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[IpoiyKTUBHICTb, HAAIMHICTb @ TAaKOX 3PYYHICTh EKCIUTyaTalli KpaHiB 0aratro B YoMy
3anexarb BiJ] KOJIMBaHb MIJBIIIEHOI0 HA THYYKOMY IiJBici BaHTaxXy. OJHUM 3 Ba)XJIMBUX PE3EPBIB
MIZBUIIEHHS €PEKTUBHOCTI poOOTH KpaHa € ONTUMI3allisl NePEeXIAHUX PEXKHUMIB pyXy BaHTaKHOTO
Bi3Ka (po3riH/raibMyBaHHs). Y poOOTI pPO3MIISIIAETHCS MOJENb PYXy «BI30OK — BaHTaX» s
MOCTOBOTO KpaHa B 3aj[a4il ONTUMAJILHOTO KepyBaHHsI. [loka3zano, 1110 BUXigHA 3a/1a4a TEPEeMIICHHS
BAaHTaXYy 3 JESIKOI1 IOYAaTKOBO1 TOUKHU B 3aJ]aHy TOYKY, B KOTpIii cuctema OyJie 3HaXOIUTHUCS B CTaH1
CIIOKO0, 3a KIHIIEBUIl Yac Ta NpU HAsABHOCTI OOMEXEHb Ha KEpyBaHHsS, EKBIBAJEHTHA 3ajaui
JIOKaJIbHOI HYJIb-KEpOBAHOCTI JUIsl wi€i cucteMu. [lpeacraBieHO KOHCTPYKTHBHE pIILIEHHS Ifi€l
3a/a4l 3 BUKOPHCTAHHSAM METOJIa CHUHTE3y IHEPIIHUX KepyBaHb — PO3BUTOK METOAY (YHKIIi
KepoBaHoCTI. JlocamKyeTbes 3aa4a MoOya0BH OOMEXEHOI0 KepyBaHHS, SIKE IEPEBOJAUTH CUCTEMY
3 oaHi€l 3amaHOl TOYKM B 1HIIY. IIpuBOIATBCA 1 OOrOBOPIOIOTHCS PE3YNIbTATH 3aCTOCYBAHHS Yy
BUIJISIAI JIEKUIBKOX PI3HUX aJITOPUTMIB DPO3B’SI3aHHS 3a/adl 3a JIONOMOIOI0 MeToAy (yHKIIT
KEpOBAHOCTI, a TaKOX pe3ylIbTaTH POOOTH MporpaM, sKi peaii3yloTh L1 aJrOpUTMH, 1 aHaJI3
TPYIHOIIIB, III0 BAHUKAIOTh, Ta MUJISAXIB iX BUPIMICHHS.

Knrwouoei cnoea: meton (QyHKIII KEpOBAHOCTI; MOJENIb «BI30K — BAHTaX»;, KOJWBAHHS

BAaHTaXy; ONTHUMAaJIbHE KEPYBAHHS; CUHTE3 IHEPLIHHUX KEPYBaHb.

I'puzoposé O. B., Oxyns A. A., Jloce E. A. «Peuienue 3afauu yrpaBi€HHUs KPaHOM C
MTOMOIIBIO0 MeTO1a QYHKIIMH YIPABISIEMOCTH.

[Ipou3BoANTENBHOCTD, HAAEKHOCTD, a TaKKe yJOOCTBO IKCIUTyaTallUM KPaHOB BO MHOTOM
3aBUCSAT OT KOJIeOaHMH MOJABEIIEHHOr0 Ha rMOKOM mojBece rpy3a. OHUM U3 OCHOBHBIX PE3EPBOB
MOBBIIEHUS A(PPEKTUBHOCTU PAOOTHI KpaHa SBJSETCS ONTUMU3ALUA TEPEXOAHBIX PEKHMOB
JIBUKEHHUSI TPY30BOM TeNnexku (pasron/topmoxenue). B paboTe paccmarpuBaercss MoOJENb
JIBUKEHUSI «TEJIeXKa — Tpy3» IS MOCTOBOIO KpaHa B 3a/ade€ ONTHUMAJIBLHOTO YIPaBJICHHUS.
[Toka3zaHo, 4To MCX0/AHAA 3a/1a4ya EPEMEIIECHUs IPy3a U3 HEKOTOPOW HadallbHOM TOYKHU B 3a/IaHHYIO

