0.8, Mopocun, £.C. Hstoprega. O peapuzayutl GRAPOKCUMARUY ORIUMAIBHOZ0 UMHYRECHO20 CKOMBIAWE20 pe-

HCUMT

© O.B. Moporcun, E.C. Haropoeéa
Poccun, Yaan-Yos, Bypamckuii 20cyoapcmeennslit ynueepcument

O peanusanuu aNNPOKCHMALNH ONTHMAILHOTO
HMIYJLCHOFO CKOJIL3RIIero pexkuma '

Crates TOCBAILEHA BHIYHCITHTCAEHOMY 23KCICPHMEHTY [0 pCaJ'IHBZiI.lHH l'[]JHﬁHH)KEHHOI"O OTTTAMATILHOTO
YNpaBneHus B OAHOM BHIPOMACHHON 3a0a4€e (C NTHHEIHLIM HEOTPAHHMEHHKLIM YIIPABIEHHEM ), TTOTYIEHHBIM CO-
raacko Teopun 00o0ILEHHOrO ypaBHeHus Benmmana H MeToza IKCTPEMATLHOTO MPHUSNHBAHUA,

© O.V. Morzhin, E.S. Izyuryeva

On the implementation of optimal impulsive sliding rate approximation

This article is devoted to calculation experiment on embedding of approximating optimal control in one
vacuous problem (with linear unrestricted controt), which is created using the generalized Bellman equation

theory and the method of extreme aiming,

Beegenne

OnrumansHoe yrpasjieHHE B (GOpMe CUH-
te3a [9] MMeEeT NpeMMyLUECTBO NEpen Ipo-
TPaMMHBIM  YNIPABAEHHEM,  MpPEeAOCTABIAA
yhpagieHde Iis JoO0ro BO3MOXKHOFO Ha-
yallbHOTO COCTOSAHMA 1 obecnednsas obpat-
Hyt0 CBS3b. [To3ToMy ¢ 1960-X rr. sHauUUTENDL-
tibie yeuiks yyeHpix {1 — 12, 14] sanpasniens
Ha paspabOTKy TEOPHH, METONOB CHHTE3A Of-
THMAJILHOTO YDPABJIEHHS M HX TIPOrpaMMHO-
ANrOPUTMHYECKON peaNH3auKH.

Bo MHOFHMX MpUKNagHBIX 3aAa4yax W LEeNLX
Knaccax 3a71a4 ONTHMaNpHOrO YNpaBieHUA U3
PasNMUHbIX OONAcTEH, TAKMX Kak MeEXaHHKa
KOCMMYECKUX afiflapaToB, YMpaBleHHE Kone-
baHnAMA, TexHuueckas (PU3pKa, IKOHOMHKA,
IKONOrUS, OTCYTCTBYIOT PEILEHUS B CMBICE
npuaumna mMakcimyMa J1.C. [lontparusa nns
NPOrpaMMHBIX YTIPARMEHUH, NPUHLHIA AWHA-
MHYeCKOro nporpaMmupoBadug P. beanmana
AnA NO3HIMOHHBIX ynpasneHuit. Teopus Bhi-
poxaeHHBIX 33724 {1 — 6, 8, 10, 14] nossonser
pewaTh Takue 3anaud. IlpennorkeHsl KOHCT-
PYKilAM [TOCNEOBATENLHOCTEH, AMMPOKCHMH-
PYIOUIMX ONITHMANbHOE YIipaBJeHHe:

a) A% CHCTEM € OrpaBMUCHHEBIM HERBIMTYK-
ALIM MHOXECTBOM CKOPOCTEH — 3T0 mocaeso-
BATENLHOCTD PEXKMMOB MEPEKAIOYCHHA YNIPaB-
NEHUA MEKAY HEKOTOPhIMH 0a30BBIMM 3HAYe-
HHAMH C HEOTPAHUYEHHO PacTylieH YacTOTOH,
CTPEMALIMXCS K CKONB3AWIEMY PEKHMY;

§) ANA CHCTEM ¢ HEOTPAHWUEHHEIM MHOMXE-
CTBOM CKOPOCTEH BBISIBICHBI TaKHE Xapakrep-
HBie peileHnd, KaK WMIYALCHBIS, HMIYABCHO
CKOMBL3AIIME H LMIUTHYECKHE CKOMb3ALLHE pe-
KNMLBIL,

B pabote [4] npeanoxkeHa cxeMa anmpok-
CHMalUliH ONMTUMANBHOrO YIIpaBICHHA B 3aja-
yaX ¢ HEOTPAHUUCHHLIM MHOXKECTBOM CKOPO-
cTel, OCHOBaHHAA Ha Teopun 0GODILEHHONO
ypaBHeHnA BennMaHa i MeToNE SKCTPeMaslb-
HOro npuueineanna (casura) (7).

