AH=H(t-t, )-H(t-t)); AP =const; B® =const; t, = pAt,

rae At — «war» no Bpemenu; t <nAt,n=1,2,...
Ioncrapnss Beipaxkenus (14) B yIOMSHYTBIC UHTETpAbHBIC YPABHECHUS, TIPH-
XOJMM K PEKYPPECHTHOHM MO HWHAEKCY n cucteMe ON anreOpandecKux ypaBHCHUIMA

st onpenenenus Bemmuua AP | B

o, Bin (B=0,1,2; n=1,2,...). IIpeoGpa3zoBsiBasi ¢
ydetoM anmpokcumarmii (14) dopmynsl, HaiineHHble s K03(Q(HUINEHTOB pasio-
JKCHUH MepeMeleHUi U HalpsDKEHUH, 10JIy4aeM COOTHOLICHUsI, yJOOHBIE IS YuC-
JICHHOH peanu3anum.

OCHOBHBIE PE3yNIBTAaTHl PadOTHI MOTYT OBITH CHOPMYIMPOBAHBI CIEAYIOLIHM
obpasom. [losryyena MaTemaTuueckas MOJeIb HECTALIMOHAPHOTO A€(OPMHUPOBAHUS
yIpyroro tena B ¢opMe MHOIOCIOHHOIO Iapailelenunesia Ha OCHOBE TPeXMep-
HBIX YPaBHEHUH TUHaMU4eCKoH Teopuu ympyroctu. Ilpeanoskena meronuka pelie-
HMS COOTBETCTBYIOLIEH! HaualbHO-KPAeBOU 3aaul TEOPUM YHIPYrocTH, oOecredu-
BalOIIas TOYHOE yJOBIETBOPEHHE CUCTEMaM OINpPENeNAIONINX YPaBHEHUH, rpaHUY-
HBIX, KOHTAKTHBIX U HAYaJIbHBIX YCJIOBHH.

Cnucox surepatypbl: 1. Cuupnos B.H. Pemenue mpefenbHbIX 3aad TEOPUH YIPYTOCTH B CIydae
kpyra u cepsl. //JJokn. AH CCCP. — 1937. — T. 14, Ne 2. — C. 69-72. 2. I'y3v A.H., Ky6enxo B.J]., ba-
oaes A.D. Tuppoymnpyrocts cucteM obonouek. — K.: Buma mkoma, 1984. — 208 c. 3. Aniomun E.T.
WmmynscHoe nedopmMupoBaHne ynpyrux snemMenToB koHcTpykuuid. — K.: Hayk. mymka, 1993. — 147 c.
4. SAniomun E.T., Anuesckui U.B. MiynbcHBIC BO3AEHCTBUS Ha ynpyro aedopMHUpyeMbIe 3JIEMEHTHI
koHCTpyKIuid. — XapekoB: XI'AITY (XAAN), 2001. — 184 c. 5. Ilopyuuros B.5. Meronsl nuHamuye-
cKoif Teopun ynpyroctu. — M.: Hayka, 1986. — 328 c. 6. @puoman JI. Y. [Junamudeckast 3a1a4a TEOPHU
YIPYTrOCTH IJIs TeJl KaHOHUYecKor (Gopmsl. // [Ipuki. mexanuka. — 1987. — T. 23, Ne 12. — C. 102-108.
7. Jumxun B.A., IIpyonuxos A.Il. CipaBOYHHK IO OIIEPallHOHHOMY UCUHCIICHHIO. — M.: Bricmas mko-
na, 1965. — 467 c.
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Y3ATAJIBHEHA MATEMATUYHA MOJIEJIb CTPYKTYPHO 3B'S1-
3AHUX MEXAHIYHHUX CUCTEM

Hanana MateMaTiyHa IIOCTaHOBKA MillIaHOT KOHTAKTHOI 3aad4i JUIsl CTPYKTYPHO 3B'I3aHUX MEXaHIYHHUX
CHCTEeM 3 ypaxyBaHHSM (Di3MYHO-HENIHIHHOTO Ta KOHCTPYKTUBHO HENiHIHHOTO Ae(OpMYBaHHS €lIEeMEH-
TIB IIPU KOHTAKTHOMY, TEIZIOBOMY i €IIeKTPOMarHiTHOMY HaBaHTa)KCHHSIX.

