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OBIIUE METOAUYECKHUE YKA3AHUSA
K BBIITIOJIHEHHU IO JIABOPATOPHBIX PABOT

e JlaGoparopHble pabOTHI MPOBOASTCS B KOMITBIOTEPHOM KJlacce ¢ HcC-
MOJTb30BAaHUEM METO/Ia CTPYKTYPHOT'O MOJICIIMPOBAHHS JUHAMUYECKUX 00B-
extoB mporpammbl «MATLAB 6.5 / SIMULINK 5.

o [lepen BwIMONHEHHEM Ta0OPATOPHBIX pabOT KaxKnas TMOATPYIINa
JOJDKHA OBITH pasfiefieHa Ha Opurajpl, COCTOAIINE U3 ABYX denoBek. Kax-
JoM Opuraje mpucBauBacTCs ONpeaenEHHbI HoMep ¢ 1 1o 6-i, KOTophIil B
TEUEHUE BCETO JabOpaTOpHOro MPaKTUKyMa OyJeT OIpeAessiTb HOMEp Ba-
pHaHTa rapaMeTpoB Kax10u 1a00paTopHOil paOoThIL.

¢ K nmaGoparopHbIM paboTaM JIOIYCKarOTCs CTYIEHThI, OCBOUBIINE Me-
Tox ctpykrypHoro monempoBanus «SIMULINK 5y, uzydupime teopetu-
YeCKU Mareprai mo TeMe paboThl M MOArOTOBUBIIME OCHOBY OTYETA IO
MIPEICTOSIIEH TabopaTopHON padoTe.

e OT4Y€T MTOIKEH CONCPIKATD:

1) enb paboThI (IpUBEIEHA B METOINIECKIX YKA3aHMUSIX);

2) mporpaMMy MOJATOTOBKH K JlabopaTopHOW paboTe (eciii oHa Tpeny-
CMOTpEHA METOIMYECKIMH YKa3aHHSIMN ),

3) nmporpamMmy padoThI;

4) mporpaMmy TpPOBEPKH pe3yJIbTATOB HCCIENOBaHUs (Tam, Ije OHa
MPeAyCMOTPEeHa METOINIECKUMH YKa3aHUSIMH ).

Bce myHKTBI IporpamMmbl MOATOTOBKU K J1a00paTOpHOM pa®oTe BBINOJI-
HSIIOTCSI TIPH COCTaBJIEHUH OCHOBBI OTUETA HA MPEACTOSILYIO T1a00paTopHyIO
pabory.

Kaxipiii myHKT mporpaMMbl paboThl MIOMUMO TEKCTa 3aJ[aHusl JOJDKEeH
COZIepIKaTh:

1) ucxonusie nanubie (qupdepeHraIbHbe YpaBHECHHUS, TIEPeIaTOIHbIC
(YHKIMH, CTPYKTYPHBIE CXEMBbI, 3HAUCHUSI NMapaMeTPOB U CXEMbl MoOJeiei
HCCIIeAyeMBIX OObEKTOB);

2) pe3yabTaThl UCCIIEOBAaHUN (TaOJIMIIBI PETUCTPUPYEMBIX TTAPAMETPOB,
rpaguKy TEepPEeXOAHBIX MPOLECCOB, YAaCTOTHBIX XapPaKTEPHCTHUK, (ha3oBBIX
MIOPTPETOB U T. I1.);

3) BBIBO/IBI (B OCHOBE OTUYETA MM OCTABIISIETCS MECTO).

[IporpaMmMa TpoBEpKH PE3yJBTATOB HCCIIEIOBAHUS BBHITOIHIETCS JA0Ma
WM B 1ab0paTOpUH, IOCiie TOTro KakK BITOIHEHa labopaTopHas padora.

Bce HeoOXoauMble pacdéThl TOJDKHBI OBITH CHENaHBI B CAMOM OTYETE
TaM, TJIe OHU TPEOYIOTCS.



TPEBOBAHUA, IIPEABSBJISIEMBIE
K O®OPMJIEHUIO OTYETA

e OTuyéT BBITONHSETCS B BHUJE MOSCHUTEIFHON 3aIMCKU Ha JIHCTax Oe-
JIOW WM TUHOBaHHOW Oymaru hopmara A4.

e TUTyNbHBIN JUCT OTYETA IPUBEAEH B MPHIIOKESHUH.

e Texkcr, Tabnupl, rpaduKy U Mpodee ClieyeT JAenaTh JIMO0 OT PYKH,
b0 ¢ TpUMEHEHHEeM JF000T0 TEXHHYECKOTO CpejcTBa. PasHbId CTHIb
oopMIICHHUS HE JOITYCKACTCI.

e Pazmemienue TekcTa Ha CTpaHHLE: JIEBoe nodie 2.5, mpasoe 1.5, Bepx-
Hee 2.0 1 HIKHee 2 CM.

e B Tekcre He paspemiaeTcs COKpalath cjoBa U (pasbl, Kpome odie-
HOPHUHATHIX (T. 1., T. €., cTp., CAY, TAY u np.).

e PacuérHple nefcTBUA HEOOXOOUMO MPEABAPSATH COOTBETCTBYIOLINMH
MOSICHEHUSIMU.

e Pacy€rsl TOKHBI TPOU3BOIUTECS 10 Gopmyinam. CHavyana dpopmyia
3alMChIBAeTCs B OYKBEHHOM BHJE, MTOTOM BMECTO Ka)KIOr0 OYKBEHHOTO
0003Ha4YeHNs OACTABIISIETCS €T0 YUCIEHHOE 3HAYCHHUE, a 3aTEM 3alliChIBa-
€TCs Pe3yNbTaT BBIYMCIICHHUS.

e Ha 3amuty naGopatopHoii paOOTBl OTYET MPEACTABISETCS B ITOJHO-
CTBI0 OPOPMIICHHOM M CHIUTOM (TIeperieTEHHOM ) BUJIE.

[TonpoOHee ¢ TpeOOBaHMSIMU K O(OPMIICHHIO TTOSICHUTEIBHBIX 3aIMCOK
MoxHO o3HakoMuThesi B TOCT 2.105 — 95.
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JIABOPATOPHAS PABOTA Ne 6

HUCCIEJOBAHUE CTATUYECKHUX XAPAKTEPUCTHUK
HEJIMHEWHBIX 3BEHBEB

1. HEJIb PABOTbBI

MeroioM CTPYKTYpPHOrO MOJIEJIMPOBAHUS CHSATh OTAEJbHBIE W HAUTU
o0IIMe CTaTHYECKHE XaPaKTePUCTHKH MPH MapaJlIeIbHOM M IOCIieIoBa-
TEJIbHOM COEAMHEHHUH JBYX 33JJaHHBIX HEIMHEHHBIX 3BEHBEB (IIEMEHTOB), a
TaKXe MPH 0XBATE OJHOI0 HEIMHEHWHOrO 3JIEMEHTA JPYTMM C OTPULATENb-
HOM U TOJIOKUTEIBHOW 00pPaTHOM CBS3bIO.

HccrenoBarh BiIMSIHUE Y€pEOBaHMsI HEIMHEHHBIX 3JIEMEHTOB Ha BHJL
o01Ielt cTaTHYECKON XapaKTEePUCTHKH.

HccrnenoBarh BAUSHHUE MapaMeTPOB HEIMHEHHBIX 3BEHBEB Ha OOIIYIO
CTaTHUYECKYIO XapaKTEPUCTHKY.

[IpoBepuTh MONMyYEHHBIE PE3YNIbTAThl IpaQUUECKUMHA METOAaMHU HAXO-
KJICHUST O0IIEeH CTAaTHIECKON XapaKTEepPUCTUKH JUIA TPEX 3aJIaHHBIX COCIU-
HEHUI HEIMHENWHBIX 3JIEMEHTOB.

2. OBIIME CBEJEHUS

CraTryecKol XapaKTEepPUCTHKOM HSJIeMEHTa WM CHUCTEMbl Ha3bIBaeTCS
3aBUCHMOCTH BBIXOJTHOW BEJWYMHBI OT BXOJHOTO BO3ACHCTBHS B yCTaHO-
BUBILEMCS PEXKUME.

Ilo Buagy crarnueckue XapakrepucTHku dneMeHToB CAY nenstcst Ha
TpH THIa: JMHeHHbIe (puc. 6.1, a), HecylecTBeHHO-HeMHeiHbIe (puc. 6.1, 6)
U CYIIIECTBEHHO-HEMHEeWHbIe (puc. 6.1, 6).

Eciin Bce 3BEHbs CHCTEMBI UMEIOT JIMHEWHBIE CTAaTUUECKHE XapaKTepHU-
ctuku, To CAY HaspBaloTCs JMHEHHBIMHA. HecyliecTBeHHO-HEIMHEHHbIE
CTaTUYECKUE XaPAKTEPUCTHKH B HEKOTOPBIX CIIydasix (IpU MaJbIX OTKJIOHE-
HUSIX (£ AX,y) OT TOUKH XapaKTePHOTO peskuMa (Touka A)) MOXKHO MPEAcTa-
BUTh JMHEHWHBIM oTpe3koMm ab (ab — kacarenpHas k craTudeckol xapakre-
PHUCTHKE B TOUKE A), T. €. IMHEApU30BaTh HECYIIECTBEHHYIO HEIMHEHHOCTh
(puc. 6.1, 6).

Ecim cuctema coCTOUT TOJBKO W3 JIMHEHHBIX W JIMHEAPU30BaHHBIX He-
CYLIECTBEHHO-HEJIMHEHHBIX 3JIEMEHTOB, TO OHa OTHOCUTCS K KJlaccy JIMHEH-
Hbeix CAY. AHaIM3 W CHHTE3 TaKUX CHCTEM OCYIIECTBIISIETCA METONAMHU
Teopun MHEHHBIX CAY.

Ecmm B coctaB CAY BXxoauT XOTsi OB OMWH 3JIEMEHT C CYIIECTBEHHO-
HEJIMHEWHOM CTaTUUeCKON XapaKTepUCTHKOMN, TO TaKasi CHCTeMa Ha3bIBaeTCs
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HEJIMHEHHOW CHUCTEMOH aBTOMAaTHYeCKOro ympasieHus. CylniecTBEeHHO-
HEJIMHEHHbIE CTAaTUYECKHE XapaKTepucTUKH dieMeHToB CAY He MoryT
OBITh JIMHEAPU30BaHBI, TaK KaK ATO MPUBOIUT K KapAWHAIBHOMY HCKaXKe-
HUIO CBOWCTB CHUCTEMBI. lIccrenoBaHME M CHHTE3 TaKUX CHCTEM MOXKET
OCYIIIECTBIIATHCS TOIBKO METO/IaMU TeOpHUH HeMHeHHbIX CAY.

Henunelinyto cucreMy, Tak ke Kak U JIMHEWHYIO, IPUHATO JJIS1 HATJISI JI-
HOCTH W yJI0OCTBa Pacuy€roB NPEICTaBISATh B BUAE CTPYKTYPHOH CXEMBI.
HenuHeitHbIe AJIeMEHTHI MTPEICTABILIFOTCS TaK Ke, KaK U JIMHEWHBIE, TIPSM O-
YrOJbHUKAMHU C TOAXOISIIAMHA U OTXOASIIMMH CTPEIIKaMH, & BHYTPH MpS-
MOYTOJbHUKA N300pakaeTcsl BUT HEIIMHEHHOCTH.

Ecnu B cTpyKTypHOW cXe€M€ UMEIOTCSI HECKOJIBKO JIMHEUHBIX U HECKOJIb-
KO HEITMHEWHBIX 3BEHBEB, COSMHEHHBIX MEXKIY COOOH, TO ISl IPUBEICHHS
CTPYKTYPHOH CXeMbl K pacu€éTHOMY BuAy €€ TpeOyeTcsi mpeoOpa3oBaTh.
['pynna nuHeHHBIX 3BEHBEB, COCTUHEHHBIX MEXIY COOOM, MpeoOpa3oBhIBa-
€TCsl IO U3BECTHBIM U3 Teopuu JuHeHbIX CAY mpaBuiiaM K OAHOMY 3BEHY
c obmeit mepenatouHoi QyHKumei nuHeiHOH 4actu cucteMbl (Wi (p)).
OOIIyr0 CTaTUYECKYI0 XapaKTePHCTHKY HEIMHEHHBIX 3JEMEHTOB, TaKKe
coeZIMHEHHBIX MeXTy co0oi (HD,6,), MOKHO HAWTH TONBKO TpaguIecKUMU
METO/IaMH.

PaccmoTpum mogpoOHee Tpadudeckue MeETOIpl HaxXOXKICHWsS OOIIel
CTaTHYECKOW XapaKTePHCTUKH JJIsI TPEX TUIIOB COCAMHEHHS HEIMHEHHBIX
AIIEMEHTOB.

Metoauka HAX0KIeHHS 001Iell CTATHYeCKOH XapaKTepUCTUKHA
NPH NapaJjieJbHOM COeIUHEHMH HeJIMHEeHHbIX 3J1leMeHTOB

Ha puc. 6.2, a npuBeieHa CTPYKTypHAsl cXeMa MapauieIbHOrO COCIU-
HEHUS JIBYX HEJIMHEWHBIX 2eMenToB HO1 u HO2, a Ha puc. 6.2, 6 mokazaHo
ompeieNicHHE O0IICH CTaTHUECKOH XapaKTEPUCTUKH.



XBMX 1 Xnux
e HD g6

Kauix 1 Kauix

HO1

Xsux 2

H32

oc=o0a+o0b

Puc. 6.2

Jly1s1 5TOro HEOoOXOMMO TIOCTPOUTH XaPAKTEPUCTUKH BCEX MApaJUIETbHO
COCIMHEHHBIX HEJIMHEHHBIX 3JIEMEHTOB B OJHOW KOOPIWHATHOM CUCTEME U
B OJIHOM MaciTabe ¢ yu€ToM 3HaKa WX BBIXOJHBIX BEJUYMH. 3aTeM, anreo-
pandecKu MPOCYMMHPOBAB UX OPAUHATEHI, TOJIyYUTh OOIIYI0 XapaKTePUCTH-
KY 9KBHBAJICHTHOTO HETMHEHHOTO 3BEHA.

Ha puc. 6.2, ¢ BEIXOIHBIC BEIMYMHBI OOOWX HEIMHEHHBIX 3JICMCHTOB
HUMEIOT OJIMH 3HAK, TO3TOMY JOCTaTOYHO OpAMHATHI XapakrepucTuk HO1 u
HD32, n300pakéHHbIX Ha puc. 6.2, 6 TPOCYMMHPOBATh U B PE3yNbTaTe IO-
JIy4UTh OOIIYIO CTAaTHUCCKYI XapaKTePUCTUKY JBYX MapauieIbHO COCIH-
HEHHBIX 3BeHbeB HD 5,

MeToauka HAXO0KIEHU ST oﬁmeﬁ CTaTH4YeCcKoH XaApaKTEePUCT UKHU
npu mocjaeaoBaTe€JbHOM COCAUHCHU U HeJIMHEHHbIX 3JIEMEHTOB

Ha puc. 6.3, ¢ npuBeneHa CTpyKTypHasi cXema MOCIe[0BaTelIbHOro Co-
eJIMHEHUS IBYX HEJIMHEHHBIX eMenToB HO1 u H32, a Ha puc. 6.3, 6 moka-
3aHO OmpeJiesieHre 00IIel cTaTUYeCKON XapaKTepHUCTHKH.

Onpeneneare oOIIeH CTaTHUECKON XapaKTEPUCTUKH TPH TIOCIIEI0Ba-
TEJBHOM COEIMHEHNH HEJMHEHHBIX 3JIEMEHTOB OCYILIECTBIIETCS B YETHIPEX
KBaJpaHTax.

B nepBoM KBaJpaHTe CTPOUTCS CTATHMUYECKAs! XapaKTEPUCTHKA [IEPBOTrO
HeJmuHelHoro anemMenTa. [lo ocu aGcuce OTKIaabIBaeTCsl BXOJHAs BEJIH-
YUHA MOCIIeIOBATENFHO COCTMHEHHBIX 3JIE€MEHTOB Xy MO OCH OpAWHAT —
BBIXOJIHAsl BEJIMUMHA NIEPBOTO JIEMEHTa Xgyx 1. BO BTOPOM KBaApaHTE NPU
MOBEPHYTHIX OCAX KOOpAuHAT Ha 90° CTPOUTCS cTaTHYecKas XapaKTepu-
CTHKa BTOPOr0 HEJIMHEWHOTro 3nmeMeHTa. [lo ocu abciucc 3Toro KBajapanTta
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OTKJIa/IbIBA€TCs BXOJIHAs BEJIMUMHA BTOPOTr0 HEIMHEHHOIO AJIEeMEHTa Xy o =
= Xsux 1, @ 110 OCH OpAMHAT — BBIXOJHAS BEJIMYMHA BTOPOTO HEJIMHEHHOIO
JJIEMEHTA U COCIMHEHUS B LEJIOM Xy -

Teneps, 3amaBasicy psaOM 3HaYCHHH Xy, MOXXHO BO BTOPOM TOBEpPHY-
TOM KBaJpaHTe HAWTH Psifi BBIXOAHBIX 3HAYCHUHN 3TOT0 COEAUHEHUS Xy

Jlanee MOXKHO TIOCTYNHThH JBOSIKO. JIMOO MOCTPOUTH OOIIYIO0 CTAaTHYe-
CKYIO XapaKTEPUCTUKY B OT/ICIbHON KOOPAMHATHON crcTeMe Xpux = T (Xix),
WCHONb3Ysl HaWIEHHBIE 3HAYEHHUS Xg,x M COOTBETCTBYIOIIME WM 3Haye-
HUS Xy, TUOO BOCIIOIB30BATHCS YETBEPTHIM KBajpaHTOM. {7151 5TOTO HEOO-
XOAMMO HaleHHbIE 3HAYEHUS X, IEPEHECTH W3 BTOPOr0 KBAJpaHTa B
yerBepThlid. [lepeHoc MOXXHO cAenarh ¢ MOMOILIBI0 OMCCEKTPUCHI, TIOCTPO-
€HHOMW B TPETHEM KBaJ[PAHTE.

