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KUPHUII (10KTOPJIMK IUCCEPTANMACH AHHOTALMSICH)

JAuccepranusi MaB3yCHHHMHI 0J13ap0JIMrd Ba 3apyparu. X03Upru KyHaa
JYHE aMaJMeTH/Ia dJIEKTP dHEPreTUKa TU3UMJIApHU TYPFYH HIILIAIINHU TabMHUHIIAIIL
coXacujia dJIEKTp PHEPrusiCd MIIA0 YMKAPUII Ba MCTEHMOJN KWIMII KapacHUHU
MHTEJUIEKTYyaJl TEXHOJOTUsJIAp IOTYKJIapHura acocjlaHraH FOKOPH CcaMapagopiuKKa
sra OOMIKapHII TU3UMIIAPUHHM SIPATUII JKAPACHU €TaKuu YpUHHHM srauianau. JKa
Jal PpUBOXKIIAHACTTAaH 3aMOHABUU 3JEKTP SHEpPreTuKa TU3MMIIAPU CTATHUK
TYpFYHJIMTUHU peajl BaKT *apacHUJa TE3KOp MabIyMOTJIapHU KailTa WIUIaml Ba
TaxJIMJI KWIKIITa acoCHaHTaH XOJjla TabMHUHIIAII J1013ap0 MyaMmoiapiaH Oupu
xucoOnanaau. by 6opaga puBOXKIIaHTaH YET 31 MamiIakaTiIapuaa pexuM napa
MeTpJiapu TEOpaHUIIMHU XHUCOOTa ONMO DIIEKTp DJHEpPreThKa TH3UMIIAPH
TYPFYHJIUTUHU TabMUHJIAII YIyH OOIIKAPHUII TH3UMIIAPUHU TAaKOMWIIAIITHPHUIITA
anoxujaa 3pTUOOp KapaTwiMokaa. «HTemnekTyan 31eKTp TU3UMIIApUHU SPATHIL,
xymianad, Smart Grid tuzumunn sparum yuyn AKUI — 7,1 Tpnu., Xurtoit — 7,3
TpiH., SAnonus — 0,8 TpaH. gommap capdmamorma. Smart Grid TusmmitapugaH
doitananuin YHEPTrUs UCTCHMOJIMHN KaMaWTHUPHUII Ba UIMOHWIMIUKHHA OIIWPHII
xucooura AKlllra 2020 #wunrada 1.8 TpaH. moiap MKTUCOJ KUJIUII WMKOHHHHU
Gepan's.

V36ekncron PecnyGnmkacmiaa SeKTp 9SHEPTHSHM WILIA0 YHKAPUII Ba
AIIEKTP SHEPreTUKa TU3UMIIApH TYPFYHJIUTMHM TabMUHJIAIIHU camapajiyd TaIllKWJl
KWINII FO3aCHJIaH KEHI KaMpOBIM 4YOpa TaaOupiiap amaira OLIMPUIMOKIA. by
6opaza, )KymiaaaH, JIEKTP IHEPTUSACUHU UILTA0 YUKAPUII UMKOHUSTUHU OepyBUU
naparas Ba ra3 TypOMHA TEXHOJOTHUSICUTa aCOCIAHTaH IOKOPHU caMapaju yCKyHalap
OwinaH TYIUK KalTa »KUXO3Jall, TEXHOJOTMK OOBEKTIAPHUHT IOKOPU camapaiu
OOIIKAPUIIT TU3UMJIAPUHH SIPATUII Ba OOIIKAPYB TU3UMIIAPUHUHT TAJKUK DTHII
yCyJJIapy Ba alTOPUTMIIAPUHU TAKOMIUIAIITUPUINTA OaFUIIUIAHTaH KaTop WJIMHIA
TaJIKUKOT UIIapH 00 OOpUIMOK/IA.

JKaxoHa a5eKTp TU3UMIIAp TYPFYHJIMTMHU aHUKJIAIIHUHT STHAJa TAKOMUJIT
Jalrad ycyJlapH, 3aMOHAaBUN OOLIKapyB MOCIaMallapura ara Mypakkab 3JIeKTp
AHEPreTHKA TU3UM PEKUMIIAPUHUHT XyCYCHSITIAPUHU Ha30paTiall UMKOHUSATUHHA
OepyBUM MaTpHlla yCyJulapy Ba allTOPUTMIIAPUHU UIITA0 YUKHII MyXUM aXaMHsIT
kacoh 3TMoKa. by 6opasia Makcaaiu HIMAK-TaAKUKOTIAPHH, KyMIIaIaH,

KyWHJaru iy HUIMIUIApAArd WIMUK W3JIAHUIUIAPHY aMaira OLIUPUII MyXUM
Basudanapaan oupu xucobaaHa u: CHHXPOH TeHepaTopiiap aBTOMaTUK POCTIIaruy
JApUHU XUCOOTa OJITaH XOJ/1a 3JIEKTP TU3UMIAPUHUHT TYPFYHIUTUHHA Ha30paT
KWINII MaTpULIAJIA YCYJUIapU Ba aITOPUTMIIAPUHU SIPATHUIL, MypPaKKad 3JEKTp
TU3UMIIAPU TYPFYHIIUTH YerapacuHU Ha30paT KWIMIIHUHT COAANAITUPUIITaH
ME30HJIAPUHU UIIIA0 YHKHUII, TH3UMIIAPHU KUPUTHUII TEXHOJIOTHUSICH aCOCH 1A
KY3FaJUITHUHT aBTOMAaTUK POCTIaruujIapyuHu CUHTE3 Al MOACIIUHU SPaTHUIIL.
KOxopua kenTupuwiran HIMUR-TaAKUKOTIAp HYHATUIINIA OakapuiaeTraH IMHMA
M3JIaHUIIIAp Ma3Kyp JUCCepTalus MaB3yCH J10JI3apOIUTMHA U30XJIaian.

! nTennekTyanpHble 21eKTPOIHEPreTHIECKIE CHCTEMBI: KOHIEIIIHS, COCTOSHHE, TIEPCIIEKTHBBL. ABTOMATH3AIHS
u IT B snepreruke, mapt 2011 Ne 3 (20) www.transform.ru: 31.05.2011 .



V36ekucron Pecny6nukacu [Ipesuaentununr 2015 iun 5 maigaru
[1K-2343-con «2015-2019 iiunnapaa UKTUCOAUCT TAPMOKJIAPU Ba MKTUMOUI
coxaja aHeprus capdu XaKMUHU KUCKApPTUPHII, SHEPTUSHU TeKallAuran
TEXHOJIOTUSJIAPHU JKOPHM 3TUII Yopa Taadupiapu Jactypu Tyrpucuiay Kapopu,
Bazupnap Maxkamacununr 2015 #iun 13 aBryctaaru 238-con « OHeprus
caMapaJopJIMIy Ba SHEPTUSIHUHT TUKJIAHAIUTaH MaHOA JIAPUHU PUBOKIIAHTUPHILLL
Macananapu OViinda pecrmyOinka KOMUCCUSCH TYFPUCHUIaTH HU30MHU TaCaUKJIaI
XaKuJ1a» Kapopu Xamaa Ma3kyp Gaoiusrra TEruiuiu 6apya Mebe pui-XyKyKui
XyXoKarTiapaa Oenruianrad BazudaiapHu amalira OlypuIira ymoly auccepraius
TaJIKUKOTH MyalsH JlapakaJa Xu3Mar KHIJIaau.

TanKuKOTHUHT pecy0iuKa GaH Ba TEXHOJIOTHSVIAPU PUBOKIAHUIIH
HMHT YCTYBOP HyHAJIMILIAPUTa OOFIUKIUTUA. Ma3Kyp TaJKUKOT peciyoinKa
(daH Ba TEXHOJOTHUSIAP PUBOKIAHUIIMHUHT [. « DHEpreTuka, sHeprus Ba pecypc
TEXAMKOPJIUK» YCTYBOP MyHaIUIIN goupacuia Oakapuiras.

JluccepTamusi MaB3ycH 0yitnua XopuKuii HIIMAA-TATKAKOTIAp mapxu'
Mypakkab 37eKTp IHEpreTuka TU3UMIAp TYPFYHIUTUHU TAbMUHIIOBYM HA30par
TU3UMHHU SPATUIITa WYHAITHPWITAH WIMHAN U3JAHULLIAP )KaXOHHUHT €TaKYu
WIMUM MapKazjiapy Ba OJIMH TabJIUM MyaccacaiapH, xkymiasaaH, Princeton
University, [owa State University, Rutgers University, Massachusetts Institute of
Technology, University of Baltimore (AKIII), University Of Cambridje (Anrmus),
Royal Institute Of Technology (IlIBenus), Dresden University of technology
(I'epmanust), The China FElectric Power Research Institute (Xutoit), Siemens
(I'epmanus), ABB (IlIBenust), MockBa sHEepreTUKa UHCTUTYTH, XapOuil XaBo
MyxaHaucnapu akagemusicu, (Poccust), TOIIKEHT 1aBiaT TEXHUKA YHUBEPCUTETH,
«Anmuii-rexauka Mapxkazun» MY Kna (V36eKHCTOH) KEHI' KaMPOBJIU UIMHUN
TaJIKUKOT UILJIapH 01O OOpUIMOKIA. DIEKTP TU3UMIIAPHU Ba MaTpuLiaiap
Ha3apUsACH ACOCH]Ia MypPaKKal AJIEKTp SHEpPreTHKa TH3UMIIAPUHUHT OOIIKapyB
KapacHU MOJEJUIAPU Ba AITOPUTMIIAPUHU TAKOMUJUIAIITUPHILTA OUJI KAXOHIA
onn0 OopwIIraH TaJKUKOTIap HaTHKAcUIa KaTop, >KyMilaJlaH, KyWnuJard WiIMHiA
HaTW>KaJlap OJIMHTAH: AJIEKTP TU3UMIIAPU ONTUMAJ PEXUMIIAPUHU Ba
TYpFYHJIMTUHU TaAKUK Kunumra mymkamanrad EUROSTAG pactypiap
Maxxmyanapu siparwiras, (Electricite de France, ®pannust); kuuuk TeOpaHUIiap
YTKUHYY KapacHIapuHu Oomkapuin Tu3umMu spatwirad (SMAS3, HMcnanus),
JUHAMUK THU3UMJIAp TYPFYHJIMIY Ba KyBBariap OanaHcunu 6omkapumr SIMPOW
tu3uMu unuiad yukwirad (ABB, [lIBenus), Mypakka0 3JI€KTp TU3UMIIApU
peKUMIIAPUHUHT XucoOmaml gactypiapu spatwirad (MASS, Kanana), anekrp
HHEPreTUK TU3UMJIIApHIAa TUCTIETYEPIUK OomKapyB TusuMiaapuu [T-TexHonorusnap
acocuja aBTOMaTIAITUPUIL MaXMyaliapu sipatiiirad (Siemens, ['epmanusi, Mocksa
sHepreTuka HHCTUTYTH, Poccus, DYNSPACK, ABcrpanus).

JyHena 3aMoHaBU KOMITBIOTEP TEXHOJIOTHS I0TYKJIapU aCOCHIA SIIEKTP
AHEPreTUKa TU3UMIIAP TYPFYHIIMTUHU WHTEUICKTYyall OOIIKAPHUII YCYJUIapUHA
unuiad 4YuKUI Oyinda KaTop, ®KymilajaaH, KyHuaard yCTyBop WyHaIUIIapaa

TaJIKUKOTJIap OO OOPUIMOK/IAa: MypaKKaO YU3UKIN JUHAMUK TU3UMJIIAp
TYPFYHJIUTY MacaJaJlapuHu
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CUMIN YYyH TaIKMK KWIHILIJA SHTCH MaTpHIla KOHCTPYKIUSJIApH Ba aBTOMATHUK
OoIIKapyB TH3UMJIAPU Ha3apHUsCUra acocllaHraH KBajparuk dopmanaru JIsmyHoOB
GYHKIUAIAp Ba TH3UMJIAPHU KHUPHUTHUIN TEXHOJOTHACH YCY/UIAPWHHM HILIA0
YUKHUIIT; YJICKTP SHEPTeTUKA TH3UMIIAPH TYPFYHIUTUHHA Ha30paT KUJIUIITHUHT FOKOPH
caMapald aJrOPUTMIIAPUHM SPaTHIN; TEHEpaTropiiap MYTIOK Oypuard HETru3uja
YTUI KapaCHJIApPHUHT MaTeMaTHUK MOJICITNHU SpaTHUIIl.

MyaMMOHUHI YPraHWITaHJIUMK JAapakacu. DJEKTP dSHEPreTUKa TU3UMIIapu
TYpPFYHJIITUHU TaXJWi1 KWIWITHUHT Ha3apuid Ba aMaJMid MacajlaJapUHUHT CUHIIL,
KymllaJaH TH3UMIIAp TlapaMeTpPJIapUHUHT KHYMK TEOpaHHWIUIApU >KapacHHUIA
TYpFyH JIMKHH XHMCOOIAIl ajJropuTMJIapy Ba JAcTypJIapuHM SpaTHII Macajajapu
owran Mamxyp onumiap: I1.C. XKnanos, A.A. TopeB, A.C. Jlebenes, B.A.
Benukos, FO.H. Pynenxko, H.M. Cokonos, B.A. Crpoes, WU.B. Jlurkenc, B.IL
Bacun, C.A. Cosanos, E.JI. Kapaces, O.B. Ilep6aucs, FO.I1. T'opronos, 3.C.
JlykamoB, B.B. bymyes, JI.LA. Komee, W.A. I'py3neB, A.X. EcunoBuu, A.A.
IOpranos, b.1. Ares, P. Anderson, A. Fouad, P. Kundur, R .Byerly, R. Bennon,
D. Sherman, D. Wong, G. Rogers, B. Porretta, X.®. ®a3zmnos, T.X. Hacupos,
XK.A. Abaynnaes, B.K. Cokonos, K.P. AnnaeB Ba Oomikanap mryryjiaHTaHap.

3amMoHaBUN MaTpulajgap Ha3apusiCH Ba yJIapHH THU3UMIIAPHU OOIIKApHINIA
TaJ0WK 3THUI OWjaH OOFJIWK TAJAKUKOTIAp OWp Karop oJuMjiap TOMOHHUJIAH OJUO
Oopunran, >xymnagaH, ®.P. Tlantmaxep, P.E. Kamman, A.A. Kpacosckui,
A.A.Boponos, X. PozenOpox, FO.H. AungpeeB, M. Youewm, I1.JI. ®anba, X.J.
Hxpamos, B.H. Pa6uenko, E.M. Cmaruna, H.P. IOcyn6ekos, X.3. UramGepnuer Ba
MYXUM HaTHXajapra SpUIIWITaH, spaTWIraH ajropuT™M Ba JacTypiiap MakMyacH
MypakKka0 JUHAMUK TH3UMJIAPHH JIOMUXAaIam Ba OONMIKApUIIAa KyNTaHUIMOK/IA.

Mypakkab 37eKTp dHEPreTUKa TU3UMIIAPH TYPFYHIIUTHHU TaAbMUHJIAI Ba
peKUMIAPUHMA OOIIKAPHII MacallaJlApUHU €UUIll OMJIaH OOFIUK TaIKUKOTIap Oup
KaTop oJuMJIap TOMOHHMJIaH 0u0 O6opuiras, skymianan B.H. bykos, B.A.
Anpnperok, H.. Bo pomnaii, M.III. MucpuxaHoB Ba O0mIKagap TaxJuiau IIyHU
KypcaTaJfiKi, XO3UPTy KyHAa MypaKkKa0 3JIEKTp dHEPreTHKa TU3UMIIApH
TYPFYHJIUTUHU Tax T KWIKIIAA MaTpUlla yCyIIapu Ba aJITOPUTMIIAPH TaI0UK
KWIMHTAaH Ba MabJIyM JIapakajia okoOui Ha Trkanapra spurnwiirad. [y ounan
Oupra, WIMHI HamIpiIapaa 3JIeKTP dSHEPreTUKa TH 3UMIIAPH OOIITKAPUIITHUHT
MyKaMMaJl aJITOPUTMIIAPUHU SPATHII Ba MabIyM CHJIAITYB JIAPHU
TU3UMJIAIITHPHII, XaMa POCTIarud MocjlaMallapuHi XUcoOra oJjiraH XoJia Oorr

KapyB >KapaCHJIApUHHUHT YCyJIIapH, MOJIeJIIapy Ba aJrOPUTMIIAPHU SpaTHUII Ba
sIHaJla TAaKOMIJIIAIITHPHINTa OaFUIIUTAHTaH WIMUH U3JIaHUIIIIAp €Tapiin Japakana

KYypUJIMaras.

Juccepranusi MaB3yCHHUHT JHCCEPTAIUA OaKAPUWJITaH OJHIl TabJIUM
MyaccacaCMHUHT WIMHH-TAAKHKOT HILJIApH OMJIaH OOFJIMKIUTHU. [{uccepramus
TaAKUKOTH TOIIKEHT JdaBiaT TEXHUKA YHUBEPCUTCTUHUHT WIMHUN-TAIKUKOT



uniapy  pexacuHuHr Ne 2016001- “DHepreTuka cHcCTEMaJapUHUHT ONTHUMAI
XoJaraapy Ba VYTUII  KapacHJIApUHU XMCOOJNAIll, TaXJuid KWIMII Ba YJIapHU

ABTOMaTUK  OOLIKAPWUIIHUHT 3aMOHAaBUH  YCy/UIApUHHM HWOUIA0 YUKW~
(2015-201711i1.); A-3-96-“VY36exucton Pecrny0 nukacu 3HEProTU3UMHU 3JIEKTP
UCTEHMOIYMIIAPU  IOKJIAMaJapUHU  ONTHUMall  OOIIKapuI’ (2015-2017i1i1.);

®-2-33-“Hacoc CTaHUMSJIAPUHUHT SHEPTeTUK CamMapaJopJIMIMHA Ba  HIIUIAII
XOJAaTJapUHUHT ~ MaTeMAaTUK  MOJCJUIAIITUPUIN  KOHYHUSITIAPUHU  aHUKJIANL’
(2012-2016i1i1.) MmaB3ynapuaary Joiiuxanapu aoupacua Oakapuiras.

TaagKMKOTHUHT MaKCaJAl MYpPaKKal 3JIEKTp TU3UMIIaApUIa KUUUK TeOpa
HUIJIAP TaXJIMIMHUHT MaTPUIAIU yCYJUIapy Ba AJITOPUTMIIAPUHU, CTATUK
TYPFYHJIUMK YeTrapacHHM aHUKJIAITHUHT COANTAIITUPUIITAH YCY/UTApUHH UIILTa0
YUKUII XaM/1a TU3UMIIADHA KUPUTHUII TEXHOJOTUSICU HETU3UIa aBTOMATHK pOCTia
U9 MOJICIITIAPWHYU CHHTE3JAIIaH noopar.

TaakukoTIapHUHT Baszudaiapu:

OOIIKapHIaUTaH 3JEKTP SHEPreTHKa TU3UMIIAPU CTATHK TYPFYHIUTHHU
TaJIKUK KAJIUII OYirda MaBxKy/l yCyJljiap Ba aJlTOPUTMIIAPHUHT 3aMOHABHH X0Jj1a
TUHHU TH3UMIIA TaX U KUITHIIL;

3aMOHABUM MaTpuIla Hazapusicy Ba JIamyHOB GyHKIMSIApPU acOCUIa MypakK
Ka0 2JIEKTp dHEPreTUKa TH3UMIIApY KUIUK TeOpaHUIIIapH TaIKUKOTIAPHHUHT
CoTIANIAITUPUIITaH YCYJJIapy Ba alTOPUTMIIAPUHM UILUTA0 YHKUII;

TU3UMJIAPHU KUPUTHUII TEXHOJIOTHUSICH aCOCU A POCTIAHAUTaH AJIEKTP
TU3UMJIAPU KMUMK TeOpaHUIUIapu TAAKUKOTIAPU YCY/UTAPUHHU UILTA0 YUKUII;
MypaKKad AIIEKTP SHEPTeTUKA TH3UMIIAPH PEKUMU MTapaMEeTPIIAPUHUHT KUIUK
KY3FaJIMIIIapyia TeOpaHuIIapHUHT JeMIT(pepIaHUuIld Ba TYPFYHIUTUHH
TabMHUHJIOBUHU AJIEKTP TU3UMJIAP POCTIArHWIAPUHU CUHTE3JaIl MOJICTIMHU SIPATHIIL;
uiad YMKUIraH MaTpulla yeyulapy Ba alrOpuTMIIapU acoCujia pocTia HaauraH
MypaKKa0 AJIEKTP TU3UMIIAP CTATUK TyPFyHJIUTHHUHT XUCOO-IKCIIEPH MEHTA
TaJIKUKOT-JTapUHU Ba TU3UMJIIA TaXJIUIUHU OaKapuIil.

TaagKMKOTHUHT 00beKTH cudaTua 3JIEKTp SHEPreTHKA TU3UMH PEKUM
napaMeTpiapuHUHT KHIUK TeOpaHUIIIapy apouTHAa OOLIKAPYB TU3UMIIAPU
KapaJiras.

TagKMKOTHHI TPeAMETH POCTIAHAJUTaH JJIEKTP TU3UMIAPUHUHT KHUHUK
TeOpaHuIIapy TaX IMUIMHUHT MaTpHlla yCYy/UIapH, aJI'OPUTMIIAPU Ba MaTeMAaTHK
MOJEIIJIapH, THU3UMJIADHU KUPUTHUIIL TEXHOJOTHMSCH acCOCHUJia  KY3FaJIUIIHU
aBTOMATHK poCTIaruyjiap MoJeJIJIApUHUA CUHTE3JIAIl yCyIapH.

TaagKMKOTHUHT ycy/u1apu. TagKUKOT KapacHUIa IEKTP TU3UMIIApH,
CHUHTE3 Ba MaTpHUIlaJIap Ha3apusjiapy, aBTOMATHK OOIIKAapyB Ba TU3UMJIApHU
KUPUTHII TEXHOJIOTHUSICH YCYIIapH, JUHAMHK TH3UMJIAp KUUUK TEOpaHUIIIN Ba
YU3UKJIY ajredpa ycyiapy KyUTaHUITaH.

TagKMKOTHUHT WIMHUII SHTUJIMIH KyHuaaruiapaad uoopar:

KBaJIpaTUK Mmakiaa JIamyHOB (yHKIUsSIapu acocuja dJIEKTP dHEpreTuka
TU3UMJIAPU TYPFYHJIMTHHUHT 3apypuUil Ba €Tapiiy LIApTIApUHU TabMHUHJIAWIWATaH,
KBaJpaTUK INAKJIJard MaTpUIlaHUHT OUPUHYU acoCHil MHUHOPUHUHT ((;;>0),
MycOaTiuruian uoopar OyiaraH, 3JeKTp TU3UMH CTaTUK TYPFYHJIUTHHUHT COMIA



JAITUPUIITAaH ME30HU UIIA0 YMKUJITaH;

Mypakkad 3JIEKTp TU3UMU CTaTUK TYPFYHJIUTH TaJKUKOTIADUHU O
«TEHEePaTOP-ILIMHAY CXeMacura KeJITUPUILI UMKOHUHU OepaJuraH KBaJpaTUK HIaK
na JIamyHoB (pyHKUMSUTApUHU Ba TYTYH KyWIaHULUIAP TEHIVIaMaJapHHU
Ouprayivkaa Kylan yCyinu Uiuiad YuKUIraH;

DJIEKTP JHEPreTHKa TU3UMIIAPU JUHAMUK XyCYCHSATIAPUHU TaAKHK KWJIMII
UMKOHUHU O€pyBUM THU3UMJIAPHU KHUPHUTHILI TEXHOJOTUSACH acoCHJa MYpPaKKad
AIIEKTP TU3UMUHUHT MyaMMOJIM MaTPUIIACH UIILJIA0 YHKWITaH;

AJIEKTP PHEPTETUKA TUZUMIIAPU PEKUM MTApAMETPIAPUHUHT KHUUK KY3Fa
auniapaa TeOpaHuliapHy JeMIiepioBYr Ba TYPFYHIUTUHUA TAbMUHIOBUU
KyTOJIapHU Y3rapTUPHUIIT AJITOPUTMHU UITLTA0 YUKHUIITaH;

TU3UMJIAPHU KUPUTHII TEXHOJIOTHUACH aCOCUA AJIEKTP SHEPTETUKA TU3UM
Japuja KUIUK TeOpaHUIIapHUHT AeMITpepIaHuIM Ba TYPFYHIUTHHHA Tahb
MUHJIOBYHM pOCTIaruujiap MareMaTHK MOJICIN Ba CUHTE3JIall aJITOPUTMHU UIILIa0
YUKWJITaH.

