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PaccmarpuBaeTcst ABUXXEHUE B BEPTUKAIBbHOM TUIOCKOCTH TapainoTHOH cuctembl (ITC) ¢ mapHUpHO MoaBeIIeHHBIM
rpy3oM. Ilpu 3anucu ypaBHeHuii amxkeHus [1C mpencraBisieTcsi MeXaHUUECKOI CUCTEMOM, COCTaBAEHHON U3 IBYX CBSI-
3aHHBIX UACAIBHBIM IIAPHUPOM (KOYIIIeM) TBEPIbIX TEJ TapalltoTa U rpy3a. 3amuchiBalOTCsl YIPOIIEHHbBIC HEJTMHEHbBIC
YpPaBHEHUSI BO3MYILIEHHOTO JBUXEHUSI CUCTEMbI, B KOTOPBIX YUMTHIBAIOTCS HEJUHEWHBIE 3aBUCUMOCTU HOPMAJIbHBIX CO-
CTaBJIIOLIUX a39POJAMHAMUYECKUX CUJI KyIoJia MapaioTa U rpy3a oT UX YIJoB aTaku. MeToioM rapMOHMYECKOM JInHea-
pU3alUK HAXOASTCS BhIPAKEHUSI, OTIPEEISIONIME TPAaHUIIbI 00J1acTell YCTOMIMBOCTA U OCHOBHBIE TTapaMeTphbl KojiebaTeb-
HBIX PEXMMOB, BO3ZHUKAIOIIUX MPU JBUXKEHUU cUcTeMbl. [IpMBOAUTCS YMCIEHHBIN NTpUMeEp, MOSCHSIOIUN TPUMEHEHUE

npemiaraeMo METOIUKMU.

Karuegovie caoga: mapanioTHasi CUCTeMa, IMAPHUPHO MOABEIICHHBIN TPy3, a3pOAMHAMUKA Tpy3a, HETWHEWHBIN aHa-
JIM3, TapMOHUYECKasl JIMHeapu3alirsi, CBOOOIHbIC KOJICOaHUsI, YCTOMYMBOCTD.

B [1] Ha npumepe NBUKEHUS] TEOMETPUUECKU He-
u3MeHsieMoi Mojaenu napauntotHoi cucrtemsl (ITC) B
HEeJMHEHHOU MOCTaHOBKE ONKcaHa TMPUOIMKEHHas
MeToJMKa pacueTa cBOOOIHBIX KojiebaHuii T1C c yue-
TOM aspoJAMHaMUKHU Tpy3a. B HacTosiet pabote ata
METO/MKa PaCIIPOCTPaHSIETCs Ha aHaJIU3 CBOOOIHBIX
kosnebanuit T1C ¢ mapHUpHO MOABEIIEHHBIM TPY30M.
PaccmatpuBaemast Moaens T1C nipencrasisieTcst mexa-
HMYECKOM CHUCTEMOM, COCTABJICHHOW M3 IABYX CBSI3aH-
HbIX MJeaJbHbIM IIApHUPOM (KOYIlIleM) TBEPIbIX TeJl
napautora u rpysa (puc. 1). [BuxeHue Ttakoin [1C
B BEPTUKAJIbHOM TUIOCKOCTM MOXHO ONHUCaTh Cleny-

Puc. 1. Cxema I1C ¢ miapHUpHO MOABEIIEHHBIM TPY30M

olIe cucrteMoil 6e3pazMepHbIX U@ depeHIaTbHbIX
ypaBHeHM# [2—5]:
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v, —vr) = yyr? =

LAd-w

2k (TO +fC Tro)°059+Rx§

2k 2%
Y (v +ur) +y,r =

_CN 2 (1 H)
“D "ok

2 U ( 70 +fCTm)sin6+Ry;

F+Y,(v +ur) =
Cv 2 A=W
200 2i

o

H in @:
+§(CT0 +me))cos(6 +6) -R_cos § —Ry sin §;

(CTO +f CTro) O sin @

VI'

(1

O
EHTE(V‘ )=

—Lk(CT0 +fCTm)sin(6 +6) +R sin § —Ry cos §;

Cy
=N, 0= f2k uéé +6O(R cos § —-R_sin Q)[],
0=r;
0, +0=n.

