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3JHUKEHHS ITUHAMIYHOI HABAHTAKEHOCTI POBOTH
MEXAHI3MIB Y HEPEXI/THUX PEZKUMAX

Merta. [{ns 3HWKEHHS JMHAMIYHUX HaBaHTaXXEHb Y MeXaHi3Max HEOOXiIHO IIEeBHHUM YMHOM BHKOHYBAaTH BUOIp
pexuMiB iX pyxy. Takuit BUOip NOBHHEH 3/1IHCHIOBATHCH HA ONTUMI3AIliiHIi OCHOBI. MeTOI0 poOOTH € JOCIIKEHHS
METOJIIB CHHTE3y PEXHMMIB pPyXy MEXaHi3MiB Ta MallIMH, sKi 32a0€3MeYyI0Th ONTHMAIBHI PEXUMHU PyXy 3a TepMiHa-
JHHUMHM Ta IHTErpajJbHUMH Kputepisimu. MeToauka. [ npoBeseHHs 10CTiDKEHb BUKOPUCTAHO OJJHOMACOBY M-
HaMi4Hy MOJENb MeXaHi3My. Y SKOCTI ONTHMi3aliiHUX KPHUTEPiiB BUKOPHCTAHO TEPMIHAJIBHUN Ta KOMIUICKCHUH
iHTerpanbHui kpurepii. [locTaBnena onrumizauiiiHa 3amaya po3B’si3aHa 3a JIONMOMOIOI0 JMHAMIYHOTO MPOTpamMy-
BaHHS Ta BapiamiiHOTO YKcIeHHS. Takox OyI0 BHKOPHCTaHO MPSMHN BapiallifHAN METOI, SKHU TO3BOJIUB 3HAUTH
yuie HaOMMKeHUH PO3B’ 30K BHUXITHOI 3a/1adi ONTHMAaIbHOTO KepyBaHHA. PesyabTaTH. 111 KOXKHOTO 3 METOIIB
PO3B’s3aHHS 3aJadi BCTAHOBJICHO CIIOCOOM 3abe3medeHHs aOCONIOTHOTO MiHIMyMy TEPMIHAJIBHOTO KpHUTEPIlo.
OTtpuMaHi B pe3yIbTaTi PillieHh XapaKTePUCTHKH ITOKA3yIOTh TUIaBHICTh 3MIHM KiIHEMaTHYHHUX (YHKLIN TIpH TaTbMy-
BaHHI MeXaHi3My Ta BKa3yIOTh Ha JOCATHEHHS aOCOIIOTHOTO MiHIMyMY NPHHHSATOTO Yy pO3paxyHKaX TEPMiHAIBHOTO
kputepiro. HaykoBa HoBu3Ha. IIpu po3B’s3yBaHHI 3a7adi ONTHMAaIBHOTO KEPYBaHHS METOJOM AMHAMIYHOTO TpPO-
rpaMyBaHHs JUIsl JOCSITHEHHSI a0COJIIOTHOTO MiHIMyMY T€PMiHaJIbHOTO KPUTEPIIO Y PIBHSHHS JUHAMIKH PYXY CHUCTe-
MU HEOOXiTHO BBOJUTH HOBI 3MiHHI. B 3arajibHOMy BHUIQJKy Ul TOCSATHEHHS MiHIMyMY TEPMiHAJIBHOTO KPUTEPIKO
n-ro MOPSAKY PO3B’SA30K ONTHUMI3aliiHOI 3a1a4yi HEOOXiMHO MIYKATH BIAHOCHO (yHKIIi (n+1)-ro nopsuaky. IIpu
PO3B’s3aHHI ONTHMI3AIIfHUX 3aa4 METOJJOM BapialifHOro YMCIEHHS IJIsl TOTO, II00 3a0e3MeYnTH MiHIMYM TepMi-
HAJILHOTO KPUTEPIIO #-TO TMOPSAKY, IUIIXOM BUOOPY BIJIIOBITHMX KpalHOBUX yMOB, HEOOXiTHO PO3B’S3aTH PiBHSAHHSI
Eitnepa-Ilyaccona 2(n+1)-ro mopsaky (3a yMOBH CHMETPHUYHOTO 3aJaHHS KpailoBHX yMOB). JlaHe piBHSHHS, B CBOIO
4epry, € HEOOXITHOI0 YMOBOIO eKCTpeMyMy (GYHKIIOHANY 3 MiZiHTErpalbHUM BUpa3oM (n+1)-To MOpSAKY.
[pakTnyna 3HaunMicTh. MiHIMI3aIlis TPUAHATOTO Y pO3paxyHKaX TEPMIHAIHHOTO KPUTEPIIO A€ 3MOTY YCYHYTH
yAapu y KiHEMAaTHYHHX 3aYeIUICHHSIX MEXaHi3MiB, IO, Y CBOIO 4epry, MiIBHINyE iX JOBroBiuHicTh. Kpim ToOTO,
3HIDKCHHS IHTEHCHBHOCTI HAPOCTAHHS IPUCKOPEHHS BEIy4YOi MacH CUCTEMH (HAaNpHKIIAL, pOTOpa EIEKTPOJBUTYHA)
JIa€ 3MOTY 3HM3UTH HeOa)kaHi eHepProOBTPATH IPUBOLY.