TOYKY, B KOTOpOﬁ cucreMma 6YI[€T HaXOJUTbCA B COCTOSAHHUH IIOKOA, 3a KOHCYHHOC BpPEMA U IIpU
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HaJU4UU OTPAaHWYEHUN Ha YIPABICHHE, SKBHBAJICHTHA 3a/a4€ JIOKAJbHOW HYJIb-YIIPABIEIMOCTH
JUIsL 9TOM cucTeMbl. lIpencTaBieHO KOHCTPYKTMBHOE PEIIEHUS 3TOM 3aJa4d C HCIIOJb30BAHUEM
METO/Ia CHHTE3a WHEPLUOHHBIX YIPABJIEHUNH — pa3BUTHE MeTojJa (YHKIMHM YIPABISEMOCTH.
Hccnenyercsa 3amada OCTPOCHHS OTPAHMYEHHOTO YIPABIICHUSA, KOTOPOE IEPEBOAUT CUCTEMY M3
OJIHOH 3a7aHHOM TOYKH B Apyryro. [IpuBoasrcsa u oOcyxaaroTcsl pe3yibTaThl IPUMEHEHUS B BUIE
HECKOJIbKUX pPa3jMYHbIX QJITOPUTMOB pEIICHUs 3aJayd C T[OMOIIbI0 MeToJa (PYHKIHMH
YIPaBIsEMOCTH, a TAKXKE PE3yJbTaThl pad0ThI IPOrpamMM, peaTu3yoLUX 3TU aJTOPUTMbI, U aHAJINU3
BO3HUKAIOIINX TPYJHOCTEN U IIyTEN UX pa3pelICHHUs.

Knwouesvie cnoga: Meros1 GyHKINU YIIPaBISIEMOCTH; MOJIENb «TEIEKKA — IPYy3»; KojeOaHUs

rpy3a; ONTUMaJIbHOE YIPABJICHUE; CHHTE3 HHEPIMOHHBIX YIIPABICHUN.

Grigorov O., Okun A., Los Ye. “A solution of a problem of optimal crane control using the
controllability function method”.

Productivity, reliability, as well as ease of crane operation largely depends on the vibrations
of cargo suspended on a flexible rope. One of the main reserves to improve the crane efficiency is
transient mode optimization of the trolley movement (acceleration/deceleration). A "trolley — cargo"
movement model that represents operation of an overhead crane in tasks of optimal control are
considered. It is shown that an initial task of cargo movement from a certain initial point to a given
point, at which the system would be at the quiescent state by a finite time and with control
constraints, is equivalent to a task of local zero-controllability for this system. A practical solution
of this task is presented by using the inertial control synthesis method, that is evolution of the
controllability function method. The task of receiving bounded control that transfers a system from
one given point to another are studied. Results of application in the form of several different
algorithms for solving the task using the controllability function method, as well as results of
programs implementing these algorithms, and an analysis of emerging difficulties and ways of its
overcoming are presented and discussed.

Key words: the controllability function method; “trolley — cargo” movement model; cargo
oscillations; optimal control; the inertial control synthesis method.

1. Beryn ta anani3 myOJikanii

VY po06oTi pO3rasaaeThesi CUCTEMA «BI30K — BaHTaX», 1110 OMKUCYE PyX MOCTOBOTO KpaHa. J{is
LOTO BHUPINIYETbCS HACTyIHA 3ajadya: HEOOX1IHO IMEpeBe3TH BAHTAX 3 JAESIKOr0 IOYaTKOBOTO
MIOJIOKEHHSI B KIHIIEBE, y SIKOMY cucTeMa Oyzae nepe0yBaTh B CTaHI CIIOKOIO, 1 3pOOMTH Lie 3a
KIHLIEBHM Yac 1 Mpu HasBHOCTI OOMeXeHb Ha KepyBaHHs. Po3risiHyTra jiHeapu3oBaHa MOJENb L€l
CUCTEMHM, IO fABJIAE€ COOOIO JIIHIAHY cucTeMy IudepeHIiaIbHUX PIBHSIHb YETBEPTOrO MOPSJKY 3
ogHoMipHuM KepyBaHHsM [1]. Tlokazano, o BuXigHa 3ajada MOTPAIUIIHHSA €KBIBAaJICHTHA 3a7adil
JIOKAJbHOT HYJb-KEPOBAHOCTI I I1i€i cucteMu. st po3B’si3aHHs Ii€l 3a7a4l 3aCTOCOBYETHCS
MeToa (QyHKIII KepoBaHOCTI, ynepuie 3ampornoHoBanuii B.l. KopoGosum y 1979 poui [1, 2]. V
HaIli pobOTI BUKOPUCTOBYETHCS PO3BUTOK LILOIO METOAY — CUHTE3 IHEpUINHUX KepyBaHb [4]. Y

