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reziume 
 

Temis aqtualoba. avtomaturi marTvis sizustis moTxovnilebis 
uwyveti zrda, mmarTveli mowyobilobis funqcionaluri daniSnu-
lebis gafarToeba, avtomatizacias daqvemdebarebuli obieqtebis 
sirTule da maxasiaTeblebis cvlilebebi, marTvis sistemis 
universalurobis zrda _ yvelaferi es emsaxureba avtomaturi 
marTvis TviTawyobadi sistemebis ganviTarebis stimulirebas. aqedan 
gamomdinare avtomaturi marTvis TeoriaSi TviTawyobadi sistemebis 
sfero warmoadgens erT-erT aqtualurs. TviTawyobadi sistemebis 
klass miekuTvneba avtomaturi optimizaciis sistemebi. farTo gage-
biT optimizacia warmoadgens zogierTi funqcionalis eqstremumis 
avtomtur moZebnas sxvadasxva SezRudvebis pirobebSi. obieqtis 
optimizaciis Tavisebureba ki mdgomareobs imaSi, rom jer erTi, 
obieqtis maxasiaTeblis zusti saxe da SezRudvis funqciebi winas-
war ucnobia da informaciis erTaderT wyaros obieqtis mdgomare-
obis Sesaxeb warmoadgens maTi parametrebis gasazomi mniSvnelo-
bebi, meores mxriv, rogorc wesi, obieqts gaaCnia eqstremaluri 
maxasiaTebeli da aqedan gamomdinare ar arsebobs urTierTcalsaxa 
Sesabamisoba maT mniSvnelobebsa da marTvad cvladebs Soris. 
optimizaciis obieqtis marTvis specifika dakavSirebulia gaurkvev-
lobasTan, mas gaaCnia ucnobi da niSancvladi gaZlierebis 
koeficienti, romelic icvleba obieqtis mdgomareobis mixedviT.  

zemoT Camoyalibebuli amocanis gadasawyvetad cnobilia mra-
vali sxvadasxva meTodi, romelTa mniSvnelovani nawili emyareba 
amocanis gadawyvetas or etapad. dasawyisSi obieqtis Sesavalze 
saZiebo signalebis miwodebiT da obieqtis gamosavalze reaqciis 
analiziT, an obieqtis Sesavali da gamosavali koordinatebis 
diferencirebiT ganisazRvreba obieqtis gaZlierebis koeficienti, 
romlis informacia gamoiyeneba marTvis funqciis Camosayali-
beblad da es ki uzrunvelyofs moZraobas eqstremumisken. rogorc 
praqtikam gviCvena, aseTi optimaluri sistemebi yovelTvis ver 
uzrunvelyofen Ziebis maRal siCqares da xarisxs, sakmaod rTuli 
da ZviradRirebuli teqnikuri mowyobilobebia saWiro, aseve saZebni 
signalebis miwodeba iwvevs obieqtis iZulebiT rxevebs, rac xSirad 
miuRebelia teqnologiuri TvalsazrisiT. 

sadisertacio naSromis ZiriTad mizans warmoadgens 
optimizaciis iseTi sistemis ageba, romlebsac gaaCniaT Semdegi 
Tvisebebi: 

• obieqtis eqstremaluri maxasiaTeblis gradientis (an misi 
proeqciis) gazomvis gareSe awarmoos eqstremumis moZebna; 

• gardamaval procesSi obieqtis gamosavali sidide ar ganic-
dides rxevas; 

• marTvaze arsebuli SezRudvebis miuxedavad uzrunvelyos 
Ziebis maqsimaluri siCqare;  

• universaluroba, e. i. aqvs unari winaswar awyobis gareSe 
gadawyvitos optimizaciis amocana obieqtebis farTo 
klasisaTvis (Secvalos ara marto parametrebi, aramed 
struqturac); 
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• teqnikuri realizaciis simartive; 
naSromis miznidan gamomdinare optimizaciis amocanis gada-

sawyvetad damuSavebulia sistemis agebis sxva principi, romelic 
emyareba cvladi struqturis sistemebSi mosriale reJimebis gamo-
yenebas. aRwerili midgomis idea mdgomareobs mimyoli sistemis 
agebaSi, sadac obieqtis gamosavali sidide edareba specialurad 
SerCeul monotonurad zrdad (klebad) damkveT zemoqmedebas. 
obieqtis Sesavali zemoqmedeba formirdeba obieqtis gamosaval 
sididesa da damkveT zemoqmedebas Soris ganuTanxmoebis signalis 
safuZvelze, Sedegad obieqtis gamosavali sidide mosriale reJimSi 
mihyveba damkveT zemoqmedebas da aRwevs eqstremums.  

naSromSi ganxilulia statikuri obieqtis optimizaciis re-
leuri sistema. damuSavebulia ori tipis optimaluri marTvis 
algoriTmi _ eqstremumis Ziebis mudmivi da cvladi siCqariT. naC-
venebia, rom marTvaze SezRudvebis miuxedavad, sistemis para-
metrebis Sesabamisi SerCeviT miiRweva eqstremumTan miaxloebis 
maqsimaluri siCqare. SemdgomSi naCvenebia am meTodebis da al-
goriTmebis gamoyeneba arastacionaruli da mravaleqstremumiani 
obieqtebis optimizaciis amocanis gadasaWrelad.  

damuSavebulia optimizaciis algoriTmebi uwyveti marTvis 
pirobebSi, rodesac mosriale reJimebi gamoiyeneba damkveTi 
zemoqmedebis konturSi, optimizaciis algoriTmebi marTvis saSu-
alo mniSvnelobiT da marTvadi damkveTi zemoqmedebiT. gamokvle-
ulia obieqtis optimizaciis gardamavali procesis Tvisebrioba 
mcire parametris meTodis gamoyenebiT.  

optimaluri marTvis algoriTmebis praqtikuli realizaciis 
dros, regulirebis realuri arxebis maxasiaTeblebi SeiZleba mniS-
vnelovnad gansxvavdebodes idealurisagan. aseTi obieqtebis marT-
visas ufro efeqturia binarobis pricnipis gamoyeneba. ganxilulia 
optimaluri marTvis binaruli sistemebis sinTezis meTodebi regu-
lirebis arxebSi da gadamrTvel mowyobilobebSi araidealurobis 
arsebobisas. SemoTavazebulia analizis meTodebi da miRebulia 
Tanafardobebi, romlebic uzrunvelyofen Caketili sistemis sin-
Tezis ganxorcielebas mocemul pirobebSi. ganxilulia avtomaturi 
marTvis binaruli sistemebis mdgradobis problema gadamrTvel mo-
wyobilobebSi dagvianebis da histerezisis tipis araidealurobi-
sas. SemoTavazebulia aseTi sistemebis analizis meTodebi, gamokv-
leulia maTi Tvisebebi, rac saboloo jamSi qmnian ganxiluli 
klasis sistemebis parametruli sinTezis safuZvels.  

Catarebuli samuSaos ZiriTadi praqtikuli Rirebuleba 
mdgomareobs imaSi, rom naSromSi Catarebuli gamokvlevebis da 
damuSavebuli algoriTmebis safuZvelze SemoTavazebulia avto-
maturi optimizatorebis struqturuli da principuli sqemebi da 
maT bazaze agebuli regulatorebis ramodenime saxeoba, romle-
bic akmayofileben naSromSi dasmuli amocanis miznebs da 
sawarmoo pirobebSi muSaobis moTxovnebs. 

ganxilulia eqstremaluri regulatorebis gamoyenebis magali-
Tebi amiakis gvarjilis da biseris warmoebis teqnologiuri pro-
cesebis marTvis avtomaturi sistemebSi. naCvenebia maTi muSaobis 
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upiratesoba arsebuli marTvis sistemebTan SedarebiT, maTi gamoye-
nebis SesaZlebloba aramarto eqstremaluri maxasiaTeblis mqone 
obieqtebis marTvisas, aramed Cveulebrivi stabilizaciis amocane-
bis gadasawyvetad rTuli teqnologiuri procesebis marTvis dros.  

 

 

SUMMARY 
 

Actuality. Continuous growth for accuracy requirement of automatic control, 
increase of control device functionality, complexity of the objects subordinate to 
automation and change of characteristics, increase flexibility of control system - all 
these serves to stimulate the development of self-tuning systems of automatic con-
trol. Thus, in the automatic control theory the sphere of self-tuning systems is one of 
the most topical. Automatic optimization systems belong to the class of self-tuning 
systems. In a broad understanding optimization is an automatic finding of an extre-
mum of some functionals under different limitations. Peculiarity of the optimization of 
the object is that, on the one hand, the exact characteristic of the object and limiting 
functions are not known in advance and the only source of information on the state of 
the object are the measured values of their parameters; on the other hand, as a rule, the 
object has an extreme characteristic, and therefore there is no biunique correspon-
dence between its values and controlled variables.  

The specificity of control of optimization object is vague, it has unknown and al-
ternating gain, which varies according to the state of the object. 

Various methods can be used to solve the above raised problem; most of them 
are based on the solution of the task in two phases. In the beginning the gain of the 
object could be determined by means of sending search signals to the input of the ob-
ject and the analysis of the reaction at the output, or by differentiation of the input and 
output coordinates of the object; this information is used to form the control function 
that maintains the movement towards the extremum. As proved through practice, such 
optimal systems could not always provide the high search speed and quality. It needs 
rather complex and expensive technical equipment; besides signal flow causes forced 
vibration of the object, which is often unacceptable in terms of technology. 

The main goal of the thesis is to construct the system of optimization having the 
following properties:  

• Find an extremum without measuring the gradient (or its projection) of the ob-
ject’s extreme characteristic. 

• In the transition process the output value does not fluctuate; 
• Provide the maximum search speed despite the existing limitations on the con-

trol; 
Universality, i. e. the ability to solve the optimization problem without pre-
liminary tuning for a wide class of objects (change not only the parameters, but 
also the structure); 

• Simplicity of technical realization 
Ensuing from the objective of the work for solving the problem of optimization, 

another principle of system construction based on the usage of sliding modes in vari-
able structure systems has been developed. This idea implies construction of the fol-
low-up system, where the output value is compared with specially selected monotoni-
cally increasing (decreasing) reference variable. The input variable of the object is 
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formed on the basis of the signal of mismatch between the output value and reference 
variable. As a result the output value of the object follows the reference variable in a 
sliding mode and reaches the extremum.  

 The paper discusses the relay system of optimization of extreme static object. 
Two types of optimal control algorithm with variable and constant speed for extre-
mum search have been developed. It is shown that despite the restrictions on control, 
the maximum speed to reach the extremum is achieved through selection of appropri-
ate system parameters. Later there is shown the use of these methods and algorithms 
to solve the problem of optimization of nonstationary and multiextremal objects. 

There have been developed optimization algorithms in terms of continuous con-
trol, when the sliding modes are used in the circuit of reference variable, optimization 
algorithms with mean value of control and controllable reference variable. The Prop-
erties of transient process of optimization of the object are investigated by a small pa-
rameter method. 

During practical implementation of optimal control algorithms, characteristics of 
the real channels of regulation may significantly vary from ideal ones. More effective 
in managing such facilities is the use of binary principles. The methods of synthesis of 
the binary systems of optimal control in the regulation channels and in switching de-
vices in terms of non ideality have been discussed. 

The methods of analysis are proposed and the ratio which will provide the im-
plementation of the synthesis of the closed system in the given conditions has been 
obtained. The thesis considers the problem of stability of the binary systems of auto-
matic control in the switching devices in terms of delay or non ideality of hysteresis 
type. The proposed methods of analysis of such systems and the investigated proper-
ties ultimately form the basis for the parametric synthesis of the examined types of the 
systems.  

The main practical value of the carried out work is that on the basis of the re-
search and developed algorithms there is proposed structural and principal schemes of 
automatic optimizers and several types of based on them regulators that satisfy the 
objectives of the paper and requirements of a work in industrial environments. 

In the thesis there is considered the examples of the use of extreme regulators in 
automated control systems of technological processes of production of ammonia ni-
trate and biseris (Copolymer of styrene). There is shown their advantages over the ex-
isting control systems, the possibility to use them not only in managing the objects 
with extreme characteristics, but also to solve the usual tasks of stabilization when 
controlling complex technological processes. 
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madliereba 
 
upirvelesad, udidesi madliereba minda gamovxato Cemi xelm-

ZRvanelis, teqnikis mecnierebaTa doqtoris, saqarTvelos sain-
Jinro akademiis namdvili wevris, sruli profesoris besarion 
SanSiaSvilis mimarT, romlis mier doqtoranturaSi swavlis 
periodSi Cemi muSaobis sworad warmarTvis, maRalkvalificiuri 
konsultaciebisa da Cemdami keTilganwyobis gareSe, 
warmodgenili naSromi ver Seiqmneboda.  

gansakuTrebiT minda aRvniSno teqnikur mecnierebaTa doq-
toris, profesor vadim ivanes Ze utkinis da teqnikur mecniere-
baTa doqtoris, profesoris, ruseTis mecnierebaTa akademiis aka-
demikosis sergei konstantines Ze korovinis Rvawli, moskovis 
marTvis problemebis institutis aspiranturaSi swavlis dros 
sadisertacio naSromis Tematikis SerCevaSi da damuSavebaSi gawe-
uli xelmZRvanelobisaTvis. 

udidesi madlierebis grZnobiT minda movixsenio moskovis 
marTvis problemebis institutis yofili direqtoris teqnikis 
mecnierebaTa doqtoris, profesoris, saqarTvelos mecnierebaTa 
erovnuli akademiis akademikosis iveri varlamis Ze frangiSvilis  
Cemi aspiranturaSi swavlis periodSi gaweuli konsultaciebi-
saTvis da mxardaWerisaTvis, agreTve q. orexovo-zuevoSi qarxana 
`karbolitSi" marTvis optimaluri sistemis danergvis dros 
gamoyenebuli procesoris ПС-300 danergvaSi gaweuli konsulta-
ciebisaTvis da daxmarebisaTvis. 

madlierebis grZnobiT minda movixsenio teqnikur mecniere-
baTa doqtori, profesori almasxan guguSvili, aspiranturaSi 
swavlis dros  naSromze muSaobisas gaweuli konsultaciebisa 
da erToblivi samuSaoebis Sesrulebisas, romlis drosac masTan 
erTad TanaavtorobiT miRebul iqna ramodenime saavtoro gamo-
goneba.  
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S e s a v al i  

 

avtomaturi marTvis Teoriis da praqtikis Tanamedrove gan-

viTarebam migviyvana marTvis sistemebis sruliad axal da ufro 

srulyofili saxeebis Seqmnamde, romelSic gaTvaliswinebulia 

parametrebis da zog SemTxvevaSi ki sistemis struqturis avtoma-

turi cvlileba im mizniT, rom SenarCunebul iqnes marTvis pro-

cesebis ucvleli xarisxi im SemTxvevaSic ki, rodesac icvleba 

teqnologiuri procesebis maxasiaTeblebi. aseT avtomatur siste-

mebs uwodeben TviTawyobad an Seguebad sistemebs, romelTagan 

erT-erT ZiriTad klass, romelsac didi Teoriuli da praq-

tikuli mniSvneloba aqvs, warmoadgens avtomaturi optimizaciis 

sistemebi.  

ZiriTadi amocana, romlis gadawyvetilebazec aris orien-

tirebuli avtomaturi optimizaciis sistemebi, analitikurad 

formirdeba Semdegi saxiT. 

davuSvaT, rom marTvis obieqtis gamosaval y  da Sesaval x  

sidideebs Soris kavSiri aRiwereba Semdegi funqcionaluri 

damokidebulebiT: 

( )y f x= ,  1,... ,nx x x=       (1) 

Tanac f  funqciis saxe winaswar zustad cnobili ar aris, an im-

denad rTulia, rom analitikuri gamokvleva ( )f x  funqciis gaZ-

nelebulia an saerTod gamoricxulia. problema Sesdgeba koor-

dinatTa iseTi erTobliobis gansazRvraSi.  
*( 1,... ),jx j n= romlis 

drosac y  sidide aRwevs eqstremalur mniSvnelobas. magaliTad, 

Tu eqstremalur mniSvnelobas warmoadgens minimumi, maSin 

{ }* : minj x
x M x x avg f∈ =      (2) 

aRvniSnoT, rom xSir SemTxvevaSi veqtoris arCeva SezRudu-

lia dasaSvebi mniSvnelobis zogierTi ariT,  D  e. i.  

X D∈           (3) 
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amas garda, praqtikuli procesebis optimizaciis dros, xSi-

rad saWiroa gaTvaliswinebul iqnas obieqtis inerciulobis Tvi-

seba. amas mivyavarT zemoT Camoyalibebuli amocanis garTulebis 

aucileblobamde, romlis drosac x  miiRebs Semdeg saxes (nax. 1).   

 

 

1

2

( ) ,
( ),

( )

w p y
y f x
w p x u

ϕ=
=

=
      (4) 

 

marTvis u  sididis arCeviT aucilebelia drois yovel momen-

tSi tolobis Sesruleba 

( ) min ( )
x

y x f x= ,     

sadac kavSiri obieqtis gamosaval sidides y  da marTvis u  

sidides Soris gansazRvrulia gantolebiT (4), sadac 1w  da 2w  

dinamiuri rgolebis operatorebia, romlebic moTavsebulia 

Sesabamisad obieqtis eqstremaluri maxasiaTeblis win da ukan. 

optimaluri marTvis amocana rTuldeba im SemTxvevaSi, 

rodesac obieqtis eqstremaluri maxasiaTebeli aris arastacion-

aluri, e. i.   

( ,  ),y f x t=  

maSin (4)-Si aucilebelia gaTvaliswinebul iqnas determinire-

buli an SemTxveviTi dabrkoleba, maSin (4)-Si x  warmoadgens veq-

torul sidides, romelic ekuTvnis dasaSvebi D  aris mniSvne-

lobas.  

aRvniSnoT, rom arsebuli warmodgeniT ( )f x  maxasiaTeblis 

da D  aris aprioruli informaciis moculoba, romelic SeiZle-

ba gamoyenebul iqnas (1)-(3) amocanis gadawyvetisas, gansazRvravs 

W2(p) f (x) W1(p) x ϕ u y 

nax. 1
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mis mikuTvnebas maTematikuri programirebis da avtomaturi opti-

mizaciis sferosi.  

pirvel SemTxvevaSi, saqme exeba, rogorc wesi, iteraciuli 

proceduris agebas, Tavmoyrils M simravleSi, meore SemTxveva-

Si, zogierTi teqnikuri mowyobilobis funqcionirebis algo-

riTmis agebaSi, wodebuls optimizatorad, romelic avtomaturad 

uzrunvelyofs y  sididis miaxloebas eqstremumTan. 

warmodgenili naSromi ZiriTadad exeba meore midgomas da 

amocanis gadawyvetis Zieba warmoebs avtomaturi marTvis Teoriis 

poziciidan. am SemTxvevaSi (1) funqcias vuwodoT marTvis obieqti 

da (1)-(3) amocanis gadawyvetis qveS vigulisxmoT iseTi marTvis 

sinTezi, romelic uzrunvelyofs obieqtis gamosaval y  sididis 

miaxloebis eqstremumisken (maqsimumis an minimumis).  

Cveulebrivad, releur eqstremalur sistemebSi warmoebs 

eqstremaluri maxasiaTeblis wertilebis warmoebulebis gazomva. 

gazomvisTvis ki aucilebelia madiferencirebeli mowyobilobis 

CarTva, an mowyobilobis, romelic obieqtze garkveul sasinj 

zemoqmedebas moaxdens da Semdgom gaaanalizebs am reaqcias 

obieqtis gamosavalze. 

rogorc praqtikam gviCvena, aseTi optimaluri sistemis  

gamoyenebisas, yovelTvis ver uzrunvelyofen Ziebis maRal 

siCqares da xarisxs, agreTve saZiebo rxevebis arseboba iwvevs 

obieqtis iZulebiT rxevas, rac xSirad miuRebelia teqnikuri da 

teqnologiuri pirobebiT.   

warmodgenil sadisertacio naSromSi gamoyenebulia eqstre-

mumis Ziebis sruliad gansxvavebuli meTodi, romelic 

mdgomareobs mimyoli sistemis agebaSi, sadac obieqtis 

gamosavali sidide y  edareba specialurad SerCeul damkveT g  

zemoqmedebas, romelic dasmuli amocanis mixedviT formirdeba 

monotonurad zrdadi an klebadi drois funqciis saxiT ( )g t . 

obieqtis Sesavali zemoqmedeba formirdeba obieqtis gamosaval 

y  sididesa da damkveT g  zemoqmedebas Soris ganuTanxmoebis 
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signalis ε  safuZvelze: ( ) ( )g t y tε = −  da es ganuTanxmoeba unda 

miviyvanoT nulamde. Sedegad obieqtis gamosavali y  sidide 

mosriale reJimSi mihyveba monotonurad klebad g  zemoqmedebas 

da aRwevs Tavis eqstremums.   

disertacia Sedgeba 5 Tavis, danarTisa da daskvnisagan. 

I TavSi ganixileba optimizaciis avtomaturi sistemebis 

agebis principebi, optimizaciis amocanis dasma da maTi gada-

wyvetis meTodebis zogadi ganxilva, mocemulia mokle mimoxilva 

cvladi struqturis sistemebis da mosriale reJimebis Teo-

riidan, maTi warmoqmnis, arsebobis pirobebi da maTematikuri 

aRwera, ganixileba ucnobniSniani gaZlierebis koeficientis 

mqone obieqtis marTvis principi. 

naSromis II TavSi ganixileba erTganzomilebiani eqstre-

maluri maxasiaTeblis mqone statikuri obieqtis optimizaciis 

releuri sistema. gamokvleulia ori tipis sistema _ mudmiv da 

cvladsiCqariani damkveTi zemoqmedebiT. pirveli tipis sistemaSi 

obieqtis gaZlierebis koeficientis gazomvis gareSe SesaZlebelia 

obieqtis gamosavali sididis miRweva mudmivi siCqariT eqstremumis 

zogierT midamoSi, sadac warmoiqmneba rxeva. es naklovanebebi 

aRmoifxvreba meore rigis sistemaSi, romelSic damkveTi 

zemoqmedebis cvlilebis siCqare damokidebulia marTvis saSualo 

sidideze, ise, rom is avtomaturad irCevs obieqtis gamosavali 

sididis cvlilebis maqsimalurad SesaZlo siCqares. aseT 

sistemaSi y koordinata monotonurad miiswrafis eqstremumis 

wertilisaken da sistemis parametrebis Sesabamisi SerCeviT 

miiRweva eqstremumTan miaxloebis maqsimaluri siCqare. SemdgomSi 

es meTodi gamoiyeneba arastacionaruli da mravaleqstremumiani 

obieqtebis optimizaciis amocanis gadasaWrelad.  

III TavSi damuSavebulia optimizaciis algoriTmebi uwyveti 

marTvis pirobebSi da ganixileba maTi statistikuri analizi, 

ganixileba optimizaciis algoriTmebi, rodesac mosriale reJi-

mebi gamoiyeneba damkveTi zemoqmedebis konturSi, optimizaciis 



 17

algoriTmebi marTvis saSualo mniSvnelobiT da marTvadi 

damkveTi zemoqmedebiT, gamokvleulia obieqtis optimizaciis 

gardamavali procesis Tvisobrioba mcire parametris meTodis 

gamoyenebiT.  

optimaluri marTvis algoriTmebis praqtikuli realizaciis 

dros regulirebis realuri arxebis maxasiaTeblebi SeiZleba 

mniSvnelovnad gansxvavdebodes idealurisagan. aseT SemTxvevaSi 

ismeba amocana gamokvleuli iqnas dinamiuri araidealurobis 

gavlena binaruli sistemebis dinamikaze. IV TavSi ganixileba 

dinamiuri Tvisebebis Seswavlis problemebi optimaluri marTvis 

binarul sistemebSi, roca adgili aqvs sxvadasxva tipis araidea-

lurobas gadamrTveli mowyobilobebis arxebSi. gamokvleulia 

marTvadi procesebis asimptoturi Tvisebebis analizi, ganixileba 

binaruli sistemebis dinamiuri Tvisebebis analizis problema 

regulirebis arxebSi gamoyenebul gadamrTvel mowyobilobebSi 

dagvianebis arsebobisas. Camoyalibebulia dagvianebis sididis 

gavlenis Sefasebis meTodika Caketili sistemis dinamiurobaze. 

ganixileba SezRuduli xmauris pirobebSi marTvis binaruli sis-

temebis qceva wrfivi sasrulganzomilebiani dinamiuri procese-

biT. ganixileba avtomaturi marTvis binaruli sistemebis mdgra-

dobis problema gadamrTvel mowyobilobebSi dagvianebisa da 

histerizisis tipis araidealurobis arsebobisas.  

SemoTavazebulia analizis meTodebi da miRebulia Tanafar-

dobebi, romlebic uzrunvelyofen Caketili sistemis sinTezis 

ganxorcielebas regulirebis mocemul arxebSi.   

disertaciis praqtikul mxares warmoadgens SemoTavazebuli 

optimaluri marTvis algoriTmebze sxvadasxva saxis avtomaturi 

optimizatorebis struqturuli da principuli sqemebis damu-

Saveba da maT bazaze optimizatorebis ageba mosriale reJimebis 

gamoyenebiT. 

V TavSi ganixileba  pnevmaturi eqstremaluri regulatorebi 

Ziebis mudmivi da cvladi siCqariT, pnevmaturi eqstremaluri 

regulatori mosriale reJimebiT agebuli mimdevno sistemaze. 
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Catarebulia avtomaturi optimizatorebis eqsperimentuli gamokv-

leva,  naCvenebia maTi muSaobis diagramebi eqstremumis Ziebis 

procesebi sxvadasxva SemTxvevaSi, mocemulia garkveuli mosazre-

ba regulatoris parametrebis SerCevisaTvis da maTi gamoyenebis 

perspeqtiva sxvadasxva teqnologiuri procesebis marTvis 

optimaluri sistemebis agebisas.   
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Tavi 1. optimizaciis avtomaturi sistemebis  

agebis principi 

 

1. Sesavali 

Tanamedrove avtomatikis problemebs Soris wamyvani adgili 

ukavia optimizaciis sistemebis agebis problemebs. farTo gage-

biT optimizacia warmoadgens zogierTi funqcionalis eqst-

remumis avtomatur moZebnas sxvadasxva SezRudvebis pirobebSi. 

obieqtis optimizaciis Tavisebureba mdgomareobs imaSi, rom jer 

erTi, obieqtis maxasiaTeblis zusti saxe da SezRudvis funqci-

ebi winaswar ucnobia da informaciis erTaderT wyaros obieqtis 

mdgomareobis Sesaxeb warmoadgens maTi parametrebis gasazomi 

mniSvnelobebi, meores mxriv, rogorc wesi, obieqts gaaCnia 

eqstremaluri maxasiaTebeli da aqedan gamomdinare ar arsebobs 

urTierTcalsaxa Sesabamisoba maT mniSvnelobebsa da marTvad cv-

ladebs Soris. moyvanili msjelobidan gamomdinare Cans, rom op-

timizaciis obieqtis marTvis specifika dakavSirebulia gaur-

kvevlobasTan. obieqts gaaCnia ucnobi da niSancvladi gaZliere-

bis koeficienti, romelic icvleba obieqtis mdgomareobis mixed-

viT. aRsaniSnavia, rom obieqtis gaZlierebis koeficientze infor-

maciis miReba faqtiurad niSnavs eqstremaluri maxasiaTeblis 

gradientis (an misi romelime proeqciis) gazomvas, romelic ume-

tes SemTxvevaSi gaTvaliswinebulia eqstremalur sistemebSi.  

qvemoT ganxilulia aseT SemTxvevaSi warmoqmnili optimalu-

ri marTvis specifikuri amocanis dasma da maTi gadawyvetis 

meTodebis zogadi mimoxilva, ganxilulia cvladi struqturis 

sistemebSi mosriale reJimebis warmoSobis, arsebobis pirobebi 

da maTi Tvisebebis gamoyenebis SesaZlebloba naSromSi dasmuli 

optimaluri marTvis sistemis agebisas.  
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1.2. optimizaciis amocanis dasma da maTi gadawyvetis 

    meTodebis zogadi ganxilva 

SesavalSi ganxilvisas warmoqmnili marTvis specifikuri 

amocana ganvixiloT eqstremaluri maxasiaTeblis mqone sta-

tikuri obieqtis magaliTze  

( ),y f x=         (1.2.1.) 

sadac x  da y  obieqtis Sesavali da gamosavali koordinatebia, 

xolo ( )f x  _ uwyveti diferencirebadi funqciaa. vTqvaT eqstre-

mumis Zebna xorcieldeba obieqtis Sesavali sididis x  uwyveti 

cvlilebiT marTvis u  signalis xarjze, romelic miewodeba in-

tegralur Semsrulebel meqanizms Sesasvlelze. 

,x u=          (1.2.2.) 

da amocanis mizania SeirCes iseTi marTva u , romlis drosac 

obieqtis gamosavali y  sidide mcirdeba (izrdeba) minimumamde 

(maqsimumamde). y  sididis cvlileba eqvemdebareba gantolebas  

,dfy u
dx

=      '    (1.2.3) 

saidanac Cans, rom marTvis signalis win dgas ucnobniSniani 
df
dx

 

koeficienti da Sesabamisad marTvis sinTezisaTvis ar SeiZleba ga-

moviyenoT dinamikuri sistemebis sinTezis meTodi, damyarebuli 

uaryofiT ukukavSiris gamoyenebaze, romlisTvisac am koeficientis 

niSani xSir SemTxvevaSi cnobilia. ganxilul SemTxvevaSi 
df
dx

 si-

dide, an ( )f x -is gradientis proeqcia mravalganzomilebiani opti-

mizaciis amocanis Ziebis mimarTulebis SemTxvevaSi, rodesac argu-

menti x  (1.2.1.)-Si n -ganzomilebiani veqtoria, SeiZleba misi inter-

pretireba rogorc obieqtis gaZlierebis lokaluri koeficientis.  

zemoT Camoyalibebuli amocanis gadasawyvetad cnobilia 

mravali sxvadasxva meTodebi [1, 2, 3, 4, 5], romelTa mniSvnelovani 

nawili emyareba amocanis gadawyvetas or etapad. dasawyisSi 

obieqtis Sesasvlelze saZebni signalebis miwodebiT da obieqtis 
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gasasvlelze reaqciis analiziT, an obieqtis Sesavali da 

gamosavali koordinatebis diferencirebiT ganisazRvreba obieq-

tis gaZlierebis koeficienti 
df
dx

, Semdgom miRebuli informacia 

gamoiyeneba marTvis funqciis Camosayalibeblad, romelic 

uzrunvelyofs moZraobas eqstremumisken [6, 7, 8, 9, 10, 11, 12].  

arsebobs kidev optimizaciis sxva meTodebi, romelTaTvis 

damaxasiaTebelia sistemis gaZlierebis koeficientis Sefaseba da 

marTvis amocanis erTdrouli gadawyveta. am SemTxvevaSi, Tu 

saqme exeba analogiuri tipis algoriTmebs, sistemaSi iqmneba av-

torxevebis reJimi, romlis drosac obieqtis gamosavali y  

uaxlovdeba eqstremums [13, 14, 15, 16, 17, 18, 19, 20]. aqve unda aRi-

niSnos, rom aRwerili midgoma ar moicavs optimizaciis yvela 

sxva meTodebs. maT Soris saintereso ideaa diferencialuri 

Zieba [21, 22], romelic efuZneba obieqtis specifikas da uSvebs 

obieqtis zusti modelis Seqmnas; sxvadasxva evristikuli algo-

riTmebi, SemoTavazebul naSromebSi [19, 23, 24, 25]; eqstremumis 

damaxsovrebis meTodebi [6, 9, 26]; agreTve meTodebi, gansazRvru-

li specialuri saxeobis obieqtebis optimizaciisaTvis, romle-

bic iTvaliswineben obieqtis gamosavali koordinatis mravalje-

rad diferencirebas [27, 28, 29, 30, 31], an obieqtis optimizaciis 

meTodebi, romlebic emyareba obieqtis reaqcias Sesavali paramet-

ris naxtomisebr cvlilebebze [18, 30, 32, 33]. bolos unda aRi-

niSnos, rom Cven ar vixilavT optimizaciis sistemebis Teoriis 

ganviTarebis istorias, radganac es sakmaod dawvrilebiT aris 

gadmocemuli bevr naSromSi [8, 9, 18, 34, 35, 36, 37].  

unda aRiniSnos, rom optimizaciis sistemebSi, sadac gamoye-

nebulia saZiebo rxevebi da avtorxevebi, gaTvaliswinebulia 

obieqtis gamosavali sididis rxevac, romlis arsebobac xSirad 

teqnologiuri pirobebis gamo arasasurvelia [18, 21, 38], rac 

xSirad xdeba mizezi aseTi optimizaciis sistemebis gamouyeneb-

lobis saxalxo meurneobaSi. amas garda unda aRiniSnos, rom 

aseT sistemebSi marTvaze arsebuli SezRudvebis gamo, principu-
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lad SeuZlebelia eqstremumis Ziebis dros maqsimaluri swraf-

moqmedebis miRweva. es dakavSirebulia imasTan, rom Ziebis dros 

marTva xorcieldeba e. w. kvazistacionalur reJimebSi, rodesac 

obieqtis mdgomareobis sagrZnobi cvlilebis dro, gansazRvruli 

ZiriTadi marTvadi signaliT, didia sacdeli rxevebis periodTan 

SedarebiT. sistemisaTvis avtorxevebiT Ziebis dros, rxevis peri-

odis garkveul nawilSi obieqtis gamosavali sidide uaxlovdeba 

eqstremums, da sxva nawilSi Sordeba eqstremums. aseve unda 

aRiniSnos is friad mniSvnelovani mizezic, rom diferencialuri 

sistemebis gamoyenebisas saWiroa sakmaod rTuli da ZviradRire-

buli teqnikuri mowyobilobebi: generatorebi, gamamravlebeli da 

gamyofi rgolebi, inerciuli rgolebi da sxva. 

am SemTxvevaSi, rogorc Teoriuli, ise praqtikuli miznebi-

saTvis interess warmoadgens optimizaciis iseTi sistemis ageba, 

romlebsac gaaCniaT Semdegi Tvisebebi: 

— obieqtis eqstremaluri maxasiaTeblis gradientis (an misi 

proeqciis) gazomvis gareSe awarmoos eqstremumis moZebna; 

— gardamaval procesSi obieqtis gamosavali cvladi ar 

ganicdides rxevas; 

— marTvaze arsebuli SezRudvebis miuxedavad uzrunvelyos 

Ziebis maqsimaluri siCqare; 

— universaluroba, e. i. aqvs unari winaswari awyobis gareSe 

gadawyvitos optimizaciis amocana obieqtebis farTo klasi-

saTvis (Secvalos ara marto parametrebi, aramed struq-

turac); 

— teqnikuri realizaciis simartive.  

warmodgenil naSromSi optimizaciis sistemis agebis amocana, 

romlebsac gaaCniaT zemoT CamoTvlili Tvisebebi, eyrdnoba tra-

diciulad cnobil cvladi struqturis sistemebSi mosriale 

reJimebis gamoyenebas, amitom sasurvelia mimovixiloT mokle 

informacia cvladi struqturis sistemebis da mosriale reJi-

mebis Teoriidan [39, 40, 42, 42, 43, 44].  
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1. 3. mosriale reJimebis warmoqmnis, arsebobis pirobebi da  

  maTematikuri aRwera 

am paragrafSi optimizaciis sistemis agebis amocana, romel-

sac gaaCnia SesavalSi CamoTvlili Tvisebebi, emyareba sistemaSi 

mosriale reJimebis Seqmnas, amitom mizanSewonilia mokled mimo-

vixiloT cvladi struqturis sistemebis da mosriale reJimebis 

Teoria.  

cvladi struqturis sistemebis TeoriaSi fazuri sivrciTi 

meTodebis gamoyenebiT, romelic damuSavebulia a. a. andronovis 

da misi skolis naSromebSi [45], gamokvleulia dinamikuri siste-

mis qceva  

( , ) ( , ) ,x f x t B x t u= +          (1.3.1.) 

sadac x  da f n− -ganzomilebiani svetis veqtoria, B n m− × -

matrica, u -marTvis veqtori komponentebiT 1... mu u , romelic gani-

cdis wyvetas Sesabamis zedapirebze 1( ) 0xσ = , mocemuli fazur 

sivrceSi 1( ... )nx x : 

i

i

( , )   ( ) 0,

( , )   ( ) 0,   i -1... m,
i

i
i

u x t x
u

u x t x

σ

σ

+

−

⎧ >⎪= ⎨
<⎪⎩

roca  

roca sadac 
      (1.3.2.) 

i 1( ) , ,i ix u uσ + −
_ zogierTi uwyveti funqciebia. (1.3.1.) da (1.3.2.) 

sistemis gansakuTrebuloba mdgomareobs imaSi, rom yvela an 

zogierTi gadarTvebis i ( ) 0xσ =  zedapirebis gadakveTaze SeiZ-

leba warmoiqmnas moZraobis gansakuTrebuli saxe _ e. w. mos-

riale reJimi. ase magaliTad, erT zedapirze i 0σ =  warmoiqmneba 

mosriale reJimi, Tu Sesrulebulia pirobebi moyvanili [46]-Si. 

i

i

 0
0

Lim σ
σ

>
→ −

  da  
i

i

0
0

Lim σ
σ

<
→ +

         (1.3.3.) 

romlebic aRniSnaven, rom (1.3.1.) da (1.3.2.) sistemis traeqtoriebi, 

momijnave 0iσ = -is, mimarTulia am zedapirisaken. Sesabamisad, 

0iσ = -ze gamomsaxveli wertilis moxvedrisas, mas ar SeuZlia 

datovos es zedapiri (1.3.1.) da (1.3.2.) sistemis nebismieri traeq-
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toriidan da asrulebs moZraobas 0=iσ -is garSemo. moZraobis 

aseT saxes uwodeben idealur mosriale reJims. mosriale reJimi 

warmoiqmneba ( ) 0i xσ = , 1,...,i m=  zedapirebis gadakveTaze, Tu 

TiToeulisaTvis sruldeba (1.3.3.) pirobebi. saerTo SemTxvevaSi 

mosriale reJimis warmoqmnis amocana ( ) 0i xσ = , 1,...,i m=  gada-

kveTaze eqvivalenturia sivrcis ( ,... )i mσ σ  sawyisi koordinatebis 

mdgradobis amocanis sistemisaTvis, romelic aRwers (1.3.1.) da 

(1.3.2.) sistemis fazuri traeqtoriis proeqcias am sivrceze 

( , ) ( , ),G f x t G B x tσ σσ = +         (1.3.4.) 

da amoixsneba liapunovis meore meTodis safuZvelze [40]. (1.3.4.)-Si 

G m nσ − ×  matricaa, romlis striqoni Sedgenilia ( )i xσ  funq-

ciis gradientebisagan. srialis gantolebis misaRebad Cven 

gamoviyenebT eqvivalenturi gantolebis meTods [40, 47], romlis 

Tanaxmadac saWiroa (1.3.4.) gamosaxuleba gavutoloT nuls da 

amovxsnaT miRebuli gantoleba u  veqtoris mimarT: 

 1

0,

( ) .

G G Bu

u G B G f
σ σ

σ σ

σ
−

= + =

= −

eqv.

eqv.

         (1.3.5.) 

miRebuli ueqv. mniSvneloba CavsvaT sawyis gantolebaSi (1.3.1.) da 

miviRebT mosriale moZraobis gantolebas Semdegi saxiT. 

1[ ( ) ] ( , ).x E G B G f x tσ σ
−= −         (1.3.6.) 

mosriale reJimis arsebobisaTvis aucilebelia, rom (1.3.5.) ganto-

lebas hqondes amonaxseni (ar aris aucilebeli erTaderTi) u -s 

mimarT da Tundac erT-erTi maTganis amonaxsni unda akmayofi-

lebdes pirobas: 

min( , ) max( , )

                                  i  1, ... m
i i i i iu u u u u+ − + −≤ ≤

=
eqv.

        (1.3.7.) 

moyvanili Sedegebi marTebulia, im winadadebiT, rom marTvis 

funqciis (1.3.2.) realizacia idealuria, realur fizikur siste-

mebSi sxvadasxva saxis araidealurobis gamo (histerezisis, iner-

ciulobis, dagvianebis da sxv.) marTva gansxvavdeba (1.3.2.)-sgan, da 
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sistemis moqmedeba (1.3.1.) gantolebisagan gansxvavebiT aRiwereba 

gantolebiT 

( , ) ( , ) ,x f x t B x t u= +         (1.3.8.) 

sadac u  _ yvelgan gansazRvruli marTvis funqciaa, romelic iT-

valiswinebs am araidealurobas. aseT sistemebSi SeiZleba warmoi-

Svas e. w. realuri mosriale reJimi, romlis drosac (1.3.8.) siste-

mis fazuri traeqtoriebi miekuTvneba zogierTs, damokidebuls ar-

aidealurobasTna, Δ -gadakveTis midamoebSi ( ) 0,  xσ = e. i. 0σ ≤ . 

