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B cmamve uccnedosan mpexseennulii MAHURYIAMOP, UMEIOWUL 068e NOCHYNAMENbHbLE U OOHY 6PAAMENbHYI0 KUHeMamuyecKue na-
pol 5-20 knacca. Ocu nepsoil u 6mMopoll KUHeMAMUYECKUX Nap Opmo2oHAIbHbL, A 8MOpoll U mpemvell — napaieivhvl. Takue pobomol
HAX00Am npuMeHenue 6 3azpy3Ke-pasepy3Ke MexHON02UYecKo20 000pyoosanus, 0as 0y2060i ceapku. s paccmampueaemozo Manuny-
JIAMOpa ObLNU NONYYEHbl CUCHEMbl MPeX HETUHENHbIX OUDDepeHyUanbHblX YpasHenull 2-20 nopaoka, onuceisaiowue e20 OUHAMUKy. B
CBA3U € HEODXOOUMOCbIO OYEHKU MOMEHMA HASPY3KU, BOSHUKAIOWEU HA 8ALy YNPABIAIOWe20 NPpUBodd, 6HeulHue 0000WeHHble CUlbl
ObLIU NpUBedeHsl K coomseemcmayowel 0600uenHol Koopouname. i uccie008aHus MAHUNYIAYUOHHOU CUCTEMbl NPUMEHAICA Me-
MO0 2apMOHUYecKoll JuHeapuzayuy Heaunetinocmel. [lpumenenue memooa 06ycio61eHo mem, Ymo OH N0360.5em Oe3 uzyyeHus nepe-
XOOHO020 npoyecca cucmembl HAXOOUNb OCHOBHbIE XAPAKMEPUCTNUKY CUCTEMbL, MAKUe KaK Yacmoma, amMnaumyod u gasa Korebanuil,
3a68UCUMOCMb OM (POPMbL HeuHeliHOCmel, napamempos IuHeuHou yacmu cucmemsl u m. 0. Ilonyuenvl coomHuowenus, no36onsuue
onpeoenams cOOCMEeHHble KONeOAMENbHbLE PENCUMbL OBUNCEHUS. DACCMAMPUBAEMO20 MUNA MAHUNYAAMOPA. DM COOMHOUEHUS. MO2YIM
ObIMb UCNONBL306AHBL NPU paCUene, NPOEKMUPOSAHUL U HALAOKe MAKO20 MAHURYAMOPA. YCmaHosneno, ymo 6 cayuae, Ko20a CUcmema
YpasHeHuil, ONUCHIBaIowas OUHAMUKY PACCMAMPUBAEMO20 8 pabome MAHUNYIAMOPA, ¢ YUemoM YPASHeHUll, ONUCLIBAIOUUX OUHAMUKY
NPUBOO08, HE COOEPHCUN CUTBHO BbIPANCEHHBIX HEAUHEHOCEN, 3 COOMHOULEHUS NPeOCmAsaAom coboll cucmemy 08yx ancebpaude-
CKUX YPAGHEHUI ONMHOCUMETbHO Yacmonbl 6-1i U 5-1i cmenenu coomeencmeeHHo.

KuroueBble ci10Ba: TpeX3BEHHBIH MaHUITYJIATOP; YPAaBHEHUS TUHAMUKH; METOJI TApMOHUYECKOH JIMHeapu3alui HeTMHEHHOCTE .

Calculation of dynamics of one type of three-link manipulator
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The article deals with a three-link manipulator having two translational and one rotational kinematic pairs of the fifth class. The
axes of the first and second kinematic pairs are orthogonal, and the second and third are parallel. Such robots are used in loading and
unloading of technological equipment for arc welding. Systems of three nonlinear differential equations of the second order describing
its dynamics were obtained for the manipulator under consideration. Due to the need to estimate the moment of load arising on the shaft
of the control drive, the external generalized forces were reduced to the corresponding generalized coordinate. The method of harmonic
linearization of nonlinearities was used to study the manipulation system. The application of the method is due to the fact that the me-
thod allows without studying the transition process of the system, to find the main characteristics of the system, such as frequency, am-
plitude and phase of oscillations, dependence on the form of nonlinearities, parameters of the linear part of the system, etc. The rela-
tions allowing to define own vibrational modes of movement of the considered type of the manipulator are received. These ratios can be
used in the calculation, design and commissioning of such a manipulator. It is established that in the case when the system of equations
describing the dynamics of the manipulator considered in the work, taking into account the equations describing the dynamics of the
drives, does not contain strongly expressed nonlinearities, these relations are a system of two algebraic equations with respect to the
frequency of 6 and 5 degrees, respectively.

