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CocTaBIeHO MAaTpHYHOE YpaBHCHWE JABIDKCHHS HENPEPHIBHOIO W JUCKPETHOTO
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ITocranoBka npodJemsl. [locienHre 1OCTHKEHNST MUKPOIIPOLIECCOPHOM
U MHUKPOKOHTPOJJICPHOM TEXHMKH B pa3paboTKe HEIOPOTHX MOIHBIX
MHUKPOKOHTPOJUIEPOB ~ CO3JJIM  MPEINOCBUIKM  [UII  MOJAEPHHU3ALUH
CYIIECTBYIOIINX n CO3JJaHUs HOBBIX CHCTEM YIIpaBIICHUS
JNIEKTPOMEXaHUIECKUMH OOBEKTaMH M TEXHOJIOTHYECKHMH IPOLECCaMH.
OnTuMH3aIys TaKUX CHCTEM IO Pa3IMYHBIM KPUTEPHUSIM HO3BOJISET YIyqIINTh
XapaKTEePUCTUKU CHCTEM YIPABICHUS M, KaK CIEACTBHE, NOBBICUTH KaueCTBO
BBIITYCKaEMOW  NPOXYKIMH  TNpPH  OJHOBPEMEHHOM  CHIKEHHH  €e
cebectoumoctr. OHHUM W3  HaNpaBIeHUH  ONTHMM3ALUU  SBISETCA
WCTIONIb30BAaHUE B QJITOPUTMAaxX YIPABICHUS WHPOPMALMU O CTapIINX
MPOM3BOJIHBIX OTKJIOHEHHS PEeryJupyeMONl BeIMYHHBI OT €€ JKeIaeMoro
snaueHus [1]. Ilpuuem HenocpeacTBeHHoe AuB(GEPESHIMPOBAHHE 3TOTO
OTKJIOHEHHUS] B pPEaNbHBIX TEXHHYECKHUX CHCTEMaxX OCJOXXHEHO HalIHIHeM
IrymMoBO# coctapistomeil. Heo6xoauMocTs (GuiIbTpanny myMOB MPUBOAUT K
TIOSIBJICHUIO B KaHaye OOpaTHOM CBS3M CHUCTEMBI YIPaBJICHHS MHEPIIMOHHBIX
SJIEMEHTOB, KOTOpPbIE€ BHOCAT B aJrOPUTM YIPABIEHUS JONOIHUTEIBLHOE
3amazneiBaHve  [2,3] W yXy[QmaroT — JAWHAMHYECKHE  XapaKTePUCTHUKH
COOTBETCTBYIOILIEH CUCTEMBI YIIPaBICHUSL.

AHaim3 JautepaTypsl. Ha mpaktuke i ompeneneHus craplinx
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TPOM3BOIHBIX OTKJIOHEHHS MCIIOJB3YIOTCS HAOIoMarone ycrpoiicrea [4, 5].
Bompocam aHanmu3a W CHHTE3a CHCTEM YIPABICHHSA C HaOJIONAIOIINMHU
YCTPONUCTBAMH TMOCBALICHO OOJIBIIOE KOJIMYECTBO PadOT B OTEUECTBEHHOI |6,
7] u 3apyOexnoif neyaru [8, 9]. [IpuBeneHHbIe B 3THX paboTax pe3yIbTATHI
NOKa3bIBAIOT, YTO HCIOJB30BAHHE B AITOPUTME YIPABICHHS MPOHU3BOIJHBIX
BBICOKHX MOPSIKOB YIYYIIaeT TUHAMHYCCKHE M CTATHICCKHE XapaKTePHCTHKU
CHCTEM YIPAaBJCHUS DJICKTPOMEXaHWYECKHMMHU OOBeKTaMu. Peanmzarms >Tux
cucTeM Ha 0a3ze COBpPEMEHHOW MHUKPOKOHTpoutepHOit Texuuku [10] cosmaer
NPEANOCHUIKM K IIOCTPOCHUIO aBTOMAaTU3UPOBAHHBIX CHUCTEM YIIPaBIICHUS
OTAEJIBbHBIMH TEXHOJIOTMYECKHMH NPOLIECCaMH WM BCEM IPOU3BOJCTBOM B
nenom. [locnennee oOycnaBiuMBaeT BO3HMKHOBEHHE AKTYAJIbHOM HaydHOM
3a7a4y aHaJM3a U CHHTe3a LU(POBBIX HAOIIOAAIONMX yCTpoiicTB. OnHUM M3
NOAXOJOB K PCIICHUIO YKa3aHHOH 3ajayd SBISIETCS OJHOBPEMEHHOE
MCIIOJIb30BAaHNE KOPHEBBIX H CETOYHBIX METOJOB [2].