[47] naSromSi damtkicebulia, rom araidealurobis am saxeebis 

damoukideblad, maTi miswrafeba nulisken, erTi da igive sawyisi 

pirobis dros (1.3.6.) da (1.3.8.) gantolebebis amonaxsnebi erTmaneTs 

emTxveva. es faqti asabuTebs marTebulobas gamoviyenoT 

eqvivalenturi marTvis meTodi. eqvivalentur marTvas, miRebuli 

formaluri proceduris Tanaxmad (1.3.5.) aqvs ubralo fizikuri 

arsi. es funqcia tolia marTvis saSualo mniSvnelobis usaS. , 

romelic warmoadgens veqtoruli filtris gamosaval sidides  

,      const, 0,u u uτ τ τ+ = = >saS. saS.         (1.3.9.) 

Tu garkveuli saxiT SeTanxmebulia filtris dros mudmiva τ  da 

ares sigane Δ , romelSic warmoebs realuri sriali. adgili aqvs 

Tanafardobas  

  u

0, 0, 0

Lim u

τ τ

=

Δ→ Δ → →

saS. eqv.

            (1.3.10.) 

da bolos SeiZleba aRvniSnoT, rom cvladi struqturis sistemis 

sinTezi warmoadgens iseTi gadarTvebis zedapiris ( ) 0i xσ =  da 

marTvis funqciebis iu+
, iu−

 SerCevas, romlis drosac ( ) 0xσ = -ze 

yovelTvis warmoiqmneba mosriale reJimi da moZraoba mosriale 

reJimSi, aRwerili (1.3.6.) gantolebiT flobs sasurvel Tvisebebs. 
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1. 4. ucnobniSniani gaZlierebis koeficientis mqone obieqtis 

marTvis principi 

ganvixiloT ucnobniSniani gaZlierebis koeficientis mqone 

obieqtis marTvis idea sistemaSi mdgradobis uzrunvelyofis amo-

canis magaliTze  

 1 2 2,      ,x x x bu= =     (1.4.1.) 

sadac 1 2,x x  _ sistemis koordinatebia, b _ ucnobniSniani mudmivi 

koeficienti, u  _ skalaruli marTva. rodesac cnobilia b -s 

niSani, amocana, Tanaxmad cvladi struqturis sistemis sinTezis 

meTodebisa [39] amoixsneba gantolebis daxmarebiT  

1
1

1 1 2

       0,
,      

    0,  
x

u x
x cx x

α σ
ϕ ϕ

α σ σ
>⎧

= − = ⎨− < = +⎩

roca

roca
    (1.4.2.) 

(1.4.1.), (1.4.2.) sistemaSi gaTvaliswinebulia ori gansxvavebuli 

wrfivi struqtura, romelic Seesabameba ϕ  koeficientis ori 

mniSvneloba α  da α−  ( , 0)constα α= > , igi naxtomiseburad icv-

leba gamomsaxveli wertilis 1 0x =  da 0σ =  xazebze moxvedris 

SemTxvevaSi. Tu koeficients 0c >  avirCevT iseTi saxiT, rom pir-

dapiri xazi 0σ =  imyofeba 1x  RerZsa da hiperboluri traeq-

toriis asimptotas Soris ϕ α= − , maSin aseT sistemaSi gamom-

saxveli wertili nebismieri sawyisi mdgomareobidan moxvdeba 

0σ =  pirdapir gadakveTaze, romelzec warmoiqmneba mosriale 

reJimi. srialis gantolebas aqvs saxe  

1 1 0x cx+ = . 

am gantolebis nebismieri amonaxsni asimptoturad miiswrafis 

nulisaken, rac wyvets dasmul amocanas. moyvanili ganmartebidan 

Cans, rom obieqtis gaZlierebis koeficientis niSnis cvlilebis 

dros mdgradobis uzrunvelsayofad aucilebelia Seicvalos 

sawinaaRmdegod niSani da struqturis gadarTvis kanoni. es 

gvaZlevs saSualebas CamovayaliboT marTvis kanoni aseTi 

obieqtebisaTvis, romelsac eqneba Semdegi saxe:  
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1 1 2
1

1 1 2

 0,
,     

 0,
x

u x
x

α σ σ
ϕ ϕ

α σ σ
>⎧

= − = ⎨− <⎩

roca

roca

  

 
       (1.4.3.) 

sadac 1 1 2cx xσ = + , 2 1 2( ) ,c x xσ δ= + +  δ _ mcire dadebiTi sididea, 

romelic gansazRvravs 1 0σ = da 2 0σ =  gadakveTis xazebis `siax-

loves". (1.4.1.) da (1.4.3.) sistemaSi 1 2 0σ σ <  seqtorSi mdebare gamom-

saxveli wertilis sawyis mdgomareobaSi yovelTvis aRiZvreba mos-

riale reJimi. am mtkicebulebis dasasabuTeblad sistemis moZra-

obis gantoleba davweroT iσ da 2σ  koordinatebTan SefardebiT: 

1 2 1 1 2

2 2 1 1 2

| | ,
( ) .
cx b x sign
c x b x sign

σ α σ σ
σ δ α σ σ

= −

= + −
       (1.4.4.) 

(1.4.4.) gantolebidan Cans, rom 1 2 0σ σ <  seqtorSi da mis zogierT 

garemoSi 
2| | ( )b cα δ> +  utolobis Sesrulebis dros 1σ  da 2σ  

funqciebis niSnebi erTmaneTs emTxveva da ganisazRvrebian meore 

SesakrebiT. Sesabamisad b -s niSanze damokidebulebiT erT-erTi am 

sidideTagans ( iσ roca 0b >  an 2σ roca 0b < ) aqvs niSani siCqaris 

sawinaaRmdego niSnisa, e. i. am sididisaTvis Sesrulebulia piroba 

(1.3.3.) da Sesabamisi xazis gadakveTaze warmoiqmneba mosriale 

reJimi. mosriale reJimSi sistemis moqmedeba aRiwereba gantolebiT 

1 1 0x cx+ =  roca 0b > , 1 1( ) 0x c xδ+ + =  roca 0b <  da Sesabamisad, 

mocemul seqtorSi 1 2 0σ σ <  wonasworobis mdgomareobidan nebismie-

ri sawyisi gadaxrebi asimptoturad mcirdeba nulamde damoukideb-

lad b koeficientis niSnisa. nebismieri sawyisi pirobebis dros 

mdgradobis amocana iqneba gadawyvetili, Tu gaviTvaliswinebT 

mowyobilobas, romelic uzrunvelyofs sistemaSi 1 2 0σ σ <  sawyisi 

pirobebis Seqmnas.* aqedan gamomdinare naCvenebia, rom marTvis 

Camoyalibebuli principi (1.4.3.) uzrunvelyofs obieqtis gamosavali 

koordinatis marTvis amocanis gadawyvetas obieqtis gaZlierebis 

koeficientis Sesaxeb raime informaciis gareSe. zemoT aRiniSna, 

                                                 
* aseTi mowyobilobis aRwera moyvanilia II da V TavSi 
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rom obieqtis optimizaciis specifika mdgomareobs imaSi, rom 

obieqtis gaZlierebis lokaluri koeficienti [(1.2.1.)-(1.2.3.) am 

koeficientis rols TamaSobs 
df
dx

 sidide] ucnobia da niSancvladi, 

amitom aseTi obieqtis gamosavali sididis marTvisaTvis 

sasurvelia gamoyenebul iqnas SemoTavazebuli marTvis principi.  

 

1.5. daskvna 

ganxilulia optimizaciis avtomaturi sistemebis agebis prin-

cipi. naCvenebia obieqtis optimizaciis Tavisebureba, rac mdgomare-

obs imaSi, rom obieqtis maxasiaTeblis zusti saxe da SezRudvis 

funqciebi winaswar ucnobia da ar arsebobs urTierTcalsaxa 

Sesabamisoba maT mniSvnelobebsa da marTvad cvladebs Soris. aseT 

SemTxvevaSi warmoqmnili marTvis specifikuri amocana ganxilulia 

eqstremaluri maxasiaTeblis mqone statikuri obieqtis magaliTze. 

dasmulia amocana, SeirCes iseTi marTva, romlis drosac obieqtis 

gamosavali sidide miiswrafis eqstremumisaken. aseTi amocanis gada-

sawyvetad ganxilulia marTvis cnobili sxvadasxva meTodebi, ro-

melTa mniSvnelovani nawili emyareba or etaps: dasawyisSi 

obieqtis Sesasvlelze saZebni signalebis miwodebiT da obieqtis 

gasasvlelze reaqciis analiziT, an obieqtis gaZlierebis 

koeficientis gansazRvriT, romelic SemdgomSi gamoiyeneba marTvis 

funqciis Camosayalibeblad. ganxiluli meTodebiT teqnikuri da 

teqnologiuri obieqtebis marTva gaZnelebulia.  

sadisertacio naSromis mizans warmoadgens optimizaciis ise-

Ti sistemis ageba, romlebsac gaaCniaT Semdegi Tvisebebi: obieqtis 

eqstremaluri maxasiaTeblis gradientis gazomvis gareSe awarmoos 

eqstremumis moZebna, gardamaval procesSi obieqtis gamosavali 

cvladi ar ganicdides rxevas, marTvaze arsebuli SezRudvebis 

miuxedavad uzrunvelyos Ziebis maqsimaluri siCqare, universaloba, 

e. i. marTvis procesSi Seicvalos ara marto parametrebi, aramed 

struqturac da teqnikuri realizaciis simartive. 
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naCvenebia, rom optimizaciis sistemis agebis amocana eyrd-

noba tradiciulad cnobil cvladi struqturis sistemebSi mos-

riale reJimebis gamoyenebas, mimoxilulia mokle informacia cv-

ladi struqturis sistemebis da mosriale reJimebis Teoriidan, 

ganxilulia ucnobniSniani gaZlierebs koeficientis mqone obieq-

tis marTvis principi.  
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Tavi 2. erTganzomilebiani eqstremaluri 

maxasiaTeblis mqone statikuri obieqtis 

optimizacia 

 

2.1. Sesavali 

naSromis am TavSi ganixileba eqstremaluri maxasiaTeblis 

mqone statikuri obieqtis optimizaciis Cveulebrivi amocanis 

gadawyvetis meTodebi, romlebic ganixilaven optimizaciis 

obieqtis Sesavali parametrebis iseT Tanafardobas, romlis dro-

sac obieqtis gamosavali sidide iRebs eqstremalur mniSvnelobas. 

SemoTavazebuli optimizaciis sistemebi ekuTvnian uwyveti sisteme-

bis klass, romelTac safuZvlad udevs obieqtis Sesavali zemoqme-

debis uwyveti cvlileba damokidebuli sistemis mdgomareobaze. 

idea SemoTavazebuli [48, 49] erTganzomilebiani statikuri 

obieqtis optimizaciisaTvis mdgomareobs SemdegSi. obieqtis 

gamosavali sidide y , edareba specialurad SerCeul damkveT 

zemoqmedebas g , romelic dasmuli amocanis mixedviT formirdeba 

monotonurad zrdadi an klebadi drois funqciis saxiT ( )g t . 

obieqtis Sesavali zemoqmedeba formirdeba obieqtis gamosaval y  

sididesa da damkveTiT zemoqmedebas g  Soris ganuTanxmoebis ε  

signalis safuZvelze: 

( ) ( ),g t y tε = −  

da es ganuTanxmoeba unda miviyvanoT nulamde. Sedegad obieqtis 

gamosaval y  sidide mosriale reJimSi mihyveba monotonurad 

klebad damkveT zemoqmedebas g  da aRwevs Tavis eqstremums. 

amocanis specifika, dakavSirebuli Taviseburi mimyoli sistemis 

agebaSi, mdgomareobs imaSi, rom obieqtis gaZlierebis koeficienti, 

romlis rols TamaSobs 
df
dx

-is proporciuli sidide, ucnobia da 

icvleba rogorc sididiT, aseve niSniT. fizikuri TvalsazrisiT, 

mmarTvelma mowyobilobam aseT sistemaSi, 
df
dx

koeficientze raime 
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informaciis gareSe, unda uzrunvelyos obieqtis Sesavali sididis 

cvlilebis iseTi mimarTuleba, rom obieqtis gamosavali sidide 

yovelTvis mcirdebodes, imeorebs ra damkveT zemoqmedebas miuxe-

davad imisa, Tu eqstremaluri maxasiaTeblis romel mxares imyo-

feba am momentisaTvis obieqtis gamosavali. Camoyalibebuli aseTi 

saxiT miyolis amocana, eqstremaluri maxasiaTeblis yovel werti-

lSi gaZlierebis lokaluri koeficientis 
df
dx

 gazomvis gareSe, 

gadawyvetili iqneba sistemaSi mosriale reJimebis moZraobis 

winaswarganzraxuli SeyvaniT. aRvniSnoT, rom obieqtis gaZlierebis 

lokalur koeficientze informaciis miReba faqtobrivad niSnavs 

eqstremaluri maxasiaTeblis gradientis gazomvas (an misi rome-

lime proeqciis), romelsac zogadad iTvaliswineben eqstremalur 

sistemebSi. arsebiTia, rom TviTon gazomva xSirad dakavSirebulia 

sistemaSi specialuri mowyobilobebis SeyvaniT, romelTa 

daxmarebiTac warmoebs obieqtis Sesasvlelze sasinji zemoqmedebis 

organizeba da gamosavalze misi reaqciis analizi [1, 6, 8, 9, 12, 50]. 

warmodgenil naSromSi SemoTavazebuli midgoma saSualebas 

iZleva uari vTqvaT aseTi mowyobilobebis gamoyenebaze da Sesa-

bamisad gavamartivoT optimizaciis sistemebi. 2.2. da 2.3 paragra-

febSi ganixileba SemoTavazebuli algoriTmebi romlebic reali-

zacias ukeTeben aRwerili Ziebis princips. momdevno paragrafeb-

Si optimizaciis amocana ganixileba im SemTxvevaSi, roca obieq-

tis eqstremaluri maxasiaTebeli aris arastacionaruli da mra-

valeqstremumiani.  

 

2.2. optimizacia mudmiv siCqariani damkveTi zemoqmedebiT 

ganvixiloT statikuri obieqtis optimizaciis martivi amo-

cana, aRwerili gantolebiT  

( )y f x=           (2.2.1.) 

sadac x  Sesavali da y  gamosavali sidideebia obieqtis, funqcia 

( )f x diferencirebadi, romelic aRwevs minimums Sesavali sididis 
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romeliRac ucnobi mniSvnelobis dros 0x  da 0df
dx

≠  roca xx ≠0 . 

amocana Sesdgeba iseTi Ziebis organizebaSi, romelic iZleva saSua-

lebas minimumamde dayvanil iqnas obieqtis gamosavali sidide y . 

SevecdebiT optimizaciis es amocana gadavwyvitoT algoriTmebis 

klasSi, romelTac safuZvlad udevs Sesavali zemoqmedebis siCqa-

ris uwyveti cvlileba damokidebuli sistemis mdgomareobaze. zo-

gadad aseTi sistema Sedgeba mmarTveli mowyobilobisgan (nax. 2.2.1.). 

 

nax. 2.2.1 

integraluri rgolisagan, romlis Sesasvlelze miewodeba marT-

vis signali u , gamosasvleli x  ki obieqtis Sesasvlels, ris 

Sedegadac ganxorcieldeba eqstremumis Ziebis procesi. Tanaxmad 

zemoT dasaxuli optimizaciis amocanis gadasawyvetad, Cven mogvi-

wevs iseTi sistemis ageba, romelSic obieqtis gamosavali sidide 

y  mihyveba winaswar SerCeul monotonurad zrdad damkveT zemoq-

medebas da amiT is aRwevs eqstremums. marTvis mizania ε  ganu-

Tanxmoebis nulamde dayvana 

( ) ( ),g t y tε = −         (2.2.2.) 

sadac )(tg  monotonurad zrdadi (klebadi) funqciaa, romelic 

SemdgomSi iwodeba damkveT zemoqmedebad. am paragrafSi ganxilu-

li iqneba optimizaciis sistema, romelSic damkveTi zemoqmedeba 

icvleba mudmivi siCqariT. 

aseTi saxiT Camoyalibebuli amocanis gadawyveta veZeboT re-

leuri sistemebis klasSi, romelSic marTvis signals u  SeuZlia 

miiRos oridan mxolod erTi mniSvneloba. aseTi sistemis struq-

turuli sqema gamosaxulia nax. 2.2.2.-ze da moZraoba masSi aRweri-

lia gantolebiT: 

∪ ∫ 

mm

u 

x y 
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1 2( ),   ,    ( , ),   ,y f x x u u Asign g Vσ σ ρ= = = = − +      (2.2.3.) 

sadac 1 2,   ,    0,    ,   ,A constρ ρ σ ε σ ε δ= > = = +  mcire dadebiTi 

sididea. damatebiTi zemoqmedebis V  Sesaxeb ganvmartavT qvemoT. 

zogadad releur sistemebSi marTvis funqcias aqvs Semdegi 

saxe. 

 u Asignε= . 

 

nax. 2.2.2. 

aseTi marTvis signalis gamoyenebisas Cvens mimdevno siste-

maSi eqstremaluri maxasiaTeblis erT mxares is migviyvans uar-

yofiT ukukavSiramde, Sesabamisad meore mxares dadebiT ukukav-

Siramde. maSasadame, aseT sistemaSi (igulisxmeba, Tu ar warmoebs 

gradientis sididis gazomva) SeuZlebelia uzrunvelvyoT optimi-

zaciis obieqtis gamosavali y  sididis miyola damkveTi zemoqme-

debis ( )g t  mimarT. vaCvenoT, rom es amocana SeiZleba gadaWrili 

iqnas zemoT Camoyalibebuli principis safuZvelze, romlis Ta-

naxmadac mmarTveli signali irCeva Tanaxmad (2.2.3.) da warmoad-

gens ori argumentis releur funqcias (nax. 2.2.3a). 

1 2( ,  )u Asign σ σ=  

 

nax. 2.2.3. 

∪ ∫ gadamrTveli 

mowyobiloba 

ux y ∫ ε V

-ρ 

mm 

y

g 

σ2=0 σ1=0 σ2=0 

δ 
-A 

+A 

u 

ε 

+A 

-A 
ε 

u 

σ1=0 

a) b) 
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davuSvaT sistemaSi sawyisi pirobebi iseTia, rom  

 0)()( 0201 <tt σσ ,        (2.2.4.) 

dfA
dx

ρ>         (2.2.5.) 

da davuSvaT, rom funqcia 0=V  

ganvixiloT aseT sawyis pirobebSi sistemis moqmedeba, rome-

lic ganuTanxmoebis ε  mimarT Tanaxmad (2.2.3.) miiRebs Semdeg saxes: 

 ).( 21σσρε Asign
dx
df−−=        (2.2.6.) 

vinaidan 21 σσε == , maSin (2.2.4.) sawyisi pirobebis dros erT-

erTi 1σ  (an 2σ ) funqciisaTvis Sesruldeba utoloba 011 <σσ (an 

022 <σσ ). amitom sidide 1σ  (an 2σ ), Seicvlis niSans da (2.2.5.), 

(2.2.6.)-is Tanaxmad Sesabamisad Seicvlis niSans warmoebuli 1σ  (an 

2σ ), e. i. 01 =σ  (an 02 =σ ) wertilis midamoSi adgili aqvs 

utolobas 011 <σσ  (an 022 <σσ ). es niSnavs, rom marTvis signalis 

gadarTva xdeba didi sixSiriT da sidide 1σ  (an 2σ ) Seicvleba 

igive sixSiriT da mcire amplitudiT.* aseT moZraobas uwodeben 

mosriale reJims, am moZraobis dros 01 =σ  (an 02 =σ ). 

davuSvaT, rom piroba 
dfA
dx

ρ>  irRveva eqstremumis zogie-

rT midamoSi. maSin, Tanaxmad imisa, rom gy = , an )( , tggy δ+=  

ki aris monotonurad klebadi (zrdadi) funqcia 0<−= ρg , 

obieqtis gamosavali sidide saboloo dros miaRwevs am midamoSi. 

SevarCioT axla zemoqmedeba V , romelzedac zemoT iyo sau-

bari, iseTi saxiT, rom zemoqmedebam erTis mxriv Seqmnas 

sistemaSi sawyisi pirobebi (2.2.4.) saxis, da meores mxriv moax-

dinos sistemis moZraobis stabilizireba eqstremumis midamoebSi. 

am amocanis gadawyvetis aucilebloba ganpirobebulia imiT, rom 

zemoT ganxiluli msjeloba marTebulia mxolod (2.2.4.) sawyisi 

                                                 
* am rxevebis amplituda da sixSire ganisazRvreba araidealurobiT gadamr-
Tvel mowyobilobaSi, rogoricaa dagvianeba, histerezisi da sxv. idealur 
SemTxvevaSi sixSire tolia usasrulobis, amplituda ki  _ nulis.  
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pirobebis dros, da eqstremumis midamoebSi miRwevis Semdeg 

damkveTi zemoqmedebis )(tg  Semdgom klebas azri ara aqvs. am miz-

nisTvis V  funqcia unda SeirCes moduliT didi da dadebiTi 

roca 0  ,0 21 << σσ , uaryofiTi _ roca 0 ,0 21 >> σσ  da nulis 

toli, roca 021 <σσ . maSin damkveTi zemoqmedebis )(tg  `Cqari" 

cvlilebiT sistemaSi warmoiSveba (2.2.4.) saxis sawyisi pirobebi. 

radganac maintegrirebeli rgoli, romelSic formirdeba 

damkveTi zemoqmedeba )(tg , warmoadgens mmarTveli mowyobilobis 

elements, maSin sidide g  SeiZleba Seicvalos rac SeiZleba Cqa-

ra, da SemdgomSi SeiZleba CavTvaloT, rom sistemaSi sawyisi pi-

robebi Seiqmneba myisierad.  

zemoT moyvanili msjelobis Sesabamisad amis Semdeg sistemaSi 

warmoiqmneba mosriale reJimi, romelic 0=V -is dros uzrunvel-

yofs eqstremumisken moZraobas. am moZraobis dros 1σ  da 2σ  sidi-

deebisagan erT-erTi mudmivniSniania, meore ki _ niSancvladi 

sidide, romelic icvleba didi sixSiriT da patara amplitudiT. 

aRweril kanonSi V  funqciis cvlilebis 1σ  da 2σ  niSnebis 

Tanxvedris dros mosriale reJimSi V  sidide gansxvavebuli iqneba 

nulisagan, funqcia g  ki am SemTxvevaSi ar iqneba ρ− -s toli, da 

SeiZleba aRmoCndes, rom damkveTi zemoqmedeba )(tg  aRar iyos mono-

tonurad klebadi drois funqcia. aq Cven ar SevCerdebiT amasTan 

dakavSirebuli sakiTxebis gansaxilvelad. vaCvenoT mxolod, rom es 

movlena SeiZleba gamovricxoT, Tu gadamrTvel mowyobilobas, 

sadac xdeba V  funqciis realizeba, gaaCnia simetriuli his-

terezisuli maryuJi, romelTa sigane aRemateba 1σ  da 2σ  rxevis 

ormag amplitudas mosriale reJimSi. realur mosriale reJimSi 1σ  

da 2σ -is rxevis amplitudis Sefaseba Zneli ar aris. Tu vivarau-

debT gadamrTvel mowyobilobaSi araidealurobis Tvisebebze. maga-

liTad, maSin, roca araidealuroba aRiwereba mudmivi dagvianebiT 

0τpe−
aRwerili [45] meTodiT, Zneli ar aris davrwmundeT, rom 
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damyarebul realur mosriale reJimSi rxevis amplituda ar aRema-

teba 0τρ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

dx
dfA  sidides. im SemTxvevaSi, Tu obieqtis gamosaval 

koordinatze gamoyenebulia SemTxveviTi signali, maSin histerezi-

suli maryuJis sigane rekomendebulia avirCioT `sami sigmas kano-

nis" safuZvelze, e. i. histerezisuli maryuJis sigane samjer unda 

aRematebodes dabrkolebis saSualo kvadratul gadaxras. Sedegad 

V funqcia miiRebs Semdeg saxes: 

1 2

1 2

1 2

      0  0,
0        ( )( ) 0,

  0  0

M
V

M

σ σ
σ σ
σ σ

− − Δ > >⎧
⎪= + Δ − Δ <⎨
⎪+ < + Δ <⎩

roca

roca

roca

  da 

  

   da 

            

(2.2.7.) 

,   ,M const M ρ= >>  

sadac Δ2  histerezisuli maryuJis siganea (nax. 2.2.4.). 

 

intervalebSi Δ<1σ  da Δ<2σ  funqcia V inaCunebs im mniSvne-

lobas ( ,   0,   + )M M− , romelic mas hqonda gamomsaxveli werti-

lis am intervalSi moxvedramde. aRvniSnoT, rom rogorc movixse-

nieT SesavalSi, sistemis analizi tardeba fazuri sivrcis gage-

bis gamoyenebiT. am SemTxvevaSi ganxiluli sistemis mdgomareoba 

xasiaTdeba gamomsaxveli wertilis mdebareobiT ε  RerZze. aseTi 

meTodiT Camoyalibebuli V  zemoqmedebis dros gamomsaxveli 

wertili sawyis periodSi `Seigdeba" ara 021 <σσ  areSi, aramed 

σ2 = 0 
Δ      Δ
 

Δ      Δ
 

V 

ε

σ1 = 0 

o 

+M 

 - M 

nax. 2.2.4. 
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0))(( 21 <Δ−Δ+ σσ  areSi, Semdgom, rogorc adre saregulirebeli 

sidide mosriale reJimis xarjze moxvdeba eqstremumis Semcvel 

zogierT E  garemoSi, romelSic irRveva piroba 

dfA
dx

ρ≥            (2.2.8.) 

I danarTSi gamokvleulia sistemis moZraoba am garemoSi mo-

xvedris Semdeg, da naCvenebia, rom zemoqmedeba V  (2.2.7.)-is saxiT 

uzrunvelyofs y  da g  sidideebis Semdgom klebas rxeviT reJim-

Si, TiTqmis eqstremumamde, ris Semdegac myardeba avtorxevebi, 

romelTa amplituda tolia Δ  da es ki gansazRvravs Ziebis 

cdomilebas.  

aseTi sistemis muSaobis principi SeiZleba ganvmartoT Sem-

degnairad. davuSvaT wyvetili marTva (nax. 2.2.3a). realizebuli 

gaZlierebis didi koeficientiT, warmoadgens ε  cdomilebis 

uwyvet funqcias, naCvenebi nax. 2.2.3b-ze. aseT maxasiaTebels aqvs 

ori daxrili monakveTi absoluturi sididiT da sxvadasxva niS-

niT, kuTxuri koeficientiT. gasagebia, rom obieqtis gaZlierebis 

koeficientis nebismieri niSnis dros erT-erTi am koeficien-

tebidan Seesabameba mdgrad sistemas, da meore _ aramdgrads. 

sawyisi pirobebi SeirCevian iseTnairad, rom ε  cdomilebis sidi-

de imyofebodes maxasiaTeblis saSualo monakveTis farglebSi 

(nax. 2.2.3b). amis Semdeg sistema avtomaturad gadadis im daxril 

monakveTze, romelic Seesabameba mdgradobas.  

am monakveTis daxris sakmaod didi koeficientis dros uz-

runvelyofilia obieqtis gamosavali y  sididis maRalxarisxiani 

miyola monotonurad klebad damkveTi zemoqmedebis g , ris Sede-

gadac uzrunvelyofilia moZraoba eqstremumisken. 

 

2.3. optimizacia cvlad siCqariani damkveTi zemoqmedebiT 

rogorc cnobilia, Ziebis cdomilebis garda nebismieri 

eqstremaluri sistemis muSaobis erT-erTi ZiriTadi maCvenebelia 

eqstremumis moZebnis dros. igulisxmeba, rom swrafmoqmedebis 
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sakiTxi mWidrod aris dakavSirebuli mmarTveli zemoqmedebis 

garkveuli SezRudvebis arsebobaze. ase magaliTad, Tu adre 

ganxilul sistemaSi marTva ar aris SezRuduli, maSin SeiZleba 

nebismieri swrafmoqmedebis miRweva, Tu Sesabamisad avirCevT 

sidides  ρ _ obieqtis gamosavali sididis eqtremumisken miaxlo-

ebis siCqares. magram Tu marTvaze mocemulia Semdegi saxis 

SezRudva: 

,0VU ≤          (2.3.1.) 

maSin ganxilul sistemaSi moZraoba eqstremumisken swarmoebs 

aSkarad ara maqsimaluri siCqariT. namdvilad, Sesavali sididis 

cvlilebis maqsimaluri siCqare tolia 0V  da meore mxriv, 

mosriale reJimSi sistemis moZraobisa, roca ρ−== gy , Tanaxmad 

(2.2.8.) gvaqvs 

0VA

dx
df

dx
df
yx ≤<== ρ

.         (2.3.2.) 

sistemis moZraobas E  garemoSi, gansazRvruli utolobiT 

dfA
dx

ρ< , aqvs rxeviTi xasiaTi da Tanaxmad I danarTisa Semavali 

sididis saSualo siCqare fasdeba utolobiT 

0

dfA
dxx A A V
ρ

= < ≤saS.         (2.3.3.) 

uSualod (2.3.2.) da (2.3.3.)-is SepirispirebiT Cans, rom mcdeloba 

daCqardes Ziebis procesi damkveTi zemoqmedebis siCqaris 

cvlilebis xarjze, ar migviyvans sasurvel Sedegebamde. amasTan 

dakavSirebiT dgeba iseTi sistemis agebis sakiTxi, sadac 
dx
df

 si-

didis pirdapiri gazomvis gareSe Tanafardoba 
dx
df/ρ  SenarCunde-

ba 0V -Tan axlos. aseT sistemaSi uzrunvelyofili iqneba monoto-

nuri moZraoba eqstremumisken siCqariT, romelic axloa maqsima-
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lurTan. vidre aRwerili iqneba sistema, romelSic iwarmoebs naC-

venebi Tvisebebis realizacia, aRvniSnoT, rom mosriale reJimSi 

wyvetili marTvis saSualo sidide (2.3.3.) sistemaSi Seicavs 

informacias 
dx
df

 sididis Sesaxeb. es faqti naTelia Semdegi 

mosazrebidan: mosriale reJimSi obieqtis gamosavali sidide kle-

bulobs mudmivi siCqariT Tanaxmad y ρ= − , eqstremaluri maxasia-

Teblis gradientis sidide 
dx
df

 icvleba am moZraobis dros, da 

maSasadame, marTvis saSualo mniSvneloba ewyoba iseTnairad, rom 

SenarCundes y  klebis siCqare mudmivi. marTvis saSualo sididis 

saSu  gazomva SeiZleba inerciuli rgolis daxmarebiT  

     u u uτ + =saS saS        (2.3.4.) 

sadac τ  drois mcire mudmivaa. maSin Tanaxmad [47] mocemuli τ  

da araidealurobisas sistemebi miiswrafvian nulisaken eqvsaS uu = , 

romelic warmoadgens gantolebis amonaxsns 

. .

0

 ./

df u
dx

dfu
dx

σ ρ

ρ

= − − =

= −

eqv

saSe i 

        (2.3.5.) 

gonivrulia Tu am informacias gamoviyenebT optimizaciis siste-

mebis agebisas. imisaTvis rom miviRoT sistema zemoT aRniSnuli 

TvisebebiT, davdoT A sidide toli 0V -is, mxolod damkveTi 

zemoqmedeba )(tg  ki (2.3.3.)-is gansxvavebiT avirCioT marTvis 

funqciisgan damokidebuli Semdegnairad:  

 

0
0

0

(1 ),

 ,

ug signZ
V

uz z
V

ρ ρ

τ

= − = − −

+ =
        (2.3.6.) 

sadac ,0 const=ρ  z  inerciuli rgolis gamosavali drois mcire 

mudmivaTi τ . II danarTSi naCvenebia, rom Δ<22 0Lnτρ  dros (2.3.3.), 

(2.2.7.) sistemaSi (2.3.6.) damkveTi zemoqmedebiT warmoiSveba mosri-
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ale reJimi, obieqtis Sesavali sidide x  monotonurad uaxlov-

deba eqstremalur mniSvnelobas 0x , Tanac 0ρ -is miswrafeba usas-

rulobisaken uzrunvelyofs Sesavali sididis cvlilebis maqsi-

malur sidides. ganxiluli sistemis sizuste, gansxvavebuli sis-

temis sizustisagan, romelSic obieqtis gamosavali sidide mos-

riale reJimSi klebulobda mudmivi siCqariT, ganisazRvreba δ  

sididiT, romelic tolia 1σ  da 2σ  sidideebs Soris sxvaobis. 

aRvniSnoT, rom aseTive Sedegebs aqvs adgili im SemTxvevaSi, ro-

desac sidide  ρ , romelic damkveTi zemoqmedebis siCqaris maxasi-

aTebelia, (2.3.6.)-isgan gansxvavebiT formirdeba Semdegi saxiT 

 ).1(0 z−−=− ρρ          (2.3.7.) 

am Sedegebis dasamtkiceblad saWiroa visargebloT danarTi II-is 

msjelobebiT. miRebul Sedegs SeiZleba mieces Semdegi gan-

marteba: rodesac mosriale reJimi ar arsebobs marTvis signali 

u  tolia 0V− , an 0V+ -is, z -is niSani emTxveva u -s niSans, da 

Sesabamisad, damkveTi zemoqmedebis siCqare Tanaxmad (2.3.6.) tolia 

nulis. es niSnavs, rom eqstremumis gareT nebismier wertilSi 

sruldeba erT-erTi utoloba mainc 011 <σσ  an 022 <σσ  da sis-

temaSi yovelTvis aRiZvreba mosriale reJimi. inerciuli rgoli 

gafiltravs marTvis funqciis maRalsixSirul mdgenels da misi 

gamosavali sidide z  toli iqneba marTvis saSualo sididis 

saSu , moTavsebuls 0V−  da 0V . moZraoba mosriale reJimSi gansa-

zRvruli iqneba marTvis am saSualo sididiT, amitom damkveTi 

zemoqmdebis siCqare toli iqneba  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=−=

0
0 1

V
ug saSρρ .         (2.3.8.) 

aseT SemTxvevaSi, mosriale reJims adgili eqneba 0ρ -is nebismieri 

mniSvnelobis dros.  

mmarTveli zemoqmedebis u  SezRudvis Tanaxmad obieqtis 

gamosavali sidide y  SeiZleba mihyves siCqariT SezRudul 

damkveT zemoqmedebas, gansazRvruls ρ sididiT. es niSnavs, rom 
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0ρ -is miswrafebisas usasrulobisaken saSu  miiswrafis 0V -sken, e. 

i. dasaSveb zRvarSi obieqtis Sesavali sidide x  icvleba maqsi-

maluri siCqariT.  

da bolos, (2.2.3.), (2.2.7.) da (2.3.6.) algoriTmebis safuZvelze 

damuSavebulia sxvadasxva saxis optimizatorebi [51, 52, 53, 54, 55, 

56], romlebic dawvrilebiT aRwerilia Tavi V-Si. 

 

2.4. arastacionaruli obieqtis optimizacia mosriale  

reJimebis gamoyenebiT 

eqstremaluri wertilis avtomaturi moZebnis amocana rTul-

deba im SemTxvevaSi, rodesac am wertilis koordinatebi da obi-

eqtis arawrfivi maxasiaTeblis saxe icvleba droSi. amasTan 

dakavSirebiT sainteresoa gamovikvlioT ramdenad SeinarCunebs 

aseTi obieqtisaTvis mosriale reJimSi eqstremumis Ziebis im mim-

zidvel Tvisebebs, romlebsac adgili aqvT stacionaruli erTeq-

stremumiani statikuri obieqtis optimizaciis SemTxvevaSi. 

mosriale reJimebze sistemis optimizaciis struqturuli 

sqemas, Tanaxmad [57] aqvs Semdegi saxe, gamosaxuli nax. 2.4.1. 

 

 

nax. 2.4.1. 

da sistemaSi moZraoba aRiwereba Semdegi gantolebebiT: 

 
0 1 2

1 2 1

( ),     ,      ( )
,     ,    ,    ,

y f x x u u V sign
g y g v

σ σ
ε σ ε σ σ δ ρ

= = =
= − = = + = − +

       (2.4.1) 

sadac x  da y  Sesabamisad optimizaciis obieqtis Sesavali da 

gamosavali koordinatebia. )(tg  _ damkveTi zemoqmedeba, romelic 

formirdeba monotonurad klebadi (zrdadi) drois funqciis sa-

xiT; ε  _ ganuTanxmoeba eqstremumis Ziebis dros y sididesa da 

)(tg  Soris; δρ   ,  , 0V  _ dadebiTi mudmivi sidideebia, V  _ damx-

∫ -ρ 
 

∪ ∫ g ε gadamrTveli 

mowyobiloba

u x y

V 
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mare marTvaa, romelic formirdeba sampoziciur polarizebul 

elementze da aqvs Semdegi saxe:  

1 2

1 2

1 2

    0,   0,
   0     ( )( ) 0,  

    0,    0.

M
V

M

σ σ
σ σ

σ σ

− − Δ > >⎧
⎪= + Δ − Δ <⎨
⎪+ < + Δ <⎩

roca

roca

roca

       (2.4.2.) 

(2.4.2.)-Si Δ2  histerezisuli maryuJis siganea. 01 <σ  da 02 <σ  

intervalSi V  marTva SeinarCunebs im mniSvnelobebs 

)  ,0  ,( MM +− , romelic mas hqonda gamomsaxveli wertilis mox-

vedramde am intervalSi. igulisxmeba, rom 
dx
df

 sididis cvlile-

bis mTel intervalSi 0V
dx
dfM +>> ρ . rogorc naCvenebia [48, 49], 

aseT sistemaSi  

ρ>
dx
dfV0           (2.4.3.) 

pirobebis SemTxvevaSi yovelTvis uzrunvelyofilia mosriale 

reJimSi optimizaciis obieqtis gamosavali y  sididis miyola mo-

notonurad klebadi damkveTi zemoqmedebis, rac iZleva saSua-

lebas y  sididem miaRwios eqstremumis midamoSi. damkveTi zemoq-

medebis )(tg  Semcirebis siCqaris formirebis sxvadasxva meTodebi 

iZlevian saSualebas Ziebis gardamavali procesi aRiWurvos sasu-

rveli TvisebebiT. ase magaliTad, rodesac const=ρ , uzrunvel-

yofilia eqstremumis moZebna Tanabari siCqariT, magram rodesac 

0 0(1 ),    0,u constρ ρ ρ= − >saS       (2.4.4.) 

sadac saSu  aris inerciuli filtris gamosavali sidide drois 

mcire mudmiviT τ   

0

uu u
V

τ + =saS saS         (2.4.5.) 

0ρ parametriT, romelic miiswrafvis usasrulobisaken, saSu  miisw-

rafis 0V -sken, sistemaSi uzrunvelyofili iqneba eqstremumis Zie-

bis maqsimaluri siCqare [58, 59]. 
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gamovikvlioT axla (2.4.1.), (2.4.2.) sistemis SesaZleblobebi 

(2.4.4.) da (2.4.5.) damkveTi zemoqmedebiT arastacionaruli obieqtis 

optimizaciis amocanis gadasawyvetad, romelic aRiwereba Semdegi 

gantolebiT  

( , )y f x t= ,             (2.4.6.) 

im pirobiT, rom drois nebismier momentSi obieqtis maxasia-

Tebels gaaCnia erTaderTi eqstremumi 0x  da 0y  wertilSi, 
dx
df

 

sidide ki SezRudulia x  da t -s nebismieri mniSvnelobisaTvis. 

(2.4.6.) sistemis gamokvlevamde aRvniSnoT, rom sistemaSi Ziebis 

sizusteze sagrZnoblad moqmedebs dinamikuri cdomileba, rome-

lic warmoiqmneba obieqtis maxasiaTeblis dreifis dros. dinami-

kuri cdomilebis Sesamcireblad aucilebelia, rogorc wesi, Zie-

bis siCqaris gazrda, romlis gazrdiTac sul ufro da ufro Tavs 

iCens obieqtis dinamikuri maxasiaTeblis Tvisebebi da saerTo 

cdomileba SeiZleba gaizardos kidec [26, 60]. Cven aq ar ganvixi-

lavT aseTi amocanebis gadawyvetis sxvadasxva meTodebs, romle-

bic sakmaod dawvrilebiT aris ganxiluli literaturaSi [7, 50]. 

