initiate the leader selection procedure by transmitting its weight to the center of the group. This allows to create there a subgroup
of robots, with the biggest weights, one of which becomes the leader. It is considered as an option, when the static topology
of the swarm changes, i.e. some robots are eliminated in the process of voting. It is demonstrated that in all these cases the
leader selection algorithm succeeds. In addition, a clustering algorithm is proposed to solve the problem of the functional dif-
ferentiation of robots, which will quickly produce their integration into subgroups. The conducted computing experiments prove
the efficiency of the algorithms.
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YnpaBneHue xoab00# 3K30cKeneTa ¢C UICNOoJIb30BaHUEM
nHdopmauum o NPorpaMMHbIX MOMEHTa™

[locmpoena dunamuueckas modens 0GUIICEHUs 6 CA2UMMANbHOU NAOCKOCMU 0451 IK30CKeAeMa HUICHUX KOHeYHOCmell, unmeepupo-
BAHH020 C 4eN08eKOM-0NepamopoM, ¢ Y4emom e20 ONopbl HA JicecmKue Hegecomble Kocmouiau. Modens yuumesigaem makoice OUHAMUKY
2neKmponpueodos. B cayuae 00HOONnOPHOU X00b0bI NOCMPOCH AHAAUMUYECKUL 3AKOH YNPABACHUS SMUM IK30CKeaemom, obecnevusaio-
wutl dsudiceHue mazodedpeHHo0 U K0NeHHO20 WAPHUPO8 8 COOMEENCMBUU C UX Jiceaaembim pedcumom. [Ipedcmaesaenst pezyromamal uc-
JNEHHO020 MOOeAUPOB8AHUs YPAGHEHULl OBUINICEHUS HeN08eKAa 6 FK30CKeaeme, UCCAe008aHa MOYHOCMb YNPAGAEHUs.

Karoueevie caosa: sx30ckenemon, onopa Ha Kocmoliu, HeaAuHeliHoe MOMeHmHoe ynpaeienue

Beenenne IepeHoca OOHOM M3 HOr. MarteMaTuuyeckash MOJIENIb
3TOro Mpoliecca YYUThIBAET MacC-UHEPLUUATbHbIE Xa-
pPaKTepUCTUKU Tejla 4YesOBeKa, MHTerpUupOBAHHOTO C
5K30CKEeJIETOM, CUJIbI PeakKLM1 OTNOpPbl TOUEUHOMI CTO-
bl U aHAJIOTUYHbIE TOUEUHbIE peaKlMU B TOUKE OIO-
PBI TPOCTH, SIBJISTIONIEHCS KaK ObI TPOIOJIKEHUEM PYK.
CeHcopHas cuctema, pa3MellleHHasi Ha 9K30CKeJeTe,
o0ecrieyrBaeT M3MEpeHUe YIJIOB 3JEMEHTOB KOHCTPYK-
LIMM C BEPTUKAJIbIO B IIApHUpPAX, a TaKXke MX MEePBbIX

IIPOU3BOJHBIX. B Ta306e£[p€HHI)IX N KOJICHHBLIX LIap-

PaccmarpuBaercst mpoliecc yIpaBiieHUsT SK30CKe-
JIETOM HMKHUX KOHEYHOCTEH, HaleThIM Ha oreparopa,
B PEXMME IUIOCKON OAHOOMOPHOI X0ab0bl. Orneparop
WMeeT IOIOJHUTEIbHYIO OINOpY B BMIE HEBECOMOM
TpocTu (KocThuieit). JBUxKeHue aHaau3upyeTcs B (pase

*PaboTa BBIMTOJHEHA MTPY YaCTUYHON (PMHAHCOBOM IMOIIEPKKE
rpanta PO®U Ne 15-01-04503.
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HUpaxX 3K30CKeIeTa pa3MELUEHbl 3JIEKTPONPUBOIBI,
CMOCOOHBIE 00ECIIEUUTh HY>KHOE IBMKEHNE B 9TUX CO-
yneHeHUs1x. [ToaTomy maTeMaTtuyeckasi MOAEIb Y4u-
ThIBa€T HE TOJbKO MOJIHbIE JMHAMUYECKUE YPaBHEHUS
00beKTa, HO U ypaBHEHUS ABUXKEHUS JIEKTPOIPUBO-
IOB. 3aJaloliM BO3ACHCTBMEM Ha CUCTEMY YyIIpaBiie-
HUST BK30CKEJIETOM SIBJISTIOTCST TIPOTPAMMHBIE MOMEHTBI
B IIIApHUPAX, KOTOPHIE COOTBETCTBYIOT JKEJIAEMBIM IBH-
KEHUSIM TI0 TpaeKTopuu. B cTathe TpuBOmATCS pe-
3yJIbTaThl MONEJIMPOBAHUSI IBWDKEHUS YeJIOBeKa B 9K30-
ckeJjiere Ha npuMmepe KoMmdoprabeabHOi xoan0bl [1].

