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didi pativiscemiT da siyvaruliT, minda udidesi mad 0 iereba
gamovxato Cemi maswavBebBis da megobris mimarT, romelic
Tavisi sicocxlis bolo wuTebande gverdiT medga da mexmarebo-

da metad agtualuri Temis Sesru BebaSi.



sagarTve 1 0oSi ekonomikur aRmav B obasTan erTad e Beqtroenergiis
gamomuSaveba da moxmareba izrdeba. elBegtroenergiaze mzard
moTxovni Bebas Tan sdevs energosistemaSi avariull 1 situaciebis
Segmna da energogseBSi CarTulli generatorebis asingronulli
reJimebis arseboba, miuxedavad maTi Tavidan aci Bebis uamravi
mcde B obisa.

sadisertacio naSromis mizania, SeviswavB OT energosistemaSi
arsebulli probBlemebi. avtomaturi marTvis TvalsazrisiT ener-
getikulli sistema warmoadgens rTull sistemas, rombis ZiriTad
Semadgene B nawi Bebs warmoadgenen: sinqgronulli da asinqgronulli
generatorebi, eleqtrullli wredi da datvirTva avtomatizacilis
swori mimarTullebiT warmarTvisTvis aucilBebellia movaxdinoT
energosistenis TiToeu i Semadgene i nawi Bis analizi.

naSromSi  SeswavBiBi magvs energosistemaSi mimdinare gar-
damava B i procesebi, kerZzod ki, gaanaBlizebul i magvs energosis-
temis ZiriTadi elementebis maTematikuri modeBebi, Sedgenili
magvs ganto Bebebi singronuli da asingronu i manganebis reJime-
bisTvis da dadgeni Bi magvs mT Biani energosistemnis maTematikuri
modeli. gavaanalize mnT HRiani maTematikuri modeli da misi
Taviseburebani. SeswavBiBi magvs elBegtromagnituri procesebis
gamokv Bevis sxvadasxva meTodika, rogorebicaa Jdanovis da
poziciuri modeli. dadgenili magqvs, rom Tu mravalsixSirul
denebsa da Zabvebs SevcvBiT erTsixSirulliT, daval T gamartive-
bull maTematikur mode Bamde da miviRebT energetikulli balansis
ganto B ebas.

naSromSi Seswav B is sagans warmoadgens sxvadasxva saxis ener-
getikulli sistenmis, kerZod erTgeneratoriani, orgeneratoriani
da samgeneratoriani, anu mravall generatoriani sistemebis stati-
kuri da dinamikuri mdgradoba, risTvisac gamoyenebu B i magvs en-
ergosistenis mdgradobis HBiapunovis veqtorulli fungciis meTo-
di.

didi yuradReba davuTme energosistemebSi bifurkaciis mov Renis
arsebobas. gamoviyene hopfis bifurkaciis cneba da mis safuZ-
vel ze gavaanalize erTgeneratoriani, orgeneratoriani da sam-
generatoriani energosistemebis mdgradoba. bifurkaciulli mov-
Benis aRwera Seicavs cnebebs gansakuTrebu B i amonaxsnebisa da
maTi mdgradobis Sesaxeb. gansakuTrebulli wertilis mdradobis
qveS vgu Bisxmob mdgradobas HBiapunovis mixedviT. naSromSi gan-
vixi Be energosistemnis strugqturulli mdgradoba, romelic war-
moadgens bifurkaciulli analizis kvBevis sagans.



gaanalizebuli da dadgeni Bi magvs diskretulli dinamikuri sis-
temis marTvis parametris mixedviT energosistenis mdgradobis
areebi.

energosistemnis mdgradobis gamokv Bevisas yuradReba gavamaxvi lle
gaosis arsebobaze. qaosi aris damyarebull reJimSi sistenis
araCveu lebrivi gceva. naSromSi gamokvBeulli magvs energosis-
temis gaosuri moZraoba sxvadasxva raodenobis generatorebis-
Tvis. SerCeulli1 koeFficientebisa da parametrebis safuZvell ze ga-
vakeTe energosistemis modeBireba kompiuterulli programis _
MATLAB saSuallebiT da miviRe grafikuli Sedegebi, ris safuZ-
ve 1 zec SeiZlleba ganvsazRvroT energosistemis qceva parametre-
bis cvlilebisas. garda amisa Visua Basic-is saSualebiT dawerilli
magvs programa energosistemis mdgradobis sazRvrebis dadgen-
iIsTvis.

naSromSi mniSvne Bovani adgili davuTme singronizacias, ro-
me B ic niSnavs ori an ramodenime procesis (cevis Tavsebadobas
droSi. singronizaciis parametrebis dadgena daexmareba ener-
gosistemaSi momuSave momsaxure personalls avariasawinaaRmdego
parametrebis SerCevaSi.

kompiuterulli mode B irebis Sedegad grafikulli saxiT miRebulli

magvs generatorebis singronuli muSaobis sasurveli areebi da
resingronizaciis parametrebi.
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Abstract

Demands for electric energy in Georgia is growing with the growth of economic rate.
Generation and consumption of electricity is followed by the break-downs in power
grids and asynchronous work of the generators switched in the power nets. Though
much is done to avoid such regime.

The aim of the present dissertation isto study problemsin power grids.

Power grids is a complex system from the point of view of automatic control, which
consists of the following main parts. synchronic and a synchronic generator, main net
and loading. If we want to make the right automatization of the power grids, it’s nec-
essary to analyse each component.

The present thesis shows transitional processes in power grids, privately the analysis
of mathematical models of the main elements in the power grids. | have composed
equations for the working regimes of synchronic and a synchronic machines and
stated mathematical model of the whole power grids. I’ ve analysed the whole mathe-
matical model and studied its peculiarities.

| have studied different reseach methods of electromagnetic processes, privately
3hdanov’ s and positive models.

| have stated that if we change multi — friguency currents and strains with one-
friquency ones, we will come to simplified mathematical model and | have abtained
equation of power balance.

The subject of the thesis is to study statical and dynamic stability of different power
systems, privately stability of one-generator, two-generator, three-generator or multi-
generator systems. for this Liapunov’s vectorial functional method is used for the sta-
bility of power systems. | have paid much attention to existence of bifurcation phe-
nomenon in power grids.

| have used Hopf’s bifurcation and on its basis | have analised stability of one-
generator, two-generator and three-generator power grids. Description of bifurcation
phenomenon contains concepts about specia determination and their stability. Under
the stability of special point | mean the stability by Liapunov’s. In the thesis | have
discussed structural stability of power grids which represents subject of bifurcation
analyses.

| have analysed and stated stability spheres of power grids according controlling pa-
rameter of discrative dynamic systems.

While researching stability of power grids| paid attention to the existence of chaos.
Chaos is an unusual behavior of the system in established regime. In the thesis | have
researched chaotic movement of power grids for the generators of different quantity.

On the basis of selected coefficients and parameters | have modelled power grids by
means of MATLAB and got graphical results.
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Onitsbasis we can determine behaviour of power grids while changing parameters.

Analysing power grids important role is paid to the synchronization, which means
compatibility of behaviour of two or three processes at time.

Establishment of synchronization parameters will help the staff of power grids, to se-
lect anti breakdown parameters.

After computer modeling | have obtained the desired spheres of generator synchronic
work in graphic.

In this thesis | have used not only abovementioned computer system, but also written

the programme for the stating stability borders of power grids by means of Visual
Basic.
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Sesaval i

Tanamedrove ekonomikuri zrdis tempis daCgarebis erT-erTi
ZiriTadi safuzZveli aris energetika samecniero-tegnikur prog-
ress, warmoebis intensifikacias, tegnikuri donis da Sronmis na-
yoFfierebis amaR Bebas Sedegad moaqvs adamianebis sayofacxovrebo
pirobebis gaumjobeseba da warmoebis Tanamedrove aRWurvi I obi-
Ta da sayofacxovrebo teqnikiT uzrunve Blyofa, raSic ganmsaz-
Rvreli roli ukavia Tanamedrove energosistemas.

Tanamedrove energetiku i sistemebi ganekuTvnebian rTulli
sistemebis kategorias. energosistemebis swraf ganviTarebasTan
da avtomatizaciis donis amaR BebasTan erTad maTi sirTulle
ufro da ufro izrdeba.

rTulli sistemebis qveS SeiZBleba viguBisxmoT iseTi
sistemebi, romel Tac aqvT sakmaod Rrma Siga kavSirebi da Sedge-
bian didi raodenobis urTierTdakavSirebulli da urTierTgmedi
e B ementebisgan.

amgvarad, energetikulli sistema warmoadgens rTull siste-
mas, romBis ZiriTadi Semadgene B i nawi Bebia

1. singronulli da asinqronu B i manganebi (generatorebi);

2. elleqgtrulll wredi, romelBSic xdeba generatorebidan
sxvadasxva saxis eleqtrulli signallebis gadacema;

3. datvirTva

winamdebare naSromSi ganvixi BavT energosistemebSi mimdi-
nare gardamavall procesebs, imisaTvis rom warmodgena Segvegmnas
energosistenis muSaobis Sesaxeb. Tavdapirve Bad vagebT da viye-
nebT mis maTematikur mode l ebs.

dResdReobiT, rTulli energosistemis TFfungcionirebisa da
marTvis analBizisaTvis ZiriTad TFformirebul saSua l ebad
iTvleba energosistemebis maTematikuri mode B ireba Tanamedrove
gamoTvRiTi tegnikis gamoyenebiT. energosistemis Semadgeneli
nawi Bebis maTematikuri modelebis urTierTkavSiri, romlebic

adegvaturad asaxaven sxvadasxva ierarqiull doneze gamosakv llev
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procesebs, warmoadgenen specifikidan gamomdinare, Sesaswavli
procesebis xasiaTis gaTvaliswinebiT, gadasWreli amocanebis
Taviseburebebs.

cnobi Bi1a, rom mdgrad sistemebs aqgvT ori mdgene B i:

1. gardamavall i1 procesi,;

2. damyarebu l'i mdgomareoba.

damyarebu B mdgomareobaSi, roca sistemebSi dasrullebullia
yve Ba gardamavalli procesi, sistema warmoadgens an konstantas,
an raime periferiull amonaxsns. [1].

sistemas ewodeba dinamikuri, Tu masSi procesebi mimdinare-
obs droSi.

dinamikur sistemebSi damyarebuli mdgomareoba niSnavs
asimptotur mdgomareobas, roca t—»c, damyarebulli relJimi
auci BebBlad unda xasiaTdebodes Sesabamisi Funqciis SezRudu-
Bi mniSvneBobebiT. diferencialuri gantoBebebis sistenis
amonaxsnebsa da mis damyarebul mdgomareobas Soris sxvaobas
gardamava B i procesi ewodeba.

cnobi Bia, rom sistemis arawrfivobisas arsebobs parame-
trebis TfarTo diapazoni, romelSic sistemis moZraoba damya-
rebull redimSi aris SezRudull'i, magram ara periodulli. rxevebi
IReben SemTxveviT xasiaTs da xasiaTdebian ara diskretulli,
rogorc periodullis dros, aramed farTo, uwyveti speqtriT. amis
garda, sistemis moZraobis xasiaTi imdenad mgrZnobiarea sawyisi
pirobebis variaciaze damokidebu BebiT, rom SeuZBebelia zusti
amonaxsnebis grZe Bvadiani prognozireba. aseTi maRal i mgrZnobi-
aroba sawyisi pirobebis variaciaze damokidebu BebiT damaxasia-
Tebe B 1a gqaosuri sistemisaTvis, rome lic warmoadgens determini-
rebull sistemas da mis mogmedebas agvs SemTxveviTi saxe [2,3]

energosistemnis gamokvBevaSi mniSvneBovani roli agqvs bi-
Turkaciis mov Benas.

