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IHEPEIMOBA

Teopiss aBTromaTuunoro kepyBanusi (TAK) — Hayka npo meromu
NPOCKTYBaHHS 3aKOHIB  YNpaBIiHHA OyIb-KUMH  O0'€KTaMH, IO
JIOITYCKAIOTh peai3alliio 3a JOIOMOT 00 TEXHIYHUX 3aC001B aBTOMATHKH.

Cucrema aBromatu4yHoro kepyBanusi (CAK) — me cykymHicTh
B3a€MO3B’s13aHUX 00 €KTIB, B SIKiii MPOTATOM TPUBAIOrO 4acy MOTPiOHUM
YMHOM 3MIHIOIOTECS (200 MiATPUMYIOTBCA MOCTIMHMMH) 3afaHi (i3WuHi
napaMeTpH B BU3HaUeHOMY (Di3MIHOMY MpoIieci Oe3 BTpydJaHHS JIFOJUHH.

OcuoBHi 3agaui TAK nHactynni:

—aHaniz  Kepoeamocmi  cucmemu:  aHANIZYETbCS  MOKIHUBICTD
noOyZ0BY KepyBaHHS, sike 3a0e3neuye OakaHy MOBEIiHKY CUCTEMU;

—aHaniz CNOCMEPEedCIUBOCMI cucmemy: aHaNi3yeThCsI MOKIUBICTD
BM3HAYECHHS 32 BAMIiPIOBAaHUMH BUXIJHUMH CHTHAJIAMU 3HAYEHb BiJICYTHIX
BHUXIJHHUX CUTHAIIB;

—cuHme3 3aKOHI8 KepyeaHHs: BUKOHYETHCS PO3pOOKa 3aKOHIB
KEepyBaHHsA, TMPOCKTYBaHHA  MPHUCTPOIB  KepyBaHHA,  OOWpaeThCs
(yHKIIiOHaTPHA 1 CTPYKTYpHa  CXEMH  TPHCTPOIO  KepyBaHHS,
PO3PaxoBYIOThCA HOT'O apaMeTpy;

—aHani3 SKICHUX NOKA3HUKIE NpOYecie KepyeauHs. TICPeBIPSIETHCS
BUKOHAHHS BUMOT, 1110 npea'sBisitothes 10 CAK, aHamizyeThcsl OBEIiHKA
CHCTEMH, OLIIHIOFOTHCS i TOUHOCTHI 1 IMHAMIYHI XapaKTEPUCTUKH.

Bci  cucremum  aBTOMAaTHYHOTO — KEpyBaHHS  IMOAULIIOTBCA — Ha
po3imMkHyTi i 3amKkHYTI CAK.

Y pO3IMKHYTHX CHCTEMax Ipolec pOoOOTH CHUCTEMH HE 3aJICKHUTh
Oe3mocepeHbO BiA pe3ynbTary ii BIUIMBY HA KEPOBAaHHUI 00'€KT.

VY 3aMKHYTHX CHCTEMax BHUXiJ] CUCTEMH 3aMHKAETHCA 3 BXOAOM
TaKUM YMHOM, 00 BUMipIOBaHi KOHTPOJIbOBAHI BETMUUHH, SIKI XapaKTepH-
3yIOTb NEBHHH IIpoLeC, CIYXWIM O JKepelioM BIUIMBY HA CHUCTEMY,
NpUYOMY BEJIMYMHA LBOTO BIUIMBY 3ajiekana O BiJl TOro, HACKUIBKU
criocTepiraemMa BeJTMUMHA BIAPI3HIETHCS Bl 331aHOI.

Y Teopii aBTOMATHYHOTO KEPYBaHHS PO3MIISAAIOTHCS  TLIBKH
3aMKHYTi aBTOMAaTU4Hi CUCTEMH.

OcHoBHi komMmoHenTH CAK: 1) 00’ext kepyBanHs (OK), sxum
cucTeMa IOBHHHA KepyBaTH; 2) JATYMKH, sIKi 3a0e3NedyloTh OTPHMaHHS
iHpopMmauii mpo 00’ekT; 3) MPUCTPiIH KepyBaHHS — TOJOBHHHA KOMIIOHEHT



CUCTEMH KepyBaHH:I, SIKMH IMOPIBHIOE 3a1aHi 1 BUMIpIOBaH] Ha 00’ €KTi 1aHi Ta
(hopmye BXimHI 3MiHHI, TOCTYAIOTh Ha 00’ €KT.

3ajgani aHi MOJAIOTHCS B MPHUCTPiId KepyBaHHsA. BuxigHi naHi 3
00’€KTy KepyBaHHS BHUMIPIOKOTHCS 3a JOMOMOTOI0 JaTYUKIB 1 BUMIpIOBaHi
JlaHl TIOCTYTal0Th B MPHUCTpii KepyBaHHs. llpucTpiit kepyBaHHI Qopmye
BX1/IHI J]aHi, SKi IOCTYNarOTh Ha BXiJ BUKOHYyr0unx opraiB OK.

CAK BupimytoTh pi3Hi 3afaui KepyBaHHA, SKi MOXXHa YMOBHO
PO3IUTHTH HA TaKi:

1) 3amadi cmigKyBaHHS, 1 IK OKPEMEH BUIAA0K 33aaqi cTabimizaltii;

2) 3aa4i TepMiHAIBHOTO KEpyBaHHSI.

Cucmema cmabinizayii — ne CAK, B sKiii 3HaUEHHS 3aJaHUX JaHHUX €
MOCTIHHUMH MPOTATOM TPUBAIOTO Yacy, a Ha BUXOZl 00’€KTa Il 3HAYCHHS
HiATPUMYIOTHCS 3 33JIaHOI0 TOUHICTIO.

[Mpuknan: cucrema onantoBaHHs OyIWHKY, sSIKa BCEPEIHHI OyTUHKY
MiATPUMYE TIOCTIMHY 3aJaHy TeMIepaTypy NpH 3HAYHUX KOJIHMBaHHSIX
TEMIIEpaTypH HABKOIUIIHHOTO CEPETOBHUIIIA.

Cucmema cniokysanns — e CAK, B sikili 3HaYCHHS 3aJlaHUX JaHUX
3MIHIOIOTECS B 4Yaci, a Ha BUXOMI O0’€KTa BiACIHIAKOBYETHCS 3MIHU LHUX
3HA4YEHb 3 33/1aHOI0 TOYHICTIO.

[lpuximan: pagapHa YCTaHOBKA, SKa BIICHIIKYE TEPEMIIICHHS
00’ €KTIB, 10 PYXAKOTHCSL.

Tepminanena cucmema — e CAK, B sKkiii BUXiiHI 3MiHHI TOBUHHI
JIOCSTHYTH 3HAYCHHS 3aJ[aH0T 3MIHHOT 32 BU3HAYCHUI Yac.

[Mpuknan: cucremMa KepyBaHHS CYNyTHUKOM, SKa pO3BepTae
CYIMYTHUK 3 MOTOYHOTO KYTOBOTO IIOJIOKEHHS B MOMEHT uacy 1o [0
NOTPiOHOTO KYTOBE TIOJIOKEHHSI B MOMEHT 4acy t;.

s nocmimxenns nuHamiku CAK ycs cuctema po30UBaEeThes Ha
OKpeMi JIaHKH.

Jlanka cucmemu — Ue TEXHIYHMH TpUCTpi mr0060i dizmunHOl
OPUPOIN, KOHCTPYKIII Ta NPHU3HAYCHHS, IO OIMUCYETHCS BU3HAUCHHUM
T epeHIiHHIM PiBHSIHHSIM.

PiBHSIHHS TaHKM MOBMHHO OyTH CKJIaZICHO TaKUM YMHOM, 11100 BOHO
BiZJoOpakano 3ajexHicTh (B JAMHAMIYHOMY TIPOLIECi) MK TeMH
BEIMYMHAMH, SIKI B CXEMI CHCTEMH BKa3aHi Ha BHXOIl Ta BXOJI JaHOL
nankd. Jns  aHamizy cucteM  OUQeEpeHUiiHMX ~— PIiBHAHB  4acTo
BUKOPHUCTOBYIOThCSI IlepeaaTHi QyHKITIT.

Ilepeoamna ¢ynxyis nanku — 1ie BiHOWIEHHs 300paxkeHb Jlammacy
BUXIJHOI Ta BXiJHOI BEJTUYMH [IPH HYJIHOBUX MIOYaTKOBHX YMOBaX.



JIABOPATOPHA POBOTA Nel

BuBueHHs1 0CHOB POOOTH 3 CHCTEMOIO /U1 MATEMATHYHHUX Ta
inokenepHux po3paxynkis MATLAB

Meta po0OTH — 03HAWOMHUTHCS 3 CHCTEMOIO IS MAaTEMaTHIHHX Ta
IHKeHEepHUX po3paxyHKiB MATLAB Ta BHUBYMTH OCHOBHI IMPHHIMIN
poOOTH 3 i€ CUCTEMOIO.

1.1 TeopeTnuni BitomocTi

B Teopii aBTOMaTH4YHOTO KEpyBaHHS BaXKJIMBE Miclle MPHIIIETHCS
aHalizy Ta CHHTE3y CHCTeM aBTOMAaTHYHOIO KepyBaHHA. OmHuM 3
NpOrpaMHUX MPOIYKTIB, MPU3HAYECHUX JUI MOJCIIOBAHHS IIMX CHCTEM, €
cuctema MATLAB, ska peamnidye IIHPOKHI CIEKTP MaTeMaTHIHUX
METO/iB, 3aC001B Bi3yaulizallii Ta JOMOMIKHHUX 3aCO0iB.

1.1.1 Po6ouunii mpoctip cuctremu MATLAB i ii komanaHe BikHO

Ilicns 3amycky mporpamu MATLAB Ha ekpani 3'sBisieTscs
komaHmHe BikHO cucreMun MATLAB, mo MICTHTh MEH0, IiHIHKY 3
KHOTIKaMH 1 KITIEHTChKY YaCTHHY i3 3HAKOM 3aIlpOIIECHHS >>.

[Ticnst 3HaKy >> MO>KHA BBOJIMTH 3 KJIaBlaTypH 4rciia, iMeHa 3MiHHUX
1 3HaKM omepamidd, MO CKIAAIOTh Nesdkui Bupas. [licis HaTHCHEHHS
knasimi Enter Bupa3 oOumcimioeThCst 1 pe3ynbTaT BUBOIUTHCS HA €KpaH
(puc. 1.1). Ilicns oOumMcneHHsT BUpa3y 3HW3Y BiKHA 3'ABISETHCS BiIBHUN
PSIIOK U1l BBEACHHS HOBHX JaHHMX i 3HaK >>. B Teopii aBTOMaTH4HOTrO
KEepPYBaHHS BaXKIMBE MICIe MPUIUISETECS aHali3y Ta CHUHTE3y CHUCTEM
aBTOMATHYHOTO  KepyBaHHS. OIHUM 3  TPOrpaMHHX  TPOJYKTIB,
MpU3HAYEHUX IS MOJIENIOBaHHS 1MX cucteMm, € cuctema MATLAB, sxka
pealtizye MUPOKUN CIIEKTP MaTeMaTHIHUX METOJIiB, 3aC00iB Bizyarizaiii Ta
JIOTIOMIXXHHX 3ac00iB.
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Pucynok 1.1 — Komannne Bikao cucremun MATLAB

Bci 3HaueHHst 3MiHHMX, 00YHCIIEHI TIPOTSATOM MOTOYHOTO CEAHCY poOOTH,
30epiraloThCsl B CHEHiabHIM o0macti mam'sti, pobouwomy npocmopi
cucmemu MATLAB (Workspace).

Best Bunuma ingopmaris y Bikai cuctemu MATLAB po3sramoByerbest
B JIBOX 30HAX: nepe2isidy 1 pedacysanHts.

B 30HI nepeenidy MoxHa mepernsmaté Oynb-sKy i1HQOpMAaIIifo,
BUJIUIATH 11 Ta KOMIIOBaTH, ajle He MOYKHA BUIIPABIISTH.

30Ha pedacysanis 3aiiMae OJMH PSIOK KOMaHIHOTO BiKHA 3 3HAKOM
>> Ta Ha3UBAETBCS PSIOKOM 66€0eHHs, SIKUU MOXe 3aiiMaTH AEKibKa
(hiznuHUX pAAKiB. AJle pearyBaTH MOXHA TiJIbKY Ha OCTaHHIN PSJIOK.

Komanna clear im'sal im's12 Bunanse 3anadi 3MinHI, a komanaa clear
BUJIAJISIE BiZipa3y BCi 3MiHHI.

Komanna clc ounirye Buaumumii 3MicT KOMaHAHOTO BiKHa, aje
3HAUEHHs BCIX OOYMCIEHMX 3MIiHHMX NPH IHOMY 30epiraloThcs. Ix MokHA
MIPOJMBUTHCS, SKIIO 33JaTH iM'st 3MIHHOT 1 HaTucHYTH Enter.

Komanmoro WhO MokHa TepeBipUTH, sKi 3MiHHI 3aJUIIIACST B
pobodYoMy TpocTopi.

Jnst 30epexkeHHst 3MiCTy poOo4Yoro mMpocTopy IMOTPIOHO BHKOHATH
komauxy MeHro Save Workspace, 3amaBim KaTajaor Ha JHUCKY Ta iM’s
(haiiny 3 po3mmpeHHsM .mat, abo HabpaTH B KOMaHIHOMY BiKHI KOMaHIY:
save nuiax_ao_daiiay\im'as MAT-gaiiny. Taxi daiian HasuBaroTbess MAT—
daiinamu.

[ToTo4HMit KaTamor MOYKHA BU3HAYMTH 32 JIOTIOMOTOI0 KOMaH I Cd, a
3MIHUTH HOT0 MOXKHa KOMaH/1010 ¢d ILISIX_/10_HOBOI'0_KAaTaJIory.

Ha Oynb-sky komanny cucremu MATLAB MoxxHa oOTpuMaTH
JIOBi/IKY, BUKOHAaBIIM KoMaHy: help im‘si_komanam.



Cucrema MATLAB minrpumye mie naxemuuii pexxum poOOTH, B
SKOMY MOKHa PO3pOOJIATH MPOTPaMH, IO CKIANAIOTHCS 3 MOCIHIJOBHOCTI
KOMaHJ] KOpHCTyBada Ta 30epiratoTbCsi Ha IUCKY y BHUIJIALI OKPEMOro
¢aitny 3 posmmpenssm .M. Paiinwm, sxi mictate komanau mosu MATLAB
(M-moBH), HasmBaroThess M-aiiaamu. CrBoproBatd M-¢aiii MOKHA
BUKOPHUCTOBYIOUN CIICHIATbHUNA pedaxmop M-(pailiiB, MO BXOAUTH 0
ckiany MATLAB. Ilpu upomy Bci ¢ailin mpoxoasTh CHHTaKCHYHHN
KOHTPOJIb.

€ nBa Tur M-daiaiB: gaviiu-cyenapii i havinu-pynxyii.

1.1.2 CtBopenHs ¢aiia-cueHapiro

Qaiin-cyenapii, adbo SCript-aiija, € HaHIPOCTIIIO TPOrPaMor 3
3ammMcoM cepii komanna 0e3 mapameTpiB. @aili-cyenapiti HE Ma€ BXIITHUX 1
BUXITHAX apryMEHTIB, BUKOPHCTOBY€E TIIbKH TJI00ANBHI 3MiHHI 3 poOodoi
00JacTi, B IPOIIeCi BUKOHAHHSI HE KOMIILITFOEThCS.

Qaiin-cyenapili Mae HACTYIHY CTPYKTYpy: OCHOBHHUN KOMEHTap,
JOIATKOBUI KOMEHTap, Tino ¢aimy 3 Oyab-skuMHu BHpazamu. OCHOBHHIA
KOMEHTap — II¢ MEepIIni PsIOK TeKCTOBHX KOMEHTApiB, M0 MOYMHAETHCS 3i
3HaKy %0 B mepmriil mo3uilii, a JOJATKOBHI — IMOMAIBII PSAIKH 31 3HAKOM 0.
[Mpu BukoHaHHI KoMaHau help im’s_cpaiiay ocHOBHMIT KOMEHTap BUBOIUTHCS
B KOMaHJJHOMY BiKHi.

st ctBopenHss M-¢paiisry motpibHo BukoHatH KomaHmy New|Script
rosyioBHOI maneni iHctpymeHTiB MATLAB (puc. 1.2). 3'SBUTHCSI HOBE BIKHO —
TEKCTOBUH PEIAaKTOp 3 TOTOBHM [UIs PelaryBaHHS MOPOXHIM JIOKyMEHTOM.
Ilicns HAOGOpY TEKCTY ¢hailn-cyenapiro 6 TEKCTOBOMY pemakTopi 1 Horo
BIJIJIArO/DKCHHST HEOOXIZHO 3amucatd M-gaiiit, 1y 4oro BUOpATH IYHKT
MeHt0 Save|Save As im'si_m-gaiity. [Ins BUKOHaHHS M-(aiisia-cueHapiro
MOJKHA CKOpPHCTATUCS KOMaHao MeHo Run, abo Bukimkatn Mm-gaiin B
KOMaHJIHOMY BiKHi, BKa3aBIIIU TUIBKHU iM’s ILOTO (haiiiry O6e3 po3IpeHHsI.

Ipumimka: iM’s1 M-¢aiiy He TOBUHHO MOYMHATHCS 3 TUPPH.
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Pucynok 1.2 — CtBopenus M-gaiiay

PosrnsHemo  HacTymHuM#t  daiin-cueHapiii IS TOCHIDKCHHS
JUHAMIYHUX XapaKTEPUCTHK IHTErPYHOUYOl JIaHKH, SKa OIMHUCYETHCS

. . 3
PIBHSIHHAM X5 = 3X;, Ta Ma€ nepeaatny ynkuiero W1(s) = 5
B TexcToBOMY penakTopi HaOUpaeThCS TEKCT M-haiiy:

SHOoCnimKkeHHsT OMHaAMidHMX XapaKTepPUMCTMK JIAHKM
clc; $ OuMcTka 3MiCcTy KOMAaHOHOI'O BikKHa
£f1=[0 3]; %Koed-Tm umcensHmxa nepegar. ¢-umii
£f2=[1 0]; %Koedp-TM BHaMeHHMKaA nepemaT. ¢-uii
Wl=tf (f1,£f2) %®opmyBanHHsa nepemaT. ¢-uii naHkM
%[lo6ymoBa nepexifgHOI XapaKTEePMCTHUKM JIAHKKU
subplot(2,1,1); step(Wl); grid on;

%llobymoBa iMNysBCHOL XapaKTEepPMCTUKM JIQHKA
subplot(2,1,2) ;impulse (W1l) ; grid on;

Iepmmii psoK — e OCHOBHHMK KOMEHTap, iHIN — TuTO ¢aitmy Ta
JIOATKOBUI KOMEHTAp.