3aech BBEIEHHI CeAylole 0003HAYCHUSI:

s s Yp s M s " 5 s
Yoo Yoo Yoo Yoo Yoo Yoo
1 :wllD, D_WOO, u:ﬁ’ H :h’ 6C :IL’
Yoo Iy m m [y
by =lﬁ. 5 =I_B. k _m+)\11 . _JH +)\66 .
0 D s Iy psl), pslz’)
2
n= mly %= Ao . Ny = I .
I+ g p(m+A;) It N
r]l—ml[z"kl= m f:S_f :UIDny
J b l b b x’y 2 b
r PSrip S ™
L+p —p _ -y,
y] - 1+u > VZ _66 _le"'l.l >
1

Y3 =M ~ N0 —1); up =u? +(v )%

2 _ 2 B
ug =uj +(,

= Qn)sin 6;

631‘1)2; u =u, cos § —(v1

v=u,sin 6, +(v1 —601’1)cos 9;

Voxs Vo, — mpoexumnn BekTOpa CKOPOCTH KOyIa
napauntora (mapHupa O) Ha ocu cucteMbl X0y, CBsI-
3aHHOW € MapamoToM (puc. 2); vy, — CKOPOCTb KOY-
IIa MaparroTa B peXXruMe YCTaHOBHMBIIEroCsT CITyCKa;
V) — CKOPOCTb LIEHTpa JaBjaeHus1 D Kyrnosa naparo-
Ta; ) — YyIJIoBas CKOPOCTb BpallleHUsl IapallioTa;

6 — yron rtaHraxa napaunora; V, , ¥, ~— npoekuuu

Puc. 2. Cxembl cuj, neiicTBylOIIMX Ha mnapaumitor (a)
u rpys (0)

BEKTOpa CKOPOCTH ILIEHTPA Macc rpy3a Ha OCU CHUCTe-
MblI X, 0,,, CBI3aHHOIi C TPY30M U C HAYaJIOM B 1I€HT-
pe Macc rpysa; Vp — CKOPOCTb LIEHTpA JAABICHUST TPy-

3a; W — abCOoJIIOTHAs YIJIOBAasd CKOPOCTb BPAlECHUS

rpy3a; 6, — yron Mexmy MpomoJbHBIMU OCSIMU Tapa-

tnora u rpysa; Cr,Cy — xoaddunmeHTs KacateapHON

U HOPMAJIbHOW COCTABJISIIONINX A3POAUHAMUYECKON
CWJIBI KyTIOJIA,
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CT :CT(G); CN = CN((X),

O — yroj ataku Kyroja,

a = arctg v=ri
H u H’

Crr,Cyr — K02 OUIIMEHTB! KacaTeIbHON U HOP-
MaJIbHOM COCTAaBIISIIOLIUX a3POAMHAMMUYECKON CHIIBI
rpysa,

Crr =Crp(ar)s Cyp=Cupr(ar);

O, — YroJ aTtaku rpysa,

o =arctg %‘)ﬂ%
U,

Cro>Crro — 3Hauenus koadourmentos C, u Cpp
npu a=0 u a,=0 coorBerctBenHo; G,;,G, — Bec
napainora u rpysa; £, F, — npoekuuu Ha ocu cucre-

MBI xOy CWIbI pEaKINU B KOYLIE; M ;7,M — MaCChI I1a-

pamtora u rpysa; J,,J, — MOMEHTb MHEpPLUM Tia-
pallfoTa ¥ rpy3a OTHOCUTEJIBHO OCEei, TIPOXOISIIINX Ye-

pe3 Toukr O 1 O] COOTBETCTBEHHO; Ap,A56,A (¢ — KO-

s dunmenTs! nprcoeMHEeHHBIX Mace Kynona; .,/ —

paccrosiHus oT Havana O cucteMbl KoopauHat xOy 1o
neHTtpa Tskect C M 1LigHTpa AaBieHus1 D mapaliioTa;

lp»lp— paccrostHusl oT Hayana O, CUCTEMbI KOOPIU-
Hat x,0,y, 1o xoyma O M LeHTpa JaBleHus B rpysa;
§,8, — XapaKTepHble IUIOLAaM KyIoJja U rpysa; P —

TUTOTHOCTb BO3yXa.