Keywords: three-link manipulator; the dynamic equations; the method of harmonic linearization of nonlinearities.
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Benenune. Cucremsl nuddepeHnaibHbIX YpaBHEHHH,
OIKCHIBAIOLINE JUHAMUKY MEXaHUYECKONH CHCTEMBI TpeX-
3BEHHBIX MAHHITYJISITOPOB C TPEMS CTETICHSIMH IT0IBUKHO-
CTH, B OOJBIIMHCTBE CBOEM SBJISIFOTCS HETMHEHHBIMH [1].
Kpome Toro, psia cyliecTBEHHBIX HEIMHEWHOCTEN THIIA 30H
HEYyBCTBUTEIFHOCTH, HACHIIIEHHUS TIIOPTA U T. II. COJEpKAT
TIPUBOJIBI CTETICHEW IMOJBIKHOCTH M MEXaHU3MBI TIepeladn
IBIDKEHUS. Ha HawanpHOM JTame HMCCIENOBAHHUSA TaKUX
CHCTEM, IIPU BBIOOpE CTPYKTYPHI U ITApaMETPOB CHUCTEMBI C
YYETOM MMEIOIINXCSl HEJTMHEHHOCTEH, [1eJIeco00pa3Ho IpH-
MEHSTh METOJ] TapMOHHUYECKON JTHHEeapU3aluu HeTMHEHHO-
CTel. DTO CBSI3aHO MpEXkKAE BCETO C TeM, YTO METOJ M03BO-
JsieT ONpeAeNsTh OCHOBHBIE XapaKTEePUCTUKH CHUCTEMBI,
TaKhe KaK 4acToTa, aMIUIMTyAa U (a3za koneOaHMH, 3aBU-
CUMOCTh OT ()OpMBI HETMHEHHOCTEH, mapaMeTpoB JIMHEH-
HOW YacCTH CHCTEMHI U T. ., 0€3 HEMOCPEICTBCHHOTO pac-
CMOTpEHUS IEPEXOJHOIO MPOLecca CUCTEMBI [4].

PaccmoTprM 3amady HaXOXICHHS YCIOBHH CYIIECTBOBA-
HUSA M YCTOWYMBOCTH TIEPHOJMICCKIX KOIeOATENFHBIX PEKHU-
MOB JBIDKCHHS TPEX3BCHHOTO MaHHITYJISITOpa po0oTa,
HUMCIOMICTO ABE€ MNOCTYNATCJIbHBIC W OJHY BpallaTCJIbHYIO
KrHeMaThdeckue mapbl 5-ro knacca [8]. [Ipenmnonoxum, 4ro
YIIpaBIEHHE MaHMITYJISATOPOM OCYIIECTBISCTCS C MOMOIIBIO
TpeX HE3aBHCHMBIX 3JIEKTPOIPHBOJIOB, PACIOJATAIOIINXCS B
COUWICHEHMSIX 3BE€HbEB. B KauecTBe MaTeMaTHUeCKOW MOJenu
TaKOTo IPHUBOJIA TIPIMEM YpaBHEHHE:

My = dikely(Tip +1)(q; + 4)) — hipq; , (1)

rne d;h; —
k3, — xoapdunuent, o6paTHO MPOMOPLUUOHANBHBINA KO3 (-

KOHCTPYKTHBHBIE NapaMeTphl i-T0 TPHUBOJA;