Kntouosi cnosa: ontuManpHe KepyBaHHS; TEPMIHAIBHUN KPUTEPill; JUHAMIYHE IPOrpaMyBaHHS; Bapialliiine Ju-
CIIEHHS; KpaiioBa 3a1a4a
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Beryn

Hocmanosxka npobremu. CydacHi MexaHI3MHU
1 MallMHM XapaKTEepPHU3YETbCS 3HAYHOIO IHTEHCHUB-
HICTIO eKCIUTyaTallii, 110 MOB’SA3aHO 3 MPAarHEHHIM
M IBUAIITATH MMPOAYKTUBHICTH iX poboTH. BomHouac
JI0 MeXaHI3MiB BUCYBAIOTh KOPCTKI BUMOTH CTOCO-
BHO HAaJ[IHHOCTI, 3pyYHOCTI €KCIUTyartallii Ta eHep-
roeeKTUBHOCTI. Bka3aHa CyKyIHICTH BHMOT CYy-
MEepeYnTh YMOBI BUCOKOI MPOAyKTUBHOCTI. L5 cy-
MEePEeYHICTh BHPIIIYEThCS HAa OCHOBI BHOOpPY pe-
JKUMIB pyXy MEXaHI3MiB Ta MaIlluH, SKHHA TI€ YU
HIIIOK0 MIpOI JI03BOJISIE 3a/JI0BOJBLHUTH OCHOBHI
BUMOTH 10 poOOTH MEXaHi3MiB.

Heo0OxigHo BiAMITHTH, 10 3HAYHUK BIUIMB Ha
eekTuBHICT, POOOTH MamuHU abo MeXaHi3My
MaroTh nepexigHi pexxumu. CaMe Mmij yac nepexij-
HUX PEXHUMIB PyXy MEXaHi3MIB y iX eleMeHTax
BHHUKAIOTh 3HA4YHI JMHAMIYHI HaBaHTaKEHHS, SKi
3HWXKYIOTh JIOBTOBIYHICTh MexaHi3MiB. Jljsi 3HU-
JKEHHS AMHAMIYHMX HaBaHTaKEHb y MeEXaHi3Max
HEOOX1THO TIeBHHM YWHOM BUOWUpATH PEXKHMHU iX
pyxy. Bubip pexumiB pyxy HEOOXiTHO BUKOHYBa-
TH Ha ONTHUMIi3alliiiHiii ocHoBi. lle o3Hayae, mo
MIEPEXiHI PeKUMU PyXy MAlOTh OYTH ONTHMAIb-
HAMH, TOOTO 3aIOBOJIGHSATH OOpaHW Ha OCHOBI
PEKOMEHJIAIIIH Ta aHai3y poOOTH MeXaHi3My OJIUH
abo JeKinbka KpuUTepiiB onTuMmizaiii. 3a3HayuMmo,
[0 TAKUMH KPHUTEPISIMHU € IHTeTpaJIbHI Ta TepMiHa-
nbpHI QyHKIioHam. OCHOBHI BUMOTH, SIKi BHUCYBa-
IOTBCSI 10 POOOTH MEXaHi3MiB, Y MaTeMaTHYHOMY
BUTIISAI BUPAXAOThCS Yepe3 ONTHMIi3alliifHi Kpu-
Tepii.

VY 1boMy IOCIIPKEHHI PO3B’sI3aHO 3a/1a4y CHH-
Te3y PEeXUMIB pyXy MeXaHi3My i3 Hamepen 3aia-
HOI0O BHMOTOIO: Ha IOYATKy PYyXYy NPHUCKOPEHHS
MeXaHi3My IMOBHHHO OyTH HyJIb0oBHM. Lle nae 3mo-
Ty 3HHM3UTH piBE€Hb AWHAMIYHMX HaBaHTaKEHb 3a
paxyHOK 3HIDKEHHS MIBUAKOCTI BUOOPY 3a30piB Ta
NPaKTUYHO YCYHYTH HeOa)KaHi KOJHMBHI TPOLIECH
y MeXaHi3Max.

Ananiz docniddcenv ma nyonixayiu. 3anex-
HICTh MK PEXKHMaMH PyXy MAaIllMH Ta TUHAMITHH-
MU HaBaHTKCHHSMHU B HHX JOCIikKeHa y Oara-
ThOX Tpansx [6, 11, 13, 15, 16]. Y poborax [2, 3,
5] BCTaHOBJICHO BIUIMB HAsSBHOCTI 3a30py y Iiepe-
Jnadax Ha (popMyBaHHS KOJIMBHUX IIPOIECIB Y MpPY-
JKHHUX €JIEMEHTaX MEXaHi3MiB, 30KpeMa Ha aMIuTi-
TyAW 3yCWIb i MOMeHTiB. [y 3HIKeHHS HeOaxa-
HUX JUHAMIYHUX HABAHTAXXEHh HEOOXIOHO BUKO-
HYBaTH IUIaBHUM BHOIp 3a30piB y KiHEMaTHYHUX

3aUeIUICHHSIX MeXaHi3MiB [3, 4], skuii BUKOHAHHIA
Ha ONTHMIi3alliiHii ocHOBI. KpiM TOro, Takuii mij-
XiJ1 1a€ 3MOTY IMiIBUIIMTH SHEPTeTHYHI TOKa3HUKU
pobotu mammH [1, 9].