TagKUKOTHUHT aMaJIuii HATHKACU KyWHIaruiapaaH noopar: KBaJpaTuK
makigaru JIsmyHoB GyHKIUAIAPH aCOCHIA OJIMHTAaH PEXXKUM MapaMeTpiapu KUIHK
KY3FaJuIIapy/ia SJEKTP TU3UMH CTaTUK TYPFYHJIMTH IapT JJApUHUHT ['ypBuIl
ME30HJIapH IIapTiapura MOCJIUIH UCOOTIaHTaH; KBaJpaTHUK Inakijaard JIsmyHoB
GyHKIUSICH OUPUHYH aCOCHI MHHOPH aCOCHAA DJICKTP SHEPreTHKa TU3UMIIAPU
CTaTUK TYPFYHJIIUMTUHUHT aHUKJIAI KAPACHUHH T€3 JIATUII Ba JUCIIETUYEPIIUK
OOIIKapyBUHHU OCOHJIAIITUPHUII UMKOHUHU OEpYBUM COMJIANIAIITUPUIITAH ME30HHU
WINLIa0 YUKUJITaH;

reHeparopiiap MyTJIOK Oypuarura acocjlaHraH Mypakka0 AJIEKTp TU3UMUIArU
KHYUK TeOpaHuIIapa YTUII KapacHIApUHUHT MAaTeMaTUK MOJIEITH HIILIa0
YUKWITaH; TU3UMJIAPHU KUPUTHII TEXHOJIOTHACU aCOCHJIA AJIEKTP SHEPreTHUKA
TU3UMJIAPU JUHAMUK XyCYCHUSTIAPUHU TAIKUK KUIUIIT UMKOHUHU OEpYyBUH,
MYypakkaO JIEKTP JHEpPreThka TH3UMUHUHT MaTeMaTUK MOJIENIA Ba MyaMMOJIH
MaTpUIaCH UIIA0 YUKWITaH;

THU3UMJIAPHU KUPUTHII TEXHOJIOTHUSCU aCOCUA 3JIEKTP SHEPTETUKA
TU3UMJIAPU KMYMK TeOpaHUILIAPHUHT AeMIT(PEepIaHUIIN Ba TYPFYHIUTUHA
TabMHUHJIOBUM KYTOJapHU Y3rapTUPHUII Ba pOCTIArUWIap CUHTE3JAIl aJTOPUTMHU Ba
JACTypH UILIA0 YUKWITaH.

TagKUKOT HATHKAJIAPUHUHT WIIOHYWIMIMIH. TaIKUKOT HATHKAJTAPUHUHT
UIIOHYWIWJIUTA AJIEKTP THU3WMMJIAPU HA3apUSICUHUHT aMalucThaa TEKIIUPUIraH
yCy/UIapy Ba aBTOMAaTHK OOIIKApyB TU3UMIIAPWHU MOACIUIAIITUPHUIL YCYJIapu
KYJUIAHWIAIIMAAH KeauO yukaad. MypakkaOd 3JeKTp SHEepreTuka TU3UMIIapU
KHYUK TEOpAaHUIIUTADUHUHT WNUTad YWMKWITaH MaTpulla yCYyJUlapu acocuia
YTKa3WiIraH XWCOOJIAMI-IKCIIEPUMEHTANl TaJAKUKOTIApH HaTMKajdapu KJIACCHUK
yCyJuiap TaJKUKOTIap HaTHXalapura MOCJIMIA OUIaH U30XJIaHAIH.

TaaKMKOT HATHKAJTAPUHUHT WIMHH Ba aMaJIMid aXaMUATH. JIATyHOB
MAaTpHIa TCHIIaMaCH HETU3U/Ia CTaTUK TYPFYHJIMKHUHT 3apypUil Ba €Tapiu
mapTIapUHA TABMUHIIOBYH, CTATUK TYPFYHJIUKHUHT Oy3UJTUII MIAPTIApUHU



COAANIAIITUPUO aHUKJIAII, IIYHUHITIEK TU3UM FeHepaTopiapu MYTIOK Oypuakiiapu
acocuJia Mypakkad poCTIaHaIUraH EKTP FIHEPreTHKa TU3UMIIAPUHUHT KHIUK
TeOpaHUIILIAPHU TAAKUKOTIIADUHUHT MaTeMAaTUK MOJENIH HIIa0 YUKWITAHIUTUIaH
nboparaup. TU3UMIAPHU KUPUTHIL TEXHOJIOTUACH acOCH]Ia TaXJIWINN KUXATAaH
KOHCTPYKLMSUIAHTaH MYypPaKKaO 3JEKTp SHEPreTHKa THU3UMIIApH
pocTiarny-JapuHUHT TYpKyMH OWIaH n3oxJjaHaau. Mypakkal 31aekTp
TU3UMIIApAArd KUYMK TeOpaHUILIap TaxX I Oyilnya uiiad YMKWIraH Ba
COAJANAIITUPWITaH YCYJUIAPHUHT aMaJIMi aXaMHUATH yJIapAaH 3JIEKTP
TU3MMIIAPYUHU JOUMXAJAITUPHILIA XAM/IA JIEKTP SJHEPreTUKA TU3UMIIApU
JUCIIETUEPIINK OOIIKapyBuia (poaalaHIMIIIAaH HOOpaTIup.
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TagKuKOT HATHKAJAPUHHUHT KOPUH KHJIUMHUIIH. DJEKTP TUZUMIIAPHUHT
CTaTUK TYPFYHJUTHMHU TaxJIWJ KWIMHMILI MaTpUla yCYJUIapu Ba ajJrOpUTMIIAPUHU
uiIad YuKUIl Oyitnya oJIMHraH HaTUKaJlap aCoCHUIA:

JlsnyHoB ¢yHKOMsUIapH, MaTpulla YCy/UIlapd Ba aJrOpUTMIIapH acocHja
spaTWIraH CTaTUK TYPFyHJHMK Ha30paTd yCy/Ulapu Ba  aJlrOpuUTMIIApU
“VY30exanepro” akmusgopauk xamuaru “KYUI'DC” ynurap xkopxoHacuaa xKopui
kunuaTaH (“Y36exsnepro” AXKuunr 2016 iimn 15 mommarn DU-OP-21/2628—con
MabIyMOTHOMAcH). MIIMHIT TaAKUKOTIAp HaTUXKAaJTapH CTAaTUK TYPFYHJIMK 3aXUPacu
kypcatknuuHu 1% kamalThpuin Ba UNUIA0 YUKAPUII camMapaopiIUTHHU
OILIUPUIITA
XU3MaT KUJIaau;

KUPUTHUII TEXHOJIOTUSICK aCOCUA CUHTE3 KWIMHIaH POCTIaruwiap Ba KyTOJapHU
Y3rapTHpUII aITOPUTMH “Y33IITeXCaHOaT aKIUsAOPIUK KommanusicH, «Chirchiq
trans formator zavodi» akIUSAOPIMK KaMUSTH TUZUMUTA KOPUN KUIIUHTaH (Y3371
texcanoar” AKnaunr 2016 iun 14 okta6paaru 04-149-con MabIyMOTHOMACH).
Hatmxana knunk TeOpaHuIIapHu AeMpepIaHuIInHN X1UcoOra orad XoJiaa
novnxanamtupuirad xap oup TITH-25000/110/35 tpancdopmaropu dynramura
capduiaHaIural XOM-allleH!d Ba MaTepraiapHu 5% UKTUCOJ KWJIHILTA SPULTUIAIN,

reHeparopiap MyTIOK Oypdarura acociiaHTaH Mypakkal 3JIeKTp TU3UMUIAru
KMYUK TeOpaHMIIUIapAa YTUII KapacHIAPUHUHT MAaTeMaTUK MOJEIN Ba MyaMMOJIH
MaTpullacu spartuiira Joup sAHrd uiMaid TexHuk eunminap OT-D5-036
«OHepreTukaza AEKTPOMEXAaHUK Ba TUIPOMEXAHUK YTKUHYH >KapacHIAPUHUHT
y3apo OOFIUKIIUK
napunu  popmamnamTupuiy  (2007-2011##.)  nolmxacuga AIEKTPOMEXAHHUK

YTKUHYHU xapacHiapuu (opmammamTupuinga  Goigananwiran  (Pan  Ba
TEXHOJIOTHSUIAPHU  PUBOXKJIAHTUPUILIHU MYBOQUKIAMITUPUII KyMUTACUHUHT 2016
Wun 26 okTsaOpaaru OTK-0313/722-con mabimymoTrHOMacH). Wnmwuit

HATWIKAJIAPHUHT KYJUIAHWJIWMIIM ~ DJIEKTPOMEXAaHWK Ba THAPOMEXAHUK YTKUHYH
KApACHJIIAPUHUHT y3apo OOFIMKIMK JapuHH (HOpMaNTAIITUPHIL S>KAPACHUHH
SHTWJUTAIITUPTraH Ba WIMHUH TaJKUKOTIAp CaMapaJIOpJIMTUHU  OIIUPUIITHU
TabMUHJIAIITA XU3MaT KWJIA]IH.

TaagKUuKOT HATHKAJAPUHUHI anpodamusich. TaakKuKOT Harwxkamapu 12
WIMHAM - TEXHUK, 1Ty XKyMJaJaH 5 XaJdkapo amKyMaHjapaa MyXoKaMa KUJIWHTaH;
«Inexrposnepretuka-2010» Ba «Onexrposnepretuka-2012» Xankapo



WIMHI-TEXHUK  amkyManiapuna, Bapua, bomrapus, (2010 Ba 2012 ifil.);
Ocue-TuHY OKeaHM MMHTAKACHHUHI SHEpreThka Oyinuya Xajakapo aHKymMaHuia
(ITexkun, Xwutoit 2013 Ba 2015#4i1.), ®@aH, TeXHOJIOTHUS Ba OOILIKApPyB COXacHAaru
10-un xankapo amxymanuaa (Kyana Jymmyp, Manaitsus, 2015it.); Y36exucton
SHEPTrOTU3UMHU JIUCIIETYEPIIMK  Oomkap-macu wimui cemuHapuaa (2016ii.) Ba
TomATY: «Onexktp craHuusaapud, TapMOKiIap Ba Tuzumiapu , “I'mapaBivka u
TUAPOIHEPreTruKa”, «IEKTP TABMUHOTHY, «IIEKTPOTEXHHKA, HIEKTPOMEXAHUKA,
AIIEKTPOTEXHOJOTHS  KadeapatapuHUHT Oupnamran cemuHapuaa (2016ii.)
Mabpy3a cudaruia YKUO SMUTTUPUIITAH.

TagKUKOT HATHKAJIAPUHUHT IbJOH KWIMHHIIM. J(Mcceprauus MaB3ycu
Oyiinuya 25 wiMHi uIUIap, Iy XymJaJaH 8 Tacu XOpPWXKHUU HalIpiapia 4om
ATUJITaH. V36ekncron PecryGmukacn Oumii  arTecTanys KOMHCCHSCHHHHT
JOKTOPJIMK ~JHCCEPTAlUsIaph aCOCUN WIMHUN HATHXKAJIAPUHU YOIl ATUII TaBCHS
STWITaH UJIMUNA Hampiapaa 15 Ta uaMuil uii, *Kymiajiad, 2Ta MoHorpadus, 2 ta
MakKoJIa XOpHUKUHU Ba
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13 ta Mmakona pecnyoiavKa )KypHajIapyaa Halp KWiauHrad, xamaa 4 ta OXM yuyH
SpaTUIITaH JaCTypUil BOCUTAIAPHU KAl I KWJIUIII TYBOXHOMACH OJIMHTaH.
JluccepTaliUsIHUHT XA:KMH Ba Ty3WInIIM. Jluccepramus TapkuOu Kupuii, Oerira
600, xyrnoca, ¢goinanaHuiarad ajjabuemiap pyixaru Ba wioBajiapjaH uoopar.
JluccepTalissTHUHT XaxXMU 188 O€THM TaIlIKWJI ATraH.

JTACCEPTAIIUSAHUHI ACOCUI MA3MYHHU

Kupum kucmmaa auccepranuss MaB3yCHHUHT J0J13apOJiMId Ba 3apyparu
acocnalb OepuiraH, TaAKUKOT OOBEKTH Ba NMPEIMETH KYpCaTWUTraH, TAAKUKOTHUHT
V36exucron PecryGnukacu (aH Ba TEXHONOTMSIAPHH PUBOKIAHTHPUIIHUHT
YCTYBOp WMYHamuIUIapura MOCHUTH OeJTrWjiaHraH, OJIMHTaH HaTWKaJIapHUHT
XAKKOHUWJIUTH AaCOCJIaHTaH, HATWKAJIAPDHUHT Ha3apuil Ba aMalldid axaMUsSTH
OUWJITaH, WIIHUHT aMajueTra >KOPUM KWIMII XaKuJarv, 4or J3TWIraH uiuiap Ba
JUCcepTaIus TY3WIHIIN OYiinda MabayMOT/Iap OepuiTaH.

JluccepTallsTHUHT «DJIEKTP TH3UMJIAPH KMYNK TeOpaHUIILIAp MyaMMOCH
TAAKUKOTUHUHI 3aMOHABHii XoJaTw» Je0 HOMJIaHTaH OHUPUHYM Ooduaa
MaTpulla  ycy/ulapu, Mypakka0 »diekTp »sHepretuk tuzumiiap (39T) kuuuk
TeOpaHUIUIapu  MYyaMMOJAPWHHWHT 3aMOHABHH XOJIaTW OyinW4ya dYOm OJTHITaH
acapjlapHMHI TAaHKUJAWW TaxJIuid yTkaswirad. JlsmyHoB Ba Pukkaru marpuia
TEHINIAMAIAPUHUHT KYJUIAHWIMIIM ~ caMapalid allfOPUTMIIAP Ba YJAPHUHT €YU
Oyiimya pakamiaud Ba Tax) MK yCy/Ulap Ba JacTypiap HIUIA0 YHUKWIUIIN
MyHOca0aTi OuIaH KeHralTaH.

MabnymMku,  y3rapmMac — KO3(QPUUUEHTIH  YUM3MKIM  auddepeHiuan
TEHIJIaMajap Yy4yH KBaJpaTUK makiagard JISnmyHOB (QYHKIUSCH TaAKUKOT
KWIMHACTIaH TU3UMHHUHI KWYUK KY3FalMIIapAa TYypFYHJIUTMHUHT 3apyp Ba
eTapJyiy MapTIapyuHu TAbMUHIJIOBYH ATOHA (QYHKIIMS XUCOOIaHAH.

Marpuiia TeHmiamajdapuHu, Ky >KymJlaJlaH KEHT aMajuid KYJulaHuiacTraH



TaxXJIWINK TEHIIaMallapHM edull Oyiinua sSHru Ba yTa caMapalid ycyiuiapra oiud
KeJIraH TaJKUKOTIapHU Kaja »Tu0 YTum wmyxum cadanaau. Cyarru 20-25
mnmmapga  Poccust onmumu B.H. BykoB Ba yHMHr WiaMuii MakTaOM TOMOHHU[AH,
HadakaT MHHMMa-¢pa3zaBuil, OaJKM HOMUHHUMAa-(a3aBUil TU3UMIAPHU XaM V3
yuura onn0, edwIiagural Mmacajajap JOMPAaCUHU KEHTaWTHPHUII MMKOHHUSTUHU
OepaauraH sHIU MaTpUL@BUi KOHCTpyKuusuiap Takiaug ostwigu. Homau
OynyBuMiap, KaHOHHU3ATOPIIAP TUNAJATM  MaTPULIABUH  KOHCTPYKLHSIIAP
aHbaHABUIJIADUHUHT OJJWJAa MHUKIOpUH Ba  alrOpUTMHUK ad3ajuKiapra sra
Oynu0, 4YM3MKIM JUHAMMK THU3UMIIApU TaxJIMJIM Ba  CUHTE3UHUHI SHTHU
UMKOHUSITIIApUHHA 04HO Oepaiu.

3aMOHaBUIN TU3UMJIAPHU KUPUTHIL TEXHOJIOTUACH 3aMOHABUHN yCyIl
JAPUHUHT MOXHUSTH — MypakkaO TaIIKWJI STWITaH MaTpuila TASUMUHHI aH4Ya OJIUI
TU3UMJIAp KaMJIUTU OUJIaH TacBUpJall €KY TaIKUH KWIUII HIapTIapHUHT pacMaH
KaTbUi TabpuduIaH HOOpaTIup.

ONeKTp TU3UMIIApU TAAKUKOTIApHUJa TU3UMIIAPHU KUPUTULI TEXHOJIOTHSICH
KYJUIAHWIACTTaHJIUTUra Xal Kyn BakT yTranu WyK. KypuO uukunaerran WyHamum
UKKH KuUCMAaH wuOopar. bupumHumMnaH, TU3UMIap Ha3apUACUHUHT €YMJIacTraH
MacaJacMHU MyaMMOJM MaTpulia 1e0 aTanaJuradl Ba YM3HMKJIM JUHAMUK TH3UM
XyCyCUsTJIapu XaKuaru 0apua MabiIyMOTiapra sra 0yiarad Maxcyc KOHCTPYKIUS-
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JaHaJWraH Marpuia KYpUHUIIWIA TU3UMHUHI TacBupiam. WMkkuHumpan, Oy Xo
Xum Oyiinda TaHiad OJIMHTAH, TAJAKUKOT KWIMHASTraH THU3UM Ba oOpa3 1ed HOM
JAHYBYM MCTAIraH XyCyCHUSTIM THU3UM Yy3aTMa (DYHKUMSUIAPUHUHT (OIepaTrop
JApUHHN) YXIIAIUIMTY YYYH 3apyp Ba €Tapiu MapT XUCOOJaHTaH JEeTePMUHAHT
HUcOaTIapaup.

OJNeKkTp TU3UMIIApY  TEHIMIaMaJapyuHUHT  Marpula KodpduiueHmiapu
y3rapuiuiapyd Iapriapuja €uMil yCy/ulapu UWNuiad YUKWIAUM Ba  YJIApPHUHT
AJITOPUTMU TY3WIIIN.

Ky MammHanm 31eKTp TU3MMIIADUHUHT CTAaTHK TYPFYHJIMTH Ba YH3UKJIIN
IUHAMMK TU3UMJIAp KUYUK TeOpaHUIUIAPUHUHT TaJAKUKOTIApU yCyJUIapUHU
TakKKocjaama 06axosail Mypakkad JMHAMUK TU3UMIIAPHUHT YTKUHYU PEKUMIIAPUHU
VpraHuill yuyH MaTpUIla YCYUIAPUHUHT OpTUO OOpacTraH axaMUsTUHH KypcaTau.
bynna JlamyHOB TeopeMasiapy 3JIEKTPOIHEPTETUKA TU3UMIIAPH CTATUK TYPFYH
JIMTUHU TAAKUKOT KWINII YUYH Ha3apui acoc XUCOOIaHaIM.

JuccepralMsiHUHT «3aMOHABHII MaTPHLA HA3APHUSACH Ba OOIIKAPHIIHUHT
ABTOMATHK THU3MMJIAPHHI TAHJAHTaH KOWAAJApW» /10 HOMJIAHTaH MKKHHYM
0o0uaa marpuiianap Ba aBTOMAaTHK OOIIKapyB THU3UMIIADUHUHT SHTH, 3aMOHABUI
HazapuscH OViinda TaHJIaHMa HU30MJIAp KEITUPUIITAH.

Marpuna TeHImaMaJlapyHM €4MII y4yH KYJUIAHWIAJWTaH yCyJulap, YHD
KHUCMHHM XHcoOra oJjiraH XoJja, MaTpUIIAHWHT KaTopJiapyu €KW YCTYHJIapu OuiiaH
AlIeMEeHTap amaiuiap Oaxapuiura onud kenagu. byHpail y3rapuinuiap OoluIaHFUY
MaTpULI@aHU Maxcyc TypAard Marpuiiara KynmauTHpHILNra SKBUBAICHT XHUCOOIaHa/IH.
Bynapra marpunanapiau Hoira OymyBuu (VHT Ba 4yar), KaHOHM3aropiap (YHI, dan
Ba HWFMa), MareMaTUK OOBEKTHUHI HYKH XYCYCUSATIApU UYKYp TaxJIMJIMHUA
VYTKa3UIll IMKOHUHHM O€pyBYH, ylap MOACIUIAPUHUHT ajareOpaBuil XyCyCUSTIapUHH



Oenrunad OepyBUM, TAAKUKOT KWJIMHAETIaH TU3UMIIAPHUHT MaTpULlaBUi TacaB
BYPUHUHI HOKOMMYTAaTUBJIUTH KAPAIN.

Mamxyp Poccus omumu B.H. bykoB Ba yHHMHI Xoaumuiapy TOMOHHUIAH
MaTpulajgap HOJIUHUA OYIyBUMIAPUHUHT Ma3MyHH O4HO OepuiraH, KaHOHU3ALUA
yCyJIM acOCHJla MaTpullaBUil TeHIJIaMaJapHU €4nll YCYIH UIUTa0 YUKUIIIH.

Amxn — (mxn) ymgam Mmartpuia Ba rankA = r panrra sra OyicuH. Ymoy

L
MaTpuIa y4yH KyHuIard TynryHdansap KupuTuwiagu: (m-r) youamu A HOJT MaTpuia
CUHUHT yan OyiyBuMcH; (nXr) ya4amiid Ba (n-r) paHraaru ARHon MaTPULIAHUHT YHT

L
OymyBuucH; (rxm) yagamiad A 9anm KaHOHHM3aTOp-MaTpulla; YHT KaHOHHU3AaTop-

R
A™(NXT) §gammn MaTpuua Ba (nXm) MamIn dinFMa KaHoHH3aTop- A MATPALA.

