJINYECTBE BBOAUMOTO SF¢ B 3allIUTHYIO
atmocoepy: 1 —2,3 m/mun; 2 —3,7;3-53;4-17.7;
5-9,2 m/mun; a— 1,0 % SF¢; b —2,0 % SF,

Fig. 5. Dependence of the value of the loss coefficient
of the electrode metal (y) on the arc voltage (U,) at different
values of the filler wire feed speed and the amount
of SF¢ introduced into the shielding atmosphere:
1-2,3m/min; 2-3.7;3-5.3;4-7.7;5-9.2 m/min;

a—1.0 % SF¢; b—2.0 % SF;

AHanu3 MOJyYeHHBIX B X0/ MPOBEICHHS 3KC-
MEPUMEHTOB Pe3yIbTaTOB MOKa3all, YTO Ha rpadu-
Kax 3aBUCHMOCTEH KOd((HUIMEHTa MOTeph 3JICK-
TPOZHOTO METajlla OT HANpsDKEHHUs Ha Oyre hMe-
I0TCS TPY XapaKTEPHBIX yyacTKa.

IIepBblil U3 HUX XapaKTEPU3YETCsI OTHOCUTEIIBHO
BBICOKUMH 3HAUCHHUSIMU IIOTEPh 3JEKTPOAHOIO Me-
Tanjaa Ha pa3OphI3TUBaHKE, TOCTUTAIOIIMMHU B He-
KOTOpHIX ciydasx Oomee 25-30 %. OH coot-
BETCTBYET 3HAUCHUIM HampsbkeHus Ha ayre 17-19 B
(B 3aBUCHUMOCTH OT CKOPOCTH IOJa4M NpHCaa0y-
HOHM TIpoBOJIOKH). [IOBEITIICHHOE pa30pBHI3TUBAHKE
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CBsA3aHO C MJIMTCIbHBIMU KOPOTKMMU 3aMBIKaHUA-
MU JIyTOBOTO MPOMEXYTKa, BEIOPOCOM YacTH pac-
TUIABJIGHHOTO METaJlla 3a IPEAeNbl 30Hbl TOPEHHUS
AYyTrd, KPYINHBIMH BBIIIJICCKAMHW YaCTU pacIijiaB-
JICHHON BaHHBI ¢ 00pa3oBaHHEM OOIBIIIOTO KOJH-
YecTBa «HAaOpBI3TUBAHMN» Ha TMOBEPXHOCTH ILIa-
ctuHbl. Takoe COOTHOIIEHWE 3HAYEHWH mapa-
METpOB pexuMa (CHUIBI TOKa, OINpenelseMoiu
CKOpPOCTBIO TOAAYM MPHCATOYHOW TMPOBOJIOKH H
HaANPSOKEHVSI Ha JIyTe) SBISIETCS HEXKeNaTeIbHBIM
U Ha MpaKTUKE HE PEKOMEHIyeTCsS K HCIIOJIb30Ba-
HUIO. Banuk HamnaBieHHOTO MeTajula MMeEeT He-
pPaBHOMEPHYIO MIMPUHY M HEMPaBHIBHYIO (popmy
MTOBEPXHOCTH.

[NoBbIIeHHE HANPSIKEHUS TO3BOJISIET CTAOMITH-
3WpOBaTh MPOIECC Oyarogaps YBEIHMUECHUIO UTHHBI
IYyTH W COKPAIICHUIO JITUTEIFHOCTH KOPOTKHX
3aMBIKaHUH JYroBOro NpoMexyTka. [Ipum sTom
yaaeTcsl TIOJyYUTh HanOoJiee CTaOMIBHBIH PEKUM
¥ MUHUMU3UPOBATH MMOTEPH AJIEKTPOTHOTO METall-
na. Ha rpadukax MoXHO HAOIIOJAaTh SPKO BBIpa-
JKEHHbIE MUHUMYMBIL. [Ipruem criemgyer oTMEeTHTb,
YTO JMAa30H 3HAYCHUH OTKIIOHEHUS HATIPSDKEHUS
Ha Jyre, OIpelelsIomui Hanboyee crabWibHOE
COCTOSIHHE Tpoliecca, coctapinsget 3—4 B.

Crenyromuii y4acTOK XapaKTepU3yeTcs ITUIaB-
HBIM TOBBIIICHHEM 3HA4YeHUH ko3 dunneHTa
MOTeph TPH YBEIWYCHWH HANPSHKEHHWS Ha IyTre
Ha 4-6 B. Ilpu sToM (ukcupyercss pocT IIMHBI
JlyTH ¢ HEKOTOPOH noTepen ee ycroitunsoctu. Ilo-
BBIIIAETCS JUINTEIEHOCTD CYIIECTBOBAHUS Kareib
pacILIaBICHHOTO METajlla B yTOBOM MTPOMEKYTKE
1, KaK CJIC€ACTBUEC, YBCIUYMUBACTCA HUX IUAMETD,
YTO TIPUBOJMUT K POCTy 3HaUYeHHs KodddummeHTa
MoTeph IMPH KOPOTKOM 3aMBIKAaHUM Ha TOBEPX-
HOCTh CBApOYHOW BaHHBI. B cpenHem ero 3Hadye-
HHUE MOXET TMOBBICUTbCS B 2 pa3za. I[Ipoctpan-
CTBEHHOE C)KaTHE AU NPOIYKTaMH JTUCCOLUALIN
SFs Takke crmocoOCTBYIOT M3MEHECHHUIO YCIOBUUN
TIJIaBJICHUS PUCAJI0YHON TPoBOJIOKH. Bo3pacTtaer
peaKkIMOHHAs CWJIa, ACHCTBYIOIIAs HA KaIUI0 CO
CTOPOHEI croiiba Ay U OpCrATCTBYOIIad €€ OT-
PBIBY, YTO MPHUBOAWT K POCTy AWaMETpa Kareib
9NEKTPOAHOTO MeTaia. JTO MOXHO 3a(UKCHUpPO-
BaTh B IIPOLIECCE HAILIABKH I10 XapaKTEPHOMY 3BY-
KOBOMY 3G (}eKTy, OTpaKaromeMy IUCKPETHOCTh
mporecca U ero HU3Kyr 4actoTy. Poct xoaddu-
[HCHTA MTOTEePh 00YCIIOBIIEH crieln(UKOH pa3phiBa
MEPEMBIUKHA JKHAKOTO MeTala MEXTy Karuiei
Y TOPLIOM IIIaBSILEHCS TPOBOIOKH.
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st GONBIIMHCTBA UCTIONB3YEMBIX TPH MPOBE-
JICHUU DKCIIEPUMEHTAJbHBIX HCCICIOBAHUU 3Ha-
YEeHUH MapaMeTpoB PEeXHMa, COOTBETCTBYIOIIMX
MEPEHOCY 3JEKTPOAHOTO MeTaja KOPOTKUMH 3a-
MBIKaHUSIMH JyTOBOTO IPOMEXKYTKa, Hambomee
3 PEKTUBHBIM SBISIETCS MOMEHT CTaOMIIM3aINH
IpU OTHOCUTEIBHO HU3KUX 3HAYCHUSIX HampsbKe-
HUS Ha IyT€, COOTBETCTBYIOLIMX BTOPOMY Yy4acTKy
Ha rpadukax. [IoBbIIeHHEe CKOPOCTH MOJa4u IPH-
CaJIOYHOM MPOBOJIOKH 110 7,7 M/MUH W BBIIIE, YTO
COOTBETCTBYET 3HAUCHHUIO CUIIBI TOKa 246-254 A,
JECTaOMIN3HPYET MPOIECC. ITO BBI3BAHO TEM, UTO
HaJIM4MEe ECTECTBEHHBIX BO3MYIICHHUH B Ipolecce
HaIJIaBKM MOXKET BBI3BAaTh KPaTKOBPEMEHHBIN Iie-
pexol B 001acTh CYILIECTBOBAHUS CTPYHHOTO Xa-
pakTepa TepeHoca 3JEeKTPOJHOr0 MeTaujaa Mpu
MIOBBIIIEHHBIX HAINPsDKEHUSAX Ha Jyre. Takoil a¢-
ekt pukcupoBancs Hamu panee [7-8] W 1MO3BO-
JSIET MOJIyYUTh CTPYHHBIM XapakTep MepeHoca Ha
«OOKPUTUYECKHUX» 3HAYCHUSAX CHIIBI TOKa ITyTEM
3HAYUTENIFHOTO TIOBBILICHUS] HampspkeHus. [Ipo-
Iecc B OOBIYHBIX YCIOBHSIX HECTaOWIICH, UYTO TIPH-
BOAWUT K IEPEXOJy B KamelbHBIM PEXHM IpH
CKauKax HampspkeHHs. AHaiu3 rpaduyeckux 3a-
BHUCUMOCTEH KOA(PHULUEHTA MOTEPh IEKTPOJHO-
ro MeTajula OT HaIpsDKEHUS COOTBETCTBYET 3THUM
MIPEICTABICHUSIM U CBHICTEIBCTBYET O ABYX 00-
JIACTSIX CTaOWJIM3ALMU: TPU TOHM)KEHHOM Hamps-
KEHUHU B PEXNUME IepeHOca 3JICKTPOIHOIO MeTall-
Ja KOPOTKMMH 3aMBIKaHHSIMH TYTOBOTO TIpOMe-
KYTKa U B PEXHME HECTaOMJIBHOIO CTPYHHOTO
nepeHoca 3JIEeKTPOAHOTO MeTamia. Btopas o6-
JacTh, HECMOTPS HAa HEBBICOKHE 3HAYEHUS TIOTEPb,
HaMH HE paccMaTpHBAeTCsl B Ka4eCTBE PEKOMEH-
IyeMoil B CHJIy YyBCTBUTEIBHOCTH TpoIlecca K
BO3MYLICHHUSM. XapakTep 3aBUCHMOCTEH B 3TOM
cllyyae OTJIMYAeTCs] HANWYHEM SPKO BHIPaKEHHO-
ro MakCMMyMa B CpeIHEM AMala30He 3HA4YEeHUH
HanpsDKEHUsI Ha JIyTe.

I'padmueckre 3aBUCHUMOCTH, IIOJy4YE€HHBIE C
HCIIONIb30BaHHEM OoJiee BBICOKMX 3HAU€HHUI CKO-
pPOCTH TOJIa4M, XapaKTEPU3YIOTCI MUHUMAIbHBIMU
3HAYeHUSIMH K03 (HUIMEHTa TOTeph BO BCEM Jna-
Ma30HEe 3HAUCHW HampsDKEHHWs Ha Iyre, 4yTo 00y-
CJIOBJICHO CTPYHHBIM XapakTEpPOM IEpPEeHOca 3JIeK-
TPOAHOTO MeTaJuia (KpuBast 5 Ha puc. 4, 5).

BropeiM 3Tamom uccienoBaHuil Oblla OLEHKA
Y4acTOTHl KOPOTKHMX 3aMBIKaHUI JyroBOTO IpoOMe-
JKyTKa. Pe3ynbTathl npeacTaBieHsl Ha puc. 6, 7.
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Puc. 6. 3aBUCIMOCTD 3HaYEHHS YaCTOTHI KOPOTKHUX 3aMBIKAHUH JyTOBOTO MPOMEXKyTKa (f) oT Hanpspkenus Ha ayre (Uy)
TIPY Pa3IMYHBIX 3HAYCHUSX KOJIMIECTBa BBOAUMOTO SF¢ B 3amuTHYI0 aTMOC(hepy U CKOPOCTH IOJa4uH IIPHCAJOYHOH ITPOBOJIOKH:
1 — HarmaBka B cpeze 82 % Ar + 18 % CO,; 2 — (Ar + CO,) + 0,5 % SF¢; 3 — (Ar + CO,) + 1 % SF;

4~ (Ar+CO,) +2 % SFg; a—

Vienp = 2,3 M/MuH; b —3,7 M/MuH

Fig. 6. Dependence of the frequency of short circuits of the arc gap (f) on the voltage on the arc (U,) at different values
of the amount of SF¢ introduced into the shielding atmosphere and the filler wire feed rate:
1 — surfacing in 82 % Ar + 18 % CO, mixtures; 2 — (Ar + CO,) + 0.5 % SF¢; 3 — (Ar + CO,) + 1 % SFg;

4—(Ar+COy) +2 % SFg; a—
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Vinp = 2.3 m/min; b — 3.7 m/min
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Puc. 7. 3aBUCUMOCTb 3HaYEHHS YaCTOTHI KOPOTKHUX 3aMBIKaHUH JyroBOro MpoMexyTKa (f) oT Hanpspkenus Ha ayre (Uy)
IPH Pa3INYHBIX 3HAYCHHUSX KOJIMYECTBA BBOAUMOT0 SF¢ B 3ammTHy0 aTMocdepy U CKOPOCTH MOAAYH TPUCATOYHOMN HPOBOJIOKH:
1 — HarmaBka B cpeze 82 % Ar + 18 % CO,; 2 — (Ar + CO,) + 0,5 % SF¢; 3 — (Ar + CO,) + 1 % SF;

4 (Ar+CO,) +2 % SFq; a—

Vn4np4 = 533; b *7,7 M/MUH

Fig. 7. Dependence of the frequency of short circuits of the arc gap (f) on the voltage on the arc (U,) at different values
of the amount of SF¢ introduced into the shielding atmosphere and the filler wire feed rate:
1 — surfacing in 82 % Ar + 18 % CO, mixtures; 2 — (Ar + CO,) + 0,5 % SFg; 3 — (Ar + CO,) + 1 % SFg;

4 - (Ar+CO,) +2 % SFg; a—

Pe3ynbpTaThl SKCIIEpPUMEHTANBHBIX HUCCIEAOBA-
HUI TOKa3aJld Hajuyue MaKCUMyMOB Ha BCEX
rpa@UyYecKuX 3aBUCHMOCTSIX, COOTBETCTBYIOIIMX
HauOoyiee BBICOKAM 3HAYEHUSM YaCTOTHI KOPOT-
KHX 3aMbIKaHUH JTyTOBOTO MPOMEXKYTKA.

Beenenne SF¢ cHIDKaeT 9acTOTy KOPOTKHUX 3a-
MBIKaHHH, YTO OOBICHSETCS CHIKEHHEM MOIHO-

[ Hayka
uTexHuka. T. 23, Ne 5 (2024

=5,3 m/min; b —7,7 m/min

CTH IYTOBOTO pa3psia H, MO-BUAUMOMY, O0YCIIOB-
JICHO BBICOKMM IMOTEHIMAJIOM HOHHM3aluu QTopa.
HeBbicokre 3HaueHUs! CHIIBI TOKa IIPU 3TOM IIpHU-
BOJAT K HecTaOMIBHOCTH mpouecca. B To ke Bpe-
Msl, Kak OBUIO OTMEYEHO paHee, IOBBIIICHHUE
HampspKeHHs 10 CPaBHEHHUIO CO CBApKOHM B cpene
Ar + CO, TI03BOJISIET HE TOIHKO CTAOMIN3UPOBATH
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IPOLECC, HO U B HEKOTOPBIX CIlIy4yassx IPU CKOPO-
CTAX MNOJAYM MPUCATOYHOM mpoBoNOKH 5,3
U 7,7 M/MHH, 9TO COOTBETCTBYET 3HAYCHUIO CHIIBI
Toka 195-254 A, noBeicuth yactory. O0BsSICHCHH-
€M ITOTO MOKET OBITh MPUHIUIHAIFHOE W3MEHe-
HUC YCIOBHU CYyIIECTBOBAHHS JIyTOBOTO IPOME-
KyTka. [lonydeHHbIC NaHHBIE XOPOIIO COrJacy-
IOTCS C pe3ylbTaTaMH aHanm3a KodddummeHTta
MOTEPh, MPEJICTABICHHBIMU Ha pUC. 4, 5.

HccnenoBanust 4aCcTOThl KOPOTKUX 3aMbIKaHUN
IUTS PEKUMOB, XapaKTEPU3YIOMIUXCS CKOPOCTHIO
MOJIa4M CBBIIIE 7,7 M/MHH, HE TIPOBOJIWINACH B CH-
Ty Tiepexoja Mmporecca B CTPYHHBIX XapakTep Iie-
peHOCca 3IEKTPOTHOTO METala.

[1o COBOKYITHOCTH TOJYYCHHBIX DPE3YJIbTaTOB
YCTaHOBJICHB Hamboyiee 3(h(EKTHBHBIE COOTHO-
[IEHNsT MEX/Ty 3HAYCHUSMHU MapaMeTpOB PEXHMAa,
MIPEJICTABIICHHBIMA Ha pHUC. 8. 3alTpuxOoBaHHAs
00JIaCTh COOTBETCTBYET HECTAOMIBLHOMY PEKHUMY.
B 3ToM cirydae HamMu peKOMeHAyeTCsl CTa0un3a-
1Us Tpolecca B o0actu 0oJiee HU3KUX 3HAUYCHUH
HamnpsDKeHMs Ha myTe (Toukn a—d Ha rpadukax).
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Puc. 8. T'paduxu BeIOOpa 3HAUCHUN HAMIPSHKCHUS HA TyTe
B 3aBUCHMOCTH OT 3HAYCHHS CHJIbI TOKA M KOJIMYECTBA
BBOJIMMOTO B 3aLIUTHYIO Ta30ByI0 atMocdepy SFe
TI0 TI0Ka3aTero OTeph 3JIEKTPOJHOI0 MeTalIa
Ha pa30pbI3ruBaHye:

1 — nannaBka B cpeze 82 % Ar + 18 % COy;

2 — (Ar+ CO,) + 0,5 % SFs; 3 — (Ar + CO,) + 1 % SF;
4 —(Ar+CO,) +2 % SF;

Fig 8. Graphs for selecting arc voltage values depending
on the current value and quantity of SFg introduced
into the protective gas atmosphere in terms of electrode
metal losses due to spattering:

1 — surfacing in 82 % Ar + 18 % CO, mixtures;

2 — (Ar+ CO,) + 0.5 % SF¢; 3 — (Ar + CO,) + 1 % SF;
4 —(Ar+CO,) +2 % SF;

BbBIBO/IbI

1. HaubGonee »>¢¢eKTUBHOE COOTHOIICHUE
MEXAY CKOPOCTBIO MOAAayM MPUCATOYHON MPOBO-
JIOKH (CHUJION TOKa) M HANpsDKEHHWEM Ha Ayre Mpu
MoaudUKaIUA 3amuTHOW atMochepsl SFg cme-
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IICHO B CTOPOHY OOJBIINX 3HAYCHUN HATIPSHKEHUS
10 CPaBHEHUIO C TPAJULUMOHHON TEXHOJOTHEN
HaraBku B cpene Ar + CO,, 9T0 0OBACHIETCS
HEOOXOAMMOCTHIO YBEIWYCHUS MOIIHOCTH IS
CTaOMIIBPHOTO CYIIECTBOBAHMS TyTOBOTO pa3psija.

2. OmpeneneHpl 00JIaCTH CTaOMIIBHOTO CYIIE-
CTBOBaHHUS MpOIIECca, aMIUTUTYJa JUana3oHa pe-
TYJIUPOBaHMS 3HAYEHUM HaMpsDKeHUS B 00JacTH
HanOoiree 3QGEKTUBHBIX 3HAYCHUHA HE TPEBHITIIA-
er 2-3 B. [IpuyeM nmpakTUUeCcKH BO BCEX CiIydasx
CHIDKEHHUE HaIpsDKEHUS BBI3BIBACT 0oJiee Pe3Kyro
JIECTa0WIN3alMI0 TIPOIlecca, YeM €ro IOBBIIIe-
Hue. B cioywyae jke TpaaWIMOHHOM TEXHOJO-
TMU C HUCIOJIb30BAHMEM 3alllMTHOM Ta30BOM cpe-
1wt 82 % Ar + 18 % CO, HabmomaeTcss HEKOTOpas
CUMMETPHS B 3TOM OTHOIICHUH. DTO OOBICHASTCS
TeM, 4TO BBelcHHE SF¢ TMO3BONSET MPHU IOBBI-
IICHUHM HANPSHKCHUS TPEAOTBPATUTh OTKIIOHE-
HUE Jyr'H U ee ONyXJAaHue u3-3a Ype3MEpHOM
JUTMHBI CTOJI0A MOCPEICTBOM MPOCTPAHCTBEHHOTO
COKaTHsL.

3. YcraHOBIGHO, YTO HamJlaBKa Ha ITOBEITIICH-
HbIX Ha 2—4 B HampspKeHUsIX Ha yre MO3BOJISIET
HECKOJIBKO TOBBICHTh YacCTOTy KOPOTKUX 3aMbI-
KaHWUW JyrOBOTO MPOMEXKYTKa Mpu BBeneHUM SFg
B KonmmuectBax 0,5—1 % npu cue Toka 195-254 A.
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JedopMmannoHHoe Temio MPU PACTAKEHNH CTAJIbHBIX 3J1eMEHTOB

JlokT. TexH. HayK, nou. E. A. Moﬁceﬁqmcl), A. A. SIkoBaes”
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Pedepar. Llensio paGoTh! SABISETCS NPHOIIIDKEHHAsT PACUSTHO-OKCIIEPUMEHTANbHAs OLICHKA yeTIbHON SHEPrOEMKOCTH U Tell-
7000pa30BaHys Ha Pa3IMYHBIX CTAAUSIX pabOThl MaTepuaia Py pacTshKeHnH oOpasia. B cratbe paccMOTpeH NpHOIIKEHHBIH
METO/] OLIEHKHU YAENbHOI 3HEProeMKOCTH U TEII000pa30BaHuUs Ha YETHIPEX CTAAUAX 1eOPMUPOBAHUS PACTHKEHUEM CTallb-
HOro oOpasma. KoHedHo-31eMeHTHOE MOAEIUPOBaHNE PAOOTHI M3TOTOBIEHHOTO 00pa3na MpH YHPYro-IUIaCTHYECKOM pacTs-
JKEHUH OBLIO BBINOJHEHO B MHOTO(YHKIMOHAIFHOM IporpaMMHoM kommuiekce ANSYS. Harpyska B mudpoBoit monemn
o0pasia INpHUKIIabIBaIach COTJIACHO IIPOrpaMMe HAaTYPHBIX UCIIBITAHUH. B sKcriepuMeHTe HCHOJIb30BAIUCH IIOCKHE 00pa3iibl
no 'OCT 1497, ucnbitatenshas manmaa WAW-1000 ¢ mukpokommbsiotepom 100T, TermoBusop testo 8751 ¢ TemneparypHoit
yyBctBuTensHocThio 0,05 °C mpu 30 °C. ConoctaBuiy MojyYeHHbIE 3HaYCHUs Ha rparKax HATYPHBIX UCHIBITAHUN U H(PO-
BOH Mozienu 00pasIoB, BEIIBUB KPUTUUECKHAEC TOUKH U BEJIMIMHBI OTKJIOHEHUH. [TodTamHoe 3arpyxeHne BBISIBUJIO, YTO Pa3BH-
THE pa3pyLICHUs IPOMCXOAUT HA HUCMAJAIOUINX BETBAX M COIPOBOXKIACTCS IO3TAIHBIM Pa3BUTHEM JIOKAIbHOW HEyCTOWYH-
BOCTH IITACTHYECKOTO JedopmupoBanus B popme «retikmy». [lokazaHo, 4To TemmepaTypa HarpeBa pacTATHBaeMOro MeTaiIa
MOXeT OBITh pacCUMTaHA 10 NPEATaraeMbIM B CTaThe (GopMyJiaM MIIH PacieToM C HCHOJIB30BAaHUEM IIPOrPAaMMHOTO KOMILIEK-
ca ANSYS. Pe3ynbraThl HCHIBITAHUN ITOKA3aJIH, YTO TEMIEPATYPhI IIOBEPXHOCTH 00Pa3IOB Ha KAXKAOW CTaJUu CYIIECTBEHHO
OTJIMYAIOTCS, BBIACIMIN YEThIPE OCHOBHBIX y4acTKa Ha rpaduke M3MEHEHHS TeMIepaTypbl MOBEPXHOCTH 00paslia B TOUKE.
BrmmonHen aHanm3 cymecTBYIOmEH 0a3bl M3MEPHUTENBHBIX MPHOOPOB M BO3MOXKHOCTH TONYyUYCHUS] W OOpaOOTKH JaHHBIX.
OKCIepuMeHTaIbHbIe BEIMYMHBI TEMIEPATyp IOBEPXHOCTH IIPH HEIPEPHIBHOM KBAa3HCTATHYECKOM Ae(OPMHPOBAHUH IIpe-
BBIIIAIOT UX pacyueTHbIe 3HaYeHHs (10 5 pa3). Kunernka m3MeHeHHH TeMIepaTypHOro MoJIs IOBEPXHOCTH 00pa3iia BHIIOIHS-
Jach TepMorpaduueckumMu npudbopamu.

KnioueBble ci10Ba: HapsDKEHHO-Ie()OPMUPOBAHHOE COCTOSHHE, CTaJIbHBIE 00pa3libl, pacTsbKeHue, ne)opManuoHHOE TEeIlIo-
o0pa3oBaHue, pacyeT TeMIIEpPaTypbl

Jns uuTupoBanus: Moiiceiunk, E. A. [lepopMaiiioHHOE TEIIO MPU PacTsHKEHHU CTalbHBIX d1eMeHToB / E. A. Moiiceiuuk,
A. A. SIxosnes // Hayxa u mexnuxa. 2024. T. 23, Ne 5. C. 390-396. https://doi.org/10.21122/2227-1031-2024-23-5-390-396

Deformation Heat in Tension of Steel Elements
E. A. Moiseychik", A. A. Yakovlev"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The purpose of the work is an approximate computational and experimental assessment of the specific energy
intensity and heat generation at various stages of the material’s operation when the sample is stretched. The paper discusses
an approximate method for estimating the specific energy intensity and heat generation at four stages of tensile deformation
of a steel sample. Finite element modeling of the work of the manufactured sample under elastic-plastic tension was per-
formed in the ANSYS multifunctional software package. The load in the digital model of the sample was applied according
to the full-scale test program. The experiment used flat samples in accordance with GOST 1497, a WAW-1000 testing
machine with a 100T microcomputer, and a testo 875i thermal imager with a temperature sensitivity of 0.05 °C at 30 °C.
We compared the obtained values on graphs of full-scale tests and a digital model of the samples, identifying critical points
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and deviation values. Phased loading revealed that the development of destruction occurs on the descending branches and is
accompanied by the gradual development of local instability of plastic deformation in the form of a “neck”. It is shown that
the heating temperature of the tensile metal can be calculated using the formulas proposed in the paper or by calculation using
the ANSYS software package. The test results showed that the surface temperatures of the samples at each stage differ signifi-
cantly. Four main areas were identified on the graph of changes in the sample surface temperature at a point. An analysis
of the existing database of measuring instruments and the ability to obtain and process data was carried out. Experimental
values of surface temperatures during continuous quasi-static deformation exceed their calculated values (up to 5 times).
The kinetics of changes in the temperature field of the sample surface was carried out using thermographic instruments.

Keywords: stress-strain state, steel samples, stretching, deformation heat generation, temperature calculation

For citation: Moiseychik E. A., Yakovlev A. A. (2024) Deformation Heat in Tension of Steel Elements. Science and Tech-
nique. 23 (5), 390-396. https://doi.org/10.21122/2227-1031-2024-23-5-390-396 (in Russian)

BBenenune

B nmmarHocTHKe MONyYaloT pacmpocTpaHEeHHe
pa3IUYHbIC W3MEPUTENBHBIC TEXHOJOTUU C HC-
NOJBb30BaHHEM  BBICOKOTOYHOW  HMH(ppPaKpacHOU
tepmorpadun (MK-repmorpadun) [1]. Takas Ten-
JICHIIMST CTajJia BO3MOXXHOW Oyarojgapsi BBICOKOM
MPOU3BOAUTEILHOCTH TMPUMEHSIEMBIX HHGpaKpac-
HBIX TPUOOPOB U BBICOKOTOYHOTO M3MEPHUTEIHHO-
ro 000pyIOBaHUsI, @ TAKKE CTPEMUTEIHLHOMY pa3-
BUTHIO TEXHOJIOTUH 00paboTKu curHajioB. B pe-
3yJabTaTe ATOro WHQpaKpacHas TepMmorpadus
CTAHOBUTCS OCHOBHOM COCTaBISIOIICH JHArHO-
CTHUKO-U3MEPUTEIBHBIX CHCTEM C IIUPOKON 0o0a-
CThIO TPUMEHEHHA. OTH CHUCTEeMBl HE OTPaHU-
YUBAKOTCSI TPAIUIMOHHBIM HW3MEPCHHUEM TEMIIe-
patypsl TeJl MO HHPPAKPACHOMY H3IYUCHHIO,
a pacIpoCTpaHSIOTCS Ha Hepa3pylIAoIIue TEXHO-
JIOTUM KOHTPOJISI HAMIPSHKEHHOTO COCTOSHUSI TBEP-
IBIX TEJ, BBISABICHUE TMPEACIBHBIX COCTOSHHIA
KOHCTPYKTHBHBIX 3JIEMEHTOB U TPEIIMHOOIACHBIX
30H B KOHCTPYKIIHSX, TUAaTHOCTUKY TPEIIHMH U T. 1.

HK-texHomornu paboTarOT Ha TEIUIE HCKYC-
CTBEHHO CO3JaBa€MbIX B TeJlle HCTOYHHUKOB (akK-
TUBHBIC METOJIbl), WJIA TEIJIOBBIX HCTOYHHUKOB,
(hopMupyromMXCcs B Mporeccax BBITOTHEHHS pa-
0ounx (QYHKOUHA W3AENuil (IacCUBHBIE METO[IBI).
Tak, HarpeB OOMOTOK JJIEKTPOJBUTATENS B IPO-
1ecce ero padoThl, HArpeB WM OXJIAXKICHUE
CTAlbHBIX JJEMEHTOB TMPH PA3IUYHBIX BUAAX
JeOpMUPOBAHUS M JIPYTUE — BCE 3TO OTHOCUTCS
K MACCHBHBIM METOAaM TerurooOpasoBaHus. Ter-
noobpa3oBanue Mpu JehOPMUPOBAHIUE KOHCTPYK-
[UOHHBIX MAaTEPHAJIOB UCTOJIb3YETCS B JTUCTAHIIU-
OHHBIX TEXHOJIOTHSX KOHTPOJIA AeEeKTOB U MPOT-
HO3UPOBaHMUSI PaOOTOCIIOCOOHOCTH  Pa3IMYHBIX
CTATBHBIX W3ICIUNA HAa OCHOBE TEIUIOBOM mac-
cuBHOW wuHGpakpacHOW TepMmorpabuu [2, 3].
[Ipu »TOM B pexrMe MOHUTOPHHTA (PUKCHUPYETCS
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KMHETUKa TEMIIEPaTypHOro TOJs TOBEPXHOCTH
U3JENUsl, KOHCTPYKIHMU  TepMOorpaduiecKuMu
npubopamu [10]. Ilpu pa3BuTHm yIpyro-riacTH-
yeckux aedopmanuii B OKPECTHOCTH CTPYKTYp-
HBIX COCTaBJISIOMIMX MaTepHuaja, KOHCTPYKTHB-
HBIX, TEXHOJIOTMYECKUX WM 3KCIIIyaTalluOHHBIX
ne(eKToB, 3apOKACHUH W Pa3BUTHU TPELIMHBI B
U3JIEINM  TaKhe 30HBl CTAHOBATCS HCTOYHHUKA-
MU TEIUI000pa30BaHUs, BCIEICTBUE YET0 U3MEHSI-
eTcs U JokanbHas (y medexTa) Temmeparypa Io-
BepxHocTH m3nenus. lIpupoma Takoro nedopma-
LIMOHHOTO TerI000pa30oBaHus paccMOTpeHa B [2].
N3 MoneKkyIsipHO-KUHETUYECKON TEOPUH Tra30B
M3BECTHO, YTO TeMIlepaTypa raza yMeHbLIaeTcs,
KOTJa MPOMCXOANT aauadaTUIecKoe paciiupeHue,
u, HaoOOpOT, €ro TemIeparypa YBEIMYMBAETCS
npu anuabaTHYecKoM CXaTuU. B TBepabIx Temax
noJo0HOE SIBICHHE BO3HHUKACT B pe3yJibTaTe MpH-
JIOKEHMSI HANIPSDKEHUH K MaTepHuaiy MccielyeMoi
30HBI TBEPAOTO Tejla. JTO SBISETCSA CICACTBUEM
adexra Tepmoympyroctd. B MeTammmdeckux
CIUIaBax M JAPYTUX KBA3WOJHOPOJHBIX MaTepuanax
reHepaus Temia 3a cyeT 3 QeKTa TepMOynpyro-
CTH MOKET OBITh CMOJICJIPOBaHa ypaBHEHNEM [4]

AT =— L, (0, +0,+0,), (1)
c,p

rae T — aOcoNroTHas TeMmIepaTypa HCCielyeMoi
TOYKH; 0. — KOA((DUIIUCHT TEIUIOBOTO PACIIMPEHUS
Mmarepuana; c, TEIUIOEMKOCTh TIPH TTOCTOSH-
HOM HampsHKeHWW; p — IUIOTHOCTh MarepHana;
G}, G2, O3 — TJIABHBIC HAIIPSDKCHUS.

s pacaera AT o dopmyine (1) HeoOXoaMMO
MIOJTyYUTh KOMIIOHEHTHI TEH30pa HAMpsSKEHHOTO
COCTOSIHMSI B K@XKJIOH U3 MCCIICIYyEMBIX TOYCK H3-
nenmwsi. Tako#d cmoco® KOHTPOJS HaIpPsHKCHHOTO
COCTOSIHHSI UMEET P MPEUMYIIECTB 10 CpaBHe-
HUIO C APYTHEMH METOJIAaMU: TUCTAaHITHOHHBIE (Oec-

391



Mamlmocmpoenue U MawiuHogeoeHue

KOHTaKTHBIe) U3MCPCHUA, OTCYTCTBUC THIATC/Ib-
HOH HOATOTOBKH TOBEPXHOCTH HM3MENHS, BBICOKAS
NPOU3BOJAUTENEHOCT W3MEPEHHUH, HU3Kas CTOM-
MOCTb PaboT U JIp.