MeTta

MeTtoro poOOTH € TOCTIIKSHHSI METO/IIB CHHTE-
3y PeKUMIB pyXy MeXaHi3MiB Ta MaIlIWH, SKi 3a-
0e3MeuyoTh ONTHMAIBLHAN PEXUM IX pyXy 3a Tep-
MiHaJIbHUMH Ta iHTErpAIbHUMHU KPUTEPiSIMH.

MeTtoauka

JlnHaMmika 3HAYHOI KiJIBKOCTI TEXHIYHHMX CHC-
TE€M, HANpHUKIal, IiAHOMHO-TPAHCIIOPTHUX Ma-
IIMH, MOX€e OyTH ONHUCaHa y NepIIoMy HAOIMKEH-
Hi 32 JIONOMOTO00 TH()epeHIiaJbHOTO PiBHIHHS:

mi=F-W, @8

Je m — 3BElJEeHa 10 IOCTYNaJbHOIO PyXy Maca
CHCTEMH; X — y3arajbHeHa KOOpPAWHATA CHCTEMH;
F — 3Bemene pymwiiine 3ycwuis mpusony; W —
3BEJICHAa CHJIa CTAaTUYHOTO OIOPY PYXY CHCTEMH.
Kpamka Han cuMmBOJIOM O3Hauae mudepeHITioBaH-
HS 33 9aCOM.

Jnst 3MEHIIeHHS JUHAMiYHUX HaBaHTaKEHb
y TIOYaTKOBHM MOMEHT PYXy CHCTEMH HEOOXiIHO
3a0e3MeYUTH MiHIMYyM TEPMIHAIBHOTO KPUTEPIIO:

Ter =(5(0))’ — min. 2)

Kpim Toro, Oynemo BuMarartu, mod pexxuM py-
Xy cucTeMH 3a0e3neuyBaB MiHIMYM iHTETPaIbHOTO
¢dyHKITIOHATY:

T
I=[(8,x7 +8,4” + 8, +8,%)dt > min, (3)

0

ne T — TpUBaJiCTh MEePeXiJHOTro MpoIecy; d; — KO-
e(dimienTH, SKi BPaxOBYIOTh Bary BiJITOBITHUX JO-
nmaakiB (=1, 2, 3, 4) i cyma SKHX piBHA OJUHHII.
[Nepmuii Ta APYruid AOAAHKU Yy MHiTiHTETPAITEHOMY
BHpasi (3) BCTAHOBIIOIOTH «IIiHY» IEPEXOIy IH-
HaMIYHOT CHCTEMHU 3 MOYATKOBOIO y KIiHIEBE IO-
noxeHHs. ToOTO «mTpadyroThCs» Ti MOIOKEHHS
MUHaMigHOI cHucTeMH y (a30BOMY TMPOCTOpI, SKi
XapaKTEPHU3YIOThCS 3HAYHOIO BIIJAICHICTIO Bif
no4yatky KoopauHat. TpeTii TomaHOK y mMimiHTer-
paibHOMY BHpa3si (3) BU3HAYaE «IiHY» KepYBaHHS
JUHAMIYHOIO cuCTeMor0. JlIsi eIeKTpoIpHuBOaY
MIHIMI3allis i€l CKIIa0BOT 3HIIKYE €JISKTPOMAarHi-
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THAH MOMEHT i, SK HACIIIOK, 3MiHHI €JIeKTPUIHI
BTpaTH y npuBozi [12], mo miguirye eneproedex-
TUBHICTh pOOOTH cucTeMH. YeTBepTuil AOmaHOK
y migiHTerpaabHOMy Bupasi (3) He momyckae ii me-
pEBaHTaXEHb, SAKi MOXXYTh BUHHKHYTH IIPH CIIPO-
0ax IIBUAKOI 3MiHM PYLIIHHOTO 3YCHIUIS MPUBOILY
3a paxyHOK II0Jadi Ha EJIEKTPOJBHI'YH 3HAYHOI
Hanpyrd KuBieHHA. ONTHMaIbHUI 3aKOH PyXy
JMUHAMIYHOT CUCTeMHU OyJEeMO IIyKaTh Ha TPa€eKTO-
pisix, sIKi 3a10BOJILHSIOTH KPAOBUM yMOBaM:

x(0) =54, X(0) =v,;

x(T)=#(T) =0, @

Je s, Ta Vv, — IOYaTKOBE MOJOKEHHS Ta IIBH]I-
KIiCTh PYXy CHCTEMH BiINOBiIHO. UKCIIOBI 3HAYEH-
Hs IapaMeTpiB S, Ta V, BU3HAYaIOTh BH] Iepexi-
JTHOTO peXUMY (ITyCK ab0 ralbMyBaHHS ).