0 0 o -
€6 Ba V9O " marpunanap HOIMHUHI OYIyBUMIApH MXTUEPHUI MaTpUIa
KaTopJiap Ba YCTYHJIAPUHHUHT YHU3UKIU OOFIMK KOMOWHAIMSIIAPUHI

*0 *0
aK/UlaHTHpaty. €€ Ba 99" marpunanap A marpuiia 6apya YU3HKIN

MYCTaKuJI KOMOWHAIUSTIAPHU, KaTOpJiapy Ba YCTyHJIaApUHU TaBCUIakIu.
Kyi#tnnaru TeHrmuknap XakkOHUMaup:

0o 2 _ 06 0o 0o 0o
0 0009 00,9090 090090 =0,090 0900

o o *o _
=0,00 V000 — 0, 9@ 000000 = 9@ 000006

*0
QP 000000
o

[ynnait Kuauo, Xap KaHaai A MaTpyilaHd MaKCUMaJsl paHTH HOJTHUHT Yarl

9 *%5a VHT 0°° OYIyBUMIIApUHM XaMJla A MaTPUIIAHUHT WYKH TY3UITUITUHU
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TaBCUQIIOBYM A ~jiyrva KAHOHM3ATOPUHH §3 MUHra OIyBYH HOATOHA MATPULIANAD
YUITUTH TaKKOCIAIl MyMKHH, STbHU

9 40 oo 00 09 *e (1) Marpunanusr (1) KYpuHUIITN MaTpuUIia
KaHOHU3aruscu Ae6 atanaan. Kuduuk Ky3ranmunuiapja TMHAMUK TH3UM TaX AU Ba
CUHTE3H Bazu(alapuHu TaAKUKOT KWW, YHUHT XoJariaap OYVIUTAFUHU TaITKAI

n
3TYBYHU
xERBa
nouMuil Ko3pPuiuenTiu MaTpunaiap OuinaH TeHIIaMaJlapHU €YUl OPKaJIH
aHWKJIaHAIWTaH XOJaTJIapHU aHUKJIAII OMIaH OOFNIHK;
QO =0000 - 00090 (2) 900 =90000 1+ 00090 (3)
bynaa A, B, C, D — TaIKMKOT KWJIMHACTIaH TU3UMHUHT, pOCTJIarun4Jiap Ba
TalIKU Tabcupiap (KUPUII), KUPUIII Ba YUKUII TTapaMeTpiiapu OOFIUKIUTH OujaH
aHUKJIaHaauraH MaTpunanap. (2), (3) “kupuni-xonar-yukuin’ TU3UMU TEHIJIA
Majlapy HOMUHH OJIJIH.



Tu3uM TaxTiIIA TypFYHJIMKHUHT 3apyp Ba €Tapiiy MapTIapUHA TAbMUHIOBUA
KBaJpaTUK Mmakiaard JIamyHoB QyHKIUsACH OMIIaH TaAKUK (ABTOHOM YH3UKJIIH)
KWIMHHAIIYA MyMKHH. YOy WIIIa XoJaT Ba JIAIMyHOB TEHTTIaMacHHU €4HII OYirda
MaTpULAIN YCYJIap KEeNTHPUITaH.

JlucceprarussHUHT  «DJIeKTP TH3UMJIAPH CTATHK TYPFYHJIUTHHUHT
KBaJApaTuk ¢opmagaru JsinyHoB QyHKUMAJIAPH aCOCUAA COANAIAIUTHPHIITAH
ME30HUHHM fIPATHID» [0 HOMJIAaHTaH YYHHYH 000MJIa KBaJpaTUK MIaKJIJAard
JIsnyHoB QyHkumscu acocuaa DT cTaTuK TypFYHJIMTHHHUHT 3apypuil Ba €Tapiu
apTIapUHA TABMUHIIOBYH, COMIATAIITHPUIITAH ME30HHU UIIA0 YMKUJITaH.

OnexTp THU3UMIIApH KHYUK TEeOpaHUIUIADUHUHT MacanajapH, CTaThK
TYPFYHJIMKHUHT MabJiyM OYy3WJIWII TypJiapu TaaKUK KWIMHASTTaH TU3UMHUHT
XapaKTepUCTUK TEHIIaMacuHU [YypBUIl MeE30HJapuU acoCHAa TaxXJWi KHJIHII
OpKaJIM KYyprO YMKHUIITAH:

990,900°° 1+ 090,00°° 1 1 06,00%°° 1 .. 1 90,, 901+ 00,,=0

Cratuk TYpPFYHJIUKHHHT Oy3WIWII TypJiapd TH3UMHUHT XapaKTePUCTHUK
TeHramanapu koddduimentiapu (a;>0 — 3apypuii mapmiap) Ba ['ypBuiHuHr 6ap
Ja aHWKIOBYMIApUHUHT MycOammmk (Ar>0 — erapnu maptiap) OwiaH udoana
HaJUTaH TYPFYHJIUKHHUHT 3apypUi Ba €Tapiid Mapmiapy TanadiapuiaH Keaubd 9K
KaH xoJija aHukjaaHrad. KYypunu® Typubauku, XapaKTepUCTUK TEHIVIAMAHUHT Ja
paxkacu n optud GopuIM OMiIaH, KyHUITaH MacajlaHh €uuIll MypaKKaOJialiay.

Ym0y MmacaimaHuHT ¥3W KBaApaTuK mmakngaru JlsnyHoB (yHKuusapuaa
doimanann0, MaBxyn xucobmam ad3adkiIapy OWiiaH aHYa WX4aM CUWIIHIIN
MYMKHH.

9J'IeKTp TU3UMHU MATEMATHUK MOICJIINHNU é3aMI/I3:
09(009)

Q000 QQAOO (4)

OyHia A — TaJKMK KMJIMHAETraH TU3UMHHMHT X0JIaT MaTpULACH €KH Y3 JTMHAMHUKACU
MaTpuIacu 1ed aTairyBuu, TOMMUN JIEMEHTIN (nXn) TapTudnarun marpumna, X, Ax —
O0T pexuMu napaMeTpIIApUHUHT BEKTOP-YCTYHH Ba YJIIADHUHT KUYUK OFUILLJIAPH.
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KBagpatuk makiHu Oenruinaiimus

% 0000-1= 00°°0000 5 9000=12..,09;(5
0 =99,00099,0909,,

By epna Q —xBagpaTuk maxiagaru ko3gphuinrueHTIapyu Xaau MabiyM OyaMaran
KBaJIpatiid MaTpuIa; X — xoin anMamntupuirad X (BekTop-karop). (5) GyHKmus
KBaIpaTuK makiaaaru JismynoB dyHkuuscu neb arananu. (4) TeHIIaMalapHU
XycoOra oJrad xoJija, ymoy GyHKIUSHUHT XOCHIACHHH TOMAMU3:

00°%0000 0

0006=29 oo
¢00e 00 09909 4006 ¢ 0000 +
9000= 000 + gggg: zi"%«woo
00°% 60000

0009



= (99099)°%°0000 1+ 00000000 =00%00"%0000 +
990°°000000=00°°00°%00 + 9006 00.(6) Kyiiugaru 6enrunu
KHPUTAMHU3:

ATQ + 04 = - C (7) 6ynna C—OupIHK MaTpHIIa.
(7) Tenrnama JlamyHoB MaTpuiiaBuii TeHiamacu ae6 artanaau. Arap Q
MycOaTiu aHUKJIaHTaH MarpuIiia 0yica, yHaa

.VT
xQx 0
=-<,(8)
oynaa V>0, spau V QyHKIUsIIapyu Kamasijiy, Ba HaTHXKaa TH3UM TPACKTOPUSICH
KOOpAWHATIAPHUHT OOIINTa WHTUIAIA, aBTOHOM YM3HUKJIM TH3UMHU (4) e4nMu

ACUMITOTHK Tap3/a TypFyH Oyiaau.
ynaait Knauo, arap KOOpAWHATIap OOLIMHYU Y3 UUUTa OJIaIUTaH

y3rapyBuaH (X;, Xy, ..., X,) OYIUIMKHUHT 0ab3U cOXacHaa TCHICU3IUKIap Oup
BaKTHHUHT y3ujia Oakapuiaauran oyica .
0

V>06aV<(9)

OyHzaii Xxonaraa KoopAuHaTiIap Oolngaru MyBo3aHar X01aTi aCUMITOTHK Tap3/a
TypryH Oynanu. YOy xounar JIsmyHoB TeopeMacuaa udonananrad. Ksagparuk
makiaard JIsmyHoB QyHKUIMACK TaAKUK KUJTMHACTTaH YM3UKIU IUHAMUK TH3UM
ACUMIITOTHK TYPFYHJIMTMHUHT 3apypHUil Ba €Tapiy MapIApUHA TabMUHJIANIHU, Ba
IIYHUHT Y4yH YHHUBEpCal XUcoOIaHa Iy, S’bHU arap TU3UM JOUMUHN
ko3 pumenTIn Ynu3uKIu quddepeHiran TeHriaManap Ouilad TacBUp JlaHAUTraH
Oyica, yuaa y xap KaHaai JUHaAMHUK TH3UM yuyH Oup xwi 6ynaau. Konran Oapua
XoJiap/ia MaKIaHTUpuiIaaurat JIanyHoB yHkuusaaapu Gaxkar TypFyHIUKHUHT
eTapiy [apTIApUHU TabMHUHJIANAM Ba OyHJa yJaap HaMyHaJlap Ba Xarojiap yCylu
OwaH Ty3unaau, sbHU yHUBepcall xucoonanmaiiau. Lllynunr yayn JlsmyHoB
(GYHKUMSITTApUHUHT HOYM3UKIIY TU3UMIIAP YUYH KYJUIAHUIUIIN YEKJIaHau.

Acocwii Bazuda JlamyHoB MaTpuIlaBuil TEHINIaMaCUHH €UHINIAaH Ba MycOar
aHuKJIaHrad Q MaTpuIiaHu aHUKJIauIad nooparaup. Q Marpuua >IeMeHTIapU
99 (99 + 1) 2 TenrmamanapHau euuin opkanu (7) 6yiinya aHuKJaHaau, OyHaa n
TeHramManap conu. bynaa (7) euunn acocuia OJIMHIaH JUHAMUK TU3UMHHHT TYp
FYHJIMK [IapTiaapy ['ypBHIl ME30HIApUIaH OJIMHIaH IIapTiiapra KaTbHil paBHILIa
SKBHUBAJICHT OVJIMIIYN KEPaK.

CunpBecTp Teopemacura OWHOAH, KHYMK Ky3Fajulliapaa TaaKUKOT
KWIWHACTTaH TU3UM TYypFYHJIIMTUHUHT (4) 3apypuil Ba eTapiu waptiapu cudaruaa
Q MaTpHULIAHUHT aCOCU JUAroHaja MUHOpJIapu MycOaTJIMTU XU3MaT KWIAIH, SbHHU,

14
90,1990, 99,,,99),
Ap=99,,>0,A,_ €6, 99, 99,40
09
99, 00,,> 0., Ape= 09401



9944, 994000 ~ 0.(10)

Taxyun myHu kypcatauku, Q MaTpUIlaHUHT OUPUHYU ACOCUM MUHOPHUHT
MyCOATIIMIY KyHHIard KYPUHUILIIATY PEKUM Ba TU3UM [apaMeTpiaapura OOFIuK:
09

A= 994, =00w‘>%000%0
09,00,,90,> 0, (11)
OyHJa Z,, Z, — PSKUM Ba TU3UM IMMapaMeTpiiapura O0FJuK Oynaran udoganap.

(11) maptHu Gaxapuill yayH Kyduaaru tTanabdnap 6axapuidiinyg mapT: @€,
_ 99090060
- 07274

00096>0,(12)

0000,,> 0, (13)
99,>0---909,>0.(14)
(12)-(14) mycOaTnuruHUHT Oy3WIMIIK KyWHIary mapmiapaa Coaup
OYIHIIN MyMKHUH:
- FeHepaTop OPTUKYA IOKJIAHTaH/a, sbHU MarmuHa 90°(c;<0) 6ypuak opTuaa
UIIaraHja;
- anektp y3arui THHASACH (X > Xery > X ¢) MHIYKTUB KAPIITAIATH
CUFUMIIAp OWJIAaH KOMIIEHCAIIUSIIAHTaH/Ia;

9940

- OypyakJIapHUHT KUHMaTiapu HoOJTa SKWH OYyJraHga, SbHU CaJIT IOPHINTa
SKUH OVnrad pexxumiapaa. Py= 0 Bar = 0 6ynranna, (14)nan Kydugaruaa ojlaMu3;
V0= —09,,00;,="% 00,,-00,,
90000000 >0, (1))
0940904,
Taxjui 3ca (15) mycOatnuru Kyiugaru xonaraa Oy3uIuiiig MyMKUH SKaHJIUTUHU
Kypcaraju:
PV < 00, — 9000000000000°°°, 000000 (00,

vo- (10)

Hazapuii Ba Xxuco0 TaxjmwiM HIyHH Kypcaraauku, (15) ymymwuii Xxonaraa
Mypakkad udomara sra Q (10) kBaapaTWK IIAKJIIard MaTpunaiapHuar A, >0
(i=2-n) WOKOpU acocuid MuHOpiapu MycOarmmuru xyaau yma (12)-(14)
HapTIapHUHT OaXKapUiIuiIura oinud Kejnaau.

[IyHaii skaH, KBaJApaTUK MIAKIJard MaTpuila OMPUHYU aCOCUM MUHOPH
MYyCOAQTIUTHHUHT OY3WIHII IIapTIapuiaH, JJIEKTP TU3UMU CTAaTHK TYPFYHUIN
TUHUHT MabJyM (HoJAaBpuil Oy3uiuill, ¥3 Y3uaad KY3Falulll, Y3 Y3uaad TeOpaHuIIn)
Oy3WIHIII IIApTJIApU KeJIUO YHUKaIu.

Hemak, JISnyHOBHUHT WKKUHYM YCYIM OWJIaH OJIMHTAH 3JEKTP TU3UMHU
CTaTUK TYPFYHJUTHMHUHT Oy3WIHII IMapTIapu, yMyMIAmITApWiIran [ypBuig
miapTiaapu acoCu/la aBBajl TOMWITaH MIAPTIIApra MOC KEJIaIH.

Taknud oSTunarad  ycynmHUHr ad3ajulMrd  IIyHJAH UOOpaTKH, CTaTHK
TYpFYHJIMKHUHT Oapua Typjaru Oy3wiunuiapu OupunHum ;>0 acocuii MuHOpIa



’KaMJIaHTaH Ba Ma3Kyp xoJyiaT mypakkad 99T yuyH xaM XaKKOHUUIUP.
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Maskyp GakT Typiau MypakKaOIUKAaru 3JeKTp TU3UMUHUHT XUCOO SKCTIEPUMEHTAT
TaIKUKOTIAPH HATWKaJapy OWJIaH XaM TacIUKJTaHTaH.

a A,

ri

1-pacm. Onamii Ba y4 reHeparopJiu TU3uM yuyH 'ypBun anukiaosuncu (A) Ba JIanyHos
MATPULIABUI TEHIVIAMACH KBAJAPATHK LIAKJIM ACOCUI
muHopJiapu (Bb) y3rapuuiapu

l-pacMga MHCON TapuKacuaa OAJMKA Ba y4 TE€HEPaToOpiud SJIEKTP THU3UMU
VUYH XapaKTepUCTUK TeHrmamanap kodddumuentiapu (12) Ba KBagpaTtuk
MIAKJIJAary MaTpuianap MuHopiapu (16) y3rapumm kentupuirad. XapakTepUCTHK
TeHraManap kodpduuueHTnapuHuHr y3rapuumapu 99T pexxuMu orupianrasia
Typnu TaBcu(ra sra O6ymanu. KBagparuk makngard MUHOPIAPUHHUHT Y3rapHIIu
oup xun tycra sra. Kypunuo typubauku, Ma3kyp XyCyCcHUsT TaJKUKOT KUJIH
HACTraH TU3MMHUHT MypaKKaOIurura OOFJIMK 3Mac.

AlTranumMu3Hu Xucobra onranga 99T MyBo3aHaTu X0JIaTh TyPFYH

JUTUHUHT TaXIUIUHA 991, > 0 OuiaH aHUKJIANl XaMa YHU 3apypHil Ba eTapiu
MIapTIAPUHHA TABMHUHIOBYH CTATUK TYPFYHJIIMKHUHT aMaInii MEe30HH cudaruia
KYpuO YUKUII MyMKHH.

Mypakkab 39T TankuKoT KuIMHTaH1a Oy ce3WIapiu napaxaaaru Xucoo
Jall caMapacuHu Oepajii, YyHKU XapaKTepUCTUK TeHIIaMa K03 QHuIeHTIapy Ba



IOKOpY TapTUOary aHUKJIOBUMIIAp XUCOOIaHMaN TN,
CuHTe3 Macanacu y3rapyBuaH Xojiar TeHamanapunu JlsmyHoB Ba Pukkaru
MaTpHUIIaBUi TEHITIAMACUHU €YU HEru3u1a Oa>kapuiiraH:

16
0000+ 00=00°"%0000~1200 60000 + 00°00° 11200 +

60000 + 90709’ =N06(09).(17) bynna \ = 00°°°° = 1200 -
60000 + 00°00° 11200 + 60000 + 00°06°

1, h — Gupnuk mMarpuua Ba XUcoO KaJaMH.

MarpunaBuii TEHINIAMAJIAPHY €YWL ACOCHIa CHHTE3JIAHTaH KYy3FaJIUIIHUHT
ABTOMAaTUK pocCTJIaruwiapu ypHaTwirad DT yTHI xKapaCHUHU TaAKUKOTIApHU 2-
pacMa KeITUPHJITaH:

Ab Ab

‘i 68 81 015 0@ OB 85 oW 04 06 ol e am o1 oIl a2 AN 83 0N G am Bs
- EPEMA, CEK - BpEMA, CEK,
J\ 'I';_

2-pacMm. Opauii II3Taaru yrum xapa¢Hu: A-pocTiaruy YYUpHJIras;
B-Ky4/J1aHMIIHHMHT, poTOp Oypyaru Ba OMPHMHYM XOCHJIAHMHI OFUILIMHU Ce3yBYHU
CHHTE3JIAHTaH pocTiaruy MaBxkyl: Kos = 11.57, kyy = 16.22, k5 = -0.3854.

Huccepranusauar «KBagpaTuk ¢popmaaaru JIanyHoB pyHKUUATIAPH
acoCHIa MYPAKKa0 3JIEKTP TH3MMJIAPH TYPFYHJIMIH YerapacuHi aHUKJIALI
YCYJIMHHU SIpAaTHII » €0 HOMJIAaHTaH TYPTUHYHU 00012 MKKU (QyHIaMEHTAIl YCYI -
KBaJIpaTuK akiaaru JIamyHoB QyHKIMSICUHU Ba TYTYH KyWIaHHUILIAP TEHIVIa
MaJIapuHU OMpraiukia Kyjam acocuaa Mypakkad 99T cTaTuk TypFyHIUTUHUHT
YyerapacHM aHUKJIAIl YCYJIH NIUIa0 YUKWITaH.

bynna mypakkab O3T cratuk TypFyHJIHMTH KBaJpaTUK Imakugaru JIsmyHOB
MatpulaBuid TeHmiamMacu (7) Ba TYryH KyWwIaHMIUIAp TEHIVIaMajapUHU
OMprajivk/ia e4uil acoCuaa TaAKUKOT KUJIMHAIH:

QOOO =900 + 90,,,00,+ 00 (19)

Mypakkad O3T cratuk TYypFyHJIUTH TaJAKUKOT KWJIMHTAHJA JacTiad TyryH
Ky4JaHUIIap TeHINIaMalapy acocuja OelruiiaHrad pekuM XucoOnaHaau, Xap oup
k Tyryn yuyH xywranum U, Ba YHUHT O, apryMEHTH aHHWKJIAHAIH, Ba CYHTpa Xap
Oup reHeparop yuyH, Ma3Kyp MablyMOTJIapaaH ¢oiinanaHuo, KBaIpaTuK IAKI
naru Q Marpuia OUPUHYH, ACOCUM (;; MUHOPHHKMHT MYCOATIMIHM TEKIIMPUIIAIH
(3-pacm)



PexxuM mapameTpu OFMpIALIMIIIA ;;; MAKCUMall y3rapran reneparop 99T
CTaTUK TYPFYyHJIUTHHUHT Oy3WJIUINM HYKTaW HazapuAaH XaB(pau XucoOIaHaIM.
Hlynra kapab, Ma3Kyp OFHMpiallviIia yerapara OolIKajgapra KaparaHia T€3pOK
SKUHJAIIAUraH TeHeparop aHuKiaHaau. Takmud osTuinaetran ycyn Owuian
mypakka®d OTT craruk TYypFyHJIMTHHU TaIKWKOT KHUIIHUII, «T€HEeparopiap-IInHa
CXeMaJlapUHU TAKUKOT KUJIHUIITra aiaHu0 Kojaaau.
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BowwnaHmwm
Hopman pexum xncobu
CTaTuK TYPryHIVKHWHT . o
AkobunaH>0 yery Byannuwim (Hopaspuin) Xa VI¥K
} 1=0
I=1+1 Wyk
[Uil=0 Xa
JlanyHoB
DYHKLUACUHM
LIaKnnaHTUpmLL
CTaTuK TYPryHIUKHUHT
By3unuwm Q>0
WyxXa .
yKX yk
Tamom
I<N
N Pesum

ornpnawumim

Xa

3-pacm. KBaaparuk makagaru JIsisnyHoB QyHKIHMACHHY BA TYTYH KYWIAHUILIAP
TeHINIaMAJIApMHU OMprajukaa KyJJiam aJropuTMu

Maskyp anropuTMHH TaXJIWINH )KUXAT/AaH Y4 TeHepaTopiid TU3UM MHUCO
U1 KYPCaTUII MyMKHH. 4-pacMia q;; Y3rapMIUIAPHUHT — TaIKUK KMJIMHACTTaH
y4 TEHEPATOPIIH 3JIEKTP TU3MMHUHUHT Xap Oup reneparopu yuyH Q; KBaapaTuk
INAKJIMHUHT MaTpULaIapyd OUPHHYH SIEMEHTIAPHHHHT (j Y3rapPUIIN KENTUPHITaH
(6bynna j=1-3).

” __-E..'I'I: WETI]

-t L T

- -h AE ."||.|.1.

'rl'“i.:ll

j 1 ”nn-u

4-pacm. Y4 reHepaTop/iy 3JIeKTP TU3MMHU aCOCH OUPUHYM MUHOPJAPUHHMHT Y3rapuiiu
18
Mypakkab 37eKTp TU3UM PEKUMU OFUPJIAIITaHIa TypJid TeHepaTopiaap YUyH

,j=1-3
KBAJIPATHK MIAKJIJIard MHHOPJIAPHUHT (§; J ) Varapumm typauda 6ynaam. (19)

YMYMJIAIITAPUING, KyWHuaarnda ¢3uiniyd MyMKUH:



00@@ 20000
A

Aloooo 00 (00+1)— 0666 —Loo (00+1)

Moo 00— Too (00+1)> (19)
oyana [1- U, £, [, d — DOT pexumu mapamerpiapw, yinap Oyiitnda OFUpIIaIITHPHII
HATMXKAacH/Ia TAIKUKOT KIJIMHACTTaH TU3UM TeHEpaTopiIapyu MUHOPIAPUHUHT
V3palmHu aHUKJIaHUIIT MyMKUH, j-(19) Xucobmad unkapuiiagural reneparop, i
O90T pexxuMUHUHT OEpHIITaH MmapamMeTpiapy yIyH KOPUH OFUPIAIITUPHIIL
KaJlaMu.

