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Heanb. PazpaboTaTs KOMIBIOTEPHYIO IIPOrpaMMy MOAEIMPOBAHUS JIBI)KEHHST 00BEKTa C 3a-
AHHBIMH TTapaMeTpaMi Ha4aJbHOTO M KOHEYHOTO (ha30BOTO COCTOSHUS. MaTepuaabl 4 MeTo-
abl. JIBuraTenbHas OMMOKA IPH BRITOTHEHUH CIIOPTUBHOTO YIPAKHEHUS SABIACTCS Pe3ybTaTOM
OTKJIOHEHHUSI B KHHEMATHYECKOM COCTOSIHHHM CIIOPTCMEHA OT IapaMeTpOB 3aJaHHOU MPOTPaMMBI
IBIOKEHUS. MaTeMaTHUecKuil armapaT aJanTUBHOTO YIIPAaBJICHHS, OCHOBAHHBIN Ha MCIIOIBb30Ba-
HUM B MaT€MaTHYECKON CTPYKTYpe YHpaBIstolIeil GyHKIMH HHPOPMAIMK O TEKYIUX Mapamer-
pax (a30BOro cocTosHUS 00BEKTa ABIDKEHHS, CIOCOOEH YMEHBIIUTHh PaccOriacoBaHHE B Mapa-
MEeTpax MpPOrpaMMHOM M TEKylled TpaeKTopuu. B craTbe BbIABUTAETCS U 3KCIEPUMEHTAJIbHO
MOATBCPIKAACTCA T'UIIOTE3a O BO3SMOXHOCTH KOMIIBIOTEPHOI'O CMHTE3a )lBl/DKeHI/lﬁ 6I/IOMCX3HI/I‘le-
CKHX CHUCTEM C HEWTpajau3alMeil MBUTaTeIbHOW ONIMOKK HAa OCHOBE MAaTEeMaTHYECKOro arapara
aJalTUBHOTO YIPaBJICHUSA. B IIPOBENCHHBIX BBIYHCIUTEIBHBIX SKCIICPUMEHTAX MaTEMaTHUECKOE
OIMCaHNe JBIKEHHSI 00BEKTa OCHOBAHO Ha M3BECTHOM 3aKOHE Pa30MKHYTOTO 110 BpeMEHH cOu-
xerus (A.IL. Barenko, 1977), B koTopoMm Tpedyercs, 9TOOBI U CKOPOCTh, H KOOPAWHATHI OJHO-
BPEMEHHO TIPHUHSIH OBl 33JaHHBIC 3HaUYEHU. Bpems IBIKEHUS B 3TOM 3aKOHE — HEYIPaBIISIEMbIi
mapaMmeTp. MaTemaTrudeckass MOIeNb 00bEKTa IBHKCHHUS MOCTpOoeHa B popme cucteMsl nudde-
peHIMANBPHBIX ypaBHEHHH IepBOTo mopsiaka. PesyabTarsl. MaremaTnyueckast MOJENTb JBIDKEHIS
MaTepHabHON TOYKH C 33/IaHHBIMU 3HAYCHUSIMU (ha30BbIX KOOPJUHAT B HAYAJIbHBIH U KOHEYHBII
MOMEHTHI BpEMEHHU peai30BaHa B KOMITBIOTEPHOH mporpamme. [Iporpamma ¢GyHKIHOHUPYET Ha
0a3e HHTErpUpOBaHHOM cpebl pa3padboTku Visual Studio Express 2013 B s3b1k0BOM cpene Visual
Basic 2010. ITognepxka pe3yabTaToB MOJCIUPOBAHMS O00CCIICYMBACTCS YHCIOBOW M rpaduue-
ckoil nHpopmanueil. 3akmoyenne. PazpaboTanHass KOMIBIOTEPHAsT MOJIENb METOJIA aJIalITUBHO-
TO YHpaBJICHHSI peasM3yeT LEeNeBOH pe3ynbTaT ABMKEHHS M K KOHEYHOMY MOMEHTY BpPEMEHH
HEWTpalIn3yeT paccoriiacoBaHUE MEX/y TEKYIIUM U MPOrPaMMHBIM KHHEMAaTHYECKUM COCTOSIHH-
eM 00beKTa. B Mozienu CriopTHBHBIX yIPaXHEHUH Pe3yIbTaT HEHTpaIH3aluy MIPOSIBISETCS B 110-
TallICHAN ABUTATEIHHON OIMIMOKH.