Junst po3s’sizanns 3anadi (1)—(4) BUKoprcTaeMo
IuHamiuHe mporpamyBaHHA [10]. @yHKIiOHATBEHE
piBHsHHS bermnMana anms kputepito (3) Mae Takuid
BUTJISII

min[8,x7 +8,x; +8;u” + 8,0 +

+§x2+£u +§¢]=0, %)
X, ox, Ou
ne S — dynknis bernvana. Y Bupasi (5) i B mona-
JBITIOMY BHUKJIAAI MaTrepialy BHKOPHCTaHI IO3Ha-
F-w .
—, u=4¢.

MiniMym mpaBoi yacTuHHM piBHsIHHA (5) Oyaemo
HIyKaTH 3a TmapaMeTpoM ¢, Ui IbOTo mpoaude-

YEHHS: X=X, X; =X,, X, =U, U=

PEHIIIoEMO ii 3a ¢ Ta MPUPIBHIEMO OTPUMAaHE 0
HyJs. Y pe3ynbTaTi po3B’s3yBaHHS 3HAWIECHOTO
piBHSHHS OyeMo MaTu:

1 o8
-2 6
¢ 26, ou (©)

IlincraBumo 3HaiifeHW BHpas (6) y piBHIHHS
(5) Ta oTpuMaemo HelniHiliHe TUQepeHIianbHe PiB-
HSTHHA NEPIIOTO MOPSAKY Y YACTUHHHX IOXITHHX:

8, +8,(8,x, + S—S) +u(d;u +8_S) -
X

=0. (7)

Po3B’s130k HemiHINHOTO AUGEPESHITIAIBEHOTO Pi-
BHSIHHS Y YaCTUHHMX moXinHux (7) Oymemo mryka-
TH Y BUITISAI1 KBaIpaTHUHOI (OPMH:

2 2 2
S =Ax; +A4,x;5 + Au” +
+ A xx) + Asxu + A xu ®)

Bizpmemo wacTmHHI mOXimgHI 3 BHpasy (8) 3a
napamMeTpaMu X,, X, Ta u:

0S/0x, = Asu + 2 A,x; + A, x5, )
(10)
(11

[MincraBnstoun Bupasu y gopmyny (7) ta Bu-
KOHYIOUH CIIPOIICHHS OTPUMAaHOro, OyAeMo MaTu
CUCTEMY pIBHSHbB, 3 IKOi HEOOXIJHO 3HAWUTH HEBi-
Jomi koedimientn A4;, A; ta A,. Bubip uux xoe-

0S/0x, = Aqu + Ayx, +24,x,,
0S/0u =2 Ayu + Agx, + Agx,.

(bIieHTIB 3yMOBJICHHHA THM, IO ITyKaHa (QYHKITiS
¢, 3rigao 3 BUpazamu (6) ta (11), 3anexxuTh came

BiJl HUX. 3alUIIeMO CHCTEMY DPiBHSIHbB, Ky HE00-
X1JTHO pO3B’sI3aTH:

A, +8,-8,'47 =0,
8, -0,258,'42 =0,
A,4:8, +8,-0,258,' 47 =0.

(12)

3HAWIIOBITN HEBiZOMi KOe(illiEHTH Ta BiJKH-
HYBIIM Ti 3 HUX, SKi CYIMPOBO/DKYIOTHCS BTPATOIO
CTIHKOCTI PyXy JUHAMIYHOI CHCTEMH, MOXKEMO
BBa)KaTH, II0 3a/1a4a PO3B’s3aHa, OCKIJIbKH 3HAM-
neHa o¢yHknis ¢ =d(u, x,, x;), fAKa MiHIMI3ye
kpurepiit (3).

OpHak, JUId TPaKTHUYHOI peai3allii OTpUMaHuX
pe3yibTaTiB HEOOXiTHO 3HAUTH (QYHKINIO u, sSKa
nponopliiiHa pyuriiiHoMy 3ycwuto F . J{ist mporo
3anmumeMo piBHSHHA (6) 13 BpaxyBanHsM (11)
y TAKOMY BHUIJISII:

. 24u+Ax, + A x
i 5% 6%2

=0. 13
. (13)

IIpoiaTerpyemo Bupa3s (13) Ta oTpruMaemMo:

A A
> 4 xl——3x2+C1,

= 14
25, 25,7 5, (14

Je C, — nocriifHa iHTerpyBaHHs. [l 3HaXOKEHHS

C, BHKOpHCTaEMO NO4YaTKOBY YMOBY u(0)=u, .
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TakuM YUHOM, OTPUMAEMO:
245, + Agx,

C =u,+
1= U 25,

(15)

Ilepexonsdau 10 MPUAHATHX HA MOYATKY TOCITi-
JOKEHHsI TI03HAYeHb 3MIHHUX, MOXXEMO 3aIllicaTH
Bupa3 (15) y Takomy BUTIISAI:

A A .
F= (_ﬁj‘de”O Jri(v0 —-X)+

+%64(x0 —x)m+W. (16)

3a3Hauumo, mo kpurtepiit Ter (2) nHabyBae ab-
COJIIOTHOTO MiHIMyMYy, SKHH pIBHHH HYyJ0, 3a
ymoBu X(0)=0. Buxomsun 3 piBHsHHES (16), 14
yMOBa BHKOHYy€TbCA npu u,=0. Takum dYmHOM,
3amavya MiHiMIzamil TepMiHamsHOTO (2) Ta iHTerpa-
JBHOTO (3) KpUTEpPiiB po3B’A3aHa.