SemovifarglebiT mxolod (2.4.6.) obieqtis optimizaciis dros 

(2.4.1.) sistemis algoriTmebis ganxilviT (2.4.4.) da (2.4.5.) damkveTi 

zemoqmedebiT. arastacionarulobis ori kerZo SemTxvevisaTvis: 0y  

eqstremaluri mniSvnelobis dreifis da 0x  eqstremaluri werti-

lis dreifis dros. SevniSnoT, rom 0y  sididis cvlilebis siCqare 

ar aRemateba 
dx
df

 sididis maqsimalur mniSvnelobas. marTlac 

),(),( tx
dt
dfxtx

dx
dfy += ,          (2.4.7.) 

an     ,0),( 0 =tx
dx
df

         (2.4.8.) 

pirobis gaTvaliswinebiT, miviRebT: 

0 0
max( , )    .

,
df dfy x t
dt x t dt

= ≤        (2.4.9.) 
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eqstremumis Zieba xorcieldeba mosriale reJimSi, romlis 

drosac obieqtis gamosavali sidide y  mihyveba damkveT zemoqme-

debas )(tg , romelic monotonurad mcirdeba ρ  siCqariT. rogorc 

Cans, imisaTvis, rom damkveT zemoqmedebas SeeZlos `daweva" eqst-

remumis wertilisaTvis, romelic icvlis Tavis mdebareobas, 

saWiroa Sesruldes piroba 

.
dt
df>ρ          (2.4.10.) 

meore SemTxvevaSi, imisaTvis rom x  koordinats SeeZlos `daweva" 

eqstremaluri )(0 tx  wertilisaTvis unda Sesruldes Tanafardoba  

)(max 00 txVx >=  .       (2.4.11.) 

(2.4.6.) saxis arastacionaruli obieqtis optimizaciis dros (2.4.1.) 

algoriTmis Tvisebebis gamoyenebis mizniT, romlis drosac 

damkveTi zemoqmedeba icvleba mudmivi siCqariT, ganvixiloT sis-

temis moZraobis gantoleba ε  ganuTanxmoebis mimarT, romelic am 

SemTxvevaSi miiRebs saxes: 

.
dt
dfu

dx
df −−−= ρε           (2.4.12.) 

SemovitanoT damkveTi zemoqmedebis `eqvivalenturi" siCqare: 

dt
df−−=− ρρ *          (2.4.13.) 

Tu gaviTvaliswinebT (2.4.13.)-s gantoleba (2.4.12.) gadaiwereba Sem-

degi saxiT: 

,* u
dx
df−−= ρε         (2.4.14.) 

0* >ρ .         (2.4.15.) 

(2.4.15.) pirobis Sesrulebis SemTxvevaSi (2.4.1.) algoriTmi miiswra-

fis eqstremumisaken, Tanac iZleva sizustis garantias arauaresi 

Δ  histerezisuli maryuJis naxevarsiganisa. (2.4.15) pirobis dar-

Rvevis SemTxvevaSi, sistemas ar SeuZlia `daewios" eqstremumis 

wertils, romelic icvlis Tavis mdgomareobas. 
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ganvixiloT axla (2.4.1.), (2.4.4.) da (2.4.5.) sistemis Ziebis algo-

riTmebis Tanxvedris da sizustis sakiTxi. am SemTxvevaSi ε  gamo-

saxuleba, roca 021 <σσ  miiRebs Semdeg saxes: 

.)(1 2100 (
dt
dfsignV

dx
dfu −−−−= σσρε saS       (2.4.16.) 

am gamosaxulebidan Cans, rom utoloba 

,   0 dt
dfV

dx
df >         (2.4.17.) 

warmoadgens zogadad mosriale reJimebis arsebobis pirobas. igi 

gansazRvravs sistemis Ziebis sizustes arastacionarulobis pi-

robebSi.  

ganvixiloT arastacionarulobis kerZo SemTxvevebi, Semovi-

fargloT (2.4.1.), (2.4.4.) da (2.4.5.) sistemis gamokvleviT. davuSvaT, 

rom obieqtis maxasiaTebeli warmodgenilia Semdegi saxiT: 

[ ] ),()(),( trthxftxf +−=         (2.4.18.) 

maSin gamosaxuleba (2.4.16.) miiRebs Semdeg saxes: 

 0 0 1 2 (1  )    ( )    dfu V sign h r
dx

ε ρ σ σ⎡ ⎤= − − − − −⎣ ⎦saS ,     (2.4.19) 

utolobis Sesrulebis SemTxvevaSi 

0            ,df dfV h r
dx dx

> −         (2.4.20.) 

sistemaSi arsebobs mosriale reJimi da obieqtis gamosavali y  

sidide. mcirdeba Semdegi gantolebis Sesabamisad: 

0

0
  0 0

  
 1  .

dfr h
dxy
dfV
dx

ρ
ρ

ρ

⎡ ⎤
+ −⎢ ⎥

= − −⎢ ⎥
⎢ ⎥+
⎢ ⎥⎣ ⎦

       (2.4.21.) 

eqstremumis midamoebSi (2.4.20.) piroba irRveva da SeiZleba vaCve-

noT, rom ,0 hV >   0 >r  SemTxvevaSi 2σ  midamoebSi myardeba rxe-

viTi reJimi [45], romlis drosac obieqtis gamosavali sidide 

`mcirdeba" eqstremumamde, am dros sistemis Ziebis sizuste gani-

sazRvreba δ  sididiT, romelic tolia 12 σσδ −= . Tu 0<r , maSin 
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sistema Sordeba eqtremums manamdis, vidre ar Sesruldeba (2.4.20.) 

utoloba, romelic gansazRvravs eqstremumis dreifis miyolis 

dinamikur cdomilebas.  

zemoT Camoyalibebulidan SeiZleba gavakeToT daskvna, rom 

(2.4.1.), da (2.4.4.) da (2.4.5.) algoriTmebis gamoyenebas damkveTi 

zemoqmedebis rogorc mudmivi, ise cvladi siCqaris dros, mivya-

varT analogiur Sedegebamde.  

obieqtis maxasiaTeblis areSi sistema moZebnis eqstremums, 

romelSic SeiZleba warmoiSvas sistemis rxevebi, da arastacion-

arulobis zogad SemTxvevaSi, utoloba gansazRvrulia Semdegi 

gamosaxulebiT: 

   0    .df dfV
dx dt

≤        (2.4.22.) 

kerZo SemTxvevaSi, roca (2.4.6.) maxasiaTebeli SeiZleba war-

modgenil iqnas (2.4.18.)-is saxiT roca 0>r , Tu hV    0 > , maSin Zie-

bis Secdomis sidide ar aRemateba δ -s sxvaobas or 2σ  da 1σ  si-

dideebs Soris, magram roca 0<r  Ziebis sizuste ganisazRvreba 

utolobiT (2.4.22.), romelic am SemTxvevisaTvis miiRebs saxes: 

 .         0 h
dx
dfrV

dx
df −≤        (2.4.23.) 

rogorc moyvanili Tanafardobidan gamomdinareobs (2.4.1.), (2.4.4.) 

da (2.4.5.) algoriTmebi CamorCeba sizustiT (2.4.1.) algoriTms mud-

mivi siCqaris mqone damkveTi zemoqmedebiT, magram ukeTesia 

swrafmoqmedebiT, romelic SeiZleba miaxloebul iqnas garkveul 

zRvramde 0ρ  parametris gazrdis xarjze.  

 

2.5. mravaleqstremumiani obieqtebis optimizacia 

obieqtis optimizaciis amocanis gadawyvetis dros SeiZleba 

aRmoCndes, rom obieqtis eqstremalur maxasiaTebels hqondes 

ramodenime lokaluri eqstremumi, da minimaluri mniSvneloba, 

romelic unda ganisazRvros, miiRweva erT-erT maTgans Soris. am 

SemTxvevaSi zemoT aRwerili algoriTmebi uzrunvelyofen amaT-
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gan erT-erTi lokaluri eqstremumis Ziebas. amocanis aseTi daye-

nebis SemTxvevaSi obieqtis optimizaciis amocanis gadasawyvetad 

arsebobs mravali meTodi, romlebic xSir SemTxvevaSi emyareba 

sam meTods: meTods, damyarebulis skanirebaze, e. i. sistemis 

yvela SesaZlo mdgomareobis mimdevrobiT gadarCeviT da minimu-

mebs Soris minimaluri koordinatis damaxsovrebiT [18, 61]; me-

Tods, damyarebuls marTvis kanonSi SemTxveviTi elementis gamo-

yenebis SesaZleblobaze [62, 63]; da bolos _ am meTodebis SeTava-

zebas lokaluri Ziebis romeliRac meTodTan [18, 64]. gansazRv-

rul dadebiT TvisebebTan erTad, am meTodebs gaaCniaT seriozu-

li naklovanebebi. skanirebis meTodisaTvis isini dakavSirebu-

lebi arian drois didi danakargebiT, Ziebis SemTxveviTi meTodi 

ki gamoiyeneba stacionaruli obieqtebis optimizaciis dros, am 

SemTxvevaSi es meTodi aris efeqturi [18, 65]. 

aseTi amocanis gadawyvetis kidev erTi saintereso SesaZleb-

loba emyareba `mZime burTulas" meTods [66, 67]. am meTodis 

safuZvelSi Cadebulia analogia materialuri sxeulis moZrao-

bis, Camosrialebuls xaxuniT SeRunuli fialis Siga zedapirze 

da moZraobebs optimizaciis sistemebSi, romlis moqmedeba aRiwe-

reba gantolebiT:  

02 =++ gzadfxRx .         (2.5.1.) 

kvadratuli obieqtis SemTxvevisaTvis maxasiaTebliT  

2
0 0

1 ( ) .
2

y y k x x= + −          (2.5.2.) 

moZraoba sistemaSi sruldeba Sesabamisad gantolebisa, Cawerili 

x  koordinatis gadaxriT eqstremaluri wertilis 0x -is mimarT: 

02 =Δ+Δ+Δ xkxRx ,        (2.5.3.) 

sadac sidide R  arCeulia pirobidan 02 >− Rk . (2.5.3.) algoriTmis 

Ziebis aralokaluri xasiaTi ganpirobebulia eqstremaluri wer-

tilis midamoSi sistemis rxeviT qmedebasTan, romlis xarjze 

sistema advilad gadalaxavs naklebadRrma lokalur minimumebs. 

Tu pirveli lokaluri minimumis siRrme ar aRemateba y  koordi-
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natis sididis maqsimalur zrdas, maSin (2.5.3.) sistema `gaZvreba" 

am minimums da daiwyeba Semdegi minimumis Zieba.  

msgavsi TvisebebiT SeiZleba SevqmnaT algoriTmebi, ganxilu-

li am naSromSi, Tu damkveTi zemoqmedebis cvlilebis kanonis 

Sesabamisi SerCeviT uzrunvelvyofT rxevis krebadobas eqstre-

mumisken [68]. 

mosriale reJimSi sistemis optimizaciis struqturuli sqema 

naCvenebia nax. 2.5.1. 

 

nax. 2.5.1. 

da moZraoba masSi aRwerilia gantolebiT (2.4.1.). 

mravaleqstremumiani obieqtebisaTvis (2.4.1.) sistemis gamoyeneba 

SeiZleba im SemTxvevaSi Tu damkveT zemoqmedebas avirCevT Sem-

degi saxis:  

,21 ggg +=          (2.5.4.) 

sadac 1g  ganisazRvreba gamosaxulebiT 

 ),1(01 saSug −= ρ           (2.5.5.) 

saSu  ki ganisazRvreba gantolebiT: 

,
0

saSsaS V
uuu =+τ           (2.5.6.) 

2g  _ ki formirdeba Semdegi gamosaxulebiT: 

 2 1
0

( ) ( )  uug t g t T sign
V

α= − − saS ,        (2.5.7.) 

sadac α  da T  dadebiTi sidideebia, 
2
10 <<α . 

eqstremumis midamoebSi Ziebis rxeviTi reJimi dakavSirebu-

lia (2.5.4.) gamosaxulebis meore SesakrebSi arsebuli dagvianebis 

∫ 
-ρ 
 ∪ ∫ g 

ε 

gadamrTveli 

mowyobiloba

u 

x y

V 
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arsebobiT, ganpirobebuli im faqtiT, rom mosriale reJimSi eqst-

remumis wertilSi miRwevis Semdeg, mosriale reJimi ar wydeba, 

jami 21 gg +  xdeba dadebiTi da )(tg  iwyebs zrdas. obieqtis 

gamosavali sidide y  mosriale reJimSi tolia )(tg  an δ+)(tg , 

da Sesabamisad izrdeba, rac aZlevs saSualebas sistemas 

`gaZvres" naklebad Rrma eqstremumebs. 

vaCvenoT, rom sistemaSi (2.4.1.). (2.5.4.) da (2.5.7.) yovelTvis 

aRiZvreba mosriale reJimi. namdvilad, nebismieri sawyisi pirobe-

bisas V  zemoqmedeba uzrunvelyofs sistemaSi 021 >⋅σσ  pirobas 

da SemdgomSi sistemaSi moZraoba xorcieldeba Tanaxmad ganto-

lebisa:  

). (  

); (     )(  )()1( 

21

210211

σστ

σσσσαρε

signuu

signV
dx
dfsignusignTtgu

=+

−−−−−=

saSsaS

saSsaS  (2.5.8.) 

SemovizRudoT im SemTxvevis garCeviT, roca 0>
dx
df

, maSin 

Tanaxmad II danarTis Sedegebisa Δ<   22 nLτρ  pirobis Sesrule-

bis dros (2.5.8.) gamosaxulebaSi pirveli Sesakrebi SeiZleba ugu-

lebelvyoT, 1 −=saSusign , da maSin (2.5.8.) gantoleba gadaiwereba 

Semdegi saxiT: 

1 0 1 0 1  (1   ( )         ,dfu t T sign V sign
dx

ε σ α ρ σ σ= = − − −saS   (2.5.9.) 

saidanac 0)(  1 ≤−Ttgα -is gaTvaliswinebiT Cans, rom 01 =σ -

ze aRiZvreba mosriale reJimi. davuSvaT, rom parametrebi α , T  

SerCeulia iseTnairad, rom mosriale reJimSi eqstremaluri 

wertilisken moZraobisas sruldeba utoloba  

 ( ) ( ) ,0      )(1  1 00 ≤⋅−−+−− saSsaSsaS uTtuu ραρ       (2.5.10.) 

maSin obieqtis gamosavali sidide y  monotonurad mcirdeba mini-

mumisaken. Tu eqstremumis miRwevis dro metia T -ze, maSin eqstre-

malur wertilSi mosriale reJimi ar wydeba. es faqti gamomdina-

reobs damkveTi zemoqmedebis siCqaris tolobidan nulTan eqst-

remumis wertilSi, e. i. toloba  
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( ) ,0     )(   1    )1( 00 =⋅−−+−− saSsaSsaS uTtuu ραρ       (2.5.11.)  

da gamosaxuleba (2.5.8.), romelSic unda vivaraudoT rom 0=
dx
df

. 

amgvarad, sistema mosriale reJimSi `gaivlis" eqstremumis wer-

tils da obieqtis gamosavali gaizrdeba, icvleba ra Tanaxmad gan-

tolebisa, romelic miRebulia [40] aRwerili meTodikis mixedviT.  

dx
dfVTtg

V
dx
dfy

   )(   
   

010

0
0

−−−
=

αρ

ρ
      (2.5.12.) 

y  sididis zrda wydeba mosriale reJimis Sewyvetis dros, e. i. 

pirobis Sesrulebisas  

,)(   1     00 ⎟
⎠
⎞⎜

⎝
⎛ −−= TtuV

dx
df

saS
ρα        (2.5.13.) 

romelic miRebulia (2.5.8.)-dan, roca .1=saSu  

am utolobiT SeiZleba visargebloT `siRrmis" lokaluri 

eqstremumis Sesafaseblad, romlebic SeuZlia `gaaRwios" sis-

temam, magram amisaTvis aucilebelia vicodeT sidide ,)( Ttu −saS  

romelic gamoTvlac Zneli ar aris, Tu gvecodineba eqstremalu-

ri maxasiaTeblis saxis raime varaudi. 

mosriale reJimis 01 =σ -ze Sewyvetis Semdeg is kvlav aRiZv-

reba 02 =σ -ze. Semdgomi moZraobis dros y  sidide ecema eqstre-

mumamde da sistemaSi myardeba rxevebi. vaCvenoT rom isini miile-

va. vivaraudoT, rom sidideebi τδ   ,, daΔ  imdenad mcirea, rom 

procesi, romelic dakavSirebulia gamomsaxveli wertilis erTi 

mosriale sibrtyidan meoreSi gadasvlasTan, SeiZleba ugulebel-

vyoT, e. i. SeiZleba CavTvaloT, rom mosriale reJimis CaSlis 

Semdeg erT sibrtyeSi, is momentalurad warmoiqmneba meore sibr-

tyeSi, maSin (2.5.13.)-Si saSu  miiRebs Semdeg saxes: 

dx
dfVTtg

u
010

0

        
    

)( +−−
=

αρ

ρ
saS .      (2.5.14.) 

(2.5.13.) da (2.5.14.)-dan advilad SeiZleba miviRoT:  
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.
  2 

  2  
)(   1

   1

00

0

dx
dfVTtu

u

+
=

−−
−

ρ

ρα
saS

saS         (2.5.15.) 

vivaraudoT axla, rom )(xf  funqcia mkacrad amozneqilia 

qveviT, ganvixiloT sistemis mdgomareoba drois 0,  ,   2 ,...,   T T NT  

momentebSi, sadac aTvlis dasawyisi emTxveva mosriale reJimis 

pirveli CaSlis dros. drois Semdgomi ori momentisaTvis samar-

Tliania utoloba: 

TN

NT

TN

dx
dfVu

u

)1(
00

0 )1( 

  2  

  2    
  1

 1

+

+

+
≤

−
−

ρ

ρα
saS

saS
       (2.5.16.) 

(2.5.16.)-is gamoyvanisas gaTvaliswinebulia 
dx
df

 monotonuroba 

da is faqti, rom 
dx
df

-is did mniSvnelobas Seesabameba ( )saSu  1− -s 

didi mniSvneloba. (2.5.16.) utoloba SeiZleba gadavweroT Semdegi 

saxiT:  

.  
  2  

  2   

)1(
00

0

)1( NT

TN

TN dx
df

dx
dfVdx

df ⋅
+

≤

+

+ ρ

ρα
       (2.5.17.) 

vinaidan ,  )( 
NTdx

dft
dx
df ≤  roca, NTt >> , maSin, roca 

2
1<α , (2.5.17)-

dan gamomdinareobs, rom 
dx
df

 miiswrafis nulisken. es ki niSnavs, 

rom rxevebi sistemaSi miileva.  

am rxevebis dros, eqstremaluri maxasiaTeblis gradientebis 

sidideebi, rxevebis maqsimumis ori momdevno wertilisaTvis, akma-

yofileben utolobas 

.  

1
  2  

  2  
0

0

1
0

N

N

N dx
df

dx
dfVdx

df ⋅
+

≤

+

+ ρ

ρα
       (2.5.18.) 
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maSin, roca 
2
1>α  es rxevebi miileva, (2.5.18.) Tanafardoba SeiZ-

leba gamoyenebul iqnas rxevebis milevis siCqaris Sesafaseblad. 

im SemTxvevaSi, Tu eqstremumi aris lokaluri minimumis wertili 

da Tu mrudis monakveTze am minimumsa da Semdgom maqsimums 

Soris 
dx
df

 sidide ar aRemateba sidides, gamoTvlils (2.5.18.)-is 

saSualebiT, maSin ise rogorc `mZime burTulas" meTodis dros, 

saregulirebeli koordinati aRwevs am maqsimums da sistemaSi 

iwarmoebs Semdegi minimumis moZebna.  

ra Tqma unda, arc SemoTavazebuli meTodi, arc `mZime bur-

Tulas" meTodi ar iZlevian globaluri minimumis moZebnis garan-

tias. es meTodebi SeiZleba aRmoCndnen efeqturebi im SemTxvevaSi, 

roca eqstremalur maxasiaTebels gaaCnia mkafiod gamoxatuli 

globaluri minimumi da ramodenime naklebad Rrma lokaluri 

eqstremumi.  

arsebiTi gansxvaveba naSromSi SemoTavazebul meTodsa da 

`mZime burTulas" meTods Soris mdgomareobs imaSi, rom misi rea-

lizaciisaTvis ar saWiroebs informacias 
dx
df

-is Sesaxeb, maSin 

rodesac meore meTodisTvis es informacia aucilebelia.  

 

2.6. daskvna 

daskvnaSi mizanSewonilia aRiniSnos eqstremumis Ziebis aRwe-

rili sistemis gansxvaveba sxva farTod gavrcelebuli optimiza-

ciis releuri sistemebisagan (sakmaod dawvrilebiT es sistemebi 

aRwerilia [65]-Si). 

Cveulebrivad releur eqstremalur sistemebSi swarmoebs 

eqstremaluri maxasiaTeblebis warmoebulebis gazomva, romlebic 

gansazRvraven eqstremumisaken moZraobis mimarTulebas, da Tvi-

Ton moZraobis organizeba swarmoebs releur zemoqmedebis daxma-

rebiT, Camoyalibebuli am informaciis safuZvelze. gazomvis au-

cilebloba dakavSirebulia sistemaSi madiferencirebeli mowyo-
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bilobis SeyvaniT, an mowyobilobis sacdeli zemoqmedebisaTvis 

da obieqtis Sesasvlelze da gasasvlelze reaqciis analiziT. 

warmodgenil naSromSi optimizaciis amocanis gadasawyvetad 

damuSavebulia sistemis awyobis principi, romelsac SeuZlia 

marTos obieqti niSancvladi da gaZlierebis ucnobi koeficien-

tiT (am koeficientis rols asrulebs eqstremaluri maxasiaTeb-

lis warmoebuli), da Semdgom aseTi sistemis daxmarebiT obieq-

tis gamosavali sidide mcirdeba minimalur mniSvnelobamde.  

 aseTi midgoma iZleva saSualebas uari vTqvaT obieqtis rai-

me maxasiaTeblis gazomvisgan da Tavidan aviciloT rxevebi, ga-

mowveuli sacdeli signalebisagan. ra Tqma unda, maRalsixSi-

ruli rxevebi mosriale reJimis dros ar SeiZleba ganvixiloT 

rogorc sacdeli, radganac igi ganpirobebulia imiT, rom gadam-

rTveli elementebis realizacia ar aris idealuri, maSin, roca 

wyvetil-wrfivi maxasiaTeblis daxmarebiT marTvis realizaciis 

dros (nax. 2.2. 3b) es rxevebi saerod ar arseboben. 

zemoT Camoyalibebulidan SeiZleba gavakeToT daskvna, rom 

(2.4.1.), (2.4.4.) da (2.4.5.) algoriTmebis gamoyenebisas damkveTi zemoq-

medebis rogorc mudmivi, ise cvladi siCqaris dros, mivyavarT 

analogiur Sedegebamde, Tumca (2.4.4.) da (2.4.5.) algoriTmebi Ca-

morCeba sizustiT (2.4.1.) algoriTms mudmivi siCqaris mqone 

damkveTi zemoqmedebiT, magram ukeTesia swrafmoqmdebiT, romelic 

SeiZleba miRweul iqnas garkveul zRvramde 0ρ  sididis gazrdiT. 
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Tavi 3. optimizaciis algoriTmebi uwyveti marTvis 

      pirobebSi da maTi statistikuri analizi 

 

3.1. Sesavali 

wina TavebSi ganxiluli iyo optimaluri marTvis algoriT-

mebi, romlis drosac winaswarganzraxviT iqmneboda mosriale 

reJimebi regulirebis konturSi. xSir SemTxvevaSi mosriale reJi-

mebis aseTma gamoyenebam SeiZleba migviyvanos arasasurvel movle-

namde, amitom sainteresoa optimizaciis iseTi sistemebis ageba, 

romelSic marTvis signali aris uwyveti da formirdeba, rogorc 

zemoT ganxilul sistemebSi, 
df
dx

sididis mniSvnelobis informa-

ciis gareSe. am mimarTulebiT erT-erT gzas warmoadgens idea, 

realizebuli [48], romelic miznad isaxavs marTvis kanonSi 

idealuri elementis Secvlas elementze gajerebuli wrfivi 

ariT. aseT sistemebSi marTva yovelTvis uwyvetia, magram 

obieqtis gamosavali sidide y  ukve zustad aRar mihyveba damkveT 

zemoqmedebas ( )g t , miyolis cdomileba ki mcirdeba wrfivi aris 

gadacemis koeficientis gazrdiT. 

qvemoT ganxilulia aseTi algoriTmebis SesaZlo variantebi, 

gamokvleulia maTi Tvisebebi, aseve SemTxvevebi, rodesac optimi-

zaciis amocanis gadawyvetisas mosriale reJimebi iqmneba 

damkveTi zemoqmedebis konturSi, ganxilulia SemTxveva, rodesac 

obieqtis marTva warmoebs mmarTveli signalis saSualo mniSvne-

lobiT, aseve marTvadi damkveTi zemoqmedebiT. gamokvleulia op-

timizaciis sistemebis gardamavali procesebis Tvisobrioba mci-

re parametris meTodis gamoyenebiT. ganxilulia marTvadi 

damkveTi zemoqmedebis mqone optimizaciis sistemis statistikuri 

analizi.  
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3. 2. optimizaciis algoriTmebi mosriale reJimebiT 

damkveTi zemoqmedebis konturSi 

SesavalSi aRniSnuli iyo ukukavSiris mTavar konturSi 

mosriale reJimebis gareSe optimizaciis sistemis agebis praqti-

kuli mizanSewoniloba uwyveti marTvis gamoyenebis safuZvelze, 

romelic formirdeba 
df
dx

sididis Sesaxeb raime informaciis gare-

Se. am midgomis safuZvelze, romelic gvTavazobs mosriale reJi-

mebis arsebobas da mimyoli sistemis agebas, romelSic obieqtis 

gamosavali koordinati imeorebs am zemoqmedebas, miyolis amo-

cana wydeboda ZiriTadi marTvis xarjze, romelic marTavda 

obieqtis Sesavali parametris cvlilebas.  

SevecdebiT miyolis es amocana gadavwyvitoT damkveTi zemoq-

medebis parametrebis komutaciis safuZvelze da mosriale reJi-

mis organizebiT ukukavSiris meore konturSi, romelic gaaCniaT 

ganxilul klasis optimizaciis sistemebs [69, 70]. warmovidginoT, 

rom raRacnairad uzrunvelyofilia mosriale reJimSi g miyola 

)(ty , maSin rogorc Cans marTvis saSualo sidide Seicavs infor-

macias 
dt
dy

-s Sesaxeb. gamoiyofa ra es informacia inerciuli 

filtris daxmarebiT, SeiZleba CamovayaliboT marTvis signali, 

romelic miiyvans y  sidides Semcirebamde. 

am ideis erT-erTi SesaZlo realizacia aris optimizaciis 

algoriTmebi, aRwerili gantolebaTa sistemiT:  

 

1 1 2

2 0 1 2

1 2 1

1 2 3

3 1 2

,
 ,    0

u   ( ),
,    ,

( ) ,
,

x u
u u u const

V sign
g y

g sign V

τ τ
σ σ

σ σ σ δ
ρ α σ σ σ

σ σ σ

=
+ = = >

=

= − = +
= − − +

= +

       (3.2.1.) 

sadac α  da  ρ zogierTi parametrebia an sistemis koordinatebis 

funqciebia, romelTa formirebasac ganvixilavT qvemoT. 
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gantolebaTa sistema (3.2.1.) TiTqmis emTxveva win ganxilul 

sistemas da misgan gansxvavdeba mcire drois mudmiva τ -s mqone 

masworebeli filtris arsebobiT da mcire releuri danamatiT 

damkveTi zemoqmedebis formirebis kanonSi. saxeldobr am dana-

matma unda uzrunvelyos mosriale reJimSi )(tg -s miyola )(ty , 

romelic Tavis mxriv icvleba 1u  marTvis zemoqmedebiT 

1u
dx
dfy =          (3.2.2.) 

gamovikvlioT (3.2.1.) sistemis Tvisebebi winadadebiT, rom α  

da  ρ  arian 2u  marTvis saSualo mniSvnelobis funqciebi, e. i. 1u  

funqciebi: 

.     ),  1(  

)  1( 

00
0

2
0

0

1
0

ρααα

ρρ

>−=

−=

V
u
V
u

       (3.2.3.) 

nebismieri sawyisi pirobebis dros V signali uzrunvelyofs g -s 

iseT mniSvnelobas, romlis drosac cdomileba )(tε  aRmoCndeba 

021 <σσ  intervalis SigniT. Tu visargeblebT danarTi II-is Se-

degebiT, maSin SeiZleba davadginoT, rom utolobis Sesrulebis 

SemTxvevaSi ,2)( 2 00 Δ<+ Lnτρα  moZraoba sistemaSi iwarmoebs 

iseTnairad, rom roca 0df
dx

<  )(tε  miiswrafis nulisaken ,0=ε  

roca 0<
dx
df

 )(tε  miiswrafis .δε −= orive SemTxvevaSi am wer-

tilebSi warmoiSoba mosriale reJimi. Tu moZraobis gantolebas 

CavwerT miyolis cdomilebis ε  mimarT da movaxdenT zogierT 

teqnikur cvlilebas, miviRebT Semdeg gantolebas 

0

eqv. 2

eqv. V
u

u =*
        (3.2.4) 
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,0      )  1( )  1( *
0

*
0 =−−−−− eqv.eqv.eqv. u

dx
dfVuu αρ  marTebulia 

dx
df

-is nebis-

mieri niSnis dros. 

amovxsnaT es gantoleba, miviRebT, rom 

* 2 *
0 0 0 0 0

* 2 *
0 0 0 0 0

0,  ( ) (  ) 0,

0,  ( ) (  ) 0.

df dfu V u
dx dx
df dfu V u
dx dx

α ρ α ρ

α ρ α ρ

⎫> + + + + = ⎪⎪
⎬
⎪< + − + − =
⎪⎭

roca 

roca 
      (3.2.5) 

Zneli ar aris davrwmundeT, rom (3.2.5.) gantolebas (-1, 1) inter-

valSi aqvs TiTo fesvi da is uaryofiTia pirvel SemTxvevaSi, 

dadebiTia _ meore SemTxvevaSi. es niSnavs, rom )(ty  monotonurad 

klebulobs eqstremumamde, romlis midamoSi myardeba rxevebi 

amplitudiT minyy − , romelic ar aRemateba δ  sidides. 

sainteresoa aRiniSnos, rom roca 0α  da 0ρ  miiswrafian 

usasrulobisaken.  

*   dfu sign
dx

→ −         (3.2.6.) 

da, maSasadame, aseT sistemaSi marTvaze SezRudvebis miuxedavad 

SesaZlebelia maqsimaluri swrafmoqmedebis realizeba. 

 

3.3. optimizaciis algoriTmebi marTvis saSualo 

mniSvnelobiT 

zemoT ganxiluli (2.2.3.), (2.2.7.) algoriTmebSi optimizebadi 

koordinatis zusti miyolis efeqti monotonurad klebadi 

damkveTi zemoqmedebis mimarT miiRweva wyvetili (releuri) marT-

vis xarjze, romelic iRebs ori SesaZlo mniSvnelobidan 0V+  an 

0V− . erT-erTi sidide 0V  SeirCeva gamomdinare moTxovnilebidan, 

wardgenili Ziebis sistemis swrafmoqmedebisadmi da eqstremalu-

ri wertilis dreifis zusti miyolis unarisadmi. rogorc wesi, 

es sidide miiCneva maqsimalurad SesaZlebel mniSvnelobad. marT-

vis xSiri gadarTvebi 0V+ -dan 0V− -ze xazs usvamen realur sis-

temebSi sxvadasxva saxeobis dinamikur araidealurobas, romelTa 
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gavlena Ziebis xarisxze sasurvelia Semcirdes. amisaTvis sain-

teresoa optimizaciis iseTi sistemis ageba, romelSic wyvetili 

signalis amplituda iqneboda umniSvnelo, da SeZlebisdagvarad 

sistemis swrafmoqmedeba da dreifis miyolis SesaZlebloba 

darCeniliyo ucvleli.  

optimizaciis aseTi sistemis agebisaTvis visargebloT ideiT, 

SemoTavazebuli [48]-Si, romelic dakavSirebulia diferencirebis 

da filtraciis amocanis gadawyvetasTan. ganxilul sistemebTan 

mimarTebaSi, es idea emyareba dinamikuri filtris gamoyenebas, 

magaliTad, inerciuli rgolis drois mcire mudmivaTi, romlis 

daniSnulebaa wyvetili signalis gasworeba. aseTi filtris arse-

boba ar iZleva saSualebas sistemaSi idealuri mosriale reJi-

mis arsebobis da warmoiqmneba e. w. realuri mosriale reJimi, 

romlis drosac obieqtis gamosavali koordinata daiwyebs rxevas 

damkveTi zemoqmedebis mimarT amplitudiT, proporciuli filt-

ris drois mudmivasi. es rxeva SeiZleba moispos Tu ZiriTad mar-

Tvis signalTan erTad gamoviyenebT damatebiT wyvetil marTvis 

komutirebul signals mcire amplitudiT. maSin, gansazRvrul 

pirobebSi, sistemaSi Seiqmneba mosriale reJimi, magram ukve mcire 

signalebis komutaciis xarjze, rac iZleva saSualebas aRmovfxv-

raT araidealurobis gavlena.  

sistemis struqturuli sqema, romelSic realizebulia es 

idea mocemulia nax. 3.3.1.-ze. 

 

nax. 3.3.1.-ze gamosaxuli optimizaciis sistemis gantoleba, 

(2.2.3.), (2.2.7.), (2.2.6) sistemis gantolebis analogiuria da gansxvav-

 
 

p
1  ∪ u

ε V

-ρ 

y g(t) u2 
1+Tp

K  

u1 

x
p
1  

 

 
 - V0

 +V0 

nax. 3.3.1.
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deba mxolod marTvis signalis formirebis saSualebiT, romel-

sac am SemTxvevaSi eqneba Semdegi saxe: 

21 uuu +=  ,         (3.3.1.) 

sadac 1u emTxveva marTvis signals (2.2.3.). e. i.  

 )( 2101 σσsignVu =              (3.3.2.) 

da 2u  ki warmoadgens inerciuli filtris gamosavals drois 

mudmivaTi τ . 

2 2 1   ,     1.u u k u k constτ + = = >        (3.3.3.) 

aseTi sistemis gamokvlevisas, moxerxebulobisaTvis Semovi-

fargloT SemTxveviT, roca 0>
dx
df

; Semdgomi SemTxvevisaTvis, 

roca 0<
dx
df

 analogiuria, mxolod im Taviseburebis gaTvaliswi-

nebiT, rom 0=ε wertilis magivrad, ganxilvaSi unda figurireb-

des wertili δε −= , marTvis kanonSi ki 02 <σ -is nacvlad unda 

Caisvas 01 <σ . 

am varaudiT da (2.2.3), (2.2.6.), (2.3.6), (3.3.1.)... (3.3.3.) Tanafardobis 

gaTvaliswinebiT sistemis moZraobis gantoleba ε  da 2u -is mi-

marT, miiRebs Semdeg saxes: 

⎪⎭

⎪
⎬
⎫

+−=

−−−=

.   

  

 022

2

ετ

ερε

signVkuu

u
dx
dfsignV

dx
df

       (3.3.4.) 

Tu gaviTvaliswinebT utolobis Sesrulebas  

 , )1( 0 ρ>+ Vk
dx
df

         (3.3.5.) 

da II danarTSi ganxilul ganmartebas, SeiZleba vaCvenoT, rom  

,22 Δ<Lnkτρ          (3.3.6.) 

pirobis Sesrulebis SemTxvevaSi (3.3.4.)-Si 0=ε  yovelTvis aRiZv-

reba mosriale reJimi. Tu drois mudmiva τ  iseTia, rom Sesrule-

badia moTxovnileba, moyvanili II danarTSi, e. i. is sakmarisia 

mosriale reJimis maRalsixSiruli mdgenelis filtraciisaTvis, 
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maSin moZraobis gantoleba mosriale reJimSi garkveuli moqmede-

bis Semdeg miiRebs saxes: 

,
1

1  1 k
dx
dfu

+
⋅−= ρ

eqv         (3.3.7.) 

da Sesabamisad, koordinata y  monotonurad klebulobs Semdegi 

kanoniT ρ−=y , vidre sruldeba utoloba (3.3.5.). 

rogorc algoriTmebSi (2.2.3.), (2.2.6.) (2.3.6.), ise aqac SesaZle-

belia ori varianti: mudmivi siCqariT Semcireba )(tg , e. i. 

const  =ρ  da cvladi, romelic icvleba Semdegi kanoniT  

0      ),
 

1( 0
0

2
0 <=−= const

Vk
u ρρρ  .       (3.3.8.) 

pirvel SemTxvevaSi y  sididis monotonurad klebadoba uz-

runvelyofilia eqstremumis wertilis midamoebamde, romelSic 

irRveva (3.3.5.) utoloba, SemdgomSi ( )y t aseve mcirdeba, mxolod 

ukve rxeviT reJimSi. cdomileba y  da miny Soris ganisazRvreba 

Δ  sididiT. 

algoriTmis meore SemTxvevaSi, e. i. roca  ρ arCeulia (3.3.8.)-

is saxiT, eqstremumamde klebadoba monotonuria da amas garda 

(3.3.7.) da (3.3.8.)-dan Cans, rom roca 0ρ  miiswrafis usasrulobisaken 

∞→

+=

   

,     )1( 

0

0

ρ
dx
dfsignVkxLim

       (3.3.9.) 

e. i. sistemaSi miiRweva maqsimaluri swrafmoqmedeba. Ziebis cdo-

mileba y  da miny -s Soris ganisazRvreba sididiT 12 σσσ −= . 

aRvniSnoT, rom Vk)1( +  sididis mudmivi da toli maqsima-

lurad SesaZlo mniSvnelobis dros, amplituda 0V  SeiZleba 

SeirCes sakmaod mcire, e. i. marTva ganxilul eqstremalur sis-

temaSi iqneba `TiTqmis" uwyveti. 
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3.4. optimizaciis algoriTmebi marTvadi damkveTi 

zemoqmedebiT 

zemoT ganxiluli optimizaciis sistemis (2.2.3.) erT-erT 

Taviseburebas warmoadgens is, rom damkveTi zemoqmedebis cvli-

lebis siCqare warmodgenilia ori signalis  ρ−  da V  jamiT, 

romelTa daniSnulebaa sxvadasxva amocanis gadawyveta. signali 

 ρ−  gansazRvravs damkveTi zemoqmedebis cvlilebis kanons mos-

riale reJimSi. meore signali V  gankuTvnilia ori pirobis 

dasakmayofileblad: jer erTi, sistemaSi sawyisi pirobebis 

Sesaqmnelad (2.2.4.), romlis drosac garantirebulia mosriale 

reJimis warmoqmna, da meore _ sistemis moZraobis stabiliza-

ciisaTvis eqstremumis midamoSi. aseTi sistemis analizi tardeba 

im varaudiT, rom mosriale reJimSi signali V  nulis tolia da 

am pirobis Sesasruleblad V  formirebis dros gamoyenebuli 

unda iqnas mowyobiloba, romlis histerizisuli petlis sigane 

unda aRematebodes 1σ  da 2σ  rxevis gaormagebul amplitudas 

mosriale reJimSi. realur sistemebSi sxvadasxva araidealu-

robis arsebobis, an SemTxveviTi SeSfoTebis gamo, moZraoba 

mosriale reJimSi warmoebs ara ( 01 =σ  an 02 =σ ) gadarTvebis 

zedapirze, aramed mis zogierT midamoSi. eqstremumis Ziebis 

sizustis gasazrdelad saWiroa histerezisuli siganis 

Semcireba, magram SemTxveviTi SeSfoTebis arsebobis gamo 

yovelTvis arsebobs SemTxveviTi procesis gamosvlis albaToba 

histerezisuli zonis farglebs gareT, rasac SeuZlia gamoiwvios 

sistemis muSaobis unaris darRveva. Cven ganvixilavT algoriTms 

histerezisis gareSe da vaCvenebT, rom idealuri mosriale 

reJimisaTvis sistemis Ziebis sizuste gansazRvruli iqneba τ  

sididiT (danarTi 1). SemdgomSi vaCvenebT, rom optimizaciis 

algoriTmebi damkveTi zemoqmedebis marTvadi siCqariT gamoirCeva 

maRali dabrkolebamdgradobiT da amis gamo upiratesoba aqvs 

algoriTms, SemoTavazebuls [48]-Si. 
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winaswar gavaanalizoT (2.3.6.) sistemis moqmedeba, romelSic 

histerezisis sidide nulis tolia, e. i. damkveTi zemoqmedebis 

siCqare icvleba Semdegi kanoniT 

,   z z    

),1( )(    

0

021

                      
V
u

zsignMsignMg

=+

−−−+−=

τ

ρσσ
       (3.4.1.) 

sadac xsign tolia +1, roca 0≥x  da xsign  tolia nulis, roca 

0<x . rogorc Cans pirveli ori Sesakrebi (3.4.1.)-Si emTxveva V  

funqcias roca 0=Δ . 

vaCvenoT, rom (3.2.1.) sistemaSi damkveTi zemoqmedebiT (3.4.1.) 

yovelTvis aRiZvreba mosriale reJimi. CavweroT cdomilebis 

koordinatis siCqaris gamosaxuleba 21 σσε == , romelic (3.4.1.)-is 

Tanaxmad miiRebs saxes: 

 ) 1() 210021 (   )(   σσσσε ρ signV
dx
dfzsignMsignM −−−−= −+       (3.4.2.) 

am gamosaxulebidan Cans, rom utolobis Sesrulebis SemTxvevaSi  

 
dx
dfVM  00 +>> ρ          (3.4.3.) 

sistemaSi yovelTvis warmoiqmneba sawyisi pirobebi 021 <σσ  da 

SemdgomSi moZraoba ganxorcieldeba Sesabamisad gantolebisa  

1.-zz  

,  ) 00 1(

=+

−−= −

τ

ε ρ
dx
dfVz

         (3.4.4.) 

