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1 KOPOTKHM OIIUC POBOTHU B MATLAB
1.1 Po6oma 8 KOMaHOHOMY pexXumi

Po6ota MATLAB MmoxiuBa B IBOX peXKUMaxX: KOMAaHJIHOMY PEXKUMI 1 peKUMi
BUKOHAHHS m-(dailry.

PoGoTa cucteMu B KOMaHIHOMY pPEXHUMI Haraaye poOOTy KalbKyisTopa. Y
koMaHgHoMy psaaky MATLAB micns Mapkepa>> MOKHa BiJpa3y BBOJUTH IMOYATKOBI
AaHi Juist 0OYMCIIEHHS 3a JOTIOMOT0I0 BOYJOBAaHOIO TEKCTOBOTO peAakTopa. Brenenus
JaHUX 3aBeplIyeThcst HaTucHeHHsAM kiaBiiii ENTER.

PesynpTaTin oO0unciaeHs BUBOISATHCS 3 HOBOTO psifika (6e3 mapkepa >>).

Jliisa 6510KyBaHHSI BUBEACHHS PE3YyJIbTaTiB O0UUCICHb JESKOr0 BUPAXKEHHS MOro
MOTPIOHO 3aKIHYUTH 3HAKOM «;» (Kpamka 3 komoro). lle OyBae 3pyuHuMm miis
MIPUXOBAHHSI PE3YyJIbTATIB MPOMIKHUX 00UNCIICHB.

Sk 3HaK TPUBIIACHCHHS BHUKOPHCTOBYETHCS 3HAK PIBHOCTI «=». Hampwukmian,
BBEJICHHS psAJiKa X = 1 03Ha4a€ OroJIONIECHHS 1 1HII[lali3a1[ii0 3MIHHOT X.

IM's 3migHOI MOXke MictuTd 10 30 CHUMBOJIB 1 IIOBUHHE HE CHIBIAAATA 3
iMeHaMH (DYHKIIIH, IpOUEAYp CUCTEMHU 1 CACTEMHUX 3MIHHUX.

[Ipn nboMy cucTema po3pi3Hsi€ BENMKI 1 MaJleHbKi OyKBH B 3MIHHUX, TOOTO
3MiHH1 unit 1 Unit- 1e pi3Hi 3MiHHI.

Cuctema MATLAB mae nexinbka iMEH 3MIHHUX, SIKI BAKOPUCTOBYIOTHCSI CAMOIO
CUCTEMOIO 1 BXOJIATh JI0 CKJIaay 3ape3epPBOBAHMUX:

i, j — ysBHA onuHMIIS (KOPIHD KBAJAPATHUM 3 MIHYC OJMHUII);

pi— umcio 1 (30epiraerbest y Burisiai 3.141592653589793);

inf— mo3Ha4veHHsT MalIMHHOI HECKIHYEHHOCTI;

NaN—«He uuciao», NO3HAYEHHS HEBU3HAYCHOrO pe3yJbTaTy (HaNpHUKIIa,
tuiy0/0 yu inf/inf);

eps— MOrPIIIHICTh ONepalliid Ha/l YMCIaMHU 3 TUIaBal0u0l0 KOMOIO;

ans— pe3yibTaT OCTAaHHBOI onepallii 0e3 3HaKy NPUBJIACHEHHS;

realmax i realmin - MakCUMaabHO 1 MIHIMAJIBHO MOKJIMBI BEIMYMHA YUCIIA, K1
MOXYTh OyTH BUKOPHCTAaHI.

i 3MiHHI MO’KHA BUKOPUCTATH B MAaTEMaTHIHUX BHpa3ax.

BOynoBani (QyHkmii 3anucyroTbcs MaluMU JIiTepaMu, a iX apryMeHTH
HABOJSATHCA B KPYTJIUX AYXKKax, HAPUKIA, sin(x).

Y onnomy ceanci po6otu cuctemu MATLAB Mo)kHa BH3HAYWMTH JACKLJIbKa
3MIHHHX 1/a00 00YMCIUTH JIEK1JIbKa BUPa3iB, HAIIPUKIIAI:

BBoautbes 3 KnaBiaTypu >> a=1, b=5, c=atb
Binnosine cucremu a=

Jlnst  BUBEACHHS 3HA4YEHHS KOHKPETHOI 3MIHHOI JOCHUTH BBECTH iiiM'd,
HAIIPUKJIIAJI:
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BBoauThCs 3 Ki1aBlaTypu >>a

BinnoBine cucremu a=

SxI0 BUBEICHHS pe3yIbTaTy OOYHMCICHHS TUIBKH 1[0 BBEJICHOTO BUPAKCHHS HE
3a0JI0KOBaHE 1 HE BKa3aHa 3MIHHA, 3HAYCHHS SKOI HEOOXIJHO BHUBECTH, TO CHCTEMa
MATLAB cama npusHayae Taky 3MIHHY 3 IM'M ans, NPUBJACHIOE il 3HAYEHHS
OCTaHHBOT'O BUPAKCHHS 1 BUBOJIMTS i1 SIK PE3yJIbTaT O0YNCIICHb, HAIIPUKIAT:

BBoauthbcs 3 kaBiatypu >>sin(pi/2)
Bianosiab cucremu ans=
1

1.1.1 Yucna, maTpuui i BeKTOpH

Cucrema MATLAB cnovatky cTBOproBajiacsi sIK «MaTpUYHUN OOUYMCIIOBAYY 1
ONTHMI30BaHa I MPOBEACHHS OOYMCIICHb 3 BEKTOpPAaMHU, MATPHUIIAMH 1 MacCHBaMH.
binpiie Toro, B cUCTeMi 3a yMOBYAaHHAM MepeAdayaeTbes, M0 KOXKHA 3MIHHA - L€
BeKTOp abo marpuia. Hampukiaz, sikio 3agane X = 1, To cucteMa cripuiiMae 1ie siK
3aBJaHHS BEKTOPY 3 €IMHUM €JIEMEHTOM, 3HaUYEHHS SIKOTO JOpiBHIOE 1. Y CcBOIO yepry,
BEKTOP — 11€ MaTPHUIIs, YUCIIO PSAIKIB a00 CTOBIMIIIB SIKOi JOPiBHIOE 1.

Jlns 3aBIaHHS BEKTOPY 3 BEJIUKHMM YHUCJIOM €JIEMEHTIB, iX 3HAUYC€HHS MOTPIOHO
nepepaxyBaTd B MPSMOKYTHUX JTy)KKaX, BUKOPHCTOBYIOYHM SK PO3IILHUK IPOITYCK
a00 KOMy. 3aBIaHHsS MaTpHUllb 3I1ACHIOETHCS aHAJOTIYHO, JUIS PO3IIJICHHS PSIIKIB
BUKOPUCTOBYETHCS 3HAK «;» (Kpamnka 3 komoro) Hanpukman:

3aBnanHsa BekTopa 3 4 enementiB | >>X =[1 2 3 4]

BinnoBine cucremu X =
1 2 3 4
3aBaaHHs MaTpUIl 2%2 >>Y =[1 2; 4 5]

BignoBigs cucteMu

Y MATLAB nepen6auena HasiBHICTh BEJIMKOI KUTBKOCTI OIeparlii, ki MOXHa
3IACHIOBATH 3 MaTPUIISIMU 1 BekTOopamu. Cepes HUX:

- CKJIaJaHHs, BiTHIMaHHA (+,-);

- MHOXeHHS (*);

- o0epHeHHs (inv);

- IiJIeHHs 3711Ba Hanpaso (/) 1 cripaBa HamiBo (\);

- migHEeceHHs 10 crereHs ();

- TpaHcnioHyBaHHS (');

-CTBOPEHHS HUKHBOT TPUKYTHOI MaTpulll A: tril(A);

-CTBOPEHHS BEpPXHbOT TPUKYTHOI MaTpuill A: triu(A);

-bopMyBaHHSI MaTpHUIll OJWHUIIL 3aJaHOTO po3Mipy nxm: ones(n, m). Jlius
CTBOPEHHSI KBaJI[paTHOI MaTpulii: ones(n);



-popMyBaHHS MATpHIl HYIIB 3aJaHOTO po3Mipy nxm: zeros(n, m). Jlus
CTBOpPEHHS KBaJpaTHO1 MaTpulll: Zeros(n);

-opMyBaHHS OJJMHUYHOI MAaTPUIIi 33JJaHOT0 PO3MIpPY Nn: eye(n);

- ((opMmyBaHHS MaTpuIli3 OJMHMIIMA Ha JiaroHaJi 1 HYJISIMH 11032
JiaroHajuIio: eye(m,n);

- ¢opmyBaHHS MaTpulll 3 BHUIAJKOBUMH €JIEMEHTaMH, PIBHOMIPHO
posnojaineHuMu Ha Bizpizky [0,1]: rand(m,n);

-BUJIyYE€HHS AlaroHani 3aganoi matpuii A: daig(A);

-BJIacHI uncna matpuii A: eig(A);

- BU3HAYHUK Matpuili: det(A).

1.1.2. MarematnyHi ¢hyHKIIii

Y MATLAB nepenbadueHa HasBHICTh BEIUKOTO 4YHCIa BOYTOBaHUX
mateMmatnaHux Qynkiii [1]. Cepen Hux:

a)enemeHmapHi QyHKyii:

- sin(Z), cos(Z), tan(Z), cot(Z), sec(Z), c¢sc(Z) - cuHyC, KOCUHYC, TAaHTEHC,
KOTAQHI'€HC Yncia Z;

- sinh(Z), cosh(Z), tanh(Z), coth(Z), sech(Z), csch(Z) - rinep6osiyHi CUHYC,
KOCHHYC, TAHT€HC, KOTAaHT€HC, CEKaHC, KOCEKaHC Yucia Z;

- asin(Z), acos(Z), atan(Z), acot(Z), asec(Z), acsc(Z) - apkcunyc (y pajiaHax B
niama3oHi Bia -m/2 no +m/2), apkkocunyc (y aiama3oni Big 0 g0 m), apkTaHrenc (y
Jiara3oHi Bij -n/2 10 +1/2), apKKOTaHT€HC, apKCEKaHC, apKKOCEKaHC;

asinh(Z), acosh(Z), atanh(Z), acoth(Z), asech(Z), acsch(Z) - 3BopoTHI
rinepOoIivYHI CHHYC, KOCUHYC, TAHTE€HC, KOTAHT€HC, CEKaHC, KOCEKAHC;

- eXp(Z) - excroHeHTa unucna Z;

- log(Z) - HatypanbHuii norapum;

- log10(Z) - necsaTkoBuii Jorapudm;

- sqrt(Z) - kBagpaTHUI KOPiHb 3 UKClia Z;

- abs(Z) - Mmoaynb yucna Z.

- round(Z) - 3BuyaiiHe OKPYIJIEHHS YKciia Z 10 HaHOJIMKYOro LJIOT0;

- mod(X, Y) - minounciene auieHHs: X Ha Y

- rem(X, Y) - o0uMClIeHHs 3aJUIIKY B AUIeHHs X HA Y

- sign(Z) - oGuncieHHs curuyM-QyHKUii yncna Z;

0)hyHKYIT KOMNIEKCHO20 apeyMeHm):

— TMPaKTUYHO YyCi BHINENEPETIYeHl eJIeMEeHTapHI MaTreMaTu4Hi (QyHKii
OOYHUCITIOIOTHCS MPU KOMIUIEKCHUX 3HAYEHHSX apryMEHTy 1 HaOyBalOTh B pe3yJbTaTi
IOTO KOMIUIEKCHUX 3Ha4yeHb pe3yibTaTy. Hampukian, gyHkiis sqrt oOuuciioe, Ha
BIJIMIHY BIJ IHIIUX MOB MPOrpaMyBaHHs, KBQJPAaTHUM KOPiHb 3 HETaTUBHOTO
aprymMeHTty, a (yHkmis abs npu KOMIUIEKCHOMY 3HAUY€HHI apryMEeHTY OOYMCIIOE
MOJ1yJ b KOMIUJIEKCHOTO YHCIIa.

Y MATLAB € nexinpbka I0AaTKOBUX (YHKIIIH, po3paxoBaHUX TUIBKKM Ha
KOMIIJIEKCHUI apTyMEHT :

real(Z) - Buninsie nificHy 4aCTUHY KOMIUIEKCHOTO apryMeHTy Z;

imag(Z) - Bunuisie yABHY 4aCTUHY KOMIIJIEKCHOTO apryMEHTY;

angle(Z) - o04KCIIOE 3HAUEHHS apTyMEHTY KOMILJIEKCHOTO uncia Z (y paaiaHax
B Jliara3oHi Bijg -7 710 +1);
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conj(Z) - BUJa€ YUCII0, KOMIUIEKCHO 3B's3aH€ BIITHOCHO Z.
1.1.3 PimmeHHs1 CHCTEMH JIiIHIHHUX PIBHAHDb aJIreopu

PosrnssHemo cucteMy JiHIMHUX PIBHSHB alreOpH :
ay Xy +apyx; = by
Ar1X) + Ay X, =b,.

Y matpuuHiit Gopmi 111 cucTteMa Moxke OyTu 3amucaHa y Burisai AX = B, ne
Matpuili A, B, X matote Burmsiz;

Pimennss cucremMu piBHSHH B MAaTpU4Hii (opmi 3amucy NpPeACTaBIAETHCS
BUPAXKEHHSIM:

X=A"B,

ne AL MaTpHulis, 3BOPOTHA MATPHUIL A.

Y MATLAB 1ie pinieHHst MOke OyTH 3HalJICHE MPU BUKOHAHH1 KOMAaHI:
>>X=1inv (A) *Babo>>X=A\B.

1.1.4 Oneparopu «:» (IBOKpanka) i «.» (Kkpanka)

Omnepatop «:» (IBOKparika) BUKOPUCTOBYETHCS Il CTBOPEHHS BIIOPSIAKOBAHOL
MOCJIIOBHOCTI 4YMCEN 3 pIBHOBIAJIEHUMHU 3HayeHHsMU. DopMaT 3amucy LbOro
oreparopa:

[[TouatkoBe 3HaueHHs|:[ Kpok]:[KiHueBe 3HaueHH: |

SIKII0 KpoK HE 3aJlaHuil, TO BIH NMpuiiMaeTbcs piBHUM 1 abo —1 3anexHo Bix
TOT0, OLJIBIIIE KIHIIEBE 3HAUYEHHS IT0YAaTKOBOT'O 3HAYCHHS a00 MEHIIIE.

[Ipu #oro BUKOpHCTaHHI CTBOPIOETHCS BEKTOP:

3agaeTbes nocmigoBHICTh k3 kpokomM2 | >>k = 2:2:10
BianoBiab cuctemMu k =

2 4 6 8 10
3a1aeThCs MOCTIJOBHICTH M 3 KPOKOM 1 >>m = 0:2
Bigmnosiab cucreMu m =

01 2
Buxopuctanss mocaijoBHOCTI m >>s=s1in (m)
Bigmnosias cucreMu s =

0O 0.8415 0.9093

[Ipy HEOOX1THOCTI 31HCHEHHS MOYJIEHHOTO MHOXEHHS (UM J1JICHHS) CJIEMEHTIB
OJIHOTO MacCHBYy Ha €JIEMEHTH 1HIIOr0o MacuBy (Ti€el JK€  PO3MIPHOCTI)
BUKOPHUCTOBYIOTHCS BIAMOBIAHO orieparopu (.*) 1 (./). Hampukmna:

CkJiajaHHsi BEKTOPIB I, § >>m+s
Bigmnosias cucreMu ans =

0 1.8415 2.9093
ITouieHHEe MHOKEHHS €JIEMEHTIB M, § >>m. *s




BinnoBine cucremu j =
0 0.8415 1.818¢6

Jns  3milicHeHHsT orepallii  IMiJHECEHHS €JIEMEHTIB MacHBY JO CTEIeHS
BUKOPHUCTOBYETHCS OIEpaIlis «.”».

1.1.5 IToOynoBa rpagikis

I'padiku B MatLAB 3aBxau BUBOIATHCS B OKpeMme TIpadiyHe BIKHO, KOTpE
Ha3uBaroTh Qiryporo (figure). [lepine BikHO HOpMyeETHCSI aBTOMATUYHO 1 Ma€e HOMeED 1.
Jlis CTBOpEHHsI JOJATKOBHX BIKOH BHUKOPHCTOBYEThCS KomaHna figure(n), ne n —
HOMEp BIKHA.

Y opHomy rpadidyHOMY BiKHI, aje Ha OKpeMUX TpadiuHMX MOJSIX MOXKHA
noOyayBaTH JeKUIbKa rpadikiB, BAKOPUCTOBYIOUH MPOLIETYPY

subplot(m,n,p).

TyT m Bka3ye, Ha CKIJIbKA YaCTUH PO3AUISETHCS rpadiyHe BIKHO MO BEPTUKAI, n
— [0 TOPU3OHTAJ, a p — HOMEp MiJABIKHA, B KoMy OyayBaTumeThcs rpadik. [Ipu
bOMY IiIBIKHA HYMEPYIOThCS 3J11Ba HANPABO MOPSAIKOBO 3BEPXY BHU3.

Jlnst noOynoBu rpadikiB GyHKIIH MOXe BUKOpUCTOBYBaTHCS QyHKIIs plot.

s pyHKIis Mae pi3HI GOpMHU 3aITUCY 3AJIE€KHO BiJl HAOOPY BXIJHUX apTyMEHTIB.
Sxmo y— Bektop, ¢pyskuis plot(y) poOuTts nmoOGynoBy HIMAaTKOBO-JIIHIHHOTO Tpadiky
€JIEMEHTIB y 3aJIeKHO B 1HIAEKCY ejeMeHTIB y. Skumo ¢ynkuisa plot(x,y) mMae aBa
BEKTOpPHI apryMEHTH OJHAKOBOI pPO3MIpHOCTI, TO Oyae mnoOymoBaHuii Tpadik Yy
3aJIE)KHO BIJ X.

Oyukiis plot Moxxe MaTu JIeKUIbKa Map apryMeHTIB X—y. B 1IboMy BHMaaKy
BOHA 300paxkye AeKkiibka (PyHKIIH y(X) KpUBUMH PI3HOTO KOJHOPY, BUKOPHUCTOBYIOUU
3yMOBJICHUH (aJie 3MIHIOBaHUI KOPUCTYBaueM) CIIUCOK KoibopiB. Hanpukian, plot(x1,
yl, x2,y2, x3, y3)- BuOynoByroThcs Tpu rpadiku QyHkiii : yl(x1), y2(x2), y3(x3).

Takox € MOXJIMBICT BU3HAYATH KOJIp, CTWJIb JIIHII 1 MapKepu 3a JOMOMOTOI0
e OJJHOTO aprymeHTy pyHkuii plot:

plot(x, yl[,'color style marker']),
ne color style marker— 1ie cumMBOJIBHUM PsAZIOK (OOMEXKEHUHN MOOJUHOKUMHU JIAlIKaMu),
110 XapakTepHU3ye KOJIip, CTHIIb JIIHII 1 TUIT MapKepa:

- CHUMBOJIM BHM3HA4Y€HHS Kosbopy: 'c¢', 'm', 'y, 'f, 'g, b, 'w, 'k'. Bouu
BIJINTOBIIAlOTh KOJIbOpPAM cyan, magenta, yellow, red, green, blue, white, black;

- TO3HAYEHHs CTWIIO JiHIi: '-' CyIlibHa, '--' MyHKTHpHA, ':' mTpuxosa, '-.'
HITPUXITYHKTHPHA;

- TMIM Mapkepa: '+, 'o', '"*', 'x

Hanpuxnan, BupaxenHs: plot(x, y, 'T--0') KpeciauTb 4epBOHY MYHKTUPHY KPUBY 1
BCTaBJIsIE MAPKEPH Y BUIJIAJII CUMBOJIY «0» B KOXKHIM TOUILIl JaHUX.

Bynp-sika 3 TpbOX INepepaxoBaHUX CKIaAoBUX color-style-marker moxe Oytu
npomyiieHa. SIKIo BU3HAYA€ThCS TUI MapKepa, a CTWJIb JIiHIl OMyIIeHWH, cUCTeMa
MATLAB Oyaye Tiibku MapKepH IS 1€l KpUBOi.

Ha rpadik nomaTkoBO MOXHa HAaHECTH CITKY 3 KOOPJAMHATHHUX JIiHIM,
1H(bOpMaIlio PO KPUBY (3aroyioBOK rpadiky), a TAKOX MO3HAYUTH KOOPIUHATHI OCI.

Hanecennst xoopaumHaTHOI CITKM Ha rpadik 3AIHCHIOETHCS 3a JOMOMOTOIO
bynkuii grid, 10 AKOi ¢l 3BepHYTHCS Bipa3y Mmicis 3BepHEHHS 10 QyHKIT plot:
>>plot(x, vy), grid
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3aronoBoK rpadiky BUBOAUTHCS 3a JIomoMororo mpouenypu title. Sxmio mics
3BEpHEHHA 110 npouenypu plot Bukinukatu title TakuM YMHOM:
title ('<TrexcT>")
TO Haj rpadikoM 3'IBUTHCS TEKCT, 3alUCaHUl MK amocTtpodamu B nayxkax. [lpu
IbOMY CJIIJT TTaM'ATaTH, 10 TEKCT 3aBX I IIOBUHEH MOMIIIATUCS B arloCTPOdH.
AHaNOTIYHO MOXXHA BUBECTU TOSCHEHHS JO0 Tpadiky, SKI PO3MIIIYIOTHCS
y310BK ropu3oHTanbHOI ocl (pyHkiis xlabel) 1 y3moBx BepTHKanbHOI Oci (hyHKITIS
ylabel).
Hampukiaz, cykymHiCTb oniepaTopiB
>> x = - 4*pi: pi/100 : 4*pi;
>> y = 2% sin(x+pi/3);
>>plot(x, y), grid;
>>title ('dyukuig v = 2*sin(x+pi/3)");
>>xlabel ('x'),; ylabel('y');
MpUBEE 10 OPOPMIIEHHS OIS PIrypH y BUTIISIAL:

File Edit Wiew Insert Tools Deskbop ‘Window Help "

D& K RAO® & 08 =0

DyHKUWA ¥ = 2¥sin(x-+pif3)
T

15

Komanpa legend ciyxuth 1151 BUBeJIeHHS JiereHiu rpadika. Jlerenaa morpioHa,
K0 Ha TpadiKy € JeKiIbKa JIHIM 1 Tpeba MmokaszaT, 10 O3Ha4ya€ KOXKHA 3 HUX.
[TapameTpamu komanau legende cMBOJIBHI PSAJIKH, 1X TOBUHHO OYTH CTIJIBKH, CKUTBKU
mo0y10BaHO JIHIM.

VY Hammcax MO)KHa BUKOPHCTOBYBATH T'pelbKl OYKBH, SIKI 3aMUCYIOTHCA Y BUJL
«\alpha», «\beta» Ttomo. BepxHiii iHAeKc (Mipa) MHO3HAYAETHCS  3HAKOM «”».

2 )
Hanpuknan,a® 3anumerbess sk «a”2». [Ins NO3HAYeHHS HIKHBOTO 1HACKCY

BUKOPUCTOBYIOTh HUYKHE TIKPECICHHS, HAPUKIIA, @), KOAYETHCA K «a_{22}».

Sxmo 1o BuBeneHoro rpadika Tpeba O0AaTH HOBUM y THX K€ OCSX,
BUKOPUCTOBYIOTh KoMaHy holdon. [Hakiie HOBul rpadik 3aMiliae cTapuid.



1.2 lpoepamyeaHHsi 8 cepedosuwi MATLAB

[Tporpamu MmoBoro MATLAB matoTh aBa pi3HOBUIM — TaK 3BaHi Script-aitiu
(daiinu-cuenapii, ado mporpamu, IO yOpaBJsiiOTh) 1 ¢ainu-GyHKINi (mpoueaypu).
O6uaBa pi3HOBUIM MOBHUHHI MaTH PO3LIMPEHHS 1MEH1 ¢ainy «.m». 3a JOMOMOTOI0
Script-daiinie 0OpMITIOIOTE OCHOBHI MPOTpaMHu, SIKi KEPYIOTh Bij MOYATKy 0 KIHIIA
OpraHi3alicl0 ychOoro OOYMCIIIOBAJILHOIO MPOLECY, 1 OKpeMi YaCTMHU OCHOBHHUX
nporpaM (BOHM MOXYTb OyTH 3amlucaHi y BUIIISIAI OKpeMux Script-gaitnis). Sk ¢aiin-
byskiii opopmimroroThCsT  Okpemi  Tporieaypu 1 QyHKIii (ToOTO Taki 4YaCTUHU
mporpamu, siKi po3paxoBaHI Ha HEOJHOPA30BE€ BUKOPHCTaHHS Script-daimamu ado
IHIMUMHU  TIpOIEypaMyd TPH 3MIHEHUX 3HAYCHHSIX IMOYATKOBUX IMapaMeTpiB 1 HE
MOXXYTh OyTH BUKOHaH1 0€3 MOTNEPEIHHOTO 3aBAaHHs 3HaUYEHb 3MIHHUX, K1 HA3UBAIOTh
BXI1JTHUMH ).

Hanani nig M-gaitnom Oynemo po3ymitu Oyab-skuid daiin (daitn-pyHkuiro ado
Script-daiin), 3anucanuit MoBoro cuctemu MATLAB.

OcHOBHI 0COOJMBOCTI 3aMuCy TEKCTY nporpamu (M-daiiny) :

a) 3a3BUYAll KOXKEH OMepaTrop 3aluCyEThCS B OKPEMOMY DSAKY TEKCTY
nporpaMu. 3aKiHYEHHS BBEJCHHS psiKa 3AIMCHIOEThCS HATHUCHEHHSAM KJIaBili
<Enter>;

0) MOXHa pO3MILIYBaTH [EKUIbKa OINEpaTopiB B OAHOMY pPSAKY, SKi
BUIIUIAIOTECS OJIMH BIJT OJHOTO CHMBOJIOM <;» Yd MpoOigoM. MokHa JOBIHi
oTeparop 3alucyBaTd B JAeKUIbKa psijkiB. [Ipu mpoMy momepeaHiil psaok omneparopa
MOBUHEH 3aKIHYYBATHCS TPbOMa KpalKaMH«...»;

B) SIKIIIO YEPTOBUI OMEPATOp HE 3aKIHUYETHCS CHUMBOJIOM «;», PE3YJIbTAT HOTO
Jii Mpu BUKOHAHHI IporpaMu Oyjae BHUBEACHUN B KoMaHjHE BikHO. I1[06 3amobirtu
BHUBOJIy Ha €KpaH pe3yJbTaTiB Jii omeparopa mporpamu, 3amuc 1bOro oneparopa B
TEKCTI IPOTPaMU MOBUHEH 3aKIHUYBATHUCSI CUMBOJIOM «;»;

') PAAOK MPOTPAMHU, IO PO3MOYMHAETHCS 3 CUMBONY «%», HE BUKOHYETHCS,IICH
psanok cnpuiimaerbesa cuctemMoro MATLAB stk komenTap;

n) y nmporpamax MATLAB BiACyTHI# CUMBOJI 3aKiHUEHHS TEKCTY MIPOTPAMU;

e) y MmoBi MATLAB 3MiHHI HE ONTUCYIOTHCS 1 HE OTOJNOIIYIOThCS. ByIb-s1ke HOBE
iM'sl, 1110 3'IBISETHCS B TEKCT1 MPOTPAMHU TPH i BUKOHAHHI, COPUUMAETHCS CHCTEMOIO
MATLAB sik im'st maTputii. Po3aMip 11i€l MaTpuIii BCTaHOBIIOETHCS NP MONEPETHBOMY
BBEJICHH] 3HAUYEHb 11 €JIEMEHTIBA0O BU3HAYAETHCA MISIMU 31 BCTAHOBJIECHHS 3HAYEHB 11
€JIEMEHTIB, ONMCAaHUMU B TOMEPEIHIX orepaTopax adbo mporeaypi;

K) y MoBi MATLAB HemM0XJIMBE BUKOPHUCTAHHS MAaTpHIll a00 3MIHHOI, B SKii
3a3/ajieriib He BBEICHI a00 HE BUYMCIICHI 3HAYCHHS 11 €JIeMEHTIB (IMpU BUKOHAHHI
nporpamu  MATLAB 3'dBuTbCcsi TOBITOMJICHHA TMpo TNOMWIKY — "3MIHHa He
BHU3HaueHa").