Oynkuis tf(f1,f2) dopmye nepematny ¢yukmiro nanku, ge f1, 2 —
Koe(illieHTH YMCeNTbHUKA 1 3HAMEHHHKA TepeJaTHOl (PYHKIIT JTaHKH.

@ynkiis subplot(m,n,p) BuBoAMTE B OHOMY BiKHI Bifipa3y Kiibka
rpadikiB, TOOTO po30MBae BIKHO Ha MXN MiABIKOH, ¢ M — KiJIbKICTH
Mi/IBIKOH 10 BEPTHKAJi, N — KUIBKICTh MiABIKOH IO TOPU30HTANI, P — HOMEp
miiBiKHA (IMiBIKHA ITiAPaXOBYIOTHCS TIOCHTIIOBHO 32 PSAKAMH).

Komanma grid On BHKOPHCTOBYEThCS [UISi BUBCICHHS CITKH Ha



11

rpadiky.

Ipumimxa: SKIIO TMICNs BUpa3ly HEMae KOMH, TO 3HAYCHHS BHPazy
Oyze BUBE/IEHO HA EKpaH.

[Micns Habopy Tekcty (aitn 3ammcyemo (Hampukiax, labl 1.m) ta
3aITyKaeEMO Ha BUKOHAHHS, CKOPUCTAaBIIMCH KOMaH00 MeHio Run (puc.1.3).

4\ MATLAB R20163 — m} x

HOME (2SN (7)) Search Documentation »

EEJ 19 =3 o - N_2016\TA AMY_2021\Lab1_1.m = (m]
few Mew o [ EEPEEETEEG © -

Script
Find Files - A
- EE:' - E D?‘ - D L@ [ Run section é))
e y =] compare GoTo ~
G @EE New Open Save L] A EDIT  Breakpoints Run  Runand [l Advance Run and
- - v = Print > L Find ~ - ~  Advance Time
-
W= FILE NAVIGATE BREAKPOINTS RUN
| Lab1_1m |+ |
3 = —
il= clc; A
- 2 s$0ocn
= 3= £1=[0 3]: T = amrm
4 - £2=[1 0]: %K T = amrm
Continuocus-time [ g — Wetf(£1,£2)
& $MoBynosa nepexi
P 7 - subplot (2,1,1); step(W); grid on;
8 tMobymosa in 01 XApAKTEDMCTHMEM MaHEM
= subplot (2,1,2);impulse (W) ; grid on; v
= Ln 10 Cel 1

Pucynok 1.3 — M-¢aiia 3 mporpamoro

B pesynbrati otpumyemo Taki rpadiku (puc.1.4).
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[#] Figure 1 — O *
File Edit View Insert Tools Desktop Window Help o
DEdS KAV ODEL- S/ 08| nD
Step Response
150 T T T T T T T
o
o 100 — .
E -
E ) g’
< 50 - 7
D — 1 1 1 1 1 1 1
0 ] 10 15 20 25 30 35 40
Time (seconds)
Impulse Response
4 T T T T T T T T T
© 35 J
=]
2
a5 3
=
< 25+ 1
] 002 004 006 008 04 012 014 016 018 02
Time (seconds)

Pucynok 1.4 — Pesynpratu poboTn

Jls 3armcy rpadiki ooupaetbes myHKT File|Save As, ne 3amaerses iM’st
Gaiiny 3 NOTPIOHUM PO3IIMPEHHSIM (HAPHKIIAJ, jPQ).
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1.1.3 CrBopenns M-pyHkuii

M-gaiin-ghynkyia € caMOCTIHHUM TIPOTPaMHUM MOJIYJEM, SKAN
CHIJIKY€ETHCS 3 IHIIMMU MOIYJISIMH Yepe3 CBOi BXiZHI 1 BUXiJHI apaMeTpu.
Busnauennss M-ghaiin-¢hynryii moumHaetbest 3i crmosa function. @aiin-
¢@yHKYis MOXKE BUKOPUCTOBYBATH JIOKATBbHI 3MiHHI, SIKi HiSIK HE BIUTMBAIOTH
Ha 3HAYEHHS 3MIHHUX 3a Mexamu (yHKIii. [Ipm BUsSBIEeHHI B Tiporieci
BUKOHAHHS TPOTpaMU Paili-)yHKyis 3aBKAM KOMIIUTIOETBCS, a TUIBKH
MOTIM BUKOHY€ETHCSI.

Qaiin-ghynkyia 3 JOEKUIbKOMa BHUXITHUMH TapaMeTpaMd Mae
HACTYIIHY 3aITUC:

function[varl,var2,.]=f name (cnmucok_mnapaMeTpis)
$OCHOBHMIA KOMEHTap

$donoMixHMII KOMEeHTap

Tino darny 3 6yABL-sIKMMM BMpas3aMm

varl=Bupas

var2=pmupas

Jie CIUCOK_NapaMeTpiB — iMEHa BXITHUX MTapaMeTpiB, 3aMFCAHUX Yepe3
KOMy B KpynuX ayxkax, f_name — im's ¢ynkuii, varl, var2,... — imeHa
BUXIZIHMX 3MIHHHX, 3aITICAHUX Yepe3 KOMY B KBaJIpaTHUX AyxKaxX, OCHOBHUH
KOMEHTap — TIepUIi PSIOK KOMEHTapiB, IO BUBOIWTHCS HA €KpaH, SIKIIO
3a/1aTh B KoMaHaHOMY BikHi help f_name.

3a gomnomoror 3anmcy varl=Bupa3s, var2=Bupas Qaili-¢yHryis
TIOBEPTAE PE3yNbTaTH OOYUCIEHb. SIKIO ¢hatin-ghyHkyis Mae ONVMH BUXiTHHN
rapameTp, TO Horo iM’st He OepeThcsl B KBaIpaTHI JyKKW. Taka (pyHKIS Moxke
BUKOPHCTOBYBATHCSI B MaTeMaTHIHHUX BHpa3ax B 3anmci
f name(cnucox_mapamMerpis).

Qaiin-ghyuryiro 3 NEKIIBPKOMa BUXITHUME TapamMeTpaMH He MOXKHA
BUKOPHCTOBYBAaTH O€3MOCEpe/IHh0 B MaTeMaTHYHHX BHpa3ax. Taka QyHKIIis
CIIOYATKy 3alliCYEThCSl SK  OKPEMHI eJeMEHT TMporpamd Yy  BHIVISI:
[varlvar2]=f name(cnmcox_mapamerpiB), a motiM BuXigHi 3MiHHI varlvar2
MO>KHa BUKOPHCTOBYBATH B TIOJAJIBIIINX BHPA3aX.

Daiin-ghyHxyisi CTBOPIOETBCS aHATIOTIYHO, SIK 1 hatli-cyenapiu. [licns
Habopy Tekcty M-gyuxyii Ta ii BlIylaro/pkeHHs: HEOOXiHO CTBOPUTH M-(paii,
JUTs1 YOTO CKOPHCTATHCS IyHKTOM MeHIo Save|Save As.
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Ipumimka: iM’st M-aitny 3 M-¢yukyicro TTOBUHHO CIHIBIIAAATH 3
iM’siM camoi @hyHKyii.

Bukmukatin  M-ghaiin-gpynkyiro MOXKHa 3 KOMaHAHOTO BikHa, abo 3 M-
gaiiny-cyenapiio, BKa3aBIlu iM’s IIbOTO Gaiiny 3 ¢aiin-ghyuryicro.

Posrnssaemo mpuknan M-¢@yuxyii s JOCHIHKEHHS TUHAMIYHHAX
XapaKTepUCTUK JaHKK (MEepexiJHOi Ta IMITyJIbHOI XapaKTepUCTHK) 3
3aaHUMHU TapaMeTpamu. Buxionwi napamempu: St_im—im’s M-pynxyil,
N1,nN2 — BeKTOpU-PIAKKH  KOe(IIIEHTIB  YMCEIbHMKA Ta  3HAMCHHHKA
nepenatHoi (GyHKIT aHku, TK— KiHIIEBHI Yac MOJETIOBaHHS, h — Kpok
MOJICIIOBaHHs, Buxioni napamempu: Y1,y2 — BEeKTOPU-PSIIKA OOYUCIICHUX
3HAYEHb NePeXigHO1 Ta IMIyIbCHOT QYHKIIH JIJaHKH, T — MacuB TOYOK Yacy.

function [yl,y2,t]=St im(nl,n2,Tk, h);

$OocnimxeHHsT AMHAMidYHMX XapaKTEepUCTUK JIAHKU

W=tf (nl,n2) %$PopmyBaHHa nepegjaTHOl b-1ii manxm

i=1:1:fix(Tk/h)+1; $%3BaBgmaHHs Kijn-Ti TOuYOK

T(i,1)=(i-1)*h; $PopMyBaHHS MacuMBY dHacy

[sl,T]=step(W,T); %$O6umcneHHsT nepeximgHoi ¢&-uii

[s2,T]=impulse (W, T) ; $0O6uncnenHs iMnynescHoOl ¢-mii

yl=sl; y2=s2; t=T; %$Buxipgui napameTpmn

Bammcyemo M-gaiin-ghynxyiro 3 im’sm St_im.m, ske cmiBmagae
3 iM’sim camoi dyHKkiti St_im.

B Editor - CANNN_2016\TAK_cryg\MY_2021\St_im.m

PUBLISH ZE L EE2e SO

Ifl]:l J @ P Fies < 5 D @ [2] Run section lﬁ})

[/ compare ~ [ GoTo ~

MNew Open Save EDIT Breakpoints Run Run and @Mvanoe Run and
-

- - * [ Print = iy Find = - Advance Time
FILE NAVIGATE = BREAKFOINTS RUN
| St_im.m |+ |
1 function [¥l,¥2,t]=5t_im(nl,n2,Tk,h); O
2 FocnimmeHss OMHA X XapaKTepMCTHE JIat
3= W=tf(nl,n2) %SfopMyEan HEM
4 - i=1:1:fix(Tk/h)+1; E MacHMEax
5 - T(i,1)=(i-1)*h;:
6 — [51,T]=step(W,T); SPMCTHEN
T - [52, T]=impulse (W, T); 1 DPHMCTHEN
8= yl=s1; y2=s2; t=I; I« HA BMXigHMX OapaMeTpiB
9

St_im Ln & Col 45

Pucynoxk 1.5 — M-daiia 3 M-gaiin-gpynxyio St_im
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Haimi po3pobmnserbest ¢haiin-cyenapiti njsi AOCHIIPKEHHS THHAMITHIX
XapaKTEPUCTHK 1HTErPyr0o4Ool JIJAHKHU 3 HACTYIIHUMU BX1THUMH IIapaMeTpaMu, B
SKOMY BUKJIMKA€ThCS IpUBeAcHa M-pyHkyis.

clc;

Tk=25; h int=0.01; % Tk=a0/al*5 —wac MOneJOBaHHS
f1=[0 3]; £f2=[1 0];
[s1,s2,T]=St_im(f1l,£f2,Tk,h _int);
subplot(3,1,1) ;

set(plot(T,sl,'-b',T,s2,'-.r'), 'LineWidth',1.5);
grid on; legend('hl','gl');

£f1=[0 20]; £2=[5 1];
[s1,s2,T]=St_im(fl,£f2,Tk,h _int);
subplot(3,1,2) ;

set(plot(T,sl,'-b',T,s2,'-.r'"), 'LineWidth',1.5);
grid on; legend('hl','gl');

f1=[20 0]; £2=[5 1];
[s1,s2,T]=St_im(fl,£f2,Tk,h _int);
subplot(3,1,3) ;

set(plot(T,sl,'-b',T,s2,'-.r'), 'LineWidth’',1.5);
grid on; legend('hl','gl');

@yukuis plot(...) BUBoAUTh Ha ekpaH rpadiku 3MiHHHX. B manomy
npukian Ha omHoMy rpadiky BuBomaThes aBi ¢yHkmii S1(T) ta s2(T) 3
3aBIaHHSIM BHTJISY Ta KOJIBOPY JIiHII.

Jlinis Moxe OyTu: Oe3nepepBHA - , MITPUX-TTYHKTUPHA -. , TTO/IBii{HA
NYHKTHpHA :, IITPUXOBA --, @ KOJip JiHil: K — 4opHui, § — 3eseHuil Ta iH.
Oyukmis Set(...) 3aBmae ToBmumHy JiHiii 1.5 mr. Ha rpadiky Ttakox
BUBOJSATHCS CITKA Ta Ha3BH (DYHKITIH.

—ht

—mmegt

0 1 2 3 4 5 6 7 8 9 10

Pucynok 1.6 — Pe3ynbrat Bukonanus M-gaiiay
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1.2 Ilopsinoxk BUKOHAHHS POOOTH

1. O3naitfomTech 3 KoMangHUM BikHOM cructeMun MATLAB.

OO0uunCTITh HACTYIHI MaTEeMAaTU4HI BUPa3W Ta 30epexiTh y daiim 3
po3mupeHHsm .mat:

2+3, x=pil4, z=2.301*sin(x), w=4+exp(3)/5, y=8+z, f=sqrt(y)/2

2. O4HCTITE POOOUHMIA TPOCTIP, a HOTIM 3ITPITh BUAUMHUM 3MIiCT po0o-
YOT0 MPOCTOPY, Ta 3aBaHTAXKTE 3MICT POOOYOro MPOCTOpy 3 (aiiny.

3. Po3paxyiiTe mapamerpu Uil TNepeAaTOuyHMX (YHKIIA 3aaHuX
PIBHSIHB, KOS(IITIEHTH 17151 TKUX BUOEPiTh 3 Tabmuti 1.1.

PiBHsIHHS 3 IepegaToOuHUMU (YHKIISIMH IPUBEACHI HIXKYE:

’ X2 b by/ay
AoXy + a1X, = byx,, W2(s) === =
0oX2 T a1X; 01 () X, agsta, ag/a;s+1’
X, _ bps __ bp/a;s

li A
AogXs + a1x, = byx;, W3(s) === = .
0Xz +a1X; 041 (s) X, agsta, ag/a;s+1

CrtBOpiTh  Qhaiin-cyenapiti i AOCHIPKEHHS  JHHAMIYHUX
XapaKkTepUCTUK JIaHOK 3 OTPUMAHWMH TIepelaTHHUMH (QYHKIIIMH Ta
BUKOHaiTe mporpaMmy. BuBenitTe rpadiku NepexifHUX Ta IMITYyJbCHHX
XapaKTEePUCTUK. 3alUIiTh @aiii-cyeHapiii Ha AWUCK 1 3aMyCTiTh HOro Ha
BUKOHAHHSI.

4. CtBopite M-ghaiin-¢pynxyito ans JOCHIHKCHHA JUHAMIYHUX
XapaKTePUCTHK JIAaHKH 3 3a/IaHOI0 TIEPEAaTHOI (PYHKIIIETO.

5. CtBOpiTh @hatin-cyenapiii, B SKOMY 3p0O0ITh TpU BUKIMKU M-¢hatii-
@yHryii UL OCIIIDKEHHS JMHAMIYHMX XapaKTEepUCTHK JIAHOK 3 yciMa
nepenaranmu Qyskismu W1, W2, W3. Busenite rpadiku nepeximHux Ta
IMITYJIbCHHUX (PYHKIIIH B TpH MTi/BIKHA. 3AITyCTiTh (haid)l HA BUKOHAHHSI.

Tabmurs 1.1 — Koedinientn aiis nepenatoyanx QyHKIINH

Nesm. | 1 2 3 4 5 6 7 8 9 10
Qo 15 | 20 | 25 | 50 | 60 | 70 | 80 | 60 | 90 | 100
a 3 4 5 10 3 7 10 | 12 | 15 | 20
bo 60 | 40 | 50 | 80 | 60 | 70 | 30 | 48 | 60 | 50
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1.3 3micT 3BiTY

1. TurynpHU TUCT.

2. Meta poGotu.

3. llepenaThi ¢yHKOii A7 3amaHUX piBHAHB 3a 11. 1.2.4.