bifurkacia aris gadasvBlebi, romBebic SeiZlBeba moxdes
dinamikuri gcevidan sxvadasxva saxeebs Soris parametrebis cvli-

i ebisas.
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bifurkaciulli movBenis aRwera Seicavs cnebebs gansaku-
Trebul amonaxsnebisa da maTi mdgradobis Sesaxeb. bifurkaciis
kargi magaBiTia SemTxveva, rodesac sistemis gansakuTrebulli
amonaxsnebis wertilli1 iyofa jerad gansakuTrebull amonaxsnebad.
dakvirvebadi movBenebi — es ar aris ubrallod mdgradobis Sec-
vla, es ufro bifurkaciis magaliTia. unda aRiniSnos Semdegi:
gansakuTrebulli wertilis mdgradobis qveS gvesmis mdgradoba
B iapunovis mixedviT. naSromSi ganvixi BavT strugturull mdgra-
dobas, romebic bifurkaciulli analizis kvlevis sagania.

gansakuTrebu B i mniSvne B oba energosistemebis mdgradobis
gamokv Bevisas enilWeba gaosis arsebobas. gaosi aris arawrTfivi
mov Bena, romelBic gvxvdeba yve Ba mecnierull discipl inaSi. misi
gaanal izeba intuiciurad Zallze rTullia magram mainc reallurad
arsebulli movBenaa. Zvell Taganve mkv Bevarebi xvdebodnen qaoss,
magram mas Rebu Bobdnen Fizikur xmaurad da gverds uvlidnen.
ax Ba ukve cnobi Bi gaxda, rom gaosi Cndeba ara marto xe l ovnur
sistemebSi, aramed sistemebSic, romell Tac axasiaTebT arawrfi-
voba.

uxeSad rom vTgvad, gaosi warmoadgens sakmaod araCve-
u Bebriv qcevas romell iRaca sistemisa damyarebull reJimSi.

termini "gaosuri” determinirebull Fizikur da maTematikur
sistemebSi gamoiyeneba iseTi moZraobebis mimarT, romel Ta trae-
qgtoriac ZHBlier aris damokidebulli sawyis pirobebze. gaosuri
rxevebi Cndeba ZBieri arawrfivobis dros.

cnobi Bia, rom arawrfivobis dros arsebobs parametrebis
farTo diapazoni, romelBTa drosac sistemis moZraoba danm-
yarebul relJimSi aris SezRudu i, magram ara periodulli. rxevebi
SemTxveviTia da xasiaTdebian ara diskretulli, rogorc periodu-
Bis dros, aramed farTo uwyveti speqtriT. amas garda sistemis
moZraobis xasiaTi imdenad mgrZnobiarea sawyis pirobebze damoki-
debullebiT, rom grZeBvadiani prognozireba zusti amonaxsnisa

SeuZBebelia aseTi maRali mgrZnobiaroba sawyisi pirobebis
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variaciaze damokidebu BebiT gaosuri sistemis erT-erTi damaxa-
siaTebe i Tvisebaa.

gaosuri sistema determinirebulli sistemaa, romBis mogme-
debasac SemTxveviTi saxe aqgvs.

energosistemebSi  didi yuradReba aris gamaxvilebuli
singronizaciis movBenaze, romelic Tavis umravles saerTo
interpretaciaSi niSnavs ori an ramodenime procesis qcevis Tav-
sebadobas droSi. “singronizireba~ _ niSnavs SevaTanxmoT dro-
Si, mivyveT an operireba gavukeToOT sistemas mxolod erT da ima-

ve siCgareze, gamomdinare erTi da imave droidan.
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1. gardamavall i procesebi energosistemebSi

11 energisistemebis ZiriTadi el ementebis maTemetikuri

mode 0 ebi

111. sinqronu i manganis ganto H ebebi.

energosistemebSi mimdinare procesebis maTematikuri mode-
Birebis sakiTxebi SeiswavBes 1iseTma gamoCeni Bma mecnierebma,
rogorebic arian: sa Bebedevi, p.s. Jdanovi, aa gorevi, romell Ta
naSromebic mniSvne B ovania energosistemebis mdgradobisa da gar-
damava B 1 procesebis TeoriaSi.
energosistemebis proeqtirebisa da eqspB oataciisas auci-
Bebelia elleqtrulli amocanebis kompBegsis amoxsna, romBebic
moicaven damyarebu B i relJimebis, statikuri da dinamikuri mdgo-
mareobis, xangrZh ivi e Begtromeganikuri gardamavall 1 procesebis,
mok Bed SerTvis denebis da sxv. anocanebis amoxsnas [4].
singronuli mangana rotorze ori dempFerulli konturiT
warmoadgens sistemas, romeBic Sedgeba eqvsi magniturad
dakavSirebu i konturisgan. an konturebidan sami manganis fazis
sivrceSi umoZrao sami konturia, xo B o danarCeni sami konturi —
aRgznebis gragni i da ori dempFerulli konturia
singronu b1 manganis gardamavalli e Beqtromagnituri proce-
sebis ganto Beba Fazur koordinatebSi SeiZleba Semdegnairad Ca-
iweros [1,2,34,5]
Uca= reicatd W o/dt;
Ucph = relptd W op/dt;
Uce = Feleetd W oo/dt; (11)
Us = rrigtd W /dt;
O =rgigtd W 4/dt;
O =ryip+d W p/dt.
sadac UUcy, Uep, Uce, ica, Ich, Ice, . Sesabamisad manganis elBeqtrull wred-

Tan mierTebis Fazuri Zabvebi da statoris fazuri denebia; Us _
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aRgznebis gragni Bis Zabvaa, r; Iy, rg, I _ agtiuri winaRobebia
Sesabamisad statoris Tazis, aRgznebis gragnilis, horizonta-
Buri da vertikaBuri dempferuli konturebisaTvis; if ig in _
denebia aRgznebis gragni BSi, da horizontalur da vertikalur
dempFerull konturebSi; We, W, Wee, Wi, Wy Wh _ nakadSerTvebi
Sesabamisad fazis konturebSi, aRgznebis gragni BSi, horizonta-
Bur da vertikaBlur dempferull konturebSi, romBebic arian
denebis Fungciebi:

W o= Lalcat MapleptMacleetMaglitMaglg+Manlh:

W b= Maplca+ LolehtMpclectMptli+Mpglg+Mpnlh:

W = Maclcat MepleptLelectMeslitMeglg+Menlh: (1.2)

W= Maflca + Mpslcp+Mal e +Lel i+ Mgglg:

W 4= Magleat MpgleptMegleetMegletLglg;

W = Manlcat MpnleptMepleetLnly

singromanganis procesebis Teoriis Camosayall ibebBad unda
davuSvaT:

1. TviTinduqciisa da urTierTindugciis koeFficientebis
damoukideb B oba. FazaTa konturebis TviTindugciis da urTierT-
indugciis koeFficientebi L, Ly Le M, Ma, My, warmoadgenen
rotoris horizontaluri RerZisa da a(d) Fazis magnitur RerZs
Soris kuTxis periodull Funqciebs periodiT I, xoBo urTierT-
indugciis koeFicientebl My, Mpr, Mcr, Mag, Mog, Mcg, Man, Miph, Mch arian
fkuTxis periodulli Ffungciebi periodiT 20.

2. mravalwevris umaR Besi wevrebis koeFicientebi TFuries
mwkrivad daSHBisas arian mcireni da ar axdenen mniSvne I ovan
zegav B enas manganaSi mimdinare procesebze [1,5,6].

am pirobebis gaTvaBiswinebiT TviTindugciis da urTierTi-
nduqciis koeFicientebi SeiZleba Caiweros Semdegi saxiT:

La=Lcp+Lmcos26

Ly=Lep+Lm cos(20+120%;

Le=Lep+Lmcos(26-120%; (1.3)
Map= -Mep+M, c0s(26-120°);
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Mbc = 'Mcp + MQ COSZG

sadac
+L. L -L
ch - Lmax me : Lm - max min :
2 2
M +M . - )
Mcp - max min ’ MO e Mmax Mmln .
2 2

Lmaxs Lmin, Mmax, Mmin _ Statoris FfazaTa konturis TviTindug-
ciisa da urTierTindugciis koeFficentebis magsimaBuri da mini-
ma Buri mniSvne I obebia.

Mar=Ms c0s6;

My=M cos(8-120°);

Mc=M cos(6+120°);

Mag=Mg c0s6;

Mpg=M, cos(8-120°); (1.4)
M¢g=M, cos(8-120°);

Man= -M, sing;

Mph= -Msin(6-120°);

Mcn= -Mpsin(6+120°);

t
ez'o[a)dt+ Bo.

aq My, My, My _ statoris fazis konturis urTierTindugciis
koeficientebis magsimaBuri mniSvne B obebia aRgznebis konturTan,
horizontalurad da vertikaBur dempFerull konturebTan mimar-
TebaSi, w _ rotoris brunvis kuTxuri siCgarea.

singronuli  manganis moZraobis gantolebas, romelic
Caweri Bia dalBamberis principiT, aqgvs Semdegi saxe [1,5]:

dw
JE =Tr Te (1.5)

sadac Ty _ warmoadgens rotoris RerZis Siga Zalebis
gan B agebis momentis, anu pirve Badi Zravis momentis, J _ rotoris

inerciisa da masTan dakavSirebuli moZravi nawi Bebis momentia;
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Te _ elegqtromagnituri momentia, romellic mogmedebs rotorze da

gamoisaxeba damokidebu BebiT:

_ W
96
magnituri ve Bebis energia gamoiTv Beba Semdegi FormuliT:

T (1.6)

1
W—E zk J kW K (1.7)

amn gamosaxu BebaSi agamva xdeba manganis yveBla konturis
mixedviT. (11) _ (1.7) ganto Bebebi warmoadgenen singronu li manga-
nis ganto Bebebs Fazur koordinatebSi.