MeTox HaXOAWT NPUMEHEHHE TPU TUArHOCTH-
K€ KOHCTPYKLUI U y3JI0B OTBETCTBEHHBIX COODY-
keanit U MamuH [1-6]. Tak, B paborax [5, 6]
B DKCIIEPHUMEHTE TOATBEPKAACTCS, «YTO METOJIOM
JKCIIEpUMEHTABHON TepMorpaduu 1o 3ddexry
caMopazorpeBa MeTauia MOKHO JOCTaTOYHO TOY-
HO M YBEPEHHO BBIABIATH BEPIIMHBI YCTaJOCT-
HBIX TPEIIMH B KOHCTPYKLMSIX METAJUIMYECKUX
MOCTOBY.

Llenpro HACTOSIIIEH CTAaTHU SBISCTCS TPUOITH-
JKEHHasl PacueTHO-IKCIEPHMEHTaJIbHAs OLEHKa
YAENBHOW DHEProOeMKOCTH M TEeIIo00pa3oBaHUs
Ha pa3IMYHBIX CTaAMIX pabOTHl MarepHaia NpU
pacTshkeHuH obpasia.

Ipn6anxeHHbIii pacyer
Ten1000pa3oBaHus
NPHU 0JHOOCHOM JedopMmupoBanHum [7]

[Ipu nedopmupoBaHMM pacTSHKEHHEM CTallb-
HBIX DJIEMEHTOB (00pa3IoB) MOXXHO HaOIIONATh
YgeThIpe cTaauu ux pabotsl (puc. 1). IlepBas cra-
IS XapaKTepU3yeTCs YIPyrou paboToit Marepua-
na. Ha BTopol cTaguu TOSBISAETCS IUIOMIAAKa
TEKy4ecTH M 3aTpayrBaeTCsl COOTBETCTBYIOIIAS
MexaHudeckas pabora. Ha Tperbedd craaum ne-
(hopMupOBaHUE PACTSIHYTOTO 3JIEMEHTA MPOUCXO-
IUT paBHOMEPHO B Mpenenax padodeil 30HBI |
(puc. 1). Ha tperbeii cTtammu B paBHOMEpPHO Jie-
dhopMHupyeMOM MeTaule 00pazyercs «IIeHKay,
3apOKICHHE W Pa3BUTHE KOTOPOW MPOMCXOIUT B
MIPOU3BOJILHOM CEUCHHUH padoueil MiuHBI / 00pas-
na. B mporecce mepopmMupoBaHHS B EIUHUIC
o0beMa MaTepuana oOpa3slia HaKalUTUBAeTCs Me-
XaHW4YecKas dHeprus (yIenbHas SHEPrOEMKOCTH),
KOTOpas MOYTH ITOJIHOCTHIO MPEBpanaeTcs B Tell-
no. [lonyyennoe B pe3ynbraTe ehopMaIiy TEIIo
(medopMarmoHHOE TEIUIO) pacceuBaeTCS B METal-
nme oOpasna u okpyxaromeit cpeme. Ilpm sTom
HarpeB MeTaaia 3JeMeHTa ae(opMalMOHHBIM
TEIJIOM MPOMCXOJHUT HEOJMHAKOBO: OoJbIIe
HATPEBAIOTCS YYAaCTKA METajlla, MPUMBIKAIOIINE
K nedexram. O6oOmmeHHass nuarpamMma aedopmu-
POBaHUS G—€ W TEIUIOO0pa30BaHUs {—€ MPEACTaB-
JieHa Ha puc. 1.
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Fig. 1. Generalized diagram of deformation 6—¢
and heat generation t—¢

VY aenbHas 3HEProeMKOCTh @, IPH yNpyroi pa-
00Te BIIeMEeHTa COCTaBIIACT:
Ha [IEPBOH CTaIuu

o
a, = 7T6Y; (2)
Ha BTOpOﬁ craguun
a,, =6r (813 - 8)' ); 3)
Ha TpeTLef/'I cragnuun
C,.+0O
a,; = L 5 £ (63 _SP)' 4)

O0o3Hauast paspyLIalonIMe HANpsDKEHUS Ha
YEeTBEPTOH CTaguu Ae()OpMHUpPOBAHUS UEpe3 Op,
aHAJIOTMYHO MOJTyyaeM

4, =025, -8,). ()
2

BemonmanB  00paboOTKy JaHHBIX, OIpeie-
JUM CPEAHIOI TeMIIepaTypy CTajlu oOpas3loB Ha
KaXJ0W W3 MpUBEACHHBIX cTagui. IIpuHumaem,
YTO TemI000pa3oBaHue MPOMCXOAUT 3a MaJbli
MIPOMEXYTOK BpPEMEHH, B TEUEHHE KOTOpPOTO
CTaJbHOM d37eMeHT (oOpasel) He OOMEHHBAaeTCs
TEIUIOTON C OKPY KalOIUM MPOCTPAHCTBOM (aaua-
Oatuyeckuii mporecc). Jns Takux yciaoBud u3Me-
HEHHE TEMIepaTypbl Ha KaXIOM Yy4YacTKe Iua-
rpammbl (puc. 1) MOXXHO NPHONMKEHHO Ompene-
TUTh 110 popmye
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=P (6)

cp

rae B — xoaddunuent Tetinopa—KBuHHHM, SBIISIO-
LIUIICSl TOCTOSIHHOM BEIMYMHOM, JIeKallel B mpe-
nenax ot 0 10 1; ¢ — ynenpHast TEIUIOEMKOCTB; P —
TUTOTHOCTh MaTepHana.

Koapoummenr  Teitmopa—KBuHHE  mmMeeT
cioxuyto npupony [8, 9]. IIpu pacuerax no dop-
Myse (5) MOXHO TpuHUMATh KoddduimeHt Tei-
nopa—Ksunnu B = 0,9.

O0pa3ubl, METOAUKA UX UCTIBITAHUS
H 00padoTKa pe3yIbTaTOB

Js SKCIepUMEHTANIbHBIX HCTIBITAHUM Ha pac-
TSOKCHHE H3TOTABIMBAINCH IUIOCKHE OOpa3ilbl
nmo 'OCT 1497 (puc. 2) nByx tunos. [lepBbrit
obpazenr umen TommmHy 20 MM, pabodyio TH-
Hy /o = 140 mm; marepuan — crans 0912C. Bto-
poit oOpazer: TommwmHa 7,9 MM, pabouas uiH-
Ha [y = 140 mm, ctame — BCt3cn. O6pasms! moa-
BEPrajiuCh PACTSDKEHUIO Ha AIEKTPOHHO-TUAPAB-
JIUYECKON CEpBO-IIPUBOJHON YHUBEPCAIBbHOU HC-
neiTateapHol MammHe WAW-1000 ¢ mukpo-
koMmnbpioTepoM 100T. CkopocTh HarpyXeHus v
HaxoaWIach B mpemenax 3 < v < 9 H/(mm*c).
[Ipu ucneITaHUU BTOPO#l 0Opaszer HarpysKaics C
nepepslBaMu 1Mo 5—7 ¢ Ui KOHTPOJIS Ipolecca
TPEeIMHOO0pa30BaHHS B IMOBEPXHOCTHOW OKAJIMHE
U pa3BuTua nojoc Jlronepca—HepHoBa B MeTasIe.

l(l

4~

L ki h_
L -—

Puc. 2. Cxema SKCIIepUMEHTANBHOTO 00pa3na

Fig. 2. Scheme of experimental sample

IlepBoIit 0Opasen Harpyxaics 6e3 mepephIBOB
(menpepriBHO). JlaHHBIE MAIIMHHON IHArpaMMbl
NpeACTaBIsUINCh B YnCiIeHHOH ¢opme. Ilepecuer
B KOOPAMHATHYIO CHUCTEMY O—& BBIIIOJHAJICA B
Excel. TIpu pactskeHur 00pasiibl U3MEHSITH CBOE
TEIJIOBOE COCTOSIHUE. DTO (PUKCHPOBAIOCH MO M3-
MEHEHUIO BEIMYMH TEMIIEpaTypbl B Touke 1
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B cpenHelt yactu oOpasua (puc. 2). Temmepary-
pa TIOBEPXHOCTH H3MepsIach TEIJIOBH30POM tes-
to 8751 ¢ TemmepaTypHOW YyBCTBUTEIHHOCTBIO
mpubopa menbie 0,05 °C mpu 30 °C.

KoneuHo-37eMeHTHBINH pacdeT 00pa3IoB MpH
YOPYTO-TJIACTUYCCKOM J1e(hOPMUPOBAHUU TTPOU3-
BOJWICSI C MCTIONB30BAHUEM MPOTPAMMHOTO KOM-
mwiekca ANSYS. IlpuknaapiBaemas K Topuam 00-
pasLoB pacTAruBaromas cuiaa P, onpenensnach
KaK TPOWM3BEACHHE TUIOIMAAN OTMACHOTO CEeUeHHS
Ha TIpeqien TeKy4decTH Marepuaia. PazBurme 1uia-
cTHUecKuX JnedopManuii B oOpasuax HaOoona-
JIOCH TIPH TIOCIIEAOBATEIEHOM MPHUIOKEHUH K TOP-
aMm 00pa3IoB PaCTATHBAIOIINX CHII, XapaKTepH-
3yeMbIx uneHamu psapa:  0,5Pq, 08P, Py,
1,05P, 1,2P,. Marepuan npuHuMaics ¢ OWIHU-
HEUHBIM HM30TPOMHBIM YIPOYHEHUEM. TerIoBbI-
JIeICHue TpU TJIACTHYECKOM J1e(hOpMUPOBaHUHU
MPEJICTABIISIOCh HENMHEHHBIM mponeccoM. [lpu
dhopMHpOBaHUM PACUCTHOM MOJEIH C IEIBIO
obOecrieueHusT Jydlied CXOIUMOCTH PAaCUYCTHBIX
LUKIIOB M30eraay KOHEYHBIX JJIEMEHTOB CIIOKHOMN
reomerpudeckoit Gopmel. [Ipu pa3duBke 3TamoB
pacdeTa Ha MOJATANbl WCIOJIB30BAIN CIICIHAATE-
Hyto omnmuto Large Deflection. [{onst HakomneHHOMN
SHEPrUM TUTACTUYECKOHN NedopMaliuu, 3aTpavynBa-
eMOl Ha TerIoo0pazoBaHue B 00pasIax, orpese-
JIATach C WCTOJB30BAHWEM KOHEYHOTO 3JIeMEH-
ta SOLID226. OmnpenencHue MOBEPXHOCTHOM
TEMIepaTypsl TMPH IUIACTHYECKON aedopmaruu
BEJIOCh C WCIIOJNIb30BAHWEM OCHOBHBIX XapaKTe-
puctuk Marepuana: kodddummenta Tetmopa—
KBuHHY, yJenbHON TEIUIOEMKOCTH, TEIUIONPOBO-
HOCTH.

JlanHble 3KcIepUMEeHTa U 00beMHOI
KOHEYHO-3JIeMEHTHOI Mo/1eJ i

I'padmku pe3ynbTaToB HATYpPHBIX HCIBITAHUN
00pasioB npuBeneHb Ha puc. 3. OOpazer 2 ObLT
JIOBEJICH JIO TOJIHOTO pa3pyIIeHUs, MEePBhIA 00pa-
3e1] — A0 oOpa3zoBaHus meiiku (puc. 4).

Ha o0Gpa3iie 2 (puc. 4) BBISBICHBI CIIEBI TIOJIOC
CKOJIBKECHHsSI, KOTOPBIe 00pa3oBaliiCh B HEM IPHU
MPUIOKCHUM HArpy3kd Ha WHTepBaje a—c. Pas-
pylieHre 00ouX 00pa3loB Pa3BUBAIOCH HA HHC-
MaJaroIIuX BETBSIX, YTO BUIHO HA ITOJyYEHHBIX
rpadykax, ¥ COMPOBOXKIAIOCH MTO3TAITHBIM Pa3BH-
THEM JIOKaJIbHOW HEYCTOMYMBOCTH IIACTHUYECKOTO
nehopMUpoBaHUsl B HopMe «IISHKUY.
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Puc. 3. I3MeHeHHUs TeMIepaTypsl IOBEPXHOCTH B TOUKe 1
HCTIBITBIBAEMBIX 00PA3IOB IIPH PaCTSDKEHUH,
MOJTyYeHHBIE B pe3yJIbTaTe UCHIBITAHUIA:

1, 3 — rpaduku «ycunue—yaauHeHHe» a1 00pa3uos 1 u 2;
2, 4 — TeMIiepaTypbl MOBEPXHOCTH B OIACHOM CEYCHUH
oOpasmoB 2 u 1

Fig. 3. Change in surface temperature at point 7
of tested samples during tension obtained as a result of tests:
1, 3 — “force—elongation” graphs for samples 1 and 2;
2, 4 — surface temperatures in dangerous section
of samples 2 and 1

Puc. 4. O6umii Bux 06pa3uos 1 u 2 mocsie UCIbITaHus:
a — m35ioM oOpasma 1; b — meiika B o6pasie 2

Fig. 4. General view of samples after testing:
a — fracture of the sample 1; b — neck in the sample 2

®DaKkTUYeCKH MONyYeHHbIC I'paQUKH IKCIICPH-
MEHTaJILHBIX KpUBBIX 1 1 3 (puc. 3) oToOpakaroT
OCHOBHBIE 4YeThIpe ydacTka. Pe3koe HapacTaHue
TernooOpa3oBaHus MPOUCXOMUT HA CTaJWU 3a-
POXIEHHS W Ppa3BUTHA «IIEHKU» B 3IJIEMEHTE.
TeMmepaTypa TOBEpXHOCTH MeEpBOro obOpasma
(puc. 3, xpuBas 4) Ha 3TO# cTaguu neQopMUpoBa-
uus nocturana 100 °C.

JlanHbple pacdeTa HaNpsXKEHHO-AEHOPMHUPO-
BAaHHOTO M JHEPreTUYECKOTO COCTOSHHS 3KCIe-
PUMEHTAIBHBIX 00pa3lloB IPUBECHKI HA pUC. 5—7.
B mponecce pacueTHoro aHanusa MoaIMe4eHo, 9To
(POHT SKBUBAJICHTHBIX HANPSHKCHUH W IIacTHYe-
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ckux aedopmanuii Mpu pPOCTEe PaCTATUBAIOLICH
cuisl ot 0,8P,, o 1,05P,, U1 NpUHATONH MOAENN
00pas3IoB paclpoCTPaHSIICS OT CEPEIUHBI 00pa3iia

K MECTY 3allICMJICHUA 3aXBaTOB.

Puc. 5. DxBUBaJIeHTHbBIE HaNpsDKEHUs, 10 Musecy,
B oOpasue 1 u obpasue 2
NpU HATPYKEHUH CHIIOH, paBHOH 1,05P,
(KpacHBIH [[BET — HAIIPSDKEHHS, IPEBBIIAIONINE Gr)

Fig. 5. Equivalent von Mises stresses in sample 1
and sample 2 under loading with a force equal
to 1.05R,, (red color — stresses exceeding c7)

b - o P

Puc. 6. DxBuBaNeHTHBIC TIacTHYECKHE fedopmariiu
B oOpasue 1 u oOpasme 2
TIpY Harpy>Ke€HUU CUIIOH, paBHo# 1,05P,,

Fig. 6. Equivalent plastic deformations
in sample 1 and sample 2
under loading with a force equal to 1.05R,,

HauGonpimee pacdeTrHoe 3HAYECHHE TeMIlepa-
TYpBI IOBEPXHOCTH 00pa3noB coctasisuio: 29,5 °C
(mns o6pasma 1) u 24,7 °C (mansa obpasmna 2). Ha-
YaJibHas TeMIIeparypa o0pasioB coctasisuia 22 °C.
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Puc. 7. TloBepxHOCTHas TeMIeparypa B oodpasie 1
1 00pasiie 2 Npu HArpyKeHuH cwiIol, paBHoi 1,05P,

Fig. 7. Surface temperature in sample 1
and sample 2 when loaded
with a force equal to 1.05R,.,

O0cy:x1eHue pe3yJbTaTOB

JlarHbIe prc. 3 MOKA3BIBAIOT, YTO HAMOOIBIITHIA
POCT TeMIiepaTyphl 00pa3IoB pa3BUBAJICS MPH 00-
pa3oBaHUM M pa3BUTHH IIeiku. Hampumep, pes-
kuit ckauok ot 30 go 100 °C Ha TeMmmepaTypHO
kpuBoii 4 (puc. 3) obOpaszoBaics 3a 1/10 Bcero
BPEMEHHU HaTpYKEHHUSI.

PacueTHble BeNMMYMHBI W3MEHEHHUS TeMIIepa-
Typ At, noaydeHnsie mo ¢opmynam (1)—(5) mns
cranuii 1-4 nedopmupoBanus oOpasLoB, NMpUBeE-
IeHsl B Ta0mI. 1.

Tabnuya 1
M3meHeHust Temnepartyp At st cTaguii
nedopmupoBanus 1-4, mojiydyeHHbIe pacyeToM

Temperature changes At for deformation stages 1-4,
obtained by calculation

C Harpes matepuana oopa3nos Az,°C,
Taus
0 A — HpH uX 1epopMHUPOBAHUN
00pasnoB u At Fa CTaAee
(puc. 1) 1-s 2-51 3-1 4-51
O6pazern 1 1,04 0,92 25,5 10,2
Ob6paser 2 2,34 1,32 24,5 6,75

W3 cpaBHeHUs NaHHBIX TaOJMUIBI C DKCIEPH-
MEHTAJILHBIMHU (PHC. 3) BBITEKAET, YTO TEMIIEpaTy-
PBI TIOBEPXHOCTH 00pa3IoB 1 u 2 Ha Kaxmou cTa-
UM CYIIECTBEHHO OTIMYAIOTCS. MeHbIne Beu-
YUHBI TEMIIepatyp s oOpasma 1, mosyueHHbIe
IIPH TPSMBIX W3MEPEHHSIX, OOBICHIIOTCS OCTHIBA-

[ Hayka
uTexHuka. T. 23, Ne 5 (2024

HUEM MeTajlla B IPOMEXKYTKaX MEXIy CTYIEHIMHU
ero nedopmupoBanusi. Takux mepepbIBOB I 00-
pasua 2 He nmpoucxoauio. PactsbkeHue obpasua 2
BEJIOCh HETIPEPBhIBHO, BILUIOTH A0 3apOXKICHUS Tpe-
IIMHBI CKOJIa B mieiike. DakTHUECKH TOTydeHHBIE
3HAYEHHUs] TeMIepaTyphl MOBEPXHOCTH oOpasua 2
Ha craauu 3 aedopMHupoBaHUs B 4 pasa MpeBbI-
manu pacdeTHoe. Takoe pacxokiaeHHe OOBSICHA-
eTcs Kak MNOTrPEIIHOCTSMH pacdyera mo Qopmy-
naMm (1)—(5), Tak u mpeHeOpeKESHUEM TOJICH Tel-
J000pa30BaHMs M3-32 TBEPIOTEIHHBIX PEaKIHMid B
nedopmupyemom metaiuie [10].

BbBIBO/IbI

1. Temmeparypa HarpeBa Metamuia JAehOpMH-
PYEMOTO pacTsDKEHHEM JJIEMEHTa B TIEPBOM IPH-
OMmIKEHHH MOXeT OBITh paccuuTaHa 1o ¢op-
mynam (1)—(6). Bonee TouHBIE MaHHBIE MOXKHO
MOJly9YUTh TIPU ABTOMAaTHU3WPOBAaHHOM pacueTe
C HCIIOJIb30BaHUEM KOHEYHO-3JIEMEHTHOTO aHa-
JU3a W COOTBETCTBYIOUIMX MPOTPAMMHBIX KOM-
IIJIEKCOB.

2. DKcIepuMEHTaIbHBIC BEIWYUHBI TEMIIepa-
Typ TIOBEPXHOCTH IIPH HETPEPHIBHOM KBa3WUCTATH-
4eCKOM Je(hOpMHUPOBAHHUHU CYIIIECTBEHHO (10 5 pa3)
MPEBHIIIAIOT UX PaCUeTHBIC 3HAYEHHS, YTO O0BsIC-
HSIETCS TIOSIBJICHHEM 3HAYNTENbHBIX TUTACTHIECKUX
nehopMarvid.

3. ®uKcHpoBaHUE TEMIIEpaTYPHBIX IOJIEH Me-
TAUTMYECKUX JJIEMEHTOB TNpPH UX AedopMupo-
BaHUM CJIEIyeT BBHIMOJHATH C HCIOJIB30BAHUEM
WU3MEPUTENBHBIX HWH(paKpacHbIX NPUOOPOB -
CTaHIIMOHHO, C 3alMChI0 PE3yJbTaTOB B Gopme
TEPMO(QHIIBLMOB.
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MEXAHWKA OE®POPMUPYEMOTIO
TBEPOOIO TENA

DEFORMATION
IN SOLID MECHANICS
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HccnenoBanme nepopmManuii CTAaTUHYECKU HeONMpeaeTMMOM 0aIKu
B IPOMBIILJICHHBIX U CYJOCTPOUTEIbHBIX KOHCTPYKIUAX

) )

C. B. I'onuaposa®, marucrp TexH. Hayk B. M. XBacbko", cTyaeHTsl E. A. Tonuaposa”, H. A. Maxuau'

1)EenopyCCKI/n‘& HallMOHAIIBHBIM TeXHUYecKuil yHuBepcuret (Munck, Pecnyomnrka benapych)

© benopycckuil HallMOHAIBHBINA TEXHUYECKUH yHUBepcuTer, 2024
Belarusian National Technical University, 2024

Pedepar. B cratbe paccmarpuBaercsi aHanmu3 aeopMaliii B CTATUYCCKU HEONPEICTHUMOM Oajke Ha MpUMEpEe KHIS CyJi-
Ha — JIByTaBpPOBOIl Oalikyl, UTparoliel BaKHYIO POJIb B 00ECIEYEHHH YCTOWYHMBOCTH M KOHCTPYKLHMH cyzaHa. VcciemoBaHue
OCYLIECTBIISETCS C TOMOIIBIO COYETAHUS TEOPETHIECKOTO M IKCIIEPUMEHTAIBHOTO TOIX0/10B. MeTo | cuil BBIOpaH /Uis Teope-
THYECKOTO aHallM3a KaK YHUBEPCAIbHbBIH HHCTPYMEHT /Ul CTATUYECKH HEOIPEACIUMBIX 0aoK, MO3BOJISIOIINN OLECHHUTH [e-
(hopMaIui U HaIPsDKEHUS B PA3IUYHBIX TOUkax Oanku. OH BKIIOYAeT B ce0s 000D ONTHMAIBHOTO CEUCHUS, UTO SBIISCTCS
MIPEUMYLIECTBOM JAaHHOTO Moaxoaa. MeTol KOHEUHBIX 3JIEMEHTOB, peann30BaHHbIi ¢ momombio ITK Ansys 2021 R2, ucnons-
3yeTcst ISl SKCIIEpUMEHTANILHOTO aHali3a M BU3yann3anuu aedopmanun m3ruba. OH obecrieunBaeT Oosiee THOKMIT M MomI-
HBII MHCTPYMEHT JUISl aHAJIN3a CJIOXKHBIX KOHCTPYKIMH, YIUTHIBAsk pa3HOOOpa3HbIe TPaHIYHEIE yCIOBHs. Pe3ysbTaThl Hecie-
JIOBaHUs OBUTM COIIOCTAaBJICHBI, IOIPELIHOCTH BBIYUCICHUH OKa3aJMCh MHHUMAIBHBIMU U JIONYCTUMBIMHU. B cratee momuep-
KHBAeTCS BaXXHOCTb IIPOBENCHUS MOJOOHBIX aHAJIM30B M IOHMMAHHS IIOBEJCHHWS KOHCTPYKLIMH IOJA Harpy3skamup M
obecriedeHus UX HaIeKHOCTH HE TOJIKO B TPAHCIIOPTHOM, HO U B IIPOMBIIIIEHHOM M TPaXKIaHCKOM CTPOHUTEIbCTBE.
KnroueBble c1oBa: Kuib, CTaTHUECKH HeEONpenenuMas Oaiika, MomepedHbld u3rul, aedopmaiusi, U3ruOaromuil MOMEHT,
YCJIOBHE IIPOYHOCTH, JABYTaBp, METOA CHJI, METOJl KOHEYHBIX DJIEMEHTOB

Jnst untupoBanus: Vccienosanue nedopmaruii CTaTHYECKH HEONPEIeTMMON Oalky B MPOMBILIJIEHHBIX U CYI0CTPOUTEIb-
HeIX koHCTpyKuusax / C. B. I'onwaposa [u np.] // Hayka u mexuuxa. 2024. T. 23, Ne 5. C. 397—403. https://doi.org/10.
21122/2227-1031-2024-23-5-397-403

Study of Deformations in Statically Indeterminate Beam
in Industrial and Shipbuilding Structures

S. V. Goncharova?, V. M. Khvasko?, E. A. Goncharova?, N. A. Makhnach?
DBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper considers the analysis of deformations in a statically indeterminate beam using the example of a ship's
keel — an I-beam that plays an important role in ensuring the stability and structure of the vessel. The research is carried out
through a combination of theoretical and experimental approaches. The force method was chosen for theoretical analysis as a
universal tool for statically indeterminate beams, allowing to estimate deformations and stresses at various points of the beam.
It includes the selection of the optimal cross section, which is an advantage of this approach. The finite element method
(FEM), implemented using Ansys 2021 R2 PC, is used for experimental analysis and visualization of bending deformation.
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Mexanuka depopmupyemozo meepoozo mena

This method provides a more flexible and powerful tool for analyzing complex structures, taking into account a variety of
boundary conditions. The results of the study were compared, and the calculation errors turned out to be minimal and accepta-
ble. The paper emphasizes the importance of conducting such analyses to understand the behavior of structures under loads
and ensure their reliability not only in transport, but also in industrial and civil construction.

Keywords: keel, statically indeterminate beam, lateral bending, deformation, bending moment, strength criterion, I-beam,

method of forces, finite element method

For citation: Goncharova S. V., Khvasko V. M., Goncharova E. A., Makhnach N. A. (2024) Study of Deformations in Stati-
cally Indeterminate Beam in Industrial and Shipbuilding Structures. Science and Technique. 23 (5), 397-403.

https://doi.org/10.21122/2227-1031-2024-23-5-397-403 (in Russian)

BBenenue

OCHOBHOU cepoil NpHUMEHEHUS IBYTaBpPO-
BBIX OaJlOK SIBJSIETCSl CO3IAHUE PAa3JIMUHBIX METal-
JIMYECKHUX KapKaCHBIX KOHCTPYKIUH I MPOMBIII-
JIEHHOTO, TPAHCIOPTHOTO U T'Pa)XIaHCKOTO CTPOH-
TenbeTBa. OHM HAIUTM MIUPOKOE MPUMEHEHHE TpU
BO3BE/ICHUH KOJIOHH, CTPOUTEIHCTBE MOCTOB U BbI-
COTHBIX 3aHHMH, YKPEIUICHHH HIAXTHBIX CTBOJIOB,
a TaKKe B KauecTBE KOHCTPYKTHUBHBIX 3JIEMEHTOB
Habopa Kopiyca TPaHCHOPTHBIX cpeacTB. Hampu-
Mep, B CYJIOCTPOCHUHU TJIAaBHOM Oankoi B KopImyce
CyIHa sBIsieTcd KuiieBas Oayika (KWiIb), UMEIoIas

dhopmy nByTaBpa (puc. 1).

Puc. 1. CmenranHbIit Ha0Op KOpITyca CyqHA:

1 — kuJb; 2 — HACTWII BTOPOTO JHA; 3 — OOPTOBBIEC CTPUHTEPEI,
4 — 6umc; 5 — mamyOHBIA CTpUHTEp; 6 — KHHLA; 7 — IIHUPCTPEK;
8 — mmanroyt; 9 — 6opToBoii mosic; 10 — cKyI0BOM TOSIC;

11 — ¢op; 12 — nHUIMEBOH cTpuHTEp; 13 — MIMyHTOBOH MOsIC;
14 — kuneBoit mosic

Fig. 1. Mixed ship hull set: 1 — keel; 2 — flooring of the second
bottom; 3 — side stringers; 4 — beam; 5 — deck stringer;
6 — knitsa; 7 — shearstrek; 8 — frame; 9 — side belt;
10 — zygomatic girdle; 11 — flor; 12 — bottom stringer;
13 — tongue and groove belt; 14 — keel belt

Kunb — 3T0 KOHCTPYKTHBHBIM 3JIEMEHT, Paco-
JOKEeHHBIH Ha JHume cyaHa. OH mOpeacTaBis-
eT co0oi MPOAOIBHYIO OaNKy, MPOXOIAIIYI0 OT
Hoca (TmepenHei yacT) 10 KOpMBI (3aHel 9acTu)
U CIIyXaIlIylo ocHOBoW cyana [1-2]. Haznauenwme
KWl — o0ecrevynBaTh YCTOWYMBOCTh M NPOYHOCTD
CyZAHa, MPEeNOTBpalaTh Ype3MepHOe OOKOBOE CMe-
1ieHre A7st 6e30nacHoro v 3¢ QEeKTHBHOTO TIJIaBAHUSL.

398

Kunp  sBnsieTcss cTaTHYECKH HEONPEASTUMON
0aTKOM, UTO TMPUIAET OCOOYIO CIOKHOCTh aHAITU3Y
ero nedopmarmii B 0071aCTH UCCIICIOBAHUS MPOY-
HOCTU KOHCTpyKImu. Pacuer medopmanuii B cra-
THYECKH HEOMPEAEIMMbIX 0aaKaxX OCTACTCS OJHUM
13 HauOoJIee CIIOKHBIX BOIPOCOB HHXKCHEPHOU
MEXaHUKH.

B nacTosmeii paboTe CTaBUTCS IEIBIO BBIYHC-
neHue aedopMalvii B CTATUYECKA HEONPEASTUMON
Oalke TyTeM TEOPEeTUYEeCKHX (METOI CHII) M DKC-
MEPUMEHTAIBHBIX (METOJ] KOHEUHBIX 3JIEMEHTOB)
WCCJICIOBAHUMN, COTMOCTABICHHE W aHalU3 TOJy-
YCHHBIX PE3YJIbTATOB.