¢>0 mapTy KBaJApaTHK MAKI yIyH JOUMO OaKapiIaJu, ITyHUHT YIyH TSHT
CU3JIMKIIApHU KAaThUM Oakapuill ymly mapt OuiaH yerapaaHuil MyMKHH:

A
A" 4000 Do (00+1)

_%e
oo 00— lloe (00+n— 1100
@ollyo> 0. (20)
Jlemaxk, j reHepaTOpHUHT, Ba HaTmxkana DT craTuK TypFyHIUTUHU

o ©9
TabMHUHJIAII YUYH, KYUHUIAlr'd I1IapTHU 6a>1<apmu Tanad OTHIIAH. 11

@ollyo> 0. (21)
OnuHraH HaTUXajaap acoCuia MypaKkkad AJEKTp TU3UMIIAPU CTATHUK
TYPFYHJIUTUHU TAJIKUKOT KWJINII KyWHIard aJITOPUTMUHU TAKJIU(Q ITHIII MyMKHH.
Mypaxkkad OTT 6epwiran pexxuMHuHT [1 mapamerpu Oyiinya ofupiaivimra
Kapab, xap Oup reHepaTop €Ku axxpaTwiral rypyxjap yuyH Xxap Oup 1 Kagamjaa
(21) mapt TakkocnaHaIu:

0009
00H> oo 11,09
000011 .
oo~ " 11.e¢

OyHIa N-CTaTWK TYPFYHJINTH TEKIIUPWUIACTIaH TeHepaTropiiap €KH CTaHIusIap
corr. Tv3uM pPEKUMUHUHT OCNTHIIAHTaH MapaMeTPH Yy3rapraHja KBaJpaTHK IIaKT
KO3 GUIIUECHTIApH MaTPUIIACK ACOCUW OWPUHYM MHUHOPWUHUHT  Y3pAIHUIIH,
MaKCcUMaJl OYJIraHd T€HEepaTop CTAaTUK TYPFYHJIUTH Oy3WJIUIIM HYKTau HazapuiaH

SHT XaBIMCU XUCOOIaHA IN:

0009
11,90

o= 00000 . (23)

By Hatwka Ky3FaJIMIIHU, TE3MKHU Ba OOLIKA MapaMeTpIIapHUA aBTOMATHUK
pocTiaruwiap Ko3ppuuueHTiapyu pocTiaa OpKajd Ma3Kyp FeHEPaTOPHUHT YTHILI
’KapaCHUHU OOMIKAPUILIHU TAIIKWII ATHIL, XaM/la YHUHT CTaTUK TypFYHJIUTUHU
TabMUHJIAII UMKOHUHU Oepaau. DHEproTU3suMAaH (poigaaHuIl aManueT! yUyH
Ma3Kyp HaTW>KAHUHT aXaMUSATH KaTTagup.

l-xanBanga Takiaug HTUIACTIaH Ba MaBKyJ ycylulap camapalopiIUTUHU
OOT cratuk TYpFyHJIWTH TaxJIWi KWIMHTAHIA KYMAaWTUpUII Ba OYmumd
ONEpalMsUIApUHUHT  3apyp MHUKIOpM OunaH  udopalaHraH  HaTHXKalapu
KEJITUPWIITaH.
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IIT cTaTMK TYPFYHJIMIH AHHKJIAI YYYH TaKJIU(} 3THIAETIaH Ba MAaBKY/ yCyJlJIap
caMapaJopJIMIrHHA TAKKOCJIaMa TaXJIuJIu

1 —xanBaa
Muknopuit ycyi I'eneparopnap conu
1 3 7 15 70
D — axparui 0,23-10* | 0,7-10° | 2,5-10° | 0,33-10°
2| QR-amropurwm 6¥itnua 3 3,85:10° | 0,27:10° | 2,4-10° | 5,1-10° | 6,4-10°%
KUWMaTIapUHUHT XUcoOu
3| Apuonbau ycynu Oyiinua 2,1:10° 6,810
V3 KUMMaTIapuHUHT
xucoou
4| Tyryn kywnanuuuiapu Ba 0,7:10° | 5,8-10° 5-10* 4,6:10° | 4,610
KBaJ[paTHK MIAKJIJaru
JIsnyHOB GYHKIMSITAPUHUHT
Oupranukaa KyJUTaHHIALITN
HucceprauusHuHr «TH3uMuIap KHPUTHII TEXHOJOTHSICH - KHYHUK

TeOPAHMILIAPHUA TAAKHUKOT YCYJW» HOMJIU OemuH4YU 000uMaa mypakkad 29T
CTaTUK TYPFYHJMTUHU SHTH YCYJI — TH3UMIJIAP KHUPUTHUII TEXHOJOTHICH OuWiaH
TAAKUKOT KWJINII HAaTHXKATApU KEITUPHUIITaH.

Tusumiiap KUpPUTHII TEXHOJOTHSACH — aBBaJiaM OOp, 3aMOHaBHil anreOpa
IOTYKJIapUTa acoCJaHraH, MabJiyM IIapTiap acocuaa Mypakka® TaIIKwiI STHITaH
(xym ymuamiam TU3UMHH YYKYppOK TaaKUKOT KWJIHMII YYyH KyJlail Ba OAJUAPOK
TU3UMIIapaaH GoiamaHuIl Ha3apusICH, YCYUIapu Ba YCYJUIAPUHUHT YHUBEpcal
KaAMITUTUJTHD.

Tuzumiiap KUPUTHIL TEXHOJOTUSCUHU KYJIJIAIl yUyH yuyTa OOCKMYHU KeTMa
KeT OakapHuill 3apyp: MyaMMOJIM MaTpUIlaHU MAKIUIAHTUPUIIL, YXIIAITUKIapHA
HIaKJUTAaHTUPHUIL Ba XUcoOnap oaub 6opul.

Omneparopnuk makiauaa (2) Ba (3) TeHraManap Kyluaaruia TaKauM
ATUIIAJIN:

px(p) Ax(p) Bu(p),

+
(24)

y(p) Cx(p).

YMmymuii xonga (24)na TeHDIaMmallap COHM ylapAaru y3rapyBYaHJIApHHUHT
coHn Owman moc Tymmaiau. by (24) moc kenmaauran Po3eHOpok Tu3uMIIM



MaTrpuLacu

00 09 _0000,,— 00 —00

090025
((ntm)x(n+s)), ymuamra o3ra, sSbHH TYFpu Oypuakim XxucoOianamu, Oy 5ca
KBaJIpaTiii MaTpullaiap y4YyH MYIDKajUlaHTaH aHUKJIOBUYWIIADHU, KUMaTiap Ba
BEKTOpJapHU XucoOiam KaOu aHbaHaBUM BOcHUTalapaaH QoiiganaHuira wyn
Kyimaiau. Ymly TtycukHu Oaprapad stumn yuyH (25) - TeHDIama Kylujuaru
KypuHHILary, (24) TeHriaMa OuiaH HaMOCH ATUJIAJNTaH, MAaCaJlaHWHT Ma3MyHUTa
TabCUP KypcaTMailnraH, poCTIOBYM YXINANUIMK €0 aTalyByd TEHINIaMa OWiaH
TYJIIUPUIIA]IN:

u(p) = u(p), (26) (26) yxmanuimk pocTiarud KypuHUIIUIArH TalIKH

TabCUPUHU TaBcUpIaniu.
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Harmxana Onok-marpuiia KYpHUIIMAArd TEHITIaMaiap TU3UMUHU XOCHII
KWIaMU3:

0000,,— 990 00,, 9940 0000 (44001
9o —909 9009 6609
O@@@@@@ 0000000 =

—09 Doooooe @000 99 . (27)

Crarmonap 4M3UKIN IMHAMUK TU3UMHUHT YMYMIAIITUPUITAH
TEHINIaMacuHU (27) Kyluaaru KypuHuIga €3amMmus:

Q(p)Y(p) = U(p), (28) Gynna
000000 — 99 0000000 —0¢
0 00 = 0000090 0000000 €90o > (29)

—09 09,,—09

- TAAKUKOT KAJIMHACTTaH TU3UMHUHT (n+m+s)X(n+m+s) ynuamiu
MYyaMMOJIA KBaJipaT MaTpULiacu XUCOOIaHa/IH.
KupuTHHuHT yXIanmury KyWuaard KypuHUIIra ara

oynanu: b(p)

B(P)Q (Map) ' a(p)
o(p) = f(p) =, (30)

6yrma 6y Q (p) ~'- TAAKMKOT KWIMHASTTaH TH3HMHHHT (n+m-+s)x(n+m+s)
YiyamMIIi peBEpPCHB MyaMMOJIU MaTpHuIiacH (penpomarpuiia) aeod atamnamu, o(p),
B(p), W(p) — KUPUTHUII MATPHUIIAIAPH Ba TETHUIILIN TH3UM 00pa3u. Kupurui
Mmarpunaiapu acocuna (30) nucOat Penpomarpuiiany Yu3ukiu KaidTa y3rapTupuo
oOpasra Takkocnaiau. Umna dakar ckansap oOpasra KUpUTUIT KYpuO YUKUIITaH.

[Tpomarpuria (p)omnan TaBcuIaHaANTaH YU3UKITH KT aJIOKAJIA TH3HM,
arap KyWyjaru TeHriama:



0000000000 00
00— 00000600000 =0,31)

CKM KyHHUJlaru TEHIJIUK

Q00000090 90 + 0000 — 00+ 00 900000000 =0.(32)

baxapuica €9 44000 €9 Ba €9 4446 (€9) KUpUTUII MAaTPULIATIADU
KOHCTPYKIMSUTAPUHU €pJlaMuJia CKasap oOpasra KUpUTUIIAIH.
PocTianyBum Ky ayiokaim TMHAMUK TH3UM y3aTMa (QyHKIHUSICH — CKaJISAp

00pa3suHU KyHuJaru KYpUHUIIIA OJUIT MyMKHH:
00(09)
094000=

oo(0o) (33)
OyHIa 00 00 = V00000 (0000,,— 90 + 000000) —000¢

Q009 (00090,, _ ®9) (34)
- cKaJisip 00pa3 y3atMa (PyHKIUSACUHUHT Maxpaku, Y3ura X0C aHUKJIOBUH
O0ynu0, TAAKUKOT KIIMHACTIaH TUBUMHUHT KyTONapUHU aHUKTAW1; @9 €@ =

0000000000, _4¢ + o000 00T 09)00 —00090
Q009 (00090, _ ®9) (35)

- TAAKUKOT KAJIMHACTTaH TU3UMHUHT HOJIMHY aHUKJIAWJIUTaH cKajsip oopa3
y3aTtMa QYHKIIUSACUHHUHT CypaTH.
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(31)-(35) dbopmynanapunu KaiiTa XOCHJI KWIUIIL acocHaa, OyTyH y3arMa
MaTpULIACKHU XHUcoOIamMac/iad TH3MMHUHT aloXuja y3arMa QyHKIHUsIIapUHH
TONHUII MYMKHH. ByHUHT yUyH €@ 4406 €9 Ba €9 4466 (€ 9) xupuTHin
MaTpUlaJIapUHU KyHU Jard KYpuHUIIIa OCpHUIll 3apyp:
©0©=0..010..0°°

©6=0..010..0,(36)
SBHH | BA | XKOWNapgarnHa Homnb ByrnmaraH anemMeHTnap »omnawiraH,

TH3UMHMHT y3aTMa QyHkuusacunu fi(p) Kyhugaru gpopmyna 6yiinya Xxucoomaii
__det 0099

MyMKHH: 994660 @@ = 00 001000 000 90 —det (0000, —09)
det (09094, —99) (37)
Oynna Ageeo — ¢© ¢ - (J,1) XKolinaru snemenmiap Oup Oyaran Ounan (Sxm)
ya4amiM HOTYJIMK MaTpHLA.



AB(T) N ) Mm. —— |
wh ] S
i il
‘ N n. / 5
o \/

5-pacm. Ky3raaum pocTIAaHMIIMHUHT TAAKHMKOT KUJIMHACTIaH TU3SHMHHUHT YTHII
skapacHura tabcupu: A: kos= 0; k5= 0; ko, = 10 en.; b: ko5=0; k;5=0.2 exn., ko, =0

Kentupu6 yrunran udonanap acocuaa typiau Mmypakkaomukaaru 99T yTun
KApaCHJIIAPUHUHT  XUCOO-IKCIIEPUMEHTANl TaJAKUKOTIapu onubd Oopuwian. 5-
pacMiaH KYpuHuO TypuOauku, (akat xocwiand Oypuak Oyiinya KaHaJTHUHT
MaBXyIJIUTH YTyBYAH KapacHjap CU(PATUHUHI KECKUH OIIWIIMIa Ba YTyBYaH
’KapacH BaKTUHUHT OMp HeYa MapTara KUCKapHIIUTa OJTU0 KEeJIa Iu.

DJEKTp TU3UMH PESKUMIAPUHU Ba TYPFYHJIUTHHH OOIIKAPWIN Macayajlapu
XaJd KWIMHTaHAa, TeTUIUIM OOIIKApUIll KOHYHU OWJIaH, Q9 00 = —9000(00)
pocTiarud TaHJIaHTaH X0JJ1a AJEKTP TU3UM MOACIUHUHT KyTOJIApUHU Y3rapTUPHUIIL
3apypary ro3ara Kejaju.

Tusumap KUPUTHUIL TEXHOJOTHSICH KUMATIapyu HOMabiayM OYiIuO KOJWIIU
MYMKHH OYJraH KOJraH KyTOJapHU KaTbuil y3rapTUpMaraH xojja Tanad 3Tuira
KyTOHU CUJDKUTHIII MYMKHH.

Maskyp Macama B.H. bykoB, M.III. Mucpuxanos Ba B.H. Psabuenko
TOMOHUJIAH eumirad. J[acTinabku TH3UM MaTpUIlAIADUHUHT MaxCyC YM3UKJIN KaiTa
y3rapumuaad (QougamaHum - KyTOJapHH CHDKUTHUIIHUHT TaKIug STUIACTraH
YCYJIMHUHT aCOCU XUCOOIaHaIH.
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Pexum napamMeTpiaapruHn Ba IJICKTP TUSUMUHU KUPUTUIL

00 =0000 +000000=0000

XoJaTaapy OYIUIMFUHUHT TEHITIaMaIapUHHU Ty3HII

@0

Crpatudukaius 9@ = 90 —0009,,

Marpunanyu KOHCTPYKIUSUTAPHU aHUKIIAIT

@ ~ @
0006 090007 44400°

0
Wlapran Tekmmpuns: ©9909@ = 00000 (00-00) OB #0



Hlapt 6axxapuiMasinTy

Hlapt 6axapusnTu

K¥ymiab peryasitopiapHu MAKIUIAHTAPUIL €9 o

KyTOHMHT KYUNIINHY TaHIall €€ Ba TEKIIMPHUII

L2
[laprau Tekumpuis: 9@ (99 — €09090)90 = Vosoo (00-00)
Mapr 6axapumnsntu [lapt 6axxapunmMasnTa

Crpkurad KyTOHHM Ba PeXHM IapaMeTpiapuHH TYXTaTHII Ba
YUKapUII

6-paCM. 3J1e1ch TU3UMHUHHUHI KyTﬁ.]]apmm CHIKHTHII AJITOPUTMUA.

Kyr6mapuu 6omkapuin yayH KyHugara maptiaapHu Oakapulll 3apyp Ba
eTapIuaup:

0000600 = 00000 0o_00) (38) B

o _

00(900 — 0000)00 00000 (00-09), (39)
6yH1a ® —cTpaTH(UKaLKs MaTPUIAc, \ ©3¢a — yiGy MaTPUIIA HONMHKIHT YHT
OYTyBUHCH.

Crparudukaius MaTpyiiacu KyWniara TEHIIHMK OWJIaH aHUKJTaHAIH: *e (40)

0O =00 —-0000,,

bynna A ¥3 nuHaMuKacu MaTpHIAcH Xap KaHjai A Y3arMHUHT KUHMaTHHH
(41) acocuna xocun OyiraH peryiasTop OuiaH, XojaT Oyinya Teckapu ajioka
¢paamMuIa Kojiran 6apya KyTOJapHH y3rapTUpMacaaH HCTANTaH Ay ra Y3rapTHPHII
MYMKHH:

00 4o= (000070000, 46 °°0000)00,(41)
(40) popmyna 6yiinua xucobnanaaurad ® crparuukaius MaTpULIACH YUyH
KyWUJaru mapT Oa>kapuiaiu:
OB # 0, (42) Oynna n - ymuamuuHr (s-rank(®B))x1 eku uxTUEPHil COH
MaTpHIIACH.
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O0T KyTOnapuHU CUIKUTHUII AJITOPUTMU 6-pacMjia kenTupuirad. Miina
CUHTE3JIaHTaH PEryJsATOp HErM3K/1a AIEKTP TU3UMHU MOJICJUIAPUHHUHT KyTOJapUHU
CUJDKUTHUILI MUCOJIU KEITUPUIITaH.
[To3unmon wuAcaNNAIITUPUILAA 1 CHHXPOH TEHEpaTOpu DJIEKTPMATHUT
KyBBaTH TEHIVIAaMacH COCHJIa, T€HEPaTOPIapHUHI MYyTIOK Oypuakjapura HucOaTaH
edwsirad Mmypakkad 93T Mozenu uiuiad YuKUIraH:

QOro0 = @00@20000@00000000@0000 +
090,099009090,4665IN(004440—



2 eo=100200 99000e). (43)

N CUHXPOH reHeparopiapaa MaBxys oynran (2)-(3) xonatinap TeHIamanapu
acocujia TaJIKUK KWIMHACTTaH MypaKkal 3JeKTp TUBUMUHUHT (4nx4n) ymuammu Ay
¥3 nuHamukacu Ba 4nxn(k-m) ymyamin By KUpUITHUHT yMyMIIAIITUPUITaAH
MaTpULACU KyHuJard KypyuHHUILTa dra:

06000600099 066600 00060000 0006000

09,44000000)
*o _ 199,3000000)
0
99,1(000000) M0
99000000
0o000e 0Ooooe 0000) Dovose
o PO 99330 o
99,100 99400 00000) 2931000
©900) ©0600)
22274

= 03060003(00-09)

994110000 (00-00)] 99120000 (00-00)] 29130000 (00-00)]

Maskyp Mojielib, N MUKAOPAArud TeHepaTopIapin TP aBTOMATUK
pocTiaruy sra OyiraH xap Kanjaa mypakkadnukaaru 99T yuyH XakKOHUHIUD.
Mucon tapukacuna, ya reaeparopiau 99T yduyH, reHeparopiap Ba MyTJIOK Oypdax
ofunuiapura Tabcupinanaguran (Ad;) aBTOMaTHK pOCTIIarud MaBxXyn OyiraHia
(AUp,) xyunaHuIUIapy Ba YIapHUHT XOCHIalapy Kyiuaa A, B; marpunanapu
KEJITUPUJITAH:

000:100:000:000
000:010:000:000

000:001:000:000

-99,,090,,90,,:000: %%, o
11 12 13 0ei0:000
900040,
@9 0031 0032 _0033 :000:00 _00003
Tee:00:000

9000403
90, —90,,909,,:000:0-°°°%

N

Teesi 000

0000,,,;

°0;= 000:000:0%0e0,0:0 —"0044,0

11 0005000500100‘”3500_100003 OOJ)OEOOM
000:000:"0006,00: —"004,,00 96,,00:000: —1000610 0



OOOM (44)

9044,0 ¢ 0%% 1002

0009,0:000:0—100,0,0

00005 000:00 —lo0
O 000 €93 @93
0093

@0ge3: 0 0?1003
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000000
B, = 000000
000000
000000
000000
000000
000000
000000
(45)
000000
@90y Ter T,0000
991ur;
o0 AaSliiv;
00" ourz 1,0 0
Te2
OOM Te3
0000%%urs T.s

OnuHran  TeHIIaMalap Ba  YIApHUHT  Marpullajgapd, pOCTIOBYU
KypuJMaJlapHd XucoOra ojiraH xojja kynm mamuHaiu O9T MOJEIUMHUHT KyJan
MAK/UTAHTUPUIIMIITUHN TabMHUHJIOBYH, JISTIyHOB MaTpuila TEHIJIaMacd Ba TYTYH
KyWwIaHUIIIap TEHINIaMallapy OwiiaH OuMprajvkia KyJjuliaml y4yH MOCIAIITHPUITaH.
Marpunanap kecwiraH xoijaa Oynranu ca®aliu, YJTapHUHT XyUCOOJall camapacu



IOKOPWJITUTH Typiiu Mypakkaomukaaru 99T aa onub 6opuiiran Xucoo
AKCIIEPUMEHTAJ TAJKUKOTIap OMiIaH TacAUKIaHAIH.
Nina Tu3uMiaapHu KUPUTHUIT TEXHOJIOTUSICUAAH (DOIallaHUIl YU4yH MypaKkao
O9T mMareMaTvk MOJICIUHUHT TeHIVIaMajlapy Mak/UIaHTUpuiarad. bynaa y3
JUHAMHUKAaCH Ba IOKOPHUJIA OJIMHTaH KUPHUIIl MATPULIAIAPU KyHUJaru KYypUHUILTa

e
ora 0ynain: = 09600009 9®e0e000e

, 00
99,1(000000)9922000000) = 0o0000e

V94600000 (46)

Ba yIIADHUHT Ya4amiiap Kyidujgarura TeHr: Ay marpuiia (2nx2n) yndamra sra,
KUpHII Marpuiiacu 3ca Bs - (2nxn).

(46) Marpunaiiap TU3UMIAPHU KUPUTHUIL TEXHOJOTHSICU acoCHlla TaJIKUK
KWINHACTTaH KO3(PGUIMEHTIapH IOKOpUAa KypcaTwiraH ajropuTM acocuia
CUHTE3JIaHraH pocmiarudy  mogenunad  doipananwiran 2O9T  auHamuk
XyCYCUATIAPUHUHT TAAKUKOTIAPUHU TYIUK XaXmaa oJu0 Oopulll WMKOHUHHU
Oepasu:

A«ml 0---0
2606 0099454001
9900001 reo” 00
9900002
Moz -0
%0 = 09940002 . (47)
...... QQ
00 roe
10040
AQOQQH 000 0 2 o0
V9400 0 994000990000
OYHIA €9 600000 Oypuaru Ba CUpHaHUIIN
24

A®® - Ma3Kyp FeHEpaTOPHUHT MYTIIOK

OFUIIAPUHMHT KaHaJUIapy Oyiinua 1 TeHepaTOPHUHT aBTOMAaTHK POCTIaruy
KydaiTupuil ko3dduumrentiapu. 3apypar TyFWITaHAa, PEKUMHUHT Xap KaHaan
napamMeTpH OFMIUIAPUHU Oypuak Ba F€HEPATOPHUHT Ky4WIaHUIIApU OFULLIAPU
opkayiu uQoja ITUIIT MyMKHH.

PoctiaHyBuM 31€KTp TUBUMUHUHT yMyMuil mpomarpuiiacu () Kyliuaaru
KYpUHUIIA!
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Ba YHU MYpaKKad pocTiaHaJuraH JEeKTPp TU3UMUHUHT IpOMaTpHIiack 1e0 aTalll
MyMkuH. Poctinanmaiinuran 99T npomarpuniacuuau (48)maH, Q macTku yam
KUCMUJAry pocTiarud OJIOKMHU HOJIb MaTpuliara ajaMalTupuO oJuIl MyMKHUH.

Kentupu® yTunran marpuianap Ba udoaanap pexum napaMmeTpiapuHUHT
KMYUK Ky3ranumuga mypakkad 39T yrui skapacHIapuHu TaAKUK KATUII
MMKOHMHHU Oepaau. JIMHAMHUK TU3UMHUHT MyXUM XyCYCUSTIapUAaH OUpU YHUHT
uHBapuaHTAruaup. Pocmiananuran OO0T nHBapHaHTIUIU:

X =++,(49)
Ax Bu Sw

u = -Kx, (50)

y=Cx, (51)

w(p) Ky3raJMILIJaH TU3UM YMKHUIINra y(p) y3aTyB4aH MaTpulia HOJITa TEHT OYJIHIIN
KEepaKJIUTUHU OUIITUpaIn:

wap = C(pl, — Ay)_ls = 0,, (52) bynna Ay = A + BK— poctnaruunu tusum
JMHAMHKACUHHUHT Marpuuacu. byHna x, u, y, W — TU3UM XOJIaTUHHUHT, YUKUIIU Ba



KY3FaJIMIIMHUHT BEKTOpJIapH, Ba Terumunya; A, B, C, S — terunuiu yauamiiapaaru
JOMMUN MUKJIOPHUM DJIEMEHTIIA pOCTiIarud Marpuuanapu; K — noumMuit MUKI0OpUA
AIIEMEHTIIN POCTIArud MaTPUIACH.