Tu (11) _ (17) periodullkoeFficientebian ganto Bebebs gar-
davgnniT mudmivkoeFficientebian ganto Bebebad, SeiZBeba mivaR-
wioT singronull 1 manganis gardamaval i procesebis analizur ga-
martivebas [5].

gadasvla Tazuri koordinatebidan mudmivkoeFicientebian
ganto BebaTa sistemaze xorcieldeba parkgorevis gardagmnebis
daxmarebiT.

denebis, Zabvebis da nakadSerTvebis myisieri fazuri sidi-

deebis nacvlad Semoitaneba axalli saangariSo sidideebi g, i,

iV a,WqWo, Usy Ug U, romBebic dakavSirebullni arian fazur
sidideebTan Semdegi TanafardobebiT [7]

Ucd Uca

Ucqg =Ac Uchb ; (1.8)
Uco Ucc

Icd Ica

lcqg =Ac Icb ; (1.9)
Ico Icc

Wed Wca

Weq =Ac Web | (1.10)
Wco Wee

sadac A.__ park-gorevis gardasaxvaTa matricaa, romelic Caiwere-

ba Semdegi saxiT:
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cosd cos(6-120°) cos(@+120%)

Azzg-—snwe -sin(8-120°) -sin(d-120°) (1.11)
1 1 1
2 2 2

axal1 saangariSo sidideebi iwodebian A, g, O mdgene 0 ebad,
xolo TviT gardasaxva warmoadgens singronulli manganis ganto-
B ebis mimarTebas sakoordinato RerZebisadmi, romBebic uZravad
arian. A, q, O koordinatebidan fazur koordinatebze gadasvla

xdeba Semdegi matricis daxmarebiT:

cosd -sind 1
A'= cos(6-120°) -sin(@-120°) 1 (1.12)
cos(f+120°) -sin(d+120°) 1
axall koordinatull RerZebSi singronulli manganis gardama-
val1 procesebis gantoleba matricull formaSi SeiZlBeba Caiwe-
ros Semdegi saxiT:
U=RI+(PE+N) W ;
Wi =Ll (1.13)

dw 3 . .
J E: TT'E(wcdlcq_wcqlcd)

sadac U;=[Us, Ucg, O, Ueg, O, Ugo]
II:[if, Icd, ig, icq1 Ih, ico]T
Wis[We Wea, Vg Weg Wh Wool'

— T
I:zl—diag[rf, re, rg, Fe, Ib, rc]

3
L+ E M¢ Msq
My L M,
- M 3 M L,
L= fg o e g
L M,
3 M L
— M h
2
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E _erTeullovani diagonalluri matricaa
sidideebi

3
Lq:ch'l'Mcp_E Mo,

warmoadgenen statoris Tazis TviTinduqciis koefFicientebs ho-
rizontaluri da vertikaBuri denebisaTvis;
Leo=Lep_2Mep (1.15)
warmoadgens statoris Ffazis TviTindugciis koefFicientia null o-
vani mimdevrobis denebisaTvis.
(1.13) gardamgmne I ganto Bebas uwodeben park-gorevis ganto-
B ebas, rome B ic Seicavs periodull koeFicientebs imdenad, ramde-
nadac koordinatull RerZebSi indugciis koeFficientebis mniSvne-
0 obebi warmoadgenen mudmiv sidideebs. parkis da gorevis naS-
romebi erT-erTi pirveli sainJinro namuSevrebia, romlebic
efeqturad gamoiyeneba periodullkoeficientebiani ganto BebaTa
sistemis mudmivkoeFficientebian gantoBebaTa sistemad gardag-

mnisTvis[8,9].
11.2. asinqronu i manganis ganto H ebebi
asingronu b1 manganebis gardamavalli procesebis gantolle-

bebi Fazur koordinatebSi Seicavs periodull koeFficientebs, ro-

me B Ta raodenobac ganpirobebulia im FfagqtiT, rom statoris
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fazaTa konturebis wurTierTindugciis koeFficientebi arian
periodulli Fungciebi, romBebic damokidebulli arian rotoris
mdgomareobaze. Tu miviRebT, rom stators da rotors agvT
samfaza simetriulli gragniBebi, SeiZBleba asinqgronu i manganis
gardamavalli el .magnituri procesebis ganto Bebebi Fazur koor-
dinatebSi Caiweros Semdegi saxiT[l,5,7,8,9,10]:

dv

Uca=rclcat -
dt

.o dy
Uch=Tclcht th ;

|
Ucc=rclect dtcc ; (1.16)

pa

Upa:rpipa"' at ;

Ub:rib+ pb ;
p p'p dt

. Y
Upc=rplpct dtpc ;

sadac Ucy, U, U, dca, feby dcee Upa, Uph, Upe, Tpa, dpb, Ipe, _ Sesabamisad
fazuri Zabvebi da denebia statoris da rotoris gragni lebis-
Tvis; r., 1, _ statorisa da rotoris fazaTa gragni Bebis agtiuri
winaRobebia; W, W, W ¥ ¥, VY, _ statorisa da rotoris faze-
bis konturebis nakadSerTvebia.

asingronu 1 manganis rotoris maZraobis ganto Bebas aqvs
Semdegi saxe:

I %= _TetTe, (1.17)
sadac T, _ amZravi meganizmis winaRobis momentia; T. _ e Beqtrome-
ganikuri momentia, rome B ic ganisazRvreba (1.6), (1.7) ganto BebebiT.

d, q, o Fazuri sidideebidan moZrav kordinatull sistemaSi
w, Tavisufali1 siCgariT gadasvBla xorcielldeba singronulli

manganebis ganto Bebebis anall ogurad.
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asingqronulli  manganis gantoleba matriculli FformiT
Caiwereba Semdegnairad:
U, =Ruli+(PE+M)W,, ;
W, =Luly; (1.18)

JM (fj_atj :g Lad(ipdicq_ipqicd)_Tc,

sadac U||:[ Ucd, ch. Upd, qu, Uco, Upol]T

Ii=[ ica, icq1 ipd1 ipq, ico, ipo,]T;
W = [WCd Wegr Poa quq,qJCO,quo,]T ;

Rllzdiag[ Fey Tey Fps Tpy Tes rp];

Lcl I—ad
Lcl I—ad
L Lag Lpl
LCO
Lpo
—_ wk
wk
N
w- o,
Ny=
W, —w

La= L M: _ statoris TFazebis indugciis koeficientia pirdapiri

mimdevrobis denebisaTvis; L=L.+2M; _ igive pirdapiri null ovani
mimdevrobis denebisaTvis; Ladng; Lpi=Lp-M, _ rotoris TFazebis

TviTinduqciis koeFficienti pirdapiri mimdevrobis denebisaTvis;

Lpo=Lp-2M, _ 1give nu B ovani mimdevrobis denebisaTvis.
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(1.18) gantoleba ar Seicavs periodull koeFicientebs,
amasTan periodulli koeFficientebi (singronulli manganisgan
gansxvavebiT) gamoiricxebian asingronulli manganis ganto lebe-
bidan sakoordinato RerZebis brunvis siCgaris o, nebismieri Ser-
Cevisas, rac ganpirobebullia asingronulli manganis simetriull o-
biT. Tu ganvixiBavT asingronuli manganis moZraobas, roca
w=cost, maSin misi gardasaxu i ganto Bebebi Rebull oben wrFivi

ganto Bebebis saxes mudmivi koeFicientebiT.

113 eleqtrulli gselis ganto 0 ebebi

Tfazur koordinatebSi r, L, c; wredis ganto Beba, bo B oebSi

Ui, U, Zabvebi T, SeiZ B eba Caiweros Semdegnairad:

Upy =0y -1y -1 Seom Gy e 2 s

dt dt dt C

d d. d. 1 .
U. =U -M —Sla_| ZJib_\M e i dt; 1.19
2b b~y at dt it C I'b ( )
et Sy S S L

dt dt d¢ C

sadac r, L, M _ Sesabamisad fazis agtiuri winaRobaa, fazis
konturis TviTindugciis koeFficienti da ori TFfazis konturis
urTierTindugciis koeFicientebia, C _ wredis ganwwo i tevado-
baa.

(119) gantolebebi  warmoadgenen mudmivkoeFicientebian

wrfiv diferenciallur gantolebebs. maTi gardasaxviT mbrunav

koordinatull sistemaSi (U, _RerZTan, mbrunavi «,siCqariT;

U, RerZTan _w, siCgariT; i RerZTan _w, siCgariT) miviRebT [6]:
U,y cos(b, — &) +Uy,sin(f, — ) —U,, cos(, = 8,) Uy, sin(, = 6,) 1,1, -

di . dg _ 1 . :
- L,,ld—’f+ Loyl d_tk = c_”.['”"dt +_[[‘U1d sin(6, - 6,) +U,, cos(g, - 6,) +
i : di . dg, dg
Ui SN, =6,)~Uz0 008(8, =6,) =iy, = L=t~ Ly 1 et
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—U,,sin(g, - 6,) +U,, cos(é, —&,) +U,,sin(g, —6,) =U,, cos(6, = 6,) =i, =

di o dg _ 1 . _
Ly d/'? ~ Ll 7dtk =EI'mdt+I[_Uld cos@, —6) -U,,sin@, —€) +U,, cos@, —6,) +
: . di . dg, dg, ..
+U, sin(f, —6,) + i, + Lﬂld_f: Loy, dtk dtk_ dt;
: di 1 .
Uso =Uso =T = Lo~ = = [l 1.20
10 20 'x'no 0§t C 70 ( )

sadac, L, =L,-M,; L,=L,+2M, _ wredis TviTindugqciis koefFi-
cientebia pirdapiri da null ovani mimdevrobis denebisaTvis.

(1.19) da (1.20) ganto Mebebi SedgeniBia eleqtrulli gselis
yve Ba parametrisaTvis da erTiandebian elBeqtrulli gsellis
kvanZebisaTvis kirxofis pirveli1 kanonis gantoBebebTan. am

damokidebu B ebebs | kvanZisaTvis SeiZ B eba hgondeT Semdegi saxe:

Z i, =0 (1.21)
J
sadac j _ jkvanZTan mierTebis Stoebis raodenobaa. (119) da
(1.20) ganto Bebebis SerwymiT Kkirxovis Il kanonTan elegqtrulli

gqse B is konturebisTvis miviRebT [11]:

ZU|=0

sadac | _ aris el ementebis raodenoba, romBebic Sedian m-ur

(1.22)

kontursSi.

114 mT B iani energosistenis maTematikuri modeli

imisaTvis, rom CavweroT energosistemnis gardamavall 1 proce-
sis mT Biani maTematikuri mode Bebis ganto Beba, energosistenmis
callkeuli elementebisaTvis unda miviROT koordinatTa sistema
da denebis mimarTu Beba. denebis dadebiT mimarTu B ebad miviROT
denis mimarTuleba gseBidan manganaSi, q 1yos vertikaluri
(ordinatTa) RerZi, d — horizontaluri (abscisaTa) [15]

mT Biani energosistemis maTematikuri modelis ganto lebe-

bis optimaBurad CawerisTvis singronulli manganebis tolloba
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unda Caiweros mbrunav koordinatebSi, romBebic myarad arian
dakavSirebuli erTmaneTTan manganis rotoriT. asingronulli
manganebisa da statikuri elBementebis ganto Bebebi Caiwerebian
mbrunav koordinatebSi, romBebic xistad arian dakavSirebulli
erT-erTi singronuli manganis rotorTan an Ffazur koordina-
tebTan [1,11].
eleqtrulli gsellis gantoleba CavweroT kvanZuri Zabvebis
meTodiT, roca ar arseboben denis nulovani mdgeneBebi. elle-
qtrulli gselis da asingronulli1 manganebis ganto Bebebi Sevu-
TardoT RerZebs, romBebic xistad arian dakavSirebulli erT-
erTi singronu i1 manganis rotorTan. vTgvaT es aris mangana n
kvanZSi. am dros manganis horizontaBluri _ namdvi Bi RerZebisa
da warmosaxviTi _ vertikaBuri RerZebis Tanxvedrisas eleqt-
rulli gselis mndgomareobis gantoleba | kvanZisTvis, (1.20)
ganto Bebis gaTvaliswinebiT, kompBeqsur FormaSi Caiwereba
Semdegnairad [5]:
LL,—L,—,—+Z(Q;-Qq)ijq+l_,-c+l_,-a=0 (123)

sadac |;,l;, _ denebia, romBebic ganpirobebulia j kvanZSi
singronuli da asingronuli manganebis arsebobiT; Y, jg Stos

gamtarianoba, rome B ic akmayofi Bebs gamosaxu ll ebas:

1
Y_jq = ] L 1 (124)
r+(p+ jw +
(p+ jw )L, (p+ jw,)C

Y ,, axdens jkvanZSi statikuri datvirTvis modelirebas. Tu

statikuri datvirTva warmodgeni Bia r,, L, wredis saxiT, maSin

_ 1
I+ (p+ )L,

(1.25)

Caketi B 1 sistemebis misaRebad saWiroa sinqronuli
manganebis gantoBebebsa da elBeqtrulli gselis mdgomareobis
ganto Bebas daematos sxvadasxva koordinatTa sistemis kavSiris

ganto Bebebi, romBebic SeiZleba CavweroT Semdegi saxiT [5,11,12]:
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Uj :Ucdj COSO_jn _chj sin Jin
U, =Uysind,, +U, cosd, (1.26)

Ij. =14 COSO;, — iy SINT;,

I, =i sind,, +i cond,,
tal Ruri procesebis gaTvaliswinebiT grZzeli xazis ganto-
B eba CavweroT a,f,0koordinatebSi da davumatoT Ffazuri koor-
dinatebis kavSirebis ganto Bebebi a,f,0 koordinatebSi.

d,q,0 koordinatebSi gardasaxvis matricas aqvs Semdegi saxe:

cos & sind 0
A,,=AS;'= -sinfd cosd O (1.27)

0 0 1

115 energosistemnis mT B iani

maTematikuri modell is Taviseburebebi

ganvixi BOT umartivesi energosistemebis gardamavalli pro-
cesebis ganto Bebebi, romBebic Sedgeba ori singronulli manga-
nisgan da muSaoben statikur datvirTvaze, romell sac warmoad-
gens parametrebi r,,L,. simartivisaTvis gamoyenebu llia araregu-
Barulli singronu i manganebi udempfero konturebiT simetriul
reJimSi. gamoyenebu B ia mT Biani maTematikuri modelis gantole-
bebi mbrunav koordinatTa RerZebSi. singronulli manganebis gan-
to Bebebi ukavSirdebian maT rotorebs (113) ganto Bebis safuZ-

ve 1 ze da Caiwerebian Semdegnairad [1,5,11,13]:

. d : ) .

Uy = Toleg + E(Ldj'cdj +M fjlfj)_ Lyl @5
Uy = Ty * (L ) Ly + M i) @) (1.28)

i = Fojleo dt ai lcaj dj gy ilg ) @i ,

: d 3 . .

Uy Fglyg + T3 —M i+ Lgiyg

dw 3 o o
Jj—dtl :TTJ-—? M fjlfjlcqj+(|‘dj_qu)'cdjlcqj
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sadac j=1,2

datvirTvis wredis ganto Bebebi SezZBeba Caiweros Semdegi

saxiT:
. di )
Ucdl =Tylyg LH dt - LHIqul
) (1.29)
: di, :
chl = r-HIHq + I—H + I—HIHd wl
kirxofis | kanoni datvirTvis kvanZisTvis da | da |l

singronu B i manganebisTvis SeiZBeba Caiweros Semdegi saxiT [11]:
Iy T, COSO +ig,SINO +ipyy =0;
i

cq T leq2 COSO =iy, 8iNd +iy, =0; (1.30)

Uy =U, €089 +U,Sin0;

Uy = Uy, Sind +U , COSO.
t
o = J’(a)1 - w,)dt + 9, (1.31)
(128) _  (131) gantolebebi aRweren ganxiBulll sistenis

gardamavall procesebs. maTi erTobBivi amoxsna saSualebas iZ-
Beva aRvweroT elegqtromagnituri da elegtromeganikuri proce-
sebi.

(1.28) _ (131)-dan Cans, rom mbrunav koordnatebSi mT Hiani
maTematikuri mode B is Cawerisas singronull 1 manganebis ganto le-
bebidan gamoiricxeba periodulli koeFficientebi, amasTan es koe-
Ticientebi (sind, cosd) gardaigmnebian manganis rotorebs Soris
kuTxis periodull TFfungciebad, romeBTa cvallebadoba droSi
aRiwereba (1.31) ganto BebiT.
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12 mrava B manganiani sistemebis gamartivebull i variantebi

121 Cqari eBeqtromagnituri procesebis kvBevis

maTematikuri model i

es modeli aris mTHiani modelis kerZo SemTxveva da
miiReba misgan Cgari moZraobis gamoyofiT, singronulli da
asingronu Bi manganebis rotorebis brunvis kuTxuri siCgareebis
Semagrebis gziT singronuli manganebis rotorebis brunvis
kuTxuri siCgareebis erTnairi mniSvne I obebisas.

i-uri singronul i1 manganebisTvis Cgari elBeqtromagnituri
procesebis gantoleba (113)-is safuZvel ze Caiwereba Semdegi
saxiT:

U =Rl +(PE+ N, )Wy (1.33)

lio
W, =Ll
ganto Bebebs wredisTvis r ,L ,C parametrebiT (1.20)-is

safuZve I ze egneba saxe:

: d, : 1. : d : :
Uy -U,—riy —le—t"+L1| qa)ozc—J'l ddt+J’ Uy —Uy —ri q—le—tq—Lll 4w, wdt;

. di : 1. : dj i _
Ulq_UZq_rlq_LlT{]"'LlJ dWozci_I-I th+I_Uld_UZd_“d_Llad_Lllqa% wt;
o e oy dig 1 . 1.34
P P e L (1.34)

mocemuli gantoBebebi miRebulia energosistemis yvella
eBementisTvis da warmoadgenen Cgari eBegtromagnituri proce-
sebis modells, romelic arawrfivia Tavisi mudmivi koeFicien-
tebiT simetriulli relimebisTvis [1,5,13,14].

1.2.2. Jdanovis model i

gasaSualebis pirveli meTodis gamoyeneba iwvevs Jdanovis

maTematikuri mode l is gamartivebas.
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energosistemnebisTvis im modelis ganto Bebebs, romBebic
Sedgebian n-singronulli da £-asingronu B 1 manganebisgan, komp leg-
sur FTormaSi eleqtromagnituri procesebis gauTvall iswineb lad,
eqnebaT Semdegi saxe:

dw
Jid_tl:TTi(a)l)_Tei(dLn""’J(n—l)n’a)l""’wﬂ’le""’wml);

da, _ .
L (0 10 L WG Y. S S Z M2 (159)
dg, _

- a)l _a)n
dt
sadac i=1,2,..n; v=12,..1; 0,,_ i-uri da n-uri singronull i mangane-

bis rotorebs Soris urTierTZvris kuTxea; w, —i-uri singronulli

manganis rotoris brunvis kuTxuri siCgarea; «,, —V-uri asinqro-
nu B i manganis rotoris brunvis kuTxuri siCgarea.
(1.35)-S1 Semava 1 Funqciebis cxadi anaBitikuri gamosaxu-

Bebebi SeiZBeba miRebull ignes eleqtrulli gselis mxolod

ubrall o wrFivi mode Bebis SemTxvevaSi.

Jdanovis models orgeneratoriani sistemisTvis, romelic

mT B iani mode Bidan miiReba, aqgvs Semdegi saxe:

d 13 Eq . :
) =T Shsingy + =T sin(d, - ay)
11 12

da 13 B, Eafeg
3 9@ o 13 Eg o, Ea sm(J —a ) : (1.36)
Z dt T2 w, 2 Z, # 21 o
dd,

= - .

g AT

sadac E, =wMiq,, E,=w,M,l, - eBeqtromanoZravebe Bi Zalebig;

Zi1, Z22, Z12, Z21,0,,0,,0,,,0, _ Sesabamisad sakuTrivi da urTierT-

winaRobebis argumentebisTvis modu Bebi da damatebiTi kuTxeebia
[1,5,15,16,17,18,19,20].
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123 poziciuri modeli

poziciuri modelis gantoBebebis aracxadi saxiT Cawera

statikuri maxasiaTeb Bebis asingronuli datvirTvis gaTval iswi-
nebiT (1.35)-dan gamomdinare, xdeba Semdegnairad:

d?0, 1

1
dt? - T[TTi ~ Tei (Jln!""a-(n—l)n)] _J_ Trn = Ten (Jln""’a-(n-l)n)

n
(i=12,..,n-1 (1.37)
poziciuri model 1 gamoiyeneba singronulli manganebis Tar-
dobiTi moZraobis anaBizisTvis da misi gamoyeneba SeiZlleba
maSin, roca unda gamovikvBiOT procesebi, damokidebuli sing-
ronu i manganebis rotorebis brunvis kuTxur siCgareze.
arseboben am principze agebulli sxva gamartivebulli maTe-
matikuri modelebi. ganvixiBloT maT Soris yvelaze xSirad

gamoyenebu B1 n-kvanZSi1 «, sixSiriani usasrullo simZBavris sall-

tis gamartivebu i maTematikuri modeli [5,19]
singronu i generatoris rotoris moZraoba (113)-is gaTva-

B iswinebiT ase aRiwereba:

dz0-rin — 3
Tji di =Ri-=

sadac J,, —i-uri singronulli manganis rotoris da eqvivallentur

2 EqZIY” Sin a,ii + EqiLJiYEUi Sin(JEVi - aEvi) (138)

usasrullo simZBavris generatoris sall tes Soris kuTxea;, Eqg _ i-
uri singronu i manganis Fiqtiuri emZ; U; i-uri singronulli man-
ganis eleqtrull gselTan Sexebis kvanZSi Zabvis modulig;
Y., Y, Oz, SakuTari da saerTo gamtarobis argumentebis
modu Bebi da damatebiTi kuTxeebia Eg da UjkvanZebisTvis; P —i-

uri  singronulli  manganis pirveladi Zravis simZBavrea;

T, =J,0,.
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i-uri singronu i manganis aRgznebis gragni BSi e leqtroma-
gnituri gardamavall1 procesebis gantoleba (113)-is safuZvell ze
gardaigmneba Semdegnairad:
qu.

Td oi T‘ = qui - Eqi (1-39)

sadac E';-X'; gardamavalli winaRobis emnZ-a; qui — emZ-is stacio-

naBluri mniSvne Bobaa, romelic proporciullia aRgznebis gragni-

lis Zabvisag; Tdoi — aRgznebis gragni Bis drois mudmivaa.

gamartivebuli modelBisTvis i-uri singronull 1 manganis ro-

toris moZraobis ganto Bebas aqvs saxe:

d?o 3 : c :
]:

JI dt2

i-uri singronuli manganisTvis E'; da Egy cvBadebis

kavSiris ganto Bebas aqvs saxe:

E. 1 n

- — -

X, X, =Ey m Yicosay + JZ EqiYij « 0S(3; — a5 ) (1.41)
j#

ufro gamartivebulli modelBi miiReba im SemTxvevaSi, roca

aRgznebis regulirebis mogmedebiT SeiZBeba uzrunvelyofil

Ignes zogierTi E;, emZ-is mudmivoba eqgvivallenturi reagtiulli

winaRobiT x;, romelBic damokidebull ia aRgznebis reguBlatoris
maxasiaTebe B ze. am modelis moZraobis gantoleba Caiwereba

Semdegnairad:

d*s, : : i
i dtzm =Py — 7Y, singy - Z E.E;Y; i sin(; —ay ) (1.42)
IE

/ /3 . .
sadac E, = g—Ei s E = 2—Ei « » Xi_ gaTvaliswinebull ia

sakuTriv da urTierTgantarobaSi (i=1,2,...,n-1). mode B is Semdgom

T,

gamartivebad i1TvHBeba konservatiull modelebze gadasvla, ro-

me B TaTvisac damatebiTi kuTxe @  xdeba nullis toli [5,19,20]
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124. eleqtrull gsell Si gasaSuallebulli

procesebis modell i

eleqgtrull gselSi mravallsixSirulli denebis da Zabvebis
Secvlas erTsixSiruliT mivyavarT modellis gamartivebamde,
rome B sac SeiZlleba vuwodoT eleqtrulli gselis gasaSuallebulli
procesebis maTematikuri modeli. aseTi tipis modelis realliza-
ciisas unda ganvixi BOoT singronu i manganebis muSaoba SekavSi-
rebis kvanZze, rogorc miwodebuli1 Zabvis momWerebze da gava-
erTianoT sxvadasxva sixSiris wredebi energetikulli balansis
ganto BebebiT [1,5,19,21,22].

gasaSualebis erT-erT saSuallebas, romell ic akmayofi lebs
mocemu B pirobebs, warmoadgens el .simZBavreebis an momentis
saSua B o mniSvne B obis gansazRvra [1,5]:

Za)iPi

P (143)

e SP
ZwiJi

anu w, = —m«— (1.44)

TS

CavweroT gasaSuallebis maTematikuri modellebi energo-
sitemisTvis, romelsac agvs n-sinqronu i, L-asingronull i mangana
da m-eleqtrulli qgsellis kvanZi. j-uri singronuli manganis
moZraobis ganto Beba Caiwereba Semdegi saxiT:

U, =R;l; +(PE+N )W,

W, =Ll (1.45)

1j?