B nanHO# cTaTbe mNA OAHOH TWMHYHOMN
BHIPOAICHHON 33434M ONITUMAJILHOTO yNpas-
AeHus:

1) ananuradecky nonayuyena dopmyna ob-
{ero uneHa NocAcAOBATEAbHOCTH, ANMPOKCH-
MHPYIOILEH OTITUMASTBHOE YTPaBJIEHHE;

2) 4YMCICHHO ANA 3aJaHHOTO HAYaNbHOIO
COCTOAHWA BBIYHUCIICHEl ONTHMANBHBLIE TIpO-
rpaMMa H TPAeKTopus.

1. ITocTanorka 3a1a4u
PaccmatpmBaeTca 3ajaua CHHTE3a OITH-
MalbHOrO YUpasicHua Ha otpeske [0.7.],

1, =3 [4]:
T, xy=x(t;) - x,(¢,) —> min , (1)

%:x]z+x§+x§+u, x,(O):xF, (2)
dx 2 !
_.,iz(xl—xz)*+u, x2(0)=x§, (3)

dt

' PaGora BeinOSiHEHA IPH PUHaHCOBON nogaepxke POOH (mpoexrsl 05-01-00659, 07-01-90101).
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de, 1
Ef = ; 5, (0)= xf . (4)

—w<u(fy<+o0, tef0s,]. (5)

Tpebyercs MOCTPOUTE MHHUMHZHPYIOLIYIO
MoCNe10BATENLHOCTE {us(4,X)}, s& N, n, 3a-
AaB x°, MPOMHTErPUPOBATH CHCTEMY Ha uje-
Hax 3T0H MocNea0BaTeNbHOCTH.

2. TlocTpoenne MHHMMH3HPYIOIIEH
NOCHeA0BATENILHOCTH {u:(1,X)}, SEN
3agaua Kowm aas oGoblueHHOTO ypaBHe-

Hus besinimana {3, ¢. 139)
ir}rfb; (2(y+x2)x2 +x§)—b," =0,

b!(rsy):y’ Y=X—X,
uMeeT pemenue b (f,y)= ——2?——— . Ma-
P ) 2y(t, —t)+1

THCTPaNbHOE MHOTOOOpasue S, OMHCHIBACTCS

HabopoMm x, ==, x,, :—5, x,, = 0. Cnemys

Y
2
METOAY  DKCTPEMAAbLHOTO  IPHUCNHBAHHS
(casura) [7], obpasyem nocnenoBaTeALHOCTH

{us(t,x)} ,seN: u(t,x)=

S, ecan |ul£ 8, 0<5 <« 1,

-sign{x, + X, )5, ecnu |xl + X, >[x3',

uz0;

. 1
= 4 -s1gn(x] +x2);> cCIHn [xl -{-leS[x;[, (6)
uz0;

u, = arg min[(y2 +uy + u‘z], ecau
uzl

k(’x, +x2|+|x3|) <lfs, u=0.

.

3. AJ'IFOpHTM BBLIMHC/ICHUSH 3IEMECHTOB
nocae10BaTeNbHoCTEH

fus(,x)} , {x(t,us)}, se N
1. Ha otpeske BpemeHu [0,t,] BBOAHTCA
pasHOMepHas ceTka A([f,{.],N)=
={1,1 0=, <t <<t <<ty =t,,
t =ty + jAL A= (1, —to)/N,jzm}.

2. Ha xaxaoM 4YacTHYHOM  OTpe3ke
[tj,tm], J=0,N -1, npoM3BoAWTCA 3aMeHa

BpeMenH ! Ha 7 10 Gopmyne df =d(u,x)dr,
rae d(u,x) BRYMCAserca no gopmyne (7),
npuuem x(1,) = x(t,) 8B MOMENT 1, =7,=0.

3. B momeHT ¥, Ha OCHOBC 3HAYCHHIH

x,(7,), k= 1,3, no dopmyne (6) bopmupyercs

annpoKCUMHUPYIOMIES [AporpaMMHOE yrpasie-
HHE
u AT, x)=const,

J it
[d(zc x) du, )} af=d(x)Ar,

npH 5ToM #' HAXOAMTCH Kax peUcHHE Ypab-

Heuus ' +y’u’ —1=0, RocTaBIAOMEE TN0-
R —
o(u,y)
HanbHBIH MUKHMYM HCCNeAyeMOl QyHKLNH:
k
o(u —_—
w <0, ¥ =ut -(—;yl, k=0,M-1,
o-:.-(u Sy)
1
u=u" <0, u,=——,
)
"=arg min [(y +w) W ]
weliy, 1]

roe M ={k+1): |u"+’ —u |sg, O<exl,
4. Bprucnsierca eBKJIMAOBA HOPMA Ha OT-
peske I:r;.,r}.ﬂ] o od{ug = const,x) =

= (i + 32+ 32) =| f O] (D

(Moxer OBITH HCMONBIOBAHO TIPHOMIKEHHE

| £ ()| = 20 + 03 ).