4. I'padixn TUHAMIYHUX XapaKTEPHUCTHK JIaHOK 3a 1r. 1.2.5, 1.2.7.
5. Ctucni BiAmoBii Ha KOHTPOIbHI TUTAHHS.

1.4 KonTpoabHi nuTaHHs

1. 3 sKux yacTUH CKIIataeThecsi KoMaHaHe BikHO cuctemu MATLAB?
(cm. ctp.3)

2. o take po6ouwmii mpoctip cuctemu MATLAB? (cm. ctp.4)

3. o Take 30Ha meperisgy Ta 30Ha peAaryBaHHS B CUCTEMi
MATLAB? (cm. ctp.4)

4. Sk zanmcaty y ¢aiin, cTepTH Ta BHUIOATUTH 3MICT PoOOYOTro
npoctopy? (cM. cTp.4)

5. Illo Take daiin-cuenapi, dain-byakmis? B gomy ix pizaumsa?
(cm. cTp.5, 8)

6. [1lo Take cucrema aBTomaTnyHoro kepyBauts (CAK)? (cm. ctp.1)

7. JlaiiTe BU3HAYEHHS Ta MPUBEMITH MPHUKIATN CHCTEM cTabimizaii,
CITIIKYBaHHS, TEPMiHAIBHOI. (CM. CTP.2)

8. o Take manka CAK? (cm. cTp.2)

9. Jlalite Bu3HaueHHS NiepeaTHOT PyHKIIT JaHKHU. (CM. CTp.2)

10. Sk 3amatu mepenmatHy ¢yHkuito B cuctemi MATLAB? (cwm.
ctp.6)

JoaaTkoBuii MmaTepiaJj 10 NyHKTY_ 4
PiBusinusa_1: ayx; + ayx, = byxy

aosXZ + a1X2 = bOXl (aos + al)Xz = b0X1

W(s) = Xa _ _bo _ _bo/ay

X, ags+aq ag/a,s+1

£f1=[0 bo/a;]; $umceneumx nepexm. o-uii
f2=[ ap/a; 1]; %sHaMeHHMK nepen. b-mii
wW=tf (£f1,£2)
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Npuxnan pnst BapianTy 1
£f1=[0 60/3]; %umcenpHMk nepex. ob-umii
£2=[ 15/3 1]; %sHaMeHHuk nepen. b-uii

PiBusinHsa_2: ayx; + ayx, = byxg

aosXZ + a]_Xz == boSXl (aos + al)XZ = bOSX1
X bys by/aqs

W(s) = 22 _ 0 _ o/
Xy ags+a; ag/as+1

fl=[by/a; 0]; %umcenbumx nepen. b-umii

f2=[a,/a; 1]; %BHaMeHHMK nepex. o-uii
W=tf (£f1,£2)

[lpuxnan pnst BapianTy 1
£1=[60/3 0]; %umcenpHux nepen. b-uii
£2=[ 15/3 1]; %sHaMeHHuk nepen. b-uii

Ilpukisag orpuMaHHs nepeAaTHOI PyHKIil

agxy'" + ayxy’ + ayxy + asxy + azx, = bxy
X — BUX1JHAa BEeJIMYMHA, X1 — BX1JHAa BEJIMYMHA

IleperBopenHs 3a Jlaruacom:
aO . S4X2 + a; - S3X2 + a, - SZXZ + a3 . SX2 + a4_X2 = bX1

(ap-s*+a;-s3+ay, s> +az-s+ay)X, =bX,
[Mepenatha GpyHKIis

W(s) = é = b
X1 agst+ays®+azs?+azs+tay
W(s) =22 = b/as
X1 ag/ass*+ aj/ass® +ay/ass? +as/ags + 1

ne k=bl/as — xoediuienr nepenaui.
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JIABOPATOPHA POBOTA Ne2

Hocaipxennss CAK 3 ITIJ] peryisstopom
Meta poOotu: BuBYMTH BIUTUB ckiagoBux IIIJI-perymsropa Ha
SKICHI MTOKa3HUKH CHCTEMH aBTOMAaTHYHOTO KEPyBaHHSI.
2.1 TeopeTuuHi BizomMocTi

2.1.1 HocainosHi koperyrodi npuctpoi (I peryasropu)

CrpyxrypHa cxema CAK 3 III/[-perynasitopom nokasana Ha puc. 2.1,
JIe g — BXIIHUH CUTHA&J, y— BUXIJHUWA CHTHal, Y = g — )y — IOMMJIKA
cucTeMu, U — Kepyroum# curHan, Wy — nepenatna dymkuois ITIJ-
perymsitopa, W, (s) — nepenatHa GyHKIlst 00’ €KTa KepyBaHHS.

g X u y
Wit () == W,(s) -

Pucynok 2.1 — Ctpykryphna cxema CAK 3 IIJ]-perynstopom

Ilepenatna pynkuis ineansHoro [11J[-perynsTopa Mae BUTISA
k.
WHI[[(S) = kp + ?l + de (21)

IIpu boMy Tepinia ckiaoBa siBisie co0oro mpomnopiiiay itanky (I1), npyra
cknasoBa — iHTerpyrouy naHky (I), Tpers ckiamoBa — nuU(EpEeHIIIOITY
nanky ([). Ha mincraBi mporo perymsitop mae Haszpy [1I[]-perymsitop.
Icnyrote Takox I, I, Ta [1/I-perynsaropu, CTpyKTypa SIKMX 3aJIe)KUTh BiJl
TOTO, SIKi CKJIaZiOBI BXOAATH 10 peryisTopa. CTpyKTypHa cxeMa iieaibHOro
[I-perynsitopa 300paxena Ha puc. 2.2.

kil e )tma,
9 T

kdf‘;
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Pucynok 2.2 — CtpykrypHa cxema ineansHoro [11J]-perymnsropa

s mokpalieHHs 3aBaloCTIKOCTI Ha MPaKTHII TPETIO CKIAaIOBY Y
(2.1) 3amiHOOTE Ha OUQEPEHIIIOIYN JIAaHKY 3 yMNoBiUIbHEHHAM. Tomi
nepenataa ¢Gyakuis [I-perynaropa 6yxy matu BUTIIS

Wiin(s) = ky + L+ 22 2.2)

TEs+1’

CrpykTypHa cxema ifeanpHoro II/I-perynstopa 306paxeHa Ha puc. 2.3.

kg 0

X . Eﬂb__ll}m
G Y

i
Ky
s+ 1

Pucynok 2.3 — CtpykrypHa cxema ineanproro [11/I-perymsaropa
2.2 BuznauenHs koediuientin IT1J] peryastopa

Jdns  Bu3Ha4YeHHsT  KoedillieHTIB  peryisTopa  Haifuacrimie
BUKOpUCTOBYEThCs MeToJ| [{urnepa — Hikonbca. TIpu BUKOPUCTAHHI 1HOTO
merony koedimientn K, , Ki, Ky MoxkHa 3HaliTH IBOMa crocoOamm:
eKCIepUMEHTAIbHO  a00  aHamiTH4HO. [Ipu  eKclepruMeHTaIbHOMY
BH3Ha4YeHHIO KoedimienTn K , Ky mpupiBHIOIOTECS HyIro, a KoedinieHT K,
301IBIIYETHCS 10 3HAUCHHS Ky, TIOKH CHCTEMA CTaHE HECTIHKOI0. 3HAYCHHS
K — Lle Mexa KonuBaibHOi crilikocTi 1 koedimienta K, Ilpu K=K,
00YHCITIOEThCS TIEPI0J] aBTOKOIMBAHb — Py, (00MpaeThest KillbKa KOIMBaHb,
OOYMCITIOETBCSA Yac IMX KOJMBaHb Ta MUINTBCA Ha KidbKicTh) IloTiMm
xoedimienTn obumciooThes 3a Gopmymamu: K, =0.6ky, ki =0.6k,/Py,
kqy =0.15k,P,. TlepeBaroto 1mporo MeTOAy € Te, IO BiH HE TOTpedye
3HaHHA MaTematuyHol Moeni OK.

AHaTITHYHUI METOJ] BUKOPUCTOBYETHCS, KO BiJloMa MaTeMaTHIHa
mogens OK. [lpu aHamitTH4HOMY pO3paxyHKY KOe(IIlieHTIiB CIOYaTKy
3HAXO/ATh KOJMBAIBHY MEXY CTIHKOCTI i 4acTOTy KOJIMBaHb CHCTEMH Ha
MeXIi CTIHKOCTI a TOTIiM TI0 YacTOTi KOJIMBaHb CUCTEMH Ha MEXIi CTIHKOCTI
3HAXO/ATh NEPi0J] aBTOKOIMBAHb P,,.

Ilpuxnao. Hexaii nepematoyHa (YHKIS 00’€KTy KepyBaHHS Mae
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BUIJISI:
Kok

(Tys + 1)(T,s + 1)

Wok(s) =

J1s1 mokpateHHs sIKocTi nepexiHoro npouecy BukopuctoByemo IT11-
PETyISTOp 3 MepeNaTHO (QYHKIIIEO, 0 MA€ BUTIISIAL

Wor(s) = ky + ki _Kas
s) = e
per P s 1s+1
ae Ky , Ki, Kq— koedimientu nepenayi MPOTOPIIOHATILHOT,

iHTerpyrouoi Ta OudepeHmiiHOi  CKIaJoBUX, 7Tk — IOCTiHHA dYacy
mudepenuiiiHoi cknanoBoi [MIJ]-perymsropa (Moxxe nopisatoBatu 0.1...0.3
Kq /Kp).

Jns Bu3HaueHHS Koe(illieHTiB perynsTopa BHKOPUCTAEMO METOJ
[{urnepa — Hikonbca.

Tak sx y mac OK 3amanmii y Burmami mnepeaatHoi (yHKIi
(amamiTnaHO) TO JNA  po3paxyHKy koeodimientie Il perymsTopa
BUKOPUCTAEMO aHANITHYHUKA MeToA. Jlms mporo 3HaiijemMo mnepenaTHy
¢yukiiro OK i3 P-3akoHOM peryimoBanns (puc. 2.4).

G E | ¢ Y

-Iip = Wals) T

Pucynok 2.4 — Ilepenatna ¢pynkuis OK i3 P-3axoHOM perysroBaHHS

Maemo

W

_ kpWor(s) _ kpKok
(s) = 1+kpWor(s) — (Tys+1)(Tys+1)+kpKok (2.3)

XapaKTepI/ICTI/I‘IHe piBHHHHH CUCTEMHU MaA€ BUTIIAL
(Tys + 1)(Tps + 1) + kpKop = 0 (2.4)

Skmo IS Takoi CUCTEMH 3HAWTH KOJIWBAIbHY TPAHUIIO CTIMKOCTI, TO
OTPUMAEMO
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1+ky Kok
Wyon = /# (25)

21 .
BpaxoByouu 1Mo Wy, = >’ 3HAaXOAMMO IIEPIOJ HE3ATyXar4vuX

_ T,
P=2m /—HkaOk (2.6)

Jist  momanbIIMX PO3PaxXyHKIB IS BH3HAYEHOCTI MOKJIAIEMO
kox =10, k, =2, T, = 0.6, T, = 0.5. Toni orpumaemo

KonuBaHb P

ky =k =2
b ZEJW = 27T\/(T—3 = 0.25,
1+kaok 1+2-10 21
kp = 0.6,k, = 1.2,
ki =0.6"%=0.6—=16.

0.25
ky = 0.15k, P
m-darn g monemosanus poootu OK 3 TII] perynstropoM Mae HACTYIHUI
BUTJISI
clc

% napameTpm OKa

Kok=10,T1=0.6;T2=0.5;

$pospaxyHok koebinienTis III]] perynsTopa

ku=2;

P=2*pi*sqrt (T1*T2/ (1+ku*Kok)) ;

kp=0.6*ku; ki=kp/P; kd=0.15*ku*P; tau k=0.015;

¥BHAXOMKEeHHsI NnepemaTHoOl QyHkIil BaMKHyTOl cucTeMM
Wl=t£ ([0 Kok], [Tl 1]); $ l-a mepemaTHa OQyHKIis;
W2=t£([01],[T2 1]); % 2-a nepemaTHa ObyHKIis;
Wo=W1*W2; %nepepmaTHa ¢YyHKIisT POoBiMKHyTOL cucTeMn;

Wi=t£ ([0 ki], [1 01); $nepepaTHa byHukIis
inTerp.cknagosoi;
wWd=t£f ([kd 0],[tau k 1]) ; $nepemaTHa byHKIis

ond . cknagoroi ;
Wpid=kp+Wi+Wd; $nepenaTHa ¢yHkuis [NIM-perynsiTopa;
W=Wo*Wpid %nepexn. ¢-uist posimk. cucremmu 5 III per.;
Wos=feedback (W,1)% mnepesn. ¢yHk. BamkH.cumc. 3 IMNIJ-
perymx. ;
t_mod=3 %uac momenmBaHHS
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step(Wo, 'b' ,Wos, 'r', t mod); %nobymoBa nepex. xap.
grid on;

[Micns 3amycky M-aiin-ciieHapiro OTPUMAEMO TepenaTHy (QyHKIIi0
cuctemu 3 [1I/I-perynsaropom
2.433s% + 12.24s + 15.98

Worn =
PID ™ 0.0045s% + 0.3165s3 + 3.548s2 + 13.24s + 15.98

Pesyneratn MogenroBanHs cuctemu kepyBaHHs Oe3 [11/[-perymstopa
ta 3 IIIJI-perymatopom (k,=1.2, Kki=1.5929, Kk;=0.2253) HaBenmeHi Ha
puc.2.5.

Step Response

Armplitude

0 0.5 1 15 2 258 3
Time (seconds)

Pucynok 2.5 — Pesynbrat MmoaemoBanus cucremu 0e3 I1J] Ta 3 TTI/I-
PEryasTopom

2.3 [opsaaok BUKOHAHHS POOOTH

1. Po3po0ith cTpyKTypHi cxemMu cucrtemu kepyBaHHS s OK 3
KOK

(T1s+1)(T,s+1)(T3s+1)

nepenatHoto ¢yHkuieto: W, (s) = 0e3 BBeCHHS Ta 3

BBeaeHHAM [11/[-perynsaTopa.
2. CtBopiTh (aiin-cueHapiil A7 MOJETIOBAaHHSA 3aMKHYTOI CHCTEMHU
6e3 [11/I-perymnsaropa Ta 3 I J[-perynsropom
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Ipumimxa. llpuBenennii 00’€KT KepyBaHHS MOKHA MOJEIIOBATH
TphOMa MOCTIAOBHO 3’ € THAHUMHY 1HEPIIHHUMH JIAHKAMH,

Kok 1 1
Wok(s) = (Tys+1) (Tys+1) (Tzs+1)’

a koedinientu ITIJ[-peryasitopa po3paxyBaTH 3a HACTYIIHUMU BHPa3aMHu:
a,a,
—=—1

Ao

Kok

T.T;
P = 21w #’
1+ka0k

kp =0.6ku, ki =0.6ku/P, kd =0.15kuP.

k, =

ne
ag =T T,T;3,
a, =TT, + Ty T3 + T, T35,
a, =T, +T, +Tj,
az =1+ kK.
Koedimientn 00epiTh BiMOBIAHO BapiaHTy 3 Tabauii 2.1.

Tabmurs 2.1 — Koediuientn [11/]-perynstopa

Ne K,,K T1, C Tz , C T3 , C T, C Txiu,c
1 10 0.5 0.15 0.1 0.01 8
2 5 1.0 0.5 0.3 0.05 10
3 40 5.0 0.5 0.1 0.04 12
4 15 8.0 1.0 0.5 0.1 30
5 10 6.0 2.0 0.8 0.25 50
6 20 10.0 4.0 0.6 0.3 80
2 12 4.0 1.5 0.3 0.15 25
8 8 2.0 1.2 0.25 0.12 15
9 10 3.0 0.9 0.4 0.1 20
10 15 25 0.45 0.2 0.06 15

3. 3amycTiTh M-daiin i orpumaiite rpadiku nepexiqHuX QYyHKLIH s
cucteMu 0e3 BBeZieHHs Ta 3 BBeAeHHsM [11][-perynsTopa.
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2.4 3mict 3BiTY

TuTynbHUN JTUCT.
Merta poboTn.
CrpyxtypHi cxemu cuctemu 3 [11]] Ta 6e3 I1I/]-perymsaropa.

4. PospaxyHok xkoedimientiB III[I-perymsaropa s 3amaHOi
cuctemu: K, Ki, Kq.

5. Ilepematna Qyukuis cuctemu 3 [11J]-perymstopom.

6. Pesynprat MopnemoBaHHs cuctemu 3 [IJI Ta 0Oe3 TIIJI-
peryisTopa.

7. Crucni BiINOBial HA KOHTPOJIBHI MUTAHHSL.

wnN e

2.5 KoHTpoJibHi NUTaAHHSA

1. SIki mOKa3HUKH SIKOCTI IIepexigHoro npoiecy Bu 3naere?

2. llpuBeniTe BHU3HAYCHHS PI3HUX 3BOPOTHUX 3B’A3KIB (THYYKI,
JKOPCTKI, TOaTHi, Bix €MHI, MICIIeBi, TOJIOBHi, OTMHUYHI).

3. SIk aHaNITHYHUM CIHOCOOOM OOYHCIIIOETHCS IIOMHIKA, IO
ckJanacs?

4. Sxi mocnifmoBHi Koperyrodi npuctpoi Bu 3naere?

5. SIki cucTteMH € Take CTAaTHYHUMH, a SIK1 aCTATHYHUMH?

6. Slka ponp mnponopuiliHoi, audepeHuiiiHOl Ta iHTETpyYOol
ckianoBux [lI/]-perynstopa? IlpuBenith mnepenatHi GYHKIIT KOXHOT
CKJIaJIOBOI.

7. Slkumu  MeTOZaMHM  MOXKHA ~ 3MCHIIMTH  MOMHJIKY, IO
BCTaHOBMJIACS?

8. st po3paxyHKy KoedillieHTiB Ta MOOyIOBH TEepeXiTHUX
XapaKTePUCTUK MOXKHA CKOPUCTATUCS (ailjioM, JIICTHHT SIKOTO HMPUBEACHO
HIDKYE.

clc;

fprintf ('BusHauenHss kxoebpinienrir NIJ-perynsropa\n') ;
% HOani 8 Tabnmui 2_1 sapianT N10

Kok=15; T1=2.5;T2=0.45; T3=0.2;tau k=0.06; time=15;
a0=T1*T2*T3;

al=T1*T2+T2*T3+T1*T3;

a2=T1+T2+T3;
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a3=Kok+1;

fprintf ('Ta6m.2 1 BapiaHT N\nKok=%.4f a0=%.4f
al=%.4f a4=%.4f a3=%.4f\n',Kok,al,al,a2,a3);

ku=(al*a2/a0-1) /Kok;

P=2*pi*sqrt(al/ (Kok*ku+l)) ;

fprintf ('Mexa crinkocTi ku=%.4f\nllepiosn aBTOKONIMBAHB
P=%.4f\n"' ,ku,P);

kp=0.6*ku;

ki=0.6*ku/P;

kd=0.15*ku*P;

fprintf ('KoedinienTn IIJ-perynsropa kp=%.4f ki=%.4f
kd=%.4f\n', kp,ki,kd);

W1l=t£ ([0 Kok],[T1l 1]); $ l-a mepemaTHa OQyHKIis;

W2=t£([0 1],[T2 1]); % 2-a nepepnaTHa QyHKIis;

W3=t£([0 1],[T3 1]); % 3-a nepepnaTHa QyHKIis;

Wo=W1*W2*W3; $nepemaTHa QyHkIis OK;

Wi=t£([O ki]l, [1 0]) ; $nepemaTHa byHxIis
iHTerp.cknamoBoi;

Wd=tf ([kd 0], [tau k 1]) ;%$nepegmaTHa b-uist
ond . ckIamoBol ;

Wpid=kp+Wi+Wd; $nepepaTHa oO-umis NOIN-
peryasTopa;

Wopid=Wo*Wpid; %nepen. o&-uis posimMk. cmcr. 8 INOINO-
peryan
fprintf ('llepepaTHa OyHKLisT BaMkHeHOl cucremMm 3 IIIN-

peryn ');

Wspid=feedback (Wopid, 1) % nepenaTHa bynxuis
BaMkHeHOl cucremn 3 IIIJ-perya. ;

figure;

step(Wo, 'b', time); %nobymoBa nepex. xap.

figure;

step (Wspid, 'r', time); %nobygmoBa nepex. xap.
grid on;
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JIJABOPATOPHA POBOTA Ne3

Hocaimkenns qnuckpernnx CAK

Meta poGoTu: HaBuMTHCS aHamizyBatu AuckpetHi CAK, BUBUUTH
BIUIHB MEPioy AUCKpeTn3allii Ha mokasHuku quckperHoi CAK.