1. YpaBHeHHA ABMIKEHHS anmapaTta

st BbIBOJA ypaBHEHMIT IBMXKEHUSI HEOOXOAMMO
BBECTHU a0COJIIOTHYIO CUCTEMY KOOPAUHAT U 00OOIIIEeH-
Hble epeMeHHble. Ha puc. 1 mokazaHa cxema omnepa-
TOpa BMECTe C aIlllapaToM B aOCOJIIOTHO cucTeMe
oceil XYZ, BBeieHbI 0003HAYEHNUS YTJIOB O, 3;, MOMEH -
TOB ¢;, 4; (i = 1, 2) B Ta300€APEHHBIX Y KOJIEHHBIX 111ap-
HHpaX COOTBETCTBEHHO; B TOYEUHBIX CTOIAX HOT —
B TOYKE (X{,, J|,) OTIOPHON HOTH TIPUIOKEHBI CHIIBI pe-
akunu Ryy, Rj); B CTOIE MEPEHOCUMON HOTH (X, V2))
CWJIbl PEaKIMK, €CTECTBEHHO, OTCYTCTBYIOT. [ToCKOIbKY
JTAHHOE UCCJIeIOBaHME CBSI3aHO, MPEX/e BCero, ¢ BOI-
pocaMu MCIOJIb30BaHUs 9K30CKeeTa 1151 XOAb0bI UL
C TaTojiorMeid B OINOPHO-JABUraTeJIbHOM arapare,
MPEeAIoaraeTcsi, YT0O MOMEHTHI B CTOMNAaxX OOEUX HOT
OTCYTCTBYIOT, HO €CTb OMOpHAasl TPOCTh. YTPaBISIOIINE
MOMEHTHI ¢;, U; PA3BUBAIOTCS 3a CUET PAOOTHI 3JIEKTPO-
JIBUTaTeNIell TOCTOSTHHOTO TOKa C peaykropaMu. Ormpe-

y2p -~
y]p

Puc. 1. CxeMa 3K30CKeJeTOHA BMECTE C YEJOBEKOM B JIBIKEHHH

JEISIOIMMU KOOpAXHATaMU Tejla SBJSIOTCS (X, y) —
KOOPIMHATHI Ta300€APEHHOIO 1IapHUPA, a TAKXKE YIJIbI
3BEHBEB anmapara ¢ BepTUKaIb0 (y, of, By, dy, B2).
TpocTh HeBecoMa M HEW3MEHHA MO IJIMHE; OINHUM
CBOMM KOHIIOM OHa OmupaeTcsl B (PpMKCUPOBAHHYIO B
aOCOJIIOTHBIX OCSIX T. P Ha MOBEPXHOCTU IIepeMelle-
HUs, a IpyTMM — B (DUKCUPOBAHHYIO TOUKY S Ha KOp-
nyce (1uiedo). Yrosa 0, oOpa3oBaHHBIN BEPTUKAJIBIO U
HarpaBjJieHUEM TPOCTU B T. P sBJsIeTCSl ee TeKyllei
koopauHaroi. Touka § meya mMycTh HaxOAMTCSl Ha
paccTosiHuM § oT Taza. CUJy peakiiuy TpOCTH, HalpaB-
JIECHHYIO BIOJIb Hee OT MOBEPXHOCTH IepeMeIleHUs K
ieuy, ooo3Hauum F.

[Ipennonaoxum, 4To XeaaeMbIM IBUXKEHHUEM Yeslo-
BeKa-oIlepaTopa SIBJIsIeTCsl pexXuM KomgopTrabdelbHO
xonwOnI [1, 2]:

x=Vt—o,y=h, V=L/T,
o= L/2%x1,=y,=0;1e [0, T, (1)

rae V' — ckopocTh nepeMelleHust; T — BpeMsl mepe-
HOCa HOTM B T€YEHUE OIHOTO 1iara JIMHOI L; A — BbI-
coTa mepeMelleHUsT TOYKU Ta3a Hall TOPU30HTaIbHOM
IMOBEPXHOCTHIO (BCE 3TU BEIMYUHBI IOCTOSIHHBI). JIBU-
XKEeHHNe MEePEHOCHOM HOTY MOMYMHSIETCS 3aKOHY [3]

()

rJie 6 — HEKOTOpAasi KOHCTAHTA, 3a/1at011asi BBICOTY Tpa-
€KTOPUX MEPEHOCUMOM HOTH.

CornacHo cooTtHouieHusiM (1), (2) B KOHIIE OAHO-
onopHoU a3kl Ykl 0, 1 HIEPEXOnsT B oy, By U Ha-
000pOT, T.€. IO 3TUM YTJIaM BBITIOJIHSIETCS YCIOBUE TIe-
puogmyHocTy. IToTpedyeM, 4TOOBI aHAJIOTUYHOE YCIOBUE
MEepUOMYHOCTU BBIMOJIHSIOCH U MO yry . O603HauuM
&L TOPU3OHTAIBHYIO KOOPAMHATY B Touke P; & — He-
KOTOPbIN KO3 duiveHt, ecnu & = 1, To 3TO 03HavaeT,
YTO TPOCTb CTABUTCS B TY TOUKY, KyJa B KOHIIE OJHO-
onopHoN (a3el B MOMEHT ¢ = T TIpuIeT nepeHocumast
Hora. Bektop PS uMeeT KOMITIOHEHTHI (x — &L — ssiny,
y + scosy). HeusMeHHoe pacctosiHue / Mexay TouKa-
mMu Pu §ecrtpb

Xyp = —Lcos(Q), yp, = §2sin(Q1), Q = n/T,

/= J&zLZ 504 +y2 +2&sLsiny -2 LEx + 2s(ycosy — xsiny) .