Heabio Hacrosmeld pabOTHI SBASETCS ONpEENCHHE HEOOXOANMBIX
YCIOBHUH yCTOHYMBOCTH IIM(POBOTO HAOIIOJAFOIIETO YCTPOHCTRA.

MaTtepuanbl ucciaeqoBanus. Peannzamis HaOIIOIAIOMKUX YCTPOICTB HA
MHUKPOKOHTPOJUIEpAaX  OCYIISCTBISCTCSA IYyTEeM  YHCICHHOTO  PEUICHHUS
cooTBeTCTBYyIOMUX auddepeHinanpHblx ypaBHeHHA. [lockoJIbKY —Takue
YCTpOICTBa JOKHBI paboTaTh B PEKUME PEalbHOTO BpEMEHH, TO YAOOHBIM
SIBJISICTCSL MCTIOJIb30BAHUE YHMCIICHHBIX METOOB penicHus TuddepeHIaIbHbIX
YpaBHEHUI C TMOCTOSHHBIM MEPHOJOM IMCKPETU3allUY, BEJIUYUHA KOTOPOTO
SIBJISICTCSL OJJTHUM U3 ()aKTOPOB, OMPEICIIAIONINX YCTOHUYUBOCTh MOICIIH.

Jyis moNydeHus aHANUTUYECKUX BEIPAKCHUH, CBS3BIBAIOIINX IEPHUOJ
JTUCKPETH3AIHNA C ITApaMeTPaMu M ITEPEeMEHHBIMI COCTOSIHHS HaOJFOIAIOIIETO
YCTPOHCTBA, PACCMOTPUM CIEAYIOUINA JAHHAMHYSCKUH OOBEKT BTOPOTO
mopsiiKa

PY1 =a5,Y2;  PY, =myU, (1)

rae 8,, M, — mapamMerpbl OOBbEKTa YIpaBleHUS;, Y, Y, — IEpPEMCHHbIE
coctostaus; U — ympasisioniee Bo3aelcTBHe.

Ecmm momaBaemoe ©Ha o0bekT (1) ympammisioniee BO3AEHCTBHE
obecrieunBaeT PaBEHCTBO HAOIFOIAEMOH KOOPIMHATHI y; U KOOPAWHATHI Y,
TO TOTJa NMepeMeHHasl COCTOSIHUS Y, HaOutomarens OyJeT MponopuuOHalbHA

HMCKOMOW TPOU3BOAHON OT HAOJOaeMOM BeNMYUHBL. Takod MOAXO0JN 3a CUET
HAJIMYXAS WHTETPHUPYIONINX 3BEHHEB B HAOIIONAIOMIEM YCTPOWCTBE HE TOJIBKO
MO3BOJISIET OMPEAEIUTh MPOM3BOIHYIO OT HAONIOJaeMOM BETHMYMHBI, HO U B
pe3ynabpTaTe  HWCIONB30BAaHUS  MHTETPHUPYIOIIMX 3BEHBEB  OCYIIECTBISET
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aBTOMaTHYECKyl0 (QUIIBTpanuio curHana. IIpu HeoOXOIUMOCTH OINpeneNICHUS
NPOU3BOAHBIX OoJiee BBICOKMX MOPSAKOB JOJDKHA OBITh  yBEJIMYECHA
pa3MepHOCTb OOBEKTa YIIPABIICHUSL.

Bymem cumrath, uro ympaBiuerme oOBekTOM (1) ocymecTBusercs B
COOTBETCTBHH €O CIEIYIOIMM aJITOPUTMOM YIIPaBJICHUS

U =glky (v — 1) —Ka Va1, )

rae § — oOmmit K03pUIMEeHT yCUIeHHS peryniaropa, KOTOpEId B oOmem
clyyae MOXeT OBITH IepeMeHHBIM; K;, K, — HexoTopbie KOd((HIUCHTHI,
OTIpeNIeIIAIONIIE TPACKTOPUH IBIDKEHHUS 00BbekTa (1).

IToncranoBka ympaBisOMIEro Bo3AeHcTBHA (2) B ypaBHEHUS ABM)KECHHA
o0bekTa (1) mo3BosseT 3anucaTh Clenyomnee MaTpUIHOE YpaBHEHHE

pY =AY +BY"; (3)

0 a
Y = T; B: O m k ¥ , A:[ 12 J! (4)
(1 y2) ( 29K1) _mygky —m,gk,

U3 KOTOPOTO JIETKO MOXKET OBITh IOJYYEHO XapaKTEPHCTHUECKOE YpaBHECHHE
HaOJIOAI0IIEro YCTPOICTBa B HEIIPEPHIBHOM BPEMEHN

D(A)=AE-A=0, (5)

rne E — enuHuuHast MaTpuia pasMepHOCTH 2% 2,
WM B Pa3BEPHYTOM BHJIE

Amnanu3 ypaBHeHHs (5) MOKa3bIBACT, YTO Ha3HAYCHHEM KO3(PPHUIIMCHTOB
ki, m k, MoxHO obecreunTh JI000E KellaeMoe paclpeleleHHe KOpHei