Knrwueevle cnoea: mexnuka ynpasxcHenus, OUOMeXaAHUHeCKds cucmemd, O8USAMeNbHAs
owubKa, ynpasnerue, CUHMeE3 OBUNCEHUS.

BBenmenune. 3amava CHHTE3a 3aKIIOYAcTCS B
MOWCKE W HAXOXACHWW TAaKOW CHHTE3UPYIOIIESH
GyHKIHAA, IPA KOTOPOH CHCTEMa yIOBIIETBOPSIIA
OBl HEOOXOIMMBIM ITOKa3aTEISIM KadyecTBa M Ha-
JaraeMbIM Ha Hee orpaHudeHusiMm [1, 3, 6, 7, 8§,
12, 17]. Ecnom texymiee cocTosiHue 00BEKTa TIPH-
HUMaTh 3a HayaJbHOE W peEIIaTh 3aJadyy OITH-
MaJIBHOTO YIIPABJICHUSI HETIOCPEICTBECHHO B TPO-
1ecce yIpaBiIeHUuss 00bEKTOM, TO BEIMYHHY CHH-
Te3upyromed (QyHKIIMH MOXXHO BBRYUCIHTH [10,
13, 14, 15, 20]. Ognako 37ech BO3HUKAET IPO-
O1eMa HaXOXKICHHS TaKoro MaTeMaTHYeCKOro
BBIPOKEHHS, KOTOpoe OyAeT ONMUChIBaTh (DyHK-
IMOHAJIBHYIO 3aBUCHUMOCThH YIPABJICHUS OT Te-
Ky1iero cocrosHust oobekra [10, 14, 16, 18, 19].

B pa6ore A.Il. Barenko [2] npemioxkeH qoc-
TAaTOYHO MPOCTOH, HO 3((HEKTUBHBIA METO]| CHUH-
Te3a YIpaBJICHWS C OOpaTHOH CBsA3BIO. B 3TOM
CBSI3M Mbl BBIJIBUHYJIM THIIOTE3y O BO3MOXKHOCTH
UCTIOJIh30BAHMS TPE/IaraeMoro MeTo/la B CHHTE-
3¢ aJanTHBHOTO YIPAaBJICHHUS B JBIDKEHUSIX OHO-
CHUCTEM.

3a ofHy U3 BO3MOXHBIX (JOPM aJalITHBHOTO
VOpaBIeHHS MOXHO TPUHATh Pa3OMKHYTOE
yrpasienue [2]. 3amada pa3oMKHYTOTO YIIpaBJe-
HUS 3aKJII0YaeTCs B MEpeBOjic 00BEKTa yIpaBiie-
HUS U3 HadanbHOTO (pasoBoro coctosHUA [S,, V]
C 3aJJaHHOW KOOpAHWHATOMH [S,] U cKopocThIiO [V,]
B KOHEUHOE (azoBoe cocTosHme [Sy, V] ¢ 3aman-
HOI KoopauHatoi [S;] u ckopocTsio [V;]. Bpems
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nBkeHus [7;] B pa3sOMKHYTOM YIIPaBJICHUH HE
pernamMeHTHpyercsl.
3akon ynpaBiaenms. /{1 3amaHHBIX ycIo-
BUI 3a7a4d 3aKOH YIPAaBIECHUSA, B KOTOPOM OT-
CYTCTBYEeT BpeMs BBINOJIHEHUS 3aJaud, HUMeeT
BUJ [2]
sz — Vo2
Uu=——— D)
2(Sk - So)
a IBIKEHHE 00BEKTa, OCYIIECTBIIIEMOE IO 3aKO0-

Hy (1), onuceiBaercst auddepeHnraIbHbIM ypas-
HEHHEM:
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dtz Z(Sk_So).

VYpauenus (3, 4) cyTh 3amaHHOTO TIPO-
TPaMMHOTO YIPaBJICHUS MPU HAJOXKEHHBIX YCIIO-
BUSIX Ha HayaJlbHOE M KOHEYHOe (a3oBoe co-
crositHre oO0bekTa. Bpems nmwxkenus (Ty) He per-
JIAMEHTHPYETCSI, HO OIPEIeISeTCs U3 BRIPAKEHUS

T ZZ(Sk_So) ) (5)

Vi +V,

VpaBuenus (3, 4) ABNAIOTCA YpaBHEHHSIMU
MIPOrpaMMHOTO  YIIpaBleHHUs, 0OecreunBaloe
nepeMenieHne 00beKTa U3 Ha4aJIbHOTO (ha30BOTO
coctostHUA [S,, V,] B KoHEUHOE (Da30BOE COCTOS-
Hue [Si, V], B COOTBETCTBUU C 3alaHHBIM 3aKO-
HoM (1) m3mMeHeHus yckopeHus (u).

