





KEZAAAIO 1

ErEArors

1.1. Ileprypegi] Tov cvetipatog oouipag-pafdov

Zxondg avTol TOV KeQUAion givor T TEPLYPRYPT] TOV CLOTAUATOC E TO OTOlo
0 aoxoAnBoidpue koBdhg xar n nopovcioon tev Pucikdv Bomtay tov.

To cbomua mov Swmpaypatevdpoocte oe ot ™ SmAeueTIK epyacic
amoteleiton and pie opoyevi péBdo xou i opoyevi spaipa. H paBdog ompitetar oe
gvav KaTaxdpugo dEova mov Ppicketal oo HEGO auTG Ko pmopei vo MEPICTPEPETOL
Yop® omd ovtév. H mepiorpoon ™mg pafidov, N omoie emrvyydverar péow £vog
KomTipa ouvexolg pevpatog (DC-motor), kéver ™ oeaipa vo olMofaivel kotd To
KOG autig.

H povielomoinom avtod tov guoikod cvotipatog Ba yiver pe Ty xpfiom e
nedddov Lagrange [1], n omoio. ypnowonotst TIG EVEPYEIEG TOV GUGTANOTOS YIE TNV
€0pE0T| TNG HAONUOTIKAG TOV TEPTYpaQTC.

1.2. Movtelomoinon

Apyikd 6o kévouue pia meprypog e nebddov Lagrange, pe m ypfion s
omoiag Ba mepLyphyoupe Tig sEichosic KiVIoNg T0V GUCTARNTAS pag.

1.2.1. Mé6odog Lagrange

Apywcd Ba wpénel v oproBoiv Ghec ot TBaVESG KWVAGEIG TOV CLGTARATOS 0rd
T1G EAEUBEPES GUVTETOYPEVEC

x,i=L..,k (1.1)

ZTNV TEPINTOOT] OV VIAPLOVY YEMUETPIKOL N Kwnuatikol chvdeopol oe v
HNFOVIKG GOOTNUO, 0 apIBUGE TMV CUVTETRYIEVEY & IOV armonteiton YL TNV TEPLYPOLOT)
G KINONG HEIDVETUL KOTd, 6, OV BVTIoTOLYKE GTOV apBpd tov cuvinkdv wov
oxetiCovron pe Toug e€avaykaopovs. O CUVIETOYHEVEG OV GTOpéVouY opilovTon wg
YEVIKEVUEVEG CUVTETOYUEVEG

qjs j = 1!‘“5f
(1.2)

omov f eivan 0 Babpog eheudepiog Tov CUOTIHHOTOG.

‘Etot o1 £ edevfepeg cuvietaypévec x; HZOPOVY V& YPaPosV (G CUVUPTAGEIS
TOV [ YEVIKEDUEVOV GUVTETAYPEVDV g 0O
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%=X (G5 G sy i= 1,k (1.3)

omov 10 £ Seiyvel tnv enidpaon tov ¥povou.
Me dheg avtég Tig aveldprireg Hetafiolés umopovv va opioTovy o

§gl,...,5qf .
(1.4)

Emedn o Swevoopato 8éone » ebaptdvion and Tig YEVIKEDPEVEG
CUVIETOYUEVES g, , 1] TPOLYHOTIKY enidpoon pog eEmtepucic &ovapme meprypdostat
0¢:

s . Or 7
W = For = L 5% =209, (1.5)
i

omov O, eivar ot yevikevpéveg Suovapeg,

To @, etvan Svapn 6tav 1o ¢ j EWaLUmOOTOOT Ko 6Ty T0 @, mEptypdpe
pom, 10 g, &tvon yavia. Oleg ot Suvipelg kan ot portée mov dpovv 610 cUoT
TPEREL VoL GLUREPIATPBOUY oTo O |, 5 0KOpe, Ko o1 SUVGLE Tov EAooTIKGY

ouveéoumv.

Tomucég Suvapeg ehootucdy ouvBEcp@Y, 6TmG 01 SuVELEIC Tov YPUUMIKOD
ehatnpiov, 1) ot Suvéper ¢ Suvapuxc ypdeovrol wg:

omov ¥ sivar ) Suvapuch tov Suvipemy Tov ehaoTikdy CUVIEC OV,
H ouvéptnom Lagrange opiletor ac ( Clidner » Holzweissing 1989):
L=T-V (1.7)

omov T, ¥V eivon m oliki KT kol duvopukn) evépyew tov GUGTTLOTOG,
ovTioTOLYO.

Or e&iooeig Lagrange Ssutépov tomov Sivovial omd v oyéon:

d| oL | oL =
~ | = |-==0 1.8
dt[acjjJ aq, g (1.8)
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6mov O ;. &lvaw ov yevikevpéveg duvipe. Otav 1o Qj TEPEXEL U] GUVTTPITIKES
Suvapetg - Snhadh Svvipe TPV ~ yeyovdg mov peidver Ty evépygia oL
CUOTIUATOG KUTd TNV Sidipkewn Tng kiviionc, To Qj umopei va meprypagei wg:

0,=0/ -+ 1.9
/ J S qj

omov

Y . movvépmon Rayleigh

QJ.’ D OLYEVIKEVPEVEG GUVTNPNTIKEG SLVESIS TNG duva ki,

1.2.2. Eépeon Tov pabnpotikod povrélov

ZTny nepinton pog o1 eevdepsc OLVIETQYLEVEG Eival OTTwG PoiveTL 6T
yfpa 1.1 ovx’, y', y, a, xon ouvendg o aptipds Twv eledBepay cuvteTaypivey &
givar 4.

Emewdi) dpwg  kivion tov kdbe péhoug tov GVOTHMATOG Bev sivan aveEdptnm
76 Ty Kkivnom tov voAoinwy peAdv, o aptd HOG TOV GUVTETRYHEVGVY k TOL
UROLTELTOL Y10, TNV TEPLYPOPT) TNG KIVI|OTC HELOVETOL KOG, g, 0 0moiog avTIoTOLYEL
otov opBpd Tav cuvlnkdv 7ov oygtifovion pe T0VG EEAVOYKaTLOvG.

O pnyavucds Budpdg shevbepiog tov oLGTANATOG ouipac-paBdov TpokimTaL
chppave pe Tovg Goldner ko Holzweissig (1989), pewdvovrog tig TE00EpIg MOavig
Kwioel o€ f=2. Etot o1 yevikeupéveg CUVTETAYUEVEG givar téoaepig (k =4) kot o
ap1OUoG TMV CUVIETAYUEVHY oV oyeTilovTaL e Toug ebovarykoopols etval o =k-f=2.

Ipjpe L1:Zietpe spaipuc-pafsov
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Téte o1 §vo gdedBepec OUVTETUYUEVES PTOPOTHY VKL YPOpoDy GG CLYVOPTHOELS
TOV 500 YEVIKEVUEVOV COVIETAYUEVGY g g

x'=ry  wu  y'=agf (1.10)

‘Eto1 1 Suvapui cupnepipopd ™G CQuipag mpémet vo TEpLYpopei wc TPOG Ve
uetofarddpsvo oboTnuo, avapopds x ',y Kt g Tpog éva otafepo cuoTne
cuvtetoylEvav & ¢ (adpaveinkd coamua guvtetaypévarv), dnwg Qaivetul oto
Zyfpe 1.2,

Zine 1.2:Kabopropds Tov Srvboparog Ofeng g cgaipag

Asgdopévov tng dmapEng asnTipov uétpnong mg Béong e opaipug x” Ko
mG Yaviag tng péBdov a, yio tov sheyk KATAOTOoTG ERAEYOVTOL O1 aKOAOVBEG
petaforée:

6g,=0x"' petaPoln g Béomg Trg opaipog

(1.11)
6q, =da  petafoln g yoviag e papdov

Kwnruch evépyaia tov suotiuatoc

H xwntuc evépyeio T Sivetan omd o GBpotopa g kviTuci evépyetog g
ogaipag Tp ko Tng KivnTiKig evépyeiae ™™g pépdov 7). 'Etor

T=T,+T, (1.12)

onov
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1 1
T,==mv} + <=L’ (1.13)
2 2
e —
dpocans 6006 aRo
HETQPOPIK  TEMOTPOPIRY
wivaon xivion
Kl
| S
T, =51w0 (1.14)

H taydmre g oguipag vs xabhg ke yoviekd e ToxTTe Wy TPEMEL VXL
oploloby mg cuvapTioels TV YeVIKEVUEVeY cuvtstaypévay. To Zyflua 1.2 deiyver

Oheg 116 petafAnTég o xperiioviot yio Ty ebpeot TG oxéong G TodTNTOG Vs pE
0 adpavewkd cvotnpe & . H aydon mov Siver myv v, (Hagedorn 1990, Hering
u.a.1992) givan

v=y' +axr, (1.15)

Me faon to Sidvooun Oéomg r, =[x' #]" ognpog t0 oyeTKd cvoTnue. x 'y’

KoL pe v’ = a%;_ =[*' 0]" mpoximTel Omd v ebiowon (1.15)  oyéon

4 ' 0] x| x'-ar
Llol+lofx]rl=| xa |. (1.16)
dt )
0 al 1o 0
"Etoun taydmre g opaipag Siveron ond v oygon
v =3%%+2%" ar+(ar) +(x'a)’ (1.17)

‘Bvag evardaxtikdg kabopiopds tov v,” Siveton omd Tig Sto Spopikéc Tmv
KOPTECIOVAV SUVIETOYHEVOVY TOV KEVTPOU TG TORIPAG (G TPOG TO ASPAVELNKS
ovoTNL

£ =-§;(x'cos(a)—rsin(a)) (1.18)

Z =%(x'sin(a)+rcos(a)) (1.19)

TN Tov 7pocd10pLopd g yoviakg TaybTTag @) Tpémst va. Angdei v’ oy
OTL IPOKVTTEL UTO TNV MEPIOTPOPT] TG TPOIPAG KOLL OIS TNV TEPIGTPOPT| TG papdov.

Fevikd, 1 yovioxn togdmte. @ evog péAOVG evdg cUSTIHOTOS Tov
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mepthapfdver 0o perafodds yoviag dg xu d¢, Sivetoar chpemva pe tov Frik
(19%94) a6 ™ oyéon @ =w, + @5 ."Eto1 ) yovickd toydtnta e opaipog Ba sivar

@, =y+a="tq (1.20)
¥

Ewdryovrag Tig oyéoeig (1.17) ke (1 20} ot (1.12) mpoxdnzerL ny KN TIKT
EVEPTEIR (G POG TiG YEVIKEVUEVEG GUVTETRYIEVEC

T:—;-[de2+m(5c'2 ar+ar’ +x7 a*)+1, (imD (1.21)
r

Avvouuc evépyelo Tov cuoth HETOC

H dvvapuxi svépyeia tov ovorth Haog vrodoyiler and Tovg axdAcvbouc
SLVINPNTIKOYE dpovg:

1. ) Suvopikn evépyeio g opaipac wov sive: (8ec Zyfpa 1.3)
V, =—mgy, = mgx'sin(a) (1.22)
2. ™ Suvapukt] evépyewn Tov hatnpiov mov siva:

1 a1
V,= EKAy 2 =—2—K82a2 (1.23)

Apa

V=V, +V, =mgx'sin(a) +%Kﬁ2a2 (1.24)
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Zyiee 1. 3:H dvvapwy svipyaa M5 opaipog

Mn cuvinpnrikéc Suvdueic Tou GLOTHLOTOC

H pévn pn svvenprruch Sdvapn tov CUGTNROTOG givon 1) Ypoppuc] Tpiph
ohicbnomg F, = bl ."Eroun Hn-cvvmpnrikh Rayleigh cuvépmon diveton ané my

Y= —;—bfzdz (1.25)

Tvapifovtag thpo v eticoon Lagrange (1.8), o1 sficdosig Kivnomng tov
HIXQVIKOD GUCTIUATOS OV TPOKDBITOLY nopayeyiCoviag og wpog Tig YEVIKEVpEVEG
CUVTETAYLEVES KOIL (0G TPOG TOV XPAVO Eivet ot aKkélovleg [2]:

(m+£’2’—]5c'+(mr2+Ib)—1—éi—mxd2+mgsin(a)=0 (1.26)
I4 ¥

(tm'cz +1, +]w)a+(2mix+bfz)c'z+k€2a+(mrz +]b)%55 (1.27)
+mgxcos(a)=u(t)fCOS(a)

1.2.3. Ilapéperpor Tov cueTiudrog

Zrov wivaxa 1.1 BAémovpe dheg Tic PUCIKES TUPAUETPOVG TOV CLCTHMOTOC
couipug-pdféou,
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m Mélo spaipog b ouvtedeoTh  tpifific  Tov
ENXOVIKDV LepdY

g otabepd Papimrag K otabepd ghatnpiov

r aktive opaipag ( andoTaon and to | £ amdoTAcT  epapuolopevng
KEVIPO TG GPaipag wg v Sbvaung
empaveln, g pafsov )

I Porit adpoveing cpaipag 2, aKtive pafdov

Ly Pomi adpaveiog paBdou u(t) gicodog

M | Méla paBdov

Ilivakag 1.1.ITapapeTpor Tov SLGTROTOG

1.3. IlpooeyyieTikd povréio
1.3.1. Avogopikég sEisdoeig kivnong

Ene1dn o vn6 pehém cdompo TopovotdCel peydho Pudbpd Suskorag Adym
g dnap&ng eEumpetind pun ypappikdy dpav, O KAVOULRE KAMOIEG OTTAOTIOOEL oTIg
(PUGIKES TapaUETPOVG, 0L Onoteg dpag S Ba cAAoIhToVY ONHOVTIKG TO TPUYURTIKO
HOVTEAD.

Bewpodpe ooy dT1 1 coaipe sivon on pewkn) dniadn i axtive » Go sivor
HM3EY ko Gpa Kot 1 port adpoveiog ™S a¢aipag B givor pndevixn. Eniomne fa
Bempricovpe 6117 gisodog 1 onoia epapuoCetar otm paBdo Sev eivar Sdvapn, oAAé,
pie: poref] Tm ozl spoppéteton 0o KévTpo ™s pafidov. Quowotikd Bewpoipe 671 0
KumTipog Bpioketal otov kataxépueo GEovo, mov TEPVAEL o 10 PEGO TG paPdov.
At 1 vmdOeon Sev améyet moAD amd Ty RPOYMOTIKOTNTO. Kot B eEnyfioovpe Tov
70Y0 OUEGHOE TOPUKETO.

Onag oe 6ha oxed6v To. uyavicd oVeTHpATE ETOL KAl 0T0 B1K6 pog 1) eloodog
TPOKOAEITOL o KGmow MAekTpuch pnxavi). ITo  cvyxexpiuéve vrbpyst évag
Kwnpog otov onoio epapuéletar wio TAOT HE OmOTEAECA VO REPLOTPEQETEL O
poTopag Kar Gpo, kot i aduside, 1 onoin cuvdéeton pe ™ pafido . Znv empdvein Tov
poTopu umapyOLY Ypovdlie oTo. onoio yavitdveror 1 advoido kobde MeEPIGTpéPeTal,
Av mo mopadertypo o péropug nepoTpopel  avbopoloyakd TOTE OLOOOTLKG,
epappoteton pio Shvapm F 610 apiotepé éxpo g papsov HE QOpO, TPOG TO. KATEH Kot
pio Sovapn -F oto Seki dkpo pe gopd TPOG T0. WAV HE amoTédecpa n pafdoc vo
avepaiver mpog o mive. OvowoTikd cuTéc ot 560 duvperg 1ooduvapody pe pio porh
OV eQapudletar oto kévipo g péPdov, 1 onoie Kow TNV TEPICTPEQPEL.

Eipacte Aowmdv tdpa og 6éom va TRPOVCIAGOVLE TO HOVTEAD TOU CUGTHHOTOG
ue o omoio B aoyoindodype.

O1 dwgpopicés ebwhoelg mov TEPLYPAPOVY TV Kivion g oPaipag kot g
pafBdov aviictovye eivar:
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mi +mgsin(a)—mxa® =0 (1.28)
(mx? +1, ) i+ 2mxic + mgx cos(a) = 7 (1) (1.29)

1.3.2. Tleprypagij 6Tov ydpo KuTheTacnc

. . . . . T
OpiCovpe dt1 0 Sdvuopa katdotoong eivor o x = [xl X, X xd] , Omou:

X =x m Béon g opaipog

X, =% 7 oxdte mg oeaipac

X =a myovia mg pdfdov

Xy =4 M yovk TovTTe. g pépdov

‘Eto1 01 kateotatikés e€iodoeic Ba sivol:

H =X,
%, =xx, - gsin(x,)
i =x (1.30)
i —2mx,x,%, — mgx, cos(x;)+7(¢)
L =

(mxf +Iw)

Onog napuampodpe 1o pobnpotid poveého (1 .30) mov meprypdper o
oOOTNHE pog ivot un ypappikd, kabdg vrdpyovy un ypopkoi dpot 6mmg ot
x, sin(x;), cos(x,), x. Emmhéov o técoepic Kataotdoeis eivan sEapnuévec Kot

be pmopodue v i Swympicovpe (v mopéderyua x,x,%, —2mxx,x,, mgx, cos(x;)).

1.3.3. I'pappukonoinen tov poviélov

Mio mpdn npocéyyion o npoondbeio ctabeponoinomg Tov ev Adya
CUGTANOTOG, sivail 1) eQappoyh tng Bsapiag ehéyyou YPOUMIKOY cuoTuaT®V. o 1o
AOY0 VTG KPivOUIE GKOTIO V& YPOLLIKOTOWG0 HE TO pn-ypoppiko poviého (1.30).
H ypappucomoinom, soppave pe m Beapia, yivetu YOp® and 0 onpeio wopponiog
TOV CUCTHHOTOS, 67 O TUPOVGILTOVIE TAPAKATR.

Ag Bpolue Aomov Thpa TNV Ypeuk TPOCEYYIGN TOV HOVTEAOL, T) omtoia Hu
HoG ShOEL KEMO0L TPHTE, YUPAKTNPISTIK Y10 TO GOGTNLC.

H ypaypkonoinom 8a yivel yopm and o onpsio mov Beloupe va.
’ - ’ T
o10.0epono|coVpE T0 choTua, SNAaSH 1O X, = [0 0 0 0] Koy 7, =0.
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To ypoppicomompévo poviého 8o sivar g Hopeig

%= dx+Br (131)
omov A= —Ez xxt B= i , Omov (1.32)
ox ot or oo
_ . -
x,x,> — gsin (%)
f= %, . (1.33)
=2mx,x, %, —mgx, cos(x, }+7(¢)
(mxl2 +Iw) |

Metd, amd xamo10vg VROAOYICHOVE TPOKDATEL:

0 1 0 0 0]
0 0 —g 0 0
A= 0 0 0 I|xa:t B=|0 (1.34)
-2 g 0 0 1
L I“’ . _IW._

O Wotyég tov 4 giva:

A =-328
Ay =%3,28i (1.35)
A,=3.28

ITpogaves to ypuppixorompuivo cootpe gival a.otadéc, wpod VA PYEL
10T pe Betied Tpoypatikd pépog.

N ve propotpe vo tomobeTcoupe 115 1810TIpsg Tov CUCTILOTOG OTO opein
mov embopodue, chupve pe T Bempio EAEy oV YpopLLcdY CUATNUATOV, KOVT] Kot
ovaykeio cuvBikn eival to chotnpe pug vo sivon ehéyEipo. Enmiéov 1 povéda wov
EKTING KABE YPOVIKY) OTIYHT) TNV KATACTHON KoAsiTon TUPOTNPNTIG, KOl CVVERADG )
TOpATNPNOHOT T Elval 1 11 TNTE TOL PG smiTpénet v npocdiopicouys
OMOLeBTIOTE OTLYpr) TN KordoToom.

Ag dolpE MooV THPN BV TO YPAPPIKOTOMMUEVO CHOTRE Eive eEAEYEO Kat
rnopatnprowo [3].

O wivaxag eheyEpdrnrog sivar:
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o 0 o ==£

I‘IP
0 0 ;—g 0

C=[B AB A°B A3B]= | v
0 — 0 0
IW

Lo o o
L1, ]

(1.36)

Na vo etvan eléy&upo 8o mpémer 1) opifovoa tov C va sivar dupopn tov
1Mdevog, dnhodn o C vo eivar mhipoug e,
2

Oviog det(C) = %— # 0, Ko cUVERdS TO YPUpUIKOTOMUEVO GhHOTIHA efver
nAnpog eAéyEylo.

Avndotpd 4, , n onola £xet Betikd mparypoTucd Hépog, Sev fTay ehéyEm
7018 T0 cVoTpa dev Bo fiTow cTafepomomionuo kat ouvendg de Ou fTav sQikTi 1
ozabepomoinon tou.

AvtioToa, o mivakog repatnpnouémog sivat:

clTlio 0
ob_| CA|_[0 1 0 o

CA&| 10 0 —g 0

cA] 100 0 -g
(1.37)

kot det(Ob)=g* 0.

Apu T0 YPOpUIKOTOMUEVO GOGTNHO eV TARPRG TOPUTNPTCILO.
Amd o nopoandve supmepaivovue dTLVmApYEL Kémowog ypappkds Eheyyog pe

1 orBeia Tov omoiov pmopoviLe va ToroBethicovpE TIC B10TIHEG TOU GUOTIHGTOG
Khew0b Ppdyov dmov embupodps, Gote 1o ohoTnRe aVTd Vo, Eiver evoTabéc.

1.4, Xdvoyn kepolaiov







1. EIZAMQrH

TKOTGC Tng Tapouang qoKrfosws eival O EAEYXOG gvog  Suvapikol OUOTAPOTOG  pE
avaTpo@odATHaOn KATACTATEWS. To uTrd £Aeyxo claTnUa ammoTeAeiTar aTrd pia opoyevr papdo n
otroia epeideTan £l d§ovog £UPIOKONEVOU UTTO TO PECO TG Kl MTTOPET va TTEPIOTREPETTN TTEPI
qutov. ETii Tnc paRdou UTTAPXE ogoyevig ogaipa Tou pTTopel va KUAG Katd HAKOS auti¢. H
TTAPGUETPOG EAEYXOU TOU guoTApaToag eival n duvapn Tou gpapuoeTal oTa axpa g papdou.
Fevikd OTOXOC TOU EAEyXOU gival N Kivion g ogaipag kard K&TTOIOV TTPOdIayeypappEivo,
emOUUNTO TPOTIO.  ZTNY TrapoUoa GoKnon OKOToG Tou ghéyyxou Ba eival r.Tapapov Mg
ggaipag o€ OUYKEKPIUEVO ONUEio Kal N gmmavagopd 1ng OTo onueio qQuté OF TEPITTTWON

Siarapayns.

2. MONTEAOIMOIHZIH TOY SYETHMATOZ

page coaipag /
otad, fapiTog /
aktiva opuipag

pomf| udpavelts cPaipag
pomt} adpdveg péfdov
péato papdov

otafepd Tp1Pifg

gtoBepd eratnpiov

t): igodog :
andGTRoT EQEPHOLOPEVNS BUVEUNS
axtive pafdov

OpOVTIO CUOT. GUVIETUYUEVOV
KGBETO GUGT. GUVIETAYHEVAV y
wvia paPdov Kat ETTESOV

EARTZLETE S

=
b

g% 7

m ly

*mo

=

To padnuarmks TROTUTTO TToU TrEPIYPAPE! TO QVWTEPW cUoTnua pTopel va BpeBei Le TRV BonBela
e peBodou Tou Lagrange.

I .. ) ] .. . .
(m+=2)i+(mr™ +1,)—d—mxa” =mg sin{a)
re r

(mx® +1, +1,)d+ (2mix +bl*)a+ Kl a+ (mr® + -I,-,-)l.'\‘ — mgx cos(a) = u(t)l cos(a)
s

O eflowotlg TTapaTNPOUHE &1 gival U YPOHMIKES Kal TEPIYPAPOUV I HEV TTpwTn TN Kivnon g
cpaipag n 8 aAAn kivrjon g paBdou. ATTS TIC TAPATIAVW EGICWOEIS odnyolpacTal g¢ Eva

T
un ypappixod KATAOTATIKG TTROTUTTO TETAPTNG tafewe. ‘Eotw x = (Jz:1 X, X3 x4) 10 BiIGdvucua
KQTAOTACEWC. OI KATAOTATIKES peTaBANTEG Eival ) ywvia otpo@ng TG péRdou X3, N YPOVIKF

TapAywyog g ywviag autig (SnA. 1 YwVIakn 1ax0TNG) Xe, N QWOCGTACN TNG opaipag amd T0
pégo TNG papdou X  Kai N XPOVIKI TTapaywyog g amooTdosws autig (BnA. n YPaMHIKN TaXUTNG
e oeaipag) X, Evexa TTOAAUTTAOKOTNTOG TOU HN ypaupikod TpoTUTTou TO cuoTnua Ba eheyxBel

e TNV Xpfion Tou YPAUUIKOTTOINHEVOU TPOTUTTOU OTO anNHEIO Xo,Uo.

1S



2.1 FPAMMIKOIOIHEZH TOY MONTEAQY £TO XQPO KATAXTAZHZ

H spapuoy TOU EAEYXOU avadpaong KAtacTacng TrpoUTToBérel O TO poviého pag eival
ypappHiké. H ypaKpIKoTT0INON ETITUYXAVETQl HE avaTTTugn Tou guoTAdaTog ot OElpEg Taylor

KEATLVTAG TOUG TTPLITOUG HPOUG HOVAXQ Kl yUpw amd éva onueio AeIToupyiag Xo,Uo ‘Et01, TO
HOVTEND HOG TRAipVE! TN popen :

x = AX + Bou , ¥y =Cx

HE Av= gf;“ . Bi= Qf;

x0,10 ou

Kal C_lOOO
_ o010

gpdoov pévo n BEon NG o@aipag X; KAl n ywvia Mg pARBOU X; Elvai HETPACIMES.

xGul

3. ESIZQIEIL KATAZTAZIHE ZE SYSTHMATA AEITMATOAHWIAZ

E@OCoV TO CUOTNPA HOG EAEYXETQI QTTO WNPIAKO utrohoyioTd EMIBAAAETON N UETQTPOTIT] TOU

ypapuikou TTpOTUTTOU guveXoUg Xpovou OE TPATUTIO DlaKpITOU xpovou. To avrioToIxXo TEAOTUTTO.
BiaxpiTol Xpovou Bivetar atod TNy £iowon

x(k+1) = Agx(K) + Bau(k)

.
6TTOU A, =e* B, = L e\ B dt

ka1 T eival n mepiodog SEIYHATOANWIAG,

Otav o1 15i0TINEG Tou TTIVAKA Ag BpiokovTal WEoa OTO povadiaio KUKAC TOU Z-eTTITTEQOU, TO
cUOTNHG Eival EUOTABEG. AvdAoya HE TO CUCOTIHATA GUVEXOUG XpOVOU, Of IBIOTILES utrohoyidovTal
" amd TIG pigeg TOU YapaxTnpIoTKou TTOAUWVUHOU

Det(zl-Aq)=0

Av 01 IBIOTIPES TOU GUVEXOUS TTpoTUTTou €ival NdN YVWOTEG O HETAOXNHATIOHOG

R P
z,=e 7, i=1..n

Tapayel Tig ISIOTIHES OTO z-miTedo.

Orav n TEPIYPAP! TOU oucTruaTtog diverai oTO X(Wpo Katagraong, o £h\eyYOg TTpayHaTOTIOE Tal
ye avadpacn OAWV TWV KATACTAgEWV JTNV cicodo eioaywviag €101 O mpéRAnua g

KQTAAANANG EKAOYNG TWV TrapapéTpWY TG avadpacngs. Ymdpyouv..500 TpdTIOl YIdt TNV eTiAuon
auToU Tou TPORARHATOS :

1 MMpodiaypagovrag N SUVAHIKA oupTEpIQOPd, EKAEYWVTAS KQTGAANAG Tou TTOAOUC TOU
KAEICTOU ougTuarTog (pole placement).

2 Me xprion BeATiIoTOTTOINONG Kprtrpiou TTOIOTATAS (optimum control).

4 EAEXOZI ANAAPAZHZ

MpoumoBeon yia ™y £QapUOyn EALYXOU avadpaocng, gival 10 ouoTREA pag va eival eAEyEiO,
onh.

rank(BalAcBd|...Ad" Bel = N

”
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&TToU N ivai n TAEr TOU GUOTHHATOG.
O vopO0G EAEYXOU EXEL TN YEVIK] Hop®n
u(kT) = Vw(KT) - Fx(kT)

&1rou V eivai éva QiATpo TTOU gEag@ahiZe 611 n £5000¢ Ba akoAoUBE £éva TTPOKaBoPICHEVOD gANa
avagopdg( w(kT) oty péwvIun KaTaoTaon.

To cUoTNHO KAEIOTOU BPOXOU EXE! TLOPA TN HOPYH
x(k+1) = (Ag - BF)x(K) + BaVw(K)
y(k) = (C - DF)x(k) + DVw(K)

4.1 EKAOIH MMAPAMETPON EAEFKTH

Edv o1 1510TIpéG Tou KAEIGTOU Bpbxou Eival YVWOTEG TOTE UTTOPOUHE VO UTTOAOYICOUNE TO
XOPAKTNPIOTIKO TTOAUVULO

P(z)=z"+p,z"" +p, 2" et P
To Biavuoua g avadpaon utrohoyiZeTal TOTE Q6 TNV gficwon
| F = pogl +ot Dol AL 445 4
Omou 0 6pog qT avapEpETal OTNHY TeAcUTaia GEIPA TG avTioTPOPNS PATPAG EAEYEINOTNTAG
Q' =[ByABd- A Bl |
To piATpo V utroroyileTal ard v egiowaon
V=[C(i-Agt BoF) "B’

O oxedlacpog Tou gAEYKTH HE avaTpOYOdOTNON KATAoTAoNS amraiTel To Sidvuoua X va gival

TARpwe yvwaoTo. O1av QuUTO Bev OUHPQivEL, OF XOPEVES kaTaoTaTikée HETaBANTEG Ba TIPETTEL VA

UTTOAOYICTOUV [E TTOPATTERT aAyopBuoug yvwaToi oav TapaTnEnTES.

P

5 TIAPATHPHTHZ MEIQMENHZ TAZHZ
O vopoc ehéyxou u(kT) = Vw(kT) - Fx(KT) TrpoUToBETel OTI TO SIGVUTHT X gival TARjPWE YVWOTO.
QoTéoo EEpoue 6T HOVO 500 PETGRANTEG €ivai peTprjoipeg. Fla 10 AGYO QUTO KATOOKEUAGOUHE
géva TTApPATNENTA HEIWHEVNS 1GENG TTou Ba ypnoipoTromeei yia Ty EKTIUNGT) TWV UTTOAOITTWV Suo
KaTaoTaoswy. AV PE Xg TTOPACTACOUNE TO SIQvUoUa TWV ayVWoTWY KOTOOTAOEWY TOTE TO

cUOTNUG HOG HTTOPE Va ypagei aTn Hopen
(k+1 A, As k B
¥ ) _|“n o k) el (k)
xb(k +1) Ay Ap | xB(K) B,
Eigdyoviag 1oV TTapaTnPNTr HEWHEVNS 1GEng oTo PPOXO aAvVAdSPATTS QuTOC Traipvel TNV popen
me eikovag 1. O wivakeg La, As, Fs, Bs Cg, Vg TOU Tapampnm uTroAoyidovial amo Tig
TTapaKdTw £ICWOEIS:
A= Al 0
BTVO A

Me Al GUUPOAICOULE TTPOKABOPICHEVES IBIOTIREC EKAEYHEVES ouvriBwg 4 — 5 OPES TayUTEPES TIG
IGIOTIHEG TOU EAEYKTI.



—V » System

£
T -
(?‘_ Cs z Fg

|Mapanpntic uexwué\'nqrding

|

Ekéva 1 AIGypapua porig Tou CUQTARATOG HE TTapatnpnTA Kal EAEYXO avadpaong

Kl o1 UTTOAQITTEG UNTRES TTOU XpeiddovTai yia TNy UAOTTOINGT) TOU EAEYKTH
Lg= (AZZ'AB)AQ.‘
Fg = Agle + Az - LA

BB = Bz' LBB1
0 0 1 0
1 0 { {
C = , V — 11 12
510 0 Blo 1
0 1 Ly, I
YAOMNOIHEIH THE AYKHZIHZ

Mpiv Ty &xTeAson TOU TTPOYPAPHATOS c:\bal!beam\contro!\BWSOO.exe " Ba TrpEmel vd
eXTEAECTOUV OpICUEVA TTPOYPAULATA OE Matlab. Etol, We Tr Pondeia TOU Matlab Bpeite 10
TTAPAKATL:

1 To ypaupIKoTToinuévo TTPOTUTTO TOU CUCTNHATOS YIa onueio Agiroupyiag 1o x0=0, u0=0.
(TpETE TO [A.B]=!inbb(x0,u0) ) .

2 Bpeite 10 BIAKQITO TTPOTUTIO Yia XpOvO SeryparoAnwiog T=0,05sec. X pnoIUoTIoNCTE TV
cuvapT™non [Ad,Bd}]=c:2d(A,B,T).

3 YTroAoyioTe TI§ TFOPAHETPOUS (F.V) ToU EAEYKT YIC exheypEveg ISIOTIREG TG dp=[0.9512,
0.7788, 0.4724, 0.4724]. XpnoipoTroInoTe T guvdpinan [F,V]=ppbb(Ad,Bd.dp).

4 YTrOAOYIOTE Tig TTAPAUETPOUG TOU TTApPATNENTH HEIWHEVAS TGENG yic vp = AP = 0.0821. Tpégte
T0 [Ab.Lb,Fb,Bb]=rob(Ad,Bd,vp).

Tpégre To BW500.exe kal MEPACTE TQ TTOPGTTAVW SeSopéva pe T PonBela Tou menu Edit.
EvepYOTOINTTE TN xataypa®n SeSOPEVWY Yia t=60sec. TOTE TQ ATOTEAEOUATT HE TO Save Plot
Data Tou menu File.

EravaAdBaTE TV GOKNON Yid VEO gnueio Asitoupyiag.
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YTroAOVIOTIKEC AOKHCTEIG

a

Me 1n BoriBeia Twv [N YPAHUIKWY EICWOEWY TTOU Treplypdgouv T kivnon Mg ogaipa Kal

TN¢ papdou avrioTola, va UTTOAQYIOETE TO HN YPUHHIKO KOTaoTATIKG TPATUTTO TNG HOPYPNS

£ = £G4

Atrodeicte 6mV = [C(1 -Ag + B,F)'Ba]". XpnoIpoToNoTe Tig EH0WOES
x{k+1) = (Aq - BaF)x(K) + BaVwi(k)
y(K) = (C - DF)x(K) + DVWw(K)
y(+e0) = lim[(= — DGz (2)]

Tla ToV UTTOAOYIGHO TWV UN HETPACIHWLY uETABANTWV (X2, Xa) JTTopEl va xpnolgotroingei o
TAPAYWYICHOG TWY UETPACINWY pETABANTWY (X1, xs) avtigtoixa. [ar eival BewpnTIKa
XEIPOTEPOG aUTOG O TPOTTOG UTTOAOYICHOU TWV QyVWaTWY peTapAnTWY 7






Laboratory Experiment Bail and Beam BW500

Program Operation

1 Program Operation

The software package provides two versions to control the
plant. The first version is a state controller as described in
chapter “Realization of the state controller”. Controller
parameters are on-line adjustable. The second version to
control the BWS500 is a fuzzy controiler as described in
chapter "Realization of the Fuzzy Controller”. Controiler
adjustments are storable to a hard disc and may be read at
alater time. The setpoint for the ball position is adjustable
as a constant value or a time function. Measurements of
system variables are recordable with various rigger
conditions. Recorded data are representable in a graphic
on the screen. In addition the output of the graphic tc a
plotier or printer is available.

1.1 Program Start

Operating the program is significantly simplified when a
mouse is used. So ascertain that a mouse is installed at
your computer and that the mouse driver is running before
you start the controller program.

The correct execution of the program requires that besides
BWS500.EXE the following files are available in the

actual directory:

HARDWARE.CFG
DEFAULT.FBW
XCONTRO.FUZ
WCONTROL.FUZ
XERROR.FUZ
WERROR.FUZ
DEFAULT.STA

The file HARDWARE.CFG contains the hardware
settings recently stored to disc. When this file does not
exist, settings of the card address and the interrupt channel
are to be adjusted using the menu IO-Interface. (see
chapter 1.4), Storing the selected configuration will create .

the named file on disc.

DEFAULT.FBW contains the file names list of the four
fuzzy description files belonging to the fuzzy controlier
of the system. These fuzzy description files are loaded
automaticaily during the program start, The file format is
described in 1.9.3. ’

Start controller using menu ’Run’ ¢**

AR R R R AN 3 R R A
L loze

AR Exit H1ens

Figurz 1.1: The main meny of the BWS00 contro! software
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Program QOperation Laboratory Experiment Ball and Beam BW500

DEFAULTSTA conuins the parameters of the state {2 Menu ’=’
controller. This file is loaded automaticaily during

program start. The file formar is described in 1.9.4.
The pulldown menu with the denotation "=’ contains enly

one item, ‘Info’, as shown in figure [.2. When this

After starting the program BWS00.EXE the dialog
function is selected. you obtain a short information about’

window "BW300 Initialization” automatically appears on
the desktop. The standard files (see above) are loaded and
checked. which can take some seconds. At next the
sensors have to be calibrated. To do this you are asked to
fix the beam manually in a horizontal position and to
place the ball in the middle of the beam. A prompt
command will activate an automatic calibration.
Foilowing a successful calibration the main menu appears
on the screen as shown in figure 1.1. The first screen row
contains the main menu items. Its submenus are described
in the following sections. The window BW300 Monitor
is displayed in the middle of the screen. It displays the
system state (controller type} and input as well as output
signals of the controller,

the program version in use and the Copyright.

Uiew:

X

BALL. ANB BEAM CONTROL SOFTUARE

{c>1994- apira GnhH
Uersion: 1.8: <87-Dec—24>

This softuare- reqguires the
DIC24 PC—card fron

‘Figure 1.2: The sub menu INFQO




Laboratory Experiment Ball and Beam BW500

Program Operation

1.3 Menu FILE

The pulldown menu FILE conains items to control
loading or saving of different files.

The menu items Load, Save und Save as contain the
following sub-items.

Load State Controller: Loads a parameter file for the
state controller. The file name is selected by the user from
a file dialog window (see figure 1.3)

Load Fuzzy Controller: Loads a parameter file for the
fuzzy controller. The file is selected by the user by means
of a file dizlog window. The parameter file contains the
file names of four fuzzy description files. These fuzzy
description files are loaded automatically and checked. A
fuzzy rule base is generated if no errors were detected.
Further information about the fuzzy description file can
be found in the chapter 1.9.1 "Format of the Fuzzy
Description File (*.FUZ)".

Load Plot Data: Opens a file dialog window for user
selection of adata file containing recorded measurements.

Save State Controller: Saves the adjusted parameters ot
the state controller in a disc file. Desvnation file is the
parameter file of the state controller. which was recenty
opened. Pleace notice that the file "DEFAULT.STA" was

‘opened and loaded automatically during the program start.

and may be overwritten by this command.

Save Fuzzy Controller: Saves the names of the fuzzy
description files of the fuzzy controller. Destination file
is the file, which was recently opened. Please notice that
the file "DEFAULT.FBW" was opened and loaded
automatically during the program start and may be
overwritten by this command.

Save State Controller as ...: Operates similar to the item
"Save State Controiler”, the name of the destination file
is however selected by the user by means of a file dialog

window.

Save Fuzzy Controller as...: Operates similar to the item
"Save Fuzzy Controller”, the name of the destination file
is however selected by the user by means of a file dialog

window.

Load I-'u.z::y ntru 1lex

" Load Plot Data

N s mm N

YR ARNL

N SFFAILT . STA
Alt—%- Exit= l‘llt:-l-3 Close —e——

LENPRINPI4EN UN STH
499

Jan 11.1995

1F‘1.'3'21

Figure {.3: The sub menu FILE

Program Operation



Laboratory Experiment Bail and Beam BW500 Program Operation

1.5 Menu EDIT Friction Compensation: This item provides the
adjustment of the parameter used by the friction

compensation (see figure 1.5d).

The puildown menu EDIT contains items to edit files and ee o Uiew. Uindow
parameters.

fState: Feedback:
:State Ohserver-
State Feedback: Opens a dialog window displaying the

feadback vector of the state controller. Its components are

adjustable (see figure 1.5b).

. F Matrix:

Figure 1.5d: The sub menu "Friction Compensation’

o B, - & Fuzzy Controller: Opens a dialog window to change the
. . selection of the fuzzy descripdon files of the fuzzy
Figure 1.5b: The dialog window *State Feedback” - controller. Only the file names are changable. To edit the

State Observer: This item opens a pulldown menu to  files itself the foilowing menu item has to be selected (see

manipulate the L., A and F matrix or the B vector of the figure 1.5¢).

observer. Selecting one of these items opens a dialog s
window providing arbitrary adjustments of the values (see Fliz nanexs
Position controller dexcriptions

ﬁgurc l-sc)- Anele controaller descriptiol

Porition obsrrorr descriptians

ﬁle o brrrerr dncrition:

Figure 1.5¢: The dialog window 'Fuzzy Controller’

Figure 1.5c: The sub menu 'State Observer’

el 11 Rl.l.ll.‘ Uiew: Uindow

o STV Y ST SR SR T s sy
_State Chserver- |
‘Friction Compensation »

Fuzzy Controller-
.Edit Fuzzy Description
New Puzzy Description

Shift-Del
Ctx»l-Ins
Shift—Ins

RN AT A N MR AN N R TMRUNNAUN Y,

Figure 1.5a: The sub menu EDIT

Program Operation
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Laboratory Experiment Ball and Beam BW500

Fuzzy Description: Opens a dialog window to select a
fuzzy description file. The selected file is loaded in an

editor module.

New Fuzzy Description: Starts the editor module with a
new file, which may be used to create a fuzzy description
file. The new file name is selected after terminating the

editor.

The other functions Undo, Cut, Copy und Paste are help
functions to operate the editor module.

Undo will undo the last editor command.

Cut crases a marked text block and stores it in the
clipboard.

Copy copies a marked text block in the clipboard.

Paste iserts the text block copied to the clipboard
beginning with the actual cursor position.

=

1.6 Menu RUN

The pulldown menu RUN in figure |.6a contains items
to start and stop a controlier, to record measurements and

to adjust the setpoint.

State Controller: Stanis the state controller. A dialog
window is opened automaticaily to configure observers
and the disturbance compensation before the controller is
active (interrupt enabled).

Fuzzy Controller: Starts the fuzzy controller defined by
its fuzzy description files (*.FBW). A dialog window is
opened automatically to configure observers and the
disturbance compensation before the controller is active
{(interrupt enabled).

Calibrate Sensors: Carries out a menu driven calibration
of the sensors. To do this the beam has to be fixed in a
horizontal position and the bal! has to be placed in the
middle of the beam. The calibration operates
automatically after prompting this dialog.

Stop Controller: Stops the seiecied controller and
disables the interrupt

: Fuzzy Controller
: Calibrate: Sensors

:Start Measuring
:Setypoint Generator

—n R

e s R T et i ™
&ﬁ i v U AN A T R R R Y AR

GRS VAR

Proaram QOperatinn

Wl



Laboratory Experiment Bail and Beam BW500

Program Operation

Start Measure: Opens a dialog window to adjust the
conditions of measurement recording.

Setpoint Generator: Opens a dialog window 1o adjust
the setpoint.

The function Start Measure opens a2 window to adjust
the measuring time and to assign trigger conditions to start
recording the measurements. Figure -1.6b shows this
window. The measuring time in seconds is entered to the
right to the title “Total Time [s}:'. When "Slope” is set to
'no trigger’ measurement recording is started directly
after closing the window using the "0k’ button.

The trigger signal for conditiona) measuring (*Slope:" is
set ‘positive’ or 'negative’) is selected below the title
"Trigger Channel:’. The Tmeasurement recording starts
after this signal raises above or falls below, depending on
the settings of "Slope’, the limit vajue "Trigger Value:'.
In addition ’Prestore:’ aliows for adjustment of a time
range for recording measurements before the trigger
condition is valid, This time has always 1o be shorter than
the adjusted measuring time.
[ ]

Total time [=]-

Trigger valne:

Preztore- [c3--

18. 54

Figure 1.6b: The dialog window ’Start Measure"

The adjustment of the setpoint, Setpoint Generator, for
the bail position is handled by means of the dialog window
shown in figure {.6c.

As can be seen from the figure, the setpoint is provided
by a signal generator. The adjustable parameters are
amplitude. offset, period and signal shape. In case the item
‘Constant’ is selected for the signal shape the
corresponding setpoint value is offser + amplitude. The
last is true also for periodic signals (rectangl, triangular,
rﬁmp. sine) with adjustable amplitude.

.8
OFfcot: in-m. =
Amplitude- in-m =

Pericd in: = =

g Sk

Figure 1.6c: The dialog window "Setpoint Generator’
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1.7 Das Menu VIEW

The pulldown menu VIEW contains items to output
graphic representations of recorded measurements.

Plot Measured Data: This function opens a dialog to
select measurements for a graphic representation. The
recently recorded darta are displayed (see figure 1.7b).

Plot File Data: This function provides graphic output of
recorded data stored in a file. When a flie is loaded. a
dialog window appears to sefect mesurements data for a

graphic representation.

Compare Plot Data: This option provides a comparison '
of mesurements currently recorded with stored
measurements. As for the functions mentioned above a
dialog window appears to the select measurements for

comparison {see figure Bild 1.7¢)
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,'_liFigurc 1.7b: The dialog window "Plot Measured Data’

'\\-\:\\\&\-\
BWSHAA — Monitor
State controller is active ?
File: default.sta

Setpoint position
Measured position
Measured angle

Controlle» output

Mizsing states are calculated by difference
Disturbance compensacion is "CONSTANI.

= R
(Uersion 1.8>

quotient.

2.8
8.5
-a.6
-8.5

TAARA N

-

o PTNREAR TN T

Figure 1.7a: The sub menu VIEW