3.1 Teoperuuni BizomocTi

3.1.1 Quckpetni CAK

Huckpemnumu  cucmemamu Ha3UBAIOTb CHCTEMH aBTOMATHYHOIO
KepyBaHHA, B SKHX BHKOPHUCTOBYEThCS TUCKpETH3alis BXimHHX abo
BUXiZHUX curHamiB. [Ipu auckpernsanii curnaniB "Ge3nepepBHi" 3HaAUCHHS
CUTHAIIIB 3aMiHIOIOThCS JTUCKPETHHMH. JIMCKpeTH3alis CHUTHATIB MOXeE
OyTH BHKOHaHA 32 4acoM, 3a piBHEM, a00 3a 4acoM Ta piBHEM OJHOYACHO.
J1o TaKuX CUCTEM BITHOCATBCS IMNYIbCHI TA YUPPOBi CHCTEMHU.

B iMmynbcHUX cucTeMax NMPOBOAWTHCS KBAHTYBAHHS CHUTHANIB 32
yacoM, abo 3a piBHEM, a B TU(POBUX — 32 4aCOM Ta PiBHEM OJHOYACHO. B
IMITyTECHUX CHUCTEMaXx € 0JHa a00 KiJIbKa JaHOK 3 IMITyJTbCHIUM €JIEMEHTOM.

IudpoBa cucrema ckiamaerbes 3 00°‘ekty kepyBanHs (OK), 3
ananoro-uudposux (ALII) i uuppo-anamorosux (LIAIT) neperBoproBauis,
TalfMepy Jacy Ta MPUCTPOIO KePYBaHHS, IO Pealli3oBaHUI Ha KOMIT F0Tepi
(crrerioGuuMCITIOBadi, MiKPOTIPOLIECOPI).

Jns  aHamizy JMCKPETHHX CHCTEM MOXKHa BHUKOPUCTOBYBATH
pi3Huyesi pieHAHHs, B SIKUX CTaH CHCTEMH BHU3HAYEHO TIUIBKH B TOYKaX
KBaHTyBaHHs. J{J1s1 aHaNi3y Pi3HUIEBUX PiBHSIHB 3DYYHO BHKOPHUCTOBYBATH
Z-nepemeopenns, 1O € aHajIoroM neperBopeHHs Jlammaca. Skmo B
nepeTBopeHHi Jlaraca BBECTH KOMIUIEKCHY 3MiHy Z=€°"° | ne Ts — mepiox
JIUCKPETH3allii, TO OTPUMAEMO:

X(2) =Z{x;} = LZoxi e = XZox; 27",

OcHosHi enracmugocmi Z-TiepeTBOPCHHS:
® JIHIWHICTD: Xj =a1X1j +axXy; ; X(Z): a; Xl(Z)"'az XQ(Z).
e 3cyB 3a yacoM: Z{Xim}=2"X(2);

Z{Xism}= 2"(X(2) - Fo(2)); e Fy(2) = ’]?1:‘01 xjz 7.



28

esropranns:  Z(x-g) =Z¥iLoxj gtk —)) = Z(x) - Z(9).

JluckpeTHi cHucTeMH TOAUISIOTHCS Ha JIHIAHI Ta HeNiHIWHI. B
3arajgbHOMY BUIAJKYy BCI CUCTEMU € HEJTIHIHHUMHU.

Jinivina ouckpemna cucmema (JIIC) — e cucrema, sika Moxe OyTH
peanizoBaHa 3a JOIIOMOTOIO TPhOX 0a30BHX OIEpAIIiii:

® CKJIaJICHHS;

® MHO>XCHHS Ha MOCTIHHUN Koe(DiIli€eHT;

® 3aTPUMKH.

Ilepeoamna ¢ynxyia JI/[C — 11e BITHOIIEHHS Z-TI€PETBOPEHHS BUXI1]I-
HOI TIOCHTIJIOBHOCTI CUTHATIB JO Z-TIEPETBOPEHb BXIJTHOI IOCIIiJOBHOCTI
CHUTHAJIIB 32 HYJIbOBUMH ITOYATKOBHMH YMOBaMH.

Hnst cmitikocmi ouckpemmuoi cucmemu HEOOXiTHO Ta TOCTATHBO, 100
BCi momocu mepenatHoi (yHKHii (KOpHI XapaKTepUCTHYHOTO PiBHSHHS)
3HAXO/IMJIKCS Ha Z-TUTOIHMHI BCEPENHI OMHUYHOTO Kona | Z |[<1.

. T
Yacmomui xapaxmepucmuxu JIJ{C — ne QyHKIIi aprymMeHTy el® S,

BOHH € IEPIOJUYHAMH 32 YaCTOTOK 3 MEPiOAOM, IO BiIIOBIIA€ YacCTOTI
muckperusarii @s =27/ Ts.

i TUCKpeTHUX CHCTEM OJHMM 3 BAXKIIMBHUX MapaMeTpiB € nepioo
OucKkpemu3ayii.

Ilefi mepiog MOKHA BU3HAYMTH, SKIIO CKOPHCTATHCS Meopemoio
Komenvhuxoea: Curnan X(t), mneperBopeHHs dDyp‘e sKoro He Mae
CKJIQJIOBUX 3 YaCTOTaMH OUIBIN HI)K @S, MTOBHICTIO BH3HAYAECTLCS CBOIMM
MUTTEBUMHU 3HAYCHHSIMH, IO BiJPAaXOBYIOTHCS B TUCKPETHI MOMEHTH 4acy
T<2n/ws

Yactoty @n=ws/2 wasuBawoTh uacmomoro Haiikeicma. Tomy
meopemy Komenvnuuxosa w™oxHa cdopmymoBati iHakme: Curaain,
nepeTBopeHHsT Pyp‘e sKOro npsMye 10 HyJA HOpU YacTOTax OUIBIIMX, HIK
yacrora HalikBicTa, Moxe OyTH OBHICTIO BiJTHOBJICHUM.

[Tpu poOoTi 3 ITUCKPETHHUMH CHUCTEMaMH Ba)XIIMBO OOpaTH YacTOTY
JUCKpeTH3allii Takor, mo0 BOHA Oyia JOCTAaTHRO BEIIMKA MOPIBHSHO 3
YaCcTOTHOIO CKJIaI0BOIO curHany. Kpim Toro, nepea KBaHTYBaHHIM Oa)kaHO
npodineTpyBaTH Oe3nepepBHUI CHTHAN, MO0 YacTOTHI CKJIAJOBi, IO
nepeOiIbIyloTh  4YacToTy HaiikBicta @n=@s/2, He CHOTBOpPIOBAIU
HU3bKOYACTOTHI KOMITOHEHTH OCHOBHOTO CHUTHAITY.
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Kputepiem BuOOpy mepiomy IHCKpeTH3allii Moxe OyTH TakoX dac
JUTSL TIEPETBOPEHHSA, BITHOBIEHHS BXIJHUX CHTHATIB Ta IMOCTiHI dYacy
3aMKHEHOI CUCTEMU.

Jns mepeTBOpeHHs Oe3repepBHOI 3aMKHYTOI CUCTEMH KEepyBaHHS B
JUCKpETHY TepioA AucKperusanii MoxkHa oOpatu Ts~0,15...0,5/@., ne
@, — 4acToTa 3pizy Oe3nepepBHOI PO3IMKHYTOI CHCTEMHU KEpyBaHHS
B paz/cek. IIpu Takomy mepioni auckperusanii yacrota Haiiksicra Gyne
B 5-20 paziB OiybIlIa 4acTOTH 3pi3y.

Jdns  mepeTBopeHHs  Oe3MepepBHOI  CHCTEMH B JAHMCKPETHY
BUKOPHCTOBYIOTh  Pi3HI  €KCTpamomsaTopu abo  apiOHO-pamioHaIbHY
anpOKCUMAIIIIO.

Excmpanonamop Hynw06020 nopsoky OTpUMYE AUCKPETHUH CHUTHAI
u[k], remepye OesmepepBHHA curHaia U(t), 110 EKCTPAIOIIE KOXKHE
JMUCKPETHE 3HA4YeHHSI IIOCTIMHHUM 3HA4YeHHSM IIiI4ac OJHOTO Tepioay
JIUCKPETH3allii, IKUH TIOJJAEThCS Ha BXiJ O€3MepepBHOT JIAHKU:

u(t)=ulk]  mpukTs<t<(k+1)Ts.

B excmpanoasimopi nepuwoeo nopsioxy BUKOPHCTOBYETHCS JIiHiMHA
excrpamnossis: U(t) =u[k]+ (t-KTs)(u[k+1]—u[K])/Ts mpu kKTs<t<(k+1)Ts.

Upibno-payionanvna anpoxcumayis Tacmina BAKOPUCTOBYE TPHUOITI3HE
1+sTg/2
1-sTg/2"

B cucremi MATLAB € Oararo ¢QyHKOii 8  DOCHTIKEHHS
JIMCKPETHHUX CHCTEM.

Oyukuis  SysD=tf(num,den, Ts) dopmye mnepenatHy QyHKIIi0O
JIUCKPETHOT CUCTEMH 3 TEePioJIOM JUCKpeTh3arii TS.

Oyukmis  SysD=c2d(SysC, Ts, ’Merox’) peaiizye MepeTBOPEHHS
OesnepepBHOi cuctemu SySC B auckpetrHy SysD 3 mepiogoM auckpeTuzarii
TS 3 BUKOPHCTaHHSM OJHOTO 3 METOMIB: EKCTPAIOJIITOPIB HYJIHOBOTO
(zoh), mepmoro (foh) mnopsiakiB, apiOHO-paliOHANTBHY aAMPOKCHUMAIIO
Tacrina (Tustin).

Oyukuis  Sys=d2d(Sys, TS) dopmye nuckperHy cucremy Sys 3
HOBUM Tiepiogom nuckpermsauii TS. [Ipu mpoMy amckpeTHidl cuctemi
HOBUHEH BIJIMOBIATH €KCTPAIOJISITOP HYJIHOBOTO TOPSIKY Ta BiAMOBIIaTH
MOCITiIOBHICTE repeTBopens Sysl=c2d(d2d(Sys), Ts).

Oynkuis  SysC=d2¢(SysD,Ts)  peamizye  mHepeTBOpEHHS B
oesnepepBHy cucreMy SySC auckperHoi cuctemu SysD 3 mepiomom
JTUCKpeTH3allii TS, SIKIIO BUKOPHUCTOBYBABCS EKCTPANOJSITOP IEPIIOro

BIJTHOILICHHS JIJISI IPEZCTABIICHHS eKCIIOHEeHTH: Z = exp(sTy) =
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nopsiaky, a o¢yukiis SysC=d2¢(SysD) — sKimo BHKOPHCTOBYBaBCS
EKCTPAIIOJIATOP HYJIbOBOTO TIOPSIIKY.

3.1.2 Jocain:kenns: BiiuBy auckpetnoro I Jd-peryasitopa

[poanamnizyemo BILIUB JICKPETHOTO perynstopa Ha
XapaKTepUCTUKH  Bciei  cuctemnu. Hexait  mepematHa  QyHKIIS
0e3mepepBHOro 00’ €KTY KepyBaHHs Ma€ BUTIISA:

kOK
Wok(s) = (Tys+1)(Tys+1)'

ne k,,=20 — xoedirient nepenayi, T;=0.6, 7,=0.5 — mocTiliHi 4acy.
Ilepenatna pynkuis 6e3nepepsroro [11/[-perynsropa mae Burssim:
o) = by 451

ae K, Ki, Kg— xoedinienTn nepeaayi MPOTOPIIOHATILHOT,
iHTerpyrodoi Ta audepeHniiiHoi cknagoBHX, O AOpiBHIOIOTE K,=1.2, K;
=2.18, kg = 0.165; 7— mocTiitHa yacy maudepenmiiinoi ckmamosoi ITIJI-
peryimsitopa (7,=0.015).

[TepetBoprMO Oe3mnepepBHi 00°€KT Ta pPEryasTop B JAWUCKPETHI 3
pI3HMMH TIepiofaMHl  UCKpPEeTH3allii, CKOPHCTABIIVCH EKCTPAIOISATOPOM
HYJIBOBOTO TIOPSIIKY.

SKU10 BM3HAYUTH 4YacTOTy 3pi3y po3imMkHyToi cumcremu 3 [1I1-
PEeryisTopoM, TO MOKHA BU3HAYHUTH TIEpioN JUCKpeTu3alii 3a (opmyroro
Ts=~0,15...0,5/@,.. Ans namoi cucremu @, =12.3375, T5=0.012...0.04.

[Ipy mepeTBOpPEHHI aHAIOTOBOTO PEryyisaTopa B HUPPOBHIA MOXKHA
oOuparu mepion MUCKpeTh3alii 3 ypaxyBaHHSM Koe(ilie€HTIB mepenadi
nponopuiiHoi Ta qudepeHtiiHoi ckiaanoBoi peryaaropa Ts=0.1...0.4Ky/Kp.
Jns Hamoi cuctemu T5=0.0143...0.053.

Oo6upaemo aBa nepioay auckperusaii Ts1=0.025, Ts2=0.0125.

3a gonomoror M-Qaiin-crieHapito MOXKHa OTPUMAEMO TepeaTHi
(hyHKIIT perymsiTopa Ta BCi€l CUCTEMH,a IMOTIM TPOMOJEIIOEMO CHCTEMY 3
pi3HUMH  TIepioflaMH  JUCKpeTH3amii 3 BUKOPHCTAHHSIM  METOJIB:
EKCTParoIATOPiB HyJIbOBOTO (zoh), epiioro (£oh) MOPSAKIB.

%OTpMMaHHsT BarajnbHOl nepepmaTHol QyHkuii cucremn;
clc;

K1=20; T1=0.6;

K2=1; T2=0.5; tk=0.015;

kp=1.2; ki=2.23; kd=0.161;
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Wl=t£ ([0 K1],[T1 1]); % l1l-a nepemaTHa QyHKuis;
W2=t£f ([0 K2],[T2 1]); % 2-a nepemaTHa OGyHKIii;
W12=W1*W2; %nepen.dyHKIist posiMkHyTOl cmcTeMn;
Wpid=kp+t£f ([0 ki], [1 O])+t£f([kd 0], [tk 1]);, %Snmepem. b-uis
SOIN-perynsarTopa;
W1l2pid=W12*Wpid; %nepemaTHa ®-s1 POBiMKHYyTOl cHCTeMM
%3 [I-perysiTopoM;
[Am, Pm,Wca,Wcp] =margin (Wl2pid) ; $o6umucieHHsT YacToTH Bpisy
Wcp %BuBeOeHHs Ha €KpaH YacToTM 3pisy
Wo=feedback (W1l2pid,1l) ; %nepegmaTHa QyHKIisa BaMKHEHO1
$cucreMn 3 [NIJ-perynsiTopoM;
%[lepeTBOpPeHHsT 6eBNepepBHOL CUCTEMM B AMUCKPETHY
$3a OONOMOTI'OI E€KCTPONOJATOPY HYJBOBOI'O HOPsSnKy 'zoh'
Ts1=0.025; %$smaBmaHHA nepiomy mucKpeTmsanii
W12 dl=c2d(W12,Tsl, 'zoh'); %mmuckpeTHa POBiMKH. cucTeMa
Wpid dl=c2d(Wpid,Tsl, 'zoh') %muckpernmn [NIJ-perynsTop
Wl2pid d1=W12 dl1*Wpid dl; %mmucxpeTHa nepegmaTHa OGyHKIis
$poBiMkHyTOl cucremMn 3 [NIJ-perynsaTopoM;
Wo_dl=feedback (W12pid dl,1l) S%mmuckperTHa nepepmaTHa ¢-uis
% BaMxHeHO1l cucremMm 3 [IIJ-perynsaTopoM;
Ts2=0.0125; %$3aBmaHHsI HOBOI'O IepioAy muckpeTmsanii
W12 d2=c2d(W12,Ts2,'zoh');
Wpid_ d2=c2d (Wpid, Ts2, 'zoh')
Wl2pid d2=W12 d2*Wpid d2;
Wo_d2=feedback (W12pid d2,1)
%BuBenmeHHs rpa¢mxiB B3 wacoM mMomemoBamHHs 0.8 c.
step(Wo,'-.k',Wo_dl,'b' ,Wo_d2,'r',0.8); grid on;

Ilicnss  mopmemtoBaHHA  OTpUMaeMoO Taki mepeaarHi  QyHKIii
JMCKPETHUX PEryJsTOpiB:

11.9322-22.847z 4+10.95
W.iq1(2) = 3.1
pid1(2) 22-1.1897 +0.189 (3.1)

11.9322-23.16z +11.24

d2(2) = 2

Woia2(2) = =2 155, w0306 (32)
Ta Taki nepenaTHi QyHKIIIi CHCTEM :
0.2411 z3-0.22762%2-0.2263 z +0.2146

W, (z)= 3.3

Odl( ) z4-2.8532343.14522-1.672 z +0.3869 (3:3)
0.06121 z3-0.058522%2-0.05933 z +0.05679

Z) = 4

I/I/;’alz( ) 24-3.32823+4.13522-2.279 2 +0.4719 (34)
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3 pe3ynbraTiB MojemoBanHs (puc.3.1) 6aunmo, Mmoo mpu 3MEHIICHH]
nepiofy MUCKpeTH3amii mepexigHa xapakrtepuctuka auckperHoi CAK
HAOJMKAETRCS JI0 MepeXiqHoi XxapakTepuctuku oesnepepsroi CAK.

Step Response

= Wo

Wo_dt | |
Wo_d2 [*

Amplitude

01 02 03 0 05 0.6 0.7 08

Time (seconds)

Pucynok 3.1 — Pe3ynpraTt MOAETIOBaHHS Oe3MepepBHOI CUCTEMH Ta
JIUCKPETHUX CUCTEM 3 IIEPioJIoM AUCKpeauTallii 0.025 ¢ 1 0.0125¢
3a JOMOMOTOI0 €KCTPOTIONSATOPY HYJIBOBOT'O MOPSIIKY 'zoh'

[lpn meperBOpeHHI Oe3mepepBHOiI CHCTEMH B JUCKPETHY 3a
JOMIOMOT0I0 EKCTPOMOJIATOPY MEPIIOro MOpsAAKy 'foh' OTpUMAaeMO Taki
nepenaTHi pyHKIIT AUCKPETHUX PETyISATOPIB:

6.93452 22—11.85 z +5.445

Whia1(2) = 2211892 +0.189 (3:5)
8.496 22-16.28 7 +7.798

i zZ) = .

Woia2(2) = =221 055, voa36 (3.6)
Ta Taki nepenaTHi QyHKIIIi CHCTEM :

W, (z)= 0.04382*—0.09076 z%+0.23572%2-0.06765 z +0.0353 3.7)

Od1 T 1.0442%-3.009 z3+ 3.13722-1.378 2 +0.2076 '
W, (z)= 0.01436 z*-0.0297 z%—0.08285 z%-0.02562 z +0.013 (3.8)

0dz2 - 1.0152%-3.3623+4.11122-2.194z +0.4282 '
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Step Response

——-Wo
Wo_d1
Wo_d2 [™|

Amplitude

01 02 03 04 05 06 07 08

:rime (steconds)‘r.

