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AHHOTALIUA
JlanHas uccienoBaTenbCcKas padoTa HampaBieHa Ha aHamu3 3PGEKTUBHOCTH
HCUYCTKUX KOHTpOJ'IJ'IepOB B ynpaBHeHHI/I ,Z[BYMSI TUIIAMU MAsJITHHUKOB. MAaJdTHHUKOM

Makcaeia u IMCPCBCPHYTHIM MAjATHHKOM Ha TCJICIKKC.

B kadectBe anropuTma ympaBieHus ObUT BbIOpaH KOHTpoJuiep Ha 0ase
HEYETKON JIOTUKH C HECKOJbKHUMH HaOIIOJaeMbIMH TapaMeTpaMu U  OIHUM
yOpPaBJISIEMbIM, B KaueCTBE aJIrOpUTMa riI00aibHOM ONTUMHU3AIMHK ObLUT BHIOpaH
MOJIM(DUIIMPOBAHHBIN TEHETUYECKUI anropuTM. [IporpaMMHBI KOJI HamMcaH Ha

sA3bIKE TIporpaMMupoBanus Python.

B pesynbrare ucciaemnoBanus ObLIO MOKAa3aHO, YTO MPUMEHEHUE HEYETKUX
KOHTPOJUJIEPOB B cepe ympaBieHUS SBISIETCS PEIeBaHTHBIM U 3 (HEKTUBHBIM

PCUICHUCM.

PeanuzoBaHHbIE HEYETKME KOHTPOJUIEPHI MOXKHO UCHOJIB30BaTh JJIs
YIIPaBJIEHUS] HEJTMHEWHBIM MHOTOITAPAMETPUUYECKHM IIPOLIECCOM, KOTOPBIA TPYIHO

OIMUCAaThb MaTCMATHUYCCKU.
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BBenenne

HeueTkocTp SBISETCS HEOTHEMJIEMOM YacThIO PEANTbHOIO MHpPA, MO3ITOMY
HEYeTKasl JIOTMKAa aKTUBHO HCIIOJIb3YETCS JJIsl pa3pabOTKU HHTEIIEKTYaJbHBIX
CUCTEM, CIOCOOHBIX 00pabaTbiBaTh W aHAJIM3UPOBATh HEYETKYI0 HH(POpPMALIHIO.
BrniepBble Teopusi MHOXKECTB Oblia NPEUIOKEHA aMEepUKaHCKUM ydeHbIM Jlodtu
3ane B 1965 rony. Ona 6a3upyercs Ha HAOOpPE HECTPOTUX MPABUIT U UHTYUTUBHBIX
norajgkax. B ornuynie oT 0OBIYHBIX MHOKECTB, KOTJIA 3JIEMEHT JMO0 MPUHAJICKUT
MHO>XECTBY, JUOO HET, HEUYETKHME MHOXECTBA HE UMEIOT SBHOW TIPAHMIIBL. JTO
CBOMCTBO MOMOI'a€T COCTAaBJISATH 3aKOHbI YIIPABIEHUS, KOTOPHIE PEATU3YIOTCS C

IMIOMOIIBIO HEYCTKOI'O KOHTPOJLUICPA B CUCTEMAX aBTOMATHUKH.

eab u 3a1a4n padoThI
Ilenbto paboThl sBIAETCS pa3paboTka W MpoBepka Ha AOPEKTHBHOCTH
IPOrPaMMHOTO aIllapaTHOr0 KOMIUIEKCAa ¢ HEYETKUMH KOHTPOJUIEpaMH, KOTOPHIE
OyIyT To/IaBaTh TaKHWE YIPABISIONIAE BO3ACHCTBUS HA MasSTHUKOBBIC CHCTEMBI,

yTOOBI OHH HaXxOAWJIMCh B 3a/IaHHBIX I'PaHHIIAX.

JInst TOCTUXKEHUSI TIOCTaBJICHHOW 1€ HEOOXOJUMO PEIICHHUE CJICIYIOIINX

3aaay4:

1. PeasiuzoBaTh  TPUHIMIBI ~ HEYETKOM  JIOTMKM  HA  S3bIKE
nporpammupoBanus Python;

2. 3yuutb ®W  CMOJEIHUPOBATH  IOBEJACHUE  pPacCMaTpPUBAEMBIX
MasTHUKOBBIX CHUCTEM;

3. OcyuiecTBUTH MOJIauy YNPABISIIOUIUX BO3ACUCTBUMN JIJIs1 HEOOXOIUMOM
paboThl MasiTHUKA MakcBesuia U IEPEBEPHYTOTO MAATHUKA;

4. Hamucath JECKTON-NPUIIOKEHUE ISl BU3YaJbHOTO MPEACTABICHUS
MaTeMaTHUYECKUX MOJCICH;

5. PeanuzoBarh alropuTMbl TI00aNBHOM ONTUMH3AIMU U  BBISIBUTH
HanOoJee 2((HEeKTUBHBIN I COCTaBJICHUS 06a3 MpaBu,

6. Oto6pa3uTh rpaduuecku paboTy HEYETKOTO yIPABICHUS;



7. Hauate pa3paboTky ¢u3mueckux MoOJAeNed paccMaTpUBAEMbIX
MasiTHUKOBBIX CHCTEM;

8. IlpoBeputsh pa3paboTaHHyto cuctemMy Ha 3((HEKTUBHOCTD.

OcHOBHAA YACTh

Teopust He4eTKHX MHOKECTB. AJroputm MamaaHu
B xome paborbl Obul peanu3oBajl aNropuTM OPUTAHCKOIO MaTeMaTHKa
D.Mamyanu. B Hame BpeMs AaHHBIA METOJ MOJyYMJI AKTUBHOE NMPUMEHEHUE B
3ajjayax HEYETKOro MOJICNIMPOBAaHMS, TaK Kak IO3BOJseT H30exaTh OoblIoe
KOJMYECTBO BBHIUMCIICHHUH.

PaccmoTpum stansl anroputma MamaaHu.

ba3a npaBua
ba3za npaBui1 mpecTaBiseT U3 ce0sl HECKOJIbKO HEUETKUX MPaBUII, B KOTOPBIX
KaKJIoMy (a33uUuIMpoBaHHOMY 3HAUYEHUIO MMOJOKEHUS MasiTHUKA U CKOPOCTHU
COOTBETCTBYET HEYETKOE YHCIIO.

B koze aBTopa npaBuIio BEITIISIUT CIETYIONIIM 00pa3oM:

x1 = Trapezoid([0.09,0.14,0.156,0.175, 1]). trapezoid ();
vl = Trapezoid([0.280,0.351,0.466,0.616, 1]). trapezoid();
wl = Trapezoid([6.00,9.550,13.550,16.350, 1]). trapezoid ().

B mpumepe BbIlie npucyTcTBYeT Kitacc Trapezoid, umeromuii metox trapezoid(),

KOTOpbIH (ha33uuumpyer yncio.

dazzupuranusa. ODyHKUUA NPUHALICKHOCTH
da33uduxanys — nporecc NepeBoaa BXOJHbIX JaHHBIX B HEUETKUE, ITyTEM
HAXOXKJEHUSI CTENEHH MPUHAMJIEKHOCTH U3MEPEHUs] K HEUETKOMY MHOXECTBY. B
Ka4eCTBE BXO/HBIX JAHHBIX MBI ITOJTy4aeM IMOJI0KEHUE MOIEIH (X) U CKOPOCTh (V).
CyuiecTByeT HECKOJIBKO BUIOB (DYyHKIMI MpuHAIe)kHOCTH. CaMbIMU
4acTO HCIONb3yeMbIMHM CTanu TpeyrosibHas, TpameunewnmanbHas u [ayccoBa. B

paMKax JIaHHOW HCCJIEAOBAaTENIbCKOW pabOThl aBTOPOM Oblla  BBIOpaHa



TpanenennanbHas QyHKIUS MPUHANICKHOCTH. | TaBHAS MPUYMHA 3aKIIIOYACTCS B
TOM, 4YTO TPHU HCIOIB30BaHUU [ayccoBOW (YHKIIMU TNPUHAJICKHOCTH OyJleT
npoOsiemMa B HAXOXKJACHUM OMPENENICHHOTO HHTerpaia, Tak Kak Takas (DyHKIHUS
CTPEMUTCSI K HYJIO, HO HHUKOrJa €ro He JocThraer. TpeyroipHas (yHKIUs
PUHAJICKHOCTH ObUTa HE BhIOpaHa B CBSA3M C TEM, UTO MPU OOJIBIIIOM >KEJIAHUU U3
Tpaneneu aIbHOT0 YMCIa MOXKHO clIeiaTh TPEYyTroiabHOoe, 3a1aB b = c.
TpanenennansHas QyHKIUS TPUHAIICKHOCTH 33]]A€TCS YETHIPHMS YMCIaMHU

Y BBIYHMCIISICTCS COMIACHO BhIpa)keHuto (1):

( b—x
— , a<x<b
b—a (1)
1, b<x<x
ulx,a,bc,d) =4 .
1-— ) c<x<d
d—c

\ 0, B OCTaJIbHBIX CJyYasax
ArperupoBaHue
ArperupoBanue mMojJpa3yMeBaeT TMoOJl COO0OM MpoIeaypy ONpeaeICHUs
CTENEHU UCTUHHOCTHU YCIOBUH 10 KaXJI0MY U3 MPABUII CUCTEMbI HEYETKOTO BHIBOJIA
nyTeM  HajoxeHus  (a33uUIUpPOBAHHBIX  HAOIIOJaeMbIX  JIaHHBIX  Ha

cootBercTByoImuUe npasmwia (Pucynok 1.1, Pucynok 1.2).

1.0 1 1.0 1

0.5 A1 0.5 1

0.0 1 T T T T T T 0.0 1 T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10

Pucynok 1.1 — ArperupoBanue 1

104 10

0.5 - 0.5 -

0.0 L T T T T T T 0.0 L T T T T T T
o 2 4 6 8 10 o 2 4 6 & 10

Pucynoxk 1.2 — ArperupoBanue 2



Ha pucyHnkax Bblllle CHHUM LIBETOM 000O3HA4Y€HBI YCIOBUA X U V (clieBa — X,
crpaBa — V) u3 0a3bl MpaBWI, KPaCHBIM I[BETOM — HaOromaeMble 3Ha4YeHHs. B

IMOCJICAYIOMUX PUCYHKAX UCIIOJIB3YIOTCA TAKHUC KC 0003HaYCHMS.

AKTHBH3aIUA
Ha nanHoM 3Tarne mponucxoauT «00pe3aHre» HEUeTKOIo YMcia W U3 IpaBHIIA.
N3 mpomecca arperupoBaHusi HAXOJUM TOYKY IE€PECEUYEHUS C MaKCUMaJIbHBIM

3HAYEHUEM I10 OcH Y.

1.04 1.0

0.5 0.5

0‘0 L T T T T T 0‘0 L T

Pucynok 2.1 — AxtuBuzanus 1

1.0 1.0

0.5 1 0.5

0.0 L T T T T T T 0‘0 1

Pucynok 2.2 — AxtuBuzanus 2

Ha pucynke 2.1 BUIHO, YTO MaKCUMAIILHOE 3HAYCHUE TIEPECCUEHUS HEUETKUX
gyucen no ocu Y pasHo 0.5, Ha pucynke 2.2-1. Ilo Hemy u oOpe3aeM Kaxkmoe

3aKJIFOUEHUE KaXI0ro mpaBmiia u3 6a3sl (Pucynok 2.3).

1.0 A 1.0 ]

0.5 1 0.5 A

0.0 . = . . 0.0

Pucynok 2.3 — AxtuBu3anus

Ha PUCYHKC BbIIIIC CUHHUM IIBCTOM 0003HaYEHBI 3aKITIOUYEHUS U3 0a3bl IIpaBHJI,

3CJICHBIM — YPOBCHb O6p€3&HI/I$I ynciia. Mbl IIOMHHM, 4YTO B IICPBOM IIPABUJIC
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MaKCcHMaJbHas TOYKa mepeceueHus no ocu Y Owuta paBHa 0.5, a Bo BTopom — 1. B
pe3yibTaTe mpolecca aKTUBU3alUKU OCTABJISIEM 00pe3aHHBIE MO 3€JIEHOMY YPOBHIO
AuHrBHCTHYeCKHUE uncia (Pucynok 2.4).

1.0 1 1.0 1

0.5 0.5 1

0.0 4

T T T 0.0 T T T T T
0 2 4 6 8 10 0 2 4 6 8 10

Pucynoxk 2.4 — Pe3ynbrar akTuBU3anum
AKKYyMYJIsSIIIAS
[Ipomecc akKymyJsiiud TPEJCTABISET MPOIEAYPY OOBEIUHEHUS BCEX

CTENeHEeH MCTUHHOCTH 3aKJIIOUCHUU U1 TIONydeHUs] QYHKIUU MPUHAIICKHOCTH
Ka)KJI0M M3 BBIXOAHBIX MepeMeHHbIX (PucyHnok 3.1).

0, R
\ |
“ /WJ\ [

|
Yy ) H

Pucynok 3.1 — OObenHeHNE CTEIEHEH HCTUHHOCTH 3aKITIOUCHUH 1
noytydeHue oouieil Gurypsl
Pesynbrar 00bequHeHns nMeeT (QYHKIMIO TPUHAIICIKHOCTH

u3(x) = max {pu1(x), u2(x)}

Heda3zzupurkauus
Ha nannowM aTare ¢ ornpeeieHHbIM CTIOCOOOM BBIYUCIICHUS HAXOUTCS
YHCI0BOE 3HAYCHHE BBIXOJHOrO mapamerpa (€IMHCTBEHHOTO YIPABIISAIOIIETO

BO3JICHCTBHS) Ha OCHOBE BXOJHBIX 3HaUeHHUH (X, V).

B npoekte mis nedazzudukanmi aBTOp MCMOIB30BAI METOJ LIEHTpa
Tsokectd  (tientpouna) (Pucynokx 4). brnarogapss TakoMy MOJAXOAYy 3HAuY€HUE
BBIXOJIHOM NIEPEMEHHON paBHO a0CIKCCE IIEHTPA TSXKECTH TIJI0IIA U, OTPAHUYEHHON

rpaduKoM KpUBOW (YHKIMHA TPUHAIICKHOCTH COOTBETCTBYIONICH BBIXOIHOM
MIEPEMEHHOI 1 HaXoAuTCs 1Mo Gopmyiie (2):



max
Vi = fmax ( ) d
min Hilx) ax
rae u;(x) — OGYHKIMS TPUHAIIEKHOCTH COOTBETCTBYIOIIETO HEUYETKOTO
MHOJKECTBA,
min ® max — TPaHUIBl yHUBEPCYMa  HEYETKHX  IEPEMCHHBIX;

y; — pe3yabTar aedazzuduxanuu.
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a center of mass =7.678571428571497

Pucynok 4 — LlenTpous
MaremaTuuyecKkue MOJeIH
TBepaoe Ten0 B MEXaHUKE — TAKOE TEJIO, B KOTOPOM B3aUMHBIE PACCTOSTHUS
MEXKJy MaTepUAIBHBIMA TOYKAMM HEU3MEHSIEMBl BHE 3aBUCHMOCTH  OT
NEHUCTBYIONUX CUJ. MarepualbHble TOYKH JOJDKHBI OBITh OOJIBIIIOTO pa3Mepa,
yTOOBI Ha WX IMOBEJCHUU HE CKA3bIBAJIOCh MEPEMEICHUE OTISIbHBIX MOJICKYN (B
JIAHHOM 3aJ1aue Mo/1 MaTepPUaJIbHBIMU TOYKaAMHU MTOJPAa3yMEBAIOTCS OT/ICJIbHBIC YACTH
paccMaTpuBaeMoro Tena).
[Tpumepamu TaKOro nepemMenieHus MOXKHO CUATATh TIOCKOTApaJIeIbHOE
JIBUKEHHUE MasgTHUKAa MakcBesia U epeBEPHYTOr0 MasATHUKA.
MastHuk MakcBesia
MasiTHuk MakcBeiia npeicTaBisieT U3 ¢e0sl OTHOPOIHBIM MAaCCUBHBIN TUCK
(4acTo METAJNIMYECKUI1), C TOHKUM CTEPKHEM KPYroBoro ceuenusi. Ero ocp
JIEP/KUTCS HA IBYX HAKPYUYCHHBIX HUTSAX K TOPU3OHTAIIBHOW OIOPE.
DYyHKIHUA HAXO0KICHUSA HOBbBIX IMOJIOKEHUI U CKOPOCTEH
JI1d aneKkBaTHOM MOJEII HY’KHO BBECTH CIEAYIOIIME YCIOBHUS:
1. HUTh HEBECOMA U HEPACTSIKUMA;

2. HET TPEHUS O BO3AYX;



3.  TpeHeOpekeHHWEe TOTEePSIMH KHHETHYECKOW DSHEPIHH BBUIY

TPEHUSI HUTH 00 OCh M MECTAX KPEIUICHHUS;

4. OCh U JUCK CJI€JIaHbl U3 OJJUHAKOBBIX MaTEPHUAIIOB.

Taxoxe BBeseM ciefyromre 0003HaueHs: M — Macca JAUCKa; My, — Macca
ocr; g = 9.80665 — yckopeHue cBOOOAHOTO MAJEHUS; @ — YCKOPEHHE JBUKEHUE
[EHTpa OCHU OTHOCUTENbHO ocu Ox (He myTaiiTe Ooch (MEXaHW4YecKas JAeTallb
MagTHUKA) U ocb OX (KOOPJMHATHAS OCb)); Ayey— YCKOPEHUE IBUKEHHE LIEHTPA
OCH OTHOCHUTEJIbHO OcH OXTOCJE YNPYroro yaapa; dg,— YCKOPEHHUE JIBUKEHUS

TOYKH Ha ocu; T — HaTsHKEHHUE HUTH; d — quaMeTp ocu; D — nuameTp AucKa r =

d D
S panuyc ocu; R = —— PajMyc TMcKa; | — MOMEHT UHEPIUU TUCKa C OChIO; [ 3;—

MOMEHT MHEPIMH IMCKA; I ,,— MOMeHT uHepimu ocu; F, = F, (t) — cuia BHEIIHUX
CWJI; W — YCKOpPEHME JIUCKA C OChIO, BBI3BAHHOI'O BHEIIHEW cuiion F,. B Hamem
caygae w = w(x, V), TO €CTh YCKOPEHHE 3aBHCHT OT IapaMeTpOB MasTHHKa. B
HalleM clly4ae YCKOpEHUE OmpenessieTcss 4Yepe3 HEYEeTKUH KOHTPOJUIep,
yhpaBisieMas KOOpAuHaTa; & — YIJOBOE YCKOpPEHHE Nucka; M — MOMEHT CuIl,
JIEUCTBYIOIMX HAa OCh; | — JJIMHBI KaXJIOM W3 JABYX HUTEH v, — BpallareiabHas
CKOPOCTh JIBUJKEHUSI TOYKU HA OCHU; W — YTJIOBasl CKOPOCTh JABUKEHUSI TOUKHU Ha
ocu; t — Bpemsi; At — miar HaOMIOIEHUH 3a JaHHBIMU MasTHUKA; T — BpeMs 0
KOTOPOTO MBI MIPOU3BOIUM YIipaBiieHue; dv,— auddepeHiman mo BpanaTeIbHON
CKOpocTH V; dw — muddepeniman no yriioBoi cKopoctu w; dt — nuddepenunan
10 BPEMEHU; X(— Ha4yaJbHOE MOJIO)KEHHE IIEHTPA JUCKA OTHOCHUTENIBbHO ocu OX.

OueBugHo, uyto | > x5 = R; Xx; — 3HauCHHUS TIOJIOKEHUs IICHTpa JHCKa

. . T
OTHOCHUTEJIbHO ocu OXB MOMEHTHI BpeMeHHu [ - At, tne i = 0, A—t; Vy— HadaJIbHas

CKOPOCTh LEHTPA NHMCKAa OTHOCUTEIBHO Ocu Oxvy = 0, TO €CTh BHAYAJIE MHCK

PACKpYyUHUBaACTCA; V; — 3HAUCHUA CKOPOCTHU LECHTpAa JUCKA OTHOCHUTCIIBHO OCHU OxB

. . T
MOMEHTHI BpeMeEHH i - At, rae i = O'E; Vnew— CKOPOCTbH JBHKEHHUE LIEHTPA OCU

OTHOCHUTEIBHO ocu Oxrocie ympyroro yaapa; v = v(t) — Tekymas CKOpOCTh

JBIKEHUS IIEHTpa JUCKa OTHOCUTENIbHO ocu Ox; x = x(t) — TeKylee MOJI0KEeHHE
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IICHTPA IMCKAa OTHOCUTENLHO ocH 0X; X{ — HWKHSIS IPaHUIla HHTEPBAIA )KeJIaeMOon
TPACKTOPHUH; X, — BEPXHsS I'PaHUIlA MHTEPBAIA XKEJIAeMOW TPAacKTOPUHU; W; —
HIDKHSISL TPAHUIA BO3MOXKHOTO YIIPaBIsSEMOro mapameTpa; W, — BEPXHsIS TpaHuUIla
BO3MOYKHOTO YIIPABIIIEMOTO MapameTpa; k — ko3P uImeHT 3aTyxanus yCKOPEHUs
Ipu ynpyroM yaape; i.,— HOMepa TaKuX HaOJIIOJEHUM, KOIr/a Ha CIEIyIoIIeM
HaOJII0JICHUH YCKOPEHUE (ACMEHHUT CBOM 3HaK; t.,— TOYHOE BpEMs, KOrja Ha
IPOMEKYTKE BpeMeHHU [iy, - At; (i, + 1) - At] yckopeHnme cMeHHWT 3HaK; e —
MUHHMMaJIbHas aMIUIMTY/1a KoJieOaHWs MasiTHUKA B HUXKHEH Touke. Eciu konebanue
MEHBIIIE 3TON BEJIMYMHBI, TO CKOPOCTh CTAHOBUTCS DPABHOW HYJIO U MasTHHUK
OCTaHABIIMBAETCS B HIKHEH TOUKE.

BriBegeM dopMyny s HaXOXIEHUS HOBBIX IMOJOXKEHUS U CKOPOCTH
MasiTHUKa Makcsesa.

3anumieM BTOpol 3akoH HproToHa B BEKTOPHOM hopme:

(m+mg)-a=m+myg) g+2T+E,. (3.1)

CnpoeunpyeM Ha och Ox:

(m+mgy) -a=Mm+mg,) - g—2T —F;

(m‘l'max)'a:(m+max)'g_2T_(m+max)'W- (3-2)

Teneps paccMOTpHUM BpalaTesIbHOE JBUKEHHUE JIMCKA, KOTOPOE MOIUYNHACTCS
YPaBHEHUIO:

M=1"-¢. (3.3)

Halinem MOMEHT cuil, IENCTBYIOIIUX HA OCh

M = Q2T + myuw — My g) - 1. (3.4)

[Tpupasnsiem (1.3) u (1.4). Iomyunm:

[-e=QT+FE,—mg.g) . (3.5

N3 ypaaenus (1.2) nmoaydum:

2T + my,,w — My,,g = mg — mw — (m + my,)a. (3.6)

Mpb1 3HaeM paBEHCTBO, CBS3BIBAIONIEE CKOPOCTh PABHOMEPHOTO JIBHXKCHUS
TOYKHU [0 OKPYKHOCTH C YTIIOBON CKOPOCTBIO:

Vy,=w-T. (3.7)
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B Hamiem ciyyae TOUKa Ha OCH JBHKETCSI HEpaBHOMEPHO, @ PABHOYCKOPEHO

(oTBET Ha Bompoc «mnoueMy» Huxe). [loatomy (1.7) 3anumem kak:

dv, =dw . (3.8)
Teneps mogenum Ha dt. [lomyanm:

dvy _ do |

e oar (3.9)
aax = g . ’r‘. (3.10)

Tenepp cpaBHUM au Ay .

Agx = Q. (3.11)
Cosmemnias (1.11) u (1.10), monyuum:

a=¢c-r; (3.12)

[Toacrasum (1.12) u (1.6) B (1.5):

mgr — mwr
a= i ; (3.13)
r + (m + max)r

BBuay Toro, 4ro Mbl cienand NPEeANoiokKeHHEe 00 OAHOPOAHOCTH OCH H
JIMCKa, TO Mbl UMEEM JIBa CIJIOUIHBIX LIUJIUHAPA: AUCK U OChb. Toraa:

I =14 + Iy (3.14)

1o u3BecTHOM (hopMyJiE IOIYUHM, YTO:

Iy = %maxrz. (3.15)

IToncraBum (1.14) u (1.15) B (1.13):

Q= mr?(g-w) (3.16)

%mR2+%maxr2+(m+max)r2'

MBI noydWsid yCKOPEHHE JMCKa MNpPU pa3MaTblBAaHUM HUTH ¢ ocu. lIpum
HAYaJIbHBIX YCJIOBUSAX Mbl MOXEM MOJIYYUTh YPABHEHUE JIBUKCHUS LICHTpA JIMCKa
OTHOCHUTENBHO ocH OX:

x(t) =xy+vy-t+05-a-t2 (3.17)

Ho a — He sABnsgeTcsS MOCTOSSHHOM BEIMYMHOW, Benb F,— ympasisroliee
BO3JICMCTBUE (3aBUCUT OT YMPABJISIONIETO YCKOPEHHUS ), 3SHAUCHUE KOTOPOTO 3aBUCUT
OT MIPEABIAYIIUX 3HAUCHUN HaOJI01aeMbIX MApaMETPOB, B 00IIEM, OT BpeMeHU. To

CCTh.
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x(t) =xo+vo-t+05-t%-a(w(t)). (3.18)
JlaHHas (GopMysa He COBCEM BEpHA, TAK KaK KOPPEKTHA MPU MOCTOSHHOM
YCKOpeHI/H/I. B CBiA3HM C TEM, 4YTO MbI HpOI/I?)BOI[I/IM HaGJ_HOI[eHI/Iﬂ n 110 HUM
ompeielsieM YIpaBIISIoIIee BO3IeHCTBIE Yepe3 PaBHbIE IPOMEKYTKH BpeMeHH At,
B OJHOM TaKOM IIPOMEXYTKE BPEMEHHM MEXIy HAONIOICHUSIMH YCKOPEHHE
IIOCTOAHHO. 3Han/IT, MOXXKHO 3aIIuCarth.
x()=x;+v; - (t—i-4t)+05-(t—i-A4t)%-alx;,v;);
Xiy1 = X; +v; - At + 0.5 - At? - a(x;, v;);
Vi1 = v + At - alxg, vy);

(3.19)
mr? - (g —w(x;,v;))

a(xi,vi) = 1 ;
5 (mR? + my,r?) + (m + my, )r?

teli-At; (i +1) - At];

Ota CUCTCMY MOJKHO MCITI0JIb30BaTb, HO HC CTOUT 3a0bIBaTh IIpO HEPABCHCTBO.

[ > x(t) > R. (3.20)

[Tpu 1OCTHIKEHUH HMOKHEH TOYKU AUCK MCIIBITACT YIPYTHUH yaap, U CKOPOCTh
CUCTCMBI Ha JAHHOM IIPOMCKYTKE BPCMCHHU CMCHHUTCA Ha IIPOTHBOIIOJIOKHOC. Ho
OHO YYTb YMCHBIIUTCA 110 a0COJIIOTHOM BEJIMYMHE B CBSI3H C HOTepeﬁ OHCPIuun:

Anew (Xi, Vi) = alx;, v;). (3.21)

Vpew = —(1 — k) - v;. (3.22)

[IycTh AJig 1aHHOTO MPOMEKYTKAa BPEMEHHU [ = i.,. B MOMEHT BpemeHH t,
HUTh IOJHOCTBIO PACKPYTHUTCS. PelnM ypaBHEHHE OTHOCHTEIBHO t.,. I[Ipu sTOM

Oy/ileM y4nuTBIBATh, YTO HUTH pacKpyduBaercs, a 3Hauut a(x;, v;) > 0,1 > x; > 0:

tg =i At +— <—vi + \/vlz —2-alx;,v;) (- xi)>. (3.23)

a(xyv;)
Torna:
Xig1 = L+ Vpey - (At —ty, + 0 At) + 0.5 (At — by, + 0 - AL)? - ey, (x5, 1);
Vi1 = Unew + (A — tey + 0 AL) - Qpew O, v1).
CwmeHa 3HaKa Npou30MIET, €CIIN:
Xipq > L (3.24)
13



[Ipu nocTrxeHNN BEPXHEN TOUKU IUCK UCOBITAET YIIPYTUU yap, YCKOPEHUE
CHUCTEMBI Ha TAHHOM MPOMEKYTKE BPEMEHU CMEHUTCS Ha TPOTHUBOIOJIOAKHOE. 371€Ch

TaK)Ke CIipaBe/INBbI Bce hopMyiibl, kKpome (1.25). Ona npumMer BUI:

ty, =14t + — —v; — \/vlz —2-alx;,v) - (L—x) ) (3.25)

a(x;v;)

Ham nyxHa Mozeinb, KoTopasi OyJeT pacCUUThIBaTh MapaMeTpbl MasiTHUKA B

. . T
MOMEHTHI BpeMeHU [ - At, rne i = O’E'

CozmaguMm  QyHKIMIO,  peaM3yIOUIyl0  JaHHYI0  TpPOIEeaAypy
(ITpmnoxenue A):
IlepeBepHyThIi (00paTHBIN) MAATHUK

[TepeBEpHYTHIN MaITHUK — YCTPONCTBO, IIPEACTABIISAIOIICE COOON MAasITHUK,
KOTOPBIM UMEET LIEHTP MACC BBIIIE CBOEH TOYKH OIOPHI, 3aKPEILNIEHHBIA Ha KOHIIE
JKECTKOTO CTEPIKHS.

Yacto TOYKa OINOpBl 3aKpEIUIAETCS HA TEJEXKKE, KOTOpask MOXKET
NepeMEIaThCs MO TOPU30HTAIN. B TO BpeMsl Kak HOpMaJlbHbIN MasiTHUK YCTOMYMBO
BUCUT BHHU3, OOpaTHBIM MAasATHUK IO CBOEH MPUPOAE HEYCTOWUMBBIA M JOJIKEH
IOCTOSIHHO OaJlaHCUPOBATHCS YTOOBI OCTABATHCS B BEPTUKAIBHOM IOJIOKEHUH, C
NOMOIIBI0 MEPEMENIEHU TOYKH ONOpPhl MO ropu3oHTamu. IIpocrenmmum
JEMOHCTPALIMOHHBIM MPUMEPOM MOXKET SIBJISTHCSA OalaHCMPOBKA KapaHAalla Ha
KOHIIE MaJIbLa.

DyHKIHUA HAXO0KACHHS HOBBIX YIJIOB U CKOpOCTei

Jl1s1 peleHus 3a1a4n BBEIEM CIIECAYIOIUE YCIOBUS!

1. orcyTCTBYeT cuiia TpeHUS;
2. Macchl MASITHUKA U TEJIEKKH COCPEAOTOUCHBIL;
3. OTCYTCTBYET COMPOTUBIIEHUE CPEIbI.

Tak>xe BBeseM cieayromre 0003Ha4eH s, KOTOPbIE BIOCIEACTBUU OyIeM
MCIOJIB30BaTh: M — Macca rpysa; M — macca Tenexku; [ — JIJIMHa KEeCTKOro
CTEpkHs; 8 — yroJl OTKJIIOHEHHUSI MasiTHUKA; X — TIOJIOKEHUE TEJIEKKH; F — cuia,

JNEUCTBYIOIIAsA HA CUCTEMY; T — KMHETUYECKAsl IHEPT U CUCTEMBI; V' —
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NOTEHIUAJIbHAS SHEPTUSI CUCTEMBI; L — JarpaHKuaH CTaHAAPTHOW MEXaHUKHU; Vq
— CKOPOCTbH TEJICKKH, V; — CKOPOCTh TOUEYHOTO Tpy3a Macchl m; g = 9.80665
— YCKOpEeHHE CBOOOHOTO MaACHUS.

BreiBenem (opmyny s HaxOKIIEHUS HOBBIX TIOJIOKEHHUS U CKOPOCTH
MasiTHMKa Makcsesia.

bynewm ncnonb3oBarh Takoi Jlarpamkuan cucremsr (2.1):

L=T-V (4.1)
3anuieM ypaBHEHHE CUCTEMBI (2.2):
Mvi Mv?

L= 21+ Zz—mglcose (4.2)

Bripaszum v; u v, uepes x(t), 3Has1, YTO CKOPOCTh €CTh MEpBasi MPOU3BOIHAS

MOJIOXKEHUS TeNeXKH (2.3):

1712 = 3'612
4.3
g P 2 (4.3)
2= | )+ ()
dt(x — Lsin 9) dt(l cos 6)
YHpocTuM BeIpaskeHHe TSt UV, (2.4):
v2 = %% — 21%6 cos 0 + 1?62 (4.4)

[ToncrtaBum (2.4) B (2.2), TOrka MOJY4YMM JIarpaHXUaH CIEIYIOUUN

narpamxuan (2.5):

(M + m)x? . ml?6?
L= ————— mlx0cosO + —mglcos
2 2 (4.5)

VYpaBHEHHSI JBUKEHHUSI COTJIACHO YpPaBHEHMIO Juiiepa-Jlarpanka BBITISIAT

TakuM oopazom (2.6, 2.7):

ddl_dL_

dtdx  dx (4.6)
ddL _dl_ 4.7)
dtdg  do

Ecnu B ypaBHenus (2.6) u (2.7) moacraButh (2.5), a 3aTeM NPOBECTHU
npeoOpa3oBaHusl, MOXHO TMOJYYUTh YypaBHEHUS, OMUCHIBAIOIINE JIBUKEHUE

NepeBEPHYTOro MasiTHuKa (2.8, 2.9):
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(M + m)¥ — ml6 cos 6 + ml6?sinf = F (4.8)
16 — gsin@ = xcos6 (4.9)
Coznaaum QyHKIHIO, peau3yIoniyto nanayto mnpouenypy ([Ipuinoxenue b).
Bb16op MeToaa 1100a1bHOM ONTUMH3ALMH

Ha ocHoBanuu pa6ot [2, 3] ObLJIO IPOBEACHO MCCACIOBAHUE U COCTABJICHA
obmiast Tabnuia, oToOpaxarmy p(PEKTUBHOCTh PA3IMUYHBIX METOJOB IMPHU HUX
IPUMEHEHUHU K KOHKPETHBIM 33jja4aM. BBIUMCINM CpeIHUN paHT KaKJ0ro METo/a.
B nanHOM ciydae ObUTM TIPOAHATU3UPOBAIM PE3YJIBTATHl HCIIOJIH30BAHUS METOJIOB
ONTUMH3AIMA B PA3MYHBIX 3aJadax, MPHCBAaUBas KaXJIOMy METOIY YCIOBHOE
MecTO (TIe TIepBOe MECTO 03HAYAET, YTO METO/ JIyUIlle BCEX CIPABUIICS C 3a/1aueH,
a TIOCJIETHEE MECTO — XYK€ BCEX, MPOYECPK — HE CIPABUJICS IO TEM I HHBIM
npuunHaMm). Takke B TaOmuIle MPUBEACH CPEAHHUN PaHT MPUMEHEHHS KaXKIOTO
Merona K pasznuuHbiM 3agadam ([Ipunoxenue B). Bce paccmMoTpeHHBIE METOABI
o0nagaroT OOMMMU XapaKTePUCTUKAMU: OHHU SIBIISIIOTCS METOJaMHu TI00albHON
ONTUMH3ALUUA (32 HCKIIOYEHHEM JCTEPMHUHUPOBAHHBIX METOJOB) U HMMEIOT
BO3MOXHOCTh COUTHUCH K IJ100aJTbHOMY ONTUMYMY.

[Tpon3BOAUTEIIBHOCTh BCEX AJITOPUTMOB, KOTOPBIE HIIYT JKCTPEMYM
(GYHKIIMM KadyecTBa, OJIMHAKOBA, €CITH YCPETHUTH PE3yJIbTAThI 10 BCEM BO3MOHBIM
byHKIHUSIM KadecTBa. To eCTh, Ha BCEX 3adadax HEIb3sS BBIICIUTH CaMBIH
3¢ (eKTUBHBI METOJ OonTHUMHU3aNMH. [IpakTHYecKoe 3HAYEHHWE 3TOH TEOPEMBI
3aKJTIOYACTCS B TOM, YTO HE CYIIECTBYET YHHMBEPCAJIBHOTO PEIICHHS I BCEX
CUTYyaI¥il, ¥ yCIeX ONMTHUMH3AIMOHHOTO METO/Aa B OJJHOW 00JaCTH HE TapaHTUPYET
€ro ycrex B Apyroi 00JacTi. ITO 03HAYAET, UTO IS KKI0WM KOHKPETHON 00J1acTH
HEOOXOJMMO TIPOBOAUTH HWCCIAEAOBAHUS M BHIOMPATh TOIXOMAIIUNA METO
ontumuzanuu. OnHako, Tabnuna B.1 moka3piBaeT, 4To TeHETHYECKUE aITOPUTMbI
IPUMEHSIOTCS ¢ OOJBIIMM yCIEXOM B IIMPOKOM Juamna3zoHe 3aaad. Bumy storo
OBLJIO TPHUHATO pEUICHUE peaqu30BaTh W MNPUMEHUTh MOJIU(DUIIMPOBAHHBIN

TEHETUYECKUH aJrOpUTM JJIsl HACTPOMKU 0a3 mpaBul.
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Heckron-npuiioxenue «Fuzzy Controllers»

Jlist neMoOHCTpanuu TpojeiIaHHOM paboThl ObUIO pa3pabOTaHO JECKTOIN-

IMPUIIOKCHUC C HH)KGHGpG‘IHCJIGHHOﬁ (i)YHKIII/IOHaJIBHOCTLIO: BI)I60p MasjaTHHKA,

aHUMallMs JBUKEHHS; POCMOTP UCIONIb3yeMOM 0a3bl MpaBuil; coXpaHeHue 0a3bl

npaBui B TEKCTOBBIA (ailil; OTKpbITHE 0a3bl MpaBUJ U3 TEKCTOBOro (haiina;

0TOOpakeHHE MapaMeTPOB CUCTEMBI (Macca, HadaJlbHble KOOPAMHATHI, TPAHUILIbI) U

BO3MOXHOCTb UX MEHSTh; IPOCMOTP IPaPUKOB.

CKpHHILIOTHI PUIIOKEHUS TPOIEMOHCTPUPOBAHBI B TPUIIOKEHHUH [

Pe3yJbTaThl M 00CYXKIEHUS

bes ympaBastommx BO3AEHCTBUN TrpaUKH 3aBUCHUMOCTH  MOJOKEHHM

M3y4aeMbIX MasTHUKOBBIX CUCTEM OT BPEMEHHU OyayT BhITIsAETh Tak (PucyHok 5):

05
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0.z

01

0.0

0

1000

2000
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4000

5000

6000

0 50 100 150 200 250 300 350 400

Pucynoxk 5 — I'paduk 3aTyxarmux Koiedanuii MasTHIKa MakcBeia u

00paTHOr0 MasiTHUKA

HeueTkne KOHTpOJUJIEpHI CMOIJIM TPUBECTH CHUCTEMBl B HEOOXOIUMBIE

COCTOAHUA, TCM CaMbIM MAasATHHUK Makcaenna YACPKUBACTCA B 3aIAHHBIX I'PAHUIAX,

a MepeBePHYTHIM MAsSTHUK HaxoauTcs B Oanance (PucyHok 6).
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Pucynok 6 — I'paduk 3aBUCHMOCTH TOJIOKEHHS MasiTHUKAa MakcBesuia u

00paTHOro MasiTHUKA OT BPEMEHHU ¢ pabOTOM HEUETKOTO KOHTPOJLIepa
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U3 pucyHka 6 MOKHO CKa3aTh, UTO MaITHUK MakcBelia IEpKUTCS B OTPE3KE
[1.15;3.85]. B cBoro ouepenp oOpaTHBIH MasTHHK B pe3yjibTaTe OaJaHCHUPOBKH
OCTaHOBHWJICS B TOUKE «OKOJI0 0»

Pazpaborannas cucrema Obuia mpoBepeHa Ha 3ddekTuBHOCTh. Ha neBom

rpaduke pucynka 15 X0 = 0.3, a na npaBom — X0 = 0.4,

0.5 05

0.4 0.41

03 0.3+

0.2 02

0.1
0.1+

0.0

0.0+

o 2000 4000 6000 goao 10000 0 1oo0 2000 3000 4000 5000 6000

Pucynok 7 — I'paduk npu paboTe HEYETKOTO KOHTPOJUIepa

MOXHO 3aMEeTUTh, YTO BHE 3aBUCUMOCTH OT HAYAJIBHOW KOOPJIMHATHI
HEYETKUM KOHTPOJUIEp CMOTI II0JaBaThb TAaKWE YIIPABILIIOLIME BO3JACHCTBUSA HA
MasiTHUK MakcBeinsa, 4ToObl OH HaXOAWICS B 3aJJaHHBIX IPAHULAX, YTO TOBOPUT O
KOPPEKTHOM padore.

C nomompbio MOAU(PHUIMPOBAHHOIO TE€HETUYECKOTO aIrOpuTMa YIalloCh
COCTaBUTh HECKOJIBKO 0a3 MpaBUJI 1JIsl YIPABIICHUS HECTAlMOHAPHBIMUA CUCTEMAMU.
[Ipumep ogHoM U3 HUX npencrasieH B [lpunoxenun /1.

Ha nanHbIi MOMEHT aBTOp 3aHUMAETCs CO3/laHMEeM (PU3UYECKUX MOJENeH
MasiTHUKOB, YTOOBI MPOBEPUTH PEJIEBAHTHOCTh pPa3pa0OTaHHBIX HEYETKHUX
KOHTPOJUIEPOB Ha PEAJbHBIX MOJEIISIX, MpecTaBiieHo B [Ipumoxennn E.

BriBoabI

B xozxe nponenaHHoi pabOThI aBTOPY yAAJIOCh PEATM30BATh KOHTPOJUIEPHI,
paboTatoiye Ha HEYETKOH JIOTHKE, CHOCOOHBIE YMPaBIATh JUHAMUYECKUMU
CUCTEMaMM; Hamucarb MOJM(UIHMPOBAHHYIO BEPCHUIO T'€HETUYECKOTO ajiropuTMa
Ul HAcTpoiiku 0a3 mpaBuil; co34aTh  BEO-IIPUIIOKEHUE, B  KOTOPOM
IPOJAEMOHCTPUPOBAHbl PE3YJIbTAThl MCCIEAOBAHUS; MPOBEPUTh pazpabOoTaHHbIE

cucteMbl Ha 3PHEeKTUBHOCTb.
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B pesynbrare ucciieioBaHUs U MOJIETMPOBAHUS IOBEACHUS MAITHUKOB OBLIO
MOKa3aHO, YTO NPUMEHEHHE HEYETKUX KOHTPOJUIEPOB 3HAUYMUTEIHLHO IOBBIIIAET
YCTOMUYHUBOCTh CUCTEM YIIPABJICHUS B YCIOBUSIX IEPEMEHHON JTUHAMUKHU.

beimn monydeHsl SKCIEpUMEHTAIbHBIC JIaHHBIC, TMOATBEpIKIaromume Oosee
OBICTPOE M TOYHOE CTAOMIM3UPOBAHME CHUCTEMBI IPH HCIIOJB30BAHUU HEYETKHUX
KOHTPOJLJIEPOB.

Takum  oOpa3oM, HCCl€IOBaHUE JIEMOHCTPUPYET MEPCHEKTUBHOCTh
NPUMEHEHUSI  HEYETKUX  KOHTPOJUIEPOB  JJIsi  YIPABJICHUS  CIOXXHBIMHU

AUHAMUYCCKHUMH CUCTCMAMH B HCCTATMOHAPHLBIX YCIIOBUAX.
Cnmcok ucnoJib3yeMoii JInTepaTypbl
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fuzzyTECH. — CI16.: BXB IlerepOypr, 2005. — 736 c.: u.

19



Ipuioxenus

Ipuioxkenue A

def f(x, v, w):
a=(m*xrx*xrx*x (g
if (x == R and v < 8) or (x == L and v > 08):

= -v *x (1 - K)

X_new = X + v * dt + 0.5 % dt **x 2 * a

v_new = v + a * dt

v =

if x_new > 1:
Xx_new = 1
if x_new < R:
Xx_new = R

return x_new, v_new

-w)) / (0.5 x (m* R * R + maxis * r * r) + (m + maxis) * r * pr)

Pucynok A — ®DyHKIUA HAXOXKAEHUS HOBBIX TOJIOXKEHHUSI U CKOPOCTH

MasTHHUKaA

Hpuaoxenue b

def inverted_pendulum(th, v):
diff(v)
diff(th)

a =
rot_a =

f=(M+m) »a) - (m=*71=*diff(rot_a)) + (m * 1 * rot_a ** 2 * sin(th))

return f

Pucynok b — OyHKIMA HAX0XKICHUS YIPABIISIONMIENA CUITBI

Hpuiaoxenue B

3agava 3a dyH OnTtum OyH Cpe
— mada O | KIus u3anus rpada | kuus royal | 1Hee

Meton | prok3ake | bump road

Wmurarnn 4 4 3 4 3,7
Ysl OT>KUTa 3)

I'enetnu 1 1 2 1 1,2
€CKUI 3)
ITOPUTM

DBOJIIOIL] — 2 — 3 2,2
MOHHOE 5
IPOTrPaMMHUPOB
aHue
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IBOJTIOL]
HOHHBIE

CTpaTeruu

2,2

Meton

BETBEU U

TPaHUIL

3,0

Tabmuma B.1 — CpaBHeHHE alrOpUTMOB TJIOOQTBHON ONTHMH3AITAN

Hpunoxenue I'

FUZZY 7
CONTROLLERS

°€ [dHHbie

=MNapamMeTpbl MAATHUKG =MNapameTpsl reH. anropi

W Mart. mogens

& Basa npasun

ke Mpaduku

CoxpaHuTe

Pucynok I'.1 — Jleckron-npunosxkenue. Bkianka «/laHHbie» MasTHUKA

Makcseiuia
uzZZY MepeBepHyTHI ~
CONTROLLERS
°§ [daHHble
W Mar. mopens HabniopaeMbie NnapameTps!
& Basa npasun . 8=5pan v =0,05m/lc
k2 padukm

Ynpasnate

Ynpaensiouiee Bo3aencTeme

Pucynok I'.2 — Jleckron-npunoxenue. Bxiagka «Mat. Mosienb»

MEPEBEPHYTOI0 MasTHUKA
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FUZZY

CONTROLLERS

°g MaHHble

7Yﬂpmenmou4ee BO30EeVCTBU

w = 20.4084316980775 m/c?

Pucynok I'.3 — Jleckron-npunoxenue. Bknagka «Mat. MOJieby

Hpuniaoxenue

MasgTHUKa Makcseiuia

[lpaBuna/ |al |bl |cl di a2 b2 c2 |d2 a3 [b3 |c3 d3

Yucna

[TpaBuno 1 | 0,09 | 0,14 | 0,156 | 0,175 0,28 (0,35 |0,46|0,62 |6 |9,55 |13,55]16,35

[MpaBuno 2 | 0,27 0,320,336 | 0,355 |-0,09 |-0,2 |0,09(0,25 |1 |17,5 [21,55 24,35
4

[TpaBuno 3 | 0,01 |0,06 | 0,076 | 0,095 0,28 (0,35 |0,46|0,62 |6 |9,55 |13,55]16,35

[TpaBuno 4 | 0,48 0,530,546 0,565 (0,73 |0,8 091|107 |2 |23,5 [27,55]30,35
0

[MpaBuno 5 | 0,27 |0,32 | 0,336 | 0,355 | -0,09 (-0,02 | 0,09 0,25 |2 |23,5 |27,55]|30,35
0

Ta6auua JI — baza npaBuin
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Ipunoxenne E

00 90 4% % a4y N
00 93 3 m

00
00

Pucynok E.2 — ®usnueckas monenp MasTHHKa MakcBeria
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