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BBEJIEHUE

[lenpro mpakTUKyMa SIBISETCS 3aKpEIUICHUE TEOPETUYCCKUX 3HAHWMU, MOTYyYaeMbIX B IMPO-
1ecce 00y4YeHHs, a TakKe MPUOOpPETEHUE HABBIKOB PELICHMs MPAKTUYECKUX 3aj/lad, CBA3AHHBIX C
MOJICTTUPOBAHUEM, aHATTH30M, CHHTE30M M ONTHMH3AINECH CTOXaCTUIECKIX CHCTEM.

JlocTuKeHue MOCTaBICHHOM LIEeIH CBSI3aHO C PELICHUEM CIEAYIONUX 3a/1ay:

— MOJIeTTUpOBaHue (DYHKIIMOHUPOBAHUS CUCTEMBI B YCIOBHSIX PETYJISPHBIX U CIydaid-
HBIX BHEITHUX BO3JCHCTBHIA;

- aHaJIU3 U CUHTE3 CTOXACTUYECKOM CUCTEMBI;

- ONTUMHU3ALIUS TAPAMETPOB CTOXACTUYECKON CHCTEMBI IO 3a/1aHHBIM KPUTEPHSIM;

- SKCIIEpUMEHTaIbHas 0TpabOTKa CUCTEMBI MPH CIy4allHBIX BO3JCHCTBHUSIX C MPOBEP-
KO MoKa3aTeneld JUHAMUKHA U TOYHOCTH.

Jly1st 1abopaTopHOro MPAKTUKYMa MCIONb3yeTcs makeT Simulink u apyrue makeTsl paciiu-
penus cucremsl Matlab.

OOBEeKTOM UCCIIeIOBAHHS MMPAKTUKYMa SIBJSICTCS IMHEHHAs cTallMOHApHAs CHCTeMa C acTa-
TU3MOM HEPBOTO WK 60JIEE BHICOKMX MOPSAIKOB, HMEIOIIAs NepefaTounyro pyHkumio W, (p) (cm.

puc.). Ha cucremy BO3IEWUCTBYIOT ClydalWHBIN IOJE3HBIA CHTHAJ G(t), W aJIATHUBHAs IOMeEXa
(mym) F(t) . Uadopmanus o BosneiicTBUSX 3aaHa MX CHEKTPAILHBIMH IIIOTHOCTAMH MOIIHOCTH.

Puc. 1 Cxema hopMuUpOBaHHS OMIUOKH

[Ipennonaraercs, 4YTO  BHEUIHME  BO3JCUCTBUS  SBIAIOTCA  LEHTPUPOBAHHBIMHU,
m, =m, = 0, sproauuecknMu cTanMoHapHBIME caydaiinbivu nponeccamu (CCII), cratucTuye-

CKU HE CBSI3aHHBIMH (KOPPESIHS OTCYTCTBYET).
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JIABOPATOPHAS PABOTA Nel
ITocTpoeHne MaTeMaTHYeCKO MO/IeJIM CUCTEMBbI TeJIeylIPaBJIeHUs B YCIOBUAX pery-
JIAPHBIX U CJYYAHHBIX BO31eiiCTBUHI

TEOPETUYECKHUE CBEJEHUA

OObekTOM  uccienoBaHus — sBisgercs cuctema  TeneymnpasieHus (CTY)  pakersl,
(GyHKIMOHMpPYIOIIAs B YCJIOBUSAX IIYMOB Ha3eMHOW W OOpTOBOI ammapaTyp yIpaBie€HUS H
KMHEMaTUYeCKUX BO3MYILEHUH IO YCKOPEHHUIO, KOTOpbhle OOYCIOBJIEHBI CHIION TSKECTH
(BepTUKAJIbHBINA KaHAJ) U Pa3BOPOTOM JIMHUU IIPULIETUBAHUS (TOPU30HTANIBHBIN KaHai) (puc. 1).

2

Puc. 1 Ilyck IITYP cemeiictBa «HOT»

(Opanuus)
AZ
P
P
HAY 2 TR
STl X
= X, >
—— _ "A»\\_‘)
(PHZ \\\\\ - "O I_I

Puc. 2. TlpunnunuaneHas cxema cucreMbl: HAY — HasemHas anmaparypa yIpaBlICHHS;
P — pakera; I1 — momexa (cBeroBas)

OyHkmoHanbHas cxema nsyMepHoit CTY B BekTopHOH (hopme mpecTaBieHa Ha puc. 2.

HI’IOMEKH Y

0" U

HAY :K)) nnc —— bPM P KC =4 ONnC .

[

Puc. 3. ®ynkmumoHanpHas cxeMa KOHTypa ympamineHus: HAY — HazemHas ammaparypa
ynpasnenusi; [IJIC — mpoBonnas nuausa cBsizu; BPII — 6mok pyneBbix mpuBonoB; P — pakera;
KC - xkunematuueckue cooTHorrenusi; OJIC — onruveckas uHHMs cBs3u; f — Bekrop



KHMHEMAaTU4YCCKUX BOBMYIlIeHI/Iﬁ

CrpykTypHas cxeMa INIOCKOro KOHTypa YIPaBICHUs IIPEICTABICHA HA puUC. 3.

F(t) ©
Z(t
NG W, (p) W, (p) W, (p) W, (p) — Ve .

v
v

1

Puc. 4. CrpykrypHas cxema CTY

3nech: F(t) — kunemaruyeckoe Bo3myinenue; N(t) — skBUBasieHTHAs TTOMeXa, IPUBEACHHAsS

k Bxoay ABK; Beixoj Z(t) — oTKIIOHEHHE paKeThl B TPACKTOPHOI CHCTEME KOOPIMHAT, T.€. OIIMOKa
HaBeJeHUA; V| — CKOPOCTh PAKETHI.

[lepenatounsie pynkuuu 3senbeB CTY nMerot Buj

Wa(p) = s Wa) = K, 2220 W) = 7wy (o) = i
A - - ¢ - T T - - p - ’
T,p+1 4’L¢p+1 T,.p+1 T2p°+2£,T, p+1
n
rae kA,TA,kd),T q,),k”,T n,kP,TP — COOTBETCTBCHHO KOX(PQPUIIMEHTHl Tepeqayd W TOCTOSHHBIC

BpeMeHu 3BeHbeB ABK, nuddunsrpa, pyneBoro npuBoja, pakeTsl; N — pazHoc audduibrpa.

PaccmarpuBaemass B paboTe wujaeanus3auus B BUAE IJIOCKOTO KOHTypa Ipenarnojiaraer
OTCYTCTBHE MEPEKPECTHHIX CBA3CH Mexay KaHainamu ynpasieHuss CTY, TMHEHHOCTh CTaTUUECKUX
XapaKTEepUCTUK 3BEHbEB M CTALMOHAPHOCTh (T.€. IMOCTOSHCTBO KO3(PULMEHTOB mepenauud u
MIOCTOSIHHBIX BPEMEHHU 3BEHBEB).

B orpanuueHHOM nuana3oHe NAlbHOCTH HA YYacTKe aTaku Iel, KOTOpbI Haumboiee
KPUTHYCH Ui KOHTYypa YIPaBICHHS C TOYKH 3PEHHS COOTHOLICHUsS CHUTHAII/IIYM, TOIMYIIECHHE O
CTAIlMOHAPHOCTU CUCTEMBI sIBIIsieTCs puemiieMbiM. [Tonaraem, uto mymoBas nomexa N(t) siBisiercs
LEHTPUPOBAHHBIM 3PrOJMYECKUM CTAallMOHAPHBIM citydailHbIM nporeccoM (CCII).

ITocne mepexomnoro mpouecca B CTY BO3HMKaeT yCTaHOBUBLIAsCS OLIMOKAa HaBeIEHUS
Z(t) (1MHeltHOe OTKJIOHEHUE DPAKEThl OT JMHUU TPHULEIUBAHUA), KOTOpas TakXKe MpeAcTaBiIsIeT

cob6oit CCII. Ommbka o0ycnoBiieHa MHEPIIMOHHOCTHIO 3BeHbeB CTY, a Takke HaTMYUeM IMOMEXHU U
BO3MYILAIOLIEr0 BO3JACHCTBHS 110 YCKOPEHHUIO.
PaccmotpuM B kauecTBe KpuTepus TO4HOCTH ctoxacthudeckod CTY cymmapHbIi cpenHuit

kBajgpaT ommobku z°. HeoOXOMMMO OTMETHTh, YTO ONTUMM3ALMS IO KPUTEPUI0 MMHUMYMa Z°
oOecrieunBaeT GJIM30CTh MTHOBEHHOM ommOKu Z(t) K HyImro 3a BpeMs HaOJtoieHus (110J1eTa) JIUIIb

«6 cpeonem». TIpuuem paxe TpU MaIoM 3HAUEHMM Z° KPUTEpHil CPeHEro KBajpaTa ONIMOKH He
rapaHTUPYeT OTCYTCTBHE HMMITYJIbCHBIX OTKIOHEHHUH pakeThl (KpaTKOBPEMEHHBIX BCILIECKOB Ha
kpuBoil Z(t)). Takum o0OpazoMm, KpuTepuii CpeaHero KpaJapara He KOHTPOJHUPYET IuanazoH
mraoBeHHO ommOku CTY 3a Bpemsi paboThl cHCTeMBbl Ha KIacCe CHUTHAIOB (HA MHOXECTBE
peanu3anuii crydaifHOTO MpoIiecca).

[Ipn cuHTE3e BBICOKOTOYHBIX CHCTEM IE€JIECO00pa3HO HCIOJB30BaTh MHHUMAKCHBIN
MO)IYJIBHI)II;'I KpI/ITepI/Iﬁ, Korga CMHTE3 IMPOU3BOAAT M3 YCIIOBUA MUHHMHU3AIMU MaKCUMyMa MOIYJIA
MTHOBEHHOUM OIIMOKU 3a BpeMs pabOThl CHCTEMBI Ha 3aJaHHOM Kjacce curHaioB. [Ipu sToMm
KOHTPOJIMPYETCS TMana3oH MCHOBEHHOH OIIMOKK U TapaHTUPYETCs, YTO MOJYJIb TEKYIIeH OMIMOKI
CHUCTEMBI He MPEBBICUT Aomycka T3.



3AJJAHUE HA UCCJIEAOBAHUE

HccnenoBaTh BepTHKaNIbHBIA KaHall HAaBeIEHUs HA JIMHUIO TpulenuBaHus. Kunemartuuye-
CKHM BO3MYIIECHHEM Ha CUCTEMY — YCKOpPEHHE CHIIbI TshKecTH. OmubKa peryaupoBaHusi — BBIXO]
CUCTEMBI, T.€. IMHEHHOE OTKJIOHEHHUE PaKEeThl 10 BEPTUKAIW OT JMHUM MpUlleTuBaHus. B kadecTBe
Bo3MyIieHust F(t) paccMarpuBaeTcsi SKBUBAJIEHTHAs [IyMOBasi MOMeXa Ha3eMHOM W GOpTOBOM ari-
naparyp ynpasjieHus, npusegaeHHas k Bxoay CTY.

ITOPAIOK BbIIIOJIHEHW A PABOTDBI

1. [Moctpouts Simulink-cxemy CTY npu Hanmu4uu JeTEPMUHAPOBAHHOTO BO3MYILIEHUS
U IIyMa.

2. PaccuuTath 10 3aJaHHOM CHIEKTPAIbHOM MJIOTHOCTH MOMEXH (POPMUPYIOMIHNNA PUITBTP
JUISL €€ MOJICIIMPOBAHNS.

3. [Moctpouts Simulink-cxemy /115t BRIYUCICHUS TUCTIEPCUU OIIUOKH OT ITOMEXH.

4. OmnpenenuTh aHATUTUYECKH U AKCIIEPUMEHTAIFHO COCTABIISIONINE YCTaHOBHBIICHCS
OLIMOKH OT KUHEMATUYECKOTO BOSMYILEHUS U IITyMOBOI IIOMEXH.

5. Bemonuute oxHonapamerpudeckyro ontuMuzanuoo CTY mo koaddunmenty ycunme-

HUS pa30MKHYTOW cucTeMbl K TpaguecKkuM croco0oM, UCXOIs U3 YCIOBUSI MUHUMYMa CyMMapHO-
I'0 CpeJHEro KBajjpaTa OIINOKH.

6. [ToctpouTs rpaduk 3aBUCHMOCTH KPUTEPHUSI TOYHOCTH OT Kod(duimenta K, onpene-
JIMTb SKCTPEMYM L1eJIeBON (YHKIMU U ONTUMAJIbHOE 3HaYeHHe K03 huIueHTa.

7. OueHutb KadecTBO perynupoBaHus ontuMusupoBaHHod CTY Ha ocHoBe aHanmu3a
3a1acoB YCTOMUMBOCTH, BPEMEHU PETYIIMPOBAHUS, IEPEPETYIUPOBAHUS.

8. BrinonauTs KOppekiuio pesynbrata 0e3ycnoBHoM ontumuzammu CTY mpumeHu-
TEJBHO K 33/1a4€ YCJIIOBHOM ONTUMHU3ALUU IPU HAIMYMKU OIPAHUYECHUN.

9. CdhopmynmpoBath BBIBOIBI IO paboTe.
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JIABOPATOPHAS PABOTA Ne2
MoaeaupoBaHue IYMOB U oMeX MeTo1oM GopmMupywinero GpuibTpa

TEOPETUYECKHME CBE/JIEHU

PaccmotpuMm 3amauy MmojenupoBaHMs ciydaiHoN mnomexu Ha Bxoge CTY wmeronom
dopmupyromero ¢uiabTpa U IKCHEPUMEHTAIBHOW OLIEHKH C IOMOIIBIO BUPTYaJIbHOH MOJAEIH
CTaTUCTHYECKUX XapPaKTEPUCTUK CHCTEMBI, B TOM UHCIIE CPEIHEKBAIAPATHUECKOW OUIHMOKU

2

z,, =Nz*.

[Tonaraem, uto mnomexa sBugercs sproguueckuM CCII ¢ u3BECTHOW CHEKTpabHOU
IUIOTHOCTBIO, TOMEXa U KHHEMaTHYeCKOE BO3MYIIICHHE HE KOPPEIUPOBAHBI MEKIY COOOH.

Paccuntaem mo 3agaHHONM CIEKTpaIbHOM MJIOTHOCTH MoMexu (popmupyromuit Gpuinstp (OD)
ISt ee MoJienupoBaHusl. OyHKIMS CIEKTPAIBbHON IIJIOTHOCTH [TIOMEXU 3aJjaHa B BUJIE:

_ 2a;D;  2T.D;
'sf (m:] - 2 v T 2t
ar + w1+ wT;

e @y — IapaMeTp, 3aal0NIuii IMPUHY 1oNock! YacToT; Tr = 1/a, — mocTosHHEIH K0 dUIMEHT;

D — nucnepcus.
I'paduk crieKTpanbHOM IOTHOCTH HoMexH F((t) nMeeT KOJI0K0I000pa3HbIH BHL

2-Dra
a = 62832 D=2 W) =
"S"i ) 2 2
a+w
007
S(w)

00175 \‘\

8755107

I"_"_'_FF ___‘__‘_'.——_‘.

—400 —320 —-240 —160 —80 O S0 160 240 320 400
w

Puc. 1. Bua cnektpanabHOM MIOTHOCTH MOITHOCTH OMEXHU

— —

PaccmoTpuM nuHeiHbIN cTanmoHapHblil popmupyromuit punstp (PD), Ha BXOJ KOTOPOTO
nojiaeTcs curHan 6enoro myma U(t) ¢ eMHMYHON creKTpaibHOM mioTHOCTRIO S, () = 1. Toraa
CBS3b CIEKTPAJIBHBIX INIOTHOCTEN CUTHAJIOB HA BXOZE U BbIXxoae OO onpenenuTcs BEIPAKEHUSAMU.

S¢(w) = IWe(jw) IS, (w)
J2T;D, J2T.D;
1+ joT, 1-joT;

=Wg(jw)We(—jw)

CrneoBarenbHo, nepeaarodnas Gyaxuus Od, KoTophlii npeodpasyeT CHrHaI GeI0ro nryma
€IMHUYHON MHTEHCUBHOCTU B CIydalHbId mpouece F(t) ¢ 3a1aHHON CHIEKTPAIbHON IIOTHOCTBIO
5 (@), nmeer Buz



Kes
W, =
SR T
II EDJ,- | 2.2
Koo = [21;D= [ L= =0.252,
*.,. \ Qs 1‘62.832

T@@ = Tf = m =0.0159 ¢

Simulink-cxema croxactuueckoit CTY u moiydeHHas peanu3anus CIy4alHOTO CHIHAja
OMOKH B YCIIOBHSX IIIyMa MpejacTaBieHa Ha puc. 2-3. [Ipu s3Tom Ha BXo1 GpopMupyromero Gpuib-
Tpa (anepuoaMYecKOro 3BEHA) MOJACTCS CUTHAN €AMHUYHON HHTEHCUBHOCTH OT TeHepaTopa 0enoro
nryma u3 6ubanorexu Simulink.

[Ipumeuanue. Hactpoiika renepatopa 6enoro nryma (I'BIL).

I'BIL ¢ orpannuennsiM ciektpom «Band-Limited White Noice» npeana3zHauen s BoCpo-
U3BE/ICHUS Pean3alliy CIy4aifHOTo Mpolecca 3a1aHHON MOIITHOCTH, PABHOMEPHO pacipeaeIeHHON
B OI'paHUYEHHOM auana3oHe 4yactotT. [lapamerpsl I'BIL, koTOopble HaCTpauBarOTCA:

e Noice Power — HHTCHCUBHOCTD (MOIIIHOCTD) IIyMa.

e Sample Time — moxensHOe BpeMs (LIar AUCKPETHU3ALMH), OMPEACIIAET CIEKTP Ya-
CTOT.

e Seed — yucio, HEOOXOAUMOE [T MHUIIUATTM3AINY TCHEPATOPa CIyYalHbIX YHCEL.

Heo6xoanMo yuuThIBaTh, 4TO B Tporiecce cratuctudecknx ucnbitannii CTY, xorga HeoO-
XOJMMO MHOTOKpaTHO 3amyckaTh Simulink-cxemy cucremsl I'BII (B ciiyuae ero Hew3MEHHOH
HACTPOMKHK) OyAEeT BOCIPOU3BOAUTH OJIHY U Ty K€ peanu3anuio 6emoro mryma Ha Bxoae Od. s
a/IeKBaTHOCTU MCIBITAHUI U TONYyYEeHUs] MHOXKECTBA pean3aliii moMexu (mpu (UKCHPOBAHHBIX
MOIITHOCTH ¥ CHEKTpe) Halo mepea KaxaoMm myckoMm Simulink-cxeMbl Bpy4HYIO W3MEHSTH YHCIIO
«Seed» (3epHo).

) scope = E
leam e ARE P E R

M\F BN -
Band-Limited Scope
White Moise

0 05 1 15 2

Time offset: 0

Puc. 2. I'eneparop Oenoro nryma u3 6udaunoreku Simulink u Bua peanuzanuu 6e1oro myma

Nty

0252
0.0159s5+1
"

wy!

1 025+1 10 1
0.0055+1 02/65+1 001s+1 0.0334%5* + 2200334+ 0.15+ 1
ABK

A-cunep PN paketa

o

Puc. 3. Simulink-cxema croxactuueckoii CTY ¢ MopenupoBaHHEM MIOMEXHU Ha €€ BXOJIE
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00000

Puc. 4. Peanuzauug curgaia ommoOKu
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JIABOPATOPHAS PABOTA Ne3
OnTuMu3anus NapaMeTpoB CTOXACTHYECKOH CCTeMbl 10 KPUTEPHI0 MUHMMYMa cpef-
HEro KBaJpara ommoKu

TEOPETUYECKUE CBEJIEHU A

PaccmoTrpum 3amauy omHomapameTrpuueckoi O0e3yciioBHor ontumuzanuu CTY ¢ «Heorpa-
HUYCHHOW JINHEWHON 30HON» 10 KOA(PHUIMEHTY ycuiieHus: pa3oMkHyTor cuctembl K [1/(c*m)]. B
KauecTBe KpUTepUs ONTUMalbHOCTH Aisi croxactuueckod CTY OynmeM HcCronb3oBaTh KpUTEpUil
MHUHHMYMa CyMMapHOTO CPEIHET0 KBaIpaTa OIIHOKH.

[Ipumeuanue.

Bbonee xoppektHo. Koapdurment ycunenus pazomkayroit CTY BkITtoUaeT TakkKe CKOPOCTh
pakerst V. IT0T Ko3ppuumenT K*V, umeer pasMepHOCTb [1/(c?)] n nHa3pIBaeTCA TOGPOTHOCTHIO

10 YCKOPEHHUIO.
B o6sacti ycTOMYMBOCTH CUCTEMBI TOCTPOUM I'padUKU 3aBUCUMOCTH OT K03 dunmenra K
JUTSL IBYX COCTaBJISIFOIIMX KPUTEPUSI TOYHOCTH, KOTOPHIE B COOTBETCTBUU C MIPUHIIUIIOM CYIEPIO3U-
IIUM MOTYT PACCUUTHIBATHCS IO OTACITBLHOCTH.
1) Pacuem pecynapnoti cocmasnaoweti owubKy om KUHeMamuyecKko2o 803MyWeHus
YcranoBupmasicss omuOka CTY OT IeTepMHUHUPOBAHHOTO BO3MYIIECHUS TI0 YCKOPEHUIO CH-
JIbI TSPKECTH § COTVIACHO TEOPUHU aBTOMATHUECKOTO YIPABICHUS BHIYMCISETCS aHATUTUYECKHA METO-
oM K03((pHUIIMEHTOB OMIHOOK

g 9.8
e, .. = =
MO K-V, (1-001-1-10)-400

o]
[TpoBepka pacuera pErysipHOA COCTABIISIONICH OHIMOKHM TMPOM3BOAUTCS C IOMOIIBIO
Simulink-cxemsl, Mogenupytorieit BepTukaibhblii kaHant CTY mpu HaTMYUK BO3MYIIECHHS 110 YCKO-

PEHHIO CHIIBI TAXKCCTH.

= 0.245

+3 1 025+1 10 1 1 1 11
0.005s+ 1 }_’ 02/6s+1 00Ls+1 }_’ 0.0334%7 + 2+ 00334« 015+ L %’» O _'E

ABK H-thunetp [z paksTa ve

-+

of

Puc. 1. Simulink-cxema ist BBIYUCICHUSI PErYISIPHOT COCTABIISIONICH OMINOKH

ITo ocumnnorpamMme BbIXOJla MOJyyaeM 3HAUYE€HUE YCTAaHOBUBLIEWCS OMIMOKU (OTKJIOHEHHE
paKeTsl OT JIMHUH MPHULIEITUBAHUS) Eyer= - 0.245 m.

0.05

ol
|
\

015

-0.2
\ W

0.25 \/

-0.3

Puc. 2. Berxognast koopauHaTa CTY npu BO3MYIIICHHUH 110 YCKOPESHHIO
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PaccuntaHHOE aHATUTHYECKU U MOJYYEHHOE HYKCIIEPUMEHTATBHO 3HAYCHHS OMIMOKHA COBIIA-
JIAIOT.

2) Pacuem cnyuaiinoti cocmasnsioweii owubKu om nomexu.

Jlucriepcus OMMOKK OT TMPOXOXKICHUS LIEHTPUPOBAHHOW ITOMEXH (C HYJEBBIM CPEJIHUM) BbI-
YUCIISICTCS 110 3aBUCUMOCTH

D= j w2 (t)dt , 1)

rae W(t) — umnyiabcHas nepexonHas xapakrtepuctuka (UIIX) pacwupennou cuctemsl OoT BXoaa

®d 50 BEIXOAa 10 ommbke (B naHHOM cinydae Beixox CTY); T — Bpems 3aTyxaHus, T.e. BpeMs
Bxoja UITX ycToitunBOil CUCTEMBI B S-IPOLIEHTHBIN KOPUIOP.

U3 (1) cneqyer, 4yTo AJsi BBIYMCICHUS COCTABIISIONICH OMIMOKH OT MOMEXH HEOOXOAMMO I0-
ayuuth WIIX. Jlnsa srtoro Ha Bxogy ®@ Hamo mopaBaTh HMITYJIBCHOE BO3JCHCTBHE (IeNbTa-
(GyHKIIMIO), KOTOPOE HEBO3MOXKHO CMOJICIIUPOBATH TOUHO.

OpaHako U3BECTHO, YTO BO3JEUCTBUE J€TbTa-QYHKIMHA SKBUBAJICHTHO 33JJaHUI0 HAYaIbHOIO
YCIIOBHUSI Ha UHTErpaTope cxeMbl MonaenupoBanuss ®d. Hanpumep, ecmu @D npencrasiser coOoit
anepuoanyYecKoe 3BeHo, To A nonydeHus: MIIX sTo 3BeHO Hajo MOJENMpOBaTh Ha UHTETPATOPE,
OXBA4YE€HHOM OTpPHIIATEIILHONW 00paTHOM CBs3bI0. [Ipy 3TOM Ha MHTETpaTOpe 33a/1aeTCs HE SAUHUYHOE
HAYaJIbHOE YCIIOBUE, KOTOPOE ONpeAeNsieTCs U3 YpaBHEHHUS allepUOANYecKoro 3BeHa (KodpuuueHT
IIPU BXOJIHOM CHUTHAJIE).

Jlna pacuera qucrnepcuu o Beipaxenuto (1) mpencraBuM anepuogundeckoe 38eH0 DD B Bu-
JIe UHTETPaTopa, OXBaYE€HHOI'0 OTPULIATENIbHON 00paTHO! CBS3BIO.

H.y=k1

1

s

Irtegratar2

Puc. 3. Cxema monenupoBanust @® Ha UHTErpaTOpe ¢ HAYAIBHBIM yCI0BUEM, paBHbIM K1

371ech napaMeTpsl
K1=2%2=1585K2=_= 62832
Te Te

Ontumuzaius CTY 1o KpuTepHio MUHUMYyMa CpeIHero KBajapara oliMOKH

Pacemorpum ontummzanuio CTY 1o KpuTepro MUHUMyMa CYMMapHOTO CPEIHEro KBajapa-
ta  ommbOku. B mpouecce  onTuMuzanMM  Juclepcus — OMMOKM  OT  TNOMEXH
D = D(K) onpenensieTcsi myTeM HEMOCPEACTBEHHOTO MoJenupoBanusi Simulink-cxeMbl BbIYHCITE-
Hus kputepus Buaa (1) (puc. 7). 3Hauenus kosdpduinmenta K BbIOMparoTcs U3 Juana3oHa ycToil-
YUBOCTHU CUCTEMBI. Simulink-cxema BBIYHCICHUS JUCTIEPCUH OLTMOKU MPEACTaBICHA HA PUCYHKE

Integrator3 Integratord

Manual Switch3

double

double o

Fen Integrator2

Puc. 4. Simulink-cxema it BBIYMCIICHHS AUCIIEPCUU OINUOKK (HAYaJIbHOE YCIOBUE Ha HMH-
terpatope ®D Henynesoe!).

Scoped

Display
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5 2
ITo rpauxy cymmapHOro CpeaHero kBaapara ommoOku €;° B QyHkuum ot kodpduumenra K
OTBICKHMBAETCS MUHUMYM KPUTEPHSI TOYHOCTH CTOXACTUYECKOU CUCTEMBI
2
~ 2 g - *
&°=| —— | +D(K)=min > K
K-V K
P
*
Jlis onpenenenus ontumyma K rpaduueckum mertomoM moctpouM B cucreMe Mathcad
rpaduk 3aBUCHMOCTH CYMMapHOTO CPEIHET0 KBaApaTa OMIMOKH OT Kod(duiuenTa ycuneHus K.

k=1.11  g=98 Vp = 400
D = ksum, = / B
= T T E =|—5_| z =E_+D,
D 2564 D01 \ ksum VP )
03042 D.02
03395 0.03
04242 0.04
05015 D05
05958 D.06
07121 0.07
03588 0.08
1049 009
1305 01
1665 011

Ksumomnr = 0.03

Puc. 5. I'paduku cymmapHOro cpeHero KBajapara OIIMOKH M JBYX €ro COCTaBIISIONIUX B
GyHKIIMM OT KO3 PUIMEHTa yCUIEHUS 10 KOHTYPY

OntumMansHbIM siBisieTcst ko3 dunmert pazomkayToit CTY pasubiit 0.05 [1/(c*m)]. On no-
CTaBJIseT MUHHMYM CyMMapHOMY CpPEIHEMY KBaJpaTy OMIMOKH, KOTOpEIi paBeH 0.742 M2,

Ik
|

-0.3

.04 \ A Fal " Jnll Fi

-0.6 v /J V=

-0.7

Puc. 6. Peanuzauug ommoku Hasenenuss MI'P
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OneHum nokasarenu AMHaAMUKH ONTUMHU3UPOBaHHOM o TouHoctu CTY.

Step Response
From: Sum To: Integratort

T

i System: linsys1

| 1/ Sum to Integratort

| Peak amplitude: 1.52

| Overshoot {%): 52.1

: At time {seconds): 0.471

16

1.4

12

) N R — — — 7
3= | | System: linsys1
=g i | 1O: Sum to Integratort ]
% i | Settling time (seconds): 1.48
< | |
0.6 i i -
| |
| |
0.4 I i _
! |
! |
0.2 : ! _
| |
i i
0 i . i . . .
] 0.5 1 15 2 25 3 3.5

Time {seconds)
Puc. 7. IlepexouHblii mpouecc

[lepeperynupoBanue coctaBisieT 52%, Bpems Bxoja cucteMsl B 5% 30Hy cocrasisieT 1.48 c.

Bode Diagram
From: Sum To: Integratort

100 T T T
linsys2

o P | -] | TR B R |
2 System: linsys2
o Gain Margin (dB): 10.1
B AW | Atfequency (mdier 23 [ J
é, Closed loop stable? Yes
=P | | [ I ]

300 ) ) ) )

00 T T T T

.

-180 =TT - 1 T e et
g System: linsys2
a | | Phase Margin (deqg): 30.4 | |
222il Delay Margin (sec): 0.0967
2 At frequency {rad/s): 5.49
g 360 |7 [ Closed loop stable? Yes [ ]

-540 L L L h

107" 10° 10’ 102 10° 104

Frequency (rad/s)
Puc. 8. JIA®YX: 3anac ycroitunBoctu 1o ¢asze 30°, mo ammumryae 10.1 ab.

W3 ananm3a 3amacoB yCTOMYHMBOCTH, BPEMEHU PETYIHPOBAHUS M MTEPEPETYITMPOBAHUSI MOXK-
HO 3aKJIFOYHTh, YTO CHCTEMa OTBEUYAET 3a/IaHHBIM TPEOOBAHUSIM.

UccnenoBanmne BIMSHAA TOMEX U OIleHKa moMexo3amnuiieHHocta CTY

[Ipoananu3upyem 3aBucumoctb TouHoctd CTY or mapameTpoB mryma (MHTEHCHBHOCTH U
ITUPHUHBI TTOJ0CH 9acTOT). C MOMOIIBIO CXeMbl GbIUUCTEHUSL OUCNEPCUU OWUOKYU OT TIoMeXH (puc. 7)
PETUCTPHUPYEM €€ 3HAYCHUS MPU CIECTYIOIMUX (PaKTopax:

1) MOBBIIIEHNN UHTEHCUBHOCTHU IToMexu (octuraetcs yBennuenueM K1 B cxeme OD) —
JMCTIEPCHS OLTMOKH OT IOMEXH YBEITHMUUBACTCA.
2) YBEJIMUYEHUU TOJIOCHI YAaCTOT (PacHIMPEHUH CIIEKTPa) IOMEXH (IOCTUTAETCsl YBEIH-

yerneM K1 u K2 B cxeme ®D) — auiciepcust OmOKN yBETHUUBACTCS.



14

Takum 00pa3oMm, yBeTMYEHHE WHTEHCUBHOCTH W/MIU PACHIUPEHUE IMOJIOCHI YacTOT IIyma
CUJIBHO BJIMSIIOT M HETaTHMBHO CKa3bIBAOTCS HA TouHOCTH CTYVY.

Onenka nomexo3amuieHHocTd CTY npu ¢ukcupoBaHHONW JOOPOTHOCTH OCYIIECTBIISIETCS
[0 MPUHATOMY B MH)KEHEPHO JIeJie KPUTEPUIO — OTHOUICHHIO «CUTHAN/rym» (cokpamenno OCIL,
Wi B aHrmickor Tpanckpumiu SNR).

OCIII aBTOMaTH4ECKON CHUCTEMBI ONPEAETSIOT KaK OTHOIIEHHWE MOIIHOCTU MOJIE3HOTO CHT-
HaJla K MOIMHOCTH Iryma. Yem oHo BbImie, TeM cucreMa jyumie. OCII 0ObIYHO pacCUUTHIBAIOT B
nerubenax (ab), T.e. B BUAe AecITUUHOrO jorapudma OTHOUICHHS CPEIHUX KBAJAPATOB MOJIE3HOTO
curxana u myma, ymaoxxennoro Ha 10. ITpu OCLI 6onee 20 a1b cucrema cumnraercst paboueii.

B paccmarpuBaemom ciydae cunre3za CTY OCII onenuBaercs mo OTHOIICHUIO KBajpara
PETYISPHON COCTABJISIFOIICH OMIMOKH OT YCKOPEHUS CHIIBI TSKECTH M TUCTIEPCUN OIIMOKH OT TIOMeE-
XH.

3AJIAHUE HA PABOTY.

Paccunrate OCII CTY npu HalineHHON onTUManbHOW goOpoTHOCTH. [Ipn HEOOXoaMMOCTH
(OCII menee 20 nb) cormacoBaTh napameTpsl myma ¢ Bo3moxHocTsiMu CTY. Jlis aToro B cxeme
BBIYHCIICHHs Aucniepcuu omuOku BapbupoBath kKodhdumuenter @D (K1 u K2) B Hanpapienun
YMEHBIIICHUS MOITHOCTH MToMeXH U niepecuntbiBaTh OCILI.

Haiitn mapamerpsl m1yMOBOH MmoMexu (MHTEHCHBHOCTh U IOJIOCY YacTOT), IPU KOTOPBIX
OCIII 6yner 6ompme 30 nb. B aToM citydae BausitHueM momexu Ha To9HOCTHE CTY MOXKHO TIpeHe-
Opeub U paccMaTpUBaTh 33J]a4y €€ CHHTE3a KaK IETePMUHUPOBAHHYIO.
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JIABOPATOPHAS PABOTA Ned
AHaJHM3 IMHAMHKHA M TOYHOCTH CHCTEMBI TeJIeyNPaBJIeHUs] B YCJIOBHAX BO3MYILUICHHN H
OrpaHMYEHHUs HA pa3BUBaeMoe YCKOpeHHe

TEOPETUYECKUE CBEJIEHMA

BrInorHIM KOppEeKIHio pe3ysibTaTta MPOBEACHHOM Bbille O0e3ycinoBHO# onTtumm3aiuun CTY.
PaccMoTpuM 3azady yclOBHOM ONTHMH3AalMM CUCTEMBI, B YaCTHOCTH, 3a1ady ontumusauuu CTY
IIPY y4eTe OrpaHMYEHUs Ha Pa3BUBAEMOE YCKOPEHHE. 3aMETUM, YTO OIPAHUYEHUE IO YCKOPEHUIO
O00yCIJIOBJIECHO HAJMYMEM MEXaHMUYECKHUX OrpaHHYMTENEH XO0/Ja a’pOJAMHAMUYECKUX pYJIEH, 4To
o0ecreunBaeT 3aluTy OOPTOBOM anmapaTypbl U IUIaHEpa PaKeThbl OT U30BITOYHOM NEPErPy3KH.

[TpoBepuM myTeM MOJEIMPOBAHUS BIMSHUE OrpaHMYeHHs yckopeHus Ha padory CTVY. 3a-
METHUM, YTO B IIEPEXOAHOM pexkume BbiBoJa MI'P Ha nuHuIO nmpuLenuBanus, Npu OOJIBIINX YPOB-
HSX CUTHaNa OMHMOKM OrpaHUYEHHE 0 YCKOPEHHIO, Kak MpaBuio, gocturaercs. OpHako B Ipa-
BUJIBHO CIIPOEKTUPOBAHHON CUCTEME B YCTAHOBUBIIEMCS PEKUME pa0bOThl JaHHOE OTPAHUYECHUE HE
JIOJKHO JIOCTUTaThCS.

IIpu pa3paboTke BBICOKOTOYHBIX CUCTEM LIE€JICHAIPABICHHO CIEAYIOT NPUHLHUITY UCKIHOYE-
HUSl OTPAaHUYEHUN B YCTAHOBMBILEMCS pEXHUME, 0OecleynuBas TEM CaMbIM pabOTy CHUCTEMBI B JIH-
HEMHOI 30HE U BBICOKYIO TOYHOCTh. OOecrneunBaeTcs 3TO y4eTOM OTpaHMUYCHMs Ha dTare 1ocTa-
HOBKU 3aJ]aul ONTHUMAJIbHOTO CUHTE3a yIPaBICHHUS.

Paccmotpum crpykrypHyto cxemy JmHeHHONM CTY co cTaTM4ecKON HEIMHEHMHOCTBIO THIIA
OorpaHuueHus (HaChIIEHMsI), HA BXOJ KOTOPOIl MOCTYyNaeT CUrHall yCKopeHus. B HenuHeiltHOW cu-
CTEME Ha BbIX0Jle HETMHEHHOCTH INpolecc OyAeT OTIMYaThCsl OT HOPMaJIbHOIO rayccoBckoro. On-
HAKO OOBEKT yIpaBiieHUs (pakera) 3a CYET CBOUMX MHEPIMOHHBIX (MHTEIPUPYIOLIUX) CBOMCTB BOC-
CTaHaBJIMBAET HOPMAJIbHOE T'ayCCOBCKOE PACIPEAEIECHUE CUTHAJIa HA BXOJAE HEIMHEMHOIO 3BEHA.
Taxkum oOpazom, B 3aaue pacyera TUCTIEPCHH OIMIMOKU OT TIOMEXHU Ha JHCIIEPCUI0 YCKOPEHHS Clie-
JyeT HAJIO)KUTh OIPAaHUYECHUE U3 YCIOBUS

£ ()] < &
C YUYCTOM IIpaBUJIa «TPEX CHUI'M», CIIPABCAJIMBOTO JIA I'ayCCOBCKOI'O IIpoLecca, IojiydyacMm
AJI1 JUCIICPCUN YCKOPCHH A OIrPpaHUYCHUC TUIIa HCPABCHCTBA

7 ()
D_ — Iﬂ'_‘ £ max &
= = 9 .
Eciu B pe3ynbpTate CHHTE3a JaHHOE HEPABEHCTBO YIOBJICTBOPSETCS, TO C BBICOKOW BEPOSITHOCTHIO
MOKHO OXHJaTh, 4TO B ycTaHoBuBIIeMcs pexknme CTY 6omblnyro yacTe BpeMeHH cucTteMa Oyaer
paboTtath B JIMHEHHOU 30HE.
Benem orpannuenue mo moayinto yckopenus B Simulink-cxemy CTY, G yHKIHOHUPYIOIIYIO

B YCJIOBUAX MMOMEXH 1 KWHEMATUYCCKOIO BO3MYIICHUS. HYCTI) OrpaHMYCHUC YCKOPCHHA PaBHO 3g

Nl rl

0.252
00158 ! e ‘é : i ¥ : : . t
Yo ) w 00055 + 1 0:2/65+1 DOls+1 D033477 42+ 0.0334+ 015+ 1 | | B v s
pron

vp Saturalion

K ramTypa AEK Brcunetp PN )

Puc. 1. Simulink-cxema CTY B ycI0BHSX MOMEXH, KHHEMAaTHYECKOTO BO3MYIIEHUS W OTpa-
HUYCHUS YCKOPCHHUSI
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Puc. 2. YcranoBummiics npouecc 1o yckopenuto CTY ¢ orpannuenuem

BI/I[[HO, 4TO CUCTEMa B YCIOBHUAX IMOMEXHU U KHMHCMATUUYCCKOIO BOSMYIICHUA AJOCTUTACT 3a-
JAHHOTO OrpaHudeHus. J{ist Toro 4yToObl cucTeMa padoTaia B JIMHEHHON 30He YMEHbIIUM K03 du-
[UEHT Tiepenayn pazoMkHyToro koHTypa 10 0.03 [1/(c*m)]. [Ipu stom CTY He mocTuraer orpaHu-
YECHHUS TI0 YCKOPEHHUIO.

SN AT e
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—
—

|

—:———;—
E——
—
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Puc. 4. Peanuzanus ciyyaifHoro curnana ommuoKu

IIpoBepum ckoppekTupoBaHHyro CTY Ha ycTOHYMBOCTD M KAYECTBO PETYIUPOBAHUS.
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Step Response
From: Sum To: Integrator1

{ System: linsys2 linsys2
i 1/0: Sum to Integratort

|| Peak amplitude: 1.56
| Overshoot (%): 65.8

System: linsys2
| Attime {seconds): 0.709 e

1/0: Sum to Integratord
Settling time (seconds): 2.81

e ST

o
@

Amplitude

o
=)
T

04

02r

0 1 2 3 4 5 P
Time (seconds)
Puc. 5. [lepexoansblii mpoiiecc

[IepeperynupoBanue coctaisieT 56%, Bpems Bxoja cucteMbl B 5% 30Hy cocTasisier 2.81c.

Bode Diagram

From: Sum To: Integralort
100 T = T

:

=]
T

System: linsys1
Gain Margin (dB): 14.5

| At frequency (radis): 23 i :
Closed loop stable? Yes

Magnitude (dB)
2 3

[
=]
=]

-300

©
=)

L
@
=1}

[ System: linsys1
Phase Margin (deg): 26.8

[ Delay Margin {sec): 0.115
At frequency (rad/s): 3.92

| Closed loop stable? Yes

2
=
=}

Phase {deg)
&
3

-450

540
10" 10° 10’ 102 108 10%
Frequency (rad/s)

Puc. 6. JJA®UYX
3amnac yctoitunBoctu o ¢aze 15.8°, nmo ammnutyzae 14.5 nb.

BbIBO/IbI

[Ipu ymenwienHo# 1o0poTtHOCTH (T.€. KO3 dunmente nepenadn pazomkuyroir CTY) pas-
BHBA€MOE€ YCKOPEHUE CUCTEMBI HE NpeBbllaeT orpannueHus 3g. Cucrema ycToiiunBa U UMEET 3a-
1ac yCTOMYMBOCTH 10 aMIUIMTY/IE BBIILIE, YEM 10 BHECEHUs KoppeKuuu. OHAKO CHU)KEHUE Monpa-
BOYHOTO Kodddurmenta 10 0.03 umeer oTpULIaTENbHBIE MOCIEICTBUS I TUHAMUKA U TOYHOCTH
CTY: Bo3pocio nepeperyinpoBaHue, Bpems MepexoJHOro Mpolecca yBEINIUIoCh B 2 pa3a, YBeIH-
YHIIACh TTOCTOSTHHAS COCTABJISIFOIICH OMIMOKH, BEI3BAHHOM BO3MYIIICHHEM OT YCKOPEHHUSI CHITBI TSXKE-
CTH, TUCTIEPCHSI OIITUOKU OT IIOMEXH yBEIHUUIIACh ¢ 2.326 M2 110 6.366 M2.

W3 mpoBeneHHON HeyJauHOW pYYHON KOoppeKuuu KoddduineHTa nepeaadyud pazoMKHYTOTO
KOHTYpa MOXHO CZeJIaTh CJIEIYIOIINE BbIBOIBI.

1. Heo6xoaumo pacumputh Bo3MokHOCTH cuHTe3a CTY. 3amady onTHManbHOTO CHH-
T€3a cJelyeT CTaBUTh KaK MHOTOMapaMeTpuyecKyto (1o ko3 uineHTy pa3oMKHYTON CHCTEMBI, 10
MOCTOSTHHOM BpeMeHH U pa3zHocy audduibtpa). Pemars 3anaqy aBToMaTu3npOBaHHBIMU METOIAMU,
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T.C. IIOUCKOBBIMH YHCIICHHBIMH MCTOAAMHM C HMCIIOJIB30BAHUECM CCTKH Ha4YaJIbHBIX HpI/IGHI/DKeHI/II\/JI 110
ONITUMH3HPYEMBIM TTapaMeTpam (IOCIeAHee — C IEIbI0 NCKIIOUCHHUS JIOKAJIbHBIX MHHUMYMOB Iie-
JeBON (PYHKLIUN).

2. 3agady ONTHMHU3AIMH PAaCCMAaTPUBATh KaK YCIOBHYIO, T.€. KaK 3a1a4y MUHUMHU3AINN
KPUTEPHs] TOYHOCTH (LeNIeBOM (DyHKIMH) ézz B YCJIOBHSX COBOKYIIHOCTH MapaMETPUYECKUX U

(GyHKIIMOHAJIBHBIX OFPaHUYCHUI Ha!

J MPUHAIIISKHOCTh KO3 duuuenTa K o6iacTi ycToHYnBOCTH (IpUdeM ¢ TpeOyeMbIMU
3armacaMu yCTOMYHUBOCTH);

J 3HAYEHHE CPEAHEKBAAPATUIHON CyMMapHO# ommoOku (He Oosnee momyctumoro o T3
CKO);

o Pa3BUBAEMYIO IIEPETPY3KY.

B o6mem ciydae MOKHO PEKOMEHJIOBAThH CIEIYIONINE MEPOTPUATHS ISl TIOBBIICHHS I (-
(heKTUBHOCTH cHHTe3a BEICOKOTOUHON CTY B yCIIOBHSIX ITOMEX.

1. YMeHbIIaTh MHTEHCHUBHOCTh W/WIIM IIMPUHY TOJIOCHl YacTOT IIYMOB HAa3eMHOH M
OOpTOBOI anmapaTypsl yIpaBICHHUS.

2. [ToBbIIaTh YPOBEHB AOMYCTUMOM NMEPErPY3KH PAKETHI.

KOHTPOJIBHBIE BOITPOCHI

1. Urto Takoe ciyyaiiHblil nponecc? Onpenenure NOHITUS «pean3alus» U «CEUCHUEe»
CIIy4alHOTO IIporecca.

2. Kako#l ciywaitHblii mponecc Ha3bIBA€TCsS CTALMOHAPHBIM 3proauyeckum? B kakom

Cllydae IpU CTAIlMOHAPHBIX BXOJHBIX BO3JACHCTBHUIX OIIMOKA CHCTEMBI TAK)XKE SBIISETCS CTallMOHAP-
HBIM ITpoLieccom?

3. KakoB conepxateiabHbIil CMBICT TOHATUH KOPPESIHOHHAS (PYHKIUS M CIIEKTPab-
Has 1oTHOCTh? Kak xapakTep peanuszanuii ciydaifHOTro mporecca CBA3aH ¢ BUJIOM IpadUKoOB 3THX

byHKIUI?

4, [Tepeuncnure dhaktopsl, 3a cué€t KOTOpbIX B CTY BO3HHKAET omuoKa.

S. Kakue kputrepuu MOTYT HCIIOJIB30BAThCS JUIsl OLEHKM TOYHOCTH CTOXACTUYECKOM
CTVY? KakoBbI X JOCTOMHCTBA U HEJTOCTATKH?

6. Kakoii npuHIUI 1MO0XKEH B OCHOBY pacuéra ominOKku B auHeHol CAY ¢ HecKoib-
KHMH BXogamMu?

1. B uém cyTs MeTona Gpopmupyromiero gpuibtpa?

8. VYKaKUTE CTaTUCTUYECKHE XapaKTEPUCTHKU CIy4alHbIX cUrHaloB. Kak B cucrteme
MATLAB o11eHHBaOTCSI 3TH XapaKTEPUCTUKU?

9. Uem 00yclioBiIeHO Halu4ue KojebaTenbHOW COCTaBistollei Ha rpaduke QyHKIUU
CHEKTPaJIbHOM MJIOTHOCTH, MOJIyYEHHOM € ToMOoMIbIo ciekTporpada B cucteme MATLAB?

10.  Kakoit meron ontumuzanuu CTY npumensics?

11.  Kaxkoil BUJ UMEIOT rpaUKy 3aBUCUMOCTEN CpeTHEro KBajpaTa CyMMapHOU OLIMOKU
CTYVY u ero cocTapisromuX 0T KO3pPHUIMEHTa NTepeJjaul pa30MKHYTOW CUCTEMBI?

12.  Kak yBenmuuenue nooporHocti CTY ckaxercs Ha KaXI0W U3 COCTABIISIIOIINX KpUTe-
pust TOYHOCTH?

13.  Yro Takoe 3KCTpEeMyM KpHUTEpHS U ONTHMaIbHOE 3HaYeHHEe K03 durnenra?

14.  KakoBsl napameTpsl mymoBoi momexu? Kak ux MoxHO n3MeHsATh B Simulink-cxeme
CTVY? Kak napameTpsl momexu BIus0T Ha TOYHOCTh CTY? UTo Takoe OTHOLIEHHE «CUTHA/IIyM»?

15.  Kak Bausier Ha TouHOCTh croxacTuueckoid CTY yueT orpaHuyeHus 1Mo yCKOpeHuto?

16. Uto Takoe «mpaBuio Tpex curmy»? K kakoMy ciiydailHOMy Mpoueccy OHO MPUMEHHU-
Mo? JIJist 4ero OHO MOKET OBITh MCIIOJIB30BAHO NP CTaTUCTUYECKUX HcTbITaHusIX CTY?

17.  Kak cineayeT cTaBUTh M peniaTh 3afady ontuMusanuu croxactuuecko CTY B ycio-
BUSX MIOMEX U OTPaHUYEHUs Xoza pyiei?

18.  KakoBBI peKOMEHAAUU O TMOBBIIICHUIO ((EKTUBHOCTH CHHTE3a BHICOKOTOUHOU

CTY B ycnoBusix nomex?
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JJABOPATOPHAS PABOTA Ne5
IMocTpoenune MaTeMaTH4YeCKOH MO/IeJId IPUBO/A HABEEHUS U CTA0WIU3AIUN B YCJIO0-
BHSIX CJIy4YailHbIX BO3/1eCTBHIl

TEOPETUYECKUE CBEJEHUA

PaccmMoTpuM aBTOHOMHBIN onTHYecKHil mocT. OH COAEPKUT NPELM3HOHHYIO ONTHKO-
anekTpoHHyto cucreMy (O9C) HaBeAeHHs U CTaOMIM3AIMK MPUIENa, KOTOpas B BEPTUKAILHOM H
TOPU30HTAILHOM KaHaJlaX peain3yercs Ha 0a3e MpuOOPHBIX AMeKTponpuBoaoB Tuna JIbM (Tpely-
emasi TOYHOCTh — MopsJIKa JoJieit Mpan). Bun ontuyeckoro nocra naH Ha puc. 2.

Puc. 1 Bux aBTOHOMHOTO OIITHYECKOTO ITOCTA

VYK coaepKuT CUIIOBYIO CUCTEMY HaBEJEHUSI BOOPY)KEHHUs, pealM30BaHHYIO Ha 06a3e ruapo-
U 3JIEKTPONPUBOJOB OOJIBIION MOLTHOCTH (TpedyemMasi TOUHOCTh — HOPSIIKA €AUHUL Mpaj).

PaccmoTpuM BepTHUKAJIBHBIA KaHaAl HaBEACHUS 3€HUTHOIO aBTOMAaTa, KOTOPBIM pealn30BaH
Ha 0a3e CHUJIOBOrO CIEAALIEro 3JIeKTPONPHUBOJA, IOCTOSHHOIO TOKa, paboTarolero Ha UHEPLUOH-
Hy!o Harpy3Ky. [lomaraem, uro npusos HaBeneHus (ITH) oxBauen oOpaTHOI CBSI3bIO MO YTy MOBO-
pOTa Harpy3Ku U COIEPKUT IOCIIEJ0BATEIbHOE KOPPEKTUPYIOLIEE YCTPONUCTBO MPONOPLOHAIBHO-
nuddepennupytomero tumna (I1-perynsarop).

ITH pabGoTaeT B yCIOBUSX ABYX CIy4alHBIX BO3JI€HCTBUI:

® [I0JIE3HOTO CUTHAJIA C 3aIaHHON CIIEKTPAIILHOM TUNIOTHOCTBIO;
® QINTUBHOW IIUPOKOIOJOCHON MOMEXH C MMOCTOSSHHOW CIIEKTPaJIbHON INIOTHOCTBIO.

PaccmoTpuM nuHeiHy0 MoJieNb TPUBOAA BTOPOTO MOPAKA (COETUHEHUE allepHOUUYECKOTO
3B€Ha M MHTerpaTtopa). JJaHHoe ympoleHre OCHOBAaHO Ha YacTO MMEIOIIEM MECTO 3HAUUTEIbHOM
pa3HOCE IEKTPOMATHUTHOM U DJIEKTPOMEXaHUYECKOM MOCTOSHHBIX BPEMEHH IPUBOJIA.

B o6nactu ycroitunBoctu ommbka nuHeiHoro I[TH ckiaapiBaeTcs U3 IByX COCTaBIISIIOIIUX,
KOTOpPBIE B COOTBETCTBUM C IPHUHIMIIOM CYIEPHO3ULHUHA PACCUUTBIBAKOTCS IO OTAECIBHOCTH, MOCIE
4E€ro CyMMHUPYIOTCS.

3AJJAHUE HA PABOTY

1. Paccuutare ®® u nocrpouts Simulink-cxemy moaenuposanus [TH, koTopslil pabo-
TaeT B YCIOBUSAX JBYX CIy4aWHbIX BOo3JeHcTBHU. [IoMexy mMonenupoBarh C UCHOJIB30BAHUEM «Te-
HepaTopa Oenoro nryma» u3 oubnmorexku Simulink.

2. Hactpouts perynstop ITH no peakuuu Ha cTyneHuYaThlii CUTHAI, HCXO/S U3 obecre-
YEeHUS! YCTOWYMBOCTH U MAJIOM YCTaHOBHBILEHCS OMIMOKK OTPaOOTKH MOJIE3HOTO CUTHANA B YCIOBH-
AX Iyma (TIpOBEpsTh MO BXOXKJIEHUIO MHOKECTBA pealn3aliil curHana OmMOKU B JIOMYCK +/- 5
Mpan).

3. PeanuzoBaTth orpaHudeHHyI0 BBIOOpKY cTatuctudeckux ucnbeitanuit [TH. s storo
MHOT'OKpaTHO 3amyckaTh Simulink-cxemy ITH u peructprpoBath MHOXECTBO peau3allii BHEITHUX
BO3/ICICTBUI U CUTHAJIA OLTHMOKH.
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4. OueHuTh MPUOIMKEHHO N0 TOTYY€HHOMY MHOXECTBY peaju3aliii ommoKy ee ua-
na3oH. Paccunrtate nucnepcuio OmMOKH Ha OCHOBE MPaBWIIA «TPEX CUI'M» B IPEANONI0KEHUH, YTO
BHEIIIHUE BO3JICHCTBUSA ¥ CUTHAJ OMIMOKU — HOPMAJIBHO pacipee/ICHHbIE CITy4aiiHbIe IPOIIECCHI.

5. OneHuTh MoMexo3anuieHsocTs [TH.

6. OdopmuTb OTYET 110 T1a00paTOpHOI paboTe, B KOTOPOM OTPa3UTh IMOCTAHOBKY 3aja-
YH, PACYETHBIE CXEMBbI U 3KCIIEPUMEHTAJIbHBIE PE3YJIbTaThI.

[MOPAAOK BBITTOJIHEHU A PABOTHBI

[Tepenarounas ¢pynkius pazomkuytoro [TH umeer By

k(T;p+1)

Wip) =——F—_
(Top + p

31ech mapameTpbl perysstopa k, Ty — HacTpauBaeMble BETHUHMHBI.

Ha Bxone ITH nmeiicTByeT ciydaiinblii mosje3ubiit curuan G(t), peannsanuu KOTOPOTO OTBE-
Yal0T MaHEeBpaM LIeJIH. 3aJjaHa CIEKTPaJIbHAS TNIOTHOCTH TOJIE3HOI0 CUTHAJIa:

,20e T, =01¢ (1)

s

-1 -08 -046 -04 -02 0 02 04 06 08 1
w

Puc. 2. CriektpanpHast II0THOCTH MOJIE3HOTO CUTHANA

B o0miem ciiydae MCTOUHHKaMH HIMPOKONONIOCHBIX myMoB B ITH sBisdroTcs gatumku, Takue
kak cenbcunbl, CKBT, ®U/JI u np. Kak npaBuio, Ko BXOAY CUCTEMbI IPUBOAMUTCS SKBUBAJICHTHAS
nomexa THIa «Oesblii IIyM», KOTopasi UMEET MOCTOSHHYI0 HHTEHCUBHOCTh

55 (w) =N,
rae N = 0.01 zpad” - Iy ?

Taxum o6pa3om, paccmoTrpeHHas mozenb 3aMkHyToro ITH — ato 3Beno ¢ [1® Buaa (1), xo-
TOpPOE OXBAYEHO €JIMHUYHOM OTpULaTeNbHONH 00paTHOW cBs3bio. IlpuyeM Ha cymMMaTop sJIeMeHTa
CpaBHEHHS [10/IAI0TCSI 1B CUTHAJA:

- HOJIE3HBIN clydaiiHblii curaan G (t);

- anautTuBHas omexa F(t) Tuna «Oenblit mymy».

Jlist MOJeNMpOBaHUs CIy4yailHBIX CHUTHAJIOB BOCHOJB3YyEeMCS METOAOM (HOPMHUPYIOLIETOo
¢bunwstpa. Ilepenarounas pynkus OD, KoTOpsIA MpeodOpa3yeT CUTHAI OeJoro ImyMa eTUHUIHOU
MHTCHCUBHOCTH B CIIydaifHblii nporecc G(t) co crekTpanbHOi mIoTHOCTBIO S, (@), onpenensiercst
BBIpAXEHUEM
Kee

Wszs (PJ = m,
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e Kgp = /2T;D, = 63.245,Tgs =T, =20 ¢

N 20001 R

Zero-Order
R Hold Spectrum
Analyzer
o [
Scope

Puc. 3. Simulink-cxema MoienmpoBaHus 1 PErUCTPALIMU CIIEKTPAILHOMN IIOTHOCTH
HOJIE3HOTO CHTHANa

(1] DTS ‘I1 1.‘5 2I 2?5 3 3?5 4 4.5 5
Puc. 5. Bun peanuzanum ciay4aifHOro mporecca Ha BbIxoje puibTpa

[Moctpoum Simulink-cxemy monenupoBaunus [TH, koTopblit paboTaeT B yCIOBUSX ABYX CITy-
YailHBIX BO3/1EUCTBUH (TI0JI€3HOTO CUTHAJIA U TIOMEXH).

| a2 T

Gt d d
® B Spectrum
Analyzer ~ |:|
r
v T -s+1 1 |t 1
1HJ-L‘J NG 01s+1 | "5 I

Fit)

(I

Puc. 6. Simulink-cxema ITH B ycioBusIX Clly4aifHbIX BO3ACHCTBHIA



22

JIABOPATOPHAS PABOTA Ne6

Hccaenopanue GyHKIMOHMPOBAHUSA NPUBOIA HABEJACHHUS U CTA0MIU3ALMU B YCJIOBHAX
CJIyYailHbIX BO3AeHCTBUI

Simulink-cxema ITH, kotopsiii paboTaer B yCIOBHSX JIBYX CIy4YaiHbIX BO3JeHCTBUI (T10-
JIG3HOTO CUTHAJIa ¥ IOMEXH) UMEET BUJT

63.245
ﬂw Tl 20s+1 "I " |—
Gt i .
& C Spectrum
Analyzer ~ |:|
r
) T.s+1 1 |t 1
1|’|J-LHI TAs 0.1s+1 MIE “1
Fit)
o[ ] ‘

Puc. 1. Simulink-cxema ITH B ycnoBusX ciiy4ailHbIX BO3ACHCTBUI

HacTtpoum BpyuHyI0 perymisTop, UCXOAs U3 00ecledeHHs] YCTOMYMBOCTH M Malloil ycTaHo-
BUBIIICHCS OMMUOKK OTPAOOTKH IMOJIE3HOTO CUTHAA B YCJIOBHIX IryMa. Hactpoiiky 6yneM npousBo-
JUTh U3 YCIOBUS BXOXKIECHUS OTPaHUYCHHON BBHIOOPKH peain3aiuii omuoKy B AOMYyCK +/- 5 Mpaj.

[Tpumep mnapamerpoB I[IH: moOpoTHOCTP MO CKOPOCTH W TOCTOsiHHas Bpemenu [1J]-

1
perynsropa umeroT Bug k = 50-; T, =0.2c.

0.8

0.6

0.4

0.2

Puc. 2. Peakuus cucteMbl Ha CTyNIEHYATHI BXOAHOM curHaNI 1 pan

Bemmonaum Monenuposanue 11H npu pasnuuHbIX peanu3anysax CilydailHbIX BHEIIHUX BO3-
neiictBuil. PeructpupyeM MHOXKECTBO pea3allii BXOJHBIX CUTHAJIOB M CUTHANA OLIMOKH.
Amnanu3 tounoctd [TH no gaHHBIM CTaTHCTUYECKUX UCTIBITAHUN
[TpubnuKeHHO OIIeHUM MO OIpaHMYEHHON BBIOOPKE peanu3anuil oMok ee Auana3oH
le, 2.1 = 0.428 pao

Mizx
Paccuuraem CPCAHCKBAAPATUYIHYTO OH_II/I6Ky Ha OCHOBC ITpaBHJIa «TPEX CUI'M» IJII HOpMaJlb-
HOI'0 rayCCOBCKOTI'O CHy‘IafIHOFO mnmponecca

€max — 3‘59

D=gl= (e”f;x):

e? = D = 0.0028 pao?
3HavYeHNE CPETHEKBAAPATUUHON OMNOKH
e..=VD =0.0533 pad
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CKoppeKkTHpoBaHHasi CUCTEMa B YCIOBHSX IlIyMa BOCIPOM3BOAMT CIy4YalHBIM 3aJarolluid
(Moe3HBIN) CUTHAJ ¢ OMIMOKOM, HE MpeBbIIatoIIel 5%-10MycK OT MaKCUMalbHOTO YPOBHS BXO/1a,
3a UCKJIIOYEHUEM BO3JICUCTBUM C MAJION aMIUIUTYI0M.

Onenka nomexosanmmmennocru ITH

Onenum nomexo3amuiieHHocts [TH mpu puKCHpOBaHHBIX MapamMeTpax peryisropa mno ot-
HOIICHHIO «curHaj/mym» (cokpamenno OCII).

OCIII ompenenum Kak OTHOLIEHUE MOIIHOCTEH COCTABJISIONIMX OIIMOKH OT TOJIE3HOTO CHUT-
Haia u myma B genubenax (ab), T.e. B BUie AeCATHUHOTO JioraprudMa OTHOIICHUS CPEIHUX KBajpa-
TOB COCTABJISIFOIIMX OIIMOKH OT MOJIE3HOTO CUTHANIA U IITyMa, YMHOXEHHOTO Ha 10.

02E

Puc. 3. Monemupoanwue [TH nipu ciaydaifHbIX BO3IeHCTBUAX. Peamu3anuu curaaia ommoKu
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JIABOPATOPHAS PABOTA Ne7
OnTuMu3anms NPUBOAA HABEACHUA U CTAOMIN3ALMHU NPHU CIAYYAHHBIX BO31eCTBUAX
aHAJIUTHYECKHNM MeToaoM B cucteme MathCad

3AJAHUE HA MCCJIEAOBAHUE

1. Paccuntate B cucreme MathCad onTumanbHbIe 3HAUYECHUS TOCTOSHHOW BpPEMEHH
KOppeKTupyroliero ycrpoicrsa Ty u ko3 unuenTa npeodpazoBanus k., Mpu KOTOPBIX CPeTHHUI
KBaJPaT CyMMAapHOI OIIMOKM JOCTHTaeT MHHUMYMA €py:y, @ TAKXKE HAWTH COOTBETCTBYIOLIEE eMy
3HaueHue cpeaHekBagpatnyHoi ommoku (CKO).

2. BrinosHuTE MHOTOKpaTHOE MoAenupoBaHue ontumuzupoBanHod [TH npu ciyvaii-
HBIX BO3/ICHCTBHSX U MOMYyYUTh HaOOp peanu3anuid ommoOku. I1o sToMy HabOpy OILIEHUTH aUana3oH
MraoBeHHO# ommOku u CKO (mpumMeHHUB MpaBmilo «Tpex cUrmM»). CpaBHUTH 3TY OIIEHKY C pacCcyu-
TaHHBIM cymmapHbiM CKO B 1.1.

3. HccnenoBaTh 3aBUCHUMOCTh CPEHET0 KBaJpaTa CyMMapHOH OLIMOKU OT M3MEHEHHUS
napaMeTpoB peryisropa e2 = F (k,.Ty). Hoctpouts 3D-rpaduk 3T0i 3aBHCUMOCTH. YKa3zaTh KO-
opauHatel MuHuMyma CKO.

4. HccnenoBath BnusiHue ypoBHs nomexu N Ha ONTUMAalIbHBIE 3HAYEHUS MapaMeTpOB
perymnstopa u kputepuit CKO. [Toctpouts rpaguku 3aBUCHMOCTEMN:

Ti = fi (Nj’k:J’ = ﬁ;‘ (N],E:x = fl‘i [N]

S. Onpenenutb ypoBeHb MOMEXHU, NPU KOTOPOM €€ BiusHME Ha TouyHOcTh [IH munm-
manbHO U cymmapHas CKO cnaGo n3MeHsieTcst mpu U3MEHEHUH MHTEHCHMBHOCTH N. BBISBHTH City-
yaii, Korja BIUsSHUEM [IOMEXH MOXHO IIpeHeOpeyb.

6. Odopmute oTueT mo nabopatopHoi paboTe, B KOTOPOM OTPa3uUTh TEOPETHUECKUE
MI0JIO’KEHUS, IOCTAHOBKY 3aJ]aul, pacUeTHHIE 3aBUCUMOCTH, SKCIIEPUMEHTAIIbHbBIE PE3YJIbTaThl, BbI-
BOJIBI.

[HOPAIOK BBIIIOJIHEHUA PABOTbBI

Omnpenenum cymmapHsbiid cpennuii kBaapat ommOku ACC aHATUTHYECKUM METOJ0M

1. Ompenemnsiem st ACC [1®D 3aMKkHYTON CUCTEMBI TI0 OIUOKE U TIaBHYO [1D cucTemsl.

Ilepenarounas pyHKIMSA 3aMKHYTOW CUCTEMBI IO OIIMOKE:

W () = 1 B 1 _ (Typ + 1)p _
=TI we) | kPt (Tp+Dp+k,(Tip+ 1)
(sz +1)p
(sz +1)p

T,p*4+p+k, Typt+k,
I'maBHas nepenaToyHas GyHKIUS 3aMKHYTON CUCTEMBI:
o T 1+W(p) (Mp+p+k,(Tip+1) T,p*+p+k,Tip +k,
2. Haxonum BbIpa)keHHE AJIs CIIEKTPaIbHON TNIOTHOCTU OLIHMOKH

-
r

| @ow+now)
300 = T Gwy + gw) + krOw + k| o
k(T (W) + 1) )
T,(jw)? + (jw) + k Ty (jw) + k| ™7

3. HaxoaMM COCTaBJISIIONIYIO €2 CPEeIHEro KBaapaTa OIIHOKH OT HMPOXOXIEHHS IOJIE3HOTO

g
CUTrHaJa:
1 rgw+ 00w 2o,
2 - W=
g 21 — TE U'sz + U'W] + kal(jo + km 14 m: ng
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. 1 J’: w2 (Tiw? + 1)dw B

I T, (jw)? + (jw) + R Ty (w) + k1|1 4 jwT, |
—orp L7 [T (jw)* — (jw)?]dw

TR L |T, T (w)? + (W)A(Ty + k ToT, + T,) + (w)(1 + kT, +T,k,) + k|
=2T,D,J,

[IprMeHNM aHATMTUYECKUHA METOJ ONIPEEIICHN MI0Jy4EHHOIO HHTErpaa.

CpaBHUBas MOJYYCHHOE BBINIEC BBIPAKCHHE C BUIOM MOJBIHTEIPATBHON DYHKIMH TabInd-
HOI'O MHTErpaJia BHIIMCHIBAEM MOIMHOMBI H (jw ) u M (jw):

H(jw) = ag(jw)™ + a,Gw)" ™+ +a, =

=T, T,(jw)® + (w)*(T, + kT4 T, + T,) + (jw) (1 + kT, + T,k,) + k,,

CrieoBarenbHo, Ko duuuenTsl nonunoma H(jw) paBHbL:

ag =T,Ty; a; = (T, + k T, +T,) ay=(1+k, Ty +T,k,); a3 =k,

[Monuaom M ( Ja)) JIOJKEH OBITh 3aMUCaH B BHIIC

M(jw) = by (jw)?* P + b, jw)* 2 4.4 b,

B nannom ciyqae N = 3, nmostomy

M(jw) = by (jw)* + b, (jw)* + b, = TS (jw)* — (jw)?

CrieoBarenbHo, KodGuuueHTs! nonuaoma M(jw) paBHbL:.

b, =T;; b,=—1; b, =0

W3 cripaBOYHOM aUTepaTyphl A1 it = 3 HaXOMUM 3HAYCHHE TAOJMYHOTO MHTErpana Js:

I = A3 =
: 2ay(aga; —aa;)
1 —(1+ kT, + T,k )TF + T,T,(—1) B
2T,T, (T,Tok,, — (T, + k, T4T, + T,)(1 + kT, + T,k,,))
_ 1 _TE (_TE + Tzkal + Tgkc..lTE + TQ) _
2T, T, —(—T,Tok,, + (T, + k TyT, + T,)(1 + k, Ty + T,k,,))
2T, Ty —(Ty + k T4T, + T, + Tok Ty + kK2T{T, + T,k Ty + k2T, T2 +T2k,,)
1 T, + Tk, Ty + T,k T, + T,

2T, T, + k,T,T, + T, + Tok, Ty + k2T2T, + T,k T, + k2T, T2 + T2k,
HonyqaeM COCTaBJIAIOIIYIO CPECAHETO KBa/IpaTa OHII/I6KI/I, OT IIOJIE3HOI'O CUTHaJIa:
T, + Tyk, Ty + T,k T+ T,

T, + k,T,T, + T, + Tok T, + k2T2T, + T,k Ty + kAT, T? + T2k,

4. HaxoquMm COCTaBISIOILYIO €; CPEIHEro KBajipaTa OLIMOKH, OOYCIOBICHHYIO IPOXOXKIE-

e, =2T, D J; =D,

HUEM ITOMEXHN

—_ 1" k,, (T, (jw) + 1) N
T 2w ) T Gw)R + Gw) R T 0w) k|
o1 f" (Tiw?+ 1)N
k;—f —— . —dw =
2n J_ |T,(w)* + (w) (1 + k,Ty) + k|7
o1 (= —Tijw)* +1 i
, 1 [-TFGw)* +1] New = k2N,

“2m)__|T,(jw)? + (jw)(1+ k Ty) + k|2
BeimuceiBaeM nonusomsl H(jw) u M(jw), T.€.
Hjw) = a,(jw)™ +a,(jw)" 1+ +a, =
=T,(jw)* + (jw)(1+ k_T,) +k,_,
", CIIEI0BATENbHO, KO3 GHUIMEHTH mojarHoma H (ja) paBHbL:



26

ag =Ty ay=(1+k,Ty); a,=k,;

Homuaom M ( ja)) JIOJDKCH OBITh 3aIiCaH B BUJIC

M(jw) = by (W)™ + b, (jw)* ™2 4o+ b,

B nannom ciaydae N=2, moatomy:

M(jw) = by (jw)* + by

U, CIIEI0BATENBHO, KO3 GHUIUEHTH nojuHoma M (jw) paBHbL:
b, = —Tf; b, =1;

W3 cnpaBouHOM IUTEPATYpPHI A7 11 = 2 HAXOAUM 3Hau€HHE TaOJIMYHOTO MHTErpaa ‘]2 :

_p. o Gob1 2, 0 ,
? 2a,a, 2T, (1+ k,T,) 2k, T,(1+k,T,)
[TosrydgaeM COCTaBISIONIYIO CPEAHETO KBAApaTa OUTHOKHU, 00YCIOBIECHHYIO IIOMEXOMH
—= . . Tik, + T, T, + Tk
e2=kIN,=kIN— 2 % - N2 1 ¢
f . 2k, T,(1+k,T,) 2T, (1 +k,Ty)

5. OmpenenuiM cyMMapHbIi CpeAHHIM KBaApaT OUIHOKH:
gs =eg=- g, = — - = —
¢ 7 T, 4k, TNT, 4+ T, + Tok, Ty + kZTT, + T,k Ty + k2T T2 + TPk,
T, + T k.,
2T,(1+ k,T,)
OmnpenensieM cpeIHEKBaAPATUYHOE 3HAUCHHUE OIINOKU

+ kN

e, = wle‘

6. Kpurepuem To4HOCTH SIBIIsieTCsE (PYHKIUS OT MapaMeTpoB MOJIC3HOTO U IOMEXOBOT'O CHT-
HAJIOB, a TAKKE MapaMeTPOB PETyIATOPa K 00BEKTA YIPABICHHS:

e? = f(D,. T, N,k T)

3ajava cuHTE3a MapaMeTPOB IIPH BHIOPAHHOI CTPYKTYpE PEryisTopa CTABHTCS Kak 3ajqada
HaXO0X/ICHUS MHHUMYMa KPUTEPUS 110 JBYM MapaMeTpam

e* = f(Dy T, Nk, Ty) = ming g = kg, Ty,

Jist Haxoxaenust K., i Ty BOCIOJNB3yeMCS HEOOXOIUMBIM YCIIOBHEM CYIIECTBOBAHHUS DKC-
Tpemyma. JlJist TOro HaXOJUM MTPOU3BOHBIE OT BBHIPAXKEHHs CPEIHETO KBajpaTa OmMOKu mo K , u
no Ty ¥ npupaBHUBAEM UX K HYIIO.

Jins maxoxnenus k., u Ty Bocmonssyemes cucremoii MathCad. Tekct mporpammsr Juist
OTIPE/ICTICHUS] KaK aHAJMTUYECKUX BBIPOKCHUH, TaK W YHCIICHHBIX 3HAYCHHWH ONTHMAIBHBIX Mapa-
METpOB, a Takxke gocturayroro MuauMmyma CKO (cpenHexBagpaTudHON OMIMOKN) MPEICTAaBICH Ha
puc. 1.

OntumanbHble 3HAUEHHs TIOCTOSIHHOW  BPEMEHHM  KOPPEKTHPYIOIIEro  YCTpOMCTBa
Ty = 0.100664 u kodddunuenta npeobpasoBanus k;, = 31.414018, npu KOTOPHIX CpeAHHI
KBaJlpaT CyMMapHOI OLIMOKHU JOCTUTraeT MUHUMYyMa & = 0.31597652, a cpelHEKBaIpaTUYHOE
3HA4YEHHE OUIHOKH

=
=

T

|_
e, :"«Ilez =0.562117388

min
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Dg =100 T2=01 Tg=20 N =001

i 2
2 -T1-T2 2- - ‘ 2 - }
(K. T1) = Dg: T2+ K-TI- T2+ T2TgK + Tg 32 T2+ T1™K
2.2 2 2 2 2.T2-(1 + K-T1)
T2+ KT1Tg+ Tg+ T2K-T1 + K*-T1 - Tg+ K-T1-Tg+ K'T1-Tg + Tg ‘K
. . 3 3
d oK, T1) - 10.0-T1 + 2000 D.Dl-l.K 1+ D.l_? (2000-K + 100-K-T1 + 2010.0}-'.4—0-1(-1'1‘ + 800-K-T1 + 40.1-T1 + -'I-DD_+ 0.01-K-T1™ DDDE-K-TI-'.K-T1“+ D.l_*
dK ’ 2 2.2 02K-Tl+02 { 2 02-K-T1+02 2
4 . 2 4 2 5 4 a 5 ~
400K + 400-K7T1+ 200K7-T1 + 401 K-T1 + 201 |.=I-D[F-K+4—DDK‘-T1+2,D-K‘-T1‘+4—D.1-K-T1+2,D 1} (02K-T1+02)
" 2 2 ) 2 2 | 2 )
d 10.0-K V40-K7-T1 + 400-K° + 40.1-K/-(200.0-K + 100-K-T1 + 2010.0) 0.02-K™-T1 0.002- K-\ K-T1" + 0.1/

oK. T > -
dTl( T 02K-T1+ 02

3 ) 2 2
400- 400-K“- 20-K°T1* K- 2 [ 2 2.2 ~ 2- "
400-K + 400-K™-T1 + 200K™-T1" + 40.1-K-T1 + 201 |.4DD-K+¢DDK”-1"1+_’,D-K" T1"+#D.1K-1"1+2,D.1_} (02-K-T1+02)

E=1 T1=1

A

Given

d
— K. ThHh=10
dKII . T1)

d
— K, T) =10
dT1 ( )

== Find (K, T1)

]

(31.414018)
W= ]
=\ 0100664

K =31414018

Tl = 0100664

e(K . T1) — 0.31397651600926344871

eck = +fe{K . T1) — 0.362117884441745411903

Puc. 1. Pacyer onTuMalibHBIX 3HAUCHUH TapaMeTPOB C MOMOIIbIO cuctembl Mathcad
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JIABOPATOPHA PABOTA Ne8
Hccnenopanue 3aBUCMMOCTH IOKAa3aTe el JUHAMUKH U TOYHOCTH NIPHBO/JA HABEICHHA
U CTA0WJIM3ALMH OT NApaMeTPOB

[TocTpoum ist MONTYYEHHOTO B AHATUTUYECKOM BHUJE KPUTEPUS TOUYHOCTH (CyMMapHOTO

CpEIHero KBaJpara OIIHOKH) rpaduKy ero 3aBUCHMOCTEH OT IBYX HacTpaMBaeMbIX (ONTHMH3UpYe-
MBbIX) mapameTpoB K, i Ty,

187

Iy
e(kw T
0.8

T1

Puc. 1. I'pacduk 3aBUCHMOCTH CpeIHEr0 KBajapara OMMOKU OT mapamerpa Ty npu Gpukcupo-
BaHHOM 3HaueHuu k;, = 31.4 1/c,

e(Bw. T &

0 30 100 150 200

Puc. 2. I'paduk 3aBHCHMOCTH CPEIHETO KBapara OMMOKH OT mapaMerpa K, mpu pUKCHPO-
BaHHOM 3Hauenuu Ty = 0.101 c.

Omnpenenum 1o rpagukaM KOOpAUHATHI MUHUMYMa KPUTEPHS:
k*=314%; T*=0101c

CoBnagenue pe3ynbraToB ontumusanuu B MathCad u rpaduueckum crocobom moarBep-
JKIAET MPABWJIBHOCTh BBIMOJHEHHOTO aHATUTHUYECKUM METOJOM pacdyeTa ONTUMAJbHBIX Mapamer-
pOB.

Uccnegyem 3aBUCHMOCTH Pe3yJIbTATOB ONTUMU3ALMKU OT UHTEHCUBHOCTU nomexu. [locTpo-
UM rpaduKi 3aBUCUMOCTEH ONTHUMATBHBIX 3HAYCHHH MapamMeTpoB peryiasropa B PyHKIIMUA OT WH-
TEHCUBHOCTH ITOMEXH
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120

10

81

Kw 60

4

0 0.02 004 006 008 0.1 0.12
N

Puc. 3. I'paduk 3aBUCHMOCTH MapaMeTpa K., OT HHTCHCUBHOCTH TIOMEXH

0125

0.121

01157
Tl 01K
>

01057

] 20 40 60 80 100 120

0.095

Puc. 4. I'paduk 3aBucumMocTy napamerpa Ty OT HHTEHCUBHOCTH TIOMEXH

[

L

Puc. 5. I'pa¢puk 3aBucumoct CKO OT HHTEHCHUBHOCTH IOMEXHU

)4 & l"pa(bI/IKOB BUJHO, YTO IIpHU YBCIIMYCHUU MHTCHCUBHOCTU ITOMCXU N onTHMalbHBIC 3HAYE-
HUA TapaMEeTpOB UMCIOT IPOTUBOIIOJIOKHBIC TCHACHIINH

. k:, yMeHpInaeTcs, mpuyeM HambOJbIIAs UyBCTBHTENHHOCTh K M3MEHEHHIO MOMEXH
Habmoaercs B auanazone N =0, ...,0.02 rpan?/Tm.
. T, yBenMuMBaeTCs, IPHYEM HAHOONBIIAsS YYBCTBUTENHHOCTh K H3MEHEHHIO TOMEXH

HaOmomaercsa B quanazode N =0, ...,5 rpanz/Fu.

JOITOJIHUTEJIBHOE 3ATAHUE
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Omnpenenuts nocturaemelii MUHUMYM CKO 1 COOTBETCTBYIOLIME ONTHUMAJIBHBIE TAPAMETPBI
peryysiTopa npyu yMEHBIICHUU UCXOHOM MOCTOSTHHOM BpEeMEHM JBUTaTens 12, T.e. pemuTh 3a1ady
ontumusanyu I1H ¢ MeHee MHEPLIMOHHON CUIIOBOH CHCTEMOM.

B pesynbrare ans obecriedenus Beicokoil TouHoctu [TH MoskeT ObITh cornacoBaH 3a/1aHHBIH
KJIACC BXOJIHBIX BO3JEHCTBUI U CUJIOBAas CUCTEMA MIPUBOJIA.

[IpomonenupoBa ontuMuzupoBanHyto [TH mpu ciaydaliHbIX BO3IEHCTBHAX TOJYIUM HAOOp
peanmzanuii ommoku. [To aToMy Habopy oreHrM auana3oH MraoBeHHol ommbku u CKO, mpume-
HUB IIPABUJIO «TPEX CUTM)

Puc. 6. MonenupoBanue ontumusupoBannoit [TH nmpu crmy4aifHbIX Bo3neiicTBusx, Peann3za-
IIUM CUTHAJA OIIUOKH.

VYBenn4eHue auana3oHa OMMOKH W BBIXOJ ee M3 5%-0ro JIOMyCcKa CBSA3aH C BO3SHHKIIUM B
CHCTEME TepeperyTMPOBAHUEM.
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i E:]

06

0.4

0.2

Puc. 7. Tlepexonnslii mporiecc

HpI/I6J'II/I)KeHHO OLICHUM II0 OTpaHNYCHHOMY MHOXKCCTBY peaJ'II/ISaHI/Iﬁ OIINOKY e€ JAualia3oH.

€rae = 1.73
Paccunraem AUCIICPCHUIO OIIMOKU HAa OCHOBE IIpaBHJIa KTPEX CUTM.
emﬂl’ = 359

-

-

D=g?= (E”"%j = 0.33254

Jucnepcus npuOIU3UTENBRHO paBHA CPEHEMY KBaJlpaTy CyMMapHOW OINOKU

e? =D =0.33254

3HaYeHNEe CPETHEKBAIPATUIHON OIIUOKH

e, =VD =05767

Cpennuit kBaapar cymmapsoi omubku 1 CKO npubnu3utenbHO COBNAAAIOT C pacCUUTaAH-
HbIMH 3HaueHussMd B Mathcad.

VYkaxkeM JOCTOUHCTBA ananumuiecko2o memooa onpenenenns CKO B cpaBHEHUH ¢ METO-
JIOM KOMITbIOTEPHOI'0 MO/IEMPOBAHUS:

1) pe3ysbTaT MoJydaeTcs B OOLIEM CHMBOJIBHOM BHUJE, IIPH 3TOM C JIIOOOH CTEHEHBIO
TOYHOCTH B YHUCIIE;
2) BO3MOYKHOCTB MOy4uTh 3aBicuMocTd CKO B ¢pyHKIMHU OT mapamMeTpos:

e 00beKTa yIpaBJeHHUS;
® DEryJisaTopa;
® CIEKTPAJIBHBIX IUIOTHOCTEN BHEIIHUX BO3ACHCTBHUIL;

3) BO3MOXXHOCTh TOJYYUTh 3aBHCHUMOCTH ONTHMAaJbHBIX MapaMEeTpOB peryjsTopa B
(GYHKLIUU OT mapaMeTpOB CIIEKTPAIbHBIX IUIOTHOCTEH BHEIIHUX BO3AEHCTBHM, B YaCTHOCTH, OT UH-
TEHCUBHOCTH ITOMEXHU.

ITosrydeHHBIE 3aBUCUMOCTH MO3BOJISAIOT HAMVIAIHO AHAJIM3UPOBATh BIMSHUE Ha TOYHOCTH CH-
cTeMbl QUIYKTyallMii mapaMeTpoB, UMEIOIIHUX MECTO B Ipolecce IKCIuTyaTanuu. ['paduku no3Boss-
IOT KOJIMYECTBEHHO OLIEHUTH Takoe cBoicTBO ITH kak poGacTHOCTH (rpyOOCTh) Ha OCHOBE pacuera
¢yukuit guyBcTBUTENbHOCTH CKO K M3MEHEHUsIM mapaMeTpOoB: UHTEHCUBHOCTH IIyMa; CIEKTpalib-
HOM TUIOTHOCTH TOJIE3HOTI'0 CUTHAJIa; 00bEKTa YIPaBICHUS; PETYIIATOpA.

HepocraTkoM aHaIMTHYECKOTO METO/A SIBJISETCS OrPaHMYEHHOCTh O0JacTH NMPUMEHEHUs
3aJjauaMi HEBBICOKOT'O TOPSIJIKA, KaK MPaBUJIO, KOTJja 0ObEKT UMEET MOPSAIOK HE BBIIIE YETBEPTOTO.
OT yKa3aHHOrO HeJoCTaTKa CBOOOJEH METO]l KOMIIbIOTEPHOTO MojaenupoBaHus. OJHAKO yKaxeM
HEJ0CTaTKU 3TOr0 METOJA:

1) NPUOIMKEHHOCTh YMCICHHOTO MHTEIPUPOBaHMS (TOYHOCTh 3aBUCUT OT METO/a MH-
TErpupOBaHMUs, 1ara, BPEMEHU CUETa);

2) pe3ysbTaT aHajln3a TOYHOCTH HMMEET JIOKAJIbHOE 3HAY€HUE, T.K. CIPaBEMJIUB IS
(bUKCUPOBAaHHOTO BEKTOPA apaMeTPOB;

3) TPYAOEMKOCTh U MPUOIIKEHHOCTh OCTPOSHUS IpahKOB 3aBUCUMOCTEH MO0 MacCH-
BaM HKCIEPUMEHTAIbHBIX TaHHBIX.
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JIABOPATOPHAS PABOTA Ne9
Bolunciienne KpuTepHeB Ka4ecTBA CTOXACTHYECKOr0 MPHBO/A HABEACHHUA H CTAOHIH-
3auuM B cucreme Matlab

3AJAHUE HA UCCJIEAOBAHUE.

1. BeimonauTh unciennyto ontumusaiuio [TH ¢ nomomnsio Matlab-dyuakiuu u Haiitu
ONTHUMAJIbHbIE 3HAYEHMSI MTOCTOSSHHOM BPEMEHH KOPPEKTHUPYIOIIEro yCTpOoWcTBa M Kod(duieHTa
npeoOpa3oBaHusi, IPU KOTOPBIX CPEIHUI KBaJIpaT CyMMapHOW OMIMOKM JIOCTUraeT MHUHHMYMa, U
HailTh cooTBeTcTBYIONIEE eMy 3HaueHue CKO.

2. BeinonHuTe cepuro ucnbiTaHui ontumuzupoBaHHod IIH mpu ciywyaliHbIX BO3zci-
cTBUsX. [1oydnTh MHOXKECTBO peanu3aluii OIIMOKN U OLIEHUTh Uana3oH MTHOBEHHOW OLIMOKH U
CKO, nmpumeHuB npaBWiIO «Tpex cUrM». CpaBHUTH MOIYYEHHYIO OLEHKY C pacCUMTaHHBIM B II.1
CKO.

3. Odopmuts otyer mo ngaboparopHoit padore Ne3, B KOTOPOM OTpa3uTh TEOpeTUUE-
CKHE TOJIO’KEHUS, TOCTAaHOBKY 3a/1a4H, TEKCThI (JIUCTUHIHU) POTPaMM, PE3yIbTaThl, BEIBOIBI.

[TOPAJOK BBIIIOJIHEHUA PABOTBI.
1. Awnamus Tounoctu [TH meTromom MoaenupoBanus.
Ha ocHoBe MeTona popMupyroiiero ¢puibTpa HOCTPOMM CXEMY BBIYUCICHHS COCTABIISIOLICH

CpEIHEro KBajpara OMIMOKHU 110 MOJ€3HOMY CUTHAILY %, UCMONb3Ys cXeMy (popMHUpYIOIIEro Quiib-
Tpa U MepelaTOYHYI0 (PYHKIIHUIO MO OIIHOKE.

Cxema BBIYHCIIEHUS COCTABIIAIONICH cpeiHel KBaIpaTUYHOM OMIMOKHU IO M0JIE3HOMY CUTHa-
Jy, UMEET BU]{

T2-s%+5s
T2 -52+(1+K+T1)s+K

+—p» Gt

o |—=

)@—»

To Workspace

K-l [ ]

Display

Puc. 1. Cxema g Berauciaenus cocrapiistronieit CKO oT mosie3Horo curusaia

Ha ocHoBe meTona ¢popmupytomiero GpuibTpa HIOCTPOUM CXEMY BBIUHUCICHUS COCTABIISIONICH
CPEIHEero KBaJipaTa OIMMOKH 10 TTOMEXE.

I'maBHas 1D 3aMKHYTOM CUCTEMBI, KOTOPAsl CBA3BIBAECT IIOMEXY U COOTBETCTBYIOLIYIO CO-
CTaBJISIIOIIYIO OIIMOKH UMEET BU/T

W (Pj =W -[F] — W[:p:] — ’I‘:n.l (Tlp + 1:] —_— kalp + kn.l
o r 1+W(p) (Tp+Dp+k, (Tip+1) Tp2+p(l+k,T)+k,
OcobeHHOCTBIO 9ToM [1D SBISETCS TO, YTO OHA COAEPIKHUT ONEpaIHio JU(PEPEHIIPOBAHNUS
B UUCJINUTCIIC. I[Hﬂ TOTO T-ITO6I:vI HOCTpOI/ITI) CxeMy BBIYHCIICHUA COCTaB.H;[I'OIHeﬁ OHII/I6KI/I OT IIOMEXH,
AHAJIOTUYHYIO CXEMC IMOJTYUYCHUA CKO 110 MOJICBHOMY CUTHATY (a HMCHHO C HCHYJICBBIM Ha4allb-
HBIM YCJIOBMEM Ha WHTETPATOpPE), HEOOXOAUMO PHUMEHUTH METO,] MOJIEIMPOBaHHUs TiaBHOU [1D Ha

MHTETpaTopax.
I'maBuas I1® ecTh oTHOLIEHHE BBIXO/IA Y K BXOAY X, IOATOMY 3aIUIIEM:
v kalp + f{m

x Tp*+p(l+k,T,)+k,

IIpeoOpasyeM 3TO BbIpaK€HHE K ONIEPATOPHOMY YPABHEHHIO:
szﬂ}, + p}:—(]_ + kc..lTij + km}r = kaipx + kmx
[TpousBeném 3ameny o003HaueHUH KO3 PUIINEHTOB:
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ay, =T5; ay = 1—|—ka1; gy = km; bi = kai; b,} =k
Torna ypaBHeHue MpUMeT BU:
a,V +a,v+ayy=byx +bx
Hcnonb3ys popmyisl
y=byz+bz+ -+ bmz':"'“}
x=ayz+az++az®
3anuieM 3Ha4eHMsI X U Y B HALLIEM Cllydae:
v =byz + b=
x=ayz +az+ a,z
W3 BeIpaskeHUs TSI X BBIJICIUM BBICIIYIO TIPOU3BOIHYIO:
w_ & Gy ay
i=———z——=
sy Qg €
[TpoBeném 3ameny k03¢ puLneHTOB:

1 a i
0 1
Ji=—; fg=a—: fg__a_T:

2=fix—J,z—J5=2

Paccunraem nmapamerpsl:

a, =T, = 0.1;
a,=1+k,T,=1+3142=0.1007 = 4.164
a, =k, = 31.42;

ol

b, k = 31.42 % 0.1007 = 3.164;
b k 31 42;

1 1 1 o
J1 a, T, 0.1 '

a, k, 3142
J,=—=-"2="""=3142;

a, T, 0.1
a, 1+k, T, 4164
1 1
Js=—= - == = 41.64;
a, T, 0.1
Takum 00pa3oM, ISl BBIYUCICHUS COCTABIISAIOIIEH OLUIMOKM OT MOMEXU CTPOUM CXEMY Ha
ABYX I/IHTeraToan KOTOpaH OTBCYACT IMOJIYUCHHBIM BbIIIC BHIPAKCHUAM
&

F=Z —2p 2tz y=phz+b?
Gy g g

o =
3

o =
3

>
Ft
» > To Workspaca1
L 1

Display1

Puc. 2. Cxema Berunciienus cocrasisromneiit CKO ot momexu

Boruncnum cyMMapHbIi cpeTHUI KBaJpaT OIIUOKH.

JUisi mpoBEepKHM HAWIEHHBIX BBIIIEC AHAIUTUYECKUM METOAOM 3HAUYEHUM COCTaBISAIOLINAX
CpeIHEero KBajpara OIIMOKHU MO TOJE3HOMY CHTHaly, CUTHAIYy IMOMEXH U CyMMapHOro KBajpaTa
OLIMOKH MTOCTPOUM CXEMY
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\/
©

Display1

Display2

1
o]
0.5603]
L |

o 1 T2:-5%+s o w2 | o 1 o 0.1578] Display3
5 T2 .52+(1+K +«T1)s+K | 5

<

Puc. 3. Cxema BbIUUCIIEHUS] CYMMapHOTO CPEAHEr0 KBajpaTa OINOKH

Display

[IpomoienupoBaB NOJy4UM MOKA3aHUS CPETHEKBAAPATUUECKUX OIEHOK TOUHOCTH

= 0.1578; le = 0.1561

e? =0.3139; e, = 05603
3Ha4yeHusl CpeAHEro KBajpaTa OMMOKHU IO MOJIE3HOMY CUTHAIly, IO CUTHAILy IIOMEXH, CyM-
mapHoro kBaapaTta omnOku u CKO, HaliieHHble aHAIMTUYECKUM METOJIOM, COBNAIM C IOIY4EH-

HBIMH METOAOM MOACIIMPOBAHHA.

e

|
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JIABOPATOPHASA PABOTA Ne10
OnTUMAaJILHBIA CHHTE3 CTOXaCTHYECKOro MPHBO/IA HABEIEHHS H CTAOHIN3AINH YHC-
JICHHBIM MeToa0oM B cucreme Matlab

Onrumusanus [TH no Ttounoctu ¢ nomonipto cranaaptaoi Matlab-gyakimm.

AJTOpUTM ONTUMHU3ALUHU HA KaXKJOM Iare paboThl (IIpHU Ka)J10M HOBOM 3HAYEHHH BEKTOpa
MapaMeTpoB PEryJsITOpPa) B CXeME Ha PHC. 3 BBIUUCISICT KPUTEPHH (CpeIHUN KBapaT OMINOKH), KO-
TOPBIN TOCTyHaeT B pabouee mpocrpanctso Matlab mocpencrsom 61moka To Workspace.

3amanuM HavyalbHBIC MPHOMIKEHUS NapamMeTpaM PEryisiTopa W BBITOJHUM ONTHMHU3AIHIO

ACC.

JIucTuHrH nporpaMm:

m-daiin «optimiz.my

model_init; %?3arpysKa mapameTpoB

Kkp0 =[0.131.4]; %HavanbHbie npuOIMKEHUS TAPAMETPOB JUIS ONTUMU3AIUH
run('Sxema_SKO);

fminsearch(@cget, Kkp0);%3anyck GyHKIMN MUHIMU3AIMK CPEIHET0 KBaIpaTa

m-gaiin «cget.m»

function Cget = cget(Kkp)

global T1 Kw Gt

T1 = Kkp(1); %ontumMusupyeMsblii mapaMeTp
Kw = Kkp(2); %onruMusupyemblii iapamerp
sim('Sxema_SKQO";

Cget = Gt

Kkp

JlanHble (aiiibl 3amyckaroT ctanaaptHyro Matlab-dyHkiuo MUHIMHI3AHH, pPeaTH3YOLYIO
MeToa JeopMHUPYEeMOro MHOTOTpaHHHKa B Moaudukanun Henbnepa-Muna

fminsearch(@cget, Kkp0),

Ota mporpamMMa Ha KaXkJIOM IIare rmorcka 3amyckaer Simulink-cxemy u ¢ ee mOMOIIBIO BBI-
quClIIeT KpuTepuid (meneByro (GyHknuro) Gt, moj KOTOPHIM IMOHUMAETCS CYMMApHBIM CpeIHUN
kBaapar omubku [TH. TTonckoBbIii anmropuT™ Bapbupyer mapameTps k, @ Ty Tak, 9ToObI KpUTEpHii
YMEHBIIAJCS.

Pe3ysnbTaThl ONTUMU3AIIMY MOSIBIISIOTCS B KOMaHIHOM okHe Matlab, a mMeHHO: mocTHrHyTOES
3HAYCHUE KPUTEPUS] TOYHOCTH U 3HAYCHUS KOPPEKTUPYEMBIX I1apaMETPOB PETyIIATOpa.

Crenyer y4ecTb, UTO OIMCAHHAs MIPOLEAYpa BBINOIHAET 0€3yCcIOBHYIO ontumusanuo. Ilpn
9TOM B IIPOLECCE NTOMCKA MUHMMYMAa KPUTEpHUs HE OLICHUBAIOTCS MTOKA3aTEIM YCTOWYUBOCTU U 1U-
HaMUKHU CUCTEMBI.

MuHMManbHOE 3HaYeHHE CPEHEr0 KBajpaTa OMMOKH JJOCTUTAeTCsl TPH

k,=5219 uT, = 566.6,
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ACC

Puc. 1. MonenupoBanue ontumusupoBanHo AC mpu ciaydallHBIX BO3JCHCTBUAX U Peallv-
3anus omHuOKU

Jannbie K03()PUIHEHTHI peryIsaTopa MO3BOJSIOT 0TPadaTHIBATh MOJIC3HBIA CUTHAI IPAKTHU-
yecku 0e3 ommOku. OHAKO MOJYyYCHHBIC MapaMeTphl CIUIIKOM BEIIMKH M HE MOTYT OTOOPaKaTh
paboTy pealbHOTO OOBEKTA.

PaccMOTpuM HECKOJIBKO ONITHMH3UPOBAHHBIX 3HAYCHHH MTaPaMETPOB PETyIIsTOpA.

1)  k,=17.1105uT, = 0.7386 npu 3toM 2 = 0.0736

Jlnanazon MraoBeHHo# ommoku u CKO.

€ rne = 0.42
Paccuntaem AUCIICPCHUIO OIIMOKU HAa OCHOBE I[MpaBujia «TPEX CUI'M».
emﬂl’ = 359

D=gk= (E”"%] = 0.0196

Jucnepcus npuOIM3UTENBLHO paBHA CPEHEMY KBaJlpaTy CyMMapHOW OINOKU
e?=D =0.0196

3Ha4YeHNEe CPETHEKBAIPATUIHON OIIUOKH

e, =VD =014

2) k., = 45.0455 u T, = 1.8648 npu stom el =0.0213

0.6
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0.4

Puc. 2. MoaenupoBanue ontumusupoBanHoi [TH mpu ciaydaliHbIX BO3ACHCTBUSAX U pPEasH-

33111 OINUOOK

[ e e T B s e B

|| | SN S S S S—— A S S N —

Puc. 3. MoaenupoBanue ontumusupoBanHoit [TH npu ciyyailHbIX BO3AEHCTBUSX U peau-

3aI[iHA OLIUOOK

OrennM auama3od MrHoBeHHou ommoOku u CKO.
Emax — 0-2
Paccuntaem qucnepcuto ommOKU Ha OCHOBE MPABUJIA «TPEX CUTM).

€max Eﬂs

-

D=g?= [e”;“] = 0.004

Jucnepcust NpuOIU3UTENHLHO PaBHA CPEIHEMY KBapaTy CyMMapHO OMHUOKU
e? =D =0.004

3HaueHue CpGI[HCKBa,HpaTH‘IHOﬁ OIIINOKHU

e..=VD =0.0667

3)  k,=55.0880uT, =4.3379 npustom e? = 0.0094
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Puc. 4. MopenupoBanue ontumusnupoBanHoil ACC npH ciiydailHbIX BO3JICHCTBUSX U pealu-
3a1uu OMIMOOK

OuenuM auara3od MrHoBeHHou ommoku u CKO.
e .. =0.16
Paccunraem gucriepcuio ommOKY Ha OCHOBE MPABUIIA «TPEX CUTM.

€max Eﬂs

"

D.=g?= (e”‘f] = 0.0028

Jucnepcus npuOIM3UTENHLHO paBHA CPEAHEMY KBaIpaTy CyMMapHOW OIHUOKU
el =D = 0.0028

3HaLIeHI/Ie cpez[HeKBa,upaTHquﬁ OI_I_II/I6I(I/I

e. =+D =0.0533

x
Paccunrtannnie 3HaYeHUS CpCAHCTO KBaApaTa OI_HI/I6KI/I HC COBIIAAAKOT C MMOJIYYCHHBIMU IIPU
OIITUMU3AIINN CUCTCMBI. 9TO CBA3aHO C TEM, UTO OIHI/I6Ka OLICHUBAJIACh IIPpU MAJIOM O6’I)eMe JKCIIC-

PUMCHTOB. o o
HapaMeTpH KOPPECKTUPYIOUICT'O YCTPOUCTBA, MOJJYUYCHHBIC C IMOMOIIBIO CTAHAAPTHOU

Matlab-¢dyHkiuu, 1al0T HAUMEHBIINE 3HAYEHHsI CPEIHETr0 KBajpaTa OMIMOKU U CPeTHEKBaIpaTHY-
HOT'O OTKJIOHEHHUS MO CPaBHEHUIO C AHAJIUTHUECKUM METOJIOM M METOJOM Ioj00pa Ko3(puiueH-
ToB. OJIHAaKO B MpoOIlecCCe ONTHUMM3ALMU MpPOrpaMMa HE YUYHUTHIBAET BO3MOXHOCTH PEAJbHBIX CH-
CTEM.
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JIABOPATOPHAS PABOTA Nell
ITocTpoeHne MaTeMaTH4YeCKO MO/IeJIM ABTOKO0J1e€0aTeJIbHOI0 JIEKTPONPUBOAA B YCJI0-
BHAX MOMeX

1. HEJIb U 3AJAYU PABOTHI.

Lenb paboThl — 3KCHEPUMEHTAIBHOE MCCIIEOBAHKUE BIMSIHUS CIydalHBIX [TOMEX Ha JUHa-
MUKY ¥ TOYHOCTH PEJICHHOT0 aBTOKOJIE0ATEILHOTO0 AIeKTpuuecKoro cueasimero npusoja (ICIT).

JlocTrkeHHe MOCTAaBIEHHOM LENH CBSI3aHO C PEIICHUEM CIEAYIOIIMX 3a/1au:

- IOCTPOCHHE CXEMBI MOJICTTHPOBAHUS TIOMEXH METOAOM (hOPMUPYIOMIETO DUITBTPA;

- OKCIIEPUMEHTAIILHOE ONpee/ICHUE 3aBUCUMOCTH aMIUTUTY bl aBTOKOJIE0aTeNbHOM COCTaB-
JISBIIEN BBIXOJHOIO CUTHAA OT MapaMETPOB CIIEKTPAIbHOM IIJIOTHOCTH IOMEXHU;

- SKCIEPUMEHTAIBHOE TIOCTPOEHUE YacTOTHBIX XapakTtepuctuk DCII no nmepBoil rapMoHMKe
BBIXOJHOTO CUTHAJIA B YCIOBUSX IIOMEXH.

2.3AJJAHUE HA PABOTY.

[IpoBectu monenupoBanue ucnbiTanuid ICII npu ciyyallHBIX BO3AEHCTBUSX C ITOMOIIBIO
BUPTYAJIbHOT'O CTEHJIa M OLICHUTH BIUSHUS [MOMEXU Ha JUHAMHUKY U TOYHOCTH (DYHKIIMOHUPOBAHUS
CHCTEMBI.

Pa3paborate npakTHuueckue pekoMeHaauu no ananuzy u cuatezy JCII B ycrnoBusix momex.

3. TEOPETUYECKHWE CBEIEHNA.

ABTOKOJIE0aHHS, COMPOBOXKIAIOUINE MPOIECC YMpPaBIEHUS, CBOWCTBEHHb MHOTUM HEJH-
HEWHBIM CUCTEMAM, B YACTHOCTH, PEJICHHBIM, C JOTHYECKHUM YIIPABICHUEM U JIP.

ABTOKOJIE0aHNS 00ECTIeYMBAIOT BUOPAIIMOHHOE CIIIXMBAHUE U BUOPALMOHHYIO JIMHEAPH-
3al{I0 MIPUBOJIA MO MEJIEHHO M3MEHSIOMIEMYCS MOJIE3HOMY CUTHAIY TAKUX HEJIMHEHHOCTEW MpH-
BOJIa, KaK THCTEpE3nca, Cyxoro TpeHus, modra. Kpome Toro, B rujpaBIu4eckix U ra3oBbIX MPHUBO-
JaX aBTOKOJICOAHMS NaBJICHHS pabdodyero Teja MPENsSTCTBYIOT 3aCOPCHHIO JIPOCCEICH CMOJIaMU U
MPOJYKTaMHU CrOpPaHUs IOPOXa.

Paccmotpum OCII ¢ peneiinbiv ycunuteneM. [IpuBoa cogepKUT peneiiHblil 371eMEHT B IIpsi-
MOW IeNu U TIaBHYIO OTPUIATENBbHYIO OOpaTHYIO CBsi3b. Ha ympaBisioniuii moiie3HbIil CHUTHAI
HaKJIaJbpIBacTCA ymMoBas nomexa. Kpome Toro, cam moJsie3Hblil CIydyallHbId CUTHAJl Ha BXOJE MpPH-
BOJ/Ia, MOXKET IMPEACTABIATh COO0N CyMMy MaTeMaTHUECKOTO OKUIAHUS (PeryisipHOil COCTaBISIO-
Ieil) ¥ IEHTPUPOBAHHOTO CTAIMOHAPHOTO CIYy4alHOTO Tpoliecca (C1ydyailHON COCTABIISIFOIIEH ).

Hanuuue cnyqaitnoit coctaBnsromeid Ha Bxoae JCII Biuser Ha aMIIuTyIy aBTOKoJIeOaHUH
Y, COOTBETCTBEHHO, MTPUBOJIUT K U3MEHEHUIO JUHAMHYECKUX CBOMCTB MPUBOJIA IO MOJE3HOMY CHT-
Haiy. [Ipu aTOM, 4eM BblllIe YPOBEHD IIyMa M IIMPE MIOJI0CA YACTOT €T0 CIIEKTPa, TEM 3HAYUTEIIbHEE
YMEHBIIEHNE aMIUIUTYAbI aBTOKoneOanuil. [Ipu ompeneneHHOM KPUTHUYECKOM YpPOBHE CIIy4aitHON
COCTaBISIONIEH aBTOKONEOAHUS TPEKpPaIIAtOTCs (CPHIBAIOTCS ITYMOBOM MOMEXOii) U TOYHOCTH OT-
paboTKH MOJIE3HOTO CUTHAJIA PE3KO MajaeT.

Uccnenyem BinusiHME CIly4allHOM COCTaBIISIFOLIEH BXOJHOrO curHaia Ha nquHamuky OCII B
CiIy4ae, KOIJla Ha BXOJi€ NPUBOJA JICUCTBYIOT IE€TEPMUHUPOBAHHBIN TAPMOHUYECKUN CUTHAI U a-
JUTHBHASA IIymMoBas rmomexa F(t) .

Hanuune ciyuaiinoit cocrapisitomieit Ha Bxoae DCII Bausier Ha AMHAMUKY U TOYHOCTH Clie-
JKE€HHUS 10 MOJE3HOMY CUTHAILY U COOTBETCTBEHHO BiusieT Ha BUJ ero AYX u @YX no nepsoii rap-
MOHHKE BBIXOJHOTO CHUTHAJIA.

[Ipumem nonyiieHus:

- PeryJsSpHBIN TOJIE3HBI CUTHAT M IIYMOBas IMOMEXa CTaTUCTUYECKH HE CBS3aHBI (HE KOP-
peTUpPOBaHbI MEXY c000il);

- IOMeXa SIBJISIETCSl CTAIIMOHAPHBIM JPTOAUYECKUM CIIYJalHBIM MPOIIECCOM M UMEET OJIn3-
KU K HOpPMAJIbBHOMY 3aKOH paclpeiesIeHUs] BEPOSTHOCTH;

- momexa F (t) MPpEeACTABISIET COOOM IEHTPUPOBAHHBINA CIyYalHBIN Tpollecc Turma 0eaoro
urymMa ¢ OrpaHHY€HHBIM CIIEKTPOM:

me=0; S (w) = 2T D, /(1 + &°T7).
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[lepenarounas pynkus Gopmupytomero ¢pmibtpa (PP), nmpeobpasyromiero Oeblil myM ¢
MHTEHCHBHOCTBIO L B cityuaitnsiit mpouecce F (t) ¢ samanmoii cnextpansroii motHoctsio S (@)
OIPEIEIISIETCS BBIPAKCHUEM:
2T D,

L
W, (p)=———F
¢ TF p +1 . (1)

Cxema MOJeIMpOBaHMsI IOMEXHU:

o 10 >|E|_> ™
’
1005+1 BFFT

Band-Limited Transfer Fen Zero-Order
Wyhite MNoise H Spectrum
Scope
| -
Ll
Scope

Puc. 1. SimuLink-cxema MmoaenupoBanust moMexu Mmetogom Od

[TapameTpsi 6J0KOB:
bnoka Band-Limited White Nose: uateHcHBHOCTH IiryMa 1; Bpems Beioopku 0,001 c.
bioka Zero-Order Hold: Bpems BeiGopku 0,001 c.

bnoka Spectrum Scope: pa3zmep O0ydepa 128

Puc. 2. Peanusamus cnyuaitnoro nponecca F (t) na Beixozme punprpa

Puc. 3. Simulink-cxema DCII ¢ 6;moxoM Beruncienus JJTAUX u @YX

4. BBITIOJIHEHUWE PABOTEBI.
[IpoBenem skcriepuMeHTanbHOE HcclenoBanne apTokonebaTensHoro DCII B ycnoBusx af-
IUTHBHOM IOMEXHU Ha BXOJE:
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JIABOPATOPHAS PABOTA Nel2
HccaenoBanue BIAMSTHUS OMEX HA TMHHAMHKY H TOYHOCTH aBTOKO0J1€0aTeIbHOTO CJie-
ASIIIEro YJ1eKTPONpPHBOAA

PaccmoTpum aBtokonebarenbubiii DCII TpeTbero mopsinka ¢ uaeaqbHbIM PEICHHBIM 3JIe-
MEHTOM.

1) IMoctpoum ucxoanyro moxaeab DCII (puc. 1):

Band-Limited
White Noise
0.014 = 1 1 1
+ » - > » - »
“l 0.25+1 = -1 0.0055+1 0.00155+1 s D'
Wadp) Relay Transfer Fen Transfer Fenl Transfer Fon2
Scope
Sine Wave

Puc. 1. Simulink-cxema peneitnoro DCII npu HaTU4UKM MOMEXHU TUIA OCIIBII LIYM.

2) IlpoBeneM AMHAMUYECKHE M TOYHOCTHBIC MCIBITAHUS aBTOKOJCOATEIBHOIO JICKTPHUE-
ckoro cneasuero npusona (ADCII) B pexxuMe oTpabOTKU CUHYCOUJAJILHOTO CUTHAJIa B
YCIJIOBUSIX IOMEX IPH Pa3INYHbIX 3HAYEHUSIX [TOCTOSSHHBIX BpeMeHH Pd 1 MHTEeHCHBHO-
CTH NOMEXHU. Pe3ynbTarhl NpuBecHBI B BUAE OCLUIIIIOTPAMM

B scope

(=1 )
EEIEEREELIERE]

|u5:ape
26 alvi: 0% D065

Puc. 2. Beixoanoii curnan ADCII npu Hanmuuu y3komnonocHoi nomexu (Tr = 0.002 ¢) u npu Hamu-
YUU MUPOKOIIoocHoN nomexu (TF = 0.2¢) COOTBETCTBEHHO.
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ERREREE LR

B scope = (=] aiem|

EEIE EEEELIEE R

Puc. 3. Beixoanoit curnan ADCII npu Hanuuuu nomexu (L =2 M%/T'n, Tr = 0.02 Ou(L=2 ML,
Tr = 0.2 C) COOTBETCTBEHHO.

B scope =@ = ]

a0 Al DRk 0%

Puc. 4. CpwiB aBToKOsIe6anmi ipu T = 0.2 ¢ u L =200 m?/T'11.

Paccmorpum aBTokosedaTenbHbiii JCII Tperbero nopsinka ¢ @@ B Buae KoJiedaresib-
HOI0 3BeHA.
3) Ioctpoum ucxoauyro moaens ICII (Puc. 7):



FCHX

—1=

Puc. 5. Simulink-cxema DCII ¢ 6;mokom Beruncienus JJTAUX u @YX

4) TlpoBenemM AMHAMUYECKHE W TOUYHOCTHBIC MCIIBITAHHUS ABTOKOJIEOATEIHHOTO 3JIEKTpHYe-
ckoro cnezsmero npusoga (ADCII) B pexxume oTpabOTKH CHHYCOUJAIBHOIO CUTHANIA B YCIOBUAX
MIOMEX MPU PA3JINYHBIX 3HAUEHUSAX MOCTOSHHBIX BpeMeHU Pd u MHTEHCUBHOCTH NOMEXHU. Pe3yib-
TaThl MIPUBE/ICHBI B BHE ociuiuiorpamm (Puc.8-):

N IR L LIET R

EAEIE[ B scope (=1

Puc. 6. Beixoanoit curaan ADCII mpu TT = 0.002¢ u Tf=0.2¢ cooTBEeTCTBEHHO

s =&
e e LB

o @~ ORKOE% FReEFLLIETE]

Puc. 7. Berxognoti curaanr ADCII npu WHTEHCHBHOCTH Tiryma L=2 M%/T u L=20 M%T'11 co-
OTBETCTBEHHO.
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B =)
sev: %% Das

Puc. 8. Cpeis aBrokone6anuii mpu TF = 0.2¢ u L =200 m%/T 1.

4) TMoctpoum JIAUX u ®UX penecitnoro DCII mo mepBoii rapMOHUKE BBIXOa

&= - - > A 0 1 2
; . ] . 0 0 0 0
. e 5 . 1 0.5 0 0
2 1| 1.192-104 -0.113 2 1 6.021 0119
3 1.5 3.05-104 -0.151 3 15 6.02 0.173
4 2| 914410 -0.131 4 2 6.02 0.226
- - a3 > 5 25 -6.02 -0.269
6 3 -1.492 -15.63 o = 6.018 0.303
- . T 8oL 7 3ls -6.019 -0.314
8 4 -3.886 -40.61 i ? o017 028
9 4.5 -4.909 -48.19 ? b o118 2168
T - e e300 10 5 -6.448 -5.965
m - e oo3 — 11 5.5 -6.949 -11.08
12 6 -7.41 -61.38 12 0 7318 163
e - 5 106 o423 13 6.5 -8.106 -21.54
14 7 -8.751 -66.65 14 / 8.75 915
= — o s w573 15 7.5 -9.35 -38.17
" . 5012 e 16 8 -9.912 -43.27
- - 043 18 17 8.5 -10.44 -47.41
m . “0.04 =y 18 9 -10.94 -50.89
19 9.5 -11.41 -74.93 v i 14 5388
- 0 o 61l 20 10 -11.85 -56.49
h] 0y \
0 -20
R A2
10 — 60|
\
h\\\—\_\-\\\
-15— : P : 10 -8 4 6 8 10
_-‘\.{':’> A{':’}

Puc. 9. YacToTHBIE XapaKTEPUCTUKU MPU Pa3HbIX 3HaUeHHUAX aMIUTyabl (A1=0.5 u A=1).
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BriBoabl

[IpoBens sxcniepuMenTanbHoe uccienoBanne DCII MOkKHO caienaTh CleIyoIue BBIBOIbL:

|. Hamuuue cinywaitnoit cocrapisitomieit Ha Bxoae DCII, B 4acTHOCTH, IIYMOBOU MOMEXH,
MPUBOJIUT K YMEHBIICHUIO aMIUTUTYIbl aBTOKOJEOAHUU, MPHUYEM, YeM BBIIIE YpOBEHb IIymMa Ha
BXOJI€ U IIMPE YaCTOTHAsS I0JIOCA €T0 CIIEKTPa, TEM 3HAYUTEIbHEE YMEHbIICHUE aMILTUTY bl aBTO-
KoJie0aHui.

2. IIpu onpeneieHHOM KPUTHYECKOM YPOBHE CIIy4allHOM NTOMEXH Ha BXOJIe pabouuil peskumM
aBToKoje0anuii B DCII cppiBaeTcs MIyMOBOM MOMEXOM.

Benuunna KpUTHYECKOTO YPOBHS CIy4alHOW MOMEXU 3aBUCHUT OT IIUPHUHBI MOJOCHI YaCTOT:
YeM LIMPE M0J0CA YACTOT CHEKTPAIbHOU IJIOTHOCTH ITOMEXH 10 CPABHEHMIO C IOJIOCOM MPOITyCKa-
Hus quHeiHoi yactu OCII — TeM Huke ypoBEHb CIydaliHON MOMEXH, BBI3BIBAIOIIUN CPBIB AaBTOKO-
nebaHu.

3. UeM mmpe mojoca 4acTOT CIEKTPaTbHON TUIOTHOCTH TIOMEXH 10 CPABHEHHIO C MOJIOCON
npornyckanust JCII, TeM GoibIlle OTHOLIEHUE aMIUTUTY/IbI MOJIE3HOT0 TapMOHUYECKOTO0 CUTHANIa K
ypoBHIo nryMa Ha Bbixojie ICII 1o cpaBHEHHUIO ¢ OTHOIICHUEM CUTHAJI/IIIYM Ha €ro BXOJIC.

4. Hannure 1ryMOBBIX TIOMEX OKa3bIBae€T OTPHUIATENILHOE BIMSHUE HA YAaCTOTHBIE XapaKTe-
puctuku OCII o mepBoii rapMOHHMKE BBIXOJIHOTO CHUTHANA, a, CIEAOBATENIbHO, HA JTUHAMUYECKYIO
TOYHOCTb MPUBOJA:

- YBEIMYHUBAIOTCS (pa30BbIC OTCTABAHUS TEPBON TAPMOHHMKHU BBIXOJHOTO CUTHAJA 1O OTHO-
HICHHUIO K BXOJHOMY CUTHaIIy B paboyeil moioce 4acTor;

- YMEHBIIAETCSl OTHOIICHUE aMIUIUTY/Abl MEPBOM TAPMOHUKH BBIXOJHOT'O CHUTHAJIa K BEJH-
YUHE aMIUIMTYbl BXOJHOTO CUTHAJIA.

Crenenp yKa3aHHOTO BJIMSHUS ITYMOBBIX TTOMEX Ha YacTOTHBIC Xapakrtepuctuku JCII 3aBu-
CUT OT OTHOIIECHUS

o= _Re

]
2D,
rne A6 — aMmHuTya BEIHYK/ICHHON COCTABIISIONICH HA BXOJIE PENICHHOTO 3IeMEHTa;
Dy — mucnepcust momexu.

YeMm OosbIie OTHOUICHHE (L, TEM MEHBIIIE BIUSHIE, OKa3bIBAEMOE ITYMOBBIMH TIOMEXaMH, Ha
qacToTHbIE XapakTepucTuku JCII.

Ecmu o > 3, To BAMsIHUE CITy4allHBIX TTOMEX Ha YaCTOTHBIE XapaKTEPUCTUKNA HE3HAYUTEIHHO
u npu aHanuze u cuaresze ICII umMu MokHO peHeOpeys.

C yBenM4eHneM JAHUCIIEPCUU TTIOMEXH M C YMEHBIIICHHEM O BIUSHIE ITyMOBBIX TIOMEX Ha Ya-
ctoTHble Xapakrepuctuku JCII cymecTBeHHO BO3pacTaer.

B nanHoii paGoTe OblI MOMY4YEeH pe3ysbTaT, B KOTOPOM <3, 4TO O3HAYaeT O HEBO3MOXKHO-
CTH IIpEeHEOpEeKEHUs CITydaiiHON oMexHu.
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