po060TI HaBeIeH1 HEOOX1TH1 BIIOMOCTI PO 1€ METO/I.
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HaBogsthcst 1 OOroBOprOIOTHCS KUIbKA PI3HUX QITOPUTMIB PO3B’SA3aHHS 3ajadl 3a
JIOTIOMOT010 MeTOy (QYHKI[Ii KEpOBAHOCTI, a TAKOX Pe3yJIbTaTH poOOTH Iporpam, 110 peali3yloTh

11 AITOPUTMHU, 1 aHAT13 BUHUKAIOUUX TPYIHOILIB 1 HUIAXIB iX YCYHEHHS.

2. IlocranoBka 3axa4i

VY maremaTHuHIA Teopii KepyBaHHS BaXKJIMBY pOJIb BLAICPAIOTh 3aJadl KEPYBaHHS PyXOM
MEXaHIYHUX CUCTEM. Y Hamliil poOOTI MM PO3IIIAJaEMO MPUKIAJ TaKOi 3a/1adl, Ka € HEe HaJAMIPHO
CKJIQIHOIO, IO [JO03BOJIAE€ MPESIBUTH 1i aHAIITUUYHE PO3B’A3aHHs, 1 I[OYaTKOBO BHUHUKAE 13
MIPaKTUYHOI 3a7ayl. A came, MM PO3TJISJAaEMO 3a/ady KepyBaHHsS Ul JBOMAacoOBOi JWHAaMIYHOT
MOJIeNIl KpaHa Yy BUIJISIII MOJENI «BI30OK — BAHTAX», 1 CUCTEMHU AU(EpeHUIANbHUX DPIBHSIHb 13
KEpYBaHHSIM YE€TBEPTOro MOPSJKY, 10 il omucye. BimzHauumo, mo us cucrema sBIse coOOI0
«CyMIID» JBOX J100pe BIIOMHUX Yy Teopii KepyBaHHS KEPOBAHUX JBOMIPDHUX JIIHIHHUX CHCTEM,
00'eIHaHUX OJHUM KEpPYBaHHSAM: CUCTEMH, 1110 OIHCYE PYX Bi3Ka y3/10BXK FOPU30OHTAIBHOI PeHKH, 1
CUCTEMHM, IO ONHUCYE pPyX MareMaTHYHOro MasatHuka. L1 AB1 cuctemu, 30Kpema, dYacTo
O3S AAIOTHCS K MOJICIBHI JUI 3aBJIaHHS JITHIWHOT IIBUIKO/II1.

Mogenb «BI30K — BaHTaXK» OMUCYE PyX Bi3Ka Macolo 71 1 BAHTaXKY MAcOI0 71y, MiJBIIIEHOTO
Ha KaHaTi 10BuHOMO /. Ha Bi30ok aifoTh pymriifHa cuna F(f) 1 cuna cratuanoro onopy W. YV moneni
nependavaeThCsl, M0 KaHAT aOCOJIIOTHO THYYKMN, HEBArOMHMM M HEpO3TSHKHUM, Maca BaHTaxy
30cepe/keHa B OJHINA TOYIll, KOJIMBAHHS BaHTaXy Malll ¥ BiOyBalOTbCA TUIBKU B IUIOLIMHI PYXY
Bi3Ka [1]. Monens pyxy HaBeaeHa Ha puc. 1.