3, M o7 3w - W)

Jdt ] 2 q) "cq)

sadac j=1,2,...,n.
v-uri asingronulli manganis moZraobis ganto Beba Caiwereba

Semdegi saxiT:
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1% = RIIV Ilv+(pE+Nllv)Lpllv;
Wi, =Ll (1.46)
dw, _3
‘]MV dt 2 Ladv(lpdv cqv - pqv cdv) T

sadac V=12,..,1.

yoveli  j-uri elegtrulli gselisaTvis (maT  Soris
singronuB1 da asingronu B i manganebis SeerTebis kvanZebisaTvis)
eleqtrulli gselis stacionaluri mdgomareobis ganto lebebi
agtiuri da reaqtiulli simZBavreebis balansis ganto lebebis

saxiT Caiwereba Semdegnairad [1,5,22,23]:

17a°1q

Uy sina; yy+ZUUY sm(d -0, )+F>jH (Uj,a)c)+ch+Pja:O;
(1.47)
Uy, cosa; ZUUY cos(d -0 a) QH(Uy,a)c)+QjC+Qja:0.

17a°.q

sadac j=1, 2,..... m

ganto Bebis ricxvis ucnobTa ricxvTan SesabamisobaSi
mosayvanad auci BebelBia singronulli, asingronull i manganebis da
eleqtrulli gselis cvladebis kavSiris damatebiTi ganto BebaTa
sistemis Sedgena. singronulli manganisaTvis, romelic SeerTebu-

Bia j kvanZTan, es ganto Bebebi Caiwereba Semdegi saxiT [5]:

ch = Ucdjicdj +chjicqj;

Q = chj cdj Ucdj icqj : (1-48)
2 _ 2 .

U Uch +chJ’

U
d,, = d,, +arctg—=;

cdj

do,

rn

dt

= w; - @,

sadac 5”-” _kuTxea singronulli manganis j rotoris horizon-

talur RerZsa da generatoris horizontallur RerZs Soris.
asingronu i manganisTvis, romelic mireTebulia vkvanZze,

kavSiris ganto Beba SeiZlBeba Caiweros Semdegnairad:
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P _Ucdv cdv +Ucdv cqv’
Q = Ucdv cdv _Ucdvlcqv :

U2

cdv?

UZ=U? (1.49)

cdv

U cqv
0,, = arctg—-

cdv

ormanganur energosistemebSi singronuli manganebisTvis

mocemu B ganto Bebebs aqvT Semdegi saxe:

d . . i
U =T chj dt (Ldj Jeai +M fil4 ) - qu Jog W

Uy = Tl +E(Ldjicdj ) _(Ldj Jogg T My jfj)a)j; (1.50)

. d 3 .
Ufj:rfjlfj+dt 2ijlcdj Lylg 5

J; d;Nj =Ty - % Mgl log +(Ldj - qu)icdjicqj :
sadac j=1,2.
energetikulli ballansis gantoleba datvirTvis kvanZSi
parametrebiT ry, Ly da cvBadebis kavSiris ganto Beba Caiwereba

Semdegi saxiT [1,5,24,25,26,27]:

2 UZr
(Ungicg + Uogiieg ) + 5225 =0,
j 'cdj cqj "cqj 2 2,2 !
JZ ry +LLw
2 UZ2woL,

(uc +U ) +—— ¢ =0
aj CdJ CdJ Cq} 2 2 2 !
JZ rH + LH wc

2
U ucdl + ucqll
(1.51)

2 2 2 .
UH _ucd2+ucq2’

O, = arctg —2 —arctg °q1
ucd2 ucdl
doy, _ @ -
dt
— wl‘ll + wZJZ
’ ‘]1 + ‘]2
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13 energosistenis statikuri mdgradoba

amnJamad energosistemasTan dakavSirebull sakiTxTa gamarti-
vebam FarTo gavrce Beba hpova.

Tu Baparakia wrfiv modeBebze, maSin es sakiTxi SeiZleba
gadawyveti i ignas maxasiaTebeli gantolebis analizis safuZ-
ve I ze sxvadasxva meTodebiT.

an analBizis mTavari mizania, gagebuli ignas Tavisebureba,
rome B ic Tan sdevs energosistemnis mTell modells, imisaTvis, rom
ufro safuzvilianad mivudgeT mis gamartivebas saerTo SemTxve-
vaSi.

naSromSi ganixi Beba sinqgronu B i1 mangana, romell ic muSaobs
ucvileli sinusoiduri Zabvis wyaroze. ikvBeva SemTxveva, rome-
Bic miaxBoebiT asaxavs erTi singronulli manganis muSaobas
Zallze mZBavr wredSi. energosistenis ganto Beba CavweroT koor-
dinatTa sistemaSi, romeBic emTxveva singronull i manganis roto-
ris RerZebs. mosaxerxebeBia maTi warmodgena Semdegi saxiT
(FardobiT erTeulebSi) [1,5,26,27]:

¥, +Ri, - (1+S)¥ =usind;
dw
dtq +Ri, +(1+S)¥W, =ucosd; (152)
dwy
: +Rpip = Uy
dt
ds

Ti + Wiy = Wiy = M (@) =0,

sadac LIJ:{LIJd,LIJq,Wp_k i:{id,iq,ipk W, ,i,- singronuli manganis
rotoris xviaTa nakadSerTvebisa da denebis veqtorebia;
Up:{Uf,O...,O}, S=w-w, w, - Zabvis statoris xviaze dadebulli

sixSirea; 0 - kuTxea rotoris ganiv RerZsa da dadebulli Zabvis

gamosaxviT veqtors Soris, romelic aiTvleba Zabvis veqtoridan

2
saaTis i1sris sawinaaRmdego mimarTu BebiT. Tj:jﬁ meganikuri

6a3
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momentia;, simartivisTvis ugulebullyofell ia amZravi meganizmebis
gardamava Bl i procesebi.

maxasiaTebel gantoBebas agqvs me-5 rigi. a a gorevis
naSromSi mcire parametrebis meTodis daxmarebiT miRweull 1igna
me-5 rigis sawyisi gantolleba daSHiliyo daballi rigis sam

ganto Bebad:
P>+ (pa + Py )P+ L+ Pp,") =0;
a,Yp+a® =0; (153)
a’p’ +ai’p’ + i p+ap” =0;

5 4 3 2 —_
p’+a,p”+a,p’+a,p-+a,pta; =0.

14 ormanganuri energosistemnis dinamika

energosistemnebis maTematikur modellebs Soris poziciuri
modelB i rCeba energosistemis erT-erT umTavres idiallizaciad,
rome Bsac kBasikuri ewodeba.

aseTi sistemis dinamikis sakiTxebs, upirvelles yovlisa
mdgradobas, eZRvneba uamravi HBiteratura, sadac ganixileba
gamokv Bevis sxvadasxva aspeqtebi cifrulli, analitikuri da
xarisxobrivi meTodebis gamoyenebiT. mdgradobis gamokv Bevisa
ganxi Bull meTodebs Soris aris BRiapunovis Tungciis meTodi.
miuxedavad imisa, rom HNiapunovis Funqciis meTodi ukve didi
xania gamoiyeneba energetikaSi, vxvdebiT srullebiT umniSvnello
raodenobis amocanebs, romBebic amoxsnilli arian am meTodis
daxmarebiT.

ganvixi BOT ormanganuri energosistema poziciur ideali-
zaciaSi wrFfivi dempFirebiT, romBisTvisac amoixsneba misi
dinamikis ramodenime mniSvne B ovani amocana: wonasworobis
mdgomareobis separatrisulli zedapirebis umravBesobis aRwera,
romBebic zRudaven energosistemis wonasworobis mdgomareobas
asimptoturi mdgradobiT da wonasworobis mdgomareobis umrav-

0 esobis ghobaluri mizidull obis pirobebis miReba. CamoTvERili
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amocanebi amoixsneba HBiapunovis | da Il meTodebiT da Sedarebis
organzomi Bebianit  sistemis meTodiT. wrfivad dempFirebuli
organzomi Bebiani energosistenis poziciuri modelis FardobiTi

moZraoba gamoisaxeba Semdegi saxiT [1,5,26,27]

Oz = Wy,

Wy = = Ay + (A = AV, + 1 Py = 1A, €08(0y = B,) = 11y Py + 1y Ay, COS(3, = 6,);
s = = A0, * 11" P, = 15 Ay, COS(Jy, — ), (154)
sadac J,, w,, ,, _ sistemis Fazuri cvBladebia (J, =9, -9,,
w, =W -w,, 0, w =0, 1=12 - Sesabamisad rotoris absoButuri
kuTxe da kuTxuri siCgarea i-uri manganisTvis), A, u, P,

1=12, A,, &, - mudmivebia, x>0, A >0, i=12 A,>0.