Ha puc. 6.3, 6 nudpamu 1, 2, 3, 4, 5 u crpeiaxamu moka3aHo onpezese-
HUE TOYKW 5, mpuHajyIexanield ooIe cTaTHIeCKOl XapaKTePUCTHKE JIBYX
10CJIEI0BATEIIbHO COEAMHEHHBIX HEJIMHEHHbIX 3JIEMEHTOB.

Metoauka HAX0XKIEHHS 001Ieli CTATHYECKOH XapaKTepPUCTUKH
IPH 0XBaTe OJHOT0 HeJIMHEHHOI0 3JIeMeHTa OTPULATEIbLHON
WJIH TIOJIOKMTEJILHOI 00pPaTHO CBA3BIO,
BKJIIOYAIOLIEH APYroi HeJIMHEHHbIN 3JIeMEHT

Ha puc. 6.4, a nmpuBeneHa cTpyKTypHasi CXeMa IpH OXBaTe OJHOTO He-
nuHelHoro sneMeHTa HD1 oTpuiateabHOW OOPaTHOW CBS3BIO C JAPYTHM
HeJMHEeWHBIM 3neMeHToM HD2, a Ha puc. 6.4, 6 Toka3aHO ompe/eeHue
o01relt cTaTHIeCKON XapaKTepUCTHKH.

Onpenenenue oOIIEH CTATUYECKOM XapaKTEPUCTHKH KOHTYpa, COCTOSI-
IIETO U3 IBYX HEJIWHEHHBIX SJIEMEHTOB C OTPHUIIATEIHHON (TIOI0KHATEIHHOMN )
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Puc. 6.4

o0paTHOH CBSI3bI0, OCYIIECTBIIAETCA B JIBYX KBajpaHTax. B mepBom kBaj-
paHTe CTPOMTCS HEeNMMHEHHass xapakTepucTuka snementa HO1, Bo BTopowm,
oBEPHYTOM Ha 90° — HeNMHEeHAs1 XapakTeprucTrka atemenTa HO2.

Jlyist HaxoKIeHus oOIIel CTaTHYeCKON XapaKTEPUCTUKU C OTPHIIATEb-
HOW OOpaTHOW CBSI3bIO 3aJaeMCs PSIOM 3HAYCHUH BBIXOJHON BETMYHHBI
KOHTYPA Xyux = Xoux 1 = Xox 2. Ha puc. 6.4, 6 U1 HIUTIOCTpAIK METO/IA B35~
ThI JIBa 3HAYEHMSI BHIXOAHON BETHUMHBI Xpyx 11 (TOUKA 1) ¥ Xy 12 (TOUKA 2).
[TogpoOHee mokakeM HaxXOXKAEHHE TOUKH @ , IPUHAAJICKAIIEH o0Imel cTa-
TUYECKOM XapaKTepUCTHUKE MTPH OTPULIATENILHON 00paTHON CBSI3H.

st 3T0ro0 M3 TOuKU 1 MPOBOAMM BIPABO JIMHUIO (TyHKTUPHYIO) 10 CTa-
TH4YecKoi xapakrepuctuku HD1 m omyckaem meprneHAMKYIsAp Ha och adc-
LIMCC MEPBOro KBagpaHTa. JTO MO3BOJSIET HAUTU Xgx 11 — BXOJHOE 3HAUEHUE
H31 npu X,x11. Hanee, u3 Touku 1 Teneph BJIEBO MPOBOAUM ITYHKTHPHYIO
JIMHUIO JI0 CTaTHYEeCKO XapakrepucTuku HO2 u onyckaeM mepreHanKyIsp
Ha 0OChb Xjux2. OTpE30K 0a COOTBETCTBYET BbIXOHHOW BemuuuHe HDI2

(XBLIX 21) .
[Ipu oTpunaTeIbHOM 0OpaTHOI CBsi3u is Touku 1 (cM. puc. 6.4, a):

XBX 1= XBX 1= XBLIX 21 -

3HaYCHUS Xy 11 U Xpix 21 HAWJEHBI B IPEABIAYIIMX pacuerax. OTcrona
XBX 1= XBX 11 + XBLIX 21-

Haiinem sty cymmy rpadudecku. J[7st 3T0ro mpoonKuM JIMHUIO Xy 11
BIPABO M HAa HEH OTJIOKUM OTPE30K 0a (CHMBOIJI MHHYC TOBOPUT 00 OTpPH-
1aTeIbHON 00paTHOM CBs3M). V3 TOUKHM ¢ OMYCTHM MEPIECHINKYJISP U T0-
JIy4UM 3HAYCHHUE Xy 1. OTCIOA CIICTYET, YTO TOYKA @ MPUHAIJICKHUT OOIIeH
CTATUYECKOM XapaKTEPUCTHKE pPAcCMaTPUBAEMOr0 KOHTYpa MpPH OTpHUlla-
TeNbHOI 00paTHOM CBA3M HO o6 ().

Ha puc. 6.4, 6 Taxke HaiieHa Touka b st Xy 12-

10



Hcnonp3yst mpuBeAEHHYIO METOJUKY, MOXXHO HalTH Jt00O0E YUCIIO TO-
yek, npuHaanexamux HO ey (), COEIMHUB KOTOpPBIE MOIy4YHUM OOIIYO CTa-
TUYECKYIO XapakTepuctuky HO ey, () IpH OTpHUIIATEIBHOM 00paTHOM CBSI3U.

[Ipu monokuTENbHONH OOPaTHOW CBSI3U OMpejeneHne OOIIed crarude-
CKOM XapaKTePUCTHKU MPOU3BOIUTCS aHATIOTUYHO, TOJIBKO OTPe3KH oa u ob
HE CKIIAJIBIBAIOTCS C Xyx11 M Xpy12, @ BBIUMTAIOTCS M3 HUX. Ha puc. 6.4, 6
o011as craTuyeckas XapaKTepUCTHKA TP TOJIOKUTETLHONH 00paTHOM CBSI3U
H36u (+) M300paxeHa MyHKTHPOM.

Jns npuBeaeHns CTpyKTypHOM cxeMbl HenmuHeHoi CAY Kk pacyéTHOMY
BUJy MOXKHO, TaK e KaK U JJIs JUHEHHBIX CUCTEM, MOJIb30BaThCS TOMOTHU-
TeJBbHBIMU TNpaBUIaMU TpeoOpazoBanHus. OfHAKO HalIMYME B CHCTEME He-
JIMHENHBIX JJIEMEHTOB HECKOJIBKO OIPaHUYMBAET BO3MOXXHOCTH CTPYKTYP-
HBIX Ipeo0pa3oBaHUil B HEJIMHEHHBIX CHCTEMaxX. JTO BBI3BAHO TE€M, YTO K
HenuHeHHbIM CAY He MPUMEHUMBI TPUHLIMIIBI HAJIOKEHUSI 1 KOMMYTATH B-
HOCTH. HeBbIONHEHNE NpUHIMNA HAJOXKEHHUS HCKIIOYAeT BO3MOXKHOCTD
MepeHoca HEMMHEWHOr 0 3JIEMEHTA Yepe3 dJIEMEHT CYMMUPOBAHUS, a HEBBI-
MOJIHEHUE TPUHIMIA KOMMYTAaTUBHOCTH — MEPEHOC OAHOTO HEJIMHEHHOIo
3JIeMEHTa Yepe3 ApYyroll HEeJIMHEHWHBIN 3JIEMEHT, a TaK)Ke MEPECTaHOBKY He-
JIMHEHHOr0 3J€MEeHTa U MHEPLUUOHHOrO JHHEWHOro 3BeHa. Uto kacaercs
MpaBUJI MEPEHOCA CyMMaTopa WM HETUHEWHOro 3JIEMEHTa 4epe3 TOUKY
chEMa cUrHana, TO OHM HE MPOTHUBOpPEYAT BBHIIIEHAa3BaHHBIM IMPUHLUIIAM U
MOTYT TP HEOOXOJMMOCTH TMPUMEHSATHCS ISl TPeo0pa3oBaHus CTPYKTYp-
HBIX cxeM HenuHelHbIx CAY.

Ha puc. 6.5 noka3aHbl 3KBUBaJICHTHBIE CTPYKTYPHBIE CXEMBI MU Iepe-
HOCE HEJIMHEWHOT O 3JIEMEHTA Yepe3 TOUKY ChEMa CHIHAJIA TI0 HAIPaBICHUIO
BO3neicTBHs (puc. 6.5, @) M MepeHOC HENMMHEHHOTo AIIEMEHTa Yepe3 TOUKY
cb&Ma MMPOTHB HaMpaBlieHHs Bo3aelcTBus (puc. 6.5, 6).

IIpu nmepeHoce TOUKH ChEMa CUTHANIA Yepe3 HEJIMHEHHBIA 2JeMEHT Mpo-
TUB HalpaBJIeHHs BO3ACHCTBUS HEOOXOAMMO B CUTHAJIE, OTXOALIEM OT TOY-
KU ChEMA, BKIIOYUTH JIOMOJIHUTEIBHBIN HETMHEUHBIA SJEMEHT C MCXOIHOMN
CTaTUYECKOU XapakTepucTHkod. IIpu mepeHoce TOUYKM ChEMa 4depe3 Helu-
HEMHBII 3JIEMEHT 0 HAIPABJIEHUIO BO3ACHCTBHUS HY)KHO B OTXOZSAIIEM OT
TOYKHA ChEMA CHTHAJIE BKIIOYHUTH JOMOJIHHUTEIBHO HEIMHEWHBIM 3IEMEHT C
00paTHOW CTaTMYECKOM XapaKTepHCTHKOH. B3auMHO oOpaTHBIMH cTaTHde-
CKUMH XapaKTEpUCTHKaMU JBYX HEJMHEHHBIX 3JIEMEHTOB HA3bIBAIOTCS TaKUE
XapaKTEePUCTUKH, KOTOpbIE IPH I10CJIEOBATENIBHOM COSIMHEHUH 3TUX 3Jle-
MEHTOB 00pa3yloT O0IIYI0 JIMTHEHHYIO CTAaTHYECKYI0 XapaKTepPUCTUKY C KO-
3 PUIMEHTOM yCHUIIEHHS, PAaBHBIM €IMHHIIC.

J1s1 HaXOKIEHUSI CTATUYECKOM XapAKTEPUCTUKU OAHOrO HEJIMHEHHOIO
JJIEMEHTA WJIM COEIMHEHHS! HENWHEHHBIX 3JIEMEHTOB 3KCIIEPHUMEHTAJIbHBIM
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v

X1 X2 X1 X2
=
X1

6 i %
Puc. 6.5

myTéM HEOOXOIUMO, 3a/IaBasiCh PSIOM YHCIICHHBIX 3HAYEHHH BXOJHOTO BO3-
JEWCTBUSI, PETUCTPUPOBATh COOTBETCTBYIOLIMI Psi/i BRIXOAHBIX BeimuuH. [1o
3TUM JaHHBIM (M0 TOYKaM) MOXXHO TOCTPOUTH XapPAKTEPUCTUKY Xpuxud =
=f (Xoxin).

Ecim Ha BXOm HemmHeWHOro o0OBEKTa TOAATh IUIABHO MEHSIOIIHIACS
BXOJIHOW CHTHal (HAIpUMEpP, CHHYCOWIAIBHBIN) U OTHOBPEMEHHO TOJaTh
€ro Ha BXO0J1 rpa)ormocTpouTesi, a CHrHaJl, CHUMaeMBbIi C BbIXOJIa 00BEKTa,
NOJKJIFOYUTh Ha BEPTUKAJIBHBIA BXOH rpadomocTpouTens, TO Ha JKpaHe
ATOT0 PETHCTPUPYIOMIETO0 MPHUOOpa MOXKHO HAOIOATh CIUIONIHYIO HCKO-
MYIO CTaTUYECKYIO XapaKTEPUCTHKY.

HccnenoBanusi CTaTHYECKUX XapaKTEPUCTUK HEJIMHEWHBIX 3JIEMEHTOB H
WX Pa3IM4HbIX COCIWHEHUH MEeXIy co0oi OyayT MPOBOJUTHCS B TEPMHU-
HaJIbHOM KJIACCE C MCIIOJIb30BaHUEM MPUKIAIHON MPOrpaMMBbl CTPYKTYPHO-
r0 MOJICTMPOBaHUS JUHaMHU4Yeckux oobekroB MatLab / Simulink. Dta mpo-
rpamMma mo3BoJisieT POpMUPOBATh U PETUCTPUPOBATH KaK AUCKPETHBIE, TaK U
aHaJIOTOBBIC BXOJIHBIE M BBIXOJHBIE CUTHAJBI .

Ha puc. 6.6 n3zo0pakeHa cxema MOJIEIN IJI CHSTUS CTaTHYCCKHX Xa-
PaKTEpUCTUK HENMMHEHHBIX 00BEKTOB. B cxeMe mpeaycMOTpeHo JIBa NCTOY-
HHKA CUTHAJA:

e 0ok «Constanty mo3BoJsieT 3aaTh BEKTOP JIFOOOTO Psijia YUCICHHBIX
3HaueHui BxoxHoro curHana [0 1 2 5 8 10 ...] unu BekTOp, 3HAYEHUS KO-
TOPOTO ABISIIOTCSA apU(METHIECKON MpOrpeccreil 4YMCIeHHbIX 3Ha4YeHUH
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BXOJIHOTO CHTHAJA C 3aJaHHBIM ImaroM mporpeccun [0:1:20]. g nzmene-
HUS 3HaKa BXOJHOTO CHrHaja mocie Omoka «Constanty BkmrodeH OJIOK
«Gainy ¢ koaddunnerrom 1 mmm —1.

e Onok «Sine Wave» ¢opMupyeT CHHYCOMIQJIbHBIH BXOIHOW CUTHAI C
3a/laHHON 9acTOTOM W aMIUIMTYAOH. OTOT CUTHAJ MCMONb3yeTcs AJI BU3Y-
aJIbHOM perucTpalmu rpaduka oOmeld CTaTHIeCKOW XapaKTePUCTHKH 00b-
exTa uccrienoBanns Ha rpadomnocrpoutene «XY Graph». biok mmeer nBa
BXoza. BepxHuii BXOX mpenHa3HaueH Ui MOAAa4YMd BXOMHOTO CHTHAJA OT
«X = min» 10 «X — Max», HIKHUIA — ISl TOIAYM BBIXOJHOTO CUTHAIA OT
«Y = miny» 10 «Y — max».

[Tepexoq OT OZHOrO BXOAHOIO CUTHajla Ha JPYroil OCYLIECTBISETCS C
MOMOIIBIO PYYHBIX TIepekirodareneit «Manual Switchy, «Manual Switchly
n «Manual Switch2», a Taxke BKIIOUEHHEM MIIM OTKIIFOUEHUEM COEIUHU-
TEJIBHBIX JITHUH B KaHaJIe YUCICHHBIX BXOIHBIX CUTHAJIOB U B KaHaJIe CHH Y-
COMJIAJILHOTO BXOJHOTO curHana. Ha puc. 6.6 NMOAKIIOUEH KaHal YMCIICH-
HBIX 3HaYCeHHH BXOJHOrO curHajia. KaHaja cHHYCOMIAIBHOTO BO3/ICHCTBUS
OTKJIIOUEH Pa3pblBOM COCIMHHTENIBHBIX JTHHHUN OokoB «Sine Wavey —
«Gainl» u «Saturation» — «Gain2», a Takxke nepexmouarenem «Manual
Switchy. broku «Gainl» u «Gain2» BBeaeHbI I YA00CTBA BKIFOYCHHS U
OTKJIFOYCHHUSI COSIMHUTEITBHBIX JIMHUH CHHYCOUIaJIBHOTO KaHaa.

Kcrary, s co3nanus JIMHUM CBSI3H MEXAY OJIOKaMH JIOCTaTOYHO BbI-
JIeTTUTh OJIOK — UCTOYHHMK CUTHAJA, 3aTeM HaxxaTh KiaBuiny «Ctrly u Bbige-
JHTH OJIOK — MPUEMHHK. Pa3MbIKaHUe JTMHUN CBSI3H JIETAETCS TOIBKO OTHIM
CIIOCOOOM: JIMHHUS CBSI3U, KOTOPYIO HYXKHO YIAJIUTh, BBIJEISETCS JIEBOU
KJIaBHIIEH MBIIIH, 3aTeM HaxkaTheM KiaBuim «Deletey cBs3p ynmamsercs.
Komannoii «Cup» B pacKpbIBaOIIEMCS] OKHE TIPH BBIJCICHUH O0BEKTa Ipa-
BOU KJIABHIIEH MBIIIN CJIEAYET IOJIb30BATHCS TOJIBKO VIS yIaJICHUS JIMHUA
CBSI3U CO BCEMH OTBETBJICHHSIMH.