MeToa cuJx

B kauecTBe wuccneayeMoll paccMOTpUM CTa-
THYECKH HEONpPEeNeNnMyi0 OalKy C KECTKOH 3a-
JIETIKOM, CXeMa Harpy>keHHs KOTOpOW MpHuBelIeHA
Ha puc. 2.

F=20xH
q =20 xH/™m ‘

2M 2M ’:%‘IM

Puc. 2. Cxema HarpyxeHus Oanku
Fig. 2. Beam loading scheme

Panee B pabote [3] mannas Oanka paccuuTa-
Ha C MOMOIIBI0 METOAa HavajJbHBIX MapaMeTpoB,
TaM ke MPHUBEIEHBI 0COOEHHOCTH JAHHOTO CIIOCO-
0a TPUMEHUTENBHO K TPEAJIOKEHHOH KOHCTPYK-
U OAJIKH.

B nmannoi#t paboTe mpennaraeTcsi METOJ CHJI B
KadecTBE WHCTPYMEHTa Ui BBIYMCICHUS Aedop-
Malii CTaTUYECKHA HEOMPEISTMMON OalKd C BHI-
MIOJTHEHUEM CIIEAYIOIINX ITANoB pacuera [4—6]:

1. Beibupaem ocHOBHY!O cucTteMy (0.c.) (puc. 3).

2. CTpoUM €IMHUYHYIO 3MIOPY (M 1) U Tpy30-

BYIO 3IIIOPY (M F) M3ru0aroIMX MOMEHTOB B OC-

HOBHO#1 cucteme (puc. 3).
3. 3anuchIBacM KAaHOHWYECKOE ypaBHEHHE Me-
TOJA CUIT
68, X, + A =0, (1)

rae X, — Heu3BeCTHas peakLus onopsl 5.
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F=20xH
q =20 xH/™m "
ERRRARA AR ]
A C AB D
2™ 2™ 1 M
O.C./ \
X,
M A
4—‘—L_-_2 A
o=l
F=20xH
q=20xH/M
Z CLLLLLLLLLLL L] V
220n\
\~160
100
0
20
A/[’, 0
kKHm

Puc. 3. Dmopel M, u M,
Fig. 3. Diagrams of M, and M,

4. Boruucnsiem kodpduuuentsl ypaBHenus (1)
o metoxy Cumncona [4]:

81, ZZJMI M, dz =

El
:i(0.0+4.2.2+4.4):ﬁ;

6EI, 3EI,

M, M
Ajp = Zj#dz = )

=i(0-20—4-30-1—2-1oo)+

6EI,
+L(—100-2—4-160-3—4-220)=—ﬂ.

6EI 3EI,

Haxomum cunmy X,, moxcraBus ko3¢ ¢HLIueH-
THI (2) B ypaBHenue (1):
A 3400-3

X, =—"= =53,12 (xH). (3
=TS, 2 xH). ()

3naunt, R; =53,12 xH, cnenosatensHo, cTa-

TUYeCKast HEOTPEASTUMOCTh PACKPHITA.
5. Beruncasiem peakunu B 3a7enke A U3 ypas-
HEHUI PABHOBECUS CTATHUKU:

Hayka
wrexHuka. T. 23, Ne 5 (2024)

> M,;=0,-M,+q-2-3-Ry-4+F-5=0;
M, =20-6-53,12-4+20-5=7,5 kHwm;
> F,=0; R,—q-2+R, —F =0; (4)

R,=20-2-53,12+20=6,88 xH.
6. CTporM OKOHYATENbHBIC SIIOPHI TOMepey-
HBIX cull O 1 n3rudaromux MoMeHToB M (puc. 4).

y R,=53.12 kH

‘lRA =6,88 kH F=20 kH
=20 xH/m
: g Y
A C %B D =z
2Mm 2 M 1M
M,=17,5xH M
20
6.88 d@
HEERR
0, xH
33,12
z,=1,656 M
,=2,656 M
0
5 | A
M, xH-Mm ~
6,26 77 423

Puc. 4. Dmopsr Q u M
Fig. 4. Diagrams of Q and M

7. s mOoCTpoeHusl YNpYyroil JIMHUM OIpene-
JUM TporuObl B onmacHeIX cedeHusx Oanku C, D.
[TocTtpouM enuHHYHBIE S3MIOPEI MOMEHTOB B OC-
HOBHO#1 cucteme (puc. 5).

Torma

M, -M
J’c=z Tcdz=

()
:L(0.6,26+4.1.0,62+7,5.2):5,826;
GEI, o
MOK.MD _
yD_ZIsz_
:L(O.Ojt4.0,5.()’5HQO)Jr 2 y
o= 6EI
x(20-1-4-3,12-2-6,26-3) + ©
b2 (26,26-3+4-0,62-4+5.7,5)= 2213
6EI, o
399
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R,=53,12 xH

F=20 kH
Ak.—6.88 xH |
g=20 xkH/m
2 TTITLLLL ’
4 C B |D
M= 2m 2M ’Q'B 1m
=
=7,5kHwM 0
L 062 A \
My, kH-Mm - ~] 7
6,261 22
5 F=1
— 1
M -
e C
= 4
3
Hz\ F=1
1
— 905 Y
M, D
MM —
Y \/
1337 v, 738

Puc. 5. Dmopst M u M p» YUpyras JuHus Oanku

Fig. 5. Diagrams of M and M p» €lastic line of the beam

Ilpumeuanue. DNOpbl U3rHOAIOIIMX MOMEH-
TOB M CTPOUM CO CTOPOHBI PACTSHYTHIX BOJIOKOH.

8. U3 ycioBus POYHOCTH mojdepeM cedeHHe
nytaBpa, npussiB R =210 MIla (marepman —
cranb); M, =20 xH-m (u3smopsl M Ha puc. 4):

max

M
G =mx 7
7 (7

X

M
W, > —ma 8
2 ®)
6
g > 20107 _ 95238 it =95,238 cm’.
210

W3 tabnun copramenra nogOupaeM IBYTaBp
Ne 16 [7]:

W.=109 cv’; I, =873 em*; E=2-10° MIla.

9. 1nst nogo6panHoro, cornacuo Gopmymnam (7)
u (8), nBytaBpa Ne 16 moay4yuM BeJTHYMHBI IPOTHU-
0OB B OIIACHBIX CEYEHMSIX!

y =—5’826'10 =3,337 mwm;
2-10 -873-10
—M=4,738 MM.

Y7270 -873-10

[ocTpoum ynpyryto nuHuio 6aiku (puc. 5).

MeTtoa KOHEYHBIX 2JIEMEHTOB

[Tpumennm Meton KOHEUHBIX meMeHToB (MKD)
JUIs pacdera JUIsi OalKM C JKECTKOM 3ajein-
Koit (puc. 2), peanu3oBaB ero ¢ nomoiipo [IK An-
sys 2021 R2 [8-10].

Co3naeM 4yepTex MOMEepPEeYHOro ceueHHs Oaku
B Bujie nByTaBpa Ne 16, 3aaBast Bce HEOOXOJUMEBIC
pa3Mepbl U MEXaHHUUYECKHE XapaKTePUCTHKUA Mare-
puana Oanku (Structural Steel). BrinaBiamuBaem
¢dbopMy, ycraHaBIMBaeM JUIMHY OalKH W TEHEpU-
pyem o0beMHYI0 MoieNb (puc. 6).

0000

1,000 ()

0250

0750

Puc. 6. O6beMHast MOJIENb OalIKK

Fig. 6. Volumetric beam model
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Henum Oanky Ha yuactku (Split), HaknazapiBa-
€M Ha Hee CBS3HM B BHJIC JKECTKOM 3aJIeIKH B TOY-
ke A (Fixed Support) v HoaBUXHOI ONOPBI B TOY-
ke B (Displacement) u nmpukiansiBaeM 3aJaHHYIO
Harpy3Ky COTJIaCHO CXeMe, PUBEICHHON Ha puC. 2
(Static Structural): pacnpeneneHHy0 Harpy3Ky Ha
BeiienieHHOM ydacTke ¢ Toukord C (Force: 2000 N)
U cocpeoToueHHyro cuiny B Touke D (Force 2: —
2000 N) (puc. 7).

Paz6uBaemM Oasky Ha KOHEYHBIE JIIEMEHTHI
MPSMOYTOJILHOH (OPMBI M CO3aeM KOHEYHO-3JIe-
MEHTHYIO CeTKy (puc. 8).

0,000

0250

[enepupyem pelieHue 1O ONPEICICHUI0 Jie-
¢dopmanuii OaIKH M TONy4aeM BU3YaJbHBIH pe-
3yJibTar wW3ruba Oallku TOJA 3aJaHHOW Harpys-
Koii (puc. 9).

ComnocTapisieM 3Ha4eHUs TPOrHOOB € TOIY-
YEHHBIMU paHee TEOPETUYECKUMH BEIUYMHA-
mu: yc = 0,003388 m = 3,388 MM, OTKIIOHEHHE
coctaBmuseT 1,5 %; yp = 0,004656 m = 4,656 MM,
OTKJIOHEHHE cocTaBisgeT 1,2 %, 4To cYUTAEM J10-
ITyCTUMBIM.

Ansys

2021 R2

1,000 (m) z

0,750

Puc. 7. 3ananne Harpy3ku B Oanke

Fig. 7. Specifying a load in a beam

- Display )
Display Style Use Geometry Setting
- Detauns
Prysics Preference | Mechamical
Element Order Program Controlled
| eementsze [oetsut

sing
Use Adaptive Saing Yes
7

_ Defesture Sz Defautt
Transition Fast
Span Angle Center | Coarse

0000 %sm 1,000 (m)

0250

Ansys

2021 R2

4

0750

Puc. 8. KoneuHno-3aeMeHTHAs CETKA

Fig. 8. Finite element mesh
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002168
0,0020328
0,0018973
00017618
0,0016262
00014907
00013552
00012187
0,0010842
0,0008486%
0,00081312
0,0006776
000054208
000040656
000027104
0,00013552
0Min

0,000 1,000

0500

002168
00020328
0,0018973
00017618
00016262
0,0014507
00013552
00012187

000027104
000013552
0Min

0,000 1,000

2,000 (re)

1,500

2,000 ()

I 00 0 a0

0,500

1,500

Puc. 9. lepopmariu B 6anke OT 3aJaHHON HArpy3Ku

Fig. 9. Deformations in a beam under a given load

BbIBOJIbI

1. UccnenoBanue, NpoBEIEHHOE B paMKax JaH-
HOH paboThl, MOCBAIICHO aHAMM3Y Aedopmanuii
B TakOM KOHCTPYKTHBHOM OJJIEMEHTE, KaK KHWIIb,
MpeaCcTaBsomeM co0oil  IBYTaBpPOBYIO Oaliky
C Y4E€TOM CTaTHUECKON HEONPeIeIUMOCTH.

2. B kadecTBe TEOPETHYECKOTO HCCIIEIOBAHUSA
BEIOpaH METO/ CHJI, KOTOPBIN IpeACTaBIsieT coOon
YHUBEPCAJILHBIA MHCTPYMEHT UISl aHajlu3a cTaThye-
CKM HeompelenuMbix Oamok. OH MoXeT ObITh
YCIEUIHO NPUMEHEH K Pa3MYHbIM TUIaM OajioK
C Pa3HOM CTEMEeHbI0 CTATHYECKON HEOIPeIeTMMOCTH.

3. JIns 9KCIepUMEHTAILHOTO aHaimu3a Jedop-
Maguii B OaJike MHCIOJB30BaH METOJ KOHEY-
HBIX 3JIEMEHTOB, peain30BaHHBIN ¢ moMolbio [TK
Ansys 2021 R2. On npejcraBnsier 6oyiee THOKHUIA
1 MOIUHBIA MHCTPYMEHT ISl aHain3a Oalok | Io-

402

3BOJISIET HE TOJIBKO PAcCUUTATh JeopManuy, HO U
BH3yaJIM3UPOBATh pE3yJIbTAaThl aHAIN3a, YTO 3Ha-
YUTENBHO 00Jier4aeT NOHMMAaHUe MOBEACHHS KOH-
cTpyKimu nof Harpyskamu. MKD moaxomut mmst
aHajgM3a CJOXHBIX KOHCTPYKUMH M YYUTHIBAeT
pa3HO00pa3Hble IPAHUYHBIE YCIOBUSL.

4. Pe3ynpraThl pacdeToB COMOCTABIIEHBI, II0-
IPEIIHOCTH BBIYMCICHUH MUHHMAaJbHBIE M MO3TO-
MY JOIYCTHMBI.
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OcHoOBHbBIE IPUHIIMIIBI IPOEKTUPOBAHMS Pe3ePBHOI0 Bogocopoca
C pa3MbIBaeMOH BCTABKOM

Kanna. texn. nayk, gou. I1. M. Borocnanmcl), B. A. EB1okumos"”
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Pedepat. Ha ocHOBaHNH HAaKOIUICHHOTO K HACTOSIIIEMY BPEMEHH OIIbITa IIPUMEHEHHUS PE3EPBHBIX BOJOCOPOCOB C pa3MbIBac-
MBIMU I'PYHTOBBIMH BCTaBKaMU U IIPOBEJICHHBIX paHee HCCIe0BaHUN JaHbl PEKOMEHALUY 110 IPOEKTUPOBAHUIO U pacyeTaM
Takux coopykeHuil. IIpencTaBieHsl yeTblpe BapMaHTa KOHCTPYKTUBHBIX U KOMIIOHOBOYHBIX perieHuid. IlepBriii Bapuant —
pa3MbIBacMasi BCTaBKa pacIoiaraeTcsi B Tejle IPyHTOBOM IIOoTHHBL. OrpaHH4MBaroNias pa3MbIB olieka — OeToHHas. Bropoit
BapUaHT — TO K€, HO OrPaHMYMBAIOLIAs Pa3MbIB OZEXKJA BBINOJHEHA M3 MATKOTO IOJIMMEPHOrO MaTepuaia, Halpumep
U3 TeOTEKCTUIISI WX TONUMEpHOH mieHKU. [lo TpeTbeMy BapuaHTy pa3MblBacMasi BCTAaBKa pacliojlaracTcsi B OAHOM WU He-
CKOJIBKUX IIPOJIeTaX MOBEPXHOCTHOTO BOAOCOpoca M paboTaeT 1o Tuily 3aTBopa «[ uaporumocy. YeTBepThIii BapHaHT IpUMe-
HUM TIPH COOTBETCTBYIOIIMX TOIOTPa(MIECKUX YCIOBHSX. 37€Ch pa3MblBaeMas BCTaBKa pacloJlaraeTcs BHE HAIOPHOTO
(poHTa B 00X0J INTOTUHEI U IIPEJICTABIISIET COOOH HEOOIBIIYIO pa3MbIBaeMyto 1aMOy. [Ipenoixken mopsIoK rHApaBIMIecKIX
pacdeToB, KOTOPHIE BBHIIOIHAIOTCS B JiBa dTara. Ha rmepBoM aTare onpenensioT pa3Mephl BOXOCOPOCHOTO OTBEPCTHS pe3epB-
HOTO BOIocOpoca Ha MPOIYCK PacueTHOro pacXo/a. 3aTeM BEIIOIHAIOT PAcueT pa3MbIBa IPYHTOBOM BCTABKH, PAcIIoIaraeMon
B 3TOM OTBEPCTHH, KOTOPBIN IIPOUCXOUT IIPHU IIEPEIIBE BOABI Uepe3 ee rpeOeHb IPH aBapUiHON CUTyaIuy. JTOT pacueT AaeT
BO3MOJKHOCTB OIIPEIENIUTE BPEMs Pa3MbIBa, a TAakKe MOCTPOUTH IHAporpad pacxoja BOABI Uepe3 pa3MbIBaeMbIil BOgocOpoc,
rpaduky U3MEHEHHH ypOBHS BepXHEro Obeda M OTMETKH IpeGHs BCTaBKH B IIporecce pa3MbiBa. [uddepeHnnanbabie ypas-
HEHUs], OIICHIBAIOIINE MIPOLECC Pa3MbIBA, yJOOHO pemaTh YUCICHHBIM MeTonoM. [Ipeanoken anroput™ pacdera.

KiioueBble €/10Ba: KOHCTPYKTHBHBIEC CXEMbI, KOMIIOHOBOYHbIE CXEMbl, aBapHiiHAs CUTYallusl, CTaaAus pa3MbIBa, 3aTBOp «I'ua-
POILTIOCY, OrPaHUYMBAIOIIAs Pa3MBIB OJeXKIa, TuIporpad pacxoa, ypaBHeHHE AehopManuu
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Basic Principles for Designing Backup Spillway with Eroded Insert
P. M. Bohaslauchyk", V. A. Evdokimov"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Based on the experience accumulated to date in the use of backup spillways with eroded soil inserts and previously
conducted studies, recommendations for the design and calculations of such structures are given. Four options for design
and layout solutions are presented. The first option is that the eroded insert is located in the body of the earth dam. The ero-
sion-limiting clothing is concrete. The second option is the same, but the erosion-limiting clothing is made of soft polymer
material, for example, from geotextile or polymer film. According to the third option, the eroded insert is located in one
or several spans of the surface spillway and operates like a “Hydroplus” gate. The fourth option is applicable under approp-
riate topographic conditions. Here, the eroded insert is located outside the pressure front, bypassing the dam and is a small eroded
dam. A procedure for hydraulic calculations is proposed, which are performed in two stages. At the first stage, the dimensions
of the spillway opening of the reserve spillway are determined to allow the design flow to pass through. Then, a calculation
is made of the erosion of the soil insert located in this hole, which occurs when water overflows over its crest in an emergency.
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This calculation makes it possible to determine the time of erosion, as well as to construct a hydrograph of water flow through
the eroded spillway, graphs of changes in the level of the headwaters and the marks of the crest of the insert during the erosion
process. It is convenient to solve differential equations that describe the erosion process using a numerical method. A calcu-

lation algorithm is proposed.

Keywords: structural diagrams, layout diagrams, emergency situation, erosion stage, “Hydroplus” shutter, erosion-limiting

clothing, flow hydrograph, deformation equation

For citation: Bohaslauchyk P. M., Evdokimov V. A. (2024) Basic Principles for Designing Backup Spillway with Eroded
Insert. Science and Technique. 23 (5), 404—408. https://doi.org/10.21122/2227-1031-2024-23-5-404-408 (in Russian)

BBenenue

IlepBble ymoMuHaHHSA O PE3EpPBHBIX BOJOCOPO-
cax € pa3MbIBa€MbIMH TI'PYHTOBBIMU BCTaBKaMH
NOSIBUWINCH B JIUTEparype IpuMmepHo B 70-e TIT.
npouutoro cronerus. OHU NPUMEHSINCH Ha KPYyII-
HBIX THAPOY3Jax ¢ OOJBLIMMH HMaBOAKOBBIMHU pac-
XO0JlaMH 1 Ha3bIBAJIUCH Yallle BCEro BOAOcOpocaMu
C TMpeJOXpaHHUTEILHBIMU BCTaBKaMH, YTO HamOo-
Jiee TOYHO OTpakano mx HazHaueHwue [1, 2]. [Ipu-
MEHEHHUE MX Ha MaJbIX THAPOY3Jax BIEpPBbIC Haua-
70 paccMatpuBaThes B 1980-e IT., B TO K€ BpeMs
NOSIBUWINCh U TIEPBBIE CEPbE3HBIC HCCIICIOBAHUS
Takux coopyxxeHuil [3, 4]. K Hactosmemy Bpeme-
HU TOAOOHOTO pojAa HCCIEAOBaHUI MOSBUIOCH
JIOCTAaTOYHO IJII TOTO, YTOOBI CPOPMYIHPOBATH
OCHOBHBIE IPUHIIMITBI UX IPOCKTUPOBAHUSI.

OcHoOBHAA YaCTh

IIpy mpoeKTHpOBaHMM pe3epPBHBIX BOJOCOPO-
COB C pa3MbIBa€MBIMH TPYHTOBBIMH BCTaBKaMHU
BO3ZHUKAIOT BOIIPOCHL, KOTOPBIE MOYKHO YCIIOBHO
pa3fenuTh Ha TP YacTH: KOHCTPYKIUH, KOMIIOHO-
BOYHBIE pELIeHMd, pacdeTsl. HamoMHUM mpHHIMI
paboThl pe3epBHOro BomocOpoca ¢ pa3MbIBaeMOMR
rpyHTOBOIl BcTaBKOW. OH mpencTaBiseT coOoi
BOJIONPOIYCKHOE OTBEpCTHE B HANOpPHOM (ppoHTe,
MEePEKPHITOE TPYHTOBOM BCTABKOW, OTCHITTAHHON U3
necyanoro rpyHTta [3]. OTMeTka TpeOHsI BCTaBKU
HECKOJIBKO HMXE OTMETKH I'peOHSI OCHOBHBIX MOJ-
HMOPHBIX coopyxkeHuil. IIpu aBapuiiHON cuTyanuu,
KOTI'Jla YPOBEHb BEpXHEro Obeda 1mo KakuM-To Mpu-
YUHAM [TOJTHUMAETCS BBIIIE KPUTHUECKUX OTMETOK,
IIPOUCXOJHNT INEPENUB Yepe3 BCTABKY U €€ Pa3MBbIB.
B ocBobonuBiieecs: oTBepcTre cOpachiBaeTCS H3-
JTUIIHUN pacxold. KOHCTpyKTHMBHBIE M KOMIIOHO-
BOYHBIE CXEMBI TaKOTO COOPY>KEHHS MOTYT OBITH
CIIe Ty IOIIMHU:

1) pa3mbIBaeMasi BCTaBKa pacrojiaraercs B TeJe
rpyHTOBOH mioTHHBL. OTpaHMYMBAIOIIAsl Pa3MbIB
onexna — beronHas (puc. 1);

2) pa3MbIBaeMasi BCTaBKa pacIioyiaraetTcs B Tele
TPYHTOBOM MmnoTHHBEL. OrpaHHuYMBaroONias pa3MbIB
olleX/Ia W3 MATKOTO MOJMMEPHOr0 Marepuana,
HampuMep W3 TEOTeKCTWJIS WM TOJMMEPHOM
TJICHKH (puc. 2);
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3) pa3MbIBaeMas BCTaBKa Paclioyiaraercs B OJi-
HOM WJIM HECKOJBKHX IPOJIeTaX MOBEPXHOCTHOTO
BogocOpoca (puc. 3). B sTom ciydae BCcTaBKa pa-
Ooraet kak 3aTBop «I mapormmocy [5];

4) pa3MblBaeMasi BCTAaBKa pAacCIIONaraeTcsi BHE
HarnopHoro (poHTa B 00X0 IUIOTHHBI (pUC. 4).

Llenp ruapaBIndecKuX pacyeToB — ONpeAese-
HHUE pa3MepOB BOAOIPOIMYCKHOTO OTBEPCTHS, Bpe-
MEHH pa3MbIBa TPYHTOBOW BCTaBKH, MPEICIHHOTO
TIOBLINICHUST YPOBHS BEpXHEro Obeda mIpH ycTa-
HOBJICHHBIX BBIIIE pa3Mepax BOAOHPOITYCKHOTO
OTBEPCTHSI, a TaKXKe MOCTpoeHue ruaporpada pac-
X071 4epe3 paccMaTpuBaeMblii BOJocOpoc.

Anroput™m pacdera pa3paboTaH Ha OCHOBE HC-
CJIEJIOBAHUH, Pe3yIbTaThl KOTOPHIX OITyOIHMKOBAHbI
B [4, 6]. B cooTBeTcTBHM € XapakTepoM pabOTHI
BOZIOCOpOCa pacueT ciedyeT YCIOBHO Pa3aeiuTh
Ha HECKOJIBKO JTaIoB.

77 77 7 %57 77 777

Puc. 1. BogocOpoc ¢ pa3MbIBaeMoli TPYHTOBO BCTaBKOM
C OrpaHMYUBAIOLICH Pa3MBIB OETOHHOW ONEXKI0M:
a — IonepeyHslil pa3pes; b — npomoneHsIi paspes 1-1;
1 — pa3mbIBaeMasi BCTaBKa;
2 — orpaHMYHBAIONIAst PA3MbIB OJEXK A

Fig. 1. Spillway with eroded soil insert and erosion-limiting
concrete pavement: a — cross section;
b — longitudinal section 1-1;
1 — eroded insert; 2 — limiting-erosion clothing
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Puc. 2. BorgocOpoc ¢ pa3MbIBaeMOii IpyHTOBOH BCTaBKOIt
C OTpaHUYHBAIOMIEH Pa3MBIB OAEKIOH U3 MATKOTO
TIOJIMMEPHOT0 MaTepuaa: a — HOIePedHbIH pa3pes;
b — mpononpHEIit pa3pe3 1-1; 1 — pa3mbIBacMasi BCTaBKa;
2 — reoTeKCTHIIb WK TOJIMMEpHas IICHKA,
VBB — ypoBeHb BepxHero obeda

Fig. 2. Spillway with eroded soil insert and erosion-limiting
clothing made of soft polymer material: a — cross section;
b — longitudinal section 1-1; 1 — eroded insert;

2 — geotextile or polymer film;

VBB — headwaters level

| —T | I
1 2
[T \ [ENEEEE
< 1 | 1 | 1 1 l\ 1 | 1 -
T | T ‘ T T | T | T
T TP
~—1_| | LA

Puc. 3. KomnoHoBka ¢ pa3MbIBaeMoil BCTaBKOH
B IIPOJIETaX IOBEPXHOCTHOTO BOZOCOpOCa:
1 — pa3mbIBaeMasi BCTaBKa; 2 — PEryIUPYEMbIC MPOJIETH
MIOBEPXHOCTHOT'O BOJI0COpOCca

Fig. 3. Layout with eroded insert in the spans
of the surface spillway: 1 — eroded insert;
2 — adjustable spans of surface spillway

Ha 1-m sTamne ompenenstoT pa3mepbl BOJOIPO-
nmyckHoro otBepctus. llupuHa oTBEepcTHS MOXKET
OBITH OIpenereHa W3 YCIOBUS MPOIyCKa pacyer-
Horo pacxoga (O, M3 ciexyromei ¢opmyisl (1o
aHAJIOTMH C PacdeToOM IMPOIYCKHOH CIIOCOOHOCTH
MIpOpaHa Mpy MHOHEPHOM MEePEKPHITHH pycia [7]):

1,5
Op =mb\2gH}>, (1)
rae m — ko3 dunuerT pacxona; b — mUpUHA BO-

JOIPOIYCKHOTO OTBepCTHs; Hy — HAOp ¢ y4eTOM
CKOPOCTH OJAXO0Ja.
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Puc. 4. IIpumep KOMIIOHOBKH C pa3MbIBa€MON BCTaBKOM
B 00XOJ IJIOTHHEL: | — IOAIOPHOE COOPY’KeHNE;
2 — pa3mbiBaeMast qam6a; HITY — HopManbHbIiI
TIOJITTOPHBIN YPOBEHb

Fig. 4. Layout with eroded insert bypassing the dam:
1 — retaining structure; 2 — eroded dam,;
HITY — normal retaining level

PacueTHas cxema mnpejcrapieHa Ha puc. 5. Ko-
a¢durnuent pacxona npu z/H < 0,35 pexomeHy-
€TCsI OIPEeIATh 10 hopMyJie

m=|1-— | | =, )
Hy J]NH
rIe z — Tepenaj ypoBHEH BEPXHEro M HWKHETO
O0bedoB.

[pu z/H> 0,35 cnexgyet npuanmats m = 0,385 [7].
[IupuHy BOAONPOITYyCKHOTO OTBEPCTHS b TIpH Tpa-
nernenanbHol popMe MOXKHO TPUHHMATh Cpell-
HIOIO TI0 BBICOTE.

ITocne ompeneneHus pa3MepoB BOIONPOITYCK-
HOT'O OTBEPCTHUA CJIICAYCT BBIIIOJIHHUTH pacy€T pas-
MBbIBa BCTaBKHM. llenblo pacdeToB sBiSeTCSA: BO-
MEePBBIX, OIPEACIUTH TPEACTbHOE MOBBIIICHHE
YpOBHS BepxHero Obea MpH YyCTaHOBICHHBIX BBI-
me pasMepax BOJONPOITYCKHOTO OTBEPCTHS; BO-
BTOPBIX, THOCTPOHUTH THIporpad pacxoma dYepes
paccMaTpuBaeMblii BoIocOpoc.

DKCIEPUMEHTATEHO YCTaHOBJIEHO, YTO (hr3nye-
CKasgd KapTHHa pa3MbiBa CYHICCTBCHHO 3aBUCHUT OT
CKOPOCTY TOBBILIEHHS YPOBHS BepxHero Obeda. [1pu
OBICTPOM TOBBIIIEHUH PA3MBIB MIPOUCXOIUT C OIH-
HaKOBOM MHTEHCHMBHOCTBIO OJJHOBPEMEHHO IO BCEM
IIMpHHE BCTaBKH. [IpM MEIJIEHHOM NOBBIIICHUH
YpOBHS BepxHero Obea pa3MBIB MOXET HAYaThCs
B OIHOHM TOYKeE, MOcJe 4ero oOpa3yercsi HeOOIbILON
TpOpaH, KOTOPBII ITOCTENICHHO YBEINYMBACTCS KaK B
[yOuHYy, Tak U B IHpHUHY. [[puMeHuTenbHO K BOO-
cOpocam OoJyiee OMAacHBIM ISl THUIPOY3Ja SIBISETCS
TIEPBEIH CITy4aid, TO €CTh CIydai OBICTPOTO TTOBBIIIIE-
HUSI YpOBHS BepxHero Obeda. [loaToMy nmambiie pac-
CMaTpPUBAETCS TOJIBKO ATOT CIy4ail.

Kak Oputo ycranoBineHo paHee [4], pa3MbIB
BCTaBKH HaYMHAETCS CO CTOPOHBI HU30BOT'O OTKOCA
U 0 TOJHOTO pa3MbiBa HU30BOM mpusmel ABCD
(puc. 6) orMeTka TpeOHS pa3MBIBAEMOTO BOJIOCIH-
Ba CO CTOPOHBI BEpXOBOH OpOBKM OcTaercs IO-
CTOSIHHOM.
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Puc. 5. PacuerHas cxema K OIIpeIeICHUIO pa3MEpPOB
BOZIONIPOIYCKHOT'O OTBEPCTHS: a — HONEPEUYHBIH pa3pes;
b — TpaneuenganbHOE OTBEPCTHE; C — IPIMOYTOJIBHOE
otBepctHe; YBB — ypoBeHb BepxHero Obeda;
YHB — ypoBeHbs HIXKHETO Obeda

Fig. 5. Design diagram for sizing culvert: a — cross section;
b — trapezoidal hole; ¢ — rectangular hole;
VBB — headwaters level; YHbB — tailwaters level

Puc. 6. Cxema Kk pacueTy pa3MblBa BCTaBKU

Fig. 6. Scheme for calculating insert erosion

VYpaBHeHue nedopMmanuyd JUIS 3TOM CTaguu
pa3mbiBa uMeeT BU [8]

M ml,45il,275 ) 0,725
e R RN

rae M — macca pa3MbIBA€MOro TPYHTa, KT; ¢ — Bpe-
Ms, ¢; m — KOO(PQUIMEHT pacXoaa pasMbIBAEMOTO
BOJIOCIIMBA, HA TEPBOM CTaIUM OMPEICISETCS Kak
JUISL BOJIOCIIMBA C HIMPOKHM TIOPOTOM; i — YKJIOH
JTHa TI0 HU30BOMY OTKOCY; # — KOI(PHIIUESHT IIepO-
XOBATOCTH, PEKOMEHIYETCST ONPENessITh 0 GopMy-

ne B. H. ToruapoBa, a umenno 7 = 0,03244%'% [9];
Z — ypOBEHb BepxHero Obeda; y — oTMeTKa IpedHs
pa3MbIBaeMOl MIOTHHBI (M1 JaHHOM CTaauu pas-
MEBIBa )y = )| = const).
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W3meHeHnne ypoBHs BepxHero Obeda onuchiBa-
€TCsI CIIeIyIONIeH (hopMyIIOH:
dz -
g M, 4)
dt  F(z)
rae Oy — pacxoix BOIbl B BEpXHEM Obede, M/c;
F(z) — muonanp 3epkana BOJIbsl B BEpXHEM Obede
Ha OTMETKE Z, M.
Pacxox Boabsl uepe3 pa3MbIBacMylO BCTaB-
Ky O, M’/c, onpeensercs o hopmyie

O=omb\2g(z-y)"*. (5)

Iocre pa3mbiBa HU30BOI MPU3MBI HAUMHAKOTCS
WHTCHCHUBHBIN Pa3MbIB IpeOHS U CHUKCHHUE OTMET-
K y. YpaBHeHue jaedopmanuu s 3TOW CTaauu
pa3MbIBa UMeET cienyromui Bu [6]:

d bm**¢
P o2 Cz- ), 6)
dt Py

3,33
5,64n./2
rne b=6,77(1+¢)dg>"’ 22TINSE ;
ow

1—1,26m%

g = TZ
6 — K03 GUIIUEHT MOATOINICHUS; Py — TUIOTHOCTh
IPYHTa Tela IUIOTHHBIL, Kr/M’; d — cpemnmii ama-
METp YacTHUI[ pa3MbIBAEMOT0 TPYHTA, M; (¢ — Mapa-
METp TypOYJIEHTHOCTH (OTHOIIEHUE PACUCTHOMN
CKOPOCTH TIaJIEHHsI YacTHUIIBI B BOJE K €€ JIEHCTBH-
TENBPHON THUAPABIMYECKOW KPYITHOCTH), B COOTBET-
cTBUM C pexkoMmeHpauusmu [10] ams MenkosepHu-
CTBIX TIECKOB MPHUHUMAETCSI paBHBIM 2,25; § — K0a(-
(buIMeHT, TPUHUMAEMBIA JJIs TECYaHBIX TPYHTOB
paBHbIM 1,5-2.0; xoadurmenT pacxona m Ha dTOH
CTaJUM pa3MbIBa OIpenessieTcs: Kak sl Oe3BaKyyM-
HOTO BOJIOCIIUBA TMIPAKTHYECKOTO TIPOQHIIS.

