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JIABOPATOPHA PABOTA Nel

MOCTPOEHUE MATEMATHUYECKUX MOJEJEH OFbEKTOB YIIPABJIEHUA
METOAOM IINIAHUPOBAHUU ®PAKTOPHOI'O OKCIIEPUMEHTA

1. TEOPETUYECKUE CBEJIEHU A

1.1 TepMuHOIOTUYECKHE 3aMEUaAHUS

DKCIEPUMEHT — CHCTeMa OIepariii, BO3ACUCTBUI 1 (Mn) HAOII0ICHU, HAIIPABJICHHBIX HA
nojrydyeHrue HHPpopMauu 06 00BbEKTe MPH UCCIEAOBATEIBCKUX UCITBITAHUSIX.

OnbIT — BOCIIPOU3BEACHUE UCCIEAYEMOTO SIBJICHUSI B OMPEICTICHHBIX YCIOBUSIX MPOBEICHUS
9KCIIEPUMEHTA ITPU BO3MOXKHOCTU PETUCTPALIUU €TI0 PE3YJILTATOB.

[Inan sxcnepuMeHTa — COBOKYMMHOCTh JIAHHBIX, ONPEICIISIONINX YUCIO, YCIOBUS U MOPSAIOK
peajin3alyy ONbITOB.

[TnanupoBaHue 3KCriepuMEHTa — BBIOOp IJIaHAa SKCIEPUMEHTA, YJOBIETBOPSIONIETO 3aaH-
HBIM TPEOOBaHUSIM.

®dakTop — nepeMeHHasl BeIMYMHA, 110 MPEINOJI0KEHNUI0 3HAYUTENIbHO BIMSIONIAs HA PE3yIlb-
TaThl KCIIEPUMEHTA.

YpoBeHb (akTopa — GUKCUPOBAHHOE 3HaUEHUE (PaKTOpa OTHOCUTEIHHO Havyalla OTCYETa.

OcHoBHOI ypoBeHb (hakTOpa — HaTypalbHOE 3HaUeHUE (PAaKTOpa, COOTBETCTBYIOIIEE HYIIO B
0e3pa3MepHOil mKare.

Hopmanu3zamus ¢pakTopoB — nmpeodpa3zoBaHre HaTypalbHBIX 3HAYeHUH (akTOpOB B Oe3pas-
MEpHBIE.

@®akTOpHOE MPOCTPAHCTBO — MPOCTPAHCTBO, KOOPJMHATHBIE OCU KOTOPOTO COOTBETCTBYIOT
(hakTopam.

OO6JtacTh IKCIIEpUMEHTUPOBaHUs (00J7acTh IIAHUPOBAHUS) — 00JACTh (PAKTOPHOTO TPO-
CTpPaHCTBA, IJIe MOT'YT pa3MeIlaThCsl TOYKU, OTBEUYAIONINE YCIOBUSIM MTPOBEICHUS OTIBITOB.

AKTUBHBIA 9KCIIEPUMEHT — KCIEPUMEHT, B KOTOPOM YPOBHHU (DaKTOPOB B KaXJIOM OITBITE
3aJ1al0TCS UCCIIEIOBATEIIEM.

[TaccUBHBIN 3KCIIEPUMEHT — IKCIIEPUMEHT, IIPU KOTOPOM YPOBHU (PAKTOPOB B KAXKJOM OIIbI-
T€ PETUCTPUPYIOTCS UCCIEIOBaTeNIeM, HO HE 33at0TCs.

Otknuk — HaOMIOAaeMas cilydaiiHasi lepeMeHHasi, 1o MPeoJIoKeHNI0, 3aBUcAIas oT (ak-
TOPOB.

@OYHKIMS OTKINKA — 3aBUCUMOCTh MAaTEMATUYECKOT0 OXKHUIaHUS OTKJIMKA OT (paKTOPOB.

Onenka (GyHKIIMM OTKJIMKA — 3aBUCHUMOCTb, ITOJIydyaeMas IpU MOJCTaHOBKE B ()YHKIIUIO OT-
KJIMKA OIICHOK €€ TapaMeTpPOB.

Jucnepcust oleHKH (PYHKIMM OTKJIMKA — JUCIIEPCHUs OLIEHKH MaTEeMaTUYEeCKOIO OXKUIaHUS
OTKJIMKA B HEKOTOPOM TaHHOM TOUYKe (PaKTOPHOTO MPOCTPAHCTBA.

[ToBepXHOCTBH OTKIIMKA — T€OMETPUYECKOE MpeicTaBIeHne PYHKIIUU OTKIMKA.

[ToBepxHOCTh YpOBHSI (YHKIUU OTKJIMKA — F€OMETPHUYECKOE MECTO TOYeK B (DAaKTOPHOM
IIPOCTPAHCTBE, KOTOPOMY COOTBETCTBYET HEKOTOPOE (PUKCUPOBAHHOE 3HAUEHUE (PYHKIIUHM OTKIIMKA.

O6nacth onTuMyMa — 00J1acTh (PaKTOPHOTO MPOCTPAHCTBA B OKPECTHOCTH TOUKH, B KOTOPOH
(GYHKIHS OTKIIMKA IOCTUTAET SKCTPEMAIbHOIO 3HAUCHMS.

Panpomusanus miaaHa — METOJ IJIAHUPOBAHUS SKCIIEPUMEHTA, UMEIOIIUN I1€JIbI0 CBECTH
3¢ HEKT HEKOTOPOro HeCIy4aHOTro (haKkTopa K CIydaiHOM omuoKe.

[TapanienbHble OMBITHI — PaHAOMU3UPOBAHHBIE BO BPEMEHHU OIMBITHI, B KOTOPHIX YPOBHU
BceX (haKTOPOB COXPAHSAIOTCS HEU3MEHHBIMHU.

Bpemennsiii apeiid — ciaydaitHoe win HeciydailHOe U3MEHEHHe (PYHKIIMK OTKJIMKa BO Bpe-
MEHHU.



1.2 PexomeHianuu 1o miiaHupOBaHUIO SKCIIEPUMEHTA

HccnenoBarens Npy MJIaHUPOBAHUM DKCIIEPUMEHTA JOJDKCH YUUTHIBATh!

- K KaKOMY KJIacCy CHCTEM OTHOCHTCS UCCIIEAYeMbIi OOBEKT YIpaBieHUs (CTaTUYECKas UITH
JUHAMHWYECKas, HEIIPEPbIBHAS WIM IUCKpPETHAas, JINHEHHAs WIM HEIUHEHHAs, 1eTepPMUHUPOBAHHAS
WJIM CTOXACTUYECKasl, OJJHOMEPHasi HJII MHOTOMEPHAsi CHCTEMA);

- OIpENeNINTh, KAKOH pPEeKUM pabOThl €ro MHTEpPECYeT, CTAllMOHAPHBIN (YCTaHOBUBIIMNCS)
WJIA HECTAlMOHAPHBIN;

- 3HaTh, B TEUEHHE KAKOIO MPOMEXKYTKAa BPEMEHH cielyeT HaO/oJaTh 3a IMOBEAECHUEM
(pyHKIIMOHUPOBAHHEM) CUCTEMBI;

- 3HaTh, KAKOM 0O0BEM HCIBITaHUH (ITOBTOPHBIX 3KCIIEPUMEHTOB) CMOXKET 00ECIEeUUTh Tpe-
OyeMyI0 TOYHOCTb OIIEHOK B CTATHCTUYECKOM CMBICIIE HCCIIEyEMBIX XapaKTEPUCTUK CHCTEMBI.

[InanupoBaHKe SKCIIEPUMEHTOB IIPECIEAYET IBE OCHOBHBIE LICIIN:

- COKpalleHHe MOTpeOHOro 00bEMa UCTIBITAHUIN MIPH COOIIOICHUH TPEOOBAaHUN K JJOCTOBEP-
HOCTH U TOYHOCTHU UX PE3YJIbTATOB;

- IOBBIIIEHUE HH()OPMATUBHOCTH KaXJIOTO U3 SIKCIIEPUMEHTOB B OT/IEIBHOCTH.

B o61ieM ciiyuae 00beKT Mcciae10BaHUs MOYKHO IIPEACTAaBUTh C TOMOIIBIO CXEMBI

lw1 lw2 . lwn

X, —p —» Y,
X, —p — Y,
. ObOBbekT .

X —» — Y,

Puc. 1 —IlpeacraBnenue o0beKTa B BUJIE «UEPHOTO SIIUKA»

INpencraBinenne 00bEKTa B BHIE CXEMBI Ha PUC. | OCHOBAHO Ha IPHHIUIIE «IEPHOTO SIIH-
Ka». FiMeeM ciietyroliue rpymibl HapaMmeTpoB:

1) BXOJIHBIE Xi KOTOPbIE HA3BIBAIOTCS (DAKTOPAMHU;

2) BBIXOJIHBIE Vi, KOTOPbIE HA3BIBAIOTCS MapaMeTPaMu COCTOSHHS;

3) Wi — BO3MYIIIAIOIINE BO3ICHCTBHS.

[Mpeamonaraercst, 9TO BO3MYIIAOIINE BO3ICHCTBHS HE MOIAIOTCS KOHTPOJIIO, JIHOO SIBIISI-
I0TCS CIYYaHBIMH, THOO H3MEHSIOTCS BO BPEMEHH.

Kaxapiii (akTop mMeeT 00J1acTh ONpEAEIeHus,, KOTOpas I0/UKHA OBITh yCTAHOBJIEHA JI0
NpOBeJIeHHs dKcrepuMenTa. KoMOuHAINIO (akTOPOB MOKHO TPEICTABUTH KaK TOUYKY B MHOTOMEP-
HOM TIPOCTPAHCTBE, XapaKTEPU3YIONIYI0 COCTOSIHAE BXOJIa CHCTEMBI.

Ha 00BeKT BIMSIOT Kak yIpaBiiseMble, TaK U HEYIpaBiisieMble (pakTOpHI.

[Ton ynpaBnseMbIMU (pakTOpamMHu MOHUMAIOTCS T€ (HAKTOPbI, KOTOPbIE MOKHO U3MEPUTH U
1eJIEHANPABIEHHO U3MEHSAT.

[Ton HeympaBiasieMbIMU (haKTOpaMH MOHUMAIOTCS T€ (PAKTOPBI, KOTOPbIE UBMEPUTH U U3Me-
HUTH HEBO3MOXKHO (HampWMep, BIWSHUE BHEIIHEN cpenbl). HeynpasiseMblie (pakTopbl BAMSIOT Ha
BOCIIPOMU3BOJAUMOCTE SKCIICPUMCHTA. Ecmu BOCITPOMU3BOJAUMOCTE 3KCICPUMCHTA HE BBINIOJIHACTCA,
TO HEOOXOAMMO MEPEXOIUTh K MTACCHBHO-aKTHBHOMY SKCIICPHMEHTY.

[Tpy nmnaHMpOBaHUM SKCIEPUMEHTA I0J] MaTeMaTUYECKOW MOJENbI0 OOBIYHO MOHHMMAIOT
ypaBHEHHE, KOTOPOE CBS3BIBAET MIAPaMETP ONTUMHU3AIMHU ¢ QYHKIHEH OTKIMKA. DYHKIUS OTKINKA
AMeET BUII.

n=f (x1, x2,...,Xk ),
TI€ X1, X2,...,Xk - KOHTPOJIUPYEMbIE (haKTOPHI.

Jlnst mpoBeieHust SKCIIEPUMEHTA MCCIEN0BATENb JO/DKEH 00Ja1aTh BOZMOKHOCTBIO BIIUATH
Ha TIOBEJIEHHE MCCIIEAYEMOr0 OOBEKTa WM CHCTEMBI. 3HAUCHHs, KOTOpPbIE MPHHUMAET (aKTOp,
Ha3bIBAIOTCS YPOBHAMHU. DAaKTOP MOXKET NPUHUMAThH KaK HENPEPHIBHBIN PsiJl 3HAYEHHI, TaK ¥ (PUK-



cHpOBaHHBIN Habop. PUKCUPOBaHHBII HAOOP ONpeneNnseT OJHO U3 BO3MOXKHBIX COCTOSIHUI Hcclie-
IyeMOro 00bEKTa WIN CUCTEMBI.

B Tex ciyuasix, korga ¢GyHKIUS OTKIMKA U3BECTHA, ONITUMAIIBHBIEC YCIIOBHS Ipoliecca ycTa-
HaBJIMBAIOTCS AHAJIUTHYECKU, TEM HE MEHEe 4Yallle BCEro McCIel0BaTeslb BbIHYKIEH pellaTh JKC-
TpeMasbHbIC 33Jaud TPU HEMOJHOM 3HAHMHM MEXaHU3Ma Ipolecca. Torna BelpaxkeHHe (yHKIHU
OTKJIMKA CTAaHOBUTCSI HEM3BECTHBIM, U MCCIIEOBATENb OIPAaHUUUBACTCA €€ MPEICTaBICHUEM B BUJIE
MOJIMHOMA!

N = Botfrxi+faxo+froxixo+fratxi+. ..,
rae fo, B1, B2, P11, f12- k03D PHUIIMEHTHI perpeccrm.

[To pe3ynpTaTaM 3KCHEPUMEHTA MOKHO ONPEACITUTHh TOJBKO BBHIOOPOUYHBIE KOA(PPHUIIMEHTHI
perpeccun bo, b1, b2, b1z ..., KOTOpBIE SBISIOTCS OIICHKAMHU TEOPETHUECKUX KOIPPUIueHToB Lo, f1,
B2, P11, f12. YpaBHEHUE pPErpeccuH, MOJYyYEHHOE Ha OCHOBAaHUM OIBITOB U MPEJCTaBIIsIoIIee COO0M
BBIOOPOYHYIO OLIEHKY (PYHKIIMHU OTKJIMKA Y, MOXET OBITh 3aIIMCAHO CICAYIOIIMM 00pa3oM:

Yy = bo+ b1 x1+ b2 x2+b12 x1 X2+ b1+ x11%+.. .

Ha mepBoM 3Tare miaHMpOBaHUS SKCIIEPUMEHTA, YTOObI ONPEAETUTh HAlpaBICHUE TBUKE-

HUS K ONTUMYMY, (DYHKIIMIO OTKJIMKA IPUHATO BBIPAXKATh IIOJIMHOMOM IIEPBON CTETIEHU:
Y = bo+ b1 x1+ bz x2+ bz x3+...+ bk x«k.

Uro0b1 Haiitu ko3¢ umentsr bo, b1, bz, bs,..., bk, 1OCTaTOYHO peanu30BaTh (PaKTOPHBIHA
IKCIIEPUMEHT ThMa 2. DKcriepuMeHT Trmna 2% npu IIaHUPOBAHUH IO CXEME MOJTHOTO (HaKTOPHOTO
HKCIEPUMEHTa MPECTABISAET cO00 KOMOMHAIIMM BCEX BO3MOKHBIX COYETAaHHH (PaKTOPOB HA BBI-
OpaHHBIX JJIS UCCIIEIOBAHUS YPOBHSX.

B nanHo# pabote paccmarpuBaeTcs JBa ypoBHS (pakTOpoB (BEPXHUI U HUKHUI MTPEICIIb).

st onpenenenus Bcex KO(GUIMEHTOB YpaBHEHHUS HEOOXOIMMO Pean30BaTh TIAH dKCIIe-
PUMEHTa, B KOTOPOM KaXKAbIil (pakTOp BappUpyeTCss HE MEHEE YeM Ha JIByX ypoBHsIX. [lmaHbl sKcre-
PUMEHTOB Ha3bIBAIOTCS IJIAHAMH IIEPBOTO, BTOPOTO M N-TO MOPSIKA, HOPSIIOK OMpEAEIsieTCs 1Mo-
PSIKOM MOJMHOMA.

[TapameTp-(axkTop AOIKEH OBITh JOCTYIHBIM Ui H3MEPEHHsI, ONPEAEIIATHCS KOJINIECTBEH-
HO U BBIPaXKaTbCs YUCIIOM.

[Ipy mIaHUpOBaHUH SKCIIEPUMEHTAa MOXKHO TPOBOAMTH KaK ITOJIHBINA, TaK M JAPOOHBIN (ax-
TOPHBIN 3KCIIEPUMEHT. B cOOTBETCTBHU C BHIOPAHHBIM MTOJIXOA0M CTPOUTCS MaTpuUla IJIaHa.

[Tpu 1ByX(pakTOPHOM IKCIIEPUMEHTE KOJIIMIECTBO OTIHITOB

NOHI:ITOB = Zk = 22 = 4

3HaKaMU «+» U «—» TIPHHATO 0603HaYaTh ypoBHHU (akTopo Y1, Y2, Y3, .. Vn — snauenus
(GYHKIMN OTKITHKA.
Tabmn. 1
Marpuna rrana mojgHoro (paKTOPHOTO IKCIIEPUMEHTA HMEET BH]T

Howmep oneita X4 X, V

1 + + V4

2 - - Va2

3 + = Y3

4 — + Va

[TonHbIN (GaKTOPHBIA SKCIEPUMEHT MPUMEHUM TOJIBKO B TOM cily4ae, Korja 4ucio (akro-

poB HeBemuko. Takoil MOAX0a OOBICHHM TEM, YTO KOIMYECTBO IIPOBEICHHBIX OIBITOB paBHO IV ¥
Taxum oOpazom, mpu yucie GakTopoB, paBHOM, HAIPUMED ISITH, YUCIIO ONBITOB Oy/IE€T paBHO
NOI'[I:ITOB = Zk = 25 = 32
Tak Kak 9KCIIEpUMEHT JIOJIKEH CBECTH K MUHUMYMY BJIMSHHE CIy4YailHbIX MapaMeTpoB Ha
(GYHKIHIO OTKIIMKA, HEOOXOAMMO MPOU3BECTH HECKOJIBKO MapalIeIbHBIX ONBITOB MPU OJJHUX U TEX
e ycloBusax. B Takom ciydae BeIOMpaeTcsl ycpenHeHHOe 3HaueHne QyHKIIMU OTKIMKA B BEIOpaH-
HOM TOUKe 1Mo hopmyIe:



?: 1 Ysi
n
rae € = 1...N — HoMep OmbITa; [ — HOMEp NapajIeNIbHOro OINbITa B CTPOKE; Yi— 3HaueHue Y, coot-
BETCTBYIOLICE I-My MapaJuIeIbHOMY OIIBITY B £&-M HOMEpPE OIbITa; N — HOMEP OIbITA.
Hanpumep, npu nposenenun 10 napajuienabHbIX ONBITOB 00IEe KOJUYECTBO MPOBEAECHHBIX
OIBITOB OyJIeT paBHO

<V= =

Nopsrros = 25 % 10 = 25 % 10 = 320

HpI/I OOJIBIIOM KOJIMYECTBE (baKTOpOB CTaHOBUTCA HeO6XOI[I/IMO COKpalaTb KOJIUYCCTBO OIIBITOB.

Cy1iecTBYIOT iBa IIyTH COKPAILIEHHSI YUCIIA ONIBITOB!
- IpoBeJIeHHEe IPOOHOTO (HaKTOPHOTO IKCIepuMeHTa. M3 Bcex ciiydaeB MOJHOTO (PaKTOPHOTO IKC-
NEpUMCHTA HCKOTOPLIC COYCTAHUA UCKIIOYAKOTCA, U OIIBITHI IIPU TAKHUX COYCTAHUAX HC IMPOU3BO-
JATCAL.
- COCTaBJICHHE KOMIIO3MIIMOHHBIX IUIAHOB. 32 OCHOBY NMPHHUMAIOT JABYXYPOBHEBBIN MOJHBIM (pak-
TOpHBIP'I SKCIICPUMCHT U ,I[06aBJ'I}IIOT K HEMY T€ 3KCIICPUMEHTEBI, KOTOPEIC H606XOI[I/IMBI Ha JpYIux
YPOBHSIX.

3AJJAHUE HA PABOTY

Onpedenumv Cc6A3U MeNHCOY UYUCIAMU NA308 CMAMOPA U NOJICO8 POMOPA GEHMUNbHO20
MASHUMOINIEKMPULECKO20 08U2AMesi MemoOOM NIAHUPOBAHUS (PAKMOPHO20 IKCHEPUMEHMA.

DIEKTPOMEXaHUYECKHE XapPaKTEPUCTUKN OOBEKTa OOBIYHO CBS3aHBI C MapaMeTpaMH depe3
CJIO’KHBIE YPaBHEHUS, OTpaXKaIOLIMe ACUCTBUS psifa GU3NUECKUX 3aKOHOB U KOHCTPYKTHUBHOI'O HC-
IIOJIHEHMS, YE€PE3 YPABHEHUS MAarHUTHBIX IOJIEH U DJIEKTPUYECKHUX LENEeH, II09TOMY HPSAMYIO CBS3b
MEXy COOTHOLICHUEM YHCEIl 1a30B CTATOPA, IOJICOB POTOPA U 3HAYCHUEM KOSPLUTUBHOU CHUJIBI
MarHuTOB YCTAaHOBUTH CIIOKHO.

OnHUM U3 METOAOB MOJYYEHHS TAaKUX CBA3EH SBIISETCS alllPOKCUMALIHAS CJIOKHBIX MaTeMa-
TUYECKUX 3aBHCUMOCTEH, BBIPAKCHHBIX B OOJBIIOM KOJUYECTBE HHTETPO-TU((PepeHIHATEHBIX
YPaBHEHUI, METOJIOM IUIAHUPOBAHMSI DKCIIEPUMEHTA C ONPENEIEHHON TOYHOCTBIO U HA OIPENEIICH-
HOM HHTEpPBAJIE.

JUis anmpokcUManMy B3aUMOCBSI3U MEXIY PE3YyIbTUPYIOLUIMM MOMEHTOM (Y), YUCIOM MO-

nrocoB poropa (2P), masos craropa (Z1) u kadecrBom marautos (H. ) MoxHO Bocmone3oBarses

(nepBoe mpUOIMKEHUE) JIMHEWHON B3aMMOCBS3bI0, TIOATOMY JUIsl 00pabOTKU SKCIIEPUMEHTOB ObLT
BbIOpAH JIMHEHHBIH MJIaH IEPBOTO MOPSIKA.

[Tpu pacueTax OCHOBHBIE T€OMETPUYECKHE pa3Mepbl, BHEIIHUN U BHYTPEHHHUM AHMaMETpHI,
¢dazHoe HampspKeHue, KOAX(PQHUIMEHT IMOJIFOCHOTO MEePeKphITHS MPU U3MEHEHMH YHCla TOJIICOB
OCTaBaJIMCh IOCTOSTHHBIMHU.



Jna nposefeHHs IKCIEPHMEHTOB UCTIONLI0BAIH MATPHLY MIAHHPOBAHKUA MepBOro nopsaika (Tadbn. 1)
B KOIOBBIX eqHHHuax (1):

_1':' —Xﬂ
X; Ay (1
Tadnwuua 1
MarpHua nJIAHHPOBAHKS HNEPBOT0 NOPHAKA

N akcnepumenta X X X; X; XX XX X A5 XXX,
1 0 -1 -1 =1 1 1 1 -1
2 0 1 -1 -1 -1 -1 1 1
3 0 -1 1 -1 -1 1 -1 1
4 1] 1 1 -1 1 -1 -1 -1
5 0 -1 -1 1 1 -1 -1 1
] 0 1 -1 1 -1 1 -1 -1
7 0 -1 1 1 -1 =1 1 -1
8 0 1 1 1 1 1 1 1

B kauecTBe LeHTpa niaHa Obula BeiOpaHa To4ka Xy, COOTBETCTBYIOMIAA MAKCHMANLHEIM 3HAYCHHAM
MOMeHTa Bpamenus (2P = 12, Z; = 24, H. = 855 kA/m). Jlnanazonsl W3MeHeHHA IHaYeHH KaxaoH U3 ne-
PEMEHHEIX BRIOHPAOTCH W3 CEeAYIOWHX conOpaienuil:

Ax; =4 — qManazoH WIMEHeHHA YHCIIA NOIKCOB, BRIOPaH M3 YCI0BHIl BRINOMTHHMOCTH MALIHHLL W BO3-
MOAKHOCTH pacdeTa (JHCKPeTHOCTH H3MEHeHHs YHCNa [MOII0COB).

Axs = 6 — IHANAI0H HIMEHEHHA 4HCla 3yOLOoB, BRIOpaH H3 YCIOBUI BOIMOKHOCTH BRINOIHEHHA 00-
MOTKH CTATOPA JABHIATEA.

Axsy = 100 kA/M — onpeensercs KOIPUHTHBHOIN CHIONH BOIMOKHEIX K NPHMEHEHHIO NOCTOAHHEIX Mar-

HHTOB.
C yuerom >THX gaHHeIX H Tabn. | skcnepumedT (Monendposanne) OBUT NPOBEIEH B COOTBETCTBHH C

Tapn. 2.

TaGnuua 2
JlanHbIe 118 NpoBeIeHNs IKCICPUMEHTA

N akcne- X, (2P = uncno X2 —uneno | X; (He — kospumtusnas |y (M; — momenT Bpa-
PUMEHTA NOIKCOB pOTOpa) N430B CTATOPA) | CHIA MArHHTOB), KA/M wenus), H-m
1 8 18 750 3,59
2 16 18 750 871
3 8 30 750 3,63
4 16 30 750 6,42
5 8 18 955 24
6 16 18 955 2,90
7 8 30 955 2,17
16 30 955 7,72
br11 BeIOJIHEH perpeCCHOHHBIﬁ daHaJIn3 Ha OCHOBAHUHN 3aBUCUMOCTH (2) u Taom. 1:
N
me "Yiu
by =——, (2)

N
rae by, bs,... b; — ko3ppuumentsl perpeccun (MHaekc i 0003Ha4aeT HoMep cToN0LA B MATPHLLE IITAHHPOBA-
HHS), X1, X3,... X; — HE3ABUCHMEIC NIEPEMEHHLIE;, V|, Va,... V; — BEIHYHHEl MOMEHTA BPALIEHUA, NOIYHEHHEIE
C NOMOUIEI0 YHCAOBOTO IKCOEPUMEHTA; N — KONHYECTBO IKCIEPHMEHTOB.

Pacuer cpenHero 3HaueHuss MOMEHTA BpalleHus (LIEHTpalibHAsI TOYKA IJIaHa) OMpeAeIsyics coriac-
HO BeIpakeHuto (3) u (4). On cocraBui 5,445 H*u:



8
ZJ"}'H
1

M+ Y2+ V3 +yg+Ys+Vg+ YT+ Y
by _ NP Y3y tYstyetyT I 3)
8 8
%v_ 3,59+8,71+3,62+6,42+2,43+8,80+
~ +21747,72
By = —= : =5,445 . (4)

B peszynerare ObUIH NoMy4YeHE! 3HAYEHHA KOMPPHIUHEHTOB by ... byas:
by =2.49; by =—0,461; by =-0,142; b5 =-0,405; b3 =0,515; by3 =0,105; B73 =0,175.
YpasHeHHe 111 3HAaYeHHI MOMEHTA BpalleHHs ObUIO ONPENeIeH0 Mo BeIpakeHHIo (5):
Md=249-X;-046-X7-014-X3;-04-X;- X5 -0,5 X - X5+0,105- X5 - X3 +0175- X7 - X5 - X3 +5445 _(5)
2
Jlnst mpoBepKH aIeKBaTHOCTH alIPOKCUMUPYIOMIeH (PYHKIIUHU, KOTIa SY 06 0, HE0OXOIH-

MO 3aaaTbCsa IIOHyCTHMOfI MOrpCIHOCTBIO  AIIIIPOKCUMAIUU aYrU-UH U CUHHUTATh alIIPOKCHUMAIUIO

aJICKBATHOM, €CJIU €€ IIOTPELIHOCTD | Y-Y | B TOYKAaX IUIAHA B PAJE KOHTPOJIBHBIX TOYEK HE IIpe-

AYyon

BOCXOJUT

J{"'Y,u,un =

brina IIpUHATA 5 %, 4TO COOTBETCTBYCT Tpe6OBaHI/IHM HHXXCHCPHBIX PACYCTOB.

AY,

JUIst paccMaTpUBAEMOro ABUraTess — 40T = 5% ot Vmax = (8,9 Hm -5%)/100% = 0,45 Hw.

Tabnuuwa 3
Fuaduennn OTKI0HEHHIT MOMEHTA BPALLIEHHSA

N skenepumenta | v (M; —momenT Bpamenns), H-m | Y- }| (oTrnonenne MoMeHTa Bpamenns), H-u
1 3,59 0,032
2 8,71 0,172
3 3,63 0,394
4 6,42 0,196
5 24 0,156
6 8,90 0,236
7 2,17 0,182
8 7,72 0,388

MarcumansHoe pacxoskienne (0,388 H-m ve npesocxoaur 0,45 H-m, cnenoearenbHo, BCEMH NPOH3BE-
neHusMu pakTopos X - X5 - X3 MOKHO npeHeOpeds.

Jlns  xoHeuHoro peweHus TpeGoBANOCE ONpeleseHHe 3HAYMMOCTH NpoH3BeNeHHil  (akropos
X1, X2 W X3 Ha jnadenue penwuuHel Md ¢ yyeToM JONYCTHMOH MOTPemIHOCTH 5% OT ¥ina,. B 9ToM

ciydae (popMyia IIs pacyera 3HaYeHHii MOMEHTA BpallleHHs NpUMeT Bi (6):
Md=249-X;-0,46-X,-014- X7 +5445 . (6)
YpaspHeHHe 14 pacdera 3HaYeHWil MOMEHTA BpallleHHA BEeHTHILHOIO MArHHTOWIEKTPHYECKOro JBH-

raTend B KOHeYHoM Bijae (7):
Md =0,623-2P-0,077-Z1-0,0014- He+1,012 . (7

BbIBO/IbI

1. TlomydyeHHass B3aMMOCBSI3b MEXy MOMEHTOM BpaIlleHHUs, KOJIMYECTBOM MA30B CTaTOpa, MO-
JIFOCOB POTOpa M BEJIIMYMHOW KOAPIMTHBHOM CHJIBI MAarHUTOB I BEHTUJILHOTO MarHUTO-
ANEKTPUYECKOTO JBUTATENS B BUJAE ANMPOKCUMHUPYIOMUX (DYHKIMN MOKa3bIBa€T, YTO MPHU
TpeOyeMoil BenmunHe MoMeHTa Bparienus Md aBurarens u 3aaHHON KOIPIMTHBHON CHJIE
MarauToB H_ MOXHO 1moao0parth HeoOXoaumble cooTHomenus 2P n Z1.



2. YBenuwdeHWE KOIPIUTUBHOW CHJIBI MAarHUTOB H_. He Bceraa MpUBOAUT K YBEIUUYEHUIO MO-

c
MCHTa BpalllCHUA Md , UTO CBA3aHO C YBCIMYCHHUCM PCAKTUBHOI'O MOMCHTA (MOMGHTa 3a-
J'II/Il'IaHI/IH) JABUTIaTCIIA.



JIABOPATOPHA PABOTA Ne2

IOCTPOEHUE PETPECCUOHHOM MOJEJIA CJEJISIIETO
IJIEKTPOIITPUBOJA METOJAOM IIVTAHUPOBAHUA
OAKTOPHOI'O OKCIIEPUMEHTA

1. TEOPETUYECKUWE CBEJAEHUA

1.1 AHamu3 TOYHOCTH BJIEKTpHUYecKoro cienasmiero npusoaa (DCII) MeTonoM MIaHHPOBa-
HUS (PAaKTOPHOTO SKCIEPUMEHTA

PaccMoTpuM npuMepsl UCIONIb30BaHUS IUIAHUPOBAHUS (DAKTOPHOIO SKCIIEPUMEHTA B 3aja-
Yax aHaJIM3a U CHHTE3a BBICOKOTOYHBIX CHCTEM HABEICHUS M CTAOMIM3aLNY.