Tu miviCnevT drois τ  mudmivas mcired da ugulebelvyofT 

filtris sakuTar moZraobas, Zneli ar aris davaskvnaT, rom ε  

siCqaris niSani (3.4.4.)-Si gansazRvruli iqneba meore SesakrebiT 

0 V
dx
df

 da Sesabamisad koordinata ε  gaizrdeba nulamde, roca 

0>
dx
df

 da Semcirdeba δ− -mde, roca 0<
dx
df

. pirvel SemTxvevaSi 

(roca 0>
dx
df

) mosriale reJimi warmoiqmneba 01 =σ  sibrtyeze, 

meore SemTxvevaSi ki 02 =σ  sibrtyeze. amaSi advilad davrwmun-
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debiT, Tu CavwerT gamosaxulebas 1σ  da 2σ -isaTvis, romlebic 

(3.4.2.)-is Tanaxmad miiReben Semdeg saxes: 

 1( 10011    ) σσσ ρ signV
dx
dfzsignM −−−= −        (3.4.5.) 

 1() 20022    )( σσσ ρ signV
dx
dfzsignM +−−−= −      (3.4.6.) 

(3.4.5.) da (3.4.6.)-dan pirdapir Cans, rom roca 0>
dx
df

 Sesrule-

bulia piroba 1 1 0σ σ < , da roca 0<
dx
df

 piroba 2 2 0σ σ <  da Se-

sabamisad (3.2.1.) sistemaSi (3.4.1.) damkveTi zemoqmdebiT aRiZvreba 

mosriale reJimi 01 =σ -ze roca 0>
dx
df

 da 02 =σ , roca 0<
dx
df

. 

Cveni miznisaTvis saWiroa vicodeT damkveTi zemoqmedebis siCqa-

ris gamosaxuleba rogorc pirveli, ise meore SemTxvevisaTvis. es 

gamosaxuleba SeiZleba moZebnil iqnas Semdegnairad: Tu vTvliT, 

rom 1 σsign  ( 2 σsign ) marTvaa, maSin unda amovxsnaT gantoleba 

01 =σ  (Sesabamisad 02 =σ ) da CavsvaT miRebuli gamosaxuleba 

(3.4.1.)-Si, Sedegad miviRebT 

,0

2

2   , 0

00

0

>
++

+
−=

dx
dfV

V
dx
dfM

M

dx
dfg  roca

ρ

ρ
       (3.4.7.) 

0

2

2   , 0

00

0

<
−−

−
−=

dx
dfV

V
dx
dfM

M

dx
dfg  roca

ρ

ρ
       (3.4.8.) 

miRebuli gamosaxulebidan (3.4.3.)-is gaTvaliswinebiT gamom-

dinareobs, rom mosriale reJimSi damkveTi zemoqmedebis siCqare 

uaryofiTia, roca 0>
dx
df

 da dadebiTia, roca 0<
dx
df

. vinaidan 

mosriale reJimSi gy =  (an δ+= gy ), es niSnavs, rom obieqtis 

gamosavali koordinata klebulobs pirvel SemTxvevaSi da izr-
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deba meore SemTxvevaSi, e. i. roca 0<
dx
df

 (3.2.1.), (3.4.1.) sistema mi-

nimizaciis amocanas ver asrulebs.  

gardavqmnaT (3.2.1.) da (3.4.1.) algoriTmebi iseTnairad, rom 

obieqtis gamosavali sidide y  klebulobdes mosriale reJimSi 

miuxedavad 
dx
df

 sididis niSnisa. sistema iqneba aseTi TvisebebiT 

aRWurvili, Tu damkveT zemoqmedebas avirCevT Semdegi saxis: 

1 1 2 0 2

0

   ( ) (1 )   (- )

         z  z   ,  

g M sign M sign z sign
u
V

σ σ ρ σ

τ

= − + − − −

+ =
      (3.4.9.) 

 (3.4.9.) gamosaxulebis gansxvaveba (3.4.1.)-sgan Sedgeba imaSi, rom 

uwyveti komponentis )1(0 z−ρ  nacvlad, romelic damokidebulia 

filtris gamosavali koordinatis modulze, gamoiyeneba wyvetili 

komponenti )(  )1( 20 σρ −−− signz . SeiZleba vaCvenoT, rom (3.2.1.) da 

(3.4.9.) sistemaSi 0≠
dx
df

-is nebismieri mniSvnelobis dros yovelT-

vis aRiZvreba mosriale reJimi. Sesavali koordinata x  mosriale 

reJimSi 
20
M

>ρ -is pirobis Sesrulebis SemTxvevaSi monotonurad 

uaxlovdeba eqstremalur mniSvnelobas. am SemTxvevaSi da agreTve 

(3.2.1.) da (3.4.1.) algoriTmebisaTvis Ziebis siCqare SeiZleba miuax-

lovdes maqsimalurs M  da 0ρ  parametrebis SerCeviT. 

obieqtis Sesavali koordinatis cvlilebis siCqare: 

,0
2

   , 0

0

>
+

−=
dx
dfV

V
dx
dfM

Mx  roca       (3.4.10.) 

da 

 ,0 ) (1     , 0

0

<−=
dx
dfVMx  roca

ρ
 

saidanac Cans, rom koordinata x  icvleba maqsimaluri siCqariT 

roca M  da 0ρ  miiswrafvian usasrulobisaken iseTnairad, rom 
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0 
0

→
ρ
M

 ganxiluli sistemis sizuste, gansxvavebuli [48] fasdeba 

(Tanaxmad danarTi 1) utolobiT 

.2   2   0
0 M

LnVx ρτ≤Δ         (3.4.11.) 

(3.4.11.)-dan Cans, rom cdomileba eqstremaluri mniSvnelobis 

gansazRvraSi (3.2.1.) (3.4.9.) sistemisaTvis proporciulia filtris 

drois mudmivasi τ  (3.4.9.) da miiswrafis nulisaken, roca τ  miis-

wrafis nulisaken. ra Tqma unda es daskvna marTebulia mxolod 

sistemis idealuri modelisaTvis, e. i. igulisxmeba, rom gadamr-

Tveli mowyobilobani realizebulia idealurad. realur siste-

mebSi yovelTvis arsebobs araidealuroba (dagvianeba, inerciu-

loba, histerizisi da a. S.), sadac τ  ukve aRar SeiZleba miiswra-

fodes nulisaken da minimaluri mniSvnelobis arCeva saWiroa 

SeTanxmdes araidealurobis saTanadod.  

 

3.5. optimizaciis sistemis statistikuri analizi 

marTvadi damkveTi zemoqmedebiT 

nebismieri marTvis sistemis, maT Soris optimizaciis siste-

mis xarisxis mniSvnelovan maxasiaTebels SemTxveviTi SeSfoTebis 

moqmedebisas warmoadgens sistemis mdgradoba. 

am qveTavSi Cven ganvixilavT sakiTxs imis Sesaxeb, Tu ramde-

nad SeinarCunebs zemoT aRwerili marTvadi damkveTi zemoqmede-

bis algoriTmi Tavis Tvisebebs, Tu obieqtis gamosaval koordi-

natze aditiurad gamoyenebulia stacionaruli normaluri sig-

nali. amis gamosakvlevad, optimizaciis avtomaturi sistemebis 

arawrfivi maxasiaTeblis gamo, gamovikvlioT statistikuri gawr-

fivebis meTodi.  

SemTxveviTi procesis TvisebebTan SedarebiT )(tξ , romelic 

aditiurad Sedis sistemis cdomilebaSi ( )g y tε ξ= − + , vivarau-

doT pirobis Sesrulebadoba:  
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,   ),( )(     ,0 11 2 ttzttkm −==−= ττσξ sadac mξ  maTematikuri mo-

lodinia, 2

ξ
σ -dispersia, )(τz  ki )(tξ  procesis korelaciis koefi-

cientia, Tanac )(τz _ ormagi uwyveti diferencirebadi sistemaa, 

amas garda: 

1) )(tξ  warmoadgens maRalsixSiruls im gagebiT, rom misi 

speqtri devs sistemis dinamikuri rgolebis gamtari zolis 

sazRvrebs gareT; 

2) sidide δ  iseTia, rom SeiZleba efeqtebis ugulebelyofa, 

dakavSirebuli )(tξ  amogdebasTan δ  zRvars miRma. 

aRvniSnoT agreTve, rom analizi sakmarisad SeiZleba Seiz-

Rudos 0<
dx
df

 SemTxvevis ganxilviT, ase rom 
dx
df

-is dros Ziebis 

mdgradobis SenarCuneba 1) da 2) pirobis Sesrulebisas, rogorc 

Cans SesaZlebelia. am varaudiT vawarmooT (3.2.1.), (3.4.9) sistemis 

arawrfivi elementebis statistikuri gawrfiveba, Sedegad mivi-

RebT cvladebis maTematikuri molodinis Semdeg dinamikur 

gantolebas 

0 0 0

0

(  )(1  )  ;

1 ,

z

z z

dfm M m k m V k m
dx

km m m

φ
ς ς ς

ς

ρ ρ

τ τ

= − + + +

= − −
      (3.5.1.) 

da statikuri gantoleba SemTxveviTi mdgenelisaTvis  

).()()()( 000
2 tgtx

dx
dftt +−= ξς         (3.5.2) 

)(0 tx , )(0 tg  procesebi arakorelirebulia procesebTan )(0
2 tς , ro-

gorc normaluri procesis warmoebulebi, )(0 tx  da )(tξ  korela-

ciebi SeiZleba ugulebelvyoT meore varaudiT. maSin )(0 tx  da 

)(0 tg  procesebis korelacia tolia 
2,xg x

dfk
dx

σ=  dispersiisaTvis 

ki miviRebT gantolebas  
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.2 2
2

222
xg dx

df σσσσ ξς ⎟
⎠

⎞
⎜
⎝

⎛
++=         (3.5.3.) 

am gamosaxulebaSi 2
xσ  gansazRvrulia gantolebiT 

,)(
2
1

2

01

2
1

2
02 ωως

ςω
ξσ d

Vk

kV
n

dx
df

x ∫
∞

∞− +

=        (3.5.4.) 

sadac )(ωςξ  speqtraluri simkvrivea )(tξ : 1)-is varaudiT sidide 

2
xσ  mcirea da misi wvlili 2

ςσ -is dispersiaSi umniSvneloa. 

2
gσ -sTvis Zneli ar aris miviRoT toloba 

22
1 02

2

(1 ) (  1 ( ) .
2

z

g

k k m M m
S dς

ς

ρ ρ ρ
σ ω ω

ω

∞

−∞

⎡ ⎤+ + − +⎣ ⎦= ∫
Π

         (3.5.5.) 

gantolebebi (3.5.1.), (3.5.3.), (3.5.5.) mTlianad gansazRvraven gawrfive-

buli sistemis qmedebas da SeiZleba gamoyenebul iqnas paramet-

rebis angariSisas. (3.5.4.) da (3.5.5.) formulebis zusti angariSi 

SeiZleba Sesruldes mxolod grafoanalitikuri meTodiT, amitom 

SemovifargloT SemdgomSi mxolod xarisxobrivi ganmartebebiT, 

romelic iZleva saSualebas vimsjeloT sistemis statistikur 

Tvisebebze. 

miviRoT mxedvelobaSi is, rom mdgomareobis damyarebul 

midamoSi (3.5.1.)-is meore gantolebis tempi mniSvnelovnad aRema-

teba pirveli gantolebis temps. Sesabamisad, Cveni daSvebis 

zRvrebSi, SeiZleba vivaraudoT: 

ςmkmz 0=           (3.5.6.) 

CavsvaT (3.5.6.) Tanafardoba (3.5.1.)-is pirvel gantolebaSi, miviRebT  

.)1)( ( 0000 ςςςς ρρ mk
dx
dfVmkmkMm ++−−=       (3.5.7.) 

(3.5.7.)-dan SeiZleba SevniSnoT, rom rodesac 0=ςm  sidide ςm  

uaryofiTia, roca 10 =ςmk  _ dadebiTi. Sesabamisad, (0, 1) inter-

valSi arsebobs iseTi mniSvneloba ςmk0 , romlis drosac mς  to-
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lia nulis. es mniSvneloba warmoadgens Semdegi gantolebis amo-

naxsns a  parametris mimarT: 

,0)( 0
2 =−+++ MaM

dx
dfVa ρρ        (3.5.8.) 

da emTxveva eqvivalenturi marTvis Veqv.  mniSvnelobas. am ganxilve-

bidan da wina paragrafebis Sedegebidan gamomdinare miiReba obieq-

tis gamosavali koordinatis maTematikuri molodinis minimalur 

mniSvnelobasTan krebadoba. obieqtis gamosavali signalis disper-

sia sasrulia da gamoiTvleba Semdegi gamosaxulebis Sesabamisad 

 ,2
2

2
xy dx

df σσ ⎟
⎠

⎞
⎜
⎝

⎛
=              (3.5.9.) 

sadac 2
xσ  gansazRvrulia (3.5.4.) gamosaxulebiT da Sesabamisad, 2

yσ  

pataraa. 

moyvanilma analizma gvaCvena, rom algoriTmi damkveTi zemoq-

medebis marTvadi siCqariT, algoriTmebisagan gansxvavebuls, Semo-

Tavazebuls [36], maRalsixSiruli SemTxveviTi zemoqmedebis mimarT, 

avlens wrfiv Tvisebs im azriT, rom sistemis moZraobis ganto-

lebebi maTematikuri molodinis sidideebisaTvis emTxveva determi-

nirebuli SemTxvevis gantolebas, marTvadi koordinatis dispersia 

ki proporciulia Sesavali signalis dispersiis, rogorc es SeiZ-

leba dadgindes (3.5.4.) gamosaxulebidan. es niSnavs, rom yovel SemT-

xvevaSi 1) da 2) varaudebis Sesrulebisas damkveTi zemoqmedebis 

cvladi siCqaris algoriTmi inarCunebs Sromisunarianobas dabrko-

lebis moqmedebis qveS. amas garda sistemis parametrebis arCevaze 

araviTari specialuri SezRudvebi am SemTxvevaSi ar ideba.  

 

3.6. optimizaciis gardamavali procesis Tvisobriobis 

gamokvleva mcire parametris meTodis gamoyenebiT 

arawrfivi dinamikuri sistemis optimizaciis gardamavali 

procesis Tvisobriobis gamokvlevisaTvis xSirad iyeneben mcire 

parametris meTods.  
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amasTan dakavSirebiT sainteresoa gairkves ramdenad Seinar-

Cunebs es meTodi Tavis Tvisebebs dinamikuri obieqtis 

optimizaciis sistemis gamokvlevisas. 

warmodgenil naSromSi aRwerilia optimizaciis sistema Ziebis 

mudmivi siCqariT (2.2.1.), e. i. roca ρ−=g . am sistemaSi (misi struq-

turuli sqema naCvenebia nax. 3.6.1.-

ze), roca ρ>
dx
dfUo  arsebobs mos-

riale reJimi miyolis cdomile-

biT 0=ε , roca 0>
dx
df

. faqtiu-

rad aseTi sistema aris idealuri, 

magram praqtikulad yovelTvis arsebobs zogierTi `Cqari" dinamika 

(es gaTvaliswinebuli ar aris [48] obieqtis modelis Seqmnisas). am 

qveTavSi Cven ganvixilvavT SemTxvevas, roca gaiTvaliswineba rea-

luri sistemis dinamika SemoTavazebuli [71]-Si. davuSvaT es dinami-

kuri nawili CarTulia ise, rogorc naCvenebia nax. 3.6.2.-ze. 

 

 

 

 

 

 

SevafasoT am dinamikis moqmedeba Semdegi winadadebiT: 

( ,  )  (0,  ) 1;
 ( ,  0) 1,

w w
w

μ ρ ρ
μ

= =
=

 

misi sakuTari moZraoba asimptoturad mdgradia da fesvebi miisw-

rafian usasrulobisaken roca 0→μ . 

formalurad am sistemis moZraobis gantolebas aqvs Semdegi 

saxe:  

                   ,
,      ,)(

          ),(
1

ρ
ερμ

ε

−==
−==

==

guv
ygVxW

signuxfy
         (3.6.1.) 

1 
P 

 

m. m. 

g (t)

ε 

y  x 

u  

nax. 3.6.1. 

y   x v g (t) 1 
P 

 
w (μ, ρ)  

 u 

 m. m. 

ε

nax. 3.6.2.
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aq ganixileba SemTxveva, roca 0>
dx
df

 da igulisxmeba, rom 

SesaZlo rxevebis amplituda ar aRemateba Δ-s, amitom (3.6.1.) gan-

tolebaSi ar aris signali V . 

drois da koordinatebis aSkara SecvliT ,μτ=t  ,ix x=  

1ix x= +  (3.6.1.) sistemidan SeiZleba gadavideT Semdeg sistemaze  

( )1

1
1

2

,

1, 1,.... 1,

1 ,

,

( ),

i
i

n
n

i i
n ni

y f x
dx

x i n
d
dx va x
d a a

dv u
d
d df x
d dx

τ

τ

μ
τ
ε μ ρ
τ

−
=

=

= + = −

= − +

=

= − − −

∑
       (3.6.2.) 

aq ia parametrebia ),( ρμw , Tanac 10 ≡a  Tanaxmad 1)0 ,( =μw . 

amocanis daniSnulebaa y  koordinatis )(tg  mimarT miyolis 

reJimSi gadaxris maqsimumis Sefaseba.  

im SemTxvevaSi, Tu 0=μ , maSin signali 1xV =  da sistemaSi 

adgili aqvs idealur mosriale reJims, 0  ,0 ≠≠ Vμ  da aRvniS-

noT maTi sxvaoba Vx −= 1χ da gamovricxoT 1x  koordinata (3.6.2.)-

dan, miviRebT: 

1

1

1 1

,
,  2,... 1,

1 1 .
n

w

i i
n

n i i
n na

x u
x x i n

x a x
a a

χ μ

χ

+

−

= −

= = −

= − − −∑
        (3.6.3.) 

unda aRiniSnos, rom 0=μ , Cven gvaqvs asimptoturad mdgra-

di wrfivi sistema.  

aseTi sistemisaTvis, Tanaxmad liapunovis Teoriisa [72, 73] 

arsebobs dadebiTad gansazRvruli kvadratuli forma xbxV T ~~= , 
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romlis warmoebuli, Tanaxmad (3.6.3.) sistemisa, ganxorcielebu-

lia da tolia 
2xV −= , sadac ) ....  ,(~

21 n
T xxx χ= . 

gamovTvaloT axla V -s warmoebuli Tanaxmad (3.6.3.) sistemis, 

roca 0=μ , maSin miviRebT: 

2 2
1

1 1

v vV x x uχ μ
χ χ
∂ ∂

= − − = − −
∂ ∂  

naTelia, rom pirobis Sesrulebis SemTxvevaSi  

2
0

1

vx uμ
χ

∂
>

∂
            (3.6.4.)  

sidide 0=V . garemo G , romelSic rogorc amboben 0≥V , moce-

mulia utolobiT  

2
0

1

vx uμ
χ

∂
≤

∂
             (3.6.5) 

dv
dχ

 Sefardebis misaRebad, aRvniSnoT, rom  

1 11 1
2

n n

ij i j ij j
j j

v b x x b x
χ χ = =

⎡ ⎤∂ ∂
= =⎢ ⎥∂ ∂ ⎣ ⎦

∑ ∑ , 

sadac ijb elementebia matricis ijbB = , Sesabamisad:  

1 1

2
n

ij
j

v b x
χ =

∂
≤

∂ ∑ . 

CavsvamT ra am utolobas (3.6.5.)-Si, miviRebT garemos Sefasebas 

Semdegi saxiT:  

0
1

2
n

ij
j

x u bμ
=

≤ ∑ .        (3.6.6.) 

SevafasoT axla garemo, sadac mTavrdeba (3.6.3.) sistemis yve-

la moZraoba. 

amisaTvis `CavuSvaT" G  garemo, garemoSi, SezRuduli zedapi-

ruli sazRvrebis doniT μCV ≤ . Semdeg gadavideT `sferuli" 
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garemos Sefasebaze, romlebic moicaven donis μCV ≤  yvela 

zedapirs. 

amisaTvis gamoviyenoT utoloba 

22
max

22
min

~~ xVx λλ ≤≤ ,            (3.6,7.) 

sadac maxmin,λ  Sesabamisad 

10 0
....
00 n

B
λ

λ
= matricis sakuTari ricxve-

bis min  da max -ia. 

(3.6.6.)-dan da (3.6.7.) marjvena utolobidan gvaqvs  

2
( ) max 0

1
2

n

x ij
j

V u bλ μ
=

≤ ∑ . 

es utoloba (3.6.7.) marcxena utolobis gaTvaliswinebiT mogvcems  

∑
=

≤
n

j
ijbux

1
02

min

2
max2 2~ μ

λ
λ

.             (3.6.8.) 

miRebuli utoloba (3.6.8.) iZleva garemos Sefasebas, sadac mTavr-

deba sistemis yvela moZraoba. (3.6.6.) utolobidan miviRebT ana-

logiurad x~  veqtoris pirveli koordinatisaTvis, e. i. 1χ -Tvis. 

011 2 uvx μχ ≤−= ∑
=

n

j
ijb

1
2
min

2
max

λ
λ

  

ganvsazRvroT axla y  koordinatis gadaxra nominaluri reJi-

midan, roca 0=μ  

,)()()()()( 1111 χξχχ
dx
dfvfvfvyxy +=+=+=  

sadac ξ  intervalis [ ]1 , χ+vv  zogierTi wertilia. Sesabamisad, 

11 )()()()( χξε
dx
dfvftgxyg −−=−= , sadac 0)()( =− vftg . vinaidan es 

Seesabameba idealur mosriale reJims, amitom 

2
min

2
max

1
01 )(2)(

λ
λμξχξε ∑≤≤

=

n

j
ijbu

dx
df

dx
df , 

maSasadame 
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2
min

2
max

1
0)(2

λ
λμξε ∑

=

≤
n

j
ijbu

dx
df

          (3.6.9.) 

es aris saZiebeli Sefaseba. (3.6.9.)-dan Cans, rom roca 0→μ , 

ganuTanxmoebis cdomileba 0→ε . 

 

3.7. daskvna 

ganxilulia ukukavSiris mTavar konturSi mosriale reJime-

bis gareSe optimizaciis sistemis agebis praqtikuli mizanSewoni-

loba uwyveti marTvis gamoyenebis safuZvelze, romelic formir-

deba 
dx
df

 sididis Sesaxeb raime informaciis gareSe. es amocana 

wydeboda ZiriTadi marTvis xarjze, romelic marTavda obieqtis 

Sesavali parametrebis cvlilebas. am TavSi optimizaciis es 

amocana gadawyvetilia damkveTi zemoqmedebis parametrebis 

komutaciis safuZvelze da mosriale reJimis organizebiT uku-

kavSiris meore konturSi, romelic gaaCniaT ganxiluli klasis 

optimizaciis sistemebs. ganxilulia optimizaciis algoriTmebi 

marTvis saSualo mniSvnelobiT, romelic emyareba dinamikuri 

filtris gamoyenebas, magaliTad, inerciuli rgolis drois mci-

re mudmivaTi, romlis daniSnulebaa wyvetili signalis gaswo-

reba, Tumca aseTi filtris gamoyeneba ar iZleva sistemaSi idea-

luri mosriale reJimis arsebobis saSualebas. SemuSavebulia op-

timizaciis algoriTmebi marTvadi damkveTi zemoqmedebiT. naCve-

nebia, rom damkveTi zemoqmedebis cvlilebis siCqare warmodge-

nilia ori signalis jamiT, romelTa daniSnulebaa sxvadasxva 

amocanis gadawyveta. pirveli gansazRvravs damkveTi zemoqmedebis 

kanons mosriale reJimSi, meore gankuTvnilia ori pirobis dasak-

mayofileblad: jer erTi, sistemaSi sawyisi pirobebis Sesaqmne-

lad, romlis drosac garantirebulia mosriale reJimis war-

moqmna, da meore _ sistemis moZraobis stabilizaciisaTvis eqst-

remumis midamoSi. naCvenebia, rom idealuri mosriale reJimisaT-

vis sistemis Ziebis sizuste gansazRvrulia inerciuli rgolis 
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τ  sididiT da optimizaciis algoriTmebi damkveTi zemoqmedebis 

marTvadi siCqariT gamoirCeva maRali dabrkoleba mdgradobiT da 

amis gamo upiratesoba aqvs sxva SemoTavazebul algoriTmebTan. 

ganxilulia sistemis mdgradoba, rodesac obieqtis gamosaval 

koordinatze aditiurad gamoyenebulia stacionaruli norma-

luri signali da naCvenebia, Tu rogor inarCunebs zemoT aRweri-

li marTvadi damkveTi zemoqmedebis algoriTmi Sromisunari-

anobas dabrkolebis moqmedebis qveS. gamokvleulia optimizaciis 

gardamavali procesis Tvisobrioba mcire parametris meTodis ga-

moyenebiT, roca gaTvaliswinebulia realuri sistemis dinamika. 

naCvenebia, rom am SemTxvevaSic saZiebeli Sefaseba _ ganuTanx-

moebis cdomileba ε  miiswrafis nulisken.  
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Tavi 4. optimaluri marTvis binaruli sistemebis 

dinamikuri Tvisebebis gamokvleva 

 

4.1. Sesavali 

optimaluri marTvis algoriTmebis praqtikuli realizaciis 

dros, regulirebis realuri arxebis maxasiaTeblebi SeiZleba mniS-

vnelovnad gansxvavdebodes idealurisagan. aseTi situacia SeiZ-

leba SeiniSnebodes, magaliTad, optimaluri marTvis sistemebSi, 

romlebic teqnikurad realizebulia pnevmatur da sxva elementeb-

ze, romlebsac gaaCniaT sakuTari dinamika da es SeiZleba ganxi-

lul iqnas rogorc araidealuroba regulirebis arxebSi. aseT 

SemTxvevaSi ismeba amocana, gamokvleul iqnas dinamiuri araidealu-

robis gavlena wrfivi, arsebiTad arastacionaruli obieqtis 

marTvisas. 

aseTi obieqtis marTvisas ufro efeqturia binarobis principis 

gamoyeneba, romlis idea mdgomareobs marTvis sistemis mdgomare-

obis sivrcis gafarToebaSi, anu obieqtis mdgomareobis koordi-

natebis da marTvis sistemis operatorebis erTobliv ganxilvaSi.  

ganixileba dinamiuri Tvisebebis Seswavlis problemebi optima-

luri marTvis binarul sistemebSi, roca adgili aqvs sxvadasxva 

tipis araidealurobas gadamrTveli mowyobilobebis arxebSi. Semo-

Tavazebulia analizis meTodebi da miRebulia Tanafardobebi, 

romlebic uzrunvelyofen Caketili sistemis sinTezis ganxor-

cielebas mocemul pirobebSi. gamokvleulia marTvadi procesebis 

asimptoturi Tvisebebis analizi. naCvenebia sxvadasxva araidealu-

robebis gavlena marTvis binaruli sistemis dinamikaze. ganixileba 

binaruli sistemis dinamiuri Tvisebebis analizis problema 

regulirebis arxebSi gamoyenebul gadamrTvel mowyobilobebSi 

dagvianebulis arsebobisas. Camoyalibebulia dagvianebis sididis 

gavlenis Sefasebis meTodika Caketili sistemis dinamiurobaze. 

miRebulia regulirebis xarisxis Sefaseba. 

marTvadi procesebis dinamikis gamokvleva ufro dawvrile-

biT ganxorcielebulia im winadadebaSi, rom informacia pro-
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cesis mdgomareobis Sesaxeb aris sruli da marTva mimdinareobs 

gamzomi mowyobilobebis arxebSi xmauris arsebobis gareSe. amave 

dros, avtomaturi marTvis sistemebis eqspluatacia, rogorc 

wesi, mimdinareobs mniSvnelovani xmauris pirobebSi. amasTan da-

kavSirebiT ufro aqtualuri xdeba avtomaturi marTvis binaruli 

sistemebis dinamiur Tvisebebze xmauris gavlenis Sefaseba. am Ta-

vSi ganixileba SezRuduli xmauris pirobebSi marTvis binaruli 

sistemebis qceva wrfivi sasrulganzomilebiani dinamiuri 

procesebiT. 

ganxilulia avtomaturi marTvis binaruli sistemebis mdgra-

dobis problema gadamrTvel mowyobilobebSi dagvianebisa da his-

terizisis tipis araidealurobebis arsebobisas. gamokvleulia am 

tipis araidealurobebis zemoqmedeba binaruli sistemebis dina-

mikaze. SemoTavazebulia aseTi sistemebis analizis meTodebi, 

gamokvleulia  maTi Tvisebebi.  

 

4.2. optimaluri marTvis binaruli sistemebis sinTezis 

meTodebi regulirebis arxebSi araidealurobebis 

arsebobisas 

arastacionaruli wrfivi dinamiuri obieqtebisaTvis [74] Semo-

Tavazebulia, xolo [75-78] mniSvnelovnad ganviTarebulia axali 

midgoma, romelic eyrdnoba mastabilizebel ukukavSiris sinTezs. 

[74-78] miRebuli Sedegebi iZleva saSualebas vamtkicoT, rom gansaz-

Rvruli daSvebebiT ganusazRvreli wrfivi dinamiuri procesebis 

marTvis amocana SesaZlebelia srulyofilad gadaiWras. aseT daS-

vebebis ricxvs, kerZoT, miekuTvneba gadamrTveli mowyobilobebis 

arxebSi dinamiuri araidealurobebis da gamzom xelsawyoebSi SeS-

foTebebis ararseboba. amasTan erTad, binarul sistemebSi araidea-

lurobebis da SeSfoTebebis gavlenis Sefaseba marTvadi procese-

bis dinamikaze aris Zalze mniSvnelovani amocana SesaZlo praqti-

kuli gamoyenebis TvalsazrisiT. aRsaniSnavia, rom binaruli siste-

mebis dinamiuri Tvisebebis gamokvlevisas, roca regulirebis arxeb-

Si arsebobs araidealurobebi, romlebic aRiwereba meore rigis 
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wrfivi diferencialuri gantolebebis sistemiT, amoxsnis midgoma 

moyvanilia [79]. 

naSromSi SemoTavazebulia optimaluri marTvis binaruli 

sistemebis sinTezis meTodebi regulirebis arxebSi araidealu-

robebis da nebismieri srulganzomilebiani obieqtebis procesis 

mdgomareobis informaciaSi SeSfoTebis arsebobisas.  

 

amocanis dasma 

 ganixileba dinamiuri sistema, romelic aRiwereba 

veqtoruli diferencialuri gantolebiT  

( ) ( ) ( ) ( ) ( ) ( ) ( ) 0: ,S x t A t x t D t z t B t u t t t= + + ≥      (4.2.1) 

sadac t  _ aris dro (damoukidebeli cvladi); 0t - drois sawyisi 

momenti, ( )x t  _ marTvadi procesi. yoveli fiqsirebuli ( )0 :t t t≥  

( )1,...,  IRT n
nx x x= ∈  _ sistemis mdgomareobis koordinatebis veq-

toria, ( )1,..., IRTz z z κ
κ= ∈ _ koordinatuli SeSfoTebebis veqto-

ria, ( ) IR ,n nA t ×∈  ( ) IR ,nd t κ×∈ ( ) IRnB t ∈  — sistemis parametrebia; 

( ) 1IR ,u t ∈  _ marTva; T  _ transponirebis niSania. 

 varaudoben, rom ( ) ( ) ( ), ,A t D t B t  parametrebi da ( )z t  

SeSfoTeba aris drois nebismieri funqciebi da ganisazRvrebian 

sizustiT klasamde, gamoyofili TanafardobebiT: 

( ) ( )

( ) ( ) 0

; ;

;

A A t A D D t D

B B t B z t z

− + − + ⎫≤ ≤ ≤ ≤ ⎪
⎬− +≤ ≤ ≤ ⎪⎭
        (4.2.2) 

da sruldeba yvela 0t t≥ . (4.2.2)-Si , ,A D B± ± ±  _ Sesabamisi ganzomi-

lebis cnobili matricebia, 0z  _ cnobili mudmivaa. samuSaoSi ga-

moiyeneba Semdegi aRniSvnebi: ⋅  _ oktaedruli normis niSania; 

( )sgn y  _ skalaruli argumentis niSnis funqciaa; 

( )1 ,..., IRT
p

py y y= ∈  _ veqtori Sedgenili Sesabamisi veqtoris 

modulebidan ( )1,..., IRT p
py y y= ∈ . Tu IR p qW ×∈  raime matricaa, 
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maSin iw da jw _ i -ri striqoni da j -ri svetia W  matricis, 

( )1, ; 1,i p j q= = . 

(4.2.1) da (4.2.2) obieqtebis marTva xorcieldeba gadaxris uku-

kavSiris gamoyenebiT ( ) ( ) ( )( ), ,u t u x t z t t= , romlebic amoirCeva 

lifSicis funqciebis klasidan. marTva miTiTebuli klasis 

gamoyenebiT uzrunvelyofs S -saxis Caketil sistemidan 

amonaxsnebis arsebobas da 0t t≥  naxevarRerZze gaxangrZlivebas: 

( ) ( ) ( ) ( ) ( ) ( )( ) ( ) ( ) 0, , ,x t A t x t B t u x t z t t D t z t t t= + + ≥        (4.2.3) 

axla ki CamovayaliboT marTvis amocana. is Sedgeba iseTi 

u U∈  marTvis amorCevaSi da pirobebis gansazRvraSi, romlis 

drosac Sesruldeba Tanafardobani 

 ( )lim
x rx t B
→∞

∈           (4.2.4) 

 ( ) ( )1 0 2 0,x t N x t N t t≤ + ≥ ,       (4.2.5) 

sadac 1 2, ,N N r - raime dadebiTi mudmivebia, { }IR :n
rB x x r= ∈ ≤ . 

marTvis dasmuli amocana SesaZlebelia gadawyvetil iqnas 

binaruli sistemebis Teoriis meTodebiT [74-78]. binarobis 

principis idea [74] mdgomareobs sistemis mdgomareobis sivrcis 

gafarToebaSi, anu obieqtis koordinatebis mdgomareobis da 

marTvis sistemis operatorebis erTobliv ganxilvaSi. 

amasTan, marTvis sistemis operatorebi SesaZlebelia gardaiq-

mnan, imis msgavsad, rogorc amas adgili aqvs obieqtis mdgomare-

obis koordinatebisaTvis. amgvarad, operatorebi SesaZlebelia iy-

vnen arafiqsirebuli, xolo formirdebodnen sistemis mdgomareo-

baze damokidebulobis mixedviT misi funqcionirebis procesSi. 

nax. 4.2.1. moyvanilia marTvis binaruli sistemis struqturu-

li sqema, sinTenzirebuli koordinatul-operatoruli ukukav-

Siris gamoyenebiT [79]. 

 struqturul sqemaSi gamoyenebulia Semdegi aRniSvnebi:  
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yP  _ marTvis obieqti ( )y t  mdgomareobis koordinatebis 

veqtoriT da masze moqmedi ( )a t  parametruli da ( )z t koor-

dinatuli SeSfoTebebiT; 

 

 

yS  _ damkveTi, romelic gamoimuSavebs gare ( )sy t  davalebas; 

uR  _ ukukavSiris operatori, romelic axorcielebs 

( ) ( ) ( )sx t y t y t= −   koordinatis dinamiur gardaqmnas ( )u t  mmarT-

vel koordinataSi. [60]-s Sesabamisad, aseT ukukavSirs, ewodeba 

koordinatuli ukukavSiri (kuk); 

Rμ  _ operatori, romelic ( )tσ  koordinatis mixedviT afor-

mirebs operatorul ( )tμ  cvlads, romelic gansazRvravs uR  

operatoris saxes. aseT uku kavSirs ewodeba koordinatul-

operatoruli ukukavSiri (kouk) [74]. 

 [74-78] Sesabamisad, aseT sistemaSi marTvis u U∈  amorCeva 

mimarTulia pirobebis Sesrulebaze, romlis Sesrulebis drosac 

S -sistemis TiToeuli gadawyveta raRac drois momentis Semdeg 

CaiZireba simravleSi  

( ){ }, IR :nG x x xδ η σ δβ η= ∈ ≤ + ,        (4.2.6) 

 ( ) ( )t c x tσ = ,            (4.2.7) 

nax. 4.2.1
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sadac σ  _ funqciaa, mocemuli raRac IR n  hipersibrtyeze, 

 IR ,T nc ∈  1,  ( ,... )  IRi

T n
n nc β β β

Δ

= = ∈  mudmivi veqtorebi, 

(0 1,  1,  );  i niβ< ≤ =   0, 0δ η> ≥  raRac mudmivebia. amasTan igulisx-

meba, rom Tu ivaraudeba CarTva ,x Gδ η∈ , maSin procesebs S -

sistemaSi gaaCnia sasurveli Tvisebebi. amrigad, dasmuli amocanis 

amoxsna daiyvaneba Semdegi parametrebis gansazRvraze: 

1) , , ,c δ β η  _ mudmivebi, romlebic moTxovnili dinamikis 

garantias iZlevian, roca ,x Gδ η∈ ; 

2) u U∈  _ uzrunvelyofs marTvadi procesebis mocemul asimpto-

tikas, roca ,x Gδ η∈ . 

ganvixiloT erT-erTi SesaZlo algoriTmi, romelic 

amoxsnis marTvis amocanas (4.2.4), (4.2.5) S -sistemisaTvis (4.2.3), 

sinTezirebuli struqturuli sqemis CarCoebSi, moyvanils nax. 

4.2.1-ze. 

algoriTmebi koordinatuli da koordinatul-operatoruli 

ukukavSirebiT, vrclad gamokvleuli qvemoT, mocemulia roca 

0t t≥ , Semdegi TanafardobebiT:  

 ( ) ( ) ( ) ( )( )0 0, ,u x z t t x t l z tμ κ= +          (4.2.8) 

( )
( ) ( )

( ) ( ) ( )0

, 1,

, 1, 1.

sgn t t
t

t t t

α σ μ
μ

ω μ μ μ

⎧− ≤⎪= ⎨
− > ≤⎪⎩

roca

roca
       (4.2.9) 

sadac 0constα = >  _ koordinatul-operatoruli ukukavSiris kon-

turSi gaZlierebis koeficientia; ω  _ raime mcire dadebiTi 

ricxvia; μ  _ operatoruli cvladia, romelic formirdeba 

(kouk)-is konturSi; ( ) ( )0 0 0 00 0

1 1
,...,  IR , ,...,   IR

T
n

n
l l l κ

κ
κ κ κ= ∈ = ∈  

_ veqtoris mudmivebia, romlebic gansazRvraven gaZlierebis 

koeficientebs (kuk) konturSi. 
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im SemTxvevaSi, rodesac ( )z t  SeSfoTeba SeuZlebelia gaizo-

mos, (4.2.8) nacvlad SesaZlebelia u -s formirebisaTvis gamoye-

nebul iqnes Semdegi kanoni: 

 ( ) ( ) ( )( )0
0,u x t t x t l zμ κ= + ,       (4.2.10) 

sadac 0l const= > . 

SemdgomSi S -sistemas, romelic Caketilia da funqcionirebs 

(4.2.7)-(4.2.9), (4.2.10) tipis algoriTmebis gamoyenebiT, vuwodebT Sμ - 

sistemas. 