1.2.1. CrBopenHnsi npocTux ¢aii-QpyHKuiin

daitn-pyHkIris (poreypa) NOBUHHA PO3MIOYNHATHUCS 3 PSAIKA 3ar0JIOBKA :
Sfunction[<OutVar>] = <im's_npoyedypu>(<InVar>),
ne <OutVar>, <InVar> - BiINOBIAHO, MEPETIKH BUXITHUX 1 BXIAHUXBEIUYUH (aili-
dbyskii. SAxmo nepenik BuxigHux BenwuuH (OutVar) orpuMae TUIBKU OUH 00'€KT (Y
3arajJbHOMY BHUIMAJIKy — MAaTPHINO), TO (ailii-pyHKIlis€ 3BUUaiHOI0 (PYHKINE€IO (OAHI€T
a00 JIeK1IbKOX 3MIHHUX ). [lepiiuii psiiok B IbOMY BUMAAKY Ma€ BUTJISL:
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function<im's 3minnoi> = <im's npoyedypu>(<InVar>).

Skmo Xk B pe3yibTaTi BUKOHAHHA (ain-pyHKiii MaroTh OyTH BH3HAYEHI
(BUUHMCIIEH]) JNEKUIbKa 00'€KTiB (MaTpuilb), Taka (ailn-QyHKIisie BKe CKIIAIHIIIAMA
00'eKT. 3araJIbHUi BUIJIS]] IEPILIOTO PSIIKAB IbOMY BUIIAAKY CTA€ TAKUM:

function[yl, y2, ..., y] = <im'a npoyedypu>(<InVar>),

TOOTO MepeiiK BUXIIHUX BENWYHH Y/, V2, ..., y Ma€ OyTH MPEICTaBICHUNUAK BEKTOP-
PAIOK 3 enemMeHTamu yl, y2, ..., y (ycl BOHU MOXKYTh OyTH MaTPHISIMU).

VY mpoctomy BUNIAAKY (QYHKITIT OHIET 3MIHHOI 3ar0JIOBOK HAOEPEBUTIISITY:
Functiony = func (x),
ne func im's pynkuii (M-daiiny).

[Tpuknaz: cknactu m-gain aas oduuciaeHHs QyHKIii

'

y=In(x+y)+
X+

[Ipotec cTBopenHst m-daiinynepeadadae HaCTyITHE.

1. Buxnukatn wmento File komangnoro BikHa MATLAB 1 BuOpatu B
HbOMYCITOYaTKy omiitoNew, a rmotim oo M-file.

2.V BiIKHI TEKCTOBOTO PEAaKTOpa, 1110 3'IBUJIOCS, HaOpaTH TEKCT:
function y = func(x, 2z)
y=log (x+z)+x./ (x+2);

3. 30epertu uei Tekcet y daim mig im'sm func.m. HeoOximuuit M-daiin
CTBOPEHUH.

Tenep MoXHA KOPUCTYBATUCS Ii€r0 QYHKINEIO MTpU po3paxyHkax. Hanpukian:
>> vy = func(l, 1)

r X2)

0 1.4319 2.0094 2.3745 2.06417 2.8524

[Tpu cTBOpeHH1 (aitn-hyHKIII HEOOX1AHO MaM'aTaTh JesKl 0COOIUBOCTI:

a) 3 TOYKU 30py 30HU BHJIMMOCTI 3MiHHI y (ain-QyHKUIl € oKarbHUMU, TOMY
IMEHa 3MIHHHUX, BUKOPUCTOBYBaH1 y (paiia-QyHKIli, MOKYTh HE CIIBNAAATH 3 IMEHAMHU
BIJINOBIJIHUX 3MIHHUX IIPU 3BEPHEHHI J10 Li€l Ppailin-QyHKIii;

0) 3 METOIO BUKOPUCTAHHS Y hala-QyHKIli ri1o0anbHOT 3MIHHOI (AesK0T 3MIHHOT
pobouoro mpoctopy Workspace) HeoOXigHO B AiaoroBoMy pexumi (um B Script-
daiini) 1 ¢ann-QyHKIi OroJocuTH 110 3MiHHY 3 atpubytoMm global. flkmo B ogHOMY
PSAZIKY OTOJIOIIYIOTHCS JIEKUIbKA 3MIHHUX SIK TJ100ajbHI, BOHU TMOBUHHI BiJIUIATHCS
OJIHA BiJ] OJHOI MIPOITyCKaMHu;

B) MOKJIUBICTh BUKOPUCTAHHS (Pailin-QyHKIIT SK U1 OKPEMUX YUCEN, TaK 1 JJIs
BEKTOpIB 1 MaTpullb OOYMOBJIEHA 3aCTOCYBaHHSM B 3amucl BiAmoBiaHOro M-daiiny
3aMICTh 3BHYAWHMUX 3HAKIB apU(METUYHUX 1 iX aHAJOrIB 3 MOMEPEAHBOIO KPAIIKOIO
(«.*», «./», « M Tain.).



1.2.2 CrBopenHs Script-¢aiiiis

[Tpu ctBOpenH1 Script-(haiiiB BpaxOBYIOTHCS HACTYITHI OCOOIUBOCTI:

a) Script-daiinmn € He3aleKHO (CaMOCTIHHO) BHUKOHYBAaHUMH  OJIOKaMH
oriepaTopiB 1 KOMaH/I;

0) ycl BHUKOPUCTOBYBaHiI 3MIHHI YTBOPIOIOTh TaK 3BaHUUA pPoOOYUN TPOCTIp
(Workspace), sikuii € 3arajdbHUM [JIs8 yCIX BUKOHYBaHUX Script-¢aiisliB; 3 LbOroO
BUXOJUTH, 110 MPHU BUKOHAHHI JIEKIJIBKOX Script-pailniB iMeHa 3MIHHUX B HUX MAaloTh
OyTH TIOTOJIPKEHI, OCKIJILKU OJHE 1M'sl 03HA4Ya€ B KOXKHOMY 3 HUX OJIMH 1 TOM e 00'€KT
00YHCIICHB;

B) y HHUX BIJICYTHIH 3arojoBOK, TOOTO TEpIIMKA PSAJOK TEBHOTO BHUIY 1
npu3HadeHHs (Ha BiAMIHY Bia (alia-QyHKINA, SKI pO3MOYHMHAIOTHCA 13 3arojioBKa
«functiony);

r') 3BEPHEHHS /10 HUX HE BUMAara€ BKa3IiBKM HISIKMX IMEH 3MIHHUX: YCl 3MiHHI
(bopMyIOThCS B pe3yJIbTaTi BUKOHAHHS MporpaMu ado chOpMOBaHi paHilie i iCHYIOTh B
po6oUOMy IIPOCTOPI.

1.2.3 BBenenns i BUBeeHHs iH(popMalii B 1iaI0roBOMYy pexumi

s 3a0e3nedeHHsT B3a€MO/I1i 3 KOPUCTYBa4eM B IPoIleCi BUKOHAHHS m-(ailiry
BUKOPHUCTOBYIOTHCS TaKi KOMaH/IH:

disp, sprintf, fprintf, input, menu, keyboard, pause.

Komanpga disp 311licHIOE BUBEICHHS 3HAY€Hb BKAa3aHOi 3MIHHOI a00 BKa3aHOTO
TEKCTY B KOMaHJIHE BIKHO. 3BEpHEHHS JI0 HEe1 Ma€ BUTJIS;

disp(<a3minna abo mexcm 6 anocmpoghax>)

Hanpuxian:
disp (x1)— B KOMaHAHE BIKHO BUBOAUTHLCS 3HAUCHHS 3MIHHOI X1.
disp ('value')— B KOMaHJHE BIKHO BUBOJUTHCS TEKCT value.

IIlo6 BuBecTH 3HAYCHHS ACKUIBKOX 3MIHHUX B OJIMH PSJIOK (HAIPHKIAMI, TPH
CTBOPEHHI TaOJHIlb JaHUX), Tpeba CTBOPUTU €IUHUN O0'€KT, SIKUHA MICTUB OM yci I
3HadyeHHsA. lle wMokHa 3poOuTH, 00'€qHABIIM BIAMOBIAHI 3MIHHI y BEKTOD,
KOPHUCTYIOUHCH OIEpAIli€l0 CTBOPEHHS BEKTOpa-psJiKa:

x =[x1 x2 ... x].

Toni BUBEIEHHS 3HAUE€HB ACKUIBKOX 3MIHHUX B OJIUH PAJIOK OyJeMaTy BUTJIS:
disp([xl x2 ... x]).

Hanpuxnan:
>> x1=-3.14; x2=-2.5; x3=5.6; x4=-9.33;
>>disp ([x1 x2 x3 x47)

-3.1400 -2.5000 5.6000 -9.3300

Jl71s 0IHOYACHOTO BUBEACHHS CHMBOJIBHOI 1 IU(PPOBOT iHPOpMAIlil B KOMaHIHE
BIKHO 3pYy4YHO BUKOpHCTaTH QyHKIIIO sprintf, Harmpukiam:
>>disp (sprintf ('llapameTrp 1= %g Illapamerp2= %g', x1, x2))
[TapameTrpl = - 3.14 napametrp2= - 2.5

Amnanoriuno npamoe Gpynkuis fprintf, ne sk nepiuii mapameTp I BUBSACHHS
1H(opMarlii B KoMaHHE BIKHO BUKOPUCTOBYETHCS 1, HAITPUKIIA/;
>>fprintf (1, 'llapameTrpl = %g IllapameTrp?2= %g ', x1, x2)
[TapameTrpl = - 3.14 napamerp2= - 2.5
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Brenenns indopmMmaiiii 3 kiiaBiaTypu B J1aJIOTOBOMY PEKHUMI MOYKHA 31ACHUTH
3a jornoMororo (GyHKIi input:

x = input('<noscHiowyuii_mexcm>").

[Ipu BuxoHaHHi wi€i (QYHKIIT OporpaMa dYekae BBEACHHA 1HQopMarii 3
knaBiatypu. Ilicas 3akiHUEHHS BBEJCHHS, SIKE€ BHU3HAYAE€ThCS HATHCHEHHSM KIIABIII
<Enter>, BBemeHna iHQopMallis 3amaM'sTOBYETbCS B TIpOrpami Mmia iM'siM «x», 1
BHUKOHAHHS POTpaMu TPUBAE.

Komanzaa pause THUM4acoBO MPUNUHSAE BUKOHAHHS MPOrpaMu A0 THX Mip, MOKU
KOPHCTYBa4 HE HaTUCHE OyJlb-SKY KJIaBIlly KJIaBlaTypH.

1.2.4 T'anyxeHHs | HUKJIU

Y MoBi MATLAB s oprasizauii raidy>K€HHS BUKOPUCTOBYIOThCSI KoMaHu if
Ta switch.

3arasnibHa dopma 3anucy orneparopa if mae BUTIS

if<ymosa 1>

<epyna onepamopig>,

[elseif<ymosa 2>]
[<epyna onepamopis>; |
else
<epyna onepamopig>,
end
[Mpuknan. CtBoputuM-daitn-QyHkirito, 1o 3A1HCHIOE BU3HAYCHHS 3HAKY YHCIIA:
I, x>0
sgn(x)=40, x=0;
-1, x<O.
DyHKIIIS PO3TAIIOBYBATUMEThCS B M-daiini signum.m.
function y = signum(x)
if x>0
y = 1;
elseif x == 0
y = 07
else
y = - 1;
end

Komanga switch no3Bossie 3a1HCHIOBATH TadyXEHHS 3a JEKIJIbKOMa YMOBAaMH,
MPUYOMY YMOBH PO3TJISAAIOTECS HA pPIBHICTh. Hukde mnpenctaBieHud MpoCTUi
MPUKJIA 3 PO3IUICHHSIM Ha TpU YMOBU (DOpMyBaHHS mapameTpa BBEICHHS.
Functionz = count (x)
switch x
case 1
z = 'one';
case 2
z = 'two';
otherwise
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Tyt Bupaxenns switch obuuncioe X, a MOTIM BUKOHAHHS Tporpamu y aitmi
MEePEXOIUTh TYAH, JI€ BUPAKCHHS case Mae T€ X caMe 3HayeHHs, o ¥ X. Takum
YUHOM, SIKIIIO MapaMeTp BBEIEHHS X Ma€ 3HAYEHHS, piBHE 1, TOAl mapaMeTp BUBONY Z
BU3HAYAETHCS Y BUTIISII psijika 'one', SKIIO X JOPIBHIOE 2, TOJ1 Z BU3HAYAETHCA Y
BUTJISIIL psSIKA 'two'.

[liciss BUKOHAHHA YCiX KOMaHI, IO HWIyTh 3a BHOPaHOI yMOBOIO, Mporpama
MATLAB 3yctpiuae abo iHIe BupakeHHs case, abo BupaxkeHHs otherwise, 110
MPU3BOUTH J0 MEPEX0y BUKOHAHHS TPOrpaMu 10 BUpakeHHs end.

Jlst oprasni3zaiiii IUKJIIB BUKOPUCTOBYIOThCS KoMaH U for 1 while.

Opranizariris UKy 3a JOTIOMOTOI0 KoMaHIu for BUTIIA1a€ TAKUM YUHOM:

forn=n_0: [step:] n_k

[mino yukny]

end

[{uk po3nounHa€eThCS 3 BUpaKeHHS for 1 3akiHdyeThCs BUpakeHHM end.

Benmnunna n 0 — moyaTrkoBe 3HAYEHHS 3MIHHOI LMKIY, step— Kpok, n_k —
KIHIIEBE 3HAUYCHHS 3MIHHOT ITUKITY.

@®parmeHT koay Juis BU3HadeHHs (pakrtopiany 10! npencraBnenuit Huxkye. Bin
MOKe OyTH BUKOHAaHUW 0€31ocepeIHbO B KOMaHHOMY PEKUMI:
f=1;
for n=2:1:10
f=f*n;
end
f

Biamosias cuctemu:
f=
3628800

Opranizairis UMKy 3a JonoMororo komauau while Burisiiae Takum 4nHOM:

while<ymosea>

[mino yuxny]

end

[ukn while TpuBae 10 TUX Mip, MOKU <yMOBa> ICTHHHO.
1

Ipuxnad: BAYUCITATH pg 7 3 TounicTio 107,
n=1;
oldsum = - 1;
newsum = 0;
while (newsum - oldsum)>1e-9
oldsum = newsum;
newsum = newsum + 1/ (n"2);
n=n +1;
end
newsum
Bianosias cuctemu:
newsum =
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1.6449

[Homi OyBae HeoOximHo, mo0 mnporpama MATLAB nepemuacHo Buinuia 3
LUKIy, HAIPUKJIa, PU BUHUKHEHHI MIEBHOI YMOBH. /{7151 111€1 METU BUKOPUCTOBYETHCS
Komanza break.

1.33a0aui ona camocmiitno2o po3e'a3anns

3agaua 1.1. 3agaiite Matpuirio A:
3.15 -2.08 6.11

10.10 0.25 —-4.78].
7.03 —-452 8.46

3renepyiite macuB B po3mipoM 3x3 3 BUNAKOBUMHU €JIEMEHTAMH, PIBHOMIPHO
po3noaiieHnMu Ha inTepBaii Bix 0 1o 1. Bukonaiite mii:

a) A'n'B; A-B’, 1e n — HoMep BapiaHTa;

0) mousjeHHe MHOXKEHHs A Ha B;

B) BU3HAUYUTH MaKCUMaJIbHUM 1 MIHIMQJILHUM €JIeMeHTH MaTpulll B;

') OOYMCIUTH BU3HAYHUK MaTpuIll B.

3agaua 1.2. 3agaiite BekTop-cTOBMUKMK C, TppbOMa €JIEMEHTAMM SIKOTO € 4ucia
0, n, — n,1e n — HOMep BapiaHTa. BUpimuTu cuctemy JiHIHHUX anreOpaiuHuX piBHIHb:
A-X=C.
Buxonaiite nepeBipKy NpaBHJIBHOCTI PIILICHHS MiCTAHOBKOIO X Y PIBHSIHHS.

3agaua 1.3. [ToOynyiite nBa rpadiku y paMKax OJHUX OCEe KOOpIUHAT:

y=e";
z= arctg(xl"j);
X E [D,LL—T]_

3po0iTh HAMKMCH Ha OCAX, 3aroJIOBOK JJis Tpadiky, HaAMUC TOSCHEHHS Ha
PUCYHKY. 3a7jaiiTe CaMOCTIMHO THII JIHIHN 1 KOJIp.

3amaua 1.4. [lobynyiite rpadiku yHkmid y(x) 1 z(X) 3agadi 1.3 B pi3HUX
nig001acTaxX 0qHOTO rpadiuHOro BikHA. [HTepBanu 3MiHM JJIsl X BUSHAYTE CAMOCTIHHO.

3agaua 1.5. CTBOpin Script-daitn s po3s’si3anHs 3amgad 1.1, 1.2, 1.3. [na
BUBEJICHHS PE3y/bTaTIB BI/IKOpI/ICTaI/ITe koMaHu disp, sprlntf Ta fprlntf VY 30mmuTi 3
NPAKTUYHUX pOOIT HABEITh TEKCT CKPINTY, rpadikd 1 CKPIHIIOT BIKHA KOMAaH[
MATLAB 3 pe3yibTaramu 00YUCIIEHb.

2 JOCJIIJKEHHS JIHIMHOI CTAIIIOHAPHOI TMHAMIYHOI
CHUCTEMMU B CEPEJJOBUIII MATLAB

2.1 Kopomki meopemuy4Hi Nos10)XXeHHs
2.1.1 MopgeJi JiHIHHHUX CHCTEM
Jlyig onucy JAiHIMHUX CTAalllOHAPHUX CHUCTEM MOXYTh 3aCTOCOBYBATHCS JIEKLJIbKa

CIIoCcO01B:
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a) mudepeHItianbHl PIBHIHHS,

0) MoJieNIl B MPOCTOPI CTaHIB;

B) nepenatHi Gynkiii (I1D);

') MOJIEJIl BUAY «HYII-TIOJIFOCU-KOC(IIIEHTH Tepeiadiy;

[lepmii nBa crmocoOM OMHMCYIOTh MOBEAIHKY CHCTEMH B YacoBiil o0iacTi 1
B1J100pakatoTh BHYTPIIIHI 3B'SI3KM MK curHanamu. [lepenaTHi QyHKIIT 1 MOjeIl BUIY
HYJ-TTOJTIOCH BITHOCSTHCS 10 YaCTOTHUX CIIOCOO1B OIMHUCY, OCKUIBKU 0€3M0CEPETHBO
MOB'A3aH1 3 YACTOTHUMM XapaKTEPUCTUKAMHU CUCTEMH 1 B1IOOPaKarOTh TUIbKU BXIiA-
BUXI1JIHI BJIACTUBOCTI.

Jlineapu3oBana Mojenb 00’€kTa MoOke OyTu omnucaHa AudepeHIliaTbHIM
PIBHSIHHSIM BUJLY:

d n y di}*l y d_’l-’ 7 dm” d m=1 . du
+a +...+a,—+ayy=>b, +b,_ ———+...+b, —+byu

n—1 1 “m—1

dr” dt"™ dt dt™” dt" dt
3a HyJIbOBUX MMOYAaTKOBUX YMOB. [Ipryomy m < n.
Mogenbs B mpoCTOpi CTaHIB MOB'A3aHA 13 3alMCOM AU(EpPEHILIaTIbHIX PIBHSIHB Y
¢dopmi Ko (y BUrIIs111 CHCTEMU PIBHSHD MEPIIOTO MOPSAKY):
X=Ax+By;
y=Cx+Du,
7€ X - BEKTOp 3MIHHHMX CTaHy pO3MIpY N; U - BEKTOP BXIJHUX CHUTHAJIB (BEKTOp
yIpaBJIiHHSI) PO3MIPY M 1y - BEKTOp BUXIJIHUX CUTHaIIB po3mipy p. Kpim toro, A, B,
C 1 D - nocrTiiiHi MaTpHILl.
3T11HO 3 MpaBUJIaMU MaTPUUYHUX OOUYHCIIEHb, MATPUIlL A Mae OyTH KBaJIpaTHOIO
po3Mipy nxn, matpuils B mae po3mip nxm, marpuus C - pxn 1 Mmatpuns D - pxm . s
CUCTEM 3 OJHHM BXOJIOM 1 OJJHUM BHXO0J0M MaTpullsi D — ckansipHa BeTU4HHA.
[lepenatna ¢dyukuis W(s) diHIAHOI CTallIOHAPHOT CUCTEMH $IK (DYHKIIS Bif
KOMIUIEKCHOI 3MIHHOI § BU3HAYa€ThCs BIIHOIICHHAM IepeTBopeHHs Jlamnaca BUxomy
10 nepeTBopenHs Jlamiaca BXoy 3a HyJIbOBUX MMOYaTKOBUX YMOB:
Y(s)
U(s)
Jnsa o0'ekTa, IO OMHMCYETHCS MPEACTABIECHUM BuUlle IuepeHIIaTbHUM
PIBHSIHHSM, TiepefaTHa (PyHKIIISI Ma€ BUTIISA;

a

i

W(s)=

=1

.m .
s" +b, ;57 +...+bs+b,

HY(S) - bm n n—1
a,s” +a, s +..+as+a,
3 miei mepenatHoi (YHKIIT MOXHaA MOOyAyBaTH MOJENb Yy (QopMi «HYII-
nomocu». HynaMu Ha3uBarOThCS KOpPEHI YMCEIbHHUKA, TIOJIOCAMH — KOPEH1
3HaMeHHHKa [1D.

2.1.2 IluHaMivyHi XapaKTepUCTHKH JiHIHHNX CHCTEM

JluHaMmi4H1 BJIACTMBOCTI CHCTEM XapaKTepHU3yIOTh peakilii Ha BXIJIHI il
crieliayibHOrO BUy. JIMHAMIUHI XapaKTePUCTUKU CUCTEM MiAPO3AUISIOTHCS HA YaCOoBI 1
YacTOTHI.

YacoBi xapakrepucTHKH. [MIYyJIbCHOIO  XapaKTEPUCTHUKOIO  (BaroBOIO
(byHK11€10) W(f) HA3UBAETHCS PEAKI[isl CUCTEMH HAa OAMHUYHUN HECKIHUEHHUU IMITYJIbC
(menpra-dyHkuis a6o Qyskuis /upaka) 3a HyJbOBHMX NMOYATKOBUX YMOB. [lenbra-
byHKIIs 0(f) BU3HAYAETHCS HACTYITHUM YHHOM:
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[0,1£0, 7
3(1) = [3ryar=1.
o=, =0,

Ile y3aranpHeHa (QyHKIISI — MAaTEMAaTUYHUN O0'€KT, 110 € 17ieaIbHUM CHUTHAJIOM,
SKUW MOXHA PO3TIIATH SK MEXKY MPSMOKYTHOTO IMITYJIbCY OJWHWYHOI TUTOMNI 3
HEHTPOM B TOUIll ¢ = 0 py IparHeHH1 LIUPUHU IMITYJIbCY 10 HYJISL.

[lepeximHOIO XapakTEPUCTUKOIO (TiepexinHol0 (yHKIE) /(f) HA3UBAETHCS
peaKirisi CUCTeMHU (3a HYJIbOBHX TMOYATKOBUX YMOB) Ha OJWHUYHHUI CTYHIHYACTHIMA
curdai (OIMHUYHUN CTPUOOK) :

o j0.r<0;
() =
|Le>0.

ImniynecHa w(?) 1 mepexiana A(t) (I)yHKui'i MOB'sI3aH1 BUpa3aMu

T
dh(t) 2 h(t) = I11-‘(‘E)d’£.
at
0
Jns  cuctem 0e3 IHTErpaTtopiB IepexijHa XapaKTepUCTUKA TIparHe [0
nocTiitHoro 3HavyeHHs. [lepeximHa XapakTEpHCTHKAa CHUCTEMH 3 IU(EpEeHIIHHOI0
JaHKOIO (YMCENbHUK nepeaaTtHoi QyHKUIi Mae Hynb B Toull s = () mparHe 10 HyJs.
Skmo cucreMa  MICTUTh  IHTETpYIOYl  JIaHKM, [E€pexiHa  XapaKTepUCTHKa
ACUMIITOTUYHO TMparHe 10 mpsMoi, mapaboiu 1 Tak [aji, 3aJIeKHO BiJ KUTBKOCTI
1HTErpaTopiB.
3a mepexiIHOI XapaKTEPUCTUKOK MOYKHA 3HAWTH HAWBAXIJIMBIII MMOKA3HUKH
SKOCT1 CUCTEMHU — TIEpeperytoBaHHs (overshoot) 1 4ac epexiqHoTo nporiecy (settling
time).
[lepeperymroBaHHSI BUBHAYAETHCS K

o:hm;ixloow

oo

w(r) =

ne Mpa— MaKcuMalibHe 3HadeHHs QyHKuii A(f), a h,— 3HAYEHHA BUXOAY, IO
BCTaHOBMJIOCS.

Yac mepexiiHOTo MpoIIecy — I1e Yac, MiCisl SKOTO CUTHAJ BUXOY BIAPIZHAETHCS
BiJl 3HAYCHHS, 10 BCTAHOBUJIOCSA, HE OUIbILIE, HIXK Ha 3aJaHy Majy BeIu4uHy (Y
cepenosuii MATLAB 3a yMoOBYaHHSIM BUKOPUCTOBYETHCS TOUHICTH 2%).

YacToTHi XapakTepucTuKHU. [Ipyu qociiKeHHl CTIMKOCTI TUHAMIYHUX CHCTEM
1 TPOEKTYyBaHHI PETYJISATOPIB IIMPOKE 3aCTOCYBaHHS OTPUMAld  YacCTOTHI
XapaKTEPUCTUKH.

[Ipy momaHHi Ha BXIJ JIHIKHOI CUCTEMH TapMOHIMHOTO (CHHYCOIZaJIbHOTO)
curHaiy u(t) = sin(wt) 3 4aCTOTOIO @ (BOHA BUMIPIOETHCS B pajlilaHax 3a CEKyH]y), Ha
BUXO0/11 OyJie TaKOX TapMOHIMHUIN CUTHAN TI€1 5K YaCTOTH, aJie 1HILOT aMIUTITYIU 1 a3u
W(t) = Asin(wt + ¢), ne A— amrunityaa i ¢ — 3¢cyB (aszu.

JI1st noOy10BH YaCTOTHOI XapaKTEPUCTUKHU OTPIOHO BUKOPUCTATH MiJCTAHOBKY
s = jo y II® W(s). Bupaxenns W(jw) Ha3uBaeThCs 4YaCTOTHOIO TMEPEIATHOIO
¢yHKUi€l0 abd0 aMINTyAHO-(pa30BOI0 YACTOTHOK XAPAKTEPUCTUKOID CUCTEMU
(ADYUX).
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3anexHiCTb MOAYJA BenUuuHU W(jw) Bl 4acTOTH HA3UBAETHCSA AMILUIITYIHOIO
YaCTOTHOIO XapakTepucThkoro (AUYX), a 3aJIeKHICTh apryMEHTyY KOMIUIEKCHOI()YHKIIIT
W(jw) (ha3un) Big yacToTy — (a30BOIO YACTOTHOIO XapakTepucTukoro (OUX):

Im 7 (jo)
RelV(jom)

AYX moka3zye, HACKUIbKU TOCHUIIIOETHCS aMIUIITy/la CUTHANIB PI3HHUX YacTOT
micisl MPOXOUKEHHs yepe3 cuctemy, a GUX xapaxTtepusye 3cyB a3 CUTHAIIB Pi3HUX
4acToT.

Ha mpakrtumi mupoke 3acTocyBaHHS oTpuMaia aiarpama boxae (Jorapudmiuna
aMIUtiTyqHa xapaktepuctuka — JIAX), ska Bu3HauaeTrbes sk L(w) = 20lgd(w).
Bumiproerscst JIAX B nenubenax 1 Oyayerbes sk pyHKiis Bix Ig(o).