(154)-Si davuSvaT 4, =0, @2=0, @ =0, maSin vRebulobT

wonasworobis ganto B ebas:

Dw, +¢(d,,) =P, (i=12) (1.55)
romBebSic D, = Ay, (i1=12,)
$(3,) = A, cos(d, - 6,). (156)
Tu (154) — sistemis parametrebi akmayofi Beben pirobas:
Ay # Aoty

‘(Allulpmi _/‘ZILIZPml)/(AH (A 14 _Azluz)‘ <1 (1.57)
maSin misi wonasworobis mdgomareoba ganisazRvreba Tanafardo-
bebi T:

0)102 =0; wg = (Pml - sz)/(/‘llul = Ath);
C05(520 - 012) = (/‘]JL/]_PmZ - /‘2/-/2 Pml)/(Aﬂ (/‘1/'/1 - AZNZ)) (1.58)
(1.58)-dan gamomdinareobs, rom (157) pirobisTvis (154)

sistemas aqvs wonasworobis 1izolBirebull1 mdgomareobis TvHRadi

simravBle. Tu misgan gamovyobT wonasworobis nebismier mdgomare-
obas, aRniSnulli (w,, w,,J,,)-iT da Tu SevitanT gadaxrebs:

2, =W, - W, I1,=0,-W, 20 =0J,-0J,, VRebuBobT (154) an (155)-

is gaTvall iswinebiT Semdeg ganto l ebebs:
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o=1;
721=-Az, + (A - A)z, +b¥(0); (1.59)
2, = -\,z, +b,W(0).
sadac b, = A, (¢ - 1), b, =A,u;' >0.
W(o) =Sin(o + a) - Sin(a);
a=9,-6,-m/2. (1.60)
CavTvaloT, rom A,21 a (0,7/2) (1.61)
amasTan, pirve 11 ganto Beba yove 1 Tvis Sesru ll ebadia. wona-
sworobis mdgomareobebs z,, z, gadaxrebisTvis egneba Semdegi
saxe:
z,=0, 1=12, WY(o)=Sin(c+a)-Sina=0. (1.62)
an Tanafardobas mivyavarT oradTvBad Tanamimdevrobisken
wonasworobis izolBirebu 1 mdgomareobisa:
6,'=2'=0 1=12 o0,/'=2kr k=0+1+2.. (1.63)
6,"=2"=0i=12 o "=km-2a k=+1%3.. (164)
(1.59), (1.60) sistemis wrFfiv miax Boebas 6, 'wertillis axBos

agvs Semdegi saxe:
o=1; 1,=-Az,+(A-A)z,+bcosa(c-0,");

2, =-Az, +b,cosa(o -, ). (1.65)
xo 0o misi maxasiaTebe Bi ganto Bebebi miiReben Semdeg saxes:
A'(Y) =1+ 12 (A, + A) + (A, A —b, cosa) —cosafb, A, +b, (A, -A)]=0 (1.66)

amasTan, sistemis wrFivi nawi B is maxasiaTebe Bi1 ganto Beba,
wonasworobis mdgomareobis FargBebSi 4, Caiwereba ase:
A'() = 17+ 17 (A + A) + (A A, +Db, cosa) +cosalb, A, +b,(A, —A)]=0 (1.67)
vTgvaT (159) (160) sistemebis parametrebi akmayofilebs
pirobas: a (0,7/2), A,>A >0, b,>0, bA, +b,(A, -A)<0, maSin mas

gaaCnia wonasworobis izolirebuli ndgomareobebi 6, §

ronlBebic ganisazRvreba (1.63) da (164) FormuBebiT, amasTanave 6,
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wonasworobis mdgomareobebi asimptoturad mdgradebia da es
faqti ganisazRvreba imiT, rom 6, wertilebSi (159) da (160)
sistemebis wrFivi nawiBis maxasiaTebel gantoBebebs aqgvs

Tesvebi kompBegsuri sibrtyis Tesvebis marcxena Ria naxevar-
sibrtyeSi [26,27].

15 NBiapunovis veqgtorulli Fungciis

meTodi energosistemis mdgradobisTvis

arawrFivi da arastandartulli e Bementebis mgone maRali
Tanrigis rTull sistemebSi HBiapunovis erTiani Fungciis ageba
mdgomareobis yvela cvBadisTvis dakavSirebuBlia pragtikullad
gadau Baxav siZneBeebTan. aseTi amocanebis amoxsnis erT-erTi
gzaa HNiapunovis veqtorulli TFfungciis Simotana. HNiapunovis
vegtori-fungcia warmoadgens HNiapunovis ufro martivi Ffungciis

6(x) nakrebs, romeBTaganac TiToeuli Sedgenili 1igneba sis-

temis (quesistemis) nawi BisaTvis da damokidebuBia cvBadis

uncires ricxvze. amave dros, mTel i1 sistenis mdgradobis uzru-
nve B sayofad, bunebrivia, rom qvesistemebze da & TFunqciebze

emateba damatebiTi moTxovnebi. amJamad ufro metad damuSavebu-

Bia is meTodebi, romBebSic es damatebiTi moTxovnebi dayvani-
Bia yoveli S, qvesistemis egsponencialuri mdgradobis moTxov-

namde [28].

energosistemebis dinamikuri mdgradobis gamoTvBebis erT-
erTi etapi dakavSirebulia gamosakvBevi sistenis TFazuri
cvladebis avariis Semdgomi damyarebulli reJimisgan dasaSvebi
gadaxris agebis aucilebBobasTan. rig SemTxvevaSi es amocana
daiyvaneba gamosakvBevi sistemis model i1s avariisSimdgomi mdgo-
mareobis miaxBoebiT  Sefasebamde. SemoTavazeulia BvF-is
(Hiapunovis veqtorulli  TFTungcia) agebis ori saSualleba

energosistenebisTvis:
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1) pirveli saSualleba ganekuTvneba BvF-is agebas Buries
fungciis saxiT (kvadratull funqcias pHlius arawrfivobis
integralli). amasTan sistemis sawyisi modeli iSHBeba rig qvesis-
temebad, romBebic moicaven erTi da igive nawi Bs (mravall manga-
nuri sistemis ganto Beba).

2) meore mode B i ganekuTvneba BvF-is agebas sistemis Fazu-
ri koordinatebis wrFfivi Formis modu Bebis saxis komponentebiT
da gankuTvni Bia iseTi sistemebisTvis, romBebic ar Seicaven
erTmaneTTan sustad dakavSirebull qvesistemebs.

BvF-is mixedviT diferencialuri ganto Bebebis CawerisaT-
vis gaTvaliswinebulia energosistemaSi arsebulli siCgaris
regu latoris muSaoba da mravaBmanganuri sistemebis daxasiaTe-
bisTvis Semoitaneba Semdegi daSvebebi:

1) sinqgronu b1 mangana icvBeba mudmivi emZ-1iT, romel sac
agvs gardamavalli reagtiulli winaRoba da romeBic damokide-
bu Il 1a manganis tipze da misi muSaobis reJimze;

2) pirve Badi Zravebis momentebi iTvHBebian mudmivad,

3) datvirTvaSi aris mudmivi winaRobebi;

4) dempFireba gaiTvaliswineba mudmivi koeFicientiT,
romelic proporciullia srialisg;

5) sistemis sgemis srulli winaRobebi da pasiuri
e Bementebis gamtarobebi iTvBeba wrfivad da ar arian
damokidebu Bi e Bementebis muSaobis reJimze.

Semdegi daSvebebis safuZve bl ze arawrfivi mrava B manganuri
energosistemnis moZraobis ganto Beba SeiZlBeba Caiweros Semdegi
saxiT [28,29]

7,8+D,4'+P,-P, =0, i=1m, (168)
sadac D, dempFirebis koefFicientia, P, - manganis RerZze megani-
kuri simZBavrea, T; -inerciulli mudmiva, J;'-i-uri manganis roto-

ris mobrunebis absoButuri kuTxe; P, - agtiuri simZBavreebia,

el

romBebic ganisazRvrebian Semdegi Tanafardobidan:
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P; = E7Y;sing + EiE;Y;sin(d,-9;'+6,), (169)
1

sadac E; - aris i-uri sigronulli manganis emZ; Y; - manganis

- urTierTgamtarobebi; 4

‘9ij'

ij

TviTgamtarobebi Y, =Y, + ZY” Y
£

i#l
kuTxeebi, romBebic avseben %-iT TviT da urTierTgamtarobebis

kuTxeebs.

vTgvaT o - aris (168) gantoBebis mdgomareobis cnobilli
koordinatebi (avariisSemdgomi damyarebuli reJdimi). vuSvebT, rom
d'=0+0°, &-4'=y,, sadac J -i-uri manganis rotoris kuTxis
gadaxra damyarebu Bi nniSvne Bobidan J° da vumatebT ra siCgaris

regulatoris gantolebas, miviRebT arCeuli energosistenis

mode B is aRgznebu Bi miZraobis ganto I ebas:

8=y,
¥, =d;z; —dyy; - ¥, (1.70)
i =-Ly -9z, —ayy;, i:m

sadac a;, d,,

l, 0;#0, a,-const, vy,- i-uri manganis rotoris

brunvis absoButuri kuTxuri siCgarea, 1z - regullatoris

koordinata;, arawrfivi funqcia W, gamoisaxeba ganto BebiT:
W, = Zaik Sin(a-i _Jk +5io _JS _gik) _Sin(dio _513 _‘9ik) (1.71)
k:i
sadac &, =const.

advi Bi1 SesamCnevia, rom (1.70) ganto B ebas agvs wonasworobis
bevri mdgomareoba, rac gamowveu l 1a am sistemis mar jvena mxaris
nawi Bis  damokidebu BebiT kuTxeebis sxvaobaze o, -J,. amitom
dinamikuri mdgradobis gamokvBevisas ganixi Beba ew. manganebis
urTierTmoZraobis gantoBeba. mocemull SemTxvevaSi ganixi Beba

(1.70) ganto Bebidan miRebu Bi1 Semdegi ganto BebaTa sistena:
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& =Y~ Y

Y. =az —-dy -W¥';

Yo =852y =AY, + W (L72)
i =-(oa, +9,)z, - (I, —a,d)y, +a,¥,";

&, =-(a,a, +9,)z, (I, -a,d,)y, +a,¥,"

sadac U_=0,-0,,U’=3"-0°,

m-1

W= Zaik[Sin(Ui U, +U7 +U - 6,) -sin(U? -U. - 6,)]+
ki

+a,,[sin(U; +U} -4,,) -sin(U? - 4,,)]; (1.73)
m-1

Yo' = Zamk[sm(uk +U|? +€mk)_5in(UI? +6n)], (1=1m-1).
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2. bifurkacia energosistenebSi
2.1. gaormagebis cikli da bifurkacia energosistemebSi

rogorc aRvniSneT bifurkacia - es aris gadasvlebi,
romBebic SeiZBeba moxdes sxvadasxva saxeebs Soris dinamikuri
gqcevidan parametrebis cvli Bebisas [34,35].

biFfurkaciis movBeba zogadi cnebaa, rome l sac Seesabameba
SesaZzlo topologiuri cvlillebebis qgvesimravle da axasiaTebs
sistemis amonaxsns. zogad SemTxvevaSi gansaxi Bvell X amonax-
snTa sivrce SeiZlBeba daxasiaTdes garkveulli topoBogiiT. ker-
Zod, romeliRac metrikulli sivrce SeiZleba SevusabamoT n-gan-
zomi Bebis E" evkBidur sivrces. Teoriull aspeqtSi SeiZleba
ganvixi BOoT E"-ze ufro zogadi sivrce [30].

bifurkaciull analizSi gadamwyvet roBls TamaSoben gansa-
kuTrebu B i1 amonaxsnebi, romBebic SeiZleba davaggufoT Semdegi
saxiT:
L X, = X|[f:x, - X || - stacionaBuri amonaxsnebi.
2. X =[|X|f:x(0) - x(0+T)|| - periodul'i amonaxsnebi.
3. X, FAX|f:X, - X||- pirobiT - periodu 1 amonaxsnebi.

dinamikuri sistemebisaTvis, romelic aRiwereba Semdegi
diferencialluri gantolebiT:

dx

E = f (X’ p) ) (21)

amonaxsnTa simravBlis pirveli SemTxveva Seesabameba ganto BebaTa

_ . dx _
sistemnis EZO amonaxsns, rome B ic warmoadgens f'(x,p)=0 ganto-

BebaTa simralles.
meore SemTxvevaSi amonaxsni warmoadgens an martiv, an

sakmaod rTull zRvrull ciklebs.
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zemoT CamoTvHRi 0l or amonaxsnTan SedarebiT ufro rTulli

xasiaTi gaaCnia an pirobiT-periodull amonaxsnebs an atragtorebs,

rome l Ta sazRvrebs gareT traeqtoriebi ar gadian. e 1. X, X.

a

ukve naxsenebi gansakuTrebuBi amonaxsnebi (1,2,3) xasiaT-
debian im TvisebebiT, rom maTken miiswraFian yvela regularulli
amonaxsnebi, roca t - +0 an t - —oo.

mocemu Bi amonaxsnebi warmoadgenen strugqturull mdgrado-
bas, Tu mezobeBli reguBarulli amonaxsnebi parametrebis
cvililebisas igneba erTmaneTTan sakmarisad ax B os [31,32,33,34].

ganvixi BoT diskretulli dinamikuri sistema, rome l ic moce-
mu B ia QSemdegi ganto BebiT

X,q =VX, 1-X,) (2.2)

V koeFicienti marTvis parametria. Tu intervali 0-dan
4-mdea, maSin nebismieri mniSvne Boba 0< X <1 aisaxeba amave inter-
valis romelime wertillSi. V-s sawyisi mniSvne Bobis micenis
Semdeg advi Bad ganisazRvrebian X,, X,.. cnobili formulebiT
[34,35].