B oTnnume oT MeTOaUKH, N3II0KEHHOH B [6, 8],
HIMpHHA b SBISETCS BETMYMHOMN 3a/1aHHOM, TaK KakK
pa3MBIB B Cily4ae OBICTPOTO MOBBIIICHUS YPOBHS
BepxHETo Obeda TPOUCXOTUT IO BCEH IMUPHHE
BOJIOCOPOCHOTO OTBEPCTHS.

Pacuersr mo dgopmymam (3)—~(6) yaoOHO BecTH
YUCIIEHHBIM METOJIOM, & UMEHHO METOJOM KOHEY-
HBIX pa3HOCTel. 3ajaroTcsi WHTEPBAIOM BpeMe-
Hu At. Hayanbuslif MOMeHT BpemeHH ¢ = 0 — 310
MOMEHT, KOTJla YPOBEHb BEpXHEro Obeda Mpu ero
MOBBIILICHUN CTAaHOBUTCSI PaBHBIM OTMETKE IpeOHS
pa3MbIBaeMOM BCTaBKH, T. €. z = ). [lo okoHua-
HUHU KaXXIOr0 MHTEpBana BpemeHu ¢ + At onpene-
0t z, O, AM. Tlpu XAM = M,, rne M, — macca
HU30BOM Tipu3Mbl ABCD, niepexoliT K pacueTy 1o
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dhopmyisie (6). Ilo pacueram crpostcs rpaduku:
z = fl); y = ft); O = f(f). OTMeTKa z B KaKOW-TO MO-
MEHT He JIOJDKHA JOCTHTaTh BETMYHMHbI, OTIACHOM ISt
THApOy37ia. B MPOTHBHOM cily4yae ClielyeT YBelH-
YHTh IIIUPUHY OTBEPCTHS U PACYETHI TOBTOPHTH.

BbIBO/IbI

1. AHanu3 onblTa MPUMEHEHUS! PE3EPBHBIX BO-
JIOCOPOCOB C pa3MbIBAEMBIMH TPYHTOBBIMH BCTaB-
KaMH TI03BOJIMJI BBIIEIUTH YETHIPE KOHCTPYKTHUB-
HO-KOMITOHOBOYHBIE CXEMBl 3THUX COOPYXKCHHUH,
KOTOpbIE al0T OCHOBaHHE AJsl pa3pabOTKU Ipo-
EKTHBIX PEIICHUH B 3aBUCUMOCTH OT KOHKPETHBIX
TOnOrpa)u4ecKuX U TEXHOJOTHYECKHX YCIOBHH.

2. lpuBeneH NOPSIIOK THAPABINYECKUAX pacye-
TOB, LIENbI0 KOTOPBIX SIBIISICTCS ONpEneNeHUe pas-
MEpPOB BOJOMPOITYCKHOTO OTBEPCTHS, a TAKKE THI-
pPaBIMUYECKUX IapaMeTpoB IMpolecca pa3MbIBa
IPYHTOBOU BcTaBKH. llosydyeHHBIN B pe3yibTaTe
pacyeToB ruaporpad pacxoIoB B CTBOPE pa3MbIBa-
emoro Bojocopoca Q = f(f) mo3BosseT NpU HEOO-
XOAMMOCTH MPOTHO3UPOBATH MPOLECCHl B HIKHEM
Obede, a TpaduK H3MEHEHHS YPOBHS BEPXHETO
Obea Bo BpeMeHH z = f{f) TIO3BOJISIET OTIPEACIUTD
MaKCHMaJbHble YPOBHH, KOTOpPBHIE HE JOJIKHBI
NPEBBIIIAT PEAETBHO AOMYCTHMBIE.
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MeToanka OleHKH aJAre3MOHHBIX CBA3eH BSKYIIEIN0 ¢ KAIMEHHBIM MaTEpHuaJioM
Ha OCHOBE€ BAKYYMHO-TEMIICPATYPHOI'O BO3JeliCTBUSA

Maructp texn. nayk IL I1. Sluesuu”, A. A. Adanacenko”

1)Eenopyccm/n‘& HallMOHAIIBHBIM TeXHU4YecKuil yHuBepcuret (MuHck, Pecnyomnrka benapych)
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Pedepat. Eciu paccmarpuBaTh acganbToO0eTOH KaK KOMIIO3UTHBIN CTPOUTENIBHBIN MaTepHal, COCTOALIMN U3 pPa3HOPOAHBIX
COCTABIISTIONINX PA3INIHOM MPHUPOABI U CBOUCTB, BECbMa BayKHBIMU SIBIISTIOTCSL 00ECTIEUEeHNE U KOHTPOJb CBS3M MATPHUIIBI Bs-
JKYILETO ¥ MHHEPaJIbHOTO KapKaca. DTO HaIpsAMYIO BIMsAET Ha Hanboee BaKHbIE TEXHOJIOTHUECKHE U TPOYHOCTHEIE CBOMCTBA
UTOrOBOI'0 MaTepHalla U MPOJOJDKUTEIBHOCTb CPOKA CITy>KOBI ac(abTOOETOHHOTO 10POXKHOro NoKpbITHst. HanGonee pacmpo-
CTPAHEHHBIM METOOM OILIEHKH aATr€3HOHHBIX CBS3€H SIBISIETCS BH3yalbHOE CpaBHEHHE ac(anbTOOETOHHON CMECH, IMPOKMIIS-
YeHHOU B BOJE MPH 3aJaHHOW TeMIIepaTtype, ¢ n300paKeHHEeM STaIOHHOTo oOpasia. Ha Ham B3risid, Takoi MEeToa KOHTPOIIS
SIBJISICTCSl BECbMa CyObEKTHBHBIM, TaK KaK HANPSMYIO Ha Pe3yJIbTaT MCIBITAHUS BIUSET BU3yaJIbHOE BOCHIPHUITHE HCCIIE0Ba-
TeneM u3oOpaxeHns. Hamu paszpaboTaHa M omucaHa METOIMKA HCHBITAHUH, KOTOpas MO3BOJSIET MONTYyYHTh OOBEKTHBHYIO
KapTHHY, OCHOBAaHHYIO Ha M3MEHEHHH 3HAUCHUIl MOKa3aTelsl BOJOHACHILCHHUS MO BaKyyMHO-TEMIIEPAaTypHBIM BO3ICHCTBH-
em. Ilo pa3spaboraHHOI MeTOIVKE MPOBEAEHHI MCCIEIOBAHUS aATe3MOHHBIX CBOWCTB BSDKYIIETO O U IOCIe MOIU(HKAINN
Pa3IMYHBIMH [TOJMMEPAMH U UX KOMIIayHI0B K KAMEHHOMY MaTepuaiy. J[ys vccienoBanuii Obun BEIOpaHbI ac(aibToO0eTOH-
HBIE CMECH, KOTOpble HanbOojee 4acToO NMPUMEHSIOTCS B KAUueCTBE MaTepualia TOKPBITHS BEPXHHX CIOEB JOPOXKHBIX OJEHKI
B PecnyOnmke Benapych. AHanmu3 ModydeHHBIX JaHHBIX ITOKA3aJl 3aBHCHMOCTD PHCKa IPOHUKHOBEHHS BOJBI MEXIY OUTyMOM
M KaMEHHBIM MaTephajioM C IOTepeH aire3uy BSDKYIIEro K 3alOJIHUTENI0 OT Pa3BUTOCTH KapKaca M TOJIIMHBI OMTYMHOM
rieHKH. OOBSICHEHHE TOTO SABJICHUSI COCTOMT B TOM, YTO MPOILEHT KOTE3MOHHOTO PACCIOEHUS 3HAUUTENIBHO YBEIUIUBAETCS C
POCTOM TOJIIMHBI IJIEHKH OUTyMa U MOXET JAOCTHTaTh 65 % KOre3noHHOro OTcIoeHus. IIpy 3TOM, Kak MOKa3aiy Pe3yIbTaThl
HCCIENIOBAaHYs, TpeaBapuTeNbHas Moaudukanus OWTyMa 3HAUMTENBHO CHIDKAET HETAaTHBHBIE IIOCIEICTBHS BaKyyMHO-
TeMIIepaTypHOT0 BO3/ICHCTBHS Ha ac(anbTOOSTOH.

KiroueBble cioBa: acdanbrobeToHHass cMmech, achanbTOOETOH, ajare3usi, BOAOHACHILIEHHE, TEPMOIUIACTBI, 3IaCTOILIACTH,
Momudukanus Outyma, Momudukamus acharbToOeTOHA, KOMIIO3UTHBIA MaTepHal, CTHPON-OyTaaueH-CTHPON, OyTaaueH-
CTUPOJIBHBIN KaydyK
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Methodology for Assessing Adhesive Bonds of Binder with Stone Material Based
on Vacuum-Temperature Effects

P. P. Yatsevich”, A. A. Afanasenka"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. If we consider asphalt concrete as a composite building material, consisting of heterogeneous components of dif-

ferent nature and properties, ensuring and controlling the connection between the matrix of the binder and the mineral frame
is very important. This directly affects the most important technological and strength properties of the final material and
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the service life of the asphalt concrete road surface. The most common method for assessing adhesive bonds is a visual com-
parison of an asphalt concrete mixture boiled in water at a given temperature with an image of a reference sample. In our
opinion, this control method is very subjective, since the test result is directly influenced by the researcher’s visual perception
of the image. We have developed and described a test method that allows us to obtain an objective picture based on changes in
the values of the water saturation index under vacuum-temperature influence. Using the developed methodology, studies were
carried out on the adhesive properties of the binder before and after modification with various polymers and their compounds
to stone material. For the research, asphalt concrete mixtures were selected, which are most often used as a coating material
for the top layers of road pavements in the Republic of Belarus. Analysis of the data obtained showed the dependence of the
risk of water penetration between bitumen and stone material with loss of adhesion of the binder to the aggregate on the de-
velopment of the frame and the thickness of the bitumen film. The explanation for this phenomenon is that the percentage of
cohesive delamination increases significantly with increasing bitumen film thickness and can reach 65% of cohesive delami-
nation. At the same time, as the results of the study showed, preliminary modification of bitumen significantly reduces the
negative consequences of vacuum-temperature effects on asphalt concrete.

Keywords: asphalt concrete mixture, asphalt concrete, adhesion, water saturation, thermoplastics, elastomers, bitumen modi-
fication, asphalt concrete modification, composite material, styrene-butadiene-styrene, styrene-butadiene rubber

For citation: Yatsevich P. P., Afanasenka A. A. (2024) Methodology for Assessing Adhesive Bonds of Binder with Stone
Material Based on Vacuum-Temperature Effects. Science and Technique. 23 (5), 409-416. https://doi.org/10.21122/2227-

1031-2024-23-5-409-416 (in Russian)
BBenenue

Anresnst OuTymMa — 3TO CBOWCTBO 00Pa30BHIBATH
HPOYHOE CLETUICHHE C IOBEPXHOCTHIO MUHEPAJIbHBIX
MaTepHasoB, YTO TO3BOJISIET CO3/aBaTh CTOMKHE U
JOJITOBEYHBIE COEAMHEHMS BHYTPU CTPYKTYpBI ac-
(ampToOeToHa [1]. Tak kak acanbToOeTOH — 3TO
KOMITO3UTHBIH MaTepHall, CIOCOOHOCTh €ro COCTaB-
HBIX 3JIEMEHTOB HAJEKHO COENUHATHCS MEXIY CO-
0011 HaMPSMYIO BIUSIET HA MPOYHOCTH BCEH KOMIIO-
3WIMH B LIENOM. AJIT€3MOHHBIE CBOWCTBA KPUTHYHBI
Py BO3HUKHOBEHUM DACTATMBAIOLIMX HarpsKe-
HUH [2], KOTOpBIE MPUCYTCTBYIOT MPH JIOOBIX BUAAX
Harpy>xeHus Marepuana [3].

Momudukanus OnTymMa, B YaCTHOCTH pa3ind-
HBIMH BHIAaMU TEPMOIIACTOB, OOBIYHO XOThb He-
3HAYUTENIFHO, HO TOJIOKUTEIBHO CKa3bIBAeTCs Ha
aJIre3UMOHHBIX CBOMCTBAxX BsuKyIIero [4]. OcoOeHHO
3TO NPOSABISIETCS NPH UINTEIBHOM BO3AEHCTBUU
BBICOKUX TMOJIOKHUTENbHBIX Temmeparyp [5]. Kak
MOKa3aHO B MCCIIEAOBaHUAX [6], ecau paccMaTpu-
BaTh OMTYM KaK CHUCTEMY, COCTOSIIYIO U3 acdalb-
TEHOB, CMOJ, apOMAaTHYECKHX YIJIEBOJOPOIOB H
HACBHIICHHBIX YTJIEBOJOPOJOB, aiare3us MexIy
acanbTeHaMH W 3allOJHUTENIEM SIBIISIETCS  ca-
MOH CWIBHOH, a CBSA3b MEXIYy apOMaTHUYECKHUMH
COEAMHEHMSAMU U 3allOJIHUTEIEM — caMOi ci1aboil.
[Ipu 3TOM cnenyer yuuThIBaTh, YTO IpU Moaudu-
kaquu Outyma CBC (ctupon-OyTaaneH-cTHpPOI)
u CBP (ctupon-OyTagueHOBBIH Kay4yyk) MOJIHUMe-
pBl Hanbonee aKTUBHO B3aMMOJEHCTBYIOT UMEHHO
¢ acanpTeHOBOH (ppakumeit Outyma.

B Hacrosdiee BpeMs uId onpeeneHus aare3uu
OMTyMa K MUHEPAIBHON COCTaBIMIONMIEH acdaib-

410

TOOCTOHHBIX CMeceli B OCHOBHOM HCIOJB3YIOTCS
TaKHUe BU3yallbHbIE METO/IbI, KAK METOJ] OIpeaeie-
HUS CICIUICHUs OUTyMa C MpPaMOPHBIM II€CKOM
¥ METOJl ONpeJCeNICHHUs CISTUICHUS OMTyMa C Mpa-
MOpPHBIM TIECKOM Ha CETKe, a TaKKe HHCTPYMEH-
TaJbHbIC, TaKHUE KaK METOJ OIpPEIEICHUS BOJIO-
crorikoctu acganprodberona (TSR) u meron on-
peneneHusi BOMOCTOMKOCTH MPH JJIUTEIEHOM BO-
JIOHACBIIIICHNHY. BH3yalbHbIE METOIbI SIBIISIOTCS
CyOBEKTUBHBIMHU, TaK KaK IMOJHOCTHIO 3aBUCAT OT
BH3YaJIbHOTO BOCIIPHSATHUS JIAOOPAHTOM KOHTPOJIb-
HbIX 00pasunoB. B mociemnee Bpemst mpoBOAATCS
HcchenoBanus [7] ISl YCOBEPIICHCTBOBAHMS dTUX
METOJIOB M HCKIIOYCHHS YEJIOBEYECKOro (hakropa
mpu 00paboTKe pe3ynabTaTOB UcHbITaHus. Ha wH-
CTPYMEHTAJbHBIE METOJbl KOCBEHHO BJIHSIOT
MIPOYHOCTHBIE CBOMCTBA HCIBITYEMOTO ac(aibTo-
0ETOHA, YTO MOXKET MPUBOIUTH K HEOOBEKTHBHO-
CTH TIONyd4aeMBIX pe3yibTaToB. B pabote [§]
HarJsHO TPOJAEMOHCTPUPOBAHO  PACXOXKICHUE
PE3yJIbTATOB MCIBITAHUM MPH BBIIOJHCHHUU JKCIIC-
PHUMEHTOB TIO Pa3THYHBIM METOMKAM.

MeTtoanka npoBeAEeHUS UCCJIeI0BAHUM

[IpennaraeM OICHMBATH AAre3UI0 MOIU(UIIM-
POBaHHOTO OMTYyMa K MHHEPAIHFHOMY HAITOIHUTE-
JII0 MyTEM BBISBJICHUE Takoro (hakropa, Kak IMpo-
HUKHOBEHHE BObI IMOJ OUTYMHYIO IUICHKY B ac-
(hampTOOCTOHE TIPH PA3TUIHBIX TEMIIEpaTypax IpH
ocrarouHoM naasienun 2000 ITa. TIpeumymiectBo
3TOr0 METO/a COCTOUT B TOM, UYTO OH MPUOJIHKAET
YCIIOBUSI TIPOBEACHUS HWCHBITAHUA K peaTbHBIM
YCIIOBUSIM pa0oThl ac(anbToOCTOHA B MOKPHITHU.
OTiinyrie OT CTaHAAPTH3UPOBAHHOTO METOAA HC-
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MIBITAaHUH 3aKJII0YaeTCs B TOM, YTO COCYJ C BOJAOM
U3 BaKyyMHOM YCTAaHOBKHM IMOMEIIAETCS B TEILIO-
W30JIMPOBAHHBIA  BOJOHENPOHUIIAEMBIH  KOPOO,
OCHAIIICHHBIN (DyHKIMEH Mmomorpera, U TEPMOCTa-
TUPYETCSI B IPOLECCE BCEr0 HCIBITAHUS TNPHU 3a-
JAHHBIX TeMIIepaTypax. DTO MO3BOJSET MOIYYUTh
3HAYEHUs] KOJHMYecTBa TorioniaeMoi o0Opas3mom
BoAbl Ipu octarouHoM aasieHuu 2000 Ila u 3a-
JIaHHOW TeMIeparype.

UccnenoBanus MpOBOOWINCH Ha TpeX THIAX
ac(hampTOOCTOHHBIX CMECceH, KOTOphle Hamboee
9acTO MCIIOJIb3YIOTCS B BEPXHEM CIIOE JOPOKHOTO
MOKPBITHS: IMEOCHOYHOW MEIKO3EPHUCTON TOpsi-
yeid Tuma C, meGeHOYHONW MENKO3EePHUCTOM ropsi-
yelt tuma A, meOeHOYHOW MEIIKO3EpHHUCTON Topsi-
yeid Tuna b. Beibop 00ycnoBieH TeM, YTO UMEHHO
BEPXHHUM CJIOM TOKPHITHS HamOojee HWHTCHCHBHO
MOJIBEPraeTCsl BO3JACHCTBUIO KIIMMATHUSCKUX (hak-
TOPOB W UMEHHO JUTsI HETO B HAaMOOJbBIIEH CTeTIeHn
KPUTHYHA aJre3usi ONTyMa K MUHEPAJILHOHN YacTy.
MunepanpHble 9acTH ac(aabTOOSTOHHBIX CMecei
MPOECKTUPOBATUCH B COOTBETCTBUHM C JECHCTBYIO-
MIMMA HOPMAaTHBHO-TIPaBOBBIMH akTamu Pecmy0-
nuku benapyce.

B xauecTBe MOmuGUIIUPYIOMHKX MT00aBOK IPH-
MEHSLIUCH:

—BII-MF TY BY 690610504.001-2012;

— MHOTOKOMITOHEHTHAsI MoupuUIUpYyOIIas
moJTuMepHasi 00aBKa YHUBEPCAIHHOTO IPHMEHe-
Hust (MM/I210);

— CMech TIONHMATHIICHOB (arimomepar CcTpend-
TUICHKH);

— CTUPOA-OyTauEeH-CTUPOIT;

— CTHPOJI-OyTaIMCHOBBIN Kay4yK.

Bce moamdukaropsl BBOAMIUCH B COCTaB ac-
(hanpTOOETOHHON CMECH IyTeM MpeIBaAPUTEIHHON
Moau(UKAUA OWTYyMa TIpU COJIEP’)KaHUH MOIU(U-

nupyromei 1o6aBku B konmdectse 4 % 1o macce
B [IEpECUYETe Ha YUCTHIN MOJIUMED.

B cootBeTcTBUM ¢ MeToAMKOW [9] st mocTH-
JKEHUS TOBEpHUTENbHON BeposTHocTH 0,95 mpwm ra-
paHTHiiHOM KO3 (UIMEeHTe, NPHUHUMAEMOM IO
¢ynkunn Jlanmaca, TpeOyeTcsi UCHIBITaTh YEThIpe
oOpasua Juis OmpelesieHHus IOKa3aTess BOJOHa-
CBILICHHUS.

CwMmech mebeHouHas Menko3epHucTas Thma C
nonobpaHa Ha mebHe ¢pakmuu ot 5 g0 10 MM
PVIIIT «I'panuty, meckax M3 OTCEBOB APOOJICHUS
PVIIII «I'panut», MuHepanbHOM mopomke OAO
«Jomomur» u Outyme mapku 70/100. I'panyro-
METPUYECKUH COCTaB MHUHEpaJIbHON 4YacTh cMecu
1e0eHOYHON MenKo3epHucTol Tuna C mpezacras-
JeH Ha puc. 1 u B Tadm. 1.
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Puc. 1. KpuBas rpaHyJIOMEeTpHUYECKOr0 COCTaBa
MUHEPaIbHOM YacTH cMecH IeOeHOYHOM
Melko3epHucToi tuna C

Fig. 1. Curve of granulometric composition of mineral part
of crushed stone fine-grained mixture of C-type

Tabnuya 1
I'panynoMerpuyecknii cocTaBp MHHeEPaJbHbIX MATEPUAJIOB CMeCH HIe0eHOYHOI Meko3epHucTOl Tuna C
Granulometric composition of mineral materials of crushed stone fine-grained mixture of C-type
I'panynomerpuueckuii coctan
Howmep ITosHbrii ITosHbrii
MaTepHaIoB MaTEpHalIoB B CMECH Cymma, %
cHTa ocTaTok, % | mpoxox, %
1 2 3 1 2 3
10 5,87 1,35 0 4,23 0,20 0 4,43 4,43 95,57
5 80,44 9,44 0 57,92 1,42 0 59,33 63,76 36,24
2,5 8,49 24,57 0 6,11 3,69 0 9,80 73,56 26,44
1,25 1,20 14,11 0 0,86 2,12 0 2,98 76,54 23,46
0,63 0,93 17,32 2,50 0,67 2,60 0,33 3,59 80,13 19,87
0,315 0,71 20,84 4,17 0,51 3,13 0,54 4,18 84,31 15,69
0,14 0,80 7,87 5,00 0,58 1,18 0,65 2,41 86,72 13,28
0,071 1,09 3,12 10,83 0,78 0,47 1,41 2,66 89,38 10,62
<0,071 0,47 1,38 77,50 0,34 0,21 10,07 10,62 100 -
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CMmech IIeOCHOYHAs MEJIKO3EPHUCTas Thma A
ObuIa mo100pana Ha mieoHe gpaxmuii ot 10 10 14 MM
OAO «MAKPOJOP», ot 5 o 15 mm PVIIII «I'pa-
HU™, OoT 4 mo 6,3 mm OAO «MAKPOIOP»
u ot 2 g0 4 mm OAO «MAKPOJIOP», neckax u3
orceBoB npobmeHnss OAO «MAKPOHAOP», mune-
pamsHOM TOpomke OAO «Jlomomur» u OuTyMme
mapku 70/100. I'paryiomMeTpudeckuii COCTaB MHHE-
PaJIBHOM YacTy MpeJcTaBieH Ha puc. 2 U B Ta0JI. 2.
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Puc. 2. KpuBas rpaHyJIOMETpUYECKOIO COCTaBa
MHUHEPAJIBHOM YacTH cMecH 1eOeHOUHON
MEJIKO3EPHUCTOM TUIa A

Fig. 2. Curve of granulometric composition of mineral part
of crushed stone fine-grained mixture of A-type

CwMmech mieOeHOUHasi MeNKO3epHUCTas Tuma b
nomo0OpaHa Ha 1eoHe Gpakuuii ot 5 10 20 MM U OT
5 no 10 mm PVYIII «I'panut», neckax U3 OTCEBOB
npobnenust PYIIII «'panuT», neckax NpUpPOAHBIX,
MuHepaiabHoM mopomke OAO «/lomomur» u Ou-
tyme mapku 70/100. I'panynomerpudeckuii coctaB
MHHEPATHHOW YacTH CMECH IEeOCHOYHOW MeKo-
3epHHUCTON THHa b mpexcraBiieH Ha puc. 3 U B
Talm. 3.
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MEJKO3EpHUCTOM THIa b

Fig. 3. Curve of granulometric composition of mineral part
of crushed stone fine-grained mixture of B-type

I'panynoMerpuyeckuii cOCTaB MUHEPAJbHBIX MATEPUAJIOB CMeCH 1e0eHOYHOM MeIK03epHHCTON TUIAa A aoma 2
Granulometric composition of mineral materials of crushed stone fine-grained mixture of A-type
Howep I'panynomerpuueckuii cocras — Mot o
cnta MaTepHanoB MaTepuajoB B CMECH % OCT(E;OTOK, npoxon, %
1 2 3 4 5 6 1 2 3 4 5 6
20 4,59 0 0 0 0 0 [055] O 0 0 0 0 0,55 0,55 99,45
15 46,62 | 0 0 0 0 0 |[559] 0 0 0 0 0 5,59 6,15 93,85
10 48,31 | 64,74 | 3,54 0 0 0 |[580]7,12] 0,99 0 0 0 13,91 20,05 79,95
5 0,32 | 35,05 | 90,13 | 5,21 | 0,03 0 (0,04|3,86|2524| 0,89 |0,01| 0 30,02 50,08 49,92
2,5 0,01 0 5,51 | 89,86 | 3,76 0 0 0 1,54 | 15,28 10,94 O 17,76 67,84 32,16
1,25 0,01 0 0,32 | 4,17 | 24,79 0 0 0 [ 0,09 ] 071 620 0 7,00 74,84 25,16
0,63 0,01 0 0,23 | 0,07 | 1543 | 2,50 | O 0 | 0,06 | 0,01 |3,86(0,17| 4,11 78,95 21,05
0,315 0 0 0,08 | 0,07 |13,85]| 4,17 | 0 0 | 0,02 | 0,01 |[3,460,29| 3,79 82,73 17,27
0,14 0,01 0 0,04 | 0,15 | 11,37 | 5,00 | © 0 | 0,01 ] 0,03 [284|035| 3,23 85,96 14,04
0,071 | 0,06 | 0,09 | 0,06 | 0,37 |20,53|10,83|0,010,01| 0,02 | 0,06 |5,13]0,76| 5,99 91,95 8,05
<0,071 | 0,06 | 0,12 | 0,09 | 0,10 | 10,24 | 77,50 | 0,01 | 0,01 | 0,03 | 0,02 |2,56|5,42| 8,05 100 -
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I'panynomerpuyecknii cocTaB MHHEPaJbHbIX MATEPUAJIOB CMeCH 1Ie0CHOYHOM Me1Ko3epHucTol THIIA B a3
Granulometric composition of mineral materials of crushed stone fine-grained mixture of B-type
I'panynomerpuueckuil cocras
Howmep MaTepHaioB MaTEpHaoB B CMECH Cymma, % HOHHH% HOHHLH?,I
cHTa octarok, % | npoxon, %
1 2 3 4 5 1 2 3 4 5
20 11,42 0 0 0 0 3,54 0 0 0 0 3,54 3,54 96,46
15 29,94 | 3,18 0 0 0 9,28 | 0,25 0 0 0 9,54 13,08 86,92
10 26,59 | 6,80 3,17 4,45 0 8,24 | 0,54 | 0,89 | 1,20 0 10,88 23,95 76,05
5 24,63 | 85,17 | 15,59 | 8,33 0 7,64 | 6,81 | 437 | 2,25 0 21,06 45,02 54,98
2,5 1,89 1,62 | 23,21 | 6,01 0 0,59 | 0,13 | 6,50 | 1,62 0 8,84 53,85 46,15
1,25 1,14 0,14 | 15,20 | 10,27 0 0,35 | 0,01 | 4,26 | 2,77 0 7,39 61,25 38,75
0,63 0,85 1,14 | 14,25 | 17,45 | 2,50 | 0,26 | 0,09 | 3,99 | 4,71 | 0,15 9,21 70,45 29,55
0,315 0,64 0,28 | 11,37 | 27,46 | 4,17 | 0,20 | 0,02 | 3,18 | 7,41 | 0,25 11,07 81,52 18,48
0,14 0,73 0,36 7,56 | 16,13 | 5,00 | 0,23 | 0,03 | 2,12 | 4,36 | 0,30 7,03 88,55 11,45
0,071 0,05 0,34 6,35 3,18 | 10,83 | 0,02 | 0,03 | 1,78 | 0,86 | 0,65 3,33 91,88 8,12
<0,071 2,12 0,97 3,30 6,72 | 77,50 | 0,66 | 0,08 | 0,92 | 1,81 | 4,65 8,12 100 -

Pe3yabTarhl HCHbITAHUI

HcnplTanust KOHTpOJBHOTO oOpasua 1mede-
HOYHOHM MemnKko3epHHCTON cMmecu Thma C rmokasza-
mu (tabn. 4), 9TO 3HAYECHHWE BOIOHACHIIICHS
B TeMmrepaTypHbIX mpenenax oT 10 mo 40 °C me
MOKa3bIBaeT OypHOTO POCTa, a U3MEHSETCS B Tpe-
AciiaxX BEJINYHH, JOIMYCTUMBIX PEIIIaMCHTUPYCMbBIM
cTtaHgapToM Ha acdanprodeToH. [Ipu Temmepary-
pax 50 u 60 °C 06pa3ipl MOTIIOMAI0T 3HAYUTEITEHO
0oJIbIllee KOJMYECTBO BOJBI. DTO OOBSACHSCTCS e
NPOHUKHOBEHHEM MEXIy IUICHKOW OMTymMa M Ka-
MEHHBIM MAaTEpUaNoOM, YTO TPUBOJUT K IMOTEpe
CIICTIHBIX Ka4yeCTB MEXIYy MATpPHUICH U KapKacom,
a CIIeloBaTelIbHO, MaTepUall CTAHOBUTCS 3HAYHTEb-
HO MEHEee BOCIPUMMYUB K Pa3IMYHBIM HAMpsDKe-
HUSIM, BO3HUKAIOIIUM B CJIO€ TTOKPBITHSA (Ta0JI. 4).