IIpupaBHMBas APYT K APYTY BEIUYMHBI lg u/ %, oT-
BEYaolle HaYaTy W KOHILy OTHOOITOPHOM (ha3bl, MpH-
XOIMM K BBIPKEHUIO JIJIsI HAUaIbHOTO 3HAYEHMSI YIJIa
B CJIyyae €ro MepuoauvecKoro rMmoBeaeHMS:

ssiny(0) = —LE. 3)

CootHoureHne (3) MO3BOJISIET HAUTU IOCTOSIHHOE
3Ha4YeHMe / B cilydae MEepUOINYECKOTO IBVKEHUS, 110~
3TOMY TeKylllee 3HaUeHUE \y OKasbIBaeTcs (pyHKLUEH
TeKylIuX BeJIuduH x U y. I[Ipeamonaraercs, 4To moJ-
HBIH 1IaT COASPXKUT ellle U ABYONOpHYIo (a3y (meranu
€€ 3/1eCh He pacKphIBalOTCs), B TeYeHHE KOTOPOii, B ya-
CTHOCTH, PEaIM3yeTCs U YCIAOBUE MEPUOAUIHOCTH I10
VIJIOBBIM CKOPOCTSM. TeM caMbIM, IOJIHBII 1Iar oIe-
paTtopa — peryasspHbIiA, NEPUOAUYECKUIMA.
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JAuHaMuKa Teaa 4yeaoBeKa BMECTE C 9K30CKEIETOM
OInuchIBaeTCs B 00eux dazax XxonbObl CIeAYIOLIEH CUC-
TeMoM ypaBHeHui [1, 2]:

2
Mx — K.\ cosy — \]12 siny) + 3 {K,(é;cosa; —
i=1

— & sinay) + Ky(frcosp; — prsing)} = O (4)

2
M5 — K(ysiny + > cosy) + 7 {Ky(é,sina; +

i=1

+ 62 cosay) + Ky(f;sinB; + By cosp)} = 0, — Mg: (5)

(6)

J*0, + JpBicos(a; — B;) + Ky(Xcosa; + jsina;) +

Jy — K(Xcosy + jsiny) — gKsiny = Q,;

2 . . ,
+ JapBi sin(oy; — By + gKsino; = Oy, i =1, 25 (7)
JpBi + Jupti;cos(o; — B;) + Kp(Xcosp; + jsinB;) —
2. . )
= Japa; sin(o; — B) + gKysinB; = O, i =1, 2. (8)

31ech 0003HAYEHO

2 2
o, = 3 R;, — F5inb, Qy= >
i=1 i=1

Ry, + Fcoso;

2
2 i~ sfsinty = 0%
i=1

Q\V=

tgd = (LE + ssiny — x)/(y + scosy);
0, =—¢;— u; T 2a(Rycosa; + Rysino,);

Qp,= ui + 2b(RycosP; + Rysing), ©

r1e g — YCKOPEeHUe CUIIbI TSKECTH; Ry, R;), — cuiibl pe-
aK1uii oropskl; 2a u 2b — COOTBETCTBEHHO IJIMHEI Oe-
Jiep Y TOJIEHEW; m,, M, — UX Macchl; m; — Macca Kop-
Iyca; r — paccTOosTHUE IICHTpa Macc Kopityca OT Ta3a,
ay, b, — COOTBETCTBEHHO PACCTOSIHUSI LIEHTPOB Macc
Oenpa M roJeHu OT Ta3a U KosieHel Hor; J u J, — Mo-

MEHTbl MHEPLUU, COOTBETCTBEHHO, KOpIyca U Oeapa
OTHOCWUTEJIbHO TOYKH Ta3a; J; — MOMEHT MHEPIIUH TO-

JICHU OTHOCUTCJIBbHO KOJICHA,

M= m;+ 2m, + 2my, JF = J, + dmya?,;

K, = mya, + 2mya;
Ky, = mpb.., Jp = 2mpab., K. = m;r.

JlaHHble ypaBHEHMSI IPUTOIHBI AJIsl OMMCAHUS KaK
OITHOOTIOPHOI, TaK U ABYOIOPHOM (ha3 XOAbObI, XOTS B
JaJIbHENLIEM OHU MCIOJIb30BAJIMCH ISl aHAJIM3a TOJIb-
KO OIHOOIOPHOI1 ¢a3el, Koraa Ry, = Ry, = 0. Ecre-
CTBEHHO TO3TOMY, YTO YMCJIO BBEIEHHBIX MEPEMEH-

HBIX 3/I€Ch IIEPEOIIPEaEIeHO, M KOOPIUHATHI Ta3a MO-
TYT OBITH BEIpaXXeHBI Yepe3 YIJIbl OIMMOPHON HOTH:

X1p — X = 2asinoy + 2bsiny,

Y = Y1p = 2acoso + 2bcosPy, (10)

TPUYEM CUYUTACTCSI, UTO X, = V1, = 0. [IBaxrpr mpomwc-
(epeHuupoBaHHble cooTHouleHUus (10) oTpaxaroT
3TOT (pakT:

X + 2ad, cosay + 2bB cosp; =
a2 2.
= 2aq] sinoy + 2bBy sinfy,

y + 2ad,sino; + 2bpB; sinf; =

an

st Toro yToOBl 3aMKHYTh CHUCTEMY YpaBHECHUIA,
J00aBMM e€llle YEeThIPpe COOTHOILEHMS, CBSI3aHHBIX C
ypaBHEHHEM MOMEHTOB Ha Bally 3JICKTPOABUTATEIICIA:

N ong(§ — ;) + (1/n)g; = Cply;
N ong(B; — ;) + (1/mu; = Cply i=1,2.  (12)

3necy C,, — HEKOTOPBIN KO duLmeHTt; Iy, 1,; —
TOKHM B COOTBETCTBYIOLIMX Ta300€APEHHBIX U KOJICH-
HBIX 1IapHUpax. BenmunHsl n u J,,e 0003HAYAIOT, CO-
OTBETCTBEHHO, KOA((DUIIUEHT peayKLIMU 3JIEKTPOIBU-
rateyisi 1 ero MOMEHT MHepuuu. Bce ympapisiionnve
BJIEKTPOABUraTE N UASHTUYHBI.