[Tpumep 1.

[Tpu ouenke Tounoctu peneitnoro DCII (aBTokonebarensHOro, ¢ LIIMM ymnpaBneHuem, co
CKOJIB3SIINM PEKUMOM) 110 pazosomy cosuey (o ®UX) u omuowenuro amnaumyo Buixoa/Bxox (o
JIAYX) no nepBoii rapMOHHMKH BBIXOJHOW KOOPAWHATHI HEOOXOIMMO YUUTHIBATh 3aBUCUMOCTD ATHX
BEJIMYUH OT MOMEHmMA HA2py3KU, a TAaKKE OT aMIAUmMyObl U Yacmomsl BXOJHOTO CUTHAJIA B HU3KO-
4aCTOTHOM paboueit mosioce

§0:(9(MH’ Usx, a)Bx) 1)

VYkazaHHbIe TPH MapaMeTpa BHEUTHUX BO3JIEHCTBUN Kak MPH J1a00OpaTOPHO-CTEHIOBBIX, TaK U
BUPTYAIbHBIX (KOMITBIOTEPHBIX) HUCIBITAHHUSX SBISFOTCS HE3aBUCHMBIMHU YIIPaBIseMbIMU (akToOpa-
mu. st Beraucierust (a3oBoro casura U koddduimenTa nmepenayn Ha 4acToTe 1O MEPBOM rapMo-
HHUKe BeIxoaHoro currana B Simulink-cxeme DCII ucnons3yercs cranmapTHbii 6ok Fourier Ana-
lyzer.

VckomMyl0 HETMHEHHYI0 HENpephIBHYIO U HempepbiBHO auddepeHnupyemMyo (yHKIHO-
HaJIbHYIO 3aBUCUMOCTH (1) MOYXKHO NpuOIMKEHHO NMPEICTaBUTh B BUJE MOJIMHOMA — OTpe3Ka psijia
Teitnopa, B KoTOpbIiA paznaraercs GpyHkIws (1) B OKpEeCTHOCTH HEKOTOPO# 6a30BO#l TOYKH, COOT-
BETCTBYIOIICH HOMHUHAIILHOMY PEKUMY paObOThI IPUBOJIA

@= o+ LMy + B, *Upy + B, * 0y +
+ﬁ4*MH*a)BX +ﬂ5*UBX*a)BX+ﬁ6*UBX*MH+ (2)

+4,* U *M * @y + ...

Unentudukamus xod(pPUIMEHTOB perpecCMOHHON Mozaenu (2) MpPOU3BOIUTCS METOJOM
TUTAHUPOBAHMSI aKTUBHOTO DKCTIEPUMEHTA.

Jlnis mony4yeHus MaccuBa JJAaHHBIX B CTEHJE B KaKJJ0M sKkcniepumenTe Ha BxoJl DCII ot rene-
paropa mojaeTcss TapMOHHYECKUI CHTHAJI (PMKCHUPOBAHHOW aMIUIMTYIBI M YacCTOTHI, a HArpyXaro-
mee yeTpoiictBo (mpuBoja win My(hTa) co3IaeT 3adaHHblii MOMeHT Harpy3ku (puc. 1). PesymbpraTsl
HKCIIEPUMEHTA — BBIYHCIICHHBIE (Da3a n KOdPPHUIMEHT epeiavn 1Mo MepBOi TAPMOHUKH BBIXOTHOTO
curHaina (yriia moBopoTa Harpy3Kkd) B YCTAHOBHUBIIIEMCSI P&XUME (32 BpeMsi He MeHee 2.5 meprooB
BXOJTHOTO TaPMOHHYECKOTO CHTHAJIa) 3aHOCATCS B TAONUIy JaHHBIX. Ha OCHOBE STHX JaHHBIX C
MOMOIIBIO CTAHIAPTHBIX MAKETOB MPHKIAIHBIX mporpamm (Hanpumep, nakera STATGRAPHICS)
HPOU3BOUTCS ABTOMATU3UPOBaHHAS UACHTUDHUKAIHS KOIPPUIIMEHTOB 3aBUCUMOCTH (2).

Perpeccuonnas mogens OCII no3Bosiser B HakTOPHOM MPOCTPAHCTBE MAPAMETPOB BHEIIHUX
BO3JCUCTBUI BBIICNIATh KPUTHUCCKUE OOIACTH C HU3KOM JAWHAMHYECKOW TOYHOCTBIO (C HAaUOOJIb-
M (a30BbIM CABUIOM) M 00JaCTH HEPaOOTOCTIOCOOHOCTH TPUBOAA. Takas MOJENb UCTIONB3YeTCS
JUIsL OLIEHKHM TOYHOCTH HEJIMHEHHOTO 3JIEKTPONPUBOJIA, pabOTAOLIET0 B YCIOBHUIX MPOU3BOJIBLHOTO
XapakTepa BHEIIHUX BO3JICMCTBHI, KaK YIPaBISIIOMINX, TAK U BO3MYIIAalOmKX. Perpeccnonnas Mo-
nens DCII mo3BoJsSeT MOBBICUTh HAJAEKHOCTh U JIOCTOBEPHOCTh PE3yJIbTaTOB CHHTE3a KOPPEKTH-
PYIOLIUX YCTPOWCTB.

OO6u1e BUbI TaOOPATOPHBIX HAIPY30UHBIX cTeHA0B /Ui ucnbeitanuit ICII nansl Ha puc. 1,
2.
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TaxoreHepa- Roscyx MydTa HOil ABH-
TOpCHOHA (perymip. rareib
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Puc. 1 — Ilpunnunuansras cxema creraa st ucnsitaduit DCIT (B T.4. MOCTOSIHHOTO TOKa)

N3meHsemasn
WHEpUUOHHas
Harpyska

N3meHsemasn

OBM 120-1,6-0,5-3 HEXECTKOCTb g . AOBM70-0,16-3-2

AaTtuuk AaTtunk
NonNoXeHUs NONOXEHUS

poTtopa_1 poTopa_2

Puc. 2 — IlpuHnmnuanbHas cxemMa Harpy309HOTO CTEHIa 1Sl UCTIbITaHni MOMeHTHBIX DCII

[Tpumep 2.

Jlpyrum mpuMepoM MCIOJb30BaHMs METO/a IUIaHUPOBaHUS (PaKTOPHOTO SKCIIEPUMEHTA SIB-
JII€TCSA IOCTPOEHUE 10 SKCIEPUMEHTAIBHBIM JaHHBIM PETPECCUOHHON MOJEIIA TOYHOCTH PEIEHHO-
r'0 BO3JyIIHO-IUHAMHYECKOTr0 pyseBoro npuoja (BIPII).

U3zBectHO, uro B/IPII hyHKIIMOHMPYET B YCIOBUSAX MEPEMEHHBIX 110 TIOJIETY BEJIMYMH (He3a-
BUCUMBIX (paKTOPOB):

- MOMEHTA MAPHUPHOW HATPY3KH;

- aMIUIMTYZbl BXOJJTHOTO FTapMOHUYECKOTO CUTHATIA,

- 4aCTOTHI BXOJHOTO CHTHAJIA (YaCTOTHI BpaLIeHHsI PAKETEHI);

- JIaBJICHUS] TOPMOKCHUS (JIaBIICHUS BO3/IyXa Ha BXOJIE IPUBOJIA).

Onpenenenne perpeccuionHor Mmozenu Tounoctu BJIPIT mpou3BoauTcst BHavase 1o TaHHBIM
BUpTyaibHbIX ucnbitanuii BIPIT B makere Simulink ¢ ucnonb3oBanieM Hanbosee MOTHOW HEH-
HEMHON MaTeMaTUYEeCKON MOJENIM MMHEBMOIIPUBO/IA, KOTOpasl YYUTHIBAECT PEJICHHBIA 3aKOH YIpaB-
JICHHs, OTPAaHUYECHHUS 110 PACXOY BO3yXa M Pa3BUBAEMOMY YCHUJIHIO, JTIO(T, CyX0€ TpeHHe, JOKpH-
TUYECKUE PEKXUMBI TEUCHH ra3a 4epes3 APOCCen U JIp.



[To perpeccuonnoit moaenu B/IPII onpenensiercss BapuaHT ¢ HAaUXYIIIUMU (a30BBIM CIBH-
rOM M OTHONICHHEM aMILIMTY[ BBIXOJ/BX0J (K03(D(HUIIMEHTOM Iepeaadn) mo MepBOil rapMOHHUKE
yria noBopora pyisisi. Ha ocHOBe perpeccMoHHOM MOJEIH MOIYydYaloT HapaMeTpsl 0JIoKa pyJieBOro
npuBoja (anepruoIHYecKoro 3BeHa) B coctaBe KOHTypa ympasieHus MI'P. DTo moBblmiaeT Haaex-
HOCTB M JOCTOBEPHOCTh PE3yIbTATOB CUHTE3a KOPpEKTUpYIomiero audduistpa.

s moctpoeHust 6osiee TOYHOM perpeccmoHHOr Mozenu TouyHocTH BJIPIT mcmonb3yrot
JaHHbIE, TOJIyYCHHBIE B IOJIYHATypHOM J1a0OpaTOPHOM HArpy304HOM CTEHJE IJIsi WCHBITAaHUN
ITHEBMO H Tra30BBIX MPUBOIOB (puc. 3, 4).

Un Ue |Ua |V N
! 14

Ly PG,T
24 15
| i | 22H2iM & 15
[=} vl 17
6 L]
27 28 29 —_ . Ex E ,/ 1
o 20
[ 1 | Y e
‘55,8" 19 15
20 31 T N PyTae
18
A G L L LT
UnelJna Ly SRTen3 Jefere |

=

Puc. 4 — Cxema crenna mis ucneitanuid B/IPIT Ha ropsiuem Bo3ayxe

1.2 IToctaHoBKa 3aaa4u UCCIICAOBaHUA



TpeOyercst MOCTPOUTH HEIMHEWHYIO PerpecCHOHHYI0 Mojaenb (PM) mis 3agaHHOTO KpuTe-
pus kadyecTtBa (GYyHKIUM OTKIIMKA) HETMHCHHOW TUHAMHYECKOW CHUCTEMBI — MPUOOPHOTO AJIEKTPO-
IIPUBOJIA MTOCTOSIHHOIO TOKa. PM CTpOUTCS Ha OCHOBE SKCIIEPUMEHTAIBHBIX JAaHHBIX C ITOMOULIBIO
crangaptaou nporpammbel STATGRAPHICS.

OO6wbexT ucnsitanuil — peneitusiit OCII ¢ LIIMM-ynpasinenunem, conepxamuit CKBT B kaue-
CTBE JaTyuKa yriaoBoro paccornacoBanus. B OCII peannzoBan NpUHLIKI TOJYMHEHHOTO PETYIUPO-
BaHUs. PaccunTanbl KOppekTHpyomue GUIbTPhl B MO3UITMOHHOM M CKOPOCTHOM KOHTYpax yIpaB-
JICHUSL.

Kpurepuii Tounoctu DCII (pyHKIMS OTKINKA) pacCMaTpUBACTCS B ABYX BapHaHTaX:

° MaKCHMyM MOJYJIsS OHIMOKM CIICKEHHUS 3a TapMOHHYECKHM curaaaoM (mubo daso-
BBIii C/IBHT TIEPBOI TAPMOHUKH BBIXOIA);
° BpeMs ITepeOPOCKH HArpy3KH Ha 3aJaHHBIA YTOJI.

B KkauecTBe HE3aBUCHMBIX YIPABISEMBIX (HAKTOPOB, CYNIECTBEHHO BJIMAIOIIMX HA JTHHAMH-
geckyto TouHocTh JCII, paccMaTpUBarOTCA: YPOBEHD BXOIHOTO CUTHAJIA, €M0 YaCTOTa, HAPSHKEHUE
[MTaHUS, MOMEHT Harpy3KH.

B kadecTBe BHPTYaJbHOTO OOBEKTA Ui MPOBEACHHUS SKCICPHUMEHTOB PACCMaTPUBAETCS
Simulink-cxema OCIT (puc. 1).

Source
Correction  Arangement
Source uvt Uvt 1

0.125s+1 0.071s+1
uam Filter el ——— Ll

Main Scope

=

Scoped

Moment

Omega
Voltage
DPR52 Reductor
Scope

o g Ange  Source i Source s+ 0.0089s41 W H:|: @
[II Switch oW Fiter 2 el | Saturation
[

L A Speed
007181

o
. Knky2 Knkyl Tinky Ktg

Puc. 1. BupTtyanbHblit 00BEKT UCCIEIOBAHUS

1.3 IlocTpoenune perpecCuoHHO Mojaenu TouHoctr 1o omubdke DCII MeTomom IaHupoBa-
HUS (PAaKTOPHOTO SKCIEPUMEHTA

Jl1sl MOCTaHOBKM AKCIIEPUMEHTa HEOOXOAUMO COCTaBUTh MATpHUIly IJIaHA ABYXYPOBHEBOTO
MOJTHOTO (DaKTOPHOT'O AKCIEPUMEHTA C YHCIIOM OMBITOB 2K. YpoBHM (haKTOPOB MPEACTABISIOT CO-
00l TpaHuIlbl UCCIIEyeMOM 001acT IO MUHUMAIbHOMY U MaKCHMaJbHOMY 3HAUEHUIO (PaKTOPOB.

B miaHupoBaHMM SKCIIEpUMEHTa HCHOJIB3YIOT HOPMHUpPOBaHHbIE (akTopbl (Tabdn. 1), T. e.
Oe3pa3mepHble (KOAUPOBaHHbIE) BEIMUUHBL. J[15 yno0cTBa NPUHIATO KOJMPOBATH 3HAYEHUSI MaTpU-
bl TUIAHUPOBAHHUS HA «+» U «—», [JIe «1+» — MaKCHUMaJIbHOE 3HaueHue (pakropa, «—» — MUHUMAJIb-
Hoe 3HaueHue (akropa. bbul npoBeneH NMoMHBIM (AKTOPHBIN SKCIIEPUMEHT ¢ § BapHMaHTaMU B3au-
MojeiicTBus ypoBHel pakTopoB (k = 3).

B kauecTtBe (hakTOpOB OBLIN MPUHSATHI CIEIYIOIINE IEPEMEHHBIE:

e X1 — aMIUTUTY/1a BXOJHOI'O CUT'HAJIa;

® X2 — YacTOTa BXOJIHOTO CUTHAJA;

e X3 — 3HAUCHHE HANPSHKCHUS OTPAHUYUTENS IMepe] IBUTaTelneM (K W3MEHSEMBIM Tapa-
MeTpaM B JIaHHOM ciy4ae OyIyT TakKe OTHOCHTCS: 3HaYeHHE "HaIpsuKeHUs'" OrpaHudu-
tena" nepen LLINUM, xoadpduuments: kf u kw).

JlnanazoHbl BapbUPOBAHHS ITEPEMEHHBIX BEIOPAHBI CIIEYIOMIHE:

1) Ax, = 0.025;
2) Ax, =0.25;
3) Ax; =x5*0.25.

B kauecTBe 11eHTpa miiaHa BeIOpaHa TOYKa, COOTBETCTBYIOIIAsi HOMHHAIIBHOMY PEKHUMY pa-

6o1s1 OCII



(% = 0.1; x, = 1; x3(U; = 27; U, = 12; kf=1.8249; kw=0.2278)).
DyHKIUEH OTKIINKA SBISIETCS MAKCUMAJIBHBIA MOYJTh OIIIMOKH CIIC)KEHUS.
DKCIepuMeHTaIbHbIC TaHHBIE TIPUBEACHBI B Ta0OHIe 1.

Tabmn. 1
Marpwuiia riiaHupoOBaHUs
N skcriepuMmeHTa | Xp | X2 | X3 | X" Xp | X1 X3 | X" X3 | X1 X2' X3
1 - - - + + + -
2 + - - - - + +
3 - + | - - + - +
4 + |+ |- + - - -
5 - - + |+ - - +
6 + | - + | - + - -
7 - + + - - + -
8 + + + + + + +
Tabm. 2
DKCIIepUMEHTAIBHBIC TAHHBIC
N X1 x y (lel -
SKCILe (A — amruaTyna ((f) yactora Bx. cure | X2 — MOIyJlb MAaKCH-
BX. CUTHAJIA), ' (Uy, Uy, B; kf, kw) | manpHOiT  OmuOKu
pUMEHTa Haja), paju/c
pax CIICKEHHS ), MpaJ]

Ol N|OO|OA ]| B WOW|IDN]PF




Haxoxnenne  ko3((QUIMEHTOB  PErpecCMOHHOM  MOJENM C  IIOMOIIBI0  IAaKeTa
STATGRAPHICS

3amanue (YHKIUU PETPECCHOHHONW MOJIETH, 3aBUCHUMBIX TIEPEMEHHBIX U MX HadaIbHBIX
MIPUOTMKCHHN :
Dependent variable: e
Independent variables:
A
W
U

Function to be estimated: A*¥b1+w*b2+U*b3+A*wH*b4+A*U*b5S+w*U*b6+A*w*U*bT7+b0
Initial parameter estimates:

b1 =001

b2 = 0,01

b3 =0,01

b4 =001

b5 =001

b6 = 0,01

b7 = 0,01

b0 = 0,01

[Toryuennbie K03 (HUIUEHTHI PETPECCUOHHON MOAEIH:

Parameter |Estimate

bl -3.675

b2 0,0175

b3 0,000462963
b4 11.9

b5 0,0777778
bé -0,00037037
b7 -0,251852
b0 -0,021875

ITomy4yeHHas perpecCuoOHHas MOJIEIb:

le| = —0.021875 — 3.675-
%, +0.0175-%, + 0.000462963 x5 + 11.9%, "X, + +0.0777778"%, X5 — 0.00037037-x,
‘K3 — 0251852}{1 'Kz'xg;

le] = —0.021875 — 3.675:
A+ 00175 ®+ 0.000462963-U + 11.9-A-0+ +0.0777778-A-U — 0.00037037 0 U —
0.251852-4
U,
['paduku, momydyeHHBIE C TOMOIIBIO POTPAMMBbI, TTOKa3aHbI Ha pUc. 2 — 7.



Plot of e
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1.4 TlocTpoeHue perpecCuOHHON MOAEIN OBICTPOICUCTBHS DIIEKTPOIPUBOIA METOAOM (hak-
TOPHOTO 3KCIIEPUMEHTA
B kauecTBe HE3aBHCHMBIX PacCMOTPHUM JBa ¢akTopa: 1) aMIIMTyma BXOJHOTO CHTHaa;2)
HalnpspKeHHe MUTaHus, B T.4. Koo dumuentsr Kf, Kw.
Hcxongurie nanHule:
BxoaHoi1 curHan — cTyneH4arsii;
AwmmmuTyaa BxogaHoro curnana — 0.1,
Hanpsbxenus nuranus Ha neurarene — 27 B;
Koaddunment Kf - 2.7762;
Koadpdumment Kw — 0.1269;
DyHKIHS OTKIMKA — tper, C.

Pe3ynbTaThl akTOPHOTO 3KCIIEpUMEHTAa MTPUBEICHBI B Ta0IUIE 3.
Marpuua niiaHupoBaHusl IpUBeAeHa B Tabnuue 4.



Tabnuua 3
Pe3ynbTathl 3KCICpUMEHTA

Ne X1 X2 Y

1 Acx Urur, B Tper, C
2 0.05 13.5 0.616
3 0.06 16.2 0.632
4 0.07 18.9 0.638
5 0.08 21.6 0.64
6 0.09 24.3 0.645
7 0.1 27 0.65
8 0.11 29.7 0.663
9 0.12 32.4 0.676
10 0.13 35.1 0.689
11 0.14 37.8 0.701
12 0.15 40.5 0.71

Tabnura 4
Matpuiia miaHupOBaHHUS

No X1 X2 X1X2 Y
1 -1 -1 1 Y1
2 -1 1 -1 Y2
3 1 -1 -1 Ys
4 1 1 1 Ys

Onpenenum K03 GUIMEHTOB PErPECCHOHHON MOJIETTH

C nomomipto nporpammbl STATGRAPHICS onpenensiem ko3¢ dUIIMEHTH perpecCUOHHOM
MOJIEJIH:

Estimation Results

Asympiotic 93.0%
Asymptotic Confidence Tnterval
Pavameter | Estimee Stemdard Error | Lower Lipper
(] 0.611313 0.00453527 0.600589 0.622038
bl -13.4383 0.0432421 -13. 3607 -13.3562
b 0.0497834 -1.#IND -1.#IND -1.#IND
bl2 0.016964 0.00358632 0.00348246 00234433
Analysis of Variance

Source Sum of Squares | Df | Mean Square
hiodel 4.80067 4 120017
Residual 0.00014398 7 0.0000205686
Total 4 30082 11
Total (Corr) | 0,009216 10




E-Squared = 98 4377 percent

E-Squared (adjusted for d.£) = 97,7652 percent

Standard Error of Est. = 0,00453527

Mdean abzolute error = 0,00307343
Durbin-Watzon statistic = 1,42272

Lag 1 residual antocorrelation = 0,135338

t=0,611313-13 4585*A+0,0497334*U+0, 016964 A*U

I'paduk, mosrydeHHBIN ¢ TOMOIIBIO POTPaMMBI, TTOKa3aH Ha puc. 9.10.
Plot of Fitted Model

0,71
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0,69

0,67
0,65

)

0,63

0,61
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o
o
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Puc. 8. I'padpuk STATGRAPHICS

Pesynbrathl pacyera B MathCad

0,09

A

0,11

Amnnutyna OrpuHUYEHKE
A= U=
0 0

a0 0.05 0 13.5
1 0.06 1 16.2
2 0.07 2 18.9
3 0.08 3 21.6
4 0.09 4 24.3
5 0.1 5 27
6 011 ] 20.7
7 0.12 7 32.4
8 0.13 8 351
9 0.14 9 37.8
10 0.15 10 40.5

b[] = 0.611313

by = —13.4385
bo = 0.0497834

byo = 0.016964

HA__U} = bU + b1-A + b2-U + b12-A-U

Ha pucynke 9 npezncrasien rpaduk HOBEpXHOCTH JIBYX (aKTOPOB.

t=

0,13

Bpema perynupeaHus

o

—
[&)]

1

(dyHEUMA oTKNKKA)

0.616

0.632

0.638

0.64

0.645

0.65

0.663

0.676

0.689

wlo|lwla|lu|ls|lw|Mm| =2

0.701

=
=]

071

U=28,0



Puc. 9. I'paduk 3aBuCHMOCTH
BbIBO/IbI

1. HocrounctBa meroaa [IDD mpu skcrepuMEHTaIbHOM OTPabOTKE aBTOMATUYECKUX IPHU-
BOJIOB 3aKJIFOYAIOTCS B BO3MOXHOCTH:

o aHaJIM3a B3aMMOCBSI3U BXOJHBIX BelIHUYWH ((PaKTOPOB) M BBHIXOJHOW BEIUYUHBI (OT-
KJIMKA) CUCTEMBI C TOMOUIbIO CTaTUCTHYECKONH PErpecCCHOHHON MOJENH, MOCTPOCHHON HAa OCHOBE
AKCIIEPUMEHTAIBHBIX JIAHHBIX B YCTAHOBUBIIEMCS PEKUME paOOTHI IPUBOJIA;

. paloHaIbHOrO BEIOOPA PEXKUMOB UCIIBITAHUHN C TIOMOIIBIO PETPECCUOHHON MOEIH;

. CHI)KEHUSI TPYIOEMKOCTH HCTIBITAaHUH (MTOTPeOHOT0 00beMa HCTIBITaHMil) 3a CUeT pa-
LHMOHAJIBHOM MPOrpaMMbl UCIIBITAHUI;

o (bOpMUPOBAHUS CTATHCTUYCCKU OOOCHOBAHHOW HEONPEISIEHHOCTH U3MEPEHUH IS

HAJIC)KHOTO BBITOJIHCHUS TPEOOBAHU K TOTPEITHOCTH.

2. [Ipumenenue noaHoro O npu O6ONBIIOM YKCIE BAUSIONNX (aKTOPOB SBISETCS HElese-
COOOpa3HBIM BBUJIY YBEIMUCHUS KOJIUYECTBA HEOOXOIMMBIX OMBITOB. B 3T0# cuTyanuu HEOOXO0au-
MO HCIIOJIB30BaTh IPYTHe METO/IbI MIaHUPOBAHUS dKCIIEPUMEHTa — IpOoOHbBINH DO.

3. Mcxons w3 pacCMOTPEHHBIX IMPUMEPOB, MOXKHO CCJIATh BBIBOJ, YTO MUCIOJIH30BAHHUE Me-
tona [IDD sBrnsercs MpPOCTBIM U YAOOHBIM METOJOM MOBBIMIEHUS Y(H(HEKTUBHOCTH U CHUKECHHUS
TPYIOEMKOCTH JTA0OPATOPHO-CTEHIOBBIX MOJTYHATYpHBIX HcnbiTaHuid CAY, a Takke oOecriedeHus
TOYHOCTHU U HAJIEKHOCTH SKCIIEPUMEHTAIIBHBIX OLIEHOK B YCIOBUIX HEONPEACIEHHOCTH.



JIABOPATOPHAS PABOTA Ne3

W3YUYEHUE CTEHIOB JJIsI JMHAMWYECKUX UCIIBITAHUI
BJIOKOB MTHEPHUAJIBHBIX YYBCTBUTEJIbHBIX 9JIEMEHTOB

1. TEOPETUYECKHWE CBEAEHUA

1.1 KoHcTpykius 0JI0Ka HHEPIHUATBHBIX YYBCTBUTEIIBHBIX SJIEMEHTOB

OOBeKT uccienoBaHus B JaHHOM JabopaTopHON paboTe — OJOK MHEPLHATbHBIX YyBCTBH-
TenbHBIX 371eMeHTOB (BUYD) 1 cTena Ui ero AMHAMUUYECKUX UCTIBITaHUM.

B1YD oTHOCUTCS K U3MEPUTEIILHON TEXHUKE. ITOT OJIOK MPUMEHSETCS] B CHCTEMaX HaBUTa-
[[UU, OPUCHTALIMU ¥ YIIPABIICHUS JBUKCHUEM IO/IBIKHBIX 00BEKTOB.

TexanyeckuMu xapaktepuctukamMu bUUD SBISIIOTCS OLIEHKH OMMOOK ONMpENesieHUs YIJIOB
OPHEHTAIMH MTOJIBUKHOTO 00BEKTa-HOCUTENS B IPOCTPAHCTBE.

Azimuth motor \
Accelerometers

Pitch motor Mounting frame

Puc.1 [lpunnunuanpHas cxema HaBUTAITMOHHOM CUCTEMBbI

Ha puc. 1 o60o3Hauens! yribl: pitch — tanraxka; azimuth — asumyra; roll — kpena.

BNYD conepkKUT Tpu rMPOCKOIA, TPU aKCEIEPOMETpa, IIaTy KOHTPOJUIEpa, MUKPOIPOLEC-
cop. Kopnyc 6510ka 0OBIYHO BBINOJIHAETCS B BUJE MPSMOYIOJIbHOW TPEXI'PaHHOW MUpaMHJIbl, Ha
IpaHsAX KOTOPOM pa3MeIeHbl MUKPOMEXaHMYECKHE TUPOCKOIIBI M aKCEJIEPOMETPBI, U3MEPUTEIIBHBIE
OCH KOTOPBIX MEPHEeHIUKYISAPHBI rpaHsM nupaMuibl. OCh CUMMETPUU NUPAMUJbl PACIOJIOKEHA
napajieNIbHO MPOAOIbHOM OCH MOJIBUKHOTO 0ObEKTa-HOCUTENS.

B1YD obecnieunBaeT mojydeHHE 3HAYEHUN BCEX TPEX KOMITOHEHT YIJIOBOM CKOPOCTH (ISt
TMPOCKOIOB) M IMHEWHOTO YCKOPEHUS (U1 TMHEHHBIX aKCEIepOMETPOB) MOJIBUKHOTIO OOBEKTA.

Ha nnate xoHTposIIepa MOTYT OBITh pa3MelIeHbl TPM MarHUTOMETPUYECKHUX JaT4MKa, U3Me-
PHUTENIBHBIE OCU KOTOPBIX B3aHMHO NEPHNEHAUKYIISPHBI 1 OPUEHTUPOBAHBI 110 TPEM OCSIM CHUCTEMBI
KOOpPJMHAT, CBA3aHHON C 00BbEKTOM-HOCHUTEJIEM.

brok nHepnMaabHBIX U MArHUTOMETPUUYECKUX YYBCTBUTENBHBIX 3JIEMEHTOB (CM. pHC. 2) CO-
JEPKUT Kopiyc 1, mepBbIii U3MEPUTENbHBIN TpeoOpa3oBaresb 2, BTOPOH N3MEPUTENbHBIN peodpa-
30BaTeNb 3 U TPETUH M3MEPUTENbHBIN npeoOpa3oBaTens 4. Kaxplil U3 Tpex W3MEpHUTEIbHBIX Ipe-
oOpa3zoBareneil COAepKUT MUKPOMEXaHUYECKUN THPOCKOI U aKCEeIepOMETp, pa3MElIeHHbIE B €/IU-
HOM MeTaJUIoKepamMudeckoM Kopiryce [19].

Kopmyc 1 610ka BBINIOJIHEH B BHJIE€ NPSIMOYTOJbHOM TPEXIpaHHOM MUpaMHJIbl, HA TPaHsIX
KOTOPOH pa3MelleHbl MepBbIi 2, BTOpoil 3 u TpeTuil 4 u3mMepureabHble npeodpazoBarenu. M3mepu-
TeJIbHBbIE OCH THMPOCKOIOB M aKCEIEPOMETPOB DPACIIOJIOKEHbI MEPHEHAUKYISIPHO TpaHsAM IMPsSMO-
YrOJIbHOM MUpPaMUbl, HA KOTOPBIX OHHM Pa3MEIIECHBI.



Puc. 2 Koncrpykuus bBM1UD

Ocp cumMMeTpun MPSIMOYTOJIbHON MUpPaMHJIbl PACIOIOKEHA NapaJUIEIbHO MPOAOILHON OCH
IIOJIBUKHOTO 0OBEKTAa-HOCUTENS M COBIIAJaeT C HampaBiieHueM rnosieta. Ha mare koHtposuiepa 8
PacmnosoKeH MUKPOMpOLeccop 7, a TaK)Ke MarHUTOMETPUYECKUE JaTUyuKU 5 U 6. JlaTuuk 5 BbINOI-
HEH JIBYXKOMIIOHEHTHBIM. VI3MepuTenbHble 0CH MArHUTOMETPUUYECKUX JTaTUMKOB B3aUMHO IEpIIeH-
JTUKYJISPHBI U OPUEHTUPOBAHBI [10 TPEM OCSM CUCTEMbI KOOPAMHAT, CBSI3aHHOM C MOJBUXKHBIM 00b-
ekToM-HocuTesneM. [1nara konTposuiepa 8 1 mara UCTOYHUKA MUTaHUS 9 pa3MelIeHbl Y OCHOBaHMS
MUpaMUJIbl U 3aKpbIThl BepxHel Kpblkol 10 u HukHel kppikoi 11. Ilepennss yacts kopmyca 1
3aKpbITa MepeIHEeH KPBIMIKOH 12.