HeoOxinHo mepeBe3TH BaHTaX 3 JEAKOI MOYATKOBOI TOYKU B 3aJlaHy Hamepes TOUKY, MpHU

[bOMY IIBUAKICTh BAHTAXY B 111{ KIHIIEBIHA TOYI[l TOBUHHA JOPIBHIOBATH HYJIIO.

i F ( U Jlineapu3oBaHi pIBHSHHS PyXy OMNHCYBaHOT
—— >

~ ~ W cUCTeMH OyTyTh MaTu BUTJISL
\J T T <-— , x

| m3, :F(t)—Wsignxl—m;g (x,—x,) "
I/ | . Mg
I m,X, = —(xl —xz)
- X " I VY sKOCTI KepyBaHHS BUOMpAIOTh PYLIIHHY
[ I CHIIy, OCKUIbKM BHUOIp y SKOCTI KepyBaHHs
I LIBUIKOCTI a00 TNPUCKOPEHHs Bi3Ka IMpPHU3BEIE 0
4#4 HAJMIpPHOTO YCKJIQJIHEHHS KEpPYIOUOTO MeXaHI3My i
Puc. 1 - JIBomMacoBa MOJIENb «Bi30K — BAaHT@K»  HEPALIOHAILHOTO BUKOPUCTAHHA 1oro

MOKJIIUBOCTEH [1].
JlineapuzoBana cucrema nudepeHiabHUX PIBHSAHD 13 KEPYBAHHSIM MEPIIOTO MOPSIAKY, 10
OTIHUCYE PYX CUCTEMU «BI30K - BAHTAX), 3aMMUCYETHCS TaK:
y(t)=4y(t)+BU (1), (2)

Jc
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0 I 0 O

_m2g 0 ng 0 0
1) ml ml 5 1 D
A= 1 1 B =
0 0 0 1 0
& 4 & 0
I i

2) m; 1 mp; — MacH Bi3Ka i BaHTaxy,
3) [ — noBxuHa MIABICY,

4) g — rpasitaiiiiina crana,

5) y(£)=(3,(1)7,(6) 3, (1) 3. (2)) 5

ne
,(¢) 1 y,(¢) — xoopauHaTh Bi3ka i BaHTaXYy,
¥,(t) 1 y,(¢) — mBHAKOCTI Bi3Ka i BaHTaxy,
6) U(r) - F(t)-wsign(y,(1)) ’
m2
ne

F(t) — pywiiina cuna, —K < F (1) <K , 1e K — MakcuMallbHO NPUITYCTHME 3yCHILIS;

W — Benu4mrHa OMIOPY PyXy KOJIIC Bi3Ka.

HeBupomkenoro 3amiHo0 z =Ly,

00 L 0
g
L=0 0 0 L
g
0 -1 0
01 0 -1
151 CUCTEMa B1100paKaeTbCs Ha CUCTEMY
2(t)= Az(0)+ BU (1), 3)
ae
1
o 1 o [
2 0 *
4=[0 0 0 1|’ B = 0
0 0 Mmtm o 1
ml
Hagani My po3srisiiaemMo cuCTeMy «BI30K — BaHTaX» caMe€ B TakOMYy BUIVIAAL. 3ajzada
KEpyBaHHsSI JJIsi CUCTEMH «BI30OK — BaHTaX» €KBIBaJIEHTHA 3ajaul HYJIb-KEPOBAHOCTI s

cuctemu (3). Lla 3amaua mossArae B ToMy, IO HEOOXigHO moOymyBaTth Oe3nepepBHE OOMEXEHE
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[IpOTrpaMHE KEPYBAHHS y = u(t) , [0 TIEPEBOUTH CUCTEMY 3 IOBUIHHOT 33/TaHOT TOYATKOBOT TOUKH B

HYJb, IPUUOMY Hac, 3a KU 1€ BiIOYBA€ThCS, MIOBUHEH OYTH KIHIIEBUM.

