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რეზიუმე
naSromi eZRvneba sxvadasxva tipis mravalportian talRgamtaruli Sesaxsrebebisa da ganmStoeblebis mkacr maTematikur gaTvlas. ( kerZod ganxilulia rogorc Tavisufali aseve ZiriTad StoSi SemaTanxmebeli araerTgvarovnebis Semcveli xuTkapa talRgamtari, aseve rezonatorul nawilSi CarTuli cilindruli araerTgvarovnebis Semcveli talRgamtaruli samkapa).

naSromis mizanTa aqtualoba ganpirobebulia radioeleqtronuli da komunikaciuri sistemebis ganviTarebis Tanamedrove tendenciebiT, romlebic sul ufro da ufro mzard moTxovnebs uyenebs rogorc mTlianad sistemebs, aseve maT konstruqciul gadamcem da mimReb traqtebs elementebis efeqturobisa da eleqtromagnituri Tavsebadobis gazrdis TvalsazrisiT. es moTxovnebi waeyeneba aseve mravalportian talRgamtarul Sesaxsrebebsa da ganmStoeblebs, romlebic farTod gamoiyenebian mravali zemaRalsixSiruli da komunikaciuri sistemebis elementaruli bazis rolSi. (bazuri elementebi). isini gamoiyenebian simZlavreTa gamyofebis, talRaTa Semrevebis, (multipleqserebis), antenuri gadamrTvelebis, filtrebisa da fazaTa mabruneblebis rolSi.

naSromis pirvel TavSi ganixileba xuTportiani talRgamtaruli Sesaxsrebis mkacri eleqtrodinamikuri Teoria sxvadasxva areebis TaviseburebaTa gaTvaliswinebiT. Cawerilia veils koreqtuli warmodgena mTels fizikur areSi. areTa gamyof warmosaxviT zedapirebze eleqtruli da magnituri velis uwyvetobis pirobebis realizebis Sedegad, Tavdapirvelad miiReba veils formaluri warmodgena diskretul speqtrad yvela arisaTvis (es warmodgena fiqtiuria vinaidan gamosaxulebebSi Sedis ucnobi koeficientebi), xolo Semdeg ki sami cvladTa mimdevrobis Semcveli trialuri gantolebaTa usasrulo wrfiv algebrul gantolebaTa sistema.
miRebuli sistemis matriculi elementebisa da Tavisufali wevrebis analizma gviCvenes, rom es sistema meore gvarisaa, amitom misi amoxsna kompiuterze SesaZlebelia reduqciis meTodiT. es amonaxsnebi saSualebas gvaZlevs ganvsazRvroT eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis diskretuli speqtris koeficientebi xuTkapas ZiriTad StoSi ganTavsebuli areebisaTvis. Am koeficientebis saSualebiT ki gamoisaxeba koeficientebi ganStoebul nawilebSi gabneuli velisaTvis. 

Amrigad ganisazRvra velis warmodgenaSi Semavali yvela ucnobi koeficienti, rac Tavis mxriv ganapirobebs velis calsaxa gansazRvras mTel fizikur areSi, anu dasmuli amocana gadawyvetilia.

naSromis meore TavSi ganxilulia xuTkapas Stoebs Soris SeTanxmebis gaumjobesebis mizniT mis ZiriTad StoSi CarTuli SemaTanxmebeli araerTgvarovnebis gavlenis amocana. Wina SemTxvevisagan gansxvavebiT gansaxilvel amocanaSi aucilebelia gaTvaliswinebuli iqnes cilindris gavlena gabneuli velis warmodgenaSi. cilindris mier gabneuli velis sapovnelad ki viyenebT sarkuli gamosaxulebebis meTods, ris Sedegadac gansaxilveli sistema (talRgamtari cilindri) transpornirdeba cilindrebisagan Semdgar or elementian periodul meserSi periodiT  d=2 a (sadac a ZiriTadi talRgamtaris siganea). Cxadia rom gansaxilvel SemTxvevaSi damatebiT realizebuli unda iqnes aseve sasazRvro pirobebi cilindris zedapirzec.
uwyvetobisa da sasazRvro pirobebis realizebis Sedegad mivdivarT cvladTa oTxi mimdevrobis Semcvel wrfiv algebrul gantolebaTa kvadroalur usasrulo sistemamde, romelic kvlav fredholmis tipisaa.

mesame TavSi ganixileba sworkuTxa talRgamtarebis segmentebisgan Sedgenili samkapas rezonatorul nawilSi ganTavsebuli wriuli ganivi kveTis mqone metaluri cilindris mkacri eleqtrodinamikuri Teoria, rodesac sistemis aRgzneba xdeba ganmStoeblis nebismieri Stos mxridan.

Semotanilia e.w. kvebis logikuri mamravlis cneba, romelic migvaniSnebs xdeba Tu ara sistemis kveba fiqsirebuli Stos mxridan. CaTvlilia rom sistemis aRgzneba xdeba 
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 talRebiT. Cawerilia sruli velis gamosaxulebebi TiToeuli arisaTvis. Tavdapirvelad rezonatorul nawilSi veli warmodgeba uwyveti velis saxiT (radgan am arisaTvis ucnobia sakuTari talRuri ricxvebi). naSromSi gadmocemuli siaxle mdgomareobs imaSi, rom eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis pirobis gamoyenebis Semdeg xdeba velis Cawera diskretul speqtrad, naSTTa Teoriis, Jordanis lemis da koSis Teoremis gamoyenebiT. aseTi saxiT Cawerili velisaTvis metalur cilindrze sasazRvro pirobis realizaciis Sedegad miRebul wrfiv algebrul gantolebaTa usasrulod dualur sistemaSi matriculi elementebisa da Tavisufali wevrebis gamosaxulebebSi miiReba ganSlad mwkrivTa jami, amitom saWiroa velis mimarT garkveuli manipulaciebis Catareba, rac xerxdeba rezonatorul nawilsa da gverdiT Stoebs Soris warmosaxviT zedapirebze eleqtruli velis tangencialuri mdgenelis uwyvetobis pirobis realizaciis Sedegad.

cilindrul zedapirze sasazRvro pirobis realizaciis Sedegad miiReba wrfiv algebrul gantolebaTa usasrulo dualuri sistema, romlis matriculi elementebisa da Tavisufali wevrebis analizi gviCvenebs, rom miRebuli sistema araregularulia (pirveli gvarisaa).

sistemis regularizaciis Sedegad vRebulobT kvaziregularul wrfiv algebrul gantolebaTa usasrulo dualur sistemas (meore gvaris), romlis amoxsnac ukve SesaZlebelia kompiuterze reduqciis (Sekvecis) meTodiT.

matriculi elementebi Seicaven integralebis Semcvel gamosaxulebebs, rac mniSvnelovnad arTulebs gamoTvlebis process, vinaidan mniSvnelovnad izrdeba gamoTvlebisaTvis saWiro dro. am problemis Tavidan acilebis mizniT viyenebT baxvalovis kvadraturas. miiReba integralebis analizuri warmodgena.

zms mowyobilobebis gaTvlis universalur meTods warmoadgens rTuli mowyobilobebis SedarebiT martiv mowyobilobebad dayofis_dekompoziciis meTodi.
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[image: image2.wmf]E

r

 da 
[image: image3.wmf]H

r

 funqciebiT eleqtromagnituri velis aRwera gvaZlevs imaze ufro bevrad met informacias, vidre es saWiroa traqtis gaTvlisa da proeqtirebisaTvis. sinamdvileSi traqtis gaTvlisas ZiriTadad ainteresebT gadacemuli simZlavre, gadacemul da arekvlil simZlavreTa Soris Tanafardoba, aseve fizikuri dagvianeba da gadacemis xazis garkveul sigrZeze simZlavris Sesusteba.

Cveni sistemisaTvis aseTi monacemebis koncentracia SesaZlebelia gabnevis matricaSi, romelic amyarebs kavSirs e.w. dacemuli velis normirebul Zabvasa (zemoqmedebis komponentebi) da arekvlili velis normirebul Zabvas (reaqciis komponentebi) Soris.

miRebuli mravalpolusasaTvis (romelic Seesabameba Cvens SemTxvevaSi rezonatorul nawils) dadgenilia SesasvlelTa da gamosasvlelTa raodenobebi (rac emTxveva samive StoSi gavrcelebadi talRebis raodenobas erTad). gamoyofilia am matricaSi qvematricebi, romelTa fizikuri arsic mdgomareobs SemdgomSi: maTi yoveli elementi gviCvenebs fiqsirebuli xazidan fiqsirebuli zemoqmedebis Sesabamis reaqciebs yvela xazSi calcalke.

gabnevis matricis yvela elementisaTvis miRebulia analizuri gamosaxulebebi. naSromSi aseve mocemulia kavSiri gabnevis matricasa da mravalpolusas sxva matricebs Soris.
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შინაარსი
Sesavali------------------------------------------------------------------------------------------12
Tavi I. xuTkapa talRgamtaris eleqtrodinamika--------------------------23
1.1. amocanis dasma. velebis formaluri warmodgena mTels fizikur areSi----------------------------------------------------------------------------------23
1.2. uwyvetobis pirobebi eleqtruli velis daZabulobis veqtoris tangencialuri 
[image: image4.wmf]g

E

 mdgenelisaTvis ZiriTadi talRgamtaris areTa gamyof warmosaxviT zedapirze---------------------------------------------------27
1.3. velebis warmodgena diskretul speqtrad rezonansuli areebisaTvis--------------------------------------------------------------------------------------29
1.4. uwyvetobis piroba magnituri velis daZabulobis veqtoris tangencialuri mdgenelisaTvis ZiriTad talRgamtarSi dasmuli amocanis wrfiv algebrul gantolebaTa usasrulo sistema.-----35
1.5. ucnobi koeficientebis gansazRvra xuTkapa talRgamtaris ganStoebul nawilebSi--------------------------------------------------------------------40
Tavi II. 
[image: image5.wmf]10

H

 talRis gabneva xuTkapa talRgamtaris ZiriTad StoSi pirveli ganStoebis win moTavsebul, viwro kedlis paralelur metalur cilindrze.--------------------------------------------------42
2.1. gabneuli velebi mTels fizikur areSi. eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis pirobebi ZiriTad talRgamtarSi---------------------------------------------------42
2.2 eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis warmodgena diskretul speqtrad rezonansuli areebisaTvis-------------------------------------------------------------------------------------46
2.3 uwyvetobis pirobebi magnituri velis daZabulobis veqtoris
 tangencialuri tangencialuri 
[image: image6.wmf]x

H

 mdgenelisaTvis. wrfiv
 algebrul gantolebaTa usasrulo arasruli sistema ------------48
Tavi III eleqtromagnituri talRis gabneva T_s magvar samkapas

rezonatorul nawilSi moTavsebul cilindrze,rodesac misi aRgzneba xdebasxvadasxva mxridan. ------------------------------------------------52
3.1 amocanis dasma da gabneuli velebi -----------------------------------------52
3.2 eleqtruli   velis   tangencialuri  mdgenelis

uwvetibis piroba rezonatoruli aris sazRvrebze ---------------------58
3.3 sasazRvro pirobebi metaluri cilindris zedapirze------------60
3.4 grinis Teorema gansaxilveli struqturisaTvis---------------------62
3.5 uwyvetobis pirobebi magnituri velis daZabulobis veqtoris

 tangencialuri mdgenelisaTvis-------------------------------------------------------64
3.6 velis koeficientebis gansazRvra ararezonatorul areebSi--66

3.7 wrfiv algebrul gantolebaTa usasrulo dualuri sistema--73

3.8 matriculi elementebisa da Tavisufali wevrebis analizi

amocanis Sesabamisi wrfiv algebrul gantolebaTa usasrulo

 dualuri sistemis regularizacia------------------------------------------------76

3.9 dieleqtrikuli cilindris SemTxveva---------------------------------------78

3.10 matricul elementebSi Semavali integralebis gamoTvla-----84

3.11 energiis balansis gantoleba --------------------------------------------------89

3.12 Sedegebis analizi. gansaxilveli sistemis (mravalpolusas)

 gabnevis matrica--------------------------------------------------------------------------------93

daskvna-----------------------------------------------------------------------------------------------106 
gamoyenebuli literatura---------------------------------------------------------------108



ნახაზების ნუსხა 
nax. 1.1. xuTkapa talRagamtari, koordinatTa RerZebis orientacia da miRebuli geometriuli aRniSvnebi. -------------------------------------------------24

nax. 2.1  
[image: image7.wmf]10

H

 tipis talRis gabneva xuTkapa talRgamtaris ZiriTad StoSi.--------------------------------------------------------------------------------------------------42

nax. 3.1  gansaxilveli struqtura-------------------------------------------------52

nax. 3.2. gansaxilveli cilindri da misi sarkuli gamosaxuleba maTTan dakavSirebul cilindrul koordinatTa sistemebTan erTad------------------------------------------------------------------------------------------------56

nax. 3.3 Semovlis konturi grinis TeoremaSi ------------------------------63

შესავალი
gaumjobesebuli SesaZleblobebis mqone lokaluri areebis gadamcemi usadeno sistemebisadmi (WLAN) mzardi sabazro moTxovnilebebis gaTvaliswinebiT eleqtronuli da eleqtronul sainJinro institutebis standartebis asociaciam (IEEE-SA) 2003 wlis meore naxevarSi Tanxmoba ganacxada 11.802.11 i (802-11 TGN) kvleviTi jgufis Sekmnas. dReisTvis arsebuli 802.11 a/b/c WLAN standartebi gvTavazoben mosaxerxebel usadeno kavSiris sistemebs, romlebsac axla moqmedTan adeqvaturi maxasiaTeblebi gaaCniaT. vinaidan usadeno sistemebis Semdgomi gamoyenebis amocanebi damuSavebis stadiaSia, Cndeba WLAN  monacemebis gadacemis siswrafis amaRlebis moTxovnebi. am moTxovnebis ganxorcielebis molodinSi TGN ma Camoayaliba WLAN is generaciis Semdgomi gaumjobesebis amocanebi.
usadeno sistemebis gadacemis fizikuri siCqaris erTerTi midgoma mdgomareobs mravalanteniani sistemebis gamoyenebaSi rogorc gadacemis aseve miRebis es teqnologia cnobilia rogorc mraval Sesasvleliani da mraval gamosasvleliani (MIMO) sistema, anu gonivruli saanteno sistema. Usadeno sistemebis maxasiaTeblebis gasaumjobeseblad MIMO sargeblobs usadeno garemoSi signalTa mravaljeradi gadacemisa da signalTa mravaljeradi miRebis meTodis gamoyenebiT. MIMO s SeuZlia momxmareblisaTvis bevri sargeblobis motana, rac gamomdinareobs gansxvavebuli signalebis sivrceSi erTdroulad damuSavebis SesaZleblobaSi. ori ZiriTadi niSandoblivi Tviseba romlebic aRiniSneba aseT sistemebSi es aris antenuri mimorigeba da sivrciTi multipleqsireba. erTdroulad mravali gadamcemi antenis gamoyenebis Sedegad MIMO sistemebi saSualebas iZlevian koherentulad gadaWras informaciis miRebis problema sivrceSi gancalkevebul mraval mimReb antenaze mravali gzis gavlili signalebis mixedviT. Mraval gzis gavlili signalebis qveS moiazreba is signalebi romlebic miewodeba mimRebs pirdapiri sxivis Sesabamisi signalis miRebidan garkveuli drois Semdeg, rac gamowveulia mravaljeradi arekvliT. MIMO teqnologia saSualebas iZleva sivrceSi gadaWras mravali gavlili gzis signalis miRebis problema da mogvces mimorigebuli antenebiT miRebisas energetikuli mogeba, romelic Tavis mxriv xels uwyobs mimRebis SesaZleblobas aRadginos gadacemuli “inteleqtualuri” informacia. 

mcire manZilebze energiis gadasacemad (mag. generatoridan antenemde an antenidan generatoramde) gamoiyeneba Rru metaluri milebi – talRgamtarebi, romlebSic gaerTianebulia konstruqciuli simartive da mcire nakadebis talRgamtarebi ZiriTadad gamoiyenebian zms diapazonSi ). MIMO sistemebSi cxadia rezonuli iqneba antenebisaTvis ( antenebidan ) energiis miwodebisas (moxsnisas) mravalportiani talRgamtaruli Sesaxsrebebis gamoyeneba.

radioteqnikis, radiofizikisa da radioeleqtronikis miRwevebis gamoyenebiT problemebSi sargeblobis efeqturoba da samecniero teqnikuri danergva mniSvnelovnadaa damokidebuli elementaruli bazis gamosxivebis wyaroebisa da mimRebebis, makanalizirebeli, merxevi sistemebisa da aparaturis sxva komponentebis SesaZleblobebze. gansakuTrebul mniSvnelobas iZens zemaRalsixSiruli (zms) mowyobilobebis agebis axali meTodebi, romlebic dafuZnebulni arian planarul da moculobiT integralur sqemebze. 

zms moculobiT integralur sqemebSi signali muSavdeba ara mxolod sqemis sibrtyeSi (planaruli integraluri sqemebi), aramed vertikalurSic. 

bazuri elementebis ganlagebis samganzomilebiani konstruqcia da signalis damuSaveba mTels moculobaSi, erTis mxriv farTo SesaZleblobebs qmnis radiofizikuri, klimaturi, radiaciuli da sxva parametrebis gaumjobesebisaTvis (mag. mikroprocesorebis ganlagebis samganzomilebiani konstruqciis gamoyenebam gamoiwvia swrafmoqmedebis gazrda mTeli rigiT). Meores mxriv moiTxovs bazuri elementebis axal adeqvatur fizikuri da maTematikuri modelebis intensiur damuSavebas. maTi eleqtrodinamikuri Tvisebebis analizsa da sinTezisaTvis axali efeqturi gamoTvliTi meTodebis Seqmnas. amasTanave adeqvaturi modelebi unda iyvnen sakmaod zustebi (simkacris eleqtrodinamikuri done) da iZleodnen saSualebas ganisazRvros parametrebi marTvis avtomatizirebuli sistemebisaTvis dasaSveb droSi [1]. 

zms moculobiTi integraluri sqemebis rolSi SeiZleba ganvixiloT e.w. mravalsarTuliani (mravalkaskadiani) talRgamtaruli sistemebi, romelTa sarTulebs Soris gadasvla xdeba mezobeli kaskadebis damakavSirebeli sworkuTxa talRgamtarebis fragmentebis saSualebiT. 

zms moculobiTi integraluri sqemebi warmoadgenen sakmaod rTul difraqciul sistemebs, amitom ubralo funqcionaluri kvanZis analizic ki (romelic Sedgeba sami-xuTi bazuri elementisagan) zog SemTxvevaSi warmoadgens dauZlevel sirTules Tanamedrove kompiuterebisaTvisac ki. Gamosavali mdgomareobs sqemis Semadgenel elementebad winaswar dayofaSi (dekompozicia). Cveulebriv eseni arian araerTgvarovnebebi moculobiT integralur sqemebSi, romelTagan TiToeuli atarebs gansazRvrul funqcionalur datvirTvas (gadacemis xazis moxveva, sarTulebs Soris gadasasvleli, T SeerTeba, sadenis wyveta da a.S. 
naSromis mizans warmoadgens rogorc Tavisufali aseve SemaTanxmebeli araerTgvarovnebis Semcveli mravalportiani talRgamtaruli SesaxsrebaSi eleqtromagnituri talRis gavrcelebis Sesaswavlad saWiro maTematikuri modelis Seqmna da ZiriTadi eleqtrodinamikuri maxasiaTeblebis saTvleli programis algoriTmis SemuSaveba.

naSromis mizanTa aqtualoba ganpirobebulia radioeleqtronuli da komunikaciuri sistemebis analizis Tanamedrove tendenciebiT, romelic sul ufro da ufro mzard moTxovnebs uyenebs rogorc mTlianad sistemebs, aseve maT konstruqciul, gadamcem da matransponirebel elementebs efeqturobisa da eleqtromagnituri Tavsebadobis gazrdis TvalsazrisiT. es moTxovnebi exeba mravalportian talRgamtarul Sesaxsrebebsa da gamStoeblebsac romlebic warmoadgenen mravali zms radioeleqtronuli da komunikaciuri sistemis elementarul bazas. kerZod isini farTod gamoiyeneba zms diapazonSi simZlavreTa gamyofebis, talRaTa Semrevebis (multipleqserebis), antenuri gadamravlebis, filtrebisa da fazamabruneblebis rolSi. 

Radioeleqtronuli da komunikaciuri sistemebis CarCoebSi mravalportiani talRgamtaruli ganmStoeblebis efeqturobisa da eleqtromagnituri Tavsebadobis gazrdisaTvis upirveles yovlisa saWiroa maTi gatarebis zolis amaRleba da energiis danakargebis Semcireba. garda amisa signalis energiis ganmStoebis, gayofisa da gardaqmnisas aseT sistemebSi aucilebelia uzrunvelyofil iqnes misaRebi SeTanxmeba talRgamtaris mxrebs Soris, anu sakmaod maRali done muSa talRis gavlisa sasurvel StoSi da CaxSoba danarCenebSi. bolos mravalportiani talRgamtaruli Sesaxsrebis (ganmStoeblis) stabiluri muSaobisaTvis aucilebelia stabiluri maxasiaTeblebis miRweva sixSireTa sakmaod farTe zolSi. 
mravalportiani talRgamtaruli Sesaxsrebebisa da ganmStoeblebis maxasiaTeblebis kvlevisa da inJinruli praqtikisaTvis mxrebs Soris misaRebi SeTanxmebis amocanis amoxsnisaTvis SemoTavazebulia sxvadasxva eleqtrodinamikuri midgomebi adreuli naSromebi [2-6], romlebic ZiriTadad gakeTebul iyo T-s magvari samportiani ganmStoeblisaTvis (talRgamtaruli samkapa) efuZneboda miaxloebiT eleqtrodinamikur modelebs da misaReb Sedegebs iZleoda mxolod kritikuli sixSireebis (srialis wertilebis) maxloblobaSi. Ukanasknel aTwleulebSi gamoCnda mTeli rigi naSromebisa, romlebic exeboda, rogorc T-s magvari Sesaxsrebis [7-12] aseve oTxportian, jvris formis talRgamtarul ganmStoeblebs [13,14] E da N – sibrtyeebSi. Ufro metic, arc Tu ise didi xnis win gamokvleuli iqna mravalportiani talRgamtaruli SeerTebebi E da N – sibrtyeebSi erTdroulad (kerZod magiuri samkapa da arasimetriuli samportiani SeerTeba E da N – sibrtyeebSi erTdroulad) [15-17] 

sxvadasxva tipis talRgamtaruli SeerTebebisaTvis Catarebulma analizma [10,11,14] aCvena, rom talRgamtaris mxrebs Soris praqtikisaTvis misaRebi SeTanxmeba SeiZleba miRweuli iqnes mxolod viwro sixSirul zolSi da talRgamtaris mxrebs Soris fiqsirebuli Tanafardobis pirobebSi. E – sibrtyovani samkapebis kvlevisas aRmoCnda , rom ZiriTadi mxris siganisa da ganStoebuli nawilis tolobis pirobebSi SeTanxmebis maqsimaluri done (70%) miiReba srialis wertilis maxloblobaSi. cotaTi ufro ukeTesi SeTanxmeba imave areSi (75-90%) SeiZleba miRweul iqnes Tu mTavari mxris sigane 2-4-jer aRemateba ganStoebuli nawilis simaRles. mokletalRovan diapazonSi sruli SeTanxmebis efeqti fiqsirebul sixSireze SeiZleba miRweul iqnes samuSao diapazonis SuaSic ki, Tu mTavari mxris sigane 1,25 an 1,5 jer aRemateba ganStoebuli nawilis simaRles. 

maSasadame misaRebi SeTanxmebis miRwevis amocana mravalportian talRgamtarul SesaxsrebebSi, sixSiris sakmaod farTe zolSi, SeuZlebelia gadawydes SesaxsrebaTa geometriaSi konstruqciuli cvlilebebis gareSe. aseTi konstruqciuli cvlileba SeiZleba ganxorcieldes SesaxsrebaSi xelovnuri araerTgvarovnebis CarTvis gziT. 

miuxedavad SemaTanxmebeli araerTgvarovnebis Semcveli talRgamtaruli Sesaxsrebebis eleqtrodinamikuri Tvisebebis amocanisadmi didi oraqtikuli da samecniero interesisa ukanasknel dromde es problema gadauwyveteli rCeboda. Rogorc Cans es dakavSirebuli iyo sxvadasxva tipis amocanebis sinTezis aucileblobasTan.

Ukanasknel xanebSi qarTvelma mecnierebma ( g. qevaniSvili, f. bogdanovi, g. kekelia), iaponel da koreel mecnierebTan erTad (k.iasumoto, d.kini) SeZles am problemis gadawyveta. maT gamoiyenes meserTa TeoriaSi [18-26], xelovnuri araerTgvarovnebebis talRgamtarebis Seswavlasa [27-39] da Tavisufali, mravalportiani talRgamtaruli Sesaxsrebebis (ganStoebebis) gaTvlaSi [5,10,11,14] dagrovili didi gamocdileba da Seiswavles ZiriTad StoSi sxvadasxva araerTgvarovnebis Semcveli samkapa da jvris formis oTxportiani talRgamtaruli Sesaxsrebis eleqtrodinamikuri Tvisebebi [40-48].  
gadavideT naSromis mokle Sinaarsis ganxilvaze.

Pirvel TavSi ganixileba xuTkapa talRgamtaris eleqtrodinamikis SeswavlisaTvis aucilebeli Teoria. am tipis talRgamtaris upiratesoba samkapasTan SedarebiT mdgomareobs ganStoebaTa da gadamrTvelTa simravleSi, rac iwvevs antenuli meserebis maxasiaTebelTa marTvis gaadvilebas da maT gaumjobesebas.

Upirveles yovlisa, amocanis amoxsnisaTvis, Caweril iqna eleqtruli da magnituri veils daZabulobis veqtorTa tangencialuri mdgenelebis gamosaxulebebi xuTkapas sxvadasxva areebisaTvis, romlis drosac gaTvaliswinebuli iqna, rom: vinaidan im areebisaTvis, romlebic Seicaven talRgamtarTa segmentebs (esenia I, III, IV, V, VII, VIII areebi, romlebsac pirobiTad vuwodeT ararezonansuli areebi), cnobilia talRuri ricxvebis sakuTari mniSvnelobebi, amitom veli warmodgenil iqna diskretuli speqtris saxiT, xolo danarCenSi (II da VI rezonansulSi) ki – uwyvetis (nax. 1 ).

Gansaxilveli amocanis erT-erTi sirTule mdgomareobda rezonansul areebSi veils diskretul speqtrad warmodgenaSi. Am sirTulis aRmosafxvrelad visargeblebT eleqtruli veils daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis pirobebiT SS, SS  P SS, SS  zedapirebze. kompleqsur sibrtyeze gadasvlis, koSis Teoremis, Jordanis lemisa da naSTTa Teoriis gamoyenebis Sedegad moxerxda eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis warmodgena diskretul speqtrad (ramac cxadia ganapiroba magnituri velis daZabulobis veqtoris tangencialuri mdgenelis imave speqtrad warmodgenis SesaZleblobac).

imave SS ; SS ; SS ;  zedapirze magnituri velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis pirobebis realizebis Sedegad vRebulobT wrfiv algebrul gantolebaTa usasrulo sistemas, romelic Seicavs ucnob koeficientTa 3 mimdinareobasa da wrfiv algebrul gantolebaTa 3 usasrulo sistemas.

vinaidan miRebuli usasrulo sistema fredholmis II gvarisaa, amitom misi amoxsna kompiuterze SesaZlebelia reduqciis meTodiT, xolo amonaxsnebi ki gvaZleven saSualebas ganvsazRvroT eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis diskretuli speqtris koeficientebi xuTkapas ZiriTad StoSi ganTavsebuli areebisaTvis. velis imave mdgenelis SS  da SS  zedapirebze uwyvetobis pirobis realizebis Sedegad  vRebulobT kavSirs gverdiT da ZiriTad StoebSi velis koeficientebs Soris ( z RerZis mimarT amocanis simetriulobis gamo erTnairi koeficientebi gveqneba marcxena da marjvena ganStoebebSi, amitom uwyvetobis pirobebi SS  da SS  zedapirebze SegviZlia ar ganvixiloT). vinaidan ganvsazRvreT yvela ucnobi koeficienti, amitom SegviZlia CavTvaloT, rom amocana velis povnisa mTels fizikur areSi gadawyvetilia.
meore TavSi ganxiluli amocana wina TavSi ganxilulisagan gansxvavdeba, ZiriTad StoSi viwro kedlidan ___ manZilze araerTgvarovnebis saxiT CarTuli metaluri cilindriT romelic SS  sibrtyidan daSorebulia raRac manZiliT. 

eleqtruli veils daZabulobis veqtoris tangencialuri mdgeneli warmodgeba imis analogiurad rogorc wina TavSi, gansxvaveba gvaqvs mxolod II da III areebSi velis CanawerSi, kerZod II areSi garda SS  zedapiridan areklili talRisa figurirebs aseve cilindris mier gabneuliT, xolo III-Si ki SS-dan areklili da cilindrs miRma gasuli.

Cilindridan gabneuli veils sapovnelad visargebleT e.w. sarkuli anareklebis meTodiT, ris Sedegadac cilindridan gabneuli veli me-2 areSi Seicvala ----------  periodis mqone 2 elementiani perioduli mesriT, romlis TiToeuli elementidan gabneuli veli Cawerili iyo am elementTan dakavSirebul lokalur koordinatTa sistemaSi. am saxiT Cawerili velisaTvis SeuZlebelia metalur cilindrze eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis 0-Tan tolobis sasazRvro pirobis realizeba. es siZnele warmatebiT iqna daZleuli cilindruli funqciebis Sekrebis Teoremis gamoyenebiT, ris Sedegadac velis gamosaxuleba gadawerili iqna centralur (talRgamtarSi ganTavsebul) cilindrTan dakavSirebul koordinatTa sistemaSi.

amis Semdeg imave procedurebis CatarebiT, romelic gavakeTeT I TavSi ganxiluli amocanisaTvis, miviReT wrfiv algebrul gantolebaTa usasrulo sistema, romelic Seicavs wrfiv algebrul gantolebaTa 3 usasrulo sistemas, mxolod im gansxvavebiT, rom masSi Sedis ukve cvladTa ara 3 aramed 4 mimdevroba.  
me-4 sistemis misaRebad visargebleT sasazRvro pirobiT metalur cilindrze, xolo grinis Teoremis eleqtrodinamikuri analogiis gamoyenebiT cilindridan gabneuli veils difraqciuli koeficientebi gamovsaxeT multipoluris saSualebiT. am samuSaos Catarebis Sedegad miviReT wrfiv algebruli gantolebaTa 4 usasrulo sistemisagan Semdgari sistema romelic Seicavs cvladTa aseve 4 mimdevrobas.

miRebuli sistema aRmoCnda fredpolmis II gvarisa, ris gamoc misi amoxsna kompiuterze SesaZlebelia reduqciis meTodiT. cvladTa danarCeni mimdevrobebi ki gamoisaxeba am sistemis amoxsnis Sedegad miRebuli 4 mimdevrobis saSualebiT. aqedan gamomdinare SegviZlia CavTvaloT, rom dasmuli amocana velis Cawerisa mTels fizikur garemoSi gadawyvetilia. 
mesame TavSi ganixileba sworkuTxa talRgamtaris rezonatorul nawilSi ganTavsebuli wriuli ganivi kveTis mqone metaluri cilindris mkacri eleqtrodinamikuri Teoria, rodesac sistemis aRgzneba xdeba ganmStoeblis nebismieri Stos mxridan (pirobiTad rezonatorul (rezonansul) ares uwodebT im ares, romelic metaluri zedapiriT mxolod erTi mxridanaa SemosazRvruli, xolo im areebs romlebic ori mxridan arian SemosazRvruli metaluri zedapirebiT uwodebT ararezonatorul (ararezonansul) areebs). 

Semogvaqvs e.w. kvebis logikuri mamravlis cneba, romelic migvaniSnebs xdeba Tu ara fiqsirebuli Stos kveba. 
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arazenonatoruli areebSi sruli velis Cawera xdeba diskretuli speqtris saxiT, xolo rezonatorulSi ori velis superpoziciad, romelTagan erTi aris calke talRgamtarebebis Serwymis warmosaxviT zedapirebze dacemuli talRis gabnevis Sedegi, xolo meore ki calke cilindris mier gabneuli velis multipoluri speqtri. aRsaniSnavia, rom Tavdapirvelad calke talRgamtarebebis Serwymis warmosaxviT zedapirebze gabneuli veli rezonatorul areSi iwereba uwyvet speqtrad (warmodgeba integralis saSualebiT). saqme imaSia, rom rezonatoruli areebisTvis ucnobia sakuTari mniSvnelobebi (talRuri ricxvisTvis).

ZiriTadi Stosa da rezonatoruli aris gamyof warmosaxviT zedapirze eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis pirobis realizaciis Sedegad xdeba rezonatoruli aris ucnobi koeficientebis (
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) gamosaxva ZiriTad talRgamtarSi arekvlili velis amplitudebis mixedviT. amis Semdeg adrindel naSromebSi [33,34,37,87_93] napovni mniSvneloba SeqondaT magnituri velis daZabulobis veqtoris amave zedapirze uwyvetobis pirobaSi, ris Sedegadac xdeboda algebrul gantolebaTa sistemis miReba arekvlili velis koeficientebis mimarT. CvenTvis, rogorc SemdgomSi davinaxavT, mosaxerxebelia rezonatorul areSi velic cxadi saxiT gamosaxva ZiriTad StoSi arekvlili talRis koeficientebis saSualebiT, amitom eleqtruli velis tangencialuri mdgenelis uwyvetobis pirobidan napovni 
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 koeficientebi Segvaqvs rezonatoruli aris velis gamosaxulebaSi. am gamosaxulebaSi monawile integralis amoxsna xdeba naSTTa Teriis da Jordanis lemis gamoyenebiT, ris sedegadac miiReba velis cxadi gamosaxuleba Cawerili diskretul speqtrad.

miRebuli velis gamosaxulebis analizidan SegviZlia davaskvnaT, rom igi moicema ori talRis superpoziciad, pirveli es aris rezonansul areSi gasuli pirdapiri talRa, xolo meore ki talRis frontis gamrudebis Sedegad warmoqmnil zedapirze hiugensis principiT miRebuli meoradi wyaroebis Seqmnili velebis superpoziciis Sedegi.

velis miRebuli saxiT gamosaxva ar gvaZlevs saSualebas gadavwyvitoT dasmuli amocana, radgan velis gamosaxulebis meore wevrSi miiReba usasrulo ganSladi jamebi. am problemebis Tavidan asacileblad vsargeblobT eleqtruli velis dazabulobis veqtoris tangencialuri mdgenelis uwyvetobis pirobiT rezonatoruli arisa da gverdiTi Stoebis gamyof warmosaxviT zedapirze. am pirobebis realizaciis Sedegad velis gamosaxulebaSi qreba usasrulo jamebi meore SesakrebSi. amasTanave gverdiT StoebSi usasrulobaSi mimavali velis koeficientebTan erTad mniSvnelSi rCeba 
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cilindris mier gabneuli velis sapovnelad visargeblod sarkuli gamosaxulebebis meTodiT, ris Sedegadac gansaxilveli struqtura transponirdeba ori cilindrisagan Semdgar sistemaSi, romelTagan pirveli es aris gansaxilveli cilindri, xolo meore _ misi sarkuli gamosaxuleba samkapas qveda kedelSi. am meTodis gamoyenebis Sedegad ixsneba samkapas qveda kedelze eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis 0_Tan tolobis piroba. saqme imaSia, rom cilindris sarkul gamosaxulebaSi dens aqvs imis sawinaaRmdego mimarTuleba, rac centralur cilindrSi, amitom am ori denis mier aRZruli eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelebi sididiT toli da mimarTulebiT sawinaaRmdegoebi iqnebian, e.i. isini erTmaneTs gaabaTileben, es ki gamoiwvevs samkapas qveda kedelze sasazRvro pirobis avtomatur dakmayofilebas.

cilindrisa da misi sarkuli gamosaxulebis mier gabneuli velebi Cawerilni arian TiToeul maTganTan dakavSirebul aTvlis lokalur koordinatTa sistemaSi. magram zogierT SemTxvevaSi ufro mosaxerxebelia velis iseTi Cawera, romelic mocemuli iqneba mxolod centralur cilindrTan dakavSirebul sistemaSi. am miznis misaRwevad visargebleT cilindruli funqciebis Sekrebis TeoremiT. amrigad miviReT cilindris mier gabneuli velis ornairi warmodgena, romlebic erTmaneTis eqvivalenturni arian, amitom am warmodgenebiT sargebloba erTnairad SegviZlia.

eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis pirobebis realizaciis Sedegad vRebulobT sam wrfivad damoukidebel algebrul gantolebaTa usasrulo sistemas, romelic erTmaneTTan akavSirebs ararezonansul areebSi gasuli velis amplitudebs, Serwymis warmosaxviT zedapirebze rezonansul areSi Sesuli velebis difraqciuli speqtrisa da cilindris mier gabneuli velis multipoluri speqtris koeficientebs. am sistemis matricul elementebSi figurirebs integralebi transcendentuli funqciebidan, romelTa miaxloebiTi meTodebiT amoxsnaze qvemoT gveqneba saubari.

amocanis amoxsnis procesSi aucileblad realizebuli unda iqnes eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis piroba cilindris zedapirze.

am pirobis realizaciisas rezonatorul areSi cilindris mier gabneuli veli mosaxerxebelia Caiweros centralur cilindrTan dakavSirebul aTvlis sistemaSi. sasazRvro pirobaSi velebis Sesabamisi mniSvnelobebis Setanis Semdeg vRebulobT usasrulo funqcionalur gantolebaTa sistemas. Tu funqcionalur gantolebaTa sistemis mimarT gamoviyenebT momentebis meTods da SevarCevT Cveni SemTxvevisaTvis yvelaze ufro mosaxerxebel bazisur funqciebs mivalT wrfiv algebrul gantolebaTa usasrulo sistemaze. am pirobis realizaciisas miiReba integralebi, romelTa amoxsnisas mosaxerxebelia brtyeli talRebis gaSla cilindrul funqciebad.

amis Semdeg difraqciuli speqtris koeficientebi razonatorul nawilSi gamovsaxeT imave areSi cilindris mier gabneuli velis multipoluri speqtris koeficientebisa da ararezonansuli areebis difraqciuli speqtris koeficientebis saSualebiT.

naSromSi dasabuTebulia, rom eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis pirobis grinis Teoremis eleqtrodinamikur analogiasTan erToblivi ganxilva eqvivalenturia eleqtruli da magnituri velebis tangencialur mdgenelTa uwyvetobis pirobebis erToblivi gamoyeneba. amitom magnituri velis tangencialuri mdgenelis uwyvetobis pirobebis nacvlad SegviZlia visargebloT grinis Teoremis eleqtrodinamikuri analogiiT.

grinis funqciaSi damxmare funqciad SegviZlia SevarCioT nebismieri harmoniuli funqcia. aqedan gamomdinare yvela konkretul SemTxvevaSi grinis funqcias varCevdiT imisdamixedviT Tu romel SemTxvevaSi romeli funqcia iyo gamoyenebisaTvis yvelaze ufro mosaxerxebeli.

aRsaniSnavia, rom amocanis amoxsnisas unda gamogveyenebina magnituri velis daZabulobis veqtoris uwyvetobis sami piroba, rac ganapirobebs grinis funqciis analogiiT sargeblobisas damxmare funqciis rolSi sami sxvadasxva funqciis gamoyenebis aucileblobas. yoveli damxmare funqciisaTvis vRebulobT gansxvavebul wrfiv algebrul gantolebaTa usasrulo sistemas. zemoTqmulidan gamomdinare grinis TeoremiT sargeblobis Sedegad vRebulobT aseve sam wrfivad damoukidebel wrfiv algebrul gantolebaTa usasrulo sistemas ararezonatorul areebSi gasxivebuli velebis koeficientebisa da cilindris mier gabneuli velis multipoluri speqtris koeficientebis mimarT. am gantolebaTa Soris erT_erTSi figurirebs calkemdgomi marcxena gverdiT StoSi gasxivebuli difraqciuli speqtris 
[image: image17.wmf]u
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_e harmonika. es harmonikebi gamoisaxebian centralur StoSi gasxivebuli da cilindris mier gabneuli velis koeficientebis saSualebiT. Tu am ori gantolebidan napovn 
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_e harmonikebis gamosaxulebebs SevitanT me_3 miviRebT wrfiv algebrul gantolebaTa sistemas pirvel areSi gasxivebuli velis difraqciuli speqtris koeficientebisa da cilindris mier gabneuli velis multipoluri speqtris koeficientebis mimarT. es gantplebaTa sistema cilindrul zedapirze sasazRvro pirobis realizaciis SedegTan erTad gvaZlevs dasmuli amocanis Sesabamis wrfiv algebrul gantolebaTa usasrulo dualur sistemas.

matriculi elementebisa da Tavisufali wevrebis analizma gviCvenes, rom isini kvadratulad krebadi ar arian, anu sistema pirveli gvarisaa, rac SeuZlebels xdis mis reduqciis meTodiT amoxsnas. reduqciis meTodiT sargeblobisas miiReba aramdgradi da ararealuri amonaxsni.

am problemis Tavidan acilebis mizniT vaxdenT sistemis regularizacias, risTvisac Semogvyavs axali cvladi, ris Sedegadac mivdivarT kvaziregularul wrfiv algebrul gantolebaTa usasrulo dualur sistemaze, romlis amoxsnac ukve SesaZlebelia reduqciis (Sekvecis) meTodiT, rac gulisxmobs usasrulo sistemis magivrad sasrulis ganxilvas. wevrTa im raodenobas, romelic rCeba ewodeba reduqciis rigi. cxadia, rom reduqciis meTodiT miRebuli sistemis amonaxsni iqneba miaxloebiTi, is miT ufro axlo iqneba zustTan, rac ufro maRal reduqciis rigs gamoviyenebT. magram reduqciis rigis gazrda iwvevs mTeli rigis sirTuleebis warmoSobas: kerZod igi iwvevs jer erTi TvlisaTvis saWiro masivebis zomebis gazrdas, rac cxadia usasrulod SeuZlebelia da meorec reduqciis rigis gazrdis Sedegad izrdeba TvlisaTvis aucilebeli dro. amitom reduqciis rigs iReben minimalurs, romelic uzrunvelyofs amonaxsnis dasaSveb sizustes.

ganxilulia aseve dieleqtrikuli cilindris SemTxvevac.

rogorc cnobilia [80,89] talRgamtarSi moTavsebuli dieleqtrikuli cilindri warmoadgens rezonansul sistemas. misi arekvlis koeficientis sixSirul parametrze damokidebulebis grafikebSi erTmaneTs enacvlebian mrudebis aRmavali da daRmavali Stoebi, rac Tavis mxriv migvaniSnebs sistemis talRuri winaaRmdegobis reaqtiuli nawilis Sasabamisad tevadobiT da induqtiur xasiaTze. es efeqti gamowveulia dieleqtrikis SigniT talRaTa interferenciis Sedegad cilindris zedapirze denis ganawilebis cvlilebiT. garda amisa cnobilia, rom dieleqtrikuli cilindris CarTva talRgamtarSi iwvevs cilindris maxloblobaSi lokaluri da absoluturi maqsimumebis warmoSobas, fazaTa kvanZebis Seqmnas, romelTa garSemoc xdeba energiis grigaluri brunva. yovelive zemoTqmulidan gamomdinare metaluri cilindris Secvla dieleqtrikiT mniSvnelovnad Secvlis gansaxilveli sistemis eleqtrodinamikur Tvisebebs.

dieleqtrikuli cilindris SemTxvevaSi veli cxadia SeaRwevs cilindris SigniTac. es ki Tavis mxriv gamoiwvevs ucnob koeficientTa mimdevrobis raodenobis gazrdas. im mimdevrobebs, romlebic figurirebda wina amocanebSi daemateba dieleqtrikuli cilindris SigniT gabneuli velis multipoluri speqtris koeficientTa momdevroba. vinaidan cvladTa raodenoba gaizarda erTi mimdevrobiT, amitom damatebiT unda gvqondes wrfiv algebrul gantolebaTa kidev erTi sistema.

nacvlad eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis cilindris zedapirze 0_Tan tolobis pirobisa gveqneba cilindrul zedapirze velis uwyvetobisa da sigluvis pirobebi (es gulisxmobs eleqtruli da magnituri velebis daZabulobis veqtorTa tangencialuri mdgenelebis uwyvetobis pirobebs cilindris zedapirze).

miRebuli wrfiv algebrul gantolebaTa usasrulo dualuri sistema matricul elementebSi Seicavs gansazRvrul integralebs, rac mniSvnelovnad arTulebs Tvlis process. saqme imaSia, rom sxvadasxva miaxloebiTi meTodebiT integralebis gamoTvlisas integrebis sazRvrebs Soris monakveTi unda daiyos qve monakveTebad. miT metia am monakveTebis raodenoba, rac ufro swrafad oscilirebadia integralqveSa funqcia. yoveli am monakveTis boloebze naangariSebul unda iqnes hankelis funqciebi TiToeuli argumentisTvis calcalke, rac mniSvnelovnad gazrdis TvlisaTvis saWiro dros.

am problemis Tavidan acilebis mizniT vsargeblobT e.w. baxvalovis kvadraturiT, romelic Cawerilia eqsponencialuri funqciebis Semcveli integralebisTvis. garkveuli gardaqmnebiT vRebulobT e.w. baxvalovis modernizebul kvadraturas Cawerils trigonometriuli funqciebisaTvis. am kvadraturis gamoyenebiT xdeba matricul elementebSi Semavali integralebis analizuri Cawera, rac mniSvnelovnad amartivebs amocanis ricxviTi realizaciis process da bevrad amcirebs TvlisaTvis saWiro dros.

gamoyvanilia energiis balansis gantoleba rezonatorul nawilSi dieleqtrikuli cilindris Semcveli samkapa talRgamtarisaTvis, rodesac misi aRgzneba xdeba nebismieri Stos mxridan, miRebulia, rogorc kerZo SemTxveva, energiis balansis gantoleba im SemTxvevisaTvis, rodesac aRgzneba xdeba centraluri Stos mxridan.

rogorc ukve zemoT avRniSneT zms mowyobilobebis gaTvlis universalur models warmoadgens rTuli mowyobilobebis SedarebiT martiv mowyobilobebad dayofis_dekompoziciis meTode. es mcire mowyobilobebi xasiaTdeba maTi sakuTari parametrebis matricebiT, rac SesaZlebels xdis maT damoukidebel analizs.
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 funqciebiT eleqtromagnituri velis aRwera gvaZlevs imaze bevrad ufro met informacias, vidre es saWiroa traqtis gaTvlisa da proeqtirebisaTvis. sinamdvileSi traqtis Seqmnisas interesdebian gadacemuli simZlavriT, gadacemul da arekvlil simZlavreTa Soris TanafardobiT, aseve fazuri dagvianebiTa da gadacemis xazis garkveul sigrZeze simZlavris SesustebiT.

mxolod am parametrebis gansazRvra xdeba universaluri maTematikuri modeliT e.w. grZeli xazis saSualebiT. am Teoriis mixedviT kavSiri dacemul da arekvlili velebis normirebul Zabvebs Soris myardeba gabnevis matricis saSualebiT, romelic warmoadgens struqturis Sesabamisi mravalpolusas erT_erT ZiriTad maxasiaTebel sidides.
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xuTkapa talRgamtaris eleqtrodinamika
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nax. 1.1. xuTkapa talRagamtari, koordinatTa RerZebis orientacia da miRebuli geometriuli aRniSvnebi.
talRgamtaris ZiriTad StoSi (romelic moicavs I, II, V, VI areebs) velebis Cawerisas gaTvaliswinebul unda iqnes, rom: I areSi gvaqvs rogorc dacemul aseve 
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aqQ Semotanilia aRniSvnebi :
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rezonansul areebSi (II da V) talRuri gantolebis zogadi amonaxsni warmodgenili unda iqnes rogorc hiperboluri kosinusisa da sinusis wrfivi kombinacia (rogorc (1.4)- dan Cans II arisaTvis es marTlac asea), magram V areSi velis Cawerisas gaTvaliswinebulia metalur zedapirze eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis   
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(1.3)-(1.10) aris zemoTaRniSnuli mdgenelis formaluri warmodgena, vinaidan igi Seicavs ucnob  
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    koeficientebs velis realuri gansazRvrisaTvis saWiroa vipovoT es koeficientebi, risTvisac unda visargebloT eleqtruli da magnituri velebis daZabulobis veqtorTa  
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ZiriTad StoSi magnituri velis daZabulobis veqtoris x mdgenelis CawerisaTvis visargebloT maqsvelis II gantolebis koordinatuli warmodgeniT, romelsac Cvens SemTxvevaSi aqvs saxe : 
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(1.11)-Si SevitanoT  
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 warmoadgenen ZiriTadi talRgamtarisa da gverdiTi Stoebis ganiv talRur ricxvebs; 
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axla gadavideT ucnobi koeficientebis gansazRvraze:

1.2 uwyvetobis pirobebi eleqtruli veils daZabulobis veqtoris tangencialuri 
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ganvixiloT eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis pirobebi 
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Tavdapirvelad SevitanoT 
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nax. 3.1  gansaxilveli struqtura
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Tavisufal samkapaSi ganStoebis sibrtyeebze gabneuli veli rezonatorul nawilSi warmodgeba diskretul speqtrad [33]
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Tu (3.24)_Si gaviTvaliswinebT (3.8) SegviZlia davweroT
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nax. 3.2. gansaxilveli cilindri da misi sarkuli gamosaxuleba maTTan dakavSirebul cilindrul koordinatTa sistemebTan erTad

gamoviyenoT sarkuli gamosaxulebebis meTodi, ris Sedegadac gansaxilveli struqtura transponirdeba ori cilindrisagan Semdgar sistemaSi, romlebic Tanabari manZiliT iqnebian daSorebuli samkapa talRgamtaris qveda kedlidan (nax.3.2) da maTSi urTierTsawinaaRmdego mimarTulebis denebi, rac iwvevs samkapas qveda kedelze eleqtruli velis daZabulobis 
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(3.26) warmodgena Cawerilia TiToeul lokalur cilindrul koordinatTa sistemaSi. vinaidan zogierT SenTxvevaSi mosaxerxebelia gamoyenebul iqnes warmodgena, romelic Caweril iqneba centralur cilindrTan dakavSirebul koordinatTa sistemaSi, amitom visargebloT cilindruli funqciebis Sekrebis TeoremiT da gabneul vels mivceT saxe
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3.2.  eleqtruli   velis   tangencialuri  mdgenelis

uwvetibis piroba rezonatoruli aris sazRvrebze

gamoviyenoT eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis piroba talRgamtarTa SeerTebis zedapirebze (AB,BC da CD_ze) 

     
[image: image641.wmf](

)

(

)

2

1

y

y

E

E

=

,    roca     
[image: image642.wmf](

)

l

b

z

-

-

=

,         
[image: image643.wmf]D

-

£

£

D

-

a

x

;                       (3.30)
     
[image: image644.wmf](

)

2

3

y

y

E

E

=

,     roca     
[image: image645.wmf]D

-

=

x

,                  
[image: image646.wmf](

)

l

z

l

b

£

£

-

-

;                     (3.31)  
     
[image: image647.wmf](

)

(

)

2

4

y

y

E

E

=

,   roca    
[image: image648.wmf]D

-

=

a

x

,               
[image: image649.wmf](

)

l

z

l

b

£

£

-

-

.                    (3.32) 

(3.30); (3.32)_Si gaviTvaliswinoT Semaval sidideTa Sesabamisi mniSvnelobebi (3.4)_(3.6)_dan da (3.28)_dan. 

         
[image: image650.wmf](

)

(

)

[

]

(

)

[

]

(

)

å

å

¥

=

*

¥

=

*

+

D

+

-

=

D

+

1

12

1

1

sin

sin

m

m

m

m

m

m

A

x

x

A

i

a

a



[image: image651.wmf](

)

(

)

(

)

(

)

å

¥

-¥

=

÷

ø

ö

ç

è

æ

+

÷

ø

ö

ç

è

æ

-

-

ú

ú

û

ù

ê

ê

ë

é

÷

ø

ö

ç

è

æ

+

+

-

-

+

+

q

x

l

b

iqarctg

q

x

l

b

iqarctg

q

q

e

l

b

x

k

H

e

l

b

x

k

H

X

2

2

0

2

2

2

0

2

)

(

;     
                                                                                                                              (3.33)


[image: image652.wmf](

)

(

)

[

]

(

)

[

]

(

)

å

å

¥

=

*

¥

=

*

+

-

-

=

-

1

32

'

1

'

3

sin

sin

m

m

m

m

m

m

A

l

z

l

z

A

i

a

a



[image: image653.wmf](

)

(

)

(

)

(

)

å

¥

-¥

=

÷

ø

ö

ç

è

æ

D

+

÷

ø

ö

ç

è

æ

D

-

ú

ú

û

ù

ê

ê

ë

é

÷

ø

ö

ç

è

æ

+

+

D

-

+

D

+

q

l

z

iqarctg

q

z

iqarctg

q

q

e

l

z

k

H

e

z

k

H

X

2

2

2

0

2

2

2

0

2

2

;     
                                                                                                                             (3.34)


[image: image654.wmf](

)

(

)

[

]

(

)

[

]

(

)

å

å

¥

=

*

¥

=

*

+

-

=

-

1

42

'

1

'

4

sin

sin

m

m

m

m

m

m

A

l

z

l

z

A

i

a

a



[image: image655.wmf](

)

(

)

(

)

(

)

(

)

å

¥

-¥

=

÷

ø

ö

ç

è

æ

D

-

+

-

÷

ø

ö

ç

è

æ

D

-

ú

ú

û

ù

ê

ê

ë

é

÷

ø

ö

ç

è

æ

+

+

D

-

-

+

D

-

+

q

a

l

z

iqarctg

q

a

z

iqarctg

q

q

e

l

z

a

k

H

e

z

a

k

H

X

2

2

2

0

2

2

2

0

2

2

)

(

       

                                                                                                                            (3.35)

gamoviyenoT momentebis wesi (3.33)_(3.35)_is mimarT. bazisur funqciebad (3.33)_Si SevarCioT 
[image: image656.wmf](

)

[

]

D

+

x

m

a

sin

, xolo  (3.34),  (3.35)_Si ki _  
[image: image657.wmf](

)

[

]

l

z

-

'

sin

m

a

. visargebloT sin_is orTogonalobiT (
[image: image658.wmf]p

2

;

0

) daxurul Sualedze, vRebulobT

                         
[image: image659.wmf](

)

(

)

(

)

(

)

(

)

å

¥

-¥

=

*

-

+

-

=

q

q

q

q

X

A

A

12

11

12

1

m

m

m

m

a

a

;                                     (3.36)
                         
[image: image660.wmf](

)

(

)

(

)

(

)

(

)

å

¥

-¥

=

*

-

+

-

=

q

q

q

q

X

A

A

22

21

32

3

m

m

m

m

a

a

;                                    (3.37)
                         
[image: image661.wmf](

)

(

)

(

)

(

)

(

)

å

¥

-¥

=

*

-

+

-

=

q

q

q

q

X

A

A

32

31

42

4

m

m

m

m

a

a

.                                     (3.38)

sadac


[image: image662.wmf](

)

(

)

(

)

(

)

[

]

dx

e

x

l

b

x

k

H

a

x

l

b

iqarctg

a

q

q

÷

ø

ö

ç

è

æ

-

-

D

-

D

-

D

+

ú

û

ù

ê

ë

é

-

+

=

ò

m

m

a

a

sin

1

2

2

0

2

11

;

[image: image663.wmf](

)

(

)

(

)

(

)

[

]

dx

e

x

l

b

x

k

H

a

x

l

b

iqarctg

a

q

q

÷

ø

ö

ç

è

æ

+

D

-

D

-

D

+

ú

û

ù

ê

ë

é

+

+

=

ò

m

m

a

a

sin

1

2

2

0

2

12

;

                    
[image: image664.wmf](

)

(

)

[

]

(

)

(

)

[

]

dz

e

l

z

z

k

H

b

z

iqarctg

l

l

b

q

q

÷

ø

ö

ç

è

æ

D

-

-

-

-

+

D

=

ò

'

2

2

0

2

21

sin

1

m

m

a

a

;

    
[image: image665.wmf](

)

(

)

(

)

(

)

(

)

[

]

dz

e

l

z

l

z

k

H

b

l

z

iqarctg

l

l

b

q

q

÷

ø

ö

ç

è

æ

D

+

-

-

-

ú

û

ù

ê

ë

é

+

+

D

=

ò

2

'

2

2

0

2

22

sin

2

1

m

m

a

a

;

                    
[image: image666.wmf](

)

(

)

[

]

(

)

(

)

[

]

÷

ø

ö

ç

è

æ

D

-

-

-

-

+

D

-

=

ò

a

z

iqarctg

l

l

b

q

q

e

l

z

z

a

k

H

b

'

2

2

0

2

31

sin

)

(

1

m

m

a

a

;

          
[image: image667.wmf](

)

(

)

(

)

(

)

(

)

(

)

[

]

÷

ø

ö

ç

è

æ

D

-

+

-

-

-

-

ú

û

ù

ê

ë

é

+

+

D

-

=

ò

a

l

z

iqarctg

l

l

b

q

q

e

l

z

l

z

a

k

H

b

2

'

2

2

0

2

32

sin

2

1

m

m

a

a

.

3.3. sasazRvro pirobebi metaluri cilindris zadapirze

gadavideT eleqtruli velis daZabulobis veqtoris metaluri cilindris zedapirze sasazRvro pirobis realizaciaze

                   
[image: image668.wmf](

)

0

2

=

y

E

,      roca         
[image: image669.wmf]c

r

=

0

 ,             
[image: image670.wmf]p

j

2

0

0

£

£

.      (3.39)

(3.39)_Si gaviTvaliswinoT 
[image: image671.wmf])

2

(

y

E

_is mniSvneloba (3.29)_dan. visargebloT dekadis marTkuTxa koordinatTa sistemis koordinatebis cilindrul koordinatebTan damokidebulebebiT (
[image: image672.wmf]0

0

cos

j

r

x

=

,  
[image: image673.wmf]0

0

sin

j

r

z

=

)

                   
[image: image674.wmf](

)

[

]

(

)

(

)

[

]

(

)

-

D

+

î

í

ì

-

-

å

¥

=

12

1

0

0

cos

sin

sin

sin

sin

m

m

m

m

m

A

b

h

l

c

h

j

a

j


                    _
[image: image675.wmf](

)

[

]

(

)

(

)

[

]

(

)

+

-

-

D

+

32

0

'

'

0

'

sin

sin

sin

cos

sin

m

m

m

m

A

l

c

a

h

a

c

h

j

a

j


                    
[image: image676.wmf](

)

[

]

(

)

(

)

[

]

(

)

}

42

0

'

'

0

'

sin

sin

sin

cos

sin

m

m

m

m

A

l

c

a

h

c

h

-

D

+

+

j

a

j

+

                 
[image: image677.wmf](

)

(

)

(

)

(

)

(

)

(

)

å

å

¥

-¥

=

+

¥

-¥

=

-

-

ú

û

ù

ê

ë

é

-

+

q

i

q

q

iq

q

q

e

c

k

J

l

k

H

i

e

c

k

H

X

1

0

0

0

2

0

2

2

mj

m

m

m

m

j

.     (3.40)

upirveles yovlisa moviyvanoT formulebi, romlebic saSualebas iZlevian brtyeli talRebis cilindrulad warmodgenisaTvis (brtyeli talRis furies mwkrivad gaSla cilindruli talRebis saSualebiT)

                         
[image: image678.wmf](

)

(

)

å

å

¥

-¥

=

¥

-¥

=

-

=

=

q

q

iq

q

iq

q

q

i

e

J

i

e

J

i

e

j

j

j

b

b

b

cos

;                           (3.41) 
                        
[image: image679.wmf](

)

(

)

å

å

¥

-¥

=

¥

-¥

=

-

-

-

-

=

=

q

q

iq

q

iq

q

q

i

e

J

i

e

J

i

e

j

j

j

b

b

b

cos

;                        (3.42)

                        
[image: image680.wmf](

)

(

)

(

)

å

å

¥

-¥

=

¥

-¥

=

-

-

=

=

q

q

iq

q

iq

q

i

e

J

e

J

e

j

j

j

b

b

b

1

sin

;                          (3.43)

                        
[image: image681.wmf](

)

(

)

(

)

å

å

¥

-¥

=

¥

-¥

=

-

-

=

-

=

q

q

iq

iq

q

q

i

e

J

e

J

e

j

j

j

b

b

b

1

cos

.                        (3.44) 

gamoviyenoT momentebis meTodi (3.40)_is mimarT. bazisuri funqciebis rolSi SevarCioT funqciebi 
[image: image682.wmf]0

j

in

e

-

. 
 (36)_(38) saSualebas gvaZlevs difraqciuli speqtris koeficientebi rezonatorul nawilSi gamovsaxoT imave aris multipoluri speqtris koeficientebisa da ararezonansuli areebis difraqciuli speqtris koeficientebis saSualebiT

                            
[image: image683.wmf](

)

(

)

(

)

(

)

(

)

å

¥

-¥

=

-

+

-

=

q

q

q

q

X

A

A

12

11

*

1

12

m

m

m

m

a

a

;                                  (3.45)
                           
[image: image684.wmf](

)

(

)

(

)

(

)

(

)

å

¥

-¥

=

*

-

+

-

=

q

q

q

q

X

A

A

22

21

3

32

m

m

m

m

a

a

 ;                                 (3.46)
                           
[image: image685.wmf](

)

(

)

(

)

(

)

(

)

å

¥

-¥

=

*

-

+

-

=

q

q

q

q

X

A

A

32

31

4

42

m

m

m

m

a

a

.                                 (3.47)

Tanafardobebis da 
[image: image686.wmf]0

j

im

e

,  
[image: image687.wmf]0

j

in

e

-

 funqciebis (
[image: image688.wmf]p

2

;

0

) intervalze orTogonalobis gaTvaliswinebiT (3.40) funqcionalur gantolebaTa sistemidan gadavdivarT algebrulze


[image: image689.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

å

å

¥

-¥

=

*

¥

=

*

*

*

=

+

ú

û

ù

ê

ë

é

+

+

+

q

q

nq

m

m

m

nm

m

m

nm

m

m

nm

n

X

Q

A

a

h

A

a

h

A

b

h

X

0

sin

sin

sin

12

1

4

'

3

3

'

2

1

1

b

b

b

          (3.48)

aq
               
[image: image690.wmf](

)

(

)

(

)

12

11

1

nm

nm

nm

b

b

b

+

=

,            
[image: image691.wmf](

)

(

)

(

)

22

21

2

nm

nm

nm

b

b

b

+

=

,          
[image: image692.wmf](

)

(

)

(

)

32

31

3

nm

nm

nm

b

b

b

+

=

;

                        
[image: image693.wmf](

)

=

11

nm

b

 
[image: image694.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-

  
[image: image695.wmf](

)

[

]

(

)

[

]

ï

î

ï

í

ì

-

-

+

D

*

*

-

-

D

-

D

-

-

-

2

sin

l

h

n

i

n

n

i

n

l

ih

m

m

m

m

m

m

m

m

e

e

i

e

i

e

n

i

x

a

x

a

x

a

;   
                       
[image: image696.wmf](

)

=

12

nm

b



 EMBED Equation.3  [image: image697.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-



 EMBED Equation.3  [image: image698.wmf](

)

[

]

(

)

[

]

ï

î

ï

í

ì

-

-

D

-

-

*

*

*

-

D

-

-

+

D

2

sin

)

1

(

l

h

n

i

n

n

i

n

l

ih

m

m

n

m

m

m

m

m

m

e

e

i

e

i

e

n

i

x

a

x

a

x

a

;    
                      
[image: image699.wmf](

)

=

21

nm

b



 EMBED Equation.3  [image: image700.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-



 EMBED Equation.3  [image: image701.wmf](

)

[

]

(

)

(

)

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

-

-

D

-

+

-

÷

÷

ø

ö

ç

ç

è

æ

+

-

D

-

+

-

-

-

-

2

1

sin

)

(

)

(

'

'

1

'

'

'

a

h

n

l

i

n

l

i

n

a

ih

m

m

n

m

m

m

m

m

m

e

e

e

e

n

l

i

x

a

x

a

x

a

;  
                      
[image: image702.wmf](

)

=

22

nm

b



 EMBED Equation.3  [image: image703.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-



 EMBED Equation.3  [image: image704.wmf](

)

(

)

[

]

(

)

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

-

+

-

-

D

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

-

D

+

-

-

-

2

)

1

(

sin

'

'

'

'

'

1

a

h

n

l

i

n

l

i

n

a

ih

m

m

n

m

m

m

m

m

m

e

e

e

e

n

l

i

x

a

x

a

x

a

; 
                                   
[image: image705.wmf](

)

=

31

nm

b



 EMBED Equation.3  [image: image706.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-



 EMBED Equation.3  [image: image707.wmf](

)

[

]

(

)

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

-

D

-

+

-

÷

÷

ø

ö

ç

ç

è

æ

+

D

-

+

-

-

-

-

m

m

m

m

m

m

h

n

l

i

n

l

i

n

ih

m

m

n

e

e

e

e

n

l

i

)

(

'

'

1

'

'

'

1

2

1

sin

x

a

x

a

x

a

;

                                   
[image: image708.wmf](

)

=

32

nm

b



 EMBED Equation.3  [image: image709.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-



 EMBED Equation.3  [image: image710.wmf](

)

[

]

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

-

+

-

D

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

D

+

-

-

-

m

m

m

m

m

m

h

n

l

i

n

l

i

n

ih

m

m

n

e

e

e

e

n

l

i

x

a

x

a

x

a

'

'

'

)

1

(

2

1

sin

'

'

1

;


[image: image711.wmf](

)

=

*

12

nq

Q



 EMBED Equation.3  [image: image712.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

+

ú

û

ù

ê

ë

é

-

+

-

+

-

å

¥

=

1

32

31

'

3

22

21

'

2

12

11

1

sin

sin

sin

m

mq

mq

m

nm

mq

mq

m

nm

mq

mq

m

nm

a

h

a

h

b

h

a

a

b

a

a

b

a

a

b


                                                                                           
[image: image713.wmf](

)

(

)

(

)

(

)

(

)

(

)

l

k

H

c

k

H

c

k

J

i

q

n

n

n

q

n

0

2

0

2

0

2

+

-

-

+

.
3.4. grinis Teorama gansaxilveli struqturisaTvis

visargebloT grinis Teoremis eleqtrodinamikuri analogiiT

                                      
[image: image714.wmf](

)

(

)

0

2

2

=

ú

û

ù

ê

ë

é

¶

¶

-

¶

¶

ò

g

n

n

d

n

U

E

n

E

U

Г

z

z

                             (3.49)

(sadac 
[image: image715.wmf]n

U

 nebismieri harmoniuli funqciaa).

[image: image716.png]



nax. 3.3 Semovlis konturi grinis TeoremaSi 
movaxdinoT (3.49)_Si 
[image: image717.wmf]Ă

 konturze integrireba. rogorc      nax. 3.3_dan Cans 
[image: image718.wmf]Ă

 konturi formirdeba eqvsi konturisagan (
[image: image719.wmf]6

5

4

3

2

1

;

;

;

;

;

Ă

Ă

Ă

Ă

Ă

Ă

). 
[image: image720.wmf]5

Ă

_ze integrireba xdeba orjer urTierTsawonaaRmdego mimarTulebiT, amitom isini erTmaneTs gaabaTileben. amasTanave 
[image: image721.wmf]3

Ă

 mdebareobs talRgamtatris qveda kedelze, romlisaTvisac eleqtruli velis tangencialuri mdgeneli tolia 0_sa. Tu (3.49)_is integralqveSa gamosaxulebas avRniSnavT 
[image: image722.wmf]G

_Ti, maSin (3.49)_isaTvis gveqneba

                                  
[image: image723.wmf]ò

+

1

1

Г

Gd

g



 EMBED Equation.3  [image: image724.wmf]ò

+

2

2

Г

Gd

g



 EMBED Equation.3  [image: image725.wmf]ò

-

=

3

3

Г

Gd

g



 EMBED Equation.3  [image: image726.wmf]ò

6

6

Г

Gd

g

.                    (3.50)
(3.50) integralSi Semaval yvela wiris gaswvriv integrirebisas gansazRvrul mniSvnelobebs iReben 
[image: image727.wmf]g

d

,  
[image: image728.wmf]n

¶

, Sesabamisad yvela integrireba xdeba sxvadasxva sazRvrebSi, kerZod 
[image: image729.wmf]1

G

 konturisaTvis 
[image: image730.wmf]dx

d

Ă

-

=

-

1

1

g

,  
[image: image731.wmf]z

n

-¶

=

¶

1

, 
[image: image732.wmf]x

 icvleba 
[image: image733.wmf])

(

D

-

_dan  
[image: image734.wmf])

(

D

-

a

_mde, 
[image: image735.wmf]dz

d

Ă

-

=

-

2

2

g

,  
[image: image736.wmf]x

n

-¶

=

¶

2

,  z  
[image: image737.wmf])

(

l

b

-

-

_dan  
[image: image738.wmf]l

_mde, 
[image: image739.wmf]dz

d

Ă

-

=

-

4

4

g

,   
[image: image740.wmf],

4

x

n

¶

=

¶

  z  _ 
[image: image741.wmf]l

_dan  
[image: image742.wmf])

(

(

l

b

-

-

_mde, 
[image: image743.wmf]0

6

6

j

g

cd

d

Ă

-

=

-

,  
[image: image744.wmf]0

6

r

n

-¶

=

¶

,  
[image: image745.wmf]0

j

 _ icvleba 
[image: image746.wmf](

)

2

/

p

-

_dan  (
[image: image747.wmf]2

/

3

p

)_mde. Tu mxedvelobaSi miviRebT am msjelobas (3.50) Semdegnairad gadaiwereba

[image: image748.wmf](

)

(

)

ò

D

-

D

-

+

-

-

=

¶

¶

-

¶

¶

a

y

y

l

b

z

dx

z

U

E

z

E

U

))

(

(

)

(

2

2

n

n



 EMBED Equation.3  [image: image749.wmf](

)

(

)

ò

D

-

D

-

+

D

-

=

¶

¶

-

¶

¶

a

y

y

x

dz

x

U

E

x

E

U

)

(

)

(

2

2

n

n



[image: image750.wmf](

)

ò

D

-

D

-

=

D

-

=

¶

¶

-

¶

¶

+

a

y

y

a

x

dz

x

U

E

x

E

U

)

(

)

(

)

2

(

2

n

n

 
[image: image751.wmf](

)

(

)

ò

=

¶

¶

-

¶

¶

p

n

n

j

2

0

0

0

0

2

0

2

)

(

)

(

c

r

d

r

U

E

r

E

U

c

y

y

 

                                                                                                                              (3.51)

3.5. uwyvetobis pirobebi mgnituri velis daZabulobis

veqtoris tangencialuri mdgenelisaTvis

eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis (3.30)_(3.32) pirobebis garda talRgamtarTa ganStoebis zedapirebze unda dakmayofildes magnituri velis daZabulobis veqtoris tangencialuri mdgenelis (
[image: image752.wmf]x

H

) uwyvetobis pirobebi, romlebsac imis gaTvaliswinebiT, rom yvela areSi dieleqtrikuli SeRwevadoba erTidaigivea (
[image: image753.wmf]1

=

e

), eqnebaT Semdegi saxe


[image: image754.wmf](

)

(

)

z

E

z

E

y

y

¶

¶

=

¶

¶

2

1

,         roca      
[image: image755.wmf](

)

l

b

z

-

-

=

,       
[image: image756.wmf]D

-

£

£

D

-

a

x

;          (3.52) 

[image: image757.wmf](

)

(

)

x

E

x

E

y

y

¶

¶

=

¶

¶

2

3

,    roca      
[image: image758.wmf]D

-

=

x

,             
[image: image759.wmf](

)

l

z

l

b

£

£

-

-

;            (3.53)

[image: image760.wmf](

)

(

)

x

E

x

E

y

y

¶

¶

=

¶

¶

2

4

,        roca          
[image: image761.wmf]D

-

=

a

x

,           
[image: image762.wmf](

)

l

z

l

b

£

£

-

-

.            (3.54) 
gamoviyenoT momentebis meTodi (3.30)_(3.32) da (3.52)_(3.54)_is mimarT. bazisur funqciebad (3.30)_Si aviRoT funqciebi 
[image: image763.wmf]x

U

¶

¶

/

n

, (3.31), (3.32)_Si _ 
[image: image764.wmf]z

U

¶

¶

/

n

, xolo (3.52)_(3.54)_Si _
[image: image765.wmf]n

U

. miRebuli Sedegebis Sekrebis Sedegad gveqneba 


[image: image766.wmf](

)

ò

D

-

D

-

+

-

-

=

¶

¶

-

¶

¶

a

y

y

l

b

z

dx

z

U

E

z

E

U

))

(

(

)

(

2

)

2

(

n

n



 EMBED Equation.3  [image: image767.wmf](

)

(

)

ò

D

-

D

-

+

D

-

=

¶

¶

-

¶

¶

a

y

y

x

dz

x

U

E

x

E

U

)

(

)

(

2

2

n

n



[image: image768.wmf](

)

ò

D

-

D

-

=

D

-

=

¶

¶

-

¶

¶

+

a

y

y

a

x

dz

x

U

E

x

E

U

)

(

)

(

)

2

(

2

n

n



 EMBED Equation.3  [image: image769.wmf](

)

(

)

ò

D

-

D

-

+

-

-

=

¶

¶

-

¶

¶

a

y

y

l

b

z

dx

z

U

E

z

E

U

))

(

(

)

(

1

1

n

n



[image: image770.wmf](

)

(

)

ò

D

-

D

-

D

-

=

¶

¶

-

¶

¶

+

a

y

y

x

dz

x

U

E

x

E

U

)

(

)

(

3

3

n

n



 EMBED Equation.3  [image: image771.wmf](

)

ò

D

-

D

-

D

-

=

¶

¶

-

¶

¶

+

a

y

y

a

x

dz

x

U

E

x

E

U

)

(

)

(

)

4

(

4

n

n

.   (3.55) 
(3.51)_(3.55)_is Sedarebis Sedegad martivad SevamCnevT, rom maT gaaCniaT erTidaigive marcxena mxareebi, saidanac gamomdinareobs, rom aseve toli unda iyos am gantolebaTa marjvena mxareebic. aqedan gamomdinare vwerT


[image: image772.wmf](

)

(

)

ò

D

-

D

-

+

-

-

=

¶

¶

-

¶

¶

a

y

y

l

b

z

dx

z

U

E

z

E

U

))

(

(

)

(

1

1

n

n



 EMBED Equation.3  [image: image773.wmf](

)

(

)

+

D

-

=

¶

¶

-

¶

¶

ò

D

-

D

-

a

y

y

x

dz

x

U

E

x

E

U

)

(

)

(

3

3

n

n



[image: image774.wmf](

)

ò

D

-

D

-

D

-

=

¶

¶

-

¶

¶

+

a

y

y

a

x

dz

x

U

E

x

E

U

)

(

)

(

)

4

(

4

n

n

=
[image: image775.wmf](

)

(

)

ò

=

¶

¶

-

¶

¶

p

n

n

j

2

0

0

0

0

2

0

2

)

(

)

(

c

r

d

r

U

E

r

E

U

c

y

y

.  (3.56)

amrigad Cven davamtkiceT, rom grinis Teoremis eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobis pirobasTan erTianobaSi gamoyeneba igivea, rac eleqtruli da magnituri velebis tangencialuri mdgenelebis uwyvetobis pirobebi.  

3.6. velis koeficientebis gansazRvra ararezonatorul

areebSi

rogorc zomoT ukve avRniSneT 
[image: image776.wmf]u

U

 harmoniuli funqciebis arCeva SesaZlebelia nebismierad, amitom SegviZlia avirCioT CvenTvis yvelaze ufro mosaxerxebeli funqciebi. vinaidan magnituri velis daZabulobis veqtoris tangencialuri mdgenelisaTvis gavqvs sami uwyvetobis piroba, amitom grinis TeoremaSic unda SevarCioT sami aseTi 
[image: image777.wmf]u

U

 funqcia (vinaidan ar unda dairRves gantolebaTa raodenoba).

Tavdapirvelad 
[image: image778.wmf]u

U

 funqciis rolSi aviRoT

                                      
[image: image779.wmf](

)

)

(

1

)]

(

sin[

l

b

z

ih

e

x

U

-

+

-

D

+

=

n

n

n

a

                                (3.57) 

vipovoT (3.56)_Si Semavali integralebis mniSvnelobebi, risTvisac gaviTvaliswinoT (3.4)_(3.6) gamosaxulebebi


[image: image780.wmf](

)

(

)

(

)

(

)

[

]

[

]

+

D

+

D

+

-

=

-

-

=

¶

¶

-

¶

¶

ò

ò

D

-

D

-

D

-

D

-

dx

x

x

A

p

h

h

i

l

b

z

dx

z

U

E

z

E

U

a

p

a

p

y

y

)

(

sin

sin

)

1

(

)

1

(

))

(

(

)

(

1

1

n

n

n

n

a

a


                                 
[image: image781.wmf](

)

(

)

[

]

(

)

[

]

dx

x

x

h

h

i

a

m

m

m

D

+

D

+

+

+

ò

å

D

-

D

-

¥

=

n

n

a

a

sin

sin

1

;                   (3.58) 


[image: image782.wmf](

)

(

)

(

)

(

)

ò

D

-

D

-

D

-

=

¶

¶

-

¶

¶

a

y

y

x

dz

x

U

E

x

E

U

)

(

)

(

1

3

3

1

n

n

=-
[image: image783.wmf](

)

(

)

[

]

dz

e

l

z

A

e

l

z

ih

m

m

l

l

b

m

b

ih

)

(

1

'

)

(

3

sin

-

-

¥

=

-

-

*

-

å

ò

-

n

n

a

a

n

;
                                                                                                                               (3.59)


[image: image784.wmf](

)

(

)

(

)

(

)

ò

D

-

D

-

D

-

=

¶

¶

-

¶

¶

a

y

y

x

dz

x

U

E

x

E

U

)

(

)

(

1

4

4

1

n

n

=

                                      
[image: image785.wmf]n

)

1

(

-

=



 EMBED Equation.3  [image: image786.wmf](

)

(

)

[

]

dz

e

l

z

A

e

l

z

ih

m

m

l

l

b

m

b

ih

)

(

1

'

)

(

4

sin

-

-

¥

=

-

-

*

-

å

ò

-

n

n

a

a

n

.         (3.60)

vinaidan 
[image: image787.wmf]sin[()]

m

x

a

+D

, 
[image: image788.wmf])]

(

sin[

D

+

x

n

a

 funqciebi orTogonalurebi arian (
[image: image789.wmf];

D

-



 EMBED Equation.3  [image: image790.wmf]D

-

a

) daxurul SualedSi, amitom (3.58)_is marjvena nawilSi pirveli integrali gaqreba, xolo meore integrirebis Catarebis Semdeg moxdeba jamSi Semavali wevrebis filtracia. amitom (3.59), (3.60)_Si integrirebis Sesrulebisa da miRebuli Sedegebis (3.56)_Si gaTvaliswinebiT SegviZlia davweroT


[image: image791.wmf](

)

1

2

n

n

aA

ih

+
[image: image792.wmf](

)

(

)

å

¥

=

*

-

-

-

-

-

1

3

2

2

'

'

1

1

m

m

m

b

ih

m

m

b

ih

A

h

e

e

n

n

a

a

a

n

n

+
[image: image793.wmf](

)

n

1

-



 EMBED Equation.3  [image: image794.wmf](

)

(

)

å

¥

=

*

-

-

-

-

-

1

4

2

2

'

'

1

1

m

m

m

b

ih

m

m

b

ih

A

h

e

e

n

n

a

a

a

n

n

=
                                             =
[image: image795.wmf](

)

(

)

ò

=

¶

¶

-

¶

¶

p

n

n

j

2

0

0

0

0

2

0

2

)

(

)

(

c

r

d

r

U

E

r

E

U

c

y

y

.         (3.61)

exla 
[image: image796.wmf]u

U

 funqciis rolSi SevarCioT Semdegi funqcia

                                                
[image: image797.wmf](

)

)

(

'

2

'

)]

(

sin[

D

+

-

-

=

x

ih

e

l

z

U

n

n

n

a

                                 (3.62)

analogurad (3.62)_Si (3.4)_(3.6)_is gaTvaliswinebisa da wina SemTxvevis analoguri procesebis Catarebis Sedegad vRebulobT gantolebas


[image: image798.wmf](

)

3

'

2

n

n

bA

ih

-

+
[image: image799.wmf](

)

(

)

a

ih

e

A

bp

ih

'

4

4

2

'

n

n

-



 EMBED Equation.3  [image: image800.wmf](

)

(

)

(

)

å

¥

=

*

-

-

-

-

-

-

1

1

2

'

2

'

'

1

1

1

m

m

m

a

ih

m

m

A

h

e

n

n

n

a

a

a

n

= 

                                                          =
[image: image801.wmf](

)

(

)

ò

=

¶

¶

-

¶

¶

p

n

n

j

2

0

0

0

0

2

0

2

)

(

)

(

c

r

d

r

U

E

r

E

U

c

y

y

        (3.63) 

sabolood 
[image: image802.wmf]u

U

 rolSi gamoviyenoT funqcia
                                           
[image: image803.wmf](

)

)

(

'

3

'

)]

(

sin[

a

x

ih

e

l

z

U

-

D

+

-

=

n

n

n

a

                   (3.64)

zustad ise, rogorc wina SemTxvevaSi


[image: image804.wmf](

)

4

'

2

n

n

bA

ih

-

+
[image: image805.wmf](

)

(

)

a

ih

e

A

bp

ih

'

3

3

2

'

n

n

-



 EMBED Equation.3  [image: image806.wmf](

)

(

)

(

)

å

¥

=

*

-

-

-

-

-

-

1

1

2

'

2

'

1

1

1

'

'

m

m

m

a

ih

m

m

a

ih

A

h

e

e

n

n

n

a

a

a

n

n

=         

                                                       
[image: image807.wmf](

)

(

)

2

2

2

00

00

0

()()

y

y

E

U

cUEdrc

rr

p

n

n

f

¶

¶

=-=

¶¶

ò

.            (3.65)

gamosaTvleli dagvrCa (3.61), (3.63), (3.65)_is marjvena nawilebSi Semavali integrali, romelic (3.7) warmodgenis Tanaxmad SeiZleba orad gavyoT


[image: image808.wmf](

)

=

j

I



 EMBED Equation.3  [image: image809.wmf](

)

(

)

ò

=

¶

¶

-

¶

¶

p

n

n

j

2

0

0

0

0

2

0

2

)

(

)

(

c

r

d

r

U

E

r

E

U

c

y

y

=
[image: image810.wmf](

)

(

)

ò

+

=

¶

¶

-

¶

¶

p

n

n

j

2

0

0

0

0

21

0

21

)

(

)

(

c

r

d

r

U

E

r

E

U

c

y

y

                          

                                           
[image: image811.wmf](

)

(

)

ò

=

¶

¶

-

¶

¶

+

p

n

n

j

2

0

0

0

0

22

0

22

)

(

)

(

c

r

d

r

U

E

r

E

U

c

y

y

.                    (3.66)

brtyeli talrebis cilindrulad gaSlis (3.41)_(3.44) da eileris cnobili formulebis Tanaxmad SegviZlia davaskvnaT, rom samarTliania Semdegi warmodgenebi

                                    
[image: image812.wmf](

)

(

)

å

¥

-¥

=

-

=

s

is

s

j

s

j

e

r

k

J

a

U

0

)

(

0

0

j

n

n

;                                    (3.67) 
                  
[image: image813.wmf][

]

(

)

[

]

D

+

-

x

l

z

h

m

m

'

sin

)

(

sin

a

=
[image: image814.wmf](

)

å

¥

-¥

=

n

in

s

nm

e

r

k

J

b

0

)

(

0

0

1

j

;                     (3.68)
                  
[image: image815.wmf][

]

(

)

[

]

l

b

x

h

m

m

-

D

+

'

'

sin

)

(

sin

a

=
[image: image816.wmf](

)

å

¥

-¥

=

n

in

s

nm

e

r

k

J

b

0

)

(

0

0

2

j

;                     (3.69)
                  
[image: image817.wmf][

]

(

)

[

]

l

b

a

x

h

m

m

-

-

D

+

'

'

sin

)

(

sin

a

=
[image: image818.wmf](

)

å

¥

-¥

=

n

in

s

nm

e

r

k

J

b

0

)

(

0

0

3

j

,         (3.70)

sadac 
[image: image819.wmf](

)

j

s

a

n

, 
[image: image820.wmf](

)

1

nm

b

 , 
[image: image821.wmf](

)

2

nm

b

, 
[image: image822.wmf](

)

3

nm

b

   
[image: image823.wmf]0

r

  da 
[image: image824.wmf]0

j

_ze damoukidebeli ucnobi koeficientebia. (3.67)_(3.70)_dan gamomdinare (3.66)_is pirveli wevri Semdegnairad SegviZlia gardavqmnaT

                   
[image: image825.wmf](

)

(

)

ò

=

=

¶

¶

-

¶

¶

p

n

n

j

2

0

0

0

0

21

0

21

)

(

)

(

c

r

d

r

U

E

r

E

U

c

y

y


                    =
[image: image826.wmf](

)

å

¥

-¥

=

s

j

s

a

n



 EMBED Equation.3  [image: image827.wmf](

)

(

)

(

)

å

¥

-¥

=

-

+

+

n

n

s

nm

nm

nm

r

k

J

r

k

J

b

b

b

)

(

)

(

)[

(

0

0

'

0

0

3

2

1


                           
[image: image828.wmf](

)

0

0

'

r

k

J

s

-



 EMBED Equation.3  [image: image829.wmf](

)

(

)

0

]

0

2

0

0

0

0

=

ò

-

j

p

j

d

e

r

k

J

s

n

i

n

.                                         (3.71)

(toloba (3.71) gamomdinareobs (
[image: image830.wmf]p

2

;

0

) daxurul Sualedze 
[image: image831.wmf]0

j

in

e

 da 
[image: image832.wmf]0

j

is

e

-

  am funqciebis orTogonalobidan), amitom (3.66)_dan gamomdinareobs

                                   
[image: image833.wmf](

)

(

)

(

)

ò

=

¶

¶

-

¶

¶

=

p

n

n

j

2

0

0

0

0

22

0

22

)

(

)

(

c

r

d

r

U

E

r

E

U

I

y

y

j

.                     (3.72)

daviwyoT 
[image: image834.wmf](

)

j

I

 integralebis mniSvnelobebis gamoTvla. Tavdapirvelad vipovoT 
[image: image835.wmf](

)

1

I

, amisTvis SevitanoT (3.72)_Si 
[image: image836.wmf])

22

(

y

E

_sa da 
[image: image837.wmf])

1

(

u

U

_is mniSvnelobebi Sesabamisad (3.27), (3.57)_dan 


[image: image838.wmf](

)

(

)

(

)

(

)

[

]

(

)

(

)

(

)

(

)

(

)

´

-

î

í

ì

D

+

=

+

¥

-¥

=

-

-

+

-

+

-

¥

-¥

=

å

ò

å

l

k

H

r

k

J

i

d

e

r

r

k

H

X

k

I

q

q

iq

l

b

r

ih

q

q

q

0

2

0

0

'

0

sin

2

0

0

0

0

0

'

2

0

1

2

cos

sin

0

0

0

m

m

m

m

j

j

p

n

j

j

a

n


                       
[image: image839.wmf](

)

[

]

(

)

}

0

sin

2

0

0

0

0

0

0

cos

sin

j

j

a

mj

j

p

n

n

d

e

r

i

l

b

r

ih

+

-

+

-

ò

D

+

´

_

                      
[image: image840.wmf](

)

(

)

(

)

[

]

´

î

í

ì

D

+

¶

¶

-

ò

å

¥

-¥

=

p

n

j

a

2

0

0

0

0

0

0

'

2

cos

sin

r

r

r

k

H

X

q

q

q


     
[image: image841.wmf](

)

-

´

+

-

+

-

0

sin

0

0

0

j

j

j

n

d

e

iq

l

b

r

ih



 EMBED Equation.3  [image: image842.wmf](

)

[

]

(

)

}

0

sin

2

0

0

0

0

0

0

0

cos

sin

j

j

a

mj

j

p

n

n

d

e

r

r

i

l

b

r

ih

+

-

+

-

ò

D

+

¶

¶

 . (3.73)

rogorc (3.73)_dan Cans 
[image: image843.wmf](

)

j

I

 integralis gamoTvlisas aucilebelia napovni iqnes Semdegi integralis mniSvneloba


[image: image844.wmf](

)

(

)

[

]

(

)

0

sin

2

0

0

0

1

0

0

0

cos

sin

j

j

a

j

j

p

n

n

d

e

r

I

iq

l

b

r

ih

+

-

+

-

î

í

ì

D

+

=

ò

=
[image: image845.wmf]i

2

1



 EMBED Equation.3  [image: image846.wmf](

(

)

-

+

-

+

-

D

+

0

0

0

0

0

sin

)

cos

(

j

j

j

a

n

n

iq

l

b

r

ih

r

i

e


           _
[image: image847.wmf](

)

)

)

)

(

)

(

(

2

1

0

2

0

1

0

sin

)

cos

(

0

0

0

0

0

r

F

r

F

i

d

e

iq

l

b

r

ih

r

i

-

=

+

-

+

-

D

+

-

j

j

j

j

a

n

n

           (3.74)


[image: image848.wmf])

(

0

1

r

F

 da 
[image: image849.wmf])

(

0

2

r

F

_is gamoTvlisas gamoTvlili unda iqnes ori SemTxveva

1.     
[image: image850.wmf]D

<

n

 

      
[image: image851.wmf](

)

(

)

(

)

(

)

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

i

l

b

ih

q

iq

r

ik

i

l

b

ih

e

r

k

J

d

e

e

r

F

+

D

+

-

-

+

-

-

D

+

-

-

=

=

ò

0

0

0

2

0

)

sin(

)

(

0

1

2

0

0

0

0

;        (3.75)

      
[image: image852.wmf](

)

(

)

(

)

(

)

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

i

l

b

ih

q

iq

r

ik

i

l

b

ih

e

r

k

J

d

e

e

r

F

+

D

-

-

-

+

+

-

D

-

-

-

=

=

ò

0

0

0

2

0

)

sin(

)

(

0

2

2

0

0

0

0

.       (3.76) 
(3.74)_Si mxedvelobaSi miviRoT (3.75), (3.76), maSin

                                   
[image: image853.wmf](

)

(

)

(

)

l

b

ih

q

e

q

r

k

J

r

F

-

-

+

D

=

n

n

n

x

a

p

)

sin(

2

0

0

0

.             (3.77)

2.   
[image: image854.wmf]D

>

n

 

      
[image: image855.wmf](

)

(

)

(

)

(

)

*

*

*

*

-

D

+

-

-

+

-

D

+

-

-

=

=

ò

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

i

l

b

h

q

q

iq

i

r

ik

i

l

b

h

e

r

k

J

i

d

e

e

r

F

0

0

0

2

0

)

cos(

)

(

0

1

2

0

0

0

0

;        (3.78)

     
[image: image856.wmf](

)

(

)

(

)

(

)

*

*

*

*

-

D

-

-

-

-

+

+

-

D

-

-

-

=

=

ò

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

i

l

b

h

q

q

iq

i

r

ik

i

l

b

h

e

r

k

J

i

d

e

e

r

F

0

0

0

2

0

)

cos(

)

(

0

1

2

0

0

0

0

.       (3.79)

(3.74)_Si gaviTvaliswinoT (3.78), (3.79), maSin SegviZlia davweroT

                         
[image: image857.wmf](

)

(

)

(

)

[

]

(

)

l

b

h

q

i

q

q

i

q

q

e

e

i

e

i

r

k

J

i

r

F

-

-

-

D

-

-

-

D

*

*

-

=

n

n

n

n

n

x

a

x

a

p

0

0

0

.            (3.80)

gavaerTianoT (3.77), (3.80) da vwerT

                                                        
[image: image858.wmf](

)

(

)

(

)

1

0

0

0

2

q

q

V

r

k

J

r

F

n

p

=

,                 (3.81)

sadac

                                     
[image: image859.wmf](

)

(

)

(

)

(

)

(

)

1

sin

1

2

ihbl

q

iq

hbl

iq

qq

qe

V

ieiee

i

n

nn

n

nn

nn

n

ax

ax

ax

*

*

*

--

-D-

--

D-

-

ì

D+

ï

=

í

éù

-

ï

êú

ëû

î

.
(3.81) SevitanoT (3.73)_Si da miRebuli Sedegi ki CavsvaT (3.61)_Si

                         
[image: image860.wmf](

)

1

2

n

n

aA

ih



 EMBED Equation.3  [image: image861.wmf](

)

(

)

å

¥

=

*

-

-

-

-

-

+

1

3

2

2

'

'

1

1

m

m

m

b

ih

m

m

b

ih

A

h

e

e

n

n

a

a

a

n

n

_

                             
[image: image862.wmf](

)

(

)

(

)

=

-

-

-

-

-

å

¥

=

*

-

-

1

4

2

2

'

'

1

1

1

m

m

m

b

ih

m

m

b

ih

A

h

e

e

n

n

n

a

a

a

n

n


                        
[image: image863.wmf](

)

(

)

(

)

(

)

(

)

(

)

[

]

(

)

q

q

q

q

q

q

q

X

V

c

k

H

c

k

J

c

k

H

c

k

J

c

k

1

0

2

0

'

0

'

2

0

0

2

n

p

å

¥

-¥

=

-

=

.              (3.82)

gamoviyenoT cnobili formula gronskianisTvis

           
[image: image864.wmf](

)

(

)

(

)

{

}

=

c

k

H

c

k

J

W

q

q

0

2

0

,



 EMBED Equation.3  [image: image865.wmf](

)

(

)

(

)

-

c

k

H

c

k

J

q

q

0

'

2

0



 EMBED Equation.3  [image: image866.wmf](

)

(

)

(

)

c

k

i

c

k

H

c

k

J

q

q

0

0

2

0

'

2

p

-

=

,  (3.83)

maSin (3.82)_dan dagvrCeba


[image: image867.wmf](

)

1

2

n

n

aA

ih



 EMBED Equation.3  [image: image868.wmf](

)

(

)

å

¥

=

*

-

-

-

-

-

+

1

3

2

2

'

'

1

1

m

m

m

b

ih

m

m

b

ih

A

h

e

e

n

n

a

a

a

n

n

_

                         
[image: image869.wmf](

)

(

)

(

)

å

¥

=

*

-

-

-

-

-

-

-

1

4

2

2

'

'

1

1

1

m

m

m

b

ih

m

m

b

ih

A

h

e

e

n

n

n

a

a

a

n

n



 EMBED Equation.3  [image: image870.wmf](

)

q

q

q

X

V

i

1

4

n

å

¥

-¥

=

-

=

.    (3.84)

ganvixiloT integrali


[image: image871.wmf](

)

(

)

[

]

(

)

=

î

í

ì

-

=

+

D

+

-

ò

0

cos

2

0

0

0

'

0

0

0

0

'

sin

sin

j

j

a

j

j

p

n

n

d

e

l

r

r

F

iq

r

ih



 EMBED Equation.3  [image: image872.wmf](

(

)

-

+

D

+

-

-

0

0

0

'

0

0

'

cos

)

sin

(

2

1

j

j

j

a

n

n

iq

r

ih

l

r

i

e

i


           _
[image: image873.wmf](

)

)

)

)

(

)

(

(

2

1

0

2

0

1

0

cos

)

sin

(

0

0

0

'

0

0

'

r

F

r

F

i

d

e

iq

r

ih

l

r

i

-

=

+

D

+

-

-

-

j

j

j

j

a

n

n

                (3.85) 

wina SemTxvevis analogiurad kvlav vixilavT or SemTxvevas

1.   
[image: image874.wmf]D

<

n


              
[image: image875.wmf](

)

(

)

(

)

'

'

'

0

'

0

0

0

'

'

0

0

0

2

0

)

cos(

0

1

2

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

l

i

ih

q

q

iq

r

ik

l

i

ih

e

r

k

J

i

d

e

e

r

F

+

-

D

-

-

+

+

-

-

D

-

=

=

ò

;      (3.86)

             
[image: image876.wmf](

)

(

)

(

)

'

'

'

0

'

0

0

0

'

'

0

0

0

2

0

)

cos(

0

2

2

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

l

i

ih

q

q

iq

r

ik

l

i

ih

e

r

k

J

i

d

e

e

r

F

+

+

D

-

-

+

-

-

+

D

-

=

=

ò

.       (3.87)
(3.85)_Si gaviTvaliswinoT (3.86), (3.87)

                              
[image: image877.wmf](

)

(

)

D

-

-

+

-

=

'

)

sin(

2

'

'

0

0

0

n

n

n

x

a

p

ih

q

q

e

q

l

i

r

k

J

r

F

.                             (3.88)

2.   
[image: image878.wmf]D

>

n


           
[image: image879.wmf](

)

(

)

÷

÷

ø

ö

ç

ç

è

æ

-

-

D

-

+

+

-

D

-

-

-

-

-

=

=

ò

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

l

i

h

q

iq

i

r

ik

l

i

h

e

r

k

J

d

e

e

r

F

'

0

0

0

0

'

0

0

0

2

0

)

sin(

0

1

2

;             (3.89)

      
[image: image880.wmf](

)

(

)

(

)

÷

÷

ø

ö

ç

ç

è

æ

-

+

D

-

+

-

-

+

D

-

-

-

-

-

-

=

=

ò

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

l

i

h

q

q

iq

i

r

ik

l

i

h

e

r

k

J

d

e

e

r

F

'

0

0

0

0

'

0

0

0

2

0

)

sin(

0

2

1

2

.       (3.90)
SevitanoT 
[image: image881.wmf](

)

0

1

r

F

_sa da 
[image: image882.wmf](

)

0

2

r

F

_is mniSvnelobebi (3.89), (3.90)_dan (3.85)_Si

                  
[image: image883.wmf](

)

(

)

(

)

D

-

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

-

-

-

ú

ú

û

ù

ê

ê

ë

é

-

-

-

=

n

n

n

n

n

x

a

x

a

p

h

q

l

i

q

l

i

q

q

e

e

e

r

k

J

i

r

F

'

'

1

0

0

0

.               (3.91)

gavaerTianoT (3.88), (3.91)

                                                 
[image: image884.wmf](

)

(

)

(

)

2

0

0

0

2

q

q

V

r

k

J

r

F

n

p

-

=

,                                      (3.92) 

sadac
                                 
[image: image885.wmf](

)

(

)

(

)

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

+

=

D

-

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

D

-

-

-

-

-

n

n

n

n

n

n

x

a

x

a

n

n

n

x

a

h

q

l

i

q

l

i

q

ih

q

q

e

e

e

i

e

q

l

i

V

'

'

'

1

2

1

sin

'

'

2

.      
Tu (3.92)_s gaviTvaliswinebT (3.63)_Si gveqneba

   
[image: image886.wmf](

)

3

'

2

n

n

bA

ih

-

+
[image: image887.wmf](

)

(

)

a

ih

e

A

bp

ih

'

4

4

2

'

n

n

-



 EMBED Equation.3  [image: image888.wmf](

)

(

)

(

)

å

¥

=

*

-

-

-

-

-

-

1

1

2

'

2

'

'

1

1

1

m

m

m

a

ih

m

m

A

h

e

n

n

n

a

a

a

n

=
[image: image889.wmf](

)

q

q

q

X

V

i

2

4

n

å

¥

-¥

=

.
                                                                                                                               (3.93)
bolos sapovneli dagvrCa integrali

                           
[image: image890.wmf](

)

)

)

)

(

)

(

(

2

1

0

2

0

1

0

cos

)

sin

(

0

0

0

'

0

0

'

r

F

r

F

i

d

e

iq

a

r

ih

l

r

i

-

=

+

D

+

-

+

-

-

j

j

j

j

a

n

n

.     (3.94) 1.    
[image: image891.wmf]D

<

n


       
[image: image892.wmf](

)

(

)

(

)

'

'

'

0

'

0

0

0

'

'

)

(

0

0

0

2

0

)

cos(

)

(

0

1

2

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

l

i

a

ih

q

q

iq

r

ik

l

i

a

ih

e

r

k

J

i

d

e

e

r

F

-

-

-

D

-

-

+

-

-

D

-

-

=

=

ò

;      (3.95)

      
[image: image893.wmf](

)

(

)

(

)

'

'

'

0

'

0

0

0

'

'

)

(

0

0

0

2

0

)

cos(

)

(

0

2

2

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

l

i

a

ih

q

q

iq

r

ik

l

i

a

ih

e

r

k

J

i

d

e

e

r

F

-

+

D

-

-

-

+

+

+

D

-

-

=

=

ò

.      (3.96)

amitom 

                                
[image: image894.wmf](

)

(

)

)

(

'

'

0

0

0

'

)

sin(

2

D

-

-

-

-

-

=

a

ih

q

q

e

q

l

i

r

k

J

r

F

n

n

n

x

a

p

 .                     (3.97)

2.    
[image: image895.wmf]D

>

n


   
[image: image896.wmf](

)

(

)

÷

÷

ø

ö

ç

ç

è

æ

+

-

D

-

-

+

-

-

D

-

-

-

-

-

-

=

=

ò

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

l

i

a

h

q

iq

i

r

ik

l

i

a

h

e

r

k

J

d

e

e

r

F

'

0

0

0

0

'

)

(

0

0

0

2

0

)

sin(

)

(

0

1

2

;           (3.98)


[image: image897.wmf](

)

(

)

(

)

÷

÷

ø

ö

ç

ç

è

æ

+

+

D

-

-

+

+

-

+

D

-

-

-

-

-

-

-

=

=

ò

n

n

n

n

n

n

x

a

p

j

x

j

a

p

j

q

l

i

a

h

q

q

iq

i

r

ik

l

i

a

h

e

r

k

J

d

e

e

r

F

'

0

0

0

0

'

)

(

0

0

0

2

0

)

sin(

)

(

0

2

1

2

.    (3.99)

aqedan gamomdinare

                      
[image: image898.wmf](

)

(

)

(

)

)

(

0

0

0

'

'

1

D

-

-

÷

÷

ø

ö

ç

ç

è

æ

+

-

+

-

-

-

ú

ú

û

ù

ê

ê

ë

é

-

-

-

=

a

h

q

l

i

q

l

i

q

q

e

e

e

r

k

J

i

r

F

n

n

n

n

n

x

a

x

a

p

.
    (3.100)

gavaerTianoT (3.91), (3.100)

                                               
[image: image899.wmf](

)

(

)

(

)

3

0

0

0

2

q

q

V

r

k

J

r

F

n

p

-

=

,                     (3.101)

aq

                        
[image: image900.wmf](

)

(

)

(

)

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

-

=

D

-

-

÷

÷

ø

ö

ç

ç

è

æ

+

-

+

D

-

-

-

-

-

-

)

(

)

(

'

'

3

'

'

'

1

2

1

sin

a

h

q

l

i

q

l

i

q

a

ih

q

q

e

e

e

i

e

q

l

i

V

n

n

n

n

n

n

x

a

x

a

n

n

n

x

a

.
CavsvaT (3.101) (3.65)_Si 


[image: image901.wmf](

)

4

'

2

n

n

bA

ih

-

+
[image: image902.wmf](

)

(

)

a

ih

e

A

bp

ih

'

3

3

2

'

n

n

-



 EMBED Equation.3  [image: image903.wmf](

)

(

)

(

)

å

¥

=

*

-

-

-

-

-

-

-

1

1

2

'

2

'

'

1

1

)

1

(

1

m

m

m

a

ih

m

m

m

A

h

e

n

n

n

a

a

a

n

 =

                                                                                      =
[image: image904.wmf](

)

q

q

q

X

V

i

3

4

n

å

¥

-¥

=

.             (3.102)  

gavaerTianoT (3.84), (3.93) da (3.102) erT sistemaSi

                     
[image: image905.wmf](

)

1

2

n

n

aA

ih



 EMBED Equation.3  [image: image906.wmf](

)

(

)

å

¥

=

*

-

-

-

-

-

+

1

3

2

2

'

'

1

1

m

m

m

b

ih

m

m

b

ih

A

h

e

e

n

n

a

a

a

n

n

_

                           
[image: image907.wmf](

)

(

)

(

)

=

-

-

-

-

-

å

¥

=

*

-

-

1

4

2

2

'

'

1

1

1

m

m

m

b

ih

m

m

b

ih

A

h

e

e

n

n

n

a

a

a

n

n


                                            
[image: image908.wmf](

)

q

q

q

X

V

i

1

4

n

å

¥

-¥

=

-

=

;                                                     (3.103)


[image: image909.wmf](

)

3

'

2

n

n

bA

ih

-

+
[image: image910.wmf](

)

(

)

a

ih

e

A

bp

ih

'

4

4

2

'

n

n

-



 EMBED Equation.3  [image: image911.wmf](

)

(

)

(

)

å

¥

=

*

-

-

-

-

-

-

1

1

2

'

2

'

'

1

1

1

m

m

m

a

ih

m

m

A

h

e

n

n

n

a

a

a

n

=
[image: image912.wmf](

)

q

q

q

X

V

i

2

4

n

å

¥

-¥

=

;
                                                                                                                             (3.104)


[image: image913.wmf](

)

4

'

2

n

n

bA

ih

-

+
[image: image914.wmf](

)

(

)

a

ih

e

A

bp

ih

'

3

3

2

'

n

n

-



 EMBED Equation.3  [image: image915.wmf](

)

(

)

(

)

å

¥

=

*

-

-

-

-

-

-

-

1

1

2

'

2

'

'

1

1

)

1

(

1

m

m

m

a

ih

m

m

m

A

h

e

n

n

n

a

a

a

n

=  

                                                                                     =
[image: image916.wmf](

)

q

q

q

X

V

i

3

4

n

å

¥

-¥

=

.                (3.105)
3.7 wrfiv algebrul gantolebaTa usasrulo dualuri

sistema

(3.104), (3.105)_dan gansazRvrul 
[image: image917.wmf](

)

*

3

n

A

 da 
[image: image918.wmf](

)

*

4

n

A

 koeficientebis mniSvnelobebi SevitanoT (3.103)_Si. garkveuli maTematikuri gardaqmnebis Catarebisa da matriculi elementebisa da Tavisufali wevrebis cxadi saxiT gamoyofis Semdeg vRebulobT wrfiv algebrul gantolebaTa usasrulo dualur sistemas centralur StoSi arekvlili 
[image: image919.wmf])

1

(

m

A

 koeficientebisa da cilindruli araerTgvarovnebis mier gabneuli velis multipoluri speqtris koeficientebis mimarT, sadac 

                                  
[image: image920.wmf](

)

(

)

(

)

(

)

0

12

1

11

1

1

=

+

+

+

å

å

¥

-¥

=

¥

=

q

nq

q

m

nm

m

n

n

X

Q

A

Q

X

a

,       (3.106)

                                  
[image: image921.wmf](

)

(

)

(

)

(

)

(

)

0

22

1

21

1

1

2

=

+

+

+

å

å

¥

-¥

=

¥

=

q

q

q

m

m

m

X

Q

A

Q

A

a

n

n

n

n

.               (3.107)
sadac

[image: image922.wmf](

)

(

)

(

)

(

)

(

)

[

]

(

)

(

)

(

)

(

)

[

]

(

)

a

h

e

h

b

ih

e

b

h

Q

s

a

ih

ns

m

ns

s

s

m

s

a

ih

m

s

s

m

m

nm

nm

s

s

'

1

2

1

2

'

2

'

'

'

1

11

sin

1

2

1

1

1

sin

'

'

-

¥

=

-

-

-

-

-

-

-

-

=

å

b

b

a

a

a

b

;


[image: image923.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

å

¥

=

*

-

-

=

1

'

3

3

2

2

'

12

12

sin

2

s

s

sq

ns

sq

ns

s

nq

nq

a

h

V

V

b

h

Q

Q

b

b

;


[image: image924.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

[

]

)

sin(

)

3

(

)

3

(

)

4

(

)

4

(

1

1

sin

)

4

(

)

4

(

)

3

(

)

3

(

'

1

3

2

11

'

3

2

1

'

a

h

e

A

p

A

p

Q

A

p

a

h

A

p

A

p

a

s

a

ih

s

ns

ns

np

n

n

n

s

-

¥

=

å

+

+

+

+

=

b

b

b

b

m

m

m



[image: image925.wmf](

)

(

)

[

]

(

)

(

)

[

]

(

)

[

]

(

)

(

)

å

¥

=

-

-

+

-

-

-

-

-

-

-

-

-

-

=

1

2

2

2

2

'

'

2

'

21

2

1

1

1

1

1

1

1

2

'

s

s

m

s

s

a

ih

m

b

ih

s

s

s

m

m

b

ih

m

h

h

b

ih

e

e

a

ih

e

Q

s

a

a

a

a

a

n

n

n

n

n

n

n

;


[image: image926.wmf](

)

(

)

(

)

[

]

(

)

(

)

(

)

(

)

[

]

å

¥

=

-

-

-

-

-

-

-

-

=

1

2

1

2

2

'

'

'

1

'

22

1

1

1

2

2

2

s

sq

sq

s

s

b

ih

s

s

b

ih

sq

q

V

V

h

b

h

e

a

ih

e

V

b

h

Q

n

n

n

n

n

n

a

a

a

n

n

;


[image: image927.wmf](

)

[

]

(

)

(

)

(

)

-

ú

ú

û

ù

ê

ê

ë

é

-

-

-

+

-

-

-

-

-

-

=

-

-

¥

=

-

-

å

a

ih

s

b

ih

s

S

s

d

ih

b

ih

s

e

h

e

h

e

a

ih

e

A

p

A

p

a

'

2

2

'

1

'

2

2

'

'

2

1

1

1

1

1

2

)

3

(

)

3

(

)

1

(

)

4

(

)

4

(

n

n

m

m

m

n

n

n

n

n

a

a

a

a

a

n

n

n


                                                                                                                 
[image: image928.wmf](

)

(

)

21

1

)

1

(

p

Q

A

p

n

-

;


[image: image929.wmf](

)

(

)

(

)

12

11

1

nm

nm

nm

b

b

b

+

=

 ,                       
[image: image930.wmf](

)

(

)

(

)

22

21

2

nm

nm

nm

b

b

b

+

=

,                      
[image: image931.wmf](

)

(

)

(

)

32

31

3

nm

nm

nm

b

b

b

+

=

;


[image: image932.wmf](

)

=

11

nm

b



 EMBED Equation.3  [image: image933.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-



 EMBED Equation.3  [image: image934.wmf](

)

[

]

(

)

[

]

ï

î

ï

í

ì

-

-

+

D

*

*

-

-

D

-

D

-

-

-

2

sin

l

h

n

i

n

n

i

n

l

ih

m

m

m

m

m

m

m

m

e

e

i

e

i

e

n

i

x

a

x

a

x

a

;


[image: image935.wmf](

)

=

12

nm

b



 EMBED Equation.3  [image: image936.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-



 EMBED Equation.3  [image: image937.wmf](

)

[

]

(

)

[

]

ï

î

ï

í

ì

-

-

D

-

-

*

*

*

-

D

-

-

+

D

2

sin

)

1

(

l

h

n

i

n

n

i

n

l

ih

m

m

n

m

m

m

m

m

m

e

e

i

e

i

e

n

i

x

a

x

a

x

a

;


[image: image938.wmf](

)

=

21

nm

b



 EMBED Equation.3  [image: image939.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-

 
[image: image940.wmf](

)

[

]

(

)

(

)

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

-

-

D

-

+

-

÷

÷

ø

ö

ç

ç

è

æ

+

-

D

-

+

-

-

-

-

2

1

sin

)

(

)

(

'

'

1

'

'

'

a

h

n

l

i

n

l

i

n

a

ih

m

m

n

m

m

m

m

m

m

e

e

e

e

n

l

i

x

a

x

a

x

a

;


[image: image941.wmf](

)

=

22

nm

b



 EMBED Equation.3  [image: image942.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-



 EMBED Equation.3  [image: image943.wmf](

)

(

)

[

]

(

)

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

-

+

-

-

D

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

-

D

+

-

-

-

2

)

1

(

sin

'

'

'

'

'

1

a

h

n

l

i

n

l

i

n

a

ih

m

m

n

m

m

m

m

m

m

e

e

e

e

n

l

i

x

a

x

a

x

a

;


[image: image944.wmf](

)

=

31

nm

b



 EMBED Equation.3  [image: image945.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-

 
[image: image946.wmf](

)

[

]

(

)

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

-

D

-

+

-

÷

÷

ø

ö

ç

ç

è

æ

+

D

-

+

-

-

-

-

m

m

m

m

m

m

h

n

l

i

n

l

i

n

ih

m

m

n

e

e

e

e

n

l

i

)

(

'

'

1

'

'

'

1

2

1

sin

x

a

x

a

x

a

;


[image: image947.wmf](

)

=

32

nm

b



 EMBED Equation.3  [image: image948.wmf](

)

(

)

(

)

c

k

H

c

k

J

n

n

0

2

0

-

 
[image: image949.wmf](

)

[

]

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

-

+

-

D

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

D

+

-

-

-

m

m

m

m

m

m

h

n

l

i

n

l

i

n

ih

m

m

n

e

e

e

e

n

l

i

x

a

x

a

x

a

'

'

'

)

1

(

2

1

sin

'

'

1

;


[image: image950.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

+

ú

û

ù

ê

ë

é

-

+

-

+

-

=

å

¥

=

*

1

32

31

'

3

22

21

'

2

12

11

1

12

sin

sin

sin

m

mq

mq

m

nm

mq

mq

m

nm

mq

mq

m

nm

nq

a

h

a

h

b

h

Q

a

a

b

a

a

b

a

a

b


                                                                                           
[image: image951.wmf](

)

(

)

(

)

(

)

(

)

(

)

l

k

H

c

k

H

c

k

J

i

q

n

n

n

q

n

0

2

0

2

0

2

+

-

-

+

;

[image: image952.wmf](

)

(

)

(

)

(

)

[

]

dx

e

x

l

b

x

k

H

a

x

l

b

iqarctg

a

q

q

÷

ø

ö

ç

è

æ

-

-

D

-

D

-

D

+

ú

û

ù

ê

ë

é

-

+

=

ò

m

m

a

a

sin

1

2

2

0

2

11

;

[image: image953.wmf](

)

(

)

(

)

(

)

[

]

dx

e

x

l

b

x

k

H

a

x

l

b

iqarctg

a

q

q

÷

ø

ö

ç

è

æ

+

D

-

D

-

D

+

ú

û

ù

ê

ë

é

+

+

=

ò

m

m

a

a

sin

1

2

2

0

2

12

;

[image: image954.wmf](

)

(

)

[

]

(

)

(

)

[

]

dz

e

l

z

z

k

H

b

z

iqarctg

l

l

b

q

q

÷

ø

ö

ç

è

æ

D

-

-

-

-

+

D

=

ò

'

2

2

0

2

21

sin

1

m

m

a

a

;

[image: image955.wmf](

)

(

)

(

)

(

)

(

)

[

]

dz

e

l

z

l

z

k

H

b

l

z

iqarctg

l

l

b

q

q

÷

ø

ö

ç

è

æ

D

+

-

-

-

ú

û

ù

ê

ë

é

+

+

D

=

ò

2

'

2

2

0

2

22

sin

2

1

m

m

a

a

;

[image: image956.wmf](

)

(

)

[

]

(

)

(

)

[

]

÷

ø

ö

ç

è

æ

D

-

-

-

-

+

D

-

=

ò

a

z

iqarctg

l

l

b

q

q

e

l

z

z

a

k

H

b

'

2

2

0

2

31

sin

)

(

1

m

m

a

a

;

[image: image957.wmf](

)

(

)

(

)

(

)

(

)

(

)

[

]

÷

ø

ö

ç

è

æ

D

-

+

-

-

-

-

ú

û

ù

ê

ë

é

+

+

D

-

=

ò

a

l

z

iqarctg

l

l

b

q

q

e

l

z

l

z

a

k

H

b

2

'

2

2

0

2

32

sin

2

1

m

m

a

a

;

[image: image958.wmf](

)

(

)

(

)

(

)

[

]

(

)

ï

î

ï

í

ì

-

+

D

=

-

-

-

D

-

-

-

D

-

-

*

*

*

l

b

h

q

i

q

q

i

q

l

b

ih

q

e

e

i

e

i

i

e

q

V

n

n

n

n

n

n

x

a

x

a

n

n

n

x

a

2

1

sin

1

;

[image: image959.wmf](

)

(

)

(

)

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

+

=

D

-

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

D

-

-

-

-

-

n

n

n

n

n

n

x

a

x

a

n

n

n

x

a

h

q

l

i

q

l

i

q

ih

q

q

e

e

e

i

e

q

l

i

V

'

'

'

1

2

1

sin

'

'

2

;

[image: image960.wmf](

)

(

)

(

)

ï

ï

î

ï

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

-

-

-

=

D

-

-

÷

÷

ø

ö

ç

ç

è

æ

+

-

+

D

-

-

-

-

-

-

)

(

)

(

'

'

3

'

'

'

1

2

1

sin

a

h

q

l

i

q

l

i

q

a

ih

q

q

e

e

e

i

e

q

l

i

V

n

n

n

n

n

n

x

a

x

a

n

n

n

x

a

;

[image: image961.wmf]2

2

0

m

m

k

h

a

-

=

,       
[image: image962.wmf]2

'

2

0

'

m

m

k

h

a

-

=

,        
[image: image963.wmf]2

0

2

k

i

h

m

m

-

-

=

*

a

,          
[image: image964.wmf]2

0

2

'

k

i

h

m

m

-

-

=

-

a

;

[image: image965.wmf]a

m

m

p

a

=

,        
[image: image966.wmf]b

m

m

p

a

=

'

,      
[image: image967.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

=

2

2

m

D

m

arctg

m

x

,       
[image: image968.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

=

2

2

1

'

m

D

m

arctg

m

x

;

[image: image969.wmf]÷

÷

÷

ø

ö

ç

ç

ç

è

æ

-

=

*

m

m

D

Arth

m

2

2

x

,       
[image: image970.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

=

-

m

m

D

Arth

m

2

2

1

x

,        
[image: image971.wmf]l

/

a

D

=

,           
[image: image972.wmf]l

/

1

b

D

=

.
gadavideT matriculi elementebis da Tavisufali wevrebis analizze.

3.8. matriculi elementebisa da Tavisufali wevrebis

analizi. amocanis Sesabamisi wrfiv algebrul

gantolebaTa usasurulo dualuri sistemis regularizacia

ganvixiloT 
[image: image973.wmf](

)

12

nq

Q

 matricul elementSi Semavali jami, romlis zogadi wevri moicema formuliT 
[image: image974.wmf])

sin(

'

'

)

3

(

)

3

(

)

2

(

)

2

(

)

(

a

h

h

V

V

T

s

s

sq

ns

sq

ns

s

nm

b

b

-

=

 (mamravli 
[image: image975.wmf]b

/

2

 gamotovebulia, vinaidan igi ar axdens gavlenas jamis krebadobaze). mricxvelSi moTavsebuli gamosaxuleba miiswrafvis usasrulobisaken, rogorc  
[image: image976.wmf]D

+

*

*

s

h

s

n

e

x

, xolo mniSvnelSi ki 
[image: image977.wmf])

(

*

*

D

-

a

h

s

s

e

h

 (
[image: image978.wmf]D

-

a

 _ yovelTvis dadebiTia, vinaidan 
[image: image979.wmf]D

>

a

).

ganvixiloT zRvari

                                 
[image: image980.wmf]2

2

2

2

lim

D

S

C

S

D

S

narth

U

s

-

÷

÷

ø

ö

ç

ç

è

æ

-

=

¥

®

.

gavxsnaT 
[image: image981.wmf]¥

¥

 ganuzRvreloba, risTvisac gamoviyenoT lopitalis wesi. am wesis gamoyenebis Sedegad mivdivarT Semdeg zRvramde

                                      
[image: image982.wmf]0

1

lim

1

lim

2

2

2

2

=

=

-

-

=

¥

®

¥

®

S

c

n

D

S

S

D

S

c

n

U

s

s

 

maSasadame es wevri miiswrafvis 0_sken eqsponencialuri kanoniT, anu Cvens mier ganxiluli mwkrivi swrafad krebadia.

gadavideT Cveni amocanis Sesabamisi wrfivi algebruli gantolebis dualuri sistemis matriculi elementebisa da Tavisufali wevrebis Sefasebaze, risTvisac gamoviyenoT beselisa da hankelis funqciebis asimptoturi gaSlis formulebi didi indeqsebisaTvis

                                         .      
[image: image983.wmf]n

n

n

ez

n

z

J

÷

ø

ö

ç

è

æ

»

2

2

1

)

(

p

; 

                                                   
[image: image984.wmf]n

n

n

ez

n

z

H

-

÷

ø

ö

ç

è

æ

»

2

2

)

(

)

2

(

p

               (3.108)            

amitom

                                                             
[image: image985.wmf](

)

(

)

n

n

n

n

c

ek

c

k

H

c

k

J

2

0

0

)

2

(

0

2

2

1

÷

ø

ö

ç

è

æ

»

 

                                                     
[image: image986.wmf](

)

÷

ø

ö

ç

è

æ

+

=

-

2

2

0

2

b

a

k

J

X

X

q

q

q

                           (3.109)                                  

Sesabamisad (3.106)_is matriculi elementebi da Tavisufali wevrebi krebadi arian 
[image: image987.wmf]m

 da 
[image: image988.wmf]n

 indeqsebis mimarT, magram 
[image: image989.wmf]q

_s mimarT ar arian (kerZod matriculi elementebi 
[image: image990.wmf](

)

12

nq

Q

 ganSladia). (3.107)_is matriculi elementebida Tavisufali wevrebi yvela indeqsis mimarT (
[image: image991.wmf]n

,
[image: image992.wmf]m

 da 
[image: image993.wmf]q

) arian krebadi. 


[image: image994.wmf](

)

12

nq

Q

_is ganSladobis maqsimaluri siCqare naklebia 
[image: image995.wmf](

)

÷

ø

ö

ç

è

æ

+

2

2

0

2

b

a

k

J

q

_is krebadobis siCqareze, amitom gansaxilvel wrfiv algebrul gantolebaTa usasrulo dualuri sistemis regularizaciisaTvis SemovitanoT axali cvladi (
[image: image996.wmf]q

X

-

), romelic akmayofilebs pirobas 

              
[image: image997.wmf](

)

(

)

+

+

÷

ø

ö

ç

è

æ

+

-

n

n

n

X

b

a

k

J

a

2

2

0

1

2



 EMBED Equation.3  [image: image998.wmf](

)

(

)

(

)

1

2

2

0

11

1

2

m

n

nm

m

A

b

a

k

J

Q

÷

ø

ö

ç

è

æ

+

å

¥

=

+
                                                 +
[image: image999.wmf](

)

(

)

(

)

0

2

2

12

2

2

0

2

2

0

=

÷

ø

ö

ç

è

æ

+

÷

ø

ö

ç

è

æ

+

-

¥

-¥

=

å

n

nq

n

q

q

X

Q

b

a

k

J

b

a

k

J

,              (3.110)

maSin gveqneba

                 
[image: image1000.wmf](

)

(

)

(

)

(

)

(

)

(

)

0

2

22

2

2

0

1

21

1

1

2

=

÷

ø

ö

ç

è

æ

+

+

+

+

å

å

¥

-¥

=

-

¥

=

q

q

nq

q

m

m

m

X

Q

b

a

k

J

A

Q

A

a

n

n

n

.          (3.111)

miviReT kvaziregularuli wrfiv algebrul gantolebaTa usasrulo dualuri sistema (3.110), (3.111), romlis amoxsnac SesaZlebelia kompiuterze reduqciis meTodiT. 

3.9 dieleqtrikuli cilindris SemTxveva

talRgamtarSi moTavsebuli dieleqtrikuli cilindri, rogorc cnobilia, warmosdgens rezonansul sistemas, rac gamowveulia dieleqtrikis SigniT talRaTa interferenciis Sedegad cilindris zedapirze denis ganawilebis SecvliT. aqedan gamomdinare garkveul praqtikul interess Cvens amocanaSi warmoadgens dieleqtrikuli cilindris SemTxvevis ganxilva.

davuSvaT, cilindri romelic carTulia talRgamtaruli samkapas rezonatorul nawilSi damzadebulia ara metalisagan, rogorc es wina amocanebSi, aramed 
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SevitanoT (3.1)–(3.3), (3.152)–(3.154), (3.166)_(3.170) gamosaxulebebi (3.160)_(3.165)-Si
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3.12  Sedegebis  analizi.  gansaxilveli  sistemis     

         (mravalpolusas) gabnevis matrica

zms mowyobilobebis gaTvlis univer meTods warmoadgens rTuli mowyobilobebis SedarebiT martiv mowyobilobebad dayofis_dekompoziciis meTodi. es mcire mowyobilobebi xasiaTdeba maTi sakuTari parametrebis matricebiT, rac SesaZlebels xdis maT damoukidebel analizs. aseT martiv mowyobilobebs ewodebaT bazuri elementebi. Tu winaswar Seswavlilia bazuri elementebis maxasiaTeblebi da dadgenilia nominaluri parametrebi, maSin zms rTuli sistemis analizi daiyvaneba ori da meti bazuri elementebis gamaerTianebeli specialuri gaTvlebis specialur algoriTmebiT matricebze.

zms sqemebis dekompoziciis sakiTxis mimarT eleqtrodinamikuri midgoma orientirebulia mZlavri kompiuterebis gamoyenebaze. am dros xdeba zms mowyobilobis dekompozicia mTel rig bazur elementebad geometriuli konfiguraciis saxiT, rasac SesaZlebels xdis maqsvelis gantolebebis Teoriuli an ricxviTi amoxsna (bazuri elementisaTvis) Sesabamisi sasazRvro pirobebis dacviT. eleqtrodinamikuri midgoma saSualebas iZleva SevasruloT gamoTvlebi principSi nebismieri sizustiT, magram am midgomis gamoyenebisas ikargeba analizis TvalsaCinoeba da viwrovdeba konkretuli gamoTvliTi programis mier gaTvladi mowyobilobaTa klasis areali.

radioeleqtronuli aparaturis avtomatizirebul proeqtirebaze gadasvlam moiTxova bazuri elementebis adeqvaturi modelebis Seqmna. upirveles yovlisa mkveTrad gaizarda moTxovna bazuri elementis sizusteze, romelic gaizarda 1_2 rigiT, rac ganapirobebs simkacris eleqtro_dinamikur doneze gadasvlis aucileblobas [102].
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 ki _ grZivi) eleqtromagnituri velis aRwera gvaZlevs imaze ufro bevrad met informacias, vidre es saWiroa traqtis gavlisa da proeqtirebisaTvis. sinamdvileSi traqtis Seqmnisas interesdebian gadacemuli simZlavriT, gadacemul da arekvlil simZlavreTa Soris TanafardobiT, aseve fazuri dagvianebiTa da gadacemis xazis garkveul sigrZeze simZlavris SesustebiT.

mxolod am parametrebis gansazRvra xdeba universaluri maTematikuri modeliT e.w. grZeli xazis saxiT. eqvivalentur grZel xazebSi velTa ganawilebis veqtoruli funqciebi icvlebian integraluri (gasaSualebuli) mniSvnelobabiT [103]. dacemuli da arekvlili velebis normirebuli Zabvebi Semodis Semdegi TanafardobebiT:
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sadac 
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 Sesabamisad dacemul da arekvlil velebSi eleqtruli velis daZabulobis veqtoris fazebia,  
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dacemuli da arekvlili velebis erTdrouli arsebobis SemTxvevaSi romelime ganiv kveTSi gamavali aqtiuri simZlavre gamoiTvleba dacemul da arekvlil talRaTa mier gadatanil simZlavreTa sxvaobiT
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 arekvlis koeficientia).

gadamcem xazebSi gavrcelebadi talRebisaTvis SegviZlia formalurad SemovitanoT Semdegi maxasiaTeblebi:

1. sruli formirebuli Zabva (ganzomileba 
[image: image1236.wmf]vati

), rogorc dacemuli da arekvlili talRebis normirebuli Zabvebis jami

                                           
[image: image1237.wmf](

)

r

&

&

&

&

&

-

=

+

=

1

dac

ar

dac

U

U

U

U

                             (3.193) 

2. sruli normirebuli deni (ganzomileba 
[image: image1238.wmf]vati

), dacemuli da arekvlili talRebis normirebuli Zabvis sxvaoba
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eqvivalentur grZel xazSi sruli normirebuli Zabvis (
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_s) fardobas srul normirebul denTan (
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_Tan) aris sruli normirebuli winaRoba (ganzomilebis gareSe).
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xolo misi Sebrunebuli sidide ki _ sruli normirebuli gamtarebloba (kvlav ganzomilebis gareSe)
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zms ganStoebuli traqtebis analizisas fundamentaluri mniSvneloba aqvs zms mravalpolusas cnebas. Zms mravalpolusa ganxiluli unda iqnes rogorc gamtarebis, dieleqtrikebisa da zms sxva elementebis kombinacia, romelsac gaaCnia ramodenime Sesavali. mravalpolusas Sesasvlelebis kveTebs uwodeben fazis aTvlis zedapirebs (sibrtyeebs). aTvlis sibrtyeebs irCeven ise, rom maRali tipis aragavrcelebadi talRebis gavlena, romlebic miekuTvneba mravalpolusas Siga vels, Sesasvlelis am kveTebSi ugulvelyofil iqnes. es gamoricxavs mravalpolusas sxvadasxva traqtebs Soris energiis gacvlis SesaZleblobas garda mocemuli tipis gavrcelebadi talRis mier gadacemis yovel xazSi gadatanili simZlavrisa.

zms mravalpolusas yvela Sesavalis gadacemis mimyvan xazSi aniWeben garkveuli fiqtiuri polusebis wyvils. magram xarebis mravali tipisaTvis (mag. talRgamtarebisa da zedapiruli talRebisaTvis) aseTi polusebis cxadi saxiT gamoyofa SeuZlebelia, amitom iyeneben termins 2N_polusa da gulisxmoben N misasvleli xazis mqone gadamcem mowyobilobebs. anu Tu ufro mkacrni viqnebiT yovel xazSi N_tipis talRis mqone gadacemis xazebs.

zms wredebis TeoriaSi upiratesad ganixilaven mravalpolusas gare maxasiaTeblebs, romlebic adgenen kavSirs misi Sesasvlelebis eleqtrul reJimebs Soris. wrfivi mravalpolusas gare maxasiaTeblebis aRwerisa da gaTvlisaTvis ZiriTadad iyeneben wrfivi algebris matricul aparats, romlebic yvelaze ufro Seefereba kompiuteris gamomTvlel SesaZleblobebs.

mravalpolusas matricebi erTmaneTTan akavSirebs da avlens misi Sesasvlelebis eleqtrul reJimebs. fazis aTvlis sibrtyeebSi reJimebi SeiZleba aRweril iqnes rogorc dacemuli da arekvlili talRebis normirebuli Zabvebis terminebSi (e.w. talRuri midgoma), amave sruli normirebuli Zabvebisa da denebis terminebSi (e.w. klasikuri midgoma).

talRuri midgomisas dacemuli vuwodoT 
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klasikuri midgomis SemTxvevaSi mravalpolusas TiToeuli Sesasvlelis reJimi moicema normirebuli 
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 denis saSualebiT, romelic Seedineba mravalpolusaSi. (3.181)_(3.184)_dan gamomdinare Sesasvlelis klasikur da talRuri aRweris rejimebs Soris arsebobs martivi kavSiri 
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maSasadame, reJimi nebismier Sesasvlelze SeiZleba calsaxad iqnes daxasiaTebuli (3.197)_(3.199) formulebSi Semavali nebismieri ori kompleqsuri sididiT (sul iqneba mocemuli 12 xerxi). 2N_polusas nebismier Sesasvlelze gamovyoT (3.197)_(3.199)_Si Semavali romelime sidide, rogorc mravalpolusaze zemoqmedebis komponenti, xolo romelime sxva ki rogorc reaqciis komponenti, maSin SeiZleba Seiqmnes zemoqmedebisa da reaqciis N_ganzomilebiani (SesasvlelTa raodenobis mixedviT). davuSvaT 
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mravalpolusas wrfivobidan gamomdinare reaqciis veqtoris komponentebi wrfivad unda iyvnen damokidebulni matricis komponentebze, anu
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romelsac matricul formaSi eqneba saxe
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zms wredebis TeoriaSi yvelaze ufro miRebulia 2N_polusaze zemoqmedebis veqtorad N raodenobis gadacemuli talRis, xolo reaqciis veqtorad N arekvlili talRis SerCeva, anu
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aseTi saxiT SerCeuli 2N_polusaze zemoqmedebisa da reaqciis veqtorebs Soris urTierTkavSiri myardeba e.w. S gabnevis matricis meSveobiT
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(3.188) gaSlil warmodgenasTan erTad xSirad sargebloben Semdegi Semoklebuli CanaweriT
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 kvadratuli matricis SemdgomSi mdgomareobs: es aris veqtoruli operatori, romelic gviCvenebs mravalpolusaze zemoqmedebis 
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gabnevis matricis elementebis gansazRvrisaTvis unda gaanalizdes mravalpolusas yofaqceva mTel rig gamosacdel reJimebSi. es gamocdebi unda moxdes gamoTvlebis an eqsperimentebis saSualebiT. aseTi reJimebis raodenoba 2N_polusasTvis naklebi ar unda iyos N_ze (N mravalpolusas SesasvlelTa raodenoba anu matricis rigia).

arsebobs umartivesi sacdeli reJimi, romlebsac maSinve mivyavarT matricis elementebis gamoTvlamde. gabnevis matricisaTvis aseT reJimebs warmoadgenen dacemuli talRebis moqmedeba yoveli Sesasvlelis mxridan rigrigobiT. am dros yvela Sesasvlelze, garda gansaxilvelisa, dacemuli talRis amplituda toli unda iyos 0_isa, anu ar unda arsebobdes dacemuli talRebi. am SemTxvevaSi martivi saCvenebelia, rom 
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gadavideT Cveni amocanis gabnevis matricis gansazRvris algoriTmis SemuSavebaze. amisaTvis upirveles yovlisa (3.190), (3.191) Tanafardobebis realizaciis Sedegad napovni unda iqnes normirebuli Zabvis 
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 funqciebi). yoveli StosaTvis dacemuli da arekvlili velebis (talRebis) mier Sesabamisi mimarTulebebiT gadatanili simZlavreebi gamoiTvlebian (3.180)_(3.185) TanafardobebiT.

aucilebelia moxdes imis dadgena Tu ramdeni polusi gaaCnia gansaxilvel mTavarpolusas (mravalpolusas rolSi Cvens SemTxvevaSi gamodis samkapa talRgamtaruli ganmStoeblis rezonatoruli nawili, xolo mimyvani xazebisa ki ZiriTad talRgamtarsa da ganStoebul nawilebSi gavrcelebuli sxvadasxva tipis talRebi), es ki damokidebulia talRis sigrZesa da samkapas zomebs Soris Tanafardobaze (sizSirul parametrze). sixSiruli parametris zrda (talRis sigrZis Semcireba) iwvevs samkapas StoebSi ufro maRali tipis gavrcelebadi talRebis gaCenas, xolo TiToeuli tipis gavrcelebadi talRa ganixileba rogorc damoukidebeli Sesasvleli (gamosasvleli), amitomac es Tavis mxriv gamoiwvevs mravalpolusas polusebis raodenobis gazrdas.

rogorc cnobilia, samkapas ZiriTad Stosa da ganStoebul nawilSi sigrZivi talRuri ricxvebi Sesabamisad moicema TanafardobebiT
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aqedan gamomdinare ZiriTad StoSi gavrcelebadi iqneba is talRebi, romelTaTvisac 
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movaxdinoT exla SesasvlelTa (gamosasvlelTa) fiqtiuri gadanomrva Semdegi wesiT: centraluri talRgamtarisaTvis SesasvlelTa (gamosasvlelTa) nomrebi iyos 1,2,....,p; marcxena gverdiTi StosaTvis 
[image: image1283.wmf](

)

(

)

(

)

m

+

+

+

p

p

p

,.....,

 

2

,

1

, xolo marjvenasaTvis _ 
[image: image1284.wmf](

)

(

)

(

)

m

m

m

2

,.....,

2

,

1

+

+

+

+

+

p

p

p

 

.

mravalpolusaze zemoqmedebis veqtoris komponentebad SevarCioT dacemuli talRis normirebuli Zabva, xolo reaqciisa ki _ arekvlilis. am veqtorebs Soris matricul damokidebulebas eqneba (3.200)_is analoguri saxe
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adre arsebuli meTodikiT amocanis amoxsnisas warmoiqmneboda seriozuli problemebi, rac dakavSirebuli iyo im faqtTan, rom matricul elemntebsa da Tavisufal wevrebSi Cndeboda usasrulo jamebi, romlebic ikribebodnen usasrulobisken, rac SeuZlebels xdida amocanis amoxsnas reduqciis meTodiT. 

am problemebis Tavidan acilebis mizniT visargebleT Sewyvilebulad eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelis uwyvetobisa da grinis Teoremis eleqtromagnituri analogiiT.

naSromSi dasabuTebulia, rom eleqtruli velis daZabulobis veqtoris tangencialuri mdgenelisa da grinis Teoremis eleqtromagnituri analogiiT Sewyvilebuli sargebloba eqvivalenturia eleqtruli da magnituri velebis tangencialuri mdgenelebis uwyvetobis pirobebiT Sewyvilebuli sargeblobisas.

miRebulia wrfriv algebrul gantolebaTa usasrulo dualuri sistema, romlis matriculi elementebis analizi gviCvenebs, rom saboloo SedegSi miRebuli sistema (regularizaciis meTodis gamoyenebis Semdeg) meore gvarisaa, anu matriculi elementebi da Tavisufali wevrebi kvadratulad krebadni arian, rac ukve SesaZlebels xdis sistemis amoxsnas reduqciis meTodiT. amoxsnis sizustis garantireba xdeba nebismieri sizustiT, rac SesaZlebelia reduqciis gazrdis Sedegad.

ganxilulia kerZo SemTxveva, rodesac sistemis kveba xdeba centraluri Stodan: 
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zms mowyobilobebis gaTvlis universalur meTods warmoadgens rTuli mowyobilobebis SedarebiT martiv mowyobilobebad dayofis-dekompoziciis meTodi. es mcire mowyobilobebi xasiaTdeba maTi sakuTari parametrebis matricebiT, rac SesaZlebels xdis maT damoukidebel analizs.

radioeleqtronuli aparaturis avtomatizirebul proeqtirebaze gadasvlam moiTxova bazuri elementebis adekvaturi modelebis Seqmna. upirveles yovlisa mkveTrad gaizarda moTxovna bazuri elementebis sizustaze, romelic gaizarda erTi-ori rigiT, rac ganapirobebs simkacris eleqtrodinamikur doneze gadasvlis aucileblobas.
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 ki _ grZivi) eleqtromagnituri velis aRwera gvaZlevs imaze ufro bevrad met informacias, vidre es saWiroa traqtis gavlisa da proeqtirebisaTvis. sinamdvileSi traqtis Seqmnisas interesdebian gadacemuli simZlavriT, gadacemul da arekvlil simZlavreTa Soris TanafardobiT, aseve fazuri dagvianebiTa da gadacemis xazis garkveul sigrZeze simZlavris SesustebiT. swored am parametrebis Sesaxeb Seicavs srul imformacias e.w. gabnevis matrica. swored es matrica aris napovni Teoriulad gansaxilveli sistemisaTvis.

aRniSnuli amoxsnis upiratesoba sxvebTan SedarebiT mdgomareobs mis sizustesa da manqanuri resursebis ( Sesabamisad TvlisaTvis saWiro drois) SemcirebaSi.

da bolos aRsaniSnavia Cvens mier ganxiluli meTodis gamoyeneba adre amoxsnil amocanebSi ( Tavisufali samkapa, ZiriTad StoSi SemaTanxmebel araerTgvarovnebebis Semcveli samkapebi) iwvevs saTvleli drois mniSvnelovan Semcirebas. saqme imaSia, rom adre arsebuli meTodiT amocanebis amoxsnisas matriculi elementebi da Tavisufali wevrebi Seicavdnen jamebs, romlebic krebadi iyvnen 
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