2.1.3 ITaket Control System Toolbox

A(o) = |7 (jo)|. @(w) = arg(jm) = arctg

Ho cknagy cucremu MATLAB Bxoauth makeT mnporpam Control System
Toolbox, sixkuit npusnauenuit aisg podotu 3 LTI-moxensmu (Linear Time Invariant
Models — miH1iiHI 1HBapiaHTHI B Yaci MOJIEJ1) CUCTEM YIIpaBJI1HHS.

s nobynosu I1® BukopucroByerbes QyHkiis tf. Bona mae surmsa: tf (B,
A), ne B — BekTop KOEQIIEHTIB YUCEIbHUKA MepedaTHOi (PYyHKIIIi, 3aMUCaHuX I10
yOyBaHHIO CTEIEHS 5; A — BEeKTOp Koeili€HTIB 3HAMEHHHKA MepeIaTHOI (PYHKIIIT.

3 mnepematHoi (QYHKIIT MOKHAa CTBOPUTH MOJEib Y (OpMI «HYIi-TIOIIOCHU-
KoeQILi€HT nepeaaul :
>>f zpk = zpk(f)

Zero/pole/gain:
2 (s+2)
(s+1) (72 - 0.2s + 2.26)

HynsiMu Ha3uBaroThCS KOPEHI YMCEIbHUKA, TOJI0CaMU — KOPEHI 3HAMEHHHKA
[1®. s pyHKIIiA Ma€e HYJIb B TOUL S= —2 1 TPU MOJIOCH B Toukax s= —1 1.s=—0,1%1,57.
[api KOMIUIEKCHHX IIOJIIOCIB BiOBifae kBagpaTHuil TpuaieH s°—0,2s + 2,26 .

JIns BU3HAYEHHS HYJIB 1 TOJIIOCIB IMepenaTHOi (YHKII BHUKOPUCTOBYIOTHCS
BIIMOBIAHO PYyHKIIIT Zero 1 pole :
>>zero (f)
ans =
-2
>>pole (f)
ans =
0.1000 + 1.50001
0.1000 - 1.50001

-1.0000
Jlns neperBopeHHst I1I® y moxaenbs y MpocTOpl CTaHIB BUKOPUCTOBYETHCS
KOMaH/a:
>> f ss = ss(f)
a =
x1 X2 x3
x1 - 0.8 - 1.03 - 1.13
x2 2 0 0
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x3 0 1 0

b =

ul

x1l 2

x2 0

x3 0

c =

x1l x2 x3

vl O 0.5 1

d =

ul

vyl O

Continuous - time model.

Ile o3Hauvae, 1110 MaTPUIIl MOJIEII MAtOTh BUTJISI:
-08 —-1.03 -113 2
A= 2 0 0 |.B=|0|.Cc=[0 05 1]. b=0.
0 1 0 0

Ha mnpakTuili JocuTh 4YacTo peajbHl CHUCTEMH ABTOMATUYHOTO YIPABIIHHS
(CAY) npenctaBisitoTbCsl Y BUIJIAJII CIIONYYEHUX MK COOOK0 OKPEMHX JUHAMIYHUX
naHok.Y MATLAB mnepenbaueHa MOXJIUBICTH mporpamHo OyayBaTu cxemy CAY
IIUISIXOM TIOTIEPETHHOTO BBEJACHHS MOJIEJICH JIAHOK 1 TIOJIAJIBIIIOTO 3'€ THAHHS ITUX JIAHOK
B €IMHY CTPyKTypy. o mpouemyp, mo 3AiHCHIOIOTh PO3PaXyHOK XapaKTEPUCTHK
3'€THaHb OKPEMUX JIAHOK, BIJTHOCSATHCS:

a) plus (minus) abo «+» («—») — BUKOHY€ TMapajeibHe 3'€THaHHS BKa3aHUX MPH
3BEPHEHHI JJaHOK, TOOTO BU3HAYAE XAPAKTEPUCTUKHU MOJIEII CUCTEMH, 110 CKJIaIa€ThCs
3 MapajeNnbHO CIOTYYeHUX JIAaHOK, Hanpukiax W1 W, :

———» Wi(s)

| 1:(5)

0) parallel - 3xiiicHIOE Ty X Mpoleaypy MapajieIbHOTO 3'€JHAHHS JIaHOK; Ha
BIIMIHY B1JI TOTIEPEAHBOT MPOIETYPU MOKE BUKOPUCTOBYBATHCS JIJIsI OAraTOBUMIPHUX
CHUCTEeM 1 i 3IIACHEHHS MapajielbHOrO 3'€IHaHHS JIMIIE MO JAESKMX BXOJax 1
BHUXOJIAX;

B) mtimes a0o «*»— 3MIMCHIOE IOCIIIOBHE 3'€HAHHS JIAHOK, 1IMEHA SIKHUX
BKa3aHi (3aCTOCOBYETHCS JJII OAHOBUMIPHUX CUCTEM) :

—P IVI (S ) —> IVZ (S ) —

r) series — TmoOcCHiIOBHE 3'€MHaHHSA (MOXXE€ BUKOPHUCTOBYBATHCS  JAJIS
0araTOBUMIPHUX CHCTEM);

n) feedback — 3'enHaHHs 13 3BOPOTHHUM 3B'SI3KOM, TOOTO Take 3'€HAHHS JIBOX
JIAaHOK, KOJIM JIpyTa BKa3aHa JIaHKa CKJIAJJa€ KOJIO HETaTUBHOTO 3BOPOTHOIO 3B'SI3KY IS
[EPILIO] JIAHKHU:
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IVl (S) >

(-)

I’Vg (6) —

[Taker Control System Toolbox Hagae MOXJIMBOCTI MOOYAOBH YacCOBHUX 1

YaCTOTHUX XaPAaKTEPUCTUK CUCTEM 3 BUKOPUCTAHHSIM (YHKIIINA, TPUBEACHUX B TaOIHUII
2.1.

Ta6nuis 2.1 — OyHKIIii 100y 10BU XapaKTEPUCTUK CUCTEM

CuHTakKcuc Omnuc
step(<LTI - 06'ekt >) [ToOynoBa rpadika nepexigHoi pyHkii
[TobynoBa rpadika iMImynbcHOI mepexiaHoi GyHKIil
(BaroBoi yHKIII1)
IToGynoBa sorapuMigHMX YaCTOTHUX
xapakTepucTuk (maiarpamu bose)
nyquist(<LTI - o6'ekt >) | [To6ynoBa yactrotHoro rogorpacda Haiiksicta

impulse(<LTTI - 00'exT>)

bode(<LTI - 06'exT >)

[HmIMM BapiaHTOM OTpUMAaHHS rpadikiB AMHAMIYHUX XAPAKTEPUCTUK CUCTEMH €
BUKOpUCTaHHA TpadiuyHoro BikHa — LTI Viewer. Buxmmk #oro 3aidCHIO€THCS
KoMaHgo1o0 Itiview, y sKii, sk mapaMeTp, MOXKHA BKa3aTH IM'sSl 3MIHHOI, 1[0 MICTUTb
LTI-00'exT, HanpuKIam:
>>]1tiview ()

3aBaHTaXEHHS  JOCTIDKYBAaHOTO  00’€KTa  MOXKHA  3IACHUTH  TaKOX
oesnocepenubo 3 BikHa LTI Viewer, BuknukaBmu meHto File, a moTiM komaHmy
Import.

BuxopucroBytoun komanay Plot Configuration, 3 menio Edit moxxna BuOpaTu
KoH(Irypamito ob6nacti BigoOpaxeHHs rpadikiB (KUIbKICTh 1 pO3TAlllyBaHHS BIKOH
noOyoBu rpadikiB), a TaKoX BHIM BHOYIYBaHMX XapaKTEpHUCTHK cuctemu (Step,
Impulse, Bode Ta iH.) — po3ain Responsetype (puc. 2.1).

[ITo6 moOymyBaTh YacCTOTHY XapaKTEPUCTUKY MOXKHA BUKOPUCTATH (YHKIIIIO
freqresp(f, w), ne f - mozmens JiHIAHOT CUCTEMU y BUTIIAJI NepeaaTHOI QYyHKIN, B
npocTopi cTaHiB abo y dhopmi «HYII-MTOTIOCU-KOE(DIIIEHT MOCUTICHHS», W - BEKTOP
4acTOT.3a37ajerib /10 BUKOPHUCTaHHS Ili€i (yHKIT HEOOXiTHO CTBOPUTH MACHB
4acTOT B MOTPIOHOMY Jlama3oHi 3a gornomMoroto ¢yukiiit linspace 1 logspace. I[lepia
GbyHKIIS 3M1ACHIOE PIBHOMIPHUIA PO3MOAUT TOYOK 3a JIHIMHOK KO, JIpyra —3a
JorapudMIvHOIO.

[Tpouenypa nodynosu AUYX cucremu Ha aunsiHul yactot [0, 10] mae Burmsia:
>> w= linspace (0, 10, 100);
>>freq = freqresp(f, w);
>>freq = freqg(:);
>>plot (w, abs(freq)):;

st obuncnenns ¢asu (y rpamycax) i moOymoBu ii Ha rpadiky MOXKYTh
BUKOPUCTOBYBATHUCS KOMAaH/IU:
>>phi = angle(freq)*180/pi;
>>plot (w, phi);
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2.2 lpuknadu i 3a0a4vi Ons1 caMocmitiHo20 Po38 'sa3aHHs

3agaua 2.1. HeoOxigHo chopmyBatu nepenaTHy QyHKIIIO

2s+4
F(s)=— = |
s7+08s°+2.06s5+2.26

Po3B'sisyBaHHs

B nmanomy Bumagky BEKTOpH KOE(]IIIEHTIB YHCEIbHMKA 1 3HAMEHHHUKa
nepeaatHoi GpyHkimii maroth Burisia: B=[2 4], A=[1 0.8 2.06 2.26].

[Ipotienypa yTBOpeHHS niepenaTtHoi GyHKIIIi Mae BUTIIS;
>>B=[2 4];
>>A=[1 0.8 2.06 2.26];
>>f=tf (B, A)

VY mam'siTi cTBOprOEThCs 00'ekT Kiacy tf, mo onucye nepenatHy QyHKIoO, 1 Ha
€KpaHli 3'sIBUThCA NepeAaTHa PYHKIIS Y BUTIISIL:
Transfer function:

2 s + 4

s"3 + 0.8 s*"2 + 2.06 s + 2.26

Buznauenns mepenatHoi (QyHKIT MOXHA TaKOX 3AIMCHUTH 03 TomepeaHbol

moOyI0BY YHCEIIbHUKA 1 3HAMEHHHKA :
>>f=tf([2 4], [1 0.8 2.06 2.26])

3agaya 2.2. Po3poOuTu MoOjenb 3aMKHYTOI CHCTEMH aBTOMAaTHYHOI'O
VOPaBIIHHS, B SIKid 00'€KT ympaBiIiHHS MPEACTABISETHCS Y BUTIISAL 3'€IHAHHSA TPHOX
anepioIMYHUX JIAHOK MEPIIOTro MOPSIAKY 3 MepelaTHUMU (PYHKITIIMU
2 1 1

W, = , Wy = .
- 2s+1 T ds+1]

W, =

3s+1°
a B 3BOPOTHHH 3B'SI30K BKIIFOUCHHUM PETYIISTOP 3 MEPEIaTHOO (QYHKITIEO
_ 0.2
R=05+—.

A)

Po3B'sisyBaHHs

>> wl=tf([2],[3 1]) %dbopmyBaHHS JaHKM Wl
>> w2=tf([1],[2 1]) %bopmMyBaHHS JIaHKU W2
>> w3=tf([1],[4 1]) %dbopmyBaHHS JIaHKU W2

>> w=wl*w2*w3 %hopmyBaHHA 06’ ekTa
>>R=tf([0.5],[1])+t£([0.2],[1 O0]) S%SdopmyBaHHA peryyisaTopa
>>W zs= feedback(w, R) %SdopMyBaHHA B3aMKHYTOL CUCTEeMM
>>step (W _zs) %noOymoBa BlOI'YKYy CUCTEMU

3apava 2.3. BukoHatu aHaji3 CHCTEeMH aBTOMATHYHOTO yIPaBJIiHHS, IepeaaTHa
GyHKIIIS SIKOT HaBeJeHa y Tabnuil. 2.2.

19



Tadomug 2.2 — Buxigdi gadi no 3aaayi 2.3

Bapiant [lepenaTna QyHKITIS b,|b;|bolaylas|as|a;lay
] T2R1 3453
2 13012242 N1

HT(S): 23 ].20
4 a,s” +ays” +a,s” +a;s+a, L0 (1 {L]2|54]3
S 1{2(3]1]3]4]5]2
6 1{112]2]3]3]4]4
7 1{2]1]-]2]5(4]3
8 201111]-1214]5]1
o 7 (s) b,s* +bs+h, 1)3]2]-|1]5/|2|3
A .S'= F
10 a,s® +a,s® +as+ay 2l1l2l-11]5]5]2
11 15(1]-[1]5]4]2
12 20311]-12]3]4]1
13 11]-1-1215]4/3
14 113)-1-12]4]5]|1
2

15 ] b,s” +bs 301|-|-1]5]2]3
6 W(s)=—5 2, .

17 120-1-11]5]4]9
18 3l2]-1-1214|3]2
19 1l|l-11]1]5]-
20 ] ]

] bz.S'z-I-blS-i-bO 2101 21312
21 W(s)= > ol201|-11]3]3]-
3 2
ays” +a,s” +as

22 ol3l2]|-12]2[1]-
23 1lol1l-1211]2]-
24 1l2l1]-11]2]2]-
25 2031o0l-120[1]-

[Topsanox npoBeACHHS aHai3y HACTYITHUM.

l.

3amyctith cepenouiie MATLAB 1

poOouunit mpoCTip 1 BIKHO:
>>clear all;clc
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2. BeeniTh nepeaatHy QpyHKirito gk 00'exT tf 3a 3pazkom:

>> A =[ad4d a3 a2 al a0]
>> B =[b2 bl bO0]
>> f = tf (B, A)
3. 3HalaiTh HyI, IOJIOCH NEePeAaTHOI (PYHKIIIT 1 KOePILIEHT MOCUICHHS:
>> 7 zero (L)
>> p = pole (f)
>> k = dcgain (f)

[TokazaTu moar0CcH Ha KOMIUIEKCHIHM TUTOTIHHI.

4. IToOyayiiTe MOJEh TOYATKOBOI CUCTEMH Y (POPMI «HYJI1-TTOTFOCH:
>> f zpk = zpk(f)

5. IloOynyiiTe Mo/IeNIb CUCTEMH B MMPOCTOP1 CTAHY :
>> f ss = ss(f)

HanumniTe y 301IKTI BIANOBIIHE MATPUYHE PIBHSIHHS.

6. Y xoMaHTHOMY peXUMI TOOYAYWUTE NMEPEXiAHY XapaKTEPUCTHUKY:
>>step ()

7. Y KOMaHTHOMY PEXUMI TOOYAYHTE IMITYIbCHY XapaKTePUCTHKY:
>>impulse (f)

8. [Tobymyiite norapudMiuHi YaCTOTHI XapakTepucTuku (aiarpamu boge) :
>>bode (f)

9. TloOGynyiiTe aMIUTiTyAHO-()a30By YACTOTHY XapaKTEPUCTUKY (YACTOTHHIM
ronorpad Haiiksicra) :
>>nyquist (f)

10. 3amycTiTh rpadiune BikHo LTI Viewer :
>>1tiview

11. 3aBanTtaxte o0'ext f. lng nporo B MeHio File HE0OXiTHO BUOPATHITYHKT
Import, a nani Bubparu 00'ex f.

12. TloGynyiiTe BULLIENEpENiUYEH] JUHAMIYHI XapaKTEePUCTUKH, BUKOPUCTOBYIOUH
iaTepderic LTI Viewer. [Ins uporo y mento Edit BuGparu Plot Configurations. ¥V
BIKHI, III0 BIAKpWIIOCS, Ha naneni «Select...» BuOpaTu BapiaHT 3 i’ aTbMa rpadikamu, a
Ha naHeni «Response type» 3amaru step, impulse, bode, nyquist Ta pole-zero.

[Ticnsa 3akinuenHs po6otu 3 LTI Viewer 3akpuiite ycl BikHa 3a BHHSITKOM
komaugaoro Bikua MATLAB.

13. [ToOGyny¥iTe curHai, o iMITye IPSIMOKYTHI IMITYJIbCH OJJMHUYHOT aMILTITY 1M
3 iepiogoMm 10 cekyH:
>> [u, t] = gensig('square', 10);

14. Bukonaiite MoentoBaHHs 1 OOy IyiiTe Ha TpadiKy CUTHAI BUXOIY CHCTEMHU
f mpu cpopmoBanomMy BxigHOMY curHaii u(t) :
>>1sim (£, u, t)

15. 'V 30ommTi 1y1st po3B’si3aHHS 3a/1ad HABEMITh 3MICT KOMaHIHOTO BiKHA 1 BCi
oTpuMaHi rpadiku.
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3ITOBYJAOBA MATEMATHUYHOI'O OIIUCY OB'EKTA
YIIPABJIHHSA EKCIIEPUMEHTAJIBHUMU METOJAMHA

3.1 Kopomki meopemuy4Hi Nos10)XeHHs
3.1.1 CraruyHi i TMHAMIYHI XapaKTEePUCTHUKHI

MaremaTu4Hi MoJiei 00'€KTIB yIpaBJIiHHS, Tpoleaypa iX MoOyI0BH 3aJIeKaTh
BiJl iX IIUILOBOTO MPHU3HAYEHHS, BJIACTUBOCTEN 00’€KTa, a TaKoK (YHKIIH 1 3aB/IaHb
CUCTEMH YTPaBIIHHS.

[Tpu aBTOMaTH3aIlli BUPOOHUYWX MPOIIECIB BU3HAYAIOTH CTATUYHI 1 JUHAMIYHI
XapaKTEPUCTHKHU PEryJIbOBAHUX 00'€KTIB.

CraTH4HI XapakTepUCTUKU CUCTEMHU ab0 OKpeMuX ii JaHOK € (yHKI[IOHAJIHHOIO
3aJICKHICTIO BUXIIHMX BEJIMYMH BIJ] BXIJHUX NpPU CTaTUYHOMY (CTalllOHApPHOMY,
TaKOMY, 1[0 BCTAHOBUBCS) pEXKHUM1 pOOOTH, TOOTO MPHU 3HAYEHHSIX BXITHUX 1 BUXITHUX
BEJIMYMH, 10 HE 3MIHIOIOThCA B yaci. CTaTWYHI XapaKTEPUCTUKU JIO3BOJSIOTH
BU3HAYUTH 3HAUCHHS PEryJIhOBAHHMX MAapaMeETPiB, MOJIOKEHHS PETYIIOI0UNX OpPTaHiB,
BUTPATU PEUOBHH a00 €Heprii 1 1HII JaHi JJis OyJb-SIKOTO CTaHy JOCIIKYBaHOTO
00’€KTa, 1110 BCTAHOBUBCSL.

JluHaMI4H1 XapaKTEPUCTUKHU € 3aJEKHOCTIMU MK 3MIHAMH BX1JTHUX 1 BUXIJTHUX
BEJIMYMH B JMHaMiuHOMYy pexuMi (y daci). JluHamMiyHI XapaKTepUCTUKH JaAIOTh
1H(pOopMaIiI0 NPO 1HEPLIMHI BIACTUBOCTI PETryIbOBaHUX OO'€KTIB (CUCTEM, €JIEMEHTIB
CUCTEM) 1 TAKUM YMHOM € MOYATKOBUMU JAHUMHU MPHU CUHTE31 aBTOMAaTUYHUX CHUCTEM
peryitoBaHHs. BoHM J03BOJISIIOTH BUKOHATU IO pOOOTY B IMOBHOMY 00'emi i
3aBEPIIMTU ii PO3PAXYHKOM TMapameTpiB HAJAIMTYBaHHS HA I[bOMY PETYJIhOBAaHOMY
00'€KT1 3 METOIO OTPUMaHHS 0akaHUX (opM rpadikiB MPOIECIB PErYITIOBAHHS.

CratuyHi 1 IMHAMIYHI XapaKTEPUCTUKH MOXYTh OyTH OTpUMAaHI aHATITHYHHM,
EKCIIEPUMEHTAJIbHUM a00 €KCIIEPUMEHTAIbHO-AHATITUYHUM METOJIOM.

[Ipy moOynoBi cHcTeM aBTOMAaTUYHOI CTAaOUII3alll OKPEMHX TEXHOJOTTYHUX
napameTpiB JOCHUTb MaTH B PO3MOPSIKEHHI JWHAMIYHI 1 CTATHYHI XapaKTEPUCTUKU
00’€KTa YINpaBIiHHA Yy BY3bKOMY JAlana3oHl 3MIHM BXIJIHMX 1 BUXIIHMX KOOpAMHAT.
Jlis OTpUMaHHSA IIMX XapaKTePUCTHUK 3aCTOCOBYIOTHCS YHMCICHHI €KCIIepUMEHTAIbHI
Meroau. L{i mMeronu 6a3yroThCAd Ha MNPUITYLIEHHI MPO JIHIMHICTH 1 30CEPENKEHICTD
napaMmeTpiB  00'€ekTa, HE3MIHHICTh B 4Yacl MHOro CTaTMYHUX 1 JIUHAMIYHUX
XapaKTepUCTHK. [[pUAHATTS HUX AOMYIIEHb AO3BOJSE TOCUTH MPOCTO OMUCATH 3MIHY
CIIOCTEPEKYBAHUX BHUXITHUX KOOpJAWHAT 00’€KTa JHIMHUMHU TudepeHIiaTbHUMU
PIBHSIHHSMHU 3 MMOCTIMHUMU KoedillieHTaMHu.

[Ipn moOynoBi eKCHEpUMEHTAIbHUX MAaTEMAaTUYHUX MOJENEeH BUKOPUCTOBYE
MaCUBHUM a00 aKTUBHUI €KCIIEPUMEHTH.

[Ipy akTHUBHUX METOJaX Ha BXOJl JOCIIKYBAaHOTO 00’€KTa CTBOPIOIOTHCS
MTY4YH1 BUIPOOYBabHI J1i (CTYMiHYACTI, IMITYJIBCHI, TapMOHiMHI Ta iH.). [TacuBHUMH
METOJIaMU HA3MBAIOTh TaKi, IPU SIKUX HE JOMYCKAIOTHCS MITY4HI OOypeHHS Ha BXO/I1
AOCTKYBaHOTO  00'€eKTa, a $K BXIiJHI BUIPOOYBaJIbHI [ii BHUKOPHUCTOBYIOTHCS
OPUPOJIHI i1, [0 BUHUKAIOTh B MPOIIECI HOPMAJIbHOI €KCILTyaTallii.

3.1.2 AnpokcuMailisi CTATHYHHUX XapPaKTePUCTUK

[Ipu excrnepuMEHTAILHOMY JOCTIIKEHHI CTaTUYHUX XapaKTEPUCTUK JESKOTO
OJTHOKAHAJIBHOTO 00’€KTa yMpaBiIiHHSA OTPUMAaHO /1 3HA4eHb BXiAHOL X; (i = 1, ..., m) i
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BUXIJIHOI y; KoopauHat. Tpeba 3HaTH GyHKIIOHANBHY 3ajexHICTh § = f(X, a), 1o
SIKHaWKpaIe onucye eKCrepuMeHTalIbHI AaHi, Jie a - BEKTOp napameTpiB GyHKIli. s
11i€] METH JIOCUTh YaCcTO BHKOPHUCTOBYETHCS METOJ] HAWMMEHIIUX KBaApaTiB. 3TiTHO 3
MM  METOJIOM BBOAMTHCA  (PYHKINS, II0 XapakTepusye Mipy OJM3bKOCTI
EKCIIEPUMEHTAIILHUX 1 PO3PaXyHKOBUX JIAHUX:

S=> (=3

[Tpu BUKOpHCTaHHI METOAY HaWMEHIINX KBaApAaTiB 33Jal0ThCs BUAOM (PYHKIIIT 1
BEKTOpOM TMapameTpiB 1i€i ¢ynkiii. Yacto sk anpokcumyrouy (GyHKIiO y = f(x,a)
BUKOPHCTOBYIOTH TTOJIIHOM BHTY:

Y= ao + aix + ax’+ as’+. .

3aBaaHHs TMOIIYKY anmpoKCUMY04oi GyHKINT (BEKTOPY mapamMeTpiB) CTaBUTHCS i
BUPIIITYETHCS K 3aBAaHHS OE3YMOBHOI 0OaraTOBHUMIPHOI OMNTHMI3aIlii: BHUMAaraeTbCs
3HANTH BEKTOP MapaMeTpiB a, 110 3a0e3reuye MiHIMyM (QYHKINT S.

S = Z(y?. ~$,)7 —min .
i ? (3.1)

[Ipn Bukopucrandi mnakery MATLAB mnoniHOMIianbHa ampoKcUMaIlis ITUX
BUMIPIB, sKI cDOPMOBaHI K JeIKUi BekTOp Y,IIPH JEIKUX 3HAUCHHSIX apryMEHTY, SK1
YTBOPIOIOTH BEKTOp X TaKOi K JIOBXKHHH, IO 1 BEKTOP Y, 3/IIMCHIOETHCS TPOLIETYPOIO
polyfit(X, Y, n). Tyt n - mops10Kk anpoKCUMYIOUOro nojiHoMa. Peynbratom nii miel
MPOLIEyPH € BEKTOP 3aBAOBKKH (n + 1) 3 Koedili€HTIB aPOKCUMYIOUYOTO MOJIIHOMA.

3.1.3 AnpokcumManisa JMHAMIYHUX XapaKTePUCTUK

VY iHKeHepHIH MPaKTHUIll MPY HAJAITYBAHHI CUCTEM YIPABITIHHSI MaTeMaTUIHUN
omucC 00'€KTa JOCUTh YACTO MPEJCTABISETHCS y BUTIISI IEpeIaTHUX (YHKITIH.

[lepenatHa yHkiis 00'ekTa peryatoBaHHA Moke OyTH BU3HAU€HA B PE3yJIbTaTI
anmpoKcuMaIlli eKCIepUMEHTAIbHOI JUHAMIYHOI XapaKTEPUCTHKH, OTPUMAHOI B
pe3ynbTaTi TPOBENEHHS AaKTUBHOTO €KCIepUMEHTy. Sk BumpoOyBaibHaA s
HaWYacCTIIIe BUKOPUCTOBYETHCS CTyMIHYACTA JIiS.

ANTOPUTM BHU3HAUEHHS AaNpOKCUMYIOUOi TnepenatHoi (QyHKUii 00’ekTa
pETYIIIOBaHHS Ma€ BUTIISL:

a) TpU TOJaHHI Ha BXiJ O0’€KTa CTYMIHYACTOl Jii Ha BUXOJ1 3HIMAETHCS
nepexiiHa XapakTepucThka A(t);

0) 1o BUy KpUBOi BUBHAUAETHCA CTPYKTYypa nepeaarHoi GpyHkii. s Benukoro
YuCla peajbHuX O0'€KTIB PETrYIIOBAHHS MOJENb 00'€KTa MOXKe OyTH MpeicTaBieHa y
BUTJISII:

—5T
W(s) = —— |

(T,s +1)(Tys +1) (32)

3.1.4 AnpokcuMamisi mnepexigHOl XapaKTEePUCTHKH 00’€KTa MNepeaaTHOIo
byHkuiero

AnpokcuMaliis mojsirae B mig0opi TakKUX mapaMeTpiB nepeaaTHol PyHKIi, sKi
3a0€3Meuyl0Th MaKCUMalIbHY OJIM3bKICTh €KCIEPUMEHTAIBbHOI KPUBOi PO3roHy /A(f) 1
PO3paxoBaHiil KpUBI1H /1,(f), IO BIANOB1AAE 1A epesaTHii QyHKIii.
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[Napametpu HanamryBauus k, 71, 15, T nepegataoi ¢yHkuii (3.2) MOXKyTb OyTH
OTpUMaHi npu MiHimizaii QyHKIi

I = j (h(t)—hy (1) dt — min .
k. Th .t (33)

3.2 lNpuknadu i 3adayi Onss caMocmiliHo20 po38'sA3aHHS

3agauya 3.1. Busnauntu nepefatHy QpyHKIIIO TUHAMIYHOTO 00’€KTa 32 KPUBOIO
PO3TOHY, sIKa TIPEACTaBICHA TaHuMu Taom. 3.1.