3. Po3B’s13aHHA 3a1a4i JI0KAJIbHOI HY/Ib-KePOBAHOCTI

PosrnsiHemo 3amauy m10KaabHOT HYIb-KEPOBAHOCTI JJIs MIOBHICTIO KEPOBAHOT CUCTEMU
x(t)=Ax(t)+bu(t,x(1)), xeR", ue QC R, t€[t,.1,], (4)
e AeR", beR", ska CKIANA€TbCA B 3HAXOUKEHHI KEPYBaHHS u(t) , 10 TEPEBOJAUTH

JIOBUIbHY 33/IaHy TOYKY x, € () — JIEAKOT OKOJIHUII HYJISL B HYJb 3a SKMACH 4ac T, 1 3a/I0BOJIbHSE
yMOBaM:

Lou(t)eQ, Vie[t,t]-

2. TpaekTopis cucTeMH (4), WO NOYMHAETHCS B TOULI x, € ) B MOMEHT 4acy f,, TaKa, IO
x(1)eQ, Vie[t,t] i tli%r{lrx(t)zo-

JUis po3B’si3aHHS 1€l 3a1adl MM BUKOPHUCTOBYEMO METOJ (YHKIII KEpOBaHOCTI,
3anponoHoBanuii B. 1. Kopobosum y 1979 p. [1, 2]. ChopmyntoeMo OCHOBHY T€OpEMY JUIsl BUNAAKY

ABTOHOMHHX KCPOBAHUX CUCTCM.

Teopema 1 (Metoxa ¢pyHKIIIT KEpOBAHOCTI JJI1 aBTOHOMHHX CHCTEM )

Posznanemo pisnanna x= f(x,u), x€R", ueR", f(x,u) besnepepsne 3a cykynnicmio
3MIHHUX T 8 KOJICHIU 0O1acmi

{(x,u) 0<p, < ||x|| <p,,ue Q}

3a00601bHAE  YMOGI Jlinwuys 3 KOHCMAHmMow L, (Pnpz)' Hexaii y Oesaxiui obracmi
0 = {x : ||x|| < R},R €(0,00) icuye ynryin O(x) — Qyuryia Keposamocmi, wo 3a00601bHAE
HACMYRHUM YMOBAM.

1. 0(x)>0 npu x#0 u 6(0)=0.

2. 8(z)eC'(Q,), 3a sunamkom, modxciugo, mouxu x=0.

3.3¢>0:0= {xeR” :0(x)< c} — obmexncena, i Q. cintQ,.

n 1
4. Elu:u(x)eQ, u VxeQ:Zag(x)fi(x,u(x))s—ﬁel_“(x)a oa>0, B>0, npuuomy 6
i=1 X;

KOJICHOMY KiNlbYl
K(p,.p,)= {(x,u) :0<p, < ||x|| <p,< R}
B0HO 3A0080IbHAE YMOGL Jlinuuys 3 KOHCMAHMOW L, (p 1P, ) .
Tooi npu
x=f(xu)
x(O) =x, €0,

1. o< mpaexmopis x(t) cucmemu Hanexcumsv Q 1 3aKiHYUYEMbCA 8

1
Oesikull KIHYesull MOMeHMm 4acy T( X ) <% 99 6 nyni, moémo 1im x(t) =0.
0 T (x,)
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2. o, =00 3a Kinyesuti yac 6 () nompanumu He MONCHA.
Cdopmynroemo Teopemy, IO J1a€ PO3B’sI3aHHS 3a/ladl CUHTE3Y IHEPUINHUX KepyBaHb IS
cucremu (4).

Teopema 2 (IIpo po3B’si3aHHS 334ayl JOKAIbHOI HYJIb-KEPOBAHOCTI CUCTEMH X = Ax + Bu

IIpY HASIBHOCTI OOMEXEHb Ha KEPYBaHHSI)

Posensnemo cucmemy x(t) = Ax(t) +bu(t), xeR", ue {u eR: Hu(k)(zm <d,, k=0,0,1> 1},

014 AKol rank(b Ab Azb___A"“b) =7, d MAKOANC BUKOHAHO:

1. V0 iuucna o >2l+1 KOHCMAHmMa ¢ 6U3HAYAEMbCA YMOBOIO: () < ¢ < 1 , 1€
= (@) (o)
ce(0,1),
(16i ¢ * .
FH0)= [ |1-—| e ™bbyeat:
0 aea
Ly d;
2. 0< a, < EHF IHmlnogkgl j
me