AanTHBHOe ympaBJieHHMe. 3ajada BO3Bpa-
mieHust 00beKTa Ha 3aJaHHYIO TPAEKTOPHIO TOSIB-
JsieTcs B TOM Cllydae, eciii 3a/laHHOe HaydalbHOe
(ha3oBoe cocTOsTHHE O0BEKTa 1O KOOpIAMHATE HE
COOTBETCTBYEeT TMapaMeTpaM 3aJaHHOTO TMIpo-
TPaMMHOTO YIIPaBIIEHHS B HAYadbHBIH MOMEHT
BpeMeHHU (f,). Takoli cuTyanim B TEXHHYECKOM
MOJTOTOBKE CIOPTCMEHa COOTBETCTBYET IBHTa-
TeNbHAs OIMMOKA YIpaKHEHUsI, BO3HUKAIOMAs B
MIpOIlecCE BBITIOJHEHHUS IIEJIEBOTO YIPAKHEHHS
[4, 5,9, 11]. B aToM cirydae HEOOXOIUMO CHHTE-
3UpOBATh TaKO€ AJANTUBHOE YTIpPaBJIEHHE, KOTO-

poe obecnieunBaeT BO3BpaT OOBEKTA JBUKECHUS
Ha TIPOTPAMMHYIO TPAaeKTOPHIO.

BoszBpamenne o0beKTa ABIKEHHS Ha TPO-
TPAaMMHYIO TPACKTOPUIO MOXKET OBITh TOCTHTHY-
TO TIPH YCJIOBHHU, YTO QJANTUBHOE YIPABJICHUE
(hopmupyeTcst Ha ocHOBE OOpaTHOH CBSI3M, y4H-
THIBAIOIIEH MH(OPMAITUIO O TEKYIIEM COCTOSHUHU
o0BeKTa Mo KoopauHaTe u ckopoctH [S, V]. 3a-
KOH YIIpaBIeHUS C OOpaTHOW CBSI3BI0 MOXET
OBITH TIOJTy4eH 3aMeHOU B (1) HaYabHBIX 3HAYE-
HUl (a3oBbIX KOOpAMHAT [S,, V,] UX TEeKyIIUMHU
3HaueHusamu [S, V]:

sz e

U=———,

2(8, -9)

B pabote [2] moka3aHo, YTO 3aKOH ympaBJie-
HUs (6) MOKHO TPUBECTH K BUIY, B KOTOPOM B
CHUHTE3MPYEMOM YIIPABJICHUU MPHUCYTCTBYET 00-
paTHas CBsI3b MO TeKyled koopauHate (S) u Te-
Kymiei ckopoctu (V)

u=k,+kS+kV?*. (7)

3neck koddunuentsl k,,k ,k, 3aBUCAT OT HO-

(6)

Mepa KBaJpaHTa, B KOTOPOM HAaxOIUTCS M300pa-
karommas (a3oBasi TOUKa 00BEKTa:
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Homepy kBampaHTa COOTBETCTBYET MECTO-
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MH (X, ) TIPSIMOYTOJIEHOM JNEKapTOBOW CHUCTEMBI
KOOpAMHAT B COOTBETCTBUU C YPaBHEHUAMH (8).
BrruucanrtenbHblil 3kcnepumentT. Ha nep-
BOM JTane BBIYMCIUTENBHBIX SKCICPUMEHTOB
paccMaTpuBalioch  ABI)KEHHWE  MaTepHaIbHON
TOYKM (KUCTh, CTOMNA, OOMIMH LEHTpP Macc Tena
CHOPTCMEHA) TMOJ OCHCTBHEM NPOrpaMMHOTIO
ympasienns (1). Ha Bropom srame paccmarpuBa-
Jlach BO3MOKHOCTH MCIIONB30BaHUS aAallTHBHOTO

yOpaBiIeHUS [UIsI KOMIIEHCAIMH JIBUTATEeIHHON
OIIMOKU U BO3BpAlCHHUS OOBEKTa IBUKCHHUS Ha
MPOrPaMMHYIO TPAEKTOPHIO.