C nomolibio ypaBHeHU# (1) cocTaBUM CHUCTEMY
YIPOILLEHHBIX HEJIMHEHHBIX YPaBHEHUIT BO3MYILIEHHOTO
nuxkeHust [1C, mpeaBapuTeIbHO HCKIIOUUB ITPOEK-
LIMM CWIbl peakiuu B Koyile. B kauyecTBe HeBO3-
MYILEHHOTO JBMXXEHMSI BblOEpeM MOCTyMnaTeJbHOe

asrxeHue I1C ¢ MoCcTOsIHHOI CKOPOCTBIO Vjy, U MOCTO-

SIHHBIMU YIJIaMM aTaku O = O r= a - B BO3MYIICHHOM

IBIDKCHUU OyIeM WMETh
U=COoSA, +X; V=Sina,; +x,; r=Xx; 6=x,
A=0, + Xg; Uy =COSO; + X5 v, =8in0; + Xy,
n=Xgs 8 =Xg; op =0, +x,

rne X;(i=1,...,10) — Bo3MyIIEHNST COOTBETCTBYIOLIMX

TIICPEMECHHBIX.

[Ipw TocTpoeHNM ypaBHEHWIA YITPOIIEHHOM HEJIH-
HeltHoM Momenun nBmkeHus [1C ypaBHEHUSI CUCTEMBI
TePBOTO TIPUOIVKEHUS TIPUMEM 3a YACTHYIO MaTeMa-
TUYECKYIO MOJIEb, a NCKOMYIO HEJIMHEHYIO MOIETh
TTOJTyYUM TTOCJTE 3aMEHBI B 9THX YPaBHEHMSIX JIMHEITHBIX
3aBUCHMOCTEN KO3(POUIIMEHTOB HOPMAJIBHBIX COCTaB-
JISTIOMINAX a3pOIMHAMWYECKUX CWJI KyTIoJia M Tpy3a OT
VIJIOB MX aTaKW HEJWHEWHBIMU 3aBUCHUMOCTIMHU. B
pe3ysbTaTe TOJTyYNM:

apX, + Xy +bj3xy +byyx, ~5Cy =0;
y Xy + by Xy +byy Xy =bysxy +ayeXe +hyexg +
+by;X; = byexg =0;
3%, + a3 Xy +byxy +byx, +5,Cy +ayx; +
+bygxg +bygxy +b,Cyp =0;
ApXy +ayXy +byXy +byx, +b,Cy —aeXg +
+bygXg +b5Cyp =0;
Xy =Xy = 0; 2)
X, +Xg —Xg =0;
X, = Xg =X Sin Oy
Xy = X7 = QX +Xy COS 075

X5 =(x, —x;)cosa, —x sina,;

X9 =(x; =8pXg)COS Oy =X Sin O,

rae
0
;= VY33 b3 = Y5008 o5 by =(1 _02_?(CT0 +/Crro);
C C
b :%5 4y = V5 by :%COS %75 by :%sin g
oc 0.
P S
C
by, =—cosa;; b27:f 0 sina , ;
M n fC. .
b = + IO Fgin o5 aq, =VY;5 Gyy =V
28%1+“1Bk > 9 =V A3 =Y
_1 copoop =L
by; =y, cosay; by, ‘ﬂ(cro +fCT1‘O)’ b, =b, K
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_ o S, _ S Xy =% =0;
a3y =y} byg =aygcosay; by, = 27130 ; by Tk
8x, +5Xg —xg =0;
S R O Gl V) .
Uy =y Qg3 =ay35 by =byy5 by, Y (Cro +fCT1"O)’ X, = Xg —XgSina;
1 1 75 X, = X7 = QX +XyCOS 07}
g :ﬁ= by Y HL-1) fCrpy ~nCrof bs= 2k1§0~

X5 =(x, —x;)cosa,; —x sind;;
OrpaHMYMBasICh PACCMOTPEHUEM KOJieOaTeTbHBIX TIPO-

1eccoB, OyaeM MCKaTbh peleHue cuctemsbl (2) B Buae Xjo = (x; = 8pXg)COS O — X Sin Oy
X, =X+ X5 X, = A, sin(Qr” +¢,), i =1,...,10. (3) VYpaBHeHus (6) pacmamalioTcss Ha IBE CUCTEMBI,
KOTOpBIE COOTBETCTBYIOT TTOCTOSTHHBIM