Jns peructpaiy YUCICHHBIX 3HAYSHUH BXOJHOTO M BBIXOJHOTO CHT-
HAJIOB UCTIONB3YIOTCs JiBa I poBbix auctutes « Display» u «Display 1».

3anannbie HemMHEHHBIE AmeMenTsl HO1 u HO2, mis ynobcTBa n3MeHe-
HUSI CXEMBI COCIAMHEHHUSI HX MEXKIy COOOM, HAOMPAIOTCs MOJEIHPYIOIIUMU
6mokamu Subsystem u Subsystem1.

B teopun menuueitpix CAY aHaNOTHYHO THIIOBBIM JITHEWHBIM 3BEH b-
SIM BBEJICHO TOHSTHE THUIIOBBIX HEJIMHEHHBIX dneMeHToB. Hanbosee yacto
BCTPEUAIOLINECS THIIOBbIC HEJMHEHHBIC JIEMEHTHI M UX CTAaTUYECKHE Xa-
PaKTEpUCTUKH TPUBEIeHBI B Ta0M. 6.1.
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Tab6numa 6.1

Ho-
Mep Hazpanue
Bapu-| Bu HeTMHEHHOCTH o 3aBUCHMOCTD Xgyx = f(X5x)
HEJIMHENHOCTH
anTa
XB])IX
—b o Xex 30Ha Xpx = 0 mpH | X | <D
1 5 HEUYBCTBH- | Xguy = K(xzx — D) mpu x> b
TEIBLHOCTU Xosx = K(=xgx + D) Tipu x; < b
k=tga
Xeux = Kx, mpH | X, | < C/K
2 Orpanunyenue | ™™ _ C X P | “le
Xppix — HPH Xpx 2
(HacwIIICHUE) - C <_b
Xppix — — HPH Xpx = —
xBLIX
C Cyxoe TpeHue
3 Xpx (unmeampHOE Xpux = C TIPH Xy > 0
IBYXTO3UIMHA- | Xgyux = —C TIPH Xy, < 0
_— C OHHOE pere)
xB])IX
1
1
] X .. Xoux = C IIPH X > b
4 'b — Tpéxnosmu- | " H _ HpI/I b<xy<b
[ b OHHOE peJte BLX PHD= Xox =
1 p =-C < 7b
| Xppix — HPH Xpx =
— -] _C
C — [Ipu yBenuueHUu X,y :
h _
X /:\ Jeyxmosumu- | Yemx= C TIPH Xy > b
5 b I onHoe pene | Yamx=—C  MPH X <b
T I x
! CI b x| CTHCTEPE3H- | TIpy yMEHBUICHUH Xpy ©
_Ci coM _
v_ 1™ Xesx = C HPH Xy > —b
Xpux = —C TPH Xy < b
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OkoHuaHue Tabn.6.1

Ho-
Mep . Haspanue =
Bapu-| Bunmemameitnoctn | o 3aBUCUMOCTD Xyp = f(ay)
aHTa
xzjf(— IIpy yBETUYEHUM Xy :
_X Xppix — k(xBX - b)
6 b -La Jrodpt Ipy YMEHBILEHUHU Xpy :
-- b Xpx (3330p) Xppix — k(_xBX + b)
- del;IX /d-xB = 0 HpH
-- k=tga |xBLIX/kr7|xBX|<b

3. MIPOTPAMMA IOJITOTOBKH K IABOPATOPHOM PABOTE

3.1. O3HAKOMHUTBCSI C TEOPETHYECKUM MAaTepruajoM, OTHOCSIIUMCS K
pazneny «CraTn4eckne XapaKTepUCTHKN HEIMHEHHBIX 3JIEMEHTOBY, 110 pe-
KOMEHTyeMol JTuTepaType, KOHCTIeKTaM JieKiuii u pasneny 2 «O0mmue cBe-
JICHUSD) HACTOSIIEH J1a00paTOPHOI padoThI.

3.2. IloAroTOBUTH OCHOBY OTYETa 1O JJA0OpaTOPHON paboTe B COOTBET-
CTBHH C BapHaHTOM, 3aJaHHBIM TIPENOaBaTeNieM, BeTyIINM J1a0 OpaTOPHBIi
MPAKTUKYM MO TEOPUU HEJTMHEHHBIX CHCTEM YIIPABJICHHUSL.

4. IPOTPAMMA JIABOPATOPHOM PABOTHI

4.1. Ucnionb3yss Mojaenupyromme Oioku Subsystem, HaOpaTh cxembl
MOJIEJIN 3aJaHHBIX HEJIMHENHBIX d1ieMeHToB HO1 u HD2 u cHATh nx cratn-
YECKHUE XapaKTEPUCTUKH.

Bujn HenuneliHOCTel ¥ 3HAYEHHUS UX NIAPAMETPOB MO0 BAPHAHTAM
NpuBeAeHbI B Ta0I. 6.2.

4.2. Haiitn o0Ime CTaTHIeCKUe XapaKTePUCTUKH

a) TIPH MOCTIEA0BATEILHOM COEAMHEHNH HETMHEHHBIX deMenToB HO1 u
HD2;

0) pu mapayuIeIbHOM COSIMHEHNN HeMMHEHHBIX 2eMenToB HO1 n HO2;

B) IIpH OXBaTe HeMUHENHHOro sneMenTa HO1 orpunaTensHOM U MOMOKU-
TEJILHOW 00PaTHOM CBS3BIO C HEJIMHEHHBIM A1eMeHToM HO2.
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4.3. UccrnienoBath BIMSHIE YEPEIOBAHUS HEIMHEHHBIX dyeMenToB HO1
u HDO2 mpu mocrenoBaTtenbHOM COSMHEHHH HA BUJ U MapameTphl oOLIen
CTaTHUYECKOW XapaKTEPUCTUKU.

4.4. UccrnenoBath BiAMSIHEE TAPaMETPOB HEJIMHEHHBIX dnieMeHToB HO1 n
H32 npu nocnenoBaTenbHOM COECAMHEHUM HA BHUJI U MapaMeTpsl oOmien
CTaTUYECKON XapaKTEPUCTUKHU.

Tabmnuma 6.2
ITapamerpsr HO1 ITapamerpsr HO2
B?P(;hg‘iga ! cp tf) k oz cp bp k
1 1 1 2 2 2
1 7——L - 2 2 7£ 20 - 2
2 25 - 2 7 - 4 2
3 7 - 6 2 / 30 - 2
4 35 - 2 / - 6 2
5 / - 8 2 7£ 40 - 2
6 45 - 2 7__L - 8 2

Mpumeuanmne. [lomayro HHOOPMAIMIO O THIIOBHIX HEITMHEWHBIX IIIEMEHTAX CM. B
tabi. 6.1.
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5. IPOI'PAMMA ITPOBEPKMU PE3YJIbTATOB NCCEJOBAHUA

5.1. I'paduieckumu METOIaMK TIOCTPOUTH OOIIUE CTATHUECKHE Xapak-
TEPUCTHUKH:

a) TP TI0CJICTOBATEILHOM COCIMHCHUN HEIMHEHHBIX dJieMeHToB HO1 u
H32;

0) mpy TapaUIeIbHOM COCIMHCHUN HEJMHEHHBIX 3jieMeHToB HD1 m
HD32;

B) IIpH OXBaTe HeJMHEHHOro 3nementa HO1 orpunarensHoit o6paTHOI
CBSI3BIO C HEIMHEHHBIM d1eMeHTOM HO2.

5.2. CpaBHUTH TOJNyUYEHHBIE PE3yNIbTAThI C IKCICPUMCEHTAIBLHBIMUA HC-
CJIeIOBaHUSIMH.

KOHTPOJIBHBIE BOITPOCBHI

1. Yto B TAY nmonumMaetcs noj CTaTHYECKON XapaKTepUCTUKOMN 3BeHa?

2. HazoBuTe THUIBI CTATUUECKUX XapPaKTEPUCTHUK 3BEHHEB CHCTEM aBTO-
MaTHYECKOr0 yIpaBIIeHUSI.

3. Meronuka rpaduieckoro HaxoXAEeHHUsSI OOIIel CTaTUYECKOW Xapak-
TEPUCTUKH HEJIMHEHHBIX JIEMEHTOB IIPU Pa3HBIX CXEMaX COSTMHEHHUSI.

4. Ha3zoBuTe 9acTO BCTPEUAIONMECs THIIOBbIC HEMMHEHHBIC YJIEMEHTHI U
MPUBEIUTE X CTATHIECKHE XapaKTEPUCTUKH.

5. Yto moHMMaeTcs Mo B3aMMHO OOpPaTHBIMH CTaTHYECKUMH XapakTe-
PUCTHKaMH JIBYX HEJMHEHHBIX SJIEMEHTOB?

6. 300pazuTe SKBUBAJICHTHBIE CTPYKTYPHBIE CXEMBI IIPH MEpeHoce He-
JMHEWHOTO 3JeMEHTa Yepe3 TOUKY chEMa IO HallPaBJIEHUIO BO3ACHCTBUS U
MIPOTHB HAIPaBJICHHs BO3ACHCTBUAL.



JIABOPATOPHAS PABOTA Ne 7

UCCJEJOBAHUE HEJTMHEHHON CUCTEMBI
ABTOMATHYECKOI'O YIIPABJIEHUS
BTOPOT'O MOPSIJIKA
(METOJ] ®A30BO IIJIOCKOCTH)

1. IEJb PABOTbI

HUccnenoBare MeTozioM (a30BOM MIOCKOCTH M METOJIOM CTPYKTYPHOT'O
MOJCIMPOBAHUS IMHAMUYECKAE CBOMCTBA HEIMHEWHOM CHCTEMBI aBTOMA-
TUYECKOTO YIIPABJICHUS, MATEMAaTUYECKUM OIMCAHHEM KOTOpPOrO SIBJISETCS
HemHelHoe auddepeHnnansHoe ypaBHEHHE BTOPOTO TOPSAKA.

OneHuTsh, KaK BIMSIOT HA AWHAMUKY CUCTEMBI BHJ CTATHYECKOW Xapak-
TEPUCTHKH HETMHEWHOTO 3JIEMEHTA U TapaMeTPbl HEIMHEMHBIX U JTMHEHHBIX
3BEHBEB.

[IpoBepUTh NOyYEHHBIE PE3YNbTATHl PACUETHBIM IIYTEM, HCIIONb3YS
MeTo/1 (ha30BOH MIOCKOCTH.

2. OBIIME CBEJEHUS

Henunelinsie muddepeHnnanbHble ypaBHEHNS B OTJIMYME OT JIMTHEHHBIX
HE MMEIOT OOILETo pelieHHsI 1 K HUM He MPUMEHUM IPUHLMII CYNepHo3HU-
WU ¥ HaloXkeHHus. Kpome TOro, B HEIMHEHHBIX CHCTEMax H3-3a HaJWUMS
CYLIECTBEHHBIX HEJIMHEHHOCTEH MOTYT BO3HMKATh He3aTyxaromue KoneOa-
HUS M CYIIECTBOBATh CKOJIb YTOJHO JIONTO. DTH KOJNeOaHUs Ha3bIBAOTCS
aBTOKOJIEOaHUAMU. BO3MOXXHOCTH IOSIBJIEHUS aBTOKOJIEOAHUI SBIISIETCS
OJTHOW M3 BaKHEHIIUX OCOOCHHOCTEW HENMHEWHBIX CHCTEM YITPaBIICHHSL.
Jii HEKOTOPBIX HEIMHEHHBIX CHCTEM aBTOKOJICOATEIbHBIA PEKUM MOXKET
0Ka3aThbCsl padounM, a JUIs IPYyTUX, Tak ke Kak U y JuHedHbIx CAY, Moxer
SIBIISITBCS] TPAHUIEH yCTOMYMBOCTH. ABTOKOJIeOaHMsI, BOSHUKAIOIIME B He-
muHeiHbIX CAY, XapaKTepu3yOTCs aMILTATYI0U (Ag) ¥ 9acTOTO# (mp).

Onenka JuHaMHYeCKUX cBoWcTB HenuHerHo CAY mo rpaduky mepe-
XOIHOTO Iporecca (OmpezesieHne BPEMEHH PeryIupoBaHHUs, Iepeperyu-
POBaHUS M T. 1), KaK 3TO JAETaoCh AJISl JUHEHHBIX CHCTEM, YpEe3BBIYaiHO
3aTpyAiHEeHa, TaK KaK MEepPexXOAHbIM MPoIecC aHAIUTHYECKH MOXXKHO HaWTH
TOJIBKO OY€HBb TPYAOEMKUMH YHCIICHHBIMH WJM TPa(QUUeCKUMHU METOIaMU.
3TO0 NpUBEJNO K MOSABJIECHUIO 0COOBIX METO/IOB aHAIN3a AWHAMUKU HENUHEH-
HBIX CUCTEM YIPABJICHHUS, B YaCTHOCTH, — 3TO METOA (Pa30BOH IIIOCKOCTH U
METOJ] TApMOHHYECKOH JINHEeApH3aIIlH.
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Mertonom (a30BOi TIIOCKOCTH OLIEHKA KauecTBa CHCTEM OCYILECTBIIS-
eTCsl 110 PeaKUH CUCTEMBI Ha OTKJIIOHEHNE BBIXOIHON BEJMYUHBI U €€ Mpo-
W3BOJIHOIM OT COCTOSTHMS paBHOBecHsL. [Ipu 3TOM BXOIHOE BO3JCHCTBUE TMO-
naraeTcs paBHBIM HYJIIO.

CTpyKTypHBIE CXEMBbl peajbHbIX HeJIMHEHHbIX CAY MOryT comep:karhb
HECKOJIBKO TPYII JIMHEHHBIX 3BEHHEB M HEJIMHEHWHBIX AJIEMEHTOB, pa3iiny-
HbIM 00pa3oM COEAMHEHHBIX MEXIY cOO0OoW. Meros (ha30BOM TIOCKOCTH U
METOJl TapMOHHYECKOH JIMHEApU3aluy TPUMEHUMBI TOJIBKO K TAKUM HEJH-
HEUHBIM CUCTEMaM, CTPYKTYPHBIE CXEMbI KOTOPBIX MOKHO IIPUBECTH K pac-
YETHOMY BUJTY, U300pak€HHOMY Ha puc. 7.1.

xBX xBLIX
—>®—> H | —> JI4 >

!

Ha pucynxke:

e HD — HeMmHEHHBII 3IEMEHT C SKBHBAJIEHTHOM CTAaTHYECKOH Xapak-
TEPUCTUKON BCEX HEMHEHHBIX 3JIEMEHTOB, COSAMHEHHBIX MEXKILY CO0O0M;

o JIY — nuneitHas 9acTh (3KBUBAJIEHTHAS TiepenaToyHast GyHKIIHAS BCEX
JIMHEWHBIX 3BEHBEB, COSTMHEHHBIX MEXKY COOOI).

[MpuBeaém npumep npeodOpazoBaHUsi CTPYKTYPHOM CXEMbl HEJIMHEHHOM
CAY, u3o06paxénHoii Ha puc. 7.2, k pacuétHomy By (puc. 7.1).

Puc. 7.1

@ W) 0 [>Q» W)

A 4

W4 (p) Xgbix >

Ws(p)

Puc. 7.2

[MpeobpazoBanvie CTPYKTYPHOU CXeMbI HEITMHEHHON CHCTEMBI K pacuéT-
HOMY BHJIy MMEET HEKOTOphle 0COOCHHOCTH. B wacTHOCTH, HEOOXOIUMO,
yTOOBI BXOJIHOE BO3IEHCTBHE BCEra IOJAaBajoCh HA BXOJ HEIMHEHHOIO
aneMeHTa. B Haniem npuMepe nepeHecéM BXOJHOE BO3ACUCTBUE X,y HA BXOJ
HEJIMHCWHOT0 AJICMEHTa U 0003HAYNM €T0 YePE3 X1 4 B KAYSCTBE BBIXOJI-
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HOW BEJNMYMHBI CHCTEMbI BO3bMEM BBIXOJHYIO BEJIIMUMHY 3BEHA C Iepema-
touHoi GpyHkieir Wi(p) u 0003HAIUM €€ Xyyy 1.

[Tocne mpeoOpa3oBaHus TMHEHHBIX 3B€HBEB K OJJHOMY 3BEHY C 3KBUBa-
JIeHTHOW mepenarounon Gynkuueir W,,(p) pacuérHas CTpyKTypHas cxema
MPUMET BHJI, KaK U300paxkeHo Ha puc. 7.3.

X1

Xex 1 Xppix 1
23w L e

!