Taomurg 3.1 — Buxigail gadi qo 3azgayi 3.1

T{0]1]2]3 4 5 6 7 8 9 10 |11 12 13 14 |15

h {0{0[0]0.07/023]043]0.64|084[1.03]1.19]133]145|155[1.64|1.71]|1.77

Po3B'sizyBaHH#A

1. CtBoproemo Script-aiin ais BupimieHHs 3amadi. s 1IbOro BHKIUKAEMO
meHio File komananoro Bikna MATLAB 1 BuObupaemo B HiM crioyaTtky koMaHay New,
a motiMm komanay M-file.

2.V BIKHI TEKCTOBOTO PEIAaKTOpa, 10 3'IBUIIOCS, HAOUPAEMO TEKCT:

% t - MacuB MOMEHT1B uacy

% h - MacupB 3HaAUeHb EKCIEePMMEHTAJIbHOIL HepeximHOIL
XapaKTEPUCTUKU

% hp - MacmMB 3HaueHb PO3PaAXOBAHOL HNepex1mHOol
XapaKTEePUCTUKU

% a - BEeKTOp napamMeTpiB nepenaTHol obyHkLIilI 06’ekTa

o\°

a(l)=k, a(2)=tl, a(3)=t2, a(4)=tau
global t h hp
t=0:1:15;
h={0 0 0 0.07 0.23 0.43 0.04 0.84 1.03 1.19 1.33 1.45 1.55
1.4 1.71 1.771;
[a, fval] = fminunc(@func,[1 1 2 1])
plot(t,h,'o',t,hp,"'-")
[Ipouenypa fminunc 31ilcHIOE TOMIYK MIHIMyMY (DYHKLIT JE€KUTBKOX 3MIHHUX.
IM's ¢yHKII, MO0 MIHIMI3YETHCS, 3aJAETHCS B MEPIIOMY apPTyMEHTI MIPOLEIypU
fminunc, a B 1pyromy — nepeaeTbcs MOYaTKOBA TOUKA JJISI MOIIYKY.
3. 30epiraemo 1eii TekcT y daimi mifg im'sm din_app.m.
4. CrBoproeMo  (dain-QyHkuito, sgka BupaxoBye ¢yHkuiro (3.3), wmo
MIHIMI3y€eTbCsl. TeKCT palia-PpyHKIi Mae BUTIISIA:
function f=func (a)
global t h hp
y=series (tf(la(l)],[a(2) 1]), tE([1],[a(3) 11));
yv.inputd = a(4);
[hp, tl=step(y, t);
f=sum((h - hp')."2);
VY it hyHKIIT paaku
y=series (tf([a(l)],[a(2) 11), tE£([1l],[a(3) 11));
y.ilnputd = a(4);
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BU3HAYAIOTh NepenatHy ¢GyHkiio 06’ekta BianosiaHo a0 (3.2). Tyt a(l), a(2), a(3),
a(4) signosiguHo k, Ty, 1>, T.

Psinok [Ap, t]=step(y, t);, Oyaye BIATYK Ha CTYMIHYACTY JilO.

OcTtaHHii psAOK BU3HAYAE CYMY KBaJpaTiB HEB'SI30K MIXK €KCIIEPUMEHTAIBHOIO 1
PO3pPaxOBaHOIO MEPEXITHUMH XapaKTePUCTHUKAMHU.

5. 30epiraeMo BBeIeHUN TEKCT Yy (ailial mija iM'aM func.m.

6. Y KOMaHTHOMY PEKUMI1 3allyCKaEMO Ha BUKOHaHHs Script-gaiii:
>>din app

[Ipn 3aBepmieHHI BUKOHAaHHS IHOTO Script-aitly B KOMaHJHOMY BIKHI
MATLAB 0yne BinoOpaxkaeTbcs pe3yabTaT pillieHHs 3a1a4l MiHimizamii ¢pyHkuii (3.3)
y BUTJISIL:
a =
2.0382 2.4265 4.8308 2.0181
fval =
3.9104e-005

Tob6to k=2.0382, 71=2.4265, T,=4.8308, 1=2.0181. 11D mae Burnsz:

W(s)= 2.0382 exp(—2.0181 ).
(2.42655+1)(4.8308 s +1)

Ha rpadik BUBOAATHCS EKCIEPUMEHTAIBHO 3HATI TOYKH MEPEeXigHOi

XapaKTEPUCTHKH 1 pO3paxoBaHa alpoOKCUMYI0oUa NepexiHa XapaKTepUCTHKA.

3agaua 3.2. BukoHaTH  anmpoOKCHUMAIliF0 CTATUYHOI  XapaKTEPUCTHUKH
OJTHOKAHAJILHOTO 00'€KTa yIPABIIHHS 32 EKCIIEPUMEHTAIBPHIUMH JTAaHUMH, HaBEJICHUMHU
y Tabnm. 3.2.

Taomurg 3.2 — Buxigai gadi 1o 3agayl 3.2

Bapiant ExcniepumenTanbHi 1aHi

0 X; 0 1 2 3 4 5 6 7 8 9
Vi 3,0 | 5,1 74 1 99 | 12,6 | 155 | 18,6 | 21,9 | 254 | 29,1

1 X; 0 1 2 3 4 5 6 7 8 9
Vi 6,0 | 79 | 96 | 11,1 | 124 | 13,5 | 144 | 151 | 15,6 | 159

2 X; 0 1 2 3 4 5 6 7 8 9
vi | 40 | 68 | 92 | 11,2 | 128 | 140 | 148 | 152 | 152 | 148

3 X; 0 1 2 3 4 5 6 7 8 9
yvi | 50 | 10,1 | 144 | 17,9 | 20,6 | 22,5 | 23,6 | 23,9 | 234 | 22,1

4 X; 0 1 2 3 4 5 6 7 8 9

yi | 350 343 | 33,0 31,1 | 28,6 | 25,5 | 21,8 | 17,5 | 12,6 7,1
5 Xi 0 2 4 6 8 10 12 14 16 18
yi | 3,0 | 51 74 |1 99 | 12,6 | 155 | 18,6 | 21,9 | 254 | 29,1
6 Xi 0 2 4 6 8 10 12 14 16 18
yi | 60| 79 | 96 | 11,1 | 124 | 13,5 | 144 | 15,1 | 15,6 | 159
7 Xi 0 2 4 6 8 10 12 14 16 18
yi | 40 | 6,8 92 | 11,2 | 12,8 | 14,0 | 14,8 | 15,2 | 15,2 | 14,8
8 Xi 0 2 4 6 8 10 12 14 16 18
vi | 50 | 10,1 | 14,4 | 17,9 | 20,6 | 22,5 | 23,6 | 23,9 | 234 | 22,1
9 Xi 0 2 4 6 8 10 12 14 16 18
yi | 350 343 | 33,0 31,1 | 28,6 | 25,5 | 21,8 | 17,5 | 12,6 7,1
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[Topsok mpoBeAeHHS aHaI3y HACTYITHUA.
1. 3amyctutu cepenoBunie MATLAB 1 B KOMaHTHOMY pEXHUMI OUYUCTUTH
poOOUMii MPOCTIP 1 BIKHO:
>>clear all
>>clc
2. CdopmyiiTe MacHBU E€KCIIEpUMEHTAIbHUX TOYOK — BekTopu X 1 Y
(BIATIOBIIHO JI0 BapiaHTy, AUB. Ta01. 3.2):
>> X = [x]1 x2 x3 x4 x5 x6 x7 x8 x9 x10];
>> Y = [yl y2 y3 y4 y5 y6 y7 y8 y9 y10];
3. BukoHaiiTe anpokcUMalilo eKCIIepUMEHTAIbHUX TOYOK MOJTIHOMOM MEPILIOro
1 IPYTOro CTETNEeHs 1 BU3HAYTE BEKTOPH KoediiieHTiB mojaiHomiB P1 1 P2 BianosigHO:
>> P1 = polyfit(X,Y,1)
>> P2 = polyfit(X,Y,2)
4. BukopuctoByroun QyHkIito polyval, moOyayiTe anmpoKCUMyr04i OJIHOMHU:
>>F1 = polyval(P1,X)
>>F2 = polyval(P2,X)
5. B omHHMX KOOpJMHATHHUX OCSX NOOyAyHTe rpadikv eKCrepuMEeHTaTbHUX
TOYOK, a TAKOXK allPOKCUMYIOYHX MOJIHOMIB MEPIIOTO 1 APYTOro CTyHEHS:
>>plot(X,Y,'0", X,F1,-.", X,F2,"-")

3agauya 3.3. BuKOHaTH anmpoKCHMMAalil0 JMHAMIYHOI XapaKTEPUCTHKU 00'€KTa
YIpaBJiHHS MEepeaTHO (YHKIEIO 32 KPUBOIO PO3TOHY, sIKa MpEACTaBiIeHA TaHUMU
Tabi. 3.3.

Tabmuusg 3.3— Bapiantu 3aBaansb 10 3a1adi 3.3

0 1 2 3 4 5 6 7 8 9
T h |T{ h |T| h |T| h |T| h \T| h |T| h |T| h T | h | T| h
o o0ojofojfjofojofoOojoj] O JO[fO]JO] O]JOfO 0 0] 0] 0
I1pofrfojryoj1y0¢41}p 0 [2{07}]2]07)2] 0 2 01210
2001210 7]2] 0 }2(0,14]21]0,098/4] 0 |4 0 [4[ O 4 10,14} 4 | 0,1
310,07 3 {0,09] 3 {0,13] 3 10,46] 30,31 ] 6 (0,07] 6 |0,09] 6 |0,13] 6 [0,46] 6 [0,32
410,23] 4 10,29] 4 10,43} 4 10,84} 4] 0,56 | 8 10,23} 8 10,29} 8 10,43] 8 0,84 8 0,57
510,43} 5{0,53] 510,79 5 1,19} 5| 0,8 ]10{0,43]10]0,53{10/0,79} 10 [1,19] 10 [0,88
610,64 6 [0,77] 6 [1,15] 6 |1,52] 6 ] 1,02 |12{0,64|12]0,77]12|1,15) 12 |1,52] 12 | 1,1
710,84] 7 {0,99] 7 [1,49] 7 |1,81} 7] 1,21 |14{0,84|14]0,99]14]1,49] 14 |1,81] 14 |[1,23
8 11,03] 8 [1,19) 8 [1,78] 8 12,05] 8 | 1,36 [16]1,03]16|1,19]|16]1,78] 16 |2,05] 16 | 1,4
911,191 9 [1,35] 9 [2,03] 9 {2,24] 9] 1,49 |18[1,19]18]1,35]18(2,03| 18 |2,24] 18 | 1,5
10/1,33]1011,49]10(2,23]10{ 2,4 | 10| 1,6 |20]|1,33]20|1,49]20(2,23] 20 | 2,4 | 20 |1,62
11/1,45|11[1,61]11[ 2,4 |11(2,52]11] 1,69 |22(1,45]22|1,61{22(2,4| 22 (2,52 22 [1,71
1211,55]1211,69]12(2,54]12(2,63| 12| 1,75 |24]|1,55|24|1,69]24(2,54| 24 [2,63| 24 |1,78
1311,64|13]1,76]13(2,64|13(2,71|13| 1,81 |26]|1,64|26|1,76]26(2,64| 26 (2,71 26 [1,83
14|1,71]141,82]14(2,72114(2,79{ 14 1,85 |28]|1,71]28|1,82]28(3,72| 28 [2,79| 28 |1,88
15/1,77|15|1,86]15(2,79]15(2,82{ 15| 1,88 |30]1,77|30(1,86|30(2,79] 30 [2,82] 30 |1,92
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4 AHAJII3 CTIMKOCTI JIHIHHOI CUCTEMHU
4.1 Kopomki meopemu4Hi MosiI0XXKeHHs
4.1.1 Kopenesuii ronorpadg

bararo  BaxJMBMX  BIACTUBOCTEH  CUCTEMHU  (HAMPUKIAM,  IIBUAKOIS,
MEePEPETyIIOBAHHS) BHU3HAYAIOTHCS PO3TAIIYBAHHSAM KOPEHIB XapaKTEPUCTHIHOTO
PIBHSHHS Ha KOMIUICKCHIM TuiomuHi. [IpocTtwit cmoci® Kopekii cucrtemMu —
3actocyBaTu [I-perynsarop (miacuitoBay 3 KOeiliEHTOM k ), SKUN 3MIHIOE KOSDIIIEHT
MOCUJICHHS PO3IMKHEHOI CUCTEMH 1 po3TallyBaHHs uX KopeHiB. [Ipu 3Mini £ Bix 0 10
00 KOPEHI1 ONMUCYIOTh KPUBI, SIKI HA3UBAKOTHCS KOPEHEBUM 20002PAPOM.

3a pomomorotro Moxayis SISOTool (ckopouennst SISO=Single Input Single
Output o3Havae CUCTEMY 3 OJHUM BXOJIOM 1 OJHHUM BHXOJIOM) MOXXHA BHOHWpATH
MOTpiOHE po3TalryBaHHS KOpeHiB (1 BIAMOBIAHUN  KOE(IIIEHT TOCHIICHHS),
«TepeTAryroun» ix Mumkoro. IlomiTHMO, IO HpHU MEpEeMIlIeHHI OJHOTO KOpEHS
3MINIYIOTBCS 1 yCi 1HII, OCKUIBKH CUCTEMAa Ma€ OJIUH CTYMiHb CBOOOIN — KOE(IIIEHT
MMOCWJICHHS] KOHTYPY, 10 3MIHIOETHCSI.

Root Locus Editor (C)
1.5 y = T T ¥ T
0,89/ 8T 07, s -

05 Jb.gss.

Imag Axis
o

05 gy

-1.5 R I B [N + A S,
-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

Real Axis

Kopeni npu BuOpaHomy Koe(dillieHTI MOCWICHHS A MOKa3yrOThCs (h10JECTOBUMHU
kBagpaTukamu. KiHii rogorpada st KOXKHOTO KOpeHs moMmileHi XpecTukoM (& =0) 1
KpyxkedkoM (k=c0). Citka (mns i BuBomy moTpiOHO HatucHyTH IIKM Ha rpadimi i
BuOpatu nyHKT Grid) rmoka3sye JiiHIT piIBHUX MOKa3HUKIB KOJUBAJIBHOCTI (KoedilieHTa
nemidyBanHus (, damping factor) — 11e npsAMI, 110 BUXOJATh 3 TTOYATKy KOOPAMHAT, a
TaKOX JIiHII pIBHUX BJIACHUX 4YacTOT (natural frequency) — 1ie Kojia 3 IEHTPOM Ha
MOYaTKy KOOPAUHAT.

Y  kontekctHomy wMmeHi0 (ITKM) MoxHa BCTaHOBUTH OOMEXEHHS Ha
pO3TaIlyBaHHS TMOJIOCIB TaK, 00 MEpPEPeryIIOBaHHs 1 4yac MEPEXiTHOTO MPOIECy He
nepeBuIryBan 3aaanux. Jisa nporo moTpioHo BuOpatu myHKT Design Constraints —
New 1 BuOpatu y BumagHomy crucky Percent Overshoot (mepeperymtoBaHHS Y
BizicoTkax) abo Settling Time (uac mepeximHoro mpoiecy 3 2%-010 TOYHICTIO).
OOMeKeHHS TTOKa3yIOThCS Y BUTIISIII MEX 3a00pOHEHUX 30H.
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0.5 o088

mag Axis

050988

Real Axis

Yac mepexigHoro mnporecy 7,, OIIHIOETBCA 3a Mipoi0 CMIUKOCMi 1 3aMKHYTOI
cuctemMu. Tak Ha3MBA€TbCA BIJCTaHb BiJ HAWIPABIIIOTO KOPEHS XapaKTEPUCTUYHOTO

PIBHSIHHS 70 ySIBHOI OCi. 3a3BHuail MpUHMaEThCS (K JIJIS aleploAUYHOT JJaHKH )
;. InA 3912

nm = ’

n n
ne A - BennunmHa ponyctumoi nomMuiku (y MATLAB Bona npuilMaeThes
piBHot0 2% abo 0,02). Takum uyuHOM, Tpu OOMEKeHH1 Tulbku Ha 7, oOmacTb

. . 3,912
JOIIyCTUMOTO PO3TAlllyBaHHs KOPEHIB p; € HAMIBIIOMMKHA Re p, < — T

Bumorn no koedimienta nemndyBaHHS (0MaI0Th  OOMEXKEHHS Yy BHUIJISI
CeKTopa

ﬁ=max|lmp"|< 1-¢” .
“Rep,| &7
Uucno f Ha3uBaIOTh KOAUBANLHICMIO A00 MIpOH KOAUBANLHOCMI 3aMKHYTOI
cuctemu. Koxkaomy 3amanoMy ( BiZIIIOBIJIA€ JesAKe 3HAYCHHS f.
[TepeperymtoBanHs (y BIACOTKAaX) OLIIHIOETHCS 110 GOpMYyJIi
¢
4 4 100%

-
e
KoxxHOMy miepeperystoBaHHIO BIJIIOBIIa€ CBOE 3HA4YeHHS ( 1 CBIM CEKTOp, IIO
00MeXy€e po3TallyBaHHsI KOPEHIB.

Takum unHOM, TPY BUKOPUCTaHHI ABOX 0OMEkeHb (mepiie — Ha 7, Apyre — Ha G
a60 () o01acTh JOMYCTUMOTO PO3TAIIYBAaHHS KOPEHIB € YCIYEHHM CEKTOPOM B JIBIH
YaCTUHI MAaJIOHKA. SIKIIO mepeTsraHHsAM KOpeHiB (TOOTO, 3MIHOKO IOCHJICHHS
KOHTYpPY) HE BIAETHCS PO3MICTUTU TOJIIOCH B IIill 00yacTi, MOTPIOHO YCKIAAHIOBATU
perymnsTop, gojaaroun oro Hym 1 nomtocu (IIKM — Add Pole/Zero a6o TIKM —Edit
Compensator).

4.1.2 Cunure3s 3a gonomorow JIAOYX

VY BITUM3HSAHIA JiTepaTypl KJIACUYHUM CTaB METOJ CHUHTE3y MPHUCTPOIB, IO
KOPUTYIOTh, 3@ JOMOMOIOI JIOTapU(PMIYHUX aMIUTITYAHO-()A30BUX YaCTOTHUX
xapaktepuctuk (JIAOYUX) posimkHeHoi cuctemu (miarpam boae 3a 3apyOikHOIO
TEPMIHOJIOTIELO).
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Hexail po3iMKHEHa cucteMa Mae nepenatny QyHkuio w(s). JJAOUYX Bxiatoyae
JIB1 KpUBI — aMILTITyIHY 9acTOTHY Xapaktepuctuky (JIAUX)
L, (0)=201g|W(jo)|
1 ¢pazoBy (JIOUX)
(@) =argl (jo).

KyroBa uacrora (y paz/c) Ha oci OpAuHAT BIAKIAAAETHCA B JIOTApUPMIYHOMY
macita6bi. [lpu mpomy Tak 3BaHi acumnmomuuni JJAUX € BiapizkamMu OpsIMUX, 1€
3HAYHO MOJIETIIYE PYyYHY MOOYIOBY.

Po3knaBm  4MceNnbHMK 1 3HAMEHHHMK mepefnaTHoi (QyHKUii  W(s) Ha
CHIBMHOKHUKH TIEPIIOTO 1 IPYroro MOpsAKiB, MoxHa mpenctaButu JIAUX cucremu
ak cymy JIAUX eneMeHTapHUX JIaHOK (amepioJuYHHUX, KOJUBAJIbHUX, IHTETPYIOUUX,
mudepeHIiiaux 1 Tak gam) s
N, (jo)..N,(jo)

D\(jo)...D, (jo)
OTPUMYEMO, BUKOPHUCTOBYIOUH BIACTUBOCTI Jiorapudma
201g|W (jw)|=201g| N,(jo)|+...+201g| N, (jw)|
—20lg| D,(jw)|-...—20lg| D, (jw)|

VY cepenosumri MATLAB icHyt0Th 3ac00H, IO JO3BOJISIOTH aBTOMATH3yBaTH
mo0y10By TOUHUX (He acuMNTOTHYHUX) JIADUX.

HuszpkouyactoTHa  YacTHHA JJAUX BH3HA4Yae TOYHICTh CUCTEMH,
CepeIHbOYACTOTHA (MOOJIM3Y YacTOTH 3pi3y ) — CTIMKICTh 1 SIKICTh MEPEXiTHOTO
npolecy, BHCOKOYACTOTHA — YYTIUBICTH JI0 3aBaj. SKIIO cUCTeMa MICTUTh
IHTErpaTop, HU3bKOYACTOTHA YaCTUHA Ma€e HeHyab0BUU Haxwi (20 nb Ha nekany ans
OJIHOTO 1HTerpaTopa), NOCTIHHMM CHUTHaJI BIJCTEXKYEThCA 0€3 TMOMWIKH, IO
BcTaHoBuUjacs. /s cuctemu 3 gsoMa iHTerparopamu JIAOUX mae B 001aCTI HU3bKUX
yactoT Haxuia 40 nb Ha nekany, 6€3 MOMUJIKY, IO BCTAHOBUJIACS, BIACTEXKYETHCS HE
JUIIe MOCTIMHUHI, alie 1 JiHIMHO 3pocTatounii curHai. CKaaHi BUMOTH JI0 TOYHOCTI
MPU3BOAATH 70 TOro, 110 JIAUYX He MOBHHHA 3aX0JIUTH B JI€sIKi 3a00pOHEH1 00J1aCTI.

3anac cmitikocmi 3a amniaimyoow g, (y ab) — ue Biactanbs Bim JIAUX mo
ropuszoHTanbHoi mpsimoi L,=0 nb Ha dactoTi, Ha sKid (a3oBa XapaKTEPUCTHKA
nepetuHae mpsmy @=—180°. Ha miit wacToTi cucremMa TMOBMHHA MaTh KOE(IIi€HT
nocwieHHs meuie 1 (uu L,=(®)<0).

3anac cmitikocmi 3a ¢azoro ¢, (y Tpamycax) — 1€ BIACTaHb BiJ YaCTOTHOI
XapaKTePUCTHKHU /10 TOPU30HTaJIbHOI mpsimoi ¢=—180° Ha uacToTi 3pi3y .. Ha mii
4acToTi (ha30Ba XapaKTepHUCTUKA TOBUHHA MaTH 3HAYCHHS Oinbute, HiK —180°.

JlomycTUMUM BBaXa€EThCS 3alac 3a aMILITyA010 He MeHIe 6 b 1 3anac 3a ¢a3or
He MeHIie 30 rpaayciB, 1HAKIIIE HE TAPAHTYEThCS CTIMKICTh CUCTEMH.

«ITigiiom» JIAUX o3Hauae 301ibIIeHHS Koedili€eHTa TMOCHJICHHS KOHTYPY,
(da3oBa XapakTepUCTHKa HE 3MIHIOEThCS. TOYHICTH cuUCTeMH (IIpU  BIAPOOITKY
HU3bKOYACTOTHUX CHUTHAJIB) TMIJBUILYETHCS, MPOTE 30UIBIIYETHCA 1 BIUIMB
BHCOKOYAaCTOTHUX 3aBajl. OCKUIBKM YacToTa 3pi3y 30UIbIIYETHCS, IT1BUILILYETHCS
MIBUAKOAIS cuctemMu. [Ipu 1bOMy TmepexifHi Tpoiiech HaO0yBalOTh BUPAXKEHOTO

W(jw)=
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KOJMBAJIBHOTO XapakTepy, 3amach CTIMKOCTI 3MEHIIYIOThCSA, IPH MOJAJIbIIOMY
301IbIIEHH] KOe(iLi€HTA MOCUJICHHS BTPAYa€ThCS CTIMKICTB.

Ranaccmiikocmi no
Open-Loop Bode Editor (C)

: gmmydl GainMargin(G.M.)
a)C

Magnitude (dB)

3anac cmitikocmi no asi, \'Z?‘;iffwsec
. le looy
PhaseMargin(P.M.) =

o -180
&
P.M: 83.8 deg
Freq: 0.162 rad/sec
270k I I I i
10 10°

2 1 o
10 10 10
quency (ra

3a3BuYaili BHMAara€Ttbcs, W00 cHCTEMa Majla BHUCOKY TOYHICTh (BEJIMKHIA
KOe(IIIEHT TOCHUJIEHHS IO KOHTYpPY) JUIsI HHM3bKHX YacTOT 1 MpUTHIYYyBaia
BUCOKOYACTOTHI 3aBajJii (Maja HHU3bKE IIOCHUJIEHHS B 00JIaCTI BUCOKHMX 4YacTOT).
YacTtora 3pi3y BUOMPAETHCS BUXOASYM 3 BUMOT 10 MBUAKOIT. TakuM 4MHOM, THIIOBA
JIAUX mae Burisii, noka3zaHuil Ha MaimoHKy. CipuM KOJILOPOM TOKa3aHi 3a00pOoHEeH1
00J1acTi, SKi BU3HAYAIOTHCS BUMOTAMHU JI0 TOYHOCTI 1 MPUTHIYCHHS 3aBa/l.

), (J @)

y/

Pl

[

1 < 10}

Jls 3a0e3nedeHHsT XOPOIIoi KOCTI MEPEX1AHUX MPOIIECIB PEKOMEHIYETHCS, 100
JIAYX neperunana Bick L=0 3 Haxunom 20 nb/nek. Lle mosSICHIOETbCA TUM, 10 HAXUJI
20 nb/mek, MmO BIAMNOBIAA€ anepiogUYHIA JIAHIN, MPU3BOAUTH JIO0 HANMEHIIO1
KOJMBAJILHOCTI TEPEeXiJHOTO Tpoiecy. Todku mnepexomy (37aMmy acHMITOTHYHOI
JIAYUX) Big HHU3BKOYACTOTHOI YAaCTHMHH [0 CEPEAHBOYACTOTHOI 1 Jai Jo
BHCOKOYACTOTHOI MOBUHHI 3HaXoAuTHCS Bij oci L=0 na 12...16 ab.

VY 3arasbHOMYy BUNaAKy OynyeThcsi Oaxkana JIAUX L4(jo), MmO 3am0BOJIBHSIE
BUMOraM g0 cuctem, moTiMm JIAUX moCHiIoBHOTO MPHUCTPOIO, IO KOPHTYE,
BU3HAUYAETHCS SIK PI3HUL MiX 1 Ls(jo) 1 JTAUX icHYI04O01 pO3IMKHEHOI CUCTEMH.

4.1.3 Kpurepii criiikocti CAY

Kpumepiti T'ypsuys € anreOpaiyHUM KPUTEPIEM 1 3aCTOCOBYETHCA JIO
KOe(IIIEHTIB XapaKTEPUCTUYHOTO PIBHSHHS 3aMKHYTO1 CUCTEMHU.
Hexaii € xapakTepucTUUHE PIBHSHHS 3aMKHYTOT CUCTEMH :
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as"+a _s"" +...+as +a,=0.

3 KoedIl€HTIB XapaKTEPUCTUUHOTO PIBHSAHHA CKJIQIal0Th MAaTpHUII0 3a
MIPABHIIOM:

1. Tlo niaronasni 3amucyOThCs KOePIIEHTH B @, ; 110 d.

2. KoxeH psoK JOMOBHIOETHCS KOe(ILI€HTAMH 13 3pOCTAIOUUMHU 1HJAEKCAMHU
3711Ba HAIPaBO Tak, 1100 YepryBaUCs PSIKYA 3 HETTAPHUMH 1 MAPHUMHU 1HJIEKCaMHU.

3. Y pasi BiACYTHOCTI 1HJEKCY, a TaKOX, sIKITo BiH MeHie 0 abo Ouibiie 1, Ha
rioro micue numeTses 0.

Takxum unHOM, MaTpulls ['ypBulis HaOyBa€e HACTYITHOTO BUTJISAY:

Ay dpg Gy 0 0
HJ:‘ a::-42 a;:--.—; 0 0
0 a. a4 ... 0 0
0 0 0 ... aq O

= G 0 0 e Oy Oy |

Kputepiii cTifikocTi GOpMyITIOETHCS TaK:
106 cucrema Oyna CTiiiKOIO, HEOOXIIHO 1 JOCTAaTHBO, 100 MpH a, >0 Oynu
NO3UTHBHUMH YCE€ 71 JlarOHAJIBHUX BU3HAYHHKIB, IO OTPUMYIOTBCS 3 MAaTPHIl

['ypBuus.
[lepri Tpu BU3HAYHUKHM MaTpulll ['ypBUIls MatOTh HACTYITHUIN BUTJIS:
@p1 Qp3 Gy 5
A.=a « A .Ea’u--l -3 -
1 nlr =2~ » Ay =| 4, Ao Ay~
a, a,s
) ' 0 a a
n=1 n=3

Taxum guHOM, KpuTepid ['ypBUIlS TO3BOJISLE CYIUTH TIPO aOCOMIOTHY CTIWKICTB,
aje BIH HE Ja€ MOXIJIMBOCTI OIIHIOBaTH BIJHOCHY CTIHKICTh TI0 KOPEHSX
XapaKTEPUCTUUHOTO PIBHSHHSL.