ITpoBemeM rapMOHMYECKYIO JTMHEAPU3AIINIO (DYHKIIVIA
byxg =0 @, =0;
Cy=Cy(@) u Cy,=Cy (O(,-) , T.€. TIpelcTaBuM [6, 7]

by Xy + by Xpg + by Xy +byrxzy =0;

Cy(@)=Cy (o, +x) 0D o+ ® xg;; 4)
b, x,, +b,D, +b,x,, +b;D . =0;
_ 34%40 T D T D39Xgy + 0P =,
Cyr(@p)=Cyr(a g+ X0) B o+ @ pxy, (5)
rae by Xy + by, Dy +bygxgy +b Dy =0;
2n
* _ _ . .
@, :ETICN(GH +Xx,)dQt X190 = Xg0 ~ Xgo SIN O 7
0
. Xy = Xg0 +Xgo COS O 175
1 . * *
d=——(Cy(a,; +x:)sin Qt dQt ;
v O T Xs ; _ v o« )
T, -([ Xsp =Xy, COSO ;= X SINA
o | 2nC , aar Xj00 = X70 COST ;= Xg, SINA
= a, +Xx ,
oF 2 g NERZIT =10 U TIEPEMEHHBIM COCTABJISIIOLLIMM MUCKOMOTO perieHus (3):
| 4,86 +8X3 +bxy) +byxy —b Py =0;
®,.=—— [Cy (0, +x,)sin Qf dQr".
r nrlOp + Xy _
™, ‘(l). (ay5+ by ) X)) +byy Xy =byxyy +(ayeS +hyg)xg) +

IToncraBuB BeipaxkeHust (4),(5) B ypaBHEHUsI CUC- +by;x71 —byXgy =0;
TeMbl (2) 1 MepenuchiBasl MOJTyYeHHbIE YPaBHEHUS B

. + + + + +
ornepaTopHoii opmMe, GyIeM UMETb: (8%, + (338 +by3) X3y +byxyy +b, DX,

+ + + - + =0; _N.
8%, + 83 + by by X, ~b(Py +DXy)) =0; a3 Xy, +bygXgy +hygXey +hPrx,, =0;
(a215+b21)x1 +b22x2 _b23x3 +(a26s +b26)x6 + 6142.89621 +(a43s +b43)x31 +b44x41 +b4(DX51 -

+b),x, —byex, =0; - =0:
)7X7 O Xg =Us yexg) +DygXg, +bDrx g, =0;

a3psx) + (538 +byy)xy +byx, +b) (D +DXy)) + Xy =Xy, =05
+378%; +bygXg +bygxy +hy (D +Dpxy,,) =0; 84y +8Xg; —Xgy =0;
yy8%y +(ay38 +by3)Xy +by X, +b, (D +DX5)) = (6) X = Xg ~Xg; SIN QS
~AgSXg +bygXg +b5(Pyp +Dpxyg;) =0; Xy) = X = OpXgy +Xg COS Oy
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Xg; =(xy; =X5)CO8 0, —X;, SN,

X101 = (X5, = 0pXg,)COS O — X, SIN Ay

M3 ypaBHEHMIA ¢ MTOCTOSTHHBIMU COCTABIISIOIINMUT
OITPENEISIOTCS BBIPAKEHHS, KOTOPbIE CBSI3BIBAIOT aM-
TUIMTYBI U CMEILEHUS LIECHTPOB UCKOMBIX KOJIeOaHUIA,
a M3 YpPaBHEHMI ¢ MIepeMEHHBIMH COCTABIISIIONINMU —
BBIpaXKeHUsI, CBSA3BIBAIOIIME AMIUTUTYALI U YaCTOThI
Kosie6anwmii. [To ypaBHEHHMSIM ¢ TTepeMeHHBIMU COCTaB-
JISTIOIIUMM OTIPEACISIIOTCST M YCITOBUSI YCTOMYMBOCTH
HWICKOMBIX KoyieOaHuii. [JomycTiM, HampuMep, 4To 3a-