XapaKTepPUCTUUECKOT0 YPAaBHEHHUS HAOMIONAIONIIET0 YCTPOHCTBA, a 3HAYMUT
chopMupoBaTh  TpeOyeMyl0  TPaeKTOpUIO  €ro  JABMXKEHHs, IpUYeM
K03 OULKEHTBI XapaKTepUCTUIECKOTO ypaBHEHHUS HETIPEPHIBHOTO
HaOJII0AI0IIEr0 YCTPOICTBA 3aBUCST TOJILKO OT €T0 IIApaMETPOB.

Hcnone3ys z-npeobpa3oBaHue, BBIOJHUM JUCKPETH3AINIO CHCTEMHI (3)
no Bpemenu. [Ipu sTom Oyznem cumrarh, 4To onepatop auddepeHunpoBaHus
P anmpoKCHMHPYETCs CICAYIOLIMM BbIpaXeHHEM [2]

11-z2
N —— 7
P T z 0
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rame T — mepuoj IUCKPETU3AINH HEMPEPBIBHOM CUCTEMBI (3) 110 BpeMEHH; Z —
OIepaTop CIBHUIA HA OJUH IIar Ha3al.
C yuerom BelpaxkeHus (7) ypaBHenue (3) mpuMeT BUL

Y =TZAY +2Y +TzBY (8)
HIIn
Y =CzY +DzY’; 9)
1 Ta
D=(0 Tmygk) ; C= 1z, (10)
-Tm,gk; 1-Tm, gk,

Ilo anamormm c XapakTepUCTHYECKHM YypaBHEHHEM (5) 3amumem
XapaKTepUCTUIECKOE YpaBHEHHUE ISl cUCTeMBI (9)

D(A)=AE-C =0 (11)
50050
D) =22 +(=2+Tmygk, M +1+T °m, gk,a;, —Tm, gk, =
(12)

Amnanu3 ypaBHeHus (12) mokasbeIBaeT, 4To ero KO3 QHUIIUEHTHI 3aBUCAT OT
nepuoa TUCKPETU3AIUH | , YTO IO3BOIIIET OMPEACTATh €r0 MAaKCUMAaJIbHYIO
BEIMYMHY B 3aBUCUMOCTH OT IIapaMeTpPOB HAONIOJAIOIIETO YCTPOWCTBA U
KelnaeMoi Tpaektopuu nBrkeHus. CpaBHenuwe moauHOMOB (6) u (12)
MO3BOJISIET YTBEPKAATh, YTO KOA(PPHUIIMESHTHI XapaKTEPUCTUICSCKOTO ITOJIMHOMA
JUCKPETHON CHCTEMBI CBSI3aHBI C KOA((GUIIMEHTAMH TOJIIHOMa HEMPEepPBHIBHON
CUCTEMBI 3aBUCUIMOCTSIMH

KOTOpPBIE€ TMO3BOJISIIOT 3alHUCcaTh XapaKTEPUCTUUECKUW TMOJIMHOM AUCKPETHOM
CUCTEMBI II0 M3BECTHOMY XapaKTEPUCTUYECKOMY IIOJUHOMY HETIPEPBIBHOMI
CHCTEMBI 06€3 TUCKPeTH3alNH YPAaBHEHUH ee IBIKCHHS.

MakcumanbHOE 3HAUE€HHE TMEpHoJa IUCKPETHU3AIMU ONpeleseTca B
pe3yJbTaTe pelieHusl ypaBHEeHU I

—2+Tm,gk, =0 (15)

CJIGHyIOIIIGﬁ 3aBUCHUMOCTBIO
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T =min(T,,T,,T3), (16)
rac
2
T, = ; (17)
' m, gk,

2, 2
T = m, gk, +\/ng ky —4m,gkiay, (18)
? 2m, gk, a,, ’