CootHouenus (4)—(9), (11), (12) cBA3bIBAIOT TPU-
HaAUaThlo CBS3IMU 18 HEM3BECTHBIX BEJIMYMH: CEMb
BTOPBIX MPOU3BOAHBIX, OMPEACISIOIINX KOOPAUHATHI
x, ¥, v, oy, By, oy, Br), peakunu R|,, Rly, MOMEHTEHI
W CWJIbI, IPWJIOXEHHBIE K Teny F, g;, u;, i =1, 2, a Takke
TOKH Iq,-, 1, i=1, 2. Ins 3aMbIKaHUS CUCTEMBI HYXKHBI
ellle MATh COOTHOILLEHUI, KOTOpbIE ONMpPEenestoTCs aj-
TOPUTMOM yMpaBJeHUs] JaHHOI CUCTEMOIA.

. -2
= —2a(x% cosay — 2bB1 cosP;.

2. AJIropuTM ynpaBjieHHsI 0 MOMEHTaM

VYpapiieHre MHOIO3BEeHHBIMU POOOTaMM, KaK mpa-
BUJIO, CTPOUTCS OO Ha OCHOBE y4yeTa BO3IENCTBUS
orepaTopa yepe3 MMEIOIYIOCSI CUCTeMY OUYBCTBJIEHMUS
[4—6], 1100 ¢ MOMOLIBIO TPAEKTOPHOIO YIIPaBICHUS
3BEHbSIMU POOOTA MO HEKOTOPHIM XKeJTaeMbIM TPAeKTO-
pusiMm [2]. PaccmaTpuBaeMblil HU3KE aJlTOPUTM COYETA-
eT B cebe uaeoiornio obonx MeToa0B. byneM cuuTarhb,
YTO YE€JIOBEK-0IepaToOp MOXET aKTUBHO MCIIOJIb30BaTh
TPOCThb, HO YCUJIMSI €r0 MBI HIDKHUX KOHEYHOCTEMH
HUYTOXHBI (HampuMmep, BBUAY IaTOJOTMi B OIOpP-
HO-JIBUTaTeJIbHOM allnapare Mpu naparvieriu) U cro-
COOHBI JIUIIb 0O03HAYUTD KETAEMYIO TEHAECHLIMIO Te-
pemMelneHus, Kotopass (UKCUPYETCSl CUJIOBBIMU JaT-
YrMKaMM, MHOTOKPaTHO YCWIMBAeTCs W TomaeTcs Ha
HCTIOJIHUTENIbHBIE OpTraHbl (3JIEKTPOIIPUBOALI B Iap-
Hupax). B 1ieloM KaXIblii 4eJIOBeK CTPEeMMTCSI IBU-
raTbCs B peXXUMe MEePUOANYECKON MOXOAKHU, OJIM3KOM
K kKoMmdoprabenbHoil. MMEHHO OKpEeCTHOCTb TaKoii
MOXOJAKU U UCCeAyeTCsl B JajibHelilleM B paboTe.
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ITpu pelieHnr oOpaTHOU 3aAa4u AMHAMUKY B CITY-
yae OJHOOMOPHOU, KoMbopTabeabHOM XOIbObI C IMO-
Mouibio cucteMbl (4)—(11) MoryT OBITh HaliieHEI Tpe-
Oyemble cuibl F'u MoMeHTH 9)i(g, u) B lIapHUpax (Kak
(yHKIIMM BpeMeHU), KOTOpble Mbl OyneM Ha3blBaTb
JKeTaeMbIMM 1 0003HavaTh Kak F*, M*. [TycTs oneparop
CIMOCOOEH CaMOCTOSITEJIbHO OTCIEIUTh TPEOYEMYIO CU-
ay F*, a orciaexuBaHue 2* coBepluaeTcs dJEKTPO-
MIPUBOIAMM HA OCHOBE CJICAYIOLIETO aJropuTMa:

M =AM — M*] + M*, % <0, (13)
rne A[1/c] — HeKoTopblii 3alaHHBI KO3 UIIMEHT.
CraBuTCs 3ama4ya ¢ MOMOIIbI0 MaTeMaTUUYeCKOro Mo-
JeTUPOBAHUS HAUTH OOJIACTh MPUMEHMMOCTH TaKOTO
aJiropuT™Ma M BO3HMKAIOIIME MPU 3TOM OIIMOKU MC-
MOJTHEeHUSI.

Ilycts @ — OOWH M3 MEX3BEHHBIX, YIIPaBISIeMBbIX
YIJIOB 9K30CKeJeTa, onpeaessieMblil yriaamMu o, B;, v,
BXOISIIMMHU B JIEBBIE YacTU cOOTHolueHui (4)—(9),
(12). Torma mist a0OOro M3 YNpaBisSieMbIX YIJIOB ¢
nMeeM

N opg® + (1/m)MM = Cpyl. (14)
IMoncraBnsas 3To BeIpaxkeHue B cooTHoueHue (13),
MOJIyYUM

nCmi - aneng('f) =AnC,l — nz.feng('f) — M*] + 90 *,

ITocKoabKy yroi ¢ 1 ero Npou3BOIHbBIC TaK XKe, Kak
1 kKeJaeMbIii MOMEHT I*, OTHOCATCS K pa3psiay Iepe-
MEHHBIX, OTHOCUTEJIbHO MEMJIEHHbIX B CPaBHEHUU C
TOKaMHU, TOJYYEHHYIO (DOpPMYJy MOXHO YIPOCTUT,
3aMEHMB ¢¢ Ha TPUOIIKEHHYIO

nCpd = MnCpul = n2J g — M.