V -ze damokidebuBebiT bijebis gazrda iwvevs {X, }-is
gqcevis cvlillebas; roca V <3, maSin {X,} mimdevroba dadis uZrav
wertillze, roca 3<V,<V,, maSin {X,} mimdevroba xasiaTdeba T =2

periodiani wanacvBebiT. atragtorebi xdebian ucnaurni, roca
V-s mniSvneBloba uaxBovdeba 35699471860-s. aq 1iwyeba gaosi.
Tavidan mwyobrad ganSBadi xazebi uecrad igcevian @gaosur
zigzagebad (nax. 1). amasTan uchauria isic, rom roca V-s
mniSvne B oba uax B ovdeba 4-s, qaosi wydeba. aseTi wesiT miRebull'i
gamosaxu Beba aris bifurkaciulli diagrama. Tu mas SevxedavT
gverdidan, gamoCndeba X gqgaosuri speqtri, rombBis dekoratiulli
Taviseburebanic warmoadgens gamocanas, romll is amoxsna SeiZ l eba
mxo Blod Teoriulli saSuallebiT.

hopFis Teoriis safuZve l ze Semogvaqvs hopFis bifurkaciisa

da zRvrulli ciklebis cneba.
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zRvrulli cikBebis koncefcia diferencialuri gamto Hl ebe-
bis kvBevidan Camoayall iba a. puankarem. aseT sistemebSi SeiZleba
miviROT rxevebi, romBebic ubrundebian sawyis mdgomareobas
mcire SeSToTebis Semdeg rxevebis nebismieri +Tazis dros.
puankarem aseT rxevebs mdgradi zRvrulli cikBebi uwoda

sistemebs ki puankares osci Batorebi ewodebaT.

r-Iff“_L Form1 g@w

START

= Form1

b)
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nax. 1 bifurkaciulli diagrama

Tu CavTvBiIT, rom sistema iZBeva zRvrulli cikBis tipis

rxevebs, maSin SeiZBeba gavakeToT winaswari daskvnebi aseTi
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sistemebis mdgradobis Sesaxeb, miuxedavad imisa, viciT Tu ara
sistemis aRmweri ganto I ebebi.

imisaTvis, rom vimsjeBoT sistemis mdgradobis an ara-
mdgradobis Sesaxeb zRvrull'i ciklis mdgradobis mixedviT, unda
davadginoT erTgeneratorian, orgeneratorian da samgenerato-
rian sistemebSi zRvrulli cikBebis arsebobis fagti. Tu mcire
SeSToTebisas zRvrulli cikBli ubrundeba sawyis mdgomareobas,
maSin sistema mdgradia, Tu ar ubrundeba — aramdgradia.

Tu dinamikuri sistema damokidebull ia parametrze, es para-
metri SeiZBeba iyos temperatura, wneva, Zabva da sxva Fizikuri
sidideebi, maSin maTi cvliBebisas sistemis dinamika icv leba

dinamikuri sistemebis parametrebis cvlillebisas SeiZleba
Seicvallos mdgradobis wertilebis ricxvi da maTi mdgradoba.
aseTi cvhilebebi arawrfiv sistemebSi, romBebic damokidebu-
Bia sistemis parametris cvlilebaze, warmoadgens bifurkaciis

Teoriis sagans [34]

2.2 hopFis bifurkacia energosistemaSi

arawrfiv dinamikaSi erTi parametris variaciaze damoki-
debulli aramdgradoba warmoadgens mdgrad bifurkacias, vibra-
ciulli aramdgradoba ki aris hopfis bifurkacia.

ganvixi BoT organzonmi Bebiani sistema, roca sistenis

dinamika aRiwereba Semdegi saxis ganto BebebiT.

X, = f,(X,,X,,n), X, (0)=X], 2.3)
X, = f,(X,X,,n), X,(0)=X7.

n parametris cvilillebisas icvleba sistemis xarisxi. am
mniSvne B obas ewodeba bifurkaciuli mniSvne Boba. am werti Bebis
max B ob B obaSi xdeba gadasvBebi stacionalur mdgomareobebs
Soris, stacionallur mdgomareobebsa da zRvrull cikBebs Soris,

an zRvrull cikBebsa da gaoss Soris.
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bifurkaciis magaliTia Fizikur sistemebSi zRvrulli cik-
Bebis gaCena. am dros S,,S, =*iw+y Tesvibi ar aris nullis toli
da kveTs warmosaxviT RerZs ise, rom y=>0. amn dros Tavidan xde-

ba mdgradi Ffokusis bifurkacia zRvrull ciklSi. koeFicientis

cvilileban SeiZBeba gamoiwvios zRvrulli ciklis aramdgradoba

(nax.2).
ImA 1 Im A ‘ hin A A n>n
n="n 0
M<n 0
n
L4 (-] -
——2 _ —e e N R I
* Re A * Re A " Rea
nax2 zRvrulli ciklis aramdgradoba
X
a ’\
-

.

nax.3 bifurkacia spiralidan zRvrull cikll ze

Tu erTi namdviBi maCvenebeBi1 y xdeba dadebiTi, maSin
Zveli zRvrulli cikli SeiZleba daiSalos ramodenime zRvrul
ciklad. xoBlo imisaTvis, rom igi Semdgom daubrundes sawyis
mdgomareobas, saWiroa 2-jer meti dro, anu xdeba periodis
gaormageba, e.l. subharmonikis generacia.

nax.3-ze mocemu Bia bifurkacia spiralidan zRvrull cik-

Bebze. dasmulli amocana gadavwyvitoT sistemis aRmweri ganto-
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0 ebebis amoxsniT erTi parametris cvlilebis dros. es ki iZleva
saSuallebas, rom miRebu B i1 Sedegebi ganzogaddes da xe Bmisaw-
vdomi gaxdes sxvadasxva msgavsi sistemebis kv BevisaTvis [34].

hopFis bifurkaciulli Teorema organzomi Bebiani sistemnisa-
Tvis (R?) Camoya Il ibdeba Semdegnairad:

vTqvaT, Funqgcia f, da f, 4-yer maincaa diferencirebadi

TiToeulli argumentiT da f,(0.04)=f,(0.04)=0 yvela nandvill1 7;-
Tvis. CavTval oT, rom di[Re/\(n)]<0 >0, maSin:
n

1) arsebobs 2-jer diferencirebadil 7,(-£,€) - R. is, rom
sawyisi wertilli (X°0(X])) Zevs 27m/X(n) periodian Caketill
traeqtoriaze, rombis radiusic izrdeba ise, rogorc \/ﬁ roca
X2 =0, n)=0.

2) arsebobs (0,0,0) wertillis V are R®-Si, ise, rom nebismieri

Caketi Bi1 traeqtoria U areSi aris zemoT miTiTebulli saxis

erT-erTi Caketi 1 traeqtoria
3) Tu "0~ wertilli atragtoria roca 77=0. maSin 7(XJ))>0
yveBla X2#0-Tvis da Caketilli traeqtoriebi miizidebian. R?
sistemaSi  Caketi ll traeqtoriad iTvHBeba nebismieri X",
akmayoFi Bebs pirobas X)) =X(@{+T)=X nebismieri T>0
droisaTvis. wonasworobis wertillebi Caketilli traeqtoriebia
hopFis TeoriiT 7-s 0-dan daSorebisas traeqtoriebma SeiZlleba
Seicvallon qcevebi, rac damokidebullia koordinatTa saTaveSi
iakobis matricis sakuTari mniSvneBobis nandvilli nawilis
sidideze.

pirve i1 piroba niSnavs koordinatTa saTaveSi bifurkacias
gansazRvrull radiusian Caketill traeqtoriaSi (~\/ﬁ). rodesac
meore pirobidan 77=0, maSin wertilli iyo mimzidveli. xollo
sawyisi traeqtoriebi, warmoSobi Bi1 TFigsirebulli wertiBebidan,

Tavad miizidaven.
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2.3 hopFis bifurkacia erTgeneratoriani sistemisTvis

erTgeneratoriani sistema warmovidginoT Semdegi saxiT:

?j—f = K(sind. —sin(d. + Ad.)), (2.4)
dAS
—— = S(t).
™ (t)
wonasworoba ganisazRvreba Semdegnairad:
St)=0; K(sind. -sin(d. +Ad.)) =0, (2.5)

(0,0+27k) wertilli wonasworobis wertilia gamovikvBioT (0,0)

werti Bi. gardagmnebis Sedegad miviRebT [26,34]:

d—S = K cosd.Ad.,
dt

AS 26

=)ok

B3 Formi

nax. 4 gadagvarebu Bi kvanZi anu aramdgradi wonasworoba

53



| B Form1 l-_”EJI

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

nax. 5 mdgradi kvanZi

B Form1 [;_”EJ

nax. 6 aramdgradi mdgomareoba



& Form1

nax. 7 neitralurad mdgradi mdgomareoba

anu matriculli saxiT (S,A90)=t

d S _ 0 -Kcosd. S

dt Ao 1 0 A
A-s mimarT maxasiaTebe B ganto Bebas agvs saxe:

-A —-Kcosd.
1 -A

det‘

anu A’ -kcosd =0;:

agedan
A = kcosd. , A, =,/kcosd. A=A,

radiusi igneba Jk. maSin gvegneba oTxi SemTXxveva:

(2.7)

(2.8)

1. k>0; A =A,>0 - gadagvarebulli kvanZi — aramdgradi wonaswo-

roba. amonaxsns agvs saxe (nax. 4):

S(t)=c,e™, AJ(t)=ce™.

2. k>0; A =A,<0 - mdgradi kvanZi — amonaxsns agvs saxe:

S(t)=C,e™, Ad(t)=-Ce™
da isini akmayoF¥i Beben (25) ganto Bebas (nax. 5).

55



3. k=0; A =A,=0 - arandgradi mdgomareoba. (nax. 6).
zogad amonaxsns agvs Saxe:
AO=C,+C,t; S=C,;

4, K<0; A =-A, kompBegsuri TFesvebia. miviRebT cikls -
neitralurad mdgradi mdgomareoba (nax. 7).

ed, roca k>0, gvagvs wonasworobis mdgradi mdgomareoba
(nax. 5). k=0-1s dros _ aramdgradi (nax. 6). roca k<0 _ sistema
gadadis rxevis relJimSi. Is ar aris mdgradobis dakargva, anu
hopFis bifurkacia

urTierTdamikidebulleba Ssa da Ad-s Soris yvela

SemTxvevisaTvis gamosaxu B ia egm-ze mode B irebiT (danarTi).