[77] gansazRvrulia pirobebi, romlis drosac SesaZlebelia 

amoixsnas amocanebi (4.2.4), (4.2.5), anu uzrunvelyofilia marTvis 

procesebis krebadoba S -sistemis sawyis koordinatebis mocemul 

midamoSi. Sμ -sistemis gamokvleva Catarebulia im varaudiT, rom 

regulirebis arxebs idealuri maxasiaTeblebi gaaCniaT, anu (4.2.7)- 

(4.2.9) Tanafardobebi srulad adekvaturad aRweren marTvis algo-

riTms. magram, marTvis algoriTmebis praqtikuli realizaciis 

dros, arxebis realuri maxasiaTeblebi SesaZlebelia mniSvnelov-

nad gansxvavdebodes idealurisagan, mocemuli (4.2.7)-(4.2.9) 

TanafardobebiT. aseT situacias SesaZlebelia adgili hqondes, 

magaliTad, marTvis sistemebSi romlebic realizebulia 

pnevmatur da sxva elementebze, romlebsac gaaCnia sakuTari 

dinamika, da SesaZlebelia ganixilebodes rogorc araidealu-

robis mqone marTvis arxi. maSasadame, warmoiSva kvlevis amocana 

_ marTvis algoriTmSi dinamiuri araidealurobis gavlena 

binarul sistemebis dinamikaze. 

mocemul samuSaoSi analizirdeba Sμ  _ sistemis Tvisebebi 

araidealizirebulobebis arsebobisas sgn  funqciis reali-

zaciisas (4.2.9)-s mixedviT. 

pirvel SemTxvevaSi iTvleba, rom operatoruli μ  cvladis 

funqcionirebis kanoni realizdeba (4.2.9)-Si Semdegi saxiT: 
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( )
( ) ( )

( ) ( ) ( )0 0

, 1,

, 1, 1, .

sgn t t
t

t t t t t

α σ τ μ
μ

ω μ μ μ

⎧− − ≤⎪= ⎨
− > ≤ ≥⎪⎩

roca

roca
      (4.2.11) 

CavTvaloT, rom ( )tσ  aris [ ]0 0;t tG τ−  klasis funqcia. (4.2.11.) 

Tanafardobis interpretacia SesaZlebelia rogorc gadamrTveli 

mowyobilobis arxSi τ  droiT dayovneba. 

zogad SemTxvevaSi araidealurobis meore tipi SegviZlia 

warmovidginoT Semdegnairad: 

( )

( ) ( ) ( )
( ) ( ) ( )

( ) ( )

0

0

0 0

, 1

, , , 1

, 1,

sgn t t t

t f x t t t

t t t t

α σ σ μ

μ σ μ

ω μ μ

⎧− ≥ Δ ≤
⎪⎪= Δ < Δ ≤⎨
⎪

− ≤ ≥⎪⎩

roca

roca

roca

da

da

 

     (4.2.12) 

sadac Δ _ mudmivaa, romelic gansazRvravs skalaruli ( ), ,f x tΔ  

funqciis moqmedebis ares da axasiaTebs araidealurobis saxes. 

varaudoben, rom yvela 0t t≥  da IR nx∈  sruldeba SezRudvaA 

( ) 0, , .f x t f constΔ ≤ =  

(4.2.12) Tanafardoba SesaZlebelia ganvixiloT rogorc [ ];−Δ Δ  

monakveTze `mkvdari ares” arseboba, romelzec koordinatul-opera-

torul ukukavSiris konturSi regulirebis kanons (4.2.9) aqvs ara-

regularuli xasiaTi, gansazRvruls ( ), ,f x tΔ  saxiT. 

 arsebul naSromSi gamoikvleva aseve SemTxveva koordi-

natul-operatorul ukukavSiris konturSi orive tipis araide-

alurobis kombinaciis (4.2.11) da (4.2.12) arseboba. am SemTxvevaSi 

( )tμ  ganisazRvreba Semdegi gamosaxulebiT 

 ( )

( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( )

0

0

0 0 0         

, 1

, , , 1

, 1, 1,

sgn t t t

t f x t t t

t t t t t

α σ τ σ μ

μ σ μ

ω μ μ μ

⎧− − ≥ Δ ≤
⎪⎪= Δ < Δ ≤⎨
⎪

− > ≤ ≥⎪⎩

roca

roca

roca

da

da

 

,    (4.2.13) 

sadac ( )tσ  aris [ ]0 0;t tG τ−  klasis funqcia. 

SemdgomSi, S -sistemas Caketils algoriTmebiT (4.2.7), (4.2.8), 

(4.2.11), vuwodebT S τ
μ -sistemas; S -sistemas Caketils algoriTmebiT 
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(4.2.7), (4.2.8), (4.2.12), vuwodebT Sμ
Δ -sistemas da, bolos, S -sistemas 

Caketils algoriTmebiT (4.2.7), (4.2.8), (4.2.13) uwodebT ,S τ
μ

Δ -

sistemas. 

naSromSi detalurad aRiwereba ,S τ
μ

Δ  sistemis gamokvlevis 

meTodebi. es dakavSirebulia imasTan, rom, pirvel rigSi, gamoye-

nebuli midgomis analizis Taviseburebani gansaxilavi sistemebis 

klasSi swored, rom mkveTrad mJRavndeba am SemTxvevaSi. meore 

rigSi, ,S τ
μ

Δ -sistemis analizis meTodebi aris universaluri da 

gamosayenebelia rogorc S τ
μ - sistemis analizisaTvis, aseve Sμ

Δ -

sistemisaTvis. 

gavagrZelebT ra dasmuli amocanis ganxilvas vaCvenebT, rom 

marTvis sinTezis amocana Sμ -sistemaSi, roca gazomvebSi 

arsebobs SezRuduli SeSfoTeba, informaciis idealuri 

mdgomareobis pirobebSi amocana SesaZlebelia dayvanil iqnes 

sinTezis amocanaze Sμ
Δ -sistemaSi.  

vTqvaT, S -sistemis (4.2.1) marTva igeba (4.2.7)-(4.2.9) algoriTme-

bis gamoyenebiT, magram amasTan realuri obieqtidan ( )x t  sidide 

aiTvleba cdomilebiT:  

 ( ) ( ) ( )x t x t tξ= + ,        (4.2.14) 

sadac IRnξ ∈  _ SezRuduli SeSfoTebaa nebismieri bunebis 

( ) 0t constξ ξ≤ =  yvela 0t t≥ .  

gansaxilav sistemaSi warmoiqmneba marTvis sinTezis amocana 

xmauriani signalis mixedviT. am SemTxvevaSi: 

( ) ( ) ( ) ( ) ( ) ( )t cx t cx t c t t c tσ ξ σ ξ= = + = +       (4.2.15) 

naTelia, rom ( ) ( )sgn sgnt tσ σ=  toloba garantirebulia 

mxolod roca ( )tσ ≥ Δ , sadac  

( )
0

0 1,
sup , maxm ii nt t

c c t c cmξ ξ
=≥

Δ > ≥ =        (4.2.16) 
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aqedan gamomdinareobs (4.2.12) saxis araidealurobis 

arsebobis aucilebloba ( )tμ  realizaciis dros.  

SeSfoTebis arseboba gavlenas axdens marTvis ( ) ( )( ), ,u t x t z t  

signalis formirebaze. Tu gaviTvaliswinebT, rom (4.2.10) Tanaxmad:  

( ) ( )( ) ( ) ( )( )0
0, ,u t x t z t t x t lzμ κ= +  da ( )sgn ,i i i i i i ix x x xξ ξ ξ= + = +  

( )1,i n=  (4.2.3)-dan miviRebT:  

( ) ( ) ( ) ( ) ( ) ( )( ) ( ) ( ) 0, , ;x t A t x t B t u t x t z t D t z t t tξ ξ= + + ≥        (4.2.17) 

aq 
( ) ( ) ( ) ( ) ( )( )
( ) ( ) ( )( )

0;

,

x

T

D t D t t B t S t

z t z t t

ξ
ξ

ξ

μ κ

ξ

⎫⎪
⎬
⎪⎭

=

=
,       (4.2.18) 

sadac ( ) ( ) ( )( )( )sgnx
i iS t diag x t tξ ξ=  ,  

yvela fiqsirebuli t : ( ) ( ) ( ): IR , IR .n n k n kt D t z tξ ξ
× + +∈ ∈  

aRvniSnoT, rom ( )D tξ  da ( )z tξ  akmayofileben (4.2.2) saxis 

Tanafardobebs, anu ( ) ,D D t Dξ ξ ξ
− +≤ ≤  ( ) 0,z t zξ ≤  yvela 0t t≥ . 

amaSi darwmuneba advilia (4.2.2) da (4.2.18) Tanafardobebidan 

gamomdinare. 

 rogorc (4.2.17) da (4.2.12) gamomdinareobs, kvlav mivdivarT 

,S τ
μ

Δ -saxis marTvis sistemis sinTezis amocanaze, anu 

koordinatul-operatorul konturSi araidealurobis arsebobis 

da SeSfoTebebis gareSe. 

 

ZiriTadi Sedegebi 

 ganxiluli sistemebis formaluri Sedegebis Tvisebebis 

analizisas, yuradReba eqceva Semdegs. 

 TanafardobebiT, mocemuls Sμ
Δ -sistemidan gamomdinareobs, 

rom is aRiwereba diferencialuri gantolebebiT wyvetili marj-

vena mxariT. wyvetebs aqvs adgili roca 1μ = , da SesaZlebelia 

ganpirobebuli iyvnen ( ), ,f x tΔ  funqciis struqturiT. kerZo Sem-
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TxvevaSi, roca ( ) ( ), , sgnf x t xα σΔ = −  Sμ
Δ -sistema gadagvardeba 

Sμ -sistemaSi da wyvetebs eqneba adgili roca ( ) 1tμ =  da 

( )sgn 0xσ = . 

sistema ,Sτ
μ

Δ  roca 0τ >  da 0Δ ≥  aRiwereba diferencialur-

sxvaobiTi gantolebebiT. msgavsi sistemebis gamokvleva 

mniSvnelovnad garTulebulia imiT, rom, zogadad rom vTqvaT, 

maTi fazuri sivrce aris usasrulo funcqionaluri sivrce. 

magram gansaxilavi diferencialur-sxvaobiTi gantolebebis 

klasisaTvis SesaZlebelia gamovyoT piroba, romlis drosac 

SesaZlebelia gamoviyenoT IRn  sivce ,Sτ
μ

Δ -sistemaSi marTvadi 

procesebis analizisaTvis. 

,Sτ
μ

Δ -sistemis amonaxsni ganisazRvreba ( ) ( )( ),  x t tμ  wyviliT 

drois t  momentSi. amoxsnis arsebobis da misi drois 0t t≥  naxe-

varRerZis gagrZelebis sakiTxebi gadaiWreba Sedegebis Sesabami-

sad moyvanili [80]. 

gadavideT kvlevis Sedegebis gadmocemaze. SemdgomSi mniSv-

nelovani roli eniWeba moyvanil varaudebs. 

 varaudi 10. yvela c∈Σ  aqvs adgili Tanafardobas:  

 ( )inf 0cb t const≥ >         (4.2.19) 

sadac ( ){ }1IR : , 1, ,...,T n
nc c e c eλ λ δβ δβΣ = ∈ = + ≤ = ± ± . amis gar-

da, ( )cb t  funqcia )0;t⎡⎣ ∞  naxevarmonakveTze inaxavs Tavis niSans. 

,Sτ
μ

Δ -sistemaSi mmarTavi procesis asimptoturi Tvisebebis 

analitikuri kvlevis Casatareblad, roca sruldeba ( ) ,x t Gδ η∈  

CarTva, mosaxerxebelia e. w. RS -sistemis gamoyeneba: 

 
( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
: x x xx A t x t h t t D t z t

RS
a t x t h t t d t z t cb t u tσ σ σ

σ
σ σ

′ ′= + +⎧
⎨ ′= + + +⎩

   (4.2.20) 

gantoleba (4.2.20) miiReba sistema (4.2.1)-sTvis kvazigayofis me-

Todis [81] gamoyenebiT. S -sistemis ,  ,  ,  ,  ,  x x xA h D a h dσ σ σ  gamosaxu-
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lebebi SesaZlebelia vipovoT [81]. formalurad, kvazigayofis me-

Todis gamoyeneba mdgomareobs cvladebis SecvlaSi Tanafar-

dobiT (4.2.1): 

( ) ( )
( )

( )
x tx t M t

tσ

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

′
=         (4.2.21) 

sadac 1IR ,nx cxσ−′∈ = , xolo matrica ar aris gadagvarebuli 

roca sruldeba varaudi 10 da aqvs saxe:  

( ) ( )
( )

( )1 , det 1nE b tM t M t
cb tc

−⎛ ⎞
⎟⎜
⎠⎝

= =
′−

       (4.2.22) 

sadac ( )1 1,..., ,nc c c −′ =  1nE −  erTeulovani matrica. (4.2.21) da (4.2.22) 

gamomdinareobs ( ) ( ) ( )
( )

( )1 .
E b tnx t x t t

c cb t
σ

⎛ ⎞
⎜ ⎟
⎝ ⎠

− ′= +
′−

       (4.2.23) 

varaudi 20. ( )M t  da ( )1M t−  matricebisaTvis adgili aqvs 

utolobas: 

( ) ( )
0

0

1sup ,   sup t t
t t

M t M t−
≥

≥
< ∞ < ∞ . 

Semdegi mtkiceba iZleva ,Sτ
μ

Δ -sistemaSi marTvadi procesis 

xasiaTis Sefasebis saSualebas ( ) ,x t Gδ η∈  CarTvis Sesrulebisas. 

Teorema 1. vTqvaT koSis ( ),t t′Φ  sistemis xx A x′ ′=  matrici-

saTvis  

adgili aqvs: ( ) ( )0
0 0, ,t tt t c e t t tδ ′− −′ ′Φ ≤ ≥ ≥ ,        (4.2.24) 

sadac 0 0,c δ  _ dadebiTi mudmivebia. 

amis garda, vTqvaT, WeSmaritia varaudebi 10 da 20 da 

sruldeba Tanafardobebi  

0δ κ>            (4.2.25) 

 0υ >           (4.2.26) 

maSin, Tu ( )1 ,,t t x t Gδ η≥ ∈ , roca 1t t≥  WeSmaritia Sefaseba  

( ) ( )( ) ( ) ( ) ( )( )( )0 1 0 1
1 1t t t t

ex t R x t T P Qδ κ δ κη η− − − − − −
−≤ + + + ⋅       (4.2.27) 
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( ) ( )lim ,
x

x t T P Qη
→∞

= + +           (4.2.28)  

sadac  ( )
0

0

1sup
t t

R c M t γ−

≥
= ⋅           (4.2.29) 

 ( ) ( ) ( )
0

0 0sup /x
t t

T c D t z t δ κ
≥

= −         (4.2.30) 

 ( ) ( ) ( )
0

0 0sup /x
t t

P c h t z t γ δ κ
υ≥

= −              (4.2.31) 

 
( )
( )

0

1 sup
t t

b tQ
cb tυ ≥

=            (4.2.32) 

 ( )
0

0 maxsup x
t t

c h tκ δβ γ
≥

= ⋅ ⋅          (4.2.33) 

 
( )
( )

0

1 ; 1 supmax
t t

c b tm
cb t

γ υ δβ
υ ≥

′+
= = −         (4.2.34) 

 max 1, 1,
max ; maxi m ii n i n

c cβ β
= =

′= =         (4.2.35) 

rogorc Teorema I (4.2.27) da (4.2.28) mtkicebulebebidan gamom-

dinare, zogad SemTxvevaSi roca ( ) ,x t Gδ η∈  SesaZlebelia garanti-

rebulad vamtkicoT marTvadi procesebis krebadoba raime nulis 

midamoSi, romlis radiusi ,Gδ η  simravlis wrfivi η  zomis da T  

sididis proporciulia. am midamoSi krebadobis siCqare ganisazR-

vreba iseTi parametrebiT rogoric aris ,Gδ η  simravlis 

δ kuTxuri zoma da veqtoris β  da c′  maqsimaluri komponentebi. 

aRsaniSnavia, rom Teorema I formulirebaSi da damtkicebaSi 

arsad ar gamoiyeneba gansaxilavi marTvis algoriTmis 

konkretuli saxe. mniSvnelovan momentad aris mxolod is, rom 

aseT sistemaSi marTvis algoriTmma unda uzrunvelyos marTvis 

procesebis mikuTvniloba ,Gδ η  simravlisadmi, dawyebuli raime 

drois momentidan. konkretulad rogor miiRweva es mocemul 

SemTxvevaSi ar aris mniSvnelovani. 
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 ganvixiloT ,Gδ η  simravlis invariantobis sakiTxi. Sesaba-

misi debuleba CamovayaliboT samuSaoSi gamoyenebuli L  _ inva-

riantobis cnebaze dayrdnobiT (ix. gansazRvra I). 

 Teorema 2. vTqvaT ,Sτ
μ

Δ -sistemisaTvis sruldeba varaudi 10 

da Semdegi Tanafardobebi:  

 ( )
( )
( )

0 sgn sup , 1,
i

i
x

ca tcb i n
cb t

κ
→∞

> =         (4.2.36) 

( ) ( ) ( ) ( )
1

sgn sup / ,
k j

o i
jx

l z cb ad t z t cb t
=→∞

> ∑       (4.2.37) 

nebismieri ( )1, ,..., nc c e e δβ δβ= + = ± ± , 

 

1 2
0

1 2
0

2

1

L L z

L L z

δ ηα
τ

η δ η

⎛ ⎞+⎜ ⎟
⎝ ⎠≥

Δ⎛ ⎞ ⎛ ⎞− − +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 ,       (4.2.38) 

 1 2
01 L L zτ

η δ η
Δ ⎛ ⎞− > +⎜ ⎟

⎝ ⎠
 ,        (4.2.39) 

sadac  ( ) ( )( )
0

0
1 1,

1

1max sup i
ii n t t ic r

L c a t b t rκ
β= ≥

∈Σ ≤

⎧ ⎫
⎪ ⎪= +⎨ ⎬
⎪ ⎪⎩ ⎭

       (4.2.40) 

( )
0

2 maxsup2
c t t

L cb t l
∈Σ ≥

=            (4.2.41) 

Σ  gansazRrulia (4.2.19)-Si. maSin ,Gδ η  simravle aris ,Sτ
μ

Δ -sis-

temis 0,G Δ -invariantuli simravle.  

Teorema 2-is pirobebi gansazRvraven SezRudvebs gaZlierebis 

koeficientebze ukukavSiris konturebSi: koordinatulSi (ix. 

(4.2.36), (4.2.37)) da koordinatul-operatorulSi (ix. (4.2.38)). am pi-

robebis Sesruleba garantirebulia 0,G Δ  _ invariantuloba ,Gδ η  

simravlis mimarT. miuTiTebT mniSvnelovan gansxvavebaze 

moyvanili pirobebis im pirobebTan SedarebiT, romlebic 
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Cveulebriv gamoiyeneba binaruli sistemis TeoriaSi Sμ  sistemis 

sinTezisaTvis. es gansxvaveba gamosaxulia (4.2.39) utolobaSi. 

aqedan gamomdinareobs sami principuli daskvna: 

pirveli _ η  sidide unda akmayofilebdes utolobas η > Δ , 

anu qvevidan SezRudulia Δ  sididiT, romelic gansazRvravs 

( ),  ,  f x tΔ  funqciis moqmedebis aris zomebs. 

meore _ 0η =  SegviZlia dauSvaT mxolod im SemTxvevaSi, 

roca rogorc 0 0z = , aseve 0Δ = , anu ,Sτ
μ

Δ -sistema gadagvardeba 

sistemaSi droiT dayovnebebiT gadamrTvel mowyobilobebSi, 

romlebzec ar moqmedeben koordinatuli SeSfoTebebi. mocemuli 

naSromis CarCoebSi iTvleba, rom 0 0z >  da amitom 0η =  

SemTxveva ar ganixileba. 

mesame – (4.2.39)-dan gamomdinareobs, rom arsebobs dayovnebis 

τkr  kritikuli mniSvneloba, iseTi, rom yvela )0;τ τ⎡
⎣∈ kr -sTvis 

SesaZlebelia uzrunvelyoT 0,G Δ  _ invariantuloba ,Gδ η  

simravlis mimarT, amavdroulad SenarCundes lipSicis 

funqciebis klasis marTvis kuTvnileba. 

τkr  mniSvneloba ganisazRvreba Semdegi TanafardobiT: 

1 2
01 .L L zτ

η δ η
Δ⎛ ⎞ ⎛ ⎞= − +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
kr  

aRvniSnoT aseve, rom roca τ τ= kr  dasmuli amocana, zogadad 

rom vTqvaT, SesaZlebelia amoxsnili iyos wyvetili 

gantolebebis gamoyenebiT; Tu ki τ τ> kr , maSin, zogad 

SemTxvevaSi, problema 0,G Δ  _ invariantuloba ,Gδ η  simravlis 

mimarT ar amoixsneba ganxiluli meTodebiT da misi 

amoxsnisaTvis unda veZeboT gansxvavebuli midgomebiT. 

SeniSvna. (4.2.36), (4.2.37) Tanafardobebi aris 0,G Δ  simravlis 

mizidulobis sakmarisi pirobebi. aRvniSnoT, rom miTiTebuli 

pirobebi emTxveva 0,0G  simravlis mizidulobis pirobebs moyva-
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nils [75-78]. pirobebis dasabuTebisTvis SesaZlebelia gamoviyenoT 

iq moyvanili meTodebi. amocanis amoxsna mizidulobaze, simrav-

lis ,Gδ η  invariantobaze da adre Catarebuli marTvadi proce-

sebis asimptotikis gamokvlevebi, roca ,x Gδ η∈  nebarTvas gvaZle-

ven gadavideT zogierTi Sefasebebis dasabuTebaze. adgili aqvs 

Semdeg Teoremas. 

Teorema 3. Tu Sesrulebulia 1 da 2 Teoremebis pirobebi, 

maSin nebismierad marTvadi procesi ,Sτ
μ

Δ -sistemaSi yvela 0t t≥  

WeSmaritia Sefaseba: ( ) ( )1 0 2x t N x t N≤ + , sadac 

( )2
1

min

FMcN R e α τ

δβ
+=          (4.2.42)  

( ) ( )2 max
2

min

FMc DN T R e Q P
F

α τ η
δβ

+= + + +      (4.2.43) 

{ }
; 1

max sup
S r

F
≤

= { ( ) ( ) }
0

0

; 1
max sup
S r t t

F A t rb t Sκ
≤ ≥

= +     (4.2.44) 

operacia max  (4.2.44)-Si gamoiTvleba nebismieri gamosaxulebebiT 

 ( )1 ,.., , 1, 1,n iS diag S S S i n= = ± =  

 ( ) ( )
0

max sup
t t

D D t z t
≥

=          (4.2.45) 

( ) min 1,1,
max max 1, , minM i M ii ni n

c c c β β
==

′= = =       (4.2.46) 

gamosaxulebebi ,  ,  ,  R T P Q  moyvanilia (4.2.29)-(4.2.32). 

  

daskvna 

 ganxiluli sistemebis klasisTvis 1-3 TeoremebSi moyvanili 

Sedegebi iZleva saSualebas avagoT marTva da SevafasoT misi 

xarisxi. aseTi sistemebis parametruli sinTezis sqema warmoad-

gens Cveulebrivi avtomaturi marTvis binaruli sistemas, magram, 

damatebiT, aucilebelia gaviTvaliswinoT (4.2.39) utoloba. 

daskvnisas aRvniSnoT, rom yvela miRebuli Sedegi vrcel-

deba im SemTxvevebze, rodesac arakontrolirebadi cvladi ( )tτ  
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da ( )tΔ  sidideebi Semavali (4.2.13) akmayofileben CarTvis piro-

bebs ( ) 00,tτ τ∈ ⎡ ⎤⎣ ⎦ , ( ) 00,tΔ ∈ Δ⎡ ⎤⎣ ⎦  yvela 0t t≥  mniSvnelobebisaTvis.  

am pirobebSi, (4.2.38), (4.2.39) tipis sinTezis ganxorcielebisa-

Tvis, adre miRebul TanafardobebSi unda monawileobdes 0τ  da 

0Δ  sidideebi. amasTan 0Δ  mniSvneloba SesaZlebelia iyos nebis-

mierad didi, magram am SemTxvevaSi (rogorc gamomdinareobs 

(4.2.28)-dan da imitom, rom 0η > Δ ), aris radiusi izrdeba 0Δ -is 

proporciulad, romelSic marTvadi procesebi krebadobs e. i. 

gauaresdeba regulirebis xarisxi. aSkaraa, rom sidide 0τ  unda 

akmayofilebdes 0τ τ< kr  utolobas.  

 

4.3. arastacionaruli procesebis marTvis binaruli sistemebis 

dinamikis analizi regulirebis arxebSi dagvianebis 

arsebobisas 

avtomaturi marTvis binaruli sistemebis Teoriis sxvadasxva 

naSromebSi [74, 77] gadmocemulia arastacionaruli wrfivi dina-

miuri obieqtebis marTvis sinTezis meTodebi im winadadebiT, rom 

regulirebis arxebs gaaCniaT idealuri maxasiaTeblebi da sru-

lad Seesabamebian miRebul maTematikur aRwerilobas, romelic 

Cadebulia sinTezis safuZvelSi. magram marTvis algoriTmebis 

praqtikuli realizaciis dros SeiZleba warmoiqmnas iseTi 

pirobebi, rodesac regulirebis arxebis realuri maxasiaTeblebi 

mniSvnelovnad gansxvavdebian idealurisagan. msgavsi problemebi 

warmoiqmneba saxeldobr marTvis sistemebSi, agebuli pnevmatur 

an sxva mowyobilobebze, romlebsac sakuTari dinamika gaaCniaT, 

da es SeiZleba ganxilul iqnas regulirebis arxebSi rogorc 

araidealurobis arseboba. amasTan dakavSirebiT ismeba amocana 

gamokvleul iqnas sxvadasxva saxis araidealurobis gavlena 

marTvis sistemis dinamikaze. 

naSromis am TavSi gamokvleuli iqneba marTvis binaruli 

sistemis analizi, romlebic funqcionireben gadamrTvel mowyo-
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bilobebSi droebiTi dagvianebis arsebobisas. unda aRiniSnos, 

rom analogiuri, kerZod, dasmuli amocana obieqtebisaTvis, aRwe-

rili meore rigis diferencialuri gantobebebiT, ganxilulia 

[82]-Si. 

ganixileba sareguliro arastacionaruli dinamiuri sistema, 

romlis aRwera mocemulia Semdegi gantolebiT:  

 

0( ) ( ) ( )  ( ) ( ),   x t A t x t b t u t t t= + ≥         (4.3.1.) 

sadac t  _ droa; 1( )  ( ( )... ( ))   T n
nx t x t x t R= ∈  _ marTvadi procesi 

(T  _ transponirebis niSania); _ marTva; ( ) nu t R∈  sistemis 

parametrebi.  

savaraudoa, rom (4.3.1.) sistemis parametrebi cnobilia yvela 

  ( ) , ( )n n nA t R B t R×∈ ∈ -isTvis Semdegi Tanafardobis 0t t≥  sizustiT. 

( ) ,   ( ) ,A A t A B B t B− + +−≤ ≤ ≤ ≤       (4.3.2.) 

(4.3.2.)-Si ,n n nA R B R+ × ±∈ ∈  _ cnobili mudmivi matricebia. 

daismis ( , )u t x  marTvis arCevis amocana lipSicis funqciis u  

klasidan, romelic iZleva Semdegi Tanafardobis Sesrulebis 

garantias: 

 1 1  im ( ) 0;   ( ) ,    L x t x t N xb N const= ≤ =      (4.3.3.) 

Caketili S  sistemis amonaxsni, romlis moqmedeba aRiwereba gan-

tolebiT: 

0( ) ( ) ( ) ( ) ( ) ( ),   t tx t A t x t b t u t x t= + ≥            (4.3.4.) 

(4.3.3.)-Si ⋅  oqtaedruli normis simboloa. (4.3.3.) amocanis 

amoxsnisas, gamoviyenebT midgomas, ganviTarebuls avtomaturi 

marTvis binarul sistemebis TeoriaSi. [74, 77]-dan gamomdinare 

CavTvaloT, rom S  sistemaSi samarTav procesebs gaaCniaT sasur-

veli Tvisebebi, Tu iwyeba drois romeliRac momentSi (sasrul an 

usasrulo), isini iZirebian simravleSi { : ( ) },nG x R x xδ σ δβ= ∈ ≤  

 ;  cxσ =sadac  ,  T T nC Rβ ∈  zogierTi mudmivi veqtorebia, sadac 
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0 1    ( 1, )i i nβ≤ ≤ =  ( iβ β−  veqtoris komponentebia), 1;  nC  

 0;   nconst x Rδ = > ∈  veqtoria, romelic Sedgeba x  veqtoris 

komponentis modulebisagan.  

(4.3.3.) amocanis gadawyveta am SemTxvevaSi daiyvaneba 

  ,    c β δda  mudmivebis gansazRvraSi, romlebic iZlevian sasur-

veli dinamikis garantias, roca x Gδ∈  da u U∈  marTvis 

arCevaSi, romelic uzrunvelyofs sasurvel CarTvas da marTvadi 

procesebis mocemul asimptotikas, roca x Gδ∉ . 

ganvixiloT marTvis algoriTmis erT-erTi SesaZlo varianti, 

romelic xsnis S  sistemisaTvis dayenebul (4.3.3.) marTvis 

amocanas. SemdgomSi dawvrilebiT gamokvleul marTvis 

algoriTms, sinTezirebuls kooordinatuli da koordinatul-

operatoruli uaryofiTi kavSiris gamoyenebiT [74, 77], aqvs 

Semdegi saxe: 

 
0( , ) ( ) ,u t x t k xμ=          (4.3.5.) 

 

0 0  

( ( ))  ( ) 1
( )

( ) ( ) 1,   ( ) 1,   

Sgn x t t
t

t t t t t

α σ μ
μ

ωμ μ μ

⎧− ≤⎪= ⎨
− > ≤ ≥⎪⎩

roca 

roca
    (4.3.6.) 

(4.3.5.)-Si 
0 0 0

1( ... )T n
nk k k R= ∈  mudmivi veqtori da 0constα = >  

sidideebia, romlebic koordinatul da koordinatul-operatoru-

li ukukavSirebis konturebSi gansazRvraven, Sesabamisad, 

gaZlierebis koeficientebs; ω  _ zogierTi Zalian mcire 

dadebiTi ricxvia; μ  _ cvladi operatori, formirebuli 

koordinatul-operatoruli ukukavSiris konturSi. 

gadamrTvel mowyobilobaSi τ  dagvianebis arsebobis SemTxve-

vaSi, ( ) 1tμ ≤  operatiuli cvladis Camoyalibebis kanoni miiRebs 

saxes: 

0

( )    ( ) 1
( )

( )    ( ) 1,  ( ) 1.

Sgn t t
t

t t t

α σ τ μ
μ

ωμ μ μ

⎧− − ≤⎪= ⎨
− > <⎪⎩

roca

roca
      (4.3.7.) 
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SemdgomSi S -sistemas, Caketils (4.3.5.), (4.3.7.) marTvis algo-

riTmiT, uwodebT Sτ
μ  sistemas. (4.3.4.), (4.3.5.) da (4.3.7.) Tanafardo-

bebidan gamomdinareobs, rom Sτ
μ  sistema aRiwereba diferencialur-

sxvaobiTi gantolebaTa sistemiT. amasTan dakavSirebiT CavTvliT, 

rom σ  aris 0 0[ , ]C t tτ−  klasis funqcia. aseTi saxis sistemis 

gamokvleva garkveulwilad garTulebulia imiT, rom maTi 

mdgomareobis are aris usasruloganzomilebiani funqcionaluri 

are [69]. magram SemdgomSi naCvenebi iqneba, rom garkveuli pirobebis 

dros, SeiZleba gamoyenebul iqnas 
nRI  are Sτ

μ  sistemaSi marTvis 

procesebis analizisaTvis. aseve unda aRiniSnos, rom Sτ
μ  sistema 

aris sistema wyvetili marjvena nawiliT, romelTa arsebobis da 

xangrZlivobis gadawyvetis sakiTxi ganixileboda [80]-Si.  

 

ZiriTadi Sedegebi 

Sedegebis CamoyalibebisaTvis ufro xelsayrelia visargeb-

loT Semdegi ganmartebebiT.  

gansazRvreba 1. simravle 
nM R⊂ I  aris L  invariantuli sim-

ravle Sτ
μ  sistemis (L M⊂ ) Tu nebismieri gadawyvetilebisaTvis 

Sτ
μ  sistemis ( ( ), ( ))x t tμ  sawyisi pirobebiT 0 0x L∈  yvela 0t t≥ -

sTvis aqvs adgili ( )x t M∈  CarTvas.  

 

gansazRvreba 2. simravle 
nM R⊂ I  aris mimzidveli simravle 

sistemis, Tu nebismieri gadawyvetilebisaTvis Sτ
μ  sistemis 

( ( ),  ( ))x t tμ  sawyisi pirobebiT 0 0,    1x M μ∉ ≤  arsebobs drois 

momenti 1 1 0( )t t t> , iseTi, rom ( )
t
Lim x t M
→∞

∈ . Sτ
μ  sistemis sinTezis 

amocana mdgomareobs 0G  invariantobis da Gδ  mizidvis 

simravlis uzrunvelyofaSi da marTvis procesebis dinamiuri 

Tvisebebis gamokvlevaSi, roca sruldeba CarTva x Gδ∈ . 
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dasmul amocanas amovxsniT, Tu CaTvliT, rom yvela c C∈  

Sesrulebulia Semdegi utoloba:  

0inf/ ( ) 0,cb t const t t≥ > ≥        (4.3.8.) 

sadac { }: ,   t nC c R c c m m δβ= ∈ = + ≤I . 

SemovitanoT gansaxilvelad A matrica da h  da 
1h  veqto-

rebi, romelnic dakavSirebuli arian S -sistemis A da B  

parametrebTan Semdegi TanafardobiT [77]. 

1 1 1 1 1 1 1 1 1 1 1

1
1 1 1

( ( ) );

;   ,

n
n n nn

n
n

A A a c h c A c a c a a c

ca bh a b h
cb cb

= − − − + −

= − =
 

sadac 
1A  matricaa, miRebuli A -dan n -svetidan n  striqonis 

amoSliT; 
1 1,   c b  da a. S. veqtorebia, miRebuli ,  c b -dan da a. S. 

bolo komponentis amogdebiT;    i ja ada Sesabamisad A matricis 

i -uri sveti da j -uri striqonia. 

Sτ
μ -sistemis dinamiuri Tvisebebis gamokvlevisas 

daveyrdnobiT Semdegi pirobis Sesrulebis SesaZleblobas: 

0

1
1 ( )max ( ) ,    <  

t t t t

dh tSup h t Sup
dt≥ ≥

⎡ ⎤
∞⎢ ⎥

⎢ ⎥⎣ ⎦
       (4.3.9.) 

Sτ
μ  sistemaSi marTvadi procesebis asimptoturi qcevis ana-

lizisaTvis, roca x Gδ∈ , gamoviyenoT Sedegi moyvanili [77]-Si. 

Teorema 1. vTqvaT Sesrulebulia (4.3.8.), (4.3.9.) da ( , )tϕ τ  

sistemis koSis matrica 
1 1x Ax=  akmayofilebs Tanafardobas 

0 ( )
0( , ) t rt C eδϕ τ −≤  roca 0 ,t tτ≥ ≥  sadac 0 0,  c δ  dadebiTi konstan-

tebia. amis garda davuSvaT, rom Sesrulebulia utoloba  

1 0

1( ) 1,m
t t
Sup h tβδ

>
<          (4.3.10) 
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sadac 
1, 1,

1 ,  max ;  max .
1

M
M M M i M ii n i nM

C C Cβ β β β
δβ = =

+
= = =

−
 maSin, Tu 

( )x t Gδ∈  roca 1 0t t t≥ ≥ , yvela 1t t≥ -sTvis samarTliania Sefaseba:  

0 1( )( )
1( ) ( ) ,m t tx t M e x tδ δ− − −≤ ⋅       (4.3.11.) 

sadac 0

0

1

0 1

1   ( )
1 ,
1 1  ( )  

m
t tm

m m
t t

Sup h t
CM C

Sup h t

δβ

δβ δβ
≥

≥

+
+

= ⋅
− −

  

0

0

1
1 1

0

1

( ) ( ) ( ) ( )

1   ( )

m
t t

m
t t

dh tC Sup h t A t h t
dt

M
Sup h t

β

δβ
≥

≥

+ −
=

−
 

Teorema 1-is damtkicebas SeiZleba gavecnoT [77] samuSaoSi. 

Teorema 1-dan gamomdinareobs, rom Tu 0 Mδδ > , maSin yvela 

x Gδ∈  dros uzrunvelyofilia saregulirebeli koordinatebis 

veqtoris normis eqsponencialuri Tanxvedra nulTan 0 Mδδ −  maC-

venebliT. Zneli ar aris davinaxoT, rom miRebul ganzraxulo-

baSi moTxovnili utoloba 0 0Mδδ − >  SeiZleba uzrunvelvyoT 

δ  konstantis Sesabamisi daniSnulebiT.  

Tanafardoba, romelic uzrunvelyofs x Gδ∈ -s CarTvas 1t  

momentidan 1 0( )t t>  1 0( )x t G∈  (e. i. 1( ( ) 0)x tσ = , pirobis 

Sesrulebisas, mocemulia Semdeg damtkicebaSi.  

Teorema 2. davuSvaT Sτ
μ  sistemisaTvis Sesrulebulia (4.3.8.), 

(4.3.9.) pirobebi da Semdegi Tanafardobebi: 

0

0 ( ( )( ) , 1, ,
( ( )

i

i
t t

c a tK Sgn cb Sup i n
c b t≥

> =        (4.3.12) 

1,τγ <           (4.3.13) 

2 ,
1

γα
τγ

≥
−

I         (4.3.14) 
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sadac 
0

0

1,
1

1max ( ( ) ( ) ) .i
ii n t t

d

Sup c a t b t dK
i

γ
δβ= ≥

≤

⎡ ⎤
⎢ ⎥= +⎢ ⎥
⎢ ⎥⎣ ⎦

 maSin Gδ  simravle war-

moadgens Sτ
μ  sistemis 0G  invariantul simravles. 

Camoyalibebuli mtkicebulebis komentarisas aRvniSnoT Sem-

degi. Teoremis pirobebs gansazRvraven Caketili sistemis para-

metrebis arCevaze arsebuli SezRudvebi, romelTa Sesruleba uz-

runvelyofen x Gδ∈  CarTvis moTxovnebs, da rogorc Sedegi mar-

Tvadi procesebis mocemul dinamikas. miRebuli pirobebi gansxvav-

debian invariantobis pirobebisgan Camoyalibebuli binaruli 

sistemebis TeoriaSi ganxiluli obieqtebis klasisaTvis, roca 

0τ =  (4.3.13) utolobis arsebobiT. es Tanafardoba aCvenebs, rom 

arsebobs dagvianebis iseTi kritikuli mniSvneloba τkr , rom yve-

la 0;  τ τ⎡ ⎤∈ ⎣ ⎦kr -Tvis xerxdeba Gδ  simravlis 0G  invariantulobis 

uzrunvelyofa ise, rom SenarCundes marTvis kuTvnileba 

lipSicis funqciis klasis. τkr  mniSvneloba ganisazRvreba 

TanafardobiT 
1τ α −=kr . aRvniSnoT, rom roca τ τ= kr  dasmuli 

amocana SeiZleba gadawyvetil iqnas cvladi struqturis sis-

temebis Teoriis meTodebiT, e. i. wyvetili marTvis CarTviT. 

SevniSnavT agreTve, rom Tanafardobebi (4.3.12)-(4.3.14) warmoadgenen 

sakmaris pirobebs Gδ  simravlis mizidulobas. amaSi SeiZleba 

davrwmundeT Tu gamoviyenebT ideas Camoyalibebuls [74, 77]-Si. 

marTvadi procesebi asimptotikis moyvanili analizi roca 

x Gδ∈ , agreTve invariantulobis miRebuli pirobebi Gδ  

simravlis mizidulobisadmi iZlevian saSualebas CamovayaliboT 

Sτ
μ -sistemis marTvadi procesebis qcevis zogierTi daskvna.  

samarTliania Semdegi Teorema. 

Teorema 3. davuSvaT, rom 1 da 2 Teoremis pirobebi Sesrule-

bulia da amas garda aqvs adgili Tanafardobebs: 



 98

0

0 ( ( )( ) 0  1, ,
( ( )

i

i
t t

c a tK Sgn cb Sup V const i n
c b t≥

− ≥ = > =       (4.3.15.) 

maSin yvela 0 0
2;   t t t α

⎡ ⎤∈ +⎣ ⎦ -isTvis  

 
2

0( )x t x e
ω

α≤         (4.3.16.) 

da yvela 0
2t t α≥ + -sTvis samarTliania Semdegi Sefaseba: 

0
2( )

1 0
2( ) ( ) ,L t tm

m

Cx t M x t e α
αδβ

− − −
≤ +        (4.3.17.) 

sadac 
0

0( ( ) ( ) ,
t t
Sup A t b t Kω

≥
= +  0min( , )m

vL cmδ δ= − . 

