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ITpoBoauTcsl YKMCIEHHOE MOJEIUPOBAHHE IOCTPOCHHOIO ABTOPAMH PaHee [BYXKaHAJIbHOTO
YIpaBICHHUS UL TPEXMACCOBOH KOHCTPYKIHHU C YIPYTUMH CBSI3MH, T. €. TPOHHOTO MaTeMa-
THUYECKOTO MasTHHKA — 00beKTa 6-To mopsiaka. ITonck cTabmIM3HpyIOIMIX HACTPOEK Peryis-
TOpa OCYILIECTBIISUICA C TOMOIIBIO TEXHUKU IOJIMHOMUANBHBIX MAaTPHUIl U 3aaHUS YCTOHYM-
BBIX IIOJIOCOB 3aMKHYTOH CHCTEMBI C MOCIEyIOmHUM pemreHueM JlnodaHToBa ypaBHEHUS;
IIPH 5TOM aBTOPHI JOOUBAIUCH Pa3fielieHHs ABIDKCHHH Ha IPYNIBI «OBICTPBIX» M «MEJJICH-
HBIX», aCTAaTH3Ma U KBa3HaBTOHOMM3allUH KaHAI0B. MoenupoBaHue NepexoaHbIX IPOIECCOB
HE OCYIIECTBIISUIOCH, U yKa3aHHBIE CBOHCTBA CHCTEMbI KOHCTaTHPOBAIHCh Ha OCHOBAHHH Xa-
PaKTEepPUCTHK PaCcIOJIOKEeHHUS MoMocoB. [TapamMeTpsl 00beKTa ObLIN BHIOPAHBI TAKUMH, YTOOBI
HYJIH Y HOJII0ca 00BEKTa COBNAJaIM HA MHUMOM OCH; 3a CUET 3TOr0 MepeiaTOYHble MaTPUIIbI
00BbeKTa He 00JTafalli B3aHMHOH IMPOCTOTOH, M CTAaHAAPTHBIA IPOLECC PEIICHUs TOIHHOMU-
anpHOrO JlHohaHTOBa ypaBHEHUs HNPHPABHUBAHHEM KOI()(UIMEHTOB NPH OJUHAKOBBIX CTe-
PEHSX OKa3bIBaeTCs HEBO3MOMKHBIM M3-3a BBIPOXKIECHHOCTH rayccoBoii cucteMsl. Ilocnennee
MOXKET IPHBECTH B BBIUHCIHUTEIBHOH M TEXHHYECKOH NpPaKTUKE K CaMOBO30YXKICHHIO He-
YCTOMYMBBIX MOJ.

B nacrosimieil paboTe MpoBOAUTCS MOAEIHPOBAHUE CHHTE3HPOBAHHOH CHCTEMBI B IIPOCTPAH-
CTBE COCTOSHHUIL. B HpOBeIEHHBIX UHCICHHBIX 3KCIEPHMEHTAaX HA BXOJ CHCTEMbI, HaXOHsd-
mieiics B COCTOSIHUM PaBHOBECHS], N10JaBaIOCh CTYNEHYATOE 3alaHue Pa3[elbHO 110 KaHajaM.
B pesynbrare noATBEpAMINCH 3KCIOHEHIMANbHAS YCTOMYUBOCTD M acTaTU3M 3aMKHYTOH CH-
CTEMBI, a TAakKe HaIUIHe «OBICTPHIX» H «MEICHHBIX» MEPEeXOIHBIX HMPOIECCOB; HPH ITOM
€aMOBO30YK/JAIOIINXCSl HEYCTOMYUBBIX MOZ He oOHapyxeHo. OXHOBPEMEHHO CO CcTabMIH3a-
L1eil KOOPIHHAT NMPOUCXOMUT CTAOMIN3ALMS YIPABISIONINX BO3ACHCTBUM, OAYNHSIOMASICS
Ooee CIIOXKHOMY 3aKOHY, BBIICHEHHE KOTOPOTrO TpeOyeT HOMONHHTEIbHBIX HCCIICJOBAHHMIL.
Iepexoansle mpoLEecChl Ul CUCTEMBI C PErYJIATOPOM MOHMKEHHOI'O MOPs/IKa HE pacCMaTpu-
BaJIHCh.