5. Umeem BmecTO (2)-(4) cuctemy:

ﬁ_xf+x§+x§+us )
dr dlug) ’
gﬁ = (x, _xz)2 + U fd_{s_ - d(”S) 9
dr dlug) =~ dr ow

rae TE[?J.,ZHI} H BEKTOP Ha4dYanbHBIX YCJIO-

BUH 331aeM, YYHTHIBas TONIBKO OMCPALMIO Je-
neHMs Ha ug B dopmyne (7).

6. Ha otpeske [r},r’”,] NpY 3alaHHOM

BBOAWTCA paBHOMepHasA ceTka A([r,,7,,,},L)=
{Tﬂ! T, =0, <7, <.<T,, <.<T,, =
=T, T,3 =k(r,, —7,)/L, k=0,L}.

7. Ha cetke A([r_j,rm 1, L} Boinonnaercs L

waroe merona Pydre-Kyrtra 4 nopaaka, nph-
YeM Ha KaXKJAOM LIare YApapieHWe OAHO W TO
Ke.

8. Hccnenys 3aBUCUMOCTE 3HaueHU PyHK-
uworanma (1), I(u.,x(,u)), oT Habopa

napamerpos (N,L.k.s), bopMupyeM anapok-
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CHMAaNuWIO pekMMa yNpaBjieHHs, KOTOpas Nno-
sgonser npubnwxarscs Kk inf f(w,x) M paer

peaM3yeMoe HA NPAKTUKE YIPaBieHHe.

3ameuyanue. HaGop mapamerpor anropur-
Ma (N,L,k,s) MO3BONSET HacTpaweaTh anro-
PHTM peanu3alud ynpasneHud (6) noa oco-
DEHHOCTH NpHKIanHOH MOZenn (HCOORHMO-
WEro MEXaHU3MA),

4. Beryncanrenbubiii JKCNepEMERT

ANTOpUTM peanu3anMy  afIIpoKCHMMPYIO-
WETO YMPaBJIEHHA 3aNporpaMMHPOBaH aBTO-
pamMi B cucreme Compaq Visual Fortran 6.1.
[padmueckas  BH3yaNu3alliA  BEINOJIHEHA
cpeactsaMu cucteMsl Matlab 7.

Jlanee npeAcTaBleHbl CPABHUTENLHBIE Pe-
3yABTAaThl PAaCcYETOB MPH Pa3iuyHbBIX Habopax
(N, L,k,s).

1. Tlpn  x(0)=(0,0.25,025), . =3,
=107, N=3000, L=2, k=25, s=5 mio-
JyuaeMm 3HaYeHHe UENeBOro (hyHKUHOHANA
I(,)=-02555 u x,(1,,u,)=-3.9185-10".
Tpaduky dywkumit x (f,u,), i=1,3, npea-
CTABNCHH HA pHC. 1.

025

1 L ; ; i s
N 50 1000 2000 3000 4040 5000 6000
Time Medes

Puc. 1. Tpaduxu dyHxumin x,(Lu ), /= T:j .

Hpumep noxaspiBaeT, 4TO TPACKTOPHA, HCXO-
aauan uz toukd x(0)=(0,0.25,0.25), ¢ no-
MOUIBIO HMIYJILCHOTO M pefieiiHoro ynpasie-
HHA (u(f)=—5) nepexoJuT B Maiyto OKpECT-
HOCTb MarucTpaibHoro MHorooOpasus, #, Aa-
nee, ABvKeHUEe BOH3W MArucTpany yrnpaens-
etes dynxuumell, 3Ha4eHus KOTopo# nepexmo-
yarores ¢ -1 Ha 5 ¢ Gonbiuoil yactoToi
{cxonb3saKil pexum).

2. Myers x(0)=(0,0,0), 1. =3, §=10",
N=3000, L=2, k=5. B tabnune | npuse-
OeHbl 3HauYeHWs I(u) uw x,(f.,u,) Npu pas-
AUYHBIX § .