3. O(Lx) npu x#0 € €OuHUM NO3UMUBHUM PO36 A3AHHAM PIGHAHHA 2a,0 = (F(O)Lx,Lx) ;

8(0)=0, 0¢ | _ (4¢)

4. 0= {x eER" :Q(Lx)s c}.
Tooi kepysanmus g(;) =b; (lF(G(Lx)) . z(t) + LA], nepesooums 0yob-sKy 3a0aHy MOUKY
2

1
X, €Q 6 nouamox Koopounam 3a uac T(xo)ﬁoce(x,o)a I 3a00807IbHAE  0OMENCEHHAM

[« (2)| < d, k=01, z€0\0, vee[0,7(x,)].

Hokas. VYV cuny [3], piBHAHHS 2a09—(F(6) Lx, Lx) BU3HAYAE €IUHE MO3UTHBHE

. R
po3B’s3aHHA, Oe3mepepBHO audepenniiioane B O, \0 = {x eR": x|| < m} \0, 3a yMOBH IO

9(0) =( € 0e3nepepBHOIO QYHKITIEO TPU x = 0.

V ey [3], V8> 03¢>0, o< _62051 ___, TaKe, Mo Q Cint(,; KepyBaHHS ﬁ(x) B
7 (@) (®)
e—>+0

KOKHOMY Kimbli K (p,,p,) 3amoBosbHse ymoBi Jlimmuus 3i cramoro Lu(e,pz)—>+oo;

L

0(x)=-0 °(x);

ﬁ(k)(x)uﬁdk, k=0_,l,er\0.
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Toni 3 Teopemu 1 Mu ofepKyeMo, WO 171 OYAb-IKOTO x, € O KEPYBaHHS i MEPEBOJUTH X,

1
B 0 32 TpA€KTOPI€I0 x(¢) CUCTeMH & = Ax +bii 32 9ac T (x)=00*.

4. Anroput™m no0y10BM KepyBaHHS
Teopema 2 mae HalnpocTiuil BUral npu ao=1. Y 1boMy BUNAAKY (YHKIIISI KEpyBaHHS

0(¢,x) € 4acom pyxy CHCTeMH: G(t, x):eo—t. AJnroputM, 1O peanidye MoOyaoBYy HIYKaHOTO
PIBHAHHS, IO NEPEBOJMTH CUCTEMY (3) 3 HEIKOi MOYATKOBOI TOYKU x, B HYJb, CKIAIAETHCS 3

HACTYIHUX KPOKIB:
AuaroputMm 1
Bunaoox, konu ¢ynkyia keposanocmi — ye uac pyxy:

1. I[lobyoysamu mampuyio
8 / .
F(0)=| (1 - —}‘A"BIBITe'A‘ i
0 0
2. Pozg’sazamu piensanns
2a,0 = (F(O)ZO,ZO)
8IOHOCHO O Ul 00epdcamu Kopins 9.

3. Ilobyoysamu kepysanms
u(t,2)= —%BITF(GO )z
4. Pozeé’azamu 3a0auy Kowi
z(t)=Az(t)+Bu(t)
z(0)=z,,1<[0,6,]
i 00epocamu ii po36 ’sa3aHHsA z(t).

OpHak, OCKUIbKY IpU oL =1 HE HaKJIaIa€eThCs HITKUX 0OMEKEHb Ha MOXITHY KEpyBaHHS, TO,
B CHUJIy NHOXHMOOK OOYMCICHHS, MOXE BHUSBUTHUCS, L0 KEpyBaHHS IOTaHO IOBOAUTHCA MpH ¢
OM3bKHX JI0 6, BOHO MOKe OyTd OUIBIIMM 110 MOJYJIIO ¥ 4acto 3miHioBar 3HaK. I[1o6 Tpoxu
3raaanuTy 1l eeKTH, MOKHA BUKOPUCTOBYBAaTH HACTYNHY MOAMUDIKAIII0 METOy: PO3B’sI3yBaTH Ha
s o
Kpoti 2 piBHAHHSA 240" = (F(O)ZO,ZO) IpH HaTypaabHOMY oL > 1.