 

daskvna 

avtomaturi marTvis binaruli sistemebis sinTezis saSuale-

bas, gadamrTvel mowyobilobaSi dagvianebebis arsebobisas, 

gvaCvenebs (4.3.17.) Tanafardoba, rom roca 
1τ τ γ −< =kr , maSin (4.3.3.) 

marTvis dasmuli amocana SeiZleba gadawyvetil iqnas da 

miTumetes, Caketil sistemaSi garantirebulia marTvadi proce-

sebis normis eqsponencialuri Tanxvedra nulTan. aRvniSnoT 

agreTve, rom yvela miRebuli Sedegi vrceldeba cvladi dagvia-

nebis [ ]0 ( ) 0;  tτ τ∈  SemTxvevaSi da binaruli sitemis sxva kla-

sebze: Sτ
μρ -sistemis, vSτ

μρ -sistemis.  

 

4.4. arastacionaruli wrfivi procesebis marTvis binaruli 

sistemebis sinTezi xmauris arsebobis SemTxvevaSi 

binarulobis principis gamoyeneba ufro efeqturia ganusazRv-

reli dinamiuri procesebis marTvis SemTxvevaSi, saxeldobr wrfi-

vi arastacionaluri obieqtebis marTvisas. marTvadi procesebis 

dinamiurobis gamokvleva ufro dawvrilebiT moyvanilia im wina-

dadebiT, rom procesis mdgomareobis informacia aris sruli da 

marTva mimdinareobs gamzomi mowyobilobebis arxebSi xmauris 
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arsebobis gareSe [74, 77, 78]. amasTan marTvis avtomaturi siste-

mebis eqspluatacia xorcieldeba, rogorc wesi, mniSvnelovani 

xmauris pirobebSi. amasTan dakavSirebiT aqtualuri xdeba xmauris 

gavlenis Sefasebis problema avtomaturi marTvis binaruli sis-

temebis dinamiur Tvisebebze. am paragrafSi warmoebs wrfivi 

sasrulganzomilebiani dinamiuri procesebis marTvis binaruli 

sistemis qcevis gamokvleva SezRuduli xmauris arsebobisas [83]. 

ganixileba dinamiuri sistemebis klasi, aRwerils Tanafar-

dobiT:  

( ) ( ) ( ) ( ) ( ) 0,    x i A t x t B t u t t t= + ≥         (4.4.1.) 

sadac t  damoukidebeli cvladia (dro), 0t  _ misi sawyisi 

mniSvneloba, ( ) nx t R∈  _ marTvadi procesia, ( )u t R∈  _ marTva, 

( ) ( ) n,   R  n mA t R B t×∈ ∈ _ parametrebia, romelTaTvis sruldeba 

pirobebi: 

( )
( )

A A t A

B B t B

− +

− +

≤ ≤

≤ ≤
        (4.4.2.) 

yvela 0t t≥ , sadac ,   A B± ±
 cnobili mudmivebia. igulisxmeba, 

rom procesis mdgomareobis veqtori izomeba zogierTi xmauriT 

da marTvis sinTezisas SeiZleba gamoyenebul iqnas ( )x t  veqtori 

gansazRvruli TanafardobiT 

( ) ( ) ( )x t x t tξ= + , 

sadac ( )tξ  xmauris signalia, yoveli ( )0  t ,nt t Rξ≥ ∈  yvela 0t t≥  

( ) 0t constξ ξ≤ = -Tvis (aq .  kvadratuli normis simboloa). zo-

gierTi damatebiTi winadadebebi ( )tξ  Tvisebebis Sesaxeb 

ganxiluli iqneba qvemoT. 

marTva ( ) ( )( ),  u t u t x t=  formirdeba lifSicis funqciis U  

klasSi. amasTan erTad iTvleba, rom xmauri u U∈  iseTia, rom 
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u U∈ garantirebulia arseboba da xangrZlivoba Semdegi sistemis 

gadawyvetilebis naxevar RerZze:  

0( ) ( ) ( ) ( , ( ) ( )),   x t A t B t u t x t t t tξ= + + ≥         (4.4.3.) 

marTvis amocana mdgomareobis u U∈  funqciis arCevaSi da 

pirobebis gansazRvraSi, romlebic uzrunvelyofen Semdegi 

Tanafardobis Sesrulebas:  

( ) ( )1 0 2 0,   x t N x t N t t≤ + ≥        (4.4.4a) 

( )lim rt
x t B

→∞
∈          (4.4.4b) 

sadac { };   n
rB x R x r= ∈ ≤ , 1 2,   ,   N N r  _ zogierTi dadebiTi 

konstantebia. 

funqcionaluri Tanafardobebis meTodis CarCoebSi [74, 77, 78] 

marTvis arCeva mimarTulia im pirobis Sesasruleblad, romlis 

drosac (4.4.3.) sistemis TiToeuli amonaxsni, dawyebuli drois 

romelime momentidan, iZireba simravleSi 

 ( ){ },  nG x R x xδ η βσ δ η= ∈ ≤ + ,  

sadac ( ) ( )tx cxσ = , 
T nc R∈  _ zogierTi fiqsirebuli veqtoria, 

1,  nc T= _ transponirebis niSania, 
T nRβ ∈  _ mudmivi veqtoria, 

romlis TiToeuli komponenti ( )1,i i nβ =  akmayofilebs Tanafar-

dobas 0 1;    0,   0 iβ δ η< ≤ > > mudmivebia, 
nx R∈  veqtoria, Sedge-

nili 
nx R∈  veqtoris Sesabamisi komponentebis modulebisgan. am 

SemTxvevaSi igulisxmeba, rom ,x Gδ η∈ -s dros Caketil sistemaSi 

marTvad procesebs gaaCniaT moTxovnili dinamiuri Tvisebebi da 

kerZod, Tu ,x Gδ η∈  yoveli 0t t≥ -is dros, maSin adgili aqvs 

(4.4.4a) da (4.4.4b) Tanafardobebs. 

SemdegSi warmoebs erT-erTi SesaZlo marTvis algoriTmis 

gamokvleva, sinTezirebuli binaruli sistemis CarCoebSi koordi-
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natuli da koordinatul-operatoruli tipis ukukavSirebis gamo-

yenebiT [74, 77, 78]: 

( ) ( ) ( )( )

( )
( ) ( )

( ) ( ) ( )

0

0 0

,( ( ) ,

sgn     1,

    1,   1   

u t x t t k x t

t е
t

t t t t t

μ

α σ μ
μ

ωμ μ μ

+

⎧− ≤⎪= ⎨
− > ≤ ≥⎪⎩

roca

roca

   (4.4.5.) 

sadac 0constα = > , ω  _ zogierTi mcire dadebiTi ricxvia. μ  _ 

cvladi operatori, ( )0 T nk R∈  _ zogierTi mudmivi veqtori, rome-

lic gansazRvravs gaZlierebis koeficients marTvis koordinato-

rul konturSi. xmauris arsebobis SemTxvevaSi (4.4.5.) algoriTmi 

miiRebs Semdeg saxes: 

( )( ) ( ) ( )( )0,  u t x t t k x t lμ= +        (4.4.6a) 

( )
( )( ) ( )

( ) ( ) ( )0 0

sgn     1,

  1,   1,   .

x t t
t

t t t t t

α σ μ
μ

ωμ μ μ

⎧− ≤⎪= ⎨
− > ≤ ≥⎪⎩

roca

roca
  (4.4.6b) 

gamovikvlioT xmauris gavlena cvladi operatoris ( )tμ  

formirebis kanonze. funqcia ( )xσ  gansazRvrulia TanafardobiT 

( ) ( )x cx cx c x cξ ξσ σ= = + = + , aqedan gamomdinareobs, rom 

( ) ( )sgn sgnx xσ σ=  yvela ( ) ( )
0

sup
t t

x c tξσ
≥

> . miRebuli piroba gvaZ-

levs saSualebas (4.4.6b) Tanafardoba warmodgenili iqnas Semdegi 

saxiT: 

( )
( )( ) ( )( ) ( )
( )( ) ( )( ) ( )

( ) ( ) ( )0 0

sgn    x t ,   1;

sgn   ,   1;

   1,   1,    ,

x t t

t x t x t t

t t t t t

α σ σ μ

μ α σ σ μ

ωμ μ μ

⎧− ≥ Δ ≤
⎪⎪= − < Δ ≤⎨
⎪

− > ≤ ≥⎪⎩

roca

roca

roca

      (4.4.7.) 

sadac ( )
0

sup
t t

c tξ
≥

Δ = . ( )( )sgn x tσ funqcias, roca ( )( ) 0x tσ <  SeuZ-

lia miiRos Tavisuflad 1±  mniSvneloba, damokidebuli ( )c tξ  

mniSvnelobisgan. am faqtis interpretireba SeiZleba, rogorc 



 102

( ) 0xσ < -is dros araidealurobis arseboba mowyobilobaSi, 

romelic uzrunvelyofs ( )sgn xσ funqciis realizebas. 

(4.4.3.) gantolebaSi gamovyoT mdgeneli, warmonaqmni ( )tξ xmau-

riT. amisaTvis Tanafardoba (4.4.6a) warmovadginoT Semdegi saxiT: 

( )( ) ( ) ( )( ) ( ) ( )( ) ( ) ( ) ( ) ( )0 0 0,  x tu t x t t k x t l t k x t l t k s t tξμ μ μ ξ= + = + + , 

 sadac ( ) ( ) ( )( ) ( )sgn ,  1,x
i is t diag x t t i nξ ξ= = . 

am SemTxvevaSi (4.4.3.), (4.4.6a)-dan miviRebT: 

( ) ( ) ( ) ( ) ( ) ( ) ( ) 0,    x t A t x t B t t b t u t t tϕ= + + ≥       (4.4.8.) 

( ) ( ) ( )( )0u t t k x t lμ= +           (4.4.9.) 

( ) ( ) ( ) ( )0 xt t k s t tξϕ μ ξ=          (4.4.10.) 

[84]-Si Catarebuli analizi gviCvenebs, rom marTvis dasmuli 

amocana SeiZleba ganxilul iqnas rogorc ukukavSiris sinTezis 

amocana, romelic uzrunvelofs (4.4.8.) sistemis disipatiurobas, 

(4.4.7.), 4.4.9.) Caketili marTvis algoriTmebiT, ( )x t -s idealuri in-

formaciis pirobebSi, roca arsebobs ( )tϕ  aRSfoTeba. SemdgomSi 

aseT sistemas uwodebT Sμ
Δ
 sistemas. 

ganvixiloT, binaruli sistemis sinTezis zogierTi Tavisebu-

rebani (4.4.8.) obieqtisaTvis. gansaxilveli amocana (4.4.4a), (4.4.4.b) 

warmoadgens marTvis amocanas iZulebiTi moZraobiT. gare zemoq-

medebis rols am SemTxvevaSi TamaSobs ( )tϕ  funqcia. rogorc 

(4.4.9.)-dan Cans, ( )tϕ  warmoadgens SezRudul funqcias da yvela 

0t t≥ -sTvis adgili aqvs utolobas ( ) ( )0 0
0t k t kϕ ξ ξ≤ ≤ . mniSv-

nelovania, rom ( )tϕ  aRSfoTeba da ( )u t  marTva moqmedebs erTi-

daigive ( )B t  veqtorze. rogorc [77, 78] naSromidan gamomdinare-

obs mniSvnelovnad amartivebs Caketili sistemis sinTezs. aseve 

aRvniSnoT is, rom Sμ
Δ
 sistemis gadawyvetileba warmoiqmneba 
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( ) ( )( ),   x t tμ  wyvilebiT, sawyisi pirobebiT ( )0 0,   x μ  

( ){ },   ,  1nV x x Rμ μ= ∈ ≤  simravlidan (4.4.7.)-dan gamomdinareobs, 

rom gantolebis marjvena nawils, romelic aRwers Sμ
Δ
 sistemas, 

gaaCnia wyvetebi, amitom misi amoxsnis arseboba da xangrZlivoba 

ganisazRvreba [80] samuSao arsSi.  

Sμ
Δ
 sistemis Tvisebebis gamokvlevisas xelsayreli iqneba 

visargebloT Semdegi gansazRvrebebiT. 

gansazRvreba 1. simravle 
nM R⊂  aris L -invariantuli 

simravle Sμ
Δ
 sistemis, Tu misi nebismieri amonaxsni ( ) ( )( ),   x t tμ  

sawyisi pirobebiT ( )0   x L L M∈ ⊂  yvela 0t t≥ -Tvis adgili aqvs 

CarTvas ( )x t M∈ . 

gansazRvreba 2. simravle 
nM R⊂  aris mimzidveli simravle 

Sμ
Δ
 sistemis, Tu misi nebismieri amonaxsni ( ) ( )( ),   x t tμ  iseTia, 

rom ( )x t M∉  arsebobs drois iseTi ( )1 1 0  t t t> momenti, roca 

( )
1

lim
t t

x t M
→

∈ . 

naSromSi gamoyenebuli funqcionaluri Tanafardobis meTo-

di  gansazRvravs pirobebis moZebnas, romlis drosac Sμ
Δ
 siste-

mis marTvadi procesebis asimptotikas, , x Gδ η∈ -s SemTxvevaSi, 

aqvs mocemuli Tviseba da simravle , Gδ η  warmoadgens 0, G Δ  inva-

riantul da mimzidvel simravles.  

marTvadi procesebis asimptotikuri qcevis analizisaTvis, 

roca , x Gδ η∈  visargebloT kvazidayofis meTodiT [81]. misi 

gamoyeneba (4.4.8.)-Tvis migviyvans Semdeg gantolebamde: 

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) 0

                

,   .

x i A t x t x t hx t t

t a t x t h t t d t t cb t u t t t

σ

σ σ σ σ σ ϕ

′ ′= +

′= + + + ≥
   (4.4.11.) 
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Tanafardoba, romelic akavSirebs (4.4.8.) sistemis ,   A B  para-

metrebs da ,   ,   ,   ,   Ax hx a h dσ σ σ  mocemulia [81]-Si igulisxmeba, 

rom ( ) ( ) ( ) ( ) ( )( )
0t і t

max  sup ,  ,  a t ,  t ,  d t  Ax t hx t hσ σ σ
⎡ ⎤

< ∞⎢ ⎥
⎣ ⎦

. aRv-

niSnoT, rom pirveli Tanafardobidan marjvena nawilSi ( )xϕ -is 

ararseboba aixsneba imiT, rom ( )tϕ  moqmedebs (4.4.8.)-Si. igive ( )b t  

veqtorze, razedac marTvis funqcia ( )u t . aseT SemTxvevaSi (4.4.8) 

sistemisaTvis Sesrulebulia egreTwodebuli 0z  piroba [81]. 

formaluri mxridan kvazidayofis meTodis gamoyeneba 

Sedgeba (4.4.8.)-Si cvladi sidideebis Semdegi Tanafardobis 

SecvliT  

( ) ( ) ( )
( )

x t
x t M t

tσ
⎛ ⎞′

= ⎜ ⎟
⎝ ⎠

,        (4.4.12.) 

sadac ( ) ( )
( )

1nE b t
M t

c cb t
−⎛ ⎞

= ⎜ ⎟′−⎝ ⎠
, 

1,   Rnx R σ−′∈ ∈ , 
( ) ( )1 1

1
n n

nE R − × −
− ∈  erTe-

uli matricaa. (4.4.12.)-is gardaqmna SeiZleba ganvaxorcieloT im 

SemTxvevaSi, roca ( )M t  iqneba liapunovis matrica. amis au-

cilebel pirobas warmoadgens misi gadaugvarebloba, e. i. 

Sesruleba Tanafardobis 

( )
0

inf 0
t t

cb t const
≥

≥ > .        (4.4.13.) 

SemdgomSi saWiro iqneba ufro Zlieri piroba, vidre (4.4.13.). 

iTvleba, rom yvela c C∈ -sTvis  

( )
0

inf 0
t t

cb t const
≥

≥ > ,       (4.4.14.) 

sadac { } ,  mT TC c R c c m βδ= ∈ = + ≤ . 

marTvadi procesebis dinamiuri Tvisebebis Sefasebas , x Gδ η∈  

dros iZleva Semdegi Teorema.  
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Teorema 1. vTqvaT Sesrulebulia (4.4.14.) utoloba. da 

( ),  t τΦ  sistemis koSis xx A x′ ′= matricisaTvis adgili aqvs 

Sefasebas:  

( ) ( )0
0 0,  ,   tt c e t tδ τϕ τ τ− −≤ ≥ ≥        (4.4.15.) 

sadac 0 0,   c δ  dadebiTi konstantebia. maSin, Tu  

( ) ( ) ( )

( )
0

0 0 01 max    sup . max 1 0,

                                     1 max 0,

m m
t t

m

b c hx t c r

b

β β

β

δ δ δ

δ

≥
′− − + = >

− >
      (4.4.16.)  

sadac 
( )
( )0

max m
1, 1, -1t t

b t
max ,   sup ,  c max c   i m i
i n i n

b
cb t

β β
= =≥

′= = = и ( ) , x t Gδ η= , 

yvela ( )1 1 0 t t t t≥ ≥ , maSin 1t t≥  samarTliania Tanafardoba  

( ) ( ) ( ) ( ) ( )1

0 0

1 0
0 1 sup sup ,   p t t

x m
t t t t

cx t q c x t M t e h t b
p

η η− −−

> >

⎛ ⎞
′ ′≤ + +⎜ ⎟

⎝ ⎠
(4.4.17.) 

0,t t≥  sadac ( ) 11 ,  max ,   
1 max

m
m m

m

cq c b
bβ

β
δ δ δ

δ
′+′ ′ ′= + + =

−
  

,
1 max mbβ

ηη
δ

=
−

 0p
1 max m

r
bβδ

=
−

. 

rogorc moyvanili mtkicebulebidan irkveva, (4.4.13.) da (4.4.15.) 

pirobebis Sesrulebis dros δ  konstantis Sesabamisi SerCevis 

xarjze, yovelTvis SeiZleba eqsponencialuri Tanxvedris garan-

tireba marTvadi , x Gδ η∈ -is dros procesebis p  maCvenebelTan 

n
xR  sivrcis sawyisi koordinatebis zogierT midamoebSi, romlis 

zomebic proporciulia η  sididis.  

, Gδ η  invariantulobis _ 0, G Δ  piroba, romelic iZleva 

, x Gδ η∈  SesaZlo CarTvis garantirebas 1t  momentidan ( )1 0, x t G Δ∈  

pirobis Sesrulebisas, moyvanilia Semdeg TeoremaSi.  

Teorema 2. vTqvaT Sesrulebulia (4.4.14.) piroba da yvela 

c C∈ -Tvis adgili aqvs Semdeg Tanafardobebs:  
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( ) ( )
( )0

0 sgn sup ,   1,
i

i
t t

ca t
k cb i n

cb t≥
> =       (4.4.18.) 

0
0l k ξ> ,          (4.4.19.) 

η > Δ ,                (4.4.20.) 

2

1

γα

η

≥
Δ

−
,          (4.4.21) 

sadac ( ) ( )( ) ( ) ( )( )
0,  1

0

1,

1 1max sup ,   
c C d

i
i

i n t t i
c a t b t dk cb t t dl

β
γ ϕ

δ η
∈ ≤

= ≥

⎧ ⎫⎡ ⎤⎪ ⎪= + +⎢ ⎥⎨ ⎬
⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭

ma-

Sin , Gδ η  simravle warmoadgens Sμ
Δ
 sistemis 0, G Δ  invariantul 

simravles.  

(4.4.18.), (4.4.19.) da (4.4.21.) gansazRvraven uaryofiTi ukukavSi-

ris koeficientis arCevaze SezRudvas, (4.4.18.), (4.4.19.) koordina-

tul da (4.4.20.) da (4.4.21.) koordinatul-operatoruli ukukavSi-

ris konturSi. aRvniSnoT moyvanili pirobis is gansakuTrebulo-

ba, rom η  sidide ar SeiZleba SerCeul iqnas nebismieri, aramed 

unda akmayofilebdes (4.4.20.) utolobas. Tu gaviTvaliswinebT, 

rom ( )
0

sup
t t

c tξ
≥

Δ =  (4.4.17.)-dan SeiZleba gavakeToT daskvna imis 

Sesaxeb, rom roca , x Gδ η∈  adgili aqvs marTvadi procesebis 

eqspontencialur Tanxvedras 
n
xR  nulis garSemo, romlis zomebi 

proporciulia ( )tξ  xmauris sididis.  

Tu gamoviyenebT meTodikas gadmocemuls [77, 78]-Si, SeiZleba 

iTqvas, rom Teorema 2-is pirobebi iZlevian agreTve , Gδ η  simrav-

lis mizidvis garantias, ufro metic, iZlevian garantias Sμ
Δ
 sis-

temis TiToeuli ( ) ( ),   x t tμ  amonaxsnisaTvis iseTi saboloo mo-

mentis arsebobis, rom ( )1 ,  x t Gδ η∈ . 
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gadawyvetili amocanebis erToblioba iZleva saSualebas 

CamovayaliboT marTvadi procesebis Sefasebis zogierTi saerTo 

Sedegi (4.4.4a) saxiT Sμ
Δ
 sistemaSi. 

Teorema 3. davuSvaT, rom Sesrulebulia Teorema 1 da 

Teorema 2-is pirobebi. maSin 

( )
0

21
1 0 sup m

t t m

cN qc M t e
ω

α

δβ
−

≥
=        (4.4.22) 

( ) ( )
0 0

1 10
2 0 1sup supm

m
t t t tm

c cN q c M t r hx t b
p

η η
δβ

−

≥ ≥

⎛ ⎞
′= + +⎜ ⎟

⎝ ⎠
, (4.4.23) 

( )
0

0 sup x m
t t

cr q h t b
p

η η
≥

′ ′= + ,        (4.4.24) 

sadac ( ) ( )( )
0

0sup ,    
t t

A t B t kω
≥

= +          (4.4.25) 

( ) ( )
0

0
0 2

1

sup
1 ,t t

b t l k
r e

ω
α

ξ

ω
≥

+
⎛ ⎞= −⎜ ⎟
⎝ ⎠

      (4.4.26) 

m ii 1,n1,
 max ,   minm i

i n
c c β β

==
= = . 

 

daskvna 

miRebuli Sedegebi gvaZleven saSualebas SevafasoT SezRu-

duli xmauris gavlena marTvadi procesebis dinamikaze da ganva-

xorcieloT avtomaturi marTvis binaruli sistemebis sinTezi 

procesis saregulirebeli koordinatebis informaciaSi arakont-

rolirebadi xmauris arsebobisas. aRvniSnoT, rom Tu ( ) 0tξ =  

roca 0t t≥  (4.4.7)-Si 0Δ =  da avirCevT sidides 0η =  1-3 

TeoremebSi, mivdivarT Tanafardobamde binaruli sistemis 

sinTezisaTvis idealuri informaciis pirobebSi, Camoyalibebuli 

da miRebuli adre [74, 77, 78]-Si. 
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4.5. marTvis binaruli sistemebis mdgradoba gadamrTveli 

mowyobilobis arxebSi araidealurobis arsebobisas 

ganixileba araavtonomiuri sistemis marTvis amocana aRweri-

li Cveulebrivi meore rigis diferencialuri gantolebiT [85]. 

( ) ( ) ( ) ( )2 1 0,   x t a x t a x t u t t t+ + = ≥ ,       (4.5.1.)  

romlis parametrebi warmoadgenen drois Tavisufal funqciebs, 

romlebic icvlebian SezRudul cnobil diapazonSi 

( ) , ,   i i ia t a a− +⎡ ⎤∈ ⎣ ⎦  01,2,   i t t= ≥ . marTvis ( )u t  funqciis arCeviT uz-

runvelyofili unda iqnas marTvadi procesebis Tvisebebis 

mciredi damokidebuleba sawyisi sistemis cvlad parametrebze da 

garantirebuli iyos Tanxvedra ( ) 0x t → , roca t → ∞ . 

cnobilia dasmuli amocanis gadawyvetis sxvadasxva meTodebi. 

yvelaze ufro farTo SesaZleblobebi praqtikuli gamoyenebis miz-

niT gaaCnia midgomas, ganviTarebuls avtomaturi marTvis binaruli 

sistemebis TeoriaSi [86]. am meTodze dayrdnobiT mokled aRvweroT 

zogierTi idea, gamoyenebuli binaruli sistemebis sinTezis dros.  

SevniSnavT, rom moTxovnebi, wayenebuli marTvadi procesebis 

mimarT Caketil sistemaSi dakmayofilebulia, Tu TiToeul mis 

amoxsnaze dawyebuli Sesabamisi 1t  drois momentidan Sesrulebu-

lia toloba ( )( ) 0x tσ = , sadac  

( )x cx xσ = + ,        (4.5.2.) 

da 0c const= > . Tu ( )( ) 0x tσ = , maSin funqcia ( )x t  warmoadgens 

Semdegi difercnialuri gantolebis amonaxsns: 

( ) ( ) 10,   t tcx t x t+ = ≥               (4.5.3.) 

da Sesabamisad,   ( ) ( ) ( )1 1expx t x t c t t= − −⎡ ⎤⎣ ⎦        (4.5.4.) 

 rogorc Cans, ganxilul SemTxvevaSi gardamavali procesi 

ar aris damokidebuli S -sistemis ( ),   1,2,ia t i =  parametrebze da 

Caketili sistemis amonaxsni eqsponentiurad mdgradia, e. i. 

dasmuli amocana mTlianad gadawyvetilia. 
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[85, 86]-Si SemoTavazebulia ( )tσ  funqciis ganxilva, rogorc 

koordinatul-parametruli marTvis konturis regulirebis cdo-

milebis. misi sidide gansazRvravs marTvadi procesis mowyobi-

lobis moTxovnilebidan gadaxras, mocemuls TanafardobiT 

( )( ) 0x tσ = . 

( )tσ  cdomilebis kompensaciisaTvis iqmneba koordinatul-

parametruli tipis ukukavSiri. Sedegad, Caketili sistemebis 

struqturuli sqema sinTezirebuli ori tipis uaryofiTi ukukav-

Siris gamoyenebiT: Cveulebrivi koordinatuli da koordinatul-

parametruli, miiRebs saxes, warmodgenils (nax. 4.5.1) [85, 87].  

 

naxazze sawyisi S -sistema warmodgenilia yR  operatoriT, 

koordinatuli tipis ukukavSiri uR , koordinatul-parametruli 

tipis ukukavSiri Rμ . ormagi isrebi aRniSnaven parametruli 

tipis kavSiris arsebobas, an sistemaze parametruli aRSfoTebis 

moqmedebis arxebs. Caketili sistemis dinamiuri Tvisebis damkveTi 

xS  unda SeirCes iseTi saxiT, rom koordinatul-parametruli 

konturis ( )tσ  cdomileba gansazRvruli iyos (4.5.2.)-is Tanaxmad. 

aseTi struqturis Tvisebebis SemdgomSi gamokvleva da maT 

safuZvelze Caketili sistemis ageba moiTxovs Sesabamisi saxis 

nax. 4.5.1

Sy Ru 

Ry 

a(t) Px 

Rμ Ru 

u(t)

μ(t) σ(t) xs(t) 

ys(t) 

x(t) 

Px 
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operatorebis konkretulobas. marTvis koordinatuli konturis 

operatori uR  ganisazRvreba arawrfivi TanafardobiT: 

( ) ( ) ( )u t K t x t=             (4.5.5.) 

gadacemis cvladi koeficientiT ( )K t , romelic yalibdeba 

koordinatul-parametruli konturSi Semdegi saxis: 

( ) ( )

( )
( ) ( )

( ) ( ) ( )

0

0

                 

sgn    1,

  1,     1. 

K t K t

t t
t

t t t

μ

α σ μ
μ

ωμ μ μ

=

⎧− ≤⎪= ⎨
− > ≤⎪⎩

roca

roca

      (4.5.6.) 

sadac 0,   Kα  _ zogierTi dadebiTi mudmivebia, magram Zalian mci-

redi gansxvavebebTan nulisagan.  

Tanafardobebi (4.5.1.), (4.5.2.), (4.5.5.) da (4.5.6.) aRweren Caketil 

sistemas koordinatul da koordinatul-parametruli tipis uku-

kavSirebiT. 

aseT sistemas [75]-is Sesabamisad vuwodebT ( )1Sμ  sistemas. aq 

indeqsi μ  aCvenebs, rom Caketili sistemis sinTezis dros koordi-

natuli ukukavSiris garda gamoyenebulia koordinatul-parametru-

li ukukavSiri, ricxvi 1 ki uCvenebs imas, rom koordinatuli 

konturis regulirebis kanonSi monawileobs mxolod cdomilebis 

koordinata ( )x t . SevniSnavT, rom koordinatul-parametruli uku-

kavSiris Seyvanas mivyavarT Caketili ( )1Sμ -sistemis mdgomareobis 

sivrcis gafarToebamde sawyis S -sistemasTan SedarebiT. ( )1Sμ -sis-

temis gadawyvetileba yalibdeba sameuliT ( ) ( ) ( )( ),  ,  tx t x t μ , maTi 

analizisTvis gamoyenebuli iqneba aparati, damuSavebuli [80]-Si. 

rogorc [77, 87]-Si aris naCvenebi, zusti toloba ( )( ) 0x tσ =  

( )1Sμ -sistemis amonaxsnze SesaZlebelia mxolod gadacemis usasru-

lobis koeficientebis gamoyenebiT marTvis koordinatul-paramet-

rul konturSi. amas mivyavarT iqamde, rom regulirebis kanoni 

naCveneb konturSi xdeba releuri, da marTvis konturSi, Caketils 
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obieqtiT, SesaZlebelia mosriale reJimebis warmoqmna, romelic 

zogierT SemTxvevaSi ar aris sasurveli sistemis eqspluataciis 

pirobebidan gamomdinare. amasTanave, ( )1Sμ -sistemaSi gadacemis sas-

ruli koeficientebis gamoyeneba iZleva saSualebas uzrunvelvyoT 

moTxovnili toloba ( )( ) 0x tσ =  miaxloebulia Semdegi arsiT. 

( )1Sμ  sistemis konstruqciuli parametrebis Sesabamisi SerCeviT 

SeiZleba uzrunvelvyoT ( ) ( )( ),  x t x t  veqtoris mikuTvneba Gσ  

simravlis sareguliro koordinatebis, mocemulis Semdegi saxiT: 

{ }2( ,  )   :  ( )   xG x x R x xσ σ σ= ∉ ≤ , 

sadac σ  zogierTi dadebiTi konstantaa. ( ) ( )( ),  x t x t Gσ∈ CarTvis 

Sesrulebisas dawyebuls ( )1Sμ -sistemis Sesabamisi gadawyvetile-

bis zogierTi momentidan, marTebulia Sefaseba: 

( ) ( )( ) ( ) ( )( )1 1 1 1exp expx t c t t x t c t tδ δ− + − ≤ − − −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦ .     (4.5.7.) 

aqedan Cans, rom σ -s sakmaod mcire mniSvnelobis dros marT-

vis procesis Tviseba ( ) ( )( ),  x t x t  axlos iqneba mocemulTan, da pa-

rametruli aRSfoTebis gavlena aseve ganisazRvreba σ  sididiT. 

moyvanili msjelobebi gvaZlevs saSualebas gavakeToT 

daskvna imis Sesaxeb, rom dasawyisSi dasmuli marTvis amocana 

SeiZleba gadawyvetili iqnas avtomaturi regulirebis binaruli 

sistemebis klasSi. 

Caketili sistemis Tvisebebi teqnikuri realizaciis dros 

adekvaturi iqneba ( )1Sμ -sistemis maTematikuri Tvisebebis im Sem-

TxvevaSi, Tu fizikuri sistemis elementebs eqnebaT idealuri, an 

idealurTan miaxloebuli maxasiaTeblebi. amave dros zogierT 

SemTxvevaSi SeuZlebelia ugulebelvyoT gadamrTvel mowyobi-

lobebSi dagvianebis, inerciulobis da sxvaTa arseboba. amasTan 

dakavSirebiT daismis amocana _ gamovikvlioT sxvadasxva saxeobis 

araidealurobis gavlena avtomaturi regulirebis binaruli 

sistemis dinamikaze. 
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am naSromSi irkveva koordinatul-parametruli konturis re-

leuri elementis maxasiaTebelSi dagvianebis da histerezisis tipis 

araidealurobis gavlena ( )1Sμ -sistemis dinamikaze, SemoTavazebu-

lia aseTi sistemis analizis meTodebi, gamoikvleva maTi Tvisebebi. 

formalurad realur elementSi mudmivi dagvinebis 

0constτ = >  arseboba migviyvans iqamde, rom regulirebis kanoni 

(4.5.6.) miiRebs Semdeg saxes:  

( ) ( )

( )
( ) ( )

( ) ( ) ( )

0

0

                       

sgn   при 1,

  при 1,  1. 

K t K t

t t
t

t t t

μ

α σ τ μ
μ

ωμ μ μ

=

⎧− − ≤⎪= ⎨
− > ≤⎪⎩

     (4.5.8.) 

histereziss maryuJis sididiT 2Δ  releuri elementis maxa-

siaTebelSi (ix. nax. 4.5.2.) mivyavarT Tavis mxriv koordinatul-

parametrul konturSi marTvis Semdeg kanonamde: 

( ) ( )

( )
( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( )

0

0

                  

sgn    t ,  1,

sgn     t ,  1,  

   1,  1.

K t K t

t t

t t t

t t t

μ

α σ σ μ

μ α σ σ μ

ωμ μ μ

=

⎧− ≥ Δ ≤
⎪⎪= − < Δ ≤⎨
⎪

− > ≤⎪⎩

roca

roca

roca

        (4.5.9.) 

(4.5.1.), (4.5.2.), (4.5.5.)^da (4.5.8) Tanafardobebi aRweren koordina-

tul-parametruli ukukavSiris gadamrTvel mowyobilobaSi ( )1Sμ -

sistemas τ  dagvianebiT, SemdgomSi mas vuwodoT ( )1Sτ
μ -sistema. Se-

sabamisad (4.5.1.), (4.5.2.), (4.5.5.)^da (4.5.9.) gantolebebi iZlevian ( )1Sμ -

sistemis araidealurobis histerizisis tipis ( )1Sμ
Δ

-sistemas. 

marTvis amocanis dasma, axladSemoyvanili sistemisaTvis, Se-

vinarCunoT im saxiT, romelic iyo Camoyalibebuli (4.5.1.) sistemi-

saTvis. 
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gamovikvlioT ( )1Sτ
μ -sistema. adre iyo naCvenebi, rom Tu 

( )1Sτ
μ -sistemis nebismieri gadawyvetilebis proeqcia 

2
xR -ze (aq da 

SemdgomSi proeqciaSi igulisxmeba veqtori ( ),x x ) dawyebuli 1t  

drois Sesabamisi momentidan akmayofilebs CarTvas ( ),  xx Gδ∈ , 

maSin adgili aqvs Sefasebas (4.5.7.). amitom dasmuli amocana iqneba 

gadawyvetili, Tu im pirobidan, wayenebuli sistemis dinamikaze, 

gansazRvruli iqneba  c δda  mudmivebi. algoriTmis konstruqci-

uli parametrebis 0 Kα da arCeva iZleva sareguliro koordi-

natebis ( ),x x  arCeul Gσ  simravleze mikuTvnebis garantias, 

dawyebuli 1t  drois zogierTi momentidan. 

( )1Sτ
μ -sistemis gamokvlevisadmi msgavsi midgoma, rogorc [75, 

77, 87, 88]-Sia cnobili, gulisxmobs erTmaneTTan dakavSirebuli 

sami amocanis amoxsnas: (a) _ Gδ -sTan ( )1Sτ
μ -sistemis amonaxsnis 

proeqciis krebadobis uzrunvelyofa 
2
xR -ze; (b) _ ( ),  xx Gδ∈  pi-

robis uzrunvelyofa ( )1Sτ
μ -sistemis nebismieri amonaxsnisaTvis 

dawyebuli drois Sesabamisi momentidan ( )0T T tδ δ ≥ ; (g) _ pirobe-

bis gansazRvra, romlebic uzrunvelyofen marTvis procesis moT-

xovnil dinamikas ( ) ( )( ),  ,     x t x t G t Tδ δ∈ ≥ -s dros. (a), (b), (g) 

amocanebis amoxsna warmoadgens kvlevis mizans.  

2Δ Ο 

α 

μ(t) 

σ(t) 

nax. 4.5.2. 
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ganvixiloT (b) amocanis amoxsna im winadadebiT, rom simrav-

le Gδ  mocemulia. SemdgomSi Sedegebis Camosayalibeblad, mosa-

xerxebelia Tu visargeblebT Semdegi gansazRvrebiT [85]. 

gansazRvreba 1. simravle Gσ  warmoadgens δ  invariantuls 

( )1Sτ
μ -sistemis simravlis, Tu misi amoxsnisaTvis ( ) ( ) ( )( ), ,x t x t tμ  

iseTia, rom ( ) ( )( ) ( )0 0 0 0, , 1x t x t G tμ∈ ≤  yvela 0t t≥ -sTvis adgili 

aqvs CarTvas ( ) ( )( ),  x t x t Gδ∈ . aq ( ) ( ){ }2
0 , 0xG x x R x cx xσ= ∈ = + = . 

aseT SemTxvevaSi (b) amocanis amoxsnisaTvis sakmarisia Gδ  

simravlis σ -invariantulobis uzrunvelyofa. amisaTvis Sesabamis 

pirobebs iZleva Teorema 1. 

Teorema 1. davuSvaT ( )1Sτ
μ -sistemisaTvis Sesrulebulia 

Tanafardobebi:  

0K m> ,         (4.5.10) 

( )0K mδ τ> + ,     

    (4.5.11) 

( )
( )

0

0

2 K m
K m

α
δ

+
>

− +
,       (4.5.12) 

sadac ( ) ( ) ( ) ( )2
1 2 0max / 1,m a t a t c c t tαδ αδ α= − + + + ≤ ≥ . 

maSin Gδ  simravle warmoadgens ( )1Sτ
μ - sistemis simravlis 

σ -invariantulobas 

Camoyalibebuli mtkicebulebis komentirebisas aRvniSnoT Sem-

degi: (4.5.10), (4.5.11), (4.5.12) Tanafardobebi gansazRvraven gaZlierebis 

koeficientebs Sesabamisad koordinatul da koordinatul-para-

metruli ukukavSirebis konturebSi. Teorema 1-dan gamomdinareobs, 

rom Gδ -s σ -invariantuloba SeiZleba garantirebul iqnas mxolod 

im SemTxvevaSi, roca Sesrulebulia (4.5.11.) piroba. im SemTxvevaSi, 

Tu ( )0K mδ τ= +  σ -invariantulobis Tviseba miiRweva ( )tμ  sidi-

dis cvlilebis releuri xasiaTis dros. moyvanilis gaTvaliswi-
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nebiT gamomdinareobs, rom ( )1Sτ
μ -sistemaSi σ  da c  sidideebi ar 

SeiZleba SerCeul iqnas Tavisuflad gamomdinare mxolod im piro-

bebiT, romlebic waredginebaT marTvadi procesebis dinamikas, da 

am SemTxvevaSi gaTvaliswinebuli unda iqnas (4.5.11) Tanafardoba. 

amas garda, aRniSnuli Tanafardobis martivi analizi aCvenebs, rom 

c -s TiToeul fiqsirebul mniSvnelobas Seesabameba iseTi τ  sidi-

dis iseTi kritikuli mniSvneloba τkr , rom yvela τ -Tvis, romle-

bic akmayofileben utolobas τ τ≤ kr , (4.5.11) piroba gamoyofs ric-

xobriv RerZze σ simravlis SesaZlo mniSvnelobebs. samarTliania 

aRiniSnos isic, rom τ sakmaod didi mniSvnelobis dros 

SeuZlebelia aramarto sareguliro koordinatebis veqtoris Gδ  

simravlisadmi mikuTvnebis garantia, aseve Caketili sistemis 

gadawyvetis mdgradoba. meores mxriv, τ -s mcire mniSvnelobis 

dros, rogorc Cans, yovelTvis SeiZleba iseTi δ  arCeva, romelic 

daakmayofilebs (4.5.11.) utolobas. aseve unda aRiniSnos, rom roca 

0τ =  (4.5.11.) da (4.5.12.) utolobidan gadavdivarT Tanafardobebze, 

romlebic iZlevian garantias Gδ -s σ -invariantulobis. 