VYerpoiicTBo pabortaer ciaeayromuM oopasom. [Ipu nBukeHnn 00beKTa-HOCHUTENSA, HA KOTO-
POM yCTaHOBJIEH OJIOK UyBCTBHUTEJIbHBIX 3JIEMEHTOB, HA BBIX0JIaX IEPBOrO 2, BTOPOTro 3 U TPETHETO
4 M3MEepUTENbHBIX OJIOKOB MOSIBJISIOTCS CUTHANbI, IPONOPIHUOHANIBHBIE MPOEKIUSAM BEKTOpA YIJIO-
BOM CKOPOCTH JABH)KEHHs 0OBEKTa U BEKTOpa €ro JIMHEHHOro yCKOpPEeHUs: Ha ocu MpUOOpHOH cucTe-
MBI KOOPJIMHAT, COBINAAAIOIIEN C U3MEPUTEIBbHBIMU OCSIMH TUPOCKOIIOB U aKCEJIEPOMETPOB.

Ha BbIXOZaX MarHMTOMETPUYECKHUX JATYUKOB 5 M 6 TaKKe MOSBATCS CUTHAIBI, IPONOPLIAO-
HaJbHbIE MPOEKIHSIM BEKTOpa MAarHUTHOM HamNpsyKEHHOCTHU 3€MJIM Ha OCH CHCTEMbI KOOpAMHAT,
CBSI3aHHOMN C 0OBEKTOM-HOCUTEIIEM.

Curnansl ¢ BBIXOJIOB BCEX UYBCTBHUTEJBHBIX 3JIEMEHTOB IOCTYNAIOT B MHUKpoIpoleccop 7
IUIs anbHeimeld oOpaboTKU M BBIAAYM KOMAaHJ B CHUCTEMY YIpaBJIECHUS JBUKEHHEM OOBEKTa-
HOCHTEJIS.

Takum 00pa3oM OCYILIECTBISETCS U3MEPEHHE YITIOB OPUEHTALMHU IOJABMKHOIO O00bEKTa B
3eMHOH cucTeMe KoopAuHat. PaccMoTpeHHBIH ManorabapuTHbBIN OJOK MHEPIUAIBbHBIX U MarHuTo-
METPUUYECKUX YYBCTBUTEIBHBIX 3JIEMEHTOB IO3BOJIAET MOBBICUTh TOYHOCTH ONPEIEICHHS YIJIOB
OpHUEHTAIINH MTOIBUKHOTO 00bEKTa-HOCUTEIIS.

["abGapuTHble pazmepsl 0s1oka: tuamerp 54 mm, JuinHa 60 MM.

Macca 0s0ka - 0,25 kr.

1.2 Ha3navyenue u KOHCTPYKIUS U ogHOCcTeneHHoro crenaa 1-CT myist sKcriepuMeHTaIbHOTO
MCCIIETIOBAHMS XapaKTEPUCTUK 070K MHEPIHATBHBIX YYBCTBUTEIBHBIX AJIEMEHTOB.

Hasnauenne crenga. Creng 1-CT npegnasHayeH is:

- oTpabOTKM OOPTOBOM ammaparypbl yIpaBiIeHHs U MPOrPaMMHOTO OOecreueHus Ha dTare
MPEIOJIETHBIX UCIIBITAHUI MEPCTIIEKTUBHBIX U3ETUN

- MoJTy4YeHus] MHPOPMAIIUU O CBOMCTBAX M XapakTepe (U3NYeCKHX MPOIEecCOB B OOPTOBOMH
amnmaparype ynpaBJeHUs.



- UJIEeHTU(UKAMU MaTeMaTHYECKUX Mojeneil 60pToBOM ammapaTypbl M HOATOTOBKa pabo-
YUX JaHHBIX OOPTOBBIX BBIYUCIUTENCH.

- KOPPEKTUPOBKU AITOPUTMOB Pa0OTHI HU(POBBIX BBIYUCIUTENCH anmapaTypsl IeleyKas3a-
HUS, COITPOBOXKICHNS, HABUTALIUN U BBIJICIICHUS KOOPJUHAT.

- SKCIIEPUMEHTAILHOW OTPAOOTKM ONTHUYECKUX M PAJHMOYACTOTHBIX KaHAJIOB amIaparypsl
HABEICHMS U COIPOBOKICHMS LIEIIH.

- 0TpabOTKa TPAEKTOPHBIX LUKIOTPaMM (YHKIIMOHUPOBAHHS MEPCIIEKTUBHBIX U3EIUH.

- IOJY4YEeHUs CTaTUCTHYECKMX JaHHBIX U1 (OPMHUPOBAHUS TPEOOBaHUH K JKU3HEHHOMY
LUKJTy IEPCIIEKTUBHBIX U3AEIUM.

Onucanue cTeHaa.

Crenn mpezacraBisieT coOOH MPOrpaMMHO-ANIAPATHBIA KOMIUIEKC, OOECTIeYMBAIOIIUIN 3a-
JAHHYIO YIJIOBYIO CKOPOCTB BpAIllEHHs MCCIEAYEMOI0 HHEPLHAIBLHOTO YyBCTBUTEIBHOIO 3JIEMEHTA
OTHOCHUTEJIFHO BEPTHKAIBHOW OCH CTEHA, aBTOMAaTU3UPOBAHHbBIE MPUEM, PETUCTpAIUIO U 00paboT-
KY JaHHBIX 9KCIIEPUMEHTA.

[IpakTrueckas 3HAYUUMOCTb.

Hcnonb3oBaHue cTeH1a NpHu pa3paboTKe MHEPLUAIBHBIX CUCTEM OPHUEHTAlMM U HAaBUTaLlUU
MO3BOJIUT JOOUTHCS CYIIECTBEHHOTO YIIYUIICHHUS UX XapaKTEPUCTHK.

TexHnueCcKue XapaKTEPUCTUKH.

JlnanazoH 3aJaBaeMbIX YIJIOBBIX CKOPOCTEH BpameHus: oT ___ °/c 1o __ °/c; TOYHOCTh W3-
MEpPEHHUs yIila IOBOPOTA: 10 °; PETUCTPALIUs [1apaMETPOB 3KCIIEPUMEHTa C HUHTEPBAJIOM BPEMEHU ___
MC; aBTOMATH3alMsl SKCIIEPUMEHTA.

Puc. 2 — O06uuii Bug crennga 1-CT
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QcTaHoBNEH

Puc. 3 — Unrepdeiic crenna 1-CT g nuHamMmudeckux ucnbitanuii bBUUD

1.3 Tpexcrenennoi crenn 3-CT it TMHAMUYECKUX HCHBITAaHUN OJIOKOB MHEPIIMAIBHBIX
YYBCTBUTEIBHBIX 3JIEMEHTOB
Crenn 3-CT npeaHa3zHayeH I SKCIEPUMEHTAIBHOTO UCCIICTOBAHMS XapaKTEPUCTHK HHEP-

[UATBHBIX YyBCTBUTEIBHBIX 3JIEMEHTOB, B T.4. BUUD, moaBuxkHOro o0bekTa (JieTaTeapHOro amnma-
pata).
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Puc. 1 — [IporpamMmMHoO-anmapaTHbIA KOMIUIEKC JIJIs1 1a00paTOPHO-CTEHI0BBIX
IUHAMHUYECKHUX HcnbelTannii bBNYD



HIa 3‘:CT

Puc. 3 — 061111/1171 BUJI CTE

Crenn 3-CT oOecneumBaeT MONMY4YEHHE HSKCIEPUMEHTAIBHONH WHGOpPMALUU B YCIOBUSX
BpamieHus: 00beKTa M0 KpeHy, KoJieOaHHil U pa3sBOPOTOB €ro 10 yrilaM TaHTaXka U PHICKaHbs IO 3a-
JAHHOM MporpaMme:

a) 3HAYCHUS MMEPEMEHHBIX COCTOSHHS OOPTOBOW ammaparypbl U3JeNus IO TeIeMETPHIECKO-
My HHTepdeiicy B peabHOM MaclITade BpeMEHH;

0) MpoBepKY MPaBUIBHOCTH PEATH3ALUH [IUKIOTPAMMBI 33JIeHCTBOBAHHUS OOPTOBBIX CHCTEM.

CreH MHTErpUpyeTCsl B KOMILJIEKC MOJIYHAaTYPHOIO MOZEIMPOBAHUS KOHTYpPA YIPABJICHUS
u3JeIreM 1 o0ecreunBaeT OlIeHKY JUHAMHUECKHUX XapaKTEPUCTUK B JaOOPATOPHBIX YCIOBUSX.

[Tapametpsl cTeHaa:

- BpallleHUe U3/eNHUs [0 KPEHY C YITI0BOH CKOPOCTBIO B AMama3oHe oT _ °/c jmo __ °/c
C YaCTOTOM KBAaHTOBAaHMUS HU3MCPUTCIIbHBIX W YIIPABJIAIOIMHNX CHUTHAJIOB HC MCHCC _FH u 1po-
IPaMMHO 33a/1aBa€MbIX YIJIOBBIX CKOPOCTEH BpalllCHUS;

- MOTPELIHOCTh BOCHPOM3BEACHUS YIIIOBOM CKOPOCTH BpALIEHUs MO KpeHy - He Ooiee
_ % oT 3ajaHHOW BEIMYHHBI;

- IOTPEIIHOCTh U3MEPEHHUS YTIIOBBIX CKOPOCTEH HE JOJKHA OBITh HAKAIJIMBAEMOM;

- MOTPEUIHOCTh U3MEPEHHUS yIJIa MOBOPOTA MIAT(HOPMBI HE JIOJKHA MPEBHIIATh BETUYUHBI

0.
b

- MaKCHMaJIbHasi CKOPOCTh M3MEHEHHS YacTOTHI BPAILIeHHs 0 KPEeHy - He MeHee ____ 00/c?;

- CHHYCOMJAIbHBIC KOJICOAHUS H3JCNHsI B TOPU3OHTAIBLHON W BEPTUKAIBHOW TJIOCKOCTSIX
(pa3nenbHO U COBMECTHO) B IMAMA30HE YacTOT OT I'n no ' ¢ aMmmuTyaoi konebaHuit OT
0 1o rpaj c MOrpenrHoCThI0 BOCIPOU3BEIEHUS YITIOBBIX KOOpAUHAT He Oonee _ %.




JIABOPATOPHA PABOTA Ned

JUHAMUNYECKUE UCTIBITAHUSA BBICOKOTOYHbBIX ITPUBO1OB
HABEJEHUA U CTABUWIN3AIIUU HA OCHOBE METOJA
NPEJEJBbHBIX OTKJIOHEHU

1. TEOPETUYECKUE CBEJEHUA
Mertona npeaenbHBIX OTKIOHEHHU# (rapantupoBanHoi Tounoctd (I'T) paspaboran ist ju-
HelHbIX ctanmoHapHbix CC. B aToM Meroze mist onpeaeneHus npeaesibHON Ha 3aJaHHOM KJlacce
OLIMOKHU CIIeKEHHsI UCIIONIb3YeTCs paciiupeHHas cucreMa (puc. 6). BBoauTcs noHatue rapaHTupo-
BaHHOHM TOYHOCTH CIICKEHHS, KOTOpasi IOHUMAETCSI KaK MaKCUMYM MOAyJsi omuOku ciexxenust CC
3a curHagamu v(t) u3 3amaHHoro kiaacca V Ha 3aJaHHOM MHTepBaje BPEMEHH, KOTOPHI MOKET
OBITh U OECKOHCYHBIM:
I(V.T) = max ((v(t).T) = max max |¢()
v(t)eV v(t)eV O<t<T .
[TycTh mMeeTcst HeKOTopasi cTallMOHapHAas IMHEHHAs TUHAMHUYECKasi CUCTeMa, KOTOPYIo 0y-
JeM HasbiBaTh "3amaromuM yctpoiictBoMm" (3Y). Hawanbuble ycnoBus g 3Y monaratoTcsi Hylie-
BBEIMH, & BXOJHBIM CHTHAJIOM MOXET OBITh JIt0Oas OrpaHWYCHHAs 10 YPOBHIO (DYHKIHS BPEMCHH

Usy (t)' | Usy |§1_

Bce BO3MOXKHBIE TIPU 3TUX YCIOBUSX BBIXOAHBIE CUTHAINBI 3Y U 00pa3yroT Kilacc V nocra-
TOYHO TIagKuX BXOmMHbIX curaainos CC.
Brruucnenue I'T aBnsercs 3agadeld 00 ontuManbHOM yrpaBieHHH. OHO CBOJIUTCS K OTBIC-

KaHUIO TaKOW OrpaHM4eHHON (QyHkumu BpeMeHH U,y (t), IpH KOTOPOW HOpPMa B CMBICIE TIPO-

ctpanctBa C QyHkiuu &(t), BBIUUCIAEMON KaK OTKIMK PACIIUPEHHON CHUCTEMBI MPU HYJIEBBIX
HayaJIbHBIX YCJIOBUSX, TOCTUTaeT Makcumyma. Ha ocHoBe npunuuma Mmakcumyma [loHTpsirnHa He-
TPYIHO YCTAHOBUTH, YTO TAKOE yNPABJICHHUE B KAXK/bIii MOMEHT BPEMEHU MOXKET MPUHUMATH TOJIBKO

*
3Ha4yeHus | wim - 1. byneM Ha3biBaTh Takoi curran U 3y (t) PEJICHHBIM.

Jns knacca nuHelHbIX cTannoHapHbeix CC chopmynnpoBaHHas 3ajjaya pelieHa myTeM cBe-
neHus ee K 3anade b.B. bynrakosa o HakomieHMM BO3MYLIEHUI. B aHaIUTHYECKOM BHUJIE ITOTYyYEHBI

*
GyHKIMOHAN rapaHTUpOBaHHOM TouHOCTH I W oKcTpeManbHbIi curHan U sy (t) Ha Bxoxe 3V,

O6eCHe‘H/IBaIOH_[I/II\/'I HAaKOIIJICHUC OH_II/I6KI/I CCmHa 3aJaHHOM MHTCPBAJIC BDEMCHHU:
T
= Hw(t)‘dt, Uy (t)=sign[w(T —t)], roe w(t)= L‘l(W(gu ( p))
0

Crpykrypa u mapameTpsl 3V Takke ONpPENEsATCs ¢ UCIoab30BaHueM Merona I'T, nexons
U3 33/IaHHBIX MpeJlebHbIX 3HAUEHUH aMIUIMTYJ U CKOPOCTEH M 00JIacTH JOCTHXKMMOCTH Ha (a3zo-
BOM IMJIOCKOCTH «CKOPOCTb-yCKOpPEHUE» (A1 IeTepMUHUPOBAHHBIX BXOJHBIX CHUTHAJIOB), JIUOO HC-
X0l U3 33JaHHBIX CHEKTPAJIbHBIX IJIOTHOCTEW (JUIsl CIydalHBIX CTallMOHAPHBIX BXOJHBIX CHUTHa-
JIOB).

PaccMoTpuM MeTOIUKY MCTIBITAHUM BBICOKOTOYHBIX MPUBOJIOB HABEIECHUS M CTAOMIM3ALMU
Ha OCHOBE METO/Ia IIPEAEIBbHBIX OTKIIOHEHUHN.

B Buptyansnom ctenae Ha Bxoa DCII mogaeTcst CUTHAN yTJIOBOTO PaccoriacoBaHus (OMINo-
Ka COMpOBOXAECHM LienH). Pacimpennas meroauka ucnsitanuii OCII moOMUMO TUIIOBBIX TECTHUPY-
IOIUX CUTHAJIOB (CTYNEHYAaTOro, TapMOHUYECKOT0, JIMHEHHO HapacTalolllero) UCIHOJIb3YeT TaKkKe
CIEeLUAbHBIE TECT-CUTHAJIBI, PA3TOHSAIONINE TPUBOJ IO OIINOKE.

IIporpamma craructrueckux ucneitanuil JCII npegycmarpuBaeTr Ha MEpPBOM dTane Mojgavy

Ha BX0J 3Y eTepMUHUPOBAHHOTO TECT-CUTHAJa u*3y (t) U PETUCTPAIMI0 MAaKCUMaJIbHOW AUHAMU-

YeCKOM omuoOku. 3aTeM nporpamMma pacmmpsCeTcs 3a CYCT HCIOJB30BAHUA CTOXACTUYCCKUX TCECT-



*
CUTHAJIOB, KOTOpBIe (opmupyroTcss Ha 0Oa3e curHama U sy (t) ITorpeOHOCT, B TaKUX TeECT-

*
curHasax odycnosieHa tem, yro MO OCII, ucnonszyemoe 11 popmupoBanus curiana U gy (t) ,

SIBIISICTCS JIMHEAPU30BAHHBIM, T.€. HETIOJTHBIM, TIPUOITHIKEHHBIM.

[lepBasi pa3HOBUIHOCTH CTOXACTUYECKOTO TECT-CUTHANIAa UMEET pejeiHyio GopMmy ¢ H-
TEILHOCTSIMA MHTEPBAJIIOB MOCTOSHCTBA (MHTEPBAJIOB MEXKIY MOMEHTAMH IEPEKIIOUCHUS pelie),
KOTOpbIE 00Pa3yloT MOCIEA0BATEIBHOCTh HE3aBUCUMbIX CIIy4alHbIX BelanuuH. [Ipuuem ciyuaiinbie
MHTEPBaJIbl BPEMEHH MOJUUHSIOTCS SKCIIOHEHIMATbHOMY 3aKOHY PACIPEACIICHUs] U UMEIOT CpEIHEE

*
3HAYEHHUE, PABHOE CPEJHEMY MHTEpBaJy IOCTOSHCTBA TecT-curHaia U sy (t) ITonka pene tect-

CUTHaJja paBHa MaKCUMAaJbHO JOMYCTUMOMY YPOBHIO CUTHaJa Ha BXoje 3Y.

Bropast pa3HOBHITHOCTh CTOXAaCTUYECKOTO TECT-CUTHAJIA UMEET TUIOBYIO (opMy. ITO, TaKk
Ha3bIBa€MbIii, «TUITOBOM BXOAHOM ciiydaiiHbii curHain CCy ¢ mUpOKOM MOJI0COM 4acToT.

COBMECTHOE HUCIOJIb30BAHUE PACCMOTPEHHBIX TUIOB TECT-CUTHAJIOB MOBBIIIAET JIOCTOBEP-
HOCTb M HaJIS)KHOCTh PE3y/IbTAaTOB AMHAMUUYECKUX ucnbiTanuii DCII.

1.2 MartemaTtrueckoe oOecrieueHue TMHAMUYICCKUX UCITBITAHUN

Paccmotpum Buptyanbnbie craructudeckue ucnbitanuss ICII B makete Simulink cuctemsi
Matlab.

MaremaTrueckoe o0ecIeyeHre UCIbITaHui BKIoyaeT Simulink-cxeMsr:

1) 3amaroriero ycTpoicTa;

2) Berunciaenus I'T;

3) bopmupoBaHUs AETEPMUHUPOBAHHOTO M CTOXACTHYECKUX TECT-CUTHAJIOB;

4) BUPTYaJbHOTO HCIBITATEILHOTO CTEH/IA.

B cocTaB obOecrieueHust BXOJAT NOIB30BATENBCKHAE MPOrpaMMbl (M-(aiissl), BBITOTHSIIONINE

byHKIUY:
1) dopmupoBaHus 1ETEPMHUHUPOBAHHOTO TecT-curHana U 5y (t) ;

*
2) pacdera CpeHero 3HauYCHHE UHTEepBaJia MOCTOSHCTBA cUrHana U 5y (t) ;

3) hbopmupoBaHHs CTOXaCTHYECKOTO TECT-CUTHAIIA PENCHHOM (HOPMBI;

4) popMUPOBAHUS «TUTIOBOTO BXOAHOTO cliydaiiHOro curaaia CCy.

Paccmotpum 3V s OCII B Busie coetuHeHHs K0Je0aTeIbHOrO 3BeHa U uHTerparopa. 3V,
MIpH T0]a4€ Ha €ro BXOJ «THUIIOBOTO BXOJHOTO ciiydaitHoro curtaia CCy», popMupyeT Kiiacc BXOJ-
HbIX curHaoB V (1100 cirydaifHbIi IpoIece ¢ 3aaHHOM CTeKTPaIbHON MIOTHOCTBIO) (CM. pHC. 7,
8). 3Y coOTBETCTBYET HEeperyysspHON Kauke HOCUTENsS, KOTOopas JOJDKHA MapHUpoBaThCs CUCTEMOM
CTAaOMJIM3AIIMK ONITHYECKOTO T0CTa, peain3oBanHoM Ha 6aze DCII

1 w 1 »| 0535 1 )
. s L= ] D_’ : In1

Integrator Integrator 1 K3 Integrator2

k1
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Display1
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Abs Integrator4

Display2
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Puc. 1. CrpykrypHas cxema 3V Ha Tp€X HHTErparopax



[Ipumeuanue.
Ha puc. 1 navanpHOE yClIOBHE Ha IEpPBOM HHTErparope HenyneBoe. Ha mucmesx 1 u 2

3apCruCTpupoOBadHbl, COOTBCTCTBCHHO, MAaKCHMAJIBHBIC CKOPOCTh M YCKOPCHHE B TOYKax
nepeceucHuss € OCAMHU KOOPAWHAT TI'paHUIbI obJactu JOCTHXXHUMOCTH BXOJHOI'O CHI'HAJlIa Ha
IIJIIOCKOCTH «CKOPOCTh-YCKOPECHUC)).

Buj rpaduka crieKTpaibHON IIOTHOCTH cKOpocTH cityuaiinoro nporecca V () na Boixome

3V npu momave Ha €ro BXOJ HIMPOKOIOJIOCHOTO «THIIOBOTO BXOJIHOTO ciydaiiHoro curaaiza CC»
IIPEJICTaBJIEH Ha pUC. 8.

-100 -75 50 25 0 25 50 75 100
w

Puc. 2. I'paduk cieKTpabHOM IUIOTHOCTH CKOPOCTH HEPETYIISIPHON KauKu

JluctuHr M-(aiina, ONMpeneNsIomero Mociea0BaTeIbHOCTh ONepanuil (TEXHOIOTHIECKUI

HpOHCCC) HUCIBITAaHUN HA AUHAMHUYCCKYHO TOUHOCTD OCII B BUPTYAJIbHOM CTCH/C:

dannye;

run (‘'model’);

Get TS;

Schet;

A =typical_12 (2,5000,10,nu/1,0,1,'rela’);

B = typical_12 (2,5000,10,nu/10,0,1,'unif',1);
run (‘'model_2");

Jluctunr m-gaiina, 3aaro1iero 1aHHbIE:

global Ce Kfu R Tn Cm L Td g ftrd Kdef Cr ftrn K1 K2 K3 mt Gtc Ku Kzu Tzu ksi
global FF FF1

K1dv=1.141768191999999e+002;

K2dv=5.844784515447536e-006;

K3dv=0.00459962524030;

Rdv=0.94156705432536;

Cedv=-44.25308490313896;

Jluctunr m-gaiina, popmupyromero jaeTepMuHupoBanHbIi TecT-curnan FF1 peneitnoit

(bopMmBbI:

FF1

global Ce Kfu R Tn Cm L Td q ftrd Kdef Cr ftrn K1 K2 K3 mt Gtc Ku Kzu Tzu ksi FF ES

sim('TestSignal®);

FF.time = ES.time;

FF.signals(1,1).values = obrat(ES.signals(1,1).values,1);
FF1.signals(1,1).values = FF.signals(1,1).values;

for i = 1:size(FF.time,1)



FF1.time(i)=FF.time(i);
end

FF1.time = ES.time;
tmp = size(ES.time,1);
for i=1:size(tmp, 1)
tmp(i)=tmp(size(tmp,1)-i+1);
end
FF1.signals(1,1).values = tmp;
FF1.signals(1,1).values = FF.signals(1,1).values;
for i = 1:size(FF.time,1)
FF1.time(i)=FF.time(i);
end

JluctuHr M-¢aiina, mpeAHA3HAYEHHOTO IS pacueTa Mo pe3yiapTaTy paboTsl (haiina,
dopMmupyrommero aeTepMUHUpoBaHHbI TecT-curHan FF1, cpemneii yacToTsl ero mepexmrodenmuis,
T.€. CPEAHETO BPEMEHU Ts CMEHBI 3HaKa BECOBOM (PYHKIIHH W(T —t) pacUIMPEHHONU CUCTEMBI:

j=0;

1I=0;

b=size(FF1.signals.values,1)-1;

for i=1:b

if ((FF1.signals.values(i+1,1)>0)&(FF1.signals.values(i,1)<0))

=i+

elseif ((FF1.signals.values(i+1,1)<0)&(FF1.signals.values(i,1)>0))
=i+

end

i=i+1;

end

nu=FF1.time(length(FF1.time),1)/j;

T="Cpennsisi mpoI0JKUTENLHOCTh HHTEpBAIaA= ";

disp([T,num2str(nu)]);

[TpoummtocTpupyem NoAroToBKyY U npoBeaeHue ucnbitanuid OCII.
Simulunk-cxema, cooTBeTCTBYIOIIAsT PACIIMPEHHOM cHcTeMe (CM. pHC. 6), HCIIONb3YeTCs JUTs
nonyuenust UI1X u Beruncnenus kputepus ['T B cooTBeTcTBUY € BhIpaskeHueM (1):

l Znachenie GT l:l
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Puc. 3. Simulunk-cxema ans Beraucnenns UITX u kpurepus I'T
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Puc. 4 UTIX pacmupennoit cuctems (coenuaerus 3Y u DCII)

3nauenne ['T DCII, paccuntaHHOE B COOTBETCTBUU C BhIpakeHUeM (1),
I'T =0.0004545 pan.

IepeiineM k (GOPMUPOBAHUIO «pasroHsromero» peneiinoro curmana FF1 nna sxona 3V.
FF1 onpenensercs soipaskenuem

Uy (1) =sign(w(T —t))

®aiin, GpopMupyromuii nerepMuHuposanbiii Tect-curnan FFL, B npouecce padorsr 3amyc-
kaer Simulunk-cxemy, KoTOpas MOIENUPYET pPEaKIHMIO pPACIIMPEHHON CHCTEMBI Ha JIejbTa-
yrxmuro O(t) (puc.11). Boruncnsercs UIIX W(L) u Ha ee ocHOBE CTPOMTCS pesIeHHBINA CUTHAT

ES B npsvmom Bpemenn. ES ornpasnsercs B pa6ouee mpocrpancteo Matlab, rae on mpeo6pasy-
ercs B obparnom Bpemenn (T —t) mnst momyuenus FF1.

» ES

To Workspace2

> o1
> >

Sign1 Scopel
ZU

Y

Privod

Puc. 5. Cxema opmupoBanus peneitnoro curnana ES B npsmom spemenn

[Ipumedanue. B cxeme Ha puc. 5 11 MOJENMPOBaHUS UMITYJIbCHOTO BosaeiictBus O (t) Ha
BXOJI€ PACIIMPEHHOM CHUCTEMBI HCIOJIB3YETCS E€IMHHUYHOE HAYAJIbHOE YCIOBHE HA IEPBOM

unrerparope 3Y. WurepBan unterpupoBanus [0,T], rne 7 — Bpems 3aryxanus WIIX
pacipeHHoi cuctemsl, Ti =30 c.

®daiin, KoTOpHIif MpeobpasyeT curHan ES B 06paTHOM BpeMenu, nMeeT BH
function Myobrat = obrat(input, k)
global tmp;
tmp = input;
for i=1:size(input, k)
tmp(i)=input(size(input, k)-i+1);
end
Myobrat = tmp;



JleTepMuHHpOBaHHBIA peneiinpiii TecT-curnan FF1 nonaerca na Bxox 3V B BupTyansHOM
crene (Simulink-cxeme) s ucnsitanuit DCIT Ha TUHAMHYECKYIO TOYHOCTH (puc. 12).
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>
Ground —
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Puc.12. BuptyanbHblii cTeH] A AuHaMuueckux ucnbitanuii OCIIT
[Ipumeuanue.

Simulink-cxema mns wmcneitanuii DCIT copepxur auciuieir SKO cpeaHero mo BpeMeHH
KBaJipaTa OOk U auciuied SKZ cpeqHeKBaApaTUIHOTO 3HAUCHUS OIIUOKH, a TAKXKE JTUCILICH,
PETUCTPUPYIOIUN MaKCUMaIbHYIO OIIMOKY B KOHEUHBIH MOMEHT BPEMEHU HHTEIPUPOBAHMS
(ans  cnywas wucnwbitanus OCII ma tect-curman  FF1). Dto mossonser cpasuuBats
CPeIHEKBAIPATUIHOE U TPEACTHbHOE 3HAUCHUS OIINOKH.

Tect-curnan  FF1 pasromser ucneiryemsiit DCII B cTeHme 10 mHpejaenbHOM omUOKM

CIIe)KEHHs HA 3aIaHHOM KIIacCe BXOHBIX CUTHANoB V B KOHEUHBIH MOMEHT BpeMEHH HaOJII0IeHHS
(unterpuposanus) Ti =30 c. (tne T — Bpems 3aryxanus UITX pacummpeHHoi cucTeMbl)

Puc 12. JlerepmunnpoBannsii Tect-curnan FF1
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Puc.13. Ocumutorpamma Hakorienus omm6kn (1) muueiinoit monensio DCIT

JlocTHUrHyTO€ B KOHCUHBIH MOMEHT BpeMeHHM HMHTerpupoBanus 11 = 30 c. 3nauenue I'T

cnexenust DCIT Ha Ki1acce BXOIHBIX cUrHAJIOB V  COCTAaBHUIIO:
I'T =0.0004545 pan.
Kak u ciemoBano oxujaTh, OHO COBIAJIO ¢ paHee BBIYMCICHHBIM 3HadeHueM [T mo cxeme
Ha puc. 9. Jlocturayroe 3HaueHue ['T rapaHTupyeT BBICOKYIO JAMHAMHUYECKYI0 TOYHOCTD

ucnbiryemoro DCII Ha 3a1aHHOM ¢ ToMOIIBI0 3Y Kiacce BXOAHBIX curHanoB V  IpoM3BOIbHOIM
(hopMmBI.

Paccmorpum ucnbitanus HenuaeriHoro JCIL. B Simulunk-cxemy «Model 3» BBeném Henu-
HEHHOCTH THNa 1ot pexykropa» (cM. puc.14). B OCII u3-3a modta BO3HUKAET aBTOKOIEOaTEb-
HBIHA PeXKUM ciaekeHus. [Ipy 5ToOM Ha MEIJIEHHO M3MEHSIFOIIUICS TTOJIE3HbIM CUIHA HAKIIAAbIBACTCS
BBICOKOYACTOTHBIE BUOpanuu (puc. 15).
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Puc.14. Henuneitnas monens mpuBoaa ¢ JrodTom

Pacmmpennas mporpamma ucneitanuii HenmuHenHoro JCII mpemycmaTpuBaeT mojady Ha
BxoJie 3Y Tpex TeCT-CUTHAJIOB:

1) curnan FF1 (neTepMuHUpPOBaHHBIH, peneiHON Gopmbl):

Peaknus aBrokonebarensHoro JCII Ha curnan FF1 mo3Bomisier oneHUTH MpeenbHyo Tu-
HaMHUYECKYIO OITMOKY HEJIMHEHHOTO MPUBO/Ia HAa MHTEpBasie Ha0moaenus 30 ¢, paBHYIO 6 Mpa.
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Puc. 15. Peakiug uenunerinoro DCII na rect-curuan FF1

W3 ocimiorpaMMbl Ha puc. 15 BuaHO, 4TO HeNMHEHHBINH aBTOKONIeOarenbublil DCII pearu-
pyet Ha TecT-curHain FF1 momo6Ho imHeiHOMY npuBoy. FiMeeT MecTo HaKOIUICHHE OIIMOKH Clie-
KEHUSI.

2) curnan A (ciny4ailHbIi EHTPUPOBAHHBIN TECT-CUTHAI peIeHHON GopMbI):

- Cpe/IHMI MHTEpBAI MOCTOSIHCTBA 1 = NU,

- hopma curnana — rela;
- YpOBEHb curHaia 1.

Puc.13. Peanu3zanus cnyyaifHOTO TeCT-CUTHAJA peneitHON (popMbl

Peakmus o ommbke aBrokonedarensHoro DCII Ha curnan 4 MeeT BU

4
w10
5

Puc.14. Peakius nenuneitHoro JCII Ha ciaydaiiHbIN TecT-CUTHAN A peneitHoN (popMbl

Kak BuguMm, curnan Ha puc. 11 uMeer cpeHIOI0 4acTOTy paBHYIO CpEJHEH 4acToTe AETep-
MUHUPOBAaHHOTO TecT-curHaia FF1.
3) curnan B («TumnoBoii ciydaiinbiii BXoaHO# curaan CC»):

- CPEIHUI MHTEPBAJI IIOCTOSHCTBA Ts =nu/ 100:
- popma curnana — unif ;

- MAKCUMAJIbHBIN YPOBEHb CUTHaNA 1.



Puc.15. Peannzanus tect-curnana « TunoBoi cinydaitHbiii BXogHo# curnain CC»

VYpOBHM ITOCTOSIHCTBA M MHTEPBaJIbl AJIUTEIBHOCTH MTOCTOSIHCTBA CUTHaJa B mpencTaBisior
co00# MOCIIe0BaTEIbHOCTH HE3aBUCUMBIX CITyYaifHbBIX BEJMYHH.

Peaxmus o ommoOke aBrokoiebarensuoro CII Ha curnan B uMeer BUJ

4
x10
2

0 ] 10 15 20 25 a0

Puc.16. Peakuus nenuunerinoro 9CII Ha ciayyalinblil TecT-curuan B
BoiBoabl mo padore

1. CpaBHMBas OLEHKM TMHAMHYECKOW TOYHOCTH JUHEHHON M HenuHeiHou monenedt DCII
MOXHO CJI€JIaTh BBIBO/I, YTO JIMHEWHAsT MOJEIb JIOCTATOYHO MOJTHO OMKUCHIBAET aBTOKOJIEOATEIbHBIN
npuBoj ¢ modrom. PaccunTaHHBI TO JMHEWHON MOJENU ACTEPMUHHPOBAHHBIA TECT-CUTHAI
00ecreunBaeT PasroH 0 HpejefbHON OIMOKM Ha 3aJaHHOM Kjacce BXOMHBIX curHanoB V  Kak
JIMHEHHOTO, TaK 1 HenuHernoro DCII.

2. CroxaCTMYeCKHME TECT-CUTHajlbl, TMOCTPOCHHbIE HA OCHOBE pPACCUYUTAHHOTO IO
JIMHEAPU30BAHHOW MOJIENIM TECT-CUTHANA, TOBBIIMIAIOT HAACKHOCTh PE3YJIbTAaTOB TOYHOCTHBIX
UCIBITAHUN HENMHEHHBIX CHCTEM, HO TpeOYIOT MAacCOBOCTH HCHBITAaHUI (MHOTOKPATHBIX 3aITyCKOB
CTEeH/1a) 1 0OJILLIOT0 BpeMEHHU HAOIIOACHHUS.

3. CpaBHEHHE CpeIHEKBAJIPaTUYHOTO MO BPEMEHH M MPEAENbHOTO0 3HAUYEHUH OIIMOKU
MTOKAa3bIBAET, YTO MOCJIETHEE CYIEeCTBEHHO Oobiie. Takum oOpa3om, kiaccuueckuil kputepuit CK
HE KOHTPOJIMPYET AUara30H MTHOBEHHOU OMMOKY TPUBOJIA.

4. PannonanpHast Meroauka ucnbitanuit DCII B BUPTyaapHOM CTEHIE MOMHUMO THIOBBIX
TECTUPYIOIINX CUTHAJIOB (CTYMEHYATOr0, TAPMOHUYECKOTO0, JIMHEHHO HApacTaloIIero0) UCIOIb3YeT
CHelHalbHbIE TECT-CUTHAIIBI, Pa3TOHSIONINE MPUBOA O MAaKCUMAaIbHOW OMIMOKU. DTO TO3BOISET
IKCIIEPUMEHTAIbHO oOTpadaTeiBaTh B cTeHAe perymsatop OCII ¢  koHTposem uama3oHa
JUHAMHYECKON OIMMOKM Ha 3aJaHHOM KJacce CHUTHAlloB, a HE TOJBKO C KOHTPOIEM
CPEIHEKBaIPATHIHOTO €€ 3HAUCHHSI.

5. JIOCTOMHCTBOM METOJMKH SIBISIETCA TO, YTO OHA TOBBIIAET HAJEKHOCTb
AKCIIEPUMEHTANIBHBIX OIeHOK TouHocTH OCII, mpuueM npu yMeHbIIEHWH TOTpeOHOro oOBeMa
UCIbITaHUN. MeToanka nmpudanxkaer 1a00paToOpHO-CTEHIOBbIE UCTIBITAHUS K PEATbHBIM YCIOBUSIM
JKCIUTyaTalluy MPUBOJA, T.€. K YCIOBHUSIM HEOMPEIETICHHOTO (ITPOU3BOIBHOT0) XapaKTepa BXOAHOTO
CUTHaJIa U3 33JJaHHOTO KJjlacca.



JIABOPATOPHAS PABOTA Neb

_ CTATHCTHUYECKAS UWIEHTUPHUKALMSA
JIMHEUHBIX CTAIIUIOHAPHBIX TUHAMUNYECKUX CUCTEM

1. TEOPETUYECKUWE CBEJJEHUA

1.1 ITocraHoBKa 337124 WACHTH(PUKALIH

Wnentudukamnueid Ha3pIBaeTCs ONpeesIeHHE CTPYKTYPhl U MapaMeTpoB (HopMan30BaHHON
MaTeMaTHYecKol Mojenu  (MaTeMaTHuyeckoro omucanus) cucreM  ynpasieHus (CVY),
o0ecTIeYNBAIOIIMX HAWITYYIIEe COBIAICHNE BBIXOTHBIX KOOPIMHAT MOAETH U 00BEKTa (OpUTHHAIIA)
IIPU OJIMHAKOBBIX BXOJIHBIX BO3JCHCTBUSAX.

HcxonHoii wuHpoOpMmammeld Npu HUCHOIB30BAHUM METOJIOB HWICHTH()HUKAIUU SBISIOTCS
pe3yNbTaThl 3KCIEepUMEHTAIbHOTrO uccienoBanuss CY B 1abopaTOPHOM CTEHIE WIM B YCIOBHSIX
JKCIUTyaTalUu.

3anaun uaeHTU(PUKALMU MOXKHO Pa3esiuTh Ha JIBE TPYIIIIbI:

1) cTpykTypHas uaeHTU(UKALUSA — ONpeesieHue MOAETH 00bEKTa, KOTa IpeaBapuTeIbHast
uH(popmaiusg 00 ero CTpyKType OTCYTCTBYET UM OYEHb MaJla;

2) mnapaMerpuueckas UWICHTU(QHUKAUUs — IMpU H3BECTHOM CTPYKTYype MOJAEIU IO
HKCIIEPUMEHTAILHBIM JJAHHBIM OTNPEAEISIOTCA HEKOTOphIe TM00 BCe €€ mapaMeTphl.

B nannoii pabote paccMOTpUM IEPBYIO U3 3a/1a4, B YACTHOCTH, OIPEJCICHUE UMITYIbCHON
nepexoanoil xapakrepuctuku (UIIX) unu BecoBoit pyHkumu nuHeHo# crannoHapHoit CVY.

Crnenuduka JMHEHHOW TUHAMUYECKOW CHCTEMBI COCTOMT B TOM, YTO €€ JMHAMHKA
OJIHO3HAYHO ONPEIESAETCS Peakueld Ha €qMHUYHOE UMITYJIbCHOE BO3ICHCTBHE.

3aBUCHUMOCTH, KOTOpPbIE B3aUMHO OJHO3Ha4yHO cBs3biBatoT MIIX ¢ npyrumu Tunamu
onucanus JnuHeitHOW CVY (B TOM uuciae C aMIUIMTYAHOH U ¢ (a30BOM 4YaCTOTHBIMU
XapaKTepUCTHKAMU; C MOJENbI0 B BHIE AU(DdepeHnnanbHbIX ypaBHEHHH; C MOJENBIO B BHIE
nepenaTouyHo (PyHKIKK) TaHbl B TEOPUU aBTOMATUYECKOTO YIIPABIICHUSI.

Bamanune HUIIX  oamossauno  omnpenenser  nosemenue  Beixoma  Y(t)  mpm

leTepMHUHUPOBaHHOM BXoxHOM BosMmymienun X(t) crmemyrommm o6pasom

X(1) = [W(2)-y(t-2)dr, )

rae X(t) =0 npu t <0 (r.e. 10 MoKauM BX0Aa OOBEKT HAXOUIICA B COCTOSHUH MOKOS).
OTO BBIpRXXEHHE HOCHUT Ha3BaHHe MHTerpajia cBepTku. U3 ¢opmynst (1) BugHO, 4TO As
onpenenenus UTTX W(7), ctporo ropops, HeoGXouMo UMeTh u3Mepenus Bxoja oobekra Y(t) 3a

BCC BpEM: €ro CymeCcrtsBoBanus:d, T. €. B IIpeaAciax OT t= O A0 {=00. O):[HaKO BCCOBasd (l)yHKI_II/IH

yeroitumoit CY obnanaer ouesuanbiM csoiicteom lIMW(t) =0. Tostomy mns umskenepHoit
t—o0

ouenku MIIX nocTraToyHO paccMOTPETh €€ Ha OTPE3KE BPEMEHU [O,TW], roe I, — MOMEHT
BpeMeHH, HaunHas ¢ kotoporo MITX He BBIXOAUT U3 5%-oro kopumaopa, T.e. |W(t) |< 0.05-w__,
mpu t>T .

1.2 Cratuctuueckas uaeHTU(PUKAIMS JTUHEHHBIX CTAlMOHAPHBIX CUCTEM
Paccmotpum ypaBaenue Bunepa-Koamoroposa-Xonda:

R, ()= TW(T) R,(t-7)dz. 2)

OTO ypaBHEHHME TIO3BOJIIET IO M3BECTHBIM aABTOKOPPENSLMOHHON (QyHKIIMH Ryy (1)

crydaitroro curnana ua Bxozme Y (t) obvexrta u B3ammmoii koppemsmmonnoi dynxman R (t)



mexay BbixonoM X (1) u Bxomom Y (t) maitru UTIX W(7).

[TpeumymiectBoM cmamucmuueckoeo Merona wuneHtudukanuu MIIX, ocHoBaHHOTO Ha
ypaBHEHUU (2), IO CPaBHEHUIO C OOBIYHBIM METOJOM, TPEOYIONIMM pELIEHUS HMHTErpajibHOro
ypaBHeHus (1), SBISETCS €T0 HOMEXOYCMOUYUBOCD.

U3 ypaBHeHus (2) cienyer, 4To, €ciau Ryy (t) umeer nenbroo6pasHEIi XapakTep

R, (t) =270, - 5(t), 3)

T.e. BXOJHOW CHTHaN sBIseTcsa OenbiM 1mymoMm, To ompeneneHue HWIIX muHeliHOTO
CTAIIMOHAPHOTO 00BEKTA YIPOIIACTCS:

j w(7) - 27[0'5 ot—r)dr = 27[0'5 -W(7) nm
0

w(t) =

1
57 Ry (7). @)

y

2
rae O, — MOLIHOCTH Oernoro mryma.
PaccmMoTpuM  monydyeHue  B3aMMHOM  KOPPESIIHOHHOW  (YHKIIUU ny (t) s

LIEHTPUPOBAHHBIX cmayuonapuwix sp2oouyeckux nponeccos Y (t)u X (t) umeem saBucumocts mis

pacuera B3aMMHOW KOPPENSIIUOHHON (PyHKINH:
T

.1
R,,() =lim-—— j y(t) - X(t +7)dt. )

C yderom cBoiicTBa Ryx (—7)= ny (7) momyuaem 3aBUCHMOCTB, HCTIONB3YEMYIO IIPH

pacuere IpaBoi 4acTu BelpaxkeHus (4):

1 7 1 ¢
Ry(@)=Ru(-0) = j VOX(t-)dt=—— j y(t-7)x(t)dt. (6)
Bbynem ncnonb30BaTh S3KCIIEPUMEHTATIBHYIO OLIEHKY B3aUMHOW KOPPEISALUOHHON PYHKIINU:
_ 1 =
Y= [v(t—1 . 7
R, (7)==~ ~ ;[y(t z.)x(t)dt (7)
OKoHYaTeIbHO MOJIy4aeM 3aBUCUMOCTb JUIs uaeHTuukanun UITX:
1( 1 7§
w(t) =—| —— j y(t—7,)x(t)dt |. ®)
o, T-1 !

Takum o0pazom, mpu mojgauye Ha BXOJ OOBEKTa CUTHajga Oenoro IIymMa B3auMHas
KOppEsIIMOHHAas: (YHKIMS BX0Jla U BbIX0/a C TOYHOCTHIO IO IOCTOSTHHOTO MHOKUTEJIS COBIIAIa€T
Cc BecoBOH (yHKIMElH 0ObeKTa.

Ha »ToM (hakTe ocHOBBIBaETCSI METOA, MOJYUYUBIINN Ha3BaHUE KopperayuoHnozo. [lpuuem,
TaK Kak COCTOSHHME BXO/a OOBEKTa YNpaBIIeTCs CHEelHalbHBIM 00pa3oM, TO TakoOi MeTon
UJCHTU(PUKAIIUN HAa3bIBAIOT AKMUBHBIM.

BhIuncieHne cpeHero 3HaUeHus MPOU3BeIeH s AByX opauHat ocuuinorpamm Y(t—7) u
X(t), maxomsumxcs Apyr OT jApyra Ha paccTOSHUM 7, TIPOM3BOAMTCA B CTEHJE C TOMOIIBIO
CrenuanbHOro npubopa — xoppensatopa. Ilpu 3Tom, dyeM MeHbIle IIar KBaHTOBaHMS, TEM BBIIIE
TouyHoCcTh oneHkn MIIX oOnekra.

B aBTOMaTH3MpOBaHHOM JIAOOPATOPHOM CTEHJIE, COJEPKAILEM HATypHBIH 00pa3er CUCTEMBI,
koppenstop u I'BII moryT 661Th peasin3oBansl Ha [I9BM crenna.

B nuteparype npuBOAsTCS CTPYKTYPbl MAaTEMATUYECKUX MOZENIEH M COOTBETCTBYIOIIME UM
NIIX. D10 no3BossieT mogodpaTh CTPYKTYPY MOJIEH JIsl SKCIIEpUMEHTaNbHO noinydeHHon UITX.



AKTHBHBIA METOJI MICHTU(UKAIIMU CBS3aH C MOJa4eli CrelUaIbHBIX TECTOBBIX CUTHAJIOB HA
BXOJl HCCIIelyeMOro o0bekTa. Takoil SKCIepUMEHT MOXKET OBbITh peaJn30BaH Kak B pPEKUME
SKCIUTyaTaly (HOPMaIbHOW paboThl) 00BEKTA, TaK U MPH JIAOOPATOPHO-CTEHIOBBIX HCIIBITAHUIX
oObekTa. B mepBoM citydae TECTOBBIM CUTHaJI OT reHepaTopa TecToBbiXx curHanoB (I'TC)
nobasinsieTcst K pabodyeMy CHTHally, a BO BTOPOM Ciy4ae — Ha OOBEKT MOAAETCS JIMIIb TECTOBBIN
CUTHAJ.

Cxema aKTHBHOTO METO0/1a MACHTU(HUKAIIMY MIPEJICTaBICHa Ha PUCYHKE. 3aMETUM, YTO HE Ha
Bce OOBEKTHI B PEXKUME ODKCIUTyaTallUM MOXHO I[10/1aBaTh JOMOJHUTEIbHBIE BO3MYILAIOIINE
BO3JICUCTBHUS.

A

u(?)

Koppensrop i
l ﬁ - (T)=w(t) é

Puc. 1. Cxema anroputmMa akTHBHOU MICHTH()HUKAINY B PEXKUME dKCIUTyaTallnd 00BHEKTa

1.3 BupryasibHblil H1eHTU(DUKATOP

OOBEeKTOM UCCIIeIOBaHMs JTaHHOW Ja00paToOpHONl pabOThl  CIYXKHUT  GUPMYANbHbIL
UACHTU(DUKATOP, peaTM30BaHHbIN B cucteMe Matlab B MmammaHOM MacmTabe BpemeHu. B kadectse
00bEKTa UJIEHTU(UKALMY BBICTYNAIOT TUIIOBBIE 1eMeHThl CY (anepuoJuueckoe 1 KojebaTebHoe
3BCHO).

[Tpumep 1. OOBEKT — anepruOUUECKOE 3BEHO.

_k
Tp+1

Simulink-cxema BeIYHCIIEHHSI TPOU3BECHNUS, CTOAIIIETO [10] HHTETPAJIOM B BRIpaXXeHUH (8) 1
BBIYHMCIICHHS CAMOTO MHTETpasa, UMeeT BUJI:

O6bext unentnduramuu — 3sero W (p) =

!

’l_léz Scope
Transport .
Dela
y ::|: ﬂ—y% 1/tend4tau)
Band-Limited Product Integrator Gain To Workspace
White Noise
‘ S, SN »3
T.s+1
Input P gint = Output Paint
Transfer Fen

Display
Puc. 1.2. Simulink-cxema BupTyampHOTO HACHTH(HUKATOPA

MomHocTs Oenoro nryma passa 1, Bpems Beioopku 0.00001 c.
Oranonnas UIIX anepuoandeckoro 3seHa UMEET BUA:



Impulse Response
From: Band-Limited White Moise To- Transfer Fcn

o ! ! ! 1

Amplitude

i i i
0 0.01 0.02 0.03 0.04 0.05
Time (seconds)

Puc. 1.3. Oranonnas UIIX anepuonnyeckoro 3BeHa

PesynbTarsl paboThl ueHTU(UKATOPA:

7i | 0.00005 | 0.0001 | 0.0005 | 0.001 | 0.0015 | 0.002
w(ti) | 11.3930 | 10.7032 | 11.2560 | 11.0222 | 9.8706 | 10.4868

Ti 0.003 | 0.005 | 0.01 0.02 0.03 0.04
w(ti) | 9.4816 | 8.3964 | 3.7445 | 1.9874 | 0.6988 | 0.3414

Hwke na rpadukax mnpuBeneHbl d3kcrepuMmeHtanbHas MIIX (inomanHas

MOJTYYHBILIASICS B PE3yIbTaTe UACHTHU(PHUKAINU, U TPadUK ee KyOMUecKorH MHTEPIIONISIINH.

Pucynoxk 1.4. Ky6uueckas uHTEpnossiuus sxcnepumentanbnoi UITX

[Tpumep 2. OOBEKT — KONeOATETFHOE 3BEHO

W(p)=

k
T?p®+2£Tp+1

[Tapametpsi 3BeHa: k = 0.1, 7= 0.01, & = 0.45.

JIUHUSA ),



]

h 4

Scope
Transport
1|.l|-|;||' +4 Delay To Workspace
X
m— > Iden
Band-Limited
White Noise Product
01 x
> ! i — 1/(t_end-t) > IZI
T#2 242k To+1 s
Transfer Fen Integrator Scopel

Pucynoxk 1.5. Simulink-cxema BupTyanpHOro HaeHTHPHKATOPA

Oranounasa UIIX 3BeHa umeeT BUL:

From: B

Impulse Response

and-Limited White Moise To: Transfer Fen

Amplitude

linsys1

Gain

Pucynoxk 1.6. Oranonnas UIIX konebarenbHOro 38eHa

BKCHepI/IMeHTaﬂbHHe JaHHBIC!

Ti 0.0001 | 0.0005 | 0.001 0.005 0.01 0.05 0.075 0.1 0.15
w(ti) |-2.2144 | -2.0571 | -1.6623 | 2.3809 | 4.5017 | -1.3519 | 0.1552 0 0
8 {\ -

P
5; \
I
i
0 \ ;
\ /
4 \//

tau

Pucynok 1.7. UaTepnonsinusa crutaitHom skcnepumenTanbHon UITX

Ha rpadukax npuBeneHs! KpuBasi, MOJTYYUBIIAsCS B pe3yJbTaTe UACHTU(DUKAIINY, U Tpaduk
€€ MHTEPIOJSALUHN CIIIAHHOM.



3AJJAHUE HA PABOTY

1. [TocTpouTth BUPTYaTbHBIN HACHTUPUKATOP.

2. UpentTudunuposaThb BECOBYIO bGyHKIIMIO  AMHAMHUYeCcKOro o6'beKTa
KOppeJIALMOHHBIM METO/[OM.

3. OueHUTb OUIMOKY UJIeHTUPUKALUH.

[MOPA1OK BBIIIOJIHEHIM S PABOTHI
1. BeimonHuTh COOPKY HACHTU(PHUKATOPA C HCIIONb30BaHHeM oubnmoreku Simulink.

Ilpumeuanue. Perynmpyemoe 3anasiapiBaHMe Ha BEIMYMHY 7; peanusyercs OIOKOM

Transport Delay. OtoT 610K oOecrmeunBaeT 3aJep)KKy CUTHANAa Ha 3aJaHHOE KOJMYECTBO IIaroB
MOJIETIbHOTO BPEMEHH.
2. 3ajate mapameTpsl 0enoro myma (MOIIHOCTb, BpeMsl BBIOOPKH, HCXOAHOE 3epHO). [Ipumevanue:
YMEHbIIIEHNE BPEMEHU BBIOOPKH MOBBIIIAET TOUHOCTh UACHTH(PUKAIUU. DTO 0OCOOEHHO BAXKHO IS
MEJIEHHO 3aTyXaroIIUX XapaKTEpPUCTHK.

3. Bemoanute MoaenupoBanue cxembl n pa3 (n = 10-15). JlaHHble HakaruIMBAIOTCS B
paboueii obmactu Matlab.

4. Beraucnuth onpenenéHHbii uHTEerpa (8).

6. BBINOTHUTE MHTEPIIOIAIMIO SKCIIEPUMEHTAIBHBIX TaHHBIX.

[To pe3ynbTataM UHTETPUPOBAHUS U UHTEPIIOJSIIIMH SKCTIEPUMEHTANIBHBIX JAHHBIX CTPOUTCS
rpaduk, Bus kotoporo coorserctByetr UIIX oObekra.

7. Honyuuts rpadux stamonHor UIIX mo u3BecTHOU mepegarouHoit GyHKIUU OOBEKTA.
CpaBuuThb 3Tanonnyio UIIX ¢ pe3ynbraToMm uaeHTU(GUKANN U OIEHUTH €€ TOYHOCTD.

TPEBOBAHUSA K OOOPMJIEHUIO OTYETA
OT4er AOKEH CoJepKaTh: MOCTAHOBKY 3a/1ayll UICHTU(UKALIUN; CXeMY HJIEeHTU(DUKATOPA;
Ta0JINIIBI TaHHBIX; TPpadUKH dTATOHHON U 3KcTiepuMeHTabHON MTTX.

KOHTPOJIBHBIE BOITPOCHI

1. UYro Takoe uaeHTUdUKaIus oobekTa?

2. Kak knaccudunupyrores 3anauu uaeHTUUKanum?

3. B yem cocTouT mMmaTemarnueckas MOCTaHOBKA 3a/1a4l UICHTU(UKAIAN?

4. Uro Takoe akTUBHBINA METOJ UIeHTU(UKAIUN?

5. UYto Takoe MacCUBHBIN METO UACHTU(DUKAIIH?

6. OT 4ero 3aBUCUT TOYHOCTh UJACHTHU(PUKAIINH?

7. Kakyto koppensiiuoHHy10 GyHKIIUIO UMEET Oenbli 1mym?

8. B 4yem cyTh craTucTHYECKOTO (KOppENIIUOHHOT0) MeTofa uaeHtudukanuu? B gem
€ro JI0OCTOUHCTBO?

9. Uro sBisieTcs ucxoaHou nHpopmanuei ans uaeHtuduxanmn?

10. Kaxkue sanemMeHTsl coepKUT uaeHTUUKaTOp?

11.  Kak ucnonp3yeTcsi CBOMCTBO SPTOAMYHOCTU CIYYalHBIX MPOLIECCOB?

12.  JInst 9ero mpUMEHsIeTCS POIeaypa WHTEPIIOSIIHI?

13. OT 4ero 3aBUCHUT TOYHOCTh UACHTH(PUKAIIUU?

14.  [Ins ygero ucnons3yercs UITX?



JIABOPATOPHAS PABOTA Ne6

MOJIEJUPOBAHUE TUHAMMWYECKHUX UCIIBITAHUIA
T'A30BO CUJIOBOM CUCTEMBI YIIPABJIEHUS. .
MN3YYEHUE KOHCTPYKIIMUU CTEHJA JJIAA UCIIBITAHUU

1. IEJIb 1 3AJAYUM PABOTbI

[enb pa®oThl — SKCHIEPUMEHTAIBHOE HCCIIEI0BAHNE BIUSAHUSA HAa TUHAMHUKY U TOYHOCTH aB-
TOKOJIe0aTebHON ra30Boi cuiioBoi cucremsbl ynpasienus (I'CCY) aMmuTyabl U 4acTOTHI rapMo-
HUYECKOTO BXOJIHOTO CUTHAJA, a Takke (DIyKTyaluid mapaMeTpoB CUCTEMBI.

JlocTuxeHue oCTaBIEHHOM 1€ CBS3aHO C PEILICHUEM CIICAYIOIINX 3a1ay:

- IOCTPOEHHE cXeMbl MojienupoBanus peneinoi 'CCY;

- OTIpe/IeICHNE 3aBUCUMOCTH aMIUIMTY/Ibl M YaCTOTHI aBTOKOJICOaHUI OT mapaMeTpoB BXOJ-
HOI'O CUTHAJIA U TapaMeTPOB CUCTEMBI;

- moctpoeHue cxembl MogenupoBanust I'CCY ¢ G10KOM BBIYHMCICHUS aMIUTUTYBI B (a3oBoO-
ro CIBUra NEPBO FraPMOHUKHU BBIXOJIHOI'O CUTHAJIA;

- IOCTPOEHUE IKCIEPUMEHTAIbHBIX 4acTOTHBIX XapakTepuctuk I'CCY no nepBoil rapMoHu-
K€ BBIXO/IHOT'O CUTHAJA;

- onierka ToyHoctd ['CCY mo ¢a3zoBoMy cIBUTY, BHOCHMOMY CHCTEMOW Ha 4acTOTE MOJIe3-
HOT'O CUTHAJIA;

- OIICHKA CTETICHM CTiakuBaHus ((PUibTpanuy) BUOPAIMOHHON COCTaBISIONICH KoieOaHui
pyJia B KOHTYpE TeJIeyIpaBiICHUs PAKETO.

2. TEOPETUYECKHUE CBE/JIEHU A

2.1. BBonHbIe 3amMeuaHus

ABTOKOJ€0aHMsI, CONPOBOXKIAIOIIME IPOLECC YNPABICHUS, CBOHCTBEHHbl MHOI'MM HEJH-
HEHUHBIM CUCTEMAaM, B YaCTHOCTH, PEJIEUHBIM, C JJOTMUECKUM YIPABICHUEM U JP.

K cratnueckuM HelMMHEHHOCTSIM PYJIEBOTO IPHBO/A OTHOCSATCS: OrpaHUYeHue (ha3oBbIX KO-
Op/MHAT, TUCTEPE3UC B IEKTPOMATHUTHOM IMOJCUCTEME, CyX0€ TPEHHE U JIOPT B MEXaHUYECKOU
nojcucreMe U Jp. HenuHeMHOCTH HEraTMBHO CKa3blBAlOTCS Ha JUHAMHUKE M TOYHOCTU PYJIEBBIX
MIPUBOJIOB M MX BIIMSHUE CTPEMSATCS YMEHbIINTD. J{J1 3TON LM B MPUBOJE C PEJIEHHBIM PEryisTo-
POM OpraHu3zyercsi BAOPallMOHHBIN PEKUM OHOTO U3 CIEeIYIOLUX BUIOB:

- aBTOKO0J1e0aTeNIbHEIN;

- IIMPOTHO-UMITYJIbCHOW MOAYJISILIVY;

- CKOJIB3SIIIUH.

BeicokouacToTHbIE KOJIeOaHUs 00ecreunBa0T BUOPAIIMOHHOE CTIaKMBaHUE U BUOpAIMOH-
HYIO JIMHEapU3allli0 HEIMHEWHON CHUCTEMBI MO MEIJIEHHO M3MEHSIOLIEMYCs MOJE€3HOMY CHUTHANTY.
OKBUBAJICHTHAsl B PEXUME CIEKECHMs JMHENHAs CUCTEMA HCIIOJIB3YeTCs A CHHTE3a 3aKOoHa
ynpasneHus. [lpyu 3ToM Hcronb3yloTcs XOpOILIO pa3BUTbIE METO/IbI IMHEHHONW TEOpuH, Hapumep,
4aCTOTHBIE METO/IBI.

[TpakTHuecku Ba)KHO, YTO B PENEHHBIX MPUBOAAX TPAH3UCTOPHI UMIIYJIHCHOI'O YCHIIUTEINS
MOIITHOCTH pabOTaroT B KJIFOUYEBOM pexXHUMeE (“OTKPBIT-3aKPHIT”). ITO B CPAaBHEHUH C JIMHEWHBIM 3a-
KOHOM YIIpaBJICHHUsS OOECIeUMBaeT BBICOKMI KO3(QQGUIUEHT MOJE3HOrO ACUCTBUS YCWIMTENS U
YIIPOILAET CUCTEMY OXJIaxaeHus. Kpome Toro, B ruipaBIn4ecKiX U ra3oBbIX IPUBOJIAX BBICOKOYA-
CTOTHBIE KOJIeOaHMs NTaBJIEHHUS M pacxoja pabouero Tena MPEensTCTBYIOT 3aCOPEHHI0 Apoccelneit
CMOJIaMH U NTPOyKTaMH F'OPEHUs IIOpOXa.

2.2 OcobeHHOCTH (QYHKIIMOHUPOBAHUS PYJIEBBIX MPUBOIOB

XapakTepHOl 0COOEHHOCTBIO PEIeUHBIX NMPUBOOB SIBJISETCS TO, YTO B HUX BO3HUKAIOT HE-
3aryxarolue cBoOO/IHbIE NMEPUOINYEecKre KoJeOaHusl, Ha3bIBaeMble aBTOKOJICOaHUSIMHU. ABTOKOJIE-
OaHus ABJIAIOTCSA YCTAHOBUBLIMMCS MTPOLIECCOM, KOTOPBIH BOSHUKAET B aBTOHOMHOM CHCTEME, KOria
BXOJIHOM CHUTHAJI OTCYTCTBYET JINOO MPeACTaBIsAET COOON MOCTOSHHYIO BETUYHUHY.



JUis MHOTHX peJIeMHBIX CHCTEM aBTOKOJICOAHUs SBISIOTCA pabouum pexumoMm. [losromy
MIPU MPOEKTUPOBAHUHU TAKUX CHUCTEM OOJIbIIIOE BHUMAHHE yJENSIeTCS UCCIEA0BaHNI0 BO3HUKAIOIIUX
B HUX aBTOKoseOaHuii. OHAKO B Ta30BOM PYJEBOM IPUBOJIE C MPOMOPIHOHAIBHBIM YIIPABICHUEM
TaK)ke€ MOTYT BO3HUKATh aBTOKOJIE0aHUS, KOTJla B HEM UMEIOTCS JTIOQT, CyX0e TPEHUE, OrPaHUYCHUS
KOOpAMHAT (HAIpUMEP, B ra30pacipeieIuTeIbHOM YCTPOMCTBE).

ABTtokonebaTenbHbI pyneBoi npuBoa (PII) MoxkeT ObITh C ABYXIO3UIITMOHHBIM MM TPEX-
[IO3ULMOHHBIM PEJIEHHBIM YIIPABICHUEM.

Us«

— 1 yaM [~ PY — uA 0
YM

aocC

Pucynox 1 — ABrokomnebatenpHblid PI1 ¢ IByXHO3UIIMOHHBIM YIIpaBICHUEM

Jliis aBTOKOJIEOATENBbHBIX PYJIEBBIX MPUBOAOB XapaKTEPHO CIIEAYIOIIEE COOTHOLICHUE MEX-
Iy aMILTUTY/I0H aBTOKOJIeOaHMH U MaKCUMAaJIbHBIX OTKJIOHEHUE PYIis (puc. 2)
a

2 =0,2..0,8
é'm_ » amn »

ﬂj"v i i I

Pucynok 2 — OcimorpaMMbl OTpaOOTKU MOJIE3HOTO TapMOHUYECKOTO0 CUTHANIA aBTOKOJIe-
0aTeIbHBIM PYJICBBIM ITPUBOJIOM:

- 3a/1al01U i cUrHaN (KpacHasi TUHUS);

- KojieOaHus pynst (CUHSS JTUHUS).

W3 puc. 2 BUIHO, YTO MPOIECC HA BBIXOJIE PYJIEBOTO MPUBOAA COJEPIKUT MOJIE3HYIO MEJICH-
HYI0 U aBTOKOJEOAaTeIbHYI0 OBICTPYIO (BUOpAIMOHHYIO) cocTaBistomue. Cuctema oTpadarbiBaeT
MOJIE3HBI BXOJHON CHTHaNl ¢ (pa30BBIM CIBHIOM, KOTOPBIM 3aBHUCHT OT YacTOTHI M aMILTUTYbI
BXOJTHOT'O CHTHaa.

[Tpu nogave Ha BXOJ peleiiHOW CUCTEMbI IEPUOINYECKOT0 CUTHAJA (KaK MpaBUiIo, MUI000-
pa3HoOi (OpMBI) OT BHEIIHEr0 reHepaTopa, MocaeHUN MOKET MOJJaBUTh aBTOKOJIEOAHUS U OCyIIIe-
CTBUTD NMPUHYAUTEIbHYIO CHHXPOHM3AIUIO (puc. 3).

leHepatop

YoM —1 PY — WO

A0C [«

Pucynok 3 — PII ¢ BHEIIHUM reHepaTopom



B aToM ciiydae B pesieitHON cucTeMe BO3HUKAIOT MEPUOIUYECKUe KoeOaHusl, 4acToTa KOTO-
PBIX COBMAJIaeT C YaCTOTOM BXOAHOTrO curHaia. [Ipu aTom cuctema paboTaeT B peKMMe BBIHYKICH-
HBIX KosieOanuil. Ilpu nccnenoBaHny pesieifHBIX CHCTEM PEXUMY BBIHYKJICHHBIX KOJCOaHUH TaKoke
yaensiercs: 00JbIIOe BHUMaHUE, TaK KaK B OJHHMX CHUCTEMax €ro BOSHHMKHOBEHHME HEJIOIYCTHMO H,
ClIeZIOBAaTENIbHO, HEOOXOAMMO HCKIIOYUTH BO3MOXHOCTH €TO TOSBJICHUS, a B PAAC NMPAKTHUECKU
BaYKHBIX CITy4aeB JaHHBIA PEKUM HCIOJIB3YETCSA B KauecTBE paboyero.

2.2 IlocTaHOBKA 33/1a4¥ MOJEJTUPOBAHUS IMHAMUYECKHX MCNBITAHUI ra30BOro py.Jie-
BOI'0 PUBOJA

2.2.1 TlocTpoeHre NPUHIUITHATBHON CXEMBI PyJIEBOTO MPUBOAA

OO6mwmit Bug PIT ¢ mopoxoBbiM akkymyssitopoMm nasienus (ITAJ]) nan Ha puc. 4.

Pucynok 4 — O6muii Bug PII ¢ [TA]

[Ipunuunuanehasa cxema ['CCY npencrasieHa Ha puc. 5.
l'azopacnpenenurensHoe ycrpoiictBo (I'PY) 5 peannzoBaHo mo THIY «COIUIIO-IIAPUK-
3aCJIOHKa». DJIEKTPOHHBIM YCUIUTENb 6 UMEET TPU COCTABIISAIOIINE YACTH:

- YCTPOMCTBO, BBIACIISIONIEE CUTHAJI PAacCOrIacOBaHUs (Ug - UOC) :

- YCWJIMTENb CUTHAJIA PACcCOIIaCOBAHMSI IO HANPSHKEHUIO (MOXKET ObITh JTMHEWHBIM MO0 pe-
JIeIHBIM; JIMHEHHBII yCHINTENb XapakTepusyercst koadduunentom nepenaun K, );

- YCUJIUTEIb MOUIHOCTH, KOTOPBII BMECTE C 3JIEKTPOMAarHUTOM 7 oOpa3yeT eAMHYIO0 J1Ha-
MUYECKYIO CHCTEMY — DJIEKTPOMEXaHUUYeCKHi nmpeodpaszoBarenb (OMII).

OMII ympasnser ['PY. B npeacraBieHHON cxeMe UCIOJIb30BaH HEUTPAIBHBIN dJIEKTpOMar-
HUT.

Pynesoii Tpakt I'CCY nmMeeT 31eKTpUUYECKYI0 00paTHYIO CBA3b. I MOBBIIIEHUS HAIEXKHO-
CTH TIOTEHIIMOMETp JaT4rhKa OOpaTHOM CBSI3U CIIBOEH.
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Pucynok 5 — I[IpunnunuaneHas cxema cucteMsl: 1 - reHeparop rasa; 2 - cOpocoBbIi KianaH;
3 - pecuBep; 4 - IBUTaTeNb; 5 - ra30pacHpeAeIUTeIbHOe YCTPOHCTBO; 6 - YCHIIUTENb; 7 - 3JIEKTPO-
MarHuT; 8 - GUIBTP OYUCTKU

2.2.2 TlocTpoeHre MaTeMaTHYECKOTO ONMCaHus (YHKIIMOHUPOBAHUS PYJIECBOTO MPUBOA

[Toctpoum matemaruyeckoe onucanue (MO) ¢ynkunonupoBanus razosoro PII B mepexon-
HBIX W YCTAHOBUBIIUXCS PeKUMaxX (yHKIIMOHUPOBaHUS. [Ipy MOMyIIEHNN 0 PaBEHCTBE TEMIIEpaTy-
pBI Ta3a B pecuBepe U pabouyux MOJOCTSIX monydaeM HenuHelHoe MO (QyHKIMOHUpPOBaHUS peneii-
HOTro PIT BO BceX BOBMOKHBIX peXuMax (DYHKITHOHHPOBAHUS
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3aech ucnonab3oBaHbl 0003HaueHus: U, , U - BXOAHO!N CUIHal U €ro MakCUMallbHOE 3Ha-
yeHue; X, X - KOOpJAUHATA MOPIITHS MpUBoJa 1 3acioHku [ PY ( X =0 npu HEHUTpaaTbHOM TOJIOXKe-

HUM NOPIIHS; X =0 IpHU HEHTPAIbHOM IOJIOKEHUH 3aCIOHKN); X, X - MAaKCUMaJIbHOE 3HAYCHHE

KoopauHat, P, P, P, - faBl€HUE rasa B peCUBEPE U pabourx TMOJIOCTSAX MPUBOJIA, COOTBETCTBEH-
no; T,,T,,T, - Temmeparypa raza B pecuBepe U pabovHX IMOJOCTSX, COOTBETCTBEHHO; W, - 00beM
pabounx nosocrei nmpuBoga npu X =0; S - addexkTuBHas momanps nopmHs; a+b,, a—b, - 3a-

KOHBI M3MEHEHUs Apoccenupyromux orepetuii ['PY; M - npuBenennas mMacca nopumHs; h - xo-
3G GUIMEHT BSI3KOTO TPEeHUS; 4 - KOXPQHUIMEHT BOCCTAHOBICHUS yJaapa Ha yropax IpUBOAa; 7 -



K03 (ULMEHT MO3ULMOHHON HAarpy3ku ()KECTKOCTh MpYyKuHBI); k, R - mokaszartens anuabatsl u
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(baSOBOl"O IIPOCTPAHCTBA CUCTEMBEIL.

OtmeruMm, uto naHHOoe MO oTpakaeT Kak KpUTHUECKHUE, TaK U JOKPUTUYECKUE PEKUMBI Te-
4yeHus raza uepes apoccenn. MO otpakaer peneitHblil pexxum padotsl ['PY ¢ yderom 30HBI HEO-
HO3HauyHOCTH (rucrepesuca). B PII peanu3oBan npuHLIUN yIpaBieHUs 10 OTKJIOHEHHUIO, AJIS 4ETO B
CHCTEMY BBEJICHA OTPULIATENIbHAS O0paTHAs CBA3b 110 MOJIOKEHUIO PYJISL.

Bun BxoaHoro 3ajatomiero Bo3zeiicTus (monezHoro curuana) U, (t) moxer ObITh:

- CTyneH4aThiM (JTM00 MPSMOYTOJIBHBIA UMITYJIBC) — B PEKUME TIEPEOPOCKU PYJIs;

- TAPMOHHUYECKHM — B PEIKUME CIICIKCHHUS.

CwioBas yacte ['CCY MoxeT ObITh IIpEICTaBIICHAa JTUHEHHONW MOJCIBIO B OTKJIOHEHHUSX OT
HEUTPaAIBHOTO TMOJIOKEHHUS, CTPYKTYpHasi CXeMa KOTOpOro rmoka3aHa Ha puc. 6. ta Mojielib UMEeeT
cenbpMoi opsifok. bes cymiecTBeHHON MOTepU TOYHOCTH MPUBOJ MOYKHO OMUCHIBATH MOJETBIO 3-TO
nopsiaka (puc. 7). YoporieaHoe MO ucnosib3yroT JJIs HCCIIEIOBaHUS aBTOKOJIE0AaTEILHOTO PeXIMa
U pexxuMa oTpabOTKHU MOJIE3HOTO CUTHAIA.
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Pucynok 6 — CtpykrypHas cxema 3amkHyToil ['CCY cenpMoro nopsijika ¢ npornopuuoHaib-
HBIM YIIPaBICHUEM
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Pucynok 7 — Crpykrypnas cxema 'CCVY ¢ peneliHbIM ynpaBieHuEM

3neck 00001IeHHBIE TapaMeTphl cuiloBOi cuctemsbl PII onpenenstorcss uepe3 KOHCTPYKTHB-
HBIE U DKCIUTyaTallMOHHBIE ITApaMETPBI IO 3aBUCUMOCTSIM
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2.2.3 Tloctpoenue Simulink-cxeMbl pysieBOro npuBoa
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\/
Sine Wave KUSF

Pucynok 8 — Simulink-cxema peneiiroit 'CCY ¢ koppeKTupyrommm GuibTpom

[Tapamerpsr 'CCY cnenytomue.
Koaddurments nepenaun:

Kv=440 1/c - TOOPOTHOCTH CUCTEMBI IO CKOPOCTH
Kos = 0.25 B/pan - K03 GUIIUEHT 0OpaTHOM CBSI3H;
K, =3.26 - KOO PHUIHUEHT MPeTyCUITHTEIIS;
[TocTostHHBIC BpEMEHU MEXaHHUYECKOW MOJICHCTEMbI Ta30BOTO JIBUTATEIIS:
t1 =11.6e-3 ¢,
t2 = 0.00349 c;
[TocTostHHBIE BpeMEHU TEPMOAMHAMUYECKOH MOICUCTEMBI Ta30BOTO JIBUTATEIIS:
tc = 0.0455 c;
tr =0.0273 c.

[TapameTpsl HeTpasibHOTO DMIT:

e
i ¢
-4 -
+5 it
=-C

[Tapamerpsl peneitaoro 3BeHa Relay cienyromue.
Bennuunsl nosiok pese (mapamerp ¢ = +/- 0.0255 3anaercst B HacTpoiikax 3BeHa Relay), mupu-
Ha netm ructepesuca 20 (mapamerp +/- b 3amaercs B mactpoiikax 3sena Relay) — moxoupaer-

Csl DKCIIEPUMEHTAIBHO IS MOJIyd4eHus: aBToKoneOanuit ammnutynon 1o 0.035 pax u yactoToii
o 100 I'm.

MonenupoBaHue dIEKTPOMEXaHnIECKOTo mpeodpazosatens (OMII):

S P2l N

B mactpoiike 3Bena Transport Delay 3amaercst Bpemsi 3KBHBAJIEHTHOIO 3ama3ibIBAHHSI
OMII paBroe 1e = 1.98e-3 c.



[TapameTpbl KOPPEKTUPYIOMIETO YCTPOHCTBA — HMHTErPUPYIOLIETO (DUIBTpA MPU YaCTOTE
BxoaHoro curHana 10 I'm u yactore aBrokonebanuii 100 ' cnexyromue:

2 1
T, =(0.1,.,0.3)—=(0.1,..,0.3)- = =0.0375 ¢;
fl ( ] )a)o ( RS ) 8 C,

2
Tf2:(3..5) =(3..5)- ——3 0.01=0.03¢; Tf > T, £2

Simulink-cxema peneitHoi FCCY ¢ 6moxom Beruucienus JIAOUYX mo mepBoil rapMOHUKE
BBIXOJIHOTO CUTHAJIA TIPE/ICTaBJICHa HA puC. 9

Jnst vcciieryeMoro pyJieBoro npuBOJa COOTHOIICHUE MEXKIY aMILTHTYIOH aBTOKOJCOaHUMN
pysst (4 rpana) U MaKCUMAIIBHBIM OTKJIOHEHUEM pyJisi (15 rpam) oT HEHTpaIbHOTO MOJI0KECHUS UMEET
BUJ (B paauaHax):

5, 0.07
5— - =0 ,2 7
. 0.2617
Ig|u| 2ig|u| LACHX, nb
Filter be
o |u| Gain? DEP‘EYZ
-o"o_’ Functmm
0 26817 SUNLTP KOPPEKUMKM  Upravienie FCHX, rpaa
i Menusl Swichd [ JL <Y [
(T — S —
= ourier
0 A5 {TH}*1.Bs+1 Display3
¥ronerpag  Yrone pag stpla;ﬂ Trarsfer Fonl
SN TPY u TA30BLIA IBMIATENE
OrenicueHie _0\0_’
Ky tos 1
= R — " -
Cnnstant Gam3 . s s+ 1142 242 541 L]
TIEI'IS t
us] Swit X . Manual Switchielay POt Transfer Fon Transfer Fon2 Transfer Focnd
Manual Sw Gaind £ Delay . /ﬂ. Scopet

¥Yrone rpag ¥rone pag

Cbeze=pp=> = < %);ﬁ 1;;@ -

Sine W ave Gain5 Sooped
Gain

OELEKT ¥NPABNEHWA

_’*\n q 1 @
»o i {0.0331025242°0.033°0. 15+1
Scoped

Manual Switcht

0 MMETP HHE K43 YA CTOT
370 seeHD PAKETHI

Pucynok 9 — Simulink-cxema 'CCY ¢ moakiroueHHbIM 0J10KOM BhrurciacHus JIADYX

2.3 MeTonnka THHAMHYECKUX UCTIBITAHUN MPUBOIA

HcnpiTanus U 9KciepuMeHTalbHas oTpaboTka aBTokonebarenpHol I'CCY mpousBoautcs B
CIIEYIOIIMX TECTOBBIX PEKUMAX:

- aBTOKOJIE0aTEIbHOM;

- OTpabOTKH CTYNEHYATOr0 CUrHaJIa (IepedpOCKH pyJisi HA MaKCUMaJIbHBINA yrod);

- OTpabOTKHM CUHYCOUJAIBHOTO BXOJJHOTO CUTHAJIA MaJIO aMILTUTY/IbI;

- OTpabOTKH CUHYCOUJAIBHOIO BXOJHOTO CUTHAJIAa O0MbIION aMIITUTY/IbL;

- 3aXBaThIBaHUS (MIPUHYIUTEIBHON CUHXPOHU3AINH ).

KoHTponb TOYHOCTH MpHBOJA MPOBOIUTCS MO BeIMUMHE (Pa30BOro 3amasjpIBaHMs. 3Haye-
nue ®UX nHa yactrote nmonesnoro curHana 10 I'u gomkHa 66Tk HE MeHee (- 10 rpan).

Simulink-cxema peneitroit 'CCY ¢ 6aokom Berauciaeaus JJAUX u ®UX mo nepsBoit rapmo-
HUKE BBIXOJAHOTO CUTHaJa Mpe/ICTaBlIeHa Ha puc. 9.

[TpoBenem nmuuamuueckue ucnbiTanuii ['CCY u momydnM oclmIIorpaMMEbl €€ paboThI B Te-
CTOBBIX pekumax. OcruuiorpamMma aBrokosiebanuit ¢ ammurynoi 0.07 pax u yacrotoit 100 I'ig
npeacrasieH Ha puc. 10.
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Pucynok 10 — OcuwmuiorpamMmma aBTOKOJEOATEIBHOrO Ipoliecca MPU OTCYTCTBUU
BXOJIHOTO CHTHAJIa HA TIPUBOJ (CM. HIDKHUHN TpaduK).

OcumutorpaMMa  pexuMa MepeOpocku pyinst Ha MakcuMainbHbId yrom 0.2617 pan
npencrasicHa Ha puc. 11. Bpems perynuposanus cocrasiser 0.1 c.

| Scopel L=IN A
IR ERNEFERIEEE

Pucynok 11 — Ocimunorpamma pesxuma nepedpocku
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Pucynok 12 — Ocuumnorpamma otpadotku I'CCY mone3Horo BXOAHOTO CUTHajIa Majloi
ammmutyabl (15/3 rpax) m gacroroit 10 I'i: BBepXy — OTKJIOHEHHE pyJisi; BHU3Y — BXOJHOM
CUTHAJ

B Scopel = |

IR ERE IR

Pucynok 13 — Ocrumtorpamma otpabotku ['CCY rapMOHHYECKOro BXOAHOTO CUTHala
Oompmon ammumutyabl (15/2 rpam) gacroroit 10 I'm: BBepXy — OTKJIIOHEHHWS DPyJis; BHU3Y —
BXOJIHOM CUTHaJI

B paccMOTpeHHBIX cCilydasiXx pEeXHUM CIIeKEHUs SBJIseTcs pabodyuM, Tak Kak (azoBoe
zanazaeiBanue ['CCY, BBIYHMCICHHOE IO EPBOH TAPMOHHKE BHIXOAHOTO CUTHAJIA, HE TIPEBBIIIACT
nonyctuMbix 1o T3 yposas 10 rpan.

Pexxum 3axBareiBaHus (MPUHYIUTENBbHON CHUHXpPOHM3AIMHM) HMEET MECTO, KOrja B
peneitnoit I'CCY BO3HMKAOT NEpHOAMYECKHE KOJeOaHUs, YacToTa KOTOPHIX COBMAJaeT ¢
4aCTOTOM BXOJIHOTO CUTHaIA. [Ipu 3TOM pesneitHbIil MpuBOj paboTaeT B PEKUME BBIHYKICHHBIX
KOJIeOaHUH.
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Pucynok 14 — OcuumiorpamMma pekuMma 3axBaTbIBaHUS NPU TAPMOHUYECKOM BXOJHOM
CUTHAJIE MAaKCUMAJIBbHON aMIUIUTYbI (15 Tpan): BBEpXy — OTKIOHEHHUE PYJis; BHU3Y — BXOJHOU
curnan 'CCY; yacrora 3axBaTeiBanusa 10 '

B nanHOM citydae pexxuM paboThl sBIIsIeTCs HEpaOouuM, Tak Kak (a3oBbIH COBUT UMEET
Henpuemsiemoe 3HadeHue (- 103 rpam). 3amerum, uyTo MakcuMaiabHbIM Xxon (15 rpan)
UCIOJb3YeTCs B peXUME NepeOpOCKH pyJis Ha YIOp C LEJbI0 CO3AaHus MPeebHON Neperpy3Ku
IIPY YIPaBIECHUHU PAKETON HAa TPACKTOPHUH I10JIETA.

2.4  IlocTpoeHue 3xkcnepuMeHTANBHBIX JIAUX 1 @YX

Paccmorpum  moctpoenue  skcnepumeHTanbHbix  JIAUX  u ®UYX  peneiiHoit
aBTokosiebarenbHoil 'CCY o nepBoii rapMOHUKE BBIXOAHOTO CUTHAJIA.

[Teproauveckuii BBIXOHOW CHTHAJI HEJTMHCHHON CHCTEMBI IIPH OTPa0OTKE €0 TapMOHUYE-
CKOT'0 BXOJHOT'O CUTHaJIa packiaabiBaeTcs B psall Pypbe B COOTBETCTBUM C BHIPAXKEHUSIMU
211/

A < ‘ :
y=1F(asinwl) = T“ + 2 (4, cos nwt 4- B, sinnot), A= % \ F (a sin wt) dt,
n=1 0
2:1:;"&:

4, = % j F (a sin of) cos not dt,
0
e

B, —::— 5‘ F (a sin of) sin not dt.
0 .

C ncnonp30BaHNEM MPEACTABICHHBIX 3aBUCUMOCTEN PACCUUTHIBAETCS MepBasi TapMOHUKA
BoixosiHOTO curHana ['CCY. [lns mocrpoenus JIAUX u ®UX o nepBoit rapMOHUKE BBIXOJIHOTO
curHana B Simulink-cxemy npuBoga BBoautcs ¢unbtp Pypee (6mox Fourier Analyzer us
nakera NPUKIAIHBIX mporpamm Sim Power Systems) ¢ pe3oHaHCHBIM IOJBEMOM Ha 4acTOTe
0TpabaThIBAEMOI0 TapMOHHYECKOTO BXOJJHOT'O CUTHAJIA.

Il
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Pucynoxk 15 — Simulink-cxema Gioka Fourier Analyzer

B mpouecce cusitus skcnepumentanbHbix JJAUX u @YX I'CCVY B ee Simulink-cxeme
BapbUPYETCsl BPYYHYIO 3HAYCHHWE YACTOTHI BXOJHOTO CHHYCOMIAIBHOrO curHaia. [Ipu sToMm
3aJJaHie OJMHAKOBOM YacCTOTHI IMPOU3BOAUTCS KaK B MEHIO TE€HEpaTopa CHHYCOUAAIHHOTO
BXOJIHOTO CHTHaa, Tak U B MeHi0 Mask Parameters 6:oka Fourier Analyzer (cm. puc. 9).

BHUMAHUME! 3navyenuss 9acTOTBl B HACTPOMKAX HMCTOYHHMKA BXOJHOIO CHUTHajla
(reneparopa) u 611okxa Fourier Analyzer noymKHBI cOBIIaaTh!

3amMeTuM, 4TO B OTJIMYME OT JIMHEWHBIX CUCTeM s HenuHelHbix CAY crpowutcs
cemericTBO JIADYX 1t XapakTEpHBIX «OOJNBIIUX» M «MAaJlbIX» YPOBHSIX BXOJHOTO CHTHAJIA.
[Iporpamma noctpoenus cemeicTa 3xcrepuMenTanbHbix JIAOUYX cnenyromas.

3amaroTcs XapaKTepPUCTHKH HaOOpa TapMOHUYECKHAX CUTHAJIOB Ha BXOJIE CHCTEMBI:
- XapaKTepHbIC aMILTUTY/Ibl BXOJIHOTO CUTHAJIA PYJIEBOTO MpHUBOa (Tpan):
Ampl = 15/3; Amp2 = 15/2; Amp3 = 15;
- muana3oH yactoT (I'n): freqn = 0; freqgk = 10;
- mar mo yactore (1/c): dfreql =0.5.

2.5 OreHka criakMBaHUs aBTOKOJIe0aTebHOM BUOPAIIMOHHOM COCTaBIISIIONIEH B KOHTYpE
YIIPABIICHUS PAKEThI

3BEHO pAaKeThl SBJIAECTCA CaMbIM HHEPLMOHHOE 3BE€HO KOHTypa TeneynpasiieHus. OHO
BBINIOJHSET poiib (uubTpa Huzkod wactorel (PHY) (cm. puc. 6, 7). ®HY crnaxusaer
aBTOKoOJIe0aTeIbHYI0 BUOPAIMOHHYIO COCTABISIOLIYIO (B JaHHOM ciydae yactotod 100 I'm)
JBUKEHUM a3pOIMHAMUYECKOTO PYJIsl paKeThl, IPUYEM KaK B aBTOHOMHOM pexume paboThl npu
HYJ€BOM BXOJHOM curHaine (puc. 16), Tak u npu OTpabOTKE MPHUBOAOM MOJE3HOIO
rapMoHuueckoro curnana gacroroit 10 I'u (puc. 17).
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Pucynok 16 — CriaxxuBaHue 3BEHOM PAKEThl aBTOKOJEOAHUU pyJisi: BBEPXY - HYJICBOM
BBIXOJl 3BE€HA PAKETbl; BHU3Y — aBTOKOJEOAHUS PYisl OTHOCUTENbHO HEHTpanu (aBTOHOMHAs
I'CCY npu oTCYTCTBUHM BXOJHOI'O CUTHAJIA)

i Scoped — 1 %I"i'_'lg
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Pucynox 17 — CriaxuBaHue 3B€HOM PaKEThI MPH OTPAOOTKE TAPMOHUYECKOTO CHTHAJA
gactorol 10 I'l aBTOKONEOaTENHLHON BHOPALIMOHHON COCTaBISIOIIEH: BBEPXY — BBIXOJ 3BEHA
pakeThl; BHU3Y — JIByXUacCTOTHBIN pexuM kojedanuii Ha Beixose I'CCY



2.6 KoHCTpyKIHs MONyHATYpHOTO cTeHna ais auHamuueckux ucnbitanuii 'CCY, paborta-
IOIIEH HA TOPSYEM rasze
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Puc. 18 — Cxema crenna ania nunamuueckux ucnbitanuii ['CCY Ha ropstuem Bo3ayxe
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Puc. 19 OctmmnorpamMmel (ha30BBIX KOOPIWHAT MIPUBO/IA: TOK SIKOPS — CILIONIHAS JIUHUS,
yroJl TOBOPOTA SKOPSI — MyHKTUPHAS JIMHUS; Tep — BpeMsl cpabaThIBaHUS



2.7 Crenp 11 (pU3MYECKOro MOAETHpOBaHUs AuHaMuueckux ucnsitanuii 'CCY, pabora-
IOLIEeH Ha ropsiueM rase
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Puc. 20 — Cxema ctenna it nuaamMudeckux ucnsitanuii [CCY Ha ropsiuem Bo3ayxe



Puc. 22 — Bun crenna ans aunamudeckux ucnbitanuii [CCY Ha Bo3ayxe

BbIBO/IbI

Ha ocHoBe sxcnepuMeHTanbHbIX HccienoBanuil pyHkimonuposanus ['CCY B BupTyaabHOM
JUHAMUYECKOM CTEHJI€ YCTaHOBJICHO CIIEAYIOLIEE.

|. YBenuueHrne aMIUIUTYAbl M YaCTOTHI BXOJHOTO TAPMOHUYECKOTO CUTHAJIa CKa3bIBAlOTCA Ha
aMIUTATYJIe aBTOKOJICOATeTLHOW COCTABIIAIONICH, MMPUYeM, YeM OOJIbIIEe aMIUTUTYIa H/WIIA 9acToTa
CUTHaJa Ha BXOJIe, TeM 3HAUUTEIbHEEe YMEHBIIIEHUE aMILTUTY/ bl aBTOKOJICOaHUH.

2. Ilpu kpuTHUECKH OOJIBIION aMIUIUTY/E BXOJHOTO CHUTHAJIa aBTOKOJIEOATEIbHBIN PEXUM
cpbiBaeTcs. CrucreMa MepexouT B PEXKUM 3aXBaThiBaHUs (IPUHYAUTEIHHONW CHHXpOHM3anuu). Ta-
kue nkerus ['CCY Ha3bIBarOTCs BRIHYKJICHHBIMUA KOJICOAHUSIMH.

BenuunHa KpUTHYECKON aMILTUTY/IbI 3aBUCUT OT YaCTOTHI BXOJHOTO CUTHAJIA: YeM OHA BBI-
111e, TEM, COOTBETCTBEHHO, HUKE YPOBEHb aMIUIUTY/Ibl, BBI3bIBAIOIINN PEKUM 3aXBaThIBAHUS U CPHIB
aBTOKOJICOAHU.

3. CpbiB aBTOKOJICOaHHWH OKA3bIBA€T HEraTUBHOE BIMSHUE HA YAaCTOTHBIC XapaKTEPUCTHUKU
I'CCY 1o nepBoii rapMOHMKE BBIXOJHOTO CUTHAJA, T.€. HA IUHAMUYECKYIO TOYHOCTh CUCTEMBI:



- yBesnn4yHuBaeTcs (ha30BOe OTCTaBaHHUE MEPBOM FAPMOHUKHU BBIXOJHOTO CUT'HAJIA 110 OTHOIIE-
HUIO K BXOJIHOMY CUTHAJy B paboueii 1ojioce 4acToT;

- YMEHBIIAETCS] OTHOLIEHUE aMIUIMTY[bI [IEPBOM TapPMOHUKHU BBIXOAHOI'O CHTHAIa K BEJIU-
YHHE aMIUTUTYbl BXOJAHOTO CUTHaja (YMEHBIIAeTCs SKBUBAJICHTHBIN KO3(DPUIMEHT nepenayn 3a-
MKHYTOT'O ITPUBOJIA).

4. Ananuz napamerpuyeckoil uyBctBuTenpHoCcTH ['CCY mokasbiBaeT cieayroniee. M3mene-
Hus (Qaykryanuu) napameTpoB KoHTypa ynpasienus I'CCY (B 4aCTHOCTH, IIUPUHBI 30HBI TUCTE-
pesuca, koapdunrenta oOpaTHON CBSI3U, MOCTOSHHBIX BPEMEHU KOPPEKTHPYIOIIEro (GuibTpa) 3Ha-
YUTEIBHO BIUSIOT HA aMIUIMTYIy ¥ YacTOTY aBTOKoyIeOaHui u (a3oBbiii casur, BHOcuMbI ['CCY
Ha KOHTPOJIbHOM 4acTOTe.

5. OueHka CTeneHH CriiaXuBaHUs ((QUIBTPAIIMN) aBTOKOJIEOATEILHON BUOPAIMOHHON CO-
CTaBJISIIOLLEH B KOHTYPE YIPABIICHUS PAKETOM IMOKA3bIBAET CIEAYIOIIEE. 3BEHO PAKEThl B COCTaBE
KOHTYpa TeJeynpaBieHus: BoImonHgeT poiab @HY, KOTOpHIil NOJHOCTBIO CTIaKUBAeT BHOPALIMOH-
HYI0 COCTaBIISIOIIYIO JABMKEHUU pyJid. 3BEHO PAKEThl pearupyer TOJbKO HAa MEUIEHHO M3MEHSIO-
HIYIOCS TOJIE3HYIO CPEIHIOI0 COCTABIISIIOIIYIO KOJIeOaHH a’dpOIMHAMUYECKOTO PYJIs.

2. 3AJAHUE HA PABOTY

1. IToctpouts Simulink-cxemy peneiinoit 'CCY ¢ 6;moxom Beruncierust JTADUYX 1o nepsoii
rapMOHUKE BBIXOJJHOI'O CUTHAJIA.

2. IIpoBectu skcniepuMeHTANBEHYIO 0TpaboTKy ['CCY ¢ MOMOIIBI0 BUPTYAIBHOTO CTEH/IA B
CIIEAYIOIIUX PEKUMAX:

- aBTOKO0JI€0aTEIIHLHOM;

- 0TpabOTKH CTYIEHYATOro CUTrHaa (mepeOpoCcKu pyJiis Ha 3aJJaHHbIN yron);

- OTpabOTKHM CUHYCOUJAJIbHOIO BXOJHOTO CUTHAJIA MaJIOM aMILTUTY/IbL;

- 0TpabOTKH CUHYCOUJAIBHOTO BXOJJHOT'O CUTHaJla OOJIBIION aMIUIUTY/IbI;

[TosryunTs ocuusuiorpaMmmsl (CKpuHIIOTHI) padoTel I'CCY B 3a1aHHBIX peKUMax.

KoHTpoabs TOUHOCTH NPOBOJUTH 10 BenuuuHe (azoBoro 3anazabiBanus ['CCY Ha uyacToTe
I10JIE3HOI'0 TAPMOHMUYECKOT0 BXOJHOTO CUTHAJIA.

[Ipumeuanue. ®UX npaBunbHO cripoekTupoBaHHOU 3aMKkHYyTOM ['CCY Ha yacToTe moje3Ho-
ro CUTHaJa JI0JbKHA ObITh HE MeHee, ueM MuHyc 10 rpaj.

3. BeINONHUTE UCCIeI0BaHUE PeKUMa 3aXBaTbIBaHUA (IPUHYIUTEILHON CUHXPOHHU3AIMN) B
I'CCY. Onpenenuth 4acTOTy 3aXBaTbIBaHUS JUIsl XapaKTEPHBIX YPOBHEH (aMIUIUTYH) rapMOHUYE-
cKkoro BxogHoro curHana: Ampl = 15/3 rpag; Amp2 = 15/2 rpan; Amp3 = 15 rpag.

4. BeinonHUTH aHanu3 napamerpudeckoil uyBctButenbHocTH ['CCY. OnpenenuTs, Kak BiIM-
10T U3MEHEHMsI IIMPUHBI 30HbI TUCTEepe3uca U KodpduureHTa oOpaTHOM CBA3M Ha YaCTOTY aBTOKO-
nebaHui U TOYHOCTh OTPaOOTKH CHHYCOMJIaIbHOI'O BXOJHOIO CUTHaja Majiol ammiuuTyasl. Omnpe-
JEeNUTh, KaK BIMSIOT (IYKTyalldid IOCTOSHHBIX BPEMEHH KOPPEKTHUPYIOIIEro HHTErPUPYIOIIETO
¢unbTpa Ha TouHOCTH ['CCY.

5. ChopmynnpoBath BEIBOABI 11O paboTe.

KOHTPOJIbHBIE BOITPOCHI

1. KakoBbI 1OCTOMHCTBA BUOPALIMOHHBIX PEKUMOB B CIEISAIINX MPUBOIAX?

2. Kakue nBmKeHUS TMHAMUYECKON CHCTEMBI Ha3bIBAIOTCS aBTOKOJICOaHUAMU ?

3. 3a cuet yero B 'CCY BO3HHMKAIOT aBTOKOJICOaHUs?

4, Kak BnusroT mapamMeTpbl JIMHEHHOW YaCTH CUCTEMbI Ha aMIUTHTYAy W YaCTOTY CHM-
METPHUYHBIX aBTOKOJICOaHM?

S. KakoBa amminTyia u 4acToTa aBTOKOJICOaHUH MCCIIETyeMOTO PYJIeBOTO TPUBOIa?

6. Kak Bnusier aMmiauTya U 4acToTa BXOJAHOTO CUTHajla Ha CYIIECTBOBAHUE U aMILIU-

TyZAy aBTOKOJeOaHun?
7. Kak ctposites JIAUX u @YX aBTOKO/I€0aTENBHOTO pesieifHOrO MpuBoia?



8. [Touemy aJis HENMMHEHHOW CUCTEMBI B OTIMYHE OT JIMHEHHOW TpeOyeTcs CTPOUTH Ce-
MmercTBo JIAQYX?

9. [Touemy st koppekiuu ['CCY ucnonb3yercss MHTerpupyromuii Guabtp?

10.  Kak cka3piBaeTcs yBEJIMYECHHUE aMIUIUTYbl U YACTOTHI BXOJHOTO CUTHAJIa Ha YacTOT-
HbIX Xapakrepuctukax ['CCY no nepBoii rapMOHMKE U, COOTBETCTBEHHO, HA TOUHOCTD CJIEKEHUS?

11. Kaxk nactpauBaercs 6;10k Fourier Analyzer B mponecce nmocrpoenust JJADUX?

12. 3aBucur u xapakrep JIAOYX peneliHON CUCTEMBI OT aMILIUTYbl BXOJHOTO IapMoO-
HUYECKOTro CUrHasa?

13. Kak BimseT W3MEHEHHE HKBUBAIEHTHOTO KOA((UIMEHTA YCHJICHHS HEIMHEHHOCTH
Ha TOYHOCTh OTPAOOTKU MEAJIEHHO MEHSIOIIErocs MOJIe3HOro curHaia?

14. B yewm 3akmrouaercs siBneHue 3axBaTbiBaHusA? Kak mepexoji B 3TOT PeXHUM CKa3bIBa-
eTcsl Ha TOUHOCTH aBToKosebarensHoit [[CCY?

15.  3aBucuT 1M YacTOTa 3aXBaThIBAHUS OT aMIUIMTY/Abl BXOJHOTO FapMOHHYECKOIO CHUI-
Hana?

16. 3a cueT 4ero MPOUCXOAUT CIVIAXMBAHUE ABTOKOJEOATENbHOW BUOPAIIMOHHON CO-

CTaBJISIIOLIEH B KOHTYPE YIPaBJICHUS PAKETOM?



JIABOPATOPHAA PABOTA Ne/

IIPOEKTUPOBAHUE U DKCIIEPUMEHTAJIbHASI OTPABOTKA PEJIEHOM
CJIEJSIIIEN CUCTEMBL. }
W3VUYEHUE KOHCTPYKIAU CTEHJIA JJISI UCTIBITAHAN CUCTEMBI

TEOPETUYECKUE CBEJIEHUA

1. 0O0630p METOIOB CUHTE3a YIPABICHUS B BBICOKOTOYHBIX CIEISAIINX CHCTEMaxX

3amavya MOBBIMICHUS OBICTPOJCHCTBUS U TouHOCTH cheasimei cucteMbl (CC) MOXKeT OBbITh
pelleHa cleyIMUMU CI0Co00aMu:

— 3a cuer yBennueHHus KoddduuueHTa nepenaun pazoMKHYTONH CHCTEMBI, TO €CTh 3a CYET
YBEJIMUYEHUSI MOITHOCTHU Beex d1eMeHToB CC;

— IIYTEM CHHTE3a HEJIMHEHHOIO YIPaBJISIOUIET0 YCTPOMCTBA, MO3BOJISIOLIETO MOJHOCTHIO
HCIIOJIb30BaTh YHEPreTUUECKUE BO3MOKHOCTH 31eMeHTOB CC.

Bropoii crioco0 siBisieTcsl MPEANOYTUTENBHBIM, T.K. HE TpeOyeT yBETUYEHHUS MOIIHOCTH
HMCTOYHUKOB ITUTAHUSI, MACChl U Ta0APUTOB DJIEMEHTOB CUCTEMBI.

Kpome Toro Beicokoro kauyecrBa paborbl CC MOKHO JOCTUTHYTb, MCHOJb3Ysl INPHUHIIUII
KombOuHuposannoeo ynpasienus. [Ipu Takom crocoOe ympapisioniee BO3ACHCTBHE HAa OOBEKT
CKJIa/IbIBAETCsl, KaK M3 COCTABJIAIOLEH, 3aBUCSILIEH OT OTKJIOHEHUs (paccoriacoBaHus), TaK U U3
COCTABJISIONINX, 3aBUCSIIUX OT BHEIIHUX BO3JCUCTBUH (YIPABISAIONIETO, BO3MYIIAIOUINX).

Jns  peanuzanyy KOMOMHUPOBAHHOTO YIIPaBJIEHUS HEOOXOAMMO U3MEPSITh BHEIIHUE
BO3JICHCTBUSL U UX MPOM3BOAHBIC, BBOJAUTH KOPPEKTHPYIOIIUE YCTPOICTBA B LIEMb BO3MYIICHHUS.
Takoil croco0 ClIOKEH € TOYKM 3pEHHUsl anmnapaTHOW pealu3allid yCTPOWCTBA YIPaBICHUS
(perynsTopa). B yacTHOCTH, TPYIHO OCYIIECTBIATH U3MEPEHHE BHEIIIHETO BO3MYIIICHHUSI, HAIIPHUMED,
MOMEHTA Harpy3Kd Ha BBIXOJTHOM Baly CUCTEMBI.

B nensax noseimenus To4HOCTH CC MOXKHO OTpaHUYHUTHCS BBEJEHUEM B 3aKOH YIIPaBIICHUS
MIPOU3BOIHBIX BXOJIHOTO (33/1a0I1IE€T0) CUTHAA.

Hanee Oynmem paccmarpuBath CC c  penelinbiv  ynpaBlieHUEM, KOTOPOE IO3BOJSET
MaKCHMaJIbHO UCII0JIb30BATh YHEp2emuyecKiue BO3MOKHOCTU AIEMEHTOB CUCTEMBI.

2. Knaccudukanus 3akOHOB YIIpaBJICHUS B PYJIEBBIX MPUBOAAX

OyHKIMOHAIbHBIE CXeMbl peneiiHoro pyneBoro mpusona (PII), paboratomiero B
aBTOKOJIE0ATEIbHOM U HIMPOTHO-UMIYNbCHO MojenupoBaHHoM (IIIMM) pexxumax nansl Ha puc. 1,
2, cooTBeTcTBeHHO. DyHKIMOHAMBHAs cxeMa peneitHoro PII, paGoTaromiero B CKOMB3SIIEM PEKUME
JlaHa Ha puc. 4.

2.1 ABtokonebatenbHbiid PIT

ABrokoneOatenbHblii PII MoxeT ObITh € JBYXMO3MIMOHHBIM WM TPEXMO3UIIMOHHBIM
yIpaBIECHUEM.

XapakTepHOH OCOOEHHOCTBIO peNeHBIX CUCTEM SBJISIETCS TO, YTO B HUX BO3HHMKAIOT He3a-
TyXarollue Nepuoinyeckue KoyuedaHus, Ha3blBaeMble asmoxonebanusmu. ABTOKoIeOaHus uisl pe-
JIEMHBIX CHUCTEM SIBJISIIOTCS YCTaHOBHMBILMMCS MPOLIECCOM, KOTOPBIM BO3HUKAET B aBTOHOMHOM pe-
XKHUMe paboThl CUCTEMBI, KOT/Ia BXOJHOW CUTHAJ OTCYTCTBYET JINOO Mpe/CTaBiIsieT co00il MOCTOsSH-
HYIO BeJIMUYUHY. /{11 MHOTHX penelHbIX CUCTEM aBTOKOJIEOaHUs SIBIISIOTCS pabounuM peXKUMOM.
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Puc. 1 — ®yHkuMoHanmbHasi cxemMa aBTOKOJE€0ATEIbHOIO MPUBOJAA C JIBYXMO3UIIMOHHBIM
yrpasieHueM: YM — ycunuTelb MOIIHOCTH (MMITYJIbCHBIN); YOM — ynpaBisiouiuil ajekrpomar-



HuT; PY — pacnpenenutensHoe ycrpoiictBo; M/| — ucnonuurensusiil aurarens; JJOC — gatuuk
o0paTHO# CBSI3H;

ITpu nmonave Ha BXOJ pesCHHON CUCTEMBI IEPUOANYECKOIO CUTHANA, TOCIEAHUN MOXKET I10-
JaBUTh aBTOKOJICOAHUS, OCYLIECTBUTH NPUHYOUMENbHYIO CUHXPOHU3AYUIO, TIPU 3TOM B peleiHON
cHCTEeME BO3HMKAIOT MEepHOANYECKHE KoJIeOaH s, YacTOTa KOTOPBIX COBIAJAeT C YaCTOTON BXOJHO-
ro curHana. B janHom ciydae, peneiliHas cuctema paboTaeT B PeKUME BBIHYKIEHHBIX KOJIeOaHHIA.

ITpu uccnenoBaHuyU peneiHbIX CUCTEM PEXUMY BBIHYXKIEHHBIX KOJICOAHUH TakkKe yJelseT-
csi 00NBIIOe BHUMAHUE, TaK KaK B OJHUX CHCTEMax €ro BO3HHMKHOBEHHE HEJIOIYCTHMO U, CIIe0Ba-
TEeJIbHO, HEOOXOJMMO UCKIIFOUUTh BO3MOXHOCTb €r0 MOSIBICHUS, @ MHOI' 1A JAHHBIA PEXUM HCIOJb-
3yeTcs B KauecTBe paboyero.

2.2 PII ¢ BHEIIHUM IreHEpPaTOPOM

3neck peanusyercs IupoTHO-uMIyabcHbl (IMM) 3akoH ynpaBiieHus.

B nannom tune PII (puc. 3) yacToTa aMHeapuU3alyuy KECTKO 3a/laHa U HE U3MEHSAETCs B 3a-
BUCHMOCTH OT BXOJHOI'O IIOJIE3HOT0 CUTHAJIA.

BbicokouacTOTHBIN CUIHAI (B KOTOPOM aMIUIMTY/a MPEBBIIIAET aMIUIUTYy BXOJHOI'O CHI-
HaJIa), M0/IaBaeMbIil C TEHEPATOpa «3aXBaThIBACT» aBTOKOJICOATEIBHYIO COCTABIISIONLYIO, YTOOBI CH-
creMa paloTaia B 3aJJaHHOM PeXHMe. 3aXBaT YaCTOThl IPOUCXOAUT B TOT MOMEHT, KOT/1a CUTHAJ C
BHEIIHEr0 IeHepaTopa NepeKphIBAET YAaCTOTY aBTOKOJIEOAaHUM TaK, YTO MPHUBOJ HE YCIEBAET OTpa-
0aTbIBaTh aBTOKOJIEOAHUS.

[TpumeHnsieTcs Kak IBYX, TaK U TPEXIO3UIIMOHHBIN peielinblil anement (PO).
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Puc. 2 — ®ynknuonanpHas cxema npusoza ¢ IIMM-ynpasiennem

A

Ocuumnorpammsl  pyHKIMoOHUpoBaHusd PII ¢ pasnuuHpIMM THIaMM 3aKOHA YIpPaBJIEHUS
IIpEICTaBJICHbI HAa puUC. 3.
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Puc. 3 — Ocumwmorpammel dhyakinonupoBanust PII ¢ pasnuyHbIMU THIIAMU 3aKOHA YIIpaB-
nenus: O, — aMIUIUTY/1@ aBTOKOJIE0aHui; Oy, — MAKCUMAIIBHBIN YToJl MOBOPOTA PYJIs

2.3 Penelinbie CHCTEMBI CO CKOJIB3SIIITUM PEKUMOM

B BricokoTouHbIX CC MOTYT HCIOJIB30BAaThCS pENEUHBbIE PEryiasTophl, padoTaroiiye B
ckomb3simeMm pexxume (CP). Penelinbie perynasiTopsl 00€CleUYuBaIOT CUCTEME DS MPAKTHYECKU
MOJIE3HBIX KA4eCTB: MPOCTOTA peaIM3alldd W HACTPOMKH, HAJCKHOCTh pabOThl, Maias
CTOUMOCTb.

B CP nocrurarorcs BbICOKAass TOYHOCTb CIIEXKEHHMsS NPU HHU3KOM UYyBCTBUTEIBHOCTH
(MHBapUaHTHOCTh, POOACTHOCTH) K 3aJAlOUIMM U BO3MYILAIOLIUM BO3ACUCTBUSM, a TAKXKE K
GiyKTyanusm napaMeTpoB 00bEKTa YyIPaBICHHs B IIPOLEcCe SKCILTyaTaluH.
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Puc. 4 — Ctpykrypnas cxema peneitHoil CC co CKOTB3SIINM PEKUMOM

Baxno, uto B CP cnexxeHus B cilydae HCIOJIB30BaHUS B PETYJISATOPE TOJIBKO JMHEWHBIX
oOpaTHBIX CBsi3el (HENMHEHHBIH OJOK B CXeM€ Ha pHC. 5 — CyMMAarop) UMEeT MECTO CKOJIb3SIIas
JMHEapu3alys pEeNerHON CHCTEMbI C MOHWKEHHMEM IOpSAKAa MaTEeMAaTUYECKOTO OINUCAHUA. ITO
yIpolaeT aHanus u cuntes peneitnon CC.

Peneitnoe ynpasnenue B CC TpaTHTCsS JIMIIb HA CO3JAHME CKOJIB3SILIErO PEeXKHUMA, a
KEJaeMbIl XapakTep JBWKEHHUH CHCTeMbl 00ecrneynBaeTcs COOTBETCTBYIOLUIUM BbIOOpOM
ypaBHEHHUI TIOBEPXHOCTH (IUIOCKOCTH B CIydae JMHEHHBIX OOpaTHBIX CBs3€H) MepeKiIoueHus, T.¢.
BBIOOPOM KO3 PUIIMEHTOB 00paTHBIX cBsA3eil. [Ipu 3TOM aHa/INM3 TOUHOCTH B CKOJIB3SIIIEM PEKUME
CIIe)KEHUS M CHHTE3 YKa3aHHBIX KOI((UIMEHTOB IPOU3BOAUTCS C MOMOIIBIO XOPOILIO
pa3paboTaHHBIX METO/0B JIMHEWHOIN TeOpHUH, HAPUMEp, YACTOTHBIMU METO/IaMHU.



[Ipu pacuére penelHBIX pPEryIsATOPOB, IMpeIHA3HAUYEHHBIX Ui pabOThl B CKOJB3SILEM
pEKUME CIICKEHUS, OJHUM M3 BAXKHBIX BOIPOCOB, MOMJICKAIIMX PEUICHUIO, SBISAETCS BOMPOC
MCKITIOYEHHS BO3MOXKHOCTH aBTOKOJICOAHHMI 1 00€CIIeUCHHsI YCIIOBUN CYIIECTBOBAHUS CKOJIB3SIIIETO
peXUMa HE TOJIBKO «B MajOM», HO U «B OOJIBIIIOM).

B Takoil cucremMe MCKIIOYAETCS HAIMYHME YCTOWYMBOTO IPEIEIBbHOIO IUKIA, a TaKkKe
HCKJIIOYAETCSl HaJIM4YUME HECKOJIbKMX IMPEJEIbHbIX IIMKJIOB, HAlpUMEp, ABYX: HEYCTOWYHUBOTO,
orpaHMYUBaroNero obnacte nputsbkeHus CP, W ycToiiuMBOro mpemensHOro mukia. B maHHOM
ciydae mpu OOJBIINX HadaldbHBIX OTKJIOHEHHSX oT CP momupexumuas CC momamaer B 00JacTh
MPUTSKEHUS K YCTOMUUBOMY IIPEICIbHOMY IIUKITY U B HEM BO3HUKHYT aBTOKOJICOAHMUSI.

3. Meroauka cuntesa peneitHoit CC co CKONB3SIMUM PEKUMOM

PaccMoTpuM METOIWKY CHHTE3a PEICHHOTO PEryssTopa, padOoTaloMEro B CKOJB3SIICM
pexuMe, OCHOBAaHHYIO Ha HCIIOJIb30BaHUM METOJIOB (ha30BOT0 MPOCTPAHCTBA U TAPMOHHYECKOM
JINHEApHU3aLHH.

Mertoguka mO3BOJIIET MOJYYHTh Ul 3aJaHHOTO KJjacca BXOAHBIX CHTHAJIOB
HEOO0XOAMMBIE TOYHOCTD CIICKEHHUS U POOACTHOCTH MPU 00ECIICUEHUH YCIOBHN CYIIECTBOBAHUS
CKOJIB3AIIETO PEKUMA «B OOJIBIIOM.

Metoauka mpeaycMaTpUBaeT UCIOIb30BAHNE JIMHEHHBIX OOPaTHBIX CBS3EH B CTPYKType
PEryasaTopa U BBIIOJIHATCS B CIEAYIOLIEH ITOCIEI0BATEIbHOCTH.

1) IlocTpoeHne BBIPOKACHHOW JIMHEMHOW CHUCTEMBI, T.€. CHCTEMBl JIMHEWHBIX
nuddepeHnanbHbIX ypaBHEHUH Oosiee HU3KOro, 4eM MCXO0JIHAsl CUCTEMa, opsiiKa. DTH YpaBHEHUS
onuckiBatoT CP 1BMXEHUS N300paXKaroIIei TOYKH CTPOTO IO MIIOCKOCTH MEPEKIIOUCHH perie.

2) dopmupoBanue ycinoBui cymectBoBaHusi CP  «B MajJoM» Ha OCHOBE MeETOJa
(ha30BOTO MPOCTPAHCTBRA.

3) Pacuer BemMYMHBI TOJNKHM pelie, HUCXOAsS U3 ycioBuid cymiectBoBanus CP,
MOJTYYEHHBIX B II. 2.

4) AHaM3  yCIOBUH  CYyIIECTBOBAaHUS  aBTOKOJeOAaHM HAa  OCHOBE  MeToja
rapMOHUYECKOH JTUHEAPH3AIMK U UCIIOJIb30BAHUS YaCTOTHBIX XapaKTEPUCTHK.

5) Pacuer KOX(pQUIIMEHTOB OOpAaTHBIX CBS3€H YaCTOTHBIM METOJIOM, HMCXOIS W3

obecriedeHnss MUHUMyMa (a30BOrO CABUIa B paboueM Juama3oHEe 4acTOT U LIEJIEHAIPaBICHHOIO
HapyLIEHHs! YCIOBUH CYIIECTBOBaHUS aBTOKOJIE0aHU, MTOTY4YEHHBIX B II. 4.

6) MopnenupoBanue ¢yHkmoHupoBaHus peneiiHoil CC B mepexoJHOM pexume (Ipu
HEHYJIEBbIX Ha4aJbHBIX OTKJIOHEHHSIX) M B YCTAaHOBHMBILEMCS pPEXHME CISKEHHUS 3a BXOJHBIM
rapMOHHYECKUM CUTHAJIOM (B paboueM Juarna3oHe 4acTOT U aMILIUTY/).

7) OrneHka JOCTUTHYTBIX MOKa3aTesnel TMHaMuKu U TouHoctn CC.

PaccMoTpuM peanuzaiuio METOIMKH Ha IpUMeEpeE.

4. Cunres peneitHoil CC co CKONB3AMNUM PEXKUMOM
41  MaremaTtuyeckoe OMMCAHUE CUCTEMBI
PaccmoTpum paboTy CC B CKOJB3SIIEM PEKUME.

C mpaxktuueckoid Touku 3peHusi CP xapakrepusyercs OBICTPHIMU NEPEKIIOUEHUSMU
peneitHoro snemeHTta. B ciydae, xorja Bpems 3amas3iblBaHMs NPH cpabaThIBaHUM pPENEHHOTrO
3JIEMEHTAa CTPEMUTCS K HYIIO0, YaCTOTa €ro MepeKIoYeHU CTpeMUuTcsl K 0eckoHeuHOCTH. Takoi
pexxuM HazbiBaeTcs udeanvHuim CP. Ilpu KOHEUHOH YacTOTe MepeKiIoueHuil pene moyyyaercs
PEKUM, Ha3bIBAEMBI KBa3UCKONB3SIUM. B keazuckonvzawem pexume mzoOpaxkaromas TOYKa
KOJIEOJIETCSI OTHOCUTEIIBHO TNIOCKOCTH MEPEKITI0YESHUH.

Jlanee ucmosbp3yeM CleAyIoIe 0003HAYCHHUS

Yo — BXOJIHOM cUrHai, B;
Y — BBIXOJHOU CUTHAI, pao;
U — ympaBnsoomuii curaai, B;



Ci — k03 unmeHT nepenaun 1Mernyd oOpPaTHOM CBSI3U MO I-if POU3BOIHON BBIXOTHOU
KOOP/INHATHI;
y® — i-1 npou3BoIHAs BEIXOAHOI KOOPAMHATHL
PaccMmoTpum peleitHyro cuctemy, mpu (OpPMHUPOBaHUHM 3aKOHA YIPABICHHUS KOTOPOW HC-
MOJIB3YETCS TOJIHAsE HHPOpMaLus 0 (a30BOM BEKTOPE.
Ha puc. 5 B nensx ynpouieHus MOCIeAyIIUX pacCyKIeHU o0paTHbIe CBS3U BBIOPAHBI B
BUJIC BBIXOJHOM KOOPAMHATHI U €€ MPOou3BOAHBIX. OHAKO BCE CKAa3aHHOE HUXKE COXPAHSET CHITY,
eCIIH B KauecTBe OOpaTHEIX CBs3eH BRIOMpATh THHelHbIe KoMOuHarmu yrkmmi y,yty*, ... y®.
[Tpenmnonoxum, 4To ABIKEHHE 00BEKTa ONPEACISIETCS YPaBHEHUEM:

yO+an *y D+ +aryt+agy = U. ) (2.1)
W3 puc. 5 Buano, uro ynpasienue U(t) 3amaeTcst paBeHCTBOM
U = A*sign [yo-y-e(yLy*, ...,y 9] (2.2)

e, Yo- BXOHOE Bo3aeiicTBre; K=n-1.

[IpencraBieHHy0 Ha puc. | CTPYKTypy UMEET, HalpUMep, ONTUMAabHAs MO OBICTPOICH-
ctButo CAP, paccuutaHHas Ha CTYNIEHYATOE BXOIHOE BO3/ICUCTBUE.

B pexxnMe CKOJIBKEHUST Ha BXOJI PEJICHHOI0 3JIEMEHTa MoAaeTcs HyaeBou curaain. 13 ¢op-
MyIbl (2.2) cneayeT Toraa, uto

S=yoy-p (yLyH, ...y D) =0 (2.3)

y+o (YR .y ) = yo(t) (2.3)
PaBencTBo (2.3) npencrasisieT co00i onucaHue MOBEPXHOCTH S pa3phiBa qudpepeHmraib-
HOro ypaBHEHHS (2.1) ABMXKEHMSI CUCTEMBI (IOBEPXHOCTU MEPEKIIOUYEHUS) B pacliupeHHOM (a3o-
BOM npocTpancTBe V* (cMm. Hike). C Apyroit ctopoHsl ypaBHeHue (2.3) mpeacTaBiser coOoi Helu-
HeitHoe uddepenmanbHoe ypaBaeHue (N-1)-ro mopsiika (Ha3bIBAEMOE TAK)KE BBIPOKICHHBIM).
Ecnu 3amate BxomHoe Bosneiicteue Yo(t), To pemenue ypaBuenus (2.3) onpenenut asmwkenne CAP
B CKOJIB3SLIEM PEXKHUME.
bynem cunrtate, 4to

U1

9 (0,0,...,0)=0. (2.4)
DT0 03HAYaeT, 4YTo mpu Yo=CONSt ypaBHeHwue (2.3) uMeeT TPUBUATIBLHOE PELICHUE
y=yo, yW=0..y"=0. (2.5)

N3 paBenctBa (2.4) cinenyer, 4TO, HE3aBUCHUMO OT BHJa MEPEeJaTO4YHOM (yHKIMU OOBEKTa
yIpasieHus, padoTaroIias B CKoJb3siieM pexume peneitnas CAP Bcerna siBIseTCs acCTaTUYECKOM.
3aMeTHM, YTO MOCIEAHUN BBIBOJ OTHOCHTCS K CHCTEMaM, B KOTOPBIX B KauecTBE OOpaTHBIX CBA3EH
BBICTYIAIOT YUCThIE IPOU3BOJIHBIE, ITOJTydaeMble IMyTeM T pepeHIInpoBaHus BEIXOHOTIO CUTHAIA.

Ecnu paBenctBo (2.3) mpencrasiser co0oi ypaBHEHHE MOBEPXHOCTH MEPEKIIOUEHHs ONTHU-
MaibHOU 1o ObicTponelicTBuio CAP, a Yo — pacueTHbIN BXOJIHOM CUTHAJ, TO PELIEHUEM YpaBHEHUS
(2.3) sBRsieTCs ONTUMANbHAS TPACKTOPUS, BEAyIIas B MOJIOKEHUE PaBHOBECHS, TIPH 3TOM, B COOT-
BETCTBUU C METOJIOM IOCTPOEHHUS ONTHMAaIbHONU MOBEPXHOCTH MEPEKIIOUEHHUS, MTOJI0XKEHHE PaBHO-
BECHUsl YCTONYMBO.

3.2 YcinoBus CyIIECTBOBAHUS CKOJIB3AIIETO PEXKIMA

3anuiueM yclIOBUS CYIIECTBOBAHUS CKOJB3AIIETO PEXKUMA «B MAJIOM», HCIIOJb3Yys METO]
(a3oBOro MpOCTpaHCTBA, T. €. paccMaTpuBas moBenaeHue (a3oBweix Tpaekrtopuit CAP B manoi
OKPECTHOCTH MOBEPXHOCTH MEpeKItoueHus. /1 3Toro paccMOTpUM IPOU3BOJHYIO IO BPEMEHU
oT (yHKIMH S, OMUCHIBAIOIICH MOBEPXHOCTh MEPEKIIOYCHHUS. BRIUMCINM €€ B CHITYy MCXOJHBIX
ypaBHeHu# (2.1) mpu COOTBETCTBYIOIIUX 3HAYCHUSX yIipaBieHus U U 3amuiieM HepaBeHCTBa:

d/dt [yo-y-o(y', y'"....., "™ )] u=a >0;
d/dt [yo-y-o(y"y"....., y")] u=a< 0; (2.6)
Bemonnss auddepenunpoBanre U yauTbiBas ypaBHeHue (2.1), Haxoaum:
(Yo) - (¥) - (ploy)y" - (O@loy")y™ -...-(0qloy @)y -
- 0ploy™V[- A-aoy-ary'-....-an-ny" Y] > 0;
(o) - (y) - (Oploy")y" - (6ploy")y"'-. .. .-(0ploy™2)y™D -



-0¢loy " V[A-agry-ar+y'-. ...-am-1y" V] < 0; (2.7)
Dra cucTeMa HEPABEHCTB O3HAYaeT, uTo (ha30Bas TOUKA HE MOKET MOKUHYTH MOBEPXHOCTH
TIEPEKITIOUEHHUS, €CIIM MPOU3BOAHAS S, BBHIMUCIECHHAS B CHJIy MCXOJHBIX YPAaBHEHHil JBHIKECHHUS
(2.1), 6yzer nonoxurensbhoii mpu U = —A, u orpunarensuoii npu U = A.
JIBHKEHHE B CKOJIB3AIIEM PEKHUME, KAK YXKE OTMEUAIIOCh, ONpeaeiieTcs ypasuenuem (2.3).
Haxozst mponsBonHyto Y, U3 paBeHcTBa (2.3) U IIOACTABIIAS ee B HepaBeHCTBa (2.7), moTydaeM
- 0ploy"V[- A-agry-a1+y'-....-an-y " D-y™] > 0;
- 0ploy" V[ A-agry-ar+y'-. . . .-am-1y"D-y™M] < 0; (2.8)

OTMmeTHM, YTO HEpaBEHCTBA CUCTEMBI (2.8) MPOBEPSAIOTCA HAa TPACKTOPUAX, KOTOPBIE SIBIISI-
IOTCSI peleHUsIMH ypaBHeHus (2.3).
VYcnosus (2.8), Kak JIErko BUJIETh, 3KBUBAJIEHTHBI CIEAYIOLUIMM HEPABEHCTBAM:!

Iy +ag-y "D+, gy < A;
doloy™H > 0 (2.9)
[TepBoe u3 HepaBeHCTB (2.9) mpejcraBisgeT co00 orpaHuueHre Ha BbixoaHou curHai Y(t).
OTMeTHM, YTO 3TO OTPAaHHYCHUE COBIAIACT ¢ TUHAMHUYCCKMMHU BO3MOXKHOCTSIMH OOBEKTA yIIpaBiie-
Hus (2.1).
Bropoe u3 ycnowii (2.9) sBisieTcst OrpaHHYeHUEM Ha BU QYHKIIUH

o (yLy™,....,y"D).

n-1
Ecmu o(ytys, ... .yD) = z @i (y"), To BTOpOE 13 (2.9) MpUHMMAET BU:

i=1
do,, ( y(n_l) )
dy(nfl)

Hepasenctso (2.10) T0KHO BRITONHATECS B Kaxoii Touke Y (t).

OTtMeTHM, 9TO NepBOE U3 yCiIoBHi (2.9) He ABIsIeTCS KpUTHYECKUM. JleficTBUTENbHO, B TIpa-
BUJIBHO CIIPOEKTHPOBAHHOI CHCTEME IOMyCTUMOE BXOHOE Bo3eiicTBue Yo(t) Bceria yaoBieTBOpsi-
€T HEpaBEHCTBY

>0 (2.10)

IVo™+agn-1yo" D+ ... a0+yo| < A; (2.11)

Tonbko Takoe BXOAHOE BO3ACUCTBUE, B MPUHIINIIE, MOKET OBITh BOCIPOM3BEACHO JUHAMU-
yeckuM (MHEpUHOHHBIM) 00bekToM (2.1). IToaTomy, mo kpaiiHel Mepe, BBICOKOTOYHAs CIeasias
cucreMa (CUcTeMa, OmuOKa ClIeKEeHUsI KOTOPOil OIM3Ka K HYJII0) YIOBJIETBOPSET IEPBOMY HEpaBEH-
cTBY (2.9).

HepaBenctBo (2.11) mpu 3aJaHHBIX MaKCHUMAaJbHBIX 3HAYEHUSAX BXOJHOTO CUTHANA U €ro
MIPOM3BOJIHBIX MOXKET ObITh HCIIOJIb30BAHO JJISl pacyeTa MOTPEeOHON BEIMUNHBI MTOJIKH pee A.

O0603HaunM yepe3 V* mpocTpaHCTBO ¢ AEKapTOBBIMHU KOOpAUHATAMU

X = Yoy, Yoy, ... 0D,

PaBenctBo (2.3) ompenenser B NpOCTpaHCTBE V* HEKOTOPYIO MOBEpXHOCTH S. ByneMm cum-
TaTh, YTO B KXKJIOW TOYKE MIOBEPXHOCTH S BBIMOIHSIETCS BTOpoe ycinoBue (2.9).

[TycTh B HEKOTOPBIIt MOMEHT t* BEKTOp COCTOSIHUS:

Xt = (x(E*)y (%), D)

BBIXOJIUT HA MOBEPXHOCTh S. MoMeHT t* Ha30BEM «TOUKOW 3axBaTa», eciau mpu t > t* nBuxkeHue
MPOUCXOJIUT B CKOJB3AIMIEM pexume. OTMeTuM, uTo ycinoBus (2.9) moiydeHbl C NMPUBJICYEHHUEM
ypaBHEHUS (2.3) ¥ TOTOMY HE MOTYT OBITh UCIIOJIL30BAHBI JUISI ONIPEIETICHHS «TOUKH 3aXBaTay.

«Touka 3axBaTa)» MOXXeT OBITh HaiiieHa ¢ MoMoIIbI0 HepaBeHCTB (2.7). Ilpu t>t* »tu Hepa-
BEHCTBA SKBUBaJIEHTHHI ycioBusiM (2.9). Kak cnenyer u3 (2.7), MoMmeHT 3axBata t* (ecnu oH cyte-
CTBYyeT) ompeiensercs He Tonbko BuaoM dynximu ¢ (YLy, ...,y Ho 3aBucuT Taxke ot BX0OaHO-
ro BozzencTBus Yo(t).



B peneiinoii cucreme, ecnu oHa paboTaeT B PEKUME CKOJIBKECHUS, PEXKUM CIICKEHUS OIpe-
nemsiercs: ypaBHeHueM (2.3). bynem TakoW peXHUM CIEKEHUSI Ha3bIBATh CKOIb3AUUM PEHCUMOM
(CP) cnexenus.

Cxonp3siuid pexxuM ciieskeHus: B peasibHoil CAP Bo3MOXkeH, €clii pelieHusl ypaBHEHUS
(2.3) ycToi4MBHI TpH JIFOOOM TOMYCTUMOM BXOJIHOM Bo3zeiicTBuH Yo(t). OmHaKO yCTOMUNBOE ypaB-
HeHue (2.3) He rapaHTUpyeT (Hake eciau BhIMOIHEHBI yciioBus (2.9)) CP paboThl peneiiHON cucTe-
MBI, 331aHHOM ypaBHeHUsMU (2.1) 1 (2.2).

Kak nerko Buners, u3 ycioBuid (2.9) 1 yCTOMUMBOCTU pelieHus ypaBHeHUs (2.3) BhITEKaeT
JMIIb YCTONYUBOCTh B MasioM petnenus Y(t) ypaBuenus (2.3), ecnu ero oTHOCUTh K cucteme (2.1),
(2.2). Onnako Bompoc Bbixojaa ¢azoBoro BekTopa Y*(t) Ha CP ciaekeHus MPH «KOHEYHOMY» OTKIIO-
HeHuu oT peurenus Y(t) npencrapisier codoii mpoOeMy YCTOHUYUBOCTH B OOJIBIIOM.

Peneiinble cucTembl, Kak M3BECTHO, UMEIOT CKIIOHHOCTh K aBTOKoJieOaHusM. B cBsizu ¢ aTum
B mporecce npoektupoanusi CAP HE0OX0IMMO paccMOTpeTh BOMPOC O BOSMOXKHOCTH BO3ZHHKHO-
BEHUS aBTOKOJEOAHUN B CUCTEME U MOJYYUTh YCIOBUS MX CYIIECTBOBAHUSA. DTO MOXKET OBIThH Clie-
JIaHO, HANpUMeEp, Ha OCHOBE METOJa TOYEYHBIX OTOOPAKEHUH WJIM C MOMOINBIO MPUOIMKEHHOTO
MeTo/Ja rapMOHHMYECKOW nuHeapu3anuu. [lonbop 3HaueHuii mapameTrpoB perymsatopa CAP, Hapy-
[IAIOIMX YCJIOBUSI CYIIECTBOBAHUS aBTOKOJICOAHUH, TOJHKEH OOECTIEYHTh YCTOWYMBOCTH B OOJb-
moM CP cnexeHus CuCTeMBbl.

Takum oOpazom, cuHTE3 peryisTopa (pacuer kod3dduimerToB obparHbix cBszeil) CAP,
npenHa3HauyeHHoU 11 paboTel B CP, momkeH BBIMOIHATHCS KaK U3 YCIOBUS oOecreueHus: Heo0xo-
TMMOM TOYHOCTH CKOJIB3AIIETO PEXUMa CISKEHUS, TaK U U3 yCIOBUS JTUKBUIAINN B CUCTEME BO3-
MOKHOTO aBTOKOJIE0ATEILHOTO PEXUMA.

Ilomexa

Hmumamop paxemot

Axpan (on)

IIK KPA

Puc. 5 — Crena ans MozaenupoBaHus (OHOIEIEBONH 0OCTAaHOBKH MPU MOJTYHATYPHBIX TUHA-
MUYECKUX UCIIBITAHUSAX U UCTBITAHUSIX Ha MOMEXO3alIUIIEHHOCTh cucTeM TeneynpapieHus: HAY —
Ha3zeMHas amnmapaTtypa ynpasieHus komiuiekca; 11K — mepconanenblii kommbiotep; KPA — koH-
TPOJBHO-PETUCTPUPYIOIIAs annaparypa



3.3 AHanu3 TOUHOCTU CUCTEMBI B CKOJIB3SIIEM PEKUME CIICHKEHUS

PaccMmoTpum 3amady pacuéra CKOJB3SIIETO peXuMa ciaekeHus. YpaBHenue (2.3) B oOmem
cllydae MpEACTaBseT co0oi HennHeiHoe nuddepeHiranbHoe ypaBHeHue (N-1)-ro mopsaka, pe-
HIEHHE KOTOPOTo YacTo 3aTpyAHUTEIbHO. CKa3aHHOE B 0COO0H Mepe OTHOCUTCS K ONTHUMAaJIbHOM 110
osicTponeiicTBuio CAP, Tak kak 0OBIYHO B pe3ysIbTaTe Pacy€TOB MOBEPXHOCTh MEPEKIIOUCHHS 3a-
naéres YMCIeHHO B Buje Tabmuupl. Pemare Tabnuunoe ypaBHeHue (2.3) TpyIHO Aa)ke ¢ IpUMEHe-
HueM [I9BM. Ongnako TouHocTh onTuManbHOM CAP B pexume ciexeHUs MOXKET ObITh CpaBHHU-
TEJIBHO MPOCTO OIICHEHA.

Bwmecto BxomHoro BosueiictBust Yo(t) 3amamum Bbixonx cuctemsl Y(t), MpeanonoxuM, 4To
y(t)=B sinat. Ucnons3ys ypasuenue (2.3), mo 3agannomy Y(t) J1erko HaTH COOTBETCTBYIOIIEE EMY
yo(t) (Tabnuunoe 3aganue ypaBHeHus (2.3) B 3TOM ciiydae He sABjsieTcs npensrcTBuem). CpaBHUBas
y(t) 1 yo(t), terko crenath 3aKkiarOUeHHE O TOYHOCTH cHcTeMbl B CP criesxeHwusl.

B npakTtrdeckn Ba)KHOM YacTHOM CIIydae MCIOJB30BAaHMS B CTPYKTYpE perylisitopa JUHEH-

HBIX 06paTHI>IX CBHSGﬁ, T. €. Korga ¢ — JINHEHHas (byHKLII/IH
n-1

o LY.Ly = D iy, (2.12)
i=1
TOYHOCTD clieskeHus B CP olleHuBaeTcsl mepeaToqHol QyHKIueH
1
W(p)= (2.13)

C..p+C _,p"*+..+Cp+1

TakuMm 00pa3om, B 3TOM ClIydae UMEeT MECTO CKOJb3AIas JuHeapu3anus Henunernoit CAP
C MOHM)XEHUEM TOpsJIKa, TO €CTh UCXOJAHAs peyieiiHas cucreMa N — nopsiika Beipoxaaercs B CP B
nuHeiHyo cuctemy (N -1) — mopsinka. B ¢Bsi3u ¢ 3TuM niepenatounyio GyHkimio (2.13) Ha3bIBaOT
TaKKe BBIPOKICHHOM.

U3 paBenctBa (2.13) ciemyeT, 4TO B YCTAaHOBUBIIEMCSI CKOJIB3silieM pexume (mpu p—0)
omnoOKa 0TpabOTKH MOCTOSIHHOTO BXOHOIO CUTHala paBHa HymI0. B aToMm pexume peneitnas CAP
C IMHEHHBIMH OOpAaTHBIMU CBA3SIMH DKBHBAJICHTHA 3aMKHYTOH JnHelHOM CAY (0e3 actaTtusma) c
0ecKkoHeuHBIM K03 (PUIIMEHTOM YCHIICHHUS Pa30MKHYTOM LIETTH.

TouHOCTh OTPaOOTKHM CHCTEMOI rapMOHUYECKUX BXOAHBIX cUrHANOB B CP ciexxeHus Moxxer
ornieHuBaercs 1o (azoBoit UX BeIpOKIEHHON JTHHEWHON cucTteMsbl (2.13) mpyu U3MEHEHUHU YacTOThI
FapMOHHMYECKOI0 BXOJHOI'O CUTHAJIA B 33JJaHHOM JHAaIla30HE.

N3 (2.3) u (2.13) cnenyer, uto nBxkenue cuctembl B CP He 3aBUCHUT OT M3MEHEHHUs IMapa-
METPOB 00BEKTa YMPABJICHUS U BETMYMHBI MOJKHU pelie (IO TeX MOp, MOKa BBIMOIHIIOTCS yCIOBUS
cymiectBoBanusi CP). Kpome Toro, mmeer Mecto MHBapHaHTHOCTh K BO3MYILAIOIIEMY BO3AEHCTBHUIO
Ha 00BEKT, HalpUMep, K MOMEHTY CHJI COIPOTHUBIICHHS HA UCIIOJHUTEIBHOM JIBUTATEIIE.

3.4 Tlpumep NpOEKTUPOBAHMS CIAEASIIEH CUCTEMBI CO CKOJIB3SIIIUM PEXKUMOM

PaccMoTpuM npumep NpoeKTUpOBaHUs 3epKanbHO-0TKIOHAtommeN cuctemsl (30C) B cocta-
B€ CTEHJIa JUIsl MOJIyHATYPHBIX JUHAMHUYECKUX UCIBITaHul cucteMsbl Teneynpasienus (CTY) pake-
Tel. CTeH]] o0ecreunBaeT MOJEIMPOBAHNE JBIXKEHUIN U3TydaTelss pakeTsl (JlaMmbl-(hapbl) M Tpex
ONTUYECKUX (CBETOBBIX) MMOMEX B I0JI€ 3pEHUS] 0OBEKTUBOB HATYPHOM (IITaTHOM) anmapaTypsl Bbl-
nenenus koopauHat (ABK) (puc. 5, 5%).
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Puc. 5* — IlpunnunuanbHas cxemMa ¥ OOIUH BUJI 3ePKATbHO-OTKIOHSIONMEH CHCTEMBI:
1 - OMII; 2 — 3epkano; 3 — npusma; 4 — skpan; JJOC — naTunk oOpaTHOM CBsI3U; Y — YCHIIUTENb;
IAITI — mudpoananoroBsiii mpeodpa3oBaTelb



Puc. 5** — ®OynkunonansHas cxema crenaa: KII — komanaHblid MyHKT (IITaTHAsE Ha3eMHas
anmapatypa ynpasieHusi); K — xonaencopubiii o0bektuB; KOC — KommumMaTOpHO-ONTHYECKAs
cucrema; 30C — 3epkanbHO-OTKJIOHSIOWIAs cucreMa; W — wusmyuarens; 30 — 3epKajabHBIN
otpaxarenb; YOJI — ycrpoiictBo 00pabotku nyuda; YC — ycTpoiicTBo compspkeHus; OBM —
BbluKcauTeNbHas ManHa; KPA — KOHTposibHO-perucTpupytoias anmnaparypa.
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Puc. 6 — CoopouHbIii 4epTex CTeHAA



Puc. 8 — Bun TpaekTopuil ABM)KEHHMH pakeThl M CBETOBOM IOMEXH Ha JKpaHe (a);
OCLMJIJIOTPaMMBbl HCTIBITaHUI (06) — BBIBOJ pakeThl B KOHTYp IeJIM B YCJOBUSAX JeHcTBUSA
CBETOBOW MOMEXHM Ha 2 CEeKyHJie MOoJeTa; (B) — CPbIB HABEIEHHUS PAKEThl M3-3a BO3JEHCTBUS
CBETOBOI NIOMEXU Ha 4 CEKyHJIE T0JIeTa

Jlia aHanmu3a ¢ MOMOLIBIO CTEHJA IMoKaszareneil nomexosamuueHHoctu CTY B crenae Ha
9KpaHe BOCHPOU3BOJIUTCS JBMKEHHS KaK JJaMIbI-(hapbl paKeThl, TaK U TPEX “TOYEUHBIX CBETOBBIX
nomex. [na storo momumo 30C umurtatopa nammbl-papsl B cTeHae ycraHoBieHbl Tpu 30C
CBETOBBIX MOMEX C MCTOYHUKAMU H3nydeHus (cBetomuonamu). I1IK crenna B peasibHOM BpeMeHU
dopmupyeT ciydaiiHble 3aKOHBI JBIDKEHHUS KaXKIOH M3 TpeX MoMeX B KapTUHHOW IJIOCKOCTH (Ha
JKpaHe).

3aMeTUM, 4TO B CTEHJI€ CBETOPACCEMBAIOIIMM OSKpaH MCIOJIb3YETCS [UIsl HACTPOMKH U



focTupoBKH. [Ipu ucneitanusax CTY B kauecTBe 3KpaHa UCIOJIb3YeTCsI KOHJICHCOPHBIH OOBEKTHUB.
Takoe TeXHUYECKOE pelIeHNE MTO3BOISIET UCKIIIOUUTh (DUIIBTPALIUMIO SKPAHOM CIIEKTpa M3ydyaTele,
a TaK)Ke MOTEPh PYHEPTUU IIPU OTPAKEHNUU HA SKpaHe.

3.4.2 Cunte3 k0dp(UIMEHTOB JIHHEHHBIX 0O0paTHBIX cBsizedd B 30C CO CKONB3SANIUM
PEXKUMOM

30C co3nana Ha 0a3e IBYX CEPHIHBIX AJIEKTPOMEXaHUYECKHUX MpeoOpaszoBareneit Tuna MII-
120a. Ha Banax OMII 3akperuieHbl 3epKaibHble OTpaykaTesId. FICTOUHMKOM U3I1y4eHHs B UMUTAaTOpE
JamIbl-apbl pakeTbl CIYKHUT TepeHacTpanBaemblid Jiazep JII'-126, uMerommii TpU JJIWHBI BOJIH
m3nydeHusi. 30C KaxI0ro u3iydaresis peaiu3yercs B BUIEC PENEeHHON clensieid CUCTEMBI CO
CKOJIB3SIINM pexkuMOM. CHHTE3 perynisaropa OCYLIECTBISETCS C MOMOUIbI0 METOJIUKH, OMHCAHHON
Beime. CTpykTypHas cxema JmHeapu3oBaHHON moxaenn DMII (oObekra ympaBieHus), JaHa Ha
puc. 9.

u 1 &l . KM M . Ko.g ¥ .
T:p +1 TP +1 TAp42gl,P +1

Puc. 9 — Ctpykrypnas cxema DMII

3/1ech UCIIOJIb30BaHbl 0003HAYEHUS:

Al — pa3HOCTb TOKOB B OOMOTKAax yIpaBleHHS, A;

T, — OCTOSIHHAS BPEMEHU alepruoAUYECKOro 3BeHa, OMKUCHIBAIOLIETO JMHAMUKY HapacTaHUS
pa3HoCTH TOKOB Al, ¢;

T, — MOCTOSIHHASI BpEMEHHU alepuoAMYECKOTO 3BeHA, YUYUTHIBAIOIIETO MOTEPU HA BUXPEBBIC
TOKH, C;

T, — mocTOosiHHAS BPEMEHHU MEXaHHYECKOT0 K0Jie0aTepHOro 3BeHa, C;

M — nBWXKynIMi MOMEHT Ha sikope, H w;

Ky — koappurment nepenaun SMII no momenty, H m/A;

Ko — xoappunment nepegaun SMII no yriy moBopoTa sikopst, pad/H wm;,

Ko- xoadpdunment npotuBodc, B ¢/pad.

Ex — KOOPPUIUEHT KOTIeOaTETHbHOCTH;

Y — yroJj noBopoTa sKopsi, pao;

3aMeTI/IM, 4TO BBUAY MAJIOCTH KO3(1)(1)I/II_II/ICHT8. KQ B ICJIAX YIIPOIICHUA MOKHO HCKIIFOYUTDH

U3 PACCMOTPEHUSI CKOPOCTHYIO OOPaTHYIO CBSI3b.
OObekT ympaBneHHUs (pUC. 2) UMEET YETBEPThIM MOpsiaoK (N = 4) u uis ynpaBlIeHUS UM
MOMHMMO TJIaBHOM 0OpaTHOM CBSI3U MO yIiIy MOBOpOTa sIKOpsl TpeOyroTcs N-1 oOpaTHBIX CBs3ed 1O

Bbynewm Boi6upath k0oa3pdunuents! Ci, C2, C3 Tak, 4TOOBI yIIpaBieHHE
3 .
u=A-sign| y,—y->.Cy" (2.14)
i=1

oOecrieunBasio, ¢ OJHOM CTOPOHBI, YCTOMYMBBINA «B OOJBIIOM» CKOJB3SIILIUN PEXUM, a C APYroi
CTOPOHBI, TaPAHTUPOBAJIO BHICOKYIO TOUHOCTD CIIEKEHMUS.

N3 (2.14) u (2.20) cnenyet, uto CP (HyHKIIMOHMPOBAHMS ONKCHIBAETCS BHIPOKICHHOMN Mepe-
JaTOYHOM (DyHKIMEH TpeThero mopsaka.



Hanee Oynem cuurtath, 4To ycioBus cymiectBoBanus CP B manom Buna (2.10), (2.11) BbI-
MOJIHEHBI.

[Tpu sTom ycnoBue (2.10) cBoauTcs K BbIMoMHeHUIO HepaBeHCTBA Ch1 = C3> 0, TO ecTh K
YCIIOBUIO OTPULIATEIIBHOCTH 0OpATHON CBSA3H 10 TPEThEHl MPOU3BOIHOI BBIXO/IA.

Venosue (2.11) npu 3a1aHHBIX MAKCUMAJIbHBIX 3HAYEHUAX BXOJHOIO CHrHama Y, (t) uero

IIPOU3BOHBIX 00ECTIEYUBACTCS BHIOOPOM BEITUUMHBI MOJKU pesie 4, KOTopas XapaKTepu3yeT MOII-
HOCTHBIE [10Ka3aTeIU CUCTEMBI.

PaccmoTpum peanuzanuto . m. 4 — 6 MeToauku npoektupoBanus peiernoi CC co CKoJib-
3SIIUM PEKUMOM.

TouHOCTh pekuMa ciexeHus: OyneM oleHHBaTh Mo 3HadeHHsIM DPUX coOoTBETCTBYIOIIECH
BBIPOXKJICHHOM JIMHEMHOW CHCTEMBI TPETHETO MOPSIIKA MTPU U3MEHEHMH YacTOThl BXOJHOTO T'apMo-
HUYECKOI'0 CUTHAJa B 3aJJaHHBIX MPEeIax.

Kak orMedanoch BbILIE, CKOJB3SIIUN PEKUM CIIEKEHHUS OIPEAEISAETCS YpaBHEHUEM BHA
(2.3) B nanHOM ciydae JuHEHHBIM. Eciin pemenne ypaBHeHus (2.3) yCTOWYHMBO TPH JOO0M JIOTY-
ctuMoM BxoaHoM curHaie Yo(t), To u3 ycnoBuii (2.8) BBITEKAET YyCTOMYUBOCTH «B MAJOM» CKOJIb-
3sIIero pexkuma ciekeHus. OgHako ¢akTudeckas peaau3alus CKOJB3SLIET0 pexuma CIEHKEHHS
3aBUCHUT OT TOTO, SIBJSIETCS JIM paccMaTpuBaemasi peleiiHas CHUCTEMa yCTONYMBON «B OOJBILIOMY,
T.€. BO3MOXEH JIM BBIXOJ HA CKOJIB3SIIUI PEKUM CIEKEHUS MPU «KOHEUHBIX» BO3MYLIECHUAX BEK-
topa y*(t).

Peneiinas cucrema, Kak XOpOILIO M3BECTHO, «MMEET CKJIOHHOCTBY» K aBTOKOieOaHusM. B
YacTHOCTH, eciu oxBaTUTh DMII ¢ peneiiHbIM yCHIUTENeM TJIaBHOW OTPHIATEIbHOW 00paTHON
CBSI3bI0, TO B TAKOM 3aMKHYTOM crcTeMe BO3HUKHYT aBTOKOJIEOaHUSI.

CymecrBoBanue aBrokosiebanuii B CC, OT KOTOpOW TpeOyeTcsl CKOJIB3SIIMU pPEexUM
CJIEKEHHUS, HEJONYCTUMO. YCTpaHEHHME AaBTOKOJICOAHUH BO3MOXKHO 3a CYET BBEICHUSA B
CTPYKTYpY peryJsaTopa OTpHIATeIbHBIX 00paTHBIX cBsa3eil mo mpousoxubiM Beixoa Y(t) (cm.

3aKoH (2.14)).

s onpenenenuss Ko3(p@PUIUEHTOB OOpaTHBIX CBS3€H, YCTPAHSIOIIMX aBTOKOJIEOaHus,
BOCIIOJIB3YEMCSI METOJIOM FapMOHMYECKOM JMHEapu3alud. byaeMm cuuTaTh, 4TO JUIS JIMHEWHOH
yacti CC BBINOIHAETCSA TMIIOTE3a HU3KOYACTOTHOTO (DUIIBTpA.

Bnauane monmyunMm  ycioBus  cyliecTBoBaHUs  aBTokosieOanHuil. Koaddumment
rapMOHHMYECKOW JTMHEAPU3aLUU PEIEHHOr0 3JIEMEHTA 33/1a€TC PaBEHCTBOM

q= ﬁ, (2.15)
za

/1€ @ — aMIUINTY/1a aBTOKOJIEOaHUH.

W3 paBenctBa (2.15) cnemyer, 4To rapMOHUYECKH JMHEAPU30BAHHBINA peNeHHBIN 37€MEHT
npescTaBisieT coooi Ko (OUIIMEHT yCUTIEHUS], YNCICHHOE 3HaYeHHE KOTOPOIo ONpEeseTcss aM-
IUIMTY0U aBTOoKOoJeOanuit a. [Tpu aToM 11 paccMaTpuBaeMoro peneifHoro sjieMeHTa 0e3 rucrepe-
31Ca COOTBETCTBYIOIIMN JMHEWHBIN 3KBUBAJIEHT HE BHOCUT BPEMEHHOIO 3ala3/bIBaHUs (T.€. €ro
(a30BbIil CIBUT PABEH HYIIO).

B cooTBeTCTBMM ¢ METOIOM rapMOHMYECKON JIMHEApU3allMM YCJIOBHSI BO3HUKHOBEHUS
aBTOKOJICOaHMI 3aMaroTcsl paBeHCTBaMH (ypaBHEHHs OajaHca aMIUTUTYya M (a3 Ha dYacTtoTe
aBTOKOJICOaHUH):

Alw,) =1,

() = 1 (2.16)

31eck 0003HauYEHbI
A(w,) — avmmrynnas UX (¢ yuetoM dKBHBasEHTHOTO Koo uumenta (2.15));

@(®,) — dasosas UX pasoMKHYTOIi CHCTEMBI.



O06o03naunm vepe3 W(p) nepenarounyto pynkiuto muneiiHon yactu CC (To ecTh 0€3 pernei-
HOTO JIEMEHTA, HO C YY4ETOM JINTHEHHBIX OOpPaTHBIX CBS3EH):
KyK M (P
W(p): 2“"2“ ( ) (2.17)
(Top +1)(T,p +1)(T5 0% +25,T, p+1)+ K\, K, Ko p

3neck momunoM M(p) = Cap® +Cop? + Cip +1 cooTBeTcTBYeT 3aKoHy ympabienus (2.14).
OcraBmasicst yactb (W(p)/M(p)) onuceiBacT IMHAMUKY 00beKTa, TO ecTh DMII.
Ecnu ¢a3oBas yacrotHas xapakreprctuka arg W(j @) nepecekaer npsmyro
p=-r (2.18)
TO, KaK cienyeT u3 Gpopmyisl (2.15), BEIOOPOM aMIUTATY/IBI @ BCETIa MOXHO JTOOUTHCS BBHITIOJTHEHUS
niepBoro u3 ycioBuit (2.16). Takum 00pa3oM, yCIOBHS BOSHHKHOBEHHS aBTOKoyieOaHuit (2.16) sk-
BUBAJICHTHBI OJTHOMY YCIIOBHIO
argW(ow)=-7n (2.19)
Beime oTmMeuanoch, 4To B pelIeHON CUCTeMe, €CIIU TIOCIEIHSS JODKHA paboTaTh B CKOJIb-
3sIIeM PEXUME, aBTOKOJIeOaHus HenomycTuMbl. [loaTtomy nepenatounyto ¢ynkuuio M(p) ciemnyer
BBIOMpATh Tak, uyTOOBI (pa3oBas uyacToTHas Xapaktepuctuka arg W(jw) He mepecekana mpsmoi
(2.18).
HanoMHUM, 9TO TOYHOCTH B CKOJIB3SIIEM PEKHME CIICKECHHUS ONPENEISIETCS BBIPOXKICHHON
nepenaToyHoi GpyHKuuen

1
W, (p)=—— (2.20)
M(p)
p

[lepenarounyo dynkmuio M(p) Bcerma MOXHO TPEACTaBUTh  MPOU3BEICHHEM
3JIEeMEHTapHBIX 3BEHbEB (AMEPUOANUECKUX, KosebaTenbHbixX). [Ipu aToM B cooTBeTcTBUU € (2.20)
3HaueHue @OUX BBIPOXKICHHOH CHCTEMBl B HH3KOYAaCTOTHOM pabodeil oOmactu, a,
CJIeIOBATENbHO, U OIMUOKA CIeKeHus, OyIyT TeM MEHBbIIIE, YeM MEHbIIE MOCTOSHHBIE BPEMEHHU
ATUX 3BEHBEB.

[Tpu cunTe3e M(p) peKOMEHIYeTCs IOCTYNATh CICAYIOIIMM 00pa3oM:
1. IToctpouts norapudmuueckyro ®UX oObekTa ynpabieHusl.

2. TlonoOpath Takue 3IEeMEHTapHbIC 3BeHbsI (BXoasiiue B onpeneneuue M(p)), kotopbie 3a
CYET BBEJACHHUS JIOMOJHUTEIBHOTO MOJOKUTENBHOIO (Pa30BOro CABUIA MO3BOJSAT KOMIIEHCHPOBATH
yuacTok @UX o0bekTa, Jexanuii Hke npsamoid ¢ = -z . Ilpu aToMm Hazno go6uthes, ytoosr UYX
BBIPOKIEHHOW CHUCTEMBI B AMAINa30HE PA0OYMX HU3KUX 4acTOT ObuIa OJIM3Ka K HYIIO.

Jlnst moctpoenunst UX ynoOHO HCIOIb30BaTh MakeT NpUKIaaHbIX mporpamm Control ToolBox
cucremsl MATLAB.

Ha puc. 10 npencrasnensl gpa3zoBas yacToTHasi Xapakrepuctuka oobexta, GUX amnst BbIpOXK-
nenHoit nepenarounor Gpynkiwu Wy(p) 1 ®UX pasomkuyroii cucremsl argW(j ).

Vka3aHHBIA TOJXO0J] K BBIOOPY meperaatouHoil GpyHkimu M(p) obnamaer mpocToToil u
HaIJSIIHOCTBIO M TO3BOJIAET TOJIYYUTh KOX(PQPUIMEHTHl O0OpaTHBIX CBsA3eH, ONM3KHe K
ONTUMAJIBHBIM (IO TOYHOCTU pexuma ciexeHus). [IpoBenéHHble uccienoBaHus, B YaCTHOCTH
MOKa3aJid, 4YTO, MCIOJIb3Ysl TOJIBKO JIMHEHHBbIE OOpaTHBIE CBSI3U, MOXKHO JTOOUTHCS BBICOKOM
TOYHOCTH B PEXKHUME CIIEKEHUS.

[Ipu mapamerpax o0bekTa (B TEXHUUYECKOM cUCTEME eIMHUL):

T,=0.002 ¢; T: = 0.0005 c; 75 = 0.0008 c; & = 0.2;

Ko = 4.5 rpag/x[™*cem; Ky = 2 kI'*em/A; Ko = 0.0001 A*c/rpan,
[Tpubnmxenus no ko3dduirieHTaM oOpaTHBIX CBSI3€H UMEIOT 3HAUEHUS:
C1 =0.075*10°® cwm/c;

C> = 0.095*10° cwm/c%:



C3 =0.193*10 cm/c?;
[Tonka pene A = 27 B;

B 3akone ympasienus (2.14) OT 4HCTBIX HPOU3BOAHBIX BBIXOJHOTO CUTHAJIa MOXHO
NEPEeNTH K «ECTECTBEHHBIM» BHYTPEHHUM KOOPJIMHATAM CHUCTEMbI. B KauecTBe TakuX KOOpAWHAT
MOKHO paccMaTpuBaTh, HAMpUMeEp, MEpEeMENIeHHe, CKOPOCTh, Pa3HOCTh TOKOB B OOMOTKaXx,
spamaromuii moment Y, Y,Al,M .

Omnako mpu 3ToM wuHBapuaHTHOCTh B CP Kk mapamerpam o0OBeKTa yIpaBlICHUS
yrpauuBaetca. Ecnu 3akoH ynpaBieHus: GpopMupyeTcs Ha OCHOBE “‘©CTECTBEHHBIX KOOPIUHAT
CAY (TOK, MOMEHT, JaBJIEHUE U T.II.), TO Yepe3 3TH KOOPIUHATHI IapaMeTPbl CUCTEMBbI BXOJAT B
ypaBHEHUE, oNuchIBatoliee AsumxeHue B CP.

P.grad

a.rg\?\@m )

— | arg Wpas|e (P)
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arg W |(B)

—342
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Puc. 10 — ®a3oBble yacToTHhIe XapakTepucThukun: OUX oObekTa yrpaBieHUs (YEpHBIi),
OUX BBIpOKIECHHON JTHHEWHOH cucTeMbl (cuHui), ®UX pazoMKHYTON CKOPPEKTUPOBAHHOI Ha0O-
POM 0OpaTHBIX CBSI3€H CUCTEMBI (KpaCHBII)

OTmeTHM B 3aKJIIOYEHHE, YTO, BBINOIHUB YClI0BUS (2.8) 1 BbIOpaB IMHEHHbIE 0OpaTHBIE CBA-
34 C TeM, 4TOOBI B CHCTEME OTCYTCTBOBAJIM aBTOKOJICOAHUS, HEJIb3sl TApaHTHPOBATh YCTOMUMBOCTh
«B OOJIBIIIOM) CKOJIB3SIIIETO PEXKUMA CIEKEHUS.

Jlnsi OKOHYATeNbHOM NMPOBEPKU CHHTE3WPOBAHHOM TaKUM O0pa3oM peseifHOW CHUCTEMBI pe-
KOMEHyeTCsl POBECTH MOJEIUPOBaHKe, HanpuMmep, ¢ momouibio nmakera SimulLink. Mozaenuposa-
HHUE, KpOME TOro, JaéT BO3MOXKHOCTh OIICHWUTH IOKAa3aTesld MEepexXoHOro mnpouecca (OblicTpoaeii-
CTBUE, BEJIMYUHY NIEpeperyInpOBaHUs U T.I1.).

IIpu yuere rucrepesuca B peneiiHOM syieMeHTe uaeanbHblii CP mpeoOpasyercs B KBa-
3UCKOJIB3SIIIUN PEXUM, XapaKTePU3YIOLUIUICS ObICTPHIMU MEPEKTIOYSHUSIMH peieé KOHEYHON 4acTo-
Tel. B (pa30BoM mpocTpaHCTBE 3TOMY pEKHMMY COOTBETCTBYIOT BBICOKOYACTOTHBIE (Kak MpaBmiio, 1
KTI't 1 Gonee) komebaHust M300pakaroIIe TOYKH OTHOCUTEIBHO MMOBEPXHOCTHU TNepektoueHus. [Ipu



YMEHBIIEHNH IIUPHHEI HeTnu ructepesuca, 0 —> 0, uactora koneGanuii yBennumBaercs, a X am-
IUIUTYJa CTPEMUTCA K HyNH. OTMEUEHHBIE BBILIE IOJOKUTEIBHBIE OTJIMYUS KBAa3UCKOJB3SIIETO
peKuMa IIPHU 3TOM KaueCTBEHHO COXPAHSIFOTCSI.

OtMeruM, 4TO BHOpaIMOHHBIC KoieOaHuWs Majo amIuuTyasl 3epkana 30C, a cienoBa-
TEJIbHO, U N300paskeHus JIaMIbI-Gapbl Ha SKpaHe, He BocnpuHuMaroTes mratHoi ABK, T.x. komm-
MatopHo-onTrieckas cuctema (KOC) oGecrieunBaeT “To4edyHOCTh” UMUTATOPA U3ITydaTelIs.



JIABOPATOPHAS PABOTA Ne8

IKCHEPUMEHTAJIBHASI OTPABOTKA CJIESILHIEIO IIPUBOJA.
N3YYEHUE KOHCTPYKIIUU CTEHIA JISI UCIIBITAHUUA ITPUBO/JIA

LEJIb PABOTHI:

- IOCTpOeHHE MaTtemMaThuueckor Monenu u Simulink-cxeMbl CHIIOBOTO 3JEKTPHYECKOTO Clie-
nsero npusoAa (OCII) ¢ mUpOTHO-UMITYILCHON MOTYJISIITUEH YIIpaBICHNUS,

- SKCIEPUMEHTAIBHOE UCCIIEA0OBAaHUE B BUPTYAJIbHOM CTeH/Ie AMHAMUuKH U TouHoctu DCII;

- IOJIy4€HHE HKCIIEPUMEHTAIbHBIX YacTOTHBIX Xapakrepuctuk JCII mo nepBoif rapMoHUKe
BBIXOJIHOT'O CUTHAJIA;

- U3y4YeHHE KOHCTPYKIIUU HArpy304YHOT0 CTeHa JUIsl fuHaMudeckux ucnbeitanuit CII.

NCXOJHBIE JTAHHBIE: OCII peanu3zoBan Ha 0a3e ABUTATENsl MOCTOSHHOTO TOKA CEpUU
OJIM-14. [TacioptHbie naHHble ABuratens DJIM-14: nomunansHas MomtHocTh — 400 Bt; motpe6-
nseMblii TOK - 10,5A, He Ooitee 25A; HoMuHAILHBIA MOMEHT - 0,130 krc*M; HOMHHANIBHAS YacTOTa
BparieHus - 3000 o6/mMuH. B cHIIOBOI CHCTEMBI IPUBOJIA IBUTATENb PaOOTAET COBMECTHO C MOHU-
YKAIOIIUM PEAYKTOPOM.

Puc. 1 — Bug neurarens 9JIM-14

B kauecTBe maTdMKa YriiOBOTO IMOJIOKEHHS BaJla MCTOJIB3YeTCs] OECKOHTAKTHBIN MHOTOIO-
JTrocHbIN Bpamatomuiicss Tpanchopmarop BBTO-60-C28 Ttuna «pedykmocumn» (pa3HOBUAHOCTD
OECKOHTAKTHOTO CHHYCHO-KOCHHYCHOTO BPAIIAIOIIEToCs TpaHChopMaTopa).

Puc. 2 — Bua Bpamaroerocst tpancopmaropa tuna bBBTO-60-C28

JlaHHBIE C 1aTYUKOB YIJIOBOTO MOJIOKEHUSI HArPY3KH U CKOPOCTH pOTOpa (TaxoreHepaTopa)
OLIM(PPOBBIBAIOTCS.

Cuctema ympaBieHus: — nupoBasi, peain3oBaHHasg Ha 6aze 15-TH pa3psAHOTO MUKPOIIPO-
neccopa. /[purarens ympasisieTcs B pexXUMe IIUPOTHO-UMITYIIbcHOM Monyisiuuu (ILMM). Hanps-
xeHue nutanud +/-27 B. YacTora muiioo0pa3HOro curHaia, mocTyMaoIero Ha BXo/ pelie OT reHe-
paropa 1 KI'm.

1. TEOPETUYECKUE CBEJAEHUA

1.1 InpoTHO-NMITYIBCHAS. MOAYJSLUS CUTHAJIOB

Ao6G6peBuarypa «LIUM» (anrn. pulse-width modulation (PWM)) pacmmppoBsiBaeTcsi Kak
HIMPOTHO-UMIYJIbCHASI MOAYJISILIUS — 3TO OJIMH M3 METOJ0B MOAYJISIMN CUTHAJIa HE 3a CUET BEJIU-


https://ru.wikipedia.org/wiki/%D0%90%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9_%D1%8F%D0%B7%D1%8B%D0%BA

YUHBI BBIXOIHOT'O HAIPSIKEHUS, a 32 CYET U3MEHEHHUS! IIIMPUHBI UMITYJIHCOB.

HupoTHO-UMITYSIbCHAS MOYJIALIUS — MPOIECC YIPABIECHUS MOLTHOCTHIO METOJIOM ITYJIbCH-
PYIOIIETO BKIIFOUEHHS U BBIKIIOUEHUS TOTPEOUTENS SIHEPTUN.

Paznuuarot ananorosyro [IIMM u mudposyro ILINM, aonunyto (nByxypoBHeByto) LIIM u
TponuHyto (TpéxypoBHeByto) LIINM.

OcHoBnble xapaktepuctuku [IIMM-curnana:

1. YactoTa MMIyIHCOB — OT ATOTO 3aBUCHUT paboyasi 4acTora nmpeobdpazoBatels. B mpombiii-
JICHHOCTH THIIOBBIMH SIBJISIFOTCS YacTOTHI BhIre 20 kI 1, paktuuecku 40-100 k1.

2. KoapdumueHTt 3amomHeHnss 1 CKBaXKHOCTh. JTO JIBE€ CMEKHBIX BEITUYMHBI XapaKTepPU3Y-
folue oHo U To xe. KoadpdunueHT 3anoaHeHust — 4acTh BpEMEHH OT MEpHOJia, KOrAa Ha BBIXOJIE
KOHTpoJuiepa GopMupyeTcst yIpaBISIONINA CUTHAI, BCETIa MEHbIIE 1.

CKBa)XHOCTH Bcernaa oopiie 1.

IIpumep.

[Tycte mpu uvactore 100 xI'p mepuon curnana paBeH 10 MKC, KJItOY OTKPBIT B TE€UEHUHU
2.5 mxc. Torna ko3 dunuent 3amonaenus — 0.25 (B npoueHTax — 25%), CKBaXXKHOCTh paBHa 4.
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Puc. 3 — Ilpumep, wimoctpupyromuii HIMM-curnansl 1 COOTBETCTBYIOIIME UM 3HAYEHUS
Kod((uUIMeHTa 3aTIOTHEHUS

B pesynbprare npoxoxaenus IIM-MonyaupoBaHHOTO CUTHalIAa 4epe3 CHCTEMY Ha BBIXOJIE
MHEPLHOHHOI0 00bEKTa yIpaBieHuss GOpMUPYETCs KeJaeMblil HeMpepbIBHbINA CUTHAT. DTO JOCTHU-
raercs 3a C4eT MHTETPUPYIOIINX CBOMCTB 00BEKTA, T.€. 32 CUET CIUIaKMBaHUS UMIyabcoB. Hampu-
mep, pu nogaue [IM-mMoxynupoBanHoro HanpsbkeHHs Ha Bxox LC-uenu, nens criiaguT UMITYJIbChI
TaK, KakK IMOKa3aHo Ha puc. 4.
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Puc. 4 — ®opmupoBaHue xeIaeMoro 3aKk0Ha U3MEHEHMs HanpsbkeHus Ha Beixoae LC-nenu ¢
nomotusto MM

I'padux Ha puc. 5 wumocTpupyeT npumeHenue TpéxypoBHeBod LIMM nans ympaBieHus
anextpoasurareneM. Takas MM ucnone3yercs B IpUBOAaX ACHHXPOHHBIX JJIEKTPOJBUTATENEH C
nepeMeHHo# yacroroil. Hanpsokenue ot LLM-monynstopa, nmogaeTcst Ha 0OMOTKY MaluHbl (M300-
paxkeHo cuHuUM (V). MarHuTHbIM MOTOK B cTaTope MalIMHBI MoKa3aH KpacHeIM (B). 13 pucynka
BUJIHO, YTO MAarHUTHBINA MOTOK UMEET MPUOIU3UTEIHHO CHHYCOUAANbHYIO0 popMy, Oiarogaps cooT-
BeTCTBYMOIIEMY 3akoHy [II1M.
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Puc. 5 — TpexypoBnueBoe LLIMM-nanpspkenue Ha 0OMoTKax (CuHMiA) popMupyer

MarHUTHBIN MOTOK (KPaCHBIH) B AJIEKTPOABUTaTENE
[Tpu [LIMM B kadyecTBE KJIIFOUYEBBIX JIEMEHTOB HUCIIOIB3YIOT TPAH3UCTOPHI (MOTYT
OBITh IPUMEHEHBI U JIPYTHE MOIYIPOBOIHUKOBBIE PUOOPHI) padoTaloNIMe HE B JIMHEH-
HOM, a B KJIIOYEBOM PEKUME, TO €CTh TPAH3UCTOp BCE BpeMs TUOO pa3OMKHYT (BBIKIIO-
YeH), 00 3aMKHYT (HaXOJUTCS B COCTOSTHUU HACBIIIEHNUS).
1.2 Ananorosas IIUM
Paccmorpum oaun n3 metonoB 1ByxypoBHeBou MM ¢ moMonipro aHajioroBoro
KoMmmaparopa. Ha oquH U3 BX0A0B KoMmaparopa moJaéTcsl mMuiioo0pa3Hoe HamnpsKeHUe
OT BCIIOMOIaTEJIbHOIO Ie€HepaTopa, Ha APYroll BX0J — MOAYIHPYIOIIEE YIpaBIISIOIICe

HaIIPsAXKCHUC. CocrosiHue BbIXO/Jla KOMIIapaTopa — H_H/I-MO,Z[y.]'ISH_II/ISI.

[Ipumep.

Ha pucyhnke 6: BBepxXy — NuI1000pa3HbIil CUIHAJ OT reHeparopa (CUHUMN) U MOAYy-
TUpYyolee HanpsoKeHue (KpacHbIl); BHU3Y — pe3yiabTar LIINM (puoneTroBslit).

83HOE HanpAKeHNe
I, | |
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Puc. 6 — ®opmuposanue nsyxyposHeBoro [IIMM-curnana

[IINM-curHan reHepupyercs aHaJIOTOBBIM KOMIApaTOPOM, Ha OJUH BXOJ (MH-
BEPTUPYIONIHNI) KOTOPOTO MOMAETCS BCIOMOTAaTENbHBIM OMOPHBIM MUI000pa3HBINA WM
TPEYTroJbHBIA CUTHAJ, 3HAYUTENIbHO OOJbIIEeNH YacTOThI, YEM YaCTOTa MOAYIHPYIOIIETO

CUTHAJIA, @ HA IPYTOM — MOYJIUPYIOIINMI HEIIPEPBIBHBIM AHAJIIOTOBBIN CUTHAI.
YacroTa noBTopeHus BbIXOAHBIX uMnyiascoB IIIMM paBHa yactore nmuiaoobpas-

HOr'0 WJIK TPEYTrOJIbHOTO HAITPAKCHHA. B Ty 4aCTh €puoaa an006pa3Hor0 HaIIpsKe-
HHA, KOTJa CUTrHaJl Ha MHBCPTHUPYIOMIEM BXOJ€ KOMIIapaTOpa BBINIC CUI'HAJIa HA HCUH-
BCPTUPYIOIICM BXOAC, Kyaa NOAACTCA MOI[yJ'II/Ip}/IOIJ_[Hﬁ CUTHAJI, Ha BBIXOJAC MOJIYy4acCTCA
ompuyamejlibHoe HAIIPSAKCHUC, B )Iperﬁ JacTu 1nepuoaa, Koraa CMraajl Ha MHBEPTHUPY-
OOIEM BXOJC KOMIIapaTOopa HUKC CHUI'Halla Ha HCUHBCPTUPYIOIMIEM BXOJC — 6YI[CT no-

JloxcumenibHoe HalpsKCHUC.


https://ru.wikipedia.org/wiki/%D0%A2%D1%80%D0%B0%D0%BD%D0%B7%D0%B8%D1%81%D1%82%D0%BE%D1%80
https://commons.wikimedia.org/wiki/File:Pwm-ru.svg?uselang=ru
https://ru.wikipedia.org/wiki/%D0%9A%D0%BE%D0%BC%D0%BF%D0%B0%D1%80%D0%B0%D1%82%D0%BE%D1%80

Amnanorosas [LI1IM npumeHsieTcst B yCHIMTENAX HU3KOM 4acTOThI Kitacca «Dy.

1.3 Hudposas LLI1M

B nBonuHOM U(POBON TEXHHUKE, BBIXOABI B KOTOPOH MOTYT IPUHUMATH TOJIBKO
OJIHO W3 JIBYX 3HAU€HUH, MPUOJIMKEHHUE JKETaeMOro CPeIHEro ypOoBHs BbIXOJa IpPHU MO-
mou IIIMM sBisieTcsi COBEpPIIEHHO ecTecTBEHHBIM. Cxema IMpocTa: MUI000pa3HbIH
curHas renepupyercs N-OutHbiM cuétunkoM. [{udposeie ycrpoiicta (ILIIINIT) pabo-
TAIOT Ha (PMKCHPOBAHHOM 4YacTOTE, OOBIYHO HAMHOTO MPEBBIMIAIOIICH PEAKIUIO YIIpaB-
JIIEMOT0 00BEKTA.

VYpaBisieMbIMH «ypOBHSIMU», KaK [IPaBUIIO, SBJIAIOTCS MapaMETpbl TUTaHUSI CU-
JIOBOW  yCTAHOBKM, HampuMep, HampsbDKeHHE HMMIYJIbCHBIX — IMpeoOpasoBareneit
/peryasTOpOB MOCTOSIHHOTO HAIPSIKEHUS/ WIIA CKOPOCTH 3JIEKTPOABUTATEIIS.

B mudposoii [IIMM npsMoyrojibHbIe UMITYJIbChI, 3aMIOJHSIOIINE TEPUO], MOTYT
CTOSITH B JIFOOOM MeCTe Nepuoja, Ha CPETHIOI BEIUYMHY 3@ IMEPHOJ BIUSIET TOIBKO MX
kojuyecTBO. Hampumep, mpu pazOueHuu mnepuoja Ha 8 dYacTedl mocieaoBaTelIbHO-
ctu 11110000, 11101000, 11100100, 11100010, 11100001 u nmp. 1HalOT OJUHAKOBYIO
CPEIHIOIO 3a MEPHOJ| BEIUYUHY, HO OTIENbHO CTOSAUINE «1» yXyIIIaloT peXuM paboTh
KJIto4a (TpaH3ucTopa).

1.4 Mopaenuposanue ICII B makere Simulink
Simulink-cxema ESP_model_1.slx, npenna3nadennas ais tuHaMuueckux ucnbitanuit DCIT

B pEeKMMax MepedpOCKH U CISKEHHUs, IPeICTaBIeHa Ha puc. 7.
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Puc. 7 — Simulink-cxema ESP_model 1.slx anst aunamudeckux ucnsitanuii ICIT (B pe-

KHUM MepeOPOCKH)


https://ru.wikipedia.org/wiki/%D0%A3%D1%81%D0%B8%D0%BB%D0%B8%D1%82%D0%B5%D0%BB%D1%8C_%D0%BD%D0%B8%D0%B7%D0%BA%D0%BE%D0%B9_%D1%87%D0%B0%D1%81%D1%82%D0%BE%D1%82%D1%8B

Puc. 8 — Ocimuiorpamma pekuma nepedpocku Ha yroia 1.57 pag (90 rpan): Bpems peryiu-
poBanust MmeHee 1.2 ¢, BUJ IEpeX0AHOTO Mpoliecca — alepruoguuecKuii (6e3 mepeperyinpoBaHus)

|f

i UJ\/ .',““' \

g1t

Puc. 10 — Ocuumnorpamma ciiekeHust 3a BXOAHBIM curHaoM U(t)=0.1*sin (10%*t);
omnOKa clexeHus: Menee 4 Mpaj

Puc. 11 — Ocuumnorpamma [N -MoaymMpoBaHHOTO HANPSKEHHSI Ha SKOPHOM OOMOTKE JBH-
raresns; yacrota IHIMUM 1 xI'; monka pene 27 B

1.5  ABTOMaTH3MpOBaHHOE MMOCTPOEHHE IPaUKOB YACTOTHBIX XaAPAKTEPUCTUK HEJINHEH-
HOU CUCTEMBI

Ha puc. 12 npencrasiena Simulink-cxema 'ESP_ LACHX', koTopas conepxxut 010k Fourier
Analyzer, npeaHa3Ha4YCHHBIH IS MTOCTPOCHUST YaCTOTHBIX XapaKTEPUCTHK IO TIEPBON TapMOHUKE
BBIXOJITHOTO CHTHaja. PexXUM HCIbITaHUI MPHUBO/A — YCTAaHOBUBIIMICA. BXoHOW curHam — rapmo-
HUYECKUH. ABTOMATHUYECKOE M3MEHEHHE YaCTOThI B HACTPOMKax reHeparTopa u Ooka Fourier Ana-



lyzer B quanazone gacrot (0 — 20) I't, ¢ marom 0.5 T,
B HacTtpoiikax cxeMmbl Bpemsi MHTErpUpOBaHHUs 0003HadYeHO uacHTHduKaropom 7. B m-
daitne oHo 3amaHo 15 nepuomamu BxoaHoro curuana, T = 15/freq.
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Puc. 12 — Simulink-cxema ESP_LACHX.slIX, conepxamasi OJIOK MOCTPOCHHS YaCTOTHBIX
XapaKTEePUCTHK

[IporpaMmMa aBTOMaTHU3MPOBAHHOTO MOCTpOoeHus rpadukos gorapupmuuecknx AYX n ®UYX
HEJIMHEHHON ciensmeld cucTeMbl IS ciaydas aMIUIMTYJbl TapMOHHUYECKOTO BXOJHOIO CHTHala
Amp0 = 0.1 (pan), nuanazona yactot (0 — 20) I'n, mara 0.5 I'n nana Huxke. Peructpanus gaHHbIX
Uit moctpoeHuss UX mpou3BOoAWTCS B yCTaHOBUBLIEMCSI PEXUME IOCHIE 15 MepuooB BXOJIHOTO
CHUTHaJIa.

Hccnenyemas cuctemMa HeNMHEHHasl, MOITOMY JUIsl aHanu3a ITUHAMHUKU U ToyHocTH OCII
ctpoutcs cemeiictBo JIADUX nmpu xapakTepHbIX YPOBHSIX BXOJIHOTO CUTHaJA («OOJIBILIOTOY», Cpe-
HEro, «Majioro»). Vcrosb3yercs HECKONbKO 3HaYeHMH aMIuMTynsl Amp(O, KoTopoe 3agaercs B
nporpamme LACHX FCHX.m.



Pesynbrarel moctpoenus rpadpukoB JIAUX nu ®UX g ICII cnenyromnue.

LAFCHX
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Puc. 13 — JIAYX u ®UX 3aMKHYyTOro mpuBOAa IpH MaJloM YpOBHE BXOJHOIO CHUTHaja
Amp0 = 0.1 pag =5.73 (rpan)
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Puc. 14 — JIAUX n ®UX 3aMKHYTOTO NpUBOJA NPU CPEIHEM YPOBHE BXOAHOI'O CHTHasa

Amp0 = 0.4 pan
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Puc. 15 — JIAUX u ®UYX 3aMKHYTOr0 MpUBOJAa IpU OOJBIIOM YPOBHE BXOJHOTO CHUTHAJA

Amp0 =1 pan

Hccnenyem BausHUE HA TUHAMUKY U TOYHOCTh IPUBOJIa HEJMHEHHOCTEN B 00BEKTE yIpaB-
JIEHUS U OLICHUM CTENeHb POOACTHOCTH MpUBOJA (4yBCTBUTENIBHOCTU K JOMTY). s 3TOro Hago
BBECTU JIIOPT B KHHEMATHUECKYIO IIepeiaydy.
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Puc. 16 — [IpuHnunuanpHas cxema HeXKeCTKOM KHHEMaTUYeCKon repeaadn ¢ JrodToM

Beeném B Simulunk-cxemy DCIT HemMHEHHOCTD THIA «TFOPT PEAYKTOpay» Mo 00pasiy cxe-
MBI Ha puc. 17.
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Puc.17 — IIpumep moaenu DCII ¢ HexxecTKONW KMHEMAaTUYECKOH nepenadeid ¥ TodToM



1.6 KoHCTpyKIIMS TOJIYHATYpHOTO CTeHAA I TUHAMUYeCcKuX ucnbitanuii CIT
PaccMoTpuM KOHCTPYKIIMIO HArpy304HOTO CTeHJa Ajisi nuHamuueckux ucnbitanuii OCII B
71a00paTOPHBIX YCIOBUSX (puc. 16).

Puc. 16 — [IpuHnunuansHas cxeMa Harpy304HOro CTeHAa

3AJJAHUE HA PABOTY

1.

2.

[Toctpouth MaTeMaTHuecKyo Mojaenb u Simulink-cxemy 1udpoBOro 3aeKTPUUYECKOTO
CII/SIILETO NMPUBOJA € IIUPOTHO-UMITYJIbCHOW MOYJISIIMEN yIpaBIeHHs.
Uccnenoanue nunamuku U TouHocty JCII (mporpamma HCTIbITaHU):

- 3aIyCcTUTh M-daiin naHHbIX U cxemy MoaenupoBanus ESP_model 1.slx.

- TIOJIYYUTh OCHMJUIOTPAMMBI MPOIIECCOB B PEXKUMaxX MepeOpPOCKH U cIeKeHUs (110 yriry
U CKOPOCTH Harpys3KH, 1o TOKY B SIKOPHOU IeNH);

- IOJIYYUTh OCHMJIJIOTPaMMBI IpolieccoB B peryisarope (B T.4. [LHIMM-ynpasnenue);

- OLICHUTh KOJIMUECTBEHHbIE MOKa3aTeIN TUHAMUKHA U TOYHOCTHU MPHU PA3HBIX BXOJHBIX
rapMOHUYECKUX CUTHAJAX;

- BBIMOJIHUTh AaHAIM3 JUHAMUKM M TOYHOCTH IPH BO3JEHCTBUM MOMEHTA HArpy3Ku;
OLIEHUTHh POOACTHOCTH MPUBO/IA (1yBCTBUTEIHLHOCTh K BHEITHEMY BO3MYIIEHHUIO IO MO-
MEHTY);

- BBITMIOJIHATH aHAJIHM3 JTWHAMHUKH W TOYHOCTH NpHU ydere JtodTa; OleHUTh poOacTHOCTh
NPUBOJA (UyBCTBUTEIBHOCTD K JIIOPTY);

- BBITIOJTHATH aHAJIW3 JIMHAMHUKH U TOYHOCTH NpU W3MeHeHnH JacToThl [LIMM; oneHnTh
YYBCTBUTEIHHOCTh MPHBOA K H3MEHEHHIO yacToTsl LIIMM.

OkcnepumeHTanbHoe nocrpoenne JIAOUX:

- 3aIyCTHTh M-(aiin JaHHBIX U cxeMy MoaenupoBanus ESP_LACHX sIX;

- 3aIyCcTUTh M-(aiil aBTOMAaTHYECKOTO TIOCTPOCHHUS TPAUKOB YaCTOTHBIX XapaKTepH-
ctuk LACHX FCHX.m;

- nostyuuth cemeinctBo JIADUX 3aMKHYTOr0 mpuBOJa ISl pa3HbIX YPOBHEN BXOJAHOTO
CUTHAJIa ¥ BBISIBUTH HAUXY/IIMKA BapUAHT C TOYKHU 3PEHUS TOYHOCTHU CIICKEHUSI.



4. V3y4ynTb KOHCTPYKIIMIO U AJIEMEHTHYIO 0a3y MOIYHATYpPHOTO Harpy304HOT'O CTEHJa JUIs
nuHamMuueckux ucneiranuii DCII.

Pazpabotares nporpamMmy nuaamudeckux ucnbsitanuii DCII B mabopaTtopHOM cTeH .

6. CdopmynupoBaTh BBIBOJBI IO padoTe.

o

BBIBO/IbI 110 PABOTE

1. MonenupoBanue nuHamuueckux ucnbeiranuii DCII B pexume nmepeOpocKu mokasaio, 9To
CUJIOBOM IIPUBOJI UMEET BBICOKOE OBICTPOJICHCTBUE (BpEeMs peryaupoBanusi Menee 1.2 ¢) u anepuo-
JUYECKHI XapaKTep MepexoHOro mpoliecca.

2. OkcnepumenTtanbHble JIAOUX u monenupoBanue pexuma ciexenus ICII nokazanu,
YTO MPUBOJ] YIOBIETBOPUTEILHO OTpadaThiBaeT CUHYCOWJAJIbHBIN BXOJHOM CHUTHANl C Majod am-
wmtyaoi A = 0.1 (pax) = 5.73 (rpan) B auanazone yactot o0 10 pan/c (mo 1.5 T'm).

Moaynb ycTaHoBHBIIIEHCS omnOku mpu yactote 10 paa/c He mpeBbImaeT 4 Mpaj.

3. Uccnenyemasi cucrema HenuHelHasd, nodtomy JIAOYUX HeoOX0aMMO CHUMATH JJIS pas-
HBIX YPOBHEH BXOJHOI'O CUTHAJIa U BBISIBJIATH HAUXYALIUN BapUAHT C TOUKHU 3PEHUSI TOYHOCTH Clie-
JKEHUS.
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