Tabnuya 4
Pe3yabTaThl HCHBITAHUI KOHTPOJILHBIX 00Pa3HoB
1e0eHOYHOr 0 MeJIKO3epPHHCTOro achaibroderona Tuna C

Test results of control samples of crushed stone
fine-grained asphalt concrete of C-type

TeMneparypa onpeaeNeHus MoKa3aTes
Bz BOJIOHACKIIEHHs 0bpasia, °C
UCIIBITAHUS
10 20 30 40 50 60
3HaucHHE
MoKazaTens
BOZIOHACHIIIEHHS
obpazua, % 1,5 1,6 2,1 3,7 6,2 11,9

Hayka
urexHuka. T. 23, Ne 5 (2024)

UcnbiTanust 06pa3ios 1mebeHOYHOH MenKo3ep-
HUCTOM cMecu Tuna C, U3rOTOBIEHHBIX C NpPHMe-
HEHHEM MOAM(UIMPOBAHHBIX OUTYMOB, IOKa3a-
T CXOKHE pe3yNIbTaThl B AMANa30HE TEeMIIEPaTyp
ot 10 no 40 °C. Ilpu aToM B MHTEpBaje TeMIepa-
Typ ot 50 1o 60 °C moauduuupoBaHHbIi acgab-
TOOETOH IIOKa3aj JIy4UIyl0 COIPOTHUBIAEMOCTb
MIPOHUKHOBEHHIO BOJBI MOJA OWUTYMHYIO IIJICHKY.
3T0 0OBSCHAETCS TEM, YTO MOJTUPHUINPOBAHHOE
BSKyLIEEe caMO IO cede JIydllle CONPOTUBIIAETCS
MOBBILICHHBIM TEMIepaTypaM, YeM BsDKyIlee Ha
ToBapHOM Outyme. Kpome Ttoro, Ha pe3ynbrar
MOTJIO MOBJIUATH U TO, YTO MOAU(UKATOPHI CO3/a-
0T B MaTpHle [JOMOJHHUTENbHYI0 MOJIUMEPHYIO
MOJICKCTEMY, KOTOpasi, KaK CeTKa, MPIKUMaeT Bs-
Kyliee K KaMEHHOMY MaTepuany. XyIIui pe-
3yNbTaT cpead MOAW(UIMPOBAaHHBIX acgalbTo-
0ETOHOB TIOKa3aJ 3KCIIEPUMEHTAIBHBIH 00pasell
C IPUMEHEHHUEM CMECH IOJUITUIIEHOB. DTO MOXKHO
OOBSICHUTH TEM, UTO MOJUITHICHBI B COOTBETCTBUH
C MapaMeTpamMH pPacTBOPHUMOCTH HE B3aMMOJEH-
CTBYIOT ¢ OMTYMOM, a JIMIIb PaCHpPeleIIOTCs B
ero o0beMe, MOATOMY ac(anbTeHOBas CeTKa He
YKpeIUIsieTcs. DTOMY MOXKET CIYXHTh IOJITBEp-
XKIEHHEM U TO, YTO 00pa3Lbl, MOAN(UIUPOBAHHbIE
CBP u CBbC, nmoka3zaiyd 3HaYUTENbHO JIYYIIHE pe-
3yJNbTaTbl B WHTEPBale BBICOKHX TEMIIEPATyp
HMEHHO H3-3a TOT0, YTO MpPU MOAM(UKALMH UMH
MPOUCXOJUT XUMHYECKOE B3aUMOZCUCTBHE C Ou-
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TYMOM, TPH 3TOM CTHUpPOJIbHAs U OyTalueHoBas
YaCTH CIIOCOOCTBYIOT YKPYITHEHHIO M HAaOyXaHHIO
acdanbTeHOBOH yacTn OuTyMa. Pe3ynabpTaTsl UCHbI-
TaHUI NpecTaBlIeHbl B Ta0J. 5 U Ha puc. 4.

Tabnuya 5
PesyabTarsl McnBITAHMA MOAMPUIUPOBAHHBIX
Ie0CHOYHBIX MEJIKO3¢PHUCTBIX ac(hanbTo0eTOHOB THNA C

Test results of modified crushed stone
fine-grained asphalt concrete of C-type

Temmneparypa onpeaeseHus oKa3aTes

HACBHIIIEHNsT ObllIa MOYTH aHAJIOTHYHA, 32 HCKJIIO-
YEeHHEM TOTO, YTO 3HAYUTEJIBHBIN POCT OTMEdascs
yxe mpu Temmeparype 40 °C, 3a HCKIIOYCHHEM
acanprobeToHa, MOTU(PHUIUPOBAHHOTO CMECHIO
nonuaTHIIeHOB. Emne onHoW 0coOEHHOCTBIO OBUIO
TO, YTO pPa3HHIA B 3HAYEHHUSX NPU HCIIBITAHUSIX
pu 20, 50 u 60 °C He ObLTa CTONH 3HAYUTEIHHOM,
Kak Ha npuMepe acdanbroderona tuna C.

Tabauya 6
Pe3yabTaThl HCIBITAHUIT KOHTPOJBLHBIX 00pa3oB
1e0eHOYHBIX MEJKO3ePHUCTBIX ac(hajibTO0eTOHOB
THnoB Au b

Test results of control samples of crushed stone
fine-grained asphalt concrete of A- and B-types

obpasua, %

Bun BOJIOHACHIIICHUS 00pa3ia, °C
HCTBITAHUS
10 | 20 [ 30 [ 40 [ 50 | 60
Cw™mecn, MogupunmpoBansas B 11, —
MF TV BY 690610504.001-2012
15 e [ 19 ] 2437 58
Cwmecs, Mmogudunmpoanaas MM/JI211
3 15 1728395168
HAUCHHE
[IOKa3aTest CMmech, MOau(UIIMPOBAHHAS
BOJIOHACBIIICHUS CMECBIO IIOJIMDTUIICHOB

18| 2 [34]49]66] s

Cwmecs, MmoauduimpoBantas CBC
17 |16 | 18] 21 [32]50

Cwmech, Mmoaudurposannas CbP

Temneparypa onpezneneHus moKa3arTess
Buzn BOJIOHACHIIIIEHHA 00pa3ia, °C
HCIBITAHUSI
10 [ 20 [ 30 | 40 | 50 [ 60
CMmech nie0eHOUHAs METKO3EPHHUCTAS
ropsiyasi TUIa A, KOHTPOJIbHBII 00pa3err
3HaueHue
noKasarens 2,1 ‘ 2,1 ‘ 2,5 ‘ 3.8 | 5,1 ‘ 6,9
BOJIOHACBIIICHNA CMmech nie0eHOUHAs MEITKO3EPHHUCTAS
obpasua, % ropstaast tuna b, KoHTpobHEII 00paszen
2.6 ‘ 2,6 ‘ 3,1 ‘ 4,7 | 6,3 ‘

16 | 16|17 ]19]38] 54

13

— KounTponsHEIii 06pasen

—— Moauduuuposanusiii B I — MF

— Moaudunuposanusiit MMJI2TT
MoanduunpoBaHHbIH CMEChO HOJIUITHICHOB
Moudunmposanusiii CBC

— Momudummposannsiii CbP

—_
w = o —_

3HayeHye NoKa3aTens
BOJIOHACHILIIEHUs 0Opasua, %

w

1
10 20 30 40 50 60

Temneparypa onpeeneHus nokasareiisi BojoHachieHus, °C

Puc. 4. CBoaublii rpaduk U3MEHEHHS 3HAUCHHUN TTOKA3aTEIs
BOJIOHACHIILICHHUS KOHTPOJIBHOTO 00pa3ua
1 MOAW(HUIKPOBAHHKIX achanbTobeToHOB THIA C

Fig. 4. Summary graph of changes in the values
of water saturation index of sample and modified
asphalt concrete of C-type

AHAJIOTHYHBIC WCIBITAHUS TPOBOJWINCH JUIS
acdanproberonoB turoB A u b (tabn. 6, 7 u 8).
KaptuHa u3MeHeHHs 3HaYCHMI TOKa3aTessi BOJO-
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Tabauya 7
Pe3yabTaThl HCnbITAHUI MOAUPUIITPOBAHHBIX
1e0eHOYHBIX MeJIKO3ePHUCTBIX ac()albTO0ETOHOB THIIA A

Test results of modified crushed stone
fine-grained asphalt concrete of A-type

Temmeparypa onpe/e/IeHus OoKa3aTest

Bun BOJIOHACHIILIEHNS 00pa3ua, °C
HCTIBITAHUS
10 [ 20 | 30 [ 40 | 50 [ 60
CwMmech, Moaudurposannas B 11, —
MF TV BY 690610504.001-2012
22 [ 23| 26 ]34 ]47] 6l
Cwmecs, MoaudumpoBantas MMJI211
22 [ 21293952 64
3HaucHUE
HOKA3ATENs CwMmech, MoanUIpOBaHHAS
BOIOHACHIIICHIS CMECHIO TIONIUATHIIEHOB

oGpasta, % 27 2728 ]33] 42] 55

Cwmech, MmoaudunupoBannas CbC
20 [ 21| 2437 ]50] 63

Cwmecs, MmogudunupoBanaas CbP

2,1 \ 1,9 \ 2,0 \ 3,9 | 52 | 6,7

ITpu sTOM HabmOgaeM, 4TO pacXoXKIECHUE 3Ha-
YEeHHUH TT0Ka3aTelsisi BOJOHACHIICHUS KOHTPOJIBHO-
ro obpasua u acansToO0eTOHa TUNA A, TPUTOTOB-

Hayka
urexHuka. T. 23, Ne 5 (2024)
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JICHHOT'O Ha OUTyMe, MOIU(PUITUPOBAHHOM CMECHIO
MOJMATUIICHOB, 3HAYUTENBLHO BbIlIe (puc. 5). D10
OOBSICHSICTCS TEM, YTO B MEHEE KapKaCHBIX CMECSIX
JKECTKOCTh BSDKYIIETO MOXKET WUTparh Ooliee OmIy-
TUMYIO POJIb M3-3a TOTO, YTO B COOTHOIICHUH Mart-
puna/kapkac MaTpulla HaYMHAeT Mpeo0sanaTh.
Takast ke KapTuHa HaOmO#aeTcss W Ha oOpasmax
tuna b (puc. 6), 4To MOATBEPKAACT MPEAIOTONKE-
HUSL.

Tabnuya 8
Pe3yabTaThl MCHBITAHUIT MOIM(UIIMPOBAHHBIX
1e0eHOYHBIX MEJKO3ePHUCTHIX acajibTo0eToHOB THIA B

Test results of modified crushed stone
fine-grained asphalt concrete of type B

TeMHepaTypa OIIpeaCJICHU TOKa3aTelist

Bun o
BOJIOHACHIIECHHs 06pa3ua, °C
HCTIBITAHUS
10 | 20 [ 30 ] 40| 50 | 60
Cwmech, Mmogudunuposannas B II, —
MF TY BY 690610504.001-2012
24 [ 25 | 27| 42 | 58 | 83
CwMmech, Moauduipoannas MMJI2T1
3HaucHUE 2,2 | 2,0 | 2.8 | 4.5 | 6,3 | 7.4
M0Ka3aTes CwMmech, MOguGUIIIPOBAaHHAS
BOJIOHACHIILIC- CMECHIO MOJIUATUIICHOB

nns o6pasua, % | 3,0 | 34 | 39 | 47 [ 62 | 88
Cwmecs, moaudummposannas CbC
24 [ 28 [33 ][54 ] 67 ] 75
Cwmech, MmoaudunupoBannas CbP
25 [ 25 [ 29 ] 44|63 ] 81

6—— KonTtponbublii 06paszerr

— Moauduupoaunsiii B II - MF

— Moandurmpoanneii MMJI21T

— MoaupuuupoBaHHbIl CMECBIO MOIMITHIICHOR
Mopudununposanusiiit CbC

— Momuduuuposaunsiii CbP

W

3HayeHHe MOKa3aTes
BOJIOHACHIIIEHHs 00pa3ua, %
EN

1
10 20 30 40 50 60

Temneparypa onpejeneHus nokasarelisi BojoHachleHus, °C

Puc. 5. CBopHbIH rpadhuK H3MEHEHNUS 3HAUCHUH IIOKa3aTels
BOJZIOHACBILIEHHS! KOHTPOJIBHOTO 00pa3ua
1 Mo (HULIMPOBAHHBIX achabTOOETOHOB TUIA A

Fig. 5. Summary graph of changes in the values
of water saturation index of control sample
and modified asphalt concrete of A-type

Hayka
urexHuka. T. 23, Ne 5 (2024)

10
9 = KoHTpoJIbHEII 00pa3er
—— Mouudurmposaunsiii B II - MF
8 —— Moaudurmposannsii MMJI2I1 /-"

—— MoanuuupoBaHHEIH CMECHIO OJIMITHICHPB /"

/
7 Moaudunuposanusiii CbC
Monunpurmposaunsiii CBP

3HavyeHHe OKa3aTeNs
BOJIOHACKIIIEHHUS 00pasiia, Y%
W
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Puc. 6. CBomHbIHi Tpadyk N3MEHEHUS 3HAUCHUH ITOKa3aTels
BOJIOHACHIIICHNS] KOHTPOJIBHOTO 00pasma
1 MOAN(UIMPOBAHHKIX achanbTo0eTOHOB THIIA b

Fig. 6. Summary graph of changes in the values
of water saturation index of control sample
and modified asphalt concrete of B-type

BbIBO/IbI

1. Ilpu ananuze pe3ynbTaTOB U3MEPEHHs BOJO-
HACBHIIICHHUS Pa3IMYHBIX THIOB ac(h)arbTOOETOHOB
BHJTHO, YTO C POCTOM TEMITEpaTyphl Ha Oeckapkac-
HBIX cMecsx (Tumbl A U b) oTHOocuTenbHas pa3HU-
a 3HAYEHWH, TIOIyYaeMbIX TPH HOPMAIBHBIX
YCIIOBUSIX UCTIBITAHUN M TIPH BHICOKUX TEMIIEpaTy-
pax, CTAaHOBHUTCSI MEHBIIIE, YeM Ha KapKacHBIX ac-
(hampToOeTOHAX. DTO OOBSACHAETCS HE Pa3HHIICH
B KOJIMYECTBE KAMEHHOTO MaTepuaa, a TONIUHON
OWTYMHOW IUIEHKM Ha €ro IOBEPXHOCTH. Tak,
B pabore [10] mokaszaHo, 4TO MPOIEHT KOTE3HOH-
HOTO PACCIOCHUS 3HAYMTEIHFHO YBEIMYHUBAETCH C
POCTOM TOJIIWHBI IJICHKH 61/ITYMa U MOXKET nO0-
cturath 65 % KOTE3MOHHOTO OTCIIOCHHUS, PacCUu-
TAHHOTO KaK OTHOIICHWE IUIOMIa/Iell OCTaBIINXCS
MOJIEKYJl OMTyMa K OOIIei TOBEPXHOCTH pazzeia
OUTYM — KaMeHHBIN MaTepual.

2. Tak KaKk OTPBHIB IPOUCXOMUT B CIIOE BSDKYIIIE-
ro, MOXHO I'OBOpUTH O TOM, 4YTO B MHOFOHle6eHI/I-
cThIX ac(hampTo0eTOHAX, XapaKTepHU3yeMbBIX OO0Jb-
OIMM KOJHMYECTBOM MAacTHKH B CBOEM COCTaBe H
BBICOKOH CTENEHBI0 €€ CTPYKTYpU3alllH, IpH
YCIIOBHU Pa3psDKEHHSI ¥ BBICOKHX TEMIIEpaTyp BO-
Jla IPOHUKAET HE TOJBKO MOJA OMTYMHYIO IJICHKY,
HO ¥ B KOTe3WOHHBIN pa3peiB. [Ipu sToM Moaudu-
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OUPOBaHHBIA OUTYM 3(QeKTHBHEE MPOTHBOCTOUT
KOT€3HMOHHOMY Pa3phIBY 3a CYET CPOPMHUPOBAHHOMN
MOJIUMEPAMU TIOJICUCTEMBI, YTO HArJISIHO JEMOH-
CTpUpPYET NPOBENEHHOE UCCIETOBaHUE.

3. B ciyuae, xoryma momumep Omaromapsi cpo-
CTBy C OMTyMOM XWMHYECKH C HUM COCAMHSIETCS,
9TOT 3(QPEKT YCUITUBACTCS, YTO TAKXKE TOITBEPKIa-
€TCcs MCCIEeNOBaHUSIMHU [6], HampaBlIEHHBIMM Ha
OlpeNieNieHHe IoKa3areneld MeK(a3HOH 3HEpruu,
ko3 drmrenra mudy3un U OTHOCHTETHHON KOH-
nentparmi CbC-mMomuduimpoBaHHOTO OUTYMa Me-
TOJIOM MO/ICITMPOBAHUS MOJICKYJIIPHOM TUHAMUKH.

JINTEPATYPA

1. lonroBeunsle acaibTOOCTOHHBIE TOKPHITUS aBTOMOOWIIb-
HBIX J0por, MocToB 1 yiui / B. A. Bepenbko [u ap.].
Munck: Apr Jusaiin, 2015. 296 c.

2. Analysis of the Cohesion/Adhesion Proportion around Bi-
tumen-Mineral Failure Interface under Tensile Loading /
B. Shi [et. al.] / Construction and Building Materials.
2023. Vol. 399. Art. 132555. https://doi.org/10.1016/j.con
buildmat.2023.132555.

3. Characterisation of Temperature and Loading Rate Depen-
dent Bond Strength on the Bitumen-Aggregate Interface
using Direct Shear Test / M. Dong [et. al.] // Construction
and Building Materials. 2023. Vol. 394. Art. 132284.
https://doi.org/10.1016/j.conbuildmat.2023.132284.

4. Investigation of the Relationship between Fluidity and Adhe-
sion Strength of Unmodified and Modified Bitumens using
the Pull-Off Test Method / H. Ali Omar [et al.] // Construction
and Building Materials. 2016. Vol. 122. P. 140-148.
https://doi.org/10.1016/j.conbuildmat.2016.06.053

5. Borges Miranda H.M. The Influence of Recycled Plastics
Added via the Dry Process on the Properties of Bitumen
and Asphalt Mixtures / H. M. Borges Miranda, D. Do-
mingues, M. J. Rato // Transportation Engineering. 2023.
Vol. 13. Art. 100197. https://doi.org/10.1016/j.treng.2023.
100197.

6. Yao X. Interfacial Adhesive Behaviors between SBS Mod-
ified Bitumen and Aggregate using Molecular Dynamics
Simulation / X. Yao, Ch. Li, T. Xu // Surfaces and Inter-
faces. 2022. Vol. 33, Art. 102245, https://doi.org/10.1016/.
surfin.2022.102245.

7. Interpretation of Stripping at the Bitumen—Aggregate In-
terface based on Fluorescence Tracing Method / Yi Peng
[et. al.] // Journal of Materials Research and Technology.
2023. Vol. 7566. P. 5767-5780. https://doi.org/10.1016/j.
jmrt.2023.07.035.

8. Evaluation of Different Test Methods for Bitumen Adhe-
sion Properties / M. Paliukaité [et. al.] // Transporta-
tion Research Procedia. 2016. Vol. 4592. P. 724-731.
https://doi. org/10.1016/j.trpro.2016.05.339.

9. OCHOBBI Hay4YHBIX UCCIICJIOBAaHMUIA: y4el. i TeXH. BY30B /
B. 1. Kpyros [u gp.]; nox pea. B. K. Kpyrosa, B. B. Ilo-
mosa. M.: Beici. mik., 1989. 400 c.

10. Modeling Percentages of Cohesive and Adhesive Debon-
ding in Bitumen-Aggregate Interfaces using Molecular

416

—

Dynamics Approaches / P. Chen [et. al.] / Applied Surface
Science. 2022. Vol. 571. Art. 151318. https://doi.org/10.
1016/j.apsusc.2021.151318.

Iocrynuna 20.05.2024
ITonmucana B neuats 23.07.2024
Omny6nukoBana onnaifd 30.09.2024

REFERENCES

. Verenko V. A., Zankovich V. V,, Ladyshev A. V,, Lira S. V.,

Afanasenko A. A., Yatsevich P. P. (2015) Durable Asphalt
Concrete Coatings for Highways, Bridges and Streets.
Minsk, Art Dezayn Publ. 296 (in Russian).

. Shi B, Liu Q., Gao Y., Wu J., Chen J. (2023) Analysis of

the Cohesion/Adhesion Proportion around Bitumen-
Mineral Failure Interface under Tensile Loading. Constru-
ction and Building Materials, 399, 132555. https://doi.org/
10.1016/j.conbuildmat.2023.132555.

.Dong M., Sun B., Thom N., Li L. (2023) Characterisation

of Temperature and Loading Rate Dependent Bond Strength
on the Bitumen-Aggregate Interface Using Direct Shear Test.
Construction and Building Materials, 394, 132284,
https://doi.org/10.1016/j.conbuildmat.2023.132284.

4. Ali Omar H., Md. Yusoff N. 1., Ceylan H., Sajuri Z., Jakar-

10.

ni F. M., Ismail A. (2016) Investigation of the Relationship
between Fluidity and Adhesion Strength of Unmodified
and Modified Bitumens Using the Pull-Off Test Method.
Construction and Building Materials, 122, 140-148.
https://doi.org/10.1016/j.conbuildmat.2016.06.053.

. Borges Miranda H. M., Domingues D., Rato M. J. (2023)

The Influence of Recycled Plastics Added via the Dry Pro-
cess on the Properties of Bitumen and Asphalt Mixtures.
Transportation Engineering, 13, 100197. https://doi.org/
10.1016/j.treng.2023.100197.

.Yao X., Li Ch,, Xu T. (2022) Interfacial Adhesive Beha-

viors between SBS Modified Bitumen and Aggregate Using
Molecular Dynamics Simulation. Surfaces and Interfaces,
33, 102245. https://doi.org/10.1016/j.surfin.2022.102245.

.Peng Y., Zhao T., Zeng Q., Deng L., Kong L., Ma T., Zhao

Y. (2023) Interpretation of Stripping at the Bitumen-—
Aggregate Interface Based on Fluorescence Tracing Method.
Journal of Materials Research and Technology, 7566,
5767-5780. https://doi.org/10.1016/j.jmrt.2023.07.035

. Paliukait¢ M., Vorobjovas V., Buleviius M., Andreje-

vas V. (2016) Evaluation of Different Test Methods for
Bitumen Adhesion Properties. Transportation Research
Procedia, 4592, 724-731. https://doi.org/10.1016/j.trpro.
2016.05.339.

. Krutov V. L., Grushko 1. M., Popov V. V., Savel'ev A. Ya.,

Sumarokov L. N., Venikov V. A., Kogdov N. M., Timo-
feeva O. V., Chus A. V., Momot A. 1. (1989) Fundamentals
of Scientific Research. Moscow, Vysshaya Shkola Publ.
400 (in Russian).

Chen P, Luo X., Gao Y., Zhang Y. (2022) Modeling
Percentages of Cohesive and Adhesive Debonding in Bi-
tumen-Aggregate Interfa-ces Using Molecular Dyna-
mics Approaches. Applied Surface Science, 571, 151318.
https://doi.org/10.1016/j.apsusc.2021.151318.

Received: 20.05.2024
Accepted: 23.07.2024
Published online: 30.09.2024

Hayka
urexHuka. T. 23, Ne 5 (2024)



TPAHCIMNOPT
TRANSPORT

https://doi.org/10.21122/2227-1031-2024-23-5-417-426
UDC 629.331.03-83-592.3

Control Voltage Effect on Operational Characteristics
of Vehicle Magnetorheological Damper

Le Van Nghia”, Dam Hoang Phuc”, Tran Trong Dat”, Nguyen Trung Kien?,
S. V. Kharitonchik®, V. A. Kusyak®

YHanoi University of Science and Technology (Hanoi, Socialist Republic of Vietnam),
?Dai Nam University (Hanoi, Socialist Republic of Vietnam),
Belarusian National Technical University (Minsk, Republic of Belarus)

© benopycckuii HallMOHANBHBIN TEXHUYECKUH yHUBEpCUTET, 2024
Belarusian National Technical University, 2024

Abstract. Considering the increasingly large-scale application of magnetic fluids in various industries, we can confidently
state that in the near future magnetorheological dampers will be widely used in adaptive automotive suspensions due to their
operational flexibility and simplicity of controlling damping forces by changing the magnetic fluid properties according
to parameters of surrounding electromagnetic field. The antivibration efficiency during operation is achieved by regulating
the hydraulic resistance of the “magnetic” shock absorber by applying voltage to the windings of its coil. In addition to
the physical properties of the oil used in the “magnetic” shock absorber, the viscosity of the working magnetorheological fluid
is greatly influenced by the shape of the control signal. The paper focuses on the theoretical aspects of constructing a mathe-
matical model of ac magnetorheological damper and presents the results of a computer experiment to assess effectiveness
of its use as part of the adaptive suspension a passenger vehicle. In this case, the actual parameters of the “magnetic” shock
absorber, used in modeling the dynamic process, were determined experimentally on a test bench, and the adequacy of the
developed mathematical model was confirmed by the results of a semi-natural experiment. Using a verified model, the mag-
netorheological damper characteristics were obtained and compared for various forms of control signal, including rectangular
voltage pulses of various frequencies and duty cycles, sinusoidal pulses and constant voltage signals. The analysis of the anti-
vibration efficiency was carried out on the basis of the developed “quarter” model of a semi-active car suspension with
a verified submo-del of a magnetorheological damper integrated into its structure. Moreover, the simulation scenarios were
based on the selected strategy for controlling the voltage supplied to the windings of the “magnetic” shock absorber. As the
results of theoretical and experimental studies have shown in terms of energy consumption, expansion of the working area
of the damping characteristic and achieving smooth control of the damping force, the most effective is the use of a sinusoidal
pulse voltage signal in the control circuit, which ensures a reduction in both the amplitude and damping time of oscillations.
However, when de-signing and manufacturing a controller, creating a pulse modulator for generating sinusoidal pulses coin-
ciding in phase and frequency with the vibrations of the car body is very difficult due to the random nature of external distur-
bances from the road surface. When a constant voltage is applied to the magnetorheological damper winding, the damping
properties of the suspension are also improved compared to the basic design based on a traditional hydraulic shock absorber.
Moreover, there is a proportional relationship between the voltage supplying the damper, the amplitude and damping time
of the vibrations of the car body is observed. An increase in the control signal voltage from 1 to 2 V leads, in comparison
with passive control of a magnetic shock absorber, to a decrease in the maximum amplitude of vibrations of the car body
by 6.25 and 11.25 %, respectively, and a decrease in the vibration damping time by 0.72 and 1.41 s.

Keywords: active automotive suspension, magnetorheological damper, Y4 car suspension model; Dahl model, control voltage
signals, semi-natural experiment, magnetorheological damper testing, simulation, damping characteristics
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Binsinue ynpapisiioniero Hanpsi;keHusi Ha IKCIJIyaTalluOHHbIE XapaKTePUCTUKH
MArHUTOPEOJOrHYeCcKoro aemindepa aBToMoonJIst

Jle Ban Hma”, Jam Xoanr nyKl), Yaun Your I[aT'), Hryen Uynr KbeHZ),
C. B. Xapuronunx”, B. A. Kycsx”

VX anoiicknii yHHBepCHTET HayKn 1 TexHosoruit (Xanoit, Conpamucrnyeckas Pecrny6mnka BeetHam),
) Tait Ham yuusepcurer (Xanoit, Conmanuctudeckas Pecriy6nuka BretHam),
3)Eeﬂopyccmzlﬁ HAIIMOHAJIFHBIN TeXHUYEeCKMA yHUBepcuTeT (MuHCK, Pecrrybnnka benapycs)

Pedepar. YunteiBas Bce Ooiee MacitabHOE IPUMEHEHNE MarHUTHBIX XKUAKOCTEH B Pa3iIMYHBIX OTPACISIX MPOMBIIIICHHO-
CTH, MO>KHO C YBEPEHHOCTBIO KOHCTATHPOBATh, UTO B OipKaiiieM OyIyIleM MarHUTOPEONOTHYECKUe AeMIlpepbl Oy Iy T IIH-
POKO HCIIOIB30BAThCS B aBTOMOOMIJIBHBIX MOABECKAaX aJalTHBHOTO KJacca BBUAY HX HKCIUTYyaTAal[IOHHON YHHBEPCAJIbHOCTH
U HECJIOXKHOT'O aJI'OpUTMa yIpaBJICHUs SHeprueil paccenBaHus NPH U3MEHEHUU CBOMCTB MarHUTHOM JKUJKOCTU B 3aBHCUMO-
CTH OT IapaMeTpOB JIEKTPOMArHUTHOTO 10JA. D(P(EKTUBHOCT TalleHus KoneGaHuil B MpoLecce ABMKEHUS JOCTUraeTcs
3a CUET PeTyIMPOBAHHS THAPABIMIECKOTO COINPOTHBICHHSI «MarHUTHOTOY» aMOPTH3aTOpa MOCPEICTBOM MOAAYN HAIPSKEHUS
Ha 00MOTKH ero kKatymkd. [IoMrIMo Gpu3n9ecKux CBOHCTB HCIOJIB3YEMOTO B «MarHUTHOM» aMOPTH3aTOpe Maciia, Ha BSI3KOCTh
paboyeil MarHUTOPEOIOrHYECKON JKUAKOCTH OONBIIOE BIMSHUE OKa3biBaeT ()opMa YIpPaBISAIOLIEro cCUrHaia. B cratee pac-
CMaTPUBAIOTCS TEOPETHUECKUE aCIEKThl HOCTPOCHHSI MATEMAaTHUECKOM MOZICNIM MarHUTOPEOJIOrHYeCKoro geMidepa 1 npuBo-
JSITCSL pe3yNIbTaThl KOMIIBIOTEPHOTO 3KCIEPUMEHTA MO OIeHKe 3()(EKTUBHOCTH €ro HCIONIB30BaHUS B COCTaBE aJalTHBHON
TIOJIBECKH JIETKOBOTO aBTOMOOWIA. IIpy 5TOM (pakTHUecKHe mapaMeTpbl «MarHUTHOTO» aMOPTHU3aTOPa, MCHONb3yeMbIe MpH
MOZENUPOBAHUU JUHAMUYECKOTO TPOIIECcca, ONPEAEIINCh IKCIEPIMEHTAIIBHO HAa HCHBITATEIbHOM CTEHJE, a afeKBaTHOCTh
pa3paboTaHHONW MaTeMaTHYECKOW MOJEIH HMOATBEPIKACHA pe3yNbTaTaMH MONTyHATypHOro 3KcnepuMeHTa. C IOMOIIBIO Bepe-
(UIUPOBAHHON MOJIENH MOJYyYEHBI M CONOCTABJICHBI XapaKTEPUCTUKH MarHUTOPEOJIOTHYECKUX AeMII(EepOB IIPH Pa3IUIHBIX
(dopMax ynpapisIOIIEro CHrHania, BKIIOYash IMPSIMOYTOJIBHBIE UMITYJIBCHI HANPSHKEHHS Pa3IMYHOM 4acTOTHl M KOd(hdHUIreH-
Ta 3aI0JHCHUS, CHHYCOMJAIbHbIC MMITYJChl U CHUTHAJIBI IIOCTOSHHOTO HANpsDKeHHs. AHaiU3 3Q(EKTHBHOCTH TallleHHs
KoneGaHui mpoBoAMIICS Ha 6a3e pa3pabOTaHHON «IETBEPTHOI» MOAENH TOMYaKTHBHOM MOIBECKH aBTOMOOMIIS C HHTETPHUPO-
BaHHOH B €€ CTPYKTYpy BepH(HIMPOBAaHHOI CyOMOAENBI0 MarHUTOpeoIorndeckoro aemigepa. [Ipudem crenapun Moneu-
POBaHUsSI OCHOBBIBAINCH Ha BBIOPAHHOW CTpaTErMU YIPABJICHUS HAIpsHKEHHEM, I0aBaeMbIM Ha OOMOTKH «MarHUTHOTO)
amopTu3aTopa. Kak mokasanu pe3ybTaThl TEOPETUUECKUX M SKCIIEPUMEHTANBHBIX HCCIENI0BAHNI C TOUEK 3pPEHUST SHEPTOIo-
TpebieHus, pacmmpeHns padodeit 06IacTH AeMI(UPYIOMEH XapaKTePUCTHKU M JOCTIDKCHNUS IIABHOCTU YIPABIICHHS JEMII-
¢upyroweii cuoi, Harnbonee 3)(HEKTUBHBIM SIBISETCS MCIONB30BaHKE B LIENU YIPABJICHUS] CHHYCOMIAIbHOTO UMITYJIECHOTO
CHTHaNa HaNpsHKeHHs, 00ECIeUNBaIOIIEr0 YMEHbIIEHHE KaK aMIUTUTY b, TaK U BPEMEHU ramieHus konebanuil. OqHako mnpu
MIPOEKTHPOBAHUH W HM3TOTOBJICHHH KOHTPOJUIEPA CO3JaHHE MMITYJILCHOTO MOMYJISITOPA, TEHEPHUPYIOMIET0 CHHYCOUIAIbHbIC
HMITYJIbCHI, COBIAJAIOIME 110 (ha3e M JacToTe ¢ KoJeOaHMSIMU Ky30Ba aBTOMOOMIIS, BECbMa 3aTpyIHHUTEIBHO BBUY CIIydaii-
HOI'O XapakTepa BHEIIHUX BO3MYILIEHUH OT 10pokHOro nokpsitud. [Ipu nogaue Ha 0OMOTKY MarHUTOPEOJIOIHYECKOro JIeMII-
(epa curHasa HOCTOSIHHOTO HAaNPSDKEHHS IeMI(HUPYOLINe CBOHCTBA MOIBECKH TAKKE YIIYHIIAIOTCS 110 CPABHEHHUIO ¢ 6a30BOi
KOHCTPYKIHEH Ha OCHOBE TPAJWIOHHOTO THJPABINYECKOr0 aMopTu3aropa. IIpudaemM mpociexuBaeTcs MpOIopIHOHANbHAS
3aBUCHMOCTB MEXTy BOJIBTa)KOM ITUTAIONIETO JeMIdep HAIpsDKCHNUS, aMIUIUTY 10 U BpeMeHeM 3aTyXaHus KoJieOaH!i Ky30Ba
aBTOMOOMJISL. YBEIMUEHHE HANpPSHKEHHs YNPABIAIOIIETo curHana ¢ 1 1o 2 B mpuBOAUT MO CPaBHEHUIO C MACCHBHBIM YIpaB-
JICHHEM MarHUTHBIM aMOPTH3aTOPOM K CHIDKEHHIO MAaKCHMAlIbHOW aMIUTUTYJBI KONeOaHWi Ky30Ba aBTOMOOWIIS COOTBET-
CTBEHHO Ha 6,25 1 11,25 % u yMeHbIIeHNIO BpeMeHH TameHus konebanuii va 0,72 n 1,41 c.