2, 2
T _ m, gk, —\/ng ky —4m,gk,ay, (19)
: 2m,gk,ay, I

Ha puc. mpuBeneHBl pe3yapTaTbl MaTeMaTHYECKOTO MOJEITUPOBAHUS
OTpPabdOTKH €JMHUYHOTO CTYINEHYATOr0 BO3JCHCTBUS CHHTE3MPOBAHHBIM
HaOIIOJAIOIINM YCTPOMCTBOM, KOTOpOE peann3oBaHO Ha 6ase miatel Arduino
Due, ocHamennoii wmukpokontpoiuiepom Atmel SAM3X8E Cortex-M3.
[TapameTpsl HaOJIFOIA0IIETO YCTpPOWCTBAa  TMPHUHATHI cleAyoIIue:
m,=g=k =1, a,=2, k,=3. 3HaueHHs NEPHOAOB IHCKPCTU3ALUH
T, =2/3, T, =1, T3 =1/2 BbuuCIICHBI B COOTBETCTBHUH C BhpaxkeHHsAMHU (16)
— (18). Kpupie 1 — 3 moxydeHBI MPU 3HAYCHUSAX MEPUOJOB AUCKPETHU3AIIUI
T,—T; coorBerctBenHo. Ha 3TOM e pHCYHKE II0Ka3aHbl pe3yJIbTaThl

MOJIETUPOBAHUS HEMPEPBIBHOM cucTeMbl (3) (kpuBast 4).

0 2 4 6 8 10

N

1.5}

05:

tc

Puc. Ilepexonnbie GyHKINMH MOJEIHPYEMON CHCTEMBI
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AHanmu3  pe3yiapTaToB  pabOTHl  HAOMIOAAIONIETO  YCTpPOWCTBA
HOATBEPXKIAET, YTO CHHTE3UPOBAHHAs CHcTeMa OyAeT YCTOH4YMBa NpH
3HAYEHUAX nepuoja auckperusanuu 15 <0.5c. B atom ciydae kpuBas 3

l'IpI/I6J'H/DKa€TC$I K ATaJIOHHOM KpPIBOﬁ 4; B OCTAJIbHBIX Cliy4dadX pPE3yJIbTaTbl
pa6OTLI JUCKPETHOT'O Ha6n}oz[a}ou1ero YCTpoﬁCTBa CYIIECTBECHHO OTINYAOTCA
OT 3TaJIOHHOTO.

BeiBoasbl. [IpuBeneHHBIC BBIKIAAKH U PE3yIbTAaThl SKCIEPUMEHTAIbHBIX
WCCIIEZIOBAaHNH CHHTE3MPOBAHHOTO HAOJOJAIOIET0 YCTPOWCTBA IMO3BOJISIOT
cenaTh BBIBOA, YTO IS HAOJIOMAIOIIETO YCTPOMCTBA, OCYLIECTBIISIOIIETO
BOCCTAHOBJICHHE IEPBOM NPOM3BOAHON OT 3a[AOLIETO CHUTHANA, BBIPAXKCHHUE
(16) sBmseTcs HEOOXOAMMBIM YCIIOBHEM YCTOMYMBOCTH. B oTmuume ot
K03((UINEHTOB XapaKTEePHUCTUUECKOTO ypPaBHEHMS HENPEPHIBHOW CHCTEMBI,
KO3((UINEHTH XapaKTEPUCTUUECKOTO YPAaBHEHUS JAUCKPETHOHW CHCTEMBI
3aBUCAT OT NEpHOAa TUCKPETH3aIMM M METOoJa allpOKCHMAIMH OIepaTopa
muddepeHunpoBaHus. AHaJIOTHYHBIE YCJIOBHUS YCTOWYHMBOCTH MOTYT OBITh
MOJY4YeHbl IS HaONIOJAIOIUX YCTPOWCTB OONBIION pPa3MEPHOCTH IIyTeM
YHUCJICHHOTO PELICHUS XapaKTepUCTHYECKOTO YpPaBHEHHUS COOTBETCTBYIOIIEH
JUCKpeTHON cucteMmbl. HecmoTps Ha To, 4To B paboTe HCCIen0BaloCh
HaOMofaroee YCTPOHCTBO € JIMHEHHBIM —PEryJISITOpOM, YIIPaBIISIIOIIee
BO3JICHCTBHE KOTOPOTO HE OTPaHWYEHO IO MOMYIIO, MPUMEHSIEMBIH MOAXOX
MIO3BOJISIET ONPEAEIATH EPHOJ AUCKPETH3AINH HAOMIOAAI0ONIET0 YCTPOHCTBA C
HEIIMHCWHOW AaKTHBAIMOHHOW (YHKIMEH ¥ HETMHEWHBIMH OOpaTHBIMU
CBSI3SIMM. YKa3aHHbIE (AKTOPHI NPEACTABIAIOT HHTEPEC C TOUYKH 3PEHUS
MOBBIIIEHUST TOYHOCTH, OBICTPOJNEHCTBHS W TOpAIKa HAOIIOAAIOIIETO
YCTpOMCTBA U ONPEAENSAIOT HAllPaBIECHUS JJaJbHENUIINX UCCIIEI0BAHUM.
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