3agaui (1)—(3) MoxHa pO3B’A3aTH TaKOXK 3a
JIOTIOMOT'OI0  TIPSIMOTO  BapiariitHoro meroxy |[7].
Jnsg 11pOro  BIAIIYKAEMO PO3B’SI30K TPUTOYKOBOT
KpalioBoi 3aaui:

X
x =0;

x(0) = xy; X(0) = vy; ¥(0) =0;

. (ry (Y D
.

x(T) =0; %(T)=0; ¥(T) =0,

ae q,, q,, q; — napaMeTpH, siKi HeoOXiJHO BU3Ha-

YuTH. 3a3HAUYUMO, L0 3aJar0oud KpaioBi yMOBH
(17), Mmu ampiopi BUMaraeMo HYJIhOBE IOYaTKOBE
Ta KIHIEBE NPUCKOPEHHS, TOOTO 3abe3rnedyeMo
a0COMIOTHI MIHIMyMH TEpMiHAJbHUM KpHUTEPisM

(2) Ta ()'c'(T ))2. Hapani copmyemo migiHTErpaih-
HUI BHpa3 QyHKOioHamy (3) Ta BU3ZHAYUMO iHTET-
pai (3). Bigmitumo, mo Bu3HauYeHwi iHTerpan (3)
€ (yHKII€I0 HEBIIOMUX MapaMerTpiB ¢q,, ¢, Ta ¢,

mig00poM SKHUX MOXHA JOCATHYTH MiHiMi3allii
kputepito (3). Jasg mporo HeoOXigHO pO3B’sA3aTH
CHCTEMY PiBHSIHB:

ol/dq, =0, i=1,2,3 (18)

BIJIHOCHO HEBIIOMHMX HapaMeTpiB ¢, ¢, Ta (.
[TimcTaHoOBKa 3HAWIEHUX MAapaMeTPiB y PO3B’ 30K

KpaiioBoi 3amadi (17) mae 3Mory oTpuMaTH HaOIH-
JKeHUH po3B’ 30K BuXigHo1 3amadi (1)—(3).
3agauy (1)—(3) po3B’sHKEMO TaKoX 3a JOMOMO-
rOI0 BapiamiifHoro uucienHs. i uporo 3amuie-
MO HEOOXITHYy YMOBY MIHIMyMY iHTETPaJBHOTO
KpuTepito — piBHssHHS Efinepa-Ilyaccona:
17 1w
x—§x+—2)€—ix=0.
4 5, 4

(19)

Jus posp’szanns piBHAHHS (19) HeoOximHO
3HAWTH KOPEHI XapaKTEPUCTUYHOTO PIBHAHHSA, SKE
€ anreOpaldHUM PIBHSHHIM IIOCTOTO CTEIEHS.
3HalTH KOPEHI PIBHSHHS BHIIE YETBEPTOrO CTEIIe-
HS y panvkanax HemoxkiuBo [14]. [us toro mo6
3a0e3MeunT MIHIMI3aIlil0 TEePMIHAIBHOTO KpHUTE-
pito (2), MomudiKyeMO iHTerpaJbHHN KpUTepiii:
noKyIanemMo 0,=0,=0. Y 1poMy BUNAJAKy TudepeH-

mianpHe piBHSHES (19) Oyme MaTum  Takwid
pPO3B’S30K:
EE Ve
x=le'"™Ci+e'C, || 2| +
55
2 3
+C, + Cyt + Cst™ + Gyt (20)

ne C,,...C, — mocTiiiHi iHTerpyBaHHS, SIKi BU3HA-

YaHThCS BUXOASYU 3 KPalOBHUX YMOB PyXy JHMHA-
MIYHOI CHCTEMU. 3a/1al0u OJIHY 3 KpalOBUX YMOB
¥(0)=0, orpumaemMo abCONIOTHUN MIHIMYyM Tep-
MiHaJIBHOTO KpHTepito (2). Skmo 3a ymMmoBamH 3a-
Iadl He BHMAara€TbCcsl MiHIMI3alis CKJIaIO0BUX BH-
COKOTO TIOPSIKY, SKi © IO3BOJHMIIN 3a0e3MednTH
MiHIMi3aIlif0 BiMOBIJHOTO TEPMIHAILHOTO (PYHK-
IIOHAJTY, TO HEOOXIHO IIyKATH IHIIN MiAXOAU JJIs
BUpilIeHHs wiel npobnemu. OOUH 3 HUX MOJISTAE Y
BH3HAYCHHI TaKWX 3HAYECHb BaroBMX KOCQIIiE€HTIB
y CTPYKTypi 1HTETpaIbHOTO KPHUTEPiI0, MPH SKHX
3a0e3MevyIoThCs a0COMIOTHI MIHIMYMH TepMiHa-
JTBHUX KpUTEPiiB [8].