KnroueBble cjloBa: akTHBHAs I10J(BECKA aBTOMOOWIISI, MAarHUTOpeoJIoruueckuii nemmdep; Mozxens 1/4 noaBecku aBTOMOOHIIS;
Mozenb Jlans, curHajbl yNpaBisIOIIET0 HANPSDKEHUs, TMOMYHATYPHBIH SKCIIEPHUMEHT, UCIIBITAHHE MarHUTOPEOJIOTHYECKOTO
nemMndepa, IMATAIIIOHHOE MOIEINPOBAHNE, XapaKTEPUCTUKH AeMIIDHPOBAHUS

JUist uuTHpOBaHus: BiksHNE yIPaBISIOLIETO HAMPSDKCHHS Ha OKCIUTyaTallMOHHBIC XapaKTePUCTHKUA MarHUTOPEOIOTHYECKO-
ro pemndepa asromobmis / Jle Ban Hrua [u ap.] / Hayxa u mexnuxa. 2024. T. 23, Ne 5. C. 417-426. https://doi.org/
10.21122/2227-1031-2024-23-5-417-426

Introduction

Due to the unique properties of magnetorheolo-
gical (MR) fluids the last one has been used in
a wide variety of applications such as rotary
brakes, forging equipment, clutches, polishing and
grinding equipment [1-6]. Among them, MR li-
quid dampers are semi-active control devices that
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are widely used in today's industrial applications.
Magnetic rheological damper (MRD) is one of the
semi-active devices that promises to be commonly
used in automotive engineering. The main feature
of MRD is magnetic rheological oil, whose speci-
fic properties can be changed by applying
a magnetic field, which in turn can leads to indu-
cing force variation in the damping [7, 8].
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To study the model of the MR damper, several
methods have been proposed over the years to
obtain MR damper models and determine their
parameters. Spencer and colleagues [9] developed
a phenomenological model that accurately describes
the response of MR dampers to cyclic stimuli. This is
a modified Bouc—Wen (BW) model adjusted by or-
dinary differential equations. The models based on
the BW in semi-active seismic vibration control have
proven to be easy in usage and have an acceptable
quantity. Using a different approach from Spencer's,
Kyle et al modeled an MR damper as a Takagi—
Sugeno—Kang fuzzy inference system [10]. The mo-
del's training and test data were generated using
Spencer's MR damper model.

In a study at Sakarya University, experimental
and theoretical analysis was performed to predict
the behavior of a linear rheological magnetic
damper. A rheological magnetic damper was de-
signed and built for dynamic testing on a me-
chanical cage that sinusoidal stimulus. The same
flow analysis was performed on the prototype MR
damper based on the Bingham model, and a para-
metric algebraic model was analyzed to test the hys-
teresis behavior of the MR damper. The final obser-
vation was that the algebraic model succeeded at the
highest excitation velocity of 0.2 m/s [11].

Other authors have studied the response of the
MR damper, emphasizing the difference between
the pre-elastic and the posterior viscous volumes as
an essential aspect of the damper. The study by
Spencer, Butz, and Stryk showed that the difference
between using the modified BW model and the
Bingham-plastic model in a 2-degree-of-freedom
automotive dynamic system was minimal [12].

In 2003, John Gravatt conducted a performance
test of the suspension combined with the MR shock
absorber on a sports motorcycle. The obtained re-
sults showed the criterion of reducing suspension
displacement, stability time, and oscillation of the
suspension system when equipped with MR dam-
pers, thereby improving the efficiency in reducing
instability [13].

Due to their enormous force control ability,
magnetic rheological dampers have been used to
avoid seismic effects caused by earthquakes on civil
works. In an experiment, the dynamic power of the
damper checked by a dynamic excitation test was
compared with two types of rheological fluids. Two
types of rheological fluids are 132LD, manufa-
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ctured by Lord Corporation, and experimental pro-
duct #104, manufactured by Bando Chemical Indus-
tries on a trial basis [14].

Like the above experiment, an MR liquid sample
was developed using OKS1050 silicone oil and
mixed with carbonyl powder. Furthermore, to re-
duce deposition, Aerosi200 was added as a stabi-
lizer, and the finite element method modeled
the magnetic field acting on the rheological liquid.
Then the model was analyzed by ANSYS software,
and the results showed that the model comple-
tely satisfied the dynamic characteristics of the me-
chanical system [10].

Kyle and Roschke used a fuzzy logic-based
model with three inputs: displacement, voltage, and
velocity, which were modeled on the data generated
by the simulation. From the experimentally mea-
sured data, it can be seen that the hysteresis loop is
independent of the steady field. Therefore, the BW
model parameters are considered independent of the
current [15].

According to the research [16], the controlled
damping force was generated depending on the con-
trol current. In addition, MR fluid shock absorbers
were operated with high reliability, and their func-
tions were virtually uninterrupted by temperature
fluctuations or any impurities in the fluid. However,
the significant disadvantage hindering the MR fluid
damper was its non-linear properties concerning
force versus displacement and hysteresis force ver-
sus velocity. Therefore, making an MR fluid damper
with maximum efficiency is a big challenge, espe-
cially when it comes to making an accurate model
to take full advantage of this particular device.
Another is to design the most efficient algorithm
to improve the system's performance.

The MRD characteristic is a function of the vol-
tage or current flowing into the solenoid coil. In ad-
dition, this characteristic is highly dependent on the
input voltage or current characteristics. Thanks to
this relationship, the drag coefficient of the MR
dampers can be easily controlled in real-time. There-
fore, the study of MR damping is necessary, which
requires studies in building MR damping models.

This article presents a study on the influence
of voltage-controlled signals on the characteristics of
MR dampers, thereby providing a basis for develop-
ping control algorithms for car’s active suspension
systems. A simulation method combined with
experiments is chosen to conduct the research.
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Specifically, an MR damper model is constructed
and validated through experiments on a test bench.
This model is then used to develop a quarter-car
suspension system model, analyzing the effective-
ness of MR dampers when the vehicle encounters
road irregularities.

System design and results

Suspension model combined with MR shock ab-
sorber. The MR damper has a non-linear characteris-
tic curve, which makes it difficult to describe its be-
havior. The proposed models must be accurate, that
is, the output of the predictive model and the experi-
mental data must be the same. The model must also
be simple to allow an easy parameter identification,
and the controls are less complex and ultimately re-
versible, meaning that different inputs and outputs
can be selected and changed position.

In 1968 the magnetic field damping model was
independently proposed by Dahl to describe fric-
tion behavior and developed by Bouc (1971) to
represent hysteresis phenomena. Dahl’s viscous
model used in this study is based on the model
proposed by Aguirre [17]. The diagram of Dahl’s
viscous model is shown in Fig. 1.

» Zy
o Dahl
A— £
é »Fy
7
T
27— E

Fig. 1. Dahl model diagram

Dahl's MR damping model, described by equa-
tions (1) and (2), considers semi-static links in the
origin of friction. The damping force F;, is a func-
tion of the instantaneous damper piston velo-
city Z,. In addition, the damping force F, is also

affected by the hysteresis loop shape parameters &,
kyas ks, p and the dynamic hysteresis coefficient
w, describing the nonlinear damping behaviour:

F,=k,z, +(k,, +k,u)w (1)

wa

w:p(z.d_|z.d|w)7 (2)
where u — MRD coil control voltage, V.

From equation (2), it can be shown that in-
creasing the voltage u or k,, will have the same
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effect on the shape. Increasing either of them will
result in an increase in the value in the hysteresis
loop. Reducing p will change the width of the hys-
teresis ring, producing a rapid change in force.
The hysteresis parameters, used in the Dahl’s
viscous model are the following: u =03V, k; =5,
ko = 80, kyp= 80, p=10.

Car’s Y4 suspension model combined with MR
shock absorber is shown on Fig. 2, where the pas-
sive damping element is replaced by MR damper
and the damping coefficient ¢, is no longer shown.
The right part is the MR shock absorber; the left
one is the passive 1/4 suspension model. The input
of the 1/4 suspension model is the road surface
vibration z, (the study uses the 5 cm square pulse-
shaped pavement impact) and the magnetic dam-
ping force F,; of MR shock absorber. The output
of the model is the vehicle body displacement z,,
the wheel displacement z,,, and the oscillation body

velocity z,, which is the input of the MR dam-
ping model. As a result, the suspension system has

only two parameters, £ and F,; (F;; MR damping
force calculated using the Dahl model).

A -
Body mp I ot
2 f u(V)
Suspension
¥
Wheel 1y, T Zw
ket
Tyre
o

Fig. 2. Car’s Y suspension model with MR damper
k, k,— stiffness of the spring element and tire, £ = 12500 N/m,
k, = 76000 N/m ; m,, m,,— vehicle body and wheel weights,
my, = 342 kg, m,, =38 kg; F;— MRD damping force, N

Equation (1) combined with MR damping gives
the following equation:

myZ, =—k(z, —z,)+ Fy;
mw.Z'w :k(Zb _Zw)_kt(zw _Zr)_Fda

)

where Z,, Z — accelerations of the sprung and

w

unsprung masses.
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Experimental determination of Dahl model
parameters and experimental results. For experi-
mental determination of damping characteristics
a special test bench (Fig.3) was manufactured
at Department of Automotive Engineering group
of Hanoi University of Science and Technology.

Fig. 3. Test equipment for damping characteristics
1 — Motor; 2 — Cylinder-piston; 3 — MR damper; 4 — Gearbox;
5 — Eccentric disc; 6 — Force sensor (load cell);
7— Control box; 8 — Pulse encoder; 9 — Power switch

Test equipment includes BWI front suspension
MR damper 3 (see Fig. 3) of Acurra 2011 cars,
which has the following characteristics:

— Dimensions, LxDxd: 760x287x259 mm.

— Weight: 3,1 kg.

— The change in damping force with the ex-
pression variations from 0 to 1 V: about 800 N.

— Inner solenoid coil resistance of damper
measured: 1 Q at 29 °C.

In this study, damping characteristics were
measured at low voltage supply states. The test
scenario involves measuring the force acting on the
piston, piston rod displacement/velocity and the
encoder pulse when the control voltage changes
from 0 to 1 V with an average step of 0.2 V [18].

The comparison of MR damping properties be-
tween simulation and experiment through qualita-
tive geometry is shown in Fig. 4. The graph shows
damping characteristics based on the relationship
between the force-velocity and the force-displa-
cement of the piston under the action of a vol-
tage of 0.1 V.

According to the graph, regarding the profile of
the force-displacement relationship, the damping
force is symmetrical about the axis. Do the same

[ Hayka
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for different supply voltages to the damper, thereby
building a relationship between the hysteresis pa-
rameter values on the Dahl model and the control
voltage.

300

T
= Simulink
""" Experiment

2001

MR Force (N)
(=}

L

=

(=)
‘

—200r

_300 . \ . . . s
=30 -20 -10 0 10 20 30

Piston Velocity, cm/s

200F

100

| Damper Force (N)
o

-5 -4 -3 2 -1 0 1 2 3 4 5
Piston Displacement, cm

Fig. 4. Simulation and experiment damping characteristics
when applying voltage 0.1 V:
a — Force-velocity characteristic of MR damping;
b — Force-displacement characteristic of MR damping

Qualitatively, the characteristics of the dam-
ping force according to the simulation are close
to the characteristic curve when experimenting,
which shows that the parameters used in the simu-
lation are very close to the actual conditions. These
parameters were evaluated and determined through
the correlation function to find the ratio between
simulation and experiment by determinng the force
at the same displacement position on the graph.
The summary and evaluation of the correlation
between simulation according to the Dahl model
and MR Acurra 2011 damping experiment is
shown in Table 1.

Thus, the correlation coefficient between the
simulation and experiment is close to 1, which can
be concluded that the parameters used in the simu-
lation are relatively consistent with the actual ex-
perimental determination of MR damping charac-
teristics using the 2011 Acurra front suspension.
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This parameter will be used to simulate the charac-
teristics of the MR dampers under the influence
of different voltages.

Table 1
Correlation between simulation and experiment

Voltage (V) Correlation betwe.en simulation
and experiment

0 0,9831
0.1 0,9693
0.3 0,9782
0.5 0.9841
0.8 0.9263

1.0 0.9657

Simulation of MR damping performance. To
study the influence of control signal form on the
characteristics of MR dampers, the paper uses
the Dahl's model with different control voltage
signals, schematically depicted in Fig. 5.

- x,

IU
ety

»ly

ANNNANNNNRNNNY

kq
[T
L

Fig. 5. Schematic simulation of the voltage effect on MRD
damping characteristics

In this diagram, the x, displacement signal is a
sine wave with the amplitude of 5 cm and the fre-
quency of 1 Hz. The control input voltage signal
for the MR damper is the voltage signal U. This
voltage varies according to the preselected charac-
teristics and is shown in Table 2 [19].

Table 2
MR. damping characteristic simulation scenario
Alt.e - Control Voltage Characteristic
nativel
| Constant voltage level 0 Force-time
and 0.5 V (Fa=10
Sine and square pu Ise voltage Force-displacement
2 |supply, positive side, (F—z)
0.5 V amplitude d—ed
Sine and square pulsg yoltage Force-velocity
3 [supply, negative-positive (Fy— z,)
symmetry, 0.5 V amplitude 4
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In case of constant voltage supply 0 and 0.5V
to the MR damper (see Table 2, alternative 1) the
simulation results of the damping characteristics
are shown in Fig. 6 and 7. The graphs show the
time history of MR damping force characteristics,
according to velocity and piston displacement.

Damper Force (N)

0 0.5 1.0 1.5 2.0 2.5 3.0
Time, s

Fig. 6. F;—t characteristic at a constant control voltage

Velocity, cm/s

Fig. 7. Fy—z, characteristic at a constant control voltage

According to Fig. 6, when the constant voltage
is applied to the shock absorber, the damping force
has the same profile as the velocity (faster than
the displacement z, by n/2). This shows that MR
dampers' characteristics are similar to those of pas-
sive dampers (F, -z, > 0). However, the value of

the damping force is proportional to the input vol-
tage; the profile is also steeper when increasing
the control voltage (F,— t graph), showing a very
immediate effect on the damping when the voltage
is present. In Fig. 7 (F; —z, graph), in the state

without controlling voltage, the damping cha-
racteristic is almost the same as that of the passi-
ve damping type (the characteristic curve is quite
linear); however, when the controlling voltage is
applied, in the input control, the damping force
varies significantly for the low-speed, while in the
high-speed, the damping force has a linear charac-
teristic. This shows that with a constant control
voltage, the damping force with velocity (F;—-z,)

characteristic divides into two zones:
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urexHuka. T. 23, Ne 5 (2024)



Transport

— low-speed zone: the area with high hystere-
sis; the applied force significantly differs between
the compression and return strokes;

— high-velocity zone: the force characteristics
have almost no hysteresis; the force value increa-
ses linearly with the speed and damper input vol-
tage.

In case of positive side voltage pulse supply to
the MR damper (see Table 2, alternative 2) — the
simulation results of the damping characteristics
under two pulse types “sine” and ‘“square” are
shown in Fig. 8 and 9 through 2 graphs: F, — ¢
and F;— Z,.

400

— Without control

| = = Sine pulse control ||
= ~.
300p ! ™, i ir\\‘ =-=Square pulse control
=

200f
100
o
-100
-200
-300
—400 : : % w \
0

Damper force (N)

Fig 8. F,—t characteristic at positive side control voltage

On the graph (F, — ) (Fig. 8), the oscillation
phase of the force is still in phase with the piston
speed, but the force amplitude is small and the
damping force characteristics between the two con-
trol pulses are very close together. At some point
on the force curve when driven by a “square”
pulse, the damping force has a characteristic step-
wise step over the pulse duration (in locations
where the control voltage is sudden, the force
spikes sudden), this will affect the smoothness of
the body. After a short time, this force characteris-
tic coincides with the force characteristic of the
“sine”” impulse control pulse. This shows that the
sine control signal will give better controllability
and energy saving than the square pulse signal.

The force versus velocity characteristics is

shown in Fig. 9. The graph (F, —z,) shows that

the hysteresis area of the damping force is extend-
ed to include the high-velocity zone, overcoming
the disadvantage compared to the control in the
form of constant voltage. The hysteresis area of the
damping force in two different compression and
return states is more comprehensive when the
damping is in the compressed state. It shows that
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Damper force (N)
=

the shock absorber has a wider working area in the
compression state with this control pulse.

300 —Without control
- - -Sine pulse control
==-=Square pulse control

200
100

Damper force (N)

—-100
—200

-300

=30 -20 -10 0 10 20 30
Velocity, cm/s

Fig. 9. F;— z , characteristic at positive side control voltage

In case of positive-negative symmetrical vol-
tage pulse supply to the MR damper (see table 2,
alternative 3) the simulation results of the damping
characteristics are shown in Fig. 10 and 11.

400 —Without control
= = Sine pulse control ||
~
300 \‘\ ! _\ r\_‘.\ =-=Square pulse control
\ ~ 2
200 AR e y
i

Damper force (N)
=

| |
W N
[
S S

T T

4

4

4

<

0 0.5 1.0 1.5 2.0 2.5 3.0
Time, s

Fig. 10. F,;— t characteristic at positive-negative
symmetrical control voltage

400
300
200F
100¢

—-100-
—2001
—-300
—400 ; ;
-40 30 20 -10 0 10 20 30 40
Velocity, cm/s

—Without control
= = Sine pulse control =
=-=_Square pulse control
1 I

Fig. 11. Fy—z , characteristic at positive-negative symmetrical

control voltage

The amplitude of the maximum force is re-
duced in the case of “sine” pulses and unchanged
in the “square” case, besides, the force profiles in
the two cases appear with many jumping points.
For “square” pulses are points where the supply
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voltage direction changes, while “sine” pulses
are points with extremes on the “negative” side,
the force characteristics (F,; — ¢) when driven by
a “square” pulse for the jump larger than the
“sine” pulse.

On the (F;—Z,) graph, the hysteresis zone of

the force is also enlarged, as in the case of positive
flank impulse supply.

Comment. The damping force characteristics
are various with different types of control voltages.
With a constant control voltage, the force drop is
symmetrical both in the compression and the re-
lease strokes and have a smooth curved character-
istic, the slope of which changes with the input
voltage. In the two cases of the pulse voltage sup-
ply, it was found that the damping is more effec-
tive in the compression stroke, which allows the
control voltage characteristic to be developed when
designing the control for this type of damping,
thereby helping to extend its operational tuning
range relative to an initially specified control cha-
racteristic.

In this simulation range, the impulse cont-
rol voltage signal is fed according to the piston
oscillation frequency, so according to the results
in Fig. 8 and 9, the positive side “sine” pulse level
is the best based on the damping force and power
characteristics for control. Because, with this type
of control pulse, the curvilinear force characteristic
is smooth, without a jump, the damping hysteresis
zone is widened to the high-velocity region. In ad-
dition, according to the power supply criterion, this
type of control is energy saving one because the
average voltage is lower than in case of the control
with constant voltage.

However, when designing and manufacturing a
controller, a pulse modulator controlled by a "sine”
pulse coinciding with vehicle body oscillations
(phase and frequency) will be difficult when the
pavement excitations are random and unpredicta-
ble. That will increase the cost of the control sys-
tem, therefore, the study selects the damping con-
trol voltage as constant over time.

Simulation of suspension system with MR
damper. In the scope of the research, the paper
uses the 5 cm square pulse-shaped pavement im-
pact (see Fig.2) to examine the response of
the suspension system to the vibration of the ve-
hicle body under the effect of different MR shock
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absorber input voltage values. The study uses
the Dahl model coupled with the a quarter car sus-
pension model to evaluate the effectiveness of MR
shock absorbers arranged in the suspension system.
The evaluation criterions are the maximum vibra-
tion amplitude of the vehicle body and the oscilla-
tions quenching time [20]. The simulation strategy
is shown in Table 3, the simulation results are pre-
sented in Fig. 12 and 13.

Table 3
Simulation scheme of operation suspension system with
MR damper
ﬁttie\ff-: Input V(Eit;;ge Evaluation criteria
1 Square pulsating 0 Amplitude, body oscil-
2 road surface un- 1 lation frequency, oscil-
3 dulation 2 lations quenching time
300
—-—u=1(V)
| l—=u=2v
z 200
§ 100
=
g O
[=%
g _100" =
g
—200f
-300 ‘ ‘ ‘ ‘ ‘
-0.3 -0.2 0.1 0 0.1 0.2 0.3

Body oscillation velocity, m/s

Fig. 12. F4—z , characteristics on suspension

with MR dampers

According to the F;, — Z, graph, the damping

force also increases when the damper input voltage
increases. The damping force increases depending
on the piston rod's speed and the voltage applied
to the damper. The higher the voltage is, the small-
ler the oscillation amplitude of the vehicle body
and the smaller the oscillation time becomes.

The results of body oscillation are shown in
Fig. 13. The effect of suppressing the vibrations of
the vehicle's body when there is a control current
in the dampers is much higher than when there is
no control.

The maximum amplitude of oscillation of the
vehicle body when the voltage level is larger, the
greater the amplitude and damping time reduc-
tions. Specifically, in comparison with the passive
damper, when the voltage control level is 1 and 2V,
the reduction of maximum amplitude is 6.25
and 11.25 %, and the damping time reduction
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is 0.72 and 1.41s respectively. With a small
control voltage, the amplitude of the oscillation
is reduced, but the oscillation time is still ample.
The more the control current, the higher the ability
to extinguish the oscillation, both in amplitude and
time. It shows the vibration-suppressing efficiency
of the MR dampers in the car’s 1/4 suspension
model.

0.08F - = Passive
—-—u=1(V)
—u=2(V)
- Road profile |

o

[

X
;

g

<3

=
T

<o

(=]

s}
:

Body displacement, m

0 St
-0.02- \\/

05 10 15 20 25 30 35 40 45 50 55
Time, s

Fig. 13. Body displacement comparison

When no current is applied to the shock ab-
sorber, the damping force is not zero. The MR
shock absorber acts as a passive shock absorber
because the viscosity of the liquid is also the cause
of the damping effect when the damping is in the
off state.

CONCLUSION

The study presented the magnetorheological
damper model for determining the characteristics
of MR dampers. The damper test bend was built to
measure the force-velocity and the force-displa-
cement characteristics of the vehicle damper piston
and to verify the accuracy of the proposed model.
The correlation between the simulation result and
experiment data is greater than 0.92, which shows
a high level of proposed model reliability. This
verified model was used to develop the 1/4 semiac-
tive suspension car model for evaluation of the
vibration efficiency.

The study investigated the characteristics of
MR dampers under the effect of different control
signals, and the simulation results showed that the
MR damping control achieved the most optimal
efficiency using a “sine” control signal. The posi-
tive side has a control frequency that coincides
with the characteristics of the input oscillation.
However, it is challenging to design a control pulse
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generator in the form of a sine pulse whose fre-
quency coincides with the oscillation frequency of
the vehicle body. Therefore, in the study, the con-
trol signal type is selected as a constant voltage
form because it ensures both the working efficien-
cy of the dampers and the simplicity of the control
circuit design.

In addition, the study also focuses on simula-
ting the integrated model of a quarter car suspen-
sion system with MR dampers, simulating and in-
vestigating the efficiency of vibration suppression
controlled by the constant voltage. Specifically,
a quarter car has MR dampers with 1 and 2 V con-
trol voltage. The evaluation of the vibration sup-
pression efficiency through comparison of body
displacement shows the effectiveness of MR
dampers in suppressing vibrations of the suspen-
sion system. As the voltage level increases, the
maximum amplitude of the vehicle body's oscilla-
tion becomes greater, leading to a reduction in both
amplitude and damping time. Specifically, in com-
parison with the passive damper, when the voltage
control level is 1 and 2V, the reduction of ma-
ximum amplitude is 6.25 and 11.25 %, and the
damping time reduction is 0.72 and 1.41 s respec-
tively.

From the above results, the user can control the
damping force of the MR damper by varying the
input supply voltage or current to the magnetic
coil. It is necessary for algorithm research and
developing semi-active suspension control with
MR dampers.

Funding: This research is funded by the Hanoi
University of Science and Technology under project
number T2023-PC-023.
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to identify the key tools for the formation and development of Centers of Excellence and compare the results of their use
in order to identify the directions for improving state policy and the mechanism for strengthening them, taking into account
the current economic situation and the strategic prospects for the country's development. The following research methods have
been applied, namely: induction, deduction, analysis and synthesis, observation, comparison, systematization, description,
empirical, evolutionary, systemic and historical-logical approach to the analysis of certain phenomena and processes.
The results of the study have revealed the most effective mechanisms and tools for forming and stimulating the development
of Centers of Excellence for the period from the 1920s to the present, and the paper also presents their evolution based on
the use of triune contexts. The analysis has shown that it is advisable to take into account the experience of the USSR when
developing the mechanism and selecting tools for the formation of Centers of Excellence in modern Russia.
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BBenenune

Ha npotsixenuu nocneanux 30 et cTUMyu-
pOBaHHE CO3JaHUSA W Pa3BUTHS IIEHTPOB IPEBOC-
XOJICTBA BEJIOCH (PparMEeHTapHO, 0e3 ydera TpH-
€IUHBIX KOHTEKCTOB, a C IIOMOIIBIO OTHEIbHBIX
WHUIAATUB, 0€3 €IUHONM METOIO0JOIrHYeCKOl Oa3bl.
B 10 ke BpeMs CymIeCTBYET OIBIT yCIIEUTHOTO CO-
3aHUsl U JIEHCTBCHHOTO Pa3BUTHUS IEHTPOB Ipe-
BocxozacTBa B OniBmieM CCCP, B TOM uwncie B
CIOXHBIX BOCHHBIX M IIOCIICBOCHHBIX YCIOBHIX
pa3BUTH SKOHOMHKH WM oOmiecTBa. Takmm oOpa-
30M, BO3HHKAET 3a/laya aHalli3a JaHHOTO OMbITa U
MIOKMCKA CIIOCOOOB €ro paclpoCTPaHCHUS B COBpE-
MEHHBIX peausx Uil pa3paboTKu 3(PQPEKTHBHOTO
TOCYIAapCTBEHHOIO MEXaHW3Ma CO3JIaHMs M Pa3BH-
THS [EHTPOB MPEBOCXOACTBA HA OCHOBE HCIIOJNb-
30BaHUs IMOJAX0Ja «TPUCIUHBIC KOHTEKCThD». O0-
CYXKJICHHE BOIPOCOB UX (POPMHPOBAHHS 3aHUMACT
OTIPEICTICHHYI0 HUITy B SKOHOMHYECKOW HayKe.
OTtnenbHOE HampaBieHWE B JaHHOM KOHTEKCTE
COCTaBJISIOT TEOPETUYECKHE HCCICIOBAHUS MPO-
0JieM HaIMOHAJILHOM M YKOHOMHYECKOH Oe3omac-
HOCTH CTpaHBI, KOTOpBIE aKTUBHO BemnyTcs B MH-
ctutyte 3koHOMHKUM PAH. CyiiecTBeHHBIN BKJIaj
B Pa3BUTHC 3TOT0 HAIPABJICHUS BHECIU TPYAbI
JI. . Abankuna, B. K. Cenuarosa, B. B. l1BaHoBa,
I'. I'. Mamunenkoro, . B. Kapasaesoii u mp. [1].

HayuHo-TexHOnOrnueckoi 0OCHOBOM HALIMOHAb-
HOW 0€30MaCHOCTH MOXKET CTaTh CHCTEMa LEHTPOB
MpeBOCXoAcTBAa. VX THIMONOTHSA, MpPEIIOKEHHAS
C. A. 3amuenko [2], BKIIOYAET CTPaTETHUCCKHE,
CHUCTEMHBIE W JKCHEpUMEHTaJbHBIE IIEHTPHI Tpe-
BOCXOJICTBA. BOJBIIMHCTBO HMCCaeaOBaTeaCH CKOH-
LECHTPUPOBAIM BHUMAHUE Ha KCIEPUMEHTAIbHBIX
LIEHTpax MpeBOCX0jCTBa. YHuBepcuteTsl 4.0 co-
3Mal0T Ha CBOEH 0a3e IEHTPHl MPEBOCXOJCTBA
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(obecnieuynBarOT MO3ULIMU B MEXIYHAPOAHBIX peil-
THUHTaX HCCIEeN0BAaTeNbCKUX MPEANPHUATHN) U IIeH-
TPBI KOMIIETEHITUH (00€CIIeunBaOT TOCTYITHOCTh
MIEPEeIOBBIX TEXHOJIOTHH TIPOW3BOJCTBEHHBIM U
UHBIM OpeanpusaTusam) [3].

Ucropuorpadudeckuii moaxox K HCCIEIOBa-
HUIO TPOIleccOB pedopMHUpOBaHUS BBHICIIETO HH-
JKEHEpHOTo 00pa3zoBaHUs NMpUMeHeH B padote [4],
Ie TpeAsiokeHa clenylolas Iepuoanu3alus:
1803—1863 1T. — 3ap0oKIEHNE BBHICIINX HHXCHEPHBIX
mkol B Poccum; 1864—1896 rr. — pedopmupoBanme
HIKeHepHoro oOpasoBanus; 1915-1917 rr. — He3a-
BepuieHHas pedopma odpazosanust; 1917-1926 rr. —
«OyprKyas3Hble CHELUATUCTBl W IPOJIeTapU3aLHs
By30B»; 1927-1948 1r. — co3maHue OTpacieBBIX
TpaHcnopTHEIX WHCTHTYTOB B CCCP. pyrumu
CJIOBaMH, TPEANPUHUMACTCS TIOMBITKA aHajm3a
9BOJIIOIMU  (POPMHUPOBAHUS IKCICPUMEHTAIBHBIX
HEHTPOB MPEBOCXO/ICTBA.

