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Kiposoepaocvkuii nayionanvHuil mexHiyHuil yHigepcumem

JludepeniianbHi pIBHSIHHS I JOCHIIKEHHS CT1MKOCTI
OCHOBHHUX pYXIB THYYKOrO JBOOIOPHOIO pOTOpa 3
IIaCMBHMMM aBTO OajlaHCHUpaMu

OTtprMaHo B 0e3pO3MipHOMY BHUTJISIII TICEBAO3TOPHYTY 3aMKHYTY CHCTeMY MudepeHIialbHIX PiBHSIHb
JUISL IOCTIJDKEHHS CTIMKOCTI OCHOBHHX PYXIB THYYKOrO HE3piBHOBR)XEHOTO POTOPA Ha JIBOX MOJATIMBUX OIOpax
3 aBTpoOatancupaMu. PO3ITHYTO YaCTHHHUI BUIaJJOK CHCTEMH — TPhOX MacoBa MOJIEIb POTOPA.
THYYKHIi poTop, aBTO0aTaHCYBaHH, 1McOalaHc, AudepeHIialbHi piBHAHHS pyXY, CTilikicTh pyxy

Beryn. Ilpu nocnikeHHI Ha CTIMKICTh JESKUX BHCOKOOOOPOTHHX BY3JIB B
CUIBCBKOTOCIIOIAPCHKUX ~ MallMHax  (Hampukiag  MOJOTWIbHOro  OapabaHa B
3epHO30MpabHOMY KOMOaiiHi) MO>KHA BUKOPUCTOBYBATH TEOPi0 THYYKOro potopa. B poboti
[1] 3 BuKOpHCTaHHSM MIAXOMdIB, 3aKIaJCHUX B poOoTax [2-5], Ta pesynbTaTiB pooIT [6,7]
noOy/I0oBaHa UCKPETHA #-MacoBa MOJENbh THYYKOTO HE3PIBHOBAXEHOTO POTOpa Ha JBOX
NOJATIUBUX omopax 3 # aproOamaHcupamu (AbB) 1 oTpumaHa 3aMKHyTa cHcTeMa
mrdepeHiiaTbHIX PIBHAHb PYXY CHCTEMH B HEPYXOMIii CHCTEMi KOOpIMHAT.

Mertoro 11i€i poboTH € onepkaHHS AUQEPEHINIATBHUX PIBHAHBb IS JOCTIHKCHHS
CTIMKOCTI OCHOBHHMX PYXiB CHUCTEMH, NPHUBEICHHS OTPUMAHUX DIBHAHB 10 0€3pO3MiIpHOTO
BUTJISIAY 3 TOAAJBIINM iX ICEBAO 3TOPTAHHSM, Ta 3aIMCOM B PYXOMIii CHCTEMi KOOpIMHAT,
1110 3PYYHO JUISl MOJANIBIIMX JTOCIIIKEHb.

1. Onuc Teoperuxko-MexaHiuHoi monesai poropa i Ab. ['Hyukuil porop Ha ABOX
NOJATIUBUX omnopax 3 n Ab, nmpu3zHaueHMMHM U1l 3pIBHOBAaXXEHHS pOTOpa y 7 IJIOLIMHAX
KOpekwii, 3MoJenboBaHMK TakuM uuHOM (puc.l). Bam poropa BBaxaeTbcs B
HeZepOpMOBAaHOMY CTaHl aOCOJIOTHO MPY>KHOI0 HEBAromMow mpsMoro JiHieo. Ha Hboro

HACaJUKEHO 7 abCOIIOTHO IUIOCKUX JKOPCTKUX AuCKiB D, macowo M, /j=1,n/, npudomy
UEHTPH JUCKIB — Touku K, /j=1,n/ 3HaXomaThCs Ha TMPYKHIH JiHII 1 TpH

HeneopMOBaHOMY Baly IUIOIIMHHM JAWCKIB TEPICHAUKYJSApHI ik JiHil. Bam B Toukax
K, K,, (¢g>p) yTpuMyerbcs JABOMA B’S3KO-NIPYKHUMH HEI30TPONHUMH ONOpaMu 3

JTIHIMHUMU XapaKkTepucTUKaMH. ['0JI0BHI HANIPSMKH JIiBOi 1 MpaBoi OMop — napajiesbHi.

[IpunyckaeTbcs, 110: Bajd poTOpa OOEPTAETHCS HABKOJIO HEPYXOMOI OCl 13 CTajoro
KyTOBOIO IIBHJKICTIO (; BIJICYTHE KPYyYEHHS BaJsla; JUCKH PYXaIOThCs IUIOCKONApaleabHO Y
BIJIMIOBITHUX MONEPEYHUX TUIOMKHAX Hele(hOPMOBAHOTO Baa.