Ilpoepammnoe ynpaenenue. VIcCXonHble JaH-
HBIC IS HPOSPAMMHOU Mpaekmopuu O0bek-
Ta JIBIDKEHUS: HadalbHOE (Pa3oBOE COCTOSHUE
[S, = 1,00 m, V, = —1,0 m/c], koneunoe ¢azo-
Boe cocrosiaue [Sy = 0 M, V;, = 0 m/c]. IlycTts
AS =0,05m. Torma Bpemsi OBH)XEHHS PaBHO
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C — Yckopenue D — ®asoBas TpaekTopus
Puc. 1. dnemeHTbI nporpammHou Tpaektopuu (A, B, D) u nporpammHoro ynpasneHus (C)
Fig. 1. Program trajectory (A, B, D) and program control (C) elements
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Puc. 2. 3nemMeHTbI NporpaMmHou Tpaektopuu (—o—; A, B, D) n nporpammHoro ynpaeneHus (—o—; C),
apganTMBHOM TpaekTopum (A, B, D) u agantuBHoro ynpasneHus (C)
Fig. 2. Program trajectory (—-o—; A, B, D), program control (—-o—; C), adaptive trajectory (A, B, D),
and adaptive control (C) elements
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2,0 ¢, aro cnexyer u3 (5). IIlporpamMmmHuas Tpaek-
TOPHSI M €€ DIEMEHTHI, pealu3yIolIie IMOCTaB-
JICHHYIO 3aJjauy, IIOKa3aHbl Ha puc. 1.

BpemeHHast AMUTENBHOCTD IBUKEHUS IOJE-
nena Ha 20 Toyek (puc. 1). Illar Beigaun pesyib-
TaTtoB BbluuciaeHud — 0,1 ¢, mar uHTErpupoBa-
aus — 0,001 c. ITo ycrmoBusM mocTaBIICHHOH 3a-
Jauu KodpPHUIMEHTH 3aKoHa yrpasieHus (7) u3
(dhopMybHBIX 3aBUCHMOCTEl (8) OynoyT paccuu-
THIBaThCA 1 [V kBagpanTa. 3aKOH yIpaBIICHUS
npunnmaer Bug: u = 0,5 — 105+ 1017,

Adanmusnoe  ynpaenenue. JlBUratenbHas
omnOKa, XapakTeprU3ylomas OTKIOHEHHE OOBeK-
Ta JABMKCHUS OT HAYaJIbHOT'O COCTOSHUS, 3a/1aBa-
nace couckom [S, = 1,10 m, V, = -0,70 wm/c].
B cooTBeTcTBHM € yCIOBUSIMH 3a1a4l KOHEYHOE
(ha3oBoe cocTosTHUE 00BEKTa 3a1aHO B BUMIE:[S; =
0™, Vi=0wm/].

Koopnunater obwexra (S) u ckopocts (V)

BBIUMCISTUCh  YHCIEHHBIM  MHTErPUPOBAaHUEM
CUCTEMBI YPaBHEHUI:

V=u,

S=V.

PesysbTaTbl  BBIYUCIUTENBHOIO  3KCIEPH-

MEHTa C HWCIOJB30BAaHUEM aJallTUBHOTO YTIpaB-
JIEHUS, KOPPEKTUPYIOIIETO OTKJIOHEHHUS OT TPO-
rPaMMHOM TPaeKTOPUU, TIPUBEACHEI HA pPHC. 2.
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Aim. The article deals with developing software to simulate the motion of an object with the
given parameters of initial and final phase status. Materials and methods. A motion error in
sports exercise is the result of kinematic deviation from the parameters of a given motion pro-
gram. The mathematical apparatus of adaptive control allows neutralizing motion mistakes be-
tween a program and a real trajectory. It is based on utilising the information about current pa-
rameters of a phase status of a moving object in a mathematical structure of the control function.
The article proposes and experimentally proves the hypothesis about the computer synthesis of
motions in biomechanical systems based on the mathematical apparatus of adaptive control.
In the computational experiments, a mathematical description of an object is based on a well-
established law of open-time approximation (A.P. Batenko, 1977), which requires that both velocity
and coordinates simultaneously take the given values. Motion time in this law is an uncontrolled
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parameter. The mathematical model of a moving object is built as a system of a first-order diffe-
rential equation. Results. A mathematical model describing the motion of a material point with
given phase coordinates at the initial and final points in time is implemented in a computer pro-
gram. The program works based on the integrated development environment Visual Studio Ex-
press 2013 and the Visual Basic 2010 language environment. Conclusion. The developed com-
puter model of adaptive control achieves the aim of any motion, which implies transferring
an object from a given initial state to the required final state.
Keywords: exercise technique, biomechanical system, motion error, control, motion synthesis.
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