(bUIMEHTyY YCUICHUS (-TO JBUraTelsl; ¢; — MPOrPaMMHOE
3Ha4YeHHe 0000IIECHHONW KOOPIUHATHI i-if CTEHEHU MOABHXK-
HOCTH; p — omiepaTop muddepeHnupoBanus [12].
[penmonoxkum, 9T0 K BBIXOJHOH OCH BTOPOTO IPHBOJA
MPHJIOKEH MOMEHT CHJI CONPOTHUBIICHHUS, CO3/1aBaeMBblii criia-
MH BSI3KOTO TPEHUS B JIeMEHTaX MEXaHUUECKON Tepeiavn:

2 _ 2 .
/er__KB.Tp'qZ- (2)
HpI/IMeM TAaKXEC, YTO K BBIXOJHBIM BajJlaM HepBOFO nu
TPETHEro NMPUBOJAOB NPUIIOKEHBI CHUJIBI BA3KOTI'O TPCHUA:
i _ j s
Fr,=—K%%,,4,J=13 . 3)

C YUY€TOM CACITaHHBIX Hpe}lHOJ’IO)KGHI/Iﬁ YpaBHCHUA OU-
HaMHKHW pacCMaTpuBa€MOIo MaHHIIYJIATOpa COBMECTHO C
YPaBHCHUAMU YHPABJIAIOIINX ITPUBOJOB MOKHO 3aITUCaTh B
CJICAYIOIEM BUJIE:

(Ipln% + a1)‘71 + asdy + ag(q,)? == diniky(Ty q

Tyl‘h +qi —q1) —hinyg, — &7 rptq1s

(IpZn% + az)‘?z +asg, =

= dznzkf,(Ty 4z Tyz‘b +q; — ‘h)
- thZQZ - KZB. Tp
42 +a;(pz +2(p3s +p ). 4)
(1p3n§ +a3)is = dsnsk3 (T 43 — Ty s + g3 — q3) —
hsnsqs — KSB.T[) * gs- (%)

3HaueHHsT KOI(PPHUIUEHTOB 3TOH CHUCTEMBI OIpeJeNs-
10TCsI O (hopMyJIam:
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a, =my + m, + ms, (6)

1,\2
a, = IZZ + 123 + m, (;2) + m3l%, as = msj, (7)

a, = mylycosq, + 2msl,c08q,, as = %a4, (8)
1 .
g = _E(mz + 2m3)l;sings, )
Iz
a; = —-C05q;. (10)

Benwaunel q; mpencTaBisAroT o001 00001IEHHBIE KO-
OpJMHATHI, OMPEACIAIOINE KOHMDUTYPAIUI0 3aXBAaTHOTO
yCTpOMCTBA u MaHUITYJIATOpa pobora; qyepes
mj, l]-, Dj, Loy Ly, L 0003HaYEeHBI COOTBETCTBEHHO Macca,
BEC U OCEBBIC MOMCHTBI I/IHepI_[I/II/I 3BCHA 1, D r— BEC rpy3a
B 3aXBaTHOM YCTpOMCTBe [6].

Ora crucremMa nudQepeHInaTbHRIX YPaBHCHUH B Ome-
paTOPHOM BHJEC MOKET OBITh 3alKMCaHa CICAYIONUM 00-
pazom [10]:

Q1(P) a1 = $1F11(q2,0*q2) — 51F12(q2,pq2) +
d1n1k31/(Tylp + 1)(‘7{),
Q:(p)q, = Szez(Ch'PzCh) + d2n2k32,(T;p + 1)(‘1;), (11)

K3 (T3p + 1)(g3). (12)

IIpu 3amucu 3TOH CHCTEMBI ONEPATOPHBIX YPABHEHUM
UCIIOJIb30BaHbI CleAyIoIre 00o3HaueHus [14]:

Q3;(p)qz = d3ng

l
2 2
$1 = _Z_nl(mz +2my),s; = —Z—nz(mz +
+2m3),F11(q2,p*q2) = P*q2c05q2, (13)
Fi2(q2,pq2) = (P%)ZSinQ(z Fzz(‘)}z,Pz‘h) =
P2+2(p3+p r
= p®q,c05q; + T matzms €084z (14)
Lnl +ai 2 i LB T D
Qu(p) =2 p + (K + =222 p + . (15)
ki = dik;T;' +h;, ki=dki, i=123. (16)

CrpykTypHas cxema cucteMsl ypaBHeHui (11) npen-
CTaBJIeHa Ha puc. l.