YneH ¢ ¢, a Takxke 9U* B mpaBoil yacTU MOJIy4YeH-
HOI'O COOTHOILIEHUSI YMHOXAIOTCSI Ha KOG GULIMEHT A,
KOTOPBII MOXET ObITh OOJbIIMM 110 Momyo. [TosTomy
9TU YJIEHbI COXpaHeHbl. B pe3ynbrare Bcex 3TUX Ipe-
00pa3oBaHuii MOJTyYaeM CIEAYIOIINE MATh HeIOCTAI0-
wux cucreme (4)—(12) cooTHOIIEHUIA:

Iqi = K[Iqi - (nJeng/Cm)(\Tl - OLl) - q;"/nCm],
F=F*i=1,2.

&;) = uf /nCyl: (15)

Ananuzupysi cootHoleHus (15), otMeTuM, 4To (Ipu
KCIIOJIb30BaHUU 3JIEKTPONIPUBOIOB C MaJIbIMU MOMEH -
TaMU MHEPLUU SIKOPS Jo,g) WICHAMU C Jppy MOXHO
MHOTIA IpeHeOpeub. DTO yIIpollaeT ajJroOpUTM Y-
paBjieHUS.

CrenyeT 3aMeTUTh, YTO UCTUHHBIM YIIPABISIOIINM
mapaMeTpoM 3JIEKTPOJABUTATENIC ITOCTOSTHHOTO TOKa
SIBJISIETCS HE cuila Toka [, a HampskeHue V. Eciu Ha
paccMaTpuBaeMOM 1lIare WMHTETPUPOBAHUSI CHUCTEMBI
(4)—(12), (15) ee peureHUE U3BECTHO, TO HANIPSIKEHUE

JICTKO OITPEACIACTCA U3 3aKOHA NMaaCHWA HAIIPAXKCHUA
B LCIIM KaXXOI0ro 3JCKTPOIIPMUBOIAA:

V=nCup + RI+ Ly,

rae C, — xoadduunment npotusodAC, R — comnpo-
TUBJIEHWE LIENU 3JeKTponpuBoaa, Ly, — €ro WHIyK-
TUBHOCTb.

3. Pe3yJIbTaTl>l MATEMATHYICCKOro MOJI€CJIMPOBAHUA

YucneHHoe MoneJIupOoBaHUE MPOBOAWIU B Cyvyae
cpeaHecTaTucTuueckoi [7, 8] Momenu Tena yeaoBeka.
3HaueHusI apaMeTpa s, XapaKTepU3YIOIIEero PacCTOsSTHUE
OT Taza JI0 Iuledya 4esjoBeKa, MPUHUMAIOCh PaBHBIM
0,55 m. Macca sk30cKesieTa cuuTagach paBHOM 20 Kr:
5 Kr — Macca Kopmyca, o 3,75 Kr — Macca KaxIoro
u3 Oeiep U rojieHeu, mpuyeM mMacca BCloay IpearoJa-
rajlach pacrnpeejeHHOW paBHOMepHO. [TarTepH Xoab0bI
orpeaesisieTcsl TaKUMU NTapaMeTpaMu, Kak JUIMHa 1ara L,
BbICOTa Ta300€IpEHHOr0 CycTaBa uejioBeKa A, mepuos
mara 7T, MakcuMajibHasi BbICOTa MOIbeMa MEPEHOCU-
MO HOTH 8, KO3(p(PULIMEeHT, ONpeaesaolnii KOOpau-
HaTy abCUMCC MOCTAHOBKU TPOCTU &. DTU MapaMeTphbl
OBLIIA BHIOpPAHBI CIAEAYIOLINMMU:

L =20,48 cm; h = 85,5 cm;

T=1c;86=2cMm; E=1,05.
MoaenpoBaHue MPOBOAWIIM JJISI IBYX BApUAHTOB
SJIEKTPOIIPUBOIOB: MO YIIPOIIEHHOMY aJTOPUTMY IS
snekTporpuBoaa Ne 1 ¥ 1o MOJHOMY aJlTOPUTMY IS

anekTporipuBoga Ne 2. JInsa nmpuBoga Ne 1 ObUIM B3SITHI
clieAylolue rnmapameTphbl:

Jeng = 0,0333 kr* CMZ; Cm = 136 xr* CMZ/A' 02;
C,=0,014B-c; R=10wm;
Ly, = 0,001 B-c/A, n=800;
Uit mpuBoga Ne 2 —
1,12 xr* CM2; C,, = 350 xr- CM2/A'C2;
C,=0,0375B-c; R=2 Owm;
Lgy = 0,03 B-c/A, n = 110.