In article given a mathematical raising of mixed contact task for structurally connected mechanical sys-
tems with calculation of physically-unlinear and constructively unlinear deforming of elements attached
to contact, thermal and electromagnetic loadings.
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[Iupoxwuii criektp podsieM QyHIaMEHTAILHOTO 1 MPUKIIATHOTO 3HAYEHHS, 1110
€ 0COOJIMBO XapaKTepHUM JJIsl BUSHAYCHHS 3B'I3aHUX (i3UKO-MEXaHIYHHX TIOJIB y
ne(OpMOBaHUX TiJlaX, CIPHUSAB TOSBI BAXJIMBUX TEOPETUYHUX 1 MIPUKIATHUX TOCITi-
JUKEHb B 00J1aCTi pO3paxyHKy TEPMO-, EIIEKTPOMArHITHUX 1 MEXaHIYHHUX TIPOIECIB Y
CTPYKTYpHO 3B's13aHNX MexaHigHux (C3M) cucremax.

Jlst BupimeHHs 1iel mpoOJieMn Ha €UHIM HayKOBO-METOJOJIOTIUHIH OCHOBI,
ska 0 6a3yBajach Ha 3araJIbHUX TPHUHITUIIAX MEXaHIKK 1 00YHCITIOBATILHIX METOIax
pO3B’sI3aHHS HENHIMHUX KpaWOBUX 3aj1ad, HEOOXiTHO CTBOPUTH METOIM aHAJi3y
MIIHOCTI 1 YKOPCTKOCTI CTPYKTYPHO 3B'SI3aHUX €JEKTPOMEXaHIYHUX 1 TEXHOJIOTId-
HUX CHUCTEM 3 YpaxXyBaHHSIM KOHTAKTHOI B3a€MOIi1 X €JIEMEHTIB.

MartemaTryHa TIOCTAHOBKA HENIHIMHMX KOHTAKTHUX 3aaad jaedopmyBaHHS
cknaganx C3M cucTeM 03BOJISIE€ BpaxyBaTH Pi3HI MeXaHi3MH KOHTAKTHOI B3a€MO-
i, IPY>KHO-TIAaCTHYHOTO Te(hOpMYBaHHS ABOBHMIPHUX 1 TPUBUMIPHHUX €JICMEHTIB
TaKUX CHCTEM B YMOBaX il MOBUIBHHUX TEIUIOBUX Ta €JIEKTPOMATHITHHUX TOJIB, IO
KOHTAKTYIOTh MK COOOI0 Ha OKpeMHUX IUITHKAX iXHhOi moBepxHi. ['panuts obdmac-
Ti, SIKa 3aiHATA IMMHU €JIeMEHTaMH-1T1100IacTIMH, 00'€JHyE CYKYITHICTh IIOBEPXOHD
abo JiHii, fKi € BiTbHUMH a00 Ha AKUX AIFOTh THUCKU — Sp, 5IKi € 3aKPIIIEHUMH — Sy,
Ta Ti, [0 € CIUIBHAMU Ta CTBOPIOIOTH TaK 3BaHi KOHTAKTHI 30HU — Sy.

Y JOBUTBHIH TOYI CYIUIBHOTO MaTepiaJbHOTO CEpeAOBHINA HAMpyKEHO-
nedopMoBanuil craH migoomacteit C3M cucteMm, 10 PO3TIISIHYTI B OPTOTOHATIBHIM
CHCTEMi KOOPJMHAT, BU3HAYEHO TEH30paMH HANpPyXeHb — 6 = Gy, Aedopmanii —
€= g; 1 BeKTOpOM TepeminieHs — U {u;}. udepenniansHi piBHAHHSA pyXy TOYOK B
YMOBaXx Jii eeKTPOMAarHiTHUX ITOJIiB IPUHHSTI Y BATJISII:

Dive +poE +p, (pav + j)xH+F =pv, (1)