Tabanua 1. 3asucuMocTs 3HaueHULT

[(u.c) k] xj (t!-' a“,-) oT § ( X(O) = (0:0: 0))

§ I(u,) Xt ,u,)
1 1.6817e-2 -0.1165
2 | 2.404%e-3 | —4.9749¢e-2
3 7.3994e-4 | -3.2833e-2
4 | 3.1917e-4 | -2.3875e-2
5 1.6567e-4 | —1.6300e-2
6 | 9.6820e-5 | ~1,4583e-2
7 | 6.0439e-5 | -1.3786e-2
8 | 4.0628e-5 | ~1.0938e.2
9 | 2,8584e-5 | —8.9444¢-3
10 | 2.0846e-5 | —B.0500e-3

PacueTbl MokasbiBaoT, YTo (PR HEU3MEHHBIX
Npo4Mx NapaMeTpax ajrOpHTMa) YBE/NUUYEHHE
HOMEpa § BEAET K YAYYILICHHIO annpoKcuma-
UMM YTNIPaBlIEHHA,

OTMeuenHas 3aBUCHMOCTL HabnopaeTca M
ANA OpYrux HavansHbiX ycnoeusx. Hanpumep,
mpy x(0) ={-0.25,0.5,1), k=03 noay4yaem
pe3ynbTaTei, NpUBEACHHBIC B TAbNHLE 2.

Tabnuna 2. 3aBHCHMOCTH 3HAYEHHH
I(u‘t) E x} ({F 3 u.v) oT § (x(o) = (_0’25’0‘5) 1) )

5 I(u,) X, {f,u,)

2 | -0.7418 0.7

3 | -0.7429 | 0.5580

4 | —0.7488 | 0.867

5 | -0.7518 | 0.1219

6 | 07532 | 9.75¢-3 |

*, 62,

H ! i 3 M i 1 H 1
0 S0 1000 1500 2000 2500 3000 IHOD 4000 4500 S0O0
Time Modes

Pnc. 2. I'padvikn dyuxunit x, (f,1,), = l,_3 .
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B aapepwieHsie npeacTaBUM pe3yibTATHI
pacuetoB Ana  x{(0)=(0.50,3) npu ¢ =5,
§=10"%, N=5000, L=1, k=5.Tlpu s=35
nmeem (i) =0.5049, x,(5,u,)=-1.8581-107
(eM. puc. 2). Tlpy s=7 I(u)=0.5022,
x{(5,u)=-1.2510-107.

3araouecHHe

B crartee npeacTaBieHE! ANroOpuUTM  an-
APOKCHUMAaLUUM  KWMNYJIBCHOMO  CKOJILb3ALREro
pexHMa B THMOBOM BHIPOXAECHHOH 3apaue,
BriusicnuTeNbHBIA PKCMEPHMEHT NOKasan:

1) BappUpOBaHHE NapaMeTPOB AJropHTMa
(N,L,k,5) No3BosAET PeryniupoBaTh peannsa-
UMK ynpaeneHus (6), noGUBasch MEHBUINMX
3HaueHnil dynkuronana {u,x), a TaKKe no-
Nyyas TaKOH UMMYJBECHBLIA CKOAL3AWMA pe-
WHM, KOTOPBLIHA 0CYLIECTBHM HA NPAKTHKE;

2} XapakTepHylO 4epTy ONHAMUKH CHCTe-
Mbl, COCTOALLYIO B HAJIMMHU HA OTPE3KE Bpe-
MEHH [f;.f.] «TNOrpaHCIOHHONO» Yy4actTka M

ABIDKEHNA BOAU3H MarHcTpasi.

OTMeTUM HanpaBAcHWs YAYYLUEHHA Npo-
TPaMMHO-aNroOpUTMHYECKON peanusattny noa-
XOAA X BBIMHCIEHWIO of6oBlienHor: ynpaeie-
HHA

1) nonyueHue peuieHuss 0600LIEHHOTO
ypaBHeHus besnnMaHa [3] aHanuTHuYeCKH ¢
MOMOIWIBK) CHCTEM, ABTOMATHUCCKH BbINOA-
HSIOUIHX AHANMTHYECKHUE BhiuKCiienns (Maple,
Mathematica, Reduce) wnp uucnenHo;

2) BoiBesicHHe Habopa, ONUCHIBAIOIErO Ma-
FUCTpaibHOe MHOroodpasue, H KOHCTPYHpO-
BaHME MUHHMMH3UPYIOINEH MOCAeAOBATENBHO-
¢TH B ABTOMATHHECKOM DEXHME;

3) paspabotka armapara PeryiIMpOBaHUA
napametpamy (N, L. k,s5) anroputma;

4) KOHCTPYHUpPOBAHHE CXEMbl yueTa $a3o-
BbIX OTrpaHHYCHIH (IOTOYCUHBIX H KOHIIEBRIX).
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