Jeng =

MopaenupoBaHye BBISIBUIO CUJIBHYIO 3aBUCUMOCTD
KayecTBa pEIIeHMST 3aJayd OT 3alaHus HauvyaJbHBIX
3HaUeHUU cuibl ToKa. HavaibHble 3HaUY€HUS IO OC-
TaJbHBIM MEPEMEHHBIM OpPaJIMCh COOTBETCTBYIOIIUMU
KeJlaeMoMy KoMdopTadbeabHoMy pexxumy. Kak npasu-
JIO, TPU OTHOCUTEIBHO OOJIBIINX 3HAYEHUSIX KO3 Pu-
LIMEHTA A pellleHUe MPU JIOOBIX HaYyaIbHBIX TAHHBIX 110
TOKaM JOCTaTOYHO OBICTPO BBIXOAMUT HAa PEXUM JIBU-
JKE€HUsI, HA KOTOPOM YMPaBJISIIOLIXEe MOMEHThI MPaKTHU -
YECKM CPaBHUBAIOTCS C KeTaeMbIMU YIIPABISIONIMMU
MoMeHTamu. [Ipyu 3TOM KauecTBO Bcero mpoiecca B
LIeJIOM OIpenessieTcsl TOUHOCThIO BbIXOJA Ha Xejae-
MYIO TpaekTopuio KoMdopTtadbenabHoro pexuma. Ecnu
WX paccorjacoBaHUe HE3HAYUTENbHO, TO pellleHUEe Ha
KOHEYHOM 10 BpeMEHH CTaIu1 JOCTATOYHO TOYHO TO-
BTOpPSIET MO KMHEMATUKE >XKeJaeMbIil PeXXUM XOIbOBbI.
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[Mpu MomenMpoBaHUYM pacCMaTPUBAIN CIIEAYIONINE
TPH CIIoco0a 3anaHusl HauyalbHbIX 3HAUYEHUI MO TOKaM:

1) BBIOOP HauaJIbHBIX TOKOB onpenessieTcs Gopmy-
Joii (14), ecnu BMecTo § , 9t Tyna MOACTABISIIOTCS Ha-
YaJIbHbIE KeJaeMble BEIMUMHBI O , IT*;

2) BMecTO ¢, 9 moacTasisiores 0, 9*;

3) 3agaroTcs HyJIeBble HayallbHble TOKKU. DTOT MO-
clieqHuit cnocod HauboJsiee OJIM30K K CUTyallMu, KOraa
HayajibHble TOKUA BBIOMpAIOTCs MPOU3BOJIbHO. Hapsmy
C 9TUM pacCMaTPUBAIUCh M Pa3IMYHBIC BAPUAHTHI 3a-
JaHus KoagGULMeHTa A

HOMMHaJbHBIM BapuaHT A = —1000 1 BapuaHTHI

A = —500 (BapuanT "a"), A = —250 (BapuaHT "6"),

A = —100 (Bapuant "6"), L = —50 (BapuanTt "e"

[IpencraBneHre o6 ouIMOKax MCMOJHEHUS XeJae-
MOTO PeXMMa XOILObl B Cllydae HOMUHAJIBHOTO Bapu-
aHTa MaloT KOOPAWHATHI TOJIOKEHUS Ta300eIPEHHOTO
apHUpa Xy, Y7 U MOJOXEHHUE CTOIBI MePEHOCUMON
HOTU X) 7, 57 B KOHEUHbII MOMeHT BpemeHu 7. Ha xe-
JJAEMOM M peaJIbHOM PeXMMax B cirydae criocoba 1 BbI-
0opa HavyaJbHbIX TOKOB OHU, COOTBETCTBEHHO, PAaBHbI

x7 = 10,24 cm; y7 = 85,5 cm;
x5p = 20,48 cM; y57 = 0 cMm;

xp = 10,50 cm; y7 = 85,98 cm;
Xy = 20,58 c™m; ypr = 0,47 cm.

st cioco60B 2 1 3 pealibHbIe BETMYMHBI CIIEAYIOLIe:

xp= 10,53 cm; y7 = 85,92 cwm;

XoT = 20,65 CM; T = 0,40 CM;

x7= 11,09 cm; y7 = 81,50 cm;
Xy = 21,22 c™; yy7 = —3,72 cm.

86

85.5

©
)]

84.5

[°3
i

83.5

[er]
w

82.5

(o]
N

©
e
[$)]

81

-10 -5 0 5 10 15

MepemeLlyeHne TazobegpeHHOro cyctasa no BeEpTUKanum, cm

Puc. 2. I'paduku nepemenieHnsi Ta300eiPEHHOr0 CycTaBa B jJeKap-
TOBBIX KOOPIMHATAX:

I — cootBetcTBYeT crocody Ne 1; 2 — COOTBETCTBYeT Crocoly
Ne 2; 3 — coorBetcTByeT crmocoby Ne 3; 4 — COOTBETCTBYET XKeJjlae-
MOMY PEXKUMY

Ha pu c. 2, 3 mpencrarnensl rpaduku mpu A = —1000,
OITMCHIBAIOIINE TPACKTOPUM NBUKEHMS Ta300emapeH-
HOTO CyCTaBa 1 TOJICHOCTONA MePeHOCUMOM HOTH B Jie-
KapTOBBIX KOOPAMHATAX IJIST TPEX Pa3IMYHBIX CITy4aeB
BBIOOpa HayaJIbHBIX JAHHBIX MO TOKY. Ha pmuc. 4 mo-
Ka3aHbl rpa)K1 TOKOB B IIPMBOAAX 9K30CKeIeTa s
cJiydasi TOUHOI'O BbIOOpa HavyaJbHbBIX JAaHHBIX (CIOCOO
Ne 1) mpu A = —1000.