* Cratbs nosydena 26 supaps 2016 r.
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BBEJEHUE

CuHTE3 CTaOMIM3UPYIOIIEro yNpaBleHHs JUIsl TIUHEHHBIX 00BbEKTOB MOpSIKa
BBIIIIE YETHIPEX OCTAETCsI HETPUBHAIBHOM 3a7aueil Teopuu peryiaupoBanus. Jlaxe
TIIATEIEHO pa3paboTaHHBIE METOJbI CHHTE3a MHOTOKAHAJIBHOTO YIPaBICHUS IS
Takux 0OBEKTOB [1] comepkar 3HAUYNTENFHOE KOJIMYECTBO TPEOOBAaHMH K OMHCHI-
BAIOIIMM OOBEKT YpaBHEHHWSM HJIM €Tr0 MaTPHUYHOH IepenaTodyHON (QyHKIUH.
Wzydenne pasnnuHbIX acrekroB npuMmeHeHus [1M][-perymsaropos mpencrasiser
co0OH aKTyaJbHYIO0 TEMY HAayYHBIX HCCIIEAOBAaHWHA M WH)XXEHEPHBIX Pa3pabOTOK
Jake B OIHOKaHAIBHOM ciydae [2]. IIpu 3ToM 3amauu mOCTPOEHHS MHOTOHIapa-
METPUYECKOTO yNPaBJICHUS TOHWXEHHOTO MOPSIKAa PAaCCMAaTPUBAIOTCS OCTATOY-
HO PEJKO.

ABTOpHI HCIIOJIB30BATIN PA3IUYHbIE TTOAXOIB! K YIIPABIECHHUIO Ul BO3MYILEHHH
B M3BECTHOH MOJENH MalbIX KojeOaHui OBOWHOTrO [3] M TpOHHOrO MasTHHUKOB,
yYpaBHEHHsI KOTOPBIX MICHTHYHBI YPaBHEHHSM IBYX- U TPEXMAaCCOBBIX KOHCTPYK-
i ¢ ynpyrumu cBsizsmu [4—7]. B wactHocTH, B pabote [6] cTpouTCs JBYXKaHAIIb-
HOE yINpaBJIeHUE JJIsl TPEXMACCOBOW KOHCTPYKIINH, YUCIIOBBIE MTapaMeTpPhl KOTOPOM
TIPUBOJAT K COBIAACHHUIO HYJEH W TOJIOCOB OOBEKTa Ha MHHMOW ocH. Pemienue
3aJa4y MOJIMHOMUAIIBHOTO CHHTE3a AJIsl TAKOW CHCTEMbI YIIPaBICHUS CTAaHIAPHBIMH
cniocobamu [1] oka3bIBaeTCss HEBO3MOKHBIM H3-32 BBIPOKACHHOCTH BO3HUKAIOIINX
YHCIIOBBIX CHUCTEM ypaBHEHHHU. Ipnempl, TO3BONAONINE OOONTH ATH TPYIOHOCTH,
MpeaCcTaBIeHHI B padortax [6, 7].

OpHaKo, KaK XOpOIIO HM3BECTHO, TEOPETUYECKU YIOBIETBOPUTEIBHOE paciio-
JIOKEHUE MOJIFOCOB 3aMKHYTOH CUCTEMBI B TIOJOOHBIX BBIPOXKIICHHBIX CIydasiX MpH-
BOJUT K BOBHUMKHOBCHHIO HapacCTarOMINX BOSMyH.ICHI/Iﬁ KakK Ipyu YUCJICHHOM MOJIC-
JIMPOBaHMY (3a cYEeT OIMOOK OKPYIJIEHHH, C KAKOTO-TO MOMEHTa ITPOIyLIUPYIOIIHX
HEYCTOIYMBBIE MOJBI), TaK ¥ NPU CO3JAHUU PEATBHBIX KOHCTPYKIHH, T IIyMEI
WIN ClTydYaiHble BO3MYILEHHS MOTYT BBI3BIBATH KOJICOAHHS HA HEKOTOPBIX YacToO-
Tax, CyIIECTBEHHO BBIXOJSIHUE 32 pAMKH NPHEMIIEMBIX 3HaueHHH (puc. 1).