Jlnst moOynoBH K IHEPUIHHMX KepyBaHb MOYKHAa BHKOPHCTOBYBAaTH HACTYITHUH aITOPHTM
npu o >2/+1, ge / — MakCUMaJIbHUNM NOPAIOK IMOXITHOI KEpPYBaHHSA, Ha SKY HAKJIAQIalOThCA
O0OMeXeHHS:

AJuroputMm 2

Ilob6yoosa inepyitinux KepysaHv.:

1. I[lobyoysamu mampuyio

o

o0
F0)= [ [1-— | e b be dr-
0 aea

24 ©Tpuropos O. B., Okyis A. O. Jlocs €. O., 2017



ISSN 2079 — 1747 MammHoOynyBanss, 2017, Ne19

IinHiMaabHO-TPaHCIOPTHI MAIIMHHA

2. Pozg’sazamu piensanns
2a,0" = (F(O)ZO,ZO)
8IOHOCHO O Ul 00epacamu Kopins 9.

3. Ilobyoysamu kepysanms
u(r,z)= —%BITF(G)z.

4. Pozeé’azamu 3a0auy Kowi

z(t)=Az(t)+Bu(t)
1

6=0 =

z(0)=z,,1[0,6,]

6(0)=#,

i niocmasumu ompumani z(t) 1 0(t) y 6upas ons kepysans.

Cnix 3a3Ha4uMTH, 110 HA MPAKTUL MOKE BUSIBUTHCS, 110 MOYATKOBA TOYKA CUCTEMH, 3 SIKOL
MOTPIOHO MOTPANIUTH B HYJIb, HE HAJIEKUTH 00JIaCTI MOKJIMBOCTI po3B'si3aHHs 3anaul Q. s Toro,
00 MepPEeBOANTH TaKi TOUKH B HYJIb, MOXXHA BUKOPHCTOBYBATH HACTYITHUN aITOPUTM:

AuaroputMm 3

YV 6unaoky nouamkosux oanux, oanrekux 8i0 Hys:

1. Ha nepwiii dinanyi uacy, 6i0 () 0o t, hoknacmu KepyeamnHsi u(t) =—d,.
2. Komu 6 momenm t 630k Habepe O0OCMammuio WEUOKICMb, AKY MOJICHA 3a0amu
3az0aneziob, Hanpukiao, x,(t)=c , NOKNACMU KePYEAHHS PIGHUM HYIO 00 MOMEHNMY HACY t, .

3. Konu 6 momenm Hacy t, cucmema nompanums 6 obnacmes MOXMCIUBOCHIT p036’ﬂ3aHH}Z

3a0aui, gukopucmosysamu areopumm 1 aoo 2.

5. Peauizauis ii pe3yJbTaTu
Mu peanidyBajau ajaropuTMH, OIMCaHI BHILE, CTBOPUBILM IPOrpaMd B MaKeTl CHUMBOJIBbHUX
oOuucnens «Mathematicay. [Ipu peanizauii anroput™y 1 mpo0nemu BUHHKAIOTh Ha 3-0My 1 4-0MYy KpOLIL.

Lle moB'si3aHe 3 THM, 10 MATPUIIS F ' (6) € HEeZIOCTaTHRO OOYMOBJICHOTO, KOJIM TlapameTp 0 manmit. s
TOrO, MO0 OTPUMATH MATPHIFO F ' (9) 3 JIOCTaTHbOIO TOUHICTIO, MU BUKOPHCTOBYBAJIM PO3KJIAJAHHS

uiei mMarpuul B psin Teinopa, 3amiHsO4M 1i CYMOIO JIOCTaTHBOI KUIBKOCTI J0AaHKIB psany Teinopa.
TpyaHoIL Ha YETBEPTOMY KPOLIl JITOPUTMY HOJISTAI0Th Y TOMY, 110 OTPUMaHe KepyBaHHs MOke OyTu He

0OMEKEHNM 3aJaHOI0 KOHCTAHTOIO, KOJIM { OJIM3BKHUI 10 0,, @ TAKOXK YacTo 3MiHIO€ 3HaK. L1 #oro
0COOJIMBOCTI MOKHA TPOXH 3IJIQAUTH, SKIIO BUKOPUCTOBYBATH MOAMGIKaLii0 aroputMy 1. Sk npuknaau

po0OTH IIPOrpaM PO3IIISIHEMO CHCTEMY, A€ i, = % m, ¥ [ = g, 1104aTKOBY TOUKY y, = (9 09 O)T .