(a) amocanis amoxsnisaTvis visargebloT gansazRvrebiT [85]. 

gansazRvreba 2. Gδ simravle aris ( )1Sτ
μ -sistemis mimzidveli 

simravle, Tu ( )1Sτ
μ -sistemis nebismieri amonaxsnisaTvis 

( ) ( ) ( )( ), ,x t x t tμ  iseTia, rom ( ) ( )( )1 1,x t x t Gδ∈ , an 

( ) ( )( )lim ,
t

x t x t Gδ→∞
∈ . 

aRvniSnoT, rom piroba romelic iZleva Gδ simravlis mimzid-

velobis Tvisebis garantias, uzrunvelyofs erTdroulad (a) amo-

canis gadawyvetas. Semdegi Teorema iZleva saZiebel pirobebs. 

Teorema 2. davuSvaT ( )1Sτ
μ -sistemisaTvis Sesrulebulia 

(4.5.11.) Tanafardoba. 

0 1K c>         (4.5.14) 
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da maxasiaTeblis gantolebas 
* * *

2 1 0+K  = 0P a P a+ +  ar gaaCniaT 

namdvili fesvebi 
* *

2   a ada  fiqsirebuli nebismieri parametrebis 

dros, diapazonidan 
*
1 1 2,  a a a− +⎡ ⎤∈ ⎣ ⎦ , 

*
2 1 2,  a a a− +⎡ ⎤∈ ⎣ ⎦ , maSin Gδ  

simravle warmoadgens ( )1Sτ
μ -sistemisaTvis mimzidvel simravles. 

( )1Sτ
μ -sistemaSi regulirebis xarisxis uzrunvelyofis amoca-

nis amoxsna miiReba (4.5.7.) Sefasebis daxmarebiT, romelic marTebu-

lia ( ),  xx Gδ∈ -s dros. (4.5.7.) Tanafardoba, saxeldobr aCvenebs, rom 

Tu ( ),  xx Gδ∈  da 0c δ− > , maSin ( ) ( ) 0x t x t+ → , roca t → ∞ . 

aqedan gamomdinare, ( )1Sτ
μ -sistemis gamokvlevisas moyvanili 

Sedegebis erToblioba gvaZlevs saSualebas vamtkicoT Semdegi. 

Tu Sesrulebulia 1 da 2 Teoremebis pirobebi da utoloba c δ> , 

maSin ( )1Sτ
μ -sistemis nebismieri amonaxsnisaTvis adgili aqvs Tvi-

sebas ( ) ( ) 0x t x t+ → , roca t → ∞ da amas garda roca 

( ),  xx Gδ∈  marTebulia eqsponencialuri Sefaseba (4.5.7.). 

ganxiluli sistemis regulirebis koordinatebis veqtoris 

mikuTvnebis uzrunvelyofa Gδ simravlisadmi SeuZlebelia histe-

rezisis arsebobis gamo, Tundac gamoyenebul iqnas releuri ko-

ordinatul-parametruli ukukavSiri. es faqti aRniSnulia saxel-

dobr [39]-Si. miuxedavad amisa, rogorc es naCvenebi iqneba Semd-

gomSi, ( )1Sτ
μ -sistemis amoxsnisaTvis, Tu Sesabamisad SeirCeva kon-

struqciuli parametrebi, SeiZleba mivaRwioT ( ) ( )( ) ,,  x tx t Gδ η∈  

CarTvas ,Gδ η  simravleebisTvis mocemuli saxiT 

{ }2
, ( , ) : ( )xG x x R x xδ η σ δ η= ∈ ≤ + . 

aq ,   constη η= > Δ , sadac Δ gadamrTveli mowyobilobas 

maxasiaTeblis histerezisis maryuJis siganea.  
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SeiZleba vaCvenoT, rom Tu ( )1Sμ
Δ

-sistemis zogierTi amonaxs-

nisaTvis, dawyebuli drois 1t  momentidan yvela 1t t≥ -saTvis, 

Sesrulebulia CarTva ( ) ,,  xx Gδ η∈ , maSin marTebulia ( )x t  

sididis cvlilebaze Semdegi Sefaseba: 

( ) ( ) ( )( ) ( )( )( )1 1 1

1

exp 1 exp ,

                                                       

x t x t c t t c t t
c

t t

ηδ δ
δ

⎡ ⎤≤ − − − + − − − −⎡ ⎤⎣ ⎦ ⎣ ⎦−
≥

(4.5.15.) 

ganvaxorcieloT ( )1Sμ
Δ

-sistemis gamokvleva zemoT SemoTava-

zebuli sqemis mixedviT da amovxsnaT misTvis (a), (b), (g) 

amocanebis erToblioba. 

pirobas, romelic uzrunvelyofs (b) amocanis gadawyvetas, 

iZleva Semdegi mtkicebuleba. 

Teorema 3. davuSvaT ( )1Sμ
Δ

-sistemisTvis Sesrulebulia Tana-

fardoba: 

( )
( )

02 K m
α η

δ η
+

>
− Δ

          (4.5.16.) 

( )
0

2max 0
t t

c a t
≥

− <⎡ ⎤⎣ ⎦          (4.5.17.) 

maSin ,Gδ η  simravle aris σ -invariantuli ( )1Sμ
Δ

-sistemis simravlis. 

Tu SevadarebT moyvanil mtkicebulebas 1 TeoremasTan, aRv-

niSnavT, rom ( )1Sμ
Δ

-sistemisagan gansxvavebiT, romlisTvisac 

gadamrTveli mowyobilobis arxSi garkveuli kritikuli sididis 

mniSvnelobis dagvianebis arsebobis dros, SeuZlebelia Gσ  

simravlis σ -invariantulobis garantireba, gansazRvruli 

Tavisufali c  da δ  mudmivebiT.  

am SemTxvevaSi igulisxmeba, ra Tqma unda, rom Gσ  simravle 

ar emTxveva 
2
xR  sivrces, magram uzrunvelyofs Tanxvedras 

( ) ( ) 0x t x t+ → , roca ( ) ( )( ) ,,  x tx t Gδ η∈  da t → ∞ . ( )1Sμ
Δ

-sistemi-



 118

saTvis ,Gδ η  simravlis aseTi arCeva ar aris rTuli, sakmarisia 

mxolod uzrunvelyofa utolobis η > Δ . amasTanave, rogorc 

(4.5.15.) utolobidan gamomdinareobs, ( )1Sμ
Δ

-sistemaSi SeuZlebelia 

sareguliro koordinatebis veqtoris normis nulTan Tanxvedris 

garantireba, magram SesaZlebelia mxolod ( )1Sμ
Δ

-sistemis proeq-

ciis Tanxvedris uxrunvelyofa koordinatebis zogierT sawyis 

midamoSi. aRvniSnoT agreTve isic, rom 0=Δ -is dros ( )1Sμ
Δ

-

sistema gadagvardeba ( )1Sμ
Δ

-sistemad da miRebuli Sedegebi 

adekvaturia ( )1Sμ
Δ

-sistemis gamokvlevis [75]. 

(a) amocanis amoxsnas ( )1Sμ
Δ

-sistemisaTvis iZleva Semdegi 

mtkicebuleba. 

Teorema 4. davuSvaT, rom ( )1Sμ
Δ

-sistemisaTvis Sesrulebulia 

Tanafardobebi (4.5.10.), (4.5.16.), maSin ,Gδ η  simravle warmoadgens 

( )1Sμ
Δ

-sistemis mimzidvel simravles. 

Camoyalibebuli mtkicebulebis komentars Tu gavakeTebT, aR-

vniSnavT, rom Teorema 4-is pirobebis Sesrulebis dros ( )1Sμ
Δ

-

sistemis TiToeuli amonaxsnisTvis arsebobs drois bolo momen-

ti ( ) ( )( ) ( )1 1 0 0 0 0, ,   t t x t x t t tμ= >  iseTi, rom ( ) ( )( ) ,,  x tx t Gδ η∈ . amas-

Tan ( )1Sμ
Δ

 sistemisaTvis igive pirobebis Sesrulebis dros, an 

Teorema 2. pirobebis, ar gamoiricxeba iseTi amonaxsnis arseboba, 

romelTaTvisac ( ) ( ) 0x t x t+ → , roca ( ) ( )( ) ,,  x tx t Gδ η∈  da 

t → ∞ t -s aseTi saboloo mniSvnelobis dros. 

utoloba (4.5.15.) samarTliani ( )x t  cdomilebis koordinate-

bisaTvis, roca ( ) ,,  xx Gδ η∈  da iZleva saSualebas Sefasdes 

( )1Sμ
Δ

-sistemaSi regulirebis xarisxi. 
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moyvanili Sedegebi uCveneben imas, rom Tu Sesrulebulia 

Teorema 3-is pirobebi da utoloba c δ> , maSin konstruqciuli 

parametrebis saTanado SerCeviT SesaZlebelia ( )1Sμ
Δ

-sistemaSi 

marTvis procesebis saWiro dinamikis uzrunvelyofa. 

 

4.6. daskvna 

gamokvleulia dinamiuri araidealurobis gavlena wrfivi 

arastacionaruli obieqtebis marTvisas, romlis drosac gamoye-

nebulia binarulobis principis idea, romelic mdgomareobs sis-

temis mdgomareobis sivrcis gafarToebaSi, anu obieqtis koordi-

natebis da marTvis sistemis operatorebis erTobliv ganxilvaSi. 

ganxilulia optimaluri marTvis binaruli sistemebis sinTe-

zis meTodebi regulirebis arxebSi da gadamrTvel mowyobilo-

bebSi araidealurobis arsebobisas. SemoTavazebulia analizis 

meTodebi da miRebulia Tanafardobebi, romlebic uzrunvelyofen 

Caketili sistemis sinTezis ganxorcielebas mocemul pirobebSi.  

gamokvleulia wrfivi sasrulganzomilebiani dinamiuri pro-

cesebis marTvis binaruli sistemis muSaoba regulirebis arxebSi 

xmauris da dagvianebis arsebobis SemTxvevaSi.  

ganxilulia avtomaturi marTvis binaruli sistemebis mdgo-

mareobis mdgradobis problema gadamrTvel mowyobilobebSi 

dagvianebisa da histerezisis tipis araidealurobis arsebobisas. 

SemoTavazebulia aseTi sistemebis analizis meTodebi, gamokvle-

ulia maTi Tvisebebi. bolos SeiZleba aRvniSnoT, rom naSromSi 

miRebuli Sedegebi binaruli sistemebis gamokvlevisas, romlebic 

funqcionireben gadamrTveli mowyobilobebis arxebSi dagviane-

bis, an histerezisuli petlis arsebobisas qmnian ganxiluli 

klasis sistemebis parametruli sinTezis safuZvels.      
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Tavi 5.  avtomaturi optimizatorebis ageba 

  mosriale reJimebze da maTi eqsperimentuli  

  gamokvleva 

 

1. Sesavali 

Tanamedrove periodSi gamoTvliTi teqnikis, mikroproce-

sorebis, sxvadasxva saxis kontrolerebis, kompiuteruli teqnikis 

da maTi programuli uzrunvelyofis ganviTarebis miuxedavad 

didi yuradReba eqceva avtomaturi optimizatorebis Teoriis da 

maTi agebis inJinruli meTodebis ganviTarebas, SemoTavazebulia 

didi raodenobis marTvis algoriTmebi da maT bazaze agebuli 

mowyobilobebi da sistemebi, magram maTi gamoyeneba realuri teq-

nikuri sistemebis damuSavebisas garkveul wilad SezRudulia 

(zogierT SemTxvevaSi ki saerTod SeuZlebelia). 

sadisertacio naSromSi Catarebuli gamokvlevebis da damuSa-

vebuli algoriTmebis safuZvelze ganvixiloT avtomaturi optimi-

zatorebis struqturuli da principuli sqemebi da maT bazaze 

agebuli avtomaturi optimizatorebis ramodenime saxeoba, rom-

lebic sawarmoo pirobebSi unda akmayofilebdnen rig moTxovnebs: 

• aparatura unda iyos universaluri, raTa SesaZlebeli 

iyos maTi gamoyeneba sxvadasxva teqnologiuri obieqte-

bisaTvis; 

• gamoyenebuli aparaturis saimedooba unda iyos maRali;  

• optimizatorebis sqemebi unda iyos martivi eqspluataci-

isaTvis; 

• maTi gamoyenebis SesaZlebloba afeTqebasafrTxian da ag-

resiul garemoSi, sadac aris radiacia da eleqtruli 

dabrkoleba; 

• standartul elementebze maTi awyobis SesaZlebloba qar-

xnul pirobebSi. 

rogorc cnobilia metalurgiul, energetikul, radioteqni-

kur da mrewvelobis sxva dargebSi (garda qimiuri da navTob-

qimiuri warmoebebis) farTod gamoiyeneba eleqtruli da eleqt-
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ronuli regulatorebi. aseTi aparaturis upiratesoba maTi nak-

lebi inerciulobaa. magram maTi gamoyeneba SezRudulia 

afeTqebasafrTxian pirobebSi da iq, sadac aris radiacia da ele-

qtruli dabrkoleba. amasTan dakavSirebiT damuSavebul iqna sam-

rewvelo pnevmoavtomatikis elementebis universaluri sistema 

(УСЭ ППА) [89]. aseTi elementebis funqcionaluri SesaZlebloba 

imdenad didia, rom maT bazaze SeiZleba Seiqmnas nebismieri mmar-

Tveli mowyobiloba da sistema rogorc uwyveti, aseve diskre-

tuli moqmedebis, SeuZliaT imuSaon saimedod afeTqebasafrTxian 

da agresiul garemoSi, agreTve garemoSi, sadac aris radiacia 

da eleqtruli dabrkoleba, martivia konstruqciulad da aqvs 

saSualeba imuSaos kompleqtSi nebismier eleqtronul da kompiu-

terul teqnikasTan. 

qvemoT ganxilulia universaluri pnevmoelementebis bazaze 

agebuli avtomaturi optimizatorebis ramodenime saxeobas [51-56]. 

gamokvleulia maTi muSaoba, mocemulia parametrebis arCevis 

rekomendacia, naCvenebia teqnologiuri obieqtebis optimaluri 

marTvis sistemebSi avtomaturi optimizatorebis gamoyenebis maga-

liTebi, rogorc eqstremaluri maxasiaTeblis mqone obieqtis 

marTvisas aseve stabilizaciis amocanis gadawyvetisas [90-93].  

 

5.2.  pnevmaturi eqstremaluri regulatori Ziebis  

 mudmivi siCqariT _ erp-3 

ganvixiloT eqstremaluri regulatoris agebis SesaZleb-

loba SemoTavazebuli (2.2.3) da (2.2.7) algoriTmebis saSualebiT, 

romlis Tanaxmad obieqtis gamosavali sidide y  mimdevno siste-

maSi edareba specialurad SerCeul damkveT zemoqmedebas, ro-

melic formirdeba monotonurad zrdadi an klebadi drois funq-

ciis saxiT ( )g t . Tu uzrunvelyofT y -is miyolas ( )g t -s mimarT, 

maSin y monotonurad miiswrafis eqstremumisken [49]. aseTi sis-

temis struqturuli sqema mocemulia nax. 2.2.2.-ze da moZraoba 

masSi aRiwereba gantolebiT:  
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 0

( )              
[ ( )],   ( ) ,

y f x g y
x u u sign g u V

ε
ε ε δ ρ

= = −
= = + = − +

           (5.2.1.) 

sadac 0u const= , 0 0u >  _ gansazRvravs mmarTveli signalis sidi-

des, 0δ >  mmarTveli signalis gadarTvis wertilebis `siaxlo-

ves" ε  RerZze, ( )uρ _ damkveTi zemoqmedebis siCqaris cvlileba, 

signali V gankuTvnilia (0)y da (0)g sawyisi pirobebis SesaTanx-

meblad da formirdeba sampoziciur polarizebul elementze his-

terezisuli maryuJis siganiT 

1 2

1 2

1 2

,  0 0,
0,  )( ) 0,

,  0 0;

M
V

M

σ σ
σ σ
σ σ

+ − Δ > >⎧
⎪= + Δ − Δ <⎨
⎪− < + Δ <⎩

roca da

roca (

roca da  

        (5.2.2.) 

1 2,    ,   .M ρ σ ε σ ε δ= = +  

[49]-is Tanaxmad nebismieri sawyisi pirobebisas aseT siste-

maSi yovelTvis aRiZvreba mosriale reJimi, romlis drosac obi-

eqtis gamosavali koordinata monotonurad miiswrafis minimu-

misken Tanaxmad gantolebisa: 

( )y uρ= −          (5.2.3.) 

gvaqvs ra saSualeba avirCioT damokidebuleba ( )uρ , SeiZle-

ba SevqmnaT gardamavali procesi sasurveli TvisebebiT, maT So-

ris uzrunvelvyoT eqstremumTan miaxloebis maqsimaluri siCqare. 

aseTi midgoma SeiZleba gamoyenebuli iqnas optimizaciis amoca-

nis gadawyvetisas, rodesac arsebobs SezRudva 

( ),x D x∈          (5.2.4.) 

da im SemTxvevaSic, rodesac aucilebelia gaTvaliswinebul 

iqnas obieqtis dinamiuri Tvisebebi. 

ganvixiloT (5.2.1.) da (5.2.2.) algoriTmebis bazaze agebuli 

eqstremaluri regulatoris muSaobis principi realizebuli 

pnevmoelementebze [51-53]. 

pnevmaturi eqstremaluri regulatori erp-3 gamoiyeneba eqst-

remaluri maxasiaTeblis mqone naklebad inerciuli obieqtebis 

optimizaciisaTvis. misi blok-sqema mocemulia nax. 5.2.1.-ze. 
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I bloki warmoadgens gP  damkveTi zemoqmedebis maformire-

bel integrators, II _ sawyisi pirobebis maformirebeli bloki 

gamosavali vP  signaliT, III _ uP  marTvis signalis maformire-

beli bloki, IV _ obieqtis Sesavali xP  signalis maformirebel 

integrators. yP , xP , Pε , gP  _ wnevebia, proporciuli obieqtis 

gamosavali koordinatis, obieqtis Sesavali parametris, ganu-

Tanxmoebis sididis da damkveTi zemoqmedebis, Sesabamisad. 

regulatorSi igulisxmeba, rom P constρ = , rac Seesabameba yP -is 

Tanabrad miaxloebas 
max
yP . sistemebSi Ziebis mudmivi siCqariT 

eqstremumTan miaxloebisas gluvi maxasiaTeblis gamo 
dx
df

 koefi-

cientis sidide mcirdeba da mosriale reJimi wydeba. Semdeg war-

moiqmneba rxeviTi reJimi da am reJimSi yP  ganagrZobs moZraobas 

eqstremumisken. eqstremumis midamoSi myardeba rxevebi, romlis 

amplituda Δ -s proporciulia da es ki gansazRvravs Ziebis 

cdomilebas. 

ganvixileT TiToeuli blokis realizaciis SesaZlebloba 

pnevmoelementebze da Semdgom mTlianad eqstremaluri regula-

toris.  

damkveTi zemoqmedebis maformirebeli integratoris daniSnu-

lebaa gP  damkveTi zemoqmedebis formireba monotonurad zrdadi 

drois funqciis saxiT: 

 

Pv Pε

Py Pg 

Pu II 

I 

III 

IV 

Px 

nax. 5.2.1.

Pρ 



 124

,    0g vP P P P constρ ρ= + = >        (5.2.5.) 

integratori (nax. 5.2.2.) Sedgeba Sedarebis elementisagan _ 1, re-

lesagan _ 2, sarqvelisagan _ 3, cvladi droselisagan _ 4, rele 

_ 5, inerciuli rgolisagan, romelic Sedgeba cvladi droselisa 

_ 6 da moculobisagan _ 7, da gamaZliereblisagan _ 8. 

 

 

sqemis muSaobis gasarkvevad ganvixiloT SemTxveva, roca Se-

mavali sidideebi 
1 2

0v v vP P P= = = , sadac 
1 2

,    v v vP P Pda  I integrato-

ris mmarTveli Sesavali signalebia, romelTa mniSvnelobebi 

formirdeba II blokSi. am pirobebis dros Pρ  sidide, romelic 

metia nulze 0Pρ > , miewodeba Sedarebis elementis 1 dadebiT 

kameraSi, romlis gamosavali amomrTveli reles 2 normalurad 

Ria saqSenis gavliT miewodeba inerciul rgols. inerciuli 

rgolis gamosavali rele 5-is normalurad Ria saqSenis gavliT 

miewodeba 8 gamaZliereblis Sesavals da inerciuli rgolis 

dadebiTi ukukavSiris daxmarebiT gamaZliereblis gamosavalze 

miviRebT gP  signals, proporciuls integralisa Pρ -dan. inte-

nax. 5.2.2. 
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gratoris drois mudmiva regulirdeba farTo diapazonSi 

cvladi droselis 2γ  daxmarebiT.  

ganvixiloT meore SemTxveva, roca Sesavali signalebi 

 = 1 vP
1
=1 vP

2
 0vP =da . vP  signali, romelic miewodeba amomrT-

veli reles mmarTvel kameras, daketavs normalurad Ria saqSens 

da gaxsnis normalurad Caketil saqSens. rele 5-is gamosavalze 

Seikribeba 
1vP signali, gamavali amomrTveli reles Ria saqSenis 

gavliT, inerciuli rgolis da 3 reles sarqvelis gavliT. am 

SemTxvevaSi gP -s cvlilebis siCqare SeiZleba gavzardoT 1γ  

droselis gamtarianobis cvlilebiT: 

mesame SemTxvevaSi 
2

= 1v vP P = da 
1
=0 vP . am dros damkveTi 

zemoqmedeba rele 5-is Ria sarqvelis gavliT swrafad icleba, 

ris Sedegadac myisierad iqmneba piroba, romlis drosac 

damkveTi zemoqmedeba gP  swrafad `eweva" obieqtis yP  gamosavals.  

sawyisi pirobebis maformirebeli blokis II _ daniSnulebaa 

marTvis sistemaSi sawyisi pirobebis myisieri Seqmna:  

( )( ) 0,P Pε εδ− Δ + + Δ ≤         (5.2.6.) 

da gantolebas, romelic aRwers mis muSaobas, aqvs Semdegi saxe: 

  

 ( )  ( ) ;

 >0  

1    ( ) 0 ( ) 0;

0   0

1 ( ) ( ) 0;

g y g y

v

g y g y

P P P Pg y g y

P P P P

P

P P P P

δ

δ

δ

⎡ ⎤ ⎡ ⎤− −Δ − + +Δ⎣ ⎦ ⎣ ⎦

− + Δ < − + − Δ <⎧
⎪⎪= <⎨
⎪

− − + Δ − + − Δ <⎪⎩

roca da

roca

roca da

 

 

1

2

 

  

 

;

1    ( ) 0;  

0   ( ) 0;

1    ( ) 0;

0   ( ) 0

g y
v

g y

g y
v

g y

P P
P

P P

P P
P

P P

δ

δ

− + Δ <⎧⎪= ⎨ − − Δ >⎪⎩
− + + Δ <⎧⎪= ⎨ − + − Δ >⎪⎩

roca

roca

roca

roca

        (5.2.7.) 
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sawyisi pirobebis maformirebeli bloki, romlis principuli 

sqema mocemulia nax. 5.2.3-ze, Sedgeba Sedarebis sami elementisgan, 

1, 2, da 3; xuTi relesagan 4, 5, 6, 7, 8 da ori mavaleblisagan 9 da 

10. blokis Semavali sidideebia yP  da gP , gamosavali _ vP , 
1vP , 

2vP . Sedarebis elementebze 2 da 3 damkveTi zemoqmedeba gP  

edareba yP + Δ  da yP δ+ + Δ  signalebs, sadac δ  da Δ mcire da-

debiTi sidideebia, romlebic regulirdeba 9 da 10 damkveTiT.  

 

ganvixiloT sqemis muSaoba im SemTxvevaSi, roca sruldeba 

utoloba g yP P< + Δ , am dros Sedarebis elementis 2 gamosavali 

signali miewodeba rele 6-is dadebiT kameraSi, romlis gamosa-

vali mierTebulia rele 7-is SesavalTan, misi gamosavali _ rele 

4-is da 8 SesasvlelebTan. aseT SemTxvevaSi blokis gamosasv-

leli signalebi 
1

1v vP P= = , xolo 
2

0vP =  da erTdroulad 4 da 7 

releebis daxmarebiT Δ  sidide Sedarebis elementebis dadebiTi 

kamerebidan gadairTveba uaryofiT kamerebSi. 

meore SemTxvevaSi, roca sruldeba utoloba  

nax. 5.2.3.
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,y g yP P P δ− Δ < < + + Δ  

Sedarebis 2, 3 elementebis gamosavali signalebi toli 

gaxdeba nulis da Sesabamisad blokis gamosavali signalebi 

1 2
= 0v v vP P P= = . mesame SemTxvevaSi, rodesac sruldeba utoloba 

g yP P δ> + − Δ , Sedarebis element 2-is gamosavali signali udris 

nuls da Sesabamisad 
1

0,vP =  xolo Sedarebis element 3-is gamo-

savali signali gansxvavdeba nulisagan da Sesabamisad rele 5 da 

rele 7-is gamosavali signalebi 
2

1v vP P= = .  

marTvis signalis maformirebeli blokis daniSnulebaa uP  

signalis formireba Semdegi gamosaxulebiT: 

0  0 ( ) 0;

1  ( ) ( ) 0.
g y g y

u
g y g y

P P P P
P

P P P P

δ

δ

− < − + >⎧⎪= ⎨ ⎡ ⎤− − + <⎪ ⎣ ⎦⎩

roca da

roca

 

 
       (5.2.8.) 

 

 

 

 

 

 

 

 

 

damkveTi zemoqmedebis sidide gP  1 da 2 elementebze (nax. 

5.2.4.) edareba obieqtis gamosaval yP  sididesa da yP δ+  sidides. 

pirvel SemTxvevaSi roca g yP P< , gamosavali signalebi 1 da 2 

elementebis tolia 1-is da miewodeba rele 3-is dadebiT da uar-

yofiT kameraSi, am dros blokis gamosavali signali 0uP = . 

roca sruldeba utoloba y g yP P P δ< < + , elementi 1-is 

gamosavali signali tolia nulis, element 2-is gamosavali 

signali _ 1-is, romelic miewodeba rele 3-is dadebiT kameras da 

nax. 5.2.4. 
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Sesabamisad blokis gamosavali signali 1uP = . mesame SemTxvevaSi, 

roca sruldeba utoloba g yP P δ< + , gamosavali signalebi 

tolia nulis da Sesabamisad, blokis gamosavali signali 0uP = .  

 zemoT aRwerilidan Cans, rom marTvis signali aris 

releuri da SemdgomSi igi miewodeba integrators, romlis 

gamosavali warmoadgens obieqtis Sesaval signals xP . 

 

integratoris blokis (nax. 5.2.5) daniSnulebaa obieqtis Sesa-

vali koordinatis xP  cvlileba, romlis muSaoba aRiwereba gan-

tolebiT 

3

4

1;

0;
q u

x
q u

P P
P

P P

γ

γ

=⎧⎪= ⎨− =⎪⎩

roca

roca

  

  
       (5.2.9.) 

3 40,  0,qP γ γ> >> 0,  

sadac qP  sidide asaxavs xP -is cvlilebis siCqares, xolo 3γ  da 

4γ  warmoadgenen saregulirebel parametrebs, romelTa arCeva 

warmoebs obieqtis eqstremaluri maxasiaTeblis ( )f x -is saxis mi-

xedviT. rodesac integratoris Sesavali marTvis signali 1uP = , 

gamosavali signali xP  izrdeba. xP  zrdis siCqare ganisazRvreba 

qP  sididiT da cvladi droselis 3γ  gamtarianobiT. rodesac 

0uP = , sidide qP  sxvadasxva arxebis gavliT Semdeg uerTdeba 

nax. 5.2.5. 
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atmosferos da Sesabamisad xP  sidide iwyebs Semcirebas, romlis 

siCqare damokidebulia qP  sididesa da cvladi droselis 4γ  

gamtarianobiT. pnevmaturi eqstremaluri regulatoris _ erp-3 

saerTo principuli sqema mocemulia nax. 5.2.6 da misi muSaobis 

droiTi diagrama nax. 5.2.7.  

 

zemoT aRweril SemTxvevaSi, rogorc es Cans regulatoris 

muSaobis droiTi diagramidan, Ziebis procesi Sedgeba sami 

etapisagan. pirvel etapze (zona A ) damkveTi zemoqmedebis gP  si-

dide `eweva" obieqtis yP  gamosavals. meore etapze (zona B ) obi-

eqtis gamosavali sidide izrdeba maqsimumamde, mihyveba ra 

mudmivi siCqariT zrdad damkveT zemoqmedebas. mesame etapze (zona 

C ) eqstremumis midamoebSi warmoiqmneba avtorxevebi, romlis 

amplituda ganisazRvreba Δ  sididiT. 

 

nax. 5.2.6. 
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rogorc diagramidan Cans maqsimumis Ziebis meore etapze 

damkveTi zemoqmedebis siCqaris cvlileba mudmivia, amis gamo 

eqstremaluri obieqtis maxasiaTeblis daxrilobis cvlilebis 

SemTxvevaSi ganxilul regulatorSi moZraoba eqstremumisaken 

xorcieldeba arasakmarisi siCqariT. aseTi obieqtebisaTvis sasu-

A B C 

nax. 5.2.7. 
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rvelia iseTi eqstremaluri regulatoris damuSaveba, sadac Zie-

bis siCqare icvleba obieqtis maxasiaTeblis daxrilobis cvli-

lebis mixedviT.  

qvemoT ganxilulia erT-erTi aseTi pnevmaturi eqstremaluri 

regulatori [54].  

 

5.3.  pnevmaturi eqstremaluri regulatori Ziebis cvladi  

 siCqariT _ erp-1 

rogorc cnobilia, nebismieri eqstremaluri sistemis muSao-

bis erT-erT mniSvnelovan maCvenebels warmoadgens eqstremumis 

Ziebis dro. qvemoT ganixileba pnevmaturi eqstremaluri regula-

toris erp-1 mowyobiloba da muSaobis principi eqstremumis 

Ziebis cvladi siCqariT. regulatori, romlis struqturuli 

sqema naCvenebia nax. 5.3.1-ze. 

 

igi Sedgeba gadarTvis blokisagan 1, damkveTi zemoqmedebis 

maformirebeli pirveli integratorisagan 2, reversuli signalis 

maformirebeli blokisgan 3, meore integratorisagan 4 da 

arawrfivi dinamikuri koreqciis rgolisagan 5, romelic Sedgeba 

inerciuli rgolisagan 6, amjamavi mowyobilobis 7, mavalebliT 8 

nax. 5.3.1. 
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erTeuli signalis miwodebisaTvis da gamaZliereblisagan 

mudmivi koecifientiT 9 [54]. 

pnevmaturi eqstremaluri regulatoris erp-1 muSaobis 

principi analogiuria zemoT aRwerili eqstremaluri regu-

latoris erp-3, gansxvaveba aris mxolod imaSi, rom aq SeiZleba 

Seicvalos obieqtis eqstremaluri maxasiaTeblis daxriloba da 

saWiroa, rom eqstremumis Ziebis siCqare icvlebodes maxasia-

Teblis daxrilobaze damokidebulebiT. aseTi midgoma gvaZlevs 

saSualebas gavzardoT Ziebis tempi 
df
dx

koeficientis didi mniSv-

nelobis dros da SevaneloT 
dx
df

 mcire mniSvnelobis dros. ra 

Tqma unda, iseT sistemaSi, rogorc wina TavebSi iyo naCvenebi, 

dauSvebelia 
dx
df

-is pirdapiri gazomva. am regulatorSi infor-

macias 
dx
df

-is Sesaxeb Seicavs marTvis saSualo mniSvneloba usaS. , 

romelic warmoadgens inerciuli rgolis 6 gamosavals drois 

mcire τ  mudmivaTi. 

u u uτ + =saS. saS. ,        (5.3.1.) 

sadac u _ warmoadgens reversuli blokis 3 gamosavals. sasurve-

li damokidebuleba Ziebis siCqarisa 
dx
df

-Tan eqneba adgili im 

SemTxvevaSi, Tu damkveTi zemoqmedebis siCqaris cvlilebas 

CamovayalibebT Semdegi saxiT.  

0 (1 )uρ ρ= − saS. .        (5.3.2.) 

vinaidan mosriale reJimSi inerciuli rgoli (5.3.1.) gafilt-

ravs marTvis funqciis maRalsixSirul mdgenels, misi 

gamosavali sidide toli iqneba marTvis saSualo mniSvnelobis 

usaS. , moTavsebuls u− 0  da u+ 0 -s Soris. moZraoba mosriale 

reJimSi ganpirobebuli iqneba marTvis am saSualo mniSvnelobiT 

da amitom Ziebis siCqaris sasurvel damokidebulebas 
dx
df

-gan 
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eqneba adgili im SemTxvevaSi, Tu damkveTi zemoqmedebis siCqaris 

zrdas eqneba Semdegi saxe:  

0(1 )g uρ= − saS. ,        (5.3.3.) 

sadac 0ρ mudmivi sididea, 0 0ρ > ^romlis nebismieri mniSvnelobis 

dros warmoiqmneba mosriale reJimi.  

(5.3.3.)-Si miTiTebuli damokidebulebis realizaciisaTvis 

obieqtis marTvis sistemaSi gamoiyeneba arawrfivi dinamikuri 

koreqciis rgoli 5 [54]. zemoT aRwerilidan Cans, rom eqstrema-

luri maxasiaTeblis daxrilobis cvlilebis dros, magaliTad 

misi gazrdisas izrdeba marTvis u  signalis gadarTvis sixSire 

da Sesabamisad mcirdeba inerciuli signali rgolis 6 gamosava-

li sidide. magram SemdgomSi usaS.  amjamav mowyobilobaSi 7 er-

Teul signalTan Sejamebis Semdeg 7-is gamosavali sidide 

(1 )u− saS.  izrdeba da Semdgom 0 0ρ >  mudmiv sidideze gamrav-

lebisas erTdroulad izrdeba me-9 blokis gamosavali signali  

0 (1 )uρ ρ= − saS. . 

ρ -s zrdis Sesabamisad izrdeba damkveTi zemoqmedebis siCqare 

g ρ= , 

rac uzrunvelyofs jamSi eqstremumis Ziebis siCqaris gazrdas. 

nax. 5.3.2. da 5.3.3.-ze gamosaxuli muSaobis diagramebidan Cans 

Ziebis siCqaris sxvadasxvaoba zemoT aRweril pnevmatur eqstre-

malur regulatorebs Soris, romelTagan nax. 5.3.2.-ze naCvenebia 

pnevmaturi eqstremaluri regulatoris erp-3-is Ziebis procesi 

mudmivi siCqariT.  

xolo nax. 5.3.3.-ze pnevmaturi eqstremaluri regulatoris 

erp-1-is mier maqsimumis Ziebis procesi cvladi siCqariT, ro-

melic icvleba maxasiaTeblis daxrilobis mixedviT. diagramebis 

Sedarebisas naTlad Cans, rom mudmivi siCqariT Ziebis procesis 

dros reversuli gadarTvebi ufro xSiria, rac iwvevs Ziebis 

procesis TiTqmis 1,5-jer Semcirebas, maSin rodesac cvladi 
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siCqariT Ziebis procesis dros reversuli gadarTvebi TiTqmis 

ar aris da amiT miiRweva Ziebis maqsimaluri siCqare.  

 

 

 

naklebad inerciuli teqnologiuri obieqtebis optimizaciis 

dros eqstremaluri regulatorebis gamoyeneba gaZnelebulia 

marTvis signalis gadarTvis didi sixSiris gamo, gansakuTrebiT 

nax. 5.3.3. 

nax. 5.3.2. 
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eqstermumis midamoebSi. gadarTvis aseT sixSires Semsrulebeli 

meqanizmebi xSirad ver uZleben, miTumetes, Tu es Semsrulebeli 

meqanizmebi aris membranuli. amas garda, rogorc zemoT iqna aR-

niSnuli, marTvis signalis xSiri gadarTvis SemTxvevaSi eqstre-

mumis Ziebis siCqare ar aris maqsimaluri. 

am garemoebam migviyvana avtomaturi optimizatorebis axali 

sqemebis damuSavebis aucileblobamde [55, 56, 94]. 

 

5.4. avtomaturi optimizatori _ pao-1 

avtomaturi optimizatori pao-1, romlis struqturuli sqema 

mocemulia nax. 5.4.1-ze, Sedgeba marTvis signalis maformirebeli 

blokisagan 1, damkveTi zemoqmedebis formirebis integratorisgan 2 

da obieqtis Sesavali signalis formirebis integratorisagan 3 [55]. 

optimizatoris muSaobis principi mdgomareobis SemdegSi. 

obieqtis gamosavali y  sidide Sedarebis elementze 6 edreba 

cvlad sidides z , romelic tolia 

,  ( ) 0,  ( ) 0,
,  ( ) 0,  ( ) 0,

g g y y y
Z

y g y y y
− − Δ > − + Δ <⎧

= ⎨ − Δ − − Δ < − + Δ >⎩

roca

roca

 

 
       (5.4.1.) 

sadac g ρ=  integratoris 2 gamosavali damkveTi zemoqmedebaa da 

warmoadgens monotonurad zrdad drois funqcias, constρ = , Δ  _ 

mcire dadebiTi sidide, romelic regulirdeba mavalebliT 8. 

miRebuli ganuTanxmoebis signali z yε = −  gamoiyeneba mmar-

Tveli signalis u Camosayalibeblad, toli  

 

0, 0,
1, 0,

u
ε
ε

<⎧
= ⎨ >⎩

roca

roca

  

  
       (5.4.2.) 

romelic imoqmedebs ra gamosaval integratorze 3, miiyvans am 

ganuTanxmoebis cdomilebas nulamde da uzrunvelyofs 

SemdgomSi y  sididis miaxloebas eqstremumTan. eqstremumis 

wertilis midamoSi, rogorc zemoT aRweril algoriTmebSi (2.2.3.), 

(2.2.4.) da (2.2.7.), aRiZvreba rxeviTi reJimi, romlis amplituda 

gansazRvravs Ziebis cdomilebas V  signalis daxmarebiT 
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0,  ) 0,
1, ) 0,

z y
V

z y
− + Δ <⎧

= ⎨ − + Δ >⎩

roca

roca

  (

   (
       (5.4.3.) 

eqstremumis midamoSi miiRweva sistemis stabilizacia. opti-

mizatoris aseTi sqemuri gadawyvetilebis saSualebiT, rogorc 

es Cans mowyobilobis muSaobis droiTi diagramidan (nax. 5.4.2.), 

obieqtis gamosavali sidide y  uaxlovdeba eqstremums sakmaod 

maRali siCqariT Semsrulebeli meqanizmis reversis gareSe.  

 

 
nax. 5.4.2

nax. 5.4.1. 
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optimizatoris swrafmoqmedebis gazrda iZleva saSualebas 

SevamciroT eqstremumis Ziebis dro.  

 

5.5.  avtomaturi optimizatori _ pao-2 

zemoT aRwerili optimizatoris ZiriTad naklovanebas war-

moadgens is, rom Ziebis maqsimaluri siCqaris miRweva SeiZleba 

mxolod maSin, roca optimizirebadi sidide y  imyofeba eqstre-

maluri maxasiaTeblis marcxena Stoze (maqsimumis Ziebis dros), e. 

i. roca 0y >  im SemTxvevaSi y  sidide imyofeba maxasiaTeblis 

marjvena mxares, e. i. roca 0y < , rogorc es Cans diagramidan 

(nax. 5.5.1.), eqstremumis Zieba mimdinareobs Semsrulebeli meqaniz-

mis xSiri gadarTvebiT, rac saboloo jamSi eqstremumis Ziebis 

drois gazrdas iwvevs.  

ganvixiloT avtomaturi optimizatoris pao-2 muSaobis 

principi, romelic realizebulia universalur pnevmoelementebze 

[56] da warmoadgens avtomaturi optimizatoris pao-1 modi-

fikacias [55].  

 

 

 

 

 

 

 

 

 

 

 

avtomaturi optimizatori pao-2 Sedgeba marTvis formirebis 

blokisgan 1 (nax. 5.5.2), damkveTi zemoqmdebis formirebis integra-

torisgan 2 da obieqtis Sesavali signalis formirebis integra-

torisgan 3. sistemis moZraoba aRiwereba Semdegi gantolebiT.  

 

nax. 5.5.1. 
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( ),
,

,

y f x
x u

z yε

=
=
= −

 
1, 0,
0, 0.

U
ε
ε

>⎧
= ⎨ <⎩

roca

roca

 

 
       (5.5.1.) 

 

 

 

 

avtomaturi optimizatoris pao-2 muSaobis principi 

analogiuria pao-1-is. obieqtis gamosavali sidide y  SedarebiT 

elementze 6 edareba cvlad z  sidides, romelic tolia  

[ ] [ ][ ]
[ ][ ]

[ ]
(5.5.2.)