24 hopFis bifurkacia orgeneratoriani energosistemnisaTvis

orgeneratoriani sistema aRiwereba Semdegi ganto BebaTa

sistemiT:
E:@[gn(dl—dz)—gn(dﬁAdz—5*2)]+
+%[sindl—sin(5*l+ﬁ51)]—ﬂsl
1
ddit—E?' [sin(d., + 24, -8, -84,) -sin(d, - 4,)] +
2
Eﬁ’#ﬁm;sm&;mg]—gg. (2.10)
2
SemovitanoT aRniSvnebi:
E.E.I E,UI
%: K, 1| - K,;
2 1
(2.12)
E.E.I E,UI
1212=K3; 1 1U=K4.

|2 1

Tu (211) aRniSvnebs SevitanT (2.9)-Si, miviRebT:
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O:TS{ =K [sin@, ~d,)~sin@, +4d, -3, +1d,)|+ K,[Snd, ~sn(d, +Ad,)| -TS;

(2.12)
ds . . :
=K@, +86, -6, = 8;)~sin@, - 8.,)]+ K,[snd, ~sin@, +4,)|-T.S,
aRvniSnoT 4ad, _ S, 989, _ S, (2.13)

dt dt
wonasworebis werti Bi igneba
(S,,Ad,,S,,Ad,) = (0,0,0,0) (2.14)
da am werti Bis areSi sistemas eqneba saxe:
% =-K, cos(d,, - 0.,)A0, —K, cos(d.,)Ad, —T,S, + K, cos(d., = I.,)AJ,;
(2.15)

dd% = —K, cos(d,, - 8.,)A8, ~ K, cos(8.,)A8, ~T,S, - K, cos(d., - 8.,)A3,.

veqtorulli  saxiT (5,,40,,5,,A0,)-Tan  mimarTebaSi  sistema

Caiwereba Semdegi saxiT.

S5 -1 -K,(@,-3d,)+K,codd,) 0 K.(d, - d.,) S,
JiYo) JiYo)
s = 0 0 0 x O (216)
-T, Ks(d, = 3.,) 0 -Ky(d,-d,)+K,codd,) S
ps, O 1 0 0 AJ,
agedan, maxasiaTebe B ganto Bebas eqneba saxe:
-T,-A -K(d,-3.,)+K,cos(d,) 0 K, (0., = J.,)
1 0 0 0 _
-T,-A K,(d, = d.,) -A -K,co8(d, - d.,) + K, cosd.,)
0 1 1 -A
-T,-A -K,(0,-0.,)+K,codd,) O
C a1 -A o
-T, K,(d., = 9.,) -
-T,-A -K,cos8(,, - 9J.,)+ K, cos(d,) K, cos(d,, - d.,)
-1 -A 0 (2.17)
-T, K, cos(d., — 9.,) - K, cos(d,, - 9d.,) - K, cos(d.,)

3x3 determinantis amoxsniT da gamartivebiT miviRebT:
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AP+ T A+ (K, cos(d., - d.,)) + K, cos(d.,) + K, cos(d., = d.,) -
- K, cos(d.,) + A(T, + K, cos(d., — J.,) + T, cos(d., = O.,)) =
- K, cos(d.,, - 9.,) K,cos(d,, —9.,)+ (K, cos(d,, - 9I.,)) +
+K, cos@,,) (K,cos@., —d.,)+K,cosp.,))=0 (2.18)
Tu miRebu B i1 maxasiaTebeB i1 ganto Bebis amoxsnis Sedegad
K, K,, K5, K,, mniSvne B obebs aRmoaCndaT wyvi B1 SeuR Bebu i1 komp-
Begsuri Tesvebi, sistemaSi adgili egneba hopFis biFfurkacias,
edl. egmn-ze modelBirebiT Fazur sibrtyeze miviRebT zRvrull cik-
Bebs, romell Tac Fazur sivrceSi Seesabameba tori (nax. 8).
upirve Besad ganvixi BoT mT Bianad es sistema anall izurad.
gavarkvioT, parametrebis mocemuli mniSvne Bobebis dros

maxasiaTebeBi gantoBeba iZBeva Tu ara kompBegsur +Fesvebs.

Semdgom i1s amovxsnaT egm-is saSuallebiT da miviROoT Tazuri

portreti:
ds, _
== ~XAJ, + X,Ad X, ~T,S, + X,AJ,;
d(Ad,) _ s,
dt
is (2.19)
dtz = =X, A0, - X , A, - T,S, + X, AJ,;
d(AJ,) _ S,.
dt
sadac
X, =K, co8., - 9d.,); X,=K,co08,);
X, =K;c08(0,, —9.,); X, =K, cos(d.,);
S; -T, -X,-X, 0 X, 3(15
Ao, g 0  O(T 0 Ao,
S, = (°T2) x S, (2.20)
0 X, -T, -X,-X,
Ad, Ad,
0 0 1 0
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T-A =(X,-X,) 0O X,
1 -2 0 0 _
0 X, “T,-X  =(X3-X,)
0 0 1 -2

_(T1+A) _(X1+X2) 0

) 1 -A 0 _
0 X, =(T,-2)

T1+/\ _(X1+X2) Xl
1 -A 0
0 X3 = (X3 +X,)

AT, + AT, + )+ (X, + X,)(T, + A)]+

+ AT, + A)(X5+ X)) = X X+ (X + X)X+ X,)

A+ P +CH +dA+e=0 (2.21)
b=T,+T, Cc=T+T,+X, +X,+X,+X,

d =X+ X)T, + (X5 + X)), e= X X, +X,(X;+X,)

nax. 8 orgeneratoriani sistenis fazuri tori
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mivaniWoT parametrebs mniSvne B obebi, CaTvaloT, rom T,=10 da
T, =5 da amovxsnaT miRebu Bi maxasiaTebe B i ganto Beba:

X, = K, cos(d,, - d.,) = 0,3 0,9801= 0,2940

X, = K, cos(d,,) = 0,44 0,6216 = 0,2735

X, = K, cos(d,, - d.,) =0,4 0,9801= 0,3920

X, = K, cos(d.,) = 0,66 0,7648 = 0,5048

b=15; C=50+0,2940+0,2735+0,3920+0,5048=1,4643

d =(0,2940+0,2735) 5+ (0,3920+ 0,5048) 10 =11,8055

e =0,2940 0,5048+ 0,2735 (0,3920+ 0,5048) 0,3937

(2.9) ganto B ebis Fesvebi emTxveva

A +(o+ a)% +Y, + bYa_ d-0 (2.22)

kvadratu i ganto Bebis Tesvebs, sadac

a=+8Y, +b% - 4c (2.23)

xolo Y, akmayofi Bebs ganto lebas:
8Y,> —4Cy? + (2od - 8e)Y, +e(4C -b*)-d* =0 (2.24)
da es gantoleba kuburi gantoBebis romell ime namdvi Bi Fesvia

(2.22) ase gadavweroT:

a, X2 +b,X2+C,X +d, =0 (2.25)
sadac X =Y; a, =8; b, = -4C =-20586; C,=2bd —8e =351015;
d, = e(4C -b?)-d? = -146,9052.

Tu (225)-s gavyofT a,-ze da SemovitanT axall cvBadebs Semdegi
saxiT:

y=x+Do - Y, -85775, (2.26)

3a

0

miviRebT Semdegi saxis kubur ganto 0 ebas:

Y®+3PY+29=0 (2.27)
sadac
2
p=Co boz = -58 = 9485
3a, 9d
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P _BiCoy 9o _ 451 0653
27a; 6a; 2a,

(227) ganto lebis diskriminanti D =g+ p=-1075<0. radgan D<0,
amnitom mocemul ganto Bebas sami namdvi Bi Fesvi aqvs. erT-erTi

maTgani Semdegi saxisaa:

Y =2r cosg, (2.28)
sadac r = —\/m = —,/58,9485 - 7,6778;
cosp=0 = TBLIBB_ 9077 4= arcoos0,9977 = 4°,
r° - 452,9902

Cosg = c0s1°20 = 0,9977, Y =2 7,6778 0,9977 =15,351

(2.26)-is Tanaxmad
Y, =Y +85775=15351+85775 = 23,9285
(2.25)-is mixedviT

a = +,/191,428+ 225 - 205,86 =14,511;

b*+a, _ 147855, b+—;2 - 14,7555 (2.29)
Y, + b =9 _ 478408, Y, + b ~d _ 0,087
a'l a2

(2.20)-sa da (2.25)-is Tanaxmad gvaqvs ori ganto Beba
X +14,7555] + 47,8498 = 0 (2.30)
X +0,2445) +0,0370= 0 (2.31)

(2.30)-Tvis miviRebT:

M, = =7,3778+ 2,5655

xo B o (231)-Tvis

Ay, = —01223+ix0,1483

amgvarad miviRebT Semdeg mniSvne I obebs:

A =-48123 A, =-99433 A, =-01223+0,1483i; A, = -0,1223- 0,1483i;

zogadi amonaxsni romelime cvBladi sididisaTvis Caiwereba

Semdegnai rad:
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gz: <(:Le/\lt +<(]-e/\2t +<(1e/\3t +§tle/‘4t —
— £ 40,0012t -50,0044t -0,0034t -0,0034t -1,064it _
=é&e ée ée ée et =

— <z].e—O,OOth +§zle—50,0044t +<zle—0,003425t (COS:L,064t + IS|ﬂZL0641’t) +

+ &£670%%" (c0s1,0641 - i sin1,064t) (2.32)
t=0 momentSi miviRebT Semdeg ganto lebebs:
dé d?& dé
=X, —=X,; —==X;;, —==X,. 2.33
E 1 dt 2 dt 3 dtg 4 ( )

anrigad, roca sistemis maxasiaTebel ganto Bebas namdvil
TesvebTan erTad aqvs kompBeqsuric, maSin masSi mosaBlodnellia
harmoniu B i1 rxevebis arsebobac, romBebsac +¥fazur sivrceSi
zRvrulli zedapiri anu cikBebi Seesabameba.

anal itikuri gamokvBevebidan Cans, rom am dros orgenera-

to-rian sistemaSi miiReba hopfis bifurkacia
25 hopFis bifurkacia samgeneratoriani sistemisaTvis

imisaTvis, rom vaCvenoT sixSirulli areebis hopFis
bifurkaciis Teorema mZBavri e leqtrosistenebisaTvis,
gamoviyenoT 1gi samgeneratoriani sistemisaTvis. ganto Bebebi
gadavweroT Semdegi saxiT:

& +2D,sin@) + D,,sin@, -6,) + D,,sin@,) + C,,cos@, - 6,) - C,, cos,) = AP, (2.34)
& +2D_sin@,)+D,,sin@, - 8) +D,sin@) + C,, cos(d, - 8,) - C,, cos(g,) = AP, (2.35)
sadac 6,=0,-0,,8,=0,-0,;AP, =P, -P;AP, =P,-P; o, da P, Sesaba-
misad aRniSnavs manganur kuTxes da simZBavres.

SeiZ B eba ganisazRvros parametrebis mniSvne I obebis jgufi,
romBebic Seesabameba bifurkaciis wertillebs konservatiul
sistemaSi da miiReba hopFis bifurkaciis indikatori. bifurka-
ciis am wertilisaTvis parametrebis mniSvne B obebi mocemull ia

cxrilSi:
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