OueBuaHO, 9TO (POPMUPOBAHKE IICHTPOB IIPE-
BOCXOJ/ICTBAa, OCOOEHHO CTpaTerH4ecKuX, HEBO3-
MOKHO 03 MpUMEHEHHs TOCYAapCTBEHHOTO MeXa-
HU3Ma U HHCTPYMEHTOB CTUMYJIMPOBAHHS HAYKH U
TexHojoruid. OTHeNnbHBIC acleKTHl JaHHOH TIpo-
OJIeMBI B UICTOPHUYECKOM KOHTEKCTE PACKPBIBAIOTCS
B paborax B. B. UBanoga [5], H. A. AmeynoBoi
u O. . Komumnckoro [6], I'. A. Bmackuna [7].
B uccnenosanuu C. JI. [lapdenoBoii u A. B. Kibr-
IMHA TIPOBEACH KOJWYECTBEHHBIH aHANW3 Jes-
TENILHOCTH TOCYJapCTBEHHBIX HAYYHBIX LICHTPOB
('HL) B 2008-2013 rr., moka3aBIIK{, YTO B HC-
cinemyeMelii mepuon  aestenbHOocTh ['HIL Oputa
«cnabo OpUEeHTHPOBaHA Ha peaTM3aliio MacITad-
HBIX MHHOBAIIMOHHBIX MTPOEKTOB C BHICOKOH HAYKO-
€MKOH cocTaBisIoIIel, HalpaBieHHBIX Ha pelle-
HUE BAXXHBIX COIMAIBFHO-d)KOHOMHYECKHX 3a7ad
roCy/IapCTBEHHOTO MaciiTabay [8].
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Pan uccnenoBaHuil IIOCBSILEH SBOJIIOIUAU OT-
JIENBHBIX KIIOYEeBBIX oTpacieil. Mcropus craHOB-
JIEHWsI LIEHTPOB IPEBOCXOJCTBA B BBICOKOTEXHO-
JIOTHYHOM KOMIIJIEKCEe TIpejcTaBieHa B paboTax
A.B. Bbpeixuna [9], M. 0. Myxuna [10] u psga
JIpyTrHUX HccienoBaTenei.

MexayHapoaHbI ONMBIT (OPMHUPOBAHUS IICH-
TPOB TPEBOCXOJICTBA IPEJCTABICH B psjie padboT
3apyOexnbix uccinepoBatened [11-13]. LleHTpsl
MIPEBOCXO/ICTBA Kak (DaKTOPHl COLMAIBHOTO BO3-
NEHCTBHS U UX CO3[IaHKE B paMKax OOy4YeHHs, Tpe-
nojiaBaHus ucciaenoBansl Jorge-Garcia-Reyes [14],
Shamzzuzoha et al. [15], Daragmeh, Drane,
Light [16], B3auMoaelicTBHEe YHUBEPCUTETOB H
MIPOMBILIUIEHHOCTH MpPEJICTaBIEHO B TpyAax Atta-
Owusu, Fitjar, Rodriguez-Pose [17], Yakov-
lev et al. [18], Ghazinoory, Ameri, Farnoodi [19].

Ha wnam B3rnsa, gopMupoBaHue crpareruye-
CKHX IIEHTPOB TPEBOCXONCTBA HEOOXOIWMO OCY-
IIECTBIATh B COOTBETCTBHHM C HAIMOHAJIHHBIMU
U DKOHOMHYECKHMHU HHTEpecamH, NMPHOPUTETaMHU
HAy9HO-TEXHOJIOTUYECKOTO M SKOHOMHYECKOTO pa3-
BUTHUS CTPaHBI, 00ECIIEYNBAIOIIAMH BBICOKHE IIO-
3ULUU HAa MHUPOBOM pbIHKe. B G0ibIIMHCTBE MpH-
BEJICHHBIX BBIIIE pabOT IaHHAs 3aJada He pac-
CMaTpPUBAETCS C 3TON TOYKHU 3PECHUS.

MeToabI HCCJIeA0BAHNUSA

B uccnenoBanuu nmpoBelieH KOMIUIEKCHBIA HC-
TOPUKO-JIOTUIECKHH aHaIM3 TeHe3HUca IEHTPOB TIpe-
BocxoactBa B CCCP u P® 3a nepuog ¢ 1920-x rr. o
HacTosmiee BpeMs. Ux mpenareueli ObLIO cTaHOBIIC-
HUE BOCHHO-TIPOMBINUICHHOTO KOMILIEKCA B Tec-
HOW CBSI3U C OCYIIECTBIISIBIICHCS TOTJa WHAYCTPH-
anu3anuell CTpaHbl Ha OCHOBE €€ MacIiTaOHOMN
JJEKTPUPUKAIIMA M C YIETOM BHEITHETIOJIUTH-
YECKOW KOHBIOHKTYpPHI (BOCHHBIE KOH(QIUKTHI).
. Xenapuk ormevan: «B 1930-e rr., xorna Beny-
ITME TTPOMBITIUICHHBIE JISPKaBhl TIEPEKUBATHN CTar-
HaluIo, CBsi3aHHYI c¢ Benukoit nenpeccueit, Co-
Berckuii Cor3 yTpoms JI00bIUy Vi, TPOU3-
BOACTBO MeTayia, CTaiu M obopymoBanus. Ilox
PYKOBOJCTBOM IIPABUTEIHCTBA U B TOJOBOKPYKH-
TETBHBIE CPOKM OBUIM TOCTPOCHBI THUTAHTCKUE
TUAPODIICKTPOCTAHITNH, CTaJICIUTCHHBIE KOMOH-
HATHl U TIOSBUJIMCH HOBBIC TPOMBIIIJICHHBIE TOPO-
na» [20].

HaxomuieHHbIi1 B 3TH TOJBI MOTEHIMAN MPO-
JloJIKal pa3BUBaThes U B nepuon Bemukoit Oteye-
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CTBEHHOUW BOWMHBI, KOTA LIEHTPbI MPEBOCXOJACTBA
(hopMUpOBaNKCh BOKPYT SAEPHBIX IIPOEKTOB, a
TaKke B O00NAaCTH SJIEKTPOTEXHHUKH, PaaHOdJICK-
TPOHHUKH, aBHalMHU, cyfocTpoeHus. Cpazy mocie
BOWHBI OBUIM 3aJI0KEHBI OCHOBBHI ITPEBOCXOJICTBA
CTpaHbl B KOCMHYECKOi1 cdepe.

B ocHOBY MeTOMOJIOTHH HCCIENOBAHUSA B JaH-
HOH cTaThe MOJOXEH NMpUHIWN Tpuan. Tpuama —
9TO TPHUEAMHBIC KOHTEKCTHI, 0Opa3yeMble BbIUJIe-
HEHUEeM, CHCTeMaTH3alell W YHOpsSAOYCHHUEM
Tpex KOMITOHEeHTOB. llpuHIMN Tpuaj Xapakrepu-
3yeTcsl 3BOJIOIMOHHBIM, CUCTEMHBIM U UCTOPHKO-
JIOTHUYECKUM TIOJXO/JO0M K aHAJTU3y TeX MM HHBIX
SIBIIGHUN W TIporieccoB. Bce snmeMeHTHI (YacTH)
TpUaA — OSTO MNPUHIUIHUAIBHO pPAa3HBIC MOHITHS,
MMEIOIINE CBOM XapaKTepHCTUKHA. Bwmecre ¢ Tem
BCE OHHM paBHO3HAYHBIE M HEPA3pPHIBHO CBS3aHbBI
MEXIy COOOH, BO-TIEPBBIX, CIEIYIOIIMM HOBBIM
BHUTKOM Ha OJHOW CHOHpald pa3BUTUS H, BO-
BTOPBIX, CBOEH INpeeMcTBeHHOCTHI0. Kaxmoe cie-
Jyiolee sIBJICHHE WM TpOIecC SBIAETCA MPOU3-
BOAHBIM OT Tpensiaymero. Ilomumo asToro, Tpmua-
Il pa0OTaIOT ¢ HEKOTOPHIMHU IONPAaBKaMU Ha He-
JIUHEMHOCTH TpolLiecca U Pa3MBITOCTh TPaHHII.

KowMmrutekc BBIZIETEHHBIX ¥ HCIIONB3YEMBIX B
WCCIIEIOBAHUY TPUEAMHBIX KOHTEKCTOB BKJIIOYAET
CJIEYIOIIHE COCTABIISIONIHE:

= obwue:

IPEANochUIKa — CYIIHOCTE —  (opMay,
«TIpOIILIOe — HacTosIIee — OyayIiee»;

" g obnacmu HAYKU, MEXHUKU, MeXHOA02Ul,
npou3800Ccmea:

«OTKpBITHE — H300peTeHHEe — TEXHOJIOTHUS,
«HayKa — TEXHHKa — TPOHU3BOJCTBOY», «00Opazo-
BaHHE — HayKa — MPOMBIIIICHHOCTbY.

Ilenpro wWccnmemoBaHUs SBISCTCS 000OIICHUE
ombITa (POPMUPOBAHUS LIEHTPOB IPEBOCXOJICTBA B
CCCP u P® nns BeisaBnenus 3ppekTuBHBIX Mexa-
HU3MOB M MHCTPYMEHTOB WX CTHUMYJIMPOBAHHSA B
COBPEMEHHBIX yCIIOBHSIX.

IBoJIIOLMA MOHATHA
«IEHTP MPEBOCXOCTBA»

Tepmun «uentp npeBocxonctBay (Centers of
excellence) wmMmeer pa3auMYHBIE TPAKTOBKH M WH-
tepnpetanui. OnHa U3 Touek 3peHust — «LleHTp
HCCIIEIOBATENbCKOr0 mpeBocxoacTBa» (Center of
research excellence), To ecTb CTpyKTypa, OCy-
MIECTRIISIONIAS UCCIIEIOBAHUS B TPOPBIBHBIX 00Ja-
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CTAX HAYKHU U TeXHOJoruul. Takue HeHTphl MHUPOKO
pacnpoctpanensl B [lIBeunn, Hopseruun, Ouninsn-
mun v Kanane. @opMbl cyiecTBOBaHUS MOIOOHBIX
LECHTPOB OTJIMYAIOTCSI HAIIPABJICHHOCTHIO: OT (PyH-
JaMEHTAIbHBIX HCCJIEIOBAHUNA K HHHOBAIIMOHHO-
MY, TEXHOJOTHYECKOMY U COIMAIbHO-DPKOHOMUYE-
CKOMY pa3BUTHIO, a TaK)XK€ MHCTUTYIIMOHAIHHBIMU
pamkamu. K 1meHTpam NpeBOCXOJCTBa B JIaHHOU
TPAKTOBKE OTHOCSTCS HCCIIEIOBATEHCKAE COBETHI
(Research Councils), komuccwmm TIO TpaHTaM
(Grants Commissions), areHrcTBa (Agencies), ce-
teBble cTpyKTyphl (Networks of Centres of Excel-
lence) [21-23]. B aT0ii HHTEpIIPETALINU POJIB SIIPaA
LHEHTPOB MPEBOCXOACTBA OTBOAUTCS HCCIEIOBA-
TEIBCKUM HHCTUTYLHSM, B TO BpeMs KaK HHXU-
HUPWHTOBEIE IIEHTPHl OCTAIOTCS Ha TNepugepuu.
3HaueHUEe MPOU3BOACTBEHHOM COCTAaBJISIOLICH CY-
mecTBeHHO HuBenupyercs. ClieyeT OTMETHTh U
JOTAIMOHHBIA TIOJXOA K CTHUMYJHPOBAHUIO TaKHX
[EHTPOB (TOCYAapCTBEHHOE M HETOCYAAPCTBEHHOE
(uHaHCHpOBaHME UCCIea0BaHuil) [24, 25]. OnHolt
U3 Pa3HOBUIHOCTEH JAHHOTO THITA SBIIAIOTCS IICH-
TPBl MCCJIEOBATEIBCKOTO MPEBOCXOACTBA C yHH-
BEPCUTETCKUM siApoM. i OlleHKH uX 3 PEKTUB-
HOCTH Yallle BCEr0 HCIIOJIB3YIOTCS OHOIHMOMETpH-
YyecKHe TMokKazaTenu [26], ciyxalide OCHOBOM
MPUHATHH peIIeHni TI0 CTUMYJIMPOBAHHUIO Pa3BU-
THS TOJOOHBIX IIEHTPOB. YKa3aHHBIA MOIXO, Ha
HaIl B3TJIS[, HE TO3BOJIAET WACHTH(OUIINPOBATH
MoTI0OHBIE LIEHTPHI KaK LEHTPHI IMPEBOCXOJICTBA,

o0ecrevnBaronie HAHMOHAIBHYIO TEXHOJOTHYE-
CKyI0 M KOHOMHYECKYIO0 HE3aBHCHMOCTb CTPaHBI.
Ux, cxopee, MOXKHO Ha3BaThb LIEHTPAMU KOMIIE-
TEHLIUH.

MeHee pacnpocTpaHEHHasl B HACTOSILIEE BpEeMs
TOYKa 3PEHUS — LIEHTPHI MPEBOCXOACTBA Kak R&D
roApa3aencHusl Kopriopanuii [27], KOTopble Tpe-
obmagamn B CIIIA B mepBoil TpeTH MPOILIOTO
cTojetus B (OopMe HaydHO-MCCIIEOBATENbCKHX,
OIBITHO-KOHCTPYKTOPCKHUX,  3KCIEPUMEHTAJIBHBIX
nabopatopuii [28]. Takue CTPYKTypHI ABISUIMCH HE
TOJIBKO MCTOYHUKOM TEXHOJOTHYECKOTO pa3BUTHUSA
KOpHopauuid, HO M CIY>KWIM [eHepaTopaMmu [e-
HEXHBIX ITOTOKOB.

Tpetuit BUJ — IIEHTPHI TEXHOJIOTMYECKOTO TIpe-
BOCXO/JICTBA C ONOPON HAa MHKUHUPHUHTOBBIE CTPYK-
Typbl. B KauecTBe uX Aapa MOTYT BBICTyHaTh TeX-
HoJormyeckue riargopmel. B Hactosiiee Bpems
KpyT 3aJa4 TaKUX LEHTPOB 3HAUUTENIBHO paCIIH-
peH u BkmouaeT koopauHanuio HUOKP u tpanc-
tdep texHomoruir [29] ¢ menpl0 co3maHUSA palu-
KajbHBIX UHHOBaIui [30].

Ilepnoauzanusa pa3BUTHA HEHTPOB
NPEeBOCX0ACTBA

B wuccnenoBaHNM MPEIOKEHA MEPUOIU3aLus
pa3Butus neHTpoB npeocxoactsa B CCCP u PO
¢ 1920 r. mo Hacrosiee Bpems (Tadm. 1).

Tabruya 1

Hepnounsaum{ Pa3BUTHUSA LHCHTPOB IIpeBOCXOZlCTBa*

Periodization of development of Centers of Excellence

Tlepuon

XapakTepucTuka

1920-1939 rr. [Ipeareua neHTpoB
npeBocxozacta B CCCP

Cranosnenue BITK CCCP B TecHOI1 ¢BS3U ¢ OCYLIECTBISIBLICHCS B TOT IEPUO BPEMEHU
WHIyCTPHATM3alUel CTPAaHbI ¥ C YYETOM BHEUIHEHOIUTHYECKOH KOHBIOHKTYPBI (BOCHHbIE
koHpmuKTH 20-30-X 1. XX B.)

1940-19609 rr. Pacuser

BoccraHoBiieHHe U pa3BUTHE HAPOJHOTO XO3HCTBA, PE3YJIbTaTOM Yero CTajo CO3/laHue
PaKETHO-ICPHOTO IIUTa CTPAHBI, YTO B IIEJIOM 00ECIICYHIIO HALIMOHAIBHYIO
u SKoHOMMYecKyIo 6e3onacHocts CCCP

1970-1991 rr. HeycroituuBas

Ilepuon nocrenexHoro cnaza B 3koHoMuke (1970-1984 rr.);
crabum3anys ¥ MoCTeeHHbIH cnay |Hadano konBepcuu BITK (1985-1991 rr.)

U MPOCKTHI»

1992-2000 rr. «Ilotepsiuble rogsl  |IlocreneHHas nerpagans IIaHOBOH aIMUHUCTPATUBHO-KOMAaHIHOM CUCTEMBI, 3aBEPILIUBILA-
sicsl «IOKOBOM Tepanuein» (1992—1998 rr.). YTpara HayYHO-TEXHOJIOTUUECKOTO CyBEPEHHTETA

2001-2007 rr. « Ty4nble TOOBI»

Crabunuzamysi B 5)KOHOMHUKE, TpuopuTeTHOE pa3Butie TOK, CBEpXI0X0AbI OT MpOaaKu
Hedru. Coznanne PoHma HAMOHATIBHOTO OJIATOCOCTOSHMS, pean3anyst (eepaabHbIX
U PETHOHAIIBHBIX POrpaMM

* CocraBneHO aBTOpaMHu.
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Oxkonuanue maoban. 1
End of Table 1

Ilepuon

XapaxkTepucTuka

KPU3HUCOB U HEYyCTOMUMBAs
crabun3amnus

2008 r. —23.02.2022. HoBas BosiHa  |IloBTOpSAIONIMECS MUPOBBIC SKOHOMUYECKUE KPU3HUCHI, Yepeay KOTOPBIX YCHIINBAET MaHAEMUs
HOBOH KOpoHaBUpYyCHOM nHpekimu. [Iporeccs UMITOPTO3aMeLICHH s, CTUMYJIUPYEMbIe
rocynapctBoM. [IpropureT: HalOHANBHAS M 5KOHOMUYECKasi 0€30IT1aCHOCTh

24.02.2022 — 110 H. B.
OKOHOMMKA HPeATI0KEHHS
Ha npoTspkeruu 10—-15 ner

[MpesxHre riio6anbHbIe HEMOYKN CO3/IaHUsI CTOMMOCTH CTAHOBSTCS PUCKOBAaHHBIMH, O4YEHb
noporumu. bimkaiinias nens — MOJHOLIGHHOE MIIOpTo3aMelieHue (Bsutorekyee ¢ 2014 r.),
MMIOPTOONEPEIKEHNUE, a B IIEPCIIEKTUBE 00ECIICUCHHE TEXHOIOTMYECKOr0 CyBEPEHUTETA
CTPaHBI, B TOM YHCJIE HA OCHOBE pEaIM3alliy TPUabl «IPOTHO3MPOBAHUE — INIAHUPOBAHUE —
POrpaMMHpPOBaHKE» (IUIAHOBOTO YIPABICHHUS JKOHOMHUKO#T)

KioueBble HHCTPYMEHTHI MeXaHH3MAa
(popMHpOBaHMS LIEHTPOB MPEBOCXOACTBA

IIpoBeneHHBI aHaIU3 MO3BOJWI BbLACIUTH
CIIeyIOIMe KIIIOYeBble MHCTPYMEHTHl MeXaHH3Ma
(hopMHpOBaHUS LIEHTPOB MPEBOCXOACTBA!

1) Tpuagy «IpOTHO3MpPOBaHHE —> IIAHUPOBA-
HUE — MPOrpaMMHUPOBAHHEY;

2) KOOpAMHAIIMIO U KOHTPOJIb;

3) ¢opmupoBaHHE KaIpOBOTO MOTEHIMAA B
KOHTEKCTE€ TpHWaasl «00pa3oBaHWe — HayKka —
MIPOMBILUIEHHOCTH;

4) ¢GopMHpOBaHHE TEXHOJOTHYECKOTO ITOTCH-
[[Masia B KOHTEKCTe TPUAIBl OTKPBITHE — H300pe-
TEHHE — TEXHOJIOTUS»;

5) ¢popmupoBanue WHPPACTPYKTYpPHI HAYUHBIX
WCCIIeZIOBaHUH U pa3paboToK;

6) KanmuTaJIOBJIOKCHHU/MHBECTHIINY.

JanHoe wuccnenoBanue c(OKYCHpOBaHO Ha
MIEPBBIX YeThIpeX WHCTpyMeHTaX. Bompockl hop-
MUPOBaHUS MHPPACTPYKTYphl U WHBECTHUIIOHHAS
COCTaBJISIOIIAsA  SBJSIOTCS TPEAMETOM JlalbHEH-
IIMX MCCIIETOBAaHUM.

Ilpocnosuposanue — naaunuposanue — npo-
epammuposanue. POpMHpPOBaHHE MEXaHHU3Ma CO-
3/1aHUS LIEHTPOB MPEBOCXOJCTBA, OCHOBAaHHOIO Ha
TpHUajJie «IIPOTHO3UpPOBaHHE — IUIAHUPOBAaHUE —
MIPOTPaMMHPOBAHHE», OCYIIECTBISIIOCH  IOCTe-
NeHHo. M3HayanbHO SApoM TpHagsl ObLIO IUIaHU-
poBanue. Ilman T'O3JIPO — rocynapCTBEHHBIN
mwiad snekrpudukarnmn Coserckoit Poccum, pas-
paboTaHHBI MO 33JaHUI0 U TOJ PYKOBOJCTBOM
B. U. Jlenuna B 1920 r., 3a1an reHepabHyI0 KOH-
HENINI0 Pa3BUTHA HApPOJHOTO XO3SICTBAa CTpaHBI
Ha JIOJITOCPOYHYIO TEPCICKTHUBY. OTO OAWH U3
NEPBHIX NPUMEPOB IUIAHHPOBAHHS, OCHOBAHHOTO
Ha HAyYHOM aHallM3e¢ W HUMEIOIIEro MOJUIANCIIHU-
IUTMHAPHYIO HanpasiieHHOCTh. [Tman "ODPJIO mo-
JIOKWJI Ha4daJlo TOCYIapCTBEHHON CHCTEMeE IIaHU-
poBanus B CCCP. OH nmpeaBOCXUTHI TEOPUIO, Me-
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TONOJIOTHI0 W TPOOIEMATHKY TATWICTHHX IUIa-
HoB [31]. Ilman I'OBJIPO co3gan MpeAnOCHUIKH
(hopMUpOBaHUS CTpaTETHIECKUX LIEHTPOB MPEBOC-
xonctBa B CCCP. KoHkpeTHBIC Iard mo ero peaim-
3alliM BOILIOINAINCH B pemeHnsx cbe3noB BKII(6),
cbe3n10B KoMMyHuctnaeckor nmapruu CCCP u me-
ayMoB 11K KIICC mo nsaTwieTHUM IJIaHaM pa3BU-
THSI HAPOJHOTO X034icTBa. B MaHHBIX TOKyMEHTax
pa3BUTHE HAYKH M TEXHUKH OBLIO OAHUM W3 KIIIO-
YEeBBIX IPHOPHUTETOB.

B mapte 1926 1. GpopMyIHpyOTCS TpPH TIIaB-
HBIX HaIlpaBJIEHUS JAeATenbHOCTH ['ocruiaHa, BEI-
CTPOCHHBIX B OPTaHW3allMOHHON HepapXwuu: TeHe-
palibHBIN JOJTOCPOYHBIN IIaH — MEPCIIEKTUBHBIN
MATUIETHUH MJIaH — €XKETOJIHbIe TeKYyIIHe IJIaHbI.

IlepBBIil ONBIT MaKpPO3KOHOMHYECKOTO TJIaHM-
poBaHHA JEMOHCTPUPYET IOATOTOBICHHBIA TIO
nuumatuee H. A. Bosnecenckoro I'enepanbHBIN
IJIaH pa3BUTHUS HAPOJIHOTO XO3sICTBa Ha MEPUOJ
1943-1957 rr., HameneHHBII Ha (HhOpMUpPOBaHUE
CTPaTeTUYEeCKOr0 TPEBOCXOJCTBA CTPAaHBI H ee
HaIlMOHAIbHON ©0€30MacHOCTH B 3KCTPEMaIbHBIX
YCIIOBHSIX.

[Tomumo 3TOTO, TIpENTPUHUMAETCS MEPEXO0 K
KOMIUIEKCHOMY MHOTOBAapHAHTHOMY IIJIaHUPOBa-
HHUIO Ha OCHOBEe Mojeinel. Peanusyercs MHOrocTy-
MeHYaTasi ONTUMHU3AIUS IePCIEKTUBHOTO TUTaHa Ha
Pa3IMYHBIX YPOBHSX: HAPOJHOTO XO3SHCTBA, MHO-
TOOTPACJIEBBIX KOMIIJIEKCOB, OTpacied (OoTBeT-
ctBeHnbii — [IOMU AH CCCP). Bueppsercs
MIPUHIXT ONTHMAJIBFHOTO pPa3MEIIeHHus TPOU3BOJI-
ctBa (0TBeTCTBeHHBIH — COBET MO M3yYEHUIO MPO-
m3BoutenbHBIX cil (COIIC) mpu Nocrimane CCCP).
HaumnaroT ncnonb30BaThCs OTpAcieBbIE U MEX-
paiionnsie OanaHchbl (oTBeTcTBeHHBIN — MOuOIII
Cubupckoro otnenenust AH CCCP).

Ilpoepammuposanue. IlnaHbl HE OCTaBaJUCh
«Ha Oymare». [lna wX BBINOJHEHHA MPHHAMA-
JIUCh W PEaM30BBIBAJIUCH KOHKPETHBIE MpOTpam-
MBI, TPEICTABIAIONINE TI0 CYTH «CBEPXIIPOEK-
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Te». K npumepy, «YpaHOBBIM IPOEKT», CTapToO-
BaBmui 12 ampens 1943 r. ¢ co3nanus mox pyko-
BoxctBoM Urops KypuartoBa JlaGopatopum Ne 2
AxaneMuu HayK IJI PEIISHUs 3a1a4q saepHor Gu-
3UKM M TEXHUKH. Pe3ynpTatom ero peanuzaiiuu
cranmo obecreuenne nuaepctea CCCP B simepHOit
chepe. K Ooiee mo3gHeMy IEpHOIy OTHOCHTCS
«CBEPXIPOEKT» CO3AaHUS TI00aIbHON HaBUTAIU-
OHHOH CIIyTHHKOBOHM cHcTeMBl. 15 sHBaps 1964 r.
OBLIO TPUHSTO NMPAaBHUTENBCTBEHHOE pemieHne Ne 8
0 CO3JJaHUHU OTEYECTBEHHON HABUTALIMOHHOM CITyT-
HUKOBOU cucreMbl «lluxion». IlepBwlii cmyT-
Huk ['JIOHACC 6pu1 BeiBenen CCCP Ha opOutry
12 oxTsa6ps 1982 1. [32].

Ipoenosuposanue. nes pazpaboTKH HPOTHO-
30B KakK 3Tarna 00OCHOBaHUS HapOIHOXO3SHCTBEH-
HBIX [JTAHOB CTajla BOIIOMIATHCS BO BTOPOM TOJIO-
BuHe 1960-x rr. [33]. HayuHo-TexHu4eckue mpo-
rHo3bl (Ha 10-15 u Oosee ner), Kak OCHOBA JJIs
BbIOOpa HamOosee 3PPEKTUBHBIX MyTEH pa3BUTHUS
HapOJHOTO XO3SIMCTBa M OTAEIBHBIX €ro OTpaciei,
CTaJli aKTUBHO Hcmonb3oBateess B 1970-e. Ilocra-
HoBinenueMm [Ipesunuyma AH CCCP u T'ocynap-
ctBeHHOTO Komurera CM CCCP mo Hayke U TeX-
Huke oT 16 ¢espans 1977 r. Ne 14/49 nns ynpas-
nenust HTII nmpu AH CCCP, CM CCCP, I'ocrinane
CCCP 6butn co3naHbl CeHUaIbHBIE KOMUCCUH 110
pPAOY OCHOBHBIX OTpaciieii HapOoIHOTO XO3SHCTBa,
KOTOpBIE TOTOBWJIM TPOTrHO3bl M (OCHOBHBIE Ha-
MIpaBIeHUs] SKOHOMUYECKOTO W COIMAIIEHOTO pas-
BUTHS CTPaHBI Ha JOITOCPOYHBIN MTEPHO.

B mepuoj «kochITHHCKHX pedopm» ObUTH pas-
paboTaHbl MPUHLHUIIBL, B COOTBETCTBUU C KOTOPHI-
MU B CepeANHE KaXIOW MSATHIIETKH Mpeanosara-
J0Ch pa3pabareBaTh MPOTHO3HI Ha 20 JeT U oc-
HOBHBIE HampaBieHus Ha 10-15 ner (B pasHbIX
OTpacisix), a JJIsi TOTO YTOOBI KENAoIINe MOTIH
BHECTH W3MEHEHHUS B 3TH IOKYMEHTHI, OHH MyO-
JMKOBAJIUCh B LEHTPAIbHBIX Ta3erax. Takue mo-
KyMEeHTBl Obutn paspabortansl Ha 1976-1980,
1981-1985 1 1985-1990 rr. B deBpane 1986 . Ha
Oase psma HaydHBIX moapaszmencHuit [[ODMU AH
CCCP 6p11 opranmzoBad THCTUTYT HapOHOXO3Tii-
ctBenHoro nporno3upoBanus PAH (MHIT PAH) kax
TOJIOBHAsI OpraHMU3alus 1Mo pa3paboTKe COLMATBHO-
SKOHOMHYECKHX Pa3AeioB KOMIUIEKCHBIX MpPOrpaMM
Hay4yHO-TexHuaeckoro nporpecca CCCP na 20 ner.

B Poccuu B 1992 r. mpousoien oTka3 OT KO-
HOMMKH IUTaHOBOTO THMa. [loHsATHE «IUTaHMpOBa-
HUE» — OYeHb IMUPOKUN TEPMHUH, BKIIOYAOIIUN U
MIPOEKTHI, ¥ TPOTPAMMBI, U CTpaTeruu. B pe3yis-
TaTe TMOJIOKEHUE JIe] C TPUaZoN «IIPOrHO3UPOBA-
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HUE — IUIAHUPOBaHHE —> MPOrPaMMHUPOBAHHE»
HMHOE, ¥ OHO Pa3UTEJIbHO OTJINYAETCS OT CUTyalluu
B CCCP, mockonbKy yrmop Aenaercss (QpakTHUECKH
TOJIBKO Ha NporpammupoBanue. Peub uuger o Tax
Ha3bIBAEMBIX «IIACCHBHBIX MPOTHO3aX».

Urak, ycnemnsiii onbit CCCP, koTOpBIH OBLT
3auMcTBOBaH M peanusyercs B KHP, mosBonser
ClenaTh 3aKJIIOUEHHE O TOM, YTO B COBPEMEHHOI
CUTYaIllH 11eJIeCO00pa3HO BEPHYTHCS K MOJTHOLIECH-
HOH TpHale «IPOrHO3UPOBAHHE — IUIAHHPOBA-
HHE — MPOrpaMMHUPOBAHUE» U BOCCO31aTh ISTH-
JICTHUE TUIaHBI HA OCHOBE JTOJITOCPOYHBIX MPOTHO-
30B Hay4HO-TEXHOJOIMYECKOro pa3sutus Poccum.
B ycnoBusIX 3KOHOMHKH NpPEUIOKEHUS, BO3MOXK-
HO, YaCTUYHO BBECTH TUPEKTUBHOE IJIAHUPOBAHUE
U B JanbHEiIeM 00ecreuuTh IJIaBHBIN Mepexoj
K UHJIMKATUBHOMY IUlaHupoBanuto. B Konueniuto
FOCYJapCTBEHHOI'O CTPaTErMuecKoro IUIAHUPOBa-
Husi PO nomkHa ObITh BcTpoeHa CTpaTerus Hamu-
OHanmbHON Oe3omacHocTH Poccum, OTHOCUTEINB-
HO HampaBJIeHUH KOPPEKTHPOBKH KOTOPOH YKe
HECKOJIBKO JIET BEIETCS IHNPOKast TUCKYCCHSI.

[Momumo sTOrO, TpebOyroTcs 3pdeKTHBHBIE HH-
CTPYMEHTBHI JUId COIJIACOBaHMS IUIAHOB M TMIpO-
rpaMM, pa3padaThIBaeMbIX PA3INYHBIMU XO35M-
CTBYIOIIMMHU CyOBEKTaMH, a TakKe 3aKIIOueHHe
MHOTOYPOBHEBBIX COTJIAIIEHUI B LEISAX JOCTH-
JKeHHsI COANlaHCUPOBAHHOCTH ITOKa3aTeNel IuIaHa
C YYETOM HALIMOHAIbHBIX IPUOPUTETOB.