Yacmomuuii kpumepiti cmitikocmi Hatikgicma ananizye AOUYX po3iMKHEHOT
CUCTEMHU.

Hexaii € [1® pozimkHeHOi cuctemu W(jmw).

JInst 3Hax0/KEHHS N1MCHOT 1 ysiBHOI yacTUHU 4acTOTHOI [1MD Tpebda 3BUTLHUTHCS
Bil YABHOCTI B 3HAMCHHHUKY IUISIXOM MHOXCHHS 4YHCEIbHMKA 1 3HAMCHHHMKA Ha
BEIIMYMHY, KOMIUICKCHOCTIPSDKEHY 3HAMEHHHUKY, a TOTIM BHUKOHATH PO3JIJICHHS Ha
niiicHy 1 yaBHY yactuHi. [lepenatHa QyHkiis HaOyBae BUTIIALY:

W(jo)=P(@)+0().

OcHoBHi BiaactuBocTi ADYX po3iMKHEHOT CUCTEMH HACTYIIHI.

1. ko po3iMKHEHa CHUCTeMa HE Ma€ IHTErPYIOUYUX JIaHOK, TO Nmpu @ = 0 ii
ADUX nounHaeThesa Ha J1HCHIN oci B Toulll P(w)=K (ne K — xoedilieHT NOCHICHHS
PO3IMKHEHO1 cucTteMHt). 3akiHuyeThess ADUYX Ha moyaTtky KOOpAUHAT MPU w—00 (PHUC.
4.1, a).
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2. SIkmo po3IMKHEHAa CHUCTeMa Ma€ OJHY IHTEerpyroouy JjaHky, To ii ADPYUYX
MOYMHAEThCS MpU ® = 0 B HECKIHYEHHOCTI HAa HETaTUBHINA ysABHINM miBOCi, a
3aKIHYYETHCS Ha TIOYATKy KOOPJMHAT MpU ® — oo (puc. 4.1, 6).

a) A e 6) A e

X
r w=10 m — e
ot
K_/ i L i
o

Puc. 4.1 — AOYX po31MKHEHOI CUCTEMU

Kpurepiii ctifikocti HalikBicta popmymtoeThes Tak:

a) AKII0 PO3IMKHEHA CHCTeMa CTilika a00 3HAXOJMThCS HAa MEXI CTIMKOCTi, TO
JUISL TOTO, 1100 3aMKHYTa cucTeMa OyJa cTiiika, HeOOX1JHO 1 JOCTaTHRO, 00 ADYX
PO3IMKHEHOI CHUCTEMHU MpH 3MiHI 4acTOTH @ BiAg 0 70 oo HE OXOIUIIOBaJa TOYKY 3
koopaunaramu (—1, j0);

0) K10 pO3IMKHEHA CHCTEMa HECTiKa, a i mepegaTHa QpyHKIIIs Ma€ 7 MOJIIOCIB
MpaBoOpyY BiJ YSBHOI OCI Ha KOMIUICKCHIN TUIONIMHI, TO HIJisi CTIHKOCTI 3aMKHYTOI
CUCTEMH HEOOXimHO 1 noctaTHhO, MO0 ADUX po3iMKHEHOT CHUCTEMH TpH 3MiHI
4aCTOTH (® BiJ —o0 JI0 +00 OXOILUTIOBANIa M pa3iB TOUKY 3 KoopauHaTamu (—1, jO).

[Tpu BuKOpUCTaHHI ITLOTO KPUTEPIIO TpeOa BpaXxOBYBATH JIB1 OCOOIUBOCTI:

a) SIKII0 pO3IMKHEHA CHUCTEMa 3HAXOUThCS Ha MEXI CTiliKkocTi, To 11 ADUX iine
B HecKiHuYeHHICTh. Jlns mepeBipku kpurtepiro HaiikBicta Tpeba moaymku 3'€IHATU
kiHenlp A®UX nyror0 HECKIHYEHHO BEJIMKOrO paalycy 3 IO3UTHUBHOK JIMCHOIO
MIBBICCIO;

0) na mpaktuni ADOUX moxke OyayBaTUCS TUIBKH ISl TO3UTUBHHUX YacTOT
(0<w<+x). Ilpu 3acrocyBanHi kputepito HaitkBicTa BBaxkaeTbes, 1m0 riika AOYX
JUTSI HETAaTUBHKUX YaCTOT CHMETPUYHA BIAHOCHO AIHCHOT OCI.

®dizuuHuil ceHC KpuTepiro criikocTi HaiikBicta mossirae B TOMy, IO CHCTEMa
Oyne HecTidika, SKI0 (a3za BHUXITHOTO CUTHAY MNPOTWUJIEKHA 110 (a3u BXIJTHOTO
CUTHAITy, a KOe(iIlleHT MocuIeHHs Oibie 1.

4.1.4 To4HICTH B pe:KHUMIi, III0 BCTAHOBUBCS

Hexait mepenatHy QyHKIIIFO PO3IMKHEHOI CHCTEMH MOYKHA TIPEACTABUTH Y BHUII
W(s)=KW(s),

ne niepenatHa QpyHKiis W, (s) mMae BIacTUBICTh lim _,W,(s)=1. Toxal nmepenaTHa

s—0

(GYyHKIIS 3aMKHYTO1 CHCTEMU 32 TTIOMUITKOIO
1
D, (s)=— "
1+ KW, (s)
3Ha4YeHHS NOMMWJIKH, II0 BCTAaHOBWJIOCS, NPU MOCTIHHOMY BXiHOMY CHTHAaIi

X,
x(t)=x,, MO Mae 300pakeHHs 3a Jlammacom X(s)=-", mMoxke OyTh oOYHCIICHE 3a
S

TeopeMOIO HpO KiHHeBe 3HAUCHHA.
X9

1+K°

g, =limeg(t) = hnol sO_ (s)X(s)=
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TakuM 4yuHOM, mTpH 30UIBIIEHHI KoedillieHTa TMOCWJIeHHS KhoMuika
3MEHIIYEThCS (MPOTE 3amac CTIMKOCTI TaKOXK 3MEHIIYEThCS 1 CHCTeMa MOXKE CTaTh
HecTiiikor). Benunuuna K HaszuBaeTbes dobpomuicmio cuctemu. llpu Oyab-axomy
KiHeBoMy K B Takiii cucteMi MmoMuika Oyne KiHIeBoro. Jljig JiHIMHO 3pOCTarouoro
CUTHAJTy TOMUJIKA JIIHIHO 3pOCTaTUME.

Tenep Hexau

W<s>=§Wl<s>,

ne v - miie uuciio 1 lim_, W, (s)=1. Toai ais ycix BXiJJHUX CUTHAJIIB BUAY

s—0
x(t)=x, +xt+x,8 +...+x, "

cuctemMa 3a0e3neduyBaTUME HYJIbOBY HMOMMIIKY, IO BCTaHOBWIJIACS, MPHU Oyb-SKHUX

3HAYCHHAX KOC(DIIiEHTIB X, ,...X, ;. Takum umHOM, TIpu v>(0 cHUCTEMa BIJICTEKYE

MOCTIMHUM CcuUrHan Oe3 IIOMHJIKH, IO BCTaHOBHMJIacd. TakKli CHUCTEMH Ha3MBAaIOTh
acmamuyHuUMu.
Ywciio v Ha3UBA€ETHCS NOpAOKoM acmamusmy. JIJis CurHamy

, vix,
x(t)=x,t", X(s)= Rz

TIOMHJIKA, 1110 BCTAHOBUJIACS, € PIBHOIO
_vix,
g, =
K
Buiie po3risiHyTHM € BHITQJIOK acTaTU3MYy I10 BiJIHOIICHHIO 10 3a/Jar04voi .
AHAJIOTTYHO MOJKe UTHCS TTPO acTaTU3M IO BIAHOIICHHS 710 30yprOI0U0i Aii.

4.2 lMpuknadu i 3ad0ayYi 05151 caMocmiliHO20 pPO386 'sI3aHHSs

3agaua 4.1.3a gonomororo kputepitol ypBUIlld BU3HAYUTH CTIMKICTh CHCTEMH,
0 Ma€ nepeaaTHy QyHKIIO

_Yi(s) 5-s5+4
CU(s) 9 4+16-5%4+95-83 +260-52 4324 -5+ 144

Po3B'sizyBaHHs

W (s)

Hna mepesipku criiikocti CAY mo I'ypBuiio Tpeba moOyayBaTH MaTpHIIO

I'ypBuns:

C=
IS 260 144 0 0
1 95 324 0 0
0 IS 260 144 0
0 1 95 324 0
0 0 16 260 144

1 3HalTH 11 geTepMmiHaHT (pyHKIis det).

>>det (C)

ans =

9.1446e+009
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[ToTiM, TOCHIZOBHO 3MEHIIYIOUM pO3MIp MaTpull, Tpebda 3HANUTH 3HAYEHHS YCIX
JiarOHAIBHUX IETEPMIHAHTIB:
>> Cl=C(1:3, 1:3)

Cl =
16 260 144
1 95 324
0 16 260
>>det (C1)
ans =
246960
>> C2=C(1l:2, 1:2)
C2 =
16 260
1 95
>>det (C2)
ans =
1260

Cucrema € CTIMKOIO, OCKUIBKY BC1 BUBHAYHUKH ITO3UTHUBHI.

3amaua 4.2. 3a gomoMoror Kputepito ['ypBHIlS BUSHAYUTH CTIWKICTh CUCTEMH,
10 Mae€ nepeaaTHy PyHKIio, HaBelaeHy y Taon. 4.1.

Taomuig 4.1 — Buxigai gadi go 3agayl 4.2

Bﬂ?;l' [MepenarHa GyHKLIA POIIMKHEHOT CHCTEMH
0 W = &
s' +54% +55° +3s+1
1 W = ?. :
0,058 +0,15" +8* +s8+1
1
W = - -
. 0.1s” +0.1s° + 8 +1
100
W = -
i 58 +0.18" + 28% + 28+ 1
& 1
i 8s + 45" + 25 +1
10
W = -
? 8 + 85" + 257 +25° + 541
3
6 W= - -
: 0.15" + 0.01s* + 0,15 + 1
j 10
4 25 + 282 + 2 +1
1
W = — ,
.E 87 +0.15% + 0,15 + 1
0 W= 10
28% + 85" +8s% +0.55% + 0.58+1
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3amaua 4.3. Jlana nepenatHa QyHKIIS pO3IMKHYTOI CUCTEMHU
25 +1

2s* +3s7 +257 +3s+1
Busnauutu, un Oy/e CTIMKOIO 3aMKHYTa CUCTEMA.

Po3B'sisyBaHHs

Jlist mepeBipku ctifikocti CAY 3a HailikBicTom criodatky Tpeba 3'scyBatu, 4u €
CTIMKOIO PO3IMKHEHA CHCTEMA.

Cdopmyemo niepenaTtHy GyHKITIO:
>>w=tf([2 1],[2 3 2 3 11)

PosrasiueMo peakiiito Ha CTpuOOK:
>>step (w)

Byayerbes rpadik nepexigHOro npoiecy, nokaaHuil Ha puc. 4.2.

Step Response

Amplitude

Time (sec)
Puc. 4.2 — Ilepexigna peakiis

Sx BugHO 3 rpadika, po3IMKHEHa CHCTEMa HECTIHKa, 1, 3TIIHO 3 KpPUTEpIEM
Haiixsicta, motpiono, mo6 AD®UX po3iMKHYTOI cUCTeMH OXOIrunoBaia Touky (—1, jO)
CTUIbKHM Pa3iB, CKUIBKM TOJIOCIB € TMpaBopyd Bix ysBHOI oci./[ns mobymoBu ADUX
JIOCUThH BUKJIMKATH KOMaHy nyquist:
>>nyquist (w)

Hiarpama HaiikBicTa nokaszana Ha puc. 4.3. Sk 6aunmo, ADYX »xoaHOrO pazy
He oxoIuTroe Touky(—1, j0),ToMy 3aMKHYyTa cucTemMa 0y1e HECTIMKOIO.
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Myquist Dizgram

Imaginary &xis

1
Real Axiz

Puc. 4.3 — liarpama HaiikicTa s 3anaui 4.3

3agaua 4.4. CAY mae nepexiHy XapaKTepUCTUKY

3 10

257 +257 +3s 41
BuzHauuTtu 3amacu CTIHKOCTI CUCTEMH 1O aMILIITY/II 1 TT0 ha3i.

Po3B'sizyBaHHA

BuxopuctoByroun JIAUX 1 JIOUX, MOoXkHA OLIHUTHU 3aMacu CTINKOCTICUCTEMHU
0 aMILTITY/I1 1 o (ha3i 3a JOTOMOTO0 KOMaHIX margin.
>>w=tf ([10],[2 2 3 1]);
>>margin (w)

BignoBiguuii rpadik mokazaHuii Ha puc. 4.4. 3amac CTIMKOCTI CHUCTEMH IIO
amrutityai —14 nb, o dasi —52°.

Bode Disgram
Gm=-14 dB (&t 1.22 radizec) |, Pm =-52 deg (at 1.89 radfzec)
20 —— 7 T s —— —

M agnitude (dB)
=
o
T

Phasze (deqg)

AR e m e e b =~ m i m e ]

7ok ! T e
107 107 10" 10" 10

Fregquency (radfzec)

Puc. 4.4 — Bu3naueHHs 3amaciB CTIHKOCTI O aMILTITY/1 1 o ¢a3i
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3amaua 4.5. BukoHatu gocmiKeHHS CTidkocTi 3amkHyToi CAY 1o 3amaHiit
nepeaaTHii GyHKIIi po3IMKHEHOT cucteMu. BapianTu 3aBanb npuBeieHi B a0 4.1.

3agaua 4.6. CAY Mae HaCTyIHY CTPYKTYPHY CXEMY

EMKOHaBYMA NMPUCTPIiA
PEryAATOP  ——-coommmom ol - ob'ekr

|
| -
['P[] ¥ £ u! O

— (s) —»(?—» Ro(s) T P(s)

______________________

BWUMipHOBanbHa CUCTEMA

| His)

[TepenaTtHa dynkItis 00’ ekTa

P(s)=—  ne K =0.069% pag/c, T. =18.2¢.
s (T.s+1)

BuxonaBuunii MexaHi3M sIBisie COO0I0 IHTETPYIOUY JIAHKY

RO(S)=T1 , I,=2c,

RS

OXOIUICHY OJMHUYHUM HETATHBHHM 3BOPOTHHM 3B'S3KOM. MOZENh BHUMipIOBAaJIHHOTO
MPUCTPOIO € ANEPIOAUYHOIO JIAHKOIO 3 MEPEAATHOIO (QYHKIIEIO

L | 1.-6c
T,.s+1

H(s) =

Hocniautu onucany CAY.
Po3B'sizyBaHHA

1. [lepenarna ¢yHkIis 00’ ekTa
>> K = 0.0094,;Ts=18.2;
>> P = tf(K, [Ts 1 017)
Transfer function:

0.0694

18.2 s”2 + s

2. [lepenatHa QyHKIIis IHTETPYIOYOi TAaHKU
>> TR=2; RO = tf(1, [TR 0])
Transfer function:

1

2 s

3. [lepenatHa ¢pyHKIIisI BUKOHABUOTO MPUCTPOIO
>> R = feedback (RO, 1)
Transferfunction:
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4. Tlepematna GyHKIS TIOCTITOBHOTO 3'€qHAHHS 00'€KTa 3 BHUKOHABYNM
MIPUCTPOEM
>> G = P*R

Transfer function:
0.0694
36.4 s*"3 + 20.2 s"2 + s
4. TlepeximHa XapaKTepUCTUKA NI OTPUMAHOT MOJIEITI
>>step (G)

Step Response
T

2500

2000

1500 -

Amplitude

1000 -

500 |

00 0‘.5 1‘ 1‘.5 é 2‘5 3
Time (sec) x 10"
5. [lepenaTtHa QyHKIlISE BUMIPIOBATLHOTO MPHUCTPOIO (aTUMKA)
>> Toc=6; H = tf (1, [Toc 11)

Transfer function:

6 s + 1

6. [lepenatHa GpyHKIIS pO3IMKHYTOTO KOHTYPY
>> L = G*H
Transfer function:

0.0694

218.4 s™4 + 157.6 s”3 + 26.2 s™2 + s

7. [Tobynyemo nuarpamybosie B HOBOMY BiKHI1
>>figure (2)
>>podeplot (L)

Bode Diagram

Phase (deg)
& N
3 3

107 1072 10" 10 ¢ 10

Frequency (rad/s)
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8. KimikHeMo mpaBoro KJIaBIIICK MHUIII 0 100y 10BaHOMY Tpadiky 1 BUOEpemo 3
KoHTeKcHOro MeHIo Characteristics - MinimumStabilityMargin.

50 T

o

Magnitude (dB)
(42
o
1

150 Ll Ll Ll
-90

-180

-270

Phase (deg)

-360 & P 11 ! !
10° 10 10™ 10 10
Frequency (rad/sec)

9. ITinBenemMo MUIIIEI0 Kypcop A0 KPY>KEUKIB 1 OTPUMAEMO 3aracu CTIMKOCTI 110
amrutityai (Gainmargin) 7.12 n1b 1 o a3t (Phasemargin) 26°. 3aMKHyTa cUCTeMa €
CTIWKOIO, TIPO 1110 TOBOPUTH BiMOBIIb «Y es» Ha muTaHHs «Closed Loop Stable?»

10. KitikHeMo mpaBoro KJIABIIIEI0 MUIII 1O MoOyA0BaHOMY rpadiky 1 BUOEpemMo
3 koHTekcHoro meHto Characteristics — Peak Response (MakcumanbHUN KOEDIIIEHT
MOCWJICHHS PO3IMKHYTOI cuctem#). [limBemeMo MUIIEI0 Kypcop A0 KPYKEUKy, IO
3’SIBUBCSI Ha OC1 OpJAMHAT 1 MpounTaemMo 3HaueHHs 377 1b.

3agaua 4.7. locnigutu CAY 13 3amaui 4.6, 3riJHO BapiaHTIB, HaBEACHUX Yy
tabn. 4.2. 30epexiTh 3MiHHI poOOYOro  CepeloBHINA JUIS  IOJAJIBIIOTO
BUKOpUCTaHHA. /{7151 1IbOTO BUKOpHUCTANTE KOMaHAY save<im s ¢aiina>.

Tabmuus 4.2 — Buxigai mani mts 3agayl 4.7

Bapiant T,c K, pan/c T,,C T,,cC
1 16.0 0.06 1 1
2 16.2 0.07 2 2
3 16.4 0.08 1 3
4 16.6 0.07 2 4
5 16.8 0.06 1 5
6 17.0 0.07 2 )
7 17.2 0.08 1 1
8 17.4 0.07 2 2
9 17.6 0.06 1 3
10 17.8 0.07 2 4
11 18.0 0.08 1 5
12 18.2 0.09 2 9
13 18.4 0.10 1 1
14 18.6 0.09 2 2
15 18.8 0.08 1 3
16 16.0 0.07 2 4
17 17.2 0.08 2 5
18 18.4 0.09 2 9
19 19.6 0.10 1 1
20 18.2 0.07 2 )
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21 18.5 0.12 1 4
22 19.1 0.08 2 3
23 19.4 0.09 2 6
24 17.6 0.10 1 2
25 18.0 0.0694 3 3

3apmaua 4.8. Jlna CAY 13 3agaui 4.7 BUKOHATH ii, IepepaxoBaHi y Taobiu. 4.3.
OcHoOBHa yYacTHMHA KOMaH]I BBOJUTHCS B KOMaHJHOMY BikHI cepenoBuiiia MATLAB.
Komanau, siki moTpiOHO 3acTOCOBYBaTM B IHIIMX BIKHAX, MO3HaueHl y Tabm. 4.3

1KOHKaM¥ BIJIOBITHUX MPOTPaM.

Tabmuns 4.3 — Iopsaok BUKoHaHHA 3a1a4i 4.8

Eramn BukoHaHHd 3a7a4l

Komanmu MATLAB

BiaHOBITE 3MiHHI pOOOYOTO CEPEIOBHUIIIA,
CTBOPEHI IIpH pillIeHH] 33a1aun4.6

load<im’ g danma>

3akpuiite BikHO 3 JIADYUX 1 3amycTiTh MOIYJb
SISOTool

sisotool

Imnopryiite nepenatHy ¢pyHkuio G K MOJENb
ob'exta (G) 1 H six monens gatuuka (H). broxu F
(mependinbtp) i C (perynarop) 3anuire 6e3 3MiH
(piBHUMU 1)

) SISO Design Tool

File-Import, Kxomka Browse,
Buninutu notpibHy Moaens — Import

BinkmrouiTe 300paskeHHsI KOpeHEBOro rojorpaga
Tak, moo y BikHI 3anummiacs TUbku JIADOYX

) SISO Design Tool

View-Design Plot Configurat
JnaPlot 1 3amiHMTHROOtLOCUS Ha
None

Jlyist Toro, o0 Bigpaszy OauuTH 3MIHU MEPEXiTHUX
nporecis, 3amycrure LTIViewers BepXHbOTO
MeHro BikHa SISOTool. Po3ramyiiTe nBa BikHa
opyd, 00 BOHU HE MEPEKPUBAIH OJMH OJHOTO

Analysis -
ResponsetoStepCommand

3anuire TIIbKH rpadik MepexigTHoro mporecy Ha
BUXO/I1, BIKITIOYMBIIN BUBEJICHHS CUTHATY
YIpaBIiHHS

J LTI ¥iewer

[IKM - Systems -
Closedloop r to u

Busnaurte nepe perynoBaHHAC 1 9ac MepexiTHOTO
nporecy 7,. Cxomitoiite rpadik B 3BIT.

J LTI ¥iewer

[IKM - Characteristics -
PeakResponse,
SettlingTime

[epeiinites y BikHO SISOTo0l. Buznaure
Koe(iIlieHT TOCUJICHHSI, IPU IKOMY
nepeperynoBanHs npubnu3Ho pisae 10%. Sk
3MIHUBCS Yac mepexiaHoro npomecy? Ski 3anacu
CTiHiKoCTi B 1boMYy BUMaaky? Ckormitolte rpadik B
3BIT.

) SISO Design Tool

neperaraHsda Mumen JIAUX
penaryBaHHA B
nojyiCurrentCompensator

[Tepeiinite y BikHO cepenoBuiia MATLABI
BBEJIITH NiepeiaTHY QYHKIIIO MPOMOPIIIHHO-
mudepenuiansroro (I11) perynaropa

Ts
C (s)=1+—2
pd() T;} +1

a T - mocriiiHa Jyacy 00’eKTa

,ne T=1c,

Cpd =1 + tf£([Ts 0], [Twv 11)
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[Tponossxenus Tadm. 4.3

Eran BukoHanHS 3a1a4i Komangmu MATLAB
[Tepeiiaite y Bikao SISOTool. Imnopryiite
peryastop C,q sik 6a30By Mojiens 1iist 610Ky C. File - Import, Cpd -> C

Busnaure nogatkoBuit KoeQillieHT MOCUICHHS,
MIPHU SIKOMY TIEpeperyItoBaHHS MPUOJIM3HO PIBHE
10%. 3HaiiiTh yac MepexiAHOTo Mpolecy i 3amacu
crifikocrti. [TopiBHsiite nponopitiviamii 1 I1/]-
perynstopu. CkomitoiTe B 3BiT rpadik
TIePEX1AHOTO MPOIIECY.

) SIS0 Design Tool

nepersaraHua Muen JIAUX
penaryBaHHa B
nojyiCurrentCompensator

Busnaure nogatkoBuii KoeQillieHT MOCUIICHHS,
IPHU SIKOMY Yac MEPexiTHOTO MpoIecy
MiHiManeHUH. CKOMitoiTe B 3BIT rpadik
TIePEX1AHOTO MPOIIECY.

) SIS0 Design Tool

neperaraHsda Mumen JIAUX
penaryBaHHS B
nojyiCurrentCompensator

Excnoptyiite oTpuManuii perynsarop B podouy
obsactb MATLAB.

File - Export

y cToBnuiExportas3aMiHuTy iM's
Cpd Ha C
KHOoNkaExporttoworkspace

[ToOynyiiTe mepenaBaibHy (QYHKIIIIO OTpUMaHOT
3aMKHYTOI CUCTEMU

W= C*G / (1 + C*G*H)

[ToOynyiiTe MiHIMABHY peatizallito nmepeaaTHol
¢bynkuii W. OyHKIis
minrealBUKOPHUCTOBYETHCIIISA
CKOPOYEHHSOTHAKOBUX MOJIOCIB 1 HYI Bl 1D

=
Il

minreal (W)

Busznaute nomocu nepenatHoi GyHKINIT 3aMKHYTOT
CUCTEMU

3HaUITh KOe(DIIEHT MOCUIICHHS CHCTEMH B
pEeXHMI, IO BCTAHOBUBCS

[ToOyyiiTe MiHIMANBHY pealtizallito nmepeaaTHol
¢byHKLIT 3aMKHYTOT CUCTEMH BiJl BXOAY 110
CUTHAJIy yIPaBIIHHS (BUXOY PETYIISTOPA).

[ToGyny¥iTe 3MiHY CUTHAIIy YIIPaBIiHHS IPU
OJIMHUYHOMY CTYITIHYACTOMY BX1JTHOMY CUTHAJII 1
CKOMIioiTe rpadik B 3BIT

step (Wu)

5 CHUHTE3 PEI'YJIATOPIB 3ACOBAMHU CONTROL SYSTEM
TOOLBOX

5.1 Mpocmi munu peaynssmopis

II-peryasitop. Ilpoctuit nponopiiinuii perynsrop (II-perynstop) € 3BuuaiiHUM

M1JICUITIOBAYEM 3 MIEPEIATHOIO (DYHKITIEIO

C(s)=K,.

III-peryasitop. ko octaToyHa TOMUJIKA PETYJIIOBaHHSA € HEOaKaHOW B

PETYJIATOP BBOJSATH IHTETPYIOUY CKIIAOBY:
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1
Cs)=K |1+—|,
(s)=K, T

.S

ae T, - MOCTIiiHA Yacy IHTErpyr04o0i JJaHKH.

I[Id-peryasTrop. [yis mNONIMIIEHHS SKOCTI PETyNIOBaHHS 1 MiJBULICHHS
IIBUIKO/I11 B 3aKOH YIIPaBJIiHHS BBOJSATH MOX1IHY BiJl CUTHATY TIOMIJIKH:

C(S) = Kc (1+TDS)3

ne T, - moctiiiHa vacy audepeHIiiinoi jJanku. Ha mpaktwi peanizyBatu ijealibHE
nuepeHIiIoBaHHS HEMOXJIMBO, OCKIJIbKM YacTOTHA XapaKTePUCTUKA JIAHKU
HECKIHUYEHHO 30UIbIIYETHCS HAa BHCOKMX dYacToTax. Tomy naudepeHliiHy JaHKy
BUKOPUCTOBYIOTh 3 OJATKOBUM (DLIIETPOM

T,s

C(s)=K_ |1+
T/s+1

Taxwuit perynstop mae Ha3By [1[Id-perynaropa (pdf-controller).
Tyr nocriiina wacy ¢inerpy 7, 3a3Bu4ail B 3-10 pasiB MeHine, HDK T,.

Hanmipae 3011bi1eHHsS 7, MOK€ MPUBECTH 10 HECTIMKOCTI CUCTEMH, 3MEHILICHHS ITi€T
BEJIMUMHU 3aTATYE MEePEXiTHNUN TIPOIIEC.