FLE ) . iy

4 17 .
dytga i p+ 1)

Wz Halpd

Puc. 1. CtpykrypHas cxema cucTeMsbl ypaBHeHuit (11)
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PaccMoTrpum cBoGoHOE (0€3 BHEITHUX BO3MYIIAIOLINX
W YIPaBISIIOUIMX BO3ACHCTBHUIT) IBM)KECHHE MaHHITYJISIIH-
OHHO#H cucTeMsl. B ¢Bsi3u ¢ aTuM Benmmauust q;, (i = 1, 2, 3)
IpUMeM PaBHBIMU HyTIO U F, (g5, p2q,) = p2q.c0sq,

JomycTtum, 910 BCe MPOMEXYTOYHBIE YACTH CHUCTEMBI
MEXIy HEITHHEHHOCTSIMH 00JIagatoT 0O0OMEHHBIM CBONCT-
BoM ¢uibrpa [7]. CorlacHO METONy TapMOHHYECKOH JIH-
HeapH3allM MOJOXKUM, YTO JUIS INEPEMEHHBIX, CTOSIINX
MO/ 3HAKaMHU HEJMHEHHBIX (YHKIMH, IEPHOANYECKOe pe-
IIEHHUE JI0CTAaTOYHO OJIN3KO K CHHYCOMJAIbHOMY, T. €.:

Gz = Ag,sinQt, q; = Aq, sin(Qt — ©). 17

3necy uepes Ag . Ag,- Q. O 0603HaYEHBI AMILTUTY/IBI
KoJicOaHMI, YacToTa U CABUT (a3 KOICOAHUIA MEePEeMEHHBIX
q1-q2, CTOSAIIMX TOJ] 3HAKAMU HEIMHEHHBIX (GyHKImi [11].
BrImomHIM TapMOHHYECKYIO THHEAPU3AINI0 HETMHEHHOCTH:

F12(92,092) = (pq2)*sing, =
Fy5(Ag,sinQt,A,, QcosQt) =
(Aq, Q)%cos? Qt sinAg,sinQt.
(18)
PacknanpiBas 31y QyHKUMIO B pig Dypee, moaydaem
FapMOHUYECKH JIMHEAPU3OBAHHOE IPEACTABIECHHE HEIM-
HeitHoM GyHKIWMH F;,(q,, 0q,):

Fi2(q2,092) = %{fl(qu) +]3(Aq2)}(ACI2)2 QZ‘Iz =
‘hz(qu’ Q)q,.
(19)

3nmech uepes J; (Aq 2). J3(Ag,) obo3nauenbl (QyHKIMHM
Bbeccens 1-ro u 3-ro MOPSAKOB COOTBETCTBEHHO, U:

qlz(AqZ’ Q) = %{jl(ACIz) +]3(A42)}(ACI2)2 Qz'
(20)

AHaJOTUYHBIM 00pa3oM OBUIO TOJIYYEHO TapMOHUYe-
CKM  JIMHEAPWU30BAHHOE  BBIPAXKCHUE U1 (QYHKIIHU

Fi1(qz, PZCIz)3

d11(4g,.Q)
Fll(qZﬁpqu) :119752172612 =

2]1(qu)P2qZ' qll(AqZ' Q) = 2]1(Aq2)92-
(21)

Takum o0Opa3om, HEepBOE YpaBHEHHE CHCTEMBI MOXKET
OBITH IIPECTABIICHO B CIICIYIOIIEM BH/IE:

d11(4g,.2) 5

Qi(P)q1 = 5 0z P q; — 51‘112(qu, Q)q. (22)

PaccMoTpuMm  HenuHehnyto ¢yskumio  Fr,(qz,p%q1),
BXOJSIIYO0 BO BTOpoe ypaBHeHHE cucteMbl (11). 3amumrem
pasenctBa (17) B cumBoamndeckoid popme [13]:

4 = Alhe_j(gt_@)' q2 =

que_th,j—MHHMa,q eanHHna. (23)

IoxacraBisas (23) B TapMOHHYECKU JIMHEAPH30BaHHOE
ypauenue (22) npu p = j ), HAX0AUM, YTO:

Q: (D

0 0

162

=51 ( ;121 2 +4q17)

L(Q
0 Q) +5; (1(Q) q1aqz + 252 G222) (a1 + o)

A

A0 |~ 5om] (anAe, Q)+ aua(4q, Q). 24)

_ __ 5
6= arg[ )

Takum 00pa3oM, MmojTyyaem, uTo:
q1 = Ag, (W, (Q)sinQt + v, (Q)cos Qt)( CI11(Aq2: Q) +
qu(AQZ’ Q))’

}. (25)

(26)
_ ! _ -5, (ki-P Q%)
u (Q) = Re( Ql(jQ)) T (k1-P Q%24 (kE+K1)2 QP 27)
_ 5 _ s1(kg+kd) Q
v, (Q) = Im( Ql(m)) T (kF-P1 Q)2+ (kI +ED2 Q7 (28)
k(l} — kiu, 7 [)’ Pi — Ipiniz‘Hli‘ i = 1‘2’3.
ni ni
(29)
Takum  oOpazoMm, moxydaeMm, 9YTO  (PYHKIHIO

F,,(q2, p*q1) MOXHO 3amucaTh B BUJE:
F22(q2,0%q1) =
—Aq, Q 2(u (Q)sinQt + v,(Q)cos Qt) ( Q11(qu. Q)+
q12442,Q cosAg2sinQ ¢ (30)

Paznaras sty ¢ynkumoo B psg @ypee u oTOpachiBas
BBICIIUE TAPMOHHMKH Pa3JIOKEHHUs, MOJIydyaeM JIMHEeapHh30-
BaHHOE BbIpakeHue [3]:

F32(q2,0%q1) =
- (u1(Q) Q11(Aq2' Q )CIZ +
v1Q Q g224q2,Q pg2 g11492,Q + g12472,Q. (31)

qu(qun Q) = Ul(qu) + ]1(AQZ))QZ'
(32)

B pesynbrare BBINOIHEHHBIX HpPeoOpa3oBaHMH, IMOIY-
yaeM JIMHEapU30BaHHYIO CUCTEMY YPaBHEHHIA:

q11(4¢,Q)
Qi(P)q1 = 54 npfquzch - 51Q12(Aq2; Q)q,

Q:(p)q;
= =5, <u1(Q) ‘hl(AqZ' Q)QZ

v, (Q)
+ 1T qu(qu; Q)p‘h> ( qll(ACIz‘ Q)

+ q12(4,,, ©Q ))

Qs;(p)qz = 0.

Jnst OTBHICKAHUSI aMIUIUTY/bl W 4YacTOThI MEPUOIMYE-
CKOTO peuleHus @,(t) BBINHIIEM XapaKTepUCTHUECKOE
ypaBHEHHE 3TOH cucteMsl [9]:

(33)

0
o [=0 (34)

QD)
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Kak n3BecTHO, IpH OTCYTCTBHH BHELIHETO MEPUOIHYE-
CKOT0 Bo3/eiicTBUs pemieHns Buza (17) BO3MOXKHBI TOJIBKO
IPY HAIWYXHU Tapbl YMCTO MHUMBIX KOpHEH y XapakTepH-
CTUYECKOI'0 YpaBHEHMs 3aMKHYTOH cuctemsbl. [Ipu sToM
IpEANoaraeTcs, 4To BCE OCTaJIbHBIE KOPHH YpPaBHEHHS
MMEIOT OTpHIATENbHBIC BEIleCTBEHHbIE dacTu [5]. Takum
o0Opa3zoM, momjaras B XapaKTEPUCTUYECKOM YpPaBHEHUH
A =jQ, nonygaem cucTemy, U3 KOTOPOM MOTYT OBITh Haii-
JICHbl aMIUIUTYZa M YacTOTa MCKOMOTO INEPHOANYECKOTrO
pewenus [15]:

—K Q%+ K QK Q% + K, — (N, Q*—N; Q% +
N5g11g11+g125152k11—P1Q 2#11—P1Q 22+4k21+kc12
Q 24N2Q 4—N4Q 251524k 21+kc1k11—P1Q 22421 +kc1
2Q 2922¢11+g12=0, (35)