Acocuii  Bazua - (52) maptHH OaKAPWIUIIMHU  TAbMUHJIOBUU
POCTIarMYHUHT  CHHTE3W. YIIOy Macaja eYWJUIINAa MablyM KUWUHYWIUKIIAP
fo3ara Kenaad, 4YyHKH (52)1a MOJWHOMHAN MaTpulla Y3TapTUPHUIN OIepalusch
VTKa3UJIaIu.

Marpunanap ssHrM KOHCTPYKLIMJIAPUTa acoCIaHraH 3aMOHABUI €HIallyBIIap
ymly TYCHKHM €HTHILI UMKOHUHU Oepaiu.

VXmanumk xakKoHuit OynraH 3apypuil Ba eTapiy mapTiap, TH3UM Xap
KaHJIai Ky1iad pocmiarnwiap OWiIaH enuK Oyiaranaa TabMUHIIAHA U

V0 4000=— 00°°00°°00 7 00°°00°°0000°%°00 00°%00 "+
990°%00%°%°00°%°00 + 0000°%00°°(53)

OyHZa - X U Y - UXTUEPUN MUKIOPUHN DIIEMEHTIU Oepuiran yidyamaaru

matpunanap, C & C Marpuiia HOJIMHHUHT YHT OYayBurcH, C RT[L—C “r marprita
HOJIMHUHT Yarl OyJIyBYHCH, (~) YCTKU OCNTUIN MaTpuliajiap — TerUIILIN
MaTHLIAJIAPHUHT HHFMa KaHOHHU3ATOpJIapy, MaTpHUIlaiap Taruaaru MKKWIaMyu Ba
y4JlaM4H YU3UK4Yanap OuiaH, ymoy dn3uKJanap
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ocTuaaru Marpuuaiaap KOM6I/IHaHI/ISICHI[aH MaKCUMaJl paHI' HOJIMHUHT TCTUIIIIN

OYTyBUMCUHUHT TAKPOPHUM TONUIUIIK OeTrUIaHau.
VY4 reneparopiu 93T CUHTE3IaHraH KY3Faaull aBTOMATHK POCTIaruuy Kylnjaaru

KYPUHUILTA ¢ @ 2 92,0 5 0
| “%C 90,0 @070 T @00
e I? '_.-.'...'I.'I. ) ) ) 0

—e

—ir!

Ry L] i" 000 (54)
C4 - | 'KAaCUHUIT CE3UJIapJIM y3rapuIlIiHU KypcaTau.
i | y4aK OFUIUIAPUHUHT CUHTE3JIaHTaH

| l, M, A) Ad1=f(t) Ba pocTnanmaiinuran 99T
irriirad. Poctnarud tabcupua sxapacH eTapiau
HOZABpHM TycCra Jra.

P L
(4

1 jxi

Ab

7-pacM. Y4 reHepaTropJia 3J1eKTp TH3UMH
Bupunun reneparopu Ad; =f(t) OypuarmHUHI y3rapuul ;kapa¢Hu:



A@@OQ =09 000=—99009; 00,4000

07272
X2 =99o000=—99; 99,40000
oo ? = 99000=99; 90400000
A: 99440000 M)«)@O = 99400000 A‘)")OO =90,=00
07272
PON 274 = 00000@@0

2% = 0000@@0@

B: €9460000

A«)«)00 =99

[ysnait  xkuinO, TU3UMIAPHM KUPUTUII  TEXHOJOTHSCHMHUHT  aCOCH
XUCOOJIaHyBYH Marpulagap KaHOHM3AIMACH YCyJIu epAaMuia, DJJIEKTP
TU3WUMUHUHT UXTUCPUM TAalIKK  KYy3FaJUIUIApJaH YWKUIIUHUHT WHBApPUAHTIWK
mapTiapyd acocjiaHral. Ymoy MacajaHd  €4UIl Y4YyH TETHMIUIM pocTiarud
CUHTE3NIaHTaH. VIHBapHAHTIWK HA3apUSACHHUHT MabJIyM  HU3OMJApW OuWjaH
OJIMHIaH HaTWXKAJAPHUHI TaKKOCJIaMa TaxJIWiIWd YJIAPHUHT  XaKKOHUWJIUTUHU
TaCAUKJIANUIH.

XVJIOCA

KBaaparuk makngaru JIamyHoB GyHKIMSIIApUHU Ba TUBUMIIAPUHUA KUPUTHUII
TEXHOJIOTHSICUHM KYJUIaraH XojjJa MabiyM Ba HIUIA0 YUKWITaH  MaTpULIAIH
yCylulap Ba aJIrOpUTMIIAp HETH3UIa MYpPaKKad JJEKTp THU3UMIIAPUHHUHT CTATHUK
TYpPFYHJIUTH 103aCUIaH YTKAa3WIraH Ha3apuil Ba XUcoo
AKCIIEPUMEHTAI TAAKUKOTIap KyWHIaru Xyjaocanapra KeJIulll UMKOHUHA OepaJiu.

1. KBagparuk makngaru JIamyHoB GyHKIMSIIApU YU3UKIIA TUHAMUK TH
3UMJIapra KUpaJuran 3IeKTP TU3UMH TaJIKUKOT KWIHII YYYH caMapalii yCyi
cudarua TaBCUs KIIMHAIH.
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2. KBagparuk maxnjaaru JIssmyHoB QyHKIMsUIapyU MaTpHIlaiapy acoCcui
MUHOPJAPUHUHT MYyCOQTJIUTU aCOCUA OJIMHTaH 3JEKTP TU3UM CTaTUK TYPFYH
JUTUHUHT Oy3WINII MAPTAAPUHUHT ['ypBUIl ME30HIApH MapTIapura MOCIUTU
UCOOTIIaHTaH.

3. OnuHran Hazapuil Ba XMCOO HATHMXKANIApUKBAIpaTUK Mmakiagaru JIsmyHoB
(GyHKupscH OMPUHYH, ACOCHH MMHOPUHHUHI MyCOATiIuK ;> 0 IMIapTHHH TaxJIuI
kuium yeynu Owinan O9T cTaTuk TypFyHJIMTMHM TaAKWUK Kuiuml Ba yHu, OOT
CTaTUK TYPFYHJUTUHUHT 3apypHil Ba €Tapid MApTIApUHU TAabMHHIOBUYM aMaJIUid
(commanamTupuirad) Me30HM cudaruga KypuO YUKHAII ~ MMKOHHHH Oepai.
Ma3skyp MHUHOP TaJIKUKOT KWJIMHACTTaH TH3UM Y3 JHUHAMUKACU MaTPUIIAIADUHUHT
AIIEMEHTIAPHUIAH AKIIAHTUPUIIA/IH.

4. Kpamparuk makngaru JlamyHoB QyHKOusutapyu Ba TYTyH TEHIVIaMajapaH
Oupranukga QoiianaHuil, CTAaTUK TYPFYHJIMK OyiiMua  yerapara OWpUHYH
SKUHJIAIaIUTal TeHeparop (CTaHLMA)HU aHUKJIAll WMKOHMHHM Oepamu. boinka
reHeparopiapra HUCOATaH j-4u T€HEpaTop YYyH pOCTIAHYBYM MapaMmeTp Oyitmda



KBQJIpaTUK IIAKJIJArd MaTpuila acoCuid  OUpPUHYM MHUHOPHUHHUHT XOCHJIACH
MakcuMauturd sbHU dqpq; dII — max, Maskyp FOSHUHI MAaTeMaTvK IIapTd

xucoOmanaau. YmlOy xomarna mypakkad 39T cTaTuk TypryHJIHTH 4YerapacuHU
TaJKUK KWIHII «T€HepaTopiap-IINHa»y CXEMAaCHHHUHT TaJKUKOTHTa aillaHaIH.

5. Tusumap KUPUTHUII TEXHOJOTHSCU acOCHA YTHUII >KapacHIApHUHT Xap
KaHaail TaBcuduIapuHU TYJIUK TacBUpiiad Ba Oenruiad OepaauraH, IIYHHHTICK
napameTpiiap KUYMK TeOpaHUIUIApuIa 3JEKTp TU3UMHU JUHAMUK KapacHJIApHU
TaJKUK KWIAII UMKOHUHUA Oepaguran Mypakkal pOCTJIaHMaiIurad Ba
poctinanagurad 9T npomarpunianapu Uiiad YUKW,

6. TuzuMmuap KUPUTHILI TEXHOJOTHACH Heruszuaa DTna TypryHJIUKHU Ba
TEOpAaHUIUIAPHUHT JeMII(EpPIaHUIINHI TAbMUHJIOBYM pOCTIAruyuiap TYpPKyMHUHH
TaxJIWIUN JKUXaTJaH TacBUpiad OepaguraH Mypakkad d3JeKTp  TU3UMHUHHUHT
POCTIarnYMHU CUHTE3JAI MOAETU TaKIU( STUIIIH.

7. Tuzumiiap KUpUTUII TeXHoJorusicu Herusuaa 9T cratuk TypryH
JUTUHUHT TaxXJIHWIW OYinYa YTKa3UATraH XUCO0-3KCIIEpUMEHTAN TaJKUKOTIIAp
OJIMHTaH HaTWKaJApHUHT 3JEKTp TU3UMIIapa amaija ¢oiiananud KelnuHaeTraH
ycyJulap HaTWKajgapura MOC KeJIraHJIUTMHU KypcaTau Ba Oy uiuiad YMKUIraH
MOJIEJUTAPHUHT MaBXYyJ MOZEIUIapra YXIIAIUIMIMHA TacIuK1a0 Oepau.

8. Mypakkad 39T kuuuk TeOpaHUIIIAPUHU TAAKUKOT KWIMII Y4YyH
doiiaTaHUIUIIN MYMKHH OYJIraH CHHXPOH TeHeparopjap MYyTIOK Oypuak
JApPUHUHT pyXcaT 3TWITaH OFMLUIapUra HucOaTaH MaTreMaTHK MOJENH Hiiad
YUKWIAA. MypakkaO dJ1eKTp TU3UMJIApU KUYMK TEOpaHUIUIAPUHUHT Ma3Kyp
monenuaad, Ul TyryHJIapy KyWwIaHHUILIapy MOAYJIIapy Ba OAJIaHCIOBYM TYT'YHUTa
HucOatad Oi MyTJIOK OypYarvH{ Ba YJIAPHUHT apryMEHTIIApUHU Oenruiiad OepyBuu
TYryH KyWIaHWIIap TEHIIamanapu OwiaH Oupranvkiaa (oHamaHUIl TaBCUS
STUIIIN.
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HAYYHBIN COBET IO TPUCYKJAEHUIO YYEHOHN CTENNEHU
NTOKTOPA HAVYK 14.07.2016.7.02.01 IPU TAIIKEHTCKOM
IF'OCYIAPCTBEHHOM TEXHUYECKOM YHUBEPCUTETE U
OBIIECTBE OTPAHUYEHHOMN OTBETCTBEHHOCTH
«HAYYHO-TEXHUYECKWI HEHTP»
TAINKEHTCKHHN TOCYJIAPCTBEHHbBIN
TEXHUYECKU YHUBEPCUTET



MHP3ABAEB AKPAM MAXKAMOBHUY

MATPUYHbLIE METOJbI U AJI'OPUTMbI AHAJIU3A
CTATUYECKOHN YCTOMYMUBOCTH JEKTPUUECKHUX CUCTEM

05.05.02 — «DJeKTPOTEeXHUKA. JIeKTPOIHepreTH4ecKne CTAHIUN, CUCTEMBI.
DJIeKTPOTEXHUYECKUE KOMILIEKChI M YCTAHOBKU»
(TexXHHYeCKUEe HAYKH).

ABTOPE®EPAT JOKTOPCKOM IUCCEPTAIIUHA

TAIIKEHT - 2016
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Tema JOKTOPCKOIi quccepTanum 3aperucTpupoBana 3a Ne30.06.2015/B2015.2.T540 B Boicuueii
arrectaunoHHoi komuccuu npu Kadunere Munuctpon Pecnydanku Y30ekucran

JlokTopckas auccepTaiys BHIIOJHEHa B TallkeHTCKOM TOCYAapCTBEHHOM TEXHUYECKOM
YHHUBEPCUTETE.

[TonHbBIA TEKCT AOKTOPCKOM AMCcepTalMM pasMelleH Ha BeO-cTpanuie HayuHoro cosera mmo
MIPUCYKISHUIO ydeHou crerneHn nokropa Hayk 14.07.2016.T.02.01 mpu TamkeHTCKOM rocygapCTBEHHOM
texuuueckoM yHuBepcurere 1 OO0 «HayuHo-TexHr4YecKuil LeHTp» 1o aapecy www.tdtu.uz.

ABtopedepar nucceprauny Ha Tpex s3bIKax (y30EKCKHUM, pycCKUl, aHIIUHACKUIT) pa3MellieH Ha



BeO-cTpanmie mo agpecy www.tdtu.uz u Madopmarmonno-odpazoareasHoM nopraie «ZIYONET».

Hay4nblii koHcynbTanT: Ataes Kaxpamon Paxumosna
JOKTOP TEXHUYECKUX HayK, podeccop

O¢punuanbubie onmoHeHThI: Yembopucosa Hanus lllaBkaToBHa
HAOKTOp TEXHUYECKUX HayK, mpogeccop

(Poccuiickas @enepanus)

HraméepaueB Xycan 3akupoBuy
JIOKTOp TEXHHYECKHX HayK, Ipodeccop

CoxoJioB Banepuii KoncTaHTHHOBUY
JIOKTOpP TEXHUYECKUX HayK, Ipodeccop,

Benymas opranuzanus: KoopauHauHMOHHBIH JUCTETYEPCKUMH EHTP «IJHEPrus
3ammra quccepTalui COCTOUTCS « » B 10°° yacoB Ha 3acenanuu Hayunoro coBeta

nipu TalkeHTCKOM TOCYIapCTBEHHOM TEXHUYECKOM YHUBEPCUTETE U OOIIECT BE
OTpaHUYCHHOU OTBETCTBEHHOCTH «HaydHo-TexHndeckuii meHTp» no aapecy: 100095, r TamkeHT, yi

YHuBepcuteTckas, 2.
Ten : (99871) 246-46-00; daxc: (99871) 227-10-32; e-mail: tstu_info@tdtu.uz.

C IOKTOPCKOHM JuccepTaieil MOXHO O3HAKOMHThCS B MH(pOpPMalMOHHO-pEeCypCHOM IIEHTPE
TamkeHTCKOro ToCyIapCTBEHHOTO TEXHUYECKOTO YHHBEPCHUTETa (perucTparoHHbiii Homep-02). Anpec:
100095, Tamkent, yin. YauBepcurerckas, 2. Tem.: (99871) 246-03-41.

ABTopedepar muccepranum pa3ociaH « » 2016 roma
(mpotoxkon paccbuiku No «_ » or 2016 1n).

X.M. Myparos
[Ipencenarens coBeTa MO NPUCYkKASHUIO YUEHOHM CTENIEHH JOKTOpa Hayk, A.T.H., podeccop.

0.0. 3apunoB YueHbIil cekpeTapb HaAyqHOTO COBETA M0 IMPUCYKACHUIO Y4YEHOMN CTENeHHU JOKTopa
HayK, /I.T.H., JTOIEHT.

T.HIL.IaiiuboB 3amecTuTeNb MpeacenaTeNsi HAydHOTO CEMUHapa
npu Hay4HoM coBeTe 1Mo IpuCyXICHUI0 YIeHOH
CTETIeH! JOKTOpa HayK, 1.T.H., Ipodeccop
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BBE/IEHUE (aHHOTAIUSA JOKTOPCKOM 1M CCEPTALINM)

AKTYaJIbHOCTh U BOCTPe0OOBAHHOCTH TeMbl aAucceprauuu. Ha ceromnsm
HUN JIeHb B MUPOBOM MpakTHKE B chepe oOecreueHusl yCTOMUMBOM paboThl AJeK
Tpo3HepreTuueckux cucrem (09C) Benyliee MECTO 3aHUMAET CO3JAAHUE BBICOKO
3(h(HEKTUBHBIX CUCTEM YITPaBICHUS TEXHOJIOTHYECKUMHU MPOIECCAMH BRIPAOOTKHU U
NOTPEOICHUS SIEKTPOIHEPTUU C MPUBICUCHUEM UHTEIUICKTYaIbHBIX TEXHOJIOTHIA.
OpHoii U3 Hanbosee aKkTyallbHbIX 3a/1a4, CTPEMUTENILHO Pa3BUBAIOLIUXCS COBPE
MeHHbIX DDC sBIETCS 00€CIIEYEHNE UX CTAaTUYECKOM YCTOMYMBOCTH HA OCHOBE
00pabOTKH M aHalu3a ONEPAaTUBHBIX TAHHBIX B PEKHUME PeaIbHOTO BpeMeHu. B
ATOM HalpaBJI€HUHU B BEAYIIUX CTPAHAX MHUPA MPUCTATbHOE BHUMAHUE YIIEIAETCS
COBEPILIEHCTBOBAHUIO CUCTEM YNPABICHHUS JIJIs1 00ECTIEUEHUsI yCTOMYUBOCTH DIIEK



TPOIHEPTETUUECKUX CUCTEM C YUETOM KOJIEOAHUN PEKUMHBIX MTapaMeTpoB. «3a
Tparbl Ha CO3/IaHUE UHTEIJIEKTYyaJIbHBIX SJIEKTPUUYECKUX CUCTEM, B TOM UHCIIE
Smart Grid cocrasnsitor: CIIA — 7,1 tpau., Kutait — 7,3 Tpis., Anonus — 0,8
TpJiH. fo/utapoB. Mcnonp3oBanue cuctembl Smart Grid k 2020 romy mo3BoymT
CIIIA c3KOHOMHTH OKOJIO 1.8 TpiH. JOIIapoB'».

B PecnyOnuke Y30ekucTan mpoBOAATCS MIUPOKOMACIITAOHBIE MEPOTIPUSITHUS
110 3(pPeKTUBHON OpraHU3aIuu TPOU3BOJICTBA AEKTPOIHEPTUH U MOBBIIIEHUIO
ycroiuuBoctu DIC. B 310l chepe, B TOM yucie, Mo NepeoCcHaIeHHI0 BEICOKO
3¢ HEeKTUBHBIM 000pyIOBAaHUEM, TTapara3oBOi U ra30TYPOMHHON TEXHOIOTUSIMH,
00eCcTeuynBaOIIMMH BBIPAOOTKY IEKTPOIHEPTHH, IO pa3padoTke YHPEKTUBHBIX
CUCTEM YNPAaBIICHUS TEXHOJIOTMUECKUMU OOBEKTAMHU U COBEPIICHCTBOBAHHUIO
METOJIOB U aJITOPUTMOB HUCCIIEAOBAHMS CUCTEM YIIPABIEHUS, TPOBOAUTCS P
HCCJIEIOBATEIBCKUX PAOOT.

B wmupe mnpucraibHOoe BHHMMaHUE yAeNsieTCa pa3paboTke Oosee coBep
HIEHHBIX METOJIOB OMNpPEACJIICHUSI YCTOMYMBOCTU JJIEKTPUUYECKUX CHUCTEM, MaTpuy
HBIX METOJIOB U AJITOPUTMOB, MO3BOJISIONIUX YNPABISATh PEXUMHBIMU CBOMCTBAMU
AIIEKTPOIHEPIETUUECKUX CUCTEM C YUYETOM COBPEMEHHBIX YCTPOUCTB YIIPaBICHUS.
B 3710i1 00mactu ocyniecTBICHUE 1eJIEHANPABIECHHBIX HAYYHbIX UCCIEI0BAHUM
SBIIICTCS] IPUOPUTETHOM MPOOIEMOIA, PU AITOM BeChMa aKTyaJIbHbI UCCIICIOBAHUS
B CJICIYIOIIMX HAMpPAaBICHUSIX: pa3pad0TKa MATPUYHBIX METOJIOB U aITOPUTMOB
ONPEIEIICHUS] YCTOMUMBOCTH 3JIEKTPUUYECKON CUCTEMBI C YHETOM aBTOMAaTUYECKHUX
PETYIIATOPOB CHHXPOHHBIX TEHEPATOPOB, pa3pabOTKa yIPOIICHHBIX KPUTEPUEB
OTIPEJICIICHUS TPEICTBLHOTO PEXUMA M0 YCTOMYMBOCTH cIIOKHBIX IDC, pa3paboTka
MOJIEJIM CUHTE3a aBTOMAaTUYECKUX PETYIISITOPOB BO30YkKACHUS Ha 06a3e TEXHOIOTUU
BIIOJKeHUS cucTeM. [IpoBoiuMble HayuHbIE UCCIIEIOBAHUS TI0 BBINICYKa3aHHBIM
Hay4YHO-HCCIIE0BATEIbCKIUM HAIPABICHUSIM MOATBEPKIAET AKTyaIbHOCTh TEMBI
JTAHHOMW JIMCCEPTALIUU.

JlaHHO€ quccepTalMOHHOE UCCIEeIOBAHUE B OINPEACIICHHON CTEEHH CIY>KUT
BBINIOJIHEHUIO  3aay, npenycMorpeHHblx B [locranosnenun Ilpesugenta
Pecny6nuku Y30ekucrtan Nelll1-2343 ot 5 mas 2015 roga «O IIporpamme mep 1o

' MnTennexTyanbHble 2MeKTPOIHEPTeTHIECKHE CHCTEMBI: KOHIIETIIHS, COCTOSTHHE, TIEPCTIEKTHBEL. ABTOMATH3AIASA
u IT B anepreruke, mapt 2011 Ne 3 (20) www.transform.ru: 31.05.2011 r.
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COKpAILIEHUIO YHEPTOEMKOCTH, BHEAPEHHUIO SHEProcOeperaromx TEXHOJOTHIA B
OTpaciIAX 3KOHOMUKH U colasibHO# cdepe Ha 2015-2019 ronp», B
noctanoBineHnn Kabunera MunuctpoB Ne238 ot 13 aBrycra 2015 rona «O6
YTBEPKJICHUU MOJIOKEHHS O PECITYOIMKaHCKONH KOMUCCHH 110 BOIIPOCAM 3HEPTro
3 PEeKTUBHOCTU U PA3BUTHS BOZOOHOBIISIEMbIX UCTOUHUKOB YHEPTUM», & TAKKE B
JIPYTUX HOPMATUBHO-TIPABOBBIX JTOKYMEHTAaX, MPUHSTHIX B JaHHOU cdepe.
CooTBeTCcTBHE HCCIECAOBAHUSA C IPUOPUTETHHIMH HANIPABJICHUSAMU Pa3 BUTHS
HAYKH U T€XHOJIOTWid pecnydanku. J[aHHOE HCcCleJOBaHUE BHIMIOJIHEHO B
COOTBETCTBHUH C IPUOPUTETHBIM HAIIPABICHUEM PAa3BUTHS HAYKU U TEXHOJOTHI
pecriyonuku 1. «DHEpreTuka, sHEpTO- U pecypcocodepexenne». O630p
3apy6e;KHbIX HAYYHBIX HCC/Ie0BaHMI 0 TeMe AuccepTanun’. Hayunble



MCCJIEIOBAaHMUSI, HAIIPABJICHHBIE HA Pa3pabOTKy U CO3/IJaHUE CUCTEM KOHTPOJIA IO
00eCreyeHnI0 YCTOMUUBOCTH CIIOKHBIX 3JIEKTPOIHEPTETUUECKUX CUCTEM,
OCYIIIECTBIISIIOTCS B BEAYIIIUX HAYUHBIX IIEHTPAX U BBICHIUX 00pa30Ba TEIbHBIX
YUpeKIEHUSIX Mupa, B ToM unciie Princeton University, [owa State University,
Rutgers University, Massachusetts Institute of Technology, University of Baltimore
(CHIA), University Of Cambridje (Aurus), Royal Institute Of Technology
(IIBeuwst), Dresden University of technology (I'epmanust), The China Electrik
Power Research Institute (Kuraif), Siemens (I'epmanus), ABB (IlIBemus),
MOCKOBCKUY SHEPIreTUUYECKUA HHCTUTYT, BOCHHO-BO3IylIIHASI MH)KEHEPHAs aKa
nemust, (Poccust), TamkeHTCKUM roCy1apCTBEHHBIN TEXHUYECKUN YHUBEPCUTET,
00O «HayuHo-texHuueckuii ieHTp» (Y30eKkucran).