I /I-peryasitop. Ha BimMminy Bin IIJ[-perynsitopa, BiH MICTUTH 1HTErpaTop 1
CHUCTEMa CTa€ aCTaTUYHOIO SK IO 3aJIaroyii Jii, Tak 1 o 30ypeHHIo (TOOTO, MOCTIMHE
36ypeHHs MOBHICTIO KOMIIGHCY€eThCs). Moro mepeaaTtHa QyHKIIis Ma€e BULIIS

1
C(s)=K_|1+T,s+—
T,s
[Ipun 30inbiIeHH] 7, TEpexigHUN TMpoIeC 3aTATYEThbCS, NPU 3MEHIICHHI —
3MEHIIYEThCS 3amac  CTIAKOCTI, TEpexXiHWi mporec HaOyBa€ BUPAKEHOTO
KOJIMBAJILHOTO XapaKTepy, MPU MOAATBIIOMY 3MEHIIICHH] 7, BTPAYa€ThCs CTIHKICTD.
B 3amymnenux cucreMax auQepeHIiiHy JIaHKy BHKOPHCTOBYIOTH 3
JIOIATKOBUM (D1IIBTPOM:
T,s 1
C(s)=K,|1+—L" 4+ — |
T.s+1 Ts
Taxuit perynstop mae Ha3By [1IJId-perynstopa (pidf-controller).
3a momomoror mpaBmwibHO HamaromkeHoro I[IIJ[- a6o ITIJd-perynstopa y
OLTBIIIOCTI BUITAJIKIB BIAETHCA 3a0E3MEUNTH BUKOHAHHS yCIX BHUMOT JI0 CHUCTeMHU. B
CUJIy CBO€I MPOCTOTH, BOHM OTPUMAJM HAWIIUPIINE TMOIIMPEHHS. 3a CTATUCTUKOIO
oubie 90% ycix mpoMHUCIOBUX perynaropis € came 11 J[-perynstopamu.

5.2 Koncmpykmop PID Tuner

PID TunermpusHaueHuil il MPOEKTYBaHHS B 1HTEpPaKTHUBHOMY pexkumi PID
peryoBajJbHUKa B TPSAMOMY JIaHIO31 3aMKHYTOi omHOoBuUMIipHOi (SISO) cucremu
PEryJIIOBaHHS 3 TOJJOBHUM OJIMHUYHUM HETaTUBHUM 3BOPOTHUM 3B'SI3KOM (puc. 5.1)

Fi0 i Flant  f
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Puc. 5.1 — Cxema, mo BukopuctoByeThes mporpamoto PID Tuner: PID —
perynsarop; Plant— 00’ €KT ynpaBiiHHS
PID Tuner no3Bossie CKOHCTpYyIOoBaTH AB1 (popmu peanizarliii perynasropa C:
a) napayenabHy ¢popmy 3 1D y Burmsi:

K.
C(S)=KP+TZ+de; (5.1)

0) cranaaptHy hopmy:

S

C(s) = KP(I+TL+Tdsj; (5.2)
PID Tuner 3amyckaeTbcs KOMaHIOIO pidfool, sika BBOJWTBCA y KOMaHJIHOMY

BikHI MATLAB 1 cipuduHsi€e 1osiBy J1aJIOTOBOT0 BIKHA, TOKa3aHOTO Ha puc. 5.2.
_ioix

| -*':\. ":\. @’E| @ @ Design mode:IBasic vI FormlParaIIeI vl TypeIP vl

Flot: I Step ""I Response: I Reference tracking ""l [ | show baseline Show parameters
1 E T T T T T T T T T
s
g i
'g |
E_ 0.5 :
D — - - - - e - 5_ _________ Lo Lo U g A
' ' ' ' ' ' ' Tuned response
05 | | | | | | | I I
0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1
Time (sec)
Interactive tuning
Response time: 2 sec
1 H 1
Slawer Faster
J- Close | Help |

Puc. 5.2 — [lianorose BikHo PID Tuner

HiamoroBe BIKHO a03BojIsie BuOuUpatu crocid cuHte’y DesignMode (Basic,
Extended), ¢dopmy onucy Form (Parallel, Standard), Tun perynstopa Type (P, 1, PI,
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PD, PDF, PID, PIDF), tun rpadika Plot (Step, Bode) 1 Bun ananizoBaHoi peakiii B
MeHI0 Response:

- Referencetracking — BIIMB 3aBIaHHS HAa KEPOBAaHY BEIUYMHY 3aMKHYTOL
cuctemH (B 7 10 ));

- Controllereffort — BIIMB 3aBAaHHA Ha [II0 3aMKHYTOI cHUCTeMH (, IO
yHOpaBIIsE, B 7 JI0 U);

-InputdisturbanceRejection — BIIIUB 30ypeHHS Ha BXOJ1 00’€KTa Ha KEpPOBaHY
BEJIMYMHY 3aMKHYTOI CCTeMH (B1A f; 10 V)

- OutputdisturbanceRejection — BIUIMB 30ypeHHS Ha BHXOJl 00 €KTa
(HampuKJaa, IryMiB BUMIpY) HAa KEPOBaHY BEIMYUHY 3aMKHYTOT CUCTEMH (B11/5710));

- Open-loop — XapaKkTepUCTUKHN PO3IMKHEHOI CHUCTeMH (ITOTPiOHI PHU YaCTOTHUX
MeTOAax JOCIIKEHHS CTIHKOCTI, Hanmpukiam, 3a JIYX);

- Plant — xapaKTepUCTUKHU TUIbKU 00'€KTa yIPaBIIIHHS.

VY psiiKy MEHIO J11aJIOTOBOT'O BIKHA € KHOIIKA £| IMITOPTY 00’ €KTa peryJsatoBaHHs
PlantModel abGo 3paskoBoro perymoBanbHUKa BaselineController 3 pobodoro

npocropy Workspace, kHonka = ekcnopTy OTpUMaHOTO PEryIIOBAIbHUKA SIK 00'€KTa
B poOoumii mpoctip Workspace. PID Tuner cTtBOproe 3a yMOBYaHHSIM IepexiHy
XapaKTEPUCTUKY 3AMKHYTOI CUCTEMH 3 PETyJIOBAIBHUKOM, MAPAMETPH SIKOTO BUOpaHi
30aJaHCOBAaHO MK BHMOTaMHM HaWMEHIIOrO Yacy pEeryJiOBaHHS 1 3aJ0BLIBHOI
pobacHOCTI (MPUHHATHUX 3aMaciB CTIMKOCTI).

VYci craHgapTHI MOKAa3HUKH SIKOCTI (CTaje 3HA4YeHHS, Yac HApPOCTAHHS, Yac
pEryJIIOBaHHS, MEPEPETYIIOBaHHS, YaC MaKCUMyMY) MOKHA BHKJIMKATH KJIAIaHHIM
MpaBoi KHOMKW MUl Ha Tpadimi. Ko 3HaYeHHsS MOKa3HUKIB HE 3aJI0BOJIHHSIOTH
TEXHIYHUM BUMOTaM, IO MPEJIBISIOTHCS, O CUCTEMH, X MOXHA BIJIKOPUTYBATH 32
JOTIOMOTOI0  TIOB3YHKa Responsetime: 'y Oik Slower (noBinbHilIE) abo Faster
(mBuaIIE), OE3MOCEPEIHhO CIOCTEpIraloud 3MIHUM B TaOJMuKax Ois BIIMOBIIHUX
MapkepiB. Yac Responsetime He TOB'S3aHUM 13 CTAHAAPTHUMHU TMOHATTSAMH «4ac
PETYIIOBaHHSY, «4ac HAPOCTAHHS.

Knonka Show parametersBukiiukae nonatkoBe mnoje 3 maHensimu Controller
parametersi Performance and robustness. Cniji MaTH Ha yBa3i, 1110 Ha MpaBiii MmaHel
BUBOJATHCS MApAMETPU 3aBXKIU TIIbKU AJisl cTaHIapTHUX yctaHoBoK MATLAB: uac
HapocTtanHs 1o giana3ony 0.1-0.9, wac perymoBanHa mo piBHIO 2%, TOHlI SIK Ha
rpadimi JIBOPYdY Ti K MapaMeTpu BIIOOPaXKYIOThCS TMPU (PAKTUYHUX YCTAHOBKAX,
3amanux y BikHI ControlSystemToolboxPreferences kopuctyBauem. BinmosinHo,
3HaueHHs Risetime 1 Settlingtime sl OJHIET 1 TI€T ) CUCTEMHU JIBOPYY 1 IpaBOpyU
MOXYTbh OYTH PI3HUMH.

JI71s1 He3aJIe)KHOTO HAJIAIITYBaHHSI CMYTH TPOMYIIEHHS 1 3amacy 3a (a30r0 ciij
BuOpatu onuiro Extended B mento DesignMode.

Jlis mpoeKTyBaHHS PEryJIroBajbHUKA 3 KOMAHIHOTO PSAKa BUKOPHUCTOBYETHCS
¢yHkuis pidtune B HACTYTHOMY BUI:

- rgp=pidtune (plant, 'type') — g SISO o0’ekra plant IPOEKTYETHCS
pEryIoBAJIbHUK MapanienbHoi (Gpopmu BkazaHoro tumy fype (p, 1, pi, pd, pid, pidf),
napamMeTpu SKOro BuOpaHl 30alaHCOBAaHO MIDK BHMOraMHM HaWMEHILOIO Yacy
peryJitoBaHHS 1 33JI0BUILHOI pOOACHOCTI (3amaciB CTIMKOCTI);
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- rgc=pidtune (plant, cbase) — NMPOEKTYBaHHS BEIETHCSA MOPIBHIHO 13
3pa3KOBUM PETYJIIOBAIBLHUKOM cbase 1 pe3ylbTyEThCSl Y BUTIISI PETYIISATOpaa TOTO K
TUIy 1 popmu;

- rgp=pidtune (plant, 'type',options) , rgc=pidtune (plant, cbase,
options) — BU3HA4Yae TOAATKOBI TapaMEeTPH HAJIAIITyBaHHS;

- [rgp,info] = pidtune(plant,...) — TMOBepTaEc IOMATKOBI
B1JIOMOCTI 110 MMPOEKTOBAHOMY PEryJIIOBaIbHUKOBI.

5.3 Npuknadu i 3ada4vi Ons1 camocmiliHo20 PoO38 'sA3aHHs
3apaua S5.1. O6’ ekt ynpaBiaiHHS Ma€ TiepeiaBalibHy (YHKITIIO:
K —T8
Woy (S) = 066 b

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

ne K,~=1,2, T)=10, T,=3, 1=3. Busznauutu napameTtpu HamamryBaHHs IIIJI-
pErynaTopa 1 MOKa3HUKH POOOTH CUCTEMH PEryTIOBAaHHS.

Po3B'sizyBaHH#A

[TpencraBumo 1D 06’ekTa y BUTIIS AL TOCTIOBHOTO 3’ € fHAHHS NBOX [1D:
— Koﬁ — e_TS
M =7 oq =y
VY xomannnomy BikHI MATLAB yBonrMo HacTymH1 KOMaHIu.
CrtBopenns [1D W (s):
>>Wl=tf£([1.2], [10 17])
Transfer function:
1.2
10 s + 1
CtBopenns [1D W, (s):
>>W2=tf([1], [3 1], '"'ioDelay', 3)
Transfer function:

exp (-3*s) * —-——-—-—--

3 s + 1
[TocnimoBHe 3’enHanus W (s) Ta Wy(s):
>>W=series (W1, W2)

Transfer function:

exp(-3*s) * -—mm————————————-
30 s"2 + 13 s + 1
Buxnuk nporpamu PID Tuner:
>>pidtool(W,'pid")
VY nmianoroBomy BikHI PID Tuner nepemimieHHsIM TOB3yHKa Responsetime
gomaraemocsi OaxkaHoi (Qopmu mepeximHoro mpouecy. HaTucHyBmIM —KHOIKY
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Showparameters, oTpumyeMo nonatkoBe mosie 3 manensimu Controllerparameters i
Performanceandrobustness, 3 SKuX 4ATAEMO MapaMeTPu HAIAMITYBaHHS PETYJISTOpA 1
MOKa3HUKHA POOOTH CUCTEMH PETYITIOBAHHS.

3amava 5.2. [l o0’exra ynpasninas 3 11, 3aganoi B 3amadi 5.1, modyayBatu
3acobamu ControlSystemToolboxLTI-monens. [lapamerpu moseni B3stu 3 Tadu. 5.1.

Ta6nus 5.1 — BapianTtu 3aBaaHb

Ne K 11 12 | tau | Ne K 11 12 tau
1 1,5 10 5 2 14 3,5 14 4 3
2 2,0 15 4 3 15 3,2 11 5 2
3 3,0 17 3 4 16 0,5 16 3 3
4 3,5 18 4 2 17 1,2 15 4 2
5 3,2 12 5 3 18 2,5 14 5 4
6 0,5 13 7 4 19 1,7 16 4 5
7 1,2 14 6 3 20 2,1 17 3 3
8 2,5 11 3 2 21 2,0 14 7 4
9 1,7 18 3 3 22 1,8 10 4 3
10 2,1 12 4 4 23 2,4 11 3 3
11 1,5 13 2 3 24 1,7 12 6 4
12 2,0 12 3 4 25 2,5 17 7 3
13 3,0 17 4 5

3 BukopuctanHsM PID Tuner Bu3zHauuTH 1 3aHecTH y Tabi. S5.2mapameTpu
Hanamrysanss I1-, I1I-, ILA®-, ITL/I- 1 INA®-perynaropiBK,, K, K; I;Ta MoKkasHUKH
pOOOTH CUCTEMU PETYIIIOBAHHS:

a) 4ac peryJroBaHHs f, (Settingtime);

0) nepeperynoBanHsic (Overshoot);,

B) TIIKOBE 3HAYCHHS Yoy (Peak);

r) 3amac cTiiikocti o moayno AA(Gainmargin);

1) 3amac ctiiikocti no Baszi Ap(Phasemargin).

Tabmuis 5.2

A4, |Ade, | XapakTep nmepexigHoro

: 0
[Mapamerpu |K, |K; |Ki | Tr tp, C |0, %0 | Viax nb  |rpan. IPOIIECY

I1

I11

TIJ1®

T

1D

KoHTpoJIbHI NUTAHHS

1. Ilo Take LTI-monens?

2. Sk crBoputH LTI-Monens y BUrisiai nepenaBanbHOi PyHKIIII?

3. Ha3zgitb npusnadenss nporpamu PID Tuner.

4. Hagenite popmyiy 1D I1IJ[-perynsaropa y napaienasbHiil popmi.

4. Hasenits dhopmyny [1D I1/I-perynsropa y ctanaapTHii Gopmi.

6. Sk Bu3HauuTH mapameTpu HanamTyBaHHs [IIJ[-perynsitopa 3a 10moMOroro
PID Tuner?
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7. SIxi moka3HMKH POOOTH CHUCTEMH PETYJIIOBaHHS J03BoJisse Bu3Hauutu PID
Tuner?

6 NIII-PETI'YJIATOP 3 JOAATKOBOIO KEPYIOYOIO AI€IO
JANPEPEHIIATOPA

6.1 [No6ydoea peaynssmopie 3 000amKoO80I0 Kepyr4oro Oiero

CranmapTHI peryaloBajJbHUKH HE 3aBXIU 3a0e3MedylTh HEOOXITHY SKICTh
peryitoBaHHs 00'€KTIB 13 3alli3HIOBaHHIM. SKICTh ympaBiiHHA 3a gomomororo IIIJ]-
peryyiiaTopa MOXKHA TOKPAIIWTH, BBOASYM B CTPYKTYPY peryjsTopa I0JaTKOBi
CJIEMEHTH.

CrpykrypHa cxeMaHIﬂ-HlI-perynﬂTopa MPE/ICTaBJIeHA Ha PHC. 6.1.

-

dUp(t)
dt

+
> dAZ(Y) ) . ol LGN
————+

pNER N

Z{t)

A

1

Y)M@

Zon

V

L [a ze)

Y
e

Puc. 6.1

Ha Bxix nonatkoBoro nudepeniiatopa 7 HOJAEThCS BUXIAHUIN CUTHAI cymaTopa
5, SIKU# MiACYMOBY€E BUXIJHI CUTHAIU OJIOKY MPOIMOPLIMHOTIO MEPETBOPIOBAHHS 2 Ta
onoky mudepenmitoBanss 4 cragaaptaoro [1IJ[-perymstopa. JlomatkoBa kepyroda fis
nudepeHIiatopa 7 IOJAEThCS JOOCHOBHOTO Kepyrodoro curHanmy IIIJ[-perymsitopa
BCyMaTopi 6, BUXiJHUN CHTHAN SKOTO € 3arajJlbHUMPETyJIIOIYUM CHUTHAJIOM IIHOTO
perynsaropa. [lepenaTtHa QyHKIIIS TaKOTO peryisTopa

W(s)=K, +L+(T(u +K, K )s+T K s%, (6.1)

5

Cxewma ITIJI-1/] perynsitopa nokazaHa Ha puc 6.2.

>
>

Puc. 6.2
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Le# IIIJI-perynsitop BiApi3HAETHCS THUM, IO BHXiA OJOKY MPOMOPLIHHOTO
NEPETBOPEHHSI 2  CHOJY4YeHHH 3 BXOJOM Jpyroro cymaropa 6, a BUXOAH OJIOKY
iHTerparii 3 1 nmepiroro 6JI0Ky audepeHiiroBaHHs 4 BIAMOBIIHO CIOJYYEHI 3 BXOJIaMHU
MEepIIoro cymaropa S5, BUXiJ JpPYroro CHOJIYYEHUH 3 BXOJOM JPYroro OJOKY
mudepeniitoBanas 7.  Buxig gpyroro cymaropa 6 € Kepylouokw €0 IOTO
perynsaropa.

BianoBiiHO A0 MNpeACTaBiI€HOI CTPYKTYpPHOI CXeMHU IepeaaBaibHa (yHKIIS
TaKOTO PETyJsTOpa Ma€ BUTIISIL:

Kx

Wiy =Kp +——+—
o I I';-s

+ Ty s+Ty Ky s>, (6.2)

[MI-3/1-perynsatop BHUKOHYE J0JAaTKOBE JU(EPEHIIIOBAHHS BCIX TPbOX
BUXIJIHUX CKJIanoBux ctanaaptHoro [1IJ[-perynsaropa (puc. 6.3)

2 -

» » o Tgit
dt
Z) ;
§
1 p —
AZ() -
[azg——m+ * uw
+ —P
4
, NS
Zam
b dA 2 (1)
E
Puc. 6.3
JI71st bOTO perymsaTopa MaEMO NiepenaTHy QyHKIIO
r 1 1
V\«{r;)zl(ﬁﬁJrTIL s+ (K, +-—-S+Tﬂ. $)Kjs. (6.3)

1 i
SAx Gaummo, TSI PEryasTOpiB 3 JOJATKOBOKO [I€0 HEOOXiMHE BH3HAYCHHS
4OTUPHOX NapameTpiB HanamryBanss: K, T, TyraK.
®opmynn  pospaxyHky mnapamerpiB HajamtyBaHHs [IIJ[-IJ[ perymstopa
IIYKQJIUCh METOJIOM CTaTUCTUYHOTO KOMIT IOTEPHOTO €KCIIEPUMEHTY ISl IBOEMKICHUX
00’€KTIB 13 3aMMi3HEHHSM, K1 MalOTh TiepeaTHy (QYHKITIO

K e—TS
T (Ts+D)(Ts+1)’

ne xkoedimient nepenadi K, Bapitoerbcs B Mexkax Bix 0,4 10 4 %/%, cram yacy

W,(s) (6.4)

T11 T2 Bix 1 go 35 onuuunp yacy. I1{o cTrocyeThcst UMCTOTO 3aMi3HEHHS T, TO y X011
CTaTUCTUYHOTO €KCIIEPUMEHTY BHKOPHCTOBYBAJIOCH BIIHOCHE 3ami3HeHHS 7,=7/T,, ne

T, — 3arayibHa cTayna dacy 00’ekta. BimHOCHE 3ami3HEHHS BUPIIOBAIOCS B MEXaxX Bif
0,05 no 1,0.
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[Ipu ompaltoBaHHI OTPUMAaHUX CTATUCTHYHUX JAaHUX 3 METOK JOCSTHEHHS
OIBIII TOYHMX PO3PaXyHKIB  JOCHIPKYBaHI OO0 €KTH JUIWIM Ha JBI TPynu 3a
criBBigHomenusmu tv/7,<=0,3 tat/7,>0,3 1 s KOXHOI TpPyNnH OJEPKYyBajld CBOi
PIBHSIHHS perpecii.

Jlst 06°€exTiB 31 ciBBimHOMEHHM 7/71,<=0,3 OTpuMaHi Taki pIBHSIHHS perpecii:

- Koe(ilieHTIACUIICHHAPETyIATOpA:

K,1=(0.298-72.09671,)/(1.0-18.08857,);

- CTajia yacylHTerpyBaHHS:

T,=(0.598+1.477, +12.857 7,°)-(T,/18.5);

- cTaJia yacy Au(depeHIlitoBaHHS:

Ty =(26.2-72.4857,+105.714 7,°)(T,/18.5);

- KoeiIieHT A0IaTKOBOTO JU(EepeHITIFOBaHHS:

K= ((1.6443-16.6367,)/(1-12.65921,))-(T,/15).

JnsacoiBBignomennsz/7,>0,3:

K, =(9.9878-21.21,+12.9821,");
T = (0.583-1.121,+20.5714t,%)-(T,/18.5);
T, =(15.267-1.59291,-8.21431,°)-(7,/18.5);
Ky = (3.4798-6.20251,+2.92961,°)-(T,/18.5).
i HanmamTyBaHHs A1l YTOYHIOIOTHCSI HACTYITHUMH (DOpMYyITaMH:
- 1 criBBigHomendn? ;/T,<=0,4:
K=K, /K,;
T;=T,; (0.764+1.6298(T/T>)-2.5973(T/T»)’K,;
T,= T, (0.7962-0.1333(T/T>)+0.9416(T,/T>)*/K,;
K=K (0.8304+0.4262(T/T>));
- 11 criBBigHomenHsn? ;/T,>0,4:
Kp: Kp1 /KO;
T=T;; (1.4235-1.7065(T/T>)+1.615(T/T-)°K,;
T,= T, (1.2068-0.8698(T/T-)+0.877(T/T-)*IK,;
K=K, (0.8333+0.4167(T/T5)).

6.2 Knacu4Huli MemoO cuHme3sy cucmem pe2yriro8aHHs

CuHTE3 CHUCTEMH AaBTOMAaTHYHOIO DETYJIOBAHHS TEXHOJOTIYHOTO MapaMmerpa
3BHYAWHO MOYMHAETHCS 3 EKCIEPUMEHTAIbHOIO AOCTIIKEHHSI 00’€KTa YHpaBIiHHSA 1
noOyZ0BH KPUBOT PO3TrOHY, AKY 1HOJI Ha3UBaIOTh PO3TIHHOI XapaKTepuCTUKoo. Jlis
il oTpuMmaHHs Tpeba Ha BXiJ 00’€KTa MOJATH CTYMIHYAaCTUW BIUIMB. BH3HauarOTh
YUHHUK, KU BIUIMBA€E Ha PEryJIbOBaHY BEJIMYMHY, HAIPUKIIAJA, TEMIIEpATypy MOKHA
peryJioBaTi 3MiHOIO mojaul rparodoi mapu. CTpuOKOM 3MIHIOIOTH BXiAHY A0 Ha
JeKUIbKa BIJCOTKIB XOJy BHKOHABYOTO MEXaHI3MYy 1 CIHOCTEpPIraroTh 3a 3MIHOKO
peryiaboBaHOi BenuuyuHHU. ['padik 3MIHM peryaboBaHOI BEJIMYUMHU OOpPOOJISIOTH, SK
mokaszaHo Ha puc. 6.4. Tum camum peanbHuil 00’ €KT (CyL1TIbHA JiHIS) aPOKCUMYEThCA
00’€KTOM TIEPIIIOTO MOPSIKY 3 YACTUM 3ami3HEHHSIM L(TTyHKTUPHA JIiHIs).
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Puc. 6.4

3a momomororo rpadika BU3HAYAIOTh MapaMmMeTpu ata L, BIAHOIICHHS SKHX €
pPIBHUM TaHTEHCY KyTa HaxXWiy JOOTHYHOI MpsAMoi. 3HAXOASATh TaKOXK KOEQIIEHT
nepeqadyi SK BIJHOIICHHS MPUPOCTY CTAJOTO 3HAYEHHS BUXIJHOI 3MIHHOI [0
aMILTITYId TECTOBOT'O CTpUOKA.

Jaini 3a momoMororo psay GopMys po3paxoBYIOTh MapaMeTpH HalallTyBaHHS
perynaropa. HalOuipln BXMBaAaHUMM  OE3MOIIYKOBUMU METOJAMH  PO3PaAXyHKY
napameTpiB HaJlalTyBaHb peryisTopiB € metoj Lurnepa-Hikonbca (Ziegler-Nichols),
meron Koena-Kyna (Cohen-Coon), meron Ywumna-Xponca-Pecsika (Chien-Hrones-
Reswick — CHR).

Po3paxyBaBiim napaMeTpu, KOMIT FOTEPHUM MO/JIEIIOBAaHHSAM a00 Ha pealbHOMY
00’€KT1 OTPUMYIOTh MIEPEXITHUHN TIPOIIEC CUCTEMHU PETYIATOP-00’ EKT.

6.3 Cunme3 3 sukopucmaHHsIM 2papiyHo20 iHmepdgpeucy PIDD

['padiunuii inTepdeiic PIDD no3Bosise B 1HTEPAaKTUBHOMY PEXKHUMI IHIBHJIKO
BUKOHATH NPOEKTYBAHHS KOHTYPY PETYJIIOBaHHA 3 JOJATKOBOIO KEPYHOYOK IEI0,
MOYMHAIOUM 3 17AeHTUdiKaIli o0 ’€KkTa yOpaBIiHHS 1 3aKIHYyOYHd TOOYJI0BOIO 1
aHaII30M NEPEXITHOTO MPOLECY CIPOEKTOBAHOI CUCTEMHU.

Jlns Bukopuctanus rpadiunoro inrepdeiicy tpedba 3poobutu PIDD moTouHorO
nupektopieto (Current folder) 1 BBectn y komaHAHOMY BiKHI TeKCT «PIDDy.
BigkpuBa€eThcs BIKHO, TTOKa3aHe Ha puc. 6.5.

[Ticns HatuckanHg kHOMKH Input B mporpaMy 3aBaHTaXXyHOThCS JaHHI KPHUBOI
PO3TOHY 3 TEKCTOBOTO (paiiry, iM’st sikoro Bnucano B noui Filename, ta y BikHi axesl
Oynyerbesi Tpadik KpuBOi po3roHy. TekcroBuii ¢aiim Mae Ba psSAKU. Y MEPIIOMY
yepe3 KOMY 3alMCYIThECS MOMEHTH 4acy, B SKi 3HIMAJIMCh BIJIJIIKH BUX1THOI BETUYHMHU
00’€KTa, y IpyroMy — BiJIIIOBI/IHI 3HAYCHHS BUX1HOT BEIMYNHH.

AmnpokcuMmariiss 00’€KTa MOJS/UII0 y BHUIUIAAI mepenatHoi GyHKii (6.4)
3MIMCHIOETHCS NIISAXOM MiHIMI3alli KBaApaTy pI3HUIN 3HAYEHb BHUXIJIHUX BEIUYUH

Mozei 1 00’ ekra. st npboro BukopuctoByeThes pyHkiiss MATLAB:
[x, fval]=fmincon('TFobj"', [T2,T1,taul, []1,[]1,[1,[1,1b,ub, [],options);
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(B oo - T

lpeHTudikauis ob’ekTa

IM’a chaiiny experim.txt Beectn g
Start point: T2= 10 | T1= 1 tau= 1 05
Step 5 lgeHTHdikyBaTH

06F

04t
| MpoeKTyBaHHA perynATopa

0.2r

| Tun FID - MeTton Ziegler-Nichols -
|| — PerynioBaHHA
@ 3a 3bypenuam ) 3a BigXHUNeHHAM PospaxyHok 0 L L L L L I I I I |
0 01 0.2 03 04 05 06 07 08 09 1
il |
0 Control System Response
Kp| 0 |4 [ || 100 1r
0
T o |4 [ r| | 100 08r
0
Td| 0 |4 [ v[100 | 06r
0 04r
Kd| o | || 100
02f
Overshoot Peak SettlingTime

0 01 02 0.3 0.4 05 06 07 0.8 0.9 1
L s —— = — — |

Puc. 6.5

Ol MigiMizali 3a1ar0ThCI KOMAHIO00:
options=optimset ('Algorithm', 'active-set', 'TolFun',le-4, 'TolX"',1le-4);

AmnpokcuMallisi 3amycKaeTbcsi HaTHUCKaHHsSM KHomku «ldentification». B
pe3yabTari OyayeTbes Tpadik BUXITHOT BEJIMYMHM MOJEIl 1 BUBOJIUTHCS BUIJIS
nepeaaTHol QyHKITI.