[NpuBeneHHBIe TaHHBIE TTOKA3BIBAIOT, YTO CITOCOOBI
BBIOOpA HavaIbHBIX 3HaYeHU TOKOB Ne 1 u Ne 2 mator

MepemelyeHne roneHocTona
nepeHOCMMON HOTY MO BEPTUKANu, CM

L L
-30 -20 -10 0 10 20 30,
MepemelleHe ronieHocTona NepeHoCUMON HOTU MO FopU3oHTanM, cM

Puc. 3. I'paduku nepemeneHuss roJIeHOCTONA NMEPEHOCHMO HOTH B
JIEKapTOBbIX KOOPIMHATAX:

1 — cootBeTcTBYeT crocody Noe 1; 2 — COOTBETCTBYET CITOCOOY
Ne 2; 3 — cootBetcTBYyeT criocoOy Ne 3; 4 — cCOOTBETCTBYET Xejae-
MOMY PEXUMY

15

Cuna TokoB B npusoaax, A
& o 3 S

N
=)

-15

Puc. 4. I'paduku cuiibl TOKOB B MPHBOJAX IK30CKEJIETA:

1 — TOK B NMPUBOJE KOJEHHOTO LIApHKpa OMOPHOI HOrW; 2 — TOK
B TPUBOJIEC Ta300eAPEHHOrO IIapHUpPa OMOPHOM HOTH; 3 — TOK B
MPUBOJE KOJEHHOIO LIapHUpa OMOPHOW HOTU; 4 — TOK B MPUBOJIE
Ta300eIpeHHOro 1apHUpa MePeHOCHON HOTU
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Puc. 5. T'paduku KeaaeMoro u peajbHOro yrjia HAKJIOHA KOPIyca y:
1 — peaybHas TpPAacKTOPHUsSI HAKJIOHA KopItyca; 2 — XejlaeMasl Tpa-
EKTOpMsI HAKJIOHa KopItyca

NPpUOIM3UTETHLHO OAMHAKOBYIO U MPUTOM DPA3yMHYIO
TOYHOCTB peau3alliy KeJaeMOoTo peskuMa, HO TIPOM3-
BOJIbHBINM BBEIOOpP HAYaIbHBIX TOKOB CHJIBHO YCTYIaeT
9TUM JABYM B KayecTBe. [loaTomMy nanbHeiime uccue-
JIOBaHUS TIPOBOAMIINA B OCHOBHOM B CJIyd4ae TOYHOTO
BBIOOpA HAaYaJIBHBIX TOKOB. Ha puc. 5 moka3aHo moBe-
JIEHWE YIJIa TPOCTU y(f) Ha XeJaeMOM PEXUME B 3TOM
cayudae nipu A = —1000. Ha puc. 6 npuBeneH rpaduk
cuwibl Tpoctu F(7) Ha xenaemom pexume. OTMETUM,
YTO OHa BCIOAY HeOTpHUIaTesibHa, YTO OTBevYaeT Qu-
3UYECKUM YCIOBUSIM TIpoIiecca.

KauecTBo peanuzanuu CUIbHO 3aBUCUT U OT KO3G-
¢unuenTa L. Tak, HampuMep, B ciiydyae cnocoda No 2
3aIaH’s] HavyaJIbHBIX TOKOB B BapuaHTax "a"'—"6" (oHU
0003HaueHbl B BEPXHUX HMHIAEKCAX) aHAJOTMYHBIM
MIPUBEICHHBIM BBIIIIE KOHEYHBIM 3HAYEHMSIM AeKapTO-
BBIX KOOPAWHAT M COCTABJISIOT

x7 = 10,81 cM; y7 = 86,34 cm;

ng = 20,81 cm; ygT = 0,79 cMm;

x5 = 11,38 cv; y = 87,12 ew;

ng = 21,12 cm; ygT = 1,53 cMm;

x7 = 13,01 cM; 5 = 89,05 cm;
X371 = 22,06 cM; 57 = 0,03 cM.

Tem cambIM, pazyMHasi 1ojioca BbIoopa HaCTPOESYHOT O
Koa(pduumreHTa B 3aKOHe yrpaBiaeHus ectb A < —500.
Bce ckazaHHOe, pasymeeTcsl, OTHOCUTCSI K Tpeljio-
JKEHHOMY BBbI1IE TPUOIMKEHHOMY OTCJIEKUBAHUIO XKe-
JIaeMbIX MOMEHTOB, Koraa ¢opmyia (13) 3ameHsieTcst
Ha cooTHoleHus (15).

Cwuna onopsbl Ha TpocTb, H

Puc. 6. I'padmk cunbl peakuuu onopbl F BAOIb TPOCTH

ITpencraBiaeHHbIE BbIllIE Pe3yJIbTaThl OTHOCUJINCH K
MPOILIECCY MOAETMPOBAHUS 3K30CKEJIETa C TPUBOIAMU
Ne 2. AHajorMuHbIe MCCIeI0BaHUS ObUIM ITPOBEICHBI
U ¢ nmpuBogaMu N 1, KOTopbie MOKa3aau SKBUBAJICHT-
Hble MO TOYHOCTU HMCMOJHEHHUS XKeIaeMOoro pexuma
JIBVKEHMS IIPU BEIOOPE TeX XKe CII0CO00B 3aJaHus Ha-
YyaJibHbIX JAHHBIX MO TOKaM. JlMamna3oH MOAXOASIIIMX
3HAYEHUU A 31eCh HECKOJIBKO IITUpeE.

3akioueHue

1. TToctpoeHa nuHamMuuyeckasi MOJENb IBUXEHUS B
CaruTTajJbHON IIJIOCKOCTU AJISI 3K30CKejeTa HUXHUX
KOHEYHOCTE, MHTErPUPOBAHHOTO C YeJIOBEKOM-OTIIe-
paTopoM, C YIETOM €T0 OTIOPHI Ha XKECTKHE HEBECOMBIE
KOCTbUIM. Mozenb yYUTBIBAET TaKKe TMHAMUKY 3JIEK-
TPOIPUBOAOB MOCTOSTHHOTO TOKA.

2. TlocTpoeH 3aKOH yIpaBlIeHUS 3TUM OOBEKTOM,
KOTOPBI (hopMUpyeTCsT UCXOAS U3 MOMEHTOB, OTBE-
YaIOILIUX KEeJIaeMOMY PEXKUMY TBMXKECHUS.