B pesynbrare wuccienoBaHui, MPOBEACHHBIX B MHPE IO COBEPIICHCT
BOBAHUIO MOJIEJIEN M aJIrOPUTMOB IMPOLECCOB YyMNpaBieHUs cilokHbiMU DIC Ha
0aze TeopUM DIEKTPUYECKUX CHUCTEM M MAaTPHI] IMOJY4YEHBI P HAyYHBIX
pe3ynbTaroB, B TOM 4ucie: co3naH nporpamMmubid  komrieke EUROSTAG,
MpEeAHA3HAYCHHBIM 111 UCCIICIOBAHUSI ONTUMAJIbHBIX PEKUMOB U YCTOWUYHMBOCTHU
anektpuueckux cucrteM (Electricite de France, ®panmmus); co3maHa cucrema
YOpPABIICHUS] TEPEXOJHBIMU TMpoIeccaMu Mpu Malbix konebanusx (SMAS3,
Ucnanus), pazpaboraHa cuctema YIpaBICHHS YCTOWYMBOCTHIO W OanaHCaMH
MoiHocTe nuHamuyeckux cucrem SIMPOW (ABB, IlIBenus); co3maHbl
nporpamMmsbl pacdyeTa pexkuMoB ciokHbix DOC (MASS, Kanana), va 6aze IT
TEXHOJIOTUHA  CO3/[aHbl  aBTOMATH3UPOBAHHBICE  KOMIUIEKCHI  JIMCHETYEPCKOTO
ynpasienus D9C (Siemens, ['epmanusi, MOCKOBCKUM SHEPreTUYECKUNA HHCTHUTYT,
Poccus, DYNSPACK, ABcrpanus).

B Mupe 1no pa3paboTke MHTEIUIEKTyalbHBIX METOJOB YHPABICHHUS
ycToitunBocThio DDC Ha 0a3e JOCTHRKEHUH COBPEMEHHBIX KOMITBIOTEPHBIX
TEXHOJIOTUN TIPOBOASTCS MCCIEAOBAHUS, MO PSALY MPUOPUTETHBIX HAINPaBICHUH, B
TOM 4HClIe: pa3pabdoTKa METOJOB pEUIeHUs 3aJlad YCTOMYMBOCTH CIIOKHBIX
JMHEUHBIX JTUHAMUYECKUX CUCTEM HAa OCHOBE COBPEMEHHBIX HOBBIX MAaTPUYHBIX
KOHCTPYKIIMM M CUCTEM aBTOMATHYECKOTO ynpaBieHus — GyHkuuu JlsmyHosa B

2 O630p 3apy6e)KHI)IX Hay4YHBIX HCCHeHOBaHI/Iﬁ o TeME Auccepraun OCYIECTBIIAIICA HA OCHOBE:

http://www.dissercat.com, http://www.topuniversities.com, http:/www.topuniversities.com, http://www.ifti.ru.
Brnoxenue cucteM. AHANIUTHYECKUH IMOIXOA K aHATTN3Y M CHHTE3y MaTpuaHBIX cucteM// Kamyr:, 2006. —=720c. n
JPYTHX UCTOYHHUKAX.
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KBaApaTUyHOW  ¢GopMe U TEXHOJOTMH  BIIOXKCHHS  CHCTEM;  CO3JaHHC
BBICOKOA((DEKTUBHBIX QJITOPUTMOB yIpaBieHus ycroituuBoctu 2DOC; co3gaHue
MaTeMaTUYeCKUX MOJIeJel MEePEeXOJHBIX MPOIecCOB Ha 0a3e aOCOMIOTHBIX YIVIOB
TE€HEPaTOPOB.

CreneHb M3Yy4eHHOCTH NpPoOjeMbl. PellleHHEM TEOPETUYECKUX U MpaK
TUYECKUX 3aJad aHajin3a yctounBoctd DDC, B TOM 4YHCIE 3a7ad pa3pabOTKu
aQJTOPUTMOB M TIPOTPpaMM PACUYE€TOB YCTOMYMBOCTH MPU MaJIbIX BO3MYIIECHUSIX
napamMeTpoB pexuma, 3aHumManuch u3BectHoie yuensie: [1.C. XXnanos, A.A. T'opes,
A.C. Jlebenes, B.A. Benuxos, FO.H. Pynenko, H.1. Cokonos, B.A. Ctpoes, U.B.
Jlutkenc, B.II. Bacun, C.A. Cosanos, E.JI. Kapaces, O.B. Illep6auen, HO.II.



Topronos, 3.C. Jlykamos, B.B. bymyes, JI.LA. Komees, N.A. Ipy3nes, A.X.
Ecunosuu, A.A. KOpranos, b.11. Awes, P. Anderson, A. Fouad, P. Kundur, R.
Byerly, R. Bennon, D. Sherman, D.Wong, G.Rogers, B.Porretta, X.®d. ®a3unos,
T.X. Hacupos, XK. A. A6xymnaes, B.K. Cokonos, K.P. AnnaeB u MHOTHE npyTHe.

UccnenoBanusi, OCBAIIEHHBIE COBPEMEHHOW TEOPUU MATPUIL U UX MTPUME
HEHUIO B YIIPABJICHUU CUCTEM, BEJIUChH CO CTOPOHBI psAJia yUeHbIX B TOM yuciie: O.P.
I'antmaxepom, P.E. Kanmanom, A.A.KpacoBckum, A.A. BOpOHOBBIM,
X.Pozen6poxom, FO.H. AunpeeBsim, M. Youewm, I1.JI. @an6oii, X.J[. IkpaMoBbIM,
B.H. Pa6uenxo, E.M. Cmarunoii, H.P. FOcyn6ekossim, X.3. UramGepueBsiM 1
MOJTy4Y€Hbl BeChbMa BaXKHBIC PE3YJIbTaThl, CO3JaHHBIC AJITOPUTMBI U IPOTPAMMHBIE
KOMILIEKCHI UCITOJIB3YIOTCS TIPU IPOCKTUPOBAHUM U YIIPABICHUH CIIOKHBIMU U
HAaMUYE€CKUMU CUCTEMaMHU.

UccnenoBanusi, CBs3aHHBIE C PEIICHUEM BOIPOCOB OOECIEUCHUS YCTOM
YUBOCTH U YIIPABIICHUS peKUMaMU CIOKHbIX DDC MpOBOAWIM PAJl YUYECHBIX, B TOM
yucine: B.H. bykos, B.A.Auaperok, H.M. Boponaii, M.IlI. MucpuxanoB. AHaiu3
MOKA3bIBACT, YTO Ha CETOAHSIIHUN JIEHb MaTPUYHBIE METOJbl U AJITOPUTMBI
MPUMEHSIOTCS JJISI aHaIu3a YCTOWYMBOCTH BJIEKTPOIHEPIeTUYECKUX CUCTEM U
3]IECh TOJYYEHBI ONPEJICIICHHbIC MOJOXKUTEIbHBIE pe3ynbrarel. BMecTe ¢ TeM, B
Hay4YHbIX MyOJMKAIMsAX B HEAOCTAaTOYHOM Mepe PacCMOTPEHbI BOIPOCHI
pa3paboTku 3PGEeKTUBHBIX aNrOpuUTMOB yrpaieHus IOC U cucreMaru3aluu
COBPEMEHHBIX MOJIXO/IOB, & TAK)Ke MPOOIEMBbI CO3JIaHUS U JaTHHEHIIIETO COBEP
IIEHCTBOBAHUS 3()(DEKTUBHBIX METOIOB, MOJICIICH U aITOPUTMOB MPOIIECCOB
YIOPABIICHUSI C YIETOM PETYIUPYIOIINX YCTPOUCTB.

CBs13b TEMBI JUCCEPTANUN ¢ HAYYHO-HCCJIEI0BATEILCKMMHU padoTamMu
BbICIIIEr0 00Pa30BATEILHOIO YUPeKIEeHUs, I71e BHINOJIHEHA UCCEPTAIHS.
JluccepTallMOHHOE UCCIIE0BAaHUE BBIIIOIHEHO B paMKax IJIaHa HAYYHO-KUCCIIE
JI0BAaTeNbCKUX paboT TalKeHTCKOTO roCy/IapCTBEHHOTO TEXHUYECKOTO YHUBED
cutera o Temam: Ne 2016001 - «Pa3paboTka u aHaIM3 COBPEMEHHBIX METOIOB
aBTOMAaTUYECKOTO YIPaBJICHUS HOPMAJIbHBIMU, IEPEXOJHBIMU U ONTUMAIbHBIMU
peXUMaMu AIEKTposHepreTnyeckux cucrem» (2015-2017rr.); A-3-96-
“OnTuManbHOE yIpaBleHUEe Harpy3KaMu MOTpeOuTeNeil 3HeProCuCTEMbI
Pecny6nuku V36ekuctan” (2015-2017rr.); ®d-2-33-“OnpeneneHue SHEPreTH
yeckor 3(pPEeKTUBHOCTU U 3aKOHOB MaTEMaTUYECKOTO MOJICTUPOBAHUS HACOCHBIX
crtanumii” (2012-2016 rr).
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Heabo wuccenoBaHusl SBISICTCS pa3paboTKa MaTPUYHBIX METOIOB U
QJTOPUTMOB aHaliu3a MajblX KOJICOAHUH CIIOKHBIX JJICKTPUUYECKUX CHCTEM,
pa3paboTka YHOPOIIECHHBIX METOJIOB OMNpEACJICHUS TMPEACIOB  CTaTUYEeCKOM
YCTOMYMBOCTH M CUHTE3 MOJIEJIC PEryiasiTopoB Ha 0Oa3e TEXHOJIOTUU BIIOXKEHUS
CHCTEM.

3agaum uccaea0BaHus:

CHUCTEMHBIN aHaJIU3 CYIIECTBYIOIIMX METOJIOB U aJITOPUTMOB MCCIICIOBAHUI
CTaTUYECKON YCTOMYMBOCTH YIIPABIISEMBIX IEKTPOIHEPIETUUECKUX CUCTEM;
pa3paboTKa yIpOIIEHHBIX METOJIOB U aJTOPUTMOB MCCIIEIOBAHUIN MaJIbIX



KOJICOaHUM CIIOKHBIX IIIEKTPOIHEPTETUUECKUX CUCTEM Ha OCHOBE (pyHKImit Jlsmy
HOBAa U COBPEMEHHOMN TEOPUH MATPHII;

pa3paboTKa METOI0B UCCIIEAOBAHUI MaJIbIX KOJIEOAHUM peryinupyemMbIx
AIIEKTPUYECKUX CUCTEM Ha OCHOBE TEXHOJIOTHH BJIOKEHUS CUCTEM; pa3padoOTKa
MOJIEJIM CUHTE3a PETYJIATOPOB NIEKTPUUECKOU CUCTEMBI, II03BO JISIOLINX
o0ecneyuTh yCTOMYMBOCTD U AeMII(pUpOBaHUE KOJICOaHUI MPU MAJIbIX
BO3MYILEHUSX IIapaMETPOB pexKUMA CII0KHOU DIC;

PaCYETHO-IKCIIEPUMEHTAJIBHBIE HCCIEIOBAHUS W CPaBHUTEIIbHBIN aHAIU3
CTaTUYECKONW YCTOMYMBOCTH PETYIMPYEMBIX CIIOKHBIX JJIEKTPUYECKUX CHUCTEM HaA
OCHOBE pa3pabOTaHHBIX MAaTPUYHBIX METOJOB U AJITOPUTMOB.

O0beKTOM HCC/IeI0BAHNS SIBIISIIOTCSI CUCTEMbI YIIPABICHUS PEKUMHBIMU
napaMeTpaMu JIEKTPOIHEPTETUUECKUX CUCTEM B YCIOBUSAX BO3JIEUCTBUS MaJIbIX
KOJICOAHMIA.

IIpeamer ucciie10BaHUsI MATPUYHBIE METOABI, AJITOPUTMBI 1 MATEMATHYE
CKME€ MOJICJIA aHaJIM3a MAJIbIX KOJIEOAHUM PErYIMPYEMbIX IEKTPUUECKUX CUCTEM,
METOJIbl CHHTE3a MOJIEJIEH aBTOMAaTHYECKHUX PETYIATOPOB BO30YXKIeHUs Ha 0a3e
TEXHOJIOTUU BIIOKEHUS CUCTEM.

MeTtoab! uccaeaoBanui. B nporecce uccieroBanus UCIIOIb30BaHbI TEO
PHUH JIEKTPUUYECKUX CUCTEM, CUHTE3a U MaTPULL, METO/IbI aBTOMATUYECKOTO
YIPABIICHUS U TEXHOJIOTUH BIIOKEHUSI CUCTEM, METO/Ibl MaJIbIX KOJIeOaHUM A1HA
MHUYECKUX CUCTEM U JIMHEHHOMN anreOphl.

Hayynasi HOBU3Ha MCCJIeIOBAHMS 3aKJIIOYAETCS B CIIEAYIOUIEM: pa3paboTan
YIIPOILLEHHBIN KPUTEPUN CTATUYECKON YCTOMYHUBOCTH NIEKTPU YECKOM CUCTEMBI HA
ocHoBe ¢yHKIUH JIssmyHOBa B KBajpaTuuHoi hopMe, CO CTOSIITUN B
MOJIO)KUTEITLHOCTU NIEPBOT0, INIABHOTO MUHOPA MATPHUIILI KBapaTuyd HOM (POpPMBI
(q:1>0), obecneunBaromiero HeOOXOIUMBIEC U JOCTATOYHBIC YCIOBUSI YCTOWYUBOCTH
29C;

pa3paboTaH METO/I COBMECTHOIO ITpuMeHeHus PpyHkuuii JIamyHoBa B kBaj
patudHOi (hOpMe U YpaBHEHUHN y3JIOBBIX HANIPSHKCHHM, TO3BOJISIOIINA CBECTH UC
CJIEIOBAHUE CTAaTUYECKOW YCTOMYMBOCTH CIIOKHOM 3JIEKTPUUYECKON CUCTEMBI K
IIPOCTOM CXEME - «T€HEPATOP-IIUHBIY;

pa3paboTaHa nmpoMaTpulia CI0KHOU JIEKTPUUECKON CUCTEMBI HA OCHOBE
TEXHOJIOTMH BIIOKEHMS CUCTEM, ITO3BOJISIOIIAs] UCCIIEN0BATh THHAMUYECKNE CBOU

ctBa DOC;
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pa3paboTaH ajaropuTM MEpPEeMENICHUs IMOJIICOB, 00ECIEUUBAIOMIUN YCTON
YUBOCTh M JIeMII(UPOBAHKE KOJICOAHUN MapaMETPOB PEXUMa MPH MAIbIX BO3MY
meHusax B DOC;

CO3/IaH JITOPUTM CUHTE3a MATEeMaTHUYECKON MOJEIM PEryasaTopoB Ha OCHO
BE TEXHOJIOTUU BJIOKEHHUS CHUCTEM, OoOecreunBaroiias yCTOMUUBOCTh U JeMIpUpo
BaHME MaJIbIX KoneOanwmii B DOC.

IIpakTHyeckne pe3yabTaTbl HCCJIAEI0BAHNS 3aKIIIOUAIOTCS B CIICTYIOIIEM:
JI0Ka3aHa aJ€KBATHOCTh YCIIOBUU CTATUYECKON YCTOMYMBOCTH SJICKTPUYE CKOU



CUCTEMBI IIPY MAJIBIX BO3MYLIEHUSAX [IapAMETPOB PEXMUMA, [IOJTYUYEHHBIX HA OCHOBE
dynkuuit JIssmyHOBa B KBapaTuuHOM hopMe, YCIOBUSIM, JI0CTABIISIEMbIM
kpurepusmu ['ypeuna;

pa3paboTaH Ha 0a3e MepBOro IaBHOTO MUHOPA MaTPUIIbl KBAAPATUIHOM
¢dbopmel JIsimyHOBa yIIPOIIEHHBIN KPUTEPUM CTATUYECKON YCTOMYMBOCTH, TIO3BO
JISOIIUNA YCKOPUTH TIpoLiece onpeaesneHus yecronunBocT 39C u 001eryuTh JUC
NEeTYEPCKOE YNPABICHUE;

pa3zpaboTaHa MareMaTu4yecKasi MOENb MEPEXOIHBIX MPOLECCOB MPU MaIbIX
KOJICOAHUSX B CIIOKHOM JIEKTPUUECKOI crcTeMe Ha 06a3e aOCOMIOTHBIX YIIOB Ie
HEPATOpOB;

pa3paboTaHa MareMaTudeckasi MOJENb U mpoMarpuiia cioxHor 99C Ha oc
HOBE TEXHOJIOTMH BIOKEHUSI CUCTEM, MO3BOJIAIONIAS UCCIIE0BaTh TUHAMUYECKUE
CBOMCTBA AJIEKTPOIHEPTETUUECKUX CUCTEM;

pa3paboTaH aJrOpUTM U MpOrpaMMa MepeMeleHus MOICOB U CUHTE3a Pe
T'YJISITOPOB, OOECIEUUBAIOIIUX YCTOWYUBOCTh M JAeMI(UPOBAHUE MaJbIX Koseba
HUU BIEKTPOIHEPTETUUECKUX CUCTEM.

JIoCTOBEPHOCTH Pe3yJIbTATOB UCCJIAEN0BAHUA. /[[0CTOBEPHOCTh pPE3yIbTaTOB
MCCJIEIOBaHUS TTOATBEPKIAACTCA MPUMEHEHUEM anpoOOMPOBAHHBIX HAa IPAKTUKE
METOJIOB ~ TEOPUM  DBJIEKTPUUYECKHMX CHUCTEM W  MOJACIHMPOBAHUS  CUCTEM
ABTOMATHUYECKOr0  yIpaBieHUs, OOOCHOBBIBAETCS COBMAJCHUEM PE3YJIbTaTOB
PaCUETHO-IKCIIEPUMEHTAIIBHBIX HCCIIEOBAaHUN MalblX KoseOaHui ciaoxHBIX DIC
MOJIyYEHHBIX TPUMEHEHUEM Pa3paOd0TaHHBIX MATPUYHBIX METOJIOB C PE3YJlb
TaTaMH, MOJIy4YeHHbIMH KIACCUYECKUMH METOIAMH.

Hay4nasi 1 npakTHYecKasi 3HAYUMOCTb Pe3yJbTaTOB HCCJIeI0BAHUS.
HayuHnas 3Ha4uuMOCTb pe3yJabTaToOB UCCIEAOBAHMS 3aKIIIOUAETCS B pa3pabOTaHHO
CTH MaTE€MaTUYECKON MOJIETU UCCIEIOBAHUM MaJIbIX KOJIEOaHUI perylIupyemMoi
cnoxHoi DDC, MO3BOJIAIONICH Ha 0a3e MaTpUIHOTO ypaBHeHUs JIsmyHOBa yIIpo
IIEHHO OIPENIEINTh YCIOBUS HApyLIEHHs CTAaTUYECKOM YCTOMUNBOCTH, 0Oecieun
BaloIllel U HEOOXOAMMbIE, U JOCTAaTOUYHbIE €€ YCIOBUS U MaTEMaTUYECKOM MOIeNN
cinoxxHoit 99C OTHOCUTEILHO a0COJIIOTHBIX YIJIOB T€HEPATOPOB cucTeMbl. Pa3pa
00TaH KJ1acc PeryasiTOPOB CIOKHOM NEKTPUUECKON CUCTEMBI, CKOHCTPYHPOBAH
HBIX AaHAJUTUYECKH HA OCHOBE TEXHOJIOTUU BIIOKEHUS CUCTEM.

[IpakTrueckast 3HAUUMOCTh pa3padOTaHHBIX YIPOIIEHHBIX METOAOB aHAIH 3a
MaJibIX KOJI€OaHUH B CIOKHBIX AJIEKTPUUECKUX CHCTEMAaX, 3aKI0YAETCS B UX
MCITI0JIb30BAaHUU IIPH MPOEKTUPOBAHUU AIEKTPUUECKUX CHCTEM M JIUCIIETYEPCKOM
ynpasiieHnn 93C.
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BHenpenue pe3yjbTaToB HMCCJIeI0BAHUA. Pe3ynbrarbl MCCICNOBAHUN 10
pa3paboTKe MaTpUYHBIX METOJAOB M  aJIrOPUTMOB aHAJIU3a CTAaTUYECKOU
YCTOMYMBOCTH JIEKTPUUECKUX CUCTEM:

METOJIbI KOHTPOJISI CTATUYECKON yCTOWYMBOCTH Ha 0Oaze pynkmwmii JIsmyHOBa
MaTpUYHbIX METOAOB M airoputMoB BHeapeHsl B YII «KYUI'DC» AO
«Y306exsnepro» (CropaBka ot 11 wuronms 2016 roma Ne DU-OP-21/2628 AO
«Y30exkaHepro»). Pe3ynapTarhl HAay4YHO-HUCCIIEOBATEIBLCKUX pabOT MO3BOJSIOT



YBEJIIMYUTH IPEJENl CTaTUUYEeCKON ycToiunBocTy Ha 1% 1 00ecrieynTh MOBBIILIEHNE
3¢ PEeKTUBHOCTU NMPOU3BOJICTBA;

aIrOpUTM CHHTE3a pErylIsITOpPOB M TEpeMElIeHUEe IMOJICOB Ha 0ase
TexHonornu BioxeHus cucteM BHenpeH Ha AO «Chirchiq transformator zavodi»
aKIMoHepHOU kommnaHuen “Y3anrexcanoar” (Crnpaska oT 14 oktadps 2016 roma Ne
04-149 AK «VY3anrexcanoar»). B pesynbrare momyueHo 5% SKOHOMHS CHIPbS U
MaTepuagoB 00OMOTOK kaxaoro TpaHcdopmaropa T TH-2500/110/35 cnpoexTu
POBAHHOIO C YYETOM JIeMI(UPOBAHUS MaJIbIX KOJICOAHUM;

MaTeMaTH4ecKass MOZEIb U MHpoMarpulbl cioxHeix OOC Ha 0ase
aOCOJIIOTHBIX ~ YIJIOB T'€HEPATOPOB MCIIOJIBb30BAHBI B (PYHAAMEHTAJILHOM IPOEKTE
OT-®5-036 «®Dop Maiu3ausg  B3aUMOCBS3U  DJICKTPOMEXAaHUYECKUX U
IMIPOMEXAHUYECKUX TMEPEXOHbIX mpoueccoB B 3Hepretuke» (2007-2011rr.) nns
dbopmanuzanum IEKTPOMEXaHNIECKUX TepexXoaHbIx mporeccoB. (CrpaBka oT 26
okTs10ps 2016 rona Ne ®TK-0313/722 KomuteTa no KOOpAMHAIIMN PA3BUTHSI HAYKU
U TEXHOJOruil). BHeapeHne HayyHBIX pe3ylbTaToB oOsierdaeT (popMau3alfio
AIIEKTPOMEXAHUYECKUX M THUJIPOMEXAaHUYECKHX  IEPEXOIHBIX IPOLECCOB H
noBbIIIAET 3)PEKTUBHOCTh HAYYHO-TEXHUYECKUX HCCIEAOBaHUM.