Pucynok 3.2 — Pe3ynpraTt MOAETIOBaHHS Oe3MepepBHOI CHCTEMH Ta

JUCKPETHUX CHCTEM 3 IEePioIoM AUCKpeauTaii 0.025 c10.0125 ¢
3a JOIIOMOT'0I0 EKCTPOHOIATOPY NEPIIOro nopsaaky 'foh'

3.2 [lops10k BUKOHAHHS PO0OTH

1. TIpomopemioiite cucremu KepyBanHsi 00‘ektom 3 [IIJ1-
PETYIATOPOM. [lepenaTHa byHKIIIS 00‘€exTy:

W,.(s) = — koedilieaTn s sSKoi  00epiTh
ox(s) (Ty5+1)(T25+1)(T35+1) (bin A p

BignmoBimHO 1m0 Tabmumi 7.1. i3 maboparopHoi poGotm 7. [lepematHa

. . _ ki de
dynxuis TJT-perymsropa: Wyer(s) = kp + St -y
gacy [II/I-perynsropa, 3HadeHHs SIKOi 3agaiiTe BIANOBITHO g0 TaOI.
7.1, Ky, Ki, kg— koedimientn II/I-perysropa, 3HaUSHHS SKUX JTOPIBHIOIOTh
THUM, 1110 004KCIIeHi B JabopaTopHil poOoTi Ne7.

, 1€ T — IIoCTiiiHa

2. CrBopiTh m-(aiin-clieHapiii, B SKOMY BH3HAYUTh MepelaTHY
¢byHKIi0 s cuctemu 3 O0e3nepepBHEUMHU 00’ ektoM Ta ITI/I-perynstopom.
Pospaxyiite mepion muckpermsauii Ts 3a pisHUMH MeTomukamu. O0epiTh
nepion nuckperusaii Ts (OMU3bKUI 10 MiHIMAIBHOTO).

3. CrBopith m-(aili-cueHapiii, B SKOMy IEpETBOPITh Oe3nepepBHi
00’ekt ta [1IJ]-perynsaTop B TUCKpETHI 3 MepiojaMu JAMCKpeTh3amii Ts Ta
T/2.
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4. TIlpoBexmiTh MOIEITIOBAaHHSI CHCTEM 3 O€3lepepBHUM Ta
muckpetaumu  [II/[-perymstopamu: Wo, Wo_dl, Wo_d2. 3 pi3HUMH
METOIaMH TEPETBOPEHHS Oe3MepepBHUX PETYISATOPiB B  JUCKPETHI
(excTpamonsTOpu HyJIBOBOTO, IEPHIOro TMOpsAKiB). Yac MomemroBaHHS
00epiTh 3 Tabm. 3.1 3rizHo BapianTy. ['padiky nepexigHUX XapaKTePHUCTUK
IIUX CUCTEM 30€PExKiTh.

5. 3anmumite mepenatHi ¢Gyskmii guckpernux IIJI-perymaropiB Tta
nepenaTHi pyHKIIT AUCKPETHUX CHCTEM.

Tabnuns 3.1 — Yac moaenroBanHas

Ne B. 1 2 3 4 5 6 7 8 9 10
Tawe | 15 | 60 | 3.0 | 100 | 20.0 | 200 | 80| 70 | 6.0 40

3.3 3micrt 3BiTY

1. TwutynbHuit oHCT.

2. Mera pobortn.

3. Pesynpratm MopjemoBaHHA cuCTeM 3 Oe3mepepBHUM  Ta
nuckpetHumu I /I-perynastopamu.

4. Tlepenmatni ¢ynkuii nuckpernux [11J[-perymnsaropiB Ta nepenarHi
(hyHKIIIT TUCKPETHHUX BCi€l CHCTEMH.

5. Crucni BIAMOBIAI HA KOHTPOJIbHI TUTAHHS.

3.4 KoHTpPOJIbHI MUTaHHS

SIki cuctemu € TUCKPETHUMU ?
3 sxux 000B SI3KOBUX CKJIAIOBUX CKJanaeThes nudposa CAK?
Ski 3acobum A aHATI3Y TUCKPETHUX cucteM Bu 3Haere?
SIxi BIacTHBOCTI y Z- mepeTBOPEHHS?

5. 3a nmomomororo SIKUX onepariii Moxe OyTH peani3oBaHa JiHilHA
JMMCKpeTHa cuctema?

6. B sxoMmy niama3zoHi po3TisAmarOTbCA YaCTOTHI XapaKTEPHCTHUKU
JUTSL IUCKPETHUX CHCTEM?

7. Sk BU3HAYWTH MEPioJ AUCKpPETH3AIii?

8. Sk meperBopuTH O€3nepepBHY CHCTEMY B TUCKPETHY?

el Ny
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JIABOPATOPHA POBOTA Ne4

CTBOpEeHHS Ta JOCTIIKEHHA MATEMATUYHUX MoJleJieil cucTemM
KepyBaHHS y POCTOPi CTaHy

MeTta poGoTH: O3HAHOMHUTHCSI 3 METOJAaMH CTBOPEHHS Ta
JOCITIDKEHHST MaTeMaTHIHUX MOJEJIH JIHIMHOI CTaIllioHapHOI CUCTEMH B
cepenopuii nporpamu Matlab y mpoctopi craHy 3a JOIMOMOTOK TMaKeTy
Control System Toolbox.

4.1 TeopeTuuHi BizomMocTi

Y zaranpbHOMY BUNAIKy KUIBKICTh 3MIHHHMX, $Ki TIOBHICTIO
XapaKTepu3ylTh CTaH 00'ekTa JOPIBHIOE TOpsAAKy cuctemu. Lli 3miHHI
NpUIMAIOTh 32 KOOPAMHATH N-MIPHOTO BEKTOPY, SKHH HA3MBAETHCS
BEKTOPOM CTaHy. N-BUMIpHHUI BEKTOp X € R™, KOOpJHHATAMHU SKOTO € N
3MIHHHMX, $IKIi TIOBHICTIO XapaKTepHU3yIOThb CTaH O0O0'€KTa KepyBaHHS,
Ha3WBAETBCS BEKMOpoM cmaHy. be3nid MOXIMBUX IIOJIOKEHb BEKTOPY
CTaHIB Ha3UBAETHCS NPOCMOPOM CHAHIB.

3arajqoM BEKTOp CTaHy OIUCYEThCA CHUCTEMOIO  HEJIHIHHUX
JudepeHiianbHuX piBHAHB BUIY (1)

x=f(x,u),x€R", ueR™, (4.1)

Je X — BEKTOp CTaHiB, U — BEKTOpP BXiITHHX 3MIHHUX YH BEKTOp
KepyBaHHS.

Ha Oynp-sikoMy 00'€KkTi KepyBaHHS 3aBXKIU € IATYUKH TTEPBUHHOI
iHdopmarii. PiBHSHHS, [0 3BSI3ye KOOpPAMHATH BEKTOPY CTaHy 3
BUXITHUMH CUTH&JIAMHU JIaTYMKIB, TPHUUHATO HA3UBATU PIBHIHHIM
BUMIpIOBaHb. 3arajioM Iie PiBHSAHHS TAKOX € HEeNliHIHUM

y=g(x,u), yE R". 4.2)

PiBasiaEs (4.1), (4.2) € MaTEMaTUYHOIO MOJIEIUTIO 00'€KTa KEpyBaHHS
y mpocTopi crtany. Hdami Oyaemo po3risiiaTH JIMINE JIiHIWHI CHCTEMH 3
HOCTIHHUMU NTapaMeTpaMu.

Bekrop craHiB JNiHIHHOI CUCTEMH ONHUCYETHCA JHIIHOIO CHCTEMOIO
JTudepeHIianbHuX piBHAHB BUAY (3,4):

x(t) = Ax + Bu(t), (4.3)
y(t) = Cx(t) + Du(t) (4.4)
ae

x(t) € R™,u(t) e R™, y(t)eR"
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X1 Uy 1
X u V-
x(®) =7 Ju®={ 7 |y®=|";
xl’] um yr
ai1 Azt Qi
by, bim
a a “es a
Ao =7 7 L T Bo=( v 1)
an1  Qnz ann b+ bnm
€11 " Cin dip - dig
co=: - ) pw=(: =
Cr1 " G dri o d

Jns onmcy JiHIHHEX CHCTEM Y TpocTopi ctaHy B maketi Control
System Toolbox 3acTocoByrOThCSI MOJIEII TIIKIACY SS, SIKI IPYHTYIOThCS Ha
TMiHITHNX Au]epeHiaTbHUX Y1 PI3HUIICBUX PiBHIHHSIX.

Jns popMyBaHHS MOZENI B MiJKIACi SS BHKOPUCTOBYETHCS (DYHKIIis
sys=ss(A,B,C,D). B pesymbTari OTpUMaeMo OMUC SS OO'€KTY Yy BHIISII
HACTYMHOI d4eTBipku Martpuib [A B C D], sKki TOBHHHI MaTh
y3ro/pkeHi posmipu. [l Mopneneid 3 HYJIbOBOIO MATpPHILECIO MOXKHA
BUKOPHCTOBYBAaTH NPUCBOEHHA D = 0 , K CKOpPOYCHY (opMy 3aImucy
HYJILOBOT MaTPHII.

Ilpuxnao. Po3rissHeMO MOJENb €IeKTPUYHOrO JBUTYHA. Y JIBUTYHI
MPOTIKAIOTh J[BA TPOIECH — MEXaHIYHWH (XapaKTepU3YEThCS KYTOBOIO
HIBUJIKICTIO 00€pTaHHS) Ta €JICKTPUYHMIA (CTpyM B 0OMOTKaX).

Jnst MeXaHiYHOTO TIPOLIECy MaeMO:

JQ = K. (4.5)

[ns enekTpuyHOro:

L=+ Ri+K. Q= (4.6)

B piBusinnsx (4.5-4.6) J, L, Ry, K., K;;, — KOHCTpYKIIiliHi apamMeTpu

JIBUT'YHA, U — BXi/{Ha HaIpyra.
3HaNIIOBIIY TOXiHI 3 piBHSHB (4.5) Ta (4.6), OTPUMAEMO CUCTEMY

4.7:
2 _ Kn
dt J
g R, (4.7)

K 1
—=——i ——=0+-u
dt L L L
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X
BeiBim 10 po3riisgy BEeKTOp CTaHy X = (x;) = (?) cuctemy (4.7)

MOHa 3aIrcaT Tak

ax; _ Km
at ] 2
@ R K 1 (48)
T e
abo
x = Ax + Bu, (4.9)
0 KT’" 0
A= ke -R , B = (l) (4.10)
L L L

PiBasaEs (4.8) 1 € TOTPIOHMM pIBHAHHSAM [UIsl BEKTOpa CTaHy
enekTpoaBuryHa. [IpuIlycTUMO, 110 MU BHMIpIOEMO KYTOBY IIBHIKIiCTh
o0epTaHHs eneKkTponBuTyHa. Tomi piBHAHHS BUXOAY: Y = Xq. Takum
YHHOM, MAa€MO HACTYITHY MOJIENb €JIEeKTPOABUTYHA B IPOCTOPI CTaHiB.

X = Ax + Bu,
y = Cx,
0 Im 0
A=| J,B=G)C=u 0),D =0
£ — L

L

s momens B makeri Control System Toolbox wmoxe Oytu
copMOBaHa HACTYITHUM YHHOM

$POopMyBaHHA YMCENBHMX IapaMeTpiB Mogesi
Km=0.015;

Ke=0.2;

J=0.02;

R=2;

1=0.5;

$PoBpaxyHOK MaTpuIb: MoZIeni
A=[0 Km/J; -Ke/L -R/L];
B=[0;1/L];

Cc=[1 0];

D=0;
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% CTBOpeHHsI Mojeni B migknaci ss
sys=ss(A,B,C,D)
B pesynbraTi Ha eKkpaHi OTpEMAaEMO TaKi JaHi:

sys =
A=
x1 x2
x1 0 0.1
x2 -3 -2000
B =
ul
x1 0
x2 10
C =
x1l x2
yl 1 0
D =
ul
yl 0

Kpim dopmu sys=ss(A,B,C,D), ska m03BONSE CTBOPUTH B
cepenopuii mnporpamu Matlab momens OK B mpoctopi cTaHy 3a
matputsimu A,B,C,J1 , € dopma, sika mo3Bomsie ctBoputH Mozaens OK B
MIPOCTOPI CTaHy 3a MEPEIATHO (QYHKITIETO.

Hexait monens OK 3aana y BUTTISIII IepeiaTHOT PyHKIIT

S+1
M/(S) T s3+352+3s5+42

Mopuens OK B mpoctopi cTany Moxe OyTH c(hOpMOBaHA HACTYITHUM YHHOM:

w=t£([1 1],[1 3 3 2])

sysl=ss (W)

Ha expani otpumaemo:

sysl =

A =
x1 x2 x3
x1 -3 -1.5 -1
x2 2 0 0
x3 0 1 0

B =

x1 1
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x2
x3 0

o

C =
x1 x2 x3
yl1 0 0.5 0.5

d =
ul
vyl O

4.2 AHaJti3 KepOBaHOCTI Ta CIOCTEPEKINBOCTI CHCTEMH

[ToHATTS KepOBAaHOCTI 1 CIOCTEPENIIMBOCTI € OJAHUMH 3 OCHOBHHUX
MIOHSTH TEOPil KepyBaHHI.

Ha 3wmicToBHOMY piBHI KEpOBaHICThP O3HAYa€ MOKIJIHBICTH
NPUBEJCHHS CUCTEMH Yy OyIb-KWH 3aJaHUH CTaH, CIOCTEPEXIUBICTH -
MOJJIMBICTh BH3HA4YeHHS CTaHy CHCTEMH 3a pe3yibTaramMu BuMipiB. Lli
BJIACTHBOCTI JOyX€ CYTT€BI Ui TOOYAOBH TMpaNe3NaTHUX CHUCTEM
aBTOMAaTHYHOTO KepyBaHHS. PosrissHeMo  crmocoOM — aHamizy — IHX
BiactuBocTei y maketi Control System Toolbox.

4.2.1 Anani3 kepoBaHocTi

KepoBanicTb — BIacTHBICTh 00’ €KTY KEpyBaHHS OyTH IEpEBEICHUM 3
Oy/Ab-IKOTO TIOYAaTKOBOTO CTaHy B OyIp-sIKMA KiHIEBHH cTaH 3a
oOMeXeHHII TIPOMIKOK dYacy 3a YMOBH BIiJICYyTHOCTI OOMEXEHb Ha
KepyBaHHS.

Jana BiacTHBICTh BU3HAUAE, UM MOKIMBO B3araii kepyBaru OK Tak,
SIK TIOTPiOHO JJIsl JOCATHEHHS TIEBHOT'O BUX1IHOTO 3HAYCHHSI.

Jns BU3HAYEHHSI KEPOBAHOCTI CUCTEMH IOTPIOHO 3HAWTH MaTpPUIIIO
KepoBaHOCTI P cuctemu, sika GopMyeTbcs 3 MaTpuib MOJENI MPOCTOPY
craHiB A Ta B:

P = (B AB A’B ..A"B),

a MMOTIM 3HA#TH paHr 1iei MaTpwuili 3a qonomororo ¢yHkiii rank(P).
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Jns cucreM 3 MOCTIHMMHK MapaMeTpaMH iCHye Taka Teopema: N-
BUMIpHA JNIHIUHA cucmema 3 NOCMIUHUMU NAPAMempamu € KepoB8aHol,
AKWO pare Mampuyi Keposarocmi 0opieHIoe N.

B maketi Control System Toolbox icuye ¢yukmis ctrb(A, B) sxa
JTO3BOJISIE 3HANTH MATPHITIO KEPOBAHOCTI CUCTEMH.

Ilpuknao. 3HaiizeMO  MaTpHIIO KEpOBAHOCTI I MOJETi
€JIEKTPOJIBUT'YHA
$PopMyBaHHSI YUMCENBHMX IIapaMeTpiB Mogesi
Km=0.015;

Ke=0.2;

J=0.02;

R=2;

1=0.5;

$PoBpaxyHOK MaTpulk: Mozeni

A=[0 Km/J; -Ke/L -R/L];

B=[0;1/L];

C=[1 0];

D=0;

% CrTBOpPeHHsT MOzesni B nipgkxnaci ss
sys=ss(A,B,C,D)

P= ctrb(A, B)% 3HaxomxeHHs MaTpuIli KepoBaHOCTi
rankP=rank (P) % BuBHauUeHHsI PaHT'y MaTpulli KepoOBaHOCTi

Ha ekpani otpriMaemo:
rankP =
2

Panr matpui kepoBaHocTi P mopiBHIOE 2, 0T)Ke cHcTeMa KepoBaHa.

4.2.2 AHani3 cnocTepeKIuBOCTI

CriocTepeXIMBICTIO CUCTEMH HAa3UBAETHCS Taka il BIACTHUBICTh, KOJIH
HIISIXOM CIIOCTEpEeKEeHHs (BUMIpIOBaHHS) HA KIHIEBOMY iHTepBai yacy il
BUXIJIHUX BeJIM4YuH Y(t) MOXKHA OJHO3HAYHO BHM3HAYUTH BCI KOOPAMHATH
BeKTOpY X(t) cTaHy cucTeMu. Y LbOMY BHINAJKy KaXyTh, IO CHCTEMA €
MOBHICTIO CIIOCTEPEKYBaHa.

Cucrema Ha3UBAETHCS HE B TIOBHOMY 00CS31 CIIOCTEPEKITMBOIO, SKIIIO
yepe3 BuUMIp y(t) MOXHA BH3HAYMTH JIMILE YaCTHHY KOOPIMHAT BEKTOPY
CTaHy.
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3 ToukH 30py MOOYIOBH PETyIATOPIB, e O3HAYAE, IO SKIIO CUCTEMA
HE CIIOCTEPEXKYBaHa, TO JJIsl Hel HEMOXKITHBO Oy/ie BITHOBHTH BEKTOP CTaHY
1 BIZINIOBITHO HEIO HE MOXKHA OyZIe KepyBaTH Ha MPaKTHIII.

VY peanpaux OK myke pigko BiZoMHi BeCch BEKTOp CTaHy 1 Juis
CHUCTEM TaKOro THIly HE MOXHa To0ymyBath peryistop. Tomy
JOCTIKEHHST CIIOCTEPEXIIMBOCTI MPU MPOEKTYBaHHI CHCTEMH KEpyBaHHSI
nyxe Baxiuee. B makeri Control System Toolbox icHye QyHKIist obsv(A,
C), sika 103BOJISE€ 3HANTH MATPHUIIIO CIIOCTEPEHKIIUBOCTI CUCTEMH.