Jie p, ® — IMTOMA Maca MaTepiajly Ta LIUIbHICTD NICKTPUYHUX 3aPAMIB; ey € —
MarHiTHa Ta eJNEeKTpUYHA IPOHMKHICTH (MarHiTHa 1 JieNeKTpUYHa IIOCTiiHI);

j, EH - BEKTOPH IIUIHHOCTI CTPYMY Ta HANPYKCHOCTI CICKTPUYHUX 1 MarHiTHUX

nonis, F — BexTop 0G'€MHHX CHI, V=1 — BEKTOp MIBMAKOCTi TOukH. Jpyruif i
TpeTiit nomanky B (1) ckmamaroTs cury JlopeHIa, BiTHECEHY 10 OUHHMIN 00'eMy:

F, =poE+p (pwv+ j)xH. 2)

[Tpu BincyTHOCTI BUTBHUX €JIEKTPUYHUX 3apsiiiB y MOBUIBHO PYXOMOMY cepe-

JIOBHIIII HATIPYKCHOCTI SJICKTPUYHUX 1 MAarHITHUX MOJIB 3aI0BOJBHSIOTH PiBHIHHIM
Makcsena:

. E___ - . H . .
rotH:ec%+pmv+j; rot Ez—uc%—t; divH=0; edivE=pw. (3)

PiBastHHES (3) JOMMOBHIOIOTHCS MaTepiaJbHUMHM CITiBBIIHOIICHHSMHU, sIKi Y pasi
HEXTyBaHHs KOHBEKTUBHUMH CTpyMaMmHu it eekrom Xina, 3alHCyIOThCS LIl TOYOK
obnacTel y BUTIISAL CITIBBIIHOIIECHD JIJISI BEKTOPIB 1HIYKINT €EKTPHYHUX 1 MarHiT-
anx oz — D, B tak D=¢,E; B=p.H; j:'ch+'yc[ﬁ><l§] .

JIst BUTIaIKiB, KOJIM €JIEKTPOIIPOBIIHI €JIEMEHTH, sKi ckianatote C3M cucre-
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MY, KOHTaKTYIOTh i3 30BHIIIHIMH HETOJSIPU30BAHUMH E€JIIEKTPOIIPOBITHUMH TiIaMH
a00 HEeMOoJIIPU30BAHUMH HE €JICKTPONPOBITHUMHY CEPEIOBHIAMH i3 BIACTUBOCTIMHU
OJIM3BKUMH JI0 BJIACTUBOCTEH BaKyyMy, piBHSHHS MakcBena B 0OJIACTSIX 30BHIII-
HBOT'O CEPE/IOBHUIIA MAIOTh BUTJIS:

c

. oE. - - oH . = .=
rot H =¢,—*+j,; rot E, =—u *; divH, =0; edivE, =®,, (4)
ot ot

ae j,,E,,H, —Bekropu IyCTUHU CTpyMy, HAaIIPY’KEHOCTI €JIeKTPUYHHX 1 Ma-
THITHHX TIOJIiB y 30BHIIIHIK 001acTi, ®, — 3a1aHa (QYHKINS TYCTUHH €JICKTPUIHUX
3apsazniB. Y novyatkoBomy craHi npuiiHaTo u=v=0; E=H=E =H_ =0.

I3 3akoHy 30epekeHHs 3apslliB y SISKTPONPOBIAHNUX TiJaxX y BHMAIKY TEPMO-
JMUHAMIYHOT PiBHOBAr i MpH BiACYTHOCTI B TIOYaTKOBOMY CTaHi PO3MOJIJICHHUX 3a-
PAMIB, JIETKO 3HANTH, IO TYCTHHA PO3IMOALTY SICKTPUIHUX 3apsAIiB y Tuli Oyme 3a-
JIUIIIATUCS PIBHOIO HYIFO. Y TIPHHHATOMY HaOMMWKeHHI, i3 (2) MOXHa BCTaHOBHUTH,
110 cuina JlopeHna BU3HAYAEThCS TaK:

F,(x;)=u [jxH], ®)

a KBasiCTaTHM4YHAa piBHOBara TOYOK MaTepialbHUX eJIeMEHTIiB-Iijo0aacTel
C3M cucteMu BU3HAYUTHCS TU(PEPEHIIATEHUME PIBHSHHIMH BHIY:

6,;+F,+F =0. (6)