BucuMoctb Cy =C\ (0) mMeeT BUI, XapaKTePHBI LIS

Ky1noJia, TKaHb KOTOPOIO MMECT MajJylr0 IIpOHHIIAC-
MOCTb, a a3pOoJMHaMMKa Irpy3a OrnuchbiBacTCA JIMHEHOM

dyukumeit Cyq(a,)
Cy :c1a+c2a3; Cyr=60,; ¢,<0;¢,>0; ¢;>0.
Torna
o = 2 e 13aa 4 L3 + 20,
0 =€ FUpgXsy 70 7X5, T X5 5(0‘17 X50) A5 m
3 3,0 (7)
®=c, %(0(%7 +30, X5 + = x50) += Aza

1 U3 CUCTEMBbI IJIA ITOCTOAHHDBIX COCTABJIAIOIINX HAXO-
p18%8%1

®, =0

NI

2
(0‘17 + xso)(xso +20 ;X5

3 2\ _
+§A5)—0.

Orcrona OIIpCAC/IAACM CMCILICHUE LICHTPA KoJsie0aHU M

(X50); = =073 (X50)55 = O‘H—\/O‘H 2A5 (8)

Cucreme JJis TIePEMEHHBIX COCTABJISIOIINX COOTBET-

CTBYET XapaKTE€PUCTUUECKOE YPAaBHEHUE
B(s) + ®G(s) =0, )]

rie
B(s)=% B;s"; G(s)=Y G,577".

IToncranoBka s=,jQ B ypaBHeHue (9) MPUBOIUT
K CUCTE€Me, YCTaHABIMBAIOLICH CBSI3b MEXKIY 3HAUCHMU-

My mapaMmeTpoB Q=Q, u ® =P, UCKOMBIX TEPHUO-

TUYECKUX KojaeOaHUt

Q¢ - (B, +G,®.)Q! +(B, +G,D,) % -G, =0;

4 _o (10)
(B, +G,D.)Q! (B, +G,D.)Q} +B; +G,®, =0.

CucteMy (10) mOMOJHSIOT BBIPpAXKEHMSI, KOTOpPBIE
3alUChIBAIOTCSL C MOMOIIBIO paBeHCTB (7) u (8):

4
(45), = /E(q’* +6,ay);
4
A =
( 5)2,3 \/15

Kaxk u3BecTHO, MJIsl yCTOMYMBOCTU TEPUOIUUECKOTO
pelleHUs] CUCTEMBbI C XapaKTepUCTUUYECKUM  ypaBHE-
HUEM 6-TO TIOpsaKa, KpoMe ITOJOKUTETEHOCTH BCEX
KO2(GULIMEHTOB YpaBHEHUSI, TpeOyeTCsl BBITIOJTHEHUE
CJIeTYIOIIUX HEPABEHCTB:

(11

(Qc,al, - ®.).

o U

N>0N$E>O

(12)
3nech
N, =D,(D,D, +B,D, -D,D,) -B,D;;

N, =D,D,Dy(G,D, +G,D,D,D,D;) +
+D,D,D,(G,D, +G,D,) +2D;|G,D,D, D, -
=G,(DyD,Ds + D, D, D) +G, Dy D, Ds] =
-3D,[DsD(G,D; +G,D,) + D,D;(G,D, +G,D;)] +
+2D,D{(G,D; + D,D,) -3G,D} D} -2G,(D,D,D; +
+D!D;) +|G,D,D, +G,(D,D, -2D, D) +G(D,D, +
+2D,D,)1D] - D,(G, D, +G,D,) +D,(G,D, +3G,D,) +
+D,(G, D5 +G,D,)|D; -2G,D, D;D; +|D,(2G,D, +

+G,D, +2G, D, -3G,) +G(D,D, -2D,D,)|D? -
-G,(2D,D} + D,Dj) +G,D,D,D, D, +
+4D,Ds(G,D, D, +G,D,D,);
D, =B,;
D, =B +J.G_,, i =1,...5;

D, =J.G.
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[TonyuyeHHOE peleHre OnUCchIBaeT OO0 TIEPUOAU-
yeckue KoJjiebaHUs, COOTBETCTBYIOIIUE YCTONUMBOMY
npeaeabHOMY IHUKIIY, KOTOPBI OXBaThIBA€T OCOObIE
TOYKM TUIMA «0OOOIIEHHOE CeII0» U 0COObIe TOUKHU
tHIa «oKyc», T100 IepruogndecKre KojeOaHus, co-
OTBETCTBYIOIIME HEYCTOMUMBOMY MPEACTbHOMY LIMKIY,
OorpaHWYHMBaIOIIEMy O0JACTh YCTOMYMBOCTU OCO0Oi
TOuku Tuna «pokyc». [TosicHUM npuMeHeHue TIpe-
CTaBJICHHBIX BBIPAXKEHUI Ha YHUCICEHHOM TIpUMeEpe.

Ilpumep. TpebyeTcs vcclienoBaTh CBOOOIHBIE KOJE-
O6anus I1C ¢ 1mapHUpPHO MOABEIICHHBIM T'PYy30M MPU
CJICAYIOLIMX 3HAUCHUSIX €€ MapaMeTpoB:

Cy :cla+c20(3; ¢ =-0,2; ¢, =0,5 Cy, =c;a,;
¢, =-0,2,C, =0,7, Cpp =0,1; k =k, =1; i =0,8;
=05 98,=0,7 & =1; ¢ =0,25; u=0,999;

Hyg =Ny = 0,09 n=n, =1; p, =0,2; p, =0,2.

HaunHaeM wuccienoBaHue C IPOBEPKU BHITIOIHE-
HUSI YCJIOBUI YCTOMYMBOCTU HEBO3MYILIEHHOTO JIBUXKE-
HUS 1o nepBomy npubauxkenuto [1]. Haxogum, uto

a,=0,632, u moacuYUTHIBAEM 3Ha4YeHUs1 KO3 PULM-
€HTOB XapakTepuctuueckoro ypaBHeHus (7):
B,= 3,44, B, = 2,11, B,=0,53; B, =10,28,
B, = 0,01; B; = 0,006; B, = 0,06;
G, = 3,49; G, = 4,88, G, = 2,03; G5 = 1,12;
G, = 0,08, G5 = 0,061.
YcraHaBnuBaeM, 4TO MpU 3aJaHHBIX 3HAUYEHUSIX
napameTpos [1C ee ycTaHOBUBIINICS CITYCK YCTOMUUB

1o TepBoMy NpuOMmKeHnIo. 3areM n3 cucteMsl (10)
orpeaessieM

(Q.), =0,373; (@,), =1,04; (Q.), =0,315; (®,), =0,6;

(Q.); =0,106; (), =0,001;
(Q.), =0,027; (d.), =0,0001.

Boruucrisist o popmysiam (8), (11) sHaueHus x,,
As v IpoBepsisl BBINOJHEHNE HepaBeHCTB (12), mpuxo-
VM K BBIBOIY O TOM, UTO €CJIM HadaJbHBIC 3HAYCHMUS

yria araku Kyrosia 0(0) mpu HyJIeBbIX 3HAYEHUSIX BO3-
MYIIEHUI OCTATIBHBIX IIEPEMEHHBIX YIOBIETBOPSIIOT yC-
JIOBUIO

0,02 <a(0)<0,98, (13)
To KoJiebaHust ITC OTHOCUTEIbHO YCTaHOBUBILIETOCS

crycka ¢ yriom araku a ; = 0,632 Gymyr 3aryxatomm-

MMU.

Ha pwc. 3 npeacraBneHsl rpaduKn 3aBUCUMOCTEI
a(t), TOMy4eHHBIE B Pe3Y/IbTaTe YUCICHHOTO MHTET-

pupoBaHus cucteMmbl (1) mpu 3HAUECHMSIX ITapaMeT-
poB I1C u3 maHHoro mpumepa. Kak BumHoO, npu Ha-

50 100 150 zoo ¥

a)

. .
50 100 zon tF

0)
Puc. 3. I'paduku 3aBucuMocTeii a(f’), MOCTPOEHHBIE 110

pe3yabTaTaM YMCIEHHOTO MHTerpUpoOBaHus cucTeMbl (1) mpu
a— a(0)=0,96; 6 — a(0)=1,1

YyaJbHOM 3HAuUeHUM yria aTtaku Kkynoiya a(0)= 0,96,

yrnoBiieTBopsitoiieM ycioButo (13), kynon I1C cosep-
IIAET 3aTyXalollue KoJieOaHUsI OTHOCUTEJIbHO YCTOM-
YUBOM B JMHEHHOM MNPUOJMXKEHUU OCOO0O0 TOYKU
tuna «@pokyc» (yctaHoBuBiierocs: crmycka I[1C ¢ yr-

oM araku 0, =0,632), a npu HapyLIeHUH YCIOBHs
(13) (mpu a(0)=1,1) ycranoBusmmiicsa criyck I1C c

yriaoMm araku o, =0,632 craHOBUTCSI HEYCTONUYMBBIM

u kynoJs IIC coBepiiaetr KojedbaHUsI OTHOCUTEIBLHO
JIpyroii 0coboit Touku TUmna «(pokyc» (yCTaHOBUBIIIE-

rocsi CIycKa ¢ yrioM araku o ; = —0,632).

Wuaue Boirnsaut peakuus [1C, ecin He yUUTHIBATh
aspoaMHaMUKy Tpy3a. Ha puc. 4 mokasaHa 3aBUCMMOCTh

("), TOJydeHHas! B PE3yJIbTaTe YUCICHHOTO MHTEr-

puposanus cucrembl (1) mpu a(0)=0,96, ¢; = Cpp=
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Puc. 4. Tpadux 3aBucumMocTu a(t*), TOCTPOEHHBIIA MO pe-
3yJbTaTaM YMCJICHHOIO MHTEeTPUPOBaHUs cUCTeMBbI (1) mipu

a(0)=0,96; ¢;=Cpp =0

= 0. B aToMm ciryuae mporcxonut cMeHa Konebanuit [1C
OTHOCHUTEJTHHO YCTAaHOBUBIIIETOCS CITyCKa C YIJIOM aTaKu

a ;= 0,632 aryxatommmu koseGanusvu [1C oTHOCH-
TEJIbHO YCTAHOBUBIIErOCS CIyCKa C YIJIOM aTaku
a,; =-0,632. Takoe noseneHue [1C cOOTBETCTBYET yC-
JIOBUIO

0,281 < a(0)< 0,807,
KOTOpoOe, MoJo0oHOo ycioButo (13), onpenessieT rpaHu-

1Ibl HaYaJbHBIX 3HAaYeHU# yria ataku Kynosaa o(0),

obecTieunBaloIIre PeXXIM 3aTyXaloIIX KoJjieOaHMii pac-
cmatpuBaeMoii [1C 6e3 yyeta aspomMHAMUKHU Tpy3a
(2, 3].
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Abstract

The paper considers parachute system with pivotally
suspended load movement in vertical plane. When
deriving the equation of motion the parachute system
is presented as a mechanical system consisting of two
solid bodies connected by ideal linkage joint (deadeye),
i. e. parachute and load. Parachute system free
oscillations analysis is carried out with the equations of
the simplified disturbed motion model, where
translational movement with constant speed and constant
parachute canopy and load incidence angles.

As partial movement mathematical model the
equations of first approximation system are accepted,

and the sought non-linear model is obtained by
substituting in these equations normal components of
parachute canopy and load aerodynamic forces
coefficients linear dependencies from their incident
angles by non-linear dependencies. The dependency of
parachute canopy aerodynamic force normal component
from its incidence angle herewith takes the form
characteristic for the case when canopy fabric has low
permeability. After harmonic linearization of these non-
linear dependencies the thus obtained system of non-
linear equations for simplified non-linear model falls into
two systems corresponding to constant and variable
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components of the sought solution. Equations linking
amplitudes and center displacements of the sought
oscillations are derived from the equations containing
constant components, while equations linking
amplitudes with oscillation frequencies and inequalities,
determining stability conditions of the sought oscillations
are derived from the equations containing variable
components. Implementation of the suggested procedure
of parachute system with pivotally suspended load with
allowance for aerodynamic load is illustrated by
numerical example. The boundaries of canopy incidence
angle initial values that provide damping oscillations
mode of the considered parachute system near the
specified unperturbed motion are determined with or
without considering the load aerodynamics. To evaluate
the results of theoretical calculations the paper presents
the results of numeric integration of the initial equations
of the parachute system movement.

Keywords: parachute system, parachute system is
pivotally suspended load, aerodynamic load, nonlinear
analysis, harmonic linearization, free oscillations,
stability.
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