IIpukman. AHami3z COCTEPEKIIMBOCTI MOJIETI €NEKTPOABUTYHA.

$AHaMM3 CHOCTEPeXYBaHOCTL MoOmesni eJIeKTPOIOBUI'YHAa
clc

$POpPMyBaHHSI YMCEJIBHMX [apaMeTpie Mogmeni
Km=0.015;

Ke=0.2;

J=0.02;

R=2;

I=0.5;

$POSpaxyHOK MaTpuib Momeni

A=[0 Km/J; -Ke/L -R/L];

B=[0;1/L];

Cc=[1 0];

D=0;

% CTBOpeHHsT Momeni B migknaci ss

sys=ss(A,B,C,D)

Q=obsv (A,C) $3HaxOmXeHHsI MaTPUIll CIOCTEpPEeXIMBOCTL
rankQ=rank (Q) % BmBHaueHHs pPaHI'y MaTPMIll CIOCTEpPeXIMBOCTL

Ha expani otpumaemo:
rankQ =
2

Panr maTpuiii keposanocTi Q OPIBHIOE 2, OT)KE CHCTEMA CIIOCTEPEKYBaHa.

4.2.3 Anadqi3 criiikocTi MoaeJii B IpocTopi cTany

CriiikicTh € onHi€ro 13 ocHOBHUX BUMOT 10 CAK.

ITix cTilKicTIO JTIHIKHOT CHCTEMH PO3YyMIIOTh BIACTUBICTh 3aracaHHs
NEepexiJHOro MpOLECY 3 YacoM, iHaKIIe KaXy4d, — HACTyIIHa BJIAaCTUBICTb
BJIACHOTO PYXY CHCTeMH X, (t) — 0 mpu t — oo.
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Jnst cTIHKOCTI iCHye HAcTyNHA TeopeMa. O0/id mo20 wob JNiHilHa
cucmema KepysanHsa 6yna cmitika, HeoOXiOHO | docmamHbo, wob yci KoOpeHi
iT xapaxmepucmuuHo20 PiGHAHHA MAIU 810 EMHY OIlICHY YACTNUHY .

I3 wmiei Teopemu ciimye, MO0 aHai3 CTIHKOCTI JIHIKHOI CHCTEMHU
TOJIATa€e B 3HAXOHKEHHI KOPEHIB XapaKTepHUCTUIHOTO PIBHSHHS cHCcTeMHU. B
naketi Control System Toolbox mist 1poro icHye ¢yHkirist pole. 3BepHeHHsS
1o uei Hactynue Korni=pole(sys).

[puxnan. AHani3 CTIMKOCTI MOJIEI EIEKTPOIBUTYHA
$PopMyBaHHS UMCENBHMX IapaMeTpiB Momesi
Km=0.015;

Ke=0.2;

J=0.02;

R=2;

1=0.5;

$PoBpaxyHOK MaTpulk: Mozeni

A=[0 Km/J; -Ke/L -R/L];
B=[0;1/L];

C=[1 0];

D=0,

% CrTBOpeHHsT MOzesni B nipgxnaci ss
sys=ss(A,B,C,D)

$3HAXOMXEHHST KOPEHIB XapaKTepHUCTUYHOT'O PiBHSAHHSI
Korni=pole (sys)

Ha ekpani otpriMaemo:
Korni =
-0.0765
-3.9235

4.2.4 OTpuMaHHSl TepexiHOI Ta IMIyJbCHOI XapaKTepPHCTHK
CHCTEMH

[lepexinHy Ta IMITYJIbCHY XapaKTEPUCTHKY CHCTEMH MOKHA OTPHMAaTH
3a JJOIOMOT 00 KOMaH step(sys), impulse(sys).

Ilpy 1BOMY T[EpPENiK KOOPAMHAT BEKTOPY CTaHy, IS SKHX
PO3pPaxoBYIOTHCSI YaCOBI XapaKTEPUCTHKH 3a1a€Thesi MaTpHIieto C.

Ipukian 1. OTpuMaTi 9acoBi XapaKTEPUCTUKHU 110 KOOPIMHATI X7 .
$POSpaxyHOK MaTpMIb MoOZei
A=[0 Km/J; -Ke/L -R/L];
B=[0;1/L];
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C=[1 0] ;%$BMBHauYeHHsT KOOPAMHATM, OIS SIKO1 O6YyIyTB

% 6yOyBaTHMCB 4YacCOBi XapaKTepMUCTHKM (B AaHOMY BMIALKy ILe
X1)

D=0;

% CTBOpeHHsI Momjeni B migknaci ss

sys=ss(A,B,C,D)

%$[lo6ymoBa 4YacoOBMX XapPaKTEPMUCTMK IJISI KOOPAMHATH X{
figure;

step (sys)

figure;

impulse (sys)

Step Response

Amplitude

0 L ! L L L I L
] 0 20 30 40 a0 60 70 &0

Time (seconds)

Impulse Response

0.4

Amplitude

0 L L L L T .
o 10 20 30 40 50 60 70 &0 50

Time (seconds)

Pucynok 4.1 — Pe3ynbraTu moOyA0BH YaCOBHUX XapaKTEPUCTHUK IS
KOOPAMHATH X4
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Mpuknan 2. OTprMaTH YacoBi XapaKTEPUCTHKHU IO KOOPJIMHATI X .

C=[0 1]; % xoopamHaTM X, AN NOOYIOBM HYaCOBMX
XapaKTepUCTHUK

sys=ss(A,B,C,D)

%$[lo6ymoBa 4YacoOBMX XapPaKTEPMUCTMK IJIsI KOOPAMHATH X,
figure;

step (sys)

figure;

impulse (sys)

Step Response
05 T T T

045

0.4

o
=
[

Arnplitude

0151

01r

nosf

o 10 20 a0 40 a0 60 70 80
Time (seconds)

Impulse Response

Amplitude

0.5 s !
] 05 1 15

Time (seconds)
Pucynok 4.2 — Pe3ynbraTu moOyZ0BH YaCOBHUX XapaKTEPUCTHUK IS
KOOpAUHATH X,
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4.3 Ilopsaaok BUKOHAHHS PO0OTH

K .
m 1 JaHUMH
tabnuii 4.1 moOyayBaTH MOJEIH JIAHKU Y IPOCTOPI CTaHy.

2. JlocaiauTy KEpOBaHICTh OTPUMAHOI MOJIETI.
3. JocaiauTh CIOCTEPEKIUBICT OTPUMAHOT MOEIII.
4. JlocniauT CTIHKICTh OTPUMAaHOi MOJETT.

5. IlobyayBaTi 4acoBi XapaKTEPUCTUKH MOJIEN TSI KOOPAMHATH X1 .

1. Tlo mepenatHiéi ¢ynkiii manku W(s) =

Tabmuus 4.1 — BuxigHi gaHi 11 noOyI0BH KOTUBAIBHOI JIAHKH Y
IPOCTOpi CTaHy

Ne 112 |3|4|5|6|7|8]9]|10(11|12(13]| 14|15
K 1,2 (3 (4|5|1]2|3|4|5|1|2|3|4]|5

T, c 05(05{05|05|/05|10/10|1.0{1.0(1.0(20|20(20(20(20
d 01]01/02|08(03(05(07(05|06[03(02| 0 |04]0.7|0.1

4.4 3micT 3BiTY

1. TutynbHUH TUCT.

2. Mera pobortwu.

3. Texkctn cTBOpeHMX m-(aiim AN TPOBEIASHHS JOCHIPKEHb 1
pe3yabTaTH ix poOOTH.

4. Cruchi BIAMNOBIAI HA KOHTPOJIbHI TUTAHHS.

4.5 KoHTpo/IbHI NUTAHHS

1. BusHauyeHHs BEKTOPY CTaHy

2. Bu3nHaueHHS nMpoCcTOpy CTaHy

3. Teopema mnpo KEpPOBaHICTh JIHIAHOI CHUCTEMH 3 TOCTIHHHUMU
napameTpamu

4. Teopema Mpo CIOCTEPEHIIUBICTD JTIHIHHOT CUCTEMH 3 MOCTIHHUMHU
napameTpamu

5. Ik cTBOpPHUTH MOAENH CUCTEMH KEPYBaHHS y IPOCTOPi CTaHy?

6. 3a pmomomororo SKuMX (QYHKUIH MOXHa mMoOOyIyBaTH YacoBi
XapaKTEPUCTUKN CUCTEMU?

7. Slk 3HAWTH KOpEHi CUCTEMH KepYBaHHS y IPOCTOpi CTaHy?
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JIABOPATOPHA POBOTA Ne$S

CuHTe3 MOAAJBLHOTO YIPABJIiHHA A5 JiHIHHUAX cCHCTeMAaxX y
cepenosumi Matlab

Mera poboTru: o3HallOMUTHCS 3 MeToJaMH TIOOYJIOBH Ta
JOCITKEHHST MOJAITBHUX PETYIISATOPIB JUIA JiHIIHOI CTallioHapHOI CHCTEMHU
B cepenoBuIi mporpamu Matlab 3a nomomororo makery Control System
Toolbox.

5.1 TeopeTuuHi BizomocTi

XapakTep MEpeXiTHUX TMPOILECIB Yy CHUCTEMI BH3HAYAETHCA
po3TailyBaHHIM KOpeHIB A; ii xapakrepuctuyHoro piBHsHHs. J[lificHo,
pIllICHHST OTHOPIAHOTO AU(PEPEHINATBHOrO PIBHIHHSI N-ro mopsiaky x(t)
mae Burian (5.1)

x(6) = ) COx(©) (5.1)
i=1

Jie ocTiiHI C; BU3HAYAIOTHCS TOYaTKOBUMU YMOBaMu. ToMy 3a0e3neueHHs
" Xopomux " MmepexiTHUX MPOLECIB Yy CHCTEMI MOXKIIMBO JOCATHYTO SIKIIO
XapaKTepUCTUYHUH MHOTOWIEH Mae 3amaHi KopHi. Lle mpu3Boauts 10
3a7a4i OTPUMAaHHS KOE(illi€HTIB XapaKTEePUCTUUIHOTO PIBHSHHS 3aMKHYTOT
CHUCTEMH, sIKi 3a0e3MeuyloTh 3aJaHuii  posmojin  KopeHiB. Kophi
XapaKTepPUCTUYHOTO  DPIBHSHHSA  OJHO3HAYHO  3aJIGKUTh B  HOTrO
KoedillieHTiB, TOMy MOJallbHE YIIPaBIiHHSA - 1€ I[IeCTIpsIMOBaHe 3MiHa
KOoe(ili€HTIB  XapaKTePUCTHYHOTO pIBHSHHA 00'€KTa 3 JIOIIOMOTOIO
3BOPOTHOTO 3B'I3Ky 3a CTaHOM. Perymaropu, moOymoBaHi BHXOASYM 3
3a3HaueHOT BUMOTH, HAa3MBAIOTHCS MOJAIBHUMH PETYJISTOPAMH.

[TocTaHOBKA 33a7a4 CHHTE3Yy MOAAJIBHOTO PETYNIATOPA HACTYIHA: IS
MIOBHICTIO KEPOBAHOT'O 00'€KTa 3 OJJHUM BXOJIOM:

x = Ax + bu,

ae

A — MaTpuIIsl po3Mipy 1 Xn,

b — n- mipHUIi BEKTOp-CTOBIECLB;

u = —kyx; — kyx, -+ — ky, x,,— cCKkajsipHe yIpaBIIiHHS.
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noTpiOHo 3HaWTH Koedimientn kK; 1=1,2,...N 3aKOHy yNpaBIiHHS, SKi
3a0e3meuytoTh HEOOXiMHWH pPO3MOMIT TOJIOCIB  XapaKTEePUCTUIHOTO
PIBHSIHHS

Mta, A4 ap=0

PosB's3anHs 3amavi 3acHOBaHE HAa HACTYIHIN TeopeMi: JiHIHA KepoBaHa
CUCTEMa 3 MOCTIHHUMU MapaMeTpaMH Ta CKAISIPHOKO BXiJHOK 3MiHHOMO U

x = Ax + bu

3aBXKIH MOXe OyTH IepeTBOpeHa 10 KaHoHiYHOT (hopmu Buay (5.2)
x' = &x"+bu, (5.2)

0 1 0 - 0
0 0 e 0 0

0 0 e 1 1
_ao —a, eee eee _an_l

[Tpu npoMy MaTpHlls IEPETBOPEHHS B KAHOHIYHY (hOpMY Ma€ BHIJIS]

U

(e}

T = pPP~1,
ne
P=(b Ab A%p -.- A™b)— MaTpHI KEPOBAHOCTI CUCTEMH,
P=(0b Ap A%H .- A™D) — wmarpuis KepoBaHOCTI CHCTEMH B

KaHOHIYHIN Gopmi. Bubepemo U y BUrIsai
! ! I !
u=—Ryx; —Roxy - —Rpxy, = —kx', &= (kR %),
X1
xl
x' =72
I
xTL
ITisicTaBUBIIHN B PiBHSIHHS

x = Ax + bu
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yOpaBiiHHS U OTPUMAaEMO DIBHSHHA 3aMKHYTOI CHCTEMH y KaHOHIYHIN

hopmi
x' = Ax',

e

0 1 0 0

0 0 1 0

A=
0 0 0o - 1
—(ap+ k) —(ar+ky) - - —(ap_1+ky)
Benemo mo3HaueHHs
gi = a; + klv

Tomi matpuiro A, MOXHA TPEACTABUTH Y BUTIISIL
0 1 o - 0
/ 0 0 1 - 0 \
| |
0

\ 0 0 - 1 /
90 —91 e =01

XapakTepucTHIHE PiBHAHHS IS IIi€] MaTPHIII Ma€ BHUTIISIT
Mt g A1+ go=0.

A=

IIpu 1mpoMy 3rimHO 3 Teopemoro Biera koedillieHTH NHHOTO PIBHAHHS
BU3HAYAIOTHCS HACTYITHUM YHHOM
In-1=—(ag +az + - ay),
In-2 = a0, + ajaz + a0, + aaz + -+ a1y,
In-3 = —(Qa03 + Q1004 + - Anp0p1 ),  (5.3)
g1 = (D" Har@az - an g @@y dy + o a0z @),
9o = (D™ (yapas -+ an_q).

3amaBOiich OaKaHUMHM KOPIHHAMH Q; MOXXHa CIIOYAaTKy 3HAWTH
koedilieHTH g;, a TmWOTiM KoediuieaTn X; = g;_1 — aj_1 3aKOHY
ynpaBmiHasa u = —k;x; — Ryxg -+ — KX,
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Ha mpaxTtumi HemMae HEOOXigHOCTI mrykaTw KoedillieHTH ¢; 3a
dbopmymnamu  (5.3). Jlns pearmizamii 3a3HAUEHOTO ANTOPUTMY MOXKHA
ckopuctatrca BOynoBanumu (yskmisimu naketa Control System Toolbox
cuctemu Matlab. ¥V npomy makeri € nBi komanmu: acker(A,b,p), ta place
(A,b,p), sIKi TO3BONAIOTH VIS 337aHOI B MPOCTOPI CTaHy MOJEI CHCTEMH
(A,b) mo BekTOpy OaxkaHWX KOpPEHIB 3aMKHYTOi CHCTEMH P PO3paxyBaTH

KoeimieHTH k; 3aKOHY YIPaBIIHHSI U = —KX1 — KyXp - — kX,
Ilpuknan. s momeni
_(0 1 _ (0
4=(p o) 5=(3)

Ta BEKTOPY P = (_ 0;) 02)KAHOTO ~ PO3TAlIyBaHHAM KOpEHIB A

XapaKTepUCTUYHOTO PiBHSHHSA 3aMKHYTOI CHCTEMH 3HAWTH KoedimieHTH k;
3aKOHY YIPaBIiHHS U.

$PoBpaxyHOK MaTpullk MOAEIi

A=[0 1; 0 0];

B=[0;1];

C=[0 0];

D=0;

P=[-0.1;-0.2]

% CTBOpeHHsI Mozjesni B migknaci ss
sys=ss(A,B,C,D)

$8HaxomkeHHsT koebdinieHTiB kisaxony YOPaBIiHHA U
K=acker (sys.A,sys.B,P)

Ha ekpani otpriMmaemo

sys =
A=
x1l x2
x1 0 1
x2 0 0
B =
ul
x1 0
x2 1
C =
x1l x2

yl 0 0
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D =
ul
yl 0
Continuous-time state-space model.

P =

-0.1000
-0.2000
ans =
K =
0.0200 0.3000

5.2 IlopsAnoKk BUKOHAHHS POOOTH

K
azs3+a,s2+as+ag
JaHuME Tabmui 5.1 moOymyBaTH MOEIH TAHKK y TIPOCTOPI CTaHy.

2. JocnianTy KepoBaHICTh OTPUMAHOI MOJIENI.

3. JocmiauTu CTIMKICTh OTPUMAHOI MOJIEII.

4. Tlo Bekropy OaxaHMX KOpEHIB 3aMKHYTOI CHCTEMH P
po3paxyBaTu KoedillieHTH k; 3aKOHY YOpPaBIiHHA U = —k Xy — kyxy -+ —
k., x,. BaxaHi KOpeHi B3sTH i3 TabuIli 5.2.

5. TloOyayBatu yacoBi XapaKTEPHCTHUKH 3aMKHYTOI MOJEN IS
KOOPJIMHATH X .

1. Tlo mnepenmatniii ¢yukuii ganka W(s) =

Tabmuus 5.1 — Jlani [u1s noOyA0BU MOJIEINI JJAaHKH Y TIPOCTOP1 CTaHy

BapiaHT a, a, a, a, K
1 1 -1 -0.07 0.534 1
2 1 -0.9 -0.01 0.105 1
3 1 1 -0.07 | -0.534 1
4 1 -0.4 0.33 0.09 1
5 1 0.8 0 -1.024 1
6 1 0.1 0.2 -0.2 1
7 1 0.6 -0.11 | -0.366 1
8 1 -1.5 0.71 -0.105 1
9 -1 15 0.71 0.105 1
10 1 0.9 -0.01 | -0.105 1




Tabmurs 5.2 — Kopeni 3aMKHYTOI cHCTeMH

Bapiant A A, A3
1 -0.1 -0.3 -0.07
2 -0.01 -0.9 -0.01
3 -0.5 -0.5 -0.07
4 -0.1 -0.4 -0.33
5 -0.6 -0.08 -0.2
6 -1 -0.1 -0.2
7 -0.33 -0.6 -0.11
8 -1 -1.5 -0.71
9 -0.1 -0.5 -0.71
10 -0.21 -0.9 -0.01

5.3 3micr 3BiTY

1. TwuTynpHHH JHCT.
2. Mera pobortn.

3. Tekctu crTBOpeHMX m-(hain Ui MPOBEIEHHS JJOCIIHKCHb 1

pe3yabTaTH iX poOOTH.