[pwiiHsTo, M0 HAa MOBEPXHI PO3IOALTY CICMEHTIB 13 HEMOJIAPU30BAHIMH HECTICK-
TPOIPOBITHUMH CEPEIOBHUILIAMH JIi€ 3aJ]aHE 30BHIIIHE CHJIOBE HABAHTAXKCHHS, SIKC BH-
3HAUCHO BEKTOPOM P i3 KOMIIOHEHTAMH Py, Y IHOMY BHTIAIKY, Ha TIOBEPXHi i3 pO3IIO-

JIICHUMH 3apsiIaMH 1 CTPYMaMH Y TOYKaX 3 30BHIITHBOI0 HOPMAJITIO JIO TIOBEPXHi Tijla —
N, BEKTOP MEXaHIYHOIrO HANpYXeHHS G, = O-1 IOBHHEH BPIBHOBAKYBATHCS BEKTO-

POM 30BHIIIHIX CHJI P Ta CHJIOKO JIii eJIEKTPOMATrHITHOTO TIOJIS:
T Lor = =
G, =P, +7(E+Ev)+u—2°(£2vt+i)><(H+HV), @)

ne Q, i — MiNTbHOCTI HOBEPXHEBUX 3apsAMiB i CTPyMiB, V, — IPOEKLis BEKTO-
pa MBHIKOCTI TOYKH HA TUIOIIMHY, TOTHYHY JI0 TPAHMIII Tija.
YMOBH CHOTyYEHHS €IeKTPOMarHiTHHX TI0JIiB Ha TIOBEPXHI TLT IPUHHATI y BU-
TSI BITOMHX 13 €JIEKTPOIMHAMIKY PIBHIHb TSI HEPYXOMHUX CEPEIOBUIIL:
e (E,,-E,)=Q; (H,-H,)=0;
nxX(H,-H)=i+v Q; (E,,-E)=—u.v,(i+v.Q),
ge E,, H, — e, BiANOBigHO, HANPYKEHOCTI €eKTPUYHUX 1 MArHITHUX OB y 30-

BHIIIIHROMY JI0 MaTepiaJIbHOI Mi00IACTi CEPEIOBHIL, SIKi 3aJOBOJILHSIOTH PIBHSIHHIM
(4) Ta Maroth HopMasbHi — Ky, Hyy, 1 motiuni — Ey,, Hy; IpOEKIii Ha TOBEPXHIO CIIONTY-

YeHHs, V,,V, —HOPMaJbHa Ta JOTUYHA CKJIA0BI BEKTOpA MIBUIAKOCTL V =1 .