Pe3yabTarn

Pesynbrarty, siki OTpuMaHi Ipu po3B’s3aHHI 3a-
madi (1)—(3) meromoM AMHAMIYHOTO MpOTrpamy-
BaHHS, TPOUTIOCTPYEMO 3a JONOMOTOI0 TpadikiB
(puc. 1). Ananoriuni rpadikd HaBegemo IJs pe-
3yJIBTaTiB PO3B’sI3aHHS 3a/1a4i 3a JOMOMOTO0 Tpsi-
MOTO Bapiarfiiitnoro merony (puc. 2) Ta Bapiamiii-
HOTO uHciieHHs (puc. 3).
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Puc. 1. I'padiku quHaAMIKH pyXy CHCTEMHU
TIpY pO3B’sA3aHHI 33]1a49i METOOM
JUHAMIYHOTO MPOrpaMyBaHHSI:
a — (azoBuii mOpTpPeT; 6 — MPUCKOPCHHS
Fig. 1. Graphs of system motion in solving 6—b

the problem using dynamic programming:
a — phase portrait; b — acceleration

Bci otpumani xapaktepuctuku (auB. puc. 1-3)
BKa3yIOThb Ha IUIABHICTh 3MIiHH KiHEMaTHIHHUX
GYHKUIH TpY rajdbMyBaHHI MEXaHi3My Ta JIOCSAT-
HEHHs aOCOJIOTHOTO MIiHIMyMYy TepMiHaJIbHOTO
Kputepito (2).

& afe

-0z

0.4

0.6

Puc. 2. I'padikn q[uHAMIKH pyXy CHCTEMHU
TIpH PO3B’s3aHHI 3a/1a4i
MIPSIMAM BapialliifHIM METOI0M:
a — $a30Buil OPTpPET; 6 — MPUCKOPEHHS

Fig. 2. Graphs of system motion while solving
the problem using the direct
variational method:

a — phase portrait; b — acceleration

X, e
1.0

—0.10

—0.15

Puc. 3. I'padiku quHaMIKKH pyXy CHCTEMHU
IIpH PO3B’sA3aHHI 3a1a4i 33 JOIOMOTO0
BapiamiiHOro YHCIICHHS:

a — (ha3oBHii MOPTpPET; O — MPUCKOPCHHS

Fig. 3. Graphs of system motion when solving
problems using variational calculation:
a — phase portrait; b — acceleration
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HaykoBa HOBHU3HA Ta NPAKTHYHA
3HAYUMICTh

[Ipu po3w’szanni 3a1a4i (1)—(3) Merogom auHa-
MIYHOTO TIPOrpaMyBaHHS I TOCSTHEHHS aOCOJOT-
HOTO MIHIMyMy TepMiHAJBHOTO KpuTepiro (2)
y pIBHSHHSI JMHAMIKH pyXy cUCTeMH Oyjia BBeleHA
HOBa 3MiHHA — IIBWJKICTh 3MiHH TPUCKOPEHHS
(puBOK) ¢ 1 PO3B’S30K 3a7adi 3HANIEHO BiAHOCHO

i€t GyHKil. Y3arajipHIOI04H, MOYKHa
BCTAHOBUTH TMPABUIIO: JUISl JOCSTHEHHS MIiHIMyMY
TEePMIHATEHOTO KPHUTEPIIO n-ro TTOPSAKY

1 n

Ter, = f(T, x, X, ...,X,..., X) HEOOXiZHO pPO3B’SI30K
ONTHMI3aLiHOI 3a7avi IIyKaTH BiJHOCHO (YHKLII

n+l
X .

[Ipu po3B’si3aHHI ONTUMI3AMIMHNX 331249 METO-
JIOM BapialliiHOro YMCIICHHS JUIS TOTO, 11100 3a0e3-
NEYUTH  MIHIMyM  TEpMiHaJbHOTO  KPHUTEPIiIO
n-TO TIOPSAIKY, NUISIXOM BHOOPY BiIAINOBITHUX Kpa-
HOBUX YMOB, HEOOXiTHO pO3B’si3aTH PiBHIHHS Eii-
nepa-Ilyaccona 2(n+1)-ro nmopsiaky (3a yMOBHU CH-
METPUYHOTO 3aJaHHs KpaloOBHX YyMOB), SKe,
Yy CBOIO Yepry, € HEOOXiHOIO YMOBOIO €KCTPEMY-
My QYHKIIOHATY 3 TiIiHTETpAILHUM BUPa3OM
(n+1)-ro mopsnky.

BuxopucranHs mpsAMOro BapiallifHOTO MeToIy
JTO3BOJISIE ampiopi 3a0e3MmednTH abCONMIOTHII MiHi-
MYM TEPMIiHAIBHOTO KpUTEPIito (2).