Lenp HacTOsMIEH pabOTHI — WILTIOCTpAIHS pe3yIbTaToB padot [6, 7] ¢ momo-
IIpI0 YHCIICHHOTO MOJIENMPOBAHUS MEPEXOJHBIX IPOIECCOB B BBIUMCIUTEIHLHOM
komIiekce Matlab, mpoBepka yCcTOMYMBOCTH Kak KOHTPOJIMPYEMBIX BEIUYHH, TaK U
YTIPaBISIFOIINX BO3AEHCTBUI (M acTaTH3Ma MEPBBIX), a TAKXKE BBIIBICHHE BO3MOXK-
HOCTH (P QEeKTOB, MONOOHBIX CaMOBO30YXIEHHIO KoJeOaHWM Ha HEYCTOHYHMBBIX
MoJax.
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Puc. 1. CamoB030yX1eHNE KOIEOaHUI CHHXPOHHOTO TeHepaTopa Ha KPaTHBIX
4acTOTaX B PEKUME, OJIM3KOM K IIPEACILHOMY 110 HaNPSDKEHHIO

1. ONUCAHMUE MOJIEJIM TPEXMACCOBOI KOHCTPYKIIUU
C IBYXKAHAJIBHBIM YIIPABJIEHUEM

TpexmaccoBasi KOHCTPYKIHS (pUC. 2) ONMCHIBACTCSl YPABHEHMSIMH, COBIAIA0-
IIMMH C YPaBHEHUSIMH KoJIeOaHUl TPOMHOTO MaTeMaTHIECKOTO MassTHHKA!

mis’yy + dysy + (ki + ko) — kv, =uy
— kal + m2s2y2 + dzsy2 + (k2 + k3)y2 — k3y3 =Uy,

— k3y2 + m3s2y3 + d3Sy3 + k3y3 =Uz= 0 .
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[Ipu mocTpoeHWH ABYXKAHAJIHHOTO YIPABICHUS Iie-
PEMEHHYIO )3 MOXHO HUCKIIOUHTH; TapaMeTpsl 0ObeKTa B
[5] monaranuce cnepyromumu: my =1, my =1, mz =1,
k=2, ky=2, ky3=4, norepu (nemndupopaHue) cuura-
JHUCh TpeHeOpexHuMo ManbIMH: d 3= 0. MarpuuHoe
ypaBHenne CAY moiry4anoch CleIyonm:

s2+4 -2 )
S) =
(s> +4) (s> +4)(s?+6)-16 g
(10
0 (s>+4) (s).

O‘-IeBI/I,Z[HO, 9TO MATPUYHBIE «YHCIUTEIb) U «3HaAME-
HaTeJIb» UMCIOT COBIIaJIatONUe KOPHU Z = +2i .

Pemanace 3aa4u CHUHTC3a YIHpaBJICHUA C JOBYM:
rpyniamMu MmojarCoB zj; = —1, zZ] = S m JOIIOJTHUTCIIbHBI-

msy

MU YyCJIOBUSMH acTaTU3Ma 3aMKHyTOI71 CHCTEMbI U KBa3u-
AaBTOHOMM3allM1i KaHaJIOB (T. €. IMaroHaJIbHOCTU MaTpHUIbI

Puc. 2. TpexmaccoBas
«3HAMEHATEIIsD» CHCTEMBI):

KOHCTPYKIHUS C IBYX-
KaHaJIbHBIM yIIPaBJIe-
(s+5)%(s+1)% 0 HieM

Cs s( )= .
s 0 (s+5% s+

B urore ObLIH TOJIYHUCHBI CICAYIOMNC MaTpHULbl YACIUTCIIA U 3HAMCHATECIIA pC-
TyJaTOpa COOTBETCTBEHHO!