Ha puc. 7.3: x; — mpomexXyTouHas mepeMeHHas,

W, (p) .
1+W, (p)W;(p)

Puc. 7.3

W, (P) =W, (p)W,(p) (7.1)

Teneps nepeiiném k ucciienoBanuto HenuHeitHON CAY MeronoMm ¢aso-
BOM IUIOCKOCTH. JIJIT 3TOr0 MONOXKUM X1 = 0 M 0003HAUMM OTKJIOHEHUE
BBIXOJHON BEJIMYMHBI Xy, 1 Yepe3 X. Meron (ha30BOW TUIOCKOCTH IpeaHA-
3HAYEH JIJIS aHaJKM3a TOJILKO CHCTEM BTOporo nopsjaka. [lopsmpok HenuHe-
HOW CHCTEMBI OmpeJessieTcss MOpaKoM auddepeHInanTsHOro ypaBHeHUS
JTUHEHHON yacTu. 3anuineM B 001meM Buje AuddepeHImaibHoe YpaBHEHNE
BTOPOTO TIOPSIKA ¥ COOTBETCTBYIOIIYIO €My TIepeaTOuHYI0 (yHKIIHIO JIH-
HEWHOH YacTu:

d?x  dx
aOFJralaJraZx:kx,l; (7.2)
k
W, (p) = (7.3)

aop’ +ap+a,

Taxoke 3amuireM B 06HI€M BUAC YpPaBHCHHC CTaTHYECKOH XapaKTcpu-
CTHKH SKBUBAJCHTHOIO HEJIMHEHHOIO 3JIeMEHTA:

X = f(—Xx). (7.4)
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Js cUMMETpUYHON CTaTHYECKON XapaKTEPUCTHKU HENHHEHHOro 3Jje-
MEHTa!

X =—TF(X). (7.5)

OKOHYATEIbHO CTPYKTYypHas cXema MJIsi MCCIIeIOBaHHUs HEJIMHEHHOM
CHCTEMBI BTOPOTO TOPsIKa METOIOM (ha30BOM IIOCKOCTH M300pa’keHa Ha
puc. 7.4.

—X X1 X
Puc. 7.4

Meroa (a30BOi MIOCKOCTH OCHOBAH Ha TpadMuecKoM IpeACTaBlICHUH
JBUXKEHUM cUCTeMBbI Ha (a30BOM MIOCKOCTH, II€ O OCH abCIUCC — OTKIIO-
HEHHE BBIXOJHOM BEIMYHMHBI X, @ TIO OCH OPAMHAT — ITPOU3BOIHAS OTKIIOHE-
Hus 1o BpeMenu Y = dx/dt. da3oBas miockocTs n300paskeHa Ha puc. 7.5.

Y
My 2
Yo |-----
i M,
[}
( | x
Xo =
M,
M;
Puc. 7.5

Ecmu npu uccnenopannu HenmueiHo CAY 3amaTh HavyallbHBIE 3HAY -
HUS OTKJIOHEHHS Xo U Yo, TO 3THM 3HAYCHUSIM Ha (a30BOM IIOCKOCTH OyerT
COOTBETCTBOBaTh TOUKA HAYaJIbHBIX YCJIOBUH My OTa TOUKa Ha3bIBaeTCA
n3obpaxaromeil. Bo Bpemst nepexoqHoro mporecca u3o0paskaromias To4ka
HepeMeIaeTcsl B KoopauHaTax (ha3oBoil IIOCKOCTH U IpodepunBaer Ga3o-
By10 TpaekToputo uccienyemoil CAY. CoBOKymHOCTD (ha30BbIX TPAEKTOPHHA
JUIL pa3lWYHbIX HAyajbHBIX YCJIOBUH Ha3biBaeTcs (a3oBbIM IMOPTPETOM
CHUCTEMBI.
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AHanmmM3 IBIKEHHS CHCTEMBI TIPOM3BOANTCA 10 BUIY (ha30BBIX TPACKTO-
pHi U 110 HaNpaBJICHUIO JABMKEHUS M300paXkatonield TOUKU. Y CTaHOBUBIIe-
Mycsl pexuMy Ha (a30BOH IIOCKOCTH COOTBETCTBYET HAdalo KOOPJHHAT,
TaK Kak OTKJIOHEHHE X M €ro NMpou3BOJHAS ¥ B Hayajie KOOPAWHAT paBHbBI
Hymo. Ecnu n3oOpaxkaromasi Touka CTpeMHUTCA K Havally KOOpAMHAT, TO
JBIDKEHHE B CUCTEME YCTOMUYMBOE, €CIM yAANAeTCsl OT Hadaja KOOpJHHAT,
TO JBUKEHHE HEYCTOMYMBOE, ECJIM YK€ COBEPILIAET MOBTOPSIOINECS JBHKE-
HUS 110 3aMKHYTOH (ha30BOM TPaeKTOPHH, TO B CHCTeMe HaOII0JatoTCs aB-
TOKOJICOaHHUS.

Hauano ($a30BbIX KOOpAMHAT B pacCMaTpuBacMOM METOJE MPUHSATO Ha-
3bIBaTh 0co0OW ToukoH. B 3aBucMMoOcTH OT BuAa (Da30BBIX TpaeKTOpHiA
BOJIM3M Haydaja KOOPAMHAT pa3in4aloT LIECTh TUIIOB OCOOBIX TOYEK: «Y c-
TOMUYUBBIN y3em», «HeycroiumBblii y3en», «Ycroituuseii dokycy, «Heyc-
ToiuuBkId Pokycy, «Ilentp» u «Cenioy.

®Da30BbIe TPACKTOPHH, COOTBETCTBYIOIINE aBTOKOIEOATEIBHBIM JIBIIKE-
HUSIM CHCTEMBI, Ha3bIBAIOTCSI OCOOBIMH JIMHUSIMHA WM TpeACIbHBIMU LU K-
smamu. VX Ba Tmna: yCTOMUYMBEIN NpeebHbIA HUKI U HEYCTOMUMBEIN Npe-
JETBHBIN UK.

HamnpaBienue qBIKEHHUS] CUCTEMBI IO (Da30BBIM TPAaEeKTOPHSAM YKa3bIBa-
eTcs crpenkamu. Ha ocHOBaHWM CBOWCTB (Da30BBIX TPaeKTOPHUU Bcerna
JBIDKEHHE M300pakaromeil TOYKM MPOUCXOAUT B BEPXHEH I1OIYIIOCKOCTH
CclJieBa HANpaBo, B HUXKHEH CrpaBa HaJIeBO, a OCh aOCIMCC MepeceKaeTcs Moj
yraoMm 90°.

Ha ocHoBaHMM cka3aHHOTO cienyeT: (pa3oBbIid MOPTPET MOIHOCTHIO Xa-
pakTepu3yeT IMHAMUYECKHUe CBOMCTBa cucTeMbl. [losTroMmy meton ¢aszoBoit
MJIOCKOCTH CBOJMTCS K MOCTPOEHUIO (pa30BOro MOPTPETa MPH XapaKTEPHBIX
JUIsl CUCTEMBI OTKIIOHEHUSIX.

[TocTpoenune ¢a3oBoro moprpera MpOU3BOAUTCS JIMOO MO YpPaBHEHUIO
($ha30BBIX TpPaeKTOpHiA, MO0 MPUOIMKEHHBIM Tpad0aHATUTUYECKUM METO-
JIOM M30KJHMH. [Ipy 3TOM MOXHO pEeKOMEHIOBATh CIEAYIOLIYIO MOCIENA0BA-
TEJIBHOCTH Pacuéra.

1. Ucxopnas cTpykTypHas cxema HenuHerHod CAY npuBoauTcs K pac-
4yérHoit (puc. 7.4).

2. 3anmceiBaercs auddepeHnraibHoe YpaBHEHHE UCCIEYeMOM CHCTe-
MbI OTHOCUTEJIBHO OTKJIOHEHHSI BBIXOAHOM BEIMYMHBI (IIPU 3TOM HCKIIIOYa-
€TCSI TPOMEKYTOUHASI TIEPEMEHHAS X1):

a0—+a1%+a2x=—kf (x). (7.6)
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IIpy KyCOUHO-IMHEMHOM anIpOKCHMAllUK HEJIWHEWHONW CTaTUYECKOU
XapaKTePUCTUKHU 3aMuChIBAlOTCs AuddepeHpanbaple ypaBHeHUS s Kax-
JIOTO IMHEWHOI'0 y4acTKa HEJIMHEHHOro a1eMeHTa. B arom cinydae BBoauTCS
MOHSTUE JIMHUM TIepeKtoueHus. JIMHUM TmepexiroueHus: AesT (a3oByro
MJIOCKOCTh Ha 00JIACTH, KaXJIOH M3 KOTOPBIX COOTBETCTBYET CBOE mudde-
peHIMaNbHOE ypaBHEHHUE. JIMHUM MEPeKIIOueHUs] HAaHOCATCA Ha (ha30BYIO
IUIOCKOCTh B Tpoliecce MocTpoeHus ¢azoBoro nmoprpera. Ha puc. 7.6 moka-
3aH NPUMEP PACCTAHOBKHW JIMHUM MEPEKIIOYEHUN NI HEJIMHEHHOCTH THUIIA
«Orpannuenney. Kpyxkom c mudpoit 0003HaueH HoMep JTMHEHHOTO y4acT-
Ka HEJIMHEWHOIO 3JIEMEHTA M COOTBETCTBYIOLIME €My 00JIacT Ha (a3oBOH
mockoct, a JIIT — miHun nepexTtoYeHus..

JIIT, JIIT,
X1 | ¥ !
! 1
c b-- 3 H |

, ®ie o
| i

b K x Y L b x

T t T
G 5 |
I ! |
1 ! 1
1 Vo1 —¢ h !
i |

JIIT, JI,

Puc. 7.6

3. BBonutcs Bropas ¢azoBas KOOpIUHATA:

y = dx
dt
4. IuddepennmanbHoe ypaBHEHHE BTOPOTro nopsiaka (7.6) 3anuceBaeT-
Csl B BUJIE CUCTEMBI U3 ABYX AU QepeHIMaNbHbIX YPaBHEHUI IEPBOro IMo-

psaKa:

Y S @.7)
dt Clo ao ao

oy

dt
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5. U3 ypaBuenwmii (7.7) AeieHueM IMEpBOTrO YpaBHEHHs Ha BTOpOE M C-
KJIOYaeTCsl BPEMSL:

W __d D %, (7.8)
dx y

VYpaBuenue (7.8) HazbiBaeTcs quddepeHnaibHbIM ypaBHEeHHEM (a3o-
BBIX TPAEKTOPUI.
6. [ToncranoBkoit B (7.8) anreOpanueckux ypaBaenwii f(X) mis xax-

JIOTO JINHEHHOT'O Y4aCTKa CTATUYECKOM XapaKTEPUCTUKU HEJIMHEHHOr o 3Je-
MEHTa IOJIy4acM CHUCTEMY JIMHEHHBIX nu¢depeHnnanbHbIX ypaBHeHUH (a-
30BBIX TPACKTOPHUI UCCIEAYEMOUN CUCTEMBI.

7. Ecim B momy4eHHbIX THdepeHIIanbHbIX YPaBHEHUSAX Pa3aeIIsIOTCS
MepeMEeHHbIe, TO HHTETPUPOBAHIEM HAXOMAATCS ypaBHEHHSI (a30BBIX TPACK-
TOPHIA:

y=F(x) +C, (7.9)

rae C — OCTOSHHAS HHTEr PUPOBAHMSL.

ITo ypaBuenusM (7.9) crpoutcst $pa3oBbIi MOPTPET CHCTEMBI MPU pa3-
HBIX Ha9aJIbHBIX yCIoBHsX (Cy, Cy, ...).

8. Ec;m B kakux-mnbo audepeHmanbHbIX YpaBHEHUSIX MepeMEHHbBIE
HE pa3/IeisioTCsl MM BO3HUKAIOT TPYJHOCTH MPU MHTETPUPOBAHUH, TO (ha-
30BBIE TPACKTOPUHU CTPOSITCS MPUOIMKEHHBIM Tpad0aHaATUTUIECKUM METO-
JOM H30KIMH. M30KIMHBI HpeICTaBiIAOT cOOOM TeOMETpUYEeCKOe MECTO
TodeK Ha (ha30BOH MIIOCKOCTH, B KOTOPBIX (ha30BbIe TPACKTOPUH MPOXOIAT
I0J] OTHUM M TEM K€ YIJIOM K OCH a0clyce.

VYpaBHEeHUS N30KIMH HAXOMASTCA 1O ypaBHeHHIo (7.8) mpupaBHUBaHHUEM
MIPaBOH €ro YacTH MOCTOSIHHBIM BemuauHaM N; :

_Lf(x)_ﬁy_aix
) g 0]

y

= N; =const, (7.10)

rae N; =tg o, ai = arctg Ni; o — yroi, moa KoTopbiM (a3oBble TPAEKTOPUU
MepeceKaroT U30KJINHY.
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Ecnu MacmiTaObl 0 OCSIM X My pa3Hble, TO YTOJl 0 CJIEAYET PACCUHUTHI-
BaTh 110 popmyie

M
aj = arCtg Ni M—X . (711)
y

st moctpoenusi (a3oBOro nmoprpera Ha Hha3oByrO MIOCKOCTh HAHOCHT-
cs cerka n30kIUH (No, Ni, No 1 T. 71.) ¥ Ha KakJ10H M30KIMHE CTPEIKaMH
OTMCYAIOTCA YIJIbI HAKJIOHA KacCcaTCJIbHBIX K (baSOBbIM TPACKTOPUAM I10 OT-
HOILEHUIO K ocH abcuucc (dg, 4, 0 U T. 11.). [lopsimok noctpoenus Gpa3oBoii
TPaeKTOPUH METOJIOM M3OKJIMH TI0Ka3aH Ha puc. 7.7.

y No(cto) N1 (o) Na(0r2)

$—— o)

Puc. 7.7

W3 Toukn HauvanbHBIX YCIOBUN M, (€€ BBIOMpAIOT Jiexkalleld Ha OJHOMN
13 M30KJIMH) 10 TIEPECEUEHUS CO CIEAYIOIEH N30KIMHON POBOAST JBa Jy-
Ya TOCTPOSHUS: OAWH — TOJ YIJIOM O, APYTroil — mof yrioM oy. [Ipubmnu-
KEHHO CUMTAIOT, YTO CIEAyIoIas H300pakaomias Touka M; HaXoAuTCs Ha
CepelrHe OTpe3Ka CIENYIOIEeH M30KJIMHBI, OTCEKaeMOro JydaMH IOCTpOe-
HUS, MPOBEAEHHBIMUA U3 TOYKH Mo AHAIOTMYHO ONpPEeNsIoTcss u300pa-
Karolmue Touku Mo, M3 u 1. 1. @a30ByI0 TPACKTOPUIO MOIYYarOT COEAUHE-
HUEM TUIABHOM KPHBOW HaMIIEHHBIX HM300paXkarolMX To4YeK (IIyHKTHpP Ha
puc. 7.7).

3agaua MCCIENOBaHUS HEJMHEHHBIX CHCTEM YIPABJIECHHUS 3HAUYUTEIIBHO
YIOPOLIAETCsl, €CIH I 3TOT0 MCIIOIb30BATh METOJl CTPYKTYPHOTO MOJEIIH-
poBanust MatLab / Simulink.
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[Tpu cocraBieHNH cXeMbl MOJIENH IS UCClieoBaHus HemuHeHoi CAY
BTOPOTO MOPSAIKA HEOOXOAUMO YUHTHIBATH CIEAYIONINE OCOOCHHOCTH:

e cciu KO3 (UITMEHT Tiepeayd HaKJIOHHOW JIMHEHHOW YacTH HEIU-
HEIHBIX 3EMEHTOB cucTeMbl «OrpaHuueHne» U «30Ha HEUYBCTBUTEIHHO-
CTW» HE paBeH 1, TO HEOOXOAMMO IMOCIENOBATENBHO C MOJEIUPYIOIINMHU
onokamu «Saturation» u «Dead Zone» BKIIOYNTH MOICTHPYIOIINIA 00K
«Gainy (ycumTenb) ¥ BHICTaBUTh HAa HEM KOd((UIIMEHT nepenayun, OTIrY-
HBIN OT 1;

e Tak kak B mporpamme MatLab / Simulink HagamsHOe 3HaUeHHE BBI-
XOAHOW BEIWYMHBI M €€ MPOMU3BOJHONW MOXHO 337aTh TOJBKO Ha MOJE-
mupyromemM 0ioke «Integratory, To mpuxoauTcs NpuderaTh K Tak Ha3bIBae-
MOH IETAM3UPOBAHHON CTPYKTYPHOM CXxeMe. B neTann3upoBaHHON CTpPYK-
TYpHOU CXeMe JIMHEHHOM 4YacTH BTOPOrO MOpsJKa Ha BBIXOJE OyayT JBa
II0CJIEI0BATENBHO COEMHEHHBIX HHTErPUPYIOLMX 3BeHa. OHO — U1 3a1a-
HHSI HAYAJIbHOI'O OTKJIOHEHHSI BBIXOJTHOW BEJIMYMHBI, BTOPOE — JJIS 3a/1aHUS
Ha4aJIbHOT'O OTKJIOHEHHSI TPONU3BOJHON BBIXOJHOW BEIMUYNHBI.

Jertanmu3upoBaHHOW Ha3bIBa€TCs Takas CTPYKTypHas CXeMa, KOoTopas
COCTOHT M3 OE3bIHEPIIMOHHBIX, CYMMHUPYIOLIUX M HHTETPUPYIOIINX 3BEHBEB.

[TokaxkeM MOPSAIOK COCTABJICHUS IE€TAM3UPOBAHHON CTPYKTYPHOU CXe-
MBI Ha IpUMepe KoeOaTeTbHOr o 3BeHa:

® HCXOJHBIE IJAaHHBIE — CTPYKTYpPHAas cXeMa KojiebaTebHOro 3BeHa!