VY mpakTUYHOMY TUTaHI MiHIMI3allisl TepMiHab-
HOTO KpuTepito (2) mae 3MOry YCYHYTH YIapu
y KIHEeMaTHYHUX 3a4eIUICHHSAX MEXaHi3MiB, IO,
Yy CBOIO uepry, MiBUIIYE iX IOBTrOBi4HiCTh. Kpim
TOTO, 3HIKEHHS IHTCHCHBHOCTI HAapOCTaHHS IPH-
CKOpEHHS BEeIly40oi Macu CUCTEeMH (HalpUKIaJ, po-
TOpa €JEKTPOJBUTYHA) Ja€ 3MOTY 3HU3UTH Heba-
JKaH1 €eHepPrOBTPATH MPUBOTY.

BucHoBku

Y po6oTi po3po0sIeHO METOIU JTOCSITHEHHS a0-
CONIOTHUX MIHIMYyMIB TepMiHAIBHUX KPHUTEPIiB
MIpH PO3B’SI3aHHI 33a7a4 ONTHMAJIEHOTO KEPYBaHHS
PYXOM JOMHaMiYHUX cucTeM. HaBeaeHo mpukiagu
PO3B’sI3aHH 3a/1a4i 3a JIONIOMOTO0 METOJIIB Bapia-
IHOTO YKCJICHHS, JUHAMIYHOTO MPOrpaMyBaHHSI
Ta MPSAMOro BapiariiHoro Metoxy. Po3pobneni y
po0OTi MeToau 3BOAATHCSA OO 3aJaHHA BiAMOBiI-
HHUX TOYAaTKOBHX YMOB pyXy cuctemu. Kpim Toro,
BHKOHAHO Yy3arajibHEHHS pO3POOJICHUX METOIIB
UL TEpMiHAIBHUX KPHUTEPIiiB 7-TO MOpsAAKy. Bu-

KOPHUCTAHHS TIPH CHHTE31 PEKUMIB PyXy MAaIlIHH Ta
MEXaHI3MIB PO3pO0JIEHUX METOIIB Ja€ 3MOTY yCY-
HYTH yJap¥ Y KiHEMaTHYHUX 3a4CIICHHAX Ta TMijI-
BUIIMTH JOBIOBIYHICTH MAIIIKH.
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CHUXXEHUE JUHAMUWYECKOM HAT'PYKEHHOCTHU PABOTHI
MEXAHU3MOB B IIEPEXO/JHBIX PEZKUMAX