VY pesynbTari poboTn anroputmy 1, mokazaHoi Ha puc. 2 1 3, MU OJEpPKYEMO 4Hac Pyxy
0,=7,849 c.
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Puc. 2 — I'padix KOMIOHEHTIB TPAEKTOPIi Puc. 3 — I'padix xepyBanHs u(t)
CHCTEMM:
X1, X3 — KOOPJIMHATH BI3Ka 1 BAHTAXKY, M; X2, X4 —
IIBUJIKOCTI Bi3Ka 1 BAaHTaXYy, M/C

VY pesynapTaTi pobdoTH Moaudikamii airoput™My 1 mpu o=3 MU OAEPKYEMO HaC PyXy
16,415 c. Tpaekropis i kepyBaHHA [TOKa3aH1 Ha puc. 4 15.

15

Puc. 4 — I'padix KOMIOHEHTIB TPAEKTOPII CUCTEMHU:
X1, X3 — KOOPJMHATH BI3Ka 1 BAHTaXYy, M; X2, X4 — IIBUJKOCTI Bi3Ka 1 BAHTAXKY, M/C

L0}

0.5¢
5 1'0\//\\/’—?5

05}

-1,0+

Puc. 5 — I'padix kepyBanus u(t)

Y pesynbTaTi poboTH alropuT™y 2, nokasaHii Ha puc. 6, 719, npu a=3, d,=11d,=5

MU OJIEPX)KYEMO Yac pyxy, skuil nopisHioe 31,891 c.
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Xy

e “
L P e
) e

L 1 1

Puc. 6 — I'padix KOMIOHEHTIB TPAEKTOPII CUCTEMU:
X1, X3 — KOOPJMHATH BI3Ka 1 BAHTaXY, M; X2, X4 — IIBUJKOCTI Bi3Ka 1 BAHTaXKY, M/C

02}

Puc. 7 —I'padix xepyBanHs u(t)
008]
0.06]
004l

0,02 -

——

N
Vi

—0,04 -

Puc. 8 — I'padix noxigHoi kepyBanHs u'(¢)
Mu 3actocyBanu anroputM 3 s CUCTEMH m,=m, ¥ [=2%g 1 NOYAaTKOBOi TOYKH

Yo :(50 050 O)T. Otpumanuii yac pyxy gopiBHioe 45,1884 c, a rpadiku mBHUAKOCTEH Bi3ka U

BAaHTaXy, a TAKOK KEPyBaHHs, [M0Ka3aHi Ha puc. 91 10.
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e L
-,
—————

-

Puc. 9 — I'padix mBuaKocTel Bi3Ka X, il BAHTaKY X4, M/C

Puc. 10 — I'padix xepyBanHs u(?)

BucHoBku

Y po6oTi po3riIsHYTO 3a7ady KEPOBAHOCTI 3 OOMEKECHHSIMH HAa KEpPyBaHHS ISl CUCTEMHU
«BI30K — BaHTaX», IO ONHCYE PyX MOCTOBOTO KpaHa. /[aHO KOHCTPYKTHBHE PO3B’SI3aHHS I[HOTO
3aBJIaHHA 13 3aCTOCYBAHHSM MeTOAy (QYHKIII KepoBaHOCTL. ¥ cucreMi «Mathematicay Hammucana
porpaMa, 1o po3B’s3ye 3aj1ady MoOyJ0BU KEpyBaHHS y BUIAJKY, KOJHU (YHKIIISI KEPOBAHOCTI €
4acoM pyXy CHCTEMH, a TaKOX IMporpamMa Juisi moOyJOBH IHEPUIMHOTO KepyBaHHS. Takoxk
po3pobiieHa mporpama JJis po3B’s3aHHS 33/1a4l y BUIMAJIKY, KOJU MTOYATKOBI JaH1 HE OTPAIUIAIOTH B
00JacTb MOXKJIMBOCT1 PO3B'A3aHHS 334a4l.
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