Koopounayuio Hay4yHBIX HCCIEIOBAaHUN TIO
BBITIOJHEHUIO 3a/laHuil, OMpeeNsieMbIX pelIeHUs-
mu che3noB BKII(6), koMMyHHCTHYIECKOHW Tmmap-
T CCCP u mienymos LIK KIICC mo nsrumer-
HUM IIJIaHaM, C HaJajla pacCMaTpUBaeMOro Mepuo-
na ocymectisuia Akagemust Hayk CCCP. Axane-
musi Hayk, Jgeruiie Ilerpa Benukoro, mnepsoe
Hay4yHoe YyupexneHue Poccum, Onmaromaps nes-
TENPHOCTH BBINAIONINXCS YUEHBIX OBICTPO MpeBpa-
tunack B Benymiee. [loctanoBnernem [IUK 1 CHK
ot 27 utong 1925 r. oHa 6puta OpUIHATBEHO TPU-
3HaHA BBICIIMM HAy4YHBIM YUYpPEXAECHUEM CTPaHbI U
OCTaBaJIaCh B TAKOM CTATyCE€ BCE T'OJbl CYLIECTBO-
Baaus CCCP [34].

B 1946-1958 rr. AkaneMus Hayk urpaia pojb
KOOpJMHATOpa B OONBIIMHCTBE OTpacield Ipo-
mermuieHHocTH CCCP. Tlpu ee yyactnm Obuta 110-
CTUTHYTBI BaXKHBIE PE3yNbTaThl, 00ECIICUNBIINE BO3-
MO>KHOCTb Ppa3BUTHS KJIIOUEBBIX OTpaciel Mpo-
mbinuieHHOCTH M BeIXon CCCP B 1960-1970-¢ rT.
10 psily BaXHEHUIINX HAIPABICHUN HA IEPEIOBbIE
pyOexu MUpOBOH Hayku M TexHUKH. B P® craryc
U poib AKaJeMUU HAyK OKa3ajuCh CYLIECTBEHHO
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HIDKE, a €€ TIOTEHIMaJl KaK BO3MOXHOTO fapa CH-
CTEMBI IIEHTPOB IPEBOCXOACTBA MCIOIB30BaH He-
nocrtarouno. Jluksumanug B 2013 r. PAH kak ca-
MOCTOSITENIbHOW HAay4YHOW CTPYKTYpPbl MHPOBOTO
YPOBHS cTaja JOTMYECKUM IPOJOIKEHHUEM I1O0JIH-
TUKH, TpoBoguMoi B P®. B HacTos1ee BpeMs cu-
Tyauusi Mensiercsi, PAH cHoBa cTtaHoBUTCS BOC-
TpeOOBaHHBIM T'€HEPATOPOM 3HAHUH U TEXHOJOTUH
B CTpaHe.

Koumponvy 3a peanuzanueil miaHoB U Hpo-
rpaMM OCYIIECTBISUICA €O CTOpoHBI ['ocymap-
ctBeHHoro komutera CCCP mo Hayke U TEXHUKE,
obpazoBanHoro B 1948 r. (ykazom Ilpesmamyma
BepxoBnoro Coseta CCCP), koTopsIii OBIIT JIUK-
BuaMpoBaH B 1991 r. B 3agaun naHHON CTPYKTY-
pBI TaK)Ke BXOJHMIO PYKOBOACTBO MEXKOTpac-
JEeBBIMA HAYYHO-TEXHUYECKUMHU KOMILJIEKCaMH,
obecrnieueHre TPHOPUTETHOTO PA3BUTUA HAYUYHO-
TEXHUUYECKHUX HaIpaBJIeHWH, 3aKpeIUIeHHBIX 3a
3TUMH CTPYKTYpaMH, KOHTPOJIb COOTBETCTBMS
YpPOBHS MX HCCJIEeJOBaHUN M pa3pabOTOK BHIC-
IITIM MHUPOBBIM JOCTIDKCHHUSM H MePCTIEKTUBHBIM
TEHJICHIHUSIM Pa3BUTHUA HAYKH W TEXHUKH COB-
MectHO ¢ AH CCCP.

B P® Akanemus Hayk Hapsoy ¢ HAy4HOH ocy-
IIECTBISUIa M MPOJOIDKAET OCYIIECTBIATh KOOPIHU-
HAI[MOHHYIO JIeATENIbHOCTh PETHOHAIBHBIX OTJe-
JICHWHA ¥ perrMoHalbHBIX HAay4HbIX IleHTpoB PAH.
[Ipu >TOM BHE MO 3pPEHUS OCTAeTCs MPHU3HAHHE
3a AkajgemMued Hayk BeIylled pojii B aHAJIUTH-
YECKOM O0OECIeYeHHH peau3aliil MPUOPHUTE-
TOB HAYYHO-TEXHOJIOTHYECKOTO Pa3BUTHS CTPAHBI
B cospemenHnoii Poccum Takas ponb OTBOAMT-
Csl CO3/IaBa€MbIM COBETaM I10 MPUOPUTETHBIM Ha-
MIPaBIEHUSAM HAYYHO-TEXHOJIOTMYECKOTO Pa3BUTHS,
a ¢ 15 mapra 2021 r. KOOpJAWHALMIO JIESITEIHHO-
CTH ITHX COBETOB ocymecTBisier Kommccus mo
HAyYHO-TEXHOJIOTUYECKOMY pa3BuTuio Poccuii-
ckoit denepanuu.

Brrmonssist pyHKIUK KOOPAWHAIIMK U YACTUIHO
koHTponsa, AH CCCP npeacrasnsina co0oi MHO-
ro)yHKIMOHANBHBIH 0a3uc st (OPMHUPOBAHUS
[IEHTPOB MIPEBOCXOICTBA MUPOBOTO YPOBHS U cama
SBISITIACH CBOEOOPA3HBIM CTPATETHYECKUM IICH-
TpoM mnpeBocxoacTBa. Jocturayteie B CCCP
pe3yNbTaThl HaYyYHO-TEXHOJOTHYECKOTO U TIPO-
MBIIIJICHHOTO Pa3BUTHsI CBUIETEILCTBYIOT 00 (-
(heKTUBHOCTH AaHHOW MOJEJIH, B TOM YHUCIE B CO-
BPEMEHHBIX YCIOBUSX 3KOHOMHKHU MPEII0KEHUS.
B aT0i1 CBsI3M MOKET OBITH BBIABHHYTO IPEIITOJIO-
JKEHHE O IIeJiecooOpa3HoCTH cMemeHns Oaxanca B
pactipeneneHnn (GYHKIUH KOOpAWHAIIMA W KOH-
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TPOJIT HAYKH M TEXHOJIOTHA B CTOPOHY HAYYHBIX
OopraHm3aluii, npexsje Bcero AkajgemMuu Hayk PO.
Dopmuposanue KaOpo8O2O NOMEHYUAId 8
MPUEOUHOM KOHMeEKCme «0bpazosanue — Hay-
Ka — npomvluiienHocmsy. Bompocsl ¢popmupoBa-
HUA KaJpOBOTO MOTEHIIMANA CTPATETUYECKUX ICH-
TPOB TIPEBOCXOJICTBA CTOSUTH Ha MOBECTKE yXKE C
1920-x 1T., KOrJa «IPUHLIUIHAIBHO IO-HOBOMY
pelieHne 3a1a4 CBI3BIBAIOCH C TIEPEX0I0M K Mac-
COBOMY M 00s3aTEIIBHOMY 00IIeMy U Ipodheccro-
HaJIbHOMY OOpPa30BaHUIO, PE3KOMY IIOBBIIICHUIO
poiu AkageMuu HayK, CO3JaHHUIO LEJIOM CETH To-
JIOBHBIX HAYYHO-UCCIIEIOBATEIILCKUX HHCTUTYTOB,
C POXKICHUEM HOBBIX OTPACIICH IIPOMBIIIIICHHOCTH,
CO37IaHUEM COTEH M THICSY KPYIHBIX MPOMBIIUICH-
HBIX TIPEANPHUATHHA TPaKIAHCKOTO M 0OOPOHHOTO
Ha3Ha4YeHHs». B 3TOT e meproa Hadanoch aKTHB-
HOE BBIpAlIUBaHUE «CHEIOB» («WIOOOM» HaydHO-
texauueckoro mporpecca B CCCP) [35]. «Ilepco-
HaJIMW» BBUIBUTAIM M PEATU30BBIBAIU BBICIINE
CTPATETUUYECCKUE TN PA3BUTHUSI HAYKH U TEXHOJIO-
Ui, a B ILEJIOM M TroCyJIapcTBa, U OOIIECTBA.
B 1920-¢ rr. 6b6UH CcETIaHBI OTKPBITHS MHUPOBOTO
ypoBHS (A. ®puaMaH — TECOPHUS PACITHUPSIOIICIHCS
Bcenennoii, H. CemeHOB — Teopusi LIEIHBIX PEak-
uuii, H. KonplioB — Teopust MyTareHesa U XpoMo-
COMHas HACJeICTBEHHOCTS, JI. Jlanmay u I1. Kanu-
na (1938) — sBieHHE CBEPXTEKYy4eCTH KHIKOTO
renusi). DTOT CIHMCOK MOXHO TPOJOJDKUTh U Ha
MOCTEAY 0NN ECATUIICTUS, BIUIOTh 10 1980-X rT.
Omnako k Hadamy 1990-x poccuiickas Hayka
MoTepsiiia CYIIeCTBEHHYIO YacTh CBOETO KaJPOBOTO
notenuana. C 2000 r. yucimo opraHu3auuid, 3a-
HUMAIONIMXCSl HAYYHBIMU UCCICAOBAHUSIMHU U Pa3-
paboTkamMu, CEphE3HO COKPATWIOCh, B TIEPBYIO
ouepenb 3a cuer unucina HUU. U ecim B 2000 T.
konnuectBo HUM cocrasmsino 2686, To k 2019 1.
ux ocrajochk 1618, torma xak B ObiBmiem CCCP
B 1960-¢ rr. 06110 3548 HUMU [36], TO ecTh HaOIIO-
naercs cnaja Oojee yem B JBa pasa. Ilpu 3Tom Ta-
KO€ PE3KOEe COKpAIlleHHE HE KOMIIEHCHPYETCS po-
CTOM BHYTPEHHUX HAyYHO-HCCIEIOBATEIHLCKUX H
OTIBITHO-KOHCTPYKTOPCKUX TOpPa3ACICHUNA KOM-
nanuii. B kadectBe mMep CTUMYJIMpPOBAaHHUS OTMe-
THUM TIPE3UICHTCKYIO IeNIeByI0 mporpammy «l'ocy-
JMapCTBEHHAs TOANEPKKA WHTETPAIMHA BBICIIErO
oOpa3oBanuss ¥ (yHZAMEHTAILHOW HAayKd Ha
1997-2000 rr. u mo 2005 r.», B xozme peanusa-
MU KOTOpOW Ha 0a3e YHHBEPCHTETOB 00Opa3oBa-
HO 300 yueOHO-HayuHbIX 1IeHTpoB (YHLI). B 2006 .
CTapTYIOT NMPOTPaMMBbI, HalpaBJIeHHBIE Ha yCHIIe-
HUE€ WHHOBAIIMOHHOTO TOTEHIMAjla BY30B, B TOM
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YHUClie HAlMOHAJBHBINA MpoekT «OO0pa3oBaHUE»,
«HHOBamOHHas oOpa3oBaTeNnpHas IporpaMMma
(UOII) By3oB» Ha 2006-2008 rr. IIpomcxomut
CIIUSIHYE BY30B U 00pa3oBaHue (enepaabHbIX YHU-
BepcuteToB. B 2008 r. BeIXoauT Yka3 Ilpesuaenra
0 co3maHuu HaluoHagbHBIX HCCIIEIOBATEIbCKUX
YHUBEPCUTETOB, MPUHUMaeTcs nporpamma «O0pa-
30BaHHUE W PA3BUTHC WHHOBAIIMOHHOW SKOHOMUKU:
BHEJIpEHHE COBPEMEHHON MOZENH 00pa3oBaHUs Ha
2009-2012 rr.».

B Poccun nHa mepuopn ¢ 2008 r. npuxomutcs
HAWOOJIbIIAsl AKTUBHOCTH 1O (OPMHUPOBAHUIO Ka/l-
pOBOTO TOTEHIIMAla HayKu U TexHoyorui. ['ocy-
JApCTBO OCO3HAJIO 3HAYUMOCTH YHHUBEPCUTETOB,
U TIOBBIICHHOEC BHUMAaHHUE K MX Pa3BUTHIO TIPO-
SBUJIOCH, B YaCTHOCTH, B (popMme Tak Ha3bIBae-
MBIX «UHHUIMATHUB IPEBOCXOJCTBA», KOTOPHIE B
nocinenaue 20-30 meT mpocMaTpUBaNIKUCh B LEJIOM
psane ctpan (Kuraii, I'epmanus, ®panuud, Smo-
HUs 1 1p.). B PO nannas gopma moanepkku Obiina
peanuzoBana B (opme IIporpammer «5—100», ko-
Topas nanee Obuia Mmpojo/vkeHa kak [Iporpamma
CTPATETMYECKOTO  aKaJEMHUYECKOro  JIMAEPCTBA
«ITPUOPUTET-2030».

Jns  oOecriedyeHuss KapoBOTO IOTEHIHANA
IEHTPOB TPEBOCXOJICTBA HEOOXOJHMM CHUCTEMHBIN
MOJX0J U TpeOyeTcs BEPHYThCS K IOJHOIICHHOMN
Tpuaje «o0pa3oBaHWEe — HayKa — IMPOMBIIIICH-
HOCTBY». B 3TOM KOHTEKCTE yMECTHO OOpaTHUTh
BHUMaHue Ha unuimatupy B. B. [Iytuna no Hanu-
OHaJIbHOMY IpoekTy «Hayka U yHUBEpPCUTETBHI»,
HallEJICHHOMY Ha JOCTH)KCHHE 3HAUMUTEIIBHBIX pe-
3yJbTATOB IO MPHOPUTETHBIM CTPATErHUCCKUM
HanpaBlIeHusIM pa3BuTus PO 3a cuetr o0beuHEeHUS
BY30B, HAYYHBIX OpPTaHU3AINi U MEePEJOBBIX MPE-
MOPUATHI B KOHCOPIIMYMBI, OPUEHTUPOBAHHBIC HA
MPOPBIBHBIE UCCIIETOBAHHUS.

Dopmuposanue MexHOI02UYECKO20 NOMEHYUA-
J1a 8 KOHmMeKcme mpuaovl «OmKpvimue — u3oope-
menue — mexHonocusy. BaxHeWIuM Hampas-
JICHUEM DPa3BUTHSI IIEHTPOB MPEBOCXOJCTBA B Ha-
cTosimee BpeMs SBIsieTCsT (HOPMHUPOBAHUE TEXHO-
JIOTUYECKOTO TMOTCHINAIa CTPaHbl, CHUCTEMHBIM
0a3mcoM KOTOPOTO BHICTYNAIOT WHCTPYMEHTHI pea-
JIU3allUd TEpPeXOoJOB B TpHAAE «OTKPBITHE —
n300peTeHne — TEXHOJNOTHs». Pe3ynpTatoM Hx
HCIIOJI30BAHUS JTOJKHO CTaTh CO3/IaHUE I[EHTPOB
TEXHOJIOTUYECKOTO TMPEBOCXOJCTBA C OMOPOU Ha
WHXUHUPUHTOBBIE CTPYKTYPHI.

Hcropuueckn OTEYeCTBEHHBIC HCCIEIOBATEIN
1 WHKEHEPHI O0BEANMHIINCH B OOIIIECTBa, KOTOPHIC
B JIaJIbHEHIIIEM CITY KW OCHOBOH CO3/1aHus J1abo-
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paTopHii, HAy4HO-UCCIEIOBATEILCKUX HHCTUTYTOB
¥ TIPOM3BOJICTBEHHBIX MPEANIPUSTHHN, NESITEIFHOCTD
KOTOPBIX OBLTa HaIlpaBlIeHA HAa MPEOJOJICHHE TeX-
HOJIOTHYECKOTO M TEXHHYECKOTO OTCTABaHUS CTpa-
HBI U 3aBHCUMOCTH OT 3apYyO€HBIX IMOCTABIINKOB.
OO11ecTBO MOPCKUX HHXECHEPOB OBUIO OCHOBAaHO
B 1896 r. B Cankr-IlerepOypre. B 1899 r. 6bu10
CO3/IaHO0 KBaJH(UKAIMOHHOE OOIIECTBO, HOCHUB-
mee B pa3Hoe Bpemsi HaszBaHua «Pycckuit pe-
ructp», «Poccuiickuii peructp» u, HakoHel, «Pe-
ructp CCCP». B 1915 r. nossuiica Coro3 MOPCKUX
WHXEHEepoB. B KkauecTBe WLIIOCTpAllMM BBICO-
Yalilllero ypoBHS HAy4YHO-TEXHHYECKUX pa3pado-
TOK HWH)XEHEPOB TOI'O BPEMEHM IIPHBENEM IpHU-
mep O. E. I'ynsesa (1851-1919). 1o mHenuto cre-
[MAIACTOB, «ET0 TJIABHOE JOCTH)KEHHE — CHCTEMa
TTOABOTHON KOHCTPYKTHBHOM 3aIIUTHI Kopabmieit —
COXpaHseT aKTyaJbHOCTh U B Hamie BpeMs» [37].
31 mapra 1918 r. B Iletporpane B Llentpans-
Hoit Hayuno-TexHudeckoli n1abopaToOpuu yTBEp-
X71eH ycraB Poccuiickoro o0IiecTBa pagronHKe-
HepoB (POPU). Jlabopatopuu POPU cozmaBanuch
B pasHbIX ropojax, Hampumep B Hmknem Hos-
ropoJie Cco3laHa JIabopaTopHst TIOA PYKOBOICT-
BoM M. A. bonu-bpyesuua [38].

CrpemMuTeIbHBIE TEMIIBI pealn3allii BCEX IUIa-
HOB W MPOTpaMM B 3HAYUTENHHOW CTENECHU OBbLIH
o0ecreveHbl BEICTPAaUBAaHUEM Hay4YHO-TIPOU3BOJICT-
BEHHBIX ILIETIOYEK: OT UCCIIEOBaHUI U pa3pabOTOK
K HWHKEHEPHBIM WCIBITAHUSAM W COOCTBEHHO ce-
putinoMy mpon3BocTBY. OOpaTiM BHUMAaHHE, 9TO
repBbIM B Poccnu IEHTPOM WH)KEHEPHBIX HCIIBITa-
HUI B oOnactu cynoctpoeHusi ctan OMNBITOBBIH
OacceitH Mopckoro BemoMcTBa, OQUIHAIBHOE
Hayayio paboTel KoToporo matupyercs 1894 r. Bo-
Kpyr Hero cranu co3naBatecsi Kb u HUW (ubiHe
KpbimoBckuit rocy1apCTBEHHBIM Hay4YHBIN IIEHTD,
ONIMH W3 KPYMHEHIINX MHUPOBBIX HCCIEI0BATEINb-
CKUX IICHTPOB B 001acTH KOpabiIecTpoeHus U Mmpo-
EKTHPOBaHUs, 00eCHEeYNBAIOIINN HAMOHAIBHYIO
6e3onacHocTs PO B 00macTu MOpPCKOM esTeNbHO-
CTH).

B omucaHHOM «TE€XHOJOTHYECKOM» MOJIXOJe K
(hopMUPOBaHUIO IEHTPOB MPEBOCXOJCTBA CyIIle-
CTBYIOT PUCKH cMelleHHs (oKyca Ha IPOMBIII-
JIEHHOCTH/UHAYCTPUIO W TIPUKIAIHBIC HCCIEI0Ba-
HUs B ymiepO pyHnamentansHbM. 11 HUBEIHPO-
BaHUsI TAKUX PHCKOB MOXET OBITH HCIIOJIB30BaH
onbIT 6b1BIIET0 CCCP. B 1920 1T. HccnenoBanus
U pa3paboOTKM HOCHIM TPHUKIATHOW XapakTep
¥ BBIIOJNHSINCh CHJIAMHA HayYHO-MH)KEHEPHBIX
o0rmiecTB, oHaKo yxke B KoHIe 1930-x rr. cramm
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CO3/1aBaThCsl HAYYHO-MCCIICAOBATEIIHLCKIE OpraHn3a-
1M, 3aHAMAIOIIIECS] BOTIpocaMy (pyHIaMEHTaIbHON
Haykd. Tak, B 1938 1. B OTHeneHUN TEXHUUICCKUX
Hayk AH CCCP 6511 00pa3oBan UHCTUTYT MamiHO-
Benenns AH CCCP, crasiiuii TOJI0BHBIM B 00J1aCTH
MalmHoBeneHus, a B 1939 r. — MHetuTyT MexaHu-
K. JTH JIBa HHCTUTYTa B paMKax MEPBBIX ISATHIIC-
TOK WHAYCTPUAIM3ALUU CTPAaHbI BO3IJIaBHIN (YyH-
JAaMEHTaJbHbIE W TPUKIAJHBIE pa3pabOTKH HOBBIX
BAXKHBIX OTpaciied MNPOMBIIIIEHHOCTH — CTAaHKO-
CTPOEHHS, aBTOMOOMIILHOTO, TPAKTOPHOTO U TPaHC-
MOPTHOTO MAITMHOCTPOCHHUSI, AaBUALIMH U JP.

B coBpemenHoit Poccum mnpeanpuHUManuch
HEOJHOKPATHBIC TMOMBITKH BO3POXKIEHUS IICHT-
pOB TPEBOCXOACTBA yKa3zHOTo Tuma. K mpumepy,
B 2013 1. mpuHATAa AOpPOXHAs KapTa B 00IacTH
WHXUHUPUHTA U MPOMBIIUICHHOTO JU3aiiHa, B KO-
TOpPOH B KayeCTBE KIIIOUEBHIX IEJei 3asBIICH 3Ha-
YUTENbHBIA POCT MHAYCTPUU WHXUHUPHUHIA U €€
muBepcu(UKanys MO HamNpaBiIeHUAM (MalluHO-
CTPOCHHE, JICKTPOHUKA, OMOTEXHOJIOTHH, KOMIIO-
3UTHBIE MaTEPUAJIb) IS CO3JIAHUS TEXHOJOTHYEC-
CKOIr'0 NOTEHLIMajJa B KPUTUYECKU BaXKHBIX OTpac-
asax. B 2020 r. ytBepxkaeHa HOBas peNaKiUs
YIOMSHYTON JOPOKHON KapThl, B KOTOPOU COAep-
JKUTCS M1 CO3AHMSI IIEHTPOB TEXHOJIOTHIECKOTO
npeBocxoacTBa. g ee peann3anuu MpPEeayCMOT-
peHbl 3amaud pa3paboTKH HOPMATHBHOW 0as3bl,
BKITIOYAs «IIOJIOKEHUE 00 MHKXMHUPUHTOBOM IICH-
Tpe W ICHTPE MPOMEIIUICHHOTO Aun3aiiHa Ha 6a3e
MHHOBAllMOHHOI'O TEPPUTOPUATIBHOIO KIIACTEpay,
a TaKk)Ke MOATOTOBKA U peaau3alus NPUOPUTETHBIX
MPOEKTOB C MPUMEHEHHUEM TOCYJapCTBEHHOU MO-
JEP’)KKH, B TOM YHCIE «MacIITaOMpOBAaHHE TIPO-
rpaMMbl CO3JaHUSl MH)XMHUPUHIOBBIX LICHTPOB M
IEHTPOB MPOMBINUICHHOTO Iu3aiiHa Ha 0a3e oOpa-
30BaTEIBHBIX OpraHW3alluid BEHICIIETO 00pa3oBa-
HUS, HAyYHBIX OpraHU3alluid M TOCYyAapCTBEHHBIX
KOMITaHUH, KOMIAHUM C rOCyJapCTBEHHBIM Yy4ya-
CTHEM W YaCTHBIX KOMIIAHWM, a Takke pa3paboTka
IIEHTPOB TEXHOJOTHYECKOTO IMPEBOCXOACTBA Ha
0a3e YacTHBIX KOMIAHHUI» B pamkax HOpOXHOM
KapThl pazpaborana «KoHuenmus co3ganus U pas-
BuTHUA B Poccuiickoil @enepauun LEHTPOB TEXHO-
JIOTHYECKOTO TIPEBOCXOJACTBA Ha 0a3e YaCTHBIX
KOMIIaHUI».

BbIBO/IbI

1. OcHOBHBIE OTAMYHUS MOAXOIOB K (HOPMHPO-
BaHHIO LIEHTPOB IpeBocxoacTBa B ObiBieM CCCP
u PO — orcyTcTBHE KOMIUIEKCHOCTH B IMpHUMEHE-
HUM Pa3TUYHbIX WHCTPYMEHTOB M HHUBEIHNPOBAaHUE

Hayka
wrexHuka. T. 23, Ne 5 (2024)

pOJIM YYEHBIX U MPAKTUKOB B yIPABICHUN TaHHBI-
MU TIPOIIECCaMHU.

2. Hanuuue HEKOTOPOM MOJIOKUTETBHOU TEH-
JNEHIIMA TI0 YaCTUYHOMY BOCCTAHOBIICHUIO POJIU
Hay4HBIX OpraHU3aluii, B MEpPBYI0 o4yepenb Aka-
JeMUU HayK, 3aHAMAIOIEeicss B OCHOBHOM (yHAa-
MEHTAJIbHBIMA TEOPETHUYECKUMHU HCCIIEIOBAHUAMU
B Jiefie oOecrieueHUs] MHTEPECOB HAI[MOHAIBHOM
0e30MMacHOCTH ¥ TEXHOJOTHYECKOTO Pa3BUTHS
cTpaHbl. BmecTe ¢ TeM Ha COBpEeMEHHOM JTarie 1mo-
noxxeHne AxaneMuu Hayk coorBercTByeT X VIII B.,
TO €CTb € OTBOJUTCS POJIb UCKIIIOUUTEIBHO Hay4-
HOTO IIEHTpa. B HBIHEIIHUX YCIOBHAX B COOTBET-
CTBHHM C KypCOM Ha aKTHBHOE HMIIOPTOOIIEpeKe-
HUE U oOecleyeHrne TeXHOJIOTHIYECKOTO CYBEepEeHHU-
TeTa HE0OX0aMMO (OPCHPOBATH IOJHOIEHHOE
WCTIONb30BaHNE YHHUKAJIBFHOTO OTBITA B3aMMOIEH-
CTBHSl TOCYJapCTBa W TaKOrO MOIIHOTO IEHTpa
MIPEBOCXOCTBA, KAKUM SBIISIIACH AKaIeMUs HayK.

3. Cnenyer obpaTuTh OONBIIIOC BHUMAHHE Ha
0COOEHHOCTH HCIIONB30BaHHsl WHCTPYMEHTOB TpH-
agpl «IPOTHO3UPOBAaHWE — IUIAHUPOBAaHUE —>
nporpammupoBanue» B CCCP u P®. B CCCP
MaHHAs TpHaJa peann30Bajach HW3HAYAIBHO Kak
«TJIaHUPOBaHME —> TPOTPaMMHUpPOBAHHE —> MPO-
THO3MPOBAaHMUE» MO NPUYHMHE CPOYHOTO pEIIeHUs
KIIIOUEBBIX, BAXKHBIX HKOHOMHYECKUX 3a/lad B
YCIIOBUSAX MOOWIN3aIIMOHHON SKOHOMHKH W ObLia
pe3ynbraTuBHOM. B PO Tprana nonxyuniia Ha npak-
THUKE pealn3alnio, HO B YCEYEHHOM BHJE «IIPO-
rPaMMHUPOBAHNE — MPOTHO3ZUPOBAHUEY.

4. B CCCP axkTHBHO HCHOJb30BaNACh KOH-
LIEMLKUs] TeHEPaIbHOTO KOHCTPYKTOpA CJIOKHOW TeX-
HHYECKOM CHCTEMBI, CYyIIIECTBOBajla MOIIHAs CHCTe-
Ma HHKECHEPHOTO 00pa3oBaHUs, 00CCIICUMBAOIIAL
TexHonornyeckue npopsiBel. [locne pacmaga CCCP
TIPOM3OIIIEN Pa3Bal HHKEHEPHOU IITKOJIBI, YTO B UTO-
re TpHUBETO K Pa3pyLICHUIO HAYKOEMKOH MpOMBIII-
JIEHHOCTHU CTpaHkl. 3a nepuof ¢ 1990-x o 2010-¢ rr.
B CTpaHe MPAKTHYECKH HE CO37aBaMCh BBHICOKOTEX-
HOJIOTUYHBIE TIPEANpUATHA. B Hacrosmiee Bpems
IIpaBurensctB0O P® mpennpuHuUMaceT aKTUBHBIE
TIONIBITKM BOCCTAHOBJIEHUSI OTEUECTBEHHOW WHXKe-
HepHOW mKOIeL. B HOsOpe 2022 r. MuHOOpHAYKH
Poccun monroroBuno Ilpoekr nocranosnenus [lpa-
BUTenbCTBa PD U1 co3manHus mepeoBIX MHKEHep-
HBIX IIIKOJ, COrTacHO KotopoMy «k 2030 romy Ha
0aze BY30B JOJDKHBI OBITH cO37aHbI 30 IIKOJ B MapT-
HEPCTBE C BBICOKOTEXHOJIIOTHYHBIMUA KOMITAaHHSMH,
takumu kak PXKJI, Pocatom, Poctex, xopmoparust
“UpKyT” U IPyTHMI.
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5. B 6siBiem CCCP Hayka obecnieunBaiia ¢hop-
MHUPOBaHHUE U BBHICOKYIO PE3yJbTaTUBHOCTh CTpaTe-
THYECKHAX IEHTPOB IMPEBOCXOACTBA 1O OOIBIIHH-
cTtBy otpacneil. B P® Hayka 10 HeJaBHEro Bpe-
MEHHM JIOKaJbHO oOecreunBaia (HOpPMUPOBAHUE
U BBICOKYIO pE€3YyJIbTaTUBHOCTb CTPAaTErHUYECKUX
LEHTPOB IPEBOCXOACTBA IO OTHCIBbHBIM Halpas-
JICHUSIM, B YaCTHOCTH B KOCMHYECKHUX H SIECPHBIX
MPOEKTaX, a B YCJIOBUIX MaHACMHUH €I B MEIU-
nuHe U (papmaneBTuke. B HacTosiee BpeMs CUTY-
anus MeHseTca. Tak, TMOJIOKEHUS B JOKYMCHTE
«Konmenmus co3ganus u pa3Butusa B Poccuiickoii
@denepallid LEHTPOB TEXHOJIOTMYECKOTO IPEBOC-
XOZICTBA Ha 0a3e YaCTHBIX KOMITaHUID» KacaroTcs He
TOJIbKO KPUTHYECKHUX OTPaciieil, HO MPOMBITIICHHO-
cti B nenoM. OqHUM U3 pa3paOOTYUKOB KOHIICTI-
mun siBisteTcst ToproBo-npompinuieHHast (TTIIT) ma-
nata P®. B pemennu 3acenanust Cosera TIIII Poc-
CUU TI0 MPOMBIIUICHHOMY Pa3BUTHIO U KOHKYpEH-
TOCIIOCOOHOCTH SKOHOMHKHM Poccnu ot 16.07.2021
OTMeYaeTcs HEOOXOIMMOCTh «OCYIIECTBHTH BO3-
BpaT K COBETCKOH CHCTEME TrOCYyIapCTBECHHBIX
HAayYHBIX U  KOHCTPYKTOPCKO-TEXHOJIOTHMUECKUX
LEHTPOB 7151 KOHCONUJAIUH YCUINH U MOAIEPKKH
rOCy/IapCTBOM BHEAPCHUS WHHOBAIIMOHHBIX IIPO-
IYKTOB». Iy ycTpaHeHUWs AMCOAIaHCOB B Mepax
TOCYJJapCTBEHHOW MOJUTUKUA MNOJAepKKU [{eHTpoB
MPEBOCXOCTBA IKCIIEPTH PEKOMEHIYIOT MIEPEBECTH
BOIPOC CO3JIaHMs TaKUX IICHTPOB Ha 0oJiee CUCTEM-
HBIA ypoBeHb. HeoOxomuMm opraH, KOTOpPEIA Oyaer
OCYIIECTBIISITh KOOPAUHALIMIO U KOHTPOJIb.
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