Henan. st cHIOKEHUS] TUHAMMYECKUX Harpy30K B MEXaHM3Max HEOOXO0ANMO ONpe/IeIeHHBIM 00pa3oM BHIOUPATh
PEKUMBI MX ABMKEHHS. Takoil BBIOOp JOIDKEH OCYIIECTBISTHCS HA ONTHMHU3AIIMOHHON ocHOBe. llenpio paboTh! sB-
JISIETCsI MCCIIeIOBAaHUE METOJIOB CHHTE3a PEKUMOB JIBIDKCHHSI MEXaHH3MOB M MallWH, KOTOPbIe 00ECIIeYnBaIOT OIl-
TUMAJTbHBIC PEKHUMBI JBIKCHUS M0 TEPMUHAIBHBIM M WHTETPaIbHBEIM KpuTepusiM. Meroauka. [t mpoBeaeHUs
HCCIICIOBAaHUN HCITONF30BaHa OJHOMACCOBasi AMHAMHYECKAs MOJENh MeXaHW3Ma. B KadecTBe ONTHMH3AIMOHHBIX
KPUTEPHEB HCIIONB30BaHbl TEPMUHAIBHBIN M KOMIUIEKCHBI HHTETPaNbHBIN KpuTepud. [locTaBiieHHast ONTHMA3AIIH-
OHHas 3aj7]aya pelleHa ¢ MOMOIIBI0 TWHAMHYECKOTO MPOTPaMMHUPOBAHMS M BAPUAIIMOHHOTO HCYHCICHUS. Takxke
OBLIT MCITOJIB30BAaH MPSIMON BapUAIMOHHBINA METOJI, KOTOPHIN MMO3BOJII HAWTH TOJBKO MPHOIMKEHHOE PEIIeHUe Hc-
XOIHOH 3a7adil ONTUMANIFHOTO ynpaBieHus. Pe3yabTaThl. [ KaX10ro U3 METOOB PEIICHHUS 3a/1a4l YCTaHOBIIE-
HBI CTIOCO0BI obecnieueHnst abCOMOTHOIO MUHUMYMa TepMUHAIBHOTO KpuTepus. [lomydeHHbIe B pe3yabpTare pemie-
HUM XapaKTCPUCTHUKHU MMOKA3bIBAIOT IJIABHOCTb UBMCHCHUS KUHEMATUYCCKUX (byHKLlI/lﬁ P TOPMOKCHUU MEXaHN3Ma
MU YKas3bIBalOT Ha JOCTHXKCHUEC a0COIIOTHOrO MUHUMYMa HOPHUHATOTO B pacde€TaXx TEPMUHAJIBHOI'O KPUTCPUS.
Hayuynasi wnoBu3Ha. [Ipu pemeHnu 3ajJayd  ONTHMAJIBLHOTO  YIPABICHUS  METOJOM JAWHAMHUYECKOTO
MPOTPaMMHUPOBAHUS JIIS JOCTHXKCHHS a0COTIOTHOTO MHHAMYMa TEPMUHAIBHOT'O KPUTEPUS B YpaBHCHHS THHAMHKH
JIBIDKCHUSI CHCTEMBI HEOOXOJMMO BBOJMTH HOBBIE II€peMeHHble. B o0meM ciyyae il TOCTHKEHUS MHUHHMYyMa
TEPMHUHAIBHOTO KPUTEPHS 1-TO MOPs/IKA PElIeHHE ONTHMH3alMOHHON 3aJaull HEOOXOAMMO HUCKaTh OTHOCHTEIILHO
¢yskuuu (n+1)-ro mopsinka. Ilpu permeHnn ONTUMH3ANMOHHBIX 3a7ad METOJOM BapHAIIMOHHOTO MICUMCICHHS IS
TOT0, YTOOBI 00ECIEeYNTh MHHUMYM TEPMHHAIBHOTO KPHUTEPHUS A-TO TOPSIKAa IMyTEM BBHIOOPa COOTBETCTBYIOIIMX
KpaeBBIX YCIIOBHH, HEOOXOOMMO peIHTh ypaBHeHHe Oiirepa-Ilyaccona 2(n+1)-ro mopsimka (TpH YCIOBHH
CHUMMETPHYHOTO  3aJaHus KpaeBbIX yciuoBui). [laHHOe ypaBHEHWE, B CBOIO O4Yepelb, SBIISETCA
HEOOXOJWMBIM YCIOBHEM OJKCTpeMyMa (yHKIMOHaJa C TOAWHTETPAJbHBIM BBIpakeHHeM (n+1)-ro mopsaxa.
IIpakTHyeckass 3HAYNMOCTh. MUHUMHU3AIMS TPHHATOIO B pacyeTax TEPMUHAIBHOTO KPUTEPHs IO3BOJISIET
YCTpaHUTh YyJAapbl B KHHEMATHYCCKUX 3allCIUVICHUAX MCEXaHU3MOB, 4YTO, B CBOIO 0OYCpPEAb, MOBBIMIACT HUX
JOJITOBEYHOCTbD. KpOMe TOTO0, CHMXCHHUEC HWHTCHCHUBHOCTU HapaCTaHUA YCKOPCHUA Beﬂyﬂleﬂ MacCChbl CHCTEMBbI
(Hanpumep, poTopa IEKTPOJABHUIATEIIS) ITO3BOJISICT CHU3UTD HEXKENIAaTENbHBIE SHEPTOIIOTEPH MTPUBOJIA.

Kniouegvie cnosa: ontumanbHOE yNpaBiieHUE;, TEPMUHAIBHBIA KPUTEPHI; JUHAMHYECKOE MTPOrPaMMHPOBAHUE;
BapUalMOHHOE HCYUCIICHNE; KpaeBasi 3a/1a4a
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DECREASING OF MECHANISMS DYNAMIC LOADING
AT THE TRANSIENT STATE

Purpose. It is necessary to select modes of motion to reduce the dynamic loads in the mechanisms. This choice
should be made on optimization basis. The purpose of research is to study methods of synthesis regimes of mecha-
nisms and machines motion that provide optimal modes of movement for terminal and integral criteria.
Methodology. For research the one-mass dynamic model of the mechanism has been used. As optimization criteria
the terminal and comprehensive integral criteria were used. The stated optimization problem has been solved using
dynamic programming and variational calculation. The direct variation method, which allowed finding only ap-
proximate solution of the original problem of optimal control, has been used as well. Findings. The ways of ensur-
ing the absolute minimum of terminal criterion have been set for each method of problem solving. The stated char-
acteristics show softness changes of kinematic functions during braking of mechanism. They point to the absolute
minimum of adopted terminal criterion in the calculation. Originality. It is necessary to introduce new variables in
the system equations during the solving of optimal control problems using dynamic programming to achieve an ab-
solute minimum of terminal criteria. In general, to achieve a minimum of n-order terminal criterion an optimization
problem should find relatively (n+1)-th order function. When optimization problems is solving by variational calcu-
lation in order to ensure a minimization of n-th order terminal criterion by selecting the appropriate boundary condi-
tions, it is necessary to solve the Euler-Poisson 2(n+1)-th order equation (subject to symmetric setting boundary
conditions). It is a necessary condition for an extremum of the functional with the (n+1)-th order integrant.
Practical value. Minimizing of adopted terminal criterion in the calculation allows eliminate the brunt in kinematic
gearing of mechanisms, which increases their operational life. In addition, the reducing of the acceleration increas-
ing intensity of system driving mass (for example, rotor of electric motor) allows reducing undesirable energy losses
in a drive.

Keywords: optimal control; terminal criterion; dynamical programming; variation calculation; boundary problem
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