o 2.6255% +0.755 +1.562 0.125s52 +1.5s
s) = R
621.0s% + 4295 ~88.55% +673.55° +810.95% +156.3
0.0625s2 +0.75s 0
Y(s)=

252 +48s st 1245% +314.55% +310.5s
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2. YUCJIEHHOE MOJEJIUPOBAHME INEPEXOJHbIX TPOLHECCOB
B 3AMKHYTOM CUCTEME

Jnst MoZenMpoBaHus MEPeX0JHbIX MPOIeccoB B KomIuiekce Matlab (Simulink)
OpLTa chopMHpOBaHa cxema 3aMemieHus (puc. 3).

I o

ted a4
A

Puc. 3. Cxema 3aMeeHUs 3aMKHYTOH CHCTEMBI
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B KauecTBe BO3MYIUEHHMS IJIA CHCTEMBI, HAXOJIIEHCS B COCTOSHHUM PAaBHOBE-
cus, Ipeutaranock Japa safganus: vy =1, v, =0 u v =0, v, =1.

/IR
NIARAAY

/
/]

Puc. 4. CBoGoaHbIe KOIEOaHNsT BEPXHET0 (CBETIIbIi rpaMK) U LEHTPAIEHOTO
(TemHsli rpadMK) Te NIpU 3a0aHul vy =1, v, =0

BosHukaromye B pa30MKHYTOH CUCTEMe He3aTyXaloliye KoJieOaHus CyMMHUPY-
FOT CBOOO/THBIC TAPMOHUKH TPOWHOTO MasiTHHKA (puc. 4 u 5).

//”\
NEVZRN
N N

Puc. 5. CBobogHbIE KOIeOaHNs BEPXHETO (CBETIbINA IpadiK) U HEHTPAITEHOTO
(TemHBI# rpaduK) Ten npu 3aganun vy =0, v, =1

ITpn 3aMBIKaHUM CHCTEMBI PETYIISTOPOM, NepenaTodHble MaTPULBI KOTOPOTO
NIPUBEICHBI B KOHIIE II. 1, IIepeX0/HbIe TIPOLIECCHl B CUCTEME CTAHOBSITCSI ACHMIITO-
THYECKH yCTOMYUBBIMU (pHC. 6 U 7).
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W/
V4

Nt

Puc. 6. Crabunmzanus koneb6aHui BEpXHETo (CBETIBII rpadyK) U LEHTPaIIb-
HOro (TeMHBIH rpadyK) Ten npu 3amanuu vy =1, v, =0

Puc. 7. Crabunuzanus konebaHui BEpXHETo (CBETIBIN rpadyK) U HEHTPaIb-
Horo (TeMHBbIH rpaduk) Ten npu 3aganuu vy =0, v, =1

Tak e cTaOMIM3HPYIOTCS M YNPABIIAIONIME BO3ACHCTBHA HA TeX 3HAYCHHSX,
KOTOpBIE 00ECTIeYNBAIOT «CMEMIEHHOE)» COCTOSHIE PABHOBECHS CHUCTEMEI (pHC. 8).
Onnako, Kak BHAHO U3 rpaduka, B MOBEJCHHM BTOPOTO KaHajla BO3HHUKAIOT
«BCIIJIECKH», TI0-BUIMMOMY, BEI3BaHHBIC BIUSHUEM KOJIeOaHUH HIKHETO Tella.
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Puc. 8. Crabunusanus ynpasisiomuX BO3ACHCTBUN ) , NIPY 3a1aHUH
V= 0, 1% =1