4. Crucni BiAMOBIAI HA KOHTPOIBHI TUTAHHS.

5.4 KoHTpoabHi NUTaHHSA

1. BusHaueHHs 6IHOMHOTO PO3MOITY KOPEHiB.
2. BusnaueHHs po3nojiny KopeHiB 3a batrepBopToMm.
3. TlocraHoBKa 3a1a4i MOAAITEHOTO KEPYBaHHS.

4. KanoHivyHa ¢opma JIHIHHOT CHCTEMH 3 IOCTIHHUMH MapamMeTpamMu

Ta CKAISIPHOIO BXiJHOIO 3MiHHOIO U.
5. Marpuus nepeTBopeHHs 10 KaHOHIYHOI ()OPMH.

st po3paxyHKy KOE(QIIiEHTIB 3aKOHY KepyBaHHS Ta IOOYIOBH
MEPEXIAHUX XapaKTePUCTUK MOXKHA CKOPUCTATUCS (PaijioM, JIICTHHT SIKOTO

MMPUBEACHO HUIKYC.

clear
clc
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den=[1 -1 -0.07 0.534];%sHaMeHHMK nepegmaTHoOl OGyHxIil
POBiMKHYTOL %cucTeMu
num=[0 0 O 1];%umMcenpHMk nepegmaTHoli ¢yHkHii posiMxHyTOL
cucreMmn
p=[-0.1 -0.3 -0.07];%6axani KOpeHi BaMKHYTOL
cucreMmn
% CTBOpeHHs MOomeni y Buraani nepemaTHol QyHkmii
W=tf (num,den)
% CrBOpeHHss Mogmeni B mipgknaci ss
sys=ss (W)
$3HaXOIOXEeHHsI KOPEeH1iB POBiMKHYTOl cucTeMm
Korni=pole (sys)
%$AHaANiB3 KepoOBaHOCTi cucTemMmn
P= ctrb(sys.A, sys.B) ;% BHaxomgkeHHs MaTpuii kKepoBaHOCTi
rankP=rank (P) % BuBHaueHHs pPaHI'y MaTpulii KepoBaHOCTi
if rankP==
fprintf ('cucrema xepomana')
else
fprintf ('cucreMa He kepoBaHa')
end
%3naxonxeHHst koepinienTis k_isakonHy ymnpaBniuas u
K=acker (sys.A,sys.B,p)
% CTBOpPEeHHsI MOAeJNIl BaMKHyTOl cuMcCTeMM B mipgkjiaci ss
Az=sys.A-sys.B*K;
C=[1 0 0] ;%BuBHaAYEeHHS KOOPIOMHATHM, AJsI AKOIL ByAyTH
% OymyBaTMCER YaCOBl xapaKTepuCTHMKM (B HNAaHOMy BMIAnKy Iie
x_ 1)
D=0;
sys_z=ss (Az,sys.B,C,D)
%$8HaxomKeHHsI KOPeHiB BaMKHyTOl cucreMmn
Korni_z=pole (sys_z)
%$[lobynoBa YacCOBMX XapaKTEePUCTMK IJIsi KOOpIMHaTM x 1
figure;
step (sys_z)
figure;
impulse (sys_z)
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JIABOPATOPHA POBOTA Ne6

CuHTe3 ONTHMAJBHOIO YIPABJIIHHS JUIA JIHIHHAX cHCTeMaxX y
cepenosumi Matlab

Merta poGoTu: o3HalOMUTHCS 3 MeTOoJaMH TIOOYJIOBH Ta
JOCITI/DKEHHST ONTHUMAIbHUX PErylsTOpiB A JIHIHHOI CcTamioHapHOT
CHCTEMH B cepemoBHII mporpamu Matlab 3a monmomororo makety Control
System Toolbox.

6.1 Teoperuuni BizomocTi

ITocTaHoBKa 3a7a4 CHHTE3y ONTHMAIBHOTO PETYJIATOpPAa HACTYITHA:
JUTSl TIOBHICTIO KEPOBAHOT'O 00'€KTa

x = Ax + Bu,
ne

A — MaTpuLs po3Mipy 1 Xn;

B — marpuis po3mipy 7 xm;

u = —Kx — 3aK0H ynpaBJiHHA.
noTpiOHO 3HaiiTm MaTpuiro koedimieHTH K 3akoHy ympaBmiHHS, sAKa
MiHiMi3ye QyHKIIOHAT

Jw) = fooo(xTQx + u"Ru + xTNu)dt.

[Mo3utuBHO Bu3HaueHi cuMeTpuuHi MaTtpumi Q, N, R Bu3HavaroTh
CHIBBITHOMIEHHS] MiX SKICTIO PErylOBaHHS (TPUBATICTIO TeEPEXiITHOTO
npollecy) Ta BUTpPaTaMH Ha YIPABIiHHS 1 MPU3HAYAIOTHCS KOPHCTYBadyeM.
Matpuiis 3BOpOTHHX 3B's13KiB K 00YHCITIOETHCS 32 POPMYIIOI0

K =R (B"S+NT),

ne S pimeHHs anredpaiuHoro piBHsSHHS Pikkati
ATS +SA— (SB+ N)R"Y(BTS+ NT)+Q = 0.
Lleii 3akoH ympaBiIiHHA Ha3UBA€THCS JIHIMHUM KBaJIpaTHYHUM
ontuMainbHUM yrpaBmiHEIM (JIK).
s peanizauii 3a3HadeHoro aiaroputMmy B makera Control System
Toolbox cuctemu Matlab € pynxims Iqgr. Ii cunTakcue HacTynHumit

Cunrtakcuc QyHKIIT :
[K, S, e] =lgr(A, B, Q, R)
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[K, S, e] =lgr(A, B, Q, R, N)

Onuc:
Oyuknis [K, S, e] = Igr(A, B, Q, R, N) po3paxoBye maTpuio
KoeimieHTiB 3BOPOTHHX 3B's13KiB K, Taky, 110 3aKOH ynpaBiiHHA U = —Kx

MiHIMi3y€ KBaJIpaTUIHUI KPUTEPii AKOCTI
o]
Jw) = f (xTQx + uTRu + xTNu)dt
0

JUTst Ge3nepepBHOi MOJIeNi, 3aJaHoi y mpocTopi craHiB. Skmo apryment N
omyuieHud, To 3a ymoBuaHHsM N = 0. Ha pgomarok po wmarpwuii
koedimieHTiB 3BOopoTHHX 3B'13kiB K ¢yHkuis Iqr mosepTae pimenHs S
piBHsHHS PikkaTi Ta BIlacHI 3HA4YCHHS e MATPHIll 3aMKHYTOI CHCTEMH.
Hwxve HaBeneHo npukiaa M-¢aiiny CHHTE3y ONTUMAITBHOTO PErysTopa.
Ipuxman. s momemni

(@)

3HAUTH MaTpUI0 KoedilieHTH 3BOPOTHUX 3B'3KiB K 3aKoHy ympaBiiHHS
u.

%[lapaMeTpn cHUCTEMM

A=[0 1; 0 O],

B=[0;1];

C=[0 0];

D=0;

%[lapaMeTpy KpuTepilo SKOCTi ynpaBliHHS
o=[1 0;0 1];

R=1;

% CTBOpeHHsT MOzesni B nipgkxnaci ss
sys=ss(A,B,C,D)

$3HaXOMKEeHHT MaTpuui koedinienrTis K makony YyOpaBIiHHS U
[K,S,e]l=1gr(sys.A,sys.B,Q,R)

Ha ekpani otpmaemo

sys =
A =
x1l x2
x1 0 1
x2 0 0
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ul
x1 0
x2 1
C =
x1l x2
yl 0 0
D =
ul
yl 0

Continuous-time state-space model.

K =
1.0000 1.7321
s =
1.7321 1.0000
1.0000 1.7321
e =

-0.8660 + 0.5000i
-0.8660 - 0.5000i

Step Response
0.25 T

02t/

e
o

o
=

Amplitude
)
o
(5]

(=]
[
E
{

-

&
2
M
S
[+>]
oo
3

Time (seconds)
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Pucynok 6.1 — Pe3ynpraTit MOZeTTFOBaHHS

6.2 ITopsiI0K BUKOHAHHS POOOTH

1.

K
ass3+a,s?+a;sta
3 2 15+ag

ITo mnepenarwiit ¢ynkuii ganku W(s) =

JaHUMH Ta0muii 5.1 moOymyBaTH MOJIEIb JIAHKU y TPOCTOPI CTaHy.

2.
3.
4.

JlocTmimuTH KepoBaHICTh OTPUMAHOI MOZCITI.
JloCImiIuTH CTIHKICTh OTPUMAHOT MOJIETT.
3amaTh MapaMeTpud KPUTEPil0 SKOCTI YIPaBIiHHSA [T CBOTO

BapiaHTa 3riHo Tabmui 6.1.

5.

PozpaxyBatu onTruManpHy MaTPHUITO KOE(]Ili€HTIB 3BOPOTHHX

3B'13KiB K.

6.

[MoOynyBaTi 4acoBi XapaKTEPUCTUKU 3aMKHYTOI MOJIEN ISt

3a/1aHOi KOOPJMHATH 3TiTHO Tabmwii 6.1.

Tabmuis 6.1 — 3agana KoopauHaTa

Bapiant Matpuns Q Martpunsg R | 3agana koopanHaTta
1 [100;010;001] 1 X1
2 [1/200;010;002] 1 X2
3 [200;010;002] 23 X3
4 [300;0%0,002] 3 x1
5 [1/400;01/30;00 2/2] 1 X2
6 [1/200;010;005] 1 X2
7 [1/600;01/30;002] 1 X3
8 [1/200;010;002] 1 x1
9 [1/800;0 10,00 %] 1 X2
10 [1/200;010;002] 1 X3

6.3 KonTpoabHi nuTanHs

1.

grw

3a K010 POPMYIIOI OOUHUCITIOETHCS MATPHUIIS 3BOPOTHUX 3B'SI3KIB

[IpuBecTu anrebpaiune piBHSHHA Pikati
[MocranoBka 3a/1a4i ONTUMATILHOTO KEPYBaHHSI
st woro npusHaueHa GyHkuus lqr, ii cuaTakcuc.
st woro npusHaueHi matpuni Q, N, R
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Hns po3paxyHKy KoedillieHTIB 3aKOHY KepyBaHHS Ta MOOYIOBH
MEePEXiTHAX XaPaKTEPUCTHK MOYKHA CKOpHCTATHCA (halijioM, JTICTHHT SKOTO
NPUBEICHO HIDKYE

clear

clc

den=[1 -1 -0.07 0.534];%sHaMeHHMK nepegmaTHoOl OGyHxIil
posiMkHyTOl %$cucTeMu

num=[0 0 O 1];%umMcenpHMk nepemgaTHol ¢yHKIii posiMkHyTOL
cucreMmn

% CTBOpeHHs Mogeni y Buraani nepemaTHol QyHkIIii

W=tf (num, den)

%llapaMeTpy KpUTEpPilon AKOCTi ynpaBJiHHS
Q=[1 0 0;0 1 0;0 0 1],
R=1;

% CrBOpeHHsT Mogmeni B migknaci ss

sys=ss (W)

$HJocnimkeHHsT cTiMkxocTi poziMxHyTO1L cucTeMn
Korni=pole (sys)

%$AHaNnis kxepoBaHOCTi cucTemmu
P= ctrb(sys.A, sys.B) ;% BHaxomkeHHs MaTpulii KepOBaHOCTi
rankP=rank (P) % BuMBHauUYeHHS PaHI'y MaTpPMIl KEepPOBaHOCTL
if rankP==

fprintf ('cucrema xepomana')
else
fprintf ('cucremMa He kepoBaHa')
end
%$3naxonxeHHst xkoedpinienTis k_isakoHy ynpaBiiHHS u
[K,S,e]=lqr(sys.A,sys.B,Q,R)
% CTBOpPeHHsI MOjeNi BaMKHyTol cucTeMum B mnipgkyiaci ss
Az=sys.A-sys.B*K;

C=[1 0 0];%BuBHaAYEeHHS KOOPIMHATHM, AJs AKOIL BYyAYyTH

% 6ymyBaTHMCB dYacoBi xapakTepucTHMkM (B gaHOMy BMIALKy Le
x1)

D=0;

sys_z=ss (Az,sys.B,C,D)

$3HaxXOmXeHHsI KOPEeH1B BaMKHYyTOL cucTeMmm

Korni_z=pole (sys_z)
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$[loBynoBa 4YacOBMX XapaKTepPMCTMK IOJsi KoopamHaTm X_1
figure;

step (sys_z)

figure;

impulse (sys_z)
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JIJABOPATOPHA POBOTA Ne7
3HaxoqKeHHs ekcTpeMali pyHknionany 3acodammn nmakery Matlab

Meta po0oTH: O3HAWMOMHUTHCS 3 METOAAMH 3HAXOJDKCHHS  Ta
JOCTTKEHHS eKcTpeMani (pyHKITIOHATy B cepenoBHIli mporpamu Matlab 3a
JIOTIOMOT'OF0 MTAaKeTy CUMBOJIBHUX po3paxyHkiB Symbolic Math Toolbox.

7.1 TeopeTnyni BizomocTi

Busnauenns 1. OyHkuieo Ha3uBaeTbCa OyAb-Ke MPABUIIO, 33 SKHM
3aJJaHOMY YHCIIY X 3 JCSIKOl IX MHOKMHHU CTAaBUTHCS Y BIAMOBIAHICTH YUCIIO
y. 3a3Buuail My 1mo3Ha4aeMo (HYHKITIO TaK:

y=fx) (7.1)

MHOXHHA YuceN X, U SIKMX BH3HAueHa (YHKIS ), HA3HUBAETHCS
oOmacTio Bu3HaueHHs (yHKuii. 3a3BUuail o0nacTh BU3HAUCHHS (QYHKUIT -
ne iHtepBan abo cucrema iHTEpBaliB (BIIKPUTUX, HAIMiBBiIKPUTHUX,
3aKpUTHX), ab0 BCS YHCIOBAa Bich. A OT SKIIO (YHKII CTaBUTBCS Yy
BIJIIOBI/IHICTh YHUCIIO, TO Iie Oyae QyHKI[IOHAI.

Busnauenns 2. ®yHKIIOHAJIOM HA3UBAETHCS Oy/b-sKE MPABUIIO, 32
SKAM  3a1aHii  QyHKIii y(x) 3 1Kol IX MHOXHHH CTaBHTBCS Y
BIJIITOBITHICTH YKCIIO J

J=1(y(x)) (7.2)

MuoxuHa GYHKINE y(x), Ha SKUX BU3HAueHO QyHkmioHan J(y(x))
Ha3BeMo kiacoM (yHkiii. Ilpu mpomy KoxkHy ¢yHKIio y(x), mo
HAJIS)KUTh 33JJaHOMY KIIacy, PO3TIISAAI0Th SIK TOUYKY JESKOTO IMPOCTOpY.
[Ipocrip, enemeHTamu sikoro € (yHKUii, HazuBaeTbcs (QYyHKIIOHATBHUM
npoctopoM. OyHKIIOHAIBHUIA MPOCTip R Ha3uBaeTbcss HOPMOBAHUM, SKIIO
KOXKHii (QyHKIIT Y(x) 3 R cTaBUTbCSA y BIAMOBIIHICTH JESIKE MO3UTHBHE
YHCII0, TPHUHHATE Ha3uBaTh HOpMOK (QyHkmii y(X) i mo3Hayatu He
OJIMHAPHUMH BEPTHKAJILHUMHU PUCKaMH, SIK MOAYJIb, a noABiitauMU |-l . s
OJTHO3HAYHOT'O0 TJIYMAueHHS Ha3Ba KJacy IPOCTABISEThCS y BUIIIII
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IHIEKCY BHH3Y TICIs BH3HAYEHHS HOPMH. 3ajieXHO BiJ TpaBuia
OOYMCIIEHHS HOPMH PO3PI3HAIOTH TaKi KJIaCH:

Tx) |L = ma.\'r

||1|z|\]|f|[ x)|. mla\l f(x)] | knac C,

4

| (2], = [ 12 () de

Knac L;

".f(r}nh =_1HaN]Lf(r}| -knac G,

Busnauennss 3 Bapiamiero ¢ynkuii y(x) Ha QyHKOID  yo(x)
HasuBaeThes Bemmuuma OV (¥) =Y —yo(x),

Busznauennsi 4 30inbmicHHsIM (yHKIioHany J Ha QyHKIii yo(X)
BIZIMOBIAHUM Bapiaii GyHKIT §y, HA3UBAETHCS BETMYMHA

AJ(yo)=J(o +06y)—J().

Busnauenns 5. OCHOBHOIO 337auel0 BapialliifHOTO OOYHUCIIEHHS €
JOCTDKEHHST Ha eKCTpeMyM (YHKITIOHATIB, TOOTO 3HAXOMKEHHS TaKHUX
¢byHKOid (3 gaHoro kiacy), Aki HagaroTh (QyHKIIOHamy HaiOinblie 4Yu
HaiiMeHIe 3HaueHHs. Taki GyHKIIT HA3UBAIOTh EKCTPEMAIISIMHU.

OcHoBHa Teopema BapianifiHoro oduucjeHHs. Skmo GyHKIiOHAT
J(y(x)) mocsirae B Toumi y MiHIMyMy (MakcuMymy), TO audepeHiian
(yHKIIOHATY, SAKIIO BiH iICHYE, y il TOUIi TOPIBHIOE HYJIIO

df =J,dy =0,
*
J(y)= _[ F(x.y.y")dx —> extr

.\'l
ze ]3', — IpUBaTHA MOXijgHa PyHKIIOHAT | 110 Y.

Judepenuiiine pisusinas Eitnepa.
Hexaii 3aganunii pynkuionan (7.3), mo 3aexuTh Bif GyHKLIT oxHiel
3MiHHOT y(x) Ta i moXigHo1 y'(X):

J) = [ F(xy,y")dx (73)



61

3 33JaHMMHU TPaHUIHUME YMOoBamu (7.4)
: (7.4)
ne Fix, y, v) Y (x' ) =n nudepeHLioeTbess mo Y 1 Y.
HeoOxigHoto ymoBOIO y(xz) =),, IpemyMmy OyHkiionany (7.3) €
BHKOHAHHS YMOB!

dFy/
B ——=, (7.5)
oF
3y’ 6y = 0, s x4, X (7.6)

PiBusinus (7.5) HasuBaeTbest nudepeHIiadbHUM piBHSHHAM Eiinepa-
Jlarpamxka, a piBHSHHA (6) yMOBOIO TpaHCBepcanbHOCTI. Ilpm 1BOMY
Heo0xigHOIO0 yMOBOIO iCHYBaHHA MiHIMyMY (MakcHMyMmy) (YHKIIIOHAITY €
Te, 110 Ha ONTUMAIIbHIH TpaeKTopii Apyra Bapialis ¢yHKIiOHANa Mae OyTH
> 0 (<0), npu yomy goctatHs ymoBa 6yme -> 0 (<0).