JHani moxxHa BuOpatu tun perymnsatopa: PID — crannaptauit I11/]-perynstop a6o
PID-ID — peryastop 3 mnepenatHoro ¢yskumieo (6.2). Hns crangaptaoro ITIJI-
peryiaropa BUOMpAEThCS OAMH 3 MeToAiB po3paxyHKy Ziegler-Nichols, Cohen-Coon
abo CHR.

KomruiekT pamioKHOMOK miJi 3arojioBKOM «PerysitoBaHHS» 03BOJIsIE BHOpaTH
THII IEPEX1THOTO TPOIIECY: 3a 30ypEHHSIM UM 32 BiIXUICHHSIM.

Haruckanus xuomku «Design» MNpU3BOAUTH JO PO3PaXyHKY TMapameTpiB
HAJAIITYBaHHS BUOpPAHOTO THIly peryisTopa 1 moOyaoBU rpadika HepexigHOro
nporiecy CAP. [TapameTpu HanamTyBaHHsI MOKHA 3MiHIOBATH, MEPECYBAIOUU JIBHIKOK
BI/IMOBITHOTO cJaijiepa B HWXKHIM YacTHHI BIKHA.

6.4 lNpuknadu i 3a0a4i 0nss caMocmiliHo20 pPO38 ‘sI3aHHS

3amaya 6.1. CnpoektryBatu IIIJI-IJ[ perymsitop s OuHAMI4YHOTO 00’€KTa,
KpHBa PO3TOHY SIKOTO MpeCTaBieHa JaHuMH Ta0. 6.1.
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Tadomuug 6.1 — Buxigdi gadi g0 3axayi 6.1

T{O0|1]2]3 4 5 6 7 8 10 11 12 13 14 15
h |0/0]0]0.07]0.23]043]0.64]0.84|1.03|1.19|133|1.45|155]|1.64]|1.71]|1.77
Po3B'si3yBaHHs

1. Komitoemo y cBoro pobouy Teky aupektopiro D:\Problem\PIDD.

2.V BikHi Current folder pobumo ckomniiioBaHy TUPEKTOPIIO TOTOYHOIO.

3. CtBoproeMo TeKCTOBUU (haiiji, 10 BKJIIOYAE JiBa PAAKU. B mepriuii psiok
3aHOCMMO MOMEHTH 4acy T, y npyruil — 3HaueHHs BIATYKY h 3 Tabnuii 6.1. Yci yncna
B 000X psIIKax po3AUISIEMO KOMaMH.

4.V xomannaomy BikHi MATLAB BBogumo PIDD.

5. YV none «IM’s daitty» BBOAMMO iM’s (ailry, cTBOopeHoro 3a m. 3, i
HAaTUCKYeMO KHOTIKY «BBectu». bynyeThcs rpadik kpuBoi po3rony.

6. [TlinOuparoun nmouatkosi 3HadeHHs g T2, T1 1 tau Ta HATUCKYIOYU KHOTIKY
«Inentudikamis», orpumyeMo Tpadik BUXOMY MOJENI, SKa  alpOKCHUMYE
EKCIIEPUMEHTAJIbHY KPUBY PO3TOHY (pucC. 6.6).

, Nd 2-ro nopAgky

EKCMNEPUMEHT
MO enk

15

] '
_______________________ B B
' '

Buxig

Yac
Puc. 6.6

7. IlepenucyemMo oTpuMaHy IepeaaTHy QyHKIIO:
0.354%exp(-2.4864%s)

Wo =
(2.7178% + 1){2.7138% + 1)

8 Ilimbuparoun meton pospaxyHky Ziegler-Nichols, Cohen-CoonunCHR, 1
HATUCKYIOUH KHOTIKY «P03paxyHOK», BUOMpaeMo OakaHW BU MEPEXiTHOTO MPOIECY
(puc. 6.7).

9. 3anocumo y Tabnuiio 6.2 mapaMeTpu HaJAIITYBaHHSA 1 XapaKTEPUCTHUKH

MIePEX1THOTO MPOIIECY.

Tabnums 6.2
[TapameTrpu K, T; Ty K o] Vmax [
TTIJT 4.09 3.84 0.79 — 539 1.54 48.4
T T-1/1 4.81 0.83 7.68 0.18 36.8 1.37 21.0
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Control System Response

Buxin

Puc. 6.7

ITapamerpu HanamryBanus K, T; , Ty 3unTyemo y BIKOHIIAX HaJ BIANOBIIHUMU
cnaitnepamu Kp, Ti, Td. XapakrepucTuku mNepexiJIHOTO MPOIECY BUBOMSTHCS i

claiepamu:
— Overshoot — nepeperyoBaHHsAGC;

— Peak — mikoBe 3HAYEHHS Vyax;

— Setting time — yac peryirOBaHHA £, .
10. BcranoBmoemo Ttun peryinsitopa PID-ID
«Po3paxyHok». 3aHocumo y Tabiu. 6.2 napamerpu HanamryBaHHsA K, T; , Ty Ta Ky
XapaKTEPUCTHKU TEPEXiAHOr0 Tpoiecy. 30epiraeMo rpadik MEepexiTHOTO MPOIECY

(puc. 6.8).

1 HATUCKYEMO KHOIKY

Control System Response

Bwxig,

) i | i |
10 15 20 25 30 35

Puc. 6.8

11. TlopiBHIOIOUM OTPUMaHI1 pe3ynbTaTu, pOOMMO BUCHOBOK, 110 perynstop PID-
ID 3a6e3neuye kpanry sSKiCTh peryatoBanHs, HIx PID.
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3agaua 6.2. CopoektyBatu [IIJI-1J] peryastop nns auHamiyHOTO 00’€KTa,
KpHUBa PO3TOHY SIKOTO MpeCTaBiIeHa JaHUMH Taou. 3.3.

7 BUKOPUCTAHHSA MAKETY SISO DESIGN TOOL
JJIA ITPOEKTYBAHHA 1 AHAJII3Y CUCTEM YHPABJITHHA

7.1 OcHoeu pob6omu 3 SISO Design Tool

7.1.1 3amyck SISO Design Tool

[Taker SISO Design Tool npu3nauenuii A CUHTE3Y OAHOKOHTYPHHUX JIIHIMHUX
cucTeM aBToMaTu4Horo perymoBaHHs (SISO posmmdpoByerbest sk Single Input
Single Output, TO6TO € ITHCTPYMEHTOM JIJII CHHTE3y CUCTEM 3 OJTHUM BXOJIOM 1 OJHUM
BUXOJIOM).

[Io6 3anmyctuTn naket, Tpeda HaOpaTu y BIkHIMATLAB:

>>controlSystemDesigner

3'sButbea rpadiunmii iHTEepdeiic kopuctyBaya Control and Estimation Tools
Manager Ta BIKHO rpadikiB, sIK TOKa3aHo Ha puc. 7.1.

L/ Control and Estimation Tools Hanager =107 =T
Fle Edt Help
i
L4l Workspace | Archibecture | Compensstor Editor | Graphical Tuning | Analysis Flots | Automatad Tuning |
23
-1} Design History Currant Architectura:
— =
| H
L__J
-ipixi
Fize Edt WView Oesigns Analysic Took Window Help
[; % 0 & 5 Bu| G0 G0 | M
Rool Locus Bdisr far Dpas Loag 1 (OL1) Dipan-Loag Bods Bdber Torr Opan Loog 1 (OL1
1 B i
G | e
= i . Fregq: Kah i
SIS0 Design Task MNode, = ‘I -.-----.;-:--l--- | Siable loop P
10
PM.: 130 dag
Frag- 0 HZ
N T e ———_———— o [ T
10 1 18" 18 10 10 1o
Frequancy (H2 Fraqpusncy (H
Cmen-lop phase plol
Rignd click far design opbons.

Puc. 7.1 — I'padiunuii iHTEpderic kopuctyBada
OcHoBHe po0Ooue BIKHO MICTUTh M'SITh BKJIAIOK:
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a) Architecture — BH3HAYEHHS AapXITEKTypH CHUCTEMHU pPEryJIIOBaHHS, IO
CUHTE3YEThCS;

0) Compensator Editor — penakTop JaHKH-PETYIATOPA;

B) Graphical Tuning — HanamTyBaHHs rpadikiB, M0 BUBOJIATHCS B OCHOBHOMY
BIKHI pOTpamu;

r) Analysis Plots — HamamTyBanHs rpadikiB, BUKOPUCTOBYBaHHUX AJI aHAII3Y
OTPUMYBAaHUX SIKICHUX 1 KUIBKICHUX XapaKTEPUCTHUK CHUCTEMH PETYJIIOBAHHS, IO
CUHTE3Y€ThCS, B LIIIOMY;

1) Automated Tuning — maiicTep aBTOMaTUYHOTO CHHTE3Y.

Bigpasy micig cTapTy y BIKHI MEHEIKepa € aKTUBHOIO Meplla BKJIajaKa, sKa
MICTUTh YOTHPHU KHOIIKH :

a) Control Architecture — HanamITyBaHHA apXITEKTYpd OJHOBUMIPHOTO
3aMKHYTOTO KOHTYpa peryjtoBaHHs (BUOIp MHOro Tumy) 1 BH3HAYCHHS BXIJHOTO
CUTHAJy Ta KOHTPOJIBHUX TOYOK;

0) Loop Configuration — xoHdirypauis 10AaTKOBUX BIAKPUTHX KOHTYPIB IJIS
3MIMCHEHHSI CUHTE3y 0araToBXOJIOBOi (I€KUIbKAa BXOJIB, OJWH BHXIiJ]) CHUCTEMH
pEryJIIOBaHHS;

B) System Data — maiicTep iMIOpTyBaHHSI YaCTHH CHCTEMH PETYJIOBaHHS;

r) Sample Time Conversion — KOHBEPTOp CTaHy CHCTEMH 3 HETNEPEPBHOTO B
JTUCKPETHUH a00 HaBIIaKH.

[To-nepmie, HEOOXiAHO BU3HAUUTH CTPYKTYpY CHCTEMH pEryJIIOBaHHS, IO
cuHte3yerbcs. lle pobuthecs HatucHeHHAM KHomku Control Architecture mnepiuoi
BKJIAJIKM MEHEJKepa 1 BUOOPY NOTPIOHOT apXiTeKTypH. Y MakKeTi nependayeHi 4oTUpU
TUNHU apXiTekTypu. CKIIa10B1 apXiTEKTypH MMO3HAYAIOTh CHMBOJIAMH:

a) cumBon F (Prefilter — momepenuiii ¢inbTp) — CYKYHHICTH JIAHOK,
PO3TAIIOBAaHUX MK CHTHAJIOM 3aBJaHHS 1 CyMaTOpoM. 3aCTOCOBYETHCS JJII KOPEKIIii
YU MacmTabyBaHHS BX1THOTO CUTHAIY;

6) cumBomu C, C1 i C2 (Compensator — KOMIIEHCATOP) — JIAHKH PETYISITOPA,
XapaKTEPUCTUKH, 1110 O€3MOCEPETHBO KOPUTYIOTh 1 CTPYKTYpa SIKOTO MOXKYTh MIHSTUCS
JUTSL 3[IIACHEHHS CUHTE3y CUCTEMHU PETYJIIOBaHHA. Y pasi, AKIIO JaHOK, 110 KOPUTYIOTh,
JIB1, 1 BOHU PO3TAIllIOBaH1 B PI3HUX T1JIKax, 3acTocoBYt0Thcs cumBoiu Cl 1 C2;

B) cuMmBoJl G (Plant — 00’eKT ympaBiliHHsS) — CYKYIHICTh JaHOK, IO JIeKaTh B
NpsMIN TUTLI 3aMKHYTOTO KOHTYpa 1 He BKJIIOYAIOTh PETYJISATOP Ta 3BOPOTHUHN 3B'S30K;

r) cumBol H (Sensor — nmaTtuMk) — CyKYINHICTh JIaHOK, PO3TAlIOBAaHUX B
3BOPOTHOMY 3B'SI3KY CUCTEMH PETYIIOBAHHS 1 sIK1 HE BKIIIOYAIOTh JIAHKY, 110 KOPUTYE.

3a 3aMOBYAHHSM TepeaTHI GyHKIIIT 111 YC1X MOJIeseH € piBHUMH 1.

[Ilo6 3amatu IID Tiei um iHmIOl jJaHku Tpeda immopryBatu ii LTI-mMomens,
cTBOpeHy B KoMaHjaHoMmy BikHi MATLAB. Bu moxere 1e 3poOWTH HATHCHEHHSM
kHomku System Data (puc. 7.2).
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=1oi|

~Impart Madel

System Data

RIElEd 18]
o= =

Broweze . |

Ok | Canicel | Helg |

Puc. 7.2 — Bikno imMnopty 1D

Tpeba BuminuTé HEOOXIAHY CKIAOBY 1 HATUCHYTH KHOMKY Browse. 3'SBUTbCS BIKHO,
SIKe MICTUTBh MOJIENI, HasiBHI y pobodomy npoctopi MATLAB (puc. 7.3).

T )

Madel Import @

Import model for G P w

Import from:

@ Workspace

] () MAT File: Browse ...

Available Models Type Order
G tf 2

I T I

| | Import || Close || Help |

Puc. 7.3 — Imnopt Moaeneit

Buninsemo neooxinny LTI-mozaens 1 TucHeMo kHonky Import.
7.1.2 Pozpaxynoxk III/I-peryasitopa

Hns cuntesy IlIJI-perynaropa TtpebGa BinkpuTh BkIaaky Automated Tuning
(puc. 7.4) 1 BuOpaTu oMH 3 MeTOMIB cuHTe3y, Hanpukian PID Tuning. Jam Tpebda
BCTaHOBUTH cnenudikamii cuHTe3y: BubOupaerbcss Meton (Tuning method), Tun
perynsaropa (Controller type), MeTon po3paxyHky HanamrtyBaHb (Formula).

CuHTe3 perynaropa BUKOHYeThcs HaTucHeHHsIM KHonku Update Compensator.
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Architecture | Compensator Editor GraphicalTuningI Analysis Plots | Automated Tuning
Design method: :P]D Tuning A
Compensator
. . 1 +6.7s+ (345)°2)
C * = 0.20675x
‘ ’ s (1 + 016s)
Specifications
Tuning method: :Classical design formulas -
Design options
Controller Type: &P i Pl i PID @ PID with derivative filter
Formula: :Iieghl—hlichnls step response -
’ Update Compensator
[ Show Architecture ] ’ Store Design ] ’ Help ]
Puc. 7.4

7.1.3 AHaJi3 pe3yabTaTiB

BinkpuBaemo Bkianky Analysis Plots (puc. 7.5).

| Arch'n:ectu.reh Compensator E:I'rmrl Graphical Tuningl Analysis Plots | futomated Tuning

Analysis Ploks
Plot 1 Plot 2 Plot 3 Plat d Plot 5 Plot &

Tun rpa(t]il{a — Plot Type Step - | | Mone v: Mone -r: | None v: Mone v: Mone
Contents of Plots

BuGip siaryky AE ":““5 Responses
ONA KOXHOro

-

Closed Loop rtoy
Closed Loop rtou

rpadpika —_—

Closed Loop dutoy

Closed Loop dy toy

Closed Loop ntoy
Open Loop L
Compensator

Prefilter F

Plant G

-
00O O @ o E

OoOOoEEooE|E

Sensaf H

Puc. 7.5
Hanaerbcst MOXIIMBICTD MOOYAOBH 0 1I€CTH rpadiKiB HACTYIHUX THIIIB:
a) Step — nepexiJHui MpolIec;
0) Impulse — BaroBa yHKIIIS;
B) Bode — niarpamu boge;
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r) Nyquist— ronorpa¢ HaiikBucra;
1) Nichols — qmarpamma Hukorca;
¢) Pole/Zero — po3milieHHs MOJIOCIB 1 HYIIB.
JIsi BU3HAYEHHS! YMCIOBUX XApAaKTEPUCTUK CUCTEMH TpeOa KJIAIlHyTH MPaBOIO
KHOTIKOIO MUIII, 100 BUOpaTH MOTPiOH1 XapaKTepucTUku (puc. 7.6).
KNIKHITE ANA BUBEOEHHA

JHa4eHb
I
Fle Edt Window Help
D é +'\-. _'\. E
Siep Response
L o o o e Y
e TSI B T et LSl s
o = + Syslem Closed Loop rlay
P | vo:rtoy
0.0 Plok Types b I Setiing Time (sec): 1.05
KOHTEKCHe _ Systems b _
MEHEHD sy Choccestis VLI 5 1
2 Grid | setting Time & | !
%_ 0.2 Mormaize Risa Time | y
£ v Ful View Steady State i
g Properties.,.. '
Design Reguiremants b :
0.01 7 I 1
; .
r"f |
( ,"r |
0 .-"'z i i 1
0.2 0.4 08 0B i 1.2 1.4
Time (88£)
LTI iererar [ Real-Time Update

Puc. 7.6

KrnanHith no Toutil, sika MpeCTaBise XapaKTepHe 3HAUCHHS.

[cHy€e MOXJIMBICTh YCTAHOBUTH MapamMeTpu (0OMEeXEHH) MepeXiTHOTO MPoIiecy,
IUIA 1IbOTO HEOOXiaHO BUOpaTH y KoHTeKcTHOMY MeHIo "Design Requirements—New" 1
y J11aJIOTOBOMY BiKHI, 1110 BIAKPHIIOCS, HATUCHYTH KHONIKY "OK".

B pesynbrari OyayTh BCTaHOBJICHI OOMEXEHHS 3a yMOBUYaHHAM. J[isi 3MiHU
oOMexeHb HEOOXIJHO BHUKOHAaTH Y BIKHI rpadiky KoHTekcTHe MeHio "Design
Requirements—Edit". Bigkpuerscs mianoroBe BIKHO, B SKOMY HEOOXIJHO 3allOBHHUTU
OTHKCaH1 HUK4e NoJs 1 HaTucHyTH KHOMKY "Close™:

- Overshoot — nepeperyntoBanHs B %.

- SettingTime — 3aranbHuii yac.

- RiseTime — yac nepioro 010Ky (He MOKe OyTH PIBHUM 3arajlbHOMY 4acy).

- Undershoot — miHiMalibHE 3HaU€HHS (SIK MpaBmiio, 0).

- Settings — mmpuHa TPETHOTO OJIOKY, BITHOCHO BUX1JHOTO 3HAYCHHS.

- Rise — Bucota nepioro 6s0ky B % (000B's3koBo men1e 100).

- FinalValue — Buxigne 3naueHHs (K mpaBuo, 1).

B pesynbrarti y BikHi rpadiky OyayTh BCTAaHOBJICHI 0OMEKEHHS, sIK MOKa3aHO Ha
puc.7.7.
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Step Response
1.4

1 - Overshoot
2 7 - Final Value 5 - Settings
| / = * I
g ) . 2-Setting Time 1
% 9515 Rise Time ._
0.4
- 6-Rise
D2
4 - Undershoot
0w - = "r‘; r
] 10 20 30 40 a0 G0
Tme (sec)
Puc. 7.7

7.2 lNMpuknadu i 3ad0a4i 0511 caMoCcmiliHO20 pPO38 ‘sI3aHHS

3agaua 7.1. O0’exT ynpaBiaiHHS Ma€ niepeaaBaibHy QYHKITO:
K
G(s)= T e’
Lz +T1,,,5+1

Aec Ko6:2a5a T206:8a49 T206:2a69 T:O,S.
CropoekryBatu III/I-perynsitop 1 AOCHIAWTH CHCTEMY 3 LUM PETYJISATOPOM, a

came:
a) MoOyTyBaTH NIEPEXiJIHI MPOIIECH;
0) noOyyBaTH BaroBi XapaKTEpPUCTUKH;
B) moOyayBatu fiarpamMu boje 1 BA3HAYUTH 3aIiacu 1Mo aMILTITYl Ta ¢asi.

Po3B'sisyBaHHs

1. ¥V Bepxniit yactuni Bikna MATLAB y noni CurrentfolderBubupaemo texy
D:\Problem\ctrllab3.0. 3anyckaemo mnaker CtrlLAB, mis 1poro B KOMaHIHOMY
BIKHIBBOJMMO KoMaHAy ctrllab.

2. 3apaemoll® o0'ekta ympaBiaiHHS 13 3ami3HIOBaHHsAM. JlJIsi  1bOTO
KJIAIIAaEMOJIIBOIO KHOMKOIO Mullll 1o 070ky G(S) 1 y BiKHI, IO 3'SBUJIOCS, 3aa€EMO
yucenbHUK 1 3HaMeHHUK [1® (puc. 7.8). Tucuemo kuonky Apply.

59



-' Enter System Model | —_ e

Numerator polynomial

, Apply

[2.5]
Denominator Polynomial Cancel

[B.4251]

Help
Clear Model
Oﬂ]er Type Transfer Function -

Puc. 7.8

3. Jlns1 3aBIaHHA 3aMi3HIOBaHHA KilaliaeMo MUIIKOIO0 1o 010Ky Exp(-Ts), y BikHi,
o 3'sIBUJIOCH, HATHCKYEMO KHOTIKY Modify i BBOAMMO 3Ha4YeHHs 3ami3HIOBAHHA 1
nopsiiok anpokcumaiiii (puc. 7.9). Tucaemo kHotiky Apply.

4. 'V wMento Analysissuoupaemo mnyHkT LoopSpecsandSignal 1 BuGupaemo
TIOIII1, 1110 TTIOKa3aHi Ha puc. 7.5.

" - i  ————— —— — ~ | — =
Enter System Model - . | it
Delay constant -
0.s | Apply |
Order of Pade Approximation | Cancs! |
3 I
| Help | [
| Clear Model | I
Oﬂ]er Type Transfer Function -
Puc. 7.9

5. Po3paxoByemo mnepenatHy dyukiito [IIJ[-perynsropa, BuOpaBimu B MEHIO
Design nmyukT PID controller>One-shot design>Ziegler-Nichols tuning(puc. 7.10).

Information Display Window = [
PID Controller coar
G (s)=1.285 (1+ 3_?5115 +0.9002s ) sty
5
Puc. 7.10

6. bynyemo mepeximHmii mpomec B cucTemi. Jlmg 1OTO B MEHIO
AnalysisuOupaemonnynkt Time Domain Analysis>StepResponse(puc. 7.11).
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Haknagaemo Ha rpadik ciTky, BuOpaBmu y BikHI rpadika B meHio File myHKT
AxisandGrids>withGrids.

Step Response

15 T T

Response Magnitude

. . : Time (Sec)
0 | | L L |
0 5 10 15 20 25 30

Puc. 7.11

7.V BikH1 rpadiky Budbupaemo B MeHio File nynkt AxisandGrids>HoldFigure.
[{um 3a6e3medyeThCsl MOXKIMBICTD MOOYOBH HACTYIHUX TpadikiB y TOMY K BIKHI.

8. PospaxoByemo I[1IJI-perynstop 3a metomom Cohen-Coon i 3HOBY OymayemMo
nepexigauii mponec (puc. 7.12).5lk 6auumo, peryisTop, pO3paxOBaHUU 3a LUM
METOJIOM, 3a0e31euy€e MEHIINI Yac peryaroBaHHs.

Step Response
15 : preEp

Response Magnitude

: : Time (Sec)
0 L | L | |

0 5 10 15 20 25 30
Puc. 7.12

9. Bynyemo BaroBi (yHKIIli, TOBTOPIOIOYH M. . 5—8, MPHU I[bOMY BUOHPAEMO B
MeHIO Analysis nyHkT Time Domain Analysis>Impulse Response. Otpumyemo
rpadiku, nmokasasi Ha puc. 7.13.
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Impulse Response
T

Response Magnitude

; ; Time (Sec)
04 | | | |
0 5 10 15 20 25

Puc. 7.13

10. bynyemo miarpamy boxe, mins doro BuOmpaemo B meHIO Analysis myHKT
Frequency Domain Analysis>Bode diagram (puc. 7.14).

e I R 0 O 4 S B B 1 S R A S R4

Magnitude (dE)

Frequenct @ (Radian)

O L B S (R B B B B B R

Phase (degrees)

10°

Puc. 7.14
11. Busznayaemo 3amacu CTIMKOCTI MO aMmIunTyAl 1 (asi. s mporo B MeEHIO
Analysis BuGepemo mnyHkr Parametric Analysis>Gain/Phase Margins. VY
1H(bOpMaLIHHOMY BIKHI YNTAEMO:
a) 3arac 1o aMmruntyal 5,259 ab va wacroti 1,278 pan/c;
0) 3amac 1o ¢a3zi 31,36° na yacrorti 0,5942 pan/c.

3amava 7.2. J{nsg ymoB 3aaa4i 7.1 ontumisysatu HanamtyBanus [11][-peryasitopa.

Po3B'sizyBaHH#A

1. Bukonyemo m.m. 1-7 pos3'sizanHs 3amadi 7.1. Y nynkri  PID-
controller>Optimum tuning wmeHio Design BuOupaemMo BIANOBITHUM KpUTEPIii
(manpuxnan ISE). V indopmariitnomy BikHI 6aunmo 11D ontrmizoBaHOTO perymsTopa

(puc. 7.15).
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-
Information Display Window | | X J

PID Controller

Clear

GC(—S) 1'12(1_%_1.1615) Modify

Puc. 7.15

2. byayemo mnepeximHuii mporec (puc. 7.16). Sk GauyuMo, ONTHMI30BaHMIA

peryisTop 3a0e3neuye nepexiJHUi MpoLec 31 3HAYHO MEHILIUM MepEPEryIIOBAHHSIM.

Step Response
e ! . ! . ! !

Response Magnitude

. Time (Skc)
0 | | | | | | |
0 5 10 15 20 25 30 35 40

Puc. 7.16

3agaua 7.3. J{nsg ymoB 3ana4i 7.1 noOynyBaTu nepexiiHUN MPOLEC B CUCTEMI T10
30ypeHHIO.

Po3B'sisyBaHHs

VY CcTpyKTypHIiil cxemi He mepeadadeHuil BXia mo 30ypeHHi0. ToMy iMiTyeMO
nojiayy 30ypeHHs 3MiHOIO CUTHAITY Y(t).

[Ilo6 30ypennst Oyno npukiaaeHe oesnocepenubo 10 OY, tpeda 3amatu 1D
Ge(s)=1. Toni perynstopoM moBuHeH Buctynatu Osok H(s). [ns mporo kiamHemo
MUIIKOIO 0 050Ky Gs(s) 1 y BiKHI, 10 3'siBUJOCS, HaTUcHeMO KHONKY Modify.
BupainseMo 3HaueHHsI, IO CTOITh B 3HAMEHHUKY 1 3alUCyeMO Horo y Oydep oOMiHy
HatucHeHHsM kiaBiml Ctrl+C. 3akpuBaemo 11€ BIKHO.

Ham tucaemo Ha H(s) 1 Bmucyemo B 3namennux I1® perynsropa, mo Temnep
CTOITh y 3BOPOTHOMY 3B’s5I3KY, 3HaueHHs 3 Oydepa HaTucHeHHsAM KiaBim Ctrl+V, micns
11b0T0 HaTtuckaemo Apply. Jlami BUKOHYEMO Ti 3K cami omepartii 3 yucerbHuKamu ux
onokiB. B pesynbrari [1® perymnstopa B 3BOPOTHOMY 3B’SI3Ky Ma€ Take K 3HAUCHHS,
sxe Oynoy I1® perynaropa B npssiMoMy 3B’si3Ky. TucHemo Ha 010k Ge(S) 1 BMUCYEMO B

YUCEeNbHUKY 1 3HaMeHHUKY [1® omunwmiii. bynyemo rpadik nepeximHoro mnpoiecy (puc.
7.17).