30KkpeMa, Al BUNAJKIB, KOJIH (YHKLIT PO3MOALTY EJIEKTPUYHUX 3apsliB My 1

162



TOKHU jv € BIZIMIHHUMH BiJl HYJIS JIUIIE B 0OMEKEHI# 00JacTi 30BHIIIHEOTO CEPElo-
BUILA /i Ha MTOBEPXHI EJIEKTPOIIPOBIIHOTO Tijla BiZICyTHI 30BHILIHI €JIEKTPUYHI 3apsi-
i ctpymu, o y (7) cmig moxnacta Q= 0, i=0. Toxi YMOBHU Ha TIOBEPXHi — S
OpUAMYTb BU;
o0 =P Vxe Sp, (8)
a Ha MOBEPXHI CIIONYYCHHS CICKTPOMATHITHUX ITOJIIB MOYKHA 3aITUCATH:
E,.=E,; E.=E; nx(H,-H)=0, H,,=H,. )
Bennuunu, SKUMU BU3HAYAETHCS BIUIMB CICKTPOMATHITHUX TIOJIB HA MPOLECH
nepopmysanns enementis C3M cucrteM, BXxoaaTh y pisnauus (7) — (9). Ix moxmna
OTpHUMaTH LIIIXOM iHTerpyBaHHs piBHsHb MakcBena (3), (4), BiINnoBigHO 10 eyek-
TPOMArHiTHUX MOJIB y MaTepialbHUX TilaX i 30BHIIIHBOMY CEpPEIOBUILY, IPH 3a71a-
HHUX TIOYAaTKOBHX 1 KPAallOBUX YMOBaXx.
I'eomeTpuuni piBHSAHHSA npu Manux nedopmanisx enemeHtiB C3M cuctem
MPUAMAITICH BiJIOBITHUMHY JTiHIHHUM CHiBBiITHOMEHHM Korri:
g; =0,5(u;; +u;;); VxeV; o w; = u;; Vx,eSs,. (10)
VY Mexax MpUAHITUX BHIIE MPUITYHICHb Ta TPU HEXTYBaHHI 3B’SA3aHICTIO Jie-
(opmartiif i3 eneKTpOMarHiTHUMH IOJISIMH, y3arajbHEeHi PIBHSHHS CTaHy NPUHHATI
Y BHTJISII TCH30PHO-TIHIHHUX CITiBBiTHOIICHB!
€; = A0y + AT, (11
1€ Ajj, 0ij — KOMIIOHEHTH TEH30DiB, IKKMH BH3HA4alOThCs BIACTUBOCTI fe-
(hopMyBaHHS Ta TEeMIEpPaTypHOT'O PO3MIUPEHHS MaTepiany. BimbmiicTh KOHCTpPYK-
MIHHUX MaTepialiB MOXKHA PO3TIIAAATH KyCKOBO-OJHOPITHUMH i3 pisHUMH (i3uKo-
MEXaHIYHUMH BJIACTUBOCTSAMH Y MEXax ONHOpimHWX obsacteit. OcTtaHHI MOXYTh
BiJIOBIAaTH 130TPOTTHUM a00 aHI30TPOMHUM MaTepiaiaM. Y Mekax MPYXKHOTO Je-
(dhopmyBanus criBBigHOIIeHHS (11) BiAMOBINAIOTH y3araibHeHOMY 3aKoHY ['yKy.
JIist py>kHO-TIIIacTHIHOTO AeopMyBaHHS IIi CITiBBiTHOMICHHS Y HopMi 3MiH-
HUX MapaMeTpiB MPYKHOCTI BIAMOBIAAIOTH TEOPil MAIMX MPYKHO-TNIACTHIHUX JIe-
(bopmatiit ImommHa i KOMIIOHEHTH TEH30Pa Ajjiq BU3HAYAIOThCS TaK:

1
Ajja = E. [(1 + v*)aikajl - V*Sijskl] ) (12)

ij =

ne E v, — 3MiHHI mapamMeTpu mpyKHOCTI, sKi MArOTh 3BICHI BUpa3H 4epes

IHTEHCHBHOCTI HAINPYXeHb 1 Aedopmariii, o € 3B’sI3aHUMH 3a Jiarpamoro jaedop-
MyBanHg Matepiany. CriBBigHomenns (11), (12) € cnpaBeamuBUMU ISl TPOCTUX
9H OJIM3BKAX JI0 HUX MPOIECiB HABAHTAXCHHS.

JList cKITaTHUX TIPOTIECiB HAaBAaHTAXKEHHS JOITEHO 3aCTOCOBYBATH TEOPIi TIACTHY-
HOTO IUIMHY. Y po0oTi 3acTtocoBai Teopis [Ipanamisa-Peiica i3 CriiBBiTHOIIEHHAMA

2G
IO SIKMX JTOJJAHO 3aJICKHICTh MK IHTCHCHUBHICTIO HAIIPY>KEHHS Ta MipOIO IlIa-

1 1 (3
d(gy), :_|:d6ij -9 d00:|+_ —d(g),d(g;), (0; - 8;0,) , (13)
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cruunoi medopmanii y Burmiai ©; = H(x(e!),T), ta teopis mmactuaHOCTI, 1O €
acoIlifOBaHOIO 3 YMOBaMH IUIACTHYHOCTI JJISl 130TPOITHUX MaTepiaiiB i3 TpaHCIS-
[IHHIM aHI30TPOITHAM 3MIITHEHHSIM:
de; = A, do,; +0¢,dT. (14)

Ha Bigminy Bix (11), cniBBinHomenus crany (13) Ta (14) marots audepenuia-
Jb6HY GOpMY, L0 € CYTTEBUM JJIsl CTBOPCHHS arOPUTMIB PO3PaxyHKY.

V 3araibHOMY BHUIAKY, Ul TOYOK KOHTAKTHHX MOBEPXOHb KOHTAKTHI yMOBU
3aMKCYIOTh Y BUIVISIII HACTYITHHUX HEPIBHOCTEH:

M Fu -8 <0; ol <0, (15)

me u™,u™ 8" — HopMaNBHi TepeMilIeHHs TOUYOK KOHTAKTHHX MOBEPXOHb i

n

m
nn

MOYaTKOBUH 3a30p, O, — HOpPMaJbHI HANPY)KEHHS HA IIUX ITOBEPXHSX.