K;Q° —K,Q°—K: Q° + K, Q —
s15.(k1-P; Q2
(_Nz Q3"‘1\]4Q)CI11(5111 + q12) ! 2( — )

(ki-py 02) 4 (b +id)* 07
s152(k3+k3)Q
K-y Q%) +(k3+k2)* 0
712=0. (36)

(N Q*—N; Q% + NS)( ~q22(q11 +

3HaueHHs1 KOA(PPHUIUESHTOB 3TON CUCTEMBbI UIMEIOT BUII:

K, = P P,Ps, (37
K, = P1P2(k§ + kcs) + P3P2(k% +ké) + P3P1(k§ + k?), (38)
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Py(k} + k) (k3 + kZ) + P3Pk} + Py Pk, (39

Ky = (k3 + kD (k3 + k) (k3 + k2) + Py (k3 (k3 + k2) +
K2(k3 + k2)) + Py(k3 (k3 + kD) + ki(k3 + k2)) +

Py (ki (ks + ke) + ki(k + k2)), (40)

Ks = ki (ky + k) (k3 + k&) + kf (ky + k) (k3 + k3) +
kI(kZ + k2 (k3 + k3) + Pik?k3 + P,kik3 + Py klk?,

(41)

Ko = kik3 (k3 + k2) + k2k3 (kd + kL) + kik2 (k3 + k2), (42)
K, = kik3k?, (43)

N, = P, P;, (44)

N, = Py (k3 + k3) + Py (ki + k), (45)

Ny = (k3 + kD(k3 + k2) + Pk3 + Pski,  (46)

Ny = k3(kd + k}) + ki (k3 + k2), 47

N = k1k3. (48)

3axiioueHue.
Takxum 00pa3oM, B pe3yibTaTe MPON3BEACHHBIX pacue-

TOB MOJYYCHbI AaHAIMTUYCCKUE BBIPAKCHUSA, ITIO3BOJIAIOIINEC
ONpCACIINTh aMIUIMTYAY U 4aCTOTY UCKOMOI'O IEPpHUOJUIC-
CKOTO pelIeHus [2].

11. Kretinin V.I., Teppoev A.V., Sokolova V.A., Polyanskaya

O.A., Alekseeva S.V. Justification of strengthening of work-
ing bodies of forestry machines with self-fluxing alloys dur-
ing gas-flame spraying. IOP Conference Series: Earth and
Environmental Science. 6, Politics, Industry, Science, Educa-
tion. Ser. «VI All-Russian Science and Technology Confe-
rence: Forests of Russia: Politics, Industry, Science, Educa-
tion, FR 2021», 2021. P. 012045.

12. Kamenchukov A.V., Kondratenko T.E., Voinash S.A., Soko-

lova V.A., Alekseeva S.V., Taraban M.V. Prospects of devel-
opment and design features of toll roads in the russian far
cast. IOP Conference Series: Earth and Environmental
Science. Ser. «International Science and Technology Confe-
rence «Earth Science», 2021. P. 012112.

13. Anekceea C.B., CokonoBa B.A., Mapkos B.A., [lenapukos

E.C., bapunoBa II.A., KpuBonorosa A.C. Vcnonp3oBanue
MaTEeMaTHIEeCKOTO MOJIEITHPOBAHNUS IIPH MPOESKTHPOBAHUH Ma-
HUITYIATOPOB JECHBIX ManivH // Hayu.-Texamdaeckast KoH(. 1Mo
uToraMm Hayd.-uccies. pabot 2019 r.: ¢6. cr. mo maTepuanam
koH(. (27 stHB. - 06 desp. 2020 r.). CII6., 2020. C. 227-232.

14. Liao Fong-Yaun, Chern Ming-Yang. Robot manipulator di-

namics computation on a VLSI array processor // SCS-85: Int.
Conf. Supercomput. Syst. St. Petersburg.Fla. Dec. 16-20.
1985. Proc. Washington (D.C.). 1985.

15. Ven H.H. Aspects of dynamic models of robots // Journal A.

1986. V. 27. Ne 1.

References

1. Robotics and flexible automated manufacturing // pod. red.

[.M. Makarova. M.: Vyssh. shkola,1986. 175 p.