63



Response Magnitude

0.3

0.25

0.2

Step Response

Time (Sec)

0 10 20 30 40 50 60

Puc. 7.17

3anaua 7.4. Bukonaiite onepairii 3aga4 7.1 ta 7.2 s Bapianty 3 Taoum. 7.1.

Taomuug 7.1 — Buxigdi gaui ais 3agadi 7.4

Ne papianTy

ITapameTpu 00’€KkTa ynpaBJiHHS

Kos T106, XB T206, XB Toss XB
1 1,1 23 7 2
2 52 55 17 8
3 35 21 7 3
4 6 62 18 9
5 2,7 23 10 5
6 0,75 14 5 1,2
7 0,8 3,5 1,1 0,1
8 2.4 17 6,3 0,5
9 0,12 19,5 4,7 2.2
10 0,9 2.4 0,8 0,1
11 1,4 27 7 2
12 48 52 17 4
13 30 24 7 4
14 7,8 58 18 5
15 3,6 25 10 7
16 0,6 12 5 1,5
17 0,9 3.8 1,1 0,2
18 2,7 21 6,3 0,4
19 0,21 16 4.7 2,8
20 0,72 2,1 0,8 0,3
21 1,5 24 7 3
22 50 53 17 4
23 36 24 7 5
24 5,8 55 18 5
25 2,5 22 10 2
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8§ MOJAJIBHE YIIPABJITHHA
8.1 Kopomki meopemuy4Hi Nos10XeHHs

8.1.1 lIpyHUMIIT MOJATBHOTO YIIPABJIIHHSA

Posrasinemo OJTHOBUMIPHY IMHAMIYHY CUCTEMY (SISO —
SingleInputSingleOutput), Moxens K01 y MpOCTOPi CTaHIB MAa€ BUTJIISI;
dX(t)
= AX(t) + Bu(t),
! dt (O Bu® (8.1)
ly(f)ZCX(f)wLDU(I‘),
ne X(f) — BEKTOp-CTOBMYMK CTaHy po3MipHOCTI [nx1]; A — wmaTpuus

koe(dimieHTiB 00’ekta [nxn]; B — marpunig BxoaiB [n%1]; u(f) — curnan ynpasmiaas; Y
— BekTop BuXofiB [k*x1]; C — matpuns BuxofiB [1xn]; D — marpunus 06xoay, To0TO
BIUTMBY BXOJy Oe3rocepeiHbo Ha BUxij cuctemu [nx1]. 3Buuaitno D = 0.

Cucrema, onucyBana matpuiisiMu A 1 B, € kepoBaHO10,KIIIO BOHA MOXE OyTH
nepeBeieHa 3 JAOBUIBHOTO MOYATKOBOTO CTaHYy Xg, Y MOMEHT 4Yacy fy, Y JIOBUIbHUN
KIHIIEBUM CTaH X;, Y MOMEHT 4acy f;, 3a OOMEXEeHUH MPOMIXKOK uacy [fy, t], 3a
JIOTIOMOT'OI0 OOMEXKEHOT0 YIIPaBIiHHS #(f), BU3HAYEHOr0 Ha IHTEepBal £p< t <f,.

Jns SISO-cuctemu 3 OJHUM BXOJOM 1 OJTHUM BHUXOJIOM BBOJMUTHCSI MOHSITTS
MaTpHUlll KEPOBAHOCTI (PO3MIPOM Nxn):

Q=[B AB A’B .. A"'B| (8.2)

Cuctema (8.1) MOBHICTIO KepoBaHa TOAl 1 TIIBKM TOJI, KOJM PaHr MaTpHIIi
KepoBaHOCTI (8.2) TOPIBHIOE MOPSIIKY CUCTEMHU: rank(Q) =n.

Haragaemo, 1o mijy paHroM MaTpulll MaeThCsl HAa yBa3l HAWBUIIMKA 3 MOPSIKIB
BIJIMIHHOTO BiJl HYJISI MIHOPY Ili€i maTpuil. Panr maTpuill JopiBHIOE HAHWOLIBIIOMY
YUCITY JIIHIMHO HE3aJIC)KHUX PAIKIB.

MopanpHe ynpaBiiHHS OpUIycKae GopMyBaHHS TaKUX 3BOPOTHHUX 3B’SI3KIB, IIPU
AKUX 3a0e3MeuyeThbes 3aJaHe PO3TallyBaHHsS IMOJIOCIB 3aMKHYTOI CHUCTeMH. Moo
HA3MBA€ETHCS Ta CKJIAJ0Ba PIIEHHS JU(PEPEHLIaTIbHOrO PIBHAHHSA, IO € BIAIOBIIHOIO
OJTHOMY KOHKPETHOMY TIOJIFOCY.

PosramryBanHs TONMIOCIB B OCHOBHOMY BH3HAauya€ XapakTep MepexigHOro
MpoIlecy B CHCTeMi. 3BUYAMHO pO3MVISIMAIOTHCA TakKli KOPEHEBI OIIHKU SKOCTI
MEepPEeXiIHOTO TPOIeCy, K dYac TMEePeXiIHOTO MpoIecy, CTEeMiHb CTIMKOCTI,
KOJMUBAJBHICTh 1  mepeperyiaoBaHHs. JIjs  OWIHKK  MIBUAKOJIT ~ CHCTEMHU
BUKOPUCTOBYETHCSI IOHATTS CTYyMHEHSI CTIMKOCTI 1), M SKUM PO3YMIEThCSI a0COJIIOTHE
3HAQ4YEHHS 1MCHOT YaCTHHU HANOIMXYOro A0 YSIBHOI OC1 KOpPEeHs (TOMY IO KOpEHi, 1110
MaloTh SIKHAaWMEHIIy MO MOJYJIO JIMCHY YacTHHY, Nal0Th B MEPEXiAHOMY IpoIieci
MOBOJII caMo3aTyxarouy ckiafoBy). Hac mepexigHOTro mpouecy f, MOXKHA MPUOIM3HO
OIIIHUTHU 110 hopMyITi

ty == (8.3)

3amac  CTIMKOCTI CHCTEMH OIIIHIOEThCS KOJMBAIbHICTIO. Cucrema wmae
CXMJIBHICTh JI0 KOJIMBaHb, SIKIIO XAapAaKTEPUCTHYHE PIBHSHHS MICTUTh KOMILJIEKCHI
KOpEHI 1 = —a * j. KonuBaabHICTh OLIIHIOETHCSA (OPMYJIOLO:
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u==, (8.4)

o
[To 3HaYEHHIO KOJIMBAIBHOCTI MOXHA OI[IHUTH IEPEPETyTIOBAHHS
_r
d<e *.100%.
Oxonumo cuctemy (8.1) HEraTUBHUM 3BOPOTHUM 3B’si3koM (puc. 8.1). ¥V miit
cuctemi g(f) — 3aa10unii BIUIUB, YIPABIIHHA [0 CTaHy OMUCYETHCS BUPA30M
u(t)y=-KX(7), (8.6)
ne K — BekTop koe]ilieHTiB 3BOPOTHOTO 3B'sI3KY.

(8.5)

1"1 -

dX(t)
g(t) T X(t) Y(t)
o ) | B + o | Jd C "

it

K

Puc. 8.1 — CtpykTypa cuctemu 31 3BOPOTHUM 3B’ SI3KOM

TakuMm uMHOM, cHCTEMa, 3aMKHYTa PETYIATOPOM, MPUBOAUTHCS O HACTYITHOTO
BUTJIATY:

dX ()
dt

OcHOBHa TeopemMa MOJAIBHOTO YNPABIIHHS CBIYUTH, HIO SAKIIO JiHIIHA
auHamiuHa cuctema (8.1) € kepoBaHOO, TO JIHIMHMIA 3BOPOTHHM 3B'A30K MOXKE OyTH
BUOpaHUN TakuM 4MHOM, 110 MaTpuils (A—BK) 3a0e3neunts OaxkaHe po3TallyBaHHS
KOPEHIB.

AkkepmaHoM Oyjna 3alpollOHOBaHa (opmyra, MO AO03BOJSE 3 JOIOMOIOKO
MEPETBOPEHHS MOAIOHOCTI MEPEBECTH MOJENb JOBUIBHOI CTPYKTYPH B KaHOHIYHY
dbopMy KepoBaHOCTI, BU3HAUMTH IIykaHi kKoediumientn K, a moTiM mnepepaxyBatu
OTpUMaHe pIlIeHHS CTOCOBHO IOYaTKOBOi CTpyKTypu. dopmyma Akkepmana Mae
BUTIISA [6]

— (A~ BK)X(t). (6.7)

K=[0 0 .. 0 1][B AB A’B .. A"'BJ x

X A" B, A" . BA Bol ],

ne PBi — koedimienTn XxapakrepuctuuHoro nomHoma matpuili (A— BK). Takum
YUHOM, 3aJaya MOJAJIbHOTO CHHTE3y 3BOJUTHCA N0 BHOOpY Oa)kaHHUX KOPEHIB
XapaKTepUCTUYHOTO MOJIHOMA 3aMKHYTO1 CUCTEMHU, MPHU SKUX 3a0€3MeUyr0ThCs 3a1aH1
nmapaMeTpu MEPEeXiIHOr0 TPOoIeCy, IMICIAs dYOro BiAMOBIIHO JO CTaHAAPTHOTO
ANTOPUTMY PO3PAXOBYIOTHCSA KOE(PIIIEHTH 3BOPOTHUX 3B'SI3KIB MO CTaHY.

Matpuils kepoBaHOCTI MOXe OyTH MoOyJoBaHa 3a JOMOMOrow (QyHkIii ctrb,
KA BUKJIMKAETHCS OJTHIEI0 3 KOMAH/T;

>> Q = ctrb (A, B)

>> Q ctrb (sys)

>> Q = ctrb(sys.A, sys.B)

(8.8)
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B maketi MATLAB € ¢dyukiisa acker, 3a 1011OMOror0 sIKOi MOKHa 3a0€3MEUUTH
OakaHe pO3TalllyBaHHS IOJIOCIB OJHOBUMIPHOI JIHIMHOI CHUCTEMHU (BIAMOBIIHO 0
dhopmyiu AKkepmaHa):

>> k = acker(A,B,P),

ne A u B — matpuni cucremu; P — Bektop, mo 3amae OakaHe PO3MIILICHHS
MOJIFOCIB CUCTEMH

Jlnst GaratoBumipaux cucteM B maketi MATLAB e ¢ynkiis place (i moxHa
BUKOPHCTOBYBATH TaKOX 1 111 OTHOBUMIpHUX cucTeM). DyHKIIis

>>K=place (A,B,P)
po3paxoBye MaTpHIfo KoedilieHTiB 3BOpOoTHUX 3B's3KiB K, ska 3abesneuye OaxaHe
po3TarryBaHHS IOJIOCIB cucTeMu. JloBknHa Bektopa P Mae nopiBHIOBaTH dHCITY
PAIKIB MaTpUIll A.

Crnig 3ayBa)KuTH, 110 METOJ MOJAIBHOIO YIPABIIHHS HE TapaHTye PIBHICTb
CTaJI01 MOMUJIKU HYJI0. /{7151 3a0e3meueHHs piBHOCTI 3a1ar040i J1i 1 BUX1JHOTO CUTHATY
CUCTEeMH B CTAJIOMy pEXHUMI BBOAUTHCS KoedilieHT MacimtaOyBaHHsik). Ha et
Koe(iIl€eHT MOBUHHA MHOXHUTHCS BX1AHA 15l

8.1.2 IloOynoBa cnocrepiravis

MeTton MoOAanbHOrO YIHpaBIiHHS MPUIYCKA€E, IO yCi KOMIOHEHTH BEKTOpa
CTaHy X MOXYTh OyTH BuMipsHi. [IpoTe Ha MpakTHUIll JeIKI KOMIOHEHTH MOXYTh OyTH
HEB1JOMI IO OJIHIM 3 ABOX MPUYHUH :

- BUMIPIOBAJIbHUX MPUJIAJIB MOKe OyTH HE0CTATHBO;

- IesIKI KOMIIOHEHTH BEKTOpa X MOXKYTh HE MaTh (D13UUHOTO CEHCY.

[Ipote sAKmIO cuUcTEMa € CIOCTEPEKYBAHOKO, TO YCI KOMIIOHEHTH BeKTopa X
MOXYTh OyTH BiIHOBJIEHI 3a CIIOCTEPEKEHHIMH BeKTOpa Y.

Cucrema, 1o mokazaHa Ha puc. 6.1, € cmocTepeXyBaHO TOA1 1 TUTBKH TOI,
KOJIU ICHY€E KiHIeBUM yac 1 Takui, mo noyatkoBuii ctaH x(0) Moxxe OyTv BU3HAUYCHUI
B pe3yJbTaTl CIIOCTEPEKEHHS BUXITHUN 3MIHHOI )(f) TIpU 3aJaHOMY yIpaBiiHHI u(?).
CrocTepeXyBaHICTh CUCTEMH OIUCYETHCS YMOBOIO rank(N)= n, ne N — marpuns
CIIOCTEPEKYBAHHOCTIPO3IMIPOM 71 X 71:

N = [CT ATCT (AT)2CT ... (AT)»-1CT]. (8.9)

JInst cucteMu 3 OAHUM BXOJIOM 1 OJHMM BHUXOJIOM CHUCTEMa CIOCTEpPEKYBaHa,
SKIIO JETEPMIHAHT IIi€T MATPHII BIAMIHHUN BiJl HYJIS.

Jlnst Toro, mo0 BU3HAYMTH YCI KOMIIOHEHTH BEKTOpa CTaHy O0’€KTa, MOXHa
BUKOPHCTOBYBATH HOTO MOJIETh

dX(t)
N dt
ne X(¢) — ominka crany o0’€KTa.

SIkmo moyaTtkoBHI cTaH 00’€KTa 1 MOJENl CHIBHAIAIOTh 1 MOJENIh aaeKBaTHA
00’€KTa, TO MOKHA BBAXKaTH y OYyJIb-SIKHU1 MOMEHT 4acy, 110 E(t) = X(?).

[Ipore mnpakTHyHO gOOWMTHCS TIOBHOI aJeKBAaTHOCTI 00’€kTa 1 Mozmeni
HEMOJKJIMBO, HEMOKJIMBOIO MOX€E OyTH 1 IMOBHA PIBHICTh MMOYAaTKOBUX YMOB. Tomy Ha
MPaKTHUIIl MOXKHA PO3PAaXOBYBATH JIUIIIE HA BAKOHAHHS YMOBU

= AX(+)+BU(), (8.10)
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lim X (#) =X (¢) (8.11)
t—roo

[loniOHy BrIacTUBICTh MaloTh TaK 3BaHI ACHMIOTOTHYHI CHOCTEpiraryi
NPUCTPOi. ACUMIITOTUYHUI CHOCTEPIralouuii MPHUCTPIA BUKOPUCTOBYE 3BOPOTHUH
3B'SI30K 3@ MOMMJIKOIO ISl BiTHOBJICHHS BEKTOpa CTaHy. 3arajibHUN BUIJISIT CUCTEMHU
yHOpaBIiHHSA 13 CIIOCTEpiraueM noka3zaHuil Ha puc. 8.2.

A le Od'ext
8(t X(t 4
(lr\ . [ ()x c &Ul
F - v
}_
Y(t)-Y(¢
L |e _
df([r) )
h dt X(t)
Lol B F>O—20] | > C
N 1'({)
A e Crnocrepirad
u(t) )E(f]
K '
Peryvisarop

Puc. 8.2 — CTtpykTypa cucTeMHU yIpaBJiiHHS 13 CIIOCTepirayeM

PoGoTa criocTepirarouoro NpucTporo ONMUCYETHCS PIBHSIHHIM
dX(t)
dt
ne L— Matpuist mapameTpiB CIIOCTEPIratoyoro NpUCTPOIO.

[Tapamerpn  crmocrepiraua 1  HapaMeTpud  pErylIOBaJbHUKA  MOXYTh
PO3paxoOBYBATUCS HE3AJIEHKHO.

3po3yMinio, MO TPOIECH B CIOCTEpiradi MOBHUHHI MPOTIKATH IIBUIIIE, HIXK
nepexigHuil mpouec B cucrteMi. EmmipudyHO BcTaHOBiIEHO [7], mio cmoctepirau
MOBUHEH MATH MIBUAKO/110, IO B 2—4 pa3u NEpeBUIIY€E MIBUAKOIIIO CUCTEMHU.

Matpuiis ciocTepeKyBaHHOCTI MOke OyTH oOyoBaHa 3a TOMOMOTOr0 (DYHKIIIT
obsv, sika TaKOX MOXe BUKIMKATUCS B OJHOMY 3 BapiaHTIB :

>>N = obsv (A, C)

>> N = obsv(sys)

>> N = obsv(sys.A,sys.C)

Onucana Buiie (yHkiis acker moxke OyTH 3acTocoBaHa 1 UIsl PO3PaXYHKY
Koe(ilieHTIB 3BOPOTHUX 3B'SI3KIB CIIOCTEpiraya OAHOBUMIPHOI cucTeMH. s 1boro
TIOTPiOHO TPaHCIIOHYBATH MATPHINO A i 3aminuTn B Ha C':

>>IL=acker (A", C", P),

ne P — BekTop OakaHMUX TOJIFOCIB CIIOCTepirayva.

s OaratoBuMipHUX (1 OAHOBUMIPHUX) CHUCTEM II€ K 3aBJaHHS MOXKHA
BUPIIIUTH 32 JOooMOororo QyHKIii place:

>>I=place (A", C", P)

AX(#)+ BU(t) + L(Y - CX()), (8.12)
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B MATLAB icaytoTh crnemianbHl (yHKIUT Uit popMyBaHHS CIIOCTepiraya.
Oynkiis  estimdopMye crocrepiraloudii OpUCTPi  y BUIIIAL  SS-00'€kTa IS
OIIHIOBAHHSI BEKTOpa 3MIHHUX CTaHy MoOJielll 00'€KTa ympaBiIiHHA SyS 1 JJIs 3aJaHOi
MaTpulli Koe(illieHTiB 3BOPOTHUX 3B'A3KIB crioctepiraya Li:

>>est=estim(sys, L)

Oyukuis reg GopMye peryisTop s 3a7aH0i B IPOCTOPI CTaHIB MOJIEN 00’ €KTa
yIOPABIIHHS SYS, MaTpuIll KOE(IIi€EHTIB 3BOPOTHHUX 3B'A3KIB MO 3MiHHMX cTaHy K i
MaTpuIll KoediieHTIB 3BOPOTHHX 3B'sA3KIB criocTepiraya L:

>>rsys=reqg(sys,K, L)

8.2 Ilpuxnaou i 3adaui 0na camocmiitnoz2o po3e'azanns

3amava 8.1. Cucrema onucy€eTbCsi MaTpULIAMU

0 1 0 0
A=[0 0 1 [[B=|0,C=[8 0 O}[D=0.
0 -8 -9 1

OOrpyHTYBaTH MOKJIHMBICTh MOJIQTBHOTO YIPABIIHHS 32 TOTIOMOTOI0 KPUTEPIIO
KEpPOBAHOCTI.

Po3B'sizyBaHHA

MaeMo cucteMy TpPEThOro MOPSAKY: #=3.BuU3Ha4aeMO MaTpHIll CHUCTEMHU Y
pob6odyomy ipoctopi MATLAB 3a nomomMororo Komau

>>A=[0 1 0; 0 0 1, 0 -8 =91, B=[0; 0; 11;

BbyayeMo MaTpHIlio KEpOBaHOCTI:

>> Q = ctrb (A, B);

Busznauaemo panr marpuii Q:

>>rank (Q)

ans =

3

Ockinbku rank(Q) =n, cucteMa € KepoBaHOIO 1 MOJIaJTbHE YIPABIIIHHS MOXJIUBE.

3anaua 8.2. PospaxyBatu 3HaueHHS KOE(IIIEHTIB 3BOPOTHUX 3B'SI3KIB JIs

o0’exta ympaBniHHs 3 3anadi 8.1. baxkani momrocu 3agaTu BekTopoM P=[-1,-2, -
3].

Po3B'sizyBaHHA

Po3paxyBaTu 3HaueHHs KOE(IIIEHTIB 3BOPOTHUX 3B'A3KIB MOYKHA 33 JOTIOMOTOIO
KOMaH/1

>>A=[0 1 0; 0 0 1, 0 -8 =91, B=[0; 0; 11;

>>P=[-1,-2,-31;

>>K=acker (A, B, P)

K =

6 3 -3
Takum YuHOM, PIBHSHHS YIPABIIHHASI Ma€ OyTH C(POPMOBAHE Y BUTIISII:
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x, (1)
u@)=—[K[x0]=[6 3 -3]x0)|=6x)+3x1)-3x,0).
x5 (1)

3amauya 8.3. /[ 06 ’ekTa ynpapiiHHS 3 3a7a4l 8.1 3 ypaxyBaHHSIM Pe3y/bTaTiB
3aa4i 8.2 BU3HAUUTH TepeaaBajbHy (YHKINIIO CHCTEMH MOJAJIBHOTO YIIPaBIIIHHSI1
KoedilieHTa MaciTabyBaHHATa OOy AyBaTH rpadik IepexiTHOTO MPOIIECy.

Po3B'sizyBaHHA

[Ticnst po3B'sa3anHs 3a1a4i 8.2 BBoguMO MaTpuinto C:
>>C=[8 0 0]; D=0;

Matpunig A koedili€HTiB 3aMKHEHOI CUCTEMH:
>> As=A-B*K;

Mojenb 3aMKHEHOI CUCTEMU

>>sys=ss (As,B,C,D);

[1® 3amMKHEHOI CHUCTEMU:

>>sys=tf (sys)

Transfer function:

s”"3 + 6 s*"2 + 11 s + 6
Po3paxyHOk nepexiJIHoro npouecy
>> [out,t]=step(sys);
Jlia obuucnenns koedilieHTa MacitabyBaHHs Ky
>> k0=1/out (lenth (out))
kO =
0.7530
Bynyewmo rpadik
>>plot (t, kO*out)

3amaya 8.4. Jlnsg oO’exkta ympamiiHHS, IO OMHUCYyeThcss matpuisimu A, B, C
(muB. Jlomatok A) BHU3HAYMTH MOMJIMBICTH MOJAJIBHOTO YIPABIIHHS 1, Y BUIAJAKY
MO3UTUBHOI'O BUCHOBKY, CHHTE€3yBaTH CUCTEMY MOJIAJILHOTO YIIPABIIHHSA:

a) po3paxyBaTH 3HauYCHHs KOe(]IIli€HTIB 3BOPOTHUX 3B'I3KIB CUCTEMH,

0)BU3HAYMUTH NepeaaTHy PYHKIII0 CUCTEMHU MOAAIBHOTO yIPaBIiHHS;
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B) pO3paxyBaTh 3HaA4YeHHsKoedillieHTaMacliTa0yBaHHS, Ha SKUM IMOBUHHA

MHOKUTHCS BX1JIHA Jis JIJIs 3a0€3MedYeHHs] PIBHOCTI 3aar040i JIii 1 BUX1JHOTO CUTHATY
CHUCTEMH B CTAJIOMY PEKUMI;

r) noOyayBaTu rpadik nepexiJHOro MpoIecy.

3anaua 8.5. BusHauMTH CHOCTEPEKYBAHHICTH OO0’€KTa YMPABIIHHSI, IO

OTUCYEThCA MAaTPUILISIMU 3a1a4i 8.1

Po3B'sisyBaHHs

BuxoHyeMO HaCTyIHI KOMaH/IH.
>>A=[0 1 0; 0 0 1, 0 -8 =91, B=[0; 0; 11;
>>C=[8 0 0]; D=0;
>> N = obsv (A, C);
>>det (N)
512
OCKUIbKM JI€TEPMIHAHT MATPULl CIIOCTEPEKYBAHHOCTI BIAMIHHUN BiA HYJS, TO

CHUCTCMaA CIIOCTCPCIKYBAHA.

8.1.

nava 8.6. ChopmyBaTu MOJIeIb cnocTepirada Uit 00’ €KTa yIpaBIiHHS 3a1a4l
3agaua 8.6. C y 0’ y

Po3B'sisyBaHHs

BuxoHnyeM0 HaCTyITHI KOMaHH:

>>A=[0 1 0; 0 0 1; O -8 =-9]; B=[0; 0; 11;
>>C=[8 0 0]; D=0;

BaxaHe pO3MilleHHS IIOJIOC1B CclIocCTepirada:
>>P=[-1,-2,-3];

Bbyayemo maTpuilto koedimieHTiB 3BOPOTHHUX 3B'A3KIB criocTepiraya L:
>>Lt=acker (A', C', Pe); L=Lt'

I, =
-0.3750
3.7500
-30.0000
Martpuis A koedilieHTiB 3aMKHEHOT CUCTEMHU:
>> Pp = [-10 -10 -20];

>> K = acker (A, B, Pp);

>> As=A-B*K;

Moaenb 3aMKHEHO1 CUCTEMU

>>sys=ss (As,B,C,D);

dopMy€eMO CIIOCTEPIralOuuii MPUCTPIil y BUTIISAAL SS-00'€KTa:
>>rsys=reqg(sys, K, L)

a =
x1l e X2 e x3 e

x1l e -51 1 0

X2 e -733 0 1
x3 e —-4995 -900 -60
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vl
xl e 6.375
x2 e 91.63
x3 e 124.4

c =
x1l e X2 e x3 e
ul -4000 -892 -51
d =
vl
ul 0

[lepenatna QyHKIis ciocTepiraya:
>> We=tf (rsys)
Transfer function from input "yl1" to output "ul":
-1.136e005 s72 - 1.405e006 s - 4e006
s™3 + 162 s”2 + 8186 s + 1.817e005
ByayeMo nepexiiHuii mpoliec crocrepiraya:
>> step (We)

3agava 8.7. /Insg oG’exra ympaBiiHHS, 110 onucyeTbest MaTpuusamu A, B, C
(muB. Jlomatok A) BU3HAYUTH CIIOCTEPEKYBAHHICTh 00’ €KTa 1, Y BUTIAJIKY TTO3UTUBHOTO
BHCHOBKY, pO3paxyBaTH 3Ha4eHHS KOe(dIIli€EHTIB 3BOPOTHUX 3B'A3KIB CIOCTepirava,
chopMyBaTH MOJIENH CTIOCTEpirada u mooyayBaT rpadik mepexiJHOTO MPoIecy.
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JOIATOK A
Taomuig A.1 — Buxigai gasi g 3agad

Ne

. A B C
BaplaHTa
—39 —71 —23] 70,228
1 23 40 13 —0,127 [2800 84000 112000]
—6,6 —10,7 —3,3 | 0,038 |
—44 —78 —25] 0,228
2 26 437 14 —0,127 [2800 84000 112000]
—75 —-11,8 —3,7 | 0,038 |
—54 —98 —32 70,228
3 [31 55 1?‘,8] —0,127| | [35000 105000 140000]
—9 —15 -48 | 0,038 |
—60,8 —107 —34,71 | [ 0,228
4 [35 60 19 ] —0,127| | [35000 105000 140000]
—10 -167 —53 | 0,038 |
—72,4 —130,6 —425]| [0,228
5 [41,5 73 23,6] —0,127| | [42000 126000 168000]
-12 -206 —6,61| 10,038 |
—80,4 —1425 —46] | [0,228]
6 [45,9 79,6 25,6] —0,127| | [42000 126000 168000]
—136 -226 -7,21| 10,038 |
—100,5 —1744 —56]| [0,228
7 [ 57 97 31] —0,127| | [42000 126000 168000]
—17 —28 -89]| 10,038
—13,2 —16,7 —4,7 0,228 |
8 [8,6 9,5 2,6] —0,127 [3500 10500 14000]
-24 -16 -03 | 0,038 |
—11,4 —16,7 —5,13] | [ 0,228 ]
9 [ 75 97 29 ] —0,127 [7000 21000 2800]
-2  -16 -036] | 10,038 |
—16,2 —26,3 —8,3 70,228
10 [10,2 15 4,6] —0,127 [14000 42000 56000]
—29 -32 -09 | 0,038 |
—22,3 —386 —12,4]| [0,228]
1 [13,6 21,9 6,9] —0,127 [21000 63000 84000]
-39 -53 -16J| 10,038 |
—34 —54 —17 0,228
12 [20 30,5 9,4] —0,127 [21000 63000 84000]
—59 —79 —273 | 0,038 |
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