Hpuxnaa 1. 3xaiiTa ekcTpeMans GpyHKIIOHATA

] =, (2y +yy+y+y)dx—>extr {y(z) _
Maemo
1. . .
F=-y2+yy+y+y)
B =14y
PiBustns Eitnepa 1yist nporo yHKIliOHAIA MATHME BUTJIST
dF; e "
Fy—d—xy=1+y—y—y=1—y=0 (7.7)

PosB'szaBmm audepenmiansHe piBHIHHSA (7.7) OTpUMAEMO

X
y(x) = Cl + sz +7

y(x)=Cy+x
Hns BuzHaueHns C; i C; CKOpHCTaEMOCS T'paHHYHHMH YMOBaMH.
Maemo.
y(0)=C =1
y2)=C,+2C,+2=-2
3BIJIKH OTPHMYEMO
C; =1

-5.
C),=—
27
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Hpuxnag 2. PosrmsiHEMO [0 3amady aie i BUNAAKY KOJH
TPaHWYHI YMOBH HE BH3HAYEHI: 3HAUTH eKCTpeMallb (DyHKITIOHATY

21
]=f (§y2+yy+y+y)dx—>extr
0

Tenmep nmns BusHaueHHs C; Ta (, CKOPHUCTAEMOCS YMOBaMH
TpaHCBEPCAITBHOCTI. MaeMo

st x=0
2

Fy=y+y+1=Cz+x+C1+sz+x7=Cz+Cl+1=O
max =2
X2
=0
Temep i3 cucTEMH CHILHUX PiBHSHb
C, + C; =-1, 3C,+C; =-5

MO>KHa 3HalTH C; U Cs.

Hpuxnaag 3. JocnimkeHHs ekcTpeMalti (yHKIIOHATY B CEpPeIOBHIII
nporpamMu  Matlab 3a gOmMOMOror makeTy CHUMBOJBHUX DPO3PaxyHKiB
Symbolic Math Toolbox.

3aBmaHHs: 3HAUTH eKCTpeMalb (PYHKIIOHATY

y-1D=1

_r1 l.z . .
]—f_l(zy +yy+y+y)dx—>extr, Y1) = —2

1 moOyayBatu Tpadik pileHHS.

VY upoMmy mpukiaai miginTerpaibHa QyHKUISA F(X, v, ¥) € pyHKLi€0
3arajJbHOTO BHJY, TOMY ckiagemo piBHsHHS Eitnepa-Jlarpamxka i
BUpiIUMO ioro 3acobamu Matlab. TTotim 30y1yemo rpadik pinieHHs.

Ounctumo nam'sitb. Hagpykyemo 3arosioBok po3B's3yBaHOl 3ajadi.
Onwumemo cuMBONiYHI 3MiHHI. [ns BupimenHs piBHsHHS Eiinepa
BUKopucToByeMO nipuitHsATI B MATLAB nosnadenns noxigaux: Dy mns y' i
D2y nns y". ApryMeHT mo3HauuMo X, a pyHKIIIo - y.

clear all % oummeHHsT nam’ sITi

clc % ouMmeHHSsT KOMaHOHOI'O BikHAa

disp('PosB'asaHHS Bagavi ") % Bipo6paxeHHs HaBBUu
BaBOaHHSI
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syms x y Dy D2y $ onmuMcC CMMBOJIBHMUX BMiHHMX

% BBeIeHHs cybiHTerpansHol QyHKIi1 Ta I'paHMYHMX YMOB
F=y*Dy+Dy+y+Dy*2/2; % TyT Mae 6yTu Bawa niginrerpansxa
dyHKIis

% TpaHMuHi yMoBM BniBa
x1=-1;
yl=1;

% rpaHMYHi yMOBM mnpaBopydY
x2=1;
y2=2;

% Ipykyemo ix.
disp (' Buxipui gmami: ')

fprintf ('MiginTerpanera OyHKIis

F(x,y,y'')=%s\n', char(F))

fprintf('%s\n', 'Tpaununi yMoBmM Baima:' )
fprintf('%s\n %e\n %s\n %e\n', 'x1=',x1, 'yl=',kyl)
x1=

-1.000000e+00

yl=

1.000000e+00

fprintf ('$s\n', 'Tpaununi yMoBmM mnpasopydu:' )

fprintf ('%s\n %e\n %s\n %e\n', 'x2=',x2, 'y2=',ky2)
x2=

1.000000e+00

y2=

2.000000e+00

[TounHaemo BuBeneHHA au(epeHIiaTbHOro piBHsAHHSA Elnepa-
Jlarpamxa. 3Haiinemo yacTkoBi nmoxiaHi Fy i Fy.. Hagpykyemo ix.

dFdy=diff (F,y); % obumcnenHs noximgHol ¢ymHknii F no y
dFdyl=diff (F,Dy); % ob6umcieHHst noxigHoi oOyHkUiil F 1o
\}

y
fprintf ('Fy=%s\n', char (dFdy))
fprintf ('Fy' '=%s\n', char (dFdyl))

Fy=Dy + 1

Fy'=sDby + y + 1

Ho piBasnaa Elnepa BxoanTh noBHa noxigHa d/dx. OOumciaumo 1 3a
3BHYAIHOI0 (popMyIoro andepeHIliFoBaHHS CKIIQJIHOT (QYHKIIII:
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dF, OF, OF, , oF, ,

= + y +—2 3",
de  ax  ay oy

Hanpyxyemo ii.

d_dFdyl dx=diff (dFdyl,x); %Fy'/dx

d_drdyl dy=diff (dFdyl,y); % Fy'/dy

d_dFdyl dyl=diff(dFdyl,Dy); % Fy'y'

dFyldx=d dFdyl_ dx+d_ dFdyl_ dy*Dy+d dFdyl dyl*D2y;
fprintf (' dFy“/dx—%s\n ,char (dFyldx))
dFy'/dx=D2y + Dy

Cknazemo IniBy vactuHy audepeHuianbHoro piBHsHHS Eitnepa Tta
cpoctuMmo ii. [leperBopumo cumBomiuny 3mMiaHY Euler Ha psmox

Euler=dFdy-dFyldx; % piBHauHHa Einepa
degEuler=[char (Euler) '=0']; % B psimox mogzmanu =0
fprintf ('PiBusinust Einepa:\n%s\n',deqEuler)

PiBHsiHHsT Ennepa:
1 - D2y=0

Mu cknanmu piBasaHg Effnepa, temep Bupimmmo oro. J{ns mporo
icaye komanaa dsolve , sika 103BOJIsIE IIYKATH PillleHHs qUdepeHITiaTbHIX
PiBHSHB.

% Bupimyemo piBHsaHHa Ennepa

Sol=dsolve (degEuler, 'x'); % BupimyeMo piBHsIHHsT Ennepa

if length(Sol)~=1 % Hemae pimeHr abo 6inpmwe oxHOTO
error ('HemMae pimenr abo 6inepme omHoro pimenus!');

else

disp (' BaranpHe piwmeHHs1 piBHsIHHsT Emnepa:') ;

fprintf ('y(x)=%s\n',6char (Sol))

end

BaranvHe pimenHst piBHsIHHST Ennepa:
yv(x)=C2 + (x*(Cl + x))/2

Cdopmyemo Tenep piBHSHHA Ul TpaHWYHUX yMOB. IlimcraBumo y
3HalijiecHe aHaJNiTWUYHE pilieHHs Sol TpaHW4YHI TOYKM X; Ta Xp; Ta
MPHUPIBHAEMO iX BIAMOBIAHO Y1 Ta Y.
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SolLeft=subs(Sol,x,x1l) ;% nigcraBmam x1
SolRight=subs (Sol,x,x2) ;% nigcraBuam x2
EqgLeft=[char (SolLeft) '=' char(sym(yl))] ;% =yl
EqRight=[char (SolRight) '=' char(sym(y2))] ;% =y2
disp('PiBHAHHS »OJIsT T'PAaHUYHMX YyMOB: ')

fprintf ('%s\n', EqLeft,EqRight)

PiBHSHHS OJIs1 r-pa:-mu:-mx YMOB :
C2 - Cl/2 + 1/2=1
Cl/2 + C2 + 1/2=2

Bupimyemo oTpuMaHy cHUCTeMy KiHIIEBUX PiBHSHb — 3HaXOAUMO
3HayeHHs JoBUIbHUX mocTiiHuXx Cl 1 C2. [lpuBnacHoeMo 3HaWICHI
pIlIEHHS CHMBOJIYHAM KOHCTaHTaM, OTPHUMaHUM Il Yac BUPIMICHHS
nudepeHIiaTbHOrO PIBHAHHS Ta OOYKMCITIOEMO aHATITHYHE pimeHHs SO0I21.
Take 0OYUCIICHHS 3BOAMTHLCS JI0 TOTO IO, IO Y HHOTO OYyAyTh MiJCTaBICHI
3HaiiaeHl 3HaueHHs KoHCTaHT Cl 1 C2. [Ipykyemo 3HaiifieHe piBHSHHS
eKcTpemali.

Cl=1,
C2=1.
PiBHsIHHS ekcTpemali:
y(x)=0.5*x*(x+1.0)+ 1.0.

% nobygmoea rpadiky
xpl=linspace (x1,x2); % BajaeMo MacueB abcumc
y21l=subs (Sol21l,x,xpl); % o6uUMCIIOEMO OPAMHATH
figure;

set(gcf, 'color',[1 1 1]);

lnsl=line(xpl, y21);

set(lnsl, 'LineWidth',[2.5], 'color',[0 O
0], 'LineStyle','-");

set(gca, 'GridLineStyle', '-
', 'LineWidth', [1.5], 'FontAngle', 'normal', 'FontName', 'Ti
mes New Roman Cyr',...

'FontSize',614);

xlabel ('x"') ;

ylabel('y');

grid on;
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-1 -0.5 0 0.5 1
X

Pucynok 7.1 — I'padik excTpemali y 3aBJaHHi

7.2 IlopsinoK BUKOHAHHS POOOTH

1. Mo manum Tabnumi 7.1 3amaty migiHTerpaibHy (GYHKI0 F(X, y,
y') byHKITIOHANY, IO OCTIHKYETHCS, 1 TPAaHUYHI YMOBH.

Tabmuis 7.1 — [HAMBIqyabHE 3aBIaHHS

Bapiant Fx, y,9) I'parnuni
YMOBH
1 T y(-1) = -1
J= f (y2 — 4y2 + 2xy — xz)dx y(1) =2
NG D=2
2 y(-1) =
] = f (y? + 4y? — 8xy + 2x%)dx (1) = 4
1_1 D
3 y(=1) =2
- 2 2 2
] = -[—10, + 4y* + 4x°y + xcosx)dx y(1) = 0.5
4 2 ' y(0) =2
] = J (y? — 4ycos2x + 4x?y + 5sin3x)d y(2) = -3
0
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5 J = foz(}-,z +9y2 + 2xy + xsinx)dx i% i ;
6 /- fz(y-z + 9y + 2xy — xsinx)dx §§3§ ~,
7 J= f - = + xsmx) dx y}z(gl))::—l
8 ] = f (92 — 2ye* + cosx)dx yy((_s):gz
) ] = f (72 — 9y? + 2ysinx — x?e)dx yi(l(;):—l
10 /- f_ (G +? + dye* — xsing)dx yy((_s):;

2. Orpumatu nudepenuiiine .piBHsHHs Eitnepa.

3. 3uaiiTu pimenHs piBHsHHA Eiinepa.

4. CdopmyBary piBHSIHHA IJI TPAHUYHUX YMOB 1 3HAWTH 3HAYCHHS
xouctanTt C11C2;

5. IoOynyBatu rpadik ekcTpemari.

7.3 KoHTpOJIbHI NUTAHHS

1. lllo Take dyHKIionan? Ynm BoHA BiAPI3HAETHCS Bil QYHKIIIT?
2.V 4yoMy ToJsira€ OCHOBHE 3a/1a4a BapialliifHoro o04YncieHHs?
3. SIki kacuy4Hi 3a/1a4i BapialiiHOro 00YKMCICHHS BU 3HAETE?

4. 1llo Ha3uBaeThes kiacoM GyHKIiH? SIki kracu Bu 3HaeTe?

5. llo Ha3uBaeThCs Bapialieo GyHKII?

6. ChopmyiroiiTe OCHOBHY TEOpEMy BapialiiHOTO OOYUCIICHHS.
7. llpuBenite nudepenmiiine piBasHHA Eitnepa.

Hagenemo moBHMIA JTICTHHT TPOTPaMHU:
clear all % oummeHHst nam’saTi
clc % oummeHHsT KOMaHOHOT'O BikHa
disp('PosB'ssanHHs 3agmavi ') % BigobOpaxeHHsT HaB3BU
BaBRaHHS
syms x y Dy D2y % onMC CMMBONIBHMX SBMiHHMX
% BBezeHHs1 cybiHTerpanbHOl QyHKIil Ta IpPaHMYHMX YMOB
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F=Dy"2+4*y"*2-8*x*y+2*x"2; % TyT Mae 6yTH Bama
niginrerpaneHa OyHKIis

% TpaHMuYHi yMoBM BniBa

x1=-1;

yl=1;

% rpaHMYHi yMOBM mnpaBopyd

x2=1;

y2=2;

% OpykyeMmo ix.

disp (' Buxipui mami: ')

fprintf ('NigirTerpansua byuknis
F(x,y,y'"')=%s\n',char(F))
fprintf('%s\n', T'pannuni yMoBm Baima:' )
fprintf('%s\n %e\n %s\n %e\n', 'x1=',x1l, ‘'yl=',kyl)

fprintf ('%$s\n', 'Tpanuuni yMoBmM mnpasopyu:' )
fprintf('%s\n %e\n %s\n %e\n', 'x2=',x2, 'y2=',Kky2)

% IloumHaeMo BuBeIeHHs OubepeHniansHOTro piBHSIHHA Eniepa.
% 3BuanmgmemMo uvacTkoBl nmoximgei Fy i Fy' Ta HaapykyeMo ix.
dFdy=diff (F,y); % obumcnenHs noxipgHoi ¢ymkuii F mo y
dFdyl=diff (F,Dy); % obumcieHHs noxigHoi ¢ynHkuii F no
Y‘

fprintf ('Fy=%s\n', char (dFdy))
fprintf('Fy' '=%s\n', char (dFdyl))

% Ho piBHsiHHs Eijlepa BXOAMTE NOBHA noxipgra dFy'/dx.
% O6umcammo ii

d dFdyl_dx=diff (dFdyl,x); %Fy'/dx

d dFdyl dy=diff(dFdyl,y); % Fy'/dy

d dFdyl dyl=diff(dFdyl,Dy); % Fy'y'

dFyldx=d dFdyl_ dx+d dFdyl dy*Dy+d dFdyl dyl*D2y;
fprintf ('dFy''/dx=%s\n', char (dFyldx))
Euler=dFdy-dFyldx; % piBusauusa Eninepa
degEuler=[char (Euler) '=0']; % B psimox mogzmanu =0
fprintf ('PiBusinast Ennepa:\n%s\n',6 deqEuler)

% Bupimyemo piBHsaHHs Eninepa

Sol=dsolve (degEuler, 'x'); % BupimyeMo piBHsIHHs1 Ennepa

if length(Sol)~=1 % Hemae pimeHr abo 6inpwe omHOTO
error ('HeMae pimenp abo 6inepme omHoro pimenus!') ;
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else

disp (' BaranpHe pimeHHsT piBHsIHHsT Ennepa:') ;
fprintf ('y(x)=%s\n', char(Sol))

end

% ChopmyeMOo Temnep PiBHAHHA O T'PAaHUYHUX YMOB.

% [lipgcraBuMO y BHalAeHe aHaniTuuHe piweHHs sol

% rpaHmMuHi ToukM x1 m x2, Ta npupiBHsIeMO ix BipnmoBigHoO
%yl Ta y2.

SolLeft=subs(Sol,x,x1l) ;% nigcraBmam x1
SolRight=subs (Sol,x,x2) ;% nigcraBuam x2
EqgLeft=[char (SolLeft) '=' char(sym(yl))] ;% =yl
EqRight=[char (SolRight) '=' char(sym(y2))] ;% =y2
disp ('PiBHSIHHSI OIS TPaHMYHMX YMOB ')

fprintf ('%s\n',EqLeft,EqRight)

% PoBB’sI8y€MO OTpMMaHy CMCTEMY CKlHYEHHMX PiBHSHB 1

% BHaXOOMMO BHAUYeHHHA JoBineHMXx koHcTaHT Cl i C2.

% [pusHavaeMoO BHaMIeH1 POBB'ABKM CHUMMBOJIBHMM KOHCTaHTaM
%, WO oTpMMaHi mpu posB'sABaHi aubepeHUiaNBHOTO
piBHsiHHs1. Temep o6umMcauMMO aHaniTMuHMM posBB'siBok sol2l.
% Takmuii pPOBPaxyHOK SBBOOUTECSI AO TOI'O, W0 B HBOI'O ByRyTH
nipcraBasaTHca BHalAeH1 BHaveHHsa KOHcTaHT Cl i C2.

% IpykyeMO BHalgeHe PiBHAHHA eKcTpeMmaui.
[C1,C2] = solve(SolLeft == char(sym(yl)),h SolRight
==char (sym(y2)))
Sol2l=vpa(eval(Sol) ,14); % nigcraBmiam C1l,C2
disp ('PiBHsHHSI ekcTpeMani: ')
fprintf('y (x)=%s\n',char(Sol21))
% nobygmoBa rpabdmky
xpl=linspace (x1,x2); % BajaeMo Macue abcumc
y21l=subs (Sol2l,x,xpl); % o6uUMCIIOEMO OPAMHATH
figure;
set(gcf, 'color',[1 1 1]);
lnsl=line(xpl, y21);
set(lnsl, 'LineWidth',[2.5], 'color',[0 O
0], 'LineStyle','-");
set(gca, 'GridLineStyle', '-
', 'LineWidth', [1.5], 'FontAngle', 'normal', 'FontName', 'Ti
mes New Roman Cyr',...
'FontSize', 6 14);
xlabel ('x"');



ylabel('y'");
grid on;
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