3. Mccnenyercst TOUHOCTDb pabOThI 3TOTO aJIrOpUTMa
MPpU pa3TMYHOM 3aJaHUM HAYyaJIbHBIX YCIOBUN U Ha-
CTPOEYHBIX KO3(P(UILIMEHTOB aJIrOpUTMa B CJIy4ae OIHO-
OIIOPHOI X0ombOKEI. B pe3yibraTe MomenmpoBaHUs ITOMY-
YEHO, YTO JOCTATOYHO XOPOIIYI0 TOUYHOCTh ABMKECHUS
obecrieyrBaeT BBHIOOpP HayajbHBIX 3HAYEHUI TOKOB,
COOTBETCTBYIOIIMX CTaTUUYECKOMY HauyaJlbHOMY I10JIO-
JKEHUIO 00BbEKTa Ha XKeJaeMOM PeXUME.
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A dynamic model of the motion in the sagittal plane of the lower limbs of the exoskeleton, integrated with a human operator,
was created with account of its lean on rigid weightless crutches. This model describes a mockup of the exoskeleton, which is
a 5-link system incorporating the knee and hip drives, as well as massless hand supports. The dynamic model is based on the
Lagrange equations of the second kind, which, alongside with the kinematic parameters, also includes the reaction support
forces of the point feet and weightless crutches. When the parameters of the mathematical model were set, the inertial mass
of the body characteristics of the resulting statistical processing of the tomography slices of a certain number of subjects were
taken into account. In the model, the crutches are considered as an extension of the human hands, so the force application
points of the crutches are the shoulders of the operator. Human reaction in the shoulder joint to the torque of the crutches is
considered irrelevant. The model also takes into account the dynamics of the DC electrical drives. The synthesis is based on
the method of solving the inverse tasks of the dynamics. Synthesis of the control system was carried out on the example of a
flat, single support for comfortable walking. Since it is assumed that an operator has a weakened musculoskeletal system, but
workable hands, it is considered that the given influences on the control system of the exoskeleton are the required torques in
the hip and knee joints, viewed as a time function, while a person is assigned the function of providing power to the crutches.
As a result, an analytical law motion control exoskeleton was designed, which provided locomotion to the hip and knee joints
in accordance with the selected desired mode. The synthesized algorithms were applied to the constructed mathematical models
and a numerical study of them was conducted. The article presents the results of the numerical simulation and of the inves-

tigated precision control.

Keywords: exoskeleton, support on crutches, nonlinear control with joint torques.

Acknowledgements: This work was supported by the Russian Foun-
dation for Basic Research, project no. 15-01-0453.

For citation:

Lavrovsky E. K., Pismennaya E. V. Control of Walking for an Ex-
oskeleton with the Use of Information about the Programmatic Tor-
ques, Mekhatronika, Avtomatizatsiya, Upravlenie, 2017, vol. 18, no 3,
pp. 173—179.

DOI: 10.17587/mau.18.173-179

References

1. Beletsky V. V. Dvunogaia khodba (Biped walking), Moscow,
Nauka, 1984, 286 p. (in Russian).

2. Lavrovsky E. K., Pismennaia E. V. Algoritmy upravleniai ek-
zoskeletom nizhnix konechnostei v regime odnoopornoi fazy khodby po
rovaym i stupenchatym poverkhnostiam. (Control algorithm for lower
extremities exoskeleton in the walking regime by flat and step surfaces),
Avtomatizatsiya, Upravlenie, Mekhatronika, 2014, no. 1, pp. 44—51
(in Russian).

3. Beletsky V. V., Chudinov P. S. Parametricheskaia optimizatsiia
v zadache dvunogoi khodby (Parameter optimization in the problem

of biped walking), Mechanics of Solid Body, 1977, no. 1, pp. 25—35
(in Russian).

4. Patent 2555801 na izobretenie "Apparat dlia pomothchi pri
khodbee" (Patent "Apparatus for help by walking") / Pismennaia E. V.,
Kuzmichov A. V., Avedikov G. E., Komarov P. A., Formalsky A. M.,
zaregistrirovano v Gosriestre ZF 09 ijinia 2015, opubl. 10.04.2015,
bul. no. 19 (in Russian).

S. Patent 2364385 na izobretenie "Nosimoe vspomogatelnoe ustroist-
vo, sodeistvuiythchee dvigatelnoi aktivnosti i upravliaiuthchaia pro-
gramma" Ji. Sankaji (Patent "Carry auxiliary equipment for help by
moving activity and control program” / Ji. Sankai) opubl. 20.08.2009,
bul. no. 23 (in Russian).

6. Patent US 2016/0030201 Al, "Powered orthotic system for
cooperative overground rehabilitation" / A. Zoss, T. Swift, A. Berg,
Strausser K., Brendan E., opubl. 14.09.2015.

7. Lavrovsky E. K., Voronov A. V. Opredelenie mass-inertsialnykx
kxarakteristik nogi chelovekaa (Finding of mass-inertia parameters for
human legs), Physiology of Human, 1998, no. 2, pp. 91—101 (in Rus-
sian).

8. Lavrovsky E. K., Pismennaia E. V. O regularnoi khodbe ekzo-
skeletona nizhnikx konechnosteji pri deficite upraviiaiuthchikx vozdeistviji
(About regular walking lower extremities exoskeleton at the deficit of
control influence), Russian Journal of Biomechanics, 2014, vol. 18,
no. 2, pp. 208—225 (in Russian).

MexaTpoHuka, aBToMaTH3anus, ynpasienue, Tom 18, Ne 3, 2017

179