,  ( ) ( ) 0,   ( ') ( ) 0,

,  ( ) ( ) 0,    

',  ( ) ( ')

g g y g y g y g y

Z y y y g y

y g y g y

⎧ − − Δ − < − + Δ − + Δ <
⎪

= − Δ − + Δ − − Δ <⎨
⎪ + Δ − − + Δ⎩

roca da

roca

roca 

 

 

 < 0,

sadac g , rogorc optimizatorSi pao-1, damkveTi zemoqmedeba 

g ρ= ,   'Δ Δda  mcire 'Δ Δ . miRebuli ganuTanxmoebis signalis 

z yε = −  safuZvelze, yalibdeba mmarTveli signali u , gansazRv-

nax. 5.5.2. 
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ruli (5.5.1.) gamosaxulebiT, romlis daxmarebiT ganuTaxmoebis cdo-

mileba miiyvaneba nulamde da uzrunvelyofs y sididis miRwevas 

eqstremumTan. eqstremumis midamoSi aRiZvreba rxeviTi reJimi, rom-

lis amplitudac gansazRvravs Ziebis cdomilebas. V  signalis 

(5.4.3.) daxmarebiT sistema stabilizdeba eqstremumis midamoSi. 

rogorc optimizatoris pao-2, muSaobis diagramidan Cans 

(nax. 5.5.3) y  sidide uaxlovdeba maqsimums sakmarisad didi siCqa-

riT rogorc eqstremaluri maxasiaTeblis marcxena, ise marjvena 

Stoze Semsrulebeli meqanizmis gadarTvis gareSe, es ki gvaZlevs 

saSualebas maqsimalurad SevamciroT Ziebis dro.  

 

 

 

 

nax. 5.5.3. 
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zemoT aRwerili optimizatorebi SeiZleba damzaddes ori 

saxis: blokuri da calke xelsawyos saxiT. blokuri optimiza-

torebi (ix. foto) Camoekideba meorad Camwer xelsawyoebs ПВ10.1Э 

an ПВ10.2Э da uerTdeba mas pnevmaturi gasarTiT, ise rogorc 

sistema `startis" standartuli regulatorebi. xelsawyos saxiT 

damzadebuli optimizatori Casmulia korpusSi da magrdeba damo-

ukideblad teqnologiuri procesis marTvis farze Camweri xel-

sawyos gverdiT. 

aseTi optimizatorebi martivia konstruqciulad, saimedoa 

eqspluataciaSi. 

qvemoT aRwerilia maTi eqsperimentaluri gamokvlevis Sede-

gebi da praqtikaSi gamoyenebis ramodenime magaliTi. 

 

 5.6. avtomaturi optimizatorebis eqsperimentuli 

     gamokvleva 

avtomaturi optimizatorebis [55, 56] eqstremaluri regula-

torebis [51-54] da saerTod optimizaciis avtomaturi sistemebis 

maxasiaTeblebis Seswavlis sxvadasxva meTodebTan erTad efeq-
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turia maTi eqsperimentuli gamokvleva mowyobilobaze obieqtis 

modeliT.  

cnobilia eqstremaluri maxasiaTeblis mqone statikuri obi-

eqtis mravali modeli da eqstremaluri regulatorebi damuSave-

buli SromebSi [14, 18, 95, 96, 97, 98, 99, 100]. aseTi mowyobilobebi 

obieqtis modeliT gamoiyeneba samrewvelo avtomaturi optimiza-

torebis montaJis da gamarTvisaTvis, agreTve imis gasarkvevad, 

Tu ra upiratesoba an naklovanebebi gaaCniaT sxvaadsxva funqci-

onalur elementebs da blokebs maTi gamoyenebisas avtomatur 

optimizatorebSi. amasTan Tu gamoyenebuli iqneba sxvadasxva 

tipis eqstremaluri regulatorebi, SeiZleba eqsperimentebis 

saSualebiT gamokvleul iqnas maTi SedarebiTi maxasiaTeblebi. 

aseTi mowyobilobis gamoyeneba SeiZleba agreTve saswavlo insti-

tutebis laboratoriebSi adapturi sistemebis Seswavlis dros.*  

pirvel variantSi eqstremaluri mowyobilobis ZiriTad kvan-

Zebs warmoadgenen (nax. 5.6.1): 

• sumatori 1 da mavaleblisagan 2, romelTa daxmarebiTac 

xorcieldeba eqstremumis mdgomareobis cvlileba;  

• arawrfivi gardamqmneli 3, obieqtis statikuri eqstrema-

luri maxasiaTeblis imitatori (ПД-36А); 

• inerciuli rgoli 4; 

• sumatori 5 da generatori 6, romelTa daxmarebiTac mie-

wodeba mudmivi SeSfoTeba (sxvadasxva sixSiris rxevebi); 

• meoradi xelsawyo 7 ori parametris CvenebiT da uwyveti 

CaweriT; 

• eqstremaluri regulatori an avtomaturi optimizatori 

8 [39-44], realizebuli marTvis algoriTmebi (2.2.3), (2.2.6), 

(2.2.7), (2.3.6), (2.3.8).  

 

                                                 
* aseTi mowyobiloba danergil iqna saqarTvelos teqnikuri universitetis 
informatikisa da marTvis sistemebis kaTedris erT-erT laboratoriaSi, sadac 
studentebi Seiswavlian adaptur sistemebs.  
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eqstremaluri obieqtis pnevmaturi modelis statikuri maxa-

siaTebeli da kvlevis rezultatebi ilustrirebulia nax. 5.6.2. a) 

b) g) d) e). nax. 5.6.3, nax. 5.6.4. 

nax. 5.6.2 b) naCvenebia eqstremumis Ziebis procesis diagrama. 

monakveTi a) Seesabameba gardamaval process, monakveTi b) _ eqst-

remumis garSemo xetials. damyarebul reJimSi 1t  drois momentSi 

obieqtis Sesavalze miwodebuli iqna dadebiTi calkeuli `na-

xtomi", ris Sedegadac obieqtis gamosavali y sidide gadayvanil 

iqna `iZulebiT" eqstremaluri maxasiaTeblis marjvena mxares. mas 

Semdeg, rac moixsna dadebiTi `naxtomiseburi" impulsi, optimiza-

torma kvlav moZebna maqsimumi (monakveTi C ). SemdgomSi 2t  drois 

momentSi obieqtis gamosavali y  sidide iZulebiT gadayvanil 

iqna eqstremaluri maxasiaTeblis marcxena Stoze iZulebiTi imp-

ulsis moxsnis Semdeg optimizatoris daxmarebiT y  sidide 

miyvanil iqna maqsimumamde (monakveTi D ). 

nax. 5.6.1. 

eqstremaluri 

regulatori 
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nax. 5.6.2. g)-ze naCvenebia eqstremumis Ziebis procesi, rodesac 

obieqtis gamosavali y  signalze emateba perioduli dabrkoleba. 

gardamavali procesis gasaumjobeseblad (2.2.3), (2.2.6) da (2.2.7) algo-

riTmebSi SeiZleba gamoviyenoT Ziebis tempis Semcireba, magram ro-

gorc es nax. 5.6.2 d) diagramidan Cans, izrdeba eqstremumis Ziebis 

dro, rac arasasurvelia. Ziebis tempis gazrdiT eqstremumis mo-

Zebnis dro mcirdeba, samagierod cdomileba izrdeba (nax. 5.6.2. e)).  

a b 

g e d 

nax. 5.6.2. 
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zemoT aRwerili eqsperimentuli mowyobilobis uaryofiT mxa-

res warmoadgens is, rom obieqtis models gaaCnia SezRuduli fun-

qciebi, avtomaturi optimizatorebis gamokvlevis procesSi Znelia 

obieqtis eqstremaluri maxasiaTeblis formisa da koordinatebis 

Secvla. am mizniT damuSavebuli iqna obieqtis modeli, romelsac 

gaaCnia Semdegi saxis eqstremaluri statikuri maxasiaTebeli: 

nax. 5.6.4. 

nax. 5.6.3. 

nax. 5.6.2. 
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2 2
2 1 2 1(1 2 )  V (2 1) ,y x xα α α α= − −  

xolo misi blok-sqema mocemulia nax. 5.6.5-ze, sadac 1 da 6 koe-

ficientze gamravlebis pirveli da meore blokia, 2 da 3 _ 

pirveli da meore sumatori Sesabamisad, 4 _  elementi  `an",  5 _  

 

kvadratSi axarisxebis bloki. pirvel blokSi 1 1z d x= , sadac 

1 1α ≥ , meore blokSi 2 5y zα= , sadac 2 2α ≤ . pirveli sumatori 

asrulebs operacias 2 11 2z z= − , meore 3 12 1z z= − , elementi `an" 

4 2 3 V z z z= ,^kvadratSi axarisxebis bloki 
2

5 4z z=  da gardaqmnis 

4z  signals parabolur signalad 5z , romelic gamoiyeneba 

eqstremaluri obieqtis modelad (nax. 5.6.6) saregulirebeli 

koeficientebis 1α  da 2α  daxmarebiT SeiZleba Seicvalos 

eqstremaluri maxasiaTeblis forma da koordinatebi, es ki 

gvaZlevs saSualebas erTi da igive eqstremaluri regulatori 

gamovcadoT obieqtis sxvadasxva modelze da amiT SevarCioT 

Sesabamisi obieqtisaTvis Sesabamisi regulatori. 

    

          

y 

x 

1,0 

0,8 
0,6 

0,4 

0,2 

0,2 0,4 0,6 0,8 1,0 

z4  = z2 z4  = z2 
z5 

α1  = 1 
α2 = 1

nax. 5.6.6. 

0 1 

2 

3 

4 5 6 0 z1 
z4 z5 y x 

z2 

z3 

nax. 5.6.5. 
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eqstremaluri regulatorebis parametrebis  

SerCevis rekomendaciebi 

eqstremaluri regulatoris angariSi da parametrebis regu-

lireba mWidrod unda iyos dakavSirebuli obieqtis eqstrema-

luri maxasiaTeblis saxesTan ( )f x  da SeTanxmebuli konkretu-

lad dasmul amocanasTan. miuxedavad amisa SeiZleba Camovaya-

liboT sxvadasxva saxis saerTo rekomendaciebi.  

ZiriTadad yvelaze maRali moTxovna waeyeneba Ziebis 

sizustes da swrafmoqmedebas. Cvens mier damuSavebuli pnevmatur 

eqstremalur regulatorSi erp-3 swrafmoqmedeba ganisazRvreba 

sidideebiT  Pρ , 1γ  da 2γ , damyarebuli reJimSi Ziebis cdomileba 

_ Δ  sididiT. danarTi 1-Si moyvanili Tanafardobis safuZvelze 

( )f x  saxis mixedviT ganisazRvreba Pρ , 1γ  da 2γ , Tanac 2 1γ γ . 

sidideebi gP , 3γ  da 4γ , gansazRvraven marTvis signals da nakle-

bad inerciuli obieqtebisaTvis rekomendebulia SeirCes isini 

maqsimaluri, Tanac simetriuli ( )f x -isTvis, 3 4γ γ≈ . inerciuli 

obieqtebisaTvis τ  drois mudmivaTi parametrebi Pρ , qP , 3γ  da 

4γ  ganisazRvrebian gamomdinare Tanafardobidan: 

34 qP Pρτ γΔ ≥  

 

5.7.  eqstremaluri regulatorebis gamoyeneba teqnologiuri  

 procesebis marTvis avtomatur sistemebSi 

ganvixiloT eqstremaluri regulatorebis gamoyenebis 

ramodenime magaliTi, romlebic maTi eqsperimentuli gamokvlevis 

dros SerCeul iqna sxvadasxva teqnologiuri procesisaTvis.  

marTvis TvalsazrisiT amiakis gvarjilis warmoeba, romelic 

mimdinareobs uwyveti teqnologiuri xaziT, warmoadgens erT-erT 

rTul teqnologiur process. neitralizatorSi milgayvanilo-

bebis daxmarebiT uwyvetad Caedineba da erTmaneTs Seereva reaq-

ciis ori ZiriTadi komponenti _ azotmJava da Txevadi amiaki [101]. 
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neitralizaciis reaqciis Sedegad warmoiqmneba orTqliT 

gajerebuli qimiuri naerTi, romelic Semdgom uwyvetad gamoidev-

neba reaqtoridan. Semdeg etapze xdeba naerTisgan orTqlis mra-

valjeradi amoSroba da procesis bolo stadiaze xdeba misi 

kristalizacia. teqnologiuri  procesis mTeli cikli mTavrdeba 

mineraluri sasuqis _ amiakis gvarjilis miRebiT. zemoT aRwe-

rili teqnologiuri sqemis mixedviT Txevadi amiakis xarji Ziri-

Tadad aris ucvleli da gansazRvravs agregatis warmadobas, 

azotmJavas xarji ki unda SeirCes Txevad amiakTan iseTi Tanafar-

dobiT, romelic uzrunvelyofs sasurvel teqnologiur process.  

im SemTxvevaSi, Tu dairRva reagentebis Tanafardoba, icv-

leba reaqciis mimdinareobis piroba, ris Sedegedac miiReba 

uxarisxo produqti. reaqcia rom mimdinareobdes idealurad, e. i. 

SenarCunebul iqnas azotmJavas da Txevadi amiakis Tanafardoba 

teqnologiuri reglamentis moTxovnis Sesabamisad, amasTanave 

SeirCes Sesabamisad qimiuri procesis mimdinareobis temperaturu-

li reJimi, maSin advili iqneboda teqnologiuri procesis opti-

maluri reJimis miRweva. rogorc cnobilia [102] reaqciis opti-

malur reJimSi mJavianobis maCvenebeli tolia PH-is 7 erTeulis 

da Zneli ar aris vaCvenoT azotmJavas xarjis pirdapiri damoki-

debuleba Txevadi amiakis mocemul xarjze (nax. 5.7.1).  

 

7 

14 

O 

y(pH) 

x (HNO3) 

nax. 5.7.1. 
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realur pirobebSi sxvadasxva arakontrolirebadi SeSfoTe-

bis gamo [103] mJavianobis maCveneblis es mniSvneloba ukve ar See-

sabameba optimalur reJims. aseT SemTxvevaSi teqnologiuri pro-

cesis marTva klasikuri sqemiT, sadac gamoyenebulia Tanafar-

dobis regulatori, ar iZleva sasurvel Sedegs da didad ar 

gansxvavdeba procesis xeliT marTvisagan (nax. 5.7.2 a). 

2.0

3.6

5.2

6.8

8.4

10

2.0

3.6

5.2

6.8

8.4

10

nax. 5.7.2. 
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teqnologiuri procesis marTvis gaumjobesebis mizniT Cvens 

mier damuSavebuli iqna neitralizaciis procesis marTvis avto-

maturi mowyobiloba [93], sadac damatebiT gamoyenebuli iqna 

cvladi struqturis regulatori. rogorc diagramidan Cans (nax. 

5.7.2 b) aseTi mowyobilobis daxmarebiT gaumjobesda teqnolo-

giuri procesis marTvis xarisxi, marTvis klasikur meTodTan 

SedarebiT. magram aseTi marTva ar aris optimaluri. amisaTvis 

ismeba amocana procesis marTvis saukeTeso reJimis avtomaturi 

moZebnis da misi SenarCunebis. 

es amocana gadawyvetil iqna Semdegi midgomiT. azotmJavas 

xarjis cvlilebisas obieqtis marTvis optimaluri reJimi, Tanax-

mad [101, 104] Seesabameba PH gadamwodis mrudis gadaRunvis wer-

tils, romelSic gadamwodis gamosavali sididis warmoebulis 

mniSvneloba maqsimaluria. am maqsimumis moZebna, PH-is Senar-

Cuneba moZebnili mniSvnelobis midamoSi warmoadgens marTvis 

sistemis mizans. 

Camoyalibebuli amocanis gadasawyvetad damuSavebul iqna 

obieqtis marTvis struqturuli sqema ZiriTadi da damatebiTi ar-

xebiT (nax. 5.7.3), romlis dinamika aRiwereba gadacemis funqciiT. 

( )
1

p

p

KW P e
T

τ−=
+

. 

damatebiTi konturis regulatoris mizania sistemis stabi-

lizacia wonasworobis mdgomareobaSi, romelic Seesabameba 

reaqciis ZiriTadi komponentebis mimdinare xarjebs. damatebiTi 

konturis marTvis p-d kanonis parametrebi SeirCeva eqsperimen-

tuli gziT. marTvis ZiriTadi konturis saSualebiT azotmJavas 

xarjis cvlilebiT warmoebs maqsimumis moZebna, romelic Seesa-

bameba optimalur reJims (PH-is 7 erTeulis midamoSi). 
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optimaluri marTvis sistemis agebisas gamoyenebulia algo-

riTmebi, damuSavebuli me-2 TavSi, xolo eqstremalur regula-

torad SerCeul iqna pnevmaturi eqstremaluri regulatori 

Ziebis cvladi siCqariT erp-1 [53]. 

 

S.m. 

S.m. 

reg. 

k.m. 
eqstremaluri 
regulatori 

1

p

p

e
T

τ−

+

 
 

davaleba 
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u2 ϕ 

x 

μ1 

u1 

μ y 

nax. 5.7.3. 
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nax. 5.7.4. 
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aseTi gziT agebuli amiakis gvarjilis warmoebis neitrali-

zaciis procesis marTvis optimaluri sistema, reaqtoris tempe-

raturuli reJimebis marTvis avtomatur sistemasTan erTad [92] 

(romelic damuSavebulia Cvens mier), uzrunvelyofs PH SenarCu-

nebas 0,5±  sizustiT optimalur reJimSi da gardamavali proce-

sebis xangrZlivobis Semcirebas daaxloebiT 2-jer, arsebuli 

regulirebis sistemebTan SedarebiT (nax. 5.7.4). 

ganxiluli optimaluri sistemis muSaoba Semowmebul iqna 

rusTavis s. g. `azotis" amiakis gvarjilis warmoebaSi.  

eqstremaluri marTvis principi SeiZleba gamoyenebuli iqnas 

sxvadasxva miznebisaTvis, maT Soris rTuli teqnologiuri pro-

cesebis marTvisas, rodesac regulirebis Cveulebrivi, klasikuri 

kanonebis gamoyenebiT stabilizaciis amocanis gadawyveta ar iZ-

leva sasurvel Sedegs. ganvixiloT stirolis sopolimerizaciis 

teqnologiuri procesi, romelic periodulia da mimdinareobs 

reaqtorSi SemreviT [105]. mza produqciis biseris struqtura 

arsebiTad damokidebulia teqnologiuri procesis temperaturul 

reJimze. sopolimerizaciis reaqcia aris egzoTermuli da pro-

duqciis TandaTanobiT momzadebasTan erTad egzoTermiis inten-

sivoba izrdeba, rac arTulebs procesis stabilizacias. 

egzoTermuli reaqciis provocirebisaTvis saWiroa reaqciis 

naerTis temperatura garkveuli programiT gaizardos 70°C . eg-

zoTermiis intensivoba Zlieradaa damokidebuli reaqciuli naer-

Tis temperaturaze, romelic Tavis mxriv funqcionalur damoki-

debulebaSia reaqciis mimdinareobis xangrZlivobasTan, es ki 

qmnis arasasurvel pirobas procesis avtomaturi regulirebisaT-

vis. amitom procesis temperaturis regulirebis avtomatur sis-

temas waeyeneba SedarebiT mkacri moTxovnebi mdgradobis Senar-

Cunebis da sopolimerizaciis gardamavali procesebis saukeTeso 

xarisxis uzrunvelsayofad.  
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rogorc praqtikam gviCvena eqsperimentebis Catarebis dros 

procesis stabilizaciisaTvis regulirebis klasikuri kanonebis 

gamoyeneba ver uzrunvelyofs reaqtorSi sasurveli temperaturu-

li reJimis stabilizaciis moTxovnil sizustes (naz. 5.7.5 da 5.7.6).  

 

 

nax. 5.7.5. 

nax. 5.7.6. 
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cnobilia agreTve reaqtorSi temperaturuli reJimis avtomaturi 

marTvis meTodi, romelic iTvaliswinebs komponentebis Tana-

fardobis regulirebas reaqtoris gamosavalze naerTis tempera-

turis koreqciiT da wylis xarjiT, damokidebuls reaqtoris 

Sesavalze da gamosavalze naerTis temperaturebs Soris sxvao-

baze. cnobilia agreTve reaqtoris temperaturuli reJimis marT-

vis meTodi da mowyobiloba, sadac orTqlis xarjs damatebiT 

cvlian reaqtoris temperaturaze da orTqlis da wylis naerTis 

temperaturaze damokidebulebiT [90, 91]. aseTi mowyobilobebi 

aumjobeseben reaqtoris marTvas, magram ver uzrunvelyofen reaq-

torSi reaqciuli naerTis temperaturis stabilizaciis maRal 

xarisxs, ris gamoc sopolimerizaciis procesi ar mimdinareobs 

optimalur reJimSi. zemoT aRniSnulis gamo Cvens mier damuSa-

vebul iqna stirolis sopolimerizaciis temperaturuli reJimis 

marTvis optimaluri sistema, romelic arastacionalurobis 

pirobebSi iZleva saSualebas imarTos procesi kvazioptimalur 

reJimSi. aseTi sistemis  struqturuli sqema mocemulia nax. 5.7.7. 

10 

7 k.m. a.o. 

9 

8 11 12 

gadamrT. 
elementi 
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∞ 
 

~ 

nax. 5.7.7. 
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sistema Sedgeba reaqtorisagan 1, Semrevisagan 2, wylis da 

orTqlis sarqvelebisagan 3 da 4, temperaturuli gadamowdebi 5 

da 6, romelTa gamosavali Sesabamisad SeerTebulia proporci-

ul-diferencialur da proporciul-integralur regulatoreb-

Tan 7 da 8, funqciuri gardamqmneli 9, romlis gamosavali 

warmoadgens regulatoris 8 davalebas. 10, 11, 12 logikur elemen-

tebs, optimalobis kriteriumis maformirebeli bloki, gadamr-

Tveli elementi da avtomaturi optimizatori marTvadi damkveTi 

zemoqmedebiT.  

sistema muSaobs Semdegnairad. dasawyisSi avtomaturi optimi-

zatoris daxmarebiT reaqciuli naerTis temperatura gansazRvru-

li programiT miaRwevs 70°C . SemdgomSi optimizatoris damkveTi 

zemoqmedebis zrdis siCqare icvleba avtomaturad da naerTis 

temperatura mdored gadahyavs 72°C -mde. mas Semdeg, rac ganuTanx-

moebis cdomileba ε < Δ , sadac Δ aris mcire dadebiTi sidide 

toli 1°CΔ = , optimizatori gamoirTveba da procesis marTvaSi 

CairTveba stabilizaciis kvanZi. Tu temperatura reaqtorSi metia 

davalebaze (72°C ), magram ganuTanxmoebis cdomileba ε ≤ Δ , maSin 

logikuri sqemis daxmarebiT orTqlis mimwodebeli Semsrulebe-

li meqanizmi 4 iketeba, xolo wylis mimwodebeli Semsrulebeli 

meqanizmi 3 gadamrTveli elementis daxmarebiT uerTdeba regula-

tori 8-is gamosavals, romlis davaleba formirdeba reaqtoris 

temperaturis da misi cvlilebis siCqaris mixedviT proporciul 

diferencialur regulatorSi 7. aqedan gamomdinare wylis xarji 

regulirdeba reaqtorsa da mis perangSi arsebuli temperaturis 

mixedviT. im SemTxvevaSi, Tu reaqtorSi temperatura mcirdeba 

davalebis qveviT, magram, jer ar gascda ±Δ -s zonas, Semsrule-

beli meqanizmi 4 uerTdeba regulators 8, sarqveli 3 ki iketeba. 

regulatoris davaleba formirdeba zemoT aRwerilis msgavsad 

da orTqlis xarjis cvlileba warmoebs reaqtorSi da perangSi 

arsebuli temperaturebis mixedviT. 

im SemTxvevaSi Tu reaqtorSi temperatura gascda davale-

bidan dasaSveb zRvrebs ε−Δ > > +Δ , sarqvelebi  3 da 4 logiku-
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ri sqemis daxmarebiT komutirdeba optimizatoris gamosasvlel-

Tan, romelic am ganuTanxmoebas ε  miiyvans nulTan. wonasworo-

bis pirobebSi, rodesac 0T T− =reaqt. dav. , reaqtoris perangSi mi-

wodebuli wylis da orTqlis xarji aris iseTi, rom uzrun-

velyos SeSfoTebis zemoqmedebis kompensacia. aqedan gamomdinare, 

zemoT aRwerili kombinirebuli marTva iZleva saSualebas uz-

runvelyos reaqtorSi temperaturis regulirebis maRali sizus-

te da xarisxi, rac sabolood aumjobesebs gamoSvebuli pro-

duqciis xarisxs da zrdis mis raodenobas. nax. 5.7.8, 5.7.9 da 5.7.10-

ze naCvenebia reaqtorSi temperaturuli reJimebis diagramebi. nax. 

5.7.8 da 5.7.10 gamosaxuli temperaturis diagrama Seesabameba 

reaqtoris temperaturuli reJimis kombinirebul marTvas, xolo 

nax. 5.7.9-ze _ mxolod stabilizaciis kvanZis muSaobas. rogorc 

am diagramebis Sedarebidan Cans reaqtoris temperaturuli 

reJimis marTva ufro optimaluria kombinirebuli meTodiT 

marTvisas, rac iZleva saSualebas SevamciroT sopolimerizaciis 

procesis xangrZlivoba daaxloebiT 2 saaTiT, ris Sedegadac 

izrdeba gamoSvebuli produqciis raodenoba da xarisxi. 

reaqtoris temperaturuli reJimis optimaluri marTvis 

algoriTmi gamoyenebulia mikroprocesoruli teqnikis ПС-300-is 

bazaze agebul biseris warmoebis teqnologiuri procesis 

marTvis avtomatizebuli sistemis maTematikur da programul 

uzrunvelyofaSi (s. g. `karboliti", q. orexo-vozuevo). 
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nax. 5.7.8. 

nax. 5.7.9. 
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5.8. daskvna 

naSromSi Catarebuli gamokvlevebis da damuSavebuli algo-

riTmebis safvZvelze ganxilulia avtomaturi optimizatorebis 

struqturuli da principuli sqemebi da maT bazaze agebuli 

regulatorebis ramodenime saxeoba, romlebic akmayofileben 

sawarmoo pirobebSi muSaobis moTxovnebs. 

ganxilulia eqstremaluri regulatoris agebis SesaZleb-

loba universaluri pnevmoelementebis bazaze, dasabuTebulia 

maTi gamoyenebis upiratesoba afeTqebasfrTxian pirobebSi da iq, 

sadac aris radiacia da eleqtruli dabrkoleba. ganxilulia 

pnevmaturi eqstremaluri regulatoris erp-3  muSaobis principi 

Ziebis mudmivi siCqariT, romelic gamoiyeneba eqstremaluri maxa-

siaTeblis mqone naklebad inerciuli obieqtebis optimizacii-

saTvis. 

nax. 5.7.10. 
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naCvenebia, rom obieqtis maxasiaTeblis dreifis da daxrilo-

bis cvlilebis SemTxvevaSi ganxiluli regulatoriT eqstre-

mumis Zieba xorcieldeba arasakmarisi siCqariT. aseTi obieqtebis 

optimizaciisaTvis ganxilulia pnevmaturi eqstremaluri regula-

tori  erp-1 Ziebis cvladi siCqariT. naCvenebia misi muSaobis 

principi da ganxilulia, Tu rogor icvleba regulatoris ara-

marto parametrebi, aramed struqtura obieqtis eqstremaluri 

maxasiaTeblis dreifis da daxrilobis cvlilebasTan dakavSire-

biT. xSirad aseTi regulatorebis gamoyeneba uinercio obieq-

tebis optimizaciis dros gaZnelebulia Ziebis dros marTvis 

signalis gadarTvis didi sixSiris gamo, gansakuTrebiT eqstremu-

mis midamoSi. aseTi obieqtebisaTvis damuSavebulia pnevmaturi 

avtomaturi optimizatorebi pao-1 da pao-2. naCvenebia, rom eqst-

remumis Ziebis dros TiTqmis gadarTvebis gareSe aRweven eqstre-

mums eqstremaluri maxasiaTeblis rogorc marcxena, ise marjvena 

Stoze, rac maqsimalurad amcirebs Ziebis dros. 

ganxilulia eqstremaluri regulatorebis gamoyenebis maga-

liTebi amiakis gvarjilis da biseris (stirolis sopolimeris) 

warmoebis teqnologiuri procesebis marTvis avtomatur sis-

temebSi. naCvenebia maTi muSaobis upiratesoba arsebuli marTvis 

sistemebTan SedarebiT, maTi gamoyenebis SesaZlebloba ara marto 

eqstremaluri maxasiaTeblis mqone obieqtebis marTvisas, aramed 

Cveulebrivi stabilizaciis amocanebis gadasawyvetad rTuli 

teqnologiuri procesebis marTvis dros.  
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daskvna 
SemoTavazebulia ucnobniSniani gaZlierebis koeficientis mqo-

ne obieqtis marTvis principi damyarebuli cvladi struqturis mim-

devno sistemis agebaze mosriale reJimebiT. 

naCvenebia, rom erTganzomilebiani eqstremaluri maxasiaTeb-

lis mqone statikuri obieqtis optimizaciis amocanis gadawyvetisas 

aseTi midgoma uzrunvelyofs obieqtis gamosavali sididis monoto-

nur miaxloebas eqstremumTan, da marTvaze SezRudvebis SemTxvevaSi 

SesaZlebelia Ziebis maqsimaluri swrafmoqmedebis miRweva.  

damuSavebulia optimaluri marTvis algoriTmebi, eqstremumis 

Ziebis mudmivi da cvladi siCqariT, gamokvleulia maTi Tvisebebi, 

rodesac mosriale reJimebi gamoiyeneba damkveTi zemoqmedebis kon-

turSi. damuSavebulia optimizaciis algoriTmebi marTvis saSualo 

mniSvnelobiT da marTvadi damkveTi zemoqmedebiT. naCvenebia Semo-

Tavazebuli algoriTmebis gamoyenebis SesaZlebloba arastaciona-

ruli da mravaleqstremumiani obieqtebis optimizaciis amocanis 

gadasawyvetad. gamokvleulia obieqtis optimizaciis gardamavali 

procesis Tvisobrioba mcire parametris meTodis gamoyenebiT.   

gamokvleulia regulirebis arxebSi da gadamrTvel mowyobi-

lobebSi arsebuli araidealurobebis gavlena binaruli sisteme-

bis mdgradobaze. SemoTavazebulia analizis meTodebi gadamr-

Tvel mowyobilobebSi dagvianebis da histerezisis tipis araidea-

lurobis arsebobisa da miRebulia Tanafardobebi, romlebic uz-

runvelyofen Caketili sistemis sinTezis ganxorcielebas regu-

lirebis mocemul arxebSi.  

SemoTavazebul optimaluri marTvis algoriTmebze damuSavebu-

lia sxvadasxva saxis eqstremaluri regulatorebis struqturuli 

da principuli sqemebi da maT bazaze agebulia eqstremaluri regu-

latorebi Ziebis mudmivi da cvladi siCqariT. Catarebulia maTi 

eqsperimentuli gamokvleva, naCvenebia maTi muSaobis diagramebi. mo-

cemulia garkveuli rekomendaciebi regulatorebis parametrebis 

SerCevisaTvis da maTi gamoyenebis perspeqtiva sxvadasxva teqno-

logiuri procesebis marTvis optimaluri sistemebis agebisas. 
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danarTi I 

 

ganvixiloT (2.2.3.) sistemis moZraoba E  garemoSi, gansazRv-

ruli utolobiT ρ<
dx
dfA . am garemoSi moZraobisas marTebulia 

utoloba 0<−−=
dx
dfAρε . ase, rom damoukideblad imisa, romel 

sidideTagan ( 1σ  an 2σ ) utoldeboda nuls mosriale reJimSi moZ-
raobisas, gamomsaxveli wertili Semdgomi moZraobisas miaRwevs 

Δ−=2σ  wertils, am dros Tanaxmad (2.2.7.) signali 0V  myisierad 

aRadgens pirobas Δ+=2σ  da Sesabamisad, aRiZvreba rxevebi. in-

tervalSi Δ+≤≤      0 2σ  moZraobisas obieqtis gamosavali sidide 

y  izrdeba roca 0<
dx
df

 da klebulobs, roca  0>
dx
df

 sididiT 

∫ −=Δ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛1

0
1 ,      

τ
dt

dx
dfAy          (d. 1) 

 

02 ≤≤Δ− σ  intervalSi moZraobisas ki y  sidide klebulobs^ 

roca 0<
dx
df

 da izrdeba, roca 0>
dx
df

 sididiT  

∫=Δ ⎟
⎠

⎞
⎜
⎝

⎛2

0
2      

τ
dt

dx
dfAy          (d. 2) 

sadac 1τ  da 2τ  am intervalebSi moZraobis droebia, gansazRv-
ruli gamosaxulebiT  

∫ −=Δ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛1

0
,

τ
ρ dt

dx
dfA         (d. 3) 

.     
2

0
∫ +=Δ ⎟

⎠

⎞
⎜
⎝

⎛τ
ρ dt

dx
dfA         (d. 4) 

(d. 3) da (d. 4) gamosaxulebebi uSualod Cans, rom 21 ττ <  

roca 0<
dx
df

 da 21 ττ >  roca 0>
dx
df

. obieqtis gamosavali y  sidi-

dis cvlileba 21 ττ +  rxevis cvlilebis dros gamoiTvleba Sesa-
bamisad gamosaxulebiT: 

,0      ,      
12

0
<∫−=Δ

−

dx
dfdt

dx
dfAy

ττ
roca        (d. 5) 

,0    ,    
21

0
>∫−=Δ

−

dx
dfdt

dx
dfAy

ττ
roca        (d. 6) 

rogorc Cans obieqtis gamosavali koordinati E  garemoSi 
klebulobs rxeviT reJimSi. eqstremumis miRwevis Semdeg 

sistemaSi SenarCundeba rxevebi, sistemis sizuste fasdeba yΔ  

sididis zrdiT am rxevebis dros. Tanaxmad (d. 3) an (d. 4) 
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gamosaxulebisa ∫ −Δ==Δ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛1

0
1    

τ
τρdt

dx
dfAy , an Sesabamisad 

∫ −Δ==Δ ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛2

0
2,       

τ
τρtd

dx
dfAy  e. i. Ziebis sizuste aSkarad ar aRe-

mateba Δ sidides. marTebulia aRiniSnos, rom Ziebis cdomileba 

axloa nulTan, Tu Δ eqstremumis midamoSi 
dx
df

 sidide SeiZleba 

miaxloebiT CaiTvalos nulis tolad. 
gamovTvaloT obieqtis Sesavali koordinatis eqstremumis 

wertilTan miaxloebis saSualo siCqare. amisaTvis CaTvaloT, 

rom sidide Δ sakmaod pataraa, e. i. 
dx
df

-is cvlileba 21 ττ +  cik-

lis rxevis dros SeiZleba ugulebelvyoT. maSin (d. 3) da (d. 4)-

dan gamomdinareobs, rom 

dx
dfA 

 1

−

Δ=
ρ

τ  da 

dx
dfA 

  2

+

Δ=
ρ

τ . saSualo 

siCqaris moduli ganisazRvreba gamosaxulebiT: 

ρττ
ττ dx

dfA
AAx

 
  

21

21 =
+
−

=
saS

        (d. 7) 

 
 

danarTi II 
 
ganvixiloT (2.2.3.), (2.2.7.) sistemis moqmedeba (2.3.6.) damkveTi 

zemoqmedebiT. aseT sistemaSi mosriale reJimebis arsebobis pirobebis 
gamosayvanad, SeiZleba SemovifargloT sawyisi pirobebis ganxilviT, 

romlis drosac 0<
dx
df

, 02 1 <σσ  inerciuli rgolis (2.3.6.) 

gamosavali z  uaryofiTia, e. i. emTxveva niSniT u  marTvas. 
Tanaxmad (2.2.3.), (2.2.7.) da (2.3.6.) am SemTxvevaSi 

 

.   )   1(        1    202
0

 02 σσρρσε sign
dx
dfVzsignsignu

dx
dfzsign

V
u −+−=−−−== ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

     (d. 8) 

naCvenebi sawyisi pirobebiT sidide 2σ  klebulobs, z  sidide 
ki 2σ -is niSnis Secvlamde rCeba uaryofiTi, vinaidan z  aris 
inerciuli rgolis gamosavali uaryofiTi SesavliT. mas Semdeg, 

rac 2σ  Seicvlis niSans, 2σ  ganisazRvreba gamosaxulebiT: 

.2 002 dx
dfV+−= ρσ         (d. 9) 

rogorc Cans, roca 
dx
dfV      2 00 <ρ  02 =σ  wertilSi warmoiq-

mneba mosriale reJimi. winaaRmdeg SemTxvevaSi 2σ  gaagrZelebs 
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klebas roca 0Vu +=  manamde, vidre sidide z , gansazRvruli 

gantolebiT  1    +=+ zzτ  ar gaxdeba dadebiTi, ris Semdegac 
sistemaSi aRiZvreba mosriale reJimi. moyvanili ganmartebebi, ra 

Tqma unda, marTebulia, Tu ganxiluli moZraobis dros V  sidide 

nulis tolia, e. i. Δ−=2σ . 2σ  sidide miiRebs minimalur 

mniSvnelobas  z  niSnis cvlilebis dros T  momentSi, romelic 
Tanaxmad (d. 9) fasdeba utolobiT: 

 .2min  0     2 Tρσ −>         (d. 10) 

ganvsazRvravT ra T -s gantolebidan ,)1(10 0
τ
T

ez
−

−−=  miviRebT, 

,2    )1(   0 LnzLnT ττ ≤−=   

CavsvaT es (d. 10) utolobaSi, miviRebT pirobas, romlis 

drosac Δ−>2σ : 

. 22 0 Δ<Lnτρ        (d. 11) 

amrigad, (d. 11) pirobebis Sesrulebis dros (2.2.3.), (2.2.7.), 
(2.3.6.) sistemaSi yovelTvis aRiZvreba mosriale reJimi. mosriale 
reJimSi sistemis moZraobis gantolebis mosaZebnad obieqtis 
gamosavali y  sididis SefardebiT, gamoviyenoT meTodika, Camoya-

libebuli [47]. amisaTvis aucilebelia amoixsnas gantoleba 

01 =σ  (an 02 =σ ) gantolebis SefardebiT, romelic iwodeba eqvi-

valenturad da CavsvaT igi moZraobis gantolebaSi .u
dx
dfy =   

am proceduris gavlis Semdeg, miviRebT:  

,u     0
 0  0

0  0 1

dx
dfV

V
+

−==
ρ

ρσ eqv roca        (d. 12) 

dx
dfV

V
   

  u     0 
00

0
02

+
+==

ρ

ρσ eqv roca       (d. 13) 

orive SemTxvevaSi moZraobis gantolebas mosriale reJimSi 
aqvs Semdegi saxe: 

).
   

 1(   
0

0
0

0 dx
dfV

y
+

−=
ρ

ρρ         (d. 14) 

miviRebT ra mxedvelobaSi imas, rom Tanaxmad (2.2.3.) ux = , 
miviRebT  

.  
   

  
0 0

0
0 dx

dfsign

dx
dfV

Vx
+

−=
ρ

ρ
       (d. 15) 

miiswrafis ra 0ρ  sidide (d. 15) gamosaxulebaSi usasrulo-

bisaken, (d. 11)-is erTdroulad Sesrulebis dros miviRebT: 

.    0 dx
dfsignVxLim =         (d. 16) 



 163

(d. 16) gamosaxulebidan gamomdinareobs, rom zRvruli moZra-
oba xasiaTdeba eqstremumTan miaxloebis maqsimaluri siCqariT. 
eqstremumis miRwevis Semdeg mosriale reJimi wydeba da 

gamomsaxveli wertili gadava 01 =σ  wertilidan 02 =σ  

wertilSi (an piriqiT). sidide δσσ =− 12  gansazRvravs Ziebis 
cdomilebas. 

mniSvnelovania aRiniSnos, rom z  sidides mosriale reJimSi 
axasiaTebs eqstremaluri maxasiaTeblis daxriloba. inerciuli 
rgoli, aRwerili gantolebiT (2.3.6.) gafiltravs marTvis 
funqciis maRalsixSirul mdgenels da amitom mis gamosaval 
sidides z  bunebrivad Tvlian marTvis saSualo sidided. 
naSromSi [47] naCvenebia, rom roca τ  miiswrafis nulisken, 

sidide z  uaxlovdeba 
0V

u
, an Tanaxmad (d. 12), (d. 13). 

.
   

    
00

0

dx
dfV

z
+

=
ρ

ρ
        (d. 17) 
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