AnpoGanusi pe3yJbTaToB HccHef0BaHUs. Pe3ynbrarel auccepranuu 10
JIO’KeHbl Ha 12 Hay4YyHO-NPAKTHUYECKUX KOH(MEpPEHIUAX, B TOM UYUCIE Ha 5 MEexIy
HapoAHBIX: MexayHapoaHas HayyHO-TEXHUYEecKass KoHpepeHuus «IIEeKTPo
sHepretuka-2010» u «dnexkrposnepreruka-2012», Bapua, bonrapus, (2010
2012rr.); MexayHapoaHoi KOH(pEpEeHIIUH MO IHEPTeTUKE A3HATCKO
Tuxookeanckoro peruona (Ilexkun, Kurait 2013 u 2015rr.); 10 MexaynapoaHas
KoH(epeHIus B chepe Hayku, TexHosoruit u ynpasinenus (Kyana Jlymmyp, Ma
nauzus, 20151.); Ha 3acelaHny HayYHOT'O CEMUHApa MO 3allUTe JOKTOPCKUX JUC
cepramuii npu Jucrerdyepckom ymnpaBieHUN YHEPTOCUCTEMON Y30eKkncTana
2016r.); oobenunennom cemunape kadenp Taml TY — «OnekTpudeckue cTaHINuH,
CETHU U CUCTEMBD», «I MApaBIUKA U TUAPOIHEPTETUKAY, « IITEKTPOCHAOKEHUEY,
«INEKTPOTEXHUKA, FTCKTPOMEXaHUKa, dJEKTpOTeXHOIoTHs» (20161.).
Ony0JMKOBaHHOCTD Pe3yJabTaToB HccaeaoBanms. [1o Teme nuccepranuu
OIyOJIMKOBaHbI 25 HayyHBIX pa0oT, B TOM uKciie 8 B 3apyOekHbIX u3nanusax. 13
HuX 15 pabot onmyOaMKOBaHbI B U3IAHUIX, PEKOMEHI0BaHHBIX Briciien
aTTeCTallMOHHOM KoMuccuen Pecriybnuku Y30ekucTaH s myoauKanuu
OCHOBHBIX HAayYHBIX PE3YJbTaTOB JOKTOPCKUX JUCCEPTALMM, B TOM YHUCIE: 2
MoHoTrpaduu, 2 CTaTbll B MHOCTPAHHBIX U 13 B pecnyOIMKaHCKUX KypHAax, a
TaKXKe MOJyYEHBI 4 CBUJIETEIBCTBA O PETUCTPALIMK MporpaMm st DBM.
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Crpykrypa u o0bem auccepranuu. CTpyKTypa JUCCEpPTALMU COCTOUT U3

BBEICHUS, IISITU [JIaB, 3aKJIIOYEHUs, CHUCKA MCIIOJIb30BAHHOW JIUTEpaTypHI,
npuioxenun. O6beM nuccepraiuu coctaniseT 188 crpanuil.

OCHOBHOE COJEP)KAHUE JUCCEPTALIUUA



Bo BBeennu 0600CHOBaHa aKTYallbHOCTh U BOCTPEOOBAHHOCTH TEMBI TUC
ceprauuu, chopMyIHPOBAHBI LIEIH U 33]]a4H, ONPEICICHBI OOBEKTHI U MPEAMETHI
WCCJIEI0BAHHUSI, OIIPENIEIEHO COOTBETCTBUE UCCIIEA0OBAHUS IPUOPUTETHBIM HAIIPAB
JICHUSIM Pa3BUTHS HayKu U TexHonoruil PecnyOnuku Y36ekucran. [Tokazansl Ha
y4Hasi HOBU3HAa, 000CHOBaHAa JJOCTOBEPHOCTD MOJIYYEHHBIX PE3YJIbTaTOB, PACKPBITHI
TEOPETHYECKasl U IPAKTUYECKAsI 3HAUUMOCTbD PE3yJIbTAaTOB, IPUBEAEHBI JIOKYMEHTBI
BHEJPECHUS PE3y/IbTaTOB UCCIIECIOBAHMUS, CBEJICHUS 00 arpobanuu padoThl, TaHHBIE
10 ONMyOJIMKOBAaHHBIM Pab0TaM U CTPYKTYPE AUCCEPTALIUH.

B nepsBoii rmaBe quccepranuu «CoBpeMeHHOE COCTOSIHAE MPOOIeMbl
HCCJIeIOBAHUSA MAJIBIX KOJIeOAHUH JIEKTPHUYECKUX CHCTEM) [IPOBEACH KPUTH
YEeCKUW aHaIN3 MyOJUKAMi COBPEMEHHOTO COCTOSIHUS TPOOJIEMBI UCCIIeI0OBaHUHI
MaJIbIX KoJeOaHu# (cTaruyeckasi yCTOHYMBOCTD) CIOKHBIX DDC MaTpUYHBIMU M€
TOJIAMH.

[IpruMeHeHre MaTpUYHbIX YpaBHEHU JIamyHoBa u Pukkatu pacumpsiercs B
CBSI3U C Pa3pabOTKOil 3(h(PEKTUBHBIX AITOPUTMOB U IPOrPaMM YHCIEHHOTO U aHa
JUTUYECKOTO METOIOB UX pemennii. U3BecTHO, uto dyHKIua JIsmyHoBa B kBaapa
TUYHOU popme AJid TUHEHHBIX TudPepeHIIMaTbHBIX YPABHEHHM C MOCTOSTHHBIMU
K03 puMeHTaMHU SIBIISIETCS €AMHCTBEHHOM, KOTOpasi o0ecrneynBaeT 1 Heo0Xoau
MBI€E, U IOCTaTOYHBIEC YCIOBHS YCTOMYMBOCTH UCCIIEYEMOM CUCTEMBI ITPU MaJIbIX
BO3MYILICHUSX.

Oco0o crienyeT yka3zaThb Ha MHTEHCUBHBIE UCCIIEIOBAHUS, TPUBEAIINE K HO
BBIM M Ype3BbIYaiiHO 3((HEKTUBHBIM METOJaM PEILICHU MaTPUUYHBIX YPABHEHHUI, B
TOM YHUCJIE AHATUTHYECKUX, MOTYYAIOLIUX IIHPOKOE MPAKTUYECKOE TPUMEHEHHE.

B nocnegnue 20-25 ner poccuiickum yueHbiM B.H. BykoBbeIM 1 ero Hay4yHOI
IIKOJIOW MPEJIOKEHBI HOBBIE KOHCTPYKIMU MaTPHLL, ITO3BOJISIOIINE PACILIUPUTD
KpYT pelIaeMbIX 3aJ1a4, B YUCJIO KOTOPBIX BXOJAAT HE TOJIbKO MUHUMAJIBLHO (ha30BhIE,
HO 1 HEMUHUMAaJIbHO-(Pa30Bble CUCTEMbl. MaTpUUHbIE KOHCTPYKIIMH TH I1a
JEJUTENN HYJIsl, KAHOHU3ATOPbl PACKPBIBAIOT HOBBIE BOBMOXKHOCTH aHAJIN3a U
CUHTE3a JINHEWHBIX IMHAMUYECKUX CUCTEM, UMEIOLME YUCICHHOE U aJTOPUTMHU
YECKOE NMPEUMYILECTBA UCCIEIOBAHUN NEPE] TPAIULIMOHHBIMHU.

CyTbhI0 COBPEMEHHOTO METOJA UCCIECAOBAHNS TUHAMUYECKUX CUCTEM — TEX
HOJIOTUU BJIOXKEHHUS CUCTEM - ABISIETCS (POPMAIBHO CTPOTOE OMPEACTICHUE TAKUX
YCJIOBHM, IPU KOTOPBIX MMOBEACHUE CIIOKHO OPraHU30BaHHON MAaTPUYHOU CUCTEMBI
OMKCHIBACTCS WJIM UHTEPIPETUPYETCS TOBEACHUEM COBOKYITHOCTH 00JIee MPOCTHIX
CUCTEM.

TexXHOJIOTHIO BIOXKEHUSI CUCTEM B UCCIEAOBAHUSIX IEKTPUUECKUX CUCTEM Haudau
MIPUMEHATHh OTHOCUTEJIBHO HEABHO. PaccmaTpuBaemMoe HampaBieHUE CBO AUTCS K
JBYM IO3ULUAM. BO-IIEpBBIX, 3TO NPEACTABICHUE PELIAEMON 3aa4u TEO PUU
CUCTEM B BUJIE HEKOTOPOU CIIEIIUATIBbHO KOHCTPYUPYEMOM MaTPULIbI, HA3bI-
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BaeMOM MpoOJIEeMHOM MaTpullel (MK KpaTKo - MpoMaTpHIlel) U ColepIKalleid BCIO
MCUEPIIBIBAIOLLYIO MH(POPMAIMIO O CBOMCTBAX JIMHEWHON AMHAMUYECKON CHCTEMBI.
Bo-BTOpBIX, 3TO I1€TEPMUHAHTHBIE COOTHOLICHMS, YAOBJIETBOPEHUE KOTOPBIX B
JSIeTCSl HEOOXOAMMBIM U IOCTATOUYHBIM YCJIOBHEM JIsl TOKECTBA BEIOPaHHBIX 110



KEJIAHUIO TIEpeIaTOYHBIX (DYHKIIUN (0TIepaTOpOB) UCCIIEyEMOM CUCTEMBI U CUC
TEMBI C JKEJIaEMbIMHU CBOMCTBaMH, Ha3bIBaeMOM 00pa3zoM. M3BecTHBI Takxke pazpa
OOTKH METO/IOB U aJITOPUTM PEIICHUSI YPAaBHEHUH AJICKTPUUECKON CUCTEMBI B
YCJIOBUSIX JIOKAJIBHBIX U3MEHEHHM X MaTpuil koddduimentos. [IpoBenennas
CpaBHUTEIbHAS OIICHKA METOIOB UCCIICIOBAHUN MaJIbIX KOJIe OaHUM JTMHEHHBIX
(JIuHEeapU30BAHHBIX) TMHAMUYECKUX CUCTEM, K KOTOPBHIM OTHO CATCSI U BOIIPOCHI
CTAaTUYE€CKOM YCTOMUYMBOCTH MHOTOMAIIMHHBIX AJIEKTPUUECKUX CHUCTEM,
MOKa3bIBAET BO3PACTAIOIIYIO POJIb MATPUYHBIX METOJOB, BBUIY UX BbI
YUCIUTENbHON A((HEKTUBHOCTH U OPUCHTUPOBAHHOCTHU K MMPUMEHEHUIO JIJIsI OTTU
CaHMs [EPEXOIHBIX PEKUMOB CIIOKHBIX JUHAMUYECKUX cucteM. IIpu aTtom teope
TUYE€CKOM OCHOBOM MCCIICIOBAHUS CTATUUECKOM YCTOMYMBOCTH MAaTEMATUYECKOM
MOJIEJIH 3JIEKTPOIHEPTETUYECKUX CUCTEM SIBISIOTCS Teopemsl JIsamyHoBa. Bo
BTOPOH r1aBe aucceprauun « A30paHHbIe MOJI0KEHUS COBPEMEHHOH TeOpHuH
MATPHUIl ¥ CHCTEM aBTOMATH4€CKOI0 yIPaBJIeHUsD [IPUBEJCHBI U3 OpaHHbIE
MOJIOKEHUSI COBPEMEHHOM TEOPUHU MaTPHUL U CUCTEM aBTOMATHUYECKOTO
yIpaBJICHUs], HCIOJb3yeMbIe B padote. [loka3zaHo, 4TO IpUMEHseMbIe JUIsl pere
HHSI MAaTPUYHBIX YPABHEHUN METObI CBOASATCS K BBIITIOJIHEHHIO ITOCJIEA0BATEIBHO
CTH JIEMEHTAPHBIX MMPE0OPa30BaHUM CTPOK MJIU CTOJIOIIOB MATPHUIILI periaeMoi
3a/1a4M, ¢ y4eToM IpaBoil yacTu. Takue nmpeoOpa3zoBaHusl SKBUBAJICHTHBI POU3BE
JICHHUIO UCXOJHOM MaTpHUIIbl HA MAaTPHUIIbI CIENHATBLHOTO BU1a. K HUM OTHOCSTCA
anredpandeckre 0ObEKThl U MATPHUIIbI, TAKUE KaK JACIUTEIN HYJIsl MaTpHIl (IpaBbIi
U JIEBBI ), KAHOHU3ATOPHI (MPABBIiA, JIEBbII 1 CBOJHBIN), a TAK)KE HEKOMMYTATUB
HOCTb MATPUYHOIO MPEACTABICHUS UCCIEAYEMBIX CUCTEM, KOTOPBIE ONPEAENSAIOT
anrebpanvyeckue 0COOCHHOCTH UX MaTeMAaTUYECKUX MOAEIEH, MO3BOJISIONINX PO
BECTH ITyOOKHI aHAJIN3 BHYTPEHHUX CBOMCTB OOBEKTA.

N3BecTHBIM poccuiickuM ydeHbIM B.H. bykoBbBIM U €ro coTpyiHUKaMu pac
KPBITO COJIEPKAHKE JIETTUTENEH HyIIsl MaTpUll, pa3paboTaH METOJ| pEIICHUs MaT
PUYHBIX YPABHEHHUI HA OCHOBE METO/1a KAHOHU3AIIMH, YTO TTO3BOJISIET TPOBOAUTH
AHAJIIMTUYECKHUE UCCIICIOBAHUS MAaTPUUHBIX YPABHCHUMN.

[Tycth A, — MaTpuIa pa3mepa (mxn) U UMEET PAHT QP VOV OOV PQPY =

99 [lnx otoit MAaTpPHIIbl BBOISATCS MMOHITHS: JIEBOTO JCIUTENS HYJII-MaTpuiia @€
* (m-1); * (naxr)
pasMepa (m-r); ppaporo menurens Hylas-Marpuiia @€  PasMepa (7xr) U paHra
, y *0
(n-r); NEBBIN KAHOHH 3470p - Marpua €9 pasmepa (rxm); paBblii KAHOHK3ATOP
- - Marpula pasMepa  (p;yr) u cBOMHBIN KaHOHH3ATOP- A™ - MaTpHIia pa3mepa
(nxm).

o0 o0 .
JleMTenn Hyls MaTpuipl (€€ u 99" ") popmanuzyoT Bce JUHEHHO
3aBUCUMBIE KOMOMHAIIMU CTPOK M CTOJOIIOB MpPOM3BOIbHON MaTpuilbl A. OcobeH

o0 o0
HOCTBIO Marpul @ u 9@ “gBinseTcs TO, YTO OHU XapaKTEPU3YIOT BCe
JMHENHO HE 3aBUCHUMbIC KOMOMHAIIMU CTPOK U CTOJIOIIOB MaTPHUIIBI A.
CripaBesIuBbI CIEAYIOLIUE TOXKIECTBA!
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Takum oGpaszomM, 110060H MaTpuile A MOXKHO COTMOCTABUTh HEEIUHCTBEHHYIO

0o 0o
TPOMKY MaTpHil, BKJIIOUAIOIIYIO JICBbI €€ U mpaBblid 90" nenuTeny Hyss

MAaKCH \ra1pHOTO paHra, a Tak)Ke CBOIHBIN KaHOHH3aTop A~ T.€.

22 o0
_)

90- 96 00,6090 (1) KOTOpBIC XapaKTEPU3YIOT
BHYTPEHHIOIO CTPYKTYpy marpuilsl A. [IpencraBinenue marpuiibl B Bue (1)
Ha3bIBAIOT KaHOHM3AIMEN MaTpullbl. VccienoBanue 3a1a4 aHaiM3a U CUHTE3a
JTUHAMUYECKON CUCTEMBI IPU Ma JIBIX BO3MYIIEHUSIX CBS3aHO C ONPECICHUEM €€

o . N
COCTOSAHHH, O6p33}II0HII/IX IMpO CTPAHCTBO COCTOAHHU,

XER
U OTIpeNIeIsIEMOe PEIICHUEM MaTPUYHBIX YpaBHE

HUM C IOCTOSSHHBIMU KO3(P(ULIUEHTAMMU:
Q9 =—0000 +- 0009, (2) 00 =0000 +006009;(3)

rne A, B, C, D — maTpulpl, ONpeaeiasieMble MapaMeTpaMu UCCIETyEMON CUCTEMBI,
napaMeTpamu peryisaTopa i BHEIIHUX BIMSHUM (BX0/1a), MapaMeTpaMH BbIX0/a U
CBSI3bI0 BXOJIa M BbIXO/a. YpaBHeHuUs (2), (3) Moimyunian Ha3BaHUS YPaBHEHUM CHC
TEMBI «BXOJ — COCTOSIHUE — BBIXOI».

VYpaBHEHUS TEPEMEHHBIX COCTOSHUSI CHUCTEMbl MOTYT OBITH MPOAHAIU3ZUPO
BaHbl (PyHKIMEH JlamyHoBa B KBajpaTudHOU Gopme, obecrneunBaromie 1 Heo0xo
JUMBIE W JIOCTaTOYHBIE YCJIOBUS YCTOMYMBOCTU HUCCIEAYEMOW aBTOHOMHOW JIH
HEeHHOI cucTembl. B paboTe npuBeaeHbl MATPUYHBIE METO/IBI PEILICHUS YPaBHEHUN
IIPOCTPAHCTBA COCTOSIHUM U MAaTPUYHOTO ypaBHeHus JIsanyHoBa. B Tperbel niase
nuccepranuu «Pa3padoTka ynpomeHHOro Kpurepusi CTaTH4eCcKOM
YCTOMYMBOCTH JIEKTPUYECKUX CUCTEM Ha OCHOBe pyHKUuM JIsi nyHOBa B
KBaJpaTu4Hoi popme» Ha ocHOBe (yHKIMH JIsmTyHOBA B KBaJipaTud HOM (hopme
pa3paboTaH yIpoOIIEHHbINA KpUTEPHUl cTatnueckoi yctonunoctu D9C,
o0ecreunBaIui U HeOOXOAUMBIE U IOCTATOUHbIE €€ yCIIOBUsA. PaccMoTpeHbl
BOMPOCHI MaJIbIX KOJIEOAHUH 3JEKTPUUECKUX CUCTEM, U3BECT HbIE BUJIbl HAPYILICHHUS
CTaTUYECKOW YCTOMYMBOCTH, IMOJTYyUYECHHbIE HA OCHOBE KpU TepueB [ 'ypBuua,
ITOCPEACTBOM aHAJIN3a XaPAKTEPUCTUUECKOTO YPABHEHUS UCCIIE IYEMOM CUCTEMBI:

090,900°° 1 00,00°° 11 00,00°° 1 ... 1 00,, 00 +
000@ = 0.
Buapl HapylieHus: CTaTU4eCKOM YCTOMYUBOCTH ONPEAECIIEHBI UCXOMS U3 Tpe

00BaHMI HEOOXOIUMBIX M JOCTATOYHBIX YCIOBUH YCTOMUMBOCTH, BHIPAKAIOIIMXCS
B YCTAaHOBJICHUU MOJOXUTEIBHOCTU KOA(D(PUIMEHTOB XapaKTepUCTUUYECKOTO YpaB



HEeHUs cucTeMsl (3,>0 — HeoOX0oIUMBIE YCIIOBUS) U BCeX onpeaenuTene ['ypeuna
(Ar>0 — mocrarounsie ycioBusi). O4eBUIHO, UTO C YBEIHMUECHHEM CTETICHU Xapak
TEPUCTUYECKOTO YPABHEHUS N PEIICHUE ITOCTABICHHOMN 3a/1a4U YCIIOKHAETCS.
JlaHHast 3a1a4a MOKET OBbITh pelleHa 00J1ee KOMIAKTHO, C CYLIECTBEHHbIMU
BBIYHMCIIUTEIbHBIMU IPEUMYILIECTBAMH, €CJIM UCTIONb30BaTh GyHKIMHU JIssmyHOBA B
KBaJipaTuyHOU (hopme. MaremaTnueckast MoziesIb aBTOHOMHOM CTaIl[MOHAPHOU
CUCTEMBI, K KOTOPO MOT'YT ObITh PUBEJCHBI U AU PepeHLInaIbHbIe YPaBHEHUS
IIEPBOI0 MPUOJIMKEHUS IEKTPUUECKON CUCTEMbI UMEET BUJL:

39
09 (109)

v000= @000 (4)
riae A — Marpuiia nopsijaka (nxn) ¢ MOCTOSTHHBIMU 3JIEMEHTAMHU, Ha3bIBaeMasl
MaTpUIEH COCTOSIHHSI MITM MaTPUIbl COOCTBEHHOMN TMHAMUKH UCCIIETyeMOM ek
TPUYECKOH CHCTEMBI, X, AX — BeKTOp-CcTONIORI] IMapaMeTpoB peskuma DIC 1 ux Ma
JIbI€ OTKIJIOHEHUSI.

3aganumMcst KBaapaTuiyHoOl GopMOi:

*? 00 00-1= 00°°0000 5 0000=12..,00,(5

QY = 000000 00@0000@
3nech Q - MOKa HE U3BECTHAs KBaJpaTHas MaTpuiia Ko3(hPUIIMEHTOB KBaapa
THYHOM (hopMbl; X'- TpaHCTIOHUPOBAHHBIN X (BEKTOp-CcTpOKa). DyHKIwms (5)
Ha3biBaeTcs PpyHkiuel JlsmyHoBa B kBagparuyHoit popme. Haiigem npousBoaHy0
3TOM (YHKIMH C YUETOM ypaBHEHUM (4):

00°%0000 °°

9006=29 M
9009 09 @
222727272 0000 Q009 +
= = 090°%000090
SR
99°%,,009
%o 0009

= (9909090)%%0000 + 00°%°000000=00"%00%%0000 +
990°%000000=00°°00%%00 + 9006 0. (6) Baeem 0603HaUCHIEC:
A'O + 04 = - C, (7) tne C — equHWYHAS MATPHIA.
VYpaBuenue (7) Ha3bIBaeTCsl MAaTpUYHBIM ypaBHeHHeM JlsmyHnosa. Eciu mar
pua Q IMOJIOKUTCIIbHO OIIPCACICHHAsA, TO

-VT
xQx 0

=-< , (8)
xoraa V>0, T.e. IpOUCXOAUT yObIBaHHE PYHKIMH V, a, CIIEIOBATENILHO, TPACKTO pUs
CUCTEMBI CTPEMUTCS K HA4aJly KOOPAMHAT, PEIIEHUE aBTOHOMHOM JIMHENHOU
CUCTEMBI (4) ACUMITOTUYECKH YCTONYHBO.