2. Vukobratovich M.K., Stokich V.D. Manipulative Robot Man-

agement. M.: Nauka, 1985. 383 p.

3. Harmonic linearization method in the design of nonlinear au-

tomatic control systems // pod red. E.P. Popova. M.: Mashi-
nostroenie, 1970. 567 p.

163



Systems Methods Technologies. S.V. Alekseeva et al. Calculation of dynamics ... 2022 Ne 2 (54) p. 160-164

4. Stokich V.D., Vukobratovich M.K. Practical stabilization of
robotic systems by decentralized control / Avtomatika. 1984.
V. 20. Ne 3.

5. Medvedev V.S., Leskov A.G., YUshchenko A.S. Systems for
managing manipulative robots. M.: Nauka, 1978. 416 p.

6. Butenin N.B., Nejmark YU.IL, Fufal' N.A. Introduction to the
theory of nonlinear oscillations. M.: Nauka, 1976. 384 p.

7. Nejmark YU.L. The method of point maps in the theory of non-
linear oscillations. M.: Nauka, 1972. 471 p.

8. Alekseeva S.V., Sokolova V.A., Markov V.A., Ivanov A.M.
Analysis of the closed executive control system of a three-link
manipulator by the method of point maps // Nauch.-
tekhnicheskaya konf. po itogam nauch.-issled. rabot 2019 g.:
sb. st. po materialam konf. (27 yanv. - 06 fevr. 2020 g.). SPb.,
2020. P. 246-249.

9. Alekseeva S.V., Sokolova V.A., Markov V.A. Harmonic linea-
rization of equations of dynamics of one type of three-link ro-
bot manipulator for forest machines // Povyshenie effektiv-
nosti lesnogo kompleksa: materialy SHestoj Vseros. nac.
nauch.-prakticheskoj konf. s mezhdunar. uchastiem (22 maya
2020 g.). Petrozavodsk, 2020. P. 4-8.

10. Rogovskii I.L., Zapadlovskij O.S., Voinash S.A., Maksimo-
vich K.Y., Sokolova V.A., Alekseeva S.V., Taraban M.V. Re-
search of vibroacoustic signals in diagnostics of technical
condition of engines of beet harvesters combines // Journal of
Physics: Conference Series. Krasnoyarsk, Russian Federation.
2020. P. 42032.

164

11. Kretinin V.I., Teppoev A.V., Sokolova V.A., Polyanskaya
O.A., Alekseeva S.V. Justification of strengthening of work-
ing bodies of forestry machines with self-fluxing alloys dur-
ing gas-flame spraying. IOP Conference Series: Earth and
Environmental Science. 6, Politics, Industry, Science, Educa-
tion. Ser. «VI All-Russian Science and Technology Confe-
rence: Forests of Russia: Politics, Industry, Science, Educa-
tion, FR 2021», 2021. P. 012045.

12. Kamenchukov A.V., Kondratenko T.E., Voinash S.A., Soko-
lova V.A., Alekseeva S.V., Taraban M.V. Prospects of devel-
opment and design features of toll roads in the russian far
east. IOP Conference Series: Earth and Environmental
Science. Ser. «International Science and Technology Confe-
rence «Earth Science», 2021. P. 012112.

13. Alekseeva S.V., Sokolova V.A., Markov V.A., Pendrikov
E.S., Barinova P.A., Krivonogova A.S. Use of mathematical
modeling in the design of manipulators of forest machines //
Nauch.-tekhnicheskaya konf. po itogam nauch.-issled. rabot
2019 g.: sb. st. po materialam konf. (27 yanv. - 06 fevr. 2020
g.). SPb., 2020. P. 227-232.

14. Liao Fong-Yaun, Chern Ming-Yang. Robot manipulator di-
namics computation on a VLSI array processor // SCS-85: Int.
Conf. Supercomput. Syst. St. Petersburg.Fla. Dec. 16-20.
1985. Proc. Washington (D.C.). 1985.

15. Ven H.H. Aspects of dynamic models of robots // Journal A.
1986. V. 27. Ne 1.



