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AHHoTauumsa. [lpoBegeHo MaTeMaTU4YeCKoe MOOENMPOBaHNE aKTUBHOIO 3K30CKes1eTa
B BME 3/IeKTPOMEXaHNYECKON MoLeNn, CoaepHalLLen TPy NMOABUMHBIX YNpaBiaeMblX 3BeHa,
coefMHeHHbIX Meay cobor WwapHupaMu. [1na paccMaTpMBaeMon MaTeMaTUYeCcKo Moaenm
aKTUBHOI0 3K30CKeseTa cocTaBeHbl AMddepeHLmansHble ypaBHeHUA ABUHKeHNA. C NoMoLLbto
YUCNEHHbIX METOL0B B CO34aHHOM MPOrpaMMHOM KOMIJIeKCe cpefbl YHMBEpPCabHOM CUCTEMBI
KOMMbIOTEPHOM MaTeMATWKM peLLeHbl 06paTHas U NpAMas 3a4ayuv AUHaMUKK. [pUMeHUTeNbHO
K CO34aHHOM MaTeMaTMYeCcKoN Mogenn Tpex NoABUHKHbBIX 3BEHbEB 3K30CKeSIeTa C y4eTOM
3/1EKTPONPUBOLOB C UCMOSb30BaHNMEM COBPEMEHHBLIX METOL0B MaTEMATUYECKOro MOeIMpOBaHUA
npoBefeHO KOMMJIEKCHOE UCCNiefjoBaHMe, paccMaTpuBaloLlee nNpobneMbl ynpaBrieHns
3K30CKENEeTOM, B BUAE peLLeHns 06paTHOM 1 NpsAMoi 3aaa4 AMHAMUKK. YITibl MeX Oy 3BEHbAMY,
3afaloLLue aHTpornonaHoe ABUMKEHWE, onpeaenaAlnTca aHanuTUYecKnM nyTeM. [1ns Kawagoro
371EKTPONPMBOAA BbIMUCIIAIOTCA MOMEHTbI, YNPaBAIOLLIME OBUHKEHNEM 3BEHBEB B BUE PELLEHUA
obpaTHoW 3agaYn AMHaAMUKKU. HallgeHHbIe MOMEHTLI annpOKCUMUPYIOTCA CTYMEHYaTbIMU KYCOYHO-
NOCTOAHHLIMU QYHKLIMAMM, MOOENMUPYIOLLIUMUN UMMYSIbCHOE YTpaBreHne ABUHKEHUEM SK30CKeNeTa.
HanpeHbl 3aBUCUMOCTM YII0BbIX KOOPAMHAT, OMUCHIBAIOLLMX MOOMEHNA 3BEHLEB aKTUBHOIO
3K30CKeJsieTa C TeyeHneM BpeMeHU. [poBefeH CpaBHUTENbHbIM aHaNn3 OBUHKEHWNA 3BEHBEB,
nonyvatoLLerocs B pe3yssraTe YMC/IEHHOM0 peLleHna 3agaqm Kolwm ana MatemaTuyeckom Modenu
3K30CKeneTa B Buae AvdpdepeHumanbHbIX YypaBHEHWUM C UCXOAHBIM 3a4aHHbIM ABUKEHUEM
3BeHbEB. YCTAHOB/IEHO XOPOLLEee COOTBETCTBME pe3y/kTaToB MOAEIMPOBaHMA C UMMY/bCHBIM
ynpaBfieHMeM UCXOOHOMY ABUHKeHMI0. [loacumMTaHbl CyMMapHble 3aTpaThl aHepruu. MocTpoeHa
Mofenb OBUMEHWUA C Y4eTOM paboThbl 3/IEKTPONPMBOLOB Ha OCHOBE YPaBHEHWUI OAMHAMUKW.
MonyyeHo uncneHHoe peLleHne 3aaaum Kolwm oA cucTeMbl, BRIIOYAIOLLLEN 3IEKTPONPUBOLbI.
B pesynkraTe NpMMeHeHnA Ka4eCTBEeHHbIX, aHaNUTUYECKUX U YACTIEHHBIX METO0B UCCIIe[0BaHMA
CO3[aHHOM MaTeMaTUYECKOM MOesIN TPEX NMOABUHKHBIX 3BEHBEB 9K30CKeSIeTa C yHETOM HaIM4mA
3/1EKTPONPUBOOB OMpeesieHa 3HaUMMOCTb BIIMAHWA 3/TIEKTPONPUBOL0B HA AUHAMMKY MEXaHM3Ma.
MocTpoeHHanA aneKTpoMexaHUYeCcKaa Mofesb TPeX 3BeHbEB 3K30CKe leTa peaniM3oBaHa B cpefe
YHUBepcasibHOM cMCTeMbl KoMMbloTepHol MaTeMaTuku Wolfram Mathematica 11.3.
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Abstract. Mathematical modeling of an active exoskeleton in the form of an electromechanical
model containing three movable, controlled links interconnected by hinges has been carried
out. For the considered mathematical model of the active exoskeleton, differential equations
of motion are proposed. Numerical methods are used to solve the inverse and direct problems
of dynamics in the created software package in the environment of the universal system of
computer mathematics. A comprehensive study has been carried out, considering the problems
of exoskeleton control, in the form of solving inverse and direct problems of dynamics, in
relation to the created mathematical model of three moving parts of the exoskeleton, taking
into account electric drives, using modern methods of mathematical modeling. Analytically
determined are the angles between the links that define the anthropoid movement. Solving the
inverse problem of dynamics, the moments controlling the movement of the links are calculated
for each electric drive. The found moments are approximated by stepwise piecewise-constant
functions simulating the impulse control of the exoskeleton motion. Dependences of the angular
coordinates describing the positions of the links of the active exoskeleton over time are found.
A comparative analysis of the numerical solution of the Cauchy problem for the mathematical
model of the exoskeleton in the form of differential equations with the initial, given movement
of the links is carried out. A good agreement between the results of simulation with impulse
control and the original motion is established. The total energy costs have been calculated.
Modeling is carried out taking into account the presence of electric drives: dynamic equations
for this model are compiled. The Cauchy problem for the system is numerically solved taking
into account the presence of electric drives. As a result of applying qualitative, analytical and
numerical methods for studying the created mathematical model of three moving parts of the
exoskeleton, taking into account the presence of electric drives, the significance of the influence
of electric drives on the dynamics of the mechanism was established. The implementation
of the electromechanical model of the three links of the exoskeleton was carried out in the
environment of the universal system of computer mathematics “Wolfram Mathematica 11.3".
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JIOM 3BEHbBEB, YTO MMO3BOJISIET OTHECTH 3a]1a4y I0-
CTPOEHHUS TAKUX MOJIEJIEN K BECbMa AKTyaJIbHbIM.
M 3BECTHO, UTO MaTeMaTHUeCKasi MOZIeNb 9K-  Mojens HeoOXouMa JIJIsl TIOBBIIICHUS YPOBHSI

BesepeHue

30CKEJICTA, BKIIFOYAroIas Tpu IMOABUKHBIX B3aMMOJICCTBHS PK30CKEIETa M YEIOBEUYECKOTO
3BC€HA 3K30CKCJICTA, Oosee TOUHA U peain-  OopraHu3Ma, BBICTYIIAsd MHCTPYMCHTOM paSpaGOTKI/I
CTHWYHA B CpaBHCHUU C MOACIJIbIO C MCHBIIINM YUC- 3(1)(1)6KTI/IBHBIX nu y,Z[O6HBIX sK30ckeneToB. K oco-
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