Taxum 006pa3om, eciii OJHOBPEMEHHO BBINIOJIHAIOTCS HEPABEHCTBA



V>0nV<
)

B HEKOTOPOI1 00JaCTH MPOCTPAHCTBA NEPEMEHHBIX (X, Xy, ..., X,), BKIIOUAIOILIEH
Ha4aJo KOOPJMHAT, TO NOJIOKEHUE PABHOBECHUS B Ha4aJIe KOOPANHAT aCUMIITOTH
YEeCKU YCTOMUMBO. DTO MOJIOKEHHE CPOPMYIUPOBAHO B Teopeme JIsmyHoBa.
CrnenyeT OTMETHUTD, YTO 3TO €AMHCTBEHHBIN CiTy4ail, korna GyHkius Jlsmy
HOBA B KBaJIpaTU4YHON (hopMe oOecrieurBaeT U HEOOXOJUMBIE, U IOCTATOYHBIE YC
JIOBUSI aCUMIITOTUYECKON YCTOMYMBOCTU UCCIIEAYEMOM JTMHEMHON TUHAMUYECKOM
CUCTEMBI U MIOATOMY SIBJIIETCSI YHUBEPCAJIBHOM, T.€. OHA OJIMHAKOBA JJIs JIFOOBIX
JMHAMHYECKUX CUCTEM, €CJIM CUCTEMAa OMHUCHIBAETCS JTMHEUHBIMU U depenin
aJbHBIMHU YPAaBHEHUSIMU C MOCTOSIHHBIMU KO3 duiinenramu. Bo Bcex ocTanbHbIX
cinyyasix popmupyembie pyHKIUU JlsmyHOBa 00€CEYMBAIOT TOJIBKO 10CTATOYHBIE
YCIIOBHUSL yCTOMYMBOCTH, U TIPH 3TOM OHHU CTPOSITCSI METOIOM MPOO U OMUOOK, T.€
HE SIBJISIIOTCS YHUBEpCcaIbHBIMU. M3-3a 3TOTO puMeHenue GyHkumii JIsmyHnosa
JUIS1 HEJIMHEWHBIX CUCTEM OTPaHUYEHO.
OcHoBHasl 3a/1a4a 3aKJII0YAETCS B PEILICHUU MaTpU4YHOro ypaBHeHus Jlsamy HoBa (7)
u onpenesieHnu Q, KaKk MOJIOKUTENBHO ONPEAEIEHHON MATPULIBL. DJIEMEHTBI
Matpulibl Q onpeaesnsitorest u3 (7) pelieHreM €9 (€9 + 1) 2 ypaBHEHHUI, I71e n -
4yucIo ypaBHeHu. [Ipu 3ToM yCinoBust yCTOMYMBOCTH JU-
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HAMHMYECKOM CUCTEMBI, TTOJTy4YeHHbIC Ha OCHOBE petieHus (7), TOJDKHBI ObITh
CTPOTO 3KBUBAJICHTHBI PEUICHUAM, IMOJYYEHHBIM U3 Kputepues ['ypBuna. CormacHo
teopeMe CuibBecTpa, HEOOXOAUMBIMU U IOCTATOUHBIMU YCIIO BUSIMU
MOJIOKUTEILHOW ONPEAECICHHOCTH MaTpulLlbl Q U, CIIE0BATENbHO, YCTOM YUBOCTH
HCCIIeyeMOM cucTeMbl (4) MpU MaJIbIX BO3MYILCHHUSX SIBJISETCS TOJIOKH TEIHHOCTD
[JIABHBIX JUArOHaJbHBIX MUHOPOB JJAHHON MATPULIbL: €91 €@, - 9944

Ap=99,>0,4p,= 901,901, > 0. (10)
99,,909,, - 990,,
99,1 ljee= : 99400
0022> 00002 @
o,..., :
99401

HccenenoBanne cTaTH4ECKON yCTOMYUBOCTH ITPOCTOM IIEKTPUUYECKOM CUC
TeMbl GyHKIMeH JIsmyHOBa B KBajipaTUuHON opMe, C yUETOM MEePEXOTHBIX
IIPOLIECCOB B OOMOTKE BO30YKICHHSI CAHXPOHHOTO T€HEPAaTOpa MOKA3bIBAET, UTO
MOJIOXKUTEIILHOCTD MEPBOT0, [NIABHOTO MUHOPA MaTpulibl Q 3aBUCUT OT apameT
POB pEKMMa U CUCTEMBI B BUJIE:

99,
Apn= 994, :0000000000000
90,004,,900,>0; (11)
TIE Z, Z| — BBIPAXKEHUS, 3aBUCSIINE OT MAPAMETPOB PEXKUMA U CUCTEMBIL. B

paboTe moKazaHo, YTO ISt BeIMOTHEHUs ycnnoBus (11) Tpedyercs, utoOb1 @€



_000000
000> 0;(12)

0000,,>0; (13)
©9,>0---909,>0.(14)
Hapymenue nonoxurensHocTH (12)-(14) BOZMOXKHO IIPU CIETYIOMIUX YC
JIOBUSX:
- TIpH TIeperpy3Ke TeHepaTopa, T.¢., pabore MammHsI 3a yriaom 90°(c,<0); -
P TIEPEKOMIICHCAIUH UHTyKTUBHOTO COTIPOTUBIICHUS JIMHUH JIEKTPOTIE peadn
eMrocTaMH (Xy> Xoop ™ X o)
- IPY 3HAYEHUSX YIIIOB, OMU3KUX K HYIIO, T.€. B peKHUMax, OJTU3KUX K XOJIO
ctomy xoxay. [Ipu Py= 0 u r = 0 u3 (14) nomy4yum:
00,=—900,,005,="" 00,,-004,

L2 FUN

90000009 >0 (15
U, KaK TTOKa3bIBAET aHAJIN3, MOJOXKUTEIHHOCTD (15) MOXKET HApYIIUTHCS KOT/a

00 <909 — arcsinz«mw 900000 (00
oo (16)
TeopeTHyeCKkrii W PaCUECTHBIA AHAINA3 IIOKAa3aJl, YTO MOJIOKUTEIBHOCTh B

> 0 (€9 = 2 — ¢9) MaTpHILBI KBajIpa
o0IIeM cirydae BBICIITUX TIIaBHBIX MUHOPOB A,

tuyHOM (popmbl Q (10), NPUBOAUT K CIOKHBIM BBIPRXKEHHSM, OJJHAKO MX MOJOKHU
TEJIBbHOCTh CBOJIMTCS K BBIMIOJIHEHUIO TEX e Tpex ycioBui (12)-(14).

CrnenoBarenbHO, U3 YCIOBUN HApYILLIEHUS MMOJOKUTEIBHOCTH IIEPBOTO IJ1aB
HOTO MHUHOpa MaTpHUIIbl KBaAPATUYHOU (POpMBI (Q BHITEKAIOT U3BECTHBIEC YCIOBUS
HapyUIEHUS! CTATUYECKOM YCTOMUMBOCTH 3IEKTPUUECKON CUCTEMBI (aniepuoanye
CKOE HapyllleHUE, CaMOBO30YXI€HUE, CAMOpPAaCKauYMBaHUE).

41
Takum 00pa3oM, yclioBUs HApYyIIEHUs CTATUYECKON YCTOMYMBOCTH DJIEK
TPUYECKUX CHUCTEM, MOTYYCHHBIE BTOPHIM METOIOM JIAMyHOBA, COBIAIAIOT C paHee
HalJIEHHBIMHU Ha OCHOBE 0000IIEHHBIX yCnoBHii ['ypBuIia.
[Ipenmy11ecTBO MPEATIOKEHHOTO METO/IA UCCIIETOBAHMS CTATUYECKON yC
ToiunBocTr DIC 3aKIII0YAETCS B TOM, UTO BCE BUJIbI HAPYIICHUS YCTOMYUBOCTH B
«MaJIoM» COZIEpKaTcs B MIEPBOM, TTTABHOM MUHOPE M BBITEKAIOT U3 HAPYIICHHS YC
noBus q;;>0, Ipu 3TOM JaHHOE NOJIOKEHUE CITPABEIUIMBO U JUIsl cIIoKHOU DIC.
JlauHbIN (aKT TOATBEPKACH PE3yabTaTaMU PACYETHO-IKCIIEPUMEHTAIbHBIX
HCCJIEIOBAHUM JIEKTPUUECKOM CUCTEMBI PA3HOU CIIOKHOCTH.



O

Puc.1.
HN3meHenns ko3¢ puumneHTOB XapaKTepUCTHYECKOI0 YPABHEHHS U oNpeesnTeiei
I'ypBuna (A) 4 rIIaBHBIX MUHOPOB KBaJAPATHYHOMH ()OPMbI MATPHUYHOI0 YPABHEHUS
JIsanynosa (B) a5 nmpocToii U TpexreHepaToOpHOii cuCTeMbI

B kauecTBe npumepa Ha puc.l. IpUBEIEHBI CPABHUTEIBHBIE KPUBBIE U3ME
HEHUs KOAP(PULIMEHTOB XapaKTEePUCTUUECKOTO YPAaBHEHUSI U MUHOPOB MATPHUIIbI
KBaIpaTUYHON (POPMBI, paCCUUTAHHBIE JUISl IPOCTOM U TPEXT€HEPATOPHOI 3JIEK
TpUUECKoil cucteMbl. I3MeHeHust KoApUIIUEHTOB XapaKTEPUCTUUECKOTO yYpaBHE
HUSI UMEIOT Pa3IMYHbIN Xapakrep npu yrskenaeHuu pexuma 39C. B 1o xe Bpems,
MU3MEHEHHIO TIaBHBIX MUHOPOB MaTPUIIbI KBaJIpaTUUHON (OPMBI IPUCYL] OJMHA
KOBBIM xapakrep. 13 xapakrepa KpUBBIX OYEBHUIHO, YTO JAHHOE CBOMCTBO HE 3aBU
CHUT OT CJIOXHOCTH UCCIIETyEMOI CHCTEMBI.

VYuuThiBas CKa3aHHOE, MOYKHO MPEUIOKHUTh YIPOIIEHHOE HCCIEI0BaHNE
CTAaTUYECKOM YCTOMUMBOCTH DDC aHAIM30M MOJIOKUTEIBbHOCTH TOJNBKO (>0 u
paccMarpuBarh 3TO KaK MPAKTUYECKUN KPUTEPHUIMl CTATUYECKOW YCTOWYHMBOCTH
CUCTEMBI, 00ecrieunBaroIui U HEOOXOIUMBbIE, U I0CTATOYHBIE €€ YCIOBUSI.

42
[Tpu uccnenoBanuu cinoxHbix 9IC 3TO AAET CYIIECTBEHHBIN BBIYUCIUTEND
HBIH 3(()EKT, TaKk KaK OTHaAaeT MHOTOKPATHBIN pacueT ONpeneanTeNeil BBICOKOTO
nopsiika Wik Ko3p(HUIIMEHTOB XapaKTePUCTUUECKOTO YPaBHEHHUSI.
B paborte pemieHa 3amada cHMHTE3a peryiasaropa Ha 0asze ypaBHEHHU mepe
MEHHBIX COCTOSHUSA C PEUICHUEM MAaTPUYHOIO ypaBHEHUA JIAMyHOBa M MaTpU4YHO
ro ypaBHeHHs Pukkaru.
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Puc.2. Ilepexonnbie XapaKkTepUCTUKH B NPocToil IIC: A — pery/isiTop OTKJIIOYeH;
b — umeercsa APB-c, pearnpyronieii Ha OTKJIOHEeHHe HANPSIZKEHM I, YIVIa POTOPA U
NepBoii NPOM3BOIHOM yIJIa ¢ CHHTe3MPOBAHHBIMU KO3 puuuenTaMu ycujieHus:

ko5 = 11.57 en., kgy = 16.22 en., k5 =-0.3854 exn.

Ha puc. 2 npeacrapiieHbl nepexogHble XapakTepucTuku IIC npu CUHTE3U
poBaHHBIX napameTpax APB, mocTpoeHHble Ha OCHOBE PEIICHHUS
MaTPUYHOTO YpPaBHCHUS

00 +00=00"""%0000~1200-60000 10000”1200 +

600909 + 90°00°=N00(99); (17) e\ = 00°°°°=1200 — 60000
+ 00°900° 11200 + 60000 + 90°00°;

I, h — equHMYHas MaTpua U WAr pacyeTa, COOTBETCTBEHHO.

B uerBeproii maBe auccepranuu «Pa3padorka meroaa onpeneaeHus npe
AeJ1a CTATUYECKOM YCTOMYUBOCTH CJI0KHOM IIEKTPUYECKOM CUCTEMbI HA 0C
HOBe (pyHKumii JIsnyHoBa B KBaapaTuuHoi ¢gopme» pazpaboTaHa METOIHUKA
ONpEENICHUS NpeJieya CTaTHYECKON YCTOMYUMBOCTHU CI0XKHOM DDC Ha OCHOBE CO
BMECTHOTO ITPUMEHEHHUS IBYX (PyHIaMEHTaIbHBIX METOJIOB — METOAa (PyHKLIUU
JIsmmyHOBa B KBaipaTUYHOHN (hopMe U ypPaBHEHHH Y3JI0BBIX HAMPSIKCHUH.

Crarnueckast ycTOWYMBOCTh CIOXKHONM DDC IPpH 3TOM UCCIIEIYETCA HA OC
HOBE COBMECTHOTI'O PELLIEHUs MaTPUYHOTO ypaBHeHus JIssmyHoBa (7) u ypaBHEHUI
Y3JIOBBIX HaIIPSKEHUM:

Q00O =090 1+ 00,,)00,+ 006" (13)

[Ipyn wuccieqoBaHUMM CTATUYECKOM YCTOMYMBOCTH CHOXHBIX DJC cHayana
IIPOU3BOJIUTCS PACYET YCTAHOBUBLIEIOCS PEXMMaA Ha OCHOBE YPaBHEHUM Y3JIOBBIX
HaANPSDKEHUM, ONpEeAeaoTCs HanpshKeHWe i Kaxkaoro y3na k Uy u ee aprymeHt
Oy ¥ nanee, A KaXXJI0T0 TeHeparopa, C UCIOJIb30BaHUEM ITHX JaHHBIX, TPOBE

MaTpuLbl KBaApATH4
PSITOTCS MOJIOKUTELHOCTH IIEPBOTO, TIIABHOTO MUHOPA

dbopmel Q (puc.3).

[
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Hauano
PacueT HopmarnbHoro
pexuma

HapyLweHue ctatnyeckon

AkobuaH>0 ycToiumsocTu (Anepvop.) Na

Het



1=0

1=1+1
Na
|Ui|=0
Het
dyHKUMK NanyHosa
HapyLlieHue ctatuyeckomn
®dopmumpoBaHmne

ycToM4mMBOCTMIKN

YTaxeneHve

pexuma
Het[a Her

Q>0
Ha

KoHeL

Puc.3. AIroput™M cOBMECTHOrO NPMMeHEHHs1 YPABHEHMH y3J10BBIX
HANpsKeHUH U pyHKuu JIanyHoBa B KBaapaTu4Hoi opme

MaKCHUMAJIbHO TIPH YTSHKEICHUH pe
I'eneparop, y KOTOpPOro U3MEHEHHE (;j; XKUMa 110

napametpy lI;, mpeacraBisieT OacHOCTb ¢ TOYKH 3PEHHS HAPYIIEHUS! CTaTHYECKOU
yctorunBoct DDC. Tem cambIM oOmpeAenseTcs T'eHepaTrop, KOTOphlil ObicTpee
OCTAJIbHBIX MPHUOMIKACTCS K MpeAeny MpH JaHHOM yTspkeneHuu. [lo cy miecTny,
HCCIIEIOBAHUE YCTOMUYMBOCTU B «MajioM» ciioxHoN DIC npeainaraeMbiM METOI0M
IPEBPALIACTCS B UCCIEAOBAHUE CXEMBI «T€HEPATOP-IIUHBDY.

JIaHHBIN aNTOPUTM AHAIUTHYECKH MOYKHO IOKa3aTb Ha IMPUMEpPE TPEXTEHE
paropnoii cucremel. Ha puc.4. mpuBenen xapakrep M3MEHEHHH (; (rae j=1-3) —
IEPBBIX JJIEMEHTOB MMHOPOB MATPHII KBaJPaTHYHBIX (opM Q; I KaXIOTo reHe
paropa HcclleyeMOW TPEXTeHEPATOPHOU ANEKTPUUECKONU CUCTEMBI.

,j=1-n
M3menenus (IIpUpaleHns) MUHOPOB KBaJpaTUIHOH GpopMsl (§; ] ) TUISt

TEHEPATOPOB IIPU YTSHKEIICHUU PEKUMA CIO0KHOU dJIEKTPUYECKOM CUCTEMBI pa3

JIMYHO, 4YTO MOXXCM HAIIMCAaTb B BUJC:

_A
AMlooo6 00 00+1— o000 Loooo+1

00,0 =%%40 Moo 40—1100 64+15 (19)

e [l - €€, 0,99, 9 u 1.1. - mnapamerpsl pexkuma II3C, MO KOTOPHIM MOTYT
OBITh OIT Pe/ICIICHBI U3MEHEHUSI MUHOPOB F€HEPATOPOB UCCIICIyeMOM CUCTEMBI B
pe3yibTare yTSHKEICHHS; j-TeHepaTop, I KOTOPOro paccuuThiBaeTcs (19); i-
TEKYIIHH 11ar

YTSOKENEHUs 1S 3aIaHHOTO Tapamerpa pexuma I9C.
44
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Puc. 4. U3MeHeHUs NIABHBIX MEPBbIX MUHOPOB TPEXIeHEePATOPHOM CUCTEMbI

VYenosue >0 11 KBaApaTHYHON (OPMBI BBITTOIHIETCS BCET/Ia, TOITOMY MOXKHO
OTrPaHUYMTHCS UCCIIEI0BAHUEM CTPOTOIO BBINOJIHEHUSI HEPABEHCTBA: AAOWW —Aoo
(©9+1)

_%
Hoo 00— 1loo (00+1)— 1100
@0l 0. (20)
CnepoBarenbHO, 17151 00ecleyeHus: CTaTUYECKON YCTOMYMBOCTH J-T0 T€HE paTropa
U, COOTBETCTBEHHO, DDC, TpeOyeTcCs BHITIOJIHEHUE YCIIOBUS: €91106
@0llyo> 0. (21)
Ha ocHoBe moiyuYeHHBIX Pe3yabTaToB MOXKHO MPEMJIOKUTH CICAYIOMINI a
TOPUTM HUCCJEIOBAHUNA CTATUYECKON YCTOMUMBOCTH CIOXHBIX 3JIEKTPUUYECKHUX CHUC
TEM.
B cnoxnon 93C, no Mepe yTsKeIeHUs MO0 3aJaHHOMY IIapaMeTpy pekuma

I1, Ha Ka)»a0M 1mare i Jyisl KaXJA0ro reHepaTopa Wik BhIICIEHHBIX TPYII FeHepa
TOPOB MpoBepsieTcs yciaoBue (21) u cpaBHUBAIOTCA:

0000
X H> oo 11,99
MARASTH oo (22)
0000
00"

IJI€ N-KOJIMYECTBO ITPOBEPSIEMBIX HA CTATUYECKYIO YCTOWYMBOCTD FEHEPATOPOB HUJIN
craniuii. Hanbosnee onacHbIM, C TOUKH 3pEHUS HapyLIEHUs CTATUYECKON YCTOM
YUBOCTH, OyJIE€T reHepaTrop, y KOTOPOro M3MEHEHHE MEPBOro, NIABHOTO MUHOPA
MaTpulbl KOAPPUITUEHTOB KBaAPATUYHOU (POPMBI, TPU U3MEHEHUH BBIJICIICHHOTO

mapamMceTpa peKumMa CUCTCMblI MAKCHUMAJIBHO!

00909
11,9

oo~ 00909, (23)

JUISL paccMaTpUBaeMoOro psiia TeHepaTopoB.
DTO MO3BOJISIET OPraHU30BATh YIIPABICHUE MIEPEXOIHBIM IIPOLECCOM JIAaHHO
ro reneparopa peryaupoanuem APB, APC u ipyrux peryiupyromux yCTpoucTB
U C yIPEXKICHUEM 00ECIEUUTh €r0 CTATUYECKYI0 YCTOMUUBOCTh. 3HAUUMOCTD JJaH
HOTO pe3yJIbTaTa JJIsl IPAKTUKU IKCILTYaTalluyi SHEPrOCUCTEM OYEBUIHA.
B tabnune 1 nmokasana cpaBHUTENbHAS OLIEHKA BEIYUCIUTEILHON CIOKHOCTH



MPEIaraeMoro U U3BECTHBIX METO/IOB, BHIPAXKEHHBIX HEOOXOIMMBIM YHCIIOM OI1e
panuil yMHOXKEHUS U JICJICHUS IPY aHaJIM3€ cTaTnyeckoi ycroitunBoctu 39C.

45

CpaBHUTe/IbHAA OllEHKA BBIYUCIMTEJBHOH CJI0KHOCTH MPeNJaraeMoro M H3BeCTHBIX

METOA0B, BBIPA’KEHHBIX HEOOXOAUMBIM YMCJIOM ONEPANMA YMHOKEHUSI W JeJIeHHS TpPH
aHajm3e crTaTudeckoi ycroitunBoctu 393C

Tabonuna 1
UucneHHbId METOL KonunuectBo reneparopon
1 3 7 15 70
1| D - pas6uenus 0.23- 0,7.10° | 2,5-10° | 0,33-10°
10*
2| Pacyer coOCTBEHHBIX 3,85:10° | 0,27-10° 2,4:10° 5,1-10° 6,410
3HaueHui 1o QR-anroputmy
3| Pacuer coOCTBEHHBIX 2,1-10° 68 -107
3HAYEHUU TI0 METOAY
ApHoubau
4| CoBMecCTHOE NPUMEHEHHE Y3 0,7:10° 5,8:10° 5-10* 46 -10° | 4.6-10
JIOBBIX YPaBHEHHH U
¢bynkuuit JlsmyHoBa B
KBaJpaTudHON (opme

B naroi nase qucceprannu « TeXHOJI0rus BJIOKEHUSI CUCTEM KAK METO/
HCCJICOBAHUA MAJIBIX KOJIeOAHUI JIEKTPUYECKOH CUCTEeMbI» IIPUBEIEHBI pe
3yJbTaThl UCCIEOBAHUS CTATUYECKON YCTOMYMBOCTH CIOXKHBIX DC HOBBIM M€
TOJIOM — TEXHOJIOTUEH BIOKEHUS CUCTEM.

TexHonorus BIOKEHUS CUCTEM - YHUBEPCAJIbHAsI COBOKYITHOCTh METOJIOB U
IPUEMOB PELICHHUS 3a]1a4 TEOPUU CUCTEM, OCHOBAaHHAs!, IPEXKAE BCETO, HA COBPE
MEHHBIX JJOCTHUKEHUSIX aJIreOpbl YaCTHBIX, CBOASAIIASCS K ONPEIEICHUIO YCIOBUA,
MIPU KOTOPBIX CJIOXKHO OpraHu30BaHHas (MHOTOMEpHasi) CUCTEMa BEJIET ceOsl aHa
JIOTUYHO OTHOCHUTEIHHO 00JIee MMPOCTON, JOCTYITHOM AJIS TITyOOKOTO MCCIICIOBAHUS
CUCTEMBI.

JIJisi IpUMEHEHUsT TEXHOJIOTHH BJIOXKEHHUS CHUCTEM HEOOXOAMMO MOCIeI0Ba
TEJIBLHOE BBINOJIHEHUE TPEX 3TamnoB: (OPMUPOBAHUE MPOOJIEMHOM MaTpuilbl, Gop
MUPOBAHUE TOXKIECTB BIOXKEHUSI U1 HEMOCPEACTBEHHOE MPOBEJICHUE PACUETOB.

B oneparopnoii popme ypaBaenus (2) u (3) npeacTapisitoTcs B

— pxp =Axp +9