XBK(p) k XBb[X(p)
—> —>

T2p% +T,p+1

® 110 nepefaTouHOoN (QYHKIMU KoseOaTeabHOro 3B€Ha 3alHIleM orepa-
TOPHOE ypaBHEHHE:

le pZXBer(p) +T2 pXBBl’X ( p) + XBBIX(p) = kXBX(p) ;

e BbIIEINM B JIeBOi yacty ypasrerns p° X, (p):

1
pZXBLIX ( p) = T_z(kax ( p) _T2 prmx ( p) - XBI)IX ( p)) ;
1
® IIPE/IOI0XKHUM, YTO B KXKIbIII MOMEHT BpeMeHH u3BecTHbI X, (P),

T, pXx (P) 1 X, (P), TO [UI1 HAXOXKACHUS p2X sux (P) HYKHO clenaThb
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CIEIyIOIIe MaTeMaTHUeCKue onepaluu: yMHOKXUTh X, (p) Ha K, Haiith

1
CYMMy C/IaraeMbIX B CKOOKaX M YMHOXHTD BBIPAXKCHNE B CKOOKaX Ha —-;
T
e Temnepb, YToOkl HalTn X, . (P), HEOOXOAMMO ABAKIbI HIPOMHTETPU-

1
poBaTh (YMHOXKUTH JIBaXIIbl HA — ) JIEBYIO M MPaBYIO YacTh MOJYYEHHOTO

BBIPAXKCHHUSL:

1111
XBBIX(p)z__ _z(kaX(p)_TZpXBBIX(p)_XBBIX(p)) :
pPPT

Bce maremaruueckue OIMECpanvu MOJIy4YCHHOI'O BbIPAKCHUSA MOKHO pCa-
JIN30BAaTh C ITIOMOMIBIO TpéX 663])IHCpL[I/IOHHI>IX 3BCHLCB C KO3(1)(1)I/IL[I/I€HT2LMI/I

1
k, T, 1 —, CyMMHPYIOLIETr0 3BeHA U JIBYX HHTETPUPYIOLIMX 3BCHBCB.
1
Jletanu3upoBaHHas CTPyKTypHasl cxeMa KojeOaTeIbHOro 3BeHa I0Ka3a-
Ha Ha puc. 7.8.

TZ mex(p) Tz pXBbIX(p)

KXax(P) = ToPXaun(P) ~XenP) 1 P*Xaux(P) Xuunx(P)
T = ‘ ;
Puc. 7.8

B nabopatopHoii pabore mpemiaraercs HWCCIEIO0BaTh HEIMHEHHYIO
CAY, ctpykTypHas cxema KOTOpO# MpuBeeHa Ha puc. 7.9.

XBX H3 k XBHX
’@ > > (Tp+1)p >

Puc. 7.9
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Bun cratnueckoil XapakT€pUCTUKU HEIMHEHHOT O AIEMEHTA U 3HA4CHUS
e€ mapaMerpoB, a TAaKKe 3HAYEHUS BXOJHOIO CHUTHANA U MapaMeTpoB JIH-
HEIHOM YacTH Mo BapHaHTaM NpuBeleHbl B Ta0um. 7.1. Homep Bapuanta co-
OTBETCTBYET HOMEPY HEeJMHEHHOCTEH.

Ha puc. 7.10 uzo0pakeHa cxema MOJIENH AJI UCCIEAOBAaHUS 3aJaHHON
HesnuHelHoit CAY BTOpOro nopsiaka MeTooM (a3oBOH IIOCKOCTH.

Henunelinsiii Jluneiinas
DJIEMEHT 4acTh
. | Y in g BN q(mm
n ut = In u =l l =
Step Subsystemn Subsystems Scope
= g []
Scopel >
X4 Graph
Puc. 7.10
Tabnuma 7.1
Il\;lg‘ Bu 3HaYeHNs IAPAMETPOB | [ oo
, o HD T4 | mxommoe
Bapu- HEJIMHEUHOCTHU "
aHTa C b | a k T | BO3ACUCTBHUE
X2
b o X
1 " ~ |20(45° 2 | 01| X, =80
b
K=tga
X2
cl-._
i
}
2 b : s 12020 | — | 4 | 02| Xn=60
i b
i
—_—tf - _C
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OkoHuyaHue Tabn.7.1

Ho- 3Ha4YeHUs TapaMeTPOB I
Mep Bux e e OCTOSIHHO®
Bapu- HEJTMHENHOCTH c b " T Bozzglglgfsne
aHTa o
c =
X1
3 150 — | = | 5 [025| Xix=50
— <
X2
Cl--- —
4 =" L ™ 1100{20| - | 3 [ 03| X,=40
E b
SR S e
X2
R
5 b P 80 |10 — | 5 | 04 | X, =30
| D
—N | i .c
6 — | 20|45°| 20 | 0.5 60
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B cxeme Mozem nmpeaycMOTPEHBI:

e 010K «Stepy» — A 3aJaHUs TOCTOSHHOIO BXOJHOTO BO3JICHCTBUS /IS
CHSATHS TIEPEXOIHBIX MPOIIecCcoB B rccnenyemoit CAY;

o Onoku «Subsystemy — a1t MOJETMPOBAHUS 3aIAHHOTO HEJIMHEITHOTO
JJIEMEHTa W JTMHEWHOW YacTH BTOPOro mopsinka. HazpanHble O6510KM BBIOpa-
HBI I yA0OCTBa M3MEHEHHs NapaMeTpoB HEIMHEHHOTO SJIEMEHTa U JIH-
HEHHOM JacTH;

® (OJIOK «SCOpe» — ISl perucTpalliy MePeXOTHBIX MPOIIECCOB pa3ieib-
HO 1o KoopauHataM X W Y mpH cHSATHM (Pa3oBBIX MOPTPETOB 33JaHHOUN
CAY;

o Onok «XY Graph» — s peructpaimu Gpa3oBbiX MOPTPETOB B KOOP-
nuHarax XY;

e OJ0K «SCOpe 1» — oCyIecTBIsIET BU3YalbHOE HAOJIIOJICHHE 32 BBI-
XOJHOH BEJIMYMHONA HEIMMHEHHOTr 0 3BEHA.

3. IPOI'PAMMA MOJATIOTOBKH K TIABOPATOPHOM PABOTE

3.1. O3HaKOMHUTBCSI C TEOPETHYECKUM MAaTepruajoM, OTHOCSIIUMCS K
pasneny «Merox (a3oBOH TUIOCKOCTH» IO PEKOMEHAYEMOW JHUTEpaType,
KOHCIIEKTaM JIEKIMHA U pazaeny 2 «OO0mue cBeleHus» B HacTosLeH Jado-
paTopHoli pabore.

3.2. [ToAroToBUTH OCHOBY OTYETa IO JJA0OpaTOPHOIN paboTe B COOTBET-
CTBHH C BapHaHTOM, 33J]aHHBIM ITperoJiaBaresieM, BeAYIIUM J1a0 OpaTOPHBIHA
IIPaKTUKYM I10 TEOPUH HEIMHEWHBIX CUCTEM YIIPABJICHUS.

4. IPOTPAMMA JIABOPATOPHOM PABOTHI

4.1. Ucnionb3yst mopenupytompe Omoku «Simulink», Habpath cxemy
MOJIEJM 3aJaHHOW HENWHEWHOW CHUCTEMbl ABTOMATHYECKOTO YIPaBICHHUS
BTOPOTO MOPSAIKA.

4.2. Cuarp nepexoanblii mporecc CAY mpu 3alaHHOM BXOJIHOM BO3-
JEHCTBHN.

4.3. VlccnenoBaTh BIMSIHUE YPOBHSI BXOJHOTO BO3JCHUCTBHS Ha BHUJ H
napamerpsl EPEXOHOro MpoLecca 3aaHHON CUCTEMBI.

4.4, OTKIIOYUTH BXOJHOE BO3JEMCTBUE M CHATH (PAa30BYIO TPACKTOPHIO
HCCIIEAYEMOI CHCTEMBI IIPH OJJHOM M3 HauajbHBIX OTKJIOHEHUH MO KOOpAH-
Hatam X 1 Y.
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4.5. VccrnenoBath BiusiHUE mapamMeTpoB K u T JMHEHHON YacTH cucTe-
MBI Ha BUJ (pazoBoit Tpaekropunt CAY, u3MeHs1s UX BBEPX U BHU3 OT 3aJaH-
HBIX 3HAYECHUH.

4.6. YCcTaHOBUTH BIMSIHUE MApaMeTPOB 33JJaHHOM HEeJIMHEHHOCTH Ha ¢a-
30BYIO TPAEKTOPHIO CUCTEMBI.

5. IPOI'PAMMA INPOBEPKMU PE3YJIBTATOB HCCJIEJJOBAHUSA

M 3amannoit CAY mnpu BbIOpaHHBIX HaYalbHBIX OTKJIOHEHHSIX
(mynxkT 4.4 nporpammbl padoThl) o KoopauHaTaMm X U Y mocTpouth (azo-
BYIO TPAaCKTOPHIO ¥ CPAaBHUTH €€ C MOIyIEHHOH IPU MOJEIMPOBAHHH.

KOHTPOJIBHBIE BOITPOCBHI

1. Yro nonumaetcst mox (ha3oBbIM MPOCTPAHCTBOM, (Ha30BOW TLIOCKO-
CTBI0, U300 paXaromel TOUKOH, Pa3oBbIM MOPTPETOM?

2. Kakue mMetop! mocTpoenust (ha30BBIX HOPTPETOB BaM M3BECTHBI?

3. 3amummTe MOCNe0BaTeIbHOCTh HAaXOXKACHUSl ypaBHEHHS (Da30BBIX
TPAEKTOPHUH NIl CUCTEMBI, 3aJJAHHOM CTPYKTYPHOU CXEMOil.

4. Kak 1o u30KIMHaM CTPosTCs (ha30BbIe TPACKTOPUU ?

5. Kakwue cBoiicTBa (pa30BBIX TpaeKTOpHil BAM W3BECTHHI?

6. N300pasute Ha (ha30BOIl MIIOCKOCTH OCOOBIE TOUKH (PA30BBIX TpackK-
TOpUIL.

7. Kakue ocoOble JInHUM (pa30BbIX OPTPETOB BaM U3BECTHBI?

8. Kak crpouTtcs nepexonHslii mporecc 1o $pa3zoBoil TpaeKTopun?



JIABOPATOPHAS PABOTA Ne 8

UCCJEJOBAHUE HEJIMHENHON CUCTEMBbI
ABTOMATHYECKOTO VIIPABJIEHUS
TPETBET'O MOPSIIKA
(METOJI TAPMOHHWYECKOW JIMHEAPU3ALIN)

1. IEJb PABOTBI

HccrnenoBarb METOIOM TapMOHMYECKOW JIMHEApH3AIlMH M METOIOM
CTPYKTYPHOI'O MOAEIUPOBAHUS JUHAMHYECKHE CBOWCTBA HEJIMHEHHOM CHC-
TE€Mbl aBTOMAaTU4YECKOI'0 YIPaBJICHUs, MaTeMaTH4eCKUM OIMCaHUEM KOTO-
po¥t siBiIsieTCsT HeNMMHEHHoe Mg depeHInanbHOoe YpaBHEHHE TPEThEro u 00-
Jiee BEICOKOIO IIOPSLIIKA.

OneHnTh, KaK BIUSIOT Ha JUHAMHUKY CHCTEMBI BUJI CTATHYECKON Xapak-
TEPUCTUKH HEJIMHEHHOT0 3JIEMEHTA U NapaMeTPhbl HEJMHEHHBIX U JIMHEHHBIX
3BEHBEB.

[IpoBepUTh NOMyYEHHBIE PE3YNbTATHl PACUETHBIM IIYTEM, HCIIONb3YS
METOJ] FTaApMOHHYECKOM JINHEAPU3ALIUH.

2. OBIIME CBEJEHUS

Meron rapMOHNYECKON JTMHEAPU3alMH — 3TO METOJ HCCIEIOBaHMS aB-
ToKoJeOaHnll B HENMMHEHHON cHucTeMe aBTOMaTHYecKoro ympaBieHus. OH
MO3BOJISIET ONPENENUTH YCIOBHUS CYLIECTBOBAHUS U ITapaMeTPbl BO3MOKHBIX
aBTOKOjIcOaHui. [lapameTphl ke aBTOKOJICOaHU J1al0T BO3MOXKHOCTb TIPE I~
CTaBUTh KapTHHY BCEX BO3MOXKHBIX ITPOLIECCOB B CUCTEME, B TOM YHCIIE OII-
PEAEINTH YCIOBUS YCTOMIUBOCTH.

Wnero merona pacCMOTpPUM Ha pacueTHOW CTPYKTYpPHOM CXEMe, MOIy-
YeHHOU B 1abopaTopHoil padote Ne 7. 3nech oHa npezcTaBiieHa Ha puc. 8.1.

—X X1 X
—p  HI —— WD) >
Puc. 8.1

Ha st0i1 cxeMe peasibHasi BXOAHASI BEIMYMHA MOJIOKEHA PAaBHOM HYIIIO.
OTkioHEeHNe BBIXOJHOM BeMM4rMHBI 0003HaueHo uepe3 X. Kpome Toro, cre-
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neHb AU QGEepeHMaIbHOr0 ypaBHEHHs JIMHEHHOM dYacTH MOXeT OBITh
TPEeThero U 0oJee BHICOKOIO MOPSIIKA.

Meton rapMOHMYECKOM JHMHEapHU3allid OCHOBAH Ha MPEIOJIOKEHUH,
YTO KO0JI€0aHUs Ha BBIXOJIE IMHEHHON YacTH SBISIFOTCS CHHYCOUIABHBIMH,
T. €. 4TO

X= Ao Sil’l(,{)ot, (81)

rae Ao — aMIUIMTYy/1a aBTOKOJICO0aHUIl; (09 — 4aCTOTa aBTOKOJICOaHUH.

B nelictBUTENBHOCTH aBTOKOJIEOAHUS B HEJIMHEHHBIX CHCTEMAaX BCeEraa
HECHHYCOHIaJIbHBIC BCIEICTBUE MCKAXKEHUS UX (DOPMBI HEIMHEHHBIM 3Be-
HOM. [lo3TOMY MpUHATOE MPEINONIOKEHUE O3HAYAET, UTO METOJ SBJISETCS
npHOIMKEHHBIM U 00JIACTh €T0 MPUMEHEHHUSI OrpaHNYCHA CITydasiMH, KOT/a
aBTOKOJICOAHMST HA BELIXOJE JIMHEWHOM YaCTH M COOTBETCTBEHHO BXOE HeE-
JIMHEHHOTO 3B€HA JIOCTATOYHO OJIM3KU K CHHYCOUTATBHBIM. {7151 TOTO 94TOOBI
3TO MMEJI0 MECTO, JIMHEWHAs YacTh JOJDKHA SBIATHCS (PUIBTPOM HU3KHX
4acTOT (HE MPOITyCKaTh BBICOKUE YaCTOTHI). Ilocaeqaie MOXHO TTPOUILTIO-

CTPUPOBaTh Ha aMILUIMTYIHO-YaCTOTHOM XapaKTEPUCTUKE JUHEHHOW 4acTh
(puc. 8.2).

Ao

T o

Op 200 o1 2001

Puc. 8.2

Ecim, Hanpumep, yactora aBTOKoIeOaHUH g, TO JMHEHHAs YacTh HT-
paeT poib GUIBTPa HIKHUX YaCTOT, TaK KaK yXKe BTOpas TapMOHHKA MpaK-
TUUYECKU HE MPONAET HA BXOJ HETUHEHHOro 3neMenTa. Ecim yactora aBTo-
KojneOaHuil gy, TO JMHEWHas YacTh OyJeT CBOOOAHO mporyckarh 2, 3, 4
TapMOHHKH, T. €. He00X0AUMas JJI1 METOA TIPEANIOCHIIKA HE BBITOIHSIETCS.

Jlyis TOro 4TOOBl YCTAHOBHTD, SIBJIICTCS M JIMHEHHAS YacTh QUIBTPOM
HHA3KUX YaCTOT M TEM CaMbIM OMNpPEACINTh MPUMEHUMOCTh METOJIa TapMO-
HUYECKOMN JIMHEapu3allui, He00X0IUMO 3HATh 4acToTy Koyiebanuii. OaHako
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e€ MOXKHO Y3HaTh TOJIBKO B pe3yJbTaTe WCIOJIb30BaHUs 3TOro Meroaa. Ta-
KM 00pa3oM, MPUMEHUMOCTb METOJa MPUXOAUTCS OMPEEIsTh MOociie ero
MIPUMEHEHUS.

Crnenyer 3aMeTUThb, YTO €CIU B PE3yJIbTaTe€ IPOBEPKU OKAKETCS BCE-
TaKH, YTO JIMHEHHAs 9acTh HE SBISETCS (DHIBTPOM HU3KUX YaCTOT, TO ITO
emI€ He TOBOPUT O HEBEPHOCTH IOJIYUYEHHBIX PE3yJbTaTOB, XOTA, Pa3yMeeT-
Csl, CTaBUT UX I0J] COMHEHHE. B 3ToM ciydae HeoOxoauma mpoBepka pe-
3yJIbTATOB KaKHUM-JMOO JPYTUM METOJIOM, HalpuUMep, METOJIOM CTPYKTYp-
HOI'O MOZEJIMPOBAHUSL.

Hcxons U3 caemaHHOro MPEAIONIOKEHUS CIEAYET, YTO Ha BXOJ HEIH-
HEITHOro 3JIeMEeHTa TaKKe MOAAETCs CHHYCOMIANIBHBIN curHan Ag Sinmgt, a
BBIXOJIHAS BEJIMUMHA X; B CHITy HCKa)KEHHSI HEIMHEHHOCTHIO OyJIeT HECUH Y-
COMJIANILHOM. DTa BEJIMYMHA MOXKET OBITh pa3ioxkeHa B psg Pypbe:

X1 =f (X) =f (Ao Sincoot) = A]_ SlIl((,l)ot + (Pl) + A2 Sin(Z(,l)ot + (Pz) +
+ A3 Sil’l(3(1)ot + (P3) +UuT. 1., (82)

rae wp = 21/ T — vacrora mepBoii (OCHOBHOW) apMOHHMKH; T — MEPHOJ
byuxipu T (X).

OOpatiM BHUMaHHE, YTO B Pa3lIOKEHHH OTCYTCTBYET HMOCTOSIHHAS CO-
craBitonias. OHa paBHA HYIIO /ISl 4ACTO BCTPEUYAOIINXCS CHMMETPHYHBIX
OTHOCHTENIFHO Hadana KOOpAWHAT HETMHEHHOCTE!, B YACTHOCTH TEX, KOTO-
pbIC UCHIOB3YIOTCS B JAHHOH JJaOOpaTopHOii padoTe.

[Tockoneky mpennoiaraercs, 4YTo JIMHEHHAS 4acTh SBISETCS (PUITHTPOM
HU3KHX YacTOT, TO B PaszfokeHuH (8.2) orpaHUuMMCs TOJIBKO MEPBbIM 4Jie-
HOM:

X1 = A Sin (wot + @1). (8.3)

U3 sroro cnepyer, 4To npu (PUKCUPOBAHHBIX 3HAuEHUSX Ag U p Ha
BXOJIE U BBIXOJIE HEJIMHEIHOro 3JeMEHTa OKa3blBaIOTCSl TapMOHUYECKHUE
CHT'HAJIBI. A 3TO 3HAYUT, YTO HEIMHEHHOE 3B€HO MOXKET OBITh 3aMEHEHO K-
BHUBAJICHTHBIM JIMHEHHBIM. JTa 3aMeHa Ha3bIBAeTCsl TAPMOHUYECKON JIMHE a-
puzanmeit.

[Ipu rapmonuueckod IMHEAPU3ALMHU HEIWHEHHBIA SJIEMEHT MOXKHO
MPEICTABUTh CIICAYIOIIEH CTPYKTYypHOU cxemoii (puc. 8.2):

Ao Sinmgt Az Sin(wot+ @1)
g H5 >

Puc. 8.2
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ITo anamoruu ¢ NMMHEWHBIMHU 3BEHBSIMH BBEAEM ITOHATHE KOMILIEKCHOTO
kod(punmeHTa neperaun HEIMHEHHOTO AIIEMEHTa!

4 Sin(wpt + ;)

K = 8.4
i) Ao Sin wt (64)
B nokazarensHO# Qopme:
J(oot+gp) :
Aoejwot AU
— A1COS(P1+JAlsm(P1 :bl"' 19 , (8.5)

Ao Ao

rae by u a; — ko dunmenTs pazioxeHus B psia Dypee.

i1 HeomHO3HAYHBIX HEJMHEHHOCTeW KOd(p(UIMEHT mepenadd HeslH-
HEIHOro deMeHTa — KoMIulekcHast QyHKuus Ag, a T OJJHO3HAYHBIX — JICH-
ctBuTeNbHAsA QyHKIWMS Ag (@1 = 0).

Takum 00pa3om, MaTeMaTHYECKUM OIMMCAHHEM HEIMHEHHOTO 3JIeMEeHTa
B PacCMaTprBacMOM METOJIE SBIISICTCS TapMOHUYECKUI Kod(duIneHTa me-
peaaun.

B nepenarodnoit pyHKIMY JIMHEHHONW YacTH CCNIaeM OACTaHOBKY: P =
= jwp. C y4eroM CKa3aHHOTO, pacy€THasi CTPYKTypHas cxema OyleT UMeTh
ciexyrommii Bua (puc. 8.3):

—X X X
_> KH3(A0) —1’ Wj[l] (J(Do) >
Puc. 8.3

HccaenoBanus aBTOKO0Je0aHUI
MeTO0M rapMOHHUYECKOM JIUHeapU3aunu

Hnsa 3amknayroit CAY, npeanonaras, 4To B CHCTEME CYLIECTBYIOT aBTO-
kosebanus (Ao, ), MOKHO 3aIIHCATh:

1) X = qu (J(Do) X1,
2) X1= Ki(Ao) (—x). (8.6)
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HckirounM NMpoMeKyTOUHYIO IIEPEMEHHYIO Xi U 3allUILEM YCIIOBUE CY-
[IECTBOBAHUS aBTOKOJIEOaHN:

Wiy (Jooo) Kin(Ag) = —1. (8.7)

D10 ycrnoBue Ha3bIBaeTCs ypaBHEHHEM rapmoHmdeckoro 6amanca (YI'B).
3anumem YI'b B nokazarensHol dopme:

Ay ((Do)ejﬁpm (o) A (Ao)ej(PHS(A()) zleijﬂ(ZKfl), (8.8)

rae K — yuciaoBou psn 0, =1, £2, 3, + u T. 1.
YI'b MoxxHO pa30UTh Ha ABa ypaBHEHUS:
1) ypaBHenue rapmonuyeckoro 6ananca ammntyn (YI'BA):

Ana (00)" 4w (4o) = 1; (8.9)
2) ypaBHeHHe rapmoHndeckoro 6ananca das (YI'BD) :
Pu (o) * P> (Ao) =+ W2k — 1). (8.10)

DuU3NUECKUI CMBICIT YCIIOBUS rapMOHHYecKoro Oananca (8.8) 3akimroua-
eTcsl B TOM, YTO ISl BOSHUKHOBEHHS B CHCTEME aBTOKOJIeOaHNi HE00X0 1~
MO, 4TOOBI 00K KO3 PUIMEHT ycHIeH!s B 3aMKHYTOM KOHTYpe ObLI pa-
BeH 1, a caBur 1o ¢ase kpaTHbM + (2K — 1).

K permrennto 3amauu Mo HaXOKICHUIO Ag U My CIEAYET MOIXOIUTH T10-
pa3HOMY B 3aBHCHMOCTH OT TOro, Oyaer ju Ky (Ag) meficTBUTEIbHON nin
KOMILUIEKCHOHN (pyHKUIHEH.

Ecimn Ky (Ag) neiictBurenabHast GyHkius Ay, TO Qs (4g) = 0. B srom
cllydae ypaBHeHHE OanaHca (a3 ymporaercs:

Oy (wo) =+ w2k — 1). (8.11)

e

ITo Buay Wiy (p) MOXXHO ompenemmTs “K”, a ClieJoBaTeNIbHO, YaCTOTY
aBTOKOJIE0AHUH (p, MOCJIE YETrO W3 ypaBHEHMs IapMOHHYECKOro OanaHca
aMIUIUTYA (Terepb ypaBHEHUE C OJHOM HEU3BECTHOM) onpenessiercs am-
IJTUTYZa aBTOKOJIeOaHui Ay.

VY CTOHUMBOCTh HalIEHHBIX aBTOKOJNEOAHUM ompenaensercs u3 guznde-
CKHX COO0paKeHNH, UCTIONB3YIOIINX aHAJIOTHIO C INHEHHBIMHU CHCTEMaMH.

Eciau Kys (Ag) koMmiuiekcHast GyHKImst Ay, TO HATMYKUE U TAPAMETPhI
aBTOKOJICOAHUI OMpenesatoTCcsl HEMOCPEACTBEHHO U3 YPaBHEHUSI TapMOHHU-
yeckoro Oamanca (8.6).

[MTockonbky B 3ToM ciydae Kys (Ag) HelmHelHas QyHKIMS, TO 3aaada
orpeneneHust Ao 1 g HECKOJIBKO YCIOXKHSIETCS. 3/1eCh MPUXOIUTCS Tpube-
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rarb K rpajudeckum MetonaMm. M3 rpaduueckux METOI0B Hanboee yuao0-
HBIM Ul TIPAKTHYECKOTO TPHUMEHEHHsSI SBIISICTCS METOM, TPEIIOKEHHBIN
npodeccopom JI.C. INombadapoom.

Memoo I'onvogapoa

ABTOp TpEIUIOKUI 3alKucaTh ypaBHEHHE TapMOHMYECKOro OanaHca B
CJIEIYIOLIEM BHIE:

1
K (A)

3T0 MO3BOJIMIIO MOJYYHUTH MPOCTON TpadUuECKH METOH HaXOXKICHUS
MapaMerpoB aBTOKOJeOaTeNbHOro pexkuma (Ag, y) U UX YCTOHYMBOCTB.
Jlnst 3T0r0 HE0OXOIMMO Ha KOMIUIEKCHOW IIOCKOCTH IOCTPOUTH I'paduKu
JIEBOI U TIpaBo# yacTei ypaBHeHus (8.12).

Eciu rpaduiky He TepeceKkaroTesl, TO aBTOKOIeO0aHusl OTCyTCTBYIOT. Ec-
T TpauKy epeceKaroTcs, TO 3TO TOBOPUT O TOM, UTO BBIIOIHSAETCS YCIIO-
BHE TapMOHHYECKOTr0 OanaHca u, CleA0BaTeIbHO, BOBMOXHO CYIIECTBOBA-
HUHW aBTOKOJEeOaHWI B WCCIeAyeMON HENMHEHHOW cucreme. ABTOKOieOa-
HUS MOT'YT CKOJIb YIOJHO JIOJITO CYIIECTBOBAThH TOJBKO IPH YCIOBUH, €CIH
OHU ycToiumBkie. J{ist onpeneneHus ycroiunBocTr I'onbadapd mpe okt
MpaBuiio, Oasupyromieecss Ha (QU3NUECKUX TMPEICTABICHUSAX U 3aKIII0Yalio-
mieecsi B ompeJielieHny o01ero koddduiienTa ycuiaeHus mpyu yBeITudeHNH
Y YMEHBIIEHUU aMIUTUTY/Ibl KoJeOaHui.

IIpasuno ['onvogapba ons onpedenenuss yemouyueo cmu agmoko1eOaHUl

Ecim mpu yBenmmueHHH aMImdTyAasl Ag TOUKa Ha XapaKTEPUCTHKE
Ko (4) He oxBaThIBaeTCS aMILIMTYIHO-()A30BOil YaCTOTHOM XapaKTEepPUCTH-
KOH TMHEHHOHN YacTH CUCTEMBI, TO KoJieOaHHsI yCTOHYHBEIE, © HA00 OpOT.

[MponmmocTpupyem npumenenune Metoza [onbadapoa na puc. §.4.

Touke nepeceuenust N; COOTBETCTBYIOT IapaMeTpbl aBTOKoIe0aH i (Ao
1 ®g1), @ Touke Ny (A2 1 0gp).

[Ipu yBenmueHnu aMIuiuTyasl Ao OTHOCUTENBHO TOUKH nepecedeHust Ny
Touka Ha xapakrepuctuke —1/Kys (4o) cMeraercst BIeBO U HE OXBaThIBACT-
Cs aMIUTMTYIHO-()A30BOM XapaKTepPUCTUKON IJMHEHHONW YacTH CUCTEMBI.
CrnenoBaTenbHO, aBTOKONEOAHHS ¢ aMILTUTYION Ag; M 4aCTOTON Mo YCTOM-
YUBBIE.

Ecin yBenmuuuth ammutyay Ag OTHOCHTENBHO TOUKM mepecedeHust Na,
TO TOYKa Ha xapakrepuctrke —1/Kys (4o) cMemaercst TakKe BJIEBO, HO OHA
oxBaTbIBaeTcs XapakrepucTHKOl Wiy (jog). DTO TOBOPUT O TOM, YTO KOJie-
0aHus ¢ mapamMeTpaMu Ag; H Mg OyIyT HEYCTONYNBBIMU.

Wiy (o) = (8.12)
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+J

Wiy (jwo)

&

Puc. 8.4

Meron INonbadapda MOXKHO Takke MPUMEHATh U B TOM Cliydae, KOraa
—1/Ki (4o) — byHKIUS TEHCTBUTENBHOTO MepeMeHHoro. OTndne  3aKiIro-
YaeTcs TONBKO B TOM, uTo rpaduk ¢yakmuu —1/Kyy (Ag) Oyner pacmona-
raTbCs Ha OTPULATEIIPHONW YaCTH IEUCTBUTEIIBHON OCU KOMILIEKCHOM ILIOC-
koctH (puc. 8.5).

+J
Lo N "N = 0_ .
7
~1/Kys (Ag) )
Wiy (joo)
i o
Puc. 8.5

B Touke nmepeceuenust N; mapameTpsl aBToKOneOanuit Ao;, 0oy, Jis om-
peAeiieHus] YCTOWYMBOCTU KOJICOAHUH, TaK K€ KaK B MPEABIIYIIEM IIPUM e-
pe, naém npupanienne Ao. Touka Ha xapakreprctuke —1/Ki (4) cMmemaer-
Cs BJICBO M HE OXBATHIBACTCS aMILIUTYIHO-(a30BOH XapaKTEPUCTUKOU JIN-
HEWHOI 9acTH CUCTEMBEI.
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Bwi600: B cucremMe HaOIMIOJAIOTCS] YCTOWYMBBIE KOJIEOAHHS C aMILINATY-
JION Aoy ¥ 9aCTOTOH (o1.
Jii TUIMUYHBIX HEJNMHEWHBIX JJIEMEHTOB AHAJMTHUYECKUE BBIPAKECHUS
K03(pPUIIMEHTOB rapMOHIYECKON JIMHEAPH3AIUK TPUBOAATCS B CIPABOYHON
u y4ueOHOU nureparype. s HenmHEWHOCTEH, 3alaHHBIX B J1a0OpaTOPHOM
pab6ore, byukuuu Ky, (4g) mpuBenens: B Tabu. 8.1.

Ta6mnuma 8.1
Ho-
Mep Bun Koaddummentst
Bapu- HEJIMHEWHOCTH TapMOHUYECKON JIMHEAPU3aALUU
aHTa
X2
f Ko = k2K e B b
1 -b N X H3( 0)— —7 arcs1nx+x —?
b
/ ‘ K=tga npu A>b
cl,
! 2c| b b’
n/AY X1 Kiis (4o) = —| arcsin—+—, [1- —
2 : b o ( 0) fi0) A A2
v _c mpu A>b
X2
C
3 5 i (40) = 2o
A
-C
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OkoHuaHue Tabin.8.1

Ho-
Mep Bun Koaddurments
Bapu- HEJTMHEHHOCTH rapMOHNYECKOW JINHeapu3aluu
aHTa
X2
C J--- —
. | _ac [ b2
4 ° L O
! npu A>b
—_— ] —C
X2
T 5
i | 4C b . 4bC
—b 1 X K ‘A) = — [1—-—— — j——
5 i ;b - o () A A A2
i E mpu A>b
—V | . c
Ko (4o) =
_K Ty arcsin 1—2E +2 1—2R b 1—E -
6 |2 A AJVAU A

.4Kb( bj
A A

npu A>Db

B nmaGoparopHoii pabore mpeuiaraercsi UCCIEA0BATH METOIOM TapMo-
HUYECKOM JInHeapu3auuu HemmHernyio CAY, cTpykTypHas cxema KOTOpoi
MpUBEeHa Ha puc. 8.6.
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JInHelHas 4acTh

Hemneitnprii | | 1 1 o1 P o
DJIEMEHT | (Mep+1) (T,p+1) (T3p+2) Y Y
Puc. 8.6

Bun cratndeckoii XapakT€pUCTUKU HEJIMHENHOTO 3IEMEHTA U 3HaUECHUS
€€ ImapaMerTpoB, a TAaKKE 3HAYEHHUS BXOJHOI'O CUTHAJa W IapamMeTpoOB JIU-
HEIHOM YacTH Mo BapHaHTaM NpuBeleHbl B Ta0u. 8.2. Homep Bapuanra co-
OTBETCTBYET HOMEPY HEJMHENHOCTEH.

Tabnuma 8.2
<
=
£ 3Ha4YeHUs1 TapaMeTpoB
= BxomHoe
=
3 Brn HD 9 BO3JIEHCT-
o HEJIMHENHOCTH
5) BHE
é Clb|lal|k| T |TTs
X2
b &
1 Y 1 — 1 10|45°) 2 |01 |1 2 40
b
K=tga
X2
- ]
|
2 Y M 140 20| - | 40205 1] 60
i b
!
1<
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OkoHuaHue Tabn.8.2

= 3HadYeHNs apaMeTPOR
53 Bxoanoe
Q< Bun o
a g o HD J4 BO3JIEHCT-
o' 5 HETNHEHHOCTH
= BUE
Eo C b o k Tl T2 T3
X2
C
Y 180 | - | - |5 |025[04]|15 40
-C
X2
C |-
b LM 4002 - | 3|12]06/03] 50
i b
_]_C
X2
CrT 7
b | X |50 |10| - |5 |04 08{14] 60
B
\V4 | _C
0 | 20 |45°1 10| 0.6 |1.2|15 50
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Ha puc. 8.7 uzo0paxkeHa cxema MOJIEIH IS UCCIIEIOBaHUS 3aJIaHHOM
HenuHelHoM CAY Tperbero mopsaka METOJOM IapMOHHUYECKON JIMHEapH-
3aLUu.

I\ .
-
e —O
Sine Wiave
hlanual Switchz
—»
Manual Switch1 -7 F1aph
HD JIH
— []
1T = In1 Out1 pe{int Qut1 >
Constant Manual Switch :
Manual Switcha Aomic Subsystem I:I Atomic Subsystem Scope

¥

Scopet

Puc. 8.7

B cxeme momemn 3amanHoii CAY mpemycMOTpeH KaHal HACTPOHKH He-
JIMHEIHOTO AJIeMEHTa C CHHYCOUIAIbHBIM BXOJHBIM cHTHaoM (Sine Wave)
u rpadonoctpouteniem (XY Graph). IlepexioueHne Ha HACTPOWKY HEJH-
HEWHOro 3JIeMeHTa ¥ 00pPAaTHO OCYIIECTBIISICTCS PyYHBIMH ITEPEKITIOUaTesi-
mu (Manual Switch). Jlis mony4eHus T0OMOMHUTETBHON HHPOPMAIMH O pa-
00Te HeTMHEHHOT 0 AIIEMEHTa TpeTycMOoTpeH ocumiuiorpad Scope 1.

3. IPOI'PAMMA MOJATIOTOBKH K TIABOPATOPHOM PABOTE

3.1. O3HaKOMHUTECSI C TEOPETUYECKHM MAaTEpUAIOM, OTHOCSIIMMCS K
paznerny «MeTox rapMOHHYECKOW JIMHEApH3aIin, 0 PEKOMEHIYeMO! -
Teparype, KOHCIIEKTaM JISKIHI 1 pazaeny 2 «O01ue cBeeHns HaCTOSsIIEeH
nabopaTOPHON PadOTHL

3.2. [loaroToBUTH OCHOBY OTU€Ta 1O J1aOOpATOPHON paboTe B COOTBET-
CTBUHM C BAPUAHTOM, 3aJIAHHBIM IIPEIIO/IaBaTEIIeM.

4. IPOTPAMMA JIABOPATOPHOM PABOTHI

4.1. icnone3yss monenmupytorme O0m0ku «Simulinky, nabpath cxemy
MOJENIA 3aJaHHOM HEIMHEHHOW CHCTEMBl aBTOMAaTHYECKOIO YIPAaBJICHUS
TPEThETo MopsIIKa.
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4.2. Cuarp nepexoanbiii mporecc CAY mpu 3alaHHOM BXOJHOM BO3-
JIEHCTBUM.

4.3. VccnenoBaTh BIUSHHUE YPOBHS BXOJIHOTO BO3JICHCTBUS Ha HATUYHE
ABTOKOJICOAHUH U MX MapaMeTphl.

4.4. UccrnenoBath BiusiHUE KO3(DPUITMEHTA TIepeiaun JIMHEHHON 4acTH
Ha HaJIM9He aBTOKOJeOaHui 1 NX MapaMeTphl.

4.5, UccnenoBath BIMSHUE BUJA HEJIMHEHHOCTH Ha HAJIMYKUE aBTOKOJIE-
OaHuil ¥ MX MapaMeTphbl.

Jas BapuanTtoB 1 u 3 B3TH HeJIMHEIHOCTH Ne 5, )11 BApUAHTOB 2
U 4 B3ATH HeJUHEHHOCTH Ne 6, 1JI1 BapuaHTa 5 — HeJlMHelHOCTH Ne 2,
JJIS BapUaHTa 6 — HesiuHeitHoCTh Ne 4

5. ITIPOI'PAMMA ITPOBEPKMU PE3YJIBTATOB UCCJIEJJOBAHUSA

5.1. 3ammcaTh ypaBHEHHE rapMOHHYECKOTO OayaHca mo Merony I omb -
(hapba st 3agannoit CAY.

5.2. OnpenemTh HaIWMYUEe W TapaMeTpbl aBTOKOJIEOAaHWH, MCHONB3Ys
Mmetoj ["onbadapoa.

KOHTPOJIBHBIE BOITPOCHI

1. Ha xakoM mpesrnonokeHnd OCHOBaH METOJ TapMOHHUYECKON JIHea-
puzanmu?

2. YTo moHMMaeTCs 1Moj, KOMILICKCHBIM K03(dHIMeHTOM nepeadn He-
JIUHENHOT 0 AreMeHTa?

3.UYeM oTIMUalOTCAd KOMILICKCHBIC KO3(D(UIMEHTHI Tepeaadyu OIHO-
3HAYHBIX U HEOJIHO3HAYHBIX HEJIMHEHHBIX DJIEMCHTOB?

4. V300pa3ure pacuéTHYIO CTPYKTYPHYIO CXeMY IS aHaJM3a HEeIMHE -
HbIX CAY Tpernero u 0osee BEICOKOT0 MOpsIIKa.

5. 3anummTe ypaBHeHHE TAPMOHUYECKOT0 OanaHca, a TaKkKe YpaBHEHHsI
rapMOHUYECKOro OallaHca aMIUTUTY/ U ¢a3s.

6. Meton 'ompadapba s onpeneneHus aBTOKoJeOaHUI B HENMMHEH-
noit CAY.

7. IlpaBuiio ompenesieHuss YCTOHYMBOCTH aBTOKOJICOAHHM IO METOIY
Tonbagapoa.

8. OcobeHHOCTH MTPOBEPKU TPUMEHUMOCTH MeToa [ onbadapoa.



JIABOPATOPHAS PABOTA Ne 9

. UCCJEJOBAHME
JVHEAHON UMIYJIbCHON CUCTEMBbI

1. EJIb PABOTbI

HccnenoBarh IUHAMHYECKHE CBOMCTBA CHCTEMBI C AMIUIMTYAHO-
MMITYJIbCHOW MOAYJISILMEN. Y CTaHOBUTH BIHSIHHAE MapaMeTPOB UMITYJIbCHO-
T'0 3JIEMCHTA U HerepLIBHOﬁ YacTH CUCTEMBI Ha eé JAVMHaMUKY.

2. OBIIUE CBEJEHUA

NMnynecHOM cUCTEMON aBTOMAaTHYECKOI'O YIPABJICHHS HA3bIBAIOT Ta-
KyI0, B KOTOPOi1 XOTsI OBl OZIHA BEJIMYMHA, XapaKTepHU3yIoIast €€ COCTOSHHUE,
KBaHTyeTcs 1o BpemeHu. UmnynscHass CAY oTimgaercs OT HENpephIBHOM
HaJW4YMeM UMITYJIbCHOro anemenTa (M) (MMImyabCcHOrO MomynsiTopa), Ko-
TOpBIN Mpeodpa3yeT HEMpPEPHIBHO M3MEHSIONIUICS BXOJHONW CHUTHAI B I1O-
CJIEZI0BAaTEIbHOCTH UMITYJIBCOB.

BBIXOMHON CUTHAJ MMITYJIBCHOTO DJIEMEHTa MPSMOYTOJIBHOW (OPMEI
(puc. 9.1) xapaxTepmsyercss aMIUIUTYAOW WM BBICOTOM WMIyJbca A,
CKBa)KHOCTBIO IMITYJIbca Y = T/7 ¥ MHTEPBAJIOM JUCKPETHOCTH T (TIEpHOIOM
MOBTOPEHHSI UMITYJIECOB).

Xprix 11D
T

Puc. 9.1

[Tpn uMITYIIECHOM MOIYJIAILIMN B TIpoIiecce MpeoOpa3oBaHus HETIPEPhIB-
HOTO CHUTHaJa B IOCJIEJOBATEIbHOCTh MMITYJIbCOB YKAa3aHHBIE MapaMeTphbl
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U3MEHSIOTCS B (DYHKUUH BXOAHOrO Bo3zaeiicTBus. Eciu mpoucxomur Moay-
JSIIUSL AMILTATY Tl KIMITYJIbCOB (TIpH Y = CONSt u T = const), TO UMITYJIbCHBIIA
ANIEMEHT Ha3bIBAIOT 3BEHOM C aMILIUTYIHO-UMITYJIbCHON MOTYJISAIHEH.

Ecnu mapameTpbl MMITYJIBCOB OMPEICIISIOTCS TOJIBKO B TMCKPETHBIE MO-
MEHTBI BDEMEHH U HE 3aBUCST OT U3MEHEHHSI BXOJIHOTO CUTHAJIA MEXIy HH-
MU, TO TaKOW BHUJ MOAYJSIIMU Ha3bIBACTCSl aMILIUTYAHO-UMITYJIbCHOH MO-
aynsiuedt 1-ro poxaa (puc. 9.2).

Xex 13 Xoerx 1D

My,

N 2T 3Tu_|,_|—

Puc. 9.2

Ecnu 3HayeHHe MOIYIMPYEMOro mapaMerpa U3MEHSETCS B COOTBETCT-
BHHU C TEKYIIMM 3HAYCHHWEM BXOJHOIO CHI'Haja Ha MHTEPBAJE THUCKPETHO-
CTH, TO TAKOW BHJ MOJIYJUSIIUM HA3BIBACTCS aMILIMTYIHO-UMITYJILCHOW MO-
nyJsiueit 2-ro poaa (puc. 9.3).

Xperx 1D
~~
RN
"\
N\
\
3T 47 t
T 2T L_L -
Puc. 9.3
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Hau6onee pacipocTpaHEHHBIM KJIACCOM UMITYJIbCHBIX CHCTEM SIBIISFOTCS
CHUCTEMBI C JUHEHHOW MOMYJSIIIMOHHON XapaKTEPUCTUKOWU. 3aBUCUMOCTH
AMILTUTY]IBI UMITYJILCOB OT BEJMYHMHBI MOJIYJIMPYEMOIr0 CUTHaJa Ha3bIBAET-
Cs MOTYJISIITMOHHON XapaKTePUCTUKOM.

XapakTepHO, YTO TOJBKO aMILIATYTHO-UMITYIIECHBIE CHCTEMBI MOTYT
OBITH OTHECEHBI K KJIACCY JIMHEHHBIX CHCTEM, TaK KaK MX MOIYISIIHOHHAS
XapaKTEPUCTHUKA JINHEWHA.

JluckpeTHbI XapakTep nmpeoOpa3yeMbIX B UMIYJIbCHBIX CUCTEMaX CHT-
HaJIOB YCJIOKHSIET MX MaTeMaTH4YeCKOe OMHCAHKE MO0 CPABHEHUIO C OIMHCa-
HHUEM HENPEPBIBHBIX CHCTEM. J[MCKPETHO MpecTaBIieHHBIE CHUTHAIBI YA00-
Hee ONWCHIBaTh B (PYHKIUU AUCKPETHON, a HE HEMPEPHIBHON MEPEMEHHOM.
OyHKIMA, MOIYyYaroasicsl B pe3yiabTaTe 3aMEHbl HENPEPHIBHOM MEPEMEH-
HOI IMCKPETHOM U ONpejesieHHas B AUCKPETHBIE MOMEHTHI BpEMEHH, Ha3bI-
Baercs perneryaToi GyHkimei u odosznagaercs X[NT] (puc. 9.4).

XBle [nT]
o — '--..\
~
~
N\
AN
AN
T N . AT 5T nT
T oT 3T J O
Puc. 9.4

Pemeruaras (QyHKIMST HE MOXET TWOJHOCTBIO OTPA3UTh CBONCTBA
HETpephIBHON (PyHKIMH, KOTOPYIO OHA mpezcTrasisier. [lotomy gacto momis-
3YIOTCSl TIOHSATHEM CMEIIEHHOM pemerdaToldl (QYyHKIHMH, B KOTOPOH
t =nT + At. Eciu mapamerp At usmensits ot 0 1o T, To pemeryaras QyHK-
ISl CTAHOBUTCSI TOXJIECTBEHHON COOTBETCTBYIOIICH HENPEephIBHOW (DYHK-
LMH.

[TonsiTue pernreTyaToll PyHKIHMHU JIEKUT B OCHOBE CIICIIHATN3HPOBAHHO-
ro annapara ONMCaHUs JUCKPETHBIX CUCTEM M MO3BOJISET MEPEUTH K pa3HO-
CTHBIM ypaBHEHHSIM. Pa3HOCTHBIE YpPaBHEHHS ONPEACISIIOT CBSI3b MEXITY
3HAYCHUSIMH PEIIeTIYATON (PYHKIIUM U KOHEYHBIMH Pa3HOCTSIMU Pa3IUIHOTO
MopsijiKa.
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PasHocTe mepBOro mopsaka MOMY4YaeTcs BBIYUTAHUEM MPEIBIAYIIETO
3HAUEHHS PeIeTIaTOr (QYyHKIMN U3 TOCIIEYIONMEro:

AX[NT]=x[(N+DT]—x[nT].

PasHocTh mepBoro nopsiaka sIBISETCS aHAJIOTOM IEPBOM MPOU3BOIHOM
JUISl HETIPEPBIBHOI'O CUTHAJIA M ONPEAENAeT CKOPOCTh U3MEHEHHSI peLieTda-

TOH QyHKIHN.
Koneunas pazHoCTh BTOPOTO MOPSAKA:

APX[nT]= AX[(n+1)T]-AX[nT] = X[(n+2)T]-2x[(n+ )T ]+ x[nT].
PazHocTh m0060T0 Mopsiika M MOXHO OMPENEUTh 1o (hopMyIie
A™X[NT]= A" (N +D)T]-A"X[nT].
Uepes 3HaueHMs pelieTdaroil GyHKIUM pa3HOCTh M-TO MOpsAKa 3altv-
HIETCS TaK:
A"X[nT]= i(—l)i mY (iI(m-DDNX[(n+m-i)T].
i=1

CoOTHOIIIEHHE MEXKAY pererdatod GyHKIMeH 1 KOHEYHBIMHA Pa3HOCT -
MU Pa3IMIHOrO MOPSIIKA HA3hIBACTCS PA3HOCTHBIM ypaBHEHHEM, KOTOPOE B
00IIIeM BHJIE KIMEET CJICAYIOIINIA BH/I:

aOXBBIX[(n + m)T] + aIXBLIX[(n +m _l)T] +o.+ amXBLIX[nT] =
=Py X [(N+K)TT+ b X, [(N+ Kk -DT]+...+ b X, [nT].

3agava nMcciueoBaHUs AUCKPETHBIX CUCTEM OOJIeTYaeTCsl B Pe3yJbTare
MIPUMEHEHHS TaK Ha3bIBaeMOro Z-npeo0pa3oBaHusi, KOTOPOE CBSI3aHO C I C-
KpeTHBIM IpeoOpa3zoBanueM Jlamaca u BeiTekaeT u3 Hero. [loxg Z-npeobpa-
30BaHMEM TOHMMAeETCsl N300pa’keHHe HECMEIEHHOW WM CMEIIEHHOW pe-
mer4aTord GyHKUIUH, orpeensieMoe GopMyIamMu:

x(2) = i x[nT]z™", X(z,€) = i X[(n+e)T]z",

n=0 n=0

At
TIe €= T napamerp CMeIeHHUS.
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Dopmyiel Z-ipeoOpa30BaHus MOTYT OBITH 3allFICAaHBI B CHMBOJIHMY €CKO

dhopme:
X(z) =Z{X[nT]}, X(z,€) =Z{x[(n+¢)T]}.

[Tpomeccrl 3aMBIKaHWSI W Pa3MBIKAHWS B WMITYJIbCHBIX LEMSAX 3HAYH-
TEJILHO BJUSIOT Ha (POPMY BBIXOIHBIX UMIYJILCOB. OTO OOCTOSTEILCTBO
3aTPYAHSACT UCCJCNOBAaHUE, W MPU MAaTEMaTHYECKOM OIMHMCAHUM pPeabHbIC
I/IMHyIH)CHI)Ie DJICMCHTHhI 3aMCHSKOTCS B npef_[enax HpI/IHHTBIX ,ZIOHyHIeHI/Iﬁ
WJICaTU3MPOBAHHBIMU MOJEIISIMHU.

HazoBem mpocTediM UMITYJIbCHBIM 3JIEMEHTOM TaKOW, BBIXOAHAS Be-

JMYMHA KOTOPOro X'y (t) TpeicTaBisier coGOH  MOCIENOBATEIBHOCTD
O-GyHKUUH, TUIOMaI KOTOPBIX PaBHbI AUCKPETHBIM 3HAYCHHSIM BBIXOJHON
BEJIMUMHBI X, [NT]. PeanbHblii MMIyIbCHBIA >IEMEHT, TEHEPUPYIOLIMI
HUMITYJIbCHI TPOU3BOIBHOM (POPMBIL, MOXKET OBITH MPENCTABIECH MOCIIE0BA-
TEJBHBIM COEMHEHUEM MTPOCTEHUIIIEr0 UMITYJIBCHOTO 3JIEMEHTa U (POPMHUPO-

BaTeNsl MMITYJIbCOB. PaccMOTpUM HMITYNIBCHYIO CHCTEMY, COCTOSIIYIO H3
HMITYJIbCHOTO 3JIEMEHTA U HeIPephIBHOM yacTu (puc. 9.5).

I_ T X*BHX(t)
r—- nus F==->
1 — — —
1
Xax(t X*us(t I Xanx(1)
O [ 1O e L ©
Puc. 9.5

BeixopHolt curnan X, (t) sBiIsercs HeNMpepbIBHBIM HM3-32 (QUIBTPYIO-
mux cBorcTB HenpepsiBHOW yactu cuctembl (HUC). s BblneneHus BbI-

XOJHOTO CUrHanma X, (1) B AMCKpETHbIE MOMEHTBI BPEMEHU PacCMOTPHM

curHan X, . (t) mocne QUKTMBHOrO MMITYJIBCHOTO BJEMEHTa (Ha PUCYHKE

n300pakeH MyHKTUPHOW JIMHHUEH ), pabOoTaroIero CHHXPOHHO ¢ OCHOBHBIM.
B sTOM ciydae MOXKHO yCTaHOBHUTH CBSI3b BBIXOJHOTO CHUTHANIAa C BXOIHOM
MOJIYJIUPOBAHHOM MOCIIETOBATENLHOCTBIO.

Z-n300pakeHre pacCMaTPUBAEMBIX CHUTHAJIOB MOXKHO TIPEICTaBUTH B
BUJIC

X, (2) = i X, [nT1z2™", X, (2) = i x, [IT]z7". 9.1)
n=0 1=0
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JIMcKpeTHas MOCIEI0BAaTENIBHOCTD Xy,

HENpeppIBHOW QYHKIUK X, . (1), KOTOpas B CHIIy JITHEHHOCTH HENpPEPBIB-
HOH 4acTH paBHa:

[NT] mMoxeT ObITH MONTy4YeHA U3

Xy (1) = 3 W(E— 1T, [IT], 9.2)
1=0

rae W(t — IT) — ummynbcHas nepexoaHas GyHKuus (QYHKIUS Beca) Hempe-

PBIBHOM YacCTH CHCTEMBI.
[Tpu noxacranoske B (9.2) t = NT noxyuum:

XB]:IX [nT] = i W[nT - IT]XBx [lT],
1=0

rae WNT — IT] — BecoBas mocie10BaTeIbHOCTb.
Z-n300pakeHue BBIXOJHOHN (pyHKIMH:

X ()= 3 3 WINT —IT]x, [IT]2 ™", 9.3)

n=01=0

Ecnu BBectn o0o3Hauennss M=N—1 umn N=m+1, To B COOTBETCTBUHU
¢ (9.3) MOXHO 3amucarh:;

X ()= 3 S wlmT]z ™%, [IT]2".

n=01=0

Z-nu3o0paxxeHre BecoBoit GpyHkuu W(t) paBHO:

W)=Y wmTlz™ . 9.4)

m=0
[Tosromy ¢ yuerom ypasuenuit (9.4) u (9.1) MOXHO MTOTYyYUTH:
Xapix [Z] =W (Z) Xax [Z]

[To ananoruu ¢ HempepbiBHbIME cucTemMamu \W(z) Ha3bIBaeTCsl TUCKPET-
HOW TIepeIaTOYHON (PyHKIHEH.
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[Tpn wccnenoBaHNM UMITYJIBCHBIX CHCTEM Ba)KHO YMETh IPE0Opa3OBBI-
BaTh CTPYKTYPHBIE CXEMBI. JIJI51 3TOr0 UCIONB3YIOTCA CIEAYIOIIUE IIPaBUIA.

e Ecnu HempepbIBHAs YacTh CUCTEMBI COCTOUT U3 MapajljIeIbHO COEU-
HEHHBIX 3BE€HBEB, TO IMCKpPETHAs MepeaaTodHas (GyHKIHMS MOXKET OBITh OTI-
peneseHa 1o ypaBHEHHUIO

K
W(z) = ;}Wi(z).

e Ecim e HempepbIiBHAsl 4acTh COCTOMT M3 IOCIEIOBATEIIBHO COCIU-
HEHHBIX 3BEHBEB C OOIMM HUMITYJIbCHBIM 3JIEMEHTOM Ha BXOJIE, TO JUCKPET-
HYIO NepeaTOYHyI0 (YHKIUIO HENb3sl ONPEesITh KaK MIPOM3BEACHUE da-
CTHBIX JUCKPETHBIX MepeaTOYHbIX (DYHKIMH, OIPEAENICHHBIX Ul KaXK0r0
3BEHa B OTIEJIBHOCTH. B 3TOM cityuae cieayer oObeIMHUTH HEMPEPHIBHYIO
4acTh B OAHO 3BEHO C NEpelaTouyHod (yHKLIMEH, paBHOH MPOU3BEICHUIO
OTJEJIBHBIX MEePeJaTOuHbIX (DYHKIMI, U TONBKO MOCJE 3TOr0 MEPEXOIUTh K
Z-tipeoOpa3oBaHUIO, UCIONB3YS TAONHUIYy Z-IPEe0Opa30BaHMIA.

e Eciom mmeeTcs psii MOCIEIOBATEIbHO BKIIOYCHHBIX 3BEHBEB C HM-
MyJBCHBIM DJIEMEHTOM Ha BXOJIe KaXXIOTO U3 HUX, Pe3yJIbTHUPYIOIIAs JHC-
KpeTHas mepearouHasl PyHKIHUS HAXOAWUTCS MEPEMHOKEHUEM OTIEIbHBIX
JUCKPETHBIX MePelaTOuHBIX (PYHKIHH.

CTpyKTypHas cXxeMa 3aMKHYTOW HMITYJIbCHOM CHCTEMBI UMEET BUI, U30-
OpaskeHHbIH Ha puc. 9.6.

Xax(t) g(t) X (t)
> nuos —_— Wi(p)

Xoc(t)
Woe(P)

Puc. 9.6

JuckperHas nepenaroynas GyHKIMS 3aMKHYTOH CHCTEMBI OIIpeaesieT-
Csl ypaBHEHHEM

W, (2) =W (2) / 1+ Z{Wirq (P)Woe (P)D)- (9.5)
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Ecin 3HaMeHatenb nepeaaToYHoON QYHKIMK 3aMKHYTOW crcTeMbI (9.5)
MPUPABHATH K HYJIO, TO MONyYHM Z-H300pa)KeHHE XapaKTepHCTHIECKOrO
YpaBHEHHUSI.

XapaKTepUCTHYECKOE YpaBHEHUE TIO3BOJISIECT IPOAHATIM3UPOBATh yCTOM-
YUBOCTh MMITYJILCHOW CHCTEMBL J[JI1 3TOr0 MOYKHO BOCIIONB30BATHCS W3-
BECTHBIMHU [Tl HEMPEPHIBHBIX CUCTEM KPUTEPUSIMH Kak aireOpandecKumH,
TaK U YaCTOTHBIMHU.

[l OLleHKH yCTOMYMBOCTH MMITYJIBCHOW CHCTEMBI C IMTOMOIIBIO U3BECT-
HBIX aNreOpanyecKux KpUTEpUEB HEOOXOJAMMO MPOBECTU CIEAyIolIee pe-
o0Opa3oBaHUe:

z=1+v)/1-v),

KOTOpOE OTOOpakaeT OKPYKHOCTh €IMHUYHOIO pajnyca Ha KOMIUIEKCHON
TUIOCKOCTH Z B MHIUMYIO OCh KOMILIEKCHOH TIOCKOCTH V.

ANV™ + AV 4+ AL =0.

VYcnoBus ycrodunBocTd (Hampumep, [ 'ypBHIIa) UMITYJIBCHOH CHCTEMBI
MOJIHOCTHIO COBMAJIAIOT C YCIOBUSIMH YCTOWYMBOCTH HEMPEPHIBHOM cHCTe-
Mbl. IMnynbcHas cuctema OyAeT ycTOWYMBA P BHITOJHEHUH CIIETYFOLINX
HEPaBEHCTB:

A=A >0, Azzﬁz 232 >0,
A A A
A=Ay A A >0, .., A4>0, A =AA,1>0.
0 A A

Kpome anreGpandeckux KpUTEpHUEB AJISI UCCIEIOBAaHUS YCTOMIMBOCTH MM-
MYJIbCHBIX CHCTEM MOKHO BOCIIOJB30BATHCS aHAJIOraMU YaCTOTHBIX KpPHUTE-
pueB. [IpuMeHeHne YaCTOTHBIX KPUTEPUEB PACCMOTPUM Ha NPUMEpE aHaJlo-
ra kpurepus Muxaiinosa.

[IycTh XapakTepuCTUUECKOE YpaBHEHNE 3aMKHYTOM CHCTEMBI UMEET BU

G(z)=ayz" +az" +..+a,,.
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B sroM ypaBHeHHH 3aMEHUM Z Ha eloT y IOy IHM:

Gy =™ +aelTMD ¢ ta .
YuntsiBas, uro e1®T =cos(wT)+ jSin(wT), MOKHO BBICIHTH Bele-
CTBEHHYIO U MHUMYIO YACTH:

G(eT) = P(») + jQ(w),

rne P(m)=aycos(mwT) + & cos((mM—DwT) +...+ 8,4 cos(wT) +ay,;

Q(w) =aysin(moT) +a; sin(m-DoT) +...+ a4 Sin(oT).

[Tpu n3menennu yactorsl or 0 10 /7 ¢ MOMOLIBIO 3TUX YpaBHEHUH Ha
KOMILIEKCHOH MJIOCKOCTH CTPOHTCs roforpad Muxaiinosa.

Ecnu ronorpad mpoxoaut 2m KBagpaHTOB, TO 3aMKHYTasi UMITYJIbCHAs
cuctema OyJieT ycToH4nBa.

Kak yxaspiBamoch paHee, HCCIEJOBaHHME CHUCTEM AaBTOMAaTHYECKOIO
YIPABIEHUS CYIIECTBEHHO YIPOIIAETCS, €CIU JJI1 3TOr0 BOCHOIB30BATHCS
METOJIOM CTPYKTYPHOTO MOJICIIMPOBAHNS.

B naboparopHoii pabore wuccienyercs nuHeiHas umnyibcHas CAY,
CTPYKTypHas cxeMa KOTOpOii TToKa3zaHa Ha puc. 9.7.

XBX(t) g(t) ! X[/I3(t) k1 Xl(t) k2 XZ(t) 1 XBLIX(t)
1o “| np+1 T,p+1 o

o

Puc. 9.7

3HayeHus MapaMeTpoB JTMHEHHOHN YyacTu npuBeaeHsl B Tabm. 9.1.

Tao6mnuma 9.1
Howme
BapHaH}:;a Ky Ke T T2
1 2 5 0.05 0.1
2 2.5 4 0.055 0.09
3 3 3 0.04 0.085
4 3.5 2.9 0.045 0.08
5 4 2.5 0.03 0.075
6 5 2 0.035 0.07
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IMpu monempoanuu CAY mmmynbcHbIN dnemenT (M) momkeH OBITh
IpejCcTaBleH 3BeHOM ymHOeHus (6yok Product us pasgena Math Opera-
tions) curnana oumOku €(t) W BBIXOAHOTNO CHTHAJIA TeHEpaTopa MPsSMo-

YrOJNBHBIX €IMHUYHBIX HMIYsbcoB (Onok Pulse Generator w3 pasmena
Sources).

3. IPOI'PAMMA IIOJAI'OTOBKHA K IABOPATOPHOM PABOTE

3.1. O3HaKOMHUTBCSI C TEOPETHUYECKUM MaTepruajoM, OTHOCSIIUMCS K
paszeiy «JIMHelHbIe UMIYJIbCHBIE CUCTEMBD, 110 PEKOMEHIYEMOM JIUTEpa-
Type, KOHCHEKTaM JIeKIMH U paszfeny 2 «OOmme cBeneHus» HacToAller
nabopaTOpHON PadOTHI

3.2. [loaroTOBUTH OCHOBY OTYETa 1O JTAOOPATOPHOW PaboTe B COOTBET-
CTBHH C BapHaHTOM, 3aJaHHBIM IIPENoJaBaTesieM, BeIyIIUM J1a0 OpaTOPHBIi
[IPaKTUKYM IO TEOPUHU HEJMHEHHBIX U CIELUAIbHBIX CUCTEM YIIPABIICHUS.

3.3. s HenmpephIBHOW YacTH 33AaHHON UMITYJIBCHON CHCTEMBI TOCTPO-
UTh JIOTapU(MHUUECKYI0 aMIUTUTYAHO-YaCTOTHYIO XapaKTePUCTUKY U OIpe-
JeJIUTh YacTOTY Cpe3a .

4. IPOTPAMMA JIABOPATOPHOM PABOTbI

4.1. Vicnone3ys monemupyronme Omoku «Simulinky, nHaOpath cxemy
MOJIENM Pa30MKHYTOM JIMHEWHON YaCTH CUCTEMBI.

4.2. C noMo1ipl0 HHCTpyMeHTalbHOro cpencrsa LTI-Viewer cusath yo-
rapu(pMUUYECKYI0 YacCTOTHYIO XapaKTepUCTUKY nuHeiHoi yactu CAY, on-
pElleNIUTh YaCTOTY Cpe3a M, U CPABHUTH €€ C paCUETHOM.

4.3. 3aMKHYTb TTIaBHYIO €IMHUYHYIO OTPHIIATEIbHYIO 0OpPaTHYIO CBSI3b,
CHSITBH IIEPEXOJHOM MIPOLIECC B JUHEWHON HENPEPBHIBHOM CUCTEME U OIpee-
JIUTH MTOKA3aTeNN KaueCTBa PETyIMPOBAHMSL

4.4, logxnrounts MMITYyJIbCHBIA 31eMeHT (MID) B COOTBETCTBUH €O
CTPYKTYpHOH cxemoii (puc. 9.7), CHATh NEPEeXOIHON MPOIECcC B UMITYJIbC-
HOW CHCTeMe, ONpeNeNUTh IMOKa3aTelu KadecTBa PeryJlupoBaHUsS M CpaB-
HHUTH UX C MTOTy4eHHBIMH B 1. 4.3.

[Mepron criemoBanus umiyibcoB T B Gitoke Pulse Generator paccuurars
UCXOJS U3 4aCTOTHl M = 20, .

4.5, I/ICCJ'Ie):[OBaTI) BJIMAHHEC NI€pUOAa CJICIOBaHWA UMITYJIbCOB Ha IMOKa-
3aTCJIM Ka4Y€CTBa PCTryJIMPOBaAHHA IMPU U3MCHCHHUHN YaCTOThI B AUAIIa30HE OT

o, 10 3, u nocrpouts 3apucumoctn ¢ = f(T) u T, = f(T).
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4.6. YCTaHOBUTH BIMSHHUE KOX(PQPUIIUCHTA YCUJICHHS JTHMHEHHOW YacTH
CHCTEMBI Ha ITMHAMUKY UMITyJIbcHOH CAY M YCTaHOBHUTH €ro 3HaueHHe, IPU
KOTOPOM CHCTEMa HaXOAUTCS Ha TPaHHIIE YCTOWYHUBOCTH.

5. ITIPOT'PAMMA ITPOBEPKMU PE3YJIBTATOB NUCCJIEIOBAHUA

Juis 3apanHoit CAY onpeneniTs KpUTHIeCKUH KO3 PUIIMEHT YCUTICHUS
Kp, TP KOTOPOM MMITYJIbCHAs CUCTE€Ma HAaXOJMTCs Ha TPaHMIE yCTOHYH-
BOCTH, M CPaBHUTH €0 CO 3HAUECHUEM, ITOJTyYEHHBIM B 11. 4.6.

KOHTPOJIBHBIE BOITPOCBHI

1. [Maiite onpenencane umnyiabcaoi CAY.

2. HazoBure criocoObl KBaHTOBAHMSL.

3. [lepeuncnnTe THITBI MOYJISITOPOB.

4. Kakas xapakTeprCcTHKa Ha3bIBAETCS MOAYIISIIIIOHHOM?

5. Yro Takoe penrerdarast QyHKIUsA?

6. Kak paccunTarh KOHEUHbIE Pa3HOCTH?

7. Harmcats popmyny z-mpeoOpazoBaHusl.

8. HazoBute ocHOBHBIE CBOMCTBA Z-TIPe0Opa30BaHUSI.

. Kak Haxomurcst auckperHas nepenarodHast GyHKIUS IPH pa3IMIHbIX
croco0ax COeTMHEHNS 3BEHBEB?

10. Hamicats nepeaTounble YHKIMH 3aMKHYTOW CHCTEMBI.

11. Tlouemy peanbHBI MMITYJIBCHBIH DIEMEHT IMPEICTaBISIETCS B BUJC
MOCJIe/IOBATENILHOTO COCJMHEHHS MPOCTEHIIIEr0 UMITYJILCHOTO DIIEMEHTa U
(hopmupoBatess UMITYITECOB?

12. Chopmynupyiite oblee yciaoBHE yCTOHYMBOCTH MMITYJIBCHOH CHC-
TEMBIL

13. Kak onpenensiercsi yCTOWYMBOCTh UMITYJILCHOW CHCTEMBI O aire0-
parYeCcKUM KPHTEPUSIM ?

14. ChopmynupyiiTe 4aCTOTHBIE KPUTEPUU YCTOHYMBOCTH HMITYIIHLCHOM
CAY.

(o]
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