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ΠερίληψηH qr sh twn teqnologi¸n tou energoÔ elègqou se èxupne kataskeuè pa-rousi�zetai se aut  th diatrib . Mia èxupnh kataskeu  mpore� na oriste� w miakataskeu    èna domikì stoiqe�o me enswmatwmènou aisjht re kai energopoi-htè kaj¸ kai èna sÔsthma elègqou pou bohj�ei thn kataskeu  na antidr�eiautìmata se exwterik� erej�smata pou askoÔntai se aut  kai met� na katastèlleianepijÔmhte epidr�sei   na belti¸nei epijumhtè epidr�sei. W par�deigma me-let�tai mia èxupnh dokì me enswmatwmènou piezohlektrikoÔ energopoihtè, mestìqo thn katastol  twn talant¸sewn k�tw apì nteterministikè kai stoqastikèfort�sei.Arqik�, exet�sthke to krit rio tou grammikoÔ tetragwnikoÔ elègqou me qr shparathrht  kai ègine rÔjmish th katakìrufh jèsh th sth jèsh isorrop�a th.Sth sunèqeia efarmìsthkan pio proqwrhmène teqnikè elègqou ìpw to krit rio
H∞. To pleonèkthma tou elègqou H∞ ofe�letai sth dunatìthta na l�boume u-pìyh stou upologismoÔ to qeirìtero apotèlesma twn abèbaiwn diataraq¸n kaitou jorÔbou tou sust mato. E�nai dunatìn na sunjèsoume èna H∞ elegkt  pouja e�nai eÔrwsto èw èna prokajorismèno posostì sfalm�twn montelopo�hsh.Ta apotelèsmata e�nai polÔ kal� kai parathre�tai katastol  th tal�ntwsh a-kìma kai gia pragmatik  aiolik  fìrtish, me ti t�sei twn piezohlektrik¸n nabr�skontai entì twn or�wn antoq  tou.Jèlonta na meiwjoÔn oi upologistikè apait sei tou montèlou, mei¸jhke ht�xh tou elegkt , me th bo jeia mh parametrik  kai mh kurt  beltistopo�hsh,kai qrhsimopoi¸nta ton elegkt  HIFOO. H kal  apìdosh tou elegkt  diathr -jhke akìma kai gia polÔ mikrìtero bajmì tou sust mato. Sth sunèqeia jèlontana lhfjoÔn upìyh oi abebaiìthte montelopo�hsh, exait�a twn diafor¸n an�mesasto pragmatikì montèlo kai sto majhmatikì montèlo prosomo�wsh, elègqjhsanta eÔrwsta qarakthristik� tou elegkt  H∞.Tèlo lamb�nonta upìyh ti mh grammikìthte tou sust mato pou parale�-
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Perilhyhpontai kat� th montelopo�hsh, thn anakrib  gn¸sh twn tim¸n kai twn paramètrwntou montèlou kai th fusiologik  metabol  twn tim¸n kat� th di�rkeia leitourg�-a twn kataskeu¸n, eis�gontai oi abebaiìthte montelopo�hsh. 'Egine an�lushkai sÔnjesh enì eÔrwstou µ-elegkt , me th bo jeia th epanalhptik  mejì-dou D − K. Sugkr�jhkan kai sqoli�sthkan ta apotelèsmata me th qr sh twndiaforetik¸n elegkt¸n.
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1

ΕΙΣΑΓΩΓΗ ΣΤΙΣ ΕΞΥΠΝΕΣ
ΚΑΤΑΣΚΕΥΕΣ

Sto pr¸to kef�laio parousi�zontai oi stìqoi kai oi kainotom�e th diatrib  en¸anafèrontai kai ta pio shmantik� apotelèsmata sto ped�o twn èxupnwn kataskeu¸n,pou aforoÔn th montelopo�hsh kai ton èlegqo twn talant¸sewn. Sth sunèqeiaparousi�zetai me sÔntomo trìpo h dom  tou didaktorikoÔ.
1.1
ΕισαγωγήOi meg�lou eÔrou talant¸sei kai oi meg�le per�odoi fj�nousa tal�ntwshkatal goun se kìpwsh, ast�jeia kai kak  leitourg�a twn kataskeu¸n. Lamb�-nonta upìyh ti èreune pou èqoun g�nei, aut  h diatrib  èqei skopì na prob�leimerikè kainotom�e ston èlegqo tal�ntwsh twn èxupnwn kataskeu¸n kai sugke-krimèna twn kataskeu¸n me enswmatwmèna piezohlektrik� ulik�. Parousi�zontaistrathgikè elègqou, ìpw h jewr�a tou grammikoÔ tetragwnikoÔ elegkt  all�kai pio proqwrhmène jewr�e ìpw h jewr�a tou eÔrwstou elègqou.1



1. Eisagwgh sti exupne kataskeueH montelopo�hsh enì prìtupou sust mato pou apotele�tai apì mia dokì kaipiezohlektrik� str¸mata ègine me peperasmèna stoiqe�a mia di�stash kai dÔ-o bajmoÔ eleujer�a se k�je kìmbo, en¸ kubik� kai tetragwnik� polu¸numa
Hermite qrhsimopoi jhkan gia na perigr�foun ti strofikè kai katakìrufe me-tatop�sei twn kìmbwn. Oi diaforikè exis¸sei tou sust mato bas�sthkan sthjewr�a Euler Bernoulli. [1](sq ma 1.1)

Sq ma 1.1: Trisdi�stath apeikìnish montelopo�hsh èxupnh dokoÔGia thn prosomo�wsh tou sugkekrimènou probl mato se pragmatikè sunj -ke leitourg�a, l fjhke upìyh ìti to sÔsthma ephre�zetai apì diataraqè, ìpwh dÔnamh tou anèmou kaj¸ kai o jìrubo metr sewn. To majhmatikì prìtupopou qrhsimopoi jhke sth sqed�ash e�nai mia prosèggish tou pragmatikoÔ.H morfopo�hsh tou probl mato se di�gramma dÔo jur¸n (eisìdou - exìdou)den  tan profan . To klassikì prìblhma rÔjmish metasqhmat�sthke se di�-taxh probl mato dÔo jur¸n. Stìqo th onomastik  sqed�ash e�nai na dia-thrhje� to mègejo tou sf�lmato mikrì par� ìle ti diataraqè kai to jìrubotwn metr sewn. Ep�sh o èlegqo èprepe na èqei mikrì mègejo oÔtw ¸ste naexoikonome�tai enèrgeia, kai na paramènei entì twn or�wn leitourg�a twn piezoh-lektrik¸n (±500V ). Metasqhmat�zonta ti sunart sei metafor� se exis¸seitou q¸rou kat�stash kai qrhsimopoi¸nta ti exis¸sei pou sundèoun ti exì-dou, eisìdou, proèkuyan oi p�nake pou qrhsimopoioÔntai sto q¸ro kat�stashgia thn eÔresh tou bèltistou elegkt , sÔmfwna me to krit rio tou elègqou H∞.2



1. Eisagwgh sti exupne kataskeue'Egine beltistopo�hsh sthn epilog  twn bar¸n, ta opo�a upeisèrqontai stonelegkt  pou melet same en¸ h dÔnamh tou anèmou kai o jìrubo metr sewn mo-ntelopoi jhkan kat�llhla gia to sugkekrimèno prìblhma. Ta apotelèsmata pouproèkuyan e�nai polÔ ikanopoihtik� en¸ parathre�tai katastol  th tal�ntwshth dokoÔ akìma kai gia pragmatikè metr sei tou anèmou. 'Egine sÔgkrish twnapotelesm�twn gia ìle ti strathgikè elègqou pou parousi�zontai kai lamb�-nontai se apokr�sei th dokoÔ tìso qwr� ìso kai me èlegqo. Me stìqo thmelèth problhm�twn me praktik  qrhsimìthta sthn paroÔsa diatrib  ègine ep�-lush tou probl mato tou eÔrwstou elègqou th dokoÔ, dhlad  upì kajest¸abebaiìthta sto majhmatikì upìdeigm� th. Tèlo qrhsimopoi¸nta mh parame-trik  beltistopo�hsh, mei¸jhke h t�xh tou elegkt  kai el fjhsan apotelèsmatame polÔ mikrìtere upologistikè apait sei [2℄.
1.2
Έξυπνες κατασκευέςO tomèa twn èxupnwn ulik¸n èqei proselkÔsei to meg�lo endiafèron th e-reunhtik  koinìthta ti teleuta�e dekaet�e. Ta èxupna ulik� mporoÔn na ka-joristoÔn w ulik� pou e�nai ikan� na antilamb�nontai kai na energopoioÔn me ènaelegqìmeno trìpo thn ant�drash se èna erèjisma [3℄. Mia èxupnh kataskeu  mpo-re� na oriste� w mia kataskeu    domikì stoiqe�o me enswmatwmènou aisjht rekai energopoihtè kaj¸ kai èna sÔsthma elègqou pou bohj�ei thn kataskeu  naantidr�ei autìmata se exwterik� erej�smata pou askoÔntai se autì kai met� nakatastèllei anepijÔmhte epidr�sei   na belti¸nei epijumhtè epidr�sei. H an�-ptuxh autoÔ tou ped�ou th epist mh uposthr�zetai tìso apì thn epist mh twnulik¸n ìso kai apì to ped�o elègqou. Sthn epist mh twn ulik¸n, anaptÔssontainèa ulik� ta opo�a ja enopoihjoÔn me ti kataskeuè ¸ste na qrhsimopoihjoÔnw energopoihtè kai aisjht re [3℄.Se aut  thn diatrib , lamb�noume upìyh thn per�ptwsh th tal�ntwsh twnèxupnwn kataskeu¸n. To erèjisma mpore� na proèrqetai apì exwterikè diatara-qè   diegèrsei pou prokaloÔn domikè talant¸sei, ìpw h dÔnamh tou aèra, hdÔnamh tou seismoÔ. M�a èxupnh kataskeu  ja mpore� na antilhfje� thn tal�ntw-sh kai na dhmiourg sei m�a elegqìmenh an�drash sthn �dia ¸ste h tal�ntwsh naelaqistopoihje�. Me stìqo ton èlegqo tal�ntwsh, èna arijmì èxupnwn ulik¸n3



1. Eisagwgh sti exupne kataskeuempore� na qrhsimopoihje� w energopoihtè kai aisjht re. Tètoia ulik� e�nai tapiezohlektrik�, ulik� me mn mh, electrostrictive kai magnetostrictive materials.Ed¸, epikentr¸noume sthn qr sh piezohlektrik¸n ulik¸n giat� èqoun kalè idiì-thte a�sjhsh kai energopo�hsh.

Sq ma 1.2: Sqhmatik  anapar�stash èxupnwn kataskeu¸n'Ena genikì pla�sio twn prosegg�sewn domikoÔ elègqou kai orolog�a fa�netaisto sq ma 1.2. M�a prosarmozìmenh kataskeu  (uposÔnolo A) perièqei ener-gopoihtè, all� ìqi aisjht re, gia na bohj sei thn allag  th kat�stash  twn qarakthristik¸n th kataskeu  me elegqìmeno trìpo. M�a antilambanìmenhkataskeu  (uposÔnolo B) perièqei aisjht re all� ìqi energopoihtè, gia thnparakoloÔjhsh th kataskeu , ìpw sthn per�ptwsh th parakoloÔjhsh domi-k  uge�a. M�a elegqìmenh kataskeu , (uposÔnolo D, tom  twn sunìlwn A kaiB) perièqei kai aisjht re kai energopoihtè se sÔsthma kleistoÔ brìqou gia tonenergì èlegqo th kat�stash   twn qarakthristik¸n th kataskeu  [4℄. M�aenerg  kataskeu  (uposÔnolo D), e�nai m�a elegqìmenh kataskeu  pou perièqeienopoihmènou aisjht re kai energopoihtè. M�a èxupnh kataskeu  (uposÔnoloE) e�nai m�a energ  kataskeu  pou èqei tautìqrona logik  elègqou kai hlektro-nik  logik , epiprìsjeta me tou katanemhmènou aisjht re kai energopoihtè.Ta teleuta�a qrìnia o ìro èxupnh kataskeu  qrhsimopoie�tai sth bibliograf�a.An kai h di�krish an�mesa se m�a èxupnh kataskeu  kai m�a eufu  kataskeu  deng�netai xek�jarh sth bibliograf�a, e�nai genik¸ katanohtì ìti h èxupnh kata-skeu  enswmat¸nei èna èxupno ulikì ìpw èna piezohlektrikì me th morf , p.q.èxupnou peribl mato. 'Etsi me thn eure�a ènnoia, m�a èxupnh kataskeu  ja èqeièna enswmatwmèno èxupno per�blhma pou epitrèpei sthn kataskeu  na katagr�feienerg� kai na antapokr�netai sto perib�llon th me èna akrib  elegqìmeno trìpo.O energì èlegqo e�nai èna basikì prìblhma sti kataskeuè. To kÔrio an-4



1. Eisagwgh sti exupne kataskeue

Sq ma 1.3: Sqhmatik  anapar�stash èxupnh kataskeu tike�meno tou energoÔ elègqou e�nai h me�wsh th tal�ntwsh enì sust matomèsa apì mia diadikas�a automatopo�hsh ìpw fa�netai sto sq ma 1.3 [5℄.

Sq ma 1.4: Me�wsh twn talant¸sewn twn èxupnwn kataskeu¸n mèsa apì miadiadikas�a automatopo�hshSe pollè peript¸sei e�nai shmantikì na elaqistopoihjoÔn autè oi domikètalant¸sei me stìqo thn eust�jeia kai thn eurwst�a tou sust mato. K�jesÔsthma elègqou kajor�zetai apì th di�taxh energopoiht¸n, aisjht rwn kai e-legkt  en¸ oi diataraqè pou askoÔntai sto sÔsthma e�nai dunamikè sq ma 1.4 [5℄.To 1880, oi Pierre kai Paul-Jacques Curie anak�luyan thn �mesh piezohle-ktrik  ep�drash se di�forou krust�llou (ìpw tourmaline, Rouchelle salt kai
quartz). Oi krÔstalloi par�goun hlektrikì ped�o sti epif�neiè tou ìtan ente�-nontai mhqanik� se k�poia kateÔjunsh. To epìmeno èto, anak�luyan ep�sh toant�strofo piezohlektrikì fainìmeno, ìti to sq ma twn krust�llwn ja all�zeiìtan efarmoste� se autoÔ èna hlektrikì ped�o [6℄.H ikanìthta twn piezohlektrik¸n ulik¸n na enall�ssoun hlektrik  kai mhqani-k  enèrgeia d�nei thn dunatìthta efarmog  tou w energopoihtè kai aisjht re.5



1. Eisagwgh sti exupne kataskeueAn ta piezohlektrik� ulik� topojethjoÔn kat�llhla se m�a kataskeu  mporoÔnna leitourg soun w energopoihtè, ìtan proklhjoÔn domikè paramorf¸sei apìthn efarmog  m�a t�sh sta aut�. Apì thn �llh, mporoÔn na qrhsimopoihjoÔnw aisjht re kaj¸ paramorf¸sei th kataskeu  ja prokalèsoun ta para-morfwmèna piezohlektrik� ulik� na par�goun èna hlektrikì fort�o. To mègejoth domik  paramìrfwsh mpore� na parathrhje� me thn mètrhsh th hlektrik t�sh pou par�goun ta ulik�. Dustuq¸, h piezohlektrik  ep�drash se fusikoÔkrust�llou e�nai arket� adÔnamh kai den mporoÔn na qrhsimopoihjoÔn ìtan oiapait sei se dÔnamh e�nai meg�le [7℄.Prìsfate exel�xei sto ped�o th epist mh ulik¸n èqoun d¸sei piezohlektri-k� ulik� pou èqoun ikanopoihtik  sÔndesh metaxÔ twn hlektrik¸n kai mhqanik¸nped�wn. DÔo apì ta koin¸ qrhsimopoioÔmena piezohlektrik� ulik� e�nai polyviny-

lidene fluoride(PVDF) èna hmikrustallikì polumerè film, kai lead zirconate ti-

tanate(PZT) èna piezohlektrikì keramikì ulikì. To piezokeramikì ulikì PZTèqei megalÔterou suntelestè hlektromhqanik  sÔndesh apì ìti to PVDF kai�ra to PZT mpore� na prokalèsei megalÔtere dun�mei   ropè sti kataskeuè[8℄. 'Omw to PZT e�nai sqetik� eÔjrausto en¸ to PVDF e�nai euèlikto kai mpore�na kope� se opoiod pote epijumhtì sq ma. To PVDF èqei ep�sh kalè idiìthtea�sjhsh, ètsi qrhsimopoie�tai gia aisjht re.Se aut  th diatrib  qrhsimopoioÔntai piezohlektrik� ulik� w aisjht re kaienergopoihtè. Ta piezohlektrik� ulik�, ìpw, mìlubdo, zirkìnio, tit�nio (PZT),sundu�zoun mhqanik� kai hlektrik� qarakthristik�. Parousi�zoun mhqanik  pa-ramìrfwsh ìtan upìkeintai se èna efarmosmèno hlektrikì ped�o, pou onom�zetai{ant�jeth piezohlektrik  ep�drash}. Ep�sh dhmiourgoÔn m�a t�sh   èna fort�oìtan upìkeintai se m�a dÔnamh   paramìrfwsh, ìpou or�zetai w {�mesh piezohle-ktrik  ep�drash} [9℄. Topojet¸nta   enswmat¸nonta piezohlektrik� epijèmatase m�a kataskeu , mporoÔn na leitourg soun w aisjht re gia thn parakoloÔ-jhsh   w energopoihtè gia ton èlegqo th apìkrish th kataskeu .
6



1. Eisagwgh sti exupne kataskeue
1.3
Ανασκόπηση της θεωρίας των έξυπνων κατασκευώνGia thn an�ptuxh mia èxupnh kataskeu , apaite�tai h ep�lush tri¸n problh-m�twn: montelopo�hsh, topojèthsh energopoiht¸n kai aisjht rwn, kai sqedia-smì tou elègqou. H montelopo�hsh twn èxupnwn kataskeu¸n den perilamb�neithn protupopo�hsh twn èxupnwn kataskeu¸n pou qrhsimopoioÔntai w energopoi-htè kai aisjht re. Gia piezohlektrikè elasmatopoihmène kataskeuè, par�gw-goi twn exis¸sewn k�nhsh qrhsimopoioÔntai gia thn montelopo�hsh twn dun�mewn  rop¸n pou dhmiourgoÔntai apì èna topojethmèno piezohlektrikì energopoiht .Oi Tzou. [10] Lee [11] parèqoun analutikè hlektromhqanikè idiìthte twn pie-zohlektrik¸n ulik¸n.H montelopo�hsh tètoiwn kataskeu¸n èqei ereunhje� apì arketoÔ ereunhtè[10, 12, 13℄. Se k�poie peript¸sei, mpore� na upoteje� ìti ta piezohlektrik�epijèmata den all�zoun thn m�za arqik  kataskeu  kai ti idiìthte akamy�a.Autì ofe�letai sto ìti poll� piezohlektrik� epijèmata pou qrhsimopoioÔntai e�naisqetik� lept� kai elafri� se sÔgkrish me thn basik  kataskeu .Oi Foutsitzi et al [14] kai Arvanitis et al. [15℄, an�ptuxan èna prìtupo montè-lo peperasmènwn stoiqe�wn me dÔo bajmoÔ eleujer�a se k�je kìmbo en¸ me thbo jeia proqwrhmènwn teqnik¸n elègqou, ìpw èlegqo H2 kai H∞ èkanan ka-tastol  twn talant¸sewn twn èxupnwn kataskeu¸n me polÔ kal� apotelèsmata.Pio per�ploke protupopoi sei twn piezohlektrik¸n elasmatopoihmènwn kata-skeu¸n anafèrontai ston Bandyopadhyay [16℄, ìpou perilamb�noun thn allag sti domikè idiìthte lìgw twn piezohlektrik¸n kommati¸n. O Z. Kang k.a. [17℄anafèrei ti protupopoi sei twn dok¸n, plak¸n kai skelet¸n, en¸ o Stavroula-

kis k.a. [18℄ epikentr¸nei se grammikè kai mh-grammikè talant¸sei twn plak¸n.'Otan oi diast�sei twn epijem�twn e�nai arket� mikrè sqetik� me autè th kÔriakataskeu  autè oi mèjodoi montelopo�hsh ja  tan qr sime gia thn apìkthshenì pio akriboÔ protÔpou twn kataskeu¸n [19, 20, 97℄.Oi exis¸sei k�nhsh twn kataskeu¸n mporoÔn na lujoÔn qrhsimopoi¸nta i-diomorfik  an�lush, an�lush Rayleigh - Ritz, an�lush upotijèmenwn idiomorf¸n,7



1. Eisagwgh sti exupne kataskeuekai peperasmènwn stoiqe�wn [21, 22℄. Gia m�a kataskeu  me mh omoiìmorfe domi-kè idiìthte, mèjodoi prosèggish ìpw h mèjodo twn peperasmènwn stoiqe�wn�sw e�nai anagka�a gia thn apìkthsh tou protÔpou tou sust mato.Enallaktik� an h kataskeu  e�nai  dh orismènh mporoÔme na apokt soume toprìtupo tou sust matì tou �mesa apì thn kataskeu  mèsw sust mato ana-gn¸rish. H plhrofor�a gia ti idiomorfikè idiìthte tou sust mato mpore� naapokthje� qrhsimopoi¸nta thn peiramatik  mèjodo idiomorfik  an�lush, p.q.dokimè idiomorf¸n [23℄. Ta apotelèsmata apì ti dokimè idiomorf¸n mporoÔnna qrhsimopoihjoÔn gia thn anab�jmish tou prìtupou peperasmènou stoiqe�oum�a kataskeu  qrhsimopoi¸nta mejìdou anab�jmish. Oi p�nake m�za kaiakamy�a tou prìtupou peperasmènou stoiqe�ou mporoÔn na anabajmistoÔn me thnelaqistopo�hsh th nìrma tou l�jou sti idiomorfikè idiìthte th kataskeu .To jèma th bèltisth topojèthsh twn energopoiht¸n kai aisjht rwn apo-tele� to deÔtero shmantikì prìblhma sto ped�o twn èxupnwn kataskeu¸n. E�naishmantikì aisjht re kai energopoihtè se m�a kataskeu  na topojethjoÔn sekajoristikè jèsei gia ton èlegqo   thn a�sjhsh domik¸n talant¸sewn. Meb�sh to prìblhma th bèltisth topojèthsh, èqoun asqolhje� arketo� ereunh-tè [23, 24℄. 'Omw h prosèggish exart�tai apì thn upìjesh ìti h apìsbeshsust mato e�nai mikr , ìpou o èlegqo kai h parathrhtikìthta Gramians tousust mato mpore� na fanoÔn na e�nai diagwn�w kur�arqa. Gia piezohlektrikoÔenergopoihtè kai aisjht re, mporoÔn na qrhsimopoihjoÔn poll� mètra idiomor-fik  euaisjhs�a   elègqou gia ton kajorismì th bèltisth topojèthsh se m�aèxupnh kataskeu  [25, 26℄. Oi bèltiste jèsei e�nai genik� eke�ne ìpou up�rqeiuyhl  entatik  kat�stash [27℄.Tèlo, o èlegqo kataskeu¸n èqei apasqol sei arketoÔ ereunhtè ìpw:O Culshaw [28] anafèrjhke sthn ènnoia th èxupnh kataskeu , ta ofèlh kaiti efarmogè tou. Oi Rao kai Sunar ex ghsan th qr sh twn piezo�lik¸n san ai-sjht te kai energopoihtè sthn katastol  tal�ntwsh twn èxupnwn kataskeu¸n[29℄. Oi Hubbard kai Baily [30] melèthsan thn efarmog  twn piezohlektrik¸n u-lik¸n ìpw aisjht re/energopoihtè gia ti euèlikte kataskeuè. O Hanagud

et al. [31] anèptuxe èna montèlo peperasmènou stoiqe�ou gia m�a dokì me polloÔ8



1. Eisagwgh sti exupne kataskeuekatanemhmènou piezohlektrikoÔ aisjht re/energopoihtè.O Fanson et al. [32] èkane arket� peir�mata se m�a dokì me piezohlektrik�qrhsimopoi¸nta jetik  anatrofodìthsh. O Balas [33] erg�sthke arket� stonèlegqo anatrofodìthsh euèliktwn kataskeu¸n. Peiramatik  axiolìghsh thpiezohlektrik  energopo�hsh gia ton èlegqo twn talant¸sewn se m�a prìbolodokì parousi�sthke apì tou Burdess kai Fawcett [34]. O Brennan et al. [35]èkane arket� peir�mata sth dokì gia diaforetikè teqnolog�e energopoiht¸n. Oi
Yang kai Lee [36℄ melèthsan th beltistopo�hsh tou ofèlou anatrofodìthsh stosqediasmì susthm�twn elègqou gia kataskeuè. Anèptuxan èna analutikì montè-lo gia domikì èlegqo kai se mh-sunduastik  topojèthsh aisjht ra/energopoiht kai to ìfelo elègqou anatrofodìthsh. Oi Crawley kai Luis [37] parous�asanthn an�ptuxh tou piezohlektrikoÔ aisjht ra/energopoiht  w stoiqe�a m�a èxu-pnh kataskeu .Oi Hwang kai Park [38] parous�asan m�a nèa teqnik  protupopo�hsh pepera-smènou stoiqe�ou gia euèlikte dokoÔ. Oi algìrijmoi suneqoÔ qrìnou kai eu-di�kritou qrìnou prot�jhkan gia ton èlegqo m�a lept  piezohlektrik  dokoÔapì ton Bone et al. [39]. Oi Schiehlen kai Schonerstedt [40] anèferan to sqe-diasmì bèltistou elègqou gia ti pr¸te idiìmorfe tal�ntwsh m�a probìloudokoÔ qrhsimopoi¸nta piezohlektrikoÔ aisjht re/energopoihtè. Katanemh-mènou elegktè gia èxupne kataskeuè mporoÔme na broÔme ston Forouza Pourki

[41]. M�a anabajmismènh teqnik  elègqou me qr sh idiomorf¸n gia thn katastol talant¸sewn se euèlikte kataskeuè parousi�sthke apì tou Baidyapadhyaykai Axay [42]. O Shiang Lee [43] kataskeÔase m�a nèa morf  elègqou gia tonèlegqo talant¸sewn se èxupne kataskeuè qrhsimopoi¸nta neurwnikoÔ algo-r�jmou.M�a jewr�a pajhtikoÔ elègqou gia ti èxupne kataskeuè anaptÔqjhke apìtou Gosavi kai Kelkar [44]. 'Ena sqèdio energoÔ elègqou talant¸sewn pou epi-qeire� katastol  talant¸sewn ereun jhke apì tou Moita et al. [45]. Oi Gabbert

et al. [46] kataskeÔasan èna sqèdio bèltistou elègqou LQG gia thn katastol twn talant¸sewn m�a probìlou dokoÔ. H prosomo�wsh peperasmènou stoiqe�ouèxupnwn kataskeu¸n qrhsimopoi¸nta ènan elegkt  anatrofodìthsh bèltisthekro  gia ton èlegqo talant¸sewn kai jorÔbou ègine apì tou Lim et al. [47].9



1. Eisagwgh sti exupne kataskeueErgas�a gia thn katastol  talant¸sewn twn euèliktwn kataskeu¸n me enswma-twmènou piezo-metadìte qrhsimopoi¸nta elegktè aporrìfhsh kum�twn ègineapì tou Vukovich kai Koma [48]. Pèra apì ta piezohlektrik� w aisjht rekai energopoihtè, o Anjanappa [49] anèptuxe èna enswmatwmèno montèlo gia thnan�lush tou elègqou talant¸sewn probìlou dokoÔ qrhsimopoi¸nta magneto-

strictive m�ni-energopoihtè.Oi Aldraihem et al. [50] anèptuxan èna montèlo elasmatopoihmènh dokoÔ, qrh-simopoi¸nta dÔo jewr�e, th jewr�a dokoÔ Euler-Bernoulli kai th jewr�a dokoÔ
Timoshenko. O Abramovich [51] èqei parousi�sei m�a analutik  diatÔpwsh kailÔsei kleist  morf  gia sÔnjete dokoÔ me piezohlektrikoÔ energopoihtèpou bas�sthke sth jewr�a dokoÔ Timoshenko. Ep�sh melèthse ti epidr�seitou shme�ou topojèthsh tou energopoiht  kai tou arijmoÔ twn kommati¸n kaitwn sunoriak¸n sÔnjhk¸n k�tw apì mhqanik� kai/  hlektrik� fort�a. Qrhsi-mopoi¸nta m�a uyhl  an�lush jewr�a paramìrfwsh, oi Chandrashekara kai
Varadarajan [52] parous�asan èna montèlo peperasmènou stoiqe�ou m�a sÔnje-th kataskeu  gia na parousi�soun m�a epijumht  apìklish, se amfièriste kaimonìpakte dokoÔ.Oi Aldraihem kai Khedir [53] prìteinan analutik� montèla kai akribe� lÔseigia dokoÔ me aploÔ kai ektetamèno piezohlektrikoÔ energopoihtè kai ta mo-ntèla bas�sthkan sth jewr�a dokoÔ Timoshenko kai jewr�a dokoÔ uyhlìterhan�lush. Dhmiourg jhkan akribe� lÔsei qrhsimopoi¸nta thn prosèggish stoped�o tou q¸rou kat�stash. Oi Doschner kai Enzmann [54] sqed�asan ènan e-legkt  basismèno se montèlo gia èxupne kataskeuè. O polumet�blhto èlegqoeurwst�a m�a èxupnh amf�pakth dokoÔ efarmìsthke apì ton Robin Scott et

al. [55].Se m�a pio prìsfath ergas�a, oi Zhang kai Sun [56] diatÔpwsan èna analutikìmontèlo m�a dokoÔ me diatmhtikì piezohlektrikì energopoiht  se ìlo to m koth dokoÔ. To apotèlesma tou montèlou aplopoi jhke upojètonta ìti ta epifa-neiak� str¸mata akoloujoÔn th jewr�a dokoÔ Euler - Bernoulli, en¸ to str¸mapur na akolouje� th jewr�a dokoÔ Timoshenko. Epiplèon, m�a lÔsh kleist morf  gia th statik  metatìpish parousi�sthke gia m�a prìbolo dokì. M�a nè-a mèjodo protupopo�hsh kai elègqou sq mato twn sÔnjetwn kataskeu¸n me10



1. Eisagwgh sti exupne kataskeueenswmatomènou piezohlektrikoÔ energopoihtè parousi�sthke apì tou Donth-

ireddly kai Chandrashekara [57]. M�a mèjodo anafor� montèlou gia ton èlegqotalant¸sewn se euèlikte èxupne kataskeuè parousi�sthke apì ton Murali et

al. [58]. Oi Thomas kai Abbas [59] ex ghsan k�poie teqnikè efarmog  mejì-dwn peperasmènou stoiqe�ou gia dunamik  an�lush twn dok¸n Timoshenko.M�a prosèggish peperasmènwn stoiqe�wn qrhsimopoi jhke apì tou Benjeddou

et al. [60] gia na protupopoi soun m�a èxupnh dokì me diatmhtik� piezohlektri-k� stoiqe�a. To montèlo peperasmènwn stoiqe�wn efarmìsthke apì tou Zhangkai Sun all� sto ped�o twn metatop�sewn [56℄. Oi Raja et al. [61] epèkteinan tomontèlo peperasmènwn stoiqe�wn th ereunhtik  om�da Benjeddou ¸ste na sum-perilamb�nei strathgikè elègqou. 'Ena beltiwmèno montèlo dokoÔ Timoshenko2-kìmbwn parousi�sthke apì tou Kosmataka kai Friedman [62]. Oi Azulay kai
Abramovich [63] èqoun parousi�sei analutik  diatÔpwsh kai lÔsei gia sÔnjetedokoÔ me piezohlektrikoÔ energopoihtè. H akamy�a twn èxupnwn sÔnjetwnpiezohlektrik¸n dok¸n melet jhkan apì tou Waisman kai Abramovich [64] en¸oi Abramovich [65] kai Lishvits asqol jhkan me ton èlegqo tal�ntwsh twn è-xupnwn kataskeu¸n. O ereunht  Konstantinou [111℄ asqol jhke me ton energìèlegqo sti antiseismikè kataskeuè.Oi ereunhtè Starvoulakis et al. [14, 15, 9] anèptuxan èna montèlo peperasmè-nwn stoiqe�wn kai efarmìzonta teqnikè elègqou èkanan katastol  tal�ntwshtwn èxupnwn kataskeu¸n, kaj¸ asqol jhkan kai me ton energì èlegqo antisei-smik¸n kataskeu¸n [107℄. O ereunht  Zacharenakis [105, 106, 107℄ èqei anaptÔ-xei kainotom�e ston èlegqo tal�ntwsh domik¸n èrgwn, en¸ oi ereunhtè Manolis,
Bisbos, kai Baniotopoulos [108, 109, 110℄ apoteloÔn tou pr¸tou ereunhtè stonelladikì q¸ro pou asqol jhkan me ton energì èlegqo kataskeu¸n.
1.4
Καινοτομίες διατριβήςTo prìblhma th rÔjmish th jèsh th dokoÔ èqei melethje� apì polloÔereunhtè kai up�rqei meg�lo arijmì dhmosieÔsewn pou perigr�foun ton trìpoep�lush tou sugkekrimènou probl mato. Sth diatrib  pou akolouje� up�rqounoi ex  kainotom�e:1. G�netai analutik  parous�ash th exagwg  tou majhmatikoÔ montèlou me11



1. Eisagwgh sti exupne kataskeueèmfash sth dunamik  twn piezohlektrik¸n (ex�swsh (2.26)). Par� ìlo pou up�r-qoun parìmoia montèla, h sugkekrimènh leptomèreia parale�petai [14, 15, 9℄.2. Gia thn eÔresh tou elegkt  LQR pou parat�jetai gia lìgou sÔgkrishqrhsimopoie�tai parathrht  meiwmènh t�xh pou kajist� pio realistik  thn pro-somo�wsh. Lìgw th kak  arijmhtik  kat�stash tou sust mato (condition

number of the system) gia thn eÔresh tou parathrht  qrhsimopoie�tai eÔrwstoalgìrijmo topojèthsh pìlwn. H sugkekrimènh leptomèreia den parathre�tai seprohgoÔmene dhmosieÔsei [50℄.3. Se ìle ti prosomoi¸sei eis�getai jìrubo sti metr sei, ètsi ¸stena anaparist� pio pist� thn pragmatikìthta kajìson h mètrhsh th metatìpishmèsw twn piezohlektrik¸n aisjht rwn den e�nai axiìpisth [15℄.4. G�netai apìpeira sÔnjesh tou eÔrwstou µ - elegkt , g�nontai sugkr�seikai sqoliasmo� me ta upìloipa apotelèsmata [71, 72, 73, 19, 51, 52℄.5. Parat�jentai prosomoi¸sei me elegkt  meiwmènh t�xh qrhsimopoi¸ntaton algìrijmo HIFOO. Me ton algìrijmo autì epitugq�netai rÔjmish th jèshth dokoÔ, qrhsimopoi¸nta qamhlìterh t�sh twn piezohlektrik¸n [14, 55, 54,53, 96, 97℄.6. Qr sh pragmatik¸n dedomènwn aiolik  dÔnamh kai ìqi prosomoiwmènastoiqeia ìpw sti [19, 50, 51, 53, 55℄.7. Epitugq�netai me th qr sh tou eÔrwstou elegkt  H∞ katastol  th ta-l�ntwsh èw kai 95%, akìma kai gia metabol  twn pin�kwn m�za, akamy�a, Akai B, èw kai 50%. Se �lle ergas�e o èlegqo tal�ntwsh epitugq�netai èw
80% th arqik  jèsh th dokoÔ [14, 15, 9, 54, 53, 55, 96, 97℄.
1.5
Δομή διδακτορικούSto kef�laio 1 parousi�zetai mia eisagwg  sta èxupna ulik� kai sti èxupnekataskeuè kai g�netai mia sÔntomh anafor� sti pio shmantikè ergas�e pouèqoun g�nei ston tomèa autì. Or�zetai to prìblhma th sugkekrimènh diatrib kai anafèrontai ta jèmata sta opo�a èqoun g�nei kainotom�e.Sto kef�laio 2 g�netai analutik  parous�ash th exagwg  tou majhmatikoÔmontèlou pou qrhsimopoie�tai me èmfash sth dunamik  twn kataskeu¸n kai stapiezohlektrik�. Parousi�zontai oi genikè exis¸sei k�nhsh th dokoÔ kai g�netai12



1. Eisagwgh sti exupne kataskeueperigraf  tou sto q¸ro kat�stash.Sto kef�laio 3 parousi�zontai kai sugkr�nontai oi di�fore strathgikè elèg-qou gia thn katastol  th tal�ntwsh th dokoÔ. Arqik� exet�zetai to krit riotou grammikoÔ tetragwnikoÔ elegkt  LQR me qr sh parathrht . Sth sunèqeiaexait�a th idiomorf�a tou sust mato qrhsimopoioÔntai pio proqwrhmène te-qnikè elègqou, ìpw h onomastik  sqed�ash H∞. W exwterikè diataraqè qrh-simopoioÔntai di�fora e�dh fort�sewn, tìso statik� ìso kai dunamik�, en¸ stouupologismoÔ lamb�netai upìyh kai o jìrubo twn metr sewn. Sth sunèqeia g�ne-tai me�wsh th t�xh tou elegkt  gia ta �dia e�dh twn fort�sewn, qrhsimopoi¸ntaton elegkt  HIFOO.Sto kef�laio 4 eis�getai h abebaiìthta sthn montelopo�hsh kai sti exis¸seik�nhsh th dokoÔ kai parousi�zetai o eÔrwsto èlegqo. G�netai prosp�jeiaan�lush kai sÔnjesh enì eÔrwstou µ-elegkt . Sugkr�nontai ta apotelèsmatapou prokÔptoun me ta apotelèsmata pou proèkuyan apì to krit rio tou elègqou
H∞.Tèlo sto par�rthma arqik� parousi�zetai analutik� h fusik  shmas�a kai hmajhmatik  antimet¸pish twn piezohlektrik¸n. Sth sunèqea d�nontai oi timè twnpin�kwn kai twn elegkt¸n pou qrhsimopoi jhkan sth diatrib .
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2

ΜΟΝΤΕΛΟΠΟΙΗΣΗ ΕΞΥΠΝΩΝ
ΚΑΤΑΣΚΕΥΩΝ

Sto deÔtero kef�laio g�netai h montelopo�hsh twn èxupnwn kataskeu¸n. To mo-ntèlo peperasmènwn stoiqe�wn pou efarmìzetai qrhsimopoie� ta polu¸numa Her-

mite kai anaptÔssetai gia ton èlegqo tal�ntwsh sÔnjetwn dok¸n, me katanemh-mènou piezohlektrikoÔ aisjht re kai energopoihtè. H �mesh piezohlektrik ex�swsh qrhsimopoie�tai gia ton upologismì tou sunolikoÔ fort�ou pou dhmiour-ge�tai sta hlektrìdia tou aisjht ra, en¸ oi energopoihtè parèqoun apìsbesh sthsÔnjeth dokì.
2.1
ΜοντελοποίησηSto parìn kef�laio ja exaqje� èna majhmatikì prìtupo mia èxupnh dokoÔ, toopo�o e�nai kat�llhlo gia thn enswm�tws  tou se èna sÔsthma elègqou grammi-k¸n susthm�twn. 'Opw e�nai gnwstì to kat�llhlo prìtupo e�nai h morf  q¸roukat�stash, dhlad  èna sÔsthma qronik� amet�blhtwn, sun jwn diaforik¸n exi-s¸sewn pr¸th t�xew. H ep�teuxh tou stìqou autoÔ ja g�nei akolouj¸nta taex  b mata: 14



2. Montelopoihsh exupnwn kataskeuwn1. Exagwg  tou pl rou majhmatikoÔ montèlou th kamptik  k�nhsh (tal�-ntwsh) th èxupnh dokoÔ upì thn ep�drash mhqanik¸n kai hlektrik¸ndun�mewn, qrhsimopoi¸nta tou sqetikoÔ fusikoÔ nìmou. Sth paroÔ-sa diatrib  ja qrhsimopoihje� h aploÔsterh Teqnik  Jewr�a th k�myewdok¸n kai ìqi h akribèsterh Jewr�a Elastikìthta, kaj� ìson autì pouendiafèrei e�nai h eÔresh kat�llhlwn strathgik¸n elègqou pou den exar-t¸ntai apì thn akrib  montelopo�hsh. Autì to majhmatikì montèlo ja e�naith morf  m�a merik  diaforik  ex�swsh.2. Diakritopo�hsh tou parap�nw montèlou me th qr sh an�lush peperasmènwnstoiqe�wn. H diadikas�a aut  perièqei ta ex  epimèrou b mata:(a) Montèlo peperasmènwn stoiqe�wn gia th stoiqei¸dh dokì kai th stoi-qei¸dh dÔnamh.(b) Sun�jroish twn stoiqeiwd¸n montèlwn gia thn exagwg  tou sunolikoÔmontèlou th èxupnh dokoÔ.3. Metasqhmatismì tou montèlou peperasmènwn stoiqe�wn se prìtupo q¸roukat�stash me th qr sh kat�llhlwn metablht¸n kat�stash.
2.2
Εξίσωση κίνησης της δοκούH elastik  tal�ntwsh mpore� na parathrhje� se pollè kataskeuè ìpw me-tallikè gèfure, kt�ria. Se k�poie kataskeuè, oi axonikè kai strofikè idiì-thte �sw e�nai pio shmantikè apì ti elastikè tou idiìthte. H elastik  ta-l�ntwsh mpore� na proklhje� apì thn efarmog  katanemhmènh   sugkentrwmènhfìrtish k�jeth ston �xona th dokoÔ. H fìrtish aut  mpore� na prosomoi¸neiton aèra, to jìrubo metr sewn,   th rop  k�myh exait�a twn piezohlektrik¸npou mporoÔn na askoÔntai se m�a kataskeu . 'Estw m�a lept  prìbolo dokìm kou L ìpw apeikon�zetai sto sq ma 2.1 th opo�a h puknìthta kai to mètroelastikìthta ep� th rop  adr�neia sto shme�o r e�nai ρb kai EI(r) ant�stoiqa,en¸ h diatom  th dokoÔ e�nai Ab(r).Oi basikè upojèsei e�nai:

i. To ulikì akolouje� to nìmo tou Hooke15



2. Montelopoihsh exupnwn kataskeuwn
ii. H axonik  paramìrfwsh e�nai amelhtèa se sÔgkrish me thn paramìrfwshk�myh.
iii. H peristrof  tou stoiqe�ou e�nai amelhtèa se sÔgkrish me thn k�jeth kaithn pl�gia metatìpish.

Sq ma 2.1: Prìbolo dokì se k�myh

Sq ma 2.2: 'Ena mikrì stoiqe�o th dokoÔTo di�gramma eleÔjerou s¸mato enì stoiqe�ou dr fa�netai sto sq ma 2.2,16



2. Montelopoihsh exupnwn kataskeuwnìpou Q dhl¸nei thn tèmnousa dÔnamh kai to M thn rop  k�myh [73℄. Efarmì-zonta to deÔtero nìmo tou NeÔtwna me dÔnamh kat� thn kateÔjunsh y èqoume,
(

Q(t, r) +
∂Q(t, r)

∂r

)

−Q(t, r) + f(t, r)dr = ρbAb(r)dr
∂2y(t, r)

∂t2
(2.1)pou isoÔtai me,

∂Q(t, r)

∂r
+ f(t, r) = ρbAb(r)

∂2y(t, r)

∂t2
(2.2)Epiplèon, lamb�nonta upìyh thn rop  gÔrw apì ton �xona sta r kai y (ka-teÔjunsh ektì sel�da),

(

M(t, r) +
∂M(t, r)

∂r
dr
)

−M(t, r) +
(

Q(t, r) +
∂Q(t, r)

∂r
dr
)

dr + f(t, r)dr
dr

2
= 0(2.3)aplopoi¸nta thn parap�nw ex�swsh èqoume [69℄,

Q(t, r) = −
∂M(t, r)

∂r
(2.4)upokajist¸nta thn (2.4) sthn (2.2) èqoume,

−
∂2M(t, r)

∂r2
+ f(t, r) = ρbAb(r)

∂2y(t, r)

∂r2
(2.5)H rop  k�myh mpore� na susqetiste� me thn kampulìthta κ(x) tou stoiqe�ouìpou,

κ(x) =
∂2y(t, r)

∂r2
(2.6)kai,

M(t, r) = EI(r)κ(x) (2.7)epomènw,
M(t, r) = EI(r)

∂2y(t, r)

∂r2
(2.8)Upokajist¸nta sthn (2.8) sthn (2.5) èqoume,

∂2

∂r2

(

EI(r)
∂2y(t, r)

∂r2

)

+ ρbAb(r)
∂2y(t, r)

∂t2
= f(t, r), 0 ≤ r ≤ L, (2.9)

17



2. Montelopoihsh exupnwn kataskeuwnh gwn�a strof  θ pou prokÔptei apì thn k�myh th dokoÔ d�netai,
θ(t, r) =

∂y(t, r)

∂r
(2.10)Oi exis¸sei (2.8), (2.9) kai (2.10) e�nai oi exis¸sei k�nhsh th dokoÔ Euler-

Bernoulli. [5℄ 'Otan h dokì èqei sqetik� meg�lo p�qo, oi epidr�sei th axoni-k  paramìrfwsh kai h strofik  adr�neia prèpei na lhfjoÔn upìyh, gia autìton tÔpo th dokoÔ, h ex�swsh dokoÔ Timoshenko mpore� na qrhsimopoihje�. [5℄Upojètonta m�a omoiìmorfh prìbolo dokì ìpou h diatom  Ab(r) to mètro elasti-kìthta E kai h rop  adr�neia I(r) e�nai stajerè tìte h exis¸sh (2.9) g�netai,
EI

∂4y(t, r)

∂r4
+ ρbAb

∂2y(t, r)

∂t2
= f(t, r), 0 ≤ r ≤ L (2.11)Sthn per�ptwsh pou exet�zoume, h katanemhmènh dÔnamh par�getai apì mhqani-kè kai hlektrikè sunist¸se. To mhqanikì fort�o jewre�tai e�sodo diataraq sto sÔsthma autom�tou elègqou, kai antiproswpeÔei p.q. fort�a exait�a anèmou,en¸ h hlektrik  sunist¸sa e�nai to s ma elègqou, kat�llhla epilegmèno gia nakataste�lei ti kamptikè talant¸sei exait�a th mhqanik  diataraq . Me thseir� th h t�sh eisìdou par�gei diatmhtikè dun�mei sta piezohlektrik� epi-jèmata, oi opo�e anak�mptoun th dokì, (leptomèreie oi opo�e perigr�foun thfusik  twn ulik¸n parat�jentai sto par�rthma A). Epomènw h ex�swsh k�nhshth dokoÔ e�nai,

EI
∂4y(t, r)

∂r4
+ ρbAb

∂2y(t, r)

∂t2
= fm(t, r) + fe(t, r) (2.12)Gia thn prìbolo dokì (sq ma 2.1) isqÔoun oi parak�tw sunoriakè sunj ke:

• Paktwmèno �kro sto r = 0. H metatìpish kai h kl�sh th metatìpish e�naimhdèn,
y(t, r0) = 0,

∂y(t, r)

∂r

∣

∣

∣

r=0
= 0 (2.13)

• EleÔjero �kro sto r = L. H rop  k�myh e�nai mhdèn.
∂

∂r

(

EI(r)
∂2y(t, r)

∂r2

)

∣

∣

∣

r=L
= 0 (2.14)18



2. Montelopoihsh exupnwn kataskeuwn
2.2.1 Η μορφή της μηχανικής φόρτισης fm(t, r)Mhqanik� fort�a diafìrwn morf¸n mporoÔn n� anaparastajoÔn mèsw th f(t, r)(sq ma 2.3).[87℄ Gia par�deigma, omoiìmorfa katanemhmènh, qronik� metaballìme-nh, dÔnamh q0(t) (p.q. �nemo), anapar�statai me,

fm(t, r) = q0(t) (2.15)en¸ sugkentrwmènh dÔnamh P0 sto shme�o r0 me,
fm(t, r) = P0δ(r − r0) (2.16)

Sq ma 2.3: Mhqanik� fort�a pou askoÔntai sth dokì
2.2.2 Η μορφή της ηλεκτρικής φόρτισης fe(t, r)

Sq ma 2.4: Dokì me proskollhmèno piezohlektrikì tm ma j19



2. Montelopoihsh exupnwn kataskeuwn'Estw m�a omoiogen  dokì Euler-Bernoulli me ènan piezohlektrikì energopoi-ht  proskollhmèno se apìstash r1j apì thn arq  twn axìnwn. O piezohlektrikìenergopoiht  j èqei diast�sei Lp ×Wp × hp, ìpou hp e�nai to p�qo k�je tm -mato, en¸ h dokì èqei diast�sei L×W × h (sq ma 2.4).O piezohlektrikì energopoiht  par�gei mhqanik  t�sh san èxodo ìtan èqeihlektrik  t�sh san e�sodo. Se ìti afor� ta piezohlektrik� èqei deiqje� apìtou Crawley kai de Lewis ìti h epagìmenh k�myh mpore� na anaparastaje� sanexwterikì fort�o pou apotele�tai apì zeÔgo ant�jetwn rop¸n efarmozìmenwnsta �kra tou piezohlektrikoÔ [96, 97℄.H hlektrik  fìrtish fe(t, r) exait�a tou piezohlektrikoÔ energopoiht  isoÔtai,
fe(t, r) =

∂2Mpr(t, r)

∂r2
(2.17)ìpou Mpr antiproswpeÔei thn rop  k�myh ex ait�a tou energopoiht  [95℄.'Estw ìti ta �kra tou piezohlektrikoÔ tm mato j br�skontai sta r1j kai r2jkat� m ko tou �xona r (sq ma 2.5). [73, 72, 71℄

Sq ma 2.5: Piezohlektrikì tm ma j sthn prìbolo dokìH sun�rthsh H(·) e�nai h gnwst  bhmatik  sun�rthsh pou qrhsimopoie�tai [69℄gia na antiproswpeÔsei thn topojèthsh tou piezohlektrikoÔ tm mato Pzt p�nwsth dokì.[95℄ H rop  k�myh th dokoÔ Mpr(t, r) or�zetai w,
Mpr(t, r) = C0epe(t)[H(r − r1j) −H(r − r2j)]uj(t) (2.18)ìpou,

C0 = EI ·Kf (2.19)20



2. Montelopoihsh exupnwn kataskeuwnìpou Kf e�nai h gewmetrik  stajer� tou ulikoÔ kai isoÔtai me,
Kf =

12EEphhp(2h+ hp)

16E2h4 + EEp(32h3hp + 24h2h2
p + 8hh3

p) + E2
ph

4
p

(2.20)ìpou Ep e�nai to mètro elastikìthta tou piezohlektrikoÔ tm mato kai E tomètro elastikìthta th dokoÔ.[73, 72℄H mhqanik  èntash epe(t) ex ait�a tou piezohlektrikoÔ tm mato isoÔtai,
epe(t) =

d31

hp

uj(t) (2.21)h stajer� d31 susqet�zei thn mhqanik  èntash pou dhmiourge�tai sth dokì me miasugkekrimènh t�sh uj efarmìzetai sto piezohlektrikì tm ma.H sqèsh (2.18) mpore� na grafte� sthn pio sumpag  morf  th w,
Mpr(t, r) = Cp[H(r − r1j) −H(r − r2j)]uj(t) (2.22)ìpou Cp = EIKf
d31

hp
.H diafor� twn bhmatik¸n sunart sewn sth sqèsh (2.18) par�gei to sq ma 2.6.

r1j

1

r
0

r2j

!#)

Sq ma 2.6: Diafor� bhmatik¸n sunart sewnEktel¸nta thn merik  parag¸gish sth sqèsh (2.17) kai qrhsimopoi¸nta thn(2.18), h morf  th hlektrik  fìrtish exait�a twn piezohlektrik¸n g�netai,
fe (t, r) = Cpuαj (t)

[

δ
′

(r − r1j) − δ
′

(r − r2j)
] (2.23)ìpou δ′

(r) e�nai h par�gwgo th sun�rthsh Dirac w pro thn anex�rthth me-tablht  th, 21



2. Montelopoihsh exupnwn kataskeuwn
∫ ∞

−∞

δ(n) (t− θ)φ (t) dt = (−1)n φ(n) (θ) (2.24)ìpou δ(n) e�nai h n-ost  par�gwgo th sun�rthsh δ kai h sun�rthsh φ e�naisuneq  sto θ.[73℄
2.2.3 Μερική διαφορική εξίσωση κίνησης λόγω μηχανικής και

ηλεκτρικής φόρτισηςAntikajist¸nta thn (2.23) kai thn (2.15) sthn (2.12) prokÔptei h ex�swsh k�-nhsh th èxupnh dokoÔ upì thn ep�drash qronik� metaballìmenh, omoiìmorfakatanemhmènh, k�jeth fìrtish q0(t) kai piezohlektrik  qronik� metaballìme-nh dÔnamh exait�a enì piezohlektrikoÔ, [95℄
EI

∂4y(t, r)

∂r4
+ρbAb

∂2y(t, r)

∂t2
= q0(t)+Cpuj (t)

[

δ
′

(r − r1j) − δ
′

(r − r2j)
] (2.25)Gia j ìmoia piezohlektrik� sq ma 2.7 h (2.25) g�netai,

EI
∂4y(t, r)

∂r4
+ ρbAb

∂2y(t, r)

∂t2
= q0(t) + Cpuj (t)

j
∑

i=1

[

δ
′

(r − r1j) − δ
′

(r − r2j)
](2.26)H ex�swsh (2.26) e�nai kai h telik  ex�swsh endiafèronto.

Sq ma 2.7: Prìbolo dokì me sunduasmènou piezohlekrtikoÔ energopoihtèkai aisjht re
22



2. Montelopoihsh exupnwn kataskeuwn
2.3
Πρότυπο πεπερασμένων στοιχείωνMe th mèjodo twn peperasmènwn stoiqe�wn metatrèpetai h merik  diaforik ex�swsh k�nhsh th dokoÔ se sÔsthma sun jwn diaforik¸n exis¸sewn. H ep�-lush twn peperasmènwn stoiqe�wn sugkl�nei sthn ep�lush th merik  diaforik ex�swsh aux�nonta to pl jo twn stoiqe�wn.[94℄'Estw n stoiqe�a ta opo�a montelopoioÔn th dokì (sq ma 2.8). 'Estw m�aomoiìmorfh stoiqei¸dh dokì m kou Le (sq ma 2.9), ìpou o genikì �xonadhl¸netai me r en¸ o topikì me re (sq ma 2.10).

Sq ma 2.8: Montèlo dokoÔ qwrismèno se n arijmì peperasmènwn stoiqe�wnK�je kìmbo èqei dÔo bajmoÔ eleujer�a m�a strof  per� ton �xona r kai m�ametaforik  sunist¸sa kat� ton y dhlad  k�je stoiqei¸dh dokì èqei 4 bajmoÔeleujer�a: dÔo gwniakè metatop�sei kai dÔo katakìrufe metatop�sei.Oi kombikè metatop�sei th stoiqei¸dou dokoÔ mporoÔn na grafoÔn (sq ma2.9) w,
we(t, r) =

[

ω1(t, r) ψ1(t, r) ω2(t, r) ψ2(t, r)
]T (2.27)H jèsh enì sugkekrimènou shme�ou se aut  th stoiqei¸dh dokì dhl¸netai apì

re (sq ma 2.10).H mèjodo peperasmènwn stoiqe�wn diakritopoie� èna suneqè sÔsthma tou o-po�ou h domik  plhrofor�a perièqetai stou kìmbou. 'Etsi h plhrofor�a an�mesastou kìmbou prèpei na ektimhje� qrhsimopoi¸nta sunart sei pou onom�zo-ntai ep�sh {sunart sei sq mato}. Lamb�nonta thn ex�swsh k�nhsh th dokoÔ
Euler-Bernoulli (2.11) kai oloklhr¸nonta kat� m ko th dokoÔ prokÔptei,

∫ L

0

(

EI
∂4y(t, r)

∂r4
+ ρbAb

∂2y(t, r)

∂t2
− f(t, r)

)

wdr = 0 (2.28)23



2. Montelopoihsh exupnwn kataskeuwn

Sq ma 2.9: M�a stoiqei¸dh dokì

Sq ma 2.10: Topikì kai genikì �xona prìbolou dokoÔìpou w h sun�rthsh dokimas�a [87℄. 'Otan h dokì diakritopoie�tai se n arijmìpeperasmènwn stoiqe�wn h ex�swsh g�netai,
n
∑

i=1

[
∫

Ωe

EI
∂2y

∂r2

∂2w

∂r2
dr +

∫

Ωe

Abρb

∂2y

∂t2
wdr −

∫

Ωe

f(t, r)wdr

]

+

[

−V w −M
∂w

∂r

]L

0

= 0(2.29)ìpou V = −EI ∂3y

∂r3 kai isoÔtai me th diatmhtik  dÔnamh kai M = EI
(

∂2y

∂r2

) kaiisoÔtai me th rop  k�myh kai Ωe e�nai o q¸ro twn stoiqe�wn.Apì thn olokl rwsh kai me thn bo jeia twn sunart sewn Galerkin [87℄ pro-kÔptoun oi sunart sei sq mato pou qrhsimopoioÔntai. Gia aut  thn per�ptwshelastik  dokoÔ e�nai ta kubik� poluparagwntik� Hermite,

H(r) =
[

H1(r), H2(r), H3(r), H4(r)
]T (2.30)

24



2. Montelopoihsh exupnwn kataskeuwnkai,
H1(r) = 1 − 3

( r

Le

)2
+ 2
( r

Le

)3

H2(r) = Le

[( r

Le

)

− 2
( r

Le

)2
+
( r

Le

)3]

H3(r) = 3
( r

Le

)2
− 2
( r

Le

)3

H4(r) = Le

[

−
( r

Le

)2
+
( r

Le

)3]

(2.31)
(

dH(r)

dr

)

=













H
′

1(r)

H
′

2(r)

H
′

3(r)

H
′

4(r)













=













− 6r
L2

e
+ 6r2

L3
e

1 − 4r
Le

+ 3r2

L2
e

6r
L2

e
− 6r2

L3
e

− 2r
Le

+ 3r2

L2
e













⇒







H ′(0) =
[

0 1 0 0
]T

H ′(Le) =
[

0 0 0 1
]T(2.32)'Etsi h metatìpish we se opoiod pote shme�o re kat� m ko th dokoÔ mpore�na proseggiste� [14℄,

we(t, re) = H(re)
Twe(t) (2.33)

2.3.1 Στοιχειώδεις πίνακες μάζας και ακαμψίαςO stoiqei¸dh p�naka m�za Me mpore� na exaqje� e�n melethje� h kinhtik enèrgeia Te(t) tou stoiqe�ou ìpou,
Te(t) =

1

2
ẇe(t)

TMeẇe(t) (2.34)Ep�sh h kinhtik  enèrgeia prokÔptei apo to deÔtero ìro tou oloklhr¸mato sthsqèsh (2.29),
Te(t) =

1

2

∫ Le

0

ρbAb

(∂we(t, r)

∂t

)2

dr

=
1

2

∫ Le

0

ρbAbẇ
T
e (t)H(r)HT (r)ẇe(t)dr

(2.35)Apì ti sqèsei (2.34), (2.35) o p�naka m�za tou stoiqe�ou isoÔtai,
Me = ρbAb

∫ Le

0

H(r)HT (r)dr (2.36)25



2. Montelopoihsh exupnwn kataskeuwnAntikat�jist¸nta th (2.31) sthn (2.36) pa�rnoume,
Me =

ρbAbLe

420













156 −22Le 54 −13Le

−22Le 4L2
e −13Le −3L2

e

54 −13Le 156 22Le

13Le −3L2
e 22Le 4L2

e













(2.37)O stoiqei¸dh p�naka akamy�a Ke mpore� na exaqje� me an�logo trìpo. Henèrgeia paramìrfwsh tou stoiqe�ou Ue(t) isoÔtai me,
Ue(t) =

1

2
we(t)

TKewe(t) (2.38)Ep�sh h enèrgeia paramìrfwsh tou stoiqe�ou prokÔptei apo ton pr¸to ìro touoloklhr¸mato sth sqèsh (2.29),
Ue(t) =

1

2

∫ Le

0

EI
(∂2we(t, r)

∂r2

)2

dr

=
1

2

∫ Le

0

EIwe(t)
T
(d2H(r)

dr2

)(d2H(r)

dr2

)T

we(t)dr

(2.39)Apì ti sqèsei (2.38), (2.39) o p�naka akamy�a tou stoiqe�ou isoÔtai me,
Ke = EI

∫ Le

0

(d2H(r)

dr2

)(d2H(r)

dr2

)T

dr (2.40)Antikajist¸nta th sqèsh (2.31) sthn (2.40) pa�rnoume,
Ke =

EI

L3
e













12 −6Le −12 −6Le

−6Le 4L2
e 6Le 2L2

e

−12 6Le 12 6Le

−6Le 2L2
e 6Le 4L2

e













(2.41)
2.3.2 Στοιχειώδες μηχανικό φορτίοTo stoiqei¸de di�nusma th dÔnamh f e

m pou perigr�fei ti exwterikè mh-qanikè dun�mei pou askoÔntai sth stoiqei¸dh dokì lìgw mhqanik  fìrtish26



2. Montelopoihsh exupnwn kataskeuwnprokÔptei apì ton tr�to ìro tou oloklhr¸mato (2.29) kai isoÔtai me,
f e

m =

∫ Le

0

q(r)













H1(r)

H2(r)

H3(r)

H4(r)













dr (2.42)
E�n èqoume omoiìmorfa katanemhmèno fort�o q(r) sto stoiqe�o th dokoÔ todi�nusma mhqanik  dÔnamh tou stoiqe�ou g�netai,

f e
m =

q(r)

12













6Le

L2
e

6Le

−L2
e













(2.43)E�n to fort�o e�nai mia sugkentrwmènh dÔnamh to di�nusma mhqanik  dÔnamhtou stoiqe�ou g�netai,
f e

m =

Le
∫

0

P0δ (r − r0)













H1(r)

H2(r)

H3(r)

H4(r)













dr = P0













H1 (r0)

H2 (r0)

H3 (r0)

H4 (r0)













(2.44)ìpou P0 e�nai h sugkentrwmènh dÔnamh pou aske�tai sto shme�o r = r0 kai
δ (r − r0) e�nai h sun�rthsh Dirac.E�n to fort�o metab�letai me ton qrìno, ìpw sthn dunamik  an�lush, tìte todi�nusma mhqanik  dÔnamh tou stoiqe�ou g�netai,

f e
m(t) =

∫ Le

0

q(r, t)













H1(r)

H2(r)

H3(r)

H4(r)













dr =
q(r, t)

12













6Le

L2
e

6Le

−L2
e













=













Fm(r, t)

Mm(r, t)

Fm(r, t)

−Mm(r, t)













(2.45)
2.3.3 Στοιχειώδες ηλεκτρικό φορτίο'Opw èqei anaferje� h efarmog  t�sh uj(t) s� èna piezohlektrikì stoiqe�o,par�gei ropè sta �kra tou piezohlektrikoÔ, isodÔname me th shmeiak  dÔnamh,27



2. Montelopoihsh exupnwn kataskeuwn
f e

e (t, r) = Cpuj (t)
[

δ
′

(r − r0) − δ
′

(r − (r0 + Le))
] (2.46)eis�gonta thn (2.46) sthn (2.42), d�nei gia th stoiqei¸dh hlektrik  dÔnamh,

f e
e (t, r) = Cpuj(t)

Le
∫

0

[δ′(r) − δ′ (r − Le)]H(r)dr (2.47)ìpou èqei lhfje� r0 = 0, kaj¸ jewre�tai h stoiqei¸dh dokì. Gia ton upologi-smì tou oloklhr¸mato, qrhsimopoioÔme th sqèsh (2.24).[95℄Epomènw,
f e

e (t, r) = Cpuj(t)

Le
∫

0

[δ′(r) − δ′ (r − Le)]H(r)dr = Cpu(t) [−H ′(0) +H ′(Le)]

= Cpuj(t)













0

−1

0

1











 (2.48)
2.3.4 Ολικοί πίνακες μάζας και ακαμψίαςGia ton upologismì twn olik¸n pin�kwn m�za kai akamy�a apaite�tai h {sur-raf } twn ant�stoiqwn stoiqeiwd¸n pin�kwn.[94℄ H diadikas�a aut  perilamb�neitèssera b mata :

i. Metatrop  twn stoiqeiwd¸n pin�kwn apì to topikì sto genikì sÔsthmasuntetagmènwn,
M̃e = T TMeT

K̃e = T TKeT
(2.49)ìpou T o p�naka metasqhmatismoÔ o opo�o gia dÔo bajmoÔ eleujer�a se28



2. Montelopoihsh exupnwn kataskeuwnk�je kìmbo isoÔtai me,
T =













cosα − sinα 0 0

sinα cosα 0 0

0 0 cosα sinα

0 0 − sinα cosα













=













1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1











afoÔ h gwn�a strof  a apì to topikì sto genikì sÔsthma e�nai mhdèn.Sunakìlouja h (2.49) apì ti sqèsei (2.37), (2.41) g�netai,
M̃e =

ρbAbLe

420













156 −22Le 54 −13Le

−22Le 4L2
e −13Le −3L2

e

54 −13Le 156 22Le

13Le −3L2
e 22Le 4L2

e













(2.50)
K̃e =

EI

L3
e













12 −6Le −12 −6Le

−6Le 4L2
e 6Le 2L2

e

−12 6Le 12 6Le

−6Le 2L2
e 6Le 4L2

e













(2.51)
ii. Kataskeu  twn ektetamènwn stoiqeiwd¸n pin�kwn. Oi ektetamènoi p�nakem�za kai akamy�a prokÔptoun apo tou stoiqei¸dei w,

M̄ej
=







0 . . . 0 . . . 0 . . . 0

0 . . . 0 M̃e 0 . . . 0

0 . . . 0 . . . 0 . . . 0







2(n+1)×2(n+1)

=

ρbAbLe

420



























0 . . . 0
... 0

... 0 . . . 0

0 . . . 0
... 156 −22Le 54 −13Le

... 0 . . . 0

0 . . . 0
... −22Le 4L2

e −13Le −3L2
e

... 0 . . . 0

0 . . . 0
... 54 −13Le 156 22Le

... 0 . . . 0

0 . . . 0
... 13Le −3L2

e 22Le 4L2
e

... 0 . . . 0

0 . . . 0
... 0

... 0 . . . 0

























(2.52)29
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K̄ej

=







0 . . . 0 . . . 0 . . . 0

0 . . . 0 K̃e 0 . . . 0

0 . . . 0 . . . 0 . . . 0







2(n+1)×2(n+1)

=

EI

L3
e



























0 . . . 0
... 0

... 0 . . . 0

0 . . . 0
... 12 −6Le −12 −6Le

... 0 . . . 0

0 . . . 0
... −6Le 4L2

e 6Le 2L2
e

... 0 . . . 0

0 . . . 0
... −12 6Le 12 6Le

... 0 . . . 0

0 . . . 0
... −6Le 2L2

e 6Le 4L2
e

... 0 . . . 0

0 . . . 0
... 0

... 0 . . . 0



























(2.53)
Oi stoiqei¸dei p�nake M̃ej

, K̃ej
topojetoÔntai sto stoiqe�o (2j−1), (2j−1)gia j = 1 : n.

iii. Oi geniko� p�nake m�za kai akamy�a prokÔptoun apo ti,
MG =

n
∑

j=1

M̄ej
KG =

n
∑

j=1

K̄ej (2.54)ìpou MG, KG ∈ R
2(n+1)×2(n+1). Gia par�deigma e�n n=4 pou isqÔei sthnupì melèth dokì oi p�nake isoÔntai me,

MG =

ρbAbLe
420

2

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

4

156 −22Le 54 −13Le 0 0 0 0 0 0

−22Le 4L2
e −13Le −3L2

e 0 0 0 0 0 0

54 −13Le 312 0 54 −13Le 0 0 0 0

13Le −3L2
e 0 8L2

e −13Le −3L2
e 0 0 0 0

0 0 54 −13Le 312 0 54 −13Le 0 0

0 0 13Le −3L2
e 0 8L2

e −13Le −3L2
e 0 0

0 0 0 0 54 −13Le 312 0 54 −13Le

0 0 0 0 13Le −3L2
e 0 8L2

e −13Le −3L2
e

0 0 0 0 0 0 54 −13Le 156 −22Le

0 0 0 0 0 0 13Le −3L2
e −22Le 4L2

e

3

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

7

5(2.55)30
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KG =

EI
L3

e











































12 −6Le −12 −6Le 0 0 0 0 0 0

−6Le 4L2
e 6Le 2L2

e 0 0 0 0 0 0

−12 −6Le 24 0 −12 −6Le 0 0 0 0

−6Le 2L2
e 0 8L2

e 6Le 2L2
e 0 0 0 0

0 0 −12 −6Le 24 0 −12 −6Le 0 0

0 0 −6Le 2L2
e 0 8L2

e 6Le 2L2
e 0 0

0 0 0 0 −12 −6Le 24 0 −12 −6Le

0 0 0 0 −6Le 2L2
e 0 8L2

e 6Le 2L2
e

0 0 0 0 0 0 −12 −6Le 12 6Le

0 0 0 0 0 0 −6Le 2L2
e 6Le 4L2

e











































(2.56)
iv. Efarmog  twn sunoriak¸n sunjhk¸n pou isqÔoun gia thn prìbolo dokì.Ex ait�a th p�ktwsh diagr�fontai oi dÔo pr¸te grammè kai st le twn

MG, KG kai prokÔptoun oi oliko� p�nake m�za M kai akamy�a K, ìpou
M , K ∈ R

2n×2n. Gia par�deigma e�n n=4 pou isqÔei sthn upì melèth dokìoi p�nake isoÔntai me,
M =

ρbAbLe

420

































312 0 54 −13Le 0 0 0 0

0 8L2
e −13Le −3L2

e 0 0 0 0

54 −13Le 312 0 54 −13Le 0 0

13Le −3L2
e 0 8L2

e −13Le −3L2
e 0 0

0 0 54 −13Le 312 0 54 −13Le

0 0 13Le −3L2
e 0 8L2

e −13Le −3L2
e

0 0 0 0 54 −13Le 156 −22Le

0 0 0 0 13Le −3L2
e −22Le 4L2

e

































(2.57)

K =
EI

L3
e

































24 0 −12 −6Le 0 0 0 0

0 8L2
e 6Le 2L2

e 0 0 0 0

−12 −6Le 24 0 −12 −6Le 0 0

−6Le 2L2
e 0 8L2

e 6Le 2L2
e 0 0

0 0 −12 −6Le 24 0 −12 −6Le

0 0 −6Le 2L2
e 0 8L2

e 6Le 2L2
e

0 0 0 0 −12 −6Le 12 6Le

0 0 0 0 −6Le 2L2
e 6Le 4L2

e

































(2.58)
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2.3.5 Ολικό διάνυσμα μηχανικής και ηλεκτρικής φόρτισηςTo olikì di�nusma th exwterik  mhqanik  kai hlektrik  fìrtish prokÔpteiapì th {surraf } twn ant�stoiqwn stoiqeiwd¸n dianusm�twn. H diadikas�a aut perilamb�nei tr�a b mata [94℄:

i. Kataskeu  twn ektetamènwn stoiqeiwd¸n dianusm�twn. Ta ektetamèna dia-nÔsmata prokÔptoun apì ta stoiqei¸dh (2.42), (2.48) w,
f̄j =

[

0 . . . 0 . . . 0
... f e ... 0 . . . 0 . . . 0

]T

2(n+1)×1
(2.59)ìpou to stoiqei¸de di�nusma topojete�tai sth jèsh (2j−1). Gia par�deigmae�n n = 4 pou isqÔei gia thn upì melèth dokì kai gia omoiìmorfh fìrtish

q(t), to di�nusma isoÔtai me
[

0 0 F (t), M(t), F (t), −M(t) 0 0 0 0
]T

10×1
(2.60)ìpou F (t) = q(t)

12
6Le, M(t) = q(t)

12
L2

e

ii. To genikì di�nusma prokÔptei apì thn,
fG =

n
∑

j=1

f̄j, fG ∈ R
2(n+1)×1 (2.61)Gia par�deigma e�n n = 4 kai gia omoiìmorfh fìrtish q(t) to di�nusmaisoÔtai me,

[

F (t) M(t) 2F (t) 0 2F (t) 0 2F (t) 0 F (t) −M(t)

]

10×1
(2.62)

iii. To olikì di�nusma th mhqanik  kai hlektrik  fìrtish f(t) prokÔpteimet� th diagraf  twn dÔo pr¸twn gramm¸n ex ait�a twn sunoriak¸n sun-jhk¸n pou isqÔoun gia thn prìbolo dokì, epiplèon h rop  k�myh stonakra�o kìmbo isoÔtai me mhdèn.
f(t) ∈ R

2n×1 (2.63)32



2. Montelopoihsh exupnwn kataskeuwnGia n = 4 kai gia omoiìmorfh fìrtish q(r, t), to di�nusma isoÔtai me
[

2F (t) 0 2F (t) 0 2F (t) 0 F (t) 0
]

8×1
(2.64)

2.4
Γενικές εξισώσεις κίνησης της δοκούH ex�swsh Lagrange th stoiqei¸dou dokoÔ e�nai,

d

dt

[

∂Te

∂we

]

+

[

∂U

∂we

]

= f e ⇒

Me

d2w(t)

dt2
+Kew(t) = f e

m + f e
e

(2.65)epomènw h olik  ex�swsh th stoiqei¸dou dokoÔ e�nai,
Mẅ(t) +Kw(t) = fm(t) + fe(t) (2.66)ìpou M kai K oi oliko� p�nake m�za kai akamy�a sqèsh (2.58) (2.57) kai

fm(t), fe(t) ta olik� dianÔsmata mhqanik  kai hlektrik  fìrtish.[96℄

Sq ma 2.11: Kombikè metatop�sei kai strofè th dokoÔ
H anex�rthth metablht  w(t) e�nai o sunduasmì th katakìrufh metatìpish33
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ωi(t) tou kìmbou i kai th strof  ψi tou kìmbou i (sq ma 2.11).

w(t) =



















ω1(t)

ψ1...
ωn(t)

ψn



















(2.67)
ìpou n e�nai o arijmì twn peperasmènwn stoiqe�wn pou qrhsimopoie�tai sthnan�lush.Gia na sumperil�boume ti epidr�sei apìsbesh jewre�tai h apìsbesh Rayleigh[87℄. H apìsbesh aut  dhl¸netai me ton p�naka ix¸dou apìsbesh D pou e�naisun�rthsh twn olik¸n pin�kwn m�za kai akamy�a kai isoÔtai me,

D = aM + βK (2.68)ìpou a kai β e�nai oi meiwtiko� suntelestè twn pin�kwn m�za kai akamy�a. 'Otanqrhsimopoie�tai mìno h apìsbesh akamy�a dhlad  e�n a = 0 o idiomorfikì lìgoapìsbesh ζβ isoÔtai me,
ζβ =

wr

2
β (2.69)ìpou wr h idiosuqnìthta. En¸ ìtan lhfje� upìyh mìno h apìsbesh m�za dhlad 

β = 0 o idiomorfikì lìgo apìsbesh ζa isoÔtai me,
ζa =

a

2

l

wr

(2.70)Oi suntelestè a kai β mporoÔn na upologistoÔn apì peir�mata. Gia na apodeiqte�h apodotikìthta tou elegkt  èqoun lhfje� polÔ mikrè timè gia tou suntelestè
a kai β.H ex�swsh (2.66) met� thn eisagwg  th apìsbesh tropopoie�tai w,

Mẅ(t) +Dẇ(t) +Kw(t) = fm(t) + fe(t) (2.71)H ex�swsh (2.71) e�nai h genik  dunamik  ex�swsh th dokoÔ.[14℄
34



2. Montelopoihsh exupnwn kataskeuwn
2.5
Περιγραφή στο χώρο κατάστασηςQrhsimopoi¸nta th dunamik  ex�swsh tou sust mato (2.71), gia th metatrop sto q¸ro kat�stash jewroÔme ton metasqhmatismì [97℄,

x(t) =

[

w(t)

ẇ(t)

] (2.72)H metatrop  sto q¸ro kat�stash g�netai w akoloÔjw,
Mẅ(t) +Dẇ(t) +Kw(t) = fm(t) + fe(t)

⇒ ẅ(t) = M−1(fm(t) + fe(t)) −M−1Dẇ(t) −M−1Kw(t)

⇒ ẋ(t) =

[

ẇ(t)

ẅ(t)

]

=

[

ẇ(t)

M−1(fm(t) + fe(t)) −M−1D ˙w(t) −M−1Kw(t)

]

=

[

02n×2n

M−1(fm(t) + fe(t))

]

+

[

ẇ(t)

−M−1Dẇ(t) −M−1Kw(t)

]

=

[

02n×2n

M−1(fm + fe)(t)

]

+

[

02n×2n I2n×2n

−M−1K −M−1D

][

w(t)

ẇ(t)

]

=

[

02n×2n

M−1fm(t)

]

+

[

02n×2n

M−1fe(t)

]

+

[

02n×2n I2n×2n

−M−1K −M−1D

][

w(t)
˙w(t)

](2.73)'Ara
ẋ(t) =

[

ẇ(t)

ẅ(t)

]

=

[

02n×2n

M−1fm(t)

]

+

[

02n×2n

M−1fe(t)

]

+

[

02n×2n I2n×2n

−M−1K −M−1D

][

w(t)
˙w(t)

] (2.74)
To di�nusma th hlektrik  fìrtish fe(t) prokÔptei apì th diadikas�a th{surraf } apì to stoiqei¸de hlektrikì fort�o. E�n gia par�deigma èqoumetèssera stoiqe�a, k�ti pou isqÔei gia thn upo melèth dokì, to di�nusma isoÔtai35



2. Montelopoihsh exupnwn kataskeuwnme [97℄,
fe(t) =

































0

cpu1(t) − cpu2(t)

0

−cpu3(t) + cpu2(t)

0

cpu3(t) − cpu4(t)

0
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0 0 0 0
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0 0 0 cp













































u1(t)

u2(t)
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u4(t)













= F ∗
e · u(t)

(2.75)Sth genik  per�ptwsh o F ∗
e e�nai èna p�naka diast�sewn 2n × n kai u(t) todi�nusma elègqou di�stash n× 1, pou antiproswpeÔei ti t�sei uj(t) twn ener-gopoiht¸n (par�grafo 2.3.3).[14℄Epomènw h ex�swsh (2.74) me b�sh ton metasqhmatismì (2.72) g�netai,

ẋ(t) =

[

02n×2n I2n×2n

−M−1K −M−1D

]

x(t) +

[

02n×2n

M−1F ∗
e

]

u(t) +

[

02n×2n

M−1

]

fm(t)

= Ax(t) +Bu(t) +Gfm(t) (2.76)
= Ax(t) +

[

B G
]

[

u(t)

fm(t)

] (2.77)
= Ax(t) + B̃ũ(t)Gia th mètrhsh th kat�stash tou sust mato qrhsimopoioÔntai w aisjht -re ant�stoiqa piezohlektrik� ìpw fa�netai sto sq ma 2.12, h dunatìthta aut perigr�fetai apo to an�strofo piezohlektrikì fainìmeno pou perigr�fetai sthnenìthta A.5 tou Parart mato A. H t�sh exìdwn aut¸n twn piezohlektrik¸naisjht rwn e�nai an�logh twn kombik¸n metakin sewn twn ant�stoiqwn stoiqe�wn.Epomènw h èxodo tou sust mato e�nai,

y(t) =
[

x1(t) x3(t) . . . xn−1(t)
]T

= Cx(t) (2.78)
36



2. Montelopoihsh exupnwn kataskeuwnme,
C =













1 0 0 0 0 0 0 . . . 0

−1 0 1 0 0 0 0 . . . 0

0 0 −1 0 1 0 0 . . . 0

0 0 0 0 −1 0 1 . . . 0













(2.79)Oi mon�de pou qrhsimopoioÔntai e�nai m, rad, sec kai N.

2.6
Εξισώσεις κίνησης της υπό μελέτη δοκούJewre�tai h prìbolo dokì me tèssera peperasmèna stoiqe�a kai me enswma-twmèna kai sti dÔo (�nw kai k�tw) epif�neie, summetrik� topojethmèna piezoh-lektrik�, ìpw fa�netai sto sq ma 2.12. H dokì g�netai apì sÔnjeta graf�th /epoxikì T300/976 kai to piezohlektrikì an kei sthn kathgor�a PZT G1195N. Oiidiìthte th dokoÔ kai oi diast�sei twn piezohlektrik¸n energopoiht¸n fa�non-tai ston p�naka 2.1. To p�qo twn piezohlektrik¸n e�nai mikrì se sqèsh me top�qo th dokoÔ, me sunèpeia h dokì na jewre�tai omoiìmorfh. Ta kat¸tera pie-zohlektrik� exuphretoÔn w energopoihtè kai ta an¸tera w aisjht re (sq ma2.12, 2.13).

Sq ma 2.12: Sqedi�gramma dokoÔ me piezohlektrik�
37



2. Montelopoihsh exupnwn kataskeuwn

Sq ma 2.13: H dokì se k�myhIdiìthte Mon�de Dokì Piezohlektrikìenergopoiht Ulikì graf�th / epoxikì PZT G1195N
T300/976M ko m L 0, 3 Lp 0, 0075Pl�to m W 0, 004 Wp 0, 004P�qo m h 0, 0096 hp 0, 0002Mètro elastikìthta

Young N/m2 E 1, 5 · 1011 Ep 6, 3 · 1010Rop  adr�neia m4 I 3, 33 · 10−9 Ip 1, 92 · 10−10Puknìthta Kg/m2 ρb 1600 ρ 7600Piezohlektrik stajer� èntash m/V - - d31 254 · 10−12Meiwtiko� suntelestèapìsbesh - a,β 0,0005 -P�naka 2.1: Idiìthte kai diast�sei dokoÔ kai piezohle-ktrik¸n energopoiht¸nOi p�nake m�zaM8×8, akamy�aK8×8, apìsbeshD8×8 kai F ∗
e 8×4upolog�zontaiapo ti sqèsei (2.58), (2.57), (2.68), (2.75) kai parat�jentai sto Par�rthma Bsti sqèsei (B.1), (B.2), (B.8), (B.6).
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2. Montelopoihsh exupnwn kataskeuwnB�sei twn pin�kwn aut¸n upolog�zontai kai oi p�nake,
A =

[

08×8 I8×8

−M−1K −M−1D

]

16×16

,
B =

[

08×4

M−1F ∗
e

]

16×4

,
G =

[

08×8

M−1

]

16×8pou d�nontai sto Par�rthma B, sti sqèsei (B.3), (B.5), (B.7).

Sq ma 2.14: Montèlo èxupnh dokoÔ qwrismèno se 4 peperasmèna stoiqe�aTo di�nusma mhqanik  dÔnamh fm e�nai,
fm =

[

F1 M1 F2 M2 F3 M3 F4 M4

]T

8×1
(2.80)ìpou Fi,Mi e�nai ant�stoiqa h dÔnamh kai h rop  gia k�je kìmbo i (sq ma 2.14)pou prokÔptei met� th surraf  twn stoiqeiwd¸n dianusm�twn. [94℄

2.6.1 Μηχανικές είσοδοι στο σύστημαSti prosomoi¸sei pou akoloujoÔn gia thn exakr�bwsh th apotelesmatikì-thta twn elegkt¸n qrhsimopoioÔntai tr�a e�dh mhqanik¸n dun�mewn:
• Stajer  sugkentrwmènh dÔnamh 10N sto eleÔjero �kro th dokoÔ,

fm(t, r) = 10δ(r − L) (2.81)Qrhsimopoi¸nta ti exis¸sei (2.59), (2.60), (2.61), (2.62) h dÔnamh meta-39



2. Montelopoihsh exupnwn kataskeuwntrèpetai sto q¸ro kat�stash sthn morf ,
fm =

[

0 0 0 0 0 0 10 0
]T (2.82)

• Hmitonoeid  dunamik  fìrtish me eÔro tal�ntwsh 10N kai per�odo 0,01
sec sq ma (2.15),

q0(t) = 10hm(0, 01t) (2.83)H dÔnamh aut  e�nai, omoiìmorfa katanemhmènh, qronik� metaballìmenh,
fm(t) = q0(t) (2.84)

0 0.005 0.01 0.015 0.02
−10

0

10

sec

N

input disturbance profile: harmonic

Sq ma 2.15: Hmitonoeid  fìrtishQrhsimopoi¸nta ti exis¸sei (2.59), (2.60), (2.61), (2.62) h dÔnamh meta-trèpetai sto q¸ro kat�stash sthn morf ,
fm (t) = Le

[

10ηµ (t) 0 10ηµ (t) 0 · · · 5ηµ (t) 0
]T

=
[

0.75ηµ (t) 0 0.75ηµ (t) 0 · · · 0.375ηµ (t) 0
]T(2.85)

• Pragmatikh aiolik  fìrtish, sq ma (2.16)
fm(t) = y(t) (2.86)H sun�rthsh y(t) proèkuye apo to arqe�o th taqÔthta tou anèmou mèsw thsqèsh,

y(t) = 0, 5ρv2(t)cvE (2.87)ìpou ρ = 1, 125kgr/m3 h puknìthta tou aèra, cv suntelest  pou exart�taiapì th diatom  th dokoÔ kai gia orjogwnik  diatom  e�nai cv = 1, 5, v(t) h40



2. Montelopoihsh exupnwn kataskeuwntaqÔthta tou anèmou kai E h epif�neia th dokoÔ pou èrqetai se epaf  me ton aèra.Qrhsimopoi¸nta ti exis¸sei (2.59), (2.60), (2.61), (2.62) h dÔnamh metatrèpetaisto q¸ro kat�stash sthn morf ,
fm(t) =

[

y(t) 0 y(t) 0 y(t) 0 y(t) 0
]T (2.88)To arqe�o th aiolik  taqÔthta pou qrhsimopoi jhke paraqwr jhke apì to er-gast rio aiolik  enèrgeia tou ATEI Kr th. H deigmatolhy�a ègine an� 1 seckai qrhsimopoi jhkan 3257 metr sei apo thn jèsh tou Estaurwmènou Hrakle�ouKr th ton M�rtio tou 2006. Gia ti ek�stote an�gke th prosomo�wsh h deig-matolhy�a èqei metablhje� ètsi ¸ste na prokÔptoun eÔlogoi qrìnoi prosomo�wsh.
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Sq ma 2.16: Aiolik  fìrtish
2.6.2 ΘόρυβοςEpiplèon gia ti prosomoi¸sei èqei eisaqje� jìrubo san tuqa�o posostì stodi�sthma (+1%,−1%), ep� twn metr sewn twn exìdwn tou sust mato. Ex ait�atwn mikr¸n metatop�sewn twn kìmbwn tou sust mato, to eÔro tou jorÔboulamb�netai mikrì, th t�xh tou 5× 10−10, en¸ gia k�je kìmbo th dokoÔ g�netaieisagwg  tou s mato me diaforetikì posostì me mikrìtero posostì ston pr¸tokìmbo ex ait�a tou paktwmènou �krou th dokoÔ.To s ma tou jorÔbou èqei lhfje� �dio se ìle ti prosomoi¸sei (me qr sh touelegkt  LQR, Hinfinity, Hifoo).To montèlo tou jorÔbou ìpw eis�getai sto Matlab d�netai sto sq ma 2.1741
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Sq ma 2.17: Montèlo jorÔbou ìpw èqei lhfje� sto Simulink

42



3

ΕΛΕΓΧΟΣ

Sto Kef�laio 3 parousi�zontai kai sugkr�nontai oi di�fore strathgikè elègqougia to prìblhma th katakìrufh rÔjmish th jèsh th dokoÔ.
3.1
Ορισμός του προβλήματος ελέγχουTo prìblhma elègqou e�nai na diathrhje� h dokì se isorrop�a (k�ti pou sh-ma�nei mhdenikè metatop�sei kai strofè) par� ìle ti diataraqè, to jìrubometr sewn, kai ti atèleie tou montèlou, qrhsimopoi¸nta ti diajèsime metr -sei kai sth sunèqeia ton èlegqo. To genikì di�gramma elègqou fa�netai stosq ma 3.1.Sto di�gramma parathroÔme ta ex :

i. Oi diataraqè jewroÔntai mh metr sime kai aprìblepte.
ii. To di�nusma kat�stash den e�nai metr simo sto sÔnolo tou, gegonì poukajist� apara�thth th qr sh parathrht .43



3. Elegqo

Sq ma 3.1: Genikì di�gramma elègqou tou sust mato
iii. O parathrht  den èqei plhrofor�a gia th diataraq , me apotèlesma h ekt�-mhs  tou na e�nai esfalmènh.'Ena trìpo par�kamyh tou probl mato autoÔ ja  tan h qr sh tou pa-rathrht  agn¸stou eisìdou (UIO-unknown input observer) [77]. Dustuq¸, hprosèggish aut  den e�nai dunat  kaj¸ m�a ek twn apl¸n pro�pojèsewn ulo-po�hsh tou m ≥ q den isqÔei, afoÔ m e�nai h di�stash th parat rhsh kai q hdi�stash th diataraq .H kat�stash aut  periplèkei to prìblhma kai kajist� problhmatik  th qr shklassik¸n elegkt¸n ìpw o elegkt  LQR kaj¸ h apìdosh tou exart�tai �me-sa apì thn diajesimìthta tou dianÔsmato kat�stash   sth kalÔterh per�ptwshenì axiìpistou ektimht  tou. Sth sunèqeia ja doÔme sugkritik� apotelèsmatatou elegkt  LQR kai tou pio exeligmènou H∞, pou ja epibebai¸soun th duskol�aaut .

3.2
Σχεδιασμός και καθορισμός του συστήματοςH sÔgqronh prosèggish gia to qarakthrismì th apìdosh enì sust matokleistoÔ brìqou e�nai to mègejo k�poiwn pin�kwn sunart sew metafor� toukleistoÔ brìqou qrhsimopoi¸nta di�fore nìrme pin�kwn. Oi nìrme pin�kwnde�qnoun pìso meg�lo mpore� na e�nai èna s ma exìdou gia k�poie kl�sei twnshm�twn eisìdou. Gi� autì to lìgw e�nai shmantikì na qarakthristoÔn ta s matakai oi nìrme twn pin�kwn. 44



3. Elegqo
3.2.1 Σήματα και νόρμες πινάκωνOi idiìmorfe timè enì n × n p�naka sun�rthsh metafor� G(jω) or�zetaiw,

σi(ω) = [λi(G
∗(jω)G(jω))]

1

2 (3.1)ìpou to ∗ or�zei to migadikì suzug  p�naka, kai ta λ e�nai oi idiotimè.H nìrma-2 enì dianusmatikoÔ s mato u(t) mpore� na oriste� w,
||u(t)||2 =

(

∫ ∞

0

n
∑

i=1

|ui(τ)|
2dτ

)
1

2 (3.2)kai antiproswpeÔei thn enèrgeia tou s mato.H nìrma H∞ enì n× n p�naka sun�rthsh metafor� or�zetai w,
||G(s)||∞ = sup

ω∈R

σ̄[G(jω)] (3.3)Grafik� aut  h tim  e�nai h koruf  tou diagr�mmato Bode. IsqÔoun ta akìlouja:
• Elaqistopo�hsh th nìrma H∞ antistoiqe� se elaqistopo�hsh th mègisthapolab  w pro thn enèrgeia tou sust mato.
• E�n h e�sodo e�nai èna opoiod pote s ma L2 tìte h elaqistopo�hsh thnìrma H∞ antistoiqe� se elaqistopo�hsh th qeirìterh ep�dras  tou ep�th enèrgeia th exìdou.Oi idiìmorfe timè mporoÔn na qrhsimopoihjoÔn gia th mètrhsh th euaisjhs�a

(conditioning) tou sust mato. O de�kth euaisjhs�a c or�zetai w,
c =

σmax

σmin

(3.4)E�n c >> 1 shma�nei ìti merikè e�sodoi èqoun isqur  epirro  sti exìdou, en¸�lle ìqi.Qrhsimopoi¸nta idiìmorfe timè kai to metasqhmatismì (SVD   Karhunen

Loeve) mporoÔme na apomon¸soume tou basikoÔ trìpou tal�ntwsh grammik¸nsusthm�twn.Gia na g�nei katanoht  h ènnoia th idiìmorfh tim  a doÔme to sq ma 3.2.45



3. Elegqo
Sq ma 3.2: Domikì di�gramma eisìdou - exìdou sun�rthsh metafor� G(s)O p�naka Gm×n(s) mpore� na aposunteje� w,

G(jω) = U(jω)Σ(jω)V ∗(jω) (3.5)ìpou Um×m kai Vn×n e�nai oi monadia�oi p�nake kai,
Σ(jω) =





























σ1(jω)

σ2(jω) . . .
σp(jω)

0 . . .
0





























(3.6)
ìpou p = min{m,n} kai σi e�nai oi idiìmorfe timè tou G taxinomhmène kat�aÔxousa seir�, dhlad  σ1 > σ2 > . . . > σp.IsqÔei,

Gνi = σiui (3.7)Peraitèrw e�n oi U kai V ekfrastoÔn se polik  morf ,
Uki = ukie

jθki

Vli = vlie
jφli

(3.8)kai h e�sodo tou sust mato e�nai,
r(t) = νlisun(ωt+ φli) (3.9)tìte h èxodo sth mìnimh kat�stash ja e�nai,
y(t) = σiukisun(ωt+ θki) (3.10)46



3. ElegqoH (3.10) katadeiknÔei th qr sh th idiìmorfh tim  san èna monadikì mètropolumetablht  apolab .
3.2.2 Δομημένη ιδιόμορφη τιμήH domhmènh idiìmorfh tim  enì p�naka sun�rthsh metafor� M or�zetai w,

µ(M) =







1
minkm{det(I−kmM∆)=0, σ̄(∆)≤1}

0, an den up�rqei ∆ tètoio ¸ste det(I −M∆) = 0
(3.11)Dhlad  h µ(M) or�zei to mikrìtero domhmèno ∆ (pou metr�tai me σ̄(∆)) toopo�o kajist� thn or�zousa det(I −M∆) = 0: tìte µ(M) = 1

σ̄(∆)
. Autì shma�neiìti timè tou µ mikrìtere th mon�da e�nai epijumhtè (ìso pio mikrè tìso tokalÔtero).

3.2.3 Στόχοι σχεδίασηςOi stìqoi sqed�ash katat�ssontai se duo kathgor�e:
i. Onomastik  apìdosh(a) Eust�jeia tou kleistoÔ sust mato (egkat�stash kai elegkt )(b) Exasjènhsh diataraq  me ikanopoihtik  metabatik  apìkrish.(g) Mikrì mègejo elègqou.
ii. EÔrwsth apìdoshTa (a') èw (g') prèpei na isqÔoun par� ìla ta sf�lmata montelopo�hsh.

3.2.4 Προδιαγραφές συστήματοςGia na ekfr�soume ti apait sei tou sust mato ètsi ¸ste na ikanopoioÔntaioi proanaferjènte stìqoi (i) - (ii) prèpei na anaparast soume to sÔsthm� masth legìmenh dom  N - ∆. Gia na to epitÔqoume autì a xekin soume me to aplìdi�gramma tou sq mato 3.3.To sq ma autì e�nai parìmoio me to sq ma 3.1, me th diafor� ìti anafèrontaidiexodik� oi èxodoi u kai x. 47



3. Elegqo

Sq ma 3.3: Klassikì di�gramma elègqouS� autì to di�gramma up�rqoun dÔo e�sodoi d kai n kai dÔo èxodoi u kai x.Upot�jetai ìti,
∥

∥

∥

∥

∥

d

n

∥

∥

∥

∥

∥

2

≤ 1,

∥

∥

∥

∥

∥

x

u

∥

∥

∥

∥

∥

2

≤ 1 (3.12)E�n h (3.12) den isqÔei mporoÔn na qrhsimopoihjoÔn sunart sei bar¸n ètsi¸ste ta metasqhmatismèna s mata na thn ikanopoioÔn.Epanasqedi�zoume to sq ma 3.3 sth morf  tou 3.4.

Sq ma 3.4: Analutikì di�gramma dÔo jur¸n
48



3. Elegqo  me mikrìterh leptomèreia san to 3.5. me,
z =

[

u

x

]

, w =

[

d

n

] (3.13)ìpou z e�nai oi èxodoi pou prèpei na elegqjoÔn kai w oi exwgene� e�sodoi.

Sq ma 3.5: Di�gramma dÔo jur¸n
Dedomènou ìti to P èqei dÔo eisìdou kai dÔo exìdou to sÔsthma mpore� nagrafte� w,

[

z(s)

y(s)

]

=

[

Pzw
(s) Pzu(s)

Pyw
(s) Pyu(s)

][

w(s)

u(s)

] or
= P (s)

[

w(s)

u(s)

] (3.14)ep�sh,
u(s) = K(s)y(s) (3.15)Antikajist¸nta thn (3.14) sthn (3.15), prokÔptei h sun�rthsh metafor�Nzw

(s),
Nzw

(s) = Pzw
(s) + Pzu(s)K(s)(I − Pyu(s)K(s))−1Pyw

(s) (3.16)Gia na exaqjoÔn prodiagrafè eurwst�a tou sust mato apaite�tai to epiplèonsq ma 3.6, ìpou to N or�zetai apì th sqèsh (3.16) kai h abebaiìthta ∆ ikanopoie�thn ||∆||∞ ≤ 1.To sq ma 3.6 or�zei th sqèsh,
z = Fu(N,∆)w = [N22 +N21∆(I −N11∆)−1N12]w = Fw (3.17)49



3. Elegqo

Sq ma 3.6: N-∆ dom  gia montelopo�hsh th abebaiìthtaMe dedomènh th dom  aut  mporoÔn na diatupwjoÔn oi parak�tw orismo�,Onomastik  eust�jeia (NS) ⇔ N eustaj Onomastik  apìdosh (NP ) ⇔ ||N22(jω)||∞ ≤ 1 ∀ω kai NSEÔrwsth eust�jeia (RS) ⇔ F = Fu(N,∆) eustajè ∀∆, ||∆||∞ < 1 kai NSEÔrwsth apìdosh (RP ) ⇔ ||F ||∞ < 1, ∀∆, ||∆||∞ < 1 kai NS (3.18)'Eqei apodeiqte� ìti isqÔoun oi parak�tw sunj ke, sthn per�ptwsh mplok dia-g¸niwn pragmatik¸n   migadik¸n diataraq¸n ∆:
i. To sÔsthma e�nai onomastik� eustajè e�n o M e�nai eswterik� eustaj .
ii. To sÔsthma epideiknÔei onomastik  apìdosh e�n σ̄(N22(jω)) < 1

iii. To sÔsthma (M,∆) e�nai eÔrwsta eustajè an kai mìno an,
sup
ω∈R

µ∆(N11(jω)) < 1 (3.19)ìpou µ∆ e�nai h domhmènh idiìmorfh tim  tou N doje�sh th domhmènh abe-baiìthta ∆. Autì to je¸rhma e�nai gnwstì san to {genikeumèno je¸rhmamikr  apolab }.
iv. To sÔsthma (N,∆) epideiknÔei eÔrwsth apìdosh an kai mìno an,

sup
ω∈R

µ∆a
(N(jω)) < 1 (3.20)me,

∆a =

[

∆p 0

0 ∆

] (3.21)50



3. Elegqoìpou ∆p e�nai pl rw migadikì kai èqei thn �dia dom  me ton ∆ kai di�stashpou antistoiqe� sta w kai z.Dustuq¸, mporoÔn na ektimhjoÔn mìno fr�gmata sto µ.
3.3
Σύνθεση ελεγκτών'Ola ta proanaferjènta apantoÔn sto prìblhma th an�lush kai ma d�nounth dunatìthta na or�soume krit ria apìdosh ìlwn twn elegkt¸n kai na tousugkr�noume metaxÔ tou.Ep�sh e�nai dunatìn na broÔme proseggistik� ènan elegkt  K me ton opo�-o ja epitugq�netai domhmènh apìdosh se sqèsh me th domhmènh idiìmorfh ti-m  tou µ. Sth mèjodo aut , h opo�a e�nai gnwst  w epanalhptik  mèjodo
(D,G−K) to prìblhma th eÔresh enì µ-bèltistou elegkt  K tètoio ¸ste
µ(Fu(F (jω)), K(jω)) ≤ β, ∀ω metasqhmat�zetai sto prìblhma eÔresh pin�kwnsunart sewn metafor� D(ω) ∈ D kai G(ω) ∈ G, tètoiwn ¸ste,
sup

ω

σ̄

[(

D(ω)Fu(F (jω), K(jω))D−1(ω)

γ
− jG(ω)

)

(

I +G2(ω)
)− 1

2

]

≤ 1, ∀ω(3.22)Aut  h mèjodo dustuq¸ den mpore� na brei oÔte kan topik� mègista. Par�ìla aut� gia migadikè diataraqè up�rqei h epanalhptik  mèjodo gnwst  w
D−K thn opo�a ulopoie� to Matlab [78]. Sundu�zei sÔnjesh H∞ kai µ-an�lushkai sun jw d�nei kal� apotelèsmata.To shme�o ekk�nhsh e�nai to �nw fr�gma tou µ,

µ(N) ≤ min
D∈D

σ̄(DND−1) (3.23)H idèa e�nai na breje� èna elegkt  o opo�o na elaqistopoie� thn koruf  tou�nw fr�gmato sto ped�o twn suqnot twn, dhlad ,
min

K

(

min
D∈D

||DN(K)D−1||∞

) (3.24)elaqistopoi¸nta enall�x th nìrma ||DN(|K)D−1||∞ se sqèsh me to K   to D,krat¸nta stajerì to �llo. 51



3. Elegqo
i. K-b ma. SÔnjesh enì elegkt H∞ gia to prìblhmaminK ||DN(K)D−1||∞me dedomèno to D(s).
ii. D-b ma. EÔresh D(jω) pou elaqistopoie� se k�je suqnìthta thn posì-thta σ̄(DND−1(jω)) me dedomèno to N .
iii. Prosarmog  tou D(jω) se ènan eustaj  p�naka metak�nhsh el�qisth f�-sh D(s) kai epanafor� sto b ma i.

3.4
Σύνδεση με το πρόβλημα ελέγχου της δοκούO skopì ma e�nai na breje� èna p�naka N ìpw or�zetai sthn (3.16). Gi� autìto skopì e�nai apara�thto na oristoÔn oi sqèsei eisìdou - exìdou tou arqikoÔmontèlou,

[

e

u

]

= F (s)

[

d

n

]

⇒ z = F (s)w (3.25)to opo�o fa�netai sto sq ma 3.7.

Sq ma 3.7: Dokì me èlegqoH dokì perigr�fetai apì thn,
ẋ(t) = Ax(t) +

[

B G
]

[

u(t)

fm(t)

]

⇒ H(s) = (sI −A)−1

(3.26)52



3. ElegqoO p�naka J isoÔtai me,
J =













1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0













(3.27)kai upodhl¸nei thn epijum�a ma na elègqoume thn katakìrufh metatìpish stoukìmbou.Sth sunèqeia epanasqedi�zoume to sq ma 3.7 b ma - b ma.
Sq ma 3.8: Epimèrou domikì di�gramma dokoÔ me e�sodo th diataraq  d kai èxodoto sf�lma eApì to sq ma 3.8 e�nai eÔkolo na fane� ìti,

Tde = J · (I −HBKC)−1H ·G (3.28)

Sq ma 3.9: Epimèrou domikì di�gramma dokoÔ me e�sodo to jìrubo n kai èxodoto sf�lma eApì to sq ma 3.9 mporoÔme na doÔme ìti,
Tne = J · (I −HBKC)−1HBK (3.29)
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3. Elegqo
Sq ma 3.10: Epimèrou domikì di�gramma dokoÔ me e�sodo th diataraq  d kaièxodo ton èlegqo uApì to sq ma 3.10 mporoÔme na doÔme ìti,

Tdu = (I −KCHB)−1KCH ·G (3.30)

Sq ma 3.11: Epimèrou domikì di�gramma dokoÔ me e�sodo to jìrubo n kai èxodoton èlegqo u
Apì to sq ma 3.11 mporoÔme na doÔme ìti,

Tnu = (I −KCHB)−1K (3.31)Sundèont� ta ìla èqoume,
e = J · (I −HBKC)−1H ·Gd+ J · (I − JBKC)−1HBKn (3.32)

u = (I −KCHB)−1KCH ·Gd+ (I −KCHB)−1Kn (3.33)54



3. Elegqo ,
[

e

u

]

=

[

J(I −HBKC)−1HJ J(I −HBKC)−1HBK

(I −KCHB)−1KCHG (I −KCHB)−1K

][

d

n

] (3.34)
[

e

u

]

=

[

Fde Fne

Fdu Fnu

]

⇒ z = F (s)w (3.35)Sth sunèqeia qrhsimopoioÔntai kat�llhla b�rh kai xanasqedi�zoume to sq ma 3.7sth morf  tou diagr�mmato 3.12.

Sq ma 3.12: Stajmismèno di�gramma elègqou gia to prìblhma th dokoÔSth sunèqeia xanasqedi�zetai to sq ma 3.12 san to di�gramma dÔo jur¸n tousq mato 3.13.Sto 3.13 ta x kai ν e�nai bohjhtik� s mata.AnazhtoÔme thn,
Qzw

(s) = Pzw
(s) + Pzu(s)K(s)(I − Pyu(s)K(s))−1Pyw

(s) (3.36)oÔtw ¸ste,
z = Qzw

w = Fl(P,K)w (3.37)Prèpei na breje� o P (s). Oi apara�thte sunart sei metafor� e�nai,
e
w

= WeJx = WeJHν = WeJH(GWddw
+Bu)

= WeJHGWddw
+WeJHBu

(3.38)55



3. Elegqo

Sq ma 3.13: Di�gramma dÔo jur¸n gia to prìblhma th dokoÔ
u

w
= Wuu (3.39)

yn = Cx+Wnnw
= CHν +Wnnw

= CH(GWddw
+Bu) +Wnnw

=

CHGWddw
+ CHBu+Wnnw

(3.40)Sundèonta ti sqèsei (3.38), (3.39) kai (3.40) pa�rnoume,






u
w

e
w

yn






=







0 0 Wu

WeJHGWd 0 WeJHB

CHGWd Wn CHB













d
w

n
w

u






(3.41) ,

[

z

yn

]

=

[

Pzw
Pzu

Pyw
Pyu

][

w

u

] (3.42)ìpou,
Pzw

=

[

0 0

WeJHGWd 0

]

, Pzu =

[

Wu

WeJHB

]

,

Pyw
=
[

CHGWd Wn

]

, Pyu = CHB

(3.43)Qrei�zetai èna akìma b ma gia na broÔme aut� pou an koun sto Qij . Autì epi-56



3. Elegqotugq�netai qrhsimopoi¸nta thn (3.34) kai parathr¸nta ìti,
d = Wddw

, n = Wnnw
, e

w
= Wee, u

w
= Wuu (3.44)Epomènw,

[

e

u

]

=

[

W−1
e e

w

W−1
u u

w

]

= F (s)

[

d

n

]

= F (s)

[

Wddw

Wnnw

]

⇒

[

e
w

u
w

]

=

[

We

Wu

]

F (s)

[

Wd

Wn

][

d
w

n
w

] (3.45) ,
[

e
w

u
w

]

=

[

WeJ(I −HBKC)−1HGWd WeJ(I −HBKC)−1HBKWn

Wu(I −KCHB)−1KCHGWd Wu(I −KCHB)−1KWn

][

d
w

n
w

](3.46)Epomènw oi p�nake e�nai,
z = Qzw

  [ uw

yFw

]

=

[

Q11 Q12

Q21 Q22

][

d

n

] (3.47)Sth sunèqeia upojètoume thn abebaiìthta stou p�nake M kai K sth morf ,
K = K0(I + kpI2n×2nδK)

M = M0(I +mpI2n×2nδM)
(3.48)Dedomènou ìti upojèsame D = 0, 0005(M +K). Apo thn 3.48 èqoume,

D =0, 0005[K0(I + kpI2n×2nδK) +M0(I +mpI2n×2nδM)] =

D0 + 0, 0005[K0kpI2n×2nδK +M0mpI2n×2nδM ]
(3.49)Enallaktik� epeid  h genik  morf  tou p�naka apìsbesh e�nai o p�naka D mporeina grafe� ìpw,

D = aK + βM (3.50)O p�naka D mpore� na grafe� ìpw oi p�nake M kai K san,
D = D0(I + dpI2n×2nδD) (3.51)Sthn paroÔsa diatrib  lamb�netai sth morf  th (3.49).57



3. ElegqoMe autìn ton trìpo parousi�zetai h abebaiìthta me th morf  th posostia�adiakÔmansh stou sqetikoÔ p�nake. Aut  h èkfrash abebaiìthta e�nai ka-t�llhlh sthn per�ptws  ma, afoÔ ìpw fa�netai sti exis¸sei (2.57), (2.58) habebaiìthta e�nai pijanìtero na emfaniste� se ìrou èxw apì to kÔrio sÔsthma(efìson to m ko th dokoÔ mpore� na metrhje� epark¸).Ed¸ upot�jetai ìti,
||∆||∞

def
=

∥

∥

∥

∥

∥

[

In×nδK 0n×n

0n×n In×nδM

]
∥

∥

∥

∥

∥

∞

< 1 (3.52)ìpou mp, kp qrhsimopoioÔntai gia na rujm�soun ti ekatostia�e timè kai o mhde-nikì de�kth sumbol�zei ti timè onomastik  sqed�ash.Upenjum�zoume ìti ston p�naka An×n, h nìrma upolog�zetai w
||A||∞ = max

1≤j≤m

n
∑

j=1

|aij|.Me autoÔ tou orismoÔ h ex�swsh 2.76 g�netai:
M0(I +mpI2n×2nδM)ẅ(t) +K0(I + kpI2n×2nδK)w(t)

+[D0 + 0.0005[K0kpI2n×2nδK +M0mpI2n×2nδM ]]ẇ(t) = fm(t) + fe(t)

⇒M0ẅ(t) +D0q̇(t) +K0w(t) =

−[M0mpI2n×2nδM ẅ(t) + 0.0005[K0kpI2n×2nδK +M0mpI2n×2nδM ]ẇ(t)+

K0kpI2n×2nδKw(t)]

= fm(t) + fe(t)

⇒M0ẅ(t) +D0ẇ(t) +K0w(t) = D̃qu(t) + fm(t) + fe(t) (3.53)ìpou,
qu(t) =







ẅ(t)

ẇ(t)

w(t)






(3.54)

D̃ = −
[

M0mp K0kp

]

[

I2n×2nδM 02n×2n

02n×2n I2n×2nδK

][

I2n×2n 0.0005I2n×2n 02n×2n

02n×2n 0.0005I2n×2n I2n×2n

]

= G1 · ∆ ·G2 (3.55)58



3. ElegqoGr�fonta thn 3.53 sth morf  tou q¸rou kat�stash, èqoume
ẋ(t) =

[

02n×2n I2n×2n

−M−1K −M−1D

]

x(t) +

[

02n×2n

M−1f ∗
e

]

u(t) +

[

02n×2n

M−1

]

d(t)

+

[

02n×6n

M−1F1 · ∆ ·G2

]

qu(t)

= Ax(t) +Bu(t) +Gd(t) +GuG2qu(t)

Sq ma 3.14: Domikì di�gramma abebaiìthtaM� autìn ton trìpo qeirizìmaste thn abebaiìthta stou arqikoÔ p�nake wèna epiplèon ìro abebaiìthta. Gia na ekfr�soume to sÔsthm� ma sth morf  tousq mato 3.6, lamb�noume upìyh to sq ma 3.14.Oi p�nake E1, E2 qrhsimopoioÔntai gia na ex�goume,
qu(t)

def
=







ẅ(t)

ẇ(t)

w(t)






(3.56)afoÔ,

γ =

[

ẇ(t)

ẅ(t)

] kai β =

∫

[

ẇ(t)

ẅ(t)

]

dt =

[

w(t)

ẇ(t)

] (3.57)59



3. Elegqokat�llhle epilogè gia E1, E2 e�nai,
E1 =





















02n×2n

... I2n×2n

· · ·
... · · ·

I2n×2n

... 02n×2n

· · ·
... · · ·

02n×2n

... 02n×2n





















, E2 =





















02n×2n

... 02n×2n

· · ·
... · · ·

02n×2n

... 02n×2n

· · ·
... · · ·

I2n×2n

... 02n×2n





















(3.58)
skopì e�nai na breje� èna N , ìpw,












qu

· · ·

e
w

u
w













= N













pu

· · ·

d
w

n
w













, N =















Npuqu

... Ndwqu
Nnwqu

· · ·
... · · · · · ·

Npuew

... Ndwew
Nnwew

Npuuw

... Ndwuw
Nnwuw















=

[

N11 N12

N21 N22

] (3.59)
  ìpw sto sq ma 3.6

[

qu

w

]

= N

[

pu

z

] (3.60)Gia ta upìloipa ja qrhsimopoi soume th mejodolog�a �Na bg�lw to ∆’s�. Stoshme�o autì sp�me to brìqo sta shme�a pu, qu (pou ja qrhsimopoihjoÔn w epi-plèon e�sodoi/èxodoi ant�stoiqa) kai qrhsimopoioÔme ta bohjhtik� s mata a, β,
γ. Gia na p�roume th sun�rthsh metafor� Ndwqu

(apì d
w
se qu):

qu = G2(E2β + E1γ) = G2(E2
1

s
+ E1)γ (3.61)

γ = GWddw
+Bu+ A

1

s
γ = GWddw

+BKC
1

s
γ + A

1

s
γ (3.62)

⇒ γ = (I − BKC
1

s
− A

1

s
)−1GWddw

(3.63)ìpou,
Ndwqu

= G2(E2
1

s
+ E1)(I − BKC

1

s
− A

1

s
)−1GWd (3.64)T¸ra, ta Npuqu

, Npuew
, Npuuw

, e�nai parìmoia me Ndw qu
, Ndwew

, Ndwuw
, me to
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3. Elegqo
GWd na antikaj�statai me to Gu,

Npuqu
= G2(E2

1

s
+ E1)(I − BKC

1

s
−A

1

s
)−1Gu

Npuew
= WyJH [I +B[K(I − CHBK)−1CH ]]Gu

Mpuuw
= WuK(I − CHBK)−1CHGu

(3.65)Tèlo gia na broÔme to Nnwqu
,

qu = G2(E2β + E1γ) = G2(E2
1

s
+ E1)γ (3.66)

γ = Bu+ A
1

s
γ = BK(Wnnw

+ y) + A
1

s
γ = BKWnnw

+BKC
1

s
γ + A

1

s
γ(3.67)

⇒ γ = (I − BKC
1

s
−A

1

s
)−1BKWnnw

(3.68)ìpou ,
Nnwqu

= G2(E2
1

+
E1)(I −BKC

1

s
− A

1

s
)−1BKWn (3.69)Sugkentr¸nonta:

N =






G2(E2
1
s +E1)(I−BKC 1

s −A 1
s)

−1
Gu G2(E2

1
s +E1)(I−BKC 1

s−A 1
s)

−1
GWd G2(E2

1
s +E1)(I−BKC 1

s −A 1
s)

−1
BKWu

WeJH[I+BK(I−CHBK)−1CF ]Gu WeJ(I−HBKC)−1HGWd WeJ(I−HBKC)−1HBKWu

WuK(I−CHBK)−1CFGu Wu(I−KCHB)−1KCHGWd Wu(I−KCHB)−1KW





(3.70)'Eqonta upolog�sei to N gia to prìblhma th dokoÔ pou exet�zetai, ìloi oielegktè K(s) mporoÔn na sugkrijoÔn metaxÔ tou qrhsimopoi¸nta ti sqèseitwn domik¸n idiìmorfwn tim¸n. Me autìn ton trìpo to sq ma 3.14 metasqhmat�-zetai sto sq ma 3.15.
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3. Elegqo

Sq ma 3.15: Di�gramma abebaiìthta
3.5
Το σύστημα ανοικτού βρόχουQrhsimopoi¸nta th dokì pou perigr�fhke sto Kef�laio 2 (Par�grafo 2.11)melet�me ti idiìthte anoiktoÔ brìqou. To sÔsthma anoiktoÔ brìqou me e�sodomhqanik  diataraq  fa�netai sto sq ma 3.16.

H0(s)

fm
 !"#"$"%&

y

'() )*

 !"!#

( )

Sq ma 3.16: Stoiqei¸de domikì di�gramma tou sust mato anoiktoÔ brìqou mee�sodo th mhqanik  fìrtishQrhsimopoi¸nta ti sqèsei (2.79) kai (2.78) h sun�rthsh metafor� tou su-st mato gia mhqanik  e�sodo e�nai,
H0(s) = C(sI − A)−1G (3.71)To sÔsthma anoiktoÔ brìqou me e�sodo hlektrik  t�sh fe fa�netai sto sq ma3.17.Qrhsimopoi¸nta ti sqèsei (2.79) kai (2.78) gia hlektrik  e�sodo, h sun�r-thsh metafor� tou sust mato e�nai,
Hu(s) = C(sI −A)−1B (3.72)62



3. Elegqo
Sq ma 3.17: Stoiqei¸de domikì di�gramma tou sust mato anoiktoÔ brìqou mee�sodo thn hlektrik  fìrtishTo sÔsthma e�nai eustajè me idiotimè,
λi=10

7
×

"

−3,4979 −1,3712 −0,5466 −0,2152 −0,0613 −0,0159 −0,0018 −0,000026+0,00009i

#T gia i=1,...,8

+10
7
×

"

−0,000026−0,00009i −0,0002 −0,0002 −0,0002 −0,0002 −0,0002 −0,0002 −0,0002

#T gia i=9,...,16(3.73)Parathre�tai ìti o p�naka A e�nai kak� orismèno me mètro elegximìthta po-lumetablht¸n susthm�twn = 5, 6247 × 10−13 (To mètro elegximìthta e�nai olìgo th megalÔterh pro th mikrìterh idiotim  tou sust mato, ìso pio kont�sth mon�da tìso kalÔtera). Autì shma�nei ìti mia kat�llhlh proepexergas�a jae�nai wfèlimh se eua�sjhtou upologismoÔ (ìpw h topojèthsh pìlwn). M�a an-timet¸pish tou probl mato e�nai na exisorrophjoÔn oi p�nake tou sust matoqrhsimopoi¸nta th rout�na tou MATLAB,

[T, S] = balance(A)h opo�a upolog�zei èna diag¸nio p�naka metasqhmatismoÔ T tou opo�ou ta stoiqe�ae�nai akèraie dun�mei tou 2, kai èna p�naka S tètoion ¸ste,
A = TST−1 (3.74)Me autì ton trìpo h kak  rÔjmish tou p�naka A metafèretai en mèrei ston T .Jètonta,

z = T−1x⇒ x = Tz (3.75)h (3.71) g�netai, 63



3. Elegqo
Tz(t) = ATz(t) +Bu(t) +Gd(t) ⇒

z(t) = T−1ATz(t) + T−1Bu(t) + T−1Gd(t)

= Sz(t) + B̂u(t) + Ĝd(t)

(3.76)'Ena �llo mètro th duskol�a elègqou tou sust mato e�nai o de�kth kat�-stash κ(jω), pou e�nai o lìgo th mègisth pro thn el�q�sth idiìmorfh tim tou sust mato kai or�zetai w,
κ(jω) =

σ̄(Ho(jω))

σ(Ho(jω))
(3.77)'Ena uyhlì de�kth dhl¸nei ìti to sÔsthma e�nai {kont�} sto na q�sei tonpl rh bajmì tou, dhlad  kont� sto na mhn ikanopoie� thn idiìthta th leitourgik elegximìthta (thn ikanìthta th exìdou na akolouje� m�a opoiad pote prokajo-rismènh troqi� enì dedomènou qronikoÔ diast mato). Timè kont� sto 1 e�nai oiepijumhtè. To sq ma 3.18 de�qnei ton de�kth kat�stash tou sust matì ma.

Sq ma 3.18: Lìgo th mègisth pro thn el�qisth idiìmorfh tim  tou sust mato'Opw prokÔptei apì to sq ma o de�kth e�nai uyhlì sti qamhlè suqnìth-te, de�qnonta ìti se autè ti suqnìthte to sÔsthma e�nai dÔskolo na elegje�.64



3. ElegqoAutì de�qnei ìti h exisorrìphsh ja e�nai euergetik  kai ston tomèa autì.'Ena �llo prìblhma prokÔptei apì to polÔ mikrì mègejo th el�qisth idioti-m  tou sust mato h opo�a or�zei thn mikrìterh qronik  stajer�. Sth sunèqeiaaut  upagoreÔei to di�sthma deigmatolhy�a pou qrhsimopoie�tai sti prosomoi¸-sei. To qronikì autì di�sthma prèpei na e�nai mikrìtero, sun jw to misì thmikrìterh aut  stajer�. Autì mpore� na èqei san apotèlesma thn epim kunshtou qrìnou prosomo�wsh.Tèlo, to sÔsthma e�nai elègximo kai parathr simo.
3.5.1 Απόκριση του συστήματος σε μηχανικές και ηλεκτρικές ει-

σόδουςSto sq ma 3.19 fa�nontai ta diagr�mmata metatìpish, epit�qunsh, strof ,strofik  epit�qunsh gia k�je kìmbo th dokoÔ se e�sodo mhqanik  fìrtish
fm =

[

0 0 0 0 0 0 1 0
]T dhlad  se e�sodo mhqanik  fìrtish 1N stonakra�o kìmbo th dokoÔ. Jetik  mhqanik  fìrtish jewre�tai ìti e�nai h dÔnamhpou èqei thn �dia kateÔjunsh me to jetikì y.'Opw fa�netai ìloi oi kìmboi isorropoÔn se 0, 015sec se shme�a diaforetik�tou mhdenì.Sto sq ma 3.20 fa�nontai ta diagr�mmata metatìpish se sqèsh me to qrìno giak�je kìmbo tou sust mato se e�sodo hlektrik  1 Volt se k�je kìmbo xeqwrist�.
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3. Elegqo

Sq ma 3.19: Diagr�mmata metatìpish, strof  kai epitaqÔnsewn tou sust matogia ìlou tou kìmbou tou se e�sodo mhqanikoÔ fort�ou 1N ston akra�o kìmboth dokoÔ

Sq ma 3.20: Diagr�mmata metatìpish kai strof  gia k�je kìmbo tou sust ma-to se e�sodo hlektrikoÔ fort�ou 1V se k�je kìmbo qwrist�Apì ta diagr�mmata prokÔptei ìti h dokì akolouje� anodik  k�nhsh met� thnefarmog  jetikoÔ hlektrikoÔ fort�ou.

66



3. ElegqoEp�sh endiaferìmaste gia thn mègisth metatìpish pou mpore� to sÔsthma naantèxei d�nonta ta ìria twn piezohlektrik¸n. Sto sq ma 3.21 mporoÔme na doÔmeìti h t�sh twn 500V (gia k�je kìmbo) antistoiqe� se mia dÔnamh 15N (gia k�jekìmbo), epomènw sumpera�noume ìti e�nai h dÔnamh pou to sÔsthma mpore� na an-tistajm�sei.

Sq ma 3.21: Diagr�mmata metatop�sewn k�je kìmbou tou sust mato se e�sodohlektrik  t�sh -500 Volt èw 500 Volt kai mhqanik  dÔnamh -15N èw +15Nkaisunduasmì mhqanik  kai hlektrik  eisìdouEpishma�netai ìti ìtan h dokì kine�tai pro ta ep�nw oi metatop�sei d�nontaime arnhtikì prìshmo, en¸ ìtan kine�tai pro ta k�tw oi metatop�sei d�nontai mejetikì prìshmo.
3.6
Έλεγχος LQRGia èna grammikì kai qronik� amet�blhto sÔsthma me perigraf  q¸rou kat�-stash,

ẋ(t) = Ax(t) +Bu(t) (3.78)67



3. Elegqooi prodiagrafè twn epidìsewn mporoÔn ep�sh na diatupwjoÔn me th morf  enìoloklhr¸mato tetragwnik¸n ìrwn ìpw,
J =

∫ ∞

0

(xT (t)Qx(t) + uT (t)Ru(t))dt (3.79)O nìmo elègqou an�drash pou anazhte�tai prèpei na elaqistopoie� to pa-rap�nw grammikì tetragwnikì krit rio (  de�kth) epidìsewn en¸ sugqrìnw naeggu�tai thn eust�jeia tou kleistoÔ sust mato. O nìmo elègqou e�nai m�a upo-bèltisth lÔsh sthn per�ptwsh ìpou to di�nusma kat�stash den e�nai metr simosto sÔnolì tou ìpou,
u(t) = −Kx̂(t) (3.80)O upologismì tou K prokÔptei apì th lÔsh th algebrik  ex�swsh Riccati

[75],

KA−KBR−1BTK +Q+ ATK = 0 (3.81)Oi p�nake b�rou Q kai R pou upeisèrqontai sto krit rio epidìsewn, pa�zounjemeli¸dh rìlo sth sumperifor� tou kleistoÔ sust mato. H kat�llhlh epilog tou epifèrei èna sumbibasmì metaxÔ twn epidìsewn tou kleistoÔ sust mato kaith prosp�jeia elègqou. Akìmh, apoteloÔn èna mèso gia thn ep�teuxh epijumh-t  sumperifor� sth metabatik  kat�stash. An kai o prosdiorismì tou denupìkeitai se mia susthmatik  mèjodo, entoÔtoi h epilog  tou af nei sto sqe-diast  polloÔ bajmoÔ eleujer�a kai metaxÔ aut¸n th dunatìthta topojèthshtwn pìlwn tou kleistoÔ sust mato se epijumhtè jèsei. [75℄To domikì di�gramma gia to prìblhma LQR d�netai sto sq ma 3.22.Oi apara�thte exis¸sei e�nai:
[

C

T

]−1

=
[

P M
]

, T auja�reto (3.82)
[

CAP CAM

TAP TAM

]

=

[

Â11 Â12

Â21 Â22

][

CB

TB

]

=

[

B̂1

B̂2

] (3.83)
F = Â22 − L · Â12, H = FL+ Â21 − L · Â11,

G = B̂2 − L · B̂1, N = P +ML
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3. Elegqo

Sq ma 3.22: Domikì di�gramma gia ton elegkt  LQR me parathrht  meiwmènht�xh
ẇ(t) = Fw(t) +Hy(t) +Gu(t)

x̂(t) = Mw(t) +Ny(t) (3.84)
u(t) = −K1x̂(t) −K2

∫

Jx̂(t)dt (3.85)A broÔme to x̂(s) qrhsimopoi¸nta thn (3.84),
x̂(s) = Mw(s) +Nyn(s) (3.86)

ẇ(t) = Fw(t) +Hy(t) +Gu(t) ⇒ sw(s) = Fw(s) +Hyn(s) +Gu(s)

⇒ w(s) = (sI − F )−1 [Hyn(s) +Gu(s)]
(3.87)Antikajist¸nta thn (3.87), sthn (3.86),

x̂(s) = Nyn(s) +M(sI − F )−1[Hyn(s) +Gu(s)]

= {N +M(sI − F )−1H}yn(s) +M(sI − F )−1Gu(s)
(3.88)69



3. ElegqoGia na p�roume th sun�rthsh eisìdou exìdou gia ton elegkt  LQR qrhsimo-poi¸nta thn (3.80) kai thn (3.88) èqoume,
u(s) = −K{[N +M(sI − F )−1H ]yn(s) +M(sI − F )−1Gu(s)}

⇒ [I +KM(sI − F )−1G]u(s) = −K[N +M(sI − F )−1H ]yn(s)

⇒ u(s) = −[I +KM(sI − F )−1G]−1K[N +M(sI − F )−1H ]yn(s)

(3.89) ,
u(s) = KLQyn(s) (3.90)ìpou,

KLQ = −[I +KM(sI − F )−1G]−1K[N +M(sI − F )−1H ] (3.91)Me autè ti sqèsei h dom  tou elegkt  LQR mpore� na grafe� sth sumpa-g  morf  th ìpw fa�netai sto sq ma 3.23, ìpou H(s) = (sI − A)−1 e�nai hsun�rthsh metafor� th dokoÔ.

Sq ma 3.23: Sumpag  morf  domikoÔ diagr�mmato dokoÔ me elegkt  LQR.
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3. Elegqo
3.6.1 Επιλογή των βαρώνOi p�nake bar¸n Q kai R qrhsimopoioÔntai gia:

i. Thn kanonikopo�hsh twn megej¸n dianusm�twn kat�stash kai elègqou
ii. Ton kajorismì th sqetik  ep�drash pou èqei ston kajorismì tou suno-likoÔ krithr�ou h apìklish th kat�stash apì th jèsh isorrop�a kai tomègejo elègqou. Oi dÔo p�nake Q kai R e�nai diag¸nioi kai èqoun jetikèdiag¸nie eisìdou oÔtw ¸ste,

√

Qi =
1

max(xi)
, i = 1, 2, . . . , m

√

Ri =
1

max(ui)
, i = 1, 2, . . . , k

(3.92)H tim  max(xi) dhl¸nei thn mègisth epijumht  tim  th exìdou y. H tim 
max(ui) èqei ant�stoiqh shmas�a gia thn e�sodo u.O p�naka Q kajor�zei to b�ro k�je kat�stash en¸ o p�naka R kajor�zei tob�ro k�je t�sh (Voltage) tou energopoiht . To prìblhma LQR apaite� gn¸shth kat�stash. [76℄
3.7Αποτελέσματα από την εφαρμογή του ελέγχου LQRGia thn ekt�mhsh th apìdosh tou elegkt  LQR ìpw kai gia thn ekt�mhshìlwn twn elegkt¸n pou akoloujoÔn, ìpw èqei anaferje� sto kef�laio 2, èginanoi trei prosomoi¸sei pou anafèrontai sthn par�grafo 2.6:

i. Stajer  sugkentrwmènh dÔnamh 10N sto eleÔjero �kro th dokoÔ
ii. Hmitonoeid  dunamik  fìrtish me eÔro tal�ntwsh 10N
iii. Pragmatik  aiolik  fìrtishTa Q kai R pou qrhsimopoi jhkan isoÔntai me,

R = 0, 0001 × I4×4 (3.93)71



3. Elegqo
Q = 100000×













































1 0 0 0 0 0 0
...

0 0 0 0 0 0 0
...

0 0 1 0 0 0 0
...

0 0 0 0 0 0 0
... 07×9

0 0 0 0 1 0 0
...

0 0 0 0 0 0 0
...

0 0 0 0 0 0 1
...

. . . . . . . . . . . . . . . . . . . . .
... . . .

09×7
... 09×9













































16×16

(3.94)
giat� max(xi) = 0.00316228 kai max(ui) = 100 (sqèsh (3.92)).O p�naka L e�nai p�naka sqediasmoÔ. Oi idiotimè tou epilègontai me tètoiotrìpo ¸ste to uposÔsthma tou parathrht  na e�nai per�pou dÔo forè grhgorì-tero apì to parathroÔmeno sÔsthma. Gia thn prosomo�ws  ma èqoun epilege� oitimè:

λL = 107 ×





















































2.7423556

−0.430498

−0.031873

−0.000051 + 0.0001993i

−0.000051 − 0.000199i

−0.00045 + 0.000053i

−0.00045 − 0.000053i

−0.00039 + 0.00001i

−0.00039 − 0.00001i

−0.0004

−0.0004

−0.0004





















































(3.95)
Autè oi timè proèkuyan me th mèjodo dokim  kai sf�lmato, dedomènou twnkak¸n arijmhtik¸n idiot twn tou sust mato. Gia thn eÔresh aut¸n twn tim¸n,èqei qrhsimopoihje� èna eÔrwsto algìrijmo eÔresh pìlwn pou èqei enswma-twje� sto MATLAB. [79, 80℄
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3. ElegqoO elegkt  [Klqr], prokÔptei apì thn sqèsh (3.81), pou e�nai h lÔsh thex�swsh Riccati. Gia thn eÔres  tou qrhsimopoie�tai h rout�na tou Matlab:
[Klqr] = lqr(A, B, Q, R),ìpou A kai B oi p�nake kat�stash kai elègqou tou sust mato (B.3), (B.4) kai

R, Q oi p�nake bar¸n tou krithr�ou apìdosh (3.93), (3.94).H dom  tou elegkt  d�netai sth sqèsh (D.1) sto Par�rthma D th diatrib .Gia thn pr¸th prosomo�wsh sta sq mata 3.24, 3.25, 3.26, 3.27 fa�nontai oimetatop�sei twn kìmbwn th dokoÔ qwr� kai me èlegqo,en¸ sto sq ma 3.28 fa�-nontai oi t�sei twn energopoiht¸n gia ton èlegqo ìlwn twn kìmbwn th dokoÔ.H dokì qwr� thn efarmog  tou elègqou isorrope� se 0.02sec kai to eleÔjero�kro th èqei metatìpish 2 × 10−4m en¸ met� thn efarmog  tou elègqou LQRèqei metatìpish 10 × 10−8.

Sq ma 3.24: Di�gramma metatìpish tou eleÔjerou �krou qwr� kai me èlegqo semhqanik  e�sodo sugkentrwmènh dÔnamh 10N sto eleÔjero �kro th dokoÔ.
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3. Elegqo

Sq ma 3.25: Di�gramma metatìpish tou tr�tou kìmbou qwr� kai me èlegqo semhqanik  e�sodo sugkentrwmènh dÔnamh 10N sto eleÔjero �kro th dokoÔ.

Sq ma 3.26: Di�gramma metatìpish tou deÔterou kìmbou qwr� kai me èlegqo semhqanik  e�sodo sugkentrwmènh dÔnamh 10N sto eleÔjero �kro th dokoÔ.74



3. Elegqo

Sq ma 3.27: Di�gramma metatìpish tou pr¸tou kìmbou qwr� kai me èlegqo semhqanik  e�sodo sugkentrwmènh dÔnamh 10N sto eleÔjero �kro th dokoÔ.

Sq ma 3.28: T�sei energopoiht¸n gia ton èlegqo ìlwn twn kìmbwn75



3. ElegqoGia th deÔterh prosomo�wsh, sta sq mata 3.29, 3.30, 3.31, 3.32 fa�nontai oimetatop�sei ìlwn twn kìmbwn th dokoÔ gia thn hmitonoeid  fìrtish, me kai qwr�èlegqo, qrhsimopoi¸nta ta �dia Q kai R. H mègisth metatìpish qwr� èlegqotou akra�ou kìmbou e�nai 2.5×10−5m, en¸ me èlegqo LQR h metatìpish te�nei namhdeniste�. Sto sq ma 3.33 fa�nontai oi t�sei twn energopoiht¸n gia ton èlegqoìlwn twn kìmbwn th dokoÔ.

Sq ma 3.29: Metatìpish me kai qwr� èlegqo eleÔjerou �krou th dokoÔ giahmitonoeid  fìrtish

Sq ma 3.30: Metatìpish me kai qwr� èlegqo tou tr�tou kìmbou th dokoÔ giahmitonoeid  fìrtish
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3. Elegqo

Sq ma 3.31: Metatìpish me kai qwr� èlegqo tou deÔterou kìmbou th dokoÔ giahmitonoeid  fìrtish

Sq ma 3.32: Metatìpish me kai qwr� èlegqo tou pr¸tou kìmbou th dokoÔ giahmitonoeid  fìrtish
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3. Elegqo

Sq ma 3.33: T�sei energopoiht¸n gia ìlou tou kìmbou th dokoÔ
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3. ElegqoTèlo gia thn tr�th prosomo�wsh ta apotelèsmata twn metatop�sewn twn kìm-bwn fa�nontai sta sq mata 3.34, 3.35, 3.36, 3.37 en¸ oi paragìmene t�sei twnenergopoiht¸n gia ìlou tou kìmbou fa�nontai sto sq ma 3.38. H metatìpishtou eleÔjerou �krou th dokoÔ te�nei na mhdeniste� en¸ oi t�sei br�skontai entìtwn or�wn antoq  twn piezohlektrik¸n energopoiht¸n.

Sq ma 3.34: Metatìpish me kai qwr� èlegqo pr¸tou kìmbou th dokoÔ gia prag-matik  aiolik  fìrtish
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3. Elegqo

Sq ma 3.35: Metatìpish me kai qwr� èlegqo deÔterou kìmbou th dokoÔ giapragmatik  aiolik  fìrtish

Sq ma 3.36: Metatìpish me kai qwr� èlegqo tr�tou kìmbou th dokoÔ gia prag-matik  aiolik  fìrtish 80



3. Elegqo

Sq ma 3.37: Metatìpish me kai qwr� èlegqo eleÔjerou �krou th dokoÔ giapragmatik  aiolik  fìrtish

81



3. Elegqo

Sq ma 3.38: T�sei twn energopoiht¸n gia ìlou tou kìmbou th dokoÔ
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3. Elegqo
3.8
Συμπεράσματα για τα αποτελέσματα από το γραμμικό
τετραγωνικό κριτήριο επιδόσεων (LQR)Parathre�tai ìti, qrhsimopoi¸nta to krit rio tou grammikì tetragwnikoÔ ele-gkt  LQR, up�rqei me�wsh th tal�ntwsh th dokoÔ, se ìlou tou kìmbou th,tìso gia stajer  kai gia hmitonoeid  mhqanik  e�sodo all� kai gia pragmatik  aio-lik  fìrtish. O èlegqo LQR epitugq�nei me�wsh th tal�ntwsh en¸ sugqrìnwapaite� gn¸sh th kat�stash tou probl mato gia k�je qronik  stigm  kaj¸kai sthn pr�xh ektetamènh org�nwsh aisjht rwn.Sunant¸ntai oi ex  duskol�e:

i. Oi diataraqè e�nai suqn� �gnwste kai aprìblepte.
ii. To di�nusma kat�stash den e�nai metr simo sto sÔnolo tou, gegonì poukajist� apara�thth th qr sh parathrht . O sunduasmì autì e�nai pro-blhmatikì kajìson o parathrht  den èqei plhrofor�a gia th diataraq ,me apotèlesma h ekt�mhsh tou na e�nai esfalmènh. 'Ena trìpo par�kamyhtou probl mato autoÔ e�nai h qr sh tou parathrht  agn¸stou eisìdou.Dustuq¸ h prosèggish aut  den e�nai dunat  kaj¸ m�a ek twn apl¸npro�pojèsewn pou prèpei na isqÔei, h m < q den isqÔei. H kat�stashaut  periplèkei to prìblhma kai kajist� problhmatik  th qr sh klassi-k¸n elegkt¸n ìpw o LQR kaj¸ h apìdosh tou exart�tai �mesa apì thndiajesimìthta tou dianÔsmato kat�stash   sth kalÔterh per�ptwsh enìaxiìpistou ektimht  tou.Gia tou lìgou pou proanafèrjhkan h melèth tou sugkekrimènou probl matoproqwr�ei se pio proqwrhmène teqnikè elègqou ìpw e�nai o èlegqo H∞.Exet�zetai arqik� h onomastik  sqed�ash en¸ sth sunèqeia ta apotelèsmataepekte�nontai kai sthn eisagwg  abebaiot twn.

83



3. Elegqo
3.9
Έλεγχος H∞ για την ονομαστική απόδοση

3.9.1 Μορφοποίηση προβλήματος σε διάγραμμα δύο θυρώνH morfopo�hsh tou probl mato se di�gramma dÔo jur¸n den e�nai profan .[74℄A jewr soume loipìn to klassikì prìblhma rÔjmish, pou fa�netai sto sq ma3.3 me thn gnwst  ermhne�a twn metablht¸n. Stìqo th onomastik  sqed�-ash e�nai na diathr soume to mègejo tou sf�lmato {mikrì} (dhlad  mikrèmetatop�sei). Ep�sh epijumoÔme o èlegqo na èqei mikrì mègejo ètsi ¸ste naexoikonome�tai enèrgeia.Sto sq ma 3.39 xanasqedi�zoume to sÔsthma topojet¸nta ti sunart seibar¸n. Br�skoume ti emplekìmene sunart sei metafor�,

Sq ma 3.39: Stajmismèno di�gramma sust mato rÔjmish gia to prìblhma thdokoÔ 84



3. Elegqo
yFw

= WyJx = WyJFv = WyJF (GWdd+BuK) = WyJFGWdd+WyJFBuK

u
w

= WuuK

yn = Cx+Wnn = CFu+Wnn = CF (GWdd+BuK) +Wnn

= CFGWdd+ CFBuK +Wnn (3.96)En¸nonta ìla aut� èqoume, [74℄,






u
w

yFw

yn






=







0 0 Wu

WyJFGWd 0 WyJFB

CFGWd Wn CFB













d

n

uK






(3.97)Shmei¸netai ìti o p�naka th sun�rthsh metafor�, F (s), proèkuye apì tometasqhmatismì th ex�swsh,

ẋ(t) = Ax(t) + Iv(t)

y(t) = Ix(t)
(3.98)ìpou v(t) = Gd+Buk. 'Etsi,

F (s) = (sI − A)−1 (3.99)Epanasqedi�zoume to sq ma 3.39 ìpw to sq ma 3.40 tou opo�ou mia pio sumpa-g  morf  fa�netai sto sq ma 3.41.'Opw sta prohgoÔmena,
z =

[

u
w

yFw

]

, w =

[

d

n

]

, y = yn, u = uK (3.100)ìpou z e�nai oi exwterikè metablhtè pou prèpei na elegqjoÔn kai w oi e�sodoi.To sq ma (3.40) mpore� na anaparastaje� kai sto ped�o twn suqnot twn kaisto ped�o tou qrìnou. Gia thn anapar�stash sto ped�o tou qrìnou kai me dedomènoìti to P èqei dÔo eisìdou kai dÔo exìdou èqoume,
[

z(s)

y(s)

]

=

[

Pzw
(s) Pzu(s)

Pyw
(s) Pyu(s)

][

w(s)

u(s)

]

= P (s)

[

w(s)

u(s)

] (3.101)
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3. Elegqo

Sq ma 3.40: Analutikì diagr�mma H∞ gia thn èxupnh dokìEp�sh,
u(s) = K(s)y(s) (3.102)Qrhsimopoi¸nta thn (3.100) h sun�rthsh metafor� gia to P e�nai,

P (s) =







0 0 Wu

WyJFGWd 0 WyJFB

CFGWd Wn CFB






(3.103)en¸ h sun�rthsh metafor� kleistoÔ brìqou Mzw

(s) e�nai,
Mzw

(s) = Pzw
(s) + Pzu(s)K(s)(I − Pyu(s)K(s))−1Pyw

(s) (3.104) ,
z = Mzw

w = fL(P,K)w (3.105)gia na brejoÔn oi p�nake tou sust mato qwr�zoume ton brìqo anatrofodìthshkai gr�foume ti emplekìmene exis¸sei me b�sh to sq ma 3.42.Gia thn anapar�stash sto q¸ro kat�stash oi exis¸sei eisìdwn, exìdwn ka-t�stash kai elègqou e�nai: 86



3. Elegqo

Sq ma 3.41: Di�gramma dÔo jur¸n

Sq ma 3.42: Dom  anoiktoÔ brìqou
ẋF = AzF + (Gd

w
+Bu),

ẋu = Auxu +Buu,

yF = xF

u
w

= Cuxu +Duu
(3.106)

ẋyF = AyFxyF +ByFJyF ,

ẋn = Anxn +Bnn,

ẋd = Adxd +Gd,

yFw
= CyFxyF +DyF yF

n
w

= Cnxn +Dnn

d
w

= Cdxd +Ddd

yn = Cyf + n
w

(3.107)
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3. Elegqo
x =

















xF

xu

yFw

xn

xd

















, y = yn, w =

[

d

n

]

, z =

[

u
w

yFw

]

, u = uK (3.108)opìte antikajist¸nta ta eswterik� s mata d
w
, n

w
kai yF apì ti (3.106), pa�r-noume,

ẋ =

















AG 0 0 0 GCd

0 Au 0 0 0

BCF 0 AyF 0 0

0 0 0 An 0

0 0 0 0 Ad

















x+

















GDd 0

0 0

0 0

0 Bn

Bd 0

















w +

















B

Bu

0

0

0

















u

z =

[

0 Cu 0 0 0

DyFCF 0 CyF 0 0

]

x+ 0w +

[

Du

0

]

u

y =
[

CF 0 0 Cn 0
]

x+
[

0 Dn

]

w + 0u

(3.109)
Epomènw oi p�nake e�nai,
A1 =

















AF 0 0 0 GCd

0 Au 0 0 0

BCF 0 AyF 0 0

0 0 0 An 0

0 0 0 0 Ad

















, B1

















GDd 0

0 0

0 0

0 Bn

Bd 0

















, B2 =

















B

Bu

0

0

0

















C1 =

[

0 Cu 0 0 0

DyFCF 0 CyF 0 0

]

, D11 = 0, D12 =

[

Du

0

]

u

C2 =
[

CF 0 0 Cn 0
]

, D21 =
[

0 Dn

]

, D22 = 0

(3.110)
Oi sqèsei (3.108) èw (3.110) mporoÔn na graftoÔn se suskeuasmènh morf w,

P (s) =







A B1 B2

C1 D11 D12

C2 D21 D22






=

[

Pzw
(s) Pzu(s)

Pyw
(s) Pyu(s)

] (3.111)
88



3. ElegqoEn¸ h ant�stoiqh fìrma tou K e�nai, [74℄,
K(s) =

[

AK BK

CK DK

] (3.112)H ex�swsh (3.111) or�zei ti exis¸sei,
ẋ(t) = Ax(t) +

[

B1 B2

]

[

w(t)

u(t)

] (3.113)
[

z(t)

y(t)

]

=

[

C1

C2

]

x(t) +

[

D11 D12

D21 D22

][

w(t)

u(t)

] (3.114)kai,
ẋK(t) = AKxK(t) + BKy(t)

u(t) = CKxK(t) +DKy(t)
(3.115)

3.10
Καθορισμός κριτηρίων απόδοσηςGia na upologistoÔn ta krit ria apìdosh gurn�me sto sq. 3.43

Sq ma 3.43: Klassikì sÔsthma rÔjmish gia to prìblhma th jèsh th dokoÔ89



3. ElegqoQrhsimopoi¸nta ti (3.97), (3.98) kai (3.100),






u
w

yFx

yn






=







0 0 Wu

WyFGWd 0 WyFB

FGWd Wn FB













d

n

uK






(3.116)MporoÔme na upolog�soume ta yn, uK kai na p�roume thn ex�swsh kleistoÔ brì-qou,

yFw
= Wy(I +GK)−1GWdd+Wy[I +GK]−1GKWnn

u
w

= WuTiWdd+WuK(I +GK)−1Wnn
(3.117)Antikajist¸nta sthn ex�swsh (3.100) èqoume, [74℄,

y = SoGd+ Ton (3.118)en¸ h ex. (3.117) g�netai,
yFw

= WySoGWdd+WyToWnn

u
w

= WuTiWdd+WuKSoWnn
(3.119) ,

[

yFw

u
w

]

=

[

WySoGWd WyToWn

WuTiWd WuKSoWn

][

d

n

] (3.120)Me autì ton trìpo o elegkt  mpore� na elaqistopoihje�,
∥

∥

∥

∥

∥

WySoGWd WyToWn

WuTiWd WuKSoWn

∥

∥

∥

∥

∥

∞

=

∥

∥

∥

∥

∥

[

Wy

Wu

][

WoG To

Ti KSo

][

Wd

Wn

]
∥

∥

∥

∥

∥

∞(3.121)me,
∥

∥

∥

∥

∥

d

n

∥

∥

∥

∥

∥

2

≤ 1 (3.122)Autì to prìblhma e�nai polÔ pio sÔnjeto apì ta sunhjismèna pou lÔnontai meaut n th je¸rhsh.To pio dÔskolo komm�ti e�nai h epilog  twn pin�kwn bar¸n Wy, Wn, Wu kai
90



3. Elegqo
Wd. Apì thn (3.121),

∥

∥

∥Tzw

∥

∥

∥

∞
=

∥

∥

∥

∥

∥

[

Wy

Wu

][

SoG To

Ti KSo

][

Wd

Wn

]
∥

∥

∥

∥

∥

∞

⇒

[

W−1
y

W−1
u

]

Tzw

[

W−1
d

W−1
n

]

=

[

SoG To

Ti KSo

] (3.123)
3.11
Επιλογή συναρτήσεων βαρώνH epilog  twn bar¸n pou morfopoioÔn ta s mata eisìdou kai exìdou sto pe-d�o th suqnìthta, e�nai h monadik  sqediastik  par�metro sthn mejodolog�aeÔresh elegkt¸n qrhsimopoi¸nta el�qiste nìrme. An ta pr¸ta apotelèsmatath sqed�ash den kr�nontai ikanopoihtik�, tìte ta arqik� b�rh mporoÔn na tro-popoioÔntai stadiak� mèqri thn ep�teuxh ikanopoihtik  sqed�ash an autì bèbaiae�nai efiktì. [76℄Se polumetablht� sust mata ta b�rh e�nai sun jw diag¸nioi p�nake. 'Etsi,a jewr soume to sÔsthma tou sq mato 3.44, ìpou,

WR =













R1 0 . . . 0

0 R2 . . . 0... ... . . . ...
0 0 . . . Rnr













, WL =













L1 0 . . . 0

0 L2 . . . 0... ... . . . ...
0 0 . . . Lny













, (3.124)e�nai eustaje� p�nake metafor�.
Sq ma 3.44: Stoiqei¸de stajmismèno domikì di�gramma sun�rthsh metafor�me ta b�rh sust matoTìte,

y = WLỹ = WLGr̃ = WLGWRr (3.125)Epomènw fragmì sthn posìthta ∥∥
∥WLGWR

∥

∥

∥

∞
ja èqei san apotèlesma frag-91



3. Elegqomì sth stajer  kat�stash tou ỹ. 'Etsi h èxodo,
ỹss(t) =







ỹ1hm(ω̄t+ ψ1)

. . .

ỹny
hm(ω̄t+ ψny

)






(3.126)ikanopoie� thn,

ny
∑

i=1

∣

∣

∣WLi
(jω̄)ỹi

∣

∣

∣

2

≤ 1 (3.127)gia k�je hmitonoeid  e�sodo,̃
r(t) =







r̃1hm(ω̄t+ φ1)

. . .

r̃nr
hm(ω̄t+ φnr

)






(3.128)pou ikanopoie� thn,

nr
∑

i=1

∣

∣

∣r̃i

∣

∣

∣

2

∣

∣

∣WRi
(jω̄)

∣

∣

∣

2 ≤ 1 (3.129)an kai mìnon an ∥∥
∥WLGWR

∥

∥

∥

∞
≤ 1.Autì me th seir� tou pro�pojètei, arket� proseggistik�, ìti ∥∥

∥WLGWR

∥

∥

∥

∞
≤ 1an kai mìnon an gia k�je e�sodo r̃ me ∣∣

∣r̃i

∣

∣

∣
≤
∣

∣

∣WRi
(jω̄)

∣

∣

∣
isqÔei ∣∣

∣ỹi

∣

∣

∣
≤ 1

‚

‚

‚

‚

WLi
(jω̄)

‚

‚

‚

‚

.H teleuta�a aut  sqèsh ma d�nei m�a prosèggish epilog  bar¸n: na qrhsi-mopoi soume ton WR gia na anaparast soume ta sqetik� megèjh twn pijan¸neisìdwn kai ton 1
WL

gia na anaparast soume ta epijumht� �nw fr�gmata twn e-xìdwn.Gia na p�roume mia genik  idèa gia thn ep�drash twn bar¸n a doÔme to Sq.3.45ìpou P̃ e�nai to pragmatikì sÔsthma pou jèloume na elègxoume, z̃ kai w̃ ta pragma-tik� s mata eisìdou kai exìdou kaiW
w
(s),Wz(s) p�nake sunart sewn metafor�bar¸n sto ped�o th suqnìthta tètoie ¸ste ta prokÔptonta s mata w kai z naikanopoioÔn thn pro�pìjesh pou t�jetai apì th mejodolog�a H∞, dhlad ,

∥

∥

∥w

∥

∥

∥

2
≤ 1,

∥

∥

∥z
∥

∥

∥

2
≤ 1 (3.130)92



3. Elegqo ,
∥

∥

∥W−1
w

w̃

∥

∥

∥

2
≤ 1,

∥

∥

∥Wz z̃
∥

∥

∥

2
≤ 1 (3.131)an oi ant�strofoi up�rqoun.

Sq ma 3.45: Stajmismèno sÔsthmaEpomènw, san genik  arq  mporoÔme na poÔme ìti shme�o ekk�nhsh gia thn epilo-g  twn bar¸n e�nai h ekt�mhsh th epijumht  sumperifor� gia ta s mata exìdou(sf�lma, èlegqo) kai th prosdok¸menh sumperifor� gia ta s mata eisìdou(s ma anafor�, diataraqè, jìrubo).H (3.131) e�nai èna fr�gma sth nìrma twn emplekomènwn shm�twn dhlad  stomègejo tou, epomènw an,
W−1

z = qeirìterh epijumht  sumperifor� tou z
W

w
= qeirìterh prosdok¸menh sumperifor� tou wtìte èqoume petÔqei to stìqo ma. Ta pr�gmata mperdeÔontai ìmw l�go epeid  kaioi sunart sei bar¸n prèpei na ikanopoioÔn th sunj kh pou epib�llei o èlegqo

H∞, dhlad  oi sunart sei bar¸n prèpei na e�nai eustaje� sunart sei el�qisthf�sh. 'Etsi afoÔ,
z =

[

u
w

e
w

]

, w =

[

d

n

] (3.132)prokÔptei ìti,
Wz =

[

Wu 0

0 We

]

,W
w

=

[

Wd 0

0 Wn

] (3.133)93



3. Elegqo
3.12
Αποτελέσματα ελέγχου ονομαστικής σχεδίασης H∞O elegkt  K∞ upolog�zetai mèsw twn sqèsewn pou anafèrontai sto Par�r-thma G. H rout�na tou Matlab pou qrhsimopoie�tai gia ton upologismì tou e�naih,

[Kinf] = hinfsyn(sysic, nmeas, ncont)ìpou ncont= 4 to pl jo twn energopoiht¸n, nmeas= 4 to pl jo twn aisjh-t rwn kai sysic h anapar�stash tou sust mato tou sq mato (3.40) sto peri-b�llon tou Matlab. H anapar�stash g�netai mèsw twn parak�tw entol¸n:
beam0 = ss(A0, eye(2*nd), eye(2*nd), 0);

y = C0;

systemnames = ’ beam0 y sd su se We Wu Wd Wn’;

inputvar = ’[ n(4); d(8); u(4) ]’;

outputvar = ’[ We; Wu; y+Wn]’;

input_to_sd = ’[Wd]’;

input_to_su = ’[u]’;

input_to_se = ’[beam0]’;

input_to_beam0 = ’[ sd+su ]’;

input_to_y = ’[ beam0 ]’;

input_to_Wu = ’[u]’;

input_to_Wn = ’[n]’;

input_to_Wd = ’[d]’;

input_to_We = ’[se]’;Oi p�nake sunart sewn metafor� bar¸n pou qrhsimopoi jhkan e�nai:Gia to jìrubo,
Wn =













10−6 0 0 0

0 10−6 0 0

0 0 10−6 0

0 0 0 10−6













(3.134)
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3. ElegqoGia ton èlegqo,
Wu =













5,556×10−6s+0,005556
s+100

0 0 0

0 5,556×10−6s+0,005556
s+100

0 0

0 0 5,556×10−6s+0,005556
s+100

0

0 0 0 5,556×10−6s+0,005556
s+100











(3.135)Gia to sf�lma,
We =













2513
s+31.42

0 0 0

0 2513
s+31.42

0 0

0 0 2513
s+31.42

0

0 0 0 2513
s+31.42













(3.136)Gia th diataraq ,
Wd =

































40 0 0 0 0 0 0 0

0 40 0 0 0 0 0 0

0 0 40 0 0 0 0 0

0 0 0 40 0 0 0 0

0 0 0 0 40 0 0 0

0 0 0 0 0 40 0 0

0 0 0 0 0 0 40 0

0 0 0 0 0 0 0 40

































(3.137)
Sto sq ma 3.46 fa�nontai ta graf mata Bode twn diagwn�wn stoiqe�wn twn para-p�nw pin�kwn bar¸n. Oi p�nake auto� èqoun prokÔyei katìpin poll¸n dokim¸nètsi ¸ste na kaj�statai efikt  h eÔresh enì elegkt  H∞ dhlad  na ikanopoioÔ-ntai oi pro�pojèsei pou anafèrontai sthn enìthta G.3 tou Parart mato G.O elegkt  pou prokÔptei e�nai t�xh 24 (16 sun 4 sun 4). H dom  tou elegkt d�netai sto Par�rthma D. Gia ton elegkt  autì γ = 0, 074. To gr�fhma thmègisth idiìmorfh tim  tou stajmismènou sust mato kleistoÔ brìqou (dokìsun elegkt  H∞) d�netai sto sq ma 3.47 apì ìpou fa�netai kajar� ìti h tim  thparamènei k�tw apì to γ se ìle ti suqnìthte.Peraitèrw sta sq mata 3.48, 3.49, 3.50 fa�nontai oi mègiste idiìmorfe timètwn sunart sewn metafor� tou ast�jmitou sut mato kleistou brìqou (dhlad tou arqikoÔ) pou endiafèrounn.Apo ta sq mata aut� fa�netai h ikanopoihtik  apìdosh tou elegkt  pou upo-log�sthke afoÔ: 95



3. Elegqo

Sq ma 3.46: Diagr�mmata Bode twn diagwn�wn stoiqe�wn twn pin�kwn bar¸n

10
−5

10
0

10
5

10
10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1
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Sq ma 3.47: Mègisth idiìmorfh tim  stajmismènou sust mato kleistou brìqou
i. Apo to sq ma 3.48 fa�netai na up�rqei shmantik  belt�wsh th ep�drashtwn diataraq¸n sto sf�lma mèqri th suqnìthta 1000Herz.
ii. S to sq ma 3.49 fa�netai na up�rqei mikr  ep�drash tou jorÔbou sto sf�lmase suqnìthte p�nw apì 1000Herz.
iii. Sto sq ma 3.50 fa�netai ikanopoihtik  ep�drash th diataraq  sto mègejotou sq mato elègqou (h sqed�ash epidèqetai belt�wsh e�n meiwnìtan h96



3. Elegqo
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Sq ma 3.48: Mègisth idiìmorfh tim  diataraq  sf�lmato

10
−2

10
0

10
2

10
4

10
6

10
8

10
10

10
−14

10
−12

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

10
2

H∞ control unweighted closed loop: max singular value noise to error

Sq ma 3.49: Mègisth idiìmorfh tim  jorÔbou sf�lmato
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Sq ma 3.50: Mègiste idiìmorfe timè diataraq  - elègqou, jorÔbou - elègqou
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3. Elegqoep�drash tou jorÔbou gia suqnìthte 1000Herz).Gia epibeba�wsh twn parap�nw eurum�twn parat�jentai sth sunèqeia oi qroni-kè apokr�sei tou sust mato gia ti trei eisìdou pou anafèrontai sthn enì-thta.Qrhsimopoi¸nta thn pr¸th mhqanik  e�sodo, èqoume ta ex  apotelèsmata:Sto sq ma 3.51 fa�nontai oi metabolè twn metatop�sewn gia ìlou tou kìm-bou th dokoÔ, me kai qwr� èlegqo, en¸ sto sq ma 3.52 fa�nontai oi metabolètwn strof¸n gia ìlou tou kìmbou th dokoÔ, me kai qwr� èlegqo. Ta apotelè-smata e�nai ikanopoihtik� dhlad  o qrìno apokat�stash e�nai per�pou 0,005 sec.Sto sq ma 3.53 fa�nontai oi t�sei twn energopoiht¸n gia ìlou tou kìmbouth dokoÔ. H tim  tou e�nai mikrìterh apì 500 Volt.
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Sq ma 3.51: Metatìpish th dokoÔ gia ìlou tou kìmbou th, me kai qwr�èlegqo gia thn pr¸th mhqanik  fìrtish
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3. Elegqo
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Sq ma 3.52: Strof  th dokoÔ gia ìlou tou kìmbou th, me kai qwr� èlegqogia thn pr¸th mhqanik  fìrtish
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Sq ma 3.53: Paragìmene t�sei tou elègqou se Volt gia ìlou tou kìmbouth dokoÔ
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3. ElegqoQrhsimopoi¸nta thn deÔterh mhqanik  e�sodo, èqoume ta ex  apotelèsmata:Sto sq ma 3.54 fa�netai h metabol  th metatìpish th dokoÔ gia tou tèsse-ri kìmbou th dokoÔ qwr� kai me èlegqo. Parathre�tai katastol  th tal�ntw-sh kat� 90%. Me th bo jeia tou elègqou H∞ èqoume katastol  th tal�ntwshth dokoÔ en¸ oi t�sei pou qrhsimopoioÔntai e�nai polÔ mikrìtere apì 500 Volt(sq ma 3.55).
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Sq ma 3.54: Metatìpish th dokoÔ gia ìlou tou kìmbou, qwr� kai me èlegqogia th deÔterh mhqanik  fìrtishSto sq ma 3.56 fa�netai h metabol  th strof  gia tou tèsseri kìmbouth dokoÔ qwr� kai me èlegqo. H strof  me th bo jeia tou H∞ te�nei na e�naimhdenik .
100



3. Elegqo
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Sq ma 3.55: Paragìmene t�sei tou elègqou se Volt gia ìlou tou kìmbouth dokoÔ
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Sq ma 3.56: Metabol  th strof  gia ìlou tou kìmbou th dokoÔ, qwr� kaime èlegqo gia th deÔterh mhqanik  fìrtish
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3. ElegqoTèlo gia thn tr�th mhqanik  e�sodo èqoume ta ex  apotelèsmata:Sto sq ma 3.57 fa�netai h metabol  th katakìrufh metatìpish ìlwn twn kìm-bwn th dokoÔ en¸ sto sq ma 3.58 fa�netai h metabol  th strof  gia ìloutou kìmbou th dokoÔ qwr� kai me èlegqo H∞. Sto sq ma 3.59 èqoume tiparagìmene t�sei tou energopoiht  se sqèsh me to qrìno pou e�nai mikrìteroapì thn t�sh antoq  twn piezohlektrik¸n ta 500 Volt. Ta dedomèno kr�nontaiikanopoihtik� kai parathre�tai katastol  kat� 95%.
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Sq ma 3.57: Metatìpish gia ìlou tou kìmbou qwr� kai me èlegqo gia prag-matik  aiolik  fìrtish
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3. Elegqo
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Sq ma 3.58: Strof  gia ìlou tou kìmbou qwr� kai me èlegqo gia pragmatik aiolik  fìrtish
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3. Elegqo
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Sq ma 3.59: Paragìmene t�sei se Volt gia ìlou tou kìmbou th dokoÔ
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3. Elegqo
3.13
Συμπεράσματα ελέγχου ονομαστικής σχεδίασηςSta prohgoÔmena kef�laia ègine o sqediasmì tou grammikoÔ tetragwnikoÔelegkt  LQR kai tou elegkt  me b�sh thn onomastik  sqed�ash tou krithr�ou
H∞ me stìqo thn katastol  twn talant¸sewn th probìlou dokoÔ.O èlegqo LQR pragmatopoie� me�wsh th tal�ntwsh en¸ sugqrìnw apaite�gn¸sh th kat�stash tou probl mato gia k�je qronik  stigm  kaj¸ kai sthnpr�xh ektetamènh org�nwsh aisjht rwn. Autì sunep�getai ìti e�nai dedomènoto akribè montèlo tou sust mato, k�ti pou den mpore� na sumbe� sthn pr�xh.Ep�sh se ìti afor� ti diataraqè sun jw gia autè e�nai diajèsime aneparke�plhrofor�e. Gia to lìgo autì h qr sh parathrht  kr�netai apara�thth.Sth sunèqeia, parousi�zontai apotelèsmata me b�sh to krit rio pio exeligmè-nou elegkt  ìpw to krit rio elègqou H∞. Ta apotelèsmata me b�sh to krit rioautì e�nai polÔ kal� kai h dokì paramènei se isorrop�a akìma kai gia pragmatikèsunj ke anèmou. Parathre�tai katastol  th tal�ntwsh en¸ ta piezohlektrik�epijèmata par�goun t�sh entì twn or�wn antoq  tou.To pleonèkthma tou H∞ elègqou ofe�letai sth dunatìthta na l�boume upì-yh stou upologismoÔ to qeirìtero apotèlesma twn abèbaiwn diataraq¸n kaitou jorÔbou tou sust mato. Toul�qiston sth jewr�a e�nai dunatìn na sunjè-soume èna H∞ elegkt  pou ja e�nai eÔrwsto èw èna prokajorismèno posostìsfalm�twn montelopo�hsh. Epiplèon o elegkt  H∞ mpore� na antapexèljei semegalÔtere dun�mei ìpw h pragmatik  aiolik  fìrtish, en¸ o sqediasmì toug�netai se meg�lo eÔro suqnot twn.Sth sunèqeia, h eurwst�a twn sfalm�twn montelopo�hsh tou elegkt  H∞ pouèqei sqediaste� ja analuje�. Epiplèon ja parousiaste� mia prosp�jeia sÔnjeshenì µ-elegkt  kai ja g�nei mia sÔgkrish twn dÔo elegkt¸n.
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3. Elegqo
3.14
Μείωση τάξης ελεγκτή H∞O elegkt  H∞ pou brèjhke e�nai 24h t�xh. To gegonì ìti h t�xh tou ele-gkt , pou e�nai �sh me thn t�xh tou sust mato, e�nai sqetik� megalÔterh apì thnt�xh twn klassik¸n elegkt¸n ìpw PI kai LQR, èqei odhg sei polloÔ ereunh-tè sthn an�ptuxh algor�jmwn gia thn me�wsh th t�xh. O plèon diadedomènoapo tou algìrijmou autoÔ, gnwstì w HIFOO, èqei ulopoihje� sto perib�l-lon Matlab kai e�nai autì pou ja qrhsimopoihje� gia thn parak�tw diadikas�a[88℄.To genikì prìblhma e�nai na upologiste� èna elegkt  meiwmènh t�xh n̂ < 24o opo�o na diathre� thn apìdosh tou krithr�ou H∞ kai th sumperifor� enìelegkt  pl rou t�xh tou dedomènou sust mato [89, 90℄.'Opw èqei anaferje� sto kef�laio 3 oi exis¸sei tou q¸rou kat�stash tousust matì ma e�nai,

ẋ(t) = Ax(t) +B1w(t) +B2u(t),

z(t) = C1x(t) +D11w(t) +D12u(t),

y(t) = C2x(t) +D21w(t) +D22u(t)

(3.138)kai h ex�swsh tou q¸rou kat�stash gia ton elegkt  K e�nai,
ẋK(t) = AKxK(t) +BKy(t),

u(t) = CKxK(t) +DKy(t)
(3.139)A upojèsoume ìti α(X) dhl¸nei th fasmatik  tetmhmènh (spectral abscissa)enì p�naka X, dhlad  to mègisto twn pragmatik¸n mer¸n twn idiotim¸n. 'Etsi,ìqi mìno apaitoÔme α(ACL) < 0, ìpou ACL e�nai o p�naka sust mato kleistoÔbrìqou, all� ep�sh apaitoÔme α(Ak) < 0. To dunatì sÔnolo gia Ak, dhlad  tosÔnolo twn eustaj¸n pin�kwn, den e�nai èna kurtì sÔnolo kai èqei èna ìrio pouden e�nai omalì [91, 92℄.H diadikas�a HIFOO èqei dÔo f�sei: eust�jeia kai beltistopo�hsh apìdosh[88, 93℄. Sth f�sh eust�jeia, to HIFOO prospaje� na elaqistopoi sei to,

max
(

α(ACL, ǫα(ACL))
) (3.140)106



3. Elegqoìpou ǫ e�nai mia jetik  par�metro pou ja perigrafe� sÔntoma, mèqri na breje� ènaelegkt  K gia ton opo�o aut  h posìthta e�nai arnhtik , dhlad , o elegkt  e�naieustaj  kai kajist� eustajè to sÔsthma kleistoÔ brìqou. An den mpore� nabrei ènan tètoio elegkt , to HIFOO termat�zei anepituq¸.Sth f�sh beltistopo�hsh th apìdosh, to HIFOO y�qnei gia èna topikìelaqistopoiht  tou,
f(K) =

{

∞ e�nmax(α(ACL, α(AK))) ≥ 0

max(||Tzw||∞, ǫ||K||∞) alli¸ (3.141)ìpou,
||K||∞ = sup

Rs=0
||CK(sI −AK)−1BK +DK ||2To k�nhtro gia thn eisagwg  tou ǫ e�nai ìti o basikì stìqo sqed�ash e�naih ep�teuxh eust�jeia tou sust mato kleistoÔ brìqou kai h elaqistopo�hsh tou

||Tzw||∞, de�qnonta ìti to ǫ ja èprepe na e�nai sqetik� mikrì, all� o ìro ǫ||K||∞empod�zei th nìrma tou elegkt  H∞ na g�nei polÔ meg�lh, ìpou o periorismì eu-st�jeia apì mìno tou de ja up�rqei. Lìgw th f�sh eust�jeia, h f�shbeltistopo�hsh apìdosh arq�zei me mia peperasmènh tim  gia to f(K). 'Otansunant sei w epakìloujo mia tim  tou K gia thn opo�a f(K) = ∞, aporr�ptetaiapì to zhtoÔmeno pou e�nai mia me�wsh sto stìqo se k�je epan�lhyh [88, 93℄.
3.15
Αποτελέσματα με χρήση ελεγκτή HIFOO'Opw proanafèrjhke o elegkt  HIFOO ulopoie�tai sto Matlab mèsw kat�l-lhlwn routin¸n. H qr sh tou g�netai w,

Kfoo = hifoo(plant, 2)ìpou plant e�nai h perigraf  tou sust mato sth morf  twn exis¸sewn (3.138),kai n̂ = 2 h t�xh tou elegkt . 107



3. ElegqoO elegkt  pou prokÔptei perigr�fetai sto q¸ro kat�stash parìmoia me ton
H∞ w,

ẋK(t) = AKxK(t) +BKy(t),

u(t) = CKxK(t) +DKy(t)
(3.142)H ex�swsh tou elegkt  sto q¸ro kat�stash d�netai apì th sqèsh 3.142, ìpouoi p�nake tou elegkt  isoÔntai,

AK =

[

728.1 −5034

207.5 −1408

]

BK =

[

212.8 811.6 1716 2810

−164.9 −637.2 −1348 −2207

]

CK =













1557 −916.7

1013 −592.3

517 −297.9

144.3 −82.59













DK =













36.1 136.6 287.1 468.3

23.5 87.69 186.5 303

12.12 44.12 93.39 154.3

4.204 12.53 26.92 43.51













(3.143)
Gia th sÔgkrish th apìdosh tou elegkt  HIFOO me aut  tou H∞ parat�jen-tai h apìkrish tou eleÔjerou �krou th dokoÔ, gia thn pr¸th kai gia thn tr�thmhqanik  e�sodo.Gia thn pr¸th mhqanik  e�sodo o qrìno apokat�stash ston opo�o isorrope�to eleÔjero �kro e�nai 0,03 sec ìpw fa�netai sto sq ma 3.60, h mègisth uperÔ-ywsh e�nai 2 × 10−4, en¸ to sf�lma stajer  kat�stash e�nai 10−7. H mègisthparagìmenh t�sh gia ton èlegqo tou akra�ou kìmbou e�nai 30 Volt ìpw fa�netaisto sq ma 3.61. Me th qr sh tou H∞ to eleÔjero �kro isorrope� se qrìno 0,02

sec, ìpw fa�netai sto sq ma 3.51 h mègisth uperÔywsh e�nai 0, 3 × 10−4 en¸ tosf�lma stajer  kat�stash e�nai 10−9. H mègisth paragìmenh t�sh e�nai 35
Volt, sq ma 3.53. Dhlad  o elegkt  HIFOO èqei l�go qeirìterh tim  se ìla takrit ria, megalÔtero sf�lma stajer  kat�stash, megalÔtero qrìno apokat�-stash kai megalÔterh uperÔywsh, all� èqei ligìterh katan�lwsh enèrgeia kai108



3. Elegqomikrìterh t�xh.
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Sq ma 3.60: Metatìpish eleÔjerou �krou th dokoÔ me kai qwr� èlegqo me thqr sh tou HIFOO gia thn pr¸th mhqanik  e�sodo
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Sq ma 3.61: T�sei twn kìmbwn th dokoÔ me qr sh tou HIFOO gia thn pr¸thmhqanik  e�sodoParathre�tai ìti qrhsimopoi¸nta ton elegkt  Matlab HIFOO epitugq�netaime�wsh th t�xh tou elegkt  tou sust mato en¸ g�netai rÔjmish th jèshth dokoÔ me metatop�sei twn kìmbwn th t�xh tou 10−7. Diathre�tai dhlad  hapìdosh tou krithr�ou H∞ qrhsimopoi¸nta qamhlìterh t�xh eustaj  elegkt .Ant�stoiqa gia thn tr�th mhqanik  e�sodo sto sq ma 3.62, fa�netai arqik� hapìkrish tou eleÔjerou �krou th dokoÔ me kai qwr� th qr sh tou elegkt  HI-109



3. Elegqo
FOO, en¸ sto 3.63 oi t�sei twn energopoiht¸n pou par�gontai qrhsimopoi¸ntaton.To sf�lma stajer  kat�stash e�nai 3 × 10−5 en¸ me th qr sh tou elegkt 
H∞ e�nai 0.5 × 10−5 (sq ma 3.59). H mègisth paragìmenh t�sh gia ton elegkt 
HIFOO e�nai 30 Volt an gia ton H∞ e�nai 35 Volt. Epitugq�netai dhlad  rÔjmishth jèsh th dokoÔ sth jèsh isorrop�a th me mikrìterh t�xh elegkt , oopo�o qrhsimopoie� t�sei me qamhlìtere timè.
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Sq ma 3.62: Metatìpish eleÔjerou �krou th dokoÔ me kai qwr� èlegqo me qr shtou HIFOO, gia thn tr�th mhqanik  e�sodo.Qrhsimopoi¸nta ton elegkt  HIFOO gia pragmatik  aiolik  fìrtish g�netairÔjmish th jèsh th dokoÔ me metatop�sei twn kìmbwn th t�xh tou 10−5,en¸ oi paragìmene t�sei e�nai qamhlìtere. Diathre�tai dhlad  h apìdosh toukrithr�ou H∞ qrhsimopoi¸nta qamhlìterh t�xh eustaj  elegkt .
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3. Elegqo
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Sq ma 3.63: Paragìmene t�sei energopoiht¸n gia ìlou tou kìmbou th do-koÔ me qr sh tou HIFOO
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4

ΕΛΕΓΧΟΣ ΜΕ ΑΒΕΒΑΙΟΤΗΤΑ

Kat� thn onomastik  sqed�ash tou sust mato to majhmatikì montèlo pou qrh-simopoi jhke apotèlese m�a prosèggish tou pragmatikoÔ. Prokeimènou na sqedia-stoÔn oi nìmoi elègqou pou èqoun isqÔ sto pragmatikì sÔsthma ja prèpei kat� tosqediasmì na lhfjoÔn upìyh kai na perigrafoÔn an�loga oi abebaiìthte montelo-po�hsh. Sto kef�laio autì eis�getai h ènnoia th abebaiìthta kai parousi�zontaita apotelèsmata th eÔrwsth an�lush kai sÔnjesh enì µ - elegkt .
4.1
Μοντελοποίηση της αβεβαιότηταςOi lìgoi gia tou opo�ou emfan�zontai oi abebaiìthte e�nai kur�w oi ex :

• Mh grammikìthte  /kai dunamikè tou sust mato pou parale�pontai kat�th montelopo�hsh.
• Anakrib  gn¸sh twn tim¸n kai twn paramètrwn tou montèlou  /kai fusio-logik  metabol  twn tim¸n th kat� th di�rkeia th leitourg�a tou sust -mato. 112



4. Elegqo me abebaiothta
• Ep�drash pou proèrqetai apì to perib�llon tou sust mato me th morf diataraq¸n. Genik� diakr�nontai dÔo meg�le kathgor�e abebaiot twn:

i. Ti domhmène, pou h majhmatik  perigraf  tou e�nai tètoia ¸ste nad�nei plhrofor�a sqetik� me to p¸ autè ephre�zoun to sÔsthma. Pe-rigr�fontai kur�w sto ped�o tou qrìnou.
ii. Ti mh domhmène abebaiìthte, gia ti opo�e kam�a plhrofor�a sqetik�me to p¸ autè ephre�zoun to sÔsthma den e�nai diajèsimh.Sun jw perigr�fontai sto ped�o th suqnìthta. Sto sugkekrimèno prìblh-ma pou melet�tai se aut n th diatrib  exet�zetai h mh domhmènh abebaiìthta.H mh domhmènh abebaiìthta mpore� na montelopoihje� me dÔo diaforetikoÔ trì-pou, thn prosjetik  abebaiìthta kai thn pollaplasiastik .

Sq ma 4.1: (Klassikì) domikì di�gramma prosjetik  abebaiìthta
Sq ma 4.2: a. Pollaplasiastik  abebaiìthta eisìdou b. Pollaplasiastik  abe-baiìthta exìdou

• H prosjetik  abebaiìthta qrhsimopoie�tai gia na montelopoi sei sf�lmatasti dunamikè uyhl¸n suqnot twn pou èqoun paramelhje� e�te lìgw me�w-sh tou montèlou e�te lìgw �gnoia. (Sq ma 4.1)
• H pollaplasiastik  abebaiìthta qrhsimopoie�tai gia na montelopoi sei sf�l-mata pou ofe�lontai sti dunamikè twn aisjht rwn kai twn energopoiht¸n.(Sq ma 4.2) 113



4. Elegqo me abebaiothtaSthn paroÔsa diatrib  lamb�nontai upìyh sf�lmata montelopo�hsh pou parou-si�zontai lìgw atelei¸n tou montèlou, ìpw pq e�nai m�a bl�bh sthn kataskeu kai ìqi sf�lmata kai abebaiìthte sti metr sei twn aisjht rwn kai twn ener-gopoiht¸n. Exet�zetai dhlad  h prosjetik  mh domhmènh abebaiìthta. [82℄
4.2
Εύρωστος έλεγχοςOi mèjodoi upologismoÔ nìmwn eÔrwstou elègqou pou jewroÔn mh parametri-kè kai mh domhmène abebaiìthte, ekmetalleÔontai ti idiìthte th nìrma H∞kai apoteloÔn th legìmenh prosèggish H∞. 'Ena meg�lo arijmì ereunhtik¸nergasi¸n anafèrontai s� aut   dh apì ti arqè th dekaet�a tou �80 me pr¸-te autè tou Zames [83℄, pou qrhsimopoioÔn thn elaqistopo�hsh th nìrma H∞th sun�rthsh euaisjhs�a enì grammikoÔ kleistoÔ sust mato. Me ton trìpoautì epilÔontai probl mata eÔrwsth eust�jeia kai apìrriyh diataraq¸n [85℄ìso kai sto ped�o tou qrìnou. [84℄H prosèggish H∞ bas�zetai kur�w sto je¸rhma tou mikroÔ kèrdou. Stìqoe�nai h eÔresh enì antistajmist K pou stajeropoie� to sÔsthma P kai ikanopoie�th sunj kh mikroÔ kèrdou, h opo�a ekfr�zetai w h tim  th nìrma H∞ thmetafor� Tzw

metaxÔ th exìdou z kai th exwgenoÔ eisìdou w .To basikì prìblhma diatup¸netai w ex : Na breje� h kl�sh twn antistaj-mist¸n pou exasfal�zoun thn eswterik  eust�jeia tou kleistoÔ sust mato kaiikanopoioÔn th sunj kh ||Tzw
||∞ < γ, ìpou γ e�nai mia dedomènh jetik  bajmwt posìthta.To prìblhma autì e�nai upobèltisto, epeid  to zhtoÔmeno den e�nai na elaqisto-poihje� h nìrma H∞ th metafor� Tzw

, all� na g�nei mikrìterh apì mia dedomènhtim  γ. H lÔsh tou qrhsimopoie� sun jw thn parametropo�hsh th kl�sh twnantistajmist¸n kai èqei protaje� apì arketè mejìdou. MetaxÔ aut¸n h mèjodosto q¸ro kat�stash e�nai perissìtero efarmìsimh apì arijmhtik  �poyh, epeid katal gei e�te se exis¸sei Riccati, e�te se grammikè anisìthte pin�kwn. [86℄Ta epìmena tr�a b mata lamb�nontai upìyh sthn eÔrwsth an�lush:
i. Or�zw thn abebaiìthta san majhmatikì montèlo.
ii. Elègqw an to sÔsthma e�nai eustajè sta ìria th abebaiìthta.114



4. Elegqo me abebaiothta
iii. Elègqw an to sÔsthma mou èqei thn epijumht  apìdosh efìson e�nai eusta-jè.

4.3
Εύρωστος έλεγχος – ΑνάλυσηTo pleonèkthma tou H∞ elègqou ofe�letai sth dunatìthta na l�boume upìyhstou upologismoÔ to qeirìtero apotèlesma twn abèbaiwn diataraq¸n kai toujorÔbou tou sust mato. Toul�qiston sth jewr�a e�nai dunatìn na sunjèsoumeèna H∞ elegkt  pou ja e�nai eÔrwsto èw èna prokajorismèno posostì sfalm�-twn montelopo�hsh. Dustuq¸ autì se orismène peript¸sei den e�nai efiktì,ìpw ja fane� parak�tw [98, 99, 100℄.Sth sunèqeia, h eurwst�a twn sfalm�twn montelopo�hsh tou elegkt  H∞ pouèqei sqediaste� ja analuje�. Epiplèon ja parousiaste� mia prosp�jeia sÔnjeshenì µ-elegkt  kai ja g�nei mia sÔgkrish twn dÔo.S� ìle ti prosomoi¸sei qrhsimopoioÔntai oi rout�ne eÔrwstou elègqou tou
Matlab. Sugkekrimèna:

i. Gia stoiqe�a abebaiìthta,
bw1 = ureal(’bw1’, 1, ’Percentage’, 25)pou ekfr�zei èna stoiqe�o pragmatik  abebaiìthta onomastik  tim  1 kaime apìklish ±25%, pq to bw1 pa�rnei timè apì 0.75 mèqri 1.25.

ii. Gia na upologistoÔn ta ìria twn domhmènwn idiìmorfwn tim¸n qrhsimopoie�-tai h rout�na:
bounds = mussv(Spqf, B1);ìpou Sqpf e�nai èna antike�meno frd tou Matlab (apìkrish suqnìthta tousust mato), kai to B1 or�zei ton tÔpo th abebaiìthta.

iii. Gia na upolog�soume èna µ-elegkt :
K = dksyn(qbeam1_u, m, r);ìpou qbeam1 u ekfr�zei to abèbaio sÔsthma tou sq mato 3.14 kai m, r e�naioi arijmo� twn eisìdwn / exìdwn tou sust mato. S� aut n thn per�ptwsh115



4. Elegqo me abebaiothtato abèbaio sÔsthma èqei dhmiourghje� mèsw th rout�na iconnect, efìsone�nai pio euèlikth apì th rout�na sysic.Ta arijmhtik� montèla pou qrhsimopoioÔntai s� ìle ti prosomoi¸sei ulo-poioÔntai me trei trìpou:
i. Mèsw th ex�swsh 3.48

K = K0(I + kpδK) (4.1)
M = M0(I +mpδM) (4.2)

D = D0 + 0.0005[K0kpI2n×2nδK +M0mpI2n×2nδM ] (4.3)kai tou upologismoÔ tou p�naka N gia ti sugkekrimène timè kp, mp.
ii. Me th qr sh tou uncertain element object Matlab. H fìrma aut  qrei�zetaiston algìrijmo eÔrwsth sÔnjesh D-K.
iii. Me to domikì di�gramma tou Simulink pou fa�netai sto sq ma 4.3.

Sq ma 4.3: Domikì di�gramma abebaiìthta apì to Simulink

Sq ma 4.4: Di�gramma tou Simulink gia ton exagwgèa s mato116



4. Elegqo me abebaiothtaEÔrwsth an�lushH eÔrwsth an�lush elègqetai mèsw twn sqèsewn,
sup
ω∈R

µ∆(N11(jω)) < 1 (4.4)(gia thn eÔrwsth stajerìthta) kai,
sup
ω∈R

µ∆α
(N(jω)) < 1 (4.5)gia eÔrwsth apìdosh.S� ìle ti prosomoi¸sei pou akoloujoÔn, h diataraq  e�nai h pr¸th mhqanik fìrtish, dhlad  10N sto eleÔjero �kro th dokoÔ.Gia ton eurejènta elegkt  H∞, analÔoume thn eurwst�a tou gia ti akìloujetimè mp, kp:

i. mp = 0, kp = 0.9. Autì antistoiqe� se mia diakÔmansh ±90% apì thnonomastik  tim  tou p�naka akamy�a K.Sto sq ma 4.5 fa�nontai ta ìria twn tim¸n tou µ. 'Opw fa�netai to sÔsthmaparamènei stajerì kai parousi�zei eÔrwsth apìdosh afoÔ ta �nw ìria kaitwn dÔo tim¸n paramènoun k�tw apì 1 gia ìle ti suqnìthte pou maendiafèroun. To apotèlesma autì emfan�zetai sto sq ma 4.6 ìpou fa�netaih metatìpish tou eleÔjerou �krou th dokoÔ kai h efarmozìmenh t�sh. HsÔgkrish me thn apìkrish anoiktoÔ brìqou gia to �dio sÔsthma de�qnei thnkal  apìdosh tou onomastikoÔ elegkt .
ii. mp = 0.9, kp = 0. Autì antiproswpeÔei mia diakÔmansh ±90% apì thnonomastik  tim  tou p�naka m�za M .Sto sq ma 4.7 fa�nontai ta ìria twn tim¸n µ. 'Opw fa�netai to sÔsthmaparamènei eustajè kai parousi�zei eÔrwsth apìdosh, afoÔ ta �nw ìria kaitwn dÔo tim¸n paramènoun k�tw apì 1 gia ìle ti suqnìthte pou ma en-diafèroun [100, 101℄. To apotèlesma autì emfan�zetai sto sq ma 4.8, ìpoufa�netai h metatìpish tou eleÔjerou �krou th dokoÔ kai h efarmozìmenht�sh. H sÔgkrish me thn apìkrish anoiktoÔ brìqou gia to �dio sÔsthmade�qnei thn kal  apìdosh tou onomastikoÔ elegkt .
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4. Elegqo me abebaiothta

Sq ma 4.5: µ-ìria tou H∞ elegkt  gia mp = 0, kp = 0, 9

Sq ma 4.6: Metatìpish kai èlegqo tou eleÔjerou �krou gia H∞ elegkt  me
mp = 0, kp = 0, 9
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4. Elegqo me abebaiothta

Sq ma 4.7: µ-ìria tou H∞ elegkt  gia mp = 0, 9, kp = 0

Sq ma 4.8: Metatìpish kai èlegqo tou eleÔjerou �krou gia H∞ elegkt  me
mp = 0, kp = 0
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4. Elegqo me abebaiothta
iii. mp = 0.9, kp = 0.9. Autì antiproswpeÔei mia diakÔmansh ±90% apì thnonomastik  tim  twn pin�kwn m�za kai akamy�a M kai K.Sto sq ma 4.9 fa�nontai ta ìria twn tim¸n µ. 'Opw fa�netai to sÔsthmaparamènei eustajè kai ikanopoie� ta krit ria eÔrwsth apìdosh, afoÔ to�nw ìrio gia ti duo timè paramènei k�tw apì 1 gia ìle ti suqnìthte pouma endiafèroun. Ta apotelèsmata sto sq ma 4.10 de�qnoun thn apìkrishtou eleÔjerou �krou kai thn efarmozìmenh t�sh.H sÔgkrish me to sÔsthma anoiktoÔ brìqou de�qnei thn kal  apìdosh thonomastik  sqed�ash.

Sq ma 4.9: µ-ìria tou H∞ elegkt  gia mp = 0, 9, kp = 0, 9

Sq ma 4.10: Metatìpish kai èlegqo tou eleÔjerou �krou gia H∞ elegkt  me
mp = 0, 9, kp = 0, 9 120



4. Elegqo me abebaiothtaSth sunèqeia elègqoume th dokì metab�llonta tou p�nake m�za M , akam-y�a K kai A,B ask¸nta pragmatik  aiolik  fìrtish. Sto sq ma 4.11 fa�netaih metatìpish tou eleÔjerou �krou me kai qwr� èlegqo gia metabol  twn pin�kwnm�za kai apìsbesh tou sust mato èw kai 50%.Parathre�tai ìti me ton eÔrwsto èlegqo H∞ to eleÔjero �kro th dokoÔ pa-ramènei se isorrop�a me mhdenikè metatop�sei, en¸ h t�sh twn piezohlektrik¸nbr�sketai entì twn or�wn twn 500 V olt.An�loga apotelèsmata prokÔptoun kai sto sq ma 4.12 gia metabol  twn pin�-kwn A kai B tou sust mato èw kai 50%.O elegkt  pou qrhsimopoie�tai plhre� ta krit ria eust�jeia kai apìdosh kaie�nai 100% eÔrwsto.

121



4. Elegqo me abebaiothta

Sq ma 4.11: Metatìpish eleÔjerou �krou me kai qwr� èlegqo gia pragmatik aiolik  fìrtish me metabol  twn pin�kwn M kai K èw kai 50%
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4. Elegqo me abebaiothta

Sq ma 4.12: Metatìpish eleÔjerou �krou me kai qwr� èlegqo gia pragmatik aiolik  fìrtish me metabol  twn pin�kwn A kai B èw kai 50%
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4. Elegqo me abebaiothtaSunoy�zonta, fa�netai ìti o elegkt  H∞ pou brèjhke e�nai exairetik� eÔrw-sto sta sf�lmata montelopoi sh.
4.4
Εύρωστη Σύνθεση: µ-ελεγκτής'Ena µ-elegkt  mpore� na sunteje� apì thn epanalhptik  mèjodo D-K ìpwexhge�tai sthn par�grafo 3.3. Gia na epiteuqje� h sÔgkrish me ton elegkt  H∞,onomastik  sqed�ash, ja qrhsimopoihjoÔn ta �dia ìria kai ston µ-elegkt  giathn eisagwg  abebaiot twn [101, 102, 103℄.I. mp = 0, kp = 0.9. Autì antistoiqe� se ±90% metabol  apì thn onomastik sqed�ash tou p�naka K.Oi entolè tou MATLAB pou qrhsimopoi jhke e�nai,
beam_u = ss(A0_u, eye(2*nd), C, zeros(nd/2, 2*nd));

M = iconnect;

nn = icsignal(4);

d = icsignal(8);

u = icsignal(4);

y = icsignal(4);

M.Equation{1} = equate(y, beam_u*[B0_u*u + G0_u*Wd*d]);

M.Input = [ d; nn; u ];

M.Output = [ We*y; Wu*u; y+Wn*nn ];

qbeam_w_o = M.System;

[K, qbeam_w_c_m, gam_miu] = dksyn(qbeam_w_o, m, r);'Opou A0 u, B0 u kai G0 u e�nai oi p�nake ìpou èqei eisaqje� h abebaiìthta.Apì th diadikas�a D−K prokÔptei èna eÔrwsto elegkt  t�xh 256. Aut e�nai mia uperbolik  tim  pou e�nai apotèlesma th epanalhptik  diadikas�a pouqrhsimopoie�tai apì autìn ton algìrijmo. To gegonì autì, an kai anafèretaisthn bibliograf�a, den ton�zetai ìso ja èprepe.Sto sq ma 4.13 fa�nontai oi µ-timè pou èqoun upologiste�. O elegkt  e�naieÔrwsto se ìle ti suqnìthte.Sto sq ma 4.14 sugkr�netai h apìdosh tou µ-elegkt  kai tou elegkt  H∞.Sto sq ma 4.15 emfan�zontai ta apotelèsmata gia ti akra�e ti timè th abe-baiìthta, ìpou fa�netai ìti o elegkt  H∞ èqei kalÔtera apotelèsmata.124



4. Elegqo me abebaiothta

Sq ma 4.13: µ-ìria tou µ-elegkt  gia timè mp = 0, kp = 0.9.

Sq ma 4.14: SÔgkrish tou eleÔjerou �krou gia thn onomastik  sqed�ash tou
µ-elegkt  (mp = 0, kp = 0.9) kai tou H∞.
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4. Elegqo me abebaiothta

Sq ma 4.15: Metatop�sei kai èlegqo tou eleÔjerou �krou tou µ-elegkt  me
mp = 0, kp = 0.9.Autì mpore� na ofe�letai sti upologistikè duskol�e tou upologismoÔ tou µ-elegkt  pou prokÔptoun apì th kak  arijmhtik  kat�stash (condition number)twn pin�kwn tou sust mato. Mpore� na ofe�letai ep�sh sth meg�lh t�xh tou
µ-elegkt . OÔtw   �llw ìmw qrei�zetai parap�nw diereÔnhsh [98, 103, 104℄.
4.5
Σύνοψη διατριβής και προτάσεις για μελλοντική έρευναH qr sh twn teqnologi¸n tou energoÔ elègqou se èxupne kataskeuè pa-rousi�sthke se aut  th diatrib . Stìqo tou elègqou e�nai h katastol  thtal�ntwsh diathr¸nta par�llhla, qamhl  tim  sto sf�lma stajer  kat�sta-sh, mikrì qrìno apokat�stash, mikr  mègisth uperÔywsh, en¸ h enèrgeia touelègqou prèpei na br�sketai entì twn or�wn leitourg�a th.H dokì pou qrhsimopoi jhke diakritopoi jhke me peperasmèna stoiqe�a m�adi�stash me dÔo bajmoÔ eleujer�a se k�je kìmbo. Piezohlektriko� energopoi-htè enswmat¸jhkan se aut  me stìqo thn katastol  th tal�ntws  th k�twapì nteterministikè kai stoqastikè fort�sei.Arqik� exet�sthke to krit rio tou grammikoÔ tetragwnikoÔ elègqou me qr shparathrht  meiwmènh t�xh, pou kajist� pio realistik  thn prosomo�wsh. Giathn eÔresh tou parathrht  qrhsimopoi jhke eÔrwsto algìrijmo topojèthshpìlwn. Me thn kat�llhlh epilog  twn bar¸n, ègine katastol  th tal�ntwshth dokoÔ, tìso gia aitiokratikè ìso kai gia stoqastikè fort�sei. Se ìleti prosomoi¸sei èqei eisaqje� tuqa�o jìrubo sti metr sei, ¸ste na anapa-rist� pio pist� thn pragmatikìthta, kaj¸ h mètrhsh th metatìpish mèsw twn126



4. Elegqo me abebaiothtapiezohlektrik¸n aisjht rwn den e�nai axiìpisth.Sth sunèqeia efarmìsthkan pio proqwrhmène teqnikè elègqou ìpw to kri-t rio H∞. To pleonèkthma tou elègqou H∞ ofe�letai sth dunatìthta na l�boumeupìyh stou upologismoÔ to qeirìtero apotèlesma twn abèbaiwn diataraq¸n kaitou jorÔbou tou sust mato. Epiplèon o elegkt  H∞ mpore� na antapexèljei semegalÔtere eisìdou, en¸ o sqediasmì tou g�netai se meg�lo eÔro suqnot twn.Ta apotelèsmata e�nai axioshme�wta kai parathre�tai katastol  th tal�ntwshakìma kai gia pragmatik  aiolik  fìrtish me ti t�sei twn piezohlektrik¸n nabr�skontai entì twn or�wn antoq  tou.Jèlonta na meiwjoÔn oi upologistikè apait sei tou montèlou, mei¸jhke ht�xh tou elegkt , me th bo jeia mh parametrik  kai mh kurt  beltistopo�hsh,kai qrhsimopoi¸nta ton elegkt  HIFOO. H kal  apìdosh tou elegkt  diathr -jhke akìma kai gia polÔ mikrìtero bajmì tou sust mato.Sth sunèqeia lamb�nonta upìyh ti mh grammikìthte kai ti dunamikè tousust mato pou parale�pontai kat� thn montelopo�hsh, thn anakrib  gn¸sh twntim¸n kai paramètrwn tou montèlou, ti abebaiìthte twn diataraq¸n kai thn ep�-drash pou proèrqetai apì to perib�llon tou sust mato me th morf  diataraq¸n,thn mh axiìpisth mètrhsh twn aisjht rwn tou sust mato, elèqjhsan ta eÔrwstaqarakthristik� tou elegkt  H∞. 'Egine pl rh katastol  th tal�ntwsh akìmakai gia metabol  th m�za kai th akamy�a th dokoÔ èw kai 90%.Tèlo ègine prosp�jeia eÔresh enì eÔrwstou µ-elegkt , me th bo jeia thepanalhptik  mejìdou D − K, h t�xh tou elegkt  pou proèkuye  tan polÔmeg�lh ìpw kai oi upologistikè apait sei pou apaitoÔntai. H apìdosh toueÔrwstou µ-elegkt  den  tan h anamenìmenh k�ti pou pijanìtata ofe�letai sthnarijmhtik  kat�stash twn pin�kwn tou sust mato. Ant�jeta gia ton elegkt 
H∞ ta apotelèsmata e�nai polÔ ikanopoihtik� kai apodeiknÔoun ìti o èlegqo
H∞ mpore� na kataste�lei thn tal�ntwsh th èxupnh dokoÔ lamb�nonta upìyhti abebaiìthte montelopo�hsh, ti exwterikè diataraqè kai to jìrubo twnmetr sewn.Sunoy�zonta oi episthmonikè perioqè pou èqei suneisfèrei h paroÔsa diatri-b  e�nai:

i. Montelopo�hsh twn èxupnwn kataskeu¸n antikeimènou politikoÔ mhqanikoÔ.
ii. Efarmog  tou elègqou H∞ se katastol  twn talant¸sewn domik¸n montè-lwn. 127



4. Elegqo me abebaiothta
iii. Eisagwg  twn abebaiot twn sto majhmatikì montèlo domik¸n stoiqe�wn.
iv. Katastol  twn talant¸sewn kai apìrriyh diataraq¸n, lamb�nonta upìyhta sf�lmata montelopo�hsh, qrhsimopoi¸nta to krit rio tou eÔrwstouelègqou H∞.
v. Me�wsh twn upologistik¸n apait sewn tou elègqou qrhsimopoi¸nta al-gor�jmou beltistopo�hsh.
vi. EÔresh enì eÔrwstou µ-elegkt .W fusik  sunèpeia twn ereunhtik¸n kainotomi¸n pou prot�jhkan,  tan h ana-gn¸rish nèwn episthmonik¸n problhm�twn pou ja  tan dunat  h leitourg�a touw b�sh gia peraitèrw ereunhtik  drasthriìthta pèra apì ta pla�sia th paroÔsadiatrib . Pio sugkekrimèna mia pijan  mellontik  episthmonik  sunèqeia e�nai hpeiramatik  epibeba�wsh twn polÔ kal¸n apotelesm�twn pou proèkuyan apì tonèlegqo twn èxupnwn kataskeu¸n antikeimènou politikoÔ mhqanikoÔ.
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Α

ΠΙΕΖΟΗΛΕΚΤΡΙΣΜΟΣ

O Piezohlektrismì e�nai mia sÔzeuxh metaxÔ mhqanik¸n kai hlektrik¸n idiot -twn twn ulik¸n. Me aploÔ ìrou, ìtan èna piezohlektrikì ulikì pièzetai, tìtemazeÔetai èna hlektrikì fort�o sthn epif�nei� tou. Ant�jeta, ìtan èna piezohle-ktrikì ulikì upìkeitai se pt¸sh t�sh, tìte paramorf¸netai mhqanik�. [9℄Se nanoskopik  kl�maka, o piezohlektrismì proèrqetai apì th suneisfor�anomoiìmorfou fort�ou mèsa se èna krÔstallo. 'Otan èna tètoio krÔstallo,paramorf¸netai mhqanik�, ta jetik� kai arnhtik� kèntra twn fort�wn metakinoÔn-tai kat� diaforetikè posìthte. 'Etsi, ìtan olìklhro o krÔstallo paramèneihlektrik� oudètero, h diafor� sto ektìpisma twn kèntrwn fort�wn suneisfèreise mia hlektrik  pìlwsh mèsa ston krÔstallo. H hlektrik  pìlwsh (w apìkrishenì ulikoÔ) ex ait�a mhqanik  p�esh (s ma eisìdou sto sÔsthma tou ulikoÔ)onom�zetai Piezohlektrismì. [69℄H posìthta autoÔ tou fort�ou e�nai grammik� an�logh th t�sh. Autì e�naito �meso piezohlektrikì fainìmeno. 138



A. Piezohlektrismo
Sq ma A.1: a. KrÔstalloi me kèntro summetr�a den èqoun Pzt fainìmeno b.KrÔstalloi quartz qwr� kèntro summetr�a me Pzt fainìmeno
Α.1
Φυσική ερμηνείαH mikroskopik  proèleush tou piezohlektrismoÔ e�nai h metatìpish hlektri-koÔ fort�ou. Se per�ptwsh apous�a mhqanik  paramìrfwsh h suneisfor� twniontik¸n fort�wn e�nai summetrik , d�donta mhdenik  pìlwsh kai mhdenikì ped�o.'Etsi, èna ulikì ja e�nai piezohlektrikì mìno ìtan den èqei kèntro summetr�a.Autì fa�netai sto sq ma A.1. An up�rqei kèntro summetr�a, ja suneq�sei naup�rqei kai met� thn paramìrfwsh, me apotèlesma na mh dhmiourghje� pìlwsh.Me aut  th logik , èna ulikì pou an kei sto kubikì sÔsthma de mpore� na e�naipiezohlektrikì. [70℄To sq ma A.2 bohj� na katanohje� giat� up�rqei to piezohlektrikì fainìme-no. To parak�tw di�gramma parist� èxi shmeiak� fort�a, jetik� ta kìkkina kaiarnhtik� ta pr�sina. Se kat�stash hrem�a qwr� thn ep�drash dun�mewn, dia-t�ssontai sti korufè enì exag¸nou. An to hlektrikì dunamikì se èna shme�okat� m ko tou �xona x kai se apìstash apì aut� ta fort�a, kane� mpore� na deita tr�a jetik� fort�a na energopoioÔntai sto kèntro tou exag¸nou ìpw kai tatr�a arnhtik�. H jetik  kai h arnhtik  di�taxh twn fort�wn allhloanaire�tai kaita dunamikì se mia apìstash kat� m ko tou �xona x ja e�nai mhdèn. [70℄An mia jliptik  dÔnamh efarmoste� sto ex�gwno kat� m ko tou �xona y, hdi�taxh diatar�ssetai me tètoio trìpo oÔtw ¸ste na èrqontai duo jetik� fort�akontÔtera metaxÔ tou se èna �kro, kai ta arnhtik� fort�a mazemèna sthn �llh.H parap�nw kat�stash diamorf¸nei èna d�polo ìpou to èna �kro th di�taxhe�nai jetikì kai ta �llo arnhtikì. 'Ena dunamikì katametr�tai kat� m ko tou�xona x, pou den e�nai pia mhdenikì. 139



A. Piezohlektrismo

Sq ma A.2: Di�gramma PiezohlektrikoÔ fainomènou

Sq ma A.3: Piezohlektriko� krÔstalloi
140



A. Piezohlektrismo
Α.2
Υλικά που εμφανίζουν πιεζοηλεκτρισμόApì ti 32 krustallikè t�xei, 20 e�nai mh-kentrosummetrikè. Se autè ti 20an koun ìloi oi piezohlektriko� krÔstalloi. 'Omw gia na e�nai èna krÔstallopiezohlektrikì ja prèpei na throÔntai kai �lle basikè sunj ke. 'Etsi loipìnperior�zetai o arijmì twn krust�llwn pou d�doun piezohlektrismì. Ston p�nakaA.1 fa�nontai oi krustallikè om�de pou uposthr�zoun to fainìmeno tou piezoh-lektrismoÔ.Sthn pr�xh to fainìmeno tou piezohlektrismoÔ emfan�zetai se polÔ l�ga ulik�.MonokrÔstalloi apì NH4H2PO4, H2PO4, a-qalaz�a (SiO2), �la tou Rochelle

(NAKC4H4O64H2O), kai se merikè peript¸sei polukrustallik� keramik� ìpwta BaTiO3 kai Pb(Zr0,52Ti0,48)O3. [66]SÔsthma Krustallografikè om�de Krustallografikè om�depou d�noun piezohlektrismì pou de d�noun piezohlektrismìTriklinè 1 1̄Monoklinè 2, m 2/mOrjorombikì 222, mm2 MmmTetragwnikì 4, 4̄, 422, 4mm, 4̄2m 4/m, 4/mmmTrigwnikì 3, 32, 3m 3̄, 3̄mExagwnikì 6, 6̄, 622, 6mm, 6̄m2 6/m, 6/mmmKubikì 23, 4̄3m M 3̄, 432, m 3̄mP�naka A.1: Morf  piezohlektrik¸n ulik¸n
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A. Piezohlektrismo
Α.3
Μαθηματική περιγραφή φαινομένου'Ena apì ta qarakthristik� twn krust�llwn e�nai ìti oi fusikè tou idiìthte(jermik , hlektrik  agwgimìthta, elastikìthta, hlektrik  pìlwsh) exart¸ntaiapì thn dieÔjunsh sthn opo�a metroÔntai.Autè oi idiìthte onom�zontai anisotropikè. Prokeimènou na prosdior�soumeth tim  aut¸n twn idiot twn, qrhsimopoioÔme majhmatikè posìthte pou onom�-zontai tanustè.An dhl¸soume tou �xone q, y, z w 1, 2, 3 ant�stoiqa, tìte oi sqèsei metaxÔpìlwsh P̄ kai èntash efarmozìmenou hlektrikoÔ ped�ou Ē e�nai oi parak�tw,

P1 = ε0χ11E1 + ε0χ12E2 + ε0χ13E3

P2 = ε0χ21E1 + ε0χ22E2 + ε0χ23E3

P3 = ε0χ31E1 + ε0χ32E2 + ε0χ33E3

(A.1)'Etsi, èna ped�o E1 ja {genn sei} trei sunist¸se pìlwsh R1, R2, R3 poud�dontai apì ti sqèsei,
P1 = ε0χ11E1

P2 = ε0χ21E1

P3 = ε0χ31E1

(A.2)'Opou, ε0 e�nai h diaperatìthta tou kenoÔ, qij h hlektrik  epidektikìthta kaiw pinakostoiqe�o d�dei th sunistamènh th pìlwsh kat� m ko th dieÔjunsh -
i w apotèlesma efarmozìmenou hlektrikoÔ ped�ou kat� th dieÔjunsh - j. Prè-pei na shmeiwje� ìti se èna krÔstallo ìtan efarmoste� èna hlektrikì ped�o pqston �xona -1 ja dhmiourg sei pìlwsh kat� m ko kai twn tri¸n axìnwn 1-, 2-, 3-.'Etsi, h pìlwsh den e�nai par�llhlh pro to efarmozìmeno ped�o. Autì fa�ne-tai sto sq ma A.4. [67℄ 142



A. Piezohlektrismo

Sq ma A.4: Sunist¸sa piezohlektrikoÔ associated me dhmiourg�a hlektrik  t�-sh sth dieÔjunsh x

Sq ma A.5: Axonikè kai diatmhtikè sunist¸se th t�sh'Opw anafèrjhke h hlektrik  epidektikìthta mpore� na grafe� me th morf tanust  me dÔo de�kte.
χ0 =
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(A.3)Stou krust�llou h t�sh mpore� na parastaje� me èna tanust  deutèrou baj-moÔ.
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∣

∣

∣

∣

∣

T11 T12 T13

T21 T22 T23

T31 T32 T33

∣

∣

∣

∣

∣

∣

∣

(A.4)143



A. PiezohlektrismoK�tw apì sunj ke isorrop�a Tij = Tji mpore� mìno èna de�kth na qrhsimo-poihje� gia na dhl¸sei ti sunist¸se th t�sh.
Tk =

∣

∣

∣

∣

∣

∣

∣

T1 T6 T5

T6 T2 T4

T5 T4 T3

∣

∣

∣

∣

∣

∣

∣

(A.5)Ed¸ oi t�sei T1, T2, T3 upodhl¸noun ti monoaxonikè sunist¸se th t�shkai oi T4, T5, T6 upodhl¸noun ti diatmhtikè sunist¸se, ìpw fa�netai sto sq maA.5.
Α.4
Ορθό πιεζοηλεκτρικό φαινόμενο'Otan efarmìzetai mia t�sh se èna piezohlektrikì krÔstallo, oi paragìmenesunist¸se pìlwsh sqet�zontai me k�je mia apì ti sunist¸se th t�sh Tkme èna set suntelest¸n dik pou onom�zontai stajerè piezohlektrik  paramìr-fwsh. Autì e�nai to �meso   orjì piezohlektrikì fainìmeno pou ekfr�zetaimajhmatik� me th parak�tw sqèsh,

Pi = dikTk, i = 1, 2, 3 kai k = 1, 2, . . . , 6 (A.6)H om�da suntelest¸n mpore� pio eÔkola na parastaje� me morf  p�naka [67℄,
dik =

∣

∣

∣

∣

∣

∣

∣

d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36

∣

∣

∣

∣

∣

∣

∣

(A.7)K�je krÔstallo èqei to qarakthristikì tou pl jo piezohlektrik¸n staje-r¸n dik pou exart�tai apì th summetr�a th gewmetr�a tou krust�llou. K�poiestajerè èqoun tim  mhdèn kai �lle èqoun �sh tim  metaxÔ tou. IsqÔei o ex kanìna: {'Oso pio uyhl  h summetr�a tìso ligìtere anex�rthte stajerè dikup�rqoun}. Sth per�ptwsh tou kentrosummetrikoÔ krust�llou ìla ta dik e�naimhdèn. O p�naka dik gia to qalaz�a, o opo�o èqei trigwnik  krustallik  dom ,èqei thn parak�tw morf , 144



A. Piezohlektrismo
∣

∣

∣

∣

∣

∣

∣

d11 −d11 0 −d14 0 0

0 0 0 0 −d14 −2d11

0 0 0 0 0 0

∣

∣

∣

∣

∣

∣

∣

(A.8)
Α.5
Ανάστροφο πιεζοηλεκτρικό φαινόμενοTo an�strofo piezohlektrikì fainìmeno mpore� na ekfraste� majhmatik� me thparak�tw sqèsh,

Sk = dikEi, i = 1, 2, 3 kai k = 1, 2, . . . , 6 (A.9)'Opou Sk e�nai o tanust  th t�sh (ìmoio me ton Tk) kai Ei e�nai oi suni-st¸se tou efarmozìmenou hlektrikoÔ ped�ou. Na shmeiwje� ìti, o p�naka dikpou sundèei th paramìrfwsh me to efarmozìmeno ped�o sto an�strofo fainìme-no, e�nai panomoiìtupo me ton dik pou sundèei th pìlwsh me th t�sh sto �mesofainìmeno. [68℄Orjì: Pìlwsh(P ) - T�sh(T )An�strofo: Paramìrfwsh(S) - Hlektrikì Ped�o(E)To parap�nw e�nai mia jermodunamik  apa�thsh. Oi mon�de tou antistrìfoufainomènou dik e�nai (m/m)/(V/m) = mV −1, pou e�nai to �dio me to C/N .EUJU ANASTROFO
P = e × X X = d ×E

P : pìlwsh X: paramìrfwsh
X: paramìrfwsh d: suntelest  piezohlektrik paramìrfwsh

e: suntelest  piezohlektrik  E: hlektrikì ped�ot�sh
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A. PiezohlektrismoPiezohlektriko� Suntelestè tou a-qalaz�a
e11 : 0, 173 c/m2 d11 : 2, 27 × 10−12 m/V

e14 : 0, 040 c/m2 D14 : −0, 67 m/VP�naka A.3: Qarakthristik� megèjh piezohlektrismoÔ
Α.6
Ενεργειακή αντιμετώπιση'Otan h mhqanik  enèrgeia me th morf  th t�sh efarmìzetai sto piezohle-ktrikì de�gma, mìno èna mèro th metatrèpetai se hlektrik  enèrgeia. (pou a-pojhkeÔetai kat� th dhmiourg�a th pìlwsh). O par�gonta hlektromagnhtik sÔzeuxh K or�zetai w K2 = apojhkeumènh hlektrik  enèrgeia / {eiserqìmenh}mhqanik  enèrgeia.H mhqanik  enèrgeia metr�tai an�loga me thn enèrgeia 0, 5 × kd2 pou apojh-keÔetai se èna elat rio me stajer� elathr�ou k epimhkumèno kat� d.'Etsi,

zK2 = d2
33/(s33ε0ε1) (A.10)Sto an�strofo fainìmeno, K2 = apojhkeumènh mhqanik  enèrgeia / {eiserqì-menh} hlektrik  enèrgeia. [68℄Apì th jermodunamik  anagkazìmaste na deqtoÔme ìti to k èqei thn �dia tim pou èqei kai sto eujÔ fainìmeno.

Α.7
Η Γραμμική θεωρία της πιεζοηλεκτρικότηταςH arq  diat rhsh th enèrgeia gia katast�sei piezohlektrikoÔ mèsou pouse opoiod pote ìgko V oriojethmèno apì mia epif�neia s me omal  ekro  mon�da146



A. Piezohlektrismo
n, to posostì th enèrgeia (kinhtik  sun enèrgeia paramìrfwsh) e�nai �so meto posostì sto opo�o g�netai èrgo apì ti èlxei th epif�neia energ¸nta sto
s me�on thn ro  th ekro  th hlektrik  enèrgeia sto s. 'Etsi èqoume [69℄,

∂

∂t

∫

V

(1

2
ρu̇jρu̇j + U

)

dV =

∫

S

(

tj u̇j − nφḊ
)

dS (A.11)w thn ex�swsh th arq  th diat rhsh th enèrgeia.Basik�, aut  h ex�swsh jètei w dedomèno thn Ôparxh sun�rthsh enèrgeiaparamìrfwsh U .Oi exis¸sei t�sh th k�nhsh,
Tij−1 + tj = ρüj me fj = 0 (A.12)
τij,i = ρüj ìpou τij = τji (A.13)H ex�swsh fìrtish twn hlektrostatik¸n,

Di,i = 0 (A.14)Oi sqèsei hlektrikoÔ dunamikoÔ - hlektrikoÔ ped�ou,
Ei = −φi − A i

j
me A i

c
<< |φji|

Ek = −φ,k

(A.15)Oi sqèsei èntash - mhqanik  metatìpish,
Sij =

1

2
(ui,j + uj,i) (A.16)'Ola aut� ja qreiastoÔn se ìti ja akolouj sei. Oi proanaferje�se pro-segg�sei th grammikìthta èqoun  dh sumperilhfje�, ìpw d

dt
≈ ∂

∂τ
, v ≈ u,apeiroel�qisth èntash, h apous�a s¸mato dÔnamh hlektrik  kai sÔndesh, kaito ìti den mporoÔn na diakr�noun an�mesa sti arqikè kai ti telikè jèsei.147



A. PiezohlektrismoEp�sh èqoume thn sqèsh,
dV + dV0(1 + ∆) ≈ dV0 (A.17)afoÔ ∆ = uk,k << 1 (A.18)kai ètsi ρ = ρ0(1 − ∆) ≈ ρ0 (A.19)
∂

∂t
dV ≈ ∆dV0 ≈ ∆dV (A.20)Upokajist¸nta apì thn tj = niTij sthn (A.11) efarmìzonta to je¸rhma thapìklish kai qrhsimopoi¸nta to gegonì ìti h ex�swsh pou prokÔptei isqÔeigia ènan auja�reto ìgko V , pa�rnoume,

ρu̇ju̇j + U̇ = (τij u̇j),i − (φḊi),i (A.21)
U̇ = (τij,i − ρu̇j)u̇j + τij u̇j,i − φḊi,i − φ,iḊi (A.22)

U̇ = τijṠij + EiDi (A.23)H ex�swsh (A.23) onom�zetai o pr¸to nìmo th jermodunamik  gia to pie-zometrikì mèso.
Α.8
Πιεζοηλεκτρικές θεμελιώδης εξισώσειςA kajor�soume thn hlektrik  enjalp�a H apì [70℄,

H = U − EiDi (A.24)Met� paragwg�zonta thn (A.24) w pro ton qrìno, pa�rnoume,
U̇ = U̇ − EiḊi − ĖiDi (A.25)148



A. Piezohlektrismoantikajist¸nta sthn (A.23) èqoume,
H = tijṠij − ĖiDi (A.26)h ex�swsh (A.26) shma�nei ìti,
H = H(S,E) (A.27)kai paragwg�zonta thn (A.27) w pro ton qrìno, br�skoume,

Ḣ =
∂H

∂Sij

Ṡij +
∂H

∂Ei

Ėi (A.28)antikajist¸nta sthn (A.26),
(

τij −
∂H

∂Sij

)

Ṡij −
(

Di +
∂H

∂Ei

)

Ėi = 0 (A.29)Kaj¸ h ex�swsh (A.29) e�nai mia tautìthta pou prèpei na isqÔei gia auja�reta
Sij kai Ėi pou antistoiqoÔn me tou ìrou Sij = Sji blèpoume,

tij =
1

2

( ∂H

∂Sij

+
∂H

∂Sji

) (A.30)
Di = −

∂H

∂Ei

(A.31)An peraitèrw sumfwn soume na kataskeu�soume H ¸ste,
∂H

∂Sji

+
∂H

∂Sij

(A.32)mporoÔme na gr�youme sthn (A.30),
Tij =

∂H

∂Sij

(A.33)AfoÔ ma endiafèrei mìno h grammik  jewr�a, kataskeu�zoume mia omoiogen deuterob�jmia fìrma gia to H .
H =

1

2
cEijklSijSkl − eijkEiSjk −

1

2
εS

ijEiEj (A.34)ìpou, 149



A. Piezohlektrismo
cijkl = cijlk = cjikl = cklij, eijk = eikj, εji = εji (A.35)Kai ed¸ kai parak�tw af same thn E sti elastikè stajerè kai thn S stidihlektrikè stajerè giat� ìle oi �lle stajerè pou up�rqoun se aut  th mono-graf  ja kajoristoÔn upì ìrou aut¸n twn stajer¸n kai tou eijk. 'Etsi èqoume21 anex�rthte elastikè stajerè, 18 anex�rthte piezohlektrikè stajerè kai6 anex�rthte dihlektrikè stajerè sthn pio genik  per�ptwsh (10) (trikliniko�krÔstalloi qwr� kèntro summetr�a). Kaj¸ to e e�nai èna paliì entat raakanìnisth seir�, den mpore� na up�rqei se opoiod pote ulikì pou èqei kèntrosummetr�a [69℄Apì ti (A.31) kai (A.34) pa�rnoume ti jemeli¸dei grammikè piezohlektrikèexis¸sei,

τij = cijklSkl − ekijEk (A.36)
Di = eijklSkl + εikEk (A.37)
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Β

ΟΙ ΤΙΜΕΣ ΤΩΝ ΠΙΝΑΚΩΝ
ΜΑΖΑΣ M, ΑΚΑΜΨΙΑΣ K,
ΑΠΟΣΒΕΣΗΣ D, A,B ΚΑΙ F ∗

e

ΤΗΣ ΔΟΚΟΥO p�naka m�za th dokoÔ [M ]8×8 isoÔtai me,
M =



















0, 041 0 0, 0071 0, 0001 0 0 0 0

0 0 −0, 0001 0 0 0 0 0

0, 0071 −0, 0001 0, 041 0 0, 0071 0, 0001 0 0

0, 0001 0 0 0 −0, 0001 0 0 0

0 0 0, 0071 −0, 0001 0, 041 0 0, 0071 0, 0001

0 0 0, 0001 0 0 0 −0, 0001 0

0 0 0 0 0, 0071 −0, 0001 0, 0205 0, 0002

0 0 0 0 0, 0001 0 0, 0002 0



















(B.1)
O p�naka akamy�a [K]8×8 isoÔtai me,
K =



















275082333,2677 0 −13754116,6338 −515779,3738 0 0 0 0

0 52327,184 515779,3738 12519,861 0 0 0 0

−13754116,6338 515779,3738 27508233,2677 0 −13754116,6338 −515779,3738 0 0

−515779,3738 12519,861 0 52327,184 515779,3738 12519,861 0 0

0 0 −13754116,6338 515779,3738 27508233,2677 0 −13754116,6338 −515779,3738

0 0 −515779,3738 12519,861 0 52327,184 515779,3738 12519,861

0 0 0 0 −13754116,6338 515779,3738 13754116,6228 515779,3738

0 0 0 0 −515779,3738 12519,861 515779,3738 26163,592

















(B.2)O p�naka A isoÔtai me,
A =

[

A11 A12 A13

A21 A22 A23

] (B.3)151



B. Oi time twn pinakwn maza M , akamyia K, aposbesh D, A,B kai F ∗
eìpou,

[

A11

]

8×4
= 08×4

[

A12

]

8×4
= 08×4

[

A13

]

8×8
= I8×8

[

A21

]

8×4
= 1012 ×

































−0, 0013 0 0, 0006 0, 0001

0, 0813 −0, 0136 −0, 1179 −0, 0097

0, 0005 0 −0, 0018 0

0, 1833 −0, 0098 0, 0198 −0, 0203

0, 0003 0 0, 0002 0

0, 0771 −0, 0035 0, 1911 −0, 0134

−0, 0003 0 −0, 0011 0, 0001

0, 0692 −0, 0031 0, 2174 −0, 0127

































[

A22

]

8×4
= 1012 ×

































0, 0003 0 0, 0003 0

−0, 0397 −0, 0035 −0, 0333 −0, 0012

0, 0002 0, 0001 0, 0008 0

−0, 1140 −0, 0135 −0, 1352 −0, 0050

−0, 0027 0 0, 0021 0, 0001

0, 1405 −0, 0273 −0, 4243 −0, 0167

−0, 0066 0, 0003 0, 0082 0, 0004

0, 8725 −0, 0462 −1, 1728 −0, 0555

































(B.4)
[

A23

]

8×8
= 1012 ×

































0 0 0 0 0 0 0 0

0 0 −0, 0001 0 0 0 0 0

0 0 0 0 0 0 0 0

0, 0001 0 0 0 −0, 0001 0 −0, 0001 0

0 0 0 0 0 0 0 0

0 0 0, 0001 0 0, 0001 0 −0, 0002 0

0 0 0 0 0 0 0 0

0 0 0, 0001 0 0, 0004 0 −0, 0006 0
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B. Oi time twn pinakwn maza M , akamyia K, aposbesh D, A,B kai F ∗
eO p�naka B =

[

08×4

M−1f ∗
e

]

16×4

isoÔtai me,

B = 105 ×









































































0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

−0, 0004 −0, 0004 0, 0005 0

0, 1940 −0, 0949 −0, 0653 −0, 0038

0, 0006 −0, 0006 −0, 0007 0, 0001

0, 0990 0, 1649 −0, 1287 −0, 0130

0, 0001 0, 0004 −0, 0010 −0, 0023

0, 0337 0, 1016 0, 1926 0, 1031

−0, 0002 −0, 0005 −0, 0017 −0, 0138

−0, 0003 0, 0347 −0, 0009 0, 1419









































































(B.5)

O p�naka F ∗
e me ti piezohlektrikè stajerè isoÔtai me,

F ∗
e =

































0 0 0 0

0, 0862 −0, 0862 0 0

0 0 0 0

0 0, 0862 −0, 0862 0

0 0 0 0

0 0 0, 0862 −0, 0862

0 0 0 0

0 0 0 0, 0862

































(B.6)
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B. Oi time twn pinakwn maza M , akamyia K, aposbesh D, A,B kai F ∗
eO p�naka G ìpou G =

[

08×8

M−1

]

16×8

prokÔptei apì ton O8×8 kai apì,
M−1 = 106 ×



















0 −0, 0005 0 0 0 −0, 0003 0 −0, 0003

−0, 0005 0, 2251 0, 0006 0, 1149 0, 0002 0, 0391 −0, 0002 0, 0347

0 0, 0006 0 −0, 0001 0 −0, 0009 0 −0, 0009

−0, 0010 0, 1149 −0, 0001 0, 3063 0, 0007 0, 1570 0 0, 1419

0 0, 0002 0 0, 0007 0 −0, 0005 0 −0, 0031

−0, 0003 0, 0391 −0, 0009 0, 1570 −0, 0005 0, 3805 −0, 0026 0, 5002

0 −0, 0002 0 −0, 0007 0 −0, 0026 0, 0002 −0, 0186

−0, 0003 0, 0347 −0, 0009 0, 1419 −0, 0031 0, 5002 −0, 0186 2, 1865

















(B.7)O p�naka apìsbesh D = [0, 0005× (M +K)] isoÔtai me,
[D]8×4 = 104 ×



















1, 3754 0 −0, 6877 −0, 0258 0 0 0 0

0 0, 0026 0, 0258 0, 0006 0 0 0 0

−0, 6877 0, 0258 1, 3754 0 −0, 6877 −0, 0258 0 0

−0, 0258 0, 0006 0 0, 0026 0, 0258 0, 0006 0 0

0 0 −0, 6877 0, 0258 1, 3754 0 −0, 6877 −0, 0258

0 0 −0, 0258 0, 0006 0 0, 0026 0, 0258 0, 0006

0 0 0 0 −0, 6877 0, 0258 0, 6877 0, 0258

0 0 0 0 −0, 0258 0, 0006 0, 0258 0, 0013

















(B.8)
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Γ

ΘΕΩΡΙΑ ΕΛΕΓΧΟΥ H∞

Γ.1
Διατύπωση του προβλήματος - ΑνάλυσηGia thn ep�lush tou probl mato tou elègqou me b�sh th jewr�a H∞jewre�taito domikì di�gramma dÔo jur¸n tou sq mato G.1.

Sq ma G.1: Di�gramma dÔo jur¸nAutì to dedomèno sÔsthma (kleistoÔ brìqou) èqei m�a exwterik  e�sodo w ,kai m�a èxodo z. To kajèna apì ta s mata aut� mpore� na apart�zetai apì pe-rissìterou tou enì diaÔlou (mpore� dhlad  na e�nai dianÔsmata). To s ma ( sun�rthsh) w , ekfr�zei thn ep�drash tou perib�llonto ep� tou sust mato ìpw155



G. Jewria elegqou H∞exwterikè diataraqè, jìrubo metr sewn kai entolè leitourg�a (stoiqe�a pouden mporoÔn na tropopoihjoÔn apì to s ma elègqou u). To s ma z perièqei ìlata qarakthristik� tou sust mato pou epijumoÔme na elègxoume (katast�sei,sf�lmata   enèrgeia elègqou). H apeikìnish P , anaparist� èna grammikì, dedo-mèno kai stajerì sÔsthma me thn onomas�a egkat�stash, en¸ h ep�sh grammik apeikìnish K, me thn onomas�a elegkt , èqei san stìqo na exasfal�sei ìti hapeikìnish metaxÔ w kai z èqei ta epijumht� qarakthristik�. Autì to epitugq�neipar�gonta to s ma elègqou u, qrhsimopoi¸nta to s ma metr sewn y. [74℄Ta P kai K e�nai euprep  sust mata sto q¸ro kat�stash me ant�stoiqeexis¸sei,
ẋ(t) = Ax(t) +B1w(t) +B2u(t)

z(t) = C1x(t) +D11w(t) +D12u(t)

y(t) = C2x(t) +D21w(t) +D22u(t)

(G.1)  isodÔnama,
ẋ(t) = Ax(t) +

[

B1 B2

]

[

w(t)

u(t)

]

[

z(t)

y(t)

]

=

[

C1

C2

]

x(t) +

[

D11 D12

D21 D22

][

w(t)

u(t)

] (G.2)kai,
ẋK(t) = AKxK(t) +BKyK(t)

u(t) = CKxK(t) +DKy(t)
(G.3)Dedomènou ìti to P èqei dÔo eisìdou kai dÔo exìdou, diamer�zetai fusik� wakoloÔjw,

P (s) =







A B1 B2

C1 D11 D12

C2 D21 D22






=

[

P11(s) P12(s)

P21(s) P22(s)

] (G.4)(ìpou èqei qrhsimopoihje� h morf  tou suskeuasmènou p�naka, en¸ h ant�stoiqh
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G. Jewria elegqou H∞morf  gia to K e�nai,
K(s) =

[

AK BK

CK DK

] (G.5)Me l�gh �lgebra br�sketai kai h sun�rthsh metafor� kleistoÔ brìqou Tzw
(s),[74℄,

Tzw
(s) = P11 + P12(s)K(s)(I − P22(s)K(s))−1P21(s) (G.6)

z = Tzw
w = Fl(P,K)w (G.7)

Γ.2
Διατύπωση του προβλήματος - Σύνθεση'Eqonta melet sei thn an�lush tou prìtupou sust mato (Sq ma G.1) mpo-roÔme na strèyoume thn prosoq  ma sto prìblhma th bèltisth sÔnjesh. Toprìblhma autì èqei dÔo skèlh:

i. Up�rqei apodektì elegkt  q¸rou kat�stash K(s), tètoio ¸ste to sÔ-sthma kleistoÔ brìqou na e�nai eswterik� eustajè:
ii. (a) (prìblhma bèltistou H∞). Na brejoÔn ìloi oi apodekto� elegktè

K(s) pou na elaqistopoioÔn thn ∥∥
∥Tzw

∥

∥

∥

∞
.(b) (prìblhma upobèltistou H∞). Dojènto γ > γmin na brejoÔn, anup�rqoun, oi elegktè K(s) pou na kajistoÔn thn ∥∥

∥Tzw

∥

∥

∥

∞
< γ.O bèltisto elegkt , ìpw fa�netai apì th diatÔpwsh tou probl mato dene�nai monadikì. Epiplèon mpore� na e�nai polÔ dÔskolh h eÔres  tou. Se k�poiade probl mata mpore� na mhn e�nai epijumht  h eÔres  tou (lìgw tou ìti ènaupobèltisto elegkt  �sw èqei mikrìtero eÔro z¸nh).

Γ.3
Λύση προβλήματοςUpojètoume ìti,

i. D11 = 0, D22 = 0. H pr¸th pro�pìjesh den e�nai ousiastik , h deÔterhìmw aplousteÔei kat� polÔ ti exis¸sei th lÔsh. Uponoe� ìti oi sunar-157



G. Jewria elegqou H∞t sei metafor� apì to w sto z kai apì to u sto y fj�noun sti uyhlèsuqnìthte. [76℄Akìmh, gia na èqei to prìblhma lÔsh prèpei na ikanopoioÔntai oi epiplèon sunj -ke:
i. To zeÔgo (A,B2) na e�nai stajeropoi simo kai to (C2, A) entop�simo. Hpro�pìjesh aut  exasfal�zei ìti o elegkt  ja mpore� na ephre�sei ìleti astaje� katast�sei kai ìti autè oi katast�sei emfan�zontai sti me-tr sei.
ii. bajmì(D12) = m2, bajmì(D21) = p2. Oi pro�pojèsei autè exasfa-l�zoun ìti oi elegktè e�nai prèponte. Ep�sh uponoe� ìti h sun�rthshmetafor� apì to w sto y e�nai mh mhdenik  sti uyhlè suqnìthte. Hpro�pìjesh aut  sun jw den ikanopoie�tai ektì e�n lhfje� idia�terh mè-rimna sth f�sh diatÔpwsh tou probl mato.
iii. bajmì([A− jωI B2

C1 D12

])

= n+m2 se ìle ti suqnìthte.
iv. bajmì([A− jωI B1

C2 D21

])

= n+ p2 se ìle ti suqnìthte.Gia to aplopoihmèno autì prìblhma èna (upobèltisto) elegkt  d�netai apìth sqèsh, [76℄,
u = −Kcx̂ (G.8)ìpou o ektimht  kat�stash upolog�zetai apì thn,

˙̂x = Ax̂+B2u+B1ŵ + Z∞Ke(y − ŷ) (G.9)kai,
ŵ = γ−2BT

1 X∞x̂

ŷ = C2x̂+ γ−2D21B
T
1 X∞x̂

(G.10)O ìro ŵ e�nai h ekt�mhsh th qeirìterh dunat  diataraq  eisìdou tousust mato kai o ŷ e�nai h èxodo tou ektimht . Oi p�nake apolab  Kc, Ke158



G. Jewria elegqou H∞d�nontai apì tou tÔpou,
Kc = D̃12(B

T
2 X∞ +DT

12C1),

Ke = (Y∞C
T
2 +B1D

T
21)D̃21,

D̃12 = (DT
12D12)

−1

D̃21 = (D21D
T
21)

−1
(G.11)O ìro Z∞ upolog�zetai mèsw th,

Z∞ = (I − γ−2Y∞X∞)−1 (G.12)Oi ìroi X∞, Y∞ e�nai oi lÔsei twn exis¸sewn Ricatti gia ton elegkt  kaiektimht  ant�stoiqa,
X∞ = Ric

[

A−B2D̃12D
T
12C1 γ−2B1B

T
1 −B2D̃12B

T
2

−C̃T
1 C1 −(A− B1D̃12D

T
12C1)

T

] (G.13)
Y∞ = Ric

[

−(A− B1D
T
21D̃21C2)

T γ−2CT
1 C1 − CT

2 D̃21C2

−B̃1B̃
T
1 −(A−B1D

T
21D̃21C2)

T

] (G.14)ìpou,
C̃1 = (I −D12D̃12D

T
12)C1, B̃1 = B1(I −DT

21D̃21D21) (G.15)Sullègonta ìle ti parap�nw ekfr�sei mporoÔme na gr�youme to kleistìsÔsthma w ex :
[

ẋ
˙̂x

]

=

[

A −B2Kc

Z∞KeC2 A−B2Kc + γ−2B1B
T
1 X∞ − Z∞Ke(C2+γ

−1D21B
T
1 X∞)

][

x

x̂

]

+

[

B1

Z∞KeD21

]

w (G.16)Tèlo mpore� na apodeiqje� ìti o stajeropoihtikì elegkt  up�rqei an kaimìnon an oi exis¸sei Riccati (3.81) èqoun jetik� hmiorismène lÔsei kai,
ρ(X∞Y∞) < γ2 (G.17)(ìpou ρ: fasmatik  akt�na).Gia ton elegkt  autìn fusik� ∥∥
∥Tzw

∥

∥

∥

∞
< γ [81℄.
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Δ

ΤΙΜΕΣ ΕΛΕΓΚΤΩΝ ΜΕ ΒΑΣΗ
ΤΗ ΘΕΩΡΙΑ ΤΩΝ ΚΡΙΤΗΡΙΩΝ

LQR ΚΑΙ H∞O elegkt  gia to krit rio tou grammikoÔ tetragwnikoÔ elègqou e�nai:
[

Klqr
]

4×16
= 1010 ×

[

Klqr1 Klqr2

] (D.1)ìpou,
[Klqr1]4×8 =





−3.51 0.0001 −5.7377 0.0 −6.5338 0.0 −1.4005 −0.0002

3.7784 −0.0 5.4889 0.0001 −6.35 0.0001 −2.2551 −0.0002

−7.9442 −0.0 5.1211 −0.0001 −0.0862 0.0001 −0.5324 −0.0001

0.0696 0.0 −0.7816 −0.0 2.5831 −0.0 −9.0945 −0.0





[Klqr2]4×8 =





−0.0 0.0 −0.0 0.0 −0.0 0.0 −0.0 −0.0

0.0 −0.0 0.0 0.0 −0.0 0.0 −0.0 −0.0

−0.0 −0.0 0.0 −0.0 −0.0 0.0 −0.0 −0.0

−0.0 0.0 −0.0 −0.0 0.0 −0.0 −0.0 −0.0



O elegkt  gia thn onomastik  sqed�ash tou krithr�ou H∞ d�netai apì thnex�swsh,
ẋK(t) = AKxK(t) + BKy(t)

u(t) = CKxK(t) +DKy(t)
(D.2)

Ak =

[

Ak11
Ak12

Ak13

Ak21
Ak22

Ak23

] (D.3)160



D. Time elegktwn me bash th jewria twn krithriwn LQR kai H∞ìpou,
Ak11

=





















































−5.185·104 0 −2.639·104 0 1.937·104 0 2718

1.569·106 0 1.786·106 0 2.936·105 0 2.284·104

−2.639·104 0 −7.997·104 0 −1.391·104 0 2.374·104

−2.372·106 0 2.776·105 0 1.56·106 0 −3.707·105

1.937·104 0 −1.391·104 0 −8.621·104 0 2.505·104

8.347·105 0 −2.114·106 0 9.856·105 0 1.57·106

2718 0 2.374·104 0 2.505·104 0 −2.475·105

−5.088·105 0 8.862·105 0 −4.022·106 0 7.488·106

−3.233·109 3.975·107 −1.612·109 7.597·107 1.39·109 2.994·107 4.535·108

1.012·1011 −1.355·1010 −7.623·1010 −9.661·109 −3.89·1010 −3.499·109 −5.627·1010

−5.568·108 −4.878·107 −5.712·109 7.292·106 −1.449·109 7.548·107 5.699·109

1.526·1011 −9.809·109 1.118·1010 −2.027·1010 −4.683·1010 −1.35·1010 −2.191·1011





















































Ak12
=





















































0 1 0 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 1 0 0

0 0 0 0 0 1 0

0 0 0 0 0 0 1

0 0 0 0 0 0 0

0 0 0 0 0 0 0

1.04·107 −6.756·105 1.989·104 2.864·105 3.8·104 1.555·105 1.499·104

−1.203·109 4.11·107 −6.779·106 −5.76·107 −4.834·106 −1.733·107 −1.753·106

3.093·107 2.627·105 −2.439·104 −8.984·105 3649 8.409·104 3.774·104

−4.947·109 9.224·107 −4.908·106 1.18·107 −1.014·107 −5.334·107 −6.758·106
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D. Time elegktwn me bash th jewria twn krithriwn LQR kai H∞

Ak13
=





















































0 0 1.729·10−5
5.351·10−7

−2.07·10−7
3.883·10−8

0 0 0 0

0 0 −0.0004355 −2.723·10−5
1.181·10−5

−2.95·10−6
0 0 0 0

0 0 3.539·10−7
1.774·10−5

2.732·10−7
−6.842·10−8

0 0 0 0

0 0 0.0009003 −0.0004387 −1.98·10−5 4.031·10−6 0 0 0 0

0 0 −2.936·10−7
3.017·10−7

1.793·10−5
8.315·10−8

0 0 0 0

0 0 −0.0008714 0.0008939 −0.0004441 −1.027·10−5
0 0 0 0

1 0 −2.524·10−8
−1.358·10−8

5.032·10−8
1.815·10−5

0 0 0 0

0 1 0.0008711 −0.0008908 0.0009236 −0.0004721 0 0 0 0

1.352·105 5139 −3.039·107 −1.752·108 −2.358·108 −1.239·108 1.478·105 3.529·105 −8.692·105 −6.596·104

−1.495·107 −5.883·105 3.455·1010 6.865·1010 4.993·1010 1.387·1010 −1.732·108 1.796·108 1.021·108 5.935·106

4.166·105 1.545·104 1.477·108 2.871·108 8.753·107 −2.667·108 −7.956·105 7.426·105 8.917·105 −1.496·105

−6.511·107 −2.454·106 1.481·109 3.929·1010 6.919·1010 5.34·1010 −2.978·106 −1.512·108 2.24·108 2.884·107





















































Ak21
=





















































1.502·109 −1.553·107 −5.517·108 −4.927·107 −7·10
9

4.437·107 7.622·109

6.386·1010 −3.524·109 1.374·1011 −1.34·1010 1.089·1011 −2.727·1010 −2.507·1011

4.296·108 1.578·107 2.194·109 6.429·107 −3.55·109 2.69·108 −2.315·1010

8.292·1010 −3.139·109 1.633·1011 −1.267·1010 7.573·1011 −4.62·1010 −4.588·1011

3.118 0 −1.246 0 1.034 0 0.08886

−1.884 0 1.529 0 −1.062 0 0.04782

0.729 0 −0.9619 0 0.8626 0 −0.1772

−0.1367 0 0.2409 0 −0.2928 0 0.09769

3842 −13.16 1.029·104 −21.26 1.587·104 −24.94 1.341·104

−702.4 −8.151 2339 −13.57 9555 −16.27 1.101·104

−106.3 −3.883 −1031 −6.696 2415 −8.312 8031

21.9 −1 −126.6 −1.782 −720.3 −2.302 3184
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D. Time elegktwn me bash th jewria twn krithriwn LQR kai H∞

Ak22
=





















































9.607·107 1.666·105 −7766 1.068·105 −2.463·104 −1.349·106 2.219·104

−1.671·1010 3.911·107 −1.765·106 9.742·107 −6.707·106 7.402·107 −1.364·107

4.153·108 −1.802·105 7925 −5.876·105 3.222·104 −3.362·106 1.346·105

−5.545·1010 3.551·107 −1.575·106 1.119·108 −6.346·106 4.431·108 −2.311·107

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

78.52 2.264 −0.01916 7.286 −0.0309 13.99 −0.03644

50.22 1.319 −0.01146 4.464 −0.02003 8.944 −0.02494

24.97 0.587 −0.005221 2.094 −0.009985 4.428 −0.01348

6.724 0.1395 −0.001268 0.5215 −0.002615 1.162 −0.003845





















































Ak23
=





















































1.037·106 4.802·104 2.212·107 2.215·108 3.391·108 −4.474·108 −2.12·105 −7.686·105 1.16·106 3.177·106

−2.095·108 −8.332·106 −1.132·1010 −2.391·1010 1.685·1010 1.286·1011 7.982·107 −3.06·107 −1.934·108 −1.167·108

4.054·106 2.074·105 1.432·108 5.822·108 9.973·108 −2.803·109 −1.248·106 −1.037·106 7.793·105 1.907·107

−5.815·108 −2.768·107 −2.131·1010 −7.755·1010 −9.628·1010 3.61·1011 1.749·108 1.059·108 −2.308·108 −1.999·109

0 0 −31.42 4.011·10−8
−1.965·10−8

4.608·10−9
0 0 0 0

0 0 4.011·10−8
−31.42 1.704·10−8

−4.256·10−9 0 0 0 0

0 0 −1.965·10−8
1.703·10−8

−31.42 2.717·10−9
0 0 0 0

0 0 4.614·10−9
−4.255·10−9

2.719·10−9
−31.42 0 0 0 0

9.56 0.1145 7.744·104 1.79·105 2.114·105 2.294·105 −457.3 319.8 151.5 46.41

6.244 0.07455 −5.601·104 −2.67·104 1.175·105 2.323·105 313.7 −738.9 163.5 54.16

3.186 0.03788 −1.906·104 −8.561·104 −1.78·104 2.055·105 138.2 156.9 −867 53.19

0.8639 0.01022 −3148 −1.715·104 −4.945·104 9.214·104 33.26 46.28 50.15 −975.5
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D. Time elegktwn me bash th jewria twn krithriwn LQR kai H∞

Bk =

















































































































281.1 143.1 −105 −14.74

−8504 −9682 −1591 −123.8

143.1 433.5 75.4 −128.7

1.286 · 104 −1505 −8455 2010

−105 75.4 467.4 −135.8

−4525 1.146 · 104 −5343 −8509

−14.74 −128.7 −135.8 1342

2758 −4804 2.181 · 104 −4.059 · 104

1.021 · 107 1.186 · 107 −5.808 · 106 −9.584 · 105

−1.008 · 108 −2.1 · 108 1.331 · 107 1.336 · 108

5.89 · 106 2.127 · 107 8.797 · 106 −2.641 · 107

1.688 · 108 6.017 · 107 −3.393 · 108 4.729 · 108

−6.332 · 106 4.187 · 106 2.339 · 107 −3.013 · 107

7.232 · 107 2.944 · 108 1.877 · 108 −9.113 · 108

−4.219 · 106 −1.802 · 107 −1.67 · 107 1.693 · 108

−7.407 · 107 2.932 · 108 6.339 · 108 −3.797 · 109

0.33 0.006754 −0.005604 −0.0004817

0.01021 0.3387 0.005759 −0.0002593

−0.003952 0.005214 0.3423 0.0009606

0.0007412 −0.001306 0.001587 0.3464

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

















































































































(D.4)
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D. Time elegktwn me bash th jewria twn krithriwn LQR kai H∞

Ck =
[

Ck11
Ck21

Ck31

] (D.5)
Ck11

=













1.134·107 −3.883·104 3.037·107 −6.275·104 4.685·107 −7.361·104 3.959·107

−2.073·106 −2.406·104 6.903·106 −4.005·104 2.82·107 −4.803·104 3.249·107

−3.138·105 −1.146·104 −3.042·106 −1.976·104 7.128·106 −2.453·104 2.37·107

6.464·104 −2952 −3.737·105 −5261 −2.126·106 −6796 9.396·106













Ck21
=













2.317·105 6681 −56.54 2.151·104 −91.21 4.128·104 −107.6

1.482·105 3893 −33.83 1.318·104 −59.13 2.64·104 −73.62

7.369·104 1732 −15.41 6179 −29.47 1.307·104 −39.78

1.984·104 411.7 −3.742 1539 −7.718 3429 −11.35













Ck13
=













2.821·104 337.9 2.286·108 5.282·108 6.241·108 6.771·108 −1.055·106 9.44·105 4.472·105 1.37·105

1.843·104 220 −1.653·108 −7.881·107 3.469·108 6.855·108 9.259·105 −1.886·106 4.824·105 1.598·105

9404 111.8 −5.625·107 −2.527·108 −5.253·107 6.066·108 4.079·105 4.63·105 −2.264·106 1.57·105

2550 30.16 −9.291·106 −5.062·107 −1.46·108 2.72·108 9.817·104 1.366·105 1.48·105 −2.584·106













Dk =













0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0













(D.6)
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Ε

ΤΙΜΕΣ ΤΩΝ ΠΙΝΑΚΩΝ
A1, B1, B2, B3, C1, D11, D22, D12 ΚΑΙ D21

ΜΕ ΒΑΣΗ ΤΟ ΚΡΙΤΗΡΙΟ H∞

Oi p�nake A1, B1, B2, C1, C2, D11, D22, D12 kai D21 pou qrhsimopoioÔntaigia ton èlegqo H∞ isoÔntai me,
[

A1

]

24×24
= 1012 ×













a11 a12 a13 a14

a21 a22 a23 a24

a31 a32 a33 a34

a41 a42 a43 a44













(E.1)ìpou
[

a11

]

6×6
=























0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0
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E. Time twn pinakwn A1, B1, B2, B3, C1, D11, D22, D12 kai D21 me bash to H∞

[

a12

]

6×6
=























0 0 0, 00002 0 0 0

0 0 0 0, 00003 0 0

0 0 0 0 0, 00002 0

0 0 0 0 0 0, 00002

0 0 0 0 0 0

0 0 0 0 0 0























[

a13

]

6×6
=























0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0, 00002 0 0 0 0 0

0 0, 00002 0 0 0 0























[

a14

]

6×6
=























0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0























[

a21

]

6×6
=























0 0 0 0 0 0

0 0 0 0 0 0

−0, 0013 0 0, 0006 0, 0001 0, 0003 0

0, 0813 −0, 0136 −0, 1179 −0, 0097 −0, 0397 −0, 0035

0, 0005 0 −0, 0018 0 0, 0002 0, 0001

0, 183 −0, 0098 0, 0198 −0, 0203 −0, 1140 −0, 0135























[

a22

]

6×6
=























0 0 0 0 0 0

0 0 0 0 0 0

0, 0003 0 0 0 0 0, 00002

−0, 0333 −0, 0012 0 0 −0, 0001 −0, 00002

0, 0008 0 0 0 0 0, 00002

−0, 1352 −0, 0050 0, 0001 0 0 −0, 00003
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E. Time twn pinakwn A1, B1, B2, B3, C1, D11, D22, D12 kai D21 me bash to H∞

[

a23

]

6×6
=























0 0 0, 00002 0 0 0

0 0 0 0 0 0

0, 00003 0, 00002 0, 00002 0, 00003 0 0

−0, 00002 0 −0, 00002 −0, 00002 0 0

0 0, 00003 0, 00002 0, 00003 0 0

−0, 00001 −0, 00002 −0, 00001 −0, 00003 0 0























[

a24

]

6×6
=























0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0























[

a31

]

6×6
=























0, 0003 0 0, 0002 0 −0, 0027 0

0, 0771 −0, 0035 0, 1911 −0, 0134 0, 1405 −0, 0273

−0, 0003 0 −0, 0011 0, 0001 −0, 0066 0, 0003

0, 0692 −0, 0031 0, 2174 −0, 0127 0, 8725 −0, 0462

0 0 0 0 0 0

0 0 0 0 0 0























[

a32

]

6×6
=























0, 0021 0, 0001 0 0 0 0

−0, 4243 −0, 0167 0 0 0, 0001 −0, 00002

0, 0082 0, 0004 0 0 0 0, 00002

−1, 1728 −0, 0555 0, 00002 −0, 00001 0, 0001 −0, 00002

0 0 0 0 0 0

0 0 0 0 0 0
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E. Time twn pinakwn A1, B1, B2, B3, C1, D11, D22, D12 kai D21 me bash to H∞

[

a33

]

6×6
=























−0, 00002 0, 00002 0, 00002 0 0 0

0, 0001 −0, 00002 −0, 0002 −0, 00003 0 0

0 0 0 0, 00002 0 0

0, 0004 −0, 00003 −0, 0006 −0, 00002 0 0

0 0 0 0 −0, 00002 0

0 0 0 0 0 −0, 00002























[

a34

]

6×6
=























0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0























[

a41

]

6×6
=























0 0 0 0 0 0

0 0 0 0 0 0

0, 00003 0 0 0 0 0

0 0 0, 00003 0 0 0

0 0 0 0 0, 00003 0

0 0 0 0 0 0























[

a42

]

6×6
=























0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0, 00003 0 0 0 0 0























[

a43

]

6×6
=























0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0
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E. Time twn pinakwn A1, B1, B2, B3, C1, D11, D22, D12 kai D21 me bash to H∞

[

a44

]

6×6
=























0 0 0 0 0 0

0 −0, 00003 0 0 0 0

0 0 −0, 00003 0 0 0

0 0 0 −0, 00002 0 0

0 0 0 0 −0, 00002 0

0 0 0 0 0 −0, 00002























[

B1

]

24×12
= 105 ×













β11 β12 β13 β14

β21 β22 β23 β24

β31 β32 β33 β34

β41 β42 β43 β44













(E.2)ìpou
[

β11

]

6×3
=























0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0























[

β12

]

6×3
=























0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0























[

β13

]

6×3
=























0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0























[

β14

]

6×3
=























0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0























[

β21

]

6×3
=























0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0
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[

β22

]

6×3
=























0 0 0

0 0 0

0 0, 00002 −0, 0003

0 −0, 0003 0, 1244

0 −0, 00003 0, 0004

0 −0, 0005 0, 0635























[

β23

]

6×3
=























0 0 0

0 0 0

−0, 00002 −0, 0005 −0, 00002

0, 0004 0, 0635 −0, 00002

0, 00003 0 −0, 00003

−0, 00003 0, 1693 0, 0004























[

β24

]

6×3
=























0 0 0

0 0 0

−0, 0002 0, 00002 −0, 0002

0, 0216 −0, 0001 0, 0192

−0, 0005 0, 00002 −0, 0005

0, 0868 −0, 0004 0, 0785























[

β31

]

6×3
=























0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0























[

β32

]

6×3
=























0 −0, 00003 0, 0001

0 −0, 0002 0, 0216

0 0, 00003 −0, 0001

0 −0, 0002 0, 0192

0 0 0

0 0 0























[

β33

]

6×3
=























−0, 00003 0, 0004 0, 00003

−0, 0005 0, 0868 −0, 0003

0, 00003 −0, 0004 0, 00003

−0, 0005 0, 0785 −0, 0017

0 0 0

0 0 0
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[

β34

]

6×3
=























−0, 0003 0, 00002 −0, 0017

0, 2104 −0, 0015 0, 2765

−0, 0015 0, 0001 −0, 0103

0, 2765 −0, 0103 1, 2088

0 0 0

0 0 0























[

β41

]

6×3
=























0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0























[

β42

]

6×3
=























0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0























[

β43

]

6×3
=























0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0























[

β44

]

6×3
=























0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0
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[

B2

]

24×4
=

















































































































0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

−0, 0570 −0, 0576 0, 0746 0, 0045

26, 8077 −13, 1229 −9, 0307 −0, 5250

0, 0769 −0, 0867 −0, 1032 0, 0072

13, 6848 22, 7905 −17, 7840 −1, 7907

0, 0207 0, 0582 −0, 1348 −0, 3169

4, 6541 14, 0372 26, 6260 14, 2467

−0, 0207 −0, 0644 −0, 2299 −1, 9011

4, 1291 12, 7715 42, 6633 200, 8257

0, 0014 0 0 0

0 0, 0014 0 0

0 0 0, 0014 0

0 0 0 0, 0014

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

















































































































(E.3)

[

C1

]

8×24
= 105 ×

[

c111
c112

c113
c114

] (E.4)ìpou
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[

c111

]

8×6
=
[

c112

]

8×6
=
[

c113

]

8×6
=

































0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

































[

c114

]

8×6
=

































0 0 1, 5982 0 0 0

0 0 0 1, 5982 0 0

0 0 0 0 1, 5982 0

0 0 0 0 0 1, 5982

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

































[

C2

]

4×24
=
[

c211
c212

c213
c214

] (E.5)ìpou
[

c211

]

4×6
=













723, 5251 0 0 0 0 0

0 0 723, 5251 0 0 0

0 0 0 0 723, 5251 0

0 0 0 0 0 0













[

c212

]

4×6
=













0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

723, 5251 0 0 0 0 0













[

c213

]

4×6
=













0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0













[

c214

]

4×6
=













0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0
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[

D11

]

8×12
= 08×12 (E.6)

[

D22

]

4×4
= 04×4 (E.7)

[

D12

]

8×4
= 10−5

































0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0, 5556 0 0 0

0 0, 5556 0 0

0 0 0, 5556 0

0 0 0 0, 5556

































(E.8)
[

D21

]

4×12
= 1012

[

d11 d12

] (E.9)
[

d11

]

4×6
=













1, 0000 0 0 0 0 0

0 1, 0000 0 0 0 0

0 0 1, 0000 0 0 0

0 0 0 1, 0000 0 0













[

d12

]

4×6
= 04×6
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