[Ipu 3HWKHEHHI MiX TiIaMH IMOYAaTKOBOTO 3a30py Ha KOHTAKTHIH MMOBEPXHi
YTBOPIOETHCS KOHTAKTHUHN THCK. 3a (Gi3WIHUM YSIBJICHHSM, TIepIia HepiBHICTh y (15)
€ YMOBOIO ISl «HEMPOHUKHEHH» KOHTAKTYIOUMX Tij. B3araimi, 3amicTh HepiBHOC-
teit (15) MokHA BUKOPUCTOBYBATH TaKe PiBHIHHS:

@ +u™ - yon =0. (16)

MexaHi3MH KOHTAKTHOT B3a€MOIIT T Y BIIMOBITHUX TOYKAX KOHTAKTHHUX I10-
BEPXOHb MOJICITIOBAINCH B POOOTI HUITXOM BBEICHHS Y MEKaX MOXJIMBOI 00yacTi
KOHTaKTy MiX TUIaMH CYIIITFHOIO KOHTAKTHOTO APy i3 CHEeIialbHO 3aIaHUMH Xa-
pakrepuctukamu. Came 3a paXyHOK BHOOpPY OCTAaHHIX H MOJCITIOBAIUCH Pi3HI Me-
XaHI3MH KOHTaKTy. Takuil IpuiioM J03BOJISIE PO3TIIAAATH B3a€MOJIIIO TiJl i3 MIAPOM,
SKU{ TIOBUHCH MaTH 3aJlaHi HEIIHIIHI XapaKTePUCTHUKH Ta 3BOJUTH «30BHIIIHIOY»
HEeJIHIHHICTh 3a/1a4i, SKa Mae Micle BHacnIigok ymoB (15) abo (16), no «BHyTpi-
IIHBOT» HENMHIHHOCTI. 3a JOIOMOTOK TaKOTO MPHIOMY MOXKHA JOCHTh TOYHO OITH-
CaTH MEXaHi3MH KOHTAKTHOI B3a€MOJIIT TiJ - 3UCIUICHH, KOB3aHHS, CYXE TePTSL.

Cucremu piBasHE (6) — (10), (11) ado (6) — (10), (13) abo (14), sixi HeoOXixHO
KOHKPETH3YBaTH JOJATKOBUMH CIIBBIIHOIICHHSIMHU I BH3HA4YCHHSA (Di3HKO-
MEXaHIYHUX BJIACTUBOCTEI MaTepiaiiB i KOHTAKTHHUX LIAPIB, Pa30M i3 10JaTKOBUMH
ymoBamMu TtHumy (15) abo (16) yTBOPIOIOTH 3aMKHEHI CHCTEMH DIBHSHb IS
PO3B’s3aHHS MIIIaHOT KOHTAKTHOT 3a/1a4i.

CdopmynboBaHi 3a1a4a MOXe OYTH BHKOPHCTaHA Yy MMOJANBIIOMY IPH PO3pa-
XYHKaX Ha MIIHICTh 1 )KOPCTKICTH HIJIOTO Py CKIAIHUX TEXHIYHHX CHUCTEM, SIKi
BiJTHECEHO JI0 KJIacy CTPYKTYPHO 3B'I3aHUX MEXaHIYHUX CHCTEM, MIPHHIUIN POOOTH
SIKUX 3aCHOBaHI HA BUKOPUCTAHHI IHTCHCHUBHUX CIICKTPOMATHITHUX, TCIUIOBUX 1 CH-
JIOBUX TIOJIB, IO CTBOPIOKOTH ISl 3aCTOCYBAHHS y CYYacCHI €HEpreTHlli, B TPaHC-
HOPTHIH i 00po0IIsTI0UNii raTy3sX MPOMHCIOBOCTI.

Cnucox surepatypsl: 1. Jlasunckuii B.M. VccnenoBanye NpOYHOCTH U )KECTKOCTH CTPYKTYPHO B3aH-
MOCBSI3aHHBIX MEXaHHYECKMX cHucTeM // BicHuk XapKiBCHKOrO JEpKaBHOTO MOJITEXHIYHOTrO
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