3AK/JIIOYEHUE

[lomaBneHne BO3MYIUEHHH B 3aMKHYTOM CHCTEME, BBI3BAHHOE «CTYIEHYAThI-
MU 33/IaHUSAMH Ha OJJHOM M3 KaHAJIOB (T. €. OTKJIOHEHUAMH OJHON M3 KOHTPOIHPY-
€MBIX KOOPJUHAT OT paBHOBECHOT'O HOJ'[O)KCHI/IH) HE MPUBOJIUJIO B I[aHI)HCI‘/III_HeM K €€
packauke (cM. puc. 1). IlpuBenennsie Ha puc. 6 U 7 HauandbHBIE dTAlbl MpoIecca
BIIOCJIC/ICTBHHU BEJIM K aCTATHYECKOM CTaOMIM3aMK 00enX KOOPMHAT Ha 3aaHHbBIX
3HAYEHMAX; PABHO KaK M YIPABISIONINX BO3AEHCTBUI Ha TeX 3HAYEHHSX, KOTOPHIE
00€ecIeunBalOT «CMEIIEHHOE» COCTOSTHHE paBHOBecHs cucTeMbl. CoBlajieHne Hy-
JIell 1 TONIOCOB Ha TPaHMIE YCTOHYMBOCTH, OTMEUEHHOE B II. 1, Ha mporecce 4uc-
JICHHOTO pacyeTa He CKa3ajocCh.

CrnenyeTr OTMETHTh, YTO HaleHHbIE B paboTax [6, 7] AByXKaHAJIbHBIE PETYII-
TOpBI HOHIKEHHOTO TIOpsiAKa CBOOOIHBI OT 3TOM MPOOIEMBI: IPH ONTUMH3ALUH
CTENEHN YCTOMYMBOCTH (TOYHEE, T'ypBHIIEBOW TPATyHPOBKH IIOJIIOCOB CHCTEMBI,
[8]) mocTuratoTcst ycTOWYHMBBIE 3HAYEHUS BCEX MO CHCTEMBL. DTOT TOAXO] OTIPaB-
Jait ce0s1 IS 3aBeIOMO HEYyCTOHUUBOTO 00BeKTa [9].

Haxkomnern, Hapsay ¢ acTaTU3MOM Ha pHC. 6 U 7 TPOCITIEKUBACTCA U ABYXTEMIIO-
BOCTb CHCTEMBI: CPAaBHHUTEIILHO OBICTPOE yracaHhe MOJ, COOTBETCTBYIOLIUX IMOJIO-
caM z; =—5 TIpU COXPaHEHUHU MOJ| «MEJICHHBIX)» MOJIFOCOB.
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Simulation of stabilizing control on the example of triple mathematical
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We carry numerical simulation of DIDO control for the three-mass construction with elastic
connections (triple mathematical pendulum, the object of the 6th order), which was designed
earlier by the same authors. Stabilizing controller settings search was carried out by the tech-
nique of polynomial matrices and by stable setting of the closed-loop system poles with the
subsequent solvation of the matrix Diophantine equation. The authors sought time scaled tran-
sients, separated on the "fast" and "slow" modes, system astatism and channel quasi autono-
mization. Simulation of transients previously was not performed and the system properties
were stated on the basis of the specified pole position

Plant parameters were chosen such that the plant zeros and poles coincide on the imaginary
axis; so plant transfer matrices did not have a mutual simplicity and standard procedure of
polynomial Diophantine equation solving by the coefficients at the same degrees equating is
impossible because of the degeneracy of the Gaussian system. The latter may result practice to
unstable modes self-excitation in computational and engineering practice.

In the paper, we carry out system simulation in the state space. The numerical probes were
performed applying stepwise assignment separately for the channels on the input of a system
in equilibrium state. It result in exponential stability and confirmed astatism of closed loop
system, "fast" and "slow" transient may be seen too, while self-excited unstable modes were
not found. Simultaneously with stabilization of controlled coordinates there was obtained con-
trol action stabilization, providing more complex law (finding the latter requires further inves-
tigation). Transients for a system with low order regulator were not considered.

Keywords: triple mathematical pendulum, polynomial design, DIDO control, mutual nonsim-
plicity of transfer matrices, time-scaled transients, astatism, nonstable modes, self-excitation
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