Pyx cucremu BU3HAYa€ThCs BIAHOCHO MPABOi CUCTEMU HEPYXOMHUX MPSIMOKYTHHUX OCEil
X, Y, Z: Bich Z cripsMoBaHa 10 oci o0epTaHHs yOiK BEKTOpa KyTOBOi IIBHUAKOCTI ®, oci X 1
Y cnpsmoBaHi mnapajenbHO TOJOBHMM HAampsMKaM B’S3KO-IPY>KHUX OIOp, IOYAaTOK
KoopauHaT — Touka O po3MIlLIeHa B TOYIl NEPETHHY KpallHbOro JiBOro aucka — D, 3 BicClo
obeprannsi. KoedimieHTH B’S3KOCTI Ta MKOPCTKOCTI B’SI3KO-TIPYKHUX OIMOP BIAMOBIAHO PiBHI
h,=h;,=h tac;=c,=c.,/j=p,q/.
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Pyx poTopa mNOBHICTIO BU3Ha4YaeThbCsd OOEPTAaHHSAM HABKOJO OCli Z 1 BIAXWICHHSM
LIEHTPiB JUCKIB Big oci oOepranHs. [lonoxkeHHs Todyok K ; 3al1aKTh paaiyc-BeKTOpH

P,= (xj’yj’zj)T9 /]ZI,_I’Z/

n

Pucynox 1 — 71 - MmacoBa Mozenb THYYKOTO pOTOpa Ha JBOX B’SA3KO-MPYXKHUX OINOpax

Koxuuii auck D ; Mae CTATUYHUNA aucOaaHe S 05 /j= I,_n/ Ta MICTUTH
MasTHUKOBUH 200 KylnbOBuii ui ponukoBuii Ab. B masTHukoBomy Ab Ha Bai Haca/pkeHi n;
MasTHUKIB, Maco0 m; (I3UYHOT JOBXKHHH F;; B KYJIbOBOMY Y POJIMKOBOMY Ab MicTHTBCS
n; Kyib 4d HATIHAPAYHAX POJIUKIB MaCOIO m;, SIKl KOTSATHCS 0€3 KOB3aHHA 0 KUIbBIEBUM

AOPLXKKaM, IIPpU IbOMY BIACTAaHb B1J HECHTPA AUCKa OO LICHTPA KYJI1 YU POJIMKA p1BHA }’.']. .

2. IndepenuiaibHi piBHSIHHSA pyXy cucteMu. B po6oti [1] orpumano HacTymHy
CUCTEMY DPIBHSIHb, IKa OIIUCY€E PyX poTOpa

n n
DZ M Rk hAxe D 2 5,=0,
k=1 k=1
n n
Z M, it ¥ bty et ZijkSyk= 0, /j=pr.q/,
k=1 k=1
n n
O, M X +x,—(1-Z))x,-Zx, + ZSj,ksxk =0
= )
n n -
8, My 3 +y,—(1=2)y, —Zy,+2.8,,5, =0, /j=Ln,j#p.q/,
k=1

k=1

h. m

k(5,4 208 — 0’s,)+ L ($yros,) == 12 g J[1=b, cosQut +9,)]- b, sinRot + 9 )},
J
(3,205~ syj)+m—(syj—oasxj)— {X,b, sinQot+3;) = y,;[1+ b, cosQwr + 3 )]},
J
/j=Ln, (1)

ze sz :Mj+2mj,i, /jzl,_n/ —wMaca j -ro aucka 3 Ab;
i=1

~ ~

Zoi =1-z, Zyx =z, /k=Lnk#p,q/;
z.—z —

~ j p .

z, = ,lj=Ln/;
z,-2,
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8, — KoebilieHTH TOAATIAMBOCTI, Kk, — KiHeTH4Hi KoediuienT, /;, — xoedimientn

MOMEHTY CHJIM B’S13KOTO omnopy (1 MasTHUKOBUX ADB) abo cunm B’s3koro onopy (A7 KyJbOBHX YU
ponukoBux Ab);

n; n;
S 4=m;r; ZCOS Qs S;=m jrjz sin@;, — MNpOeKUil CyMapHOro aucbanancy ;-ro
i=0 i=0
nucky 3 Ab Ha oci X, ¥

. b, 1 &
_ _Jl : _ )2 _ 2 2 _ ~.
cosSJ.——b , smSj——, bj— bj’l+bj,2 , bj,l— ZCOSZWN.,
j

I’lj i=1
1 n

\ s li=Ln,, j=1,n/ — cran 3Ha4eHHA KYTIB, LIO0 BU3HAYAIOTH IE€BHUH OCHOBHHUIi
ycTayieHni pyX (i3 ¢iM’1 OCHOBHUX PYXiB, SIKIIIO TaKl PyXH YTBOPIOIOTH CiM’10).

3. IlceB10 3ropTaHHsA cCUCTeMH JM(epeHiaTbHUX PIBHAHD

[IpoBenemo mceBmo 3ropTaHHs cucTeMH piBHSAHB (1). MHOXHMMO TapHi pPiBHSIHHS

CHUCTeMH Ha YSIBHY OJUHHIIIO [ Ta JOJAEMO 1 BiHIMAaeMO iX BiJ BiIMOBIAHUX HEMApPHHUX
PIBHSHB:

L=Y"7%, M, G+ 3 D) +hG+yi)+c,(x+y i)+ 2, (5,+5,0)=0,/j=p,ql,
k=1 k=1

L= ZS M G+ i)+ x4 yi—(1=Z ) (x4 y, 1) —Z,(x,+ y,i) +
k=1

+28j,k(§xk+§}’ki):0’ /j:l,_n,jip,q/,
k=1

h.
_ .. O ape N . e Cos . N
Ln+j = kj [s)g. +§ 0 20)1(ij +Syjl) 0) (sxj + Syjl)] + ‘ [sxj +8,0 (,Ol(ij + syjz)] =

J
n . . . e .. . . .o .. . . . PR
= —#"[xﬁ Vi—=(E—=y,0)b;cosQut+38,)—i(¥,— y,i)b,sinQwt+3))], / j=1,n/,

L=0,/j=12n/. Q)
BBeneMo KOMIUIEKCHI 3MIHHI X, =X, +iy,, S

o =Sy T84, /j=Ln/, Tonl piBHAHHA
(2) mpuitMyTh BUTJIA

n n
Lj = ZZj’kMzkxzk + hxxzj +e X+ sz,ksxyk =0,/j=p,q/,
k=1 P

L;= Zsj,kMijézk +x,—(1-Z)x,-Z;x,, + Zsj,k§xyk =0,/j=Ln,j#p,ql,
k=1 k=1

h, mn. A _
_ . .. 2 J o . _ JUG e ) (Qor+8;)i .
L, =k/(5,- 20, -0 )+ m—(sw— wis, ) =———=(X,—x_be ), j=1n/,

J
L=0, /j=12n/. 3)

4. O0e3po3MipeHHsI CHCTeMH PiBHSHb

[IpuBenemo cucremy piBHsIHB (3) 10 6€3poO3MipHOrO BUrIsLy. BBenemo Ge3po3mipHuii
yac T
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~ / df df f d(('o f,) df’ "
T=0,, [=—F= _(‘)od~ @, /", f = d(’)f =w§d%:°)§f
1 6e3po3MipHi KOMrmeKCHi 3MiHHI

Toni piBHsHHS (3) IPUIAMYTH BUTIIS
L, =1 ((DOZZ My X} +o.h X +c X, j+mol ZZJkayk 0, /j=p,q/,
L (C\)OZS],{M Xp+x, -(1-D)%, -

j+w0128]ksvk—0 /j=Ln, j# p.ql,

xyj)+ (oa0 i mzsm

m'n'lx(’oz ~r = 2;1—4.9/ ' .
=——1 ’2 0 ! xZ]bje[ 0 j , /j=Lnl,
L=0,/j=12n/.

4)
B cucremi (4) pisusans L, =0, Zj =0,/j=p,q/ nominumo wna [ o.M,

(Mz:ZMzk)’ piBHSAHHS L_/:O,Zj=0, /jzl,_n,jip,q/ — Ha [, a
k=1

l_lnﬂ.: 0, /j=1,_n/ — Ha kll_q(oé:

~ h. c -
L, Z X +—=—Xx +—== A z.s" =0,/j=p,q/,
Z jk 2 zk MZCOO zj (DEM Zj IME Z kS xyk J p q

n l P
2 ~rr ~ ~ N~ ~ ~ 2 ~rr . .
L, = E O, My x; +x, —(1-2)x, —-Z,X,, + -0 E O,8m =0,/j=Ln, j#p,ql,
=

X

2
[ AL PR S B LY
o, ON k.m.o, o,
(0]
m.n l [2*‘5+9 ]i
_ JUIx | = =n oY
= s~ Xybe , [ j=1Lnl/,

L=0, /j=12n/.

(5)
OueBUHUM € BBEJICHHS HACTYITHUX O€3pO3MIpHHX MTapameTpiB
- ® ~ h - < ~ / - My
o=—,h=—"—,c=—F— M=—"— M, = z’,/jzl,n/,
0, = oM, 0, M, I M, M,
~ h,
h —

=—t /]—ln/ 8 =0, kcoOMz,/] k=1,n, j#*p.ql,
coomjkj

TOA1 PIBHAHHA (5) NpUAMYTb BUIJIAL

L, ZZ M +hx +C.X, +MZZJ,€SM—O lj=p,q/,

k=1
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L= 8, M3y +X,;-(1-2))x, -Z,X,, +MOZS./,/(§X’):I< =0, /j=Ln, j# p.q/,
k=1 k=1
o~ e~ m;njlx ~r Sy (2BTH9))i . T + . TA
L,=D5 ,+hDs = —’l%(xzj—xzjbje ), lj=ln/, L=0,/j=12n/, (6)

ne Dx=x"+iox, Dx=x"—iox.
3ayBa)kMo, 110

Zn“z\}j =1.
J=1

Bubopom HeBH3HAaU€HMX MAacIITaOHUX KOe(ili€eHTIB ®,, /,, [, 3MEHIINMO KUIBKICTh
Oe3po3mipHuX mapamerpiB. Hexait B piBHAHHAX (6) mapamerpu ¢, M, OyayTs piBHI
OIUHHII, TOOTO

TOAl

1 cucTemMa npuitMae BUTIISIT

L,=>08 M3, +%, —(1-Z)%,-ZX, +D.8,,5,,=0,/j=Ln, j#p.q/,
k=1 k=1
L=0,/j=1n/, (7)
2~ TN~ mn; ~n = 25?4»9/- i T . Paa—
L,=D’S,+hDs,; = BT e L, =0,/ j=1n]. (8)
JE

BBoaumo mapametp

mn, L —
m,=———, m;<<l,/j=1n/,
2k, M,
TOJ1 piBHSAHHA (8) MPUIAMYTH BUTJISA
—re T = ~ o~y = Q&T+8,)i, 7 . T
L, =D’s +hDs, ; =-m|[x]-xbe L, L,.=0,/j=Ln/. )

Cucrema piBasHb (7), (9) HecTalioHapHa.

5. JlndepenniaibHi piBHAHHA PyXy POTOPHOI CHCTEMHM Yy PYXOMil cHcTeMi
KOOPAMHAT
[Tepeiinemo B cucremi piBHsAHB (7), (9) 1m0 pyxomoi cuctremu KoopauHat OEnZ

KOPCTKO 3B’s13aHOI 3 POTOPOM, fIKa € PE3yJIbTaTOM IMOBOPOTY CUCTEeMH KoopauHat OXYZ
HaBKoJI0 oci OZ Ha kyT ®T. Toxi

~ ot o~ BT o~ 2 ®Ti .71

x, =&,e"", X, =DE_e"",x; =DE e,/ j=Ln/,

~ BT o~ BT o~ 2 BT .7

Sy=8e, 8, =Ds e, s =D"s_ e,/ j=1,n/
1 cucrema (7), (9) mpuitmae BUTIIST

L= ea?izzj’kMszézk + hchizjeaﬁi + izjeaﬁ# ea?iZEj’szszk =0, L, =0, /j=p,q/,

k=1 k=1
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‘Lj = eaﬁizgj,kMszszk + eaﬁi[gzj - (1 - Ej)&zp - Zj(t?zq] +
k=1

eangj,szszk =0, L,=0, /j=Ln, j#p.q/,

L, —e“’"Dzs —20)16“’“Ds o’ ”’"s +h, [e“"’Ds — oie™
-~ - (2w‘r+9 i)i .
:—mj[D azjeom_D &Zje wrzbje 1, Lnﬁ: 0,/j= ’n/ (10)
a60 CIPOCTMBIIIH i TOMHOKHMBIIM BCi piBHsAHHS (10) HA ¢ "

Lj:zzj,kMszazk +h DS + azj_'—zzj,szSzk =0, Zj: 0,/j=p.q/,

L= S,kMD§2k+&_,Z,—(1 26— Zézq—l-ZSJsz =0, L=0,/j=Ln, j#p,q/, (11)

k=1
Lnﬂ.:szj+hjszj=—mj(D§ izj je N, L, =0, /]—ln/ (12)
Cucrema (11), (12) € 3aMKHYTOIO CHCTEMOIO 4n 3BHYAHUX JAuepeHIiaIbHuX

PIBHSHb JIPyroro MOPSAIKY BIJIHOCHO KOMIUIEKCHUX 3MIHHUX & /j=1,n/. Bona

zj 2] s
3aexuTh B (n° +9n)/2 HezanexHUX O€3pO3MIpHUX TapaMeTpiB
8/ j=Ln-2k=1,j/,M, h,im,b.,8,.,/j=LnlZ, /j=,n=-2/h,o

6. Yactunnuii Bunaaok cucremu (11)—(12)

Po3rnsHeMo TpuMacoBy MOJENIb THYYKOTO pOTOpa 3 KpailHIMM OMOPHUMHU TOYKAMH 1
BimcytHiM Ab B Heomophii Toumi. Tomi n=3, p=1,g=31 cucrema (11)—(12) npuiimae
BHTJISI]T

L=M,D%_ +(1-%,)M,D%_, + h D, +&_, + D’ = (1-%,)®5.,, L, =0,
L= 82 2M D? E.+ 8., (1-2)8,- 2,8 4= 22(7325 2 [_,220,

Ly=%,M,D* _+ M,D*¢_+h Dt _, +&_,+ D*s_, =Z,&°5.,, L, =0,
" T ~ 9i .
Ly =s;+hs,=-m/(a,—abe), L3+]— 0, /j=13/.

Ocranns cucrema € cucremoro 10-Tu 3BM4aiiHuX JudepeHialbHuX PiBHAHb JAPYTOro
HOPAAKY BIAHOCHO 5-TH KOMIUIEKCHUX 3MiHHUX &, ,, &,,5,,,5,; 1 15-TM He3anekHHX

3+

z3°%z1°

0e3pOo3MIpHUX MapamMeTpiB 32,2,]\7”/‘]—13/}1 m;,b,8,,/j= 13/,52,7@,(73.

BucHoOBKH. Y paMKax 7 -MacoBOi IUCKPETHOI MOJIENi THYYKOTO JIBOOIIOPHOTO POTOPA
3 MacCMBHUMU a0To0alaHCUpaMH MOKHA 3pOOUTH HACTYITHI BUCHOBKHU:

1) cTiiKicTh  OCHOBHUX pyXiB pOTOpa OIHUCYe cuUCTeMa 4n  3BUYAaWHUX
nudepeHIliagTbHuX  PIBHSAHL 2-TO TOPAIKY 13 CTaluMU KoedilliEHTaMH, IO MICTUTh
(n* +9n)/2 He3anexHUX 6e3pO3MIPHUX TIAPAMETPIB;

2) y BUIAAKY TPbOXMAacOBOI MOJIENi CTIMKICTh OCHOBHHMX pPYXiB pPOTOpa OIUCYE
cucrema 10 3BuuaiiHuX AudepeHianbHuX PiBHAHB 2-T0O TOPSIKY 13 CTATUMH Koe(illieHTaMH,
110 MICTHUTH 15 He3anexHuX 0e3p03MiIpHUX TTapaMeTpiB.
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I. Qunumonuxun, B. ['onuapos
Juddepennuanbnapie ypaBHEeHHS] JJIA HCCIEJOBAHUS YCTOWYHMBOCTH OCHOBHBIX JBH:KCHHI
rHOKOro ABYXOMOPHOr0 POTOPa ¢ NACCHBHBIMHU aBTO0ATaHCHPAMH

ITomyyena B Oe3pa3MepHOM BHJIE IICEBIOCBEPHYTass 3aMKHyTas cHCTeMa TU(QepeHInanbHBIX
YpaBHEHMH I MCCIEJOBAaHUS yCTOMYMBOCTH OCHOBHBIX IBIDKEHHH T'MOKOrO HEYpaBHOBEIIEHHOI'O pOTOpa Ha
JIByX MOJATIMBBIX OMOpax ¢ aBTpodaaHcupaMu. PaccMOTpeH YacTHBIN Cllydail — TpeXxMacoBasi MOJIEN b POTOpa.

G. Filimonikhin, V. Goncharov
Differential equations for investigation of motions stability of flexible double-seat rotor with
passive self-balance devices

The pseudo folded closed system of differential equations in dimensionless form has been obtained for
investigation of motion stability of flexible unbalanced rotor on two foil bearings with self-balance devices. As

particular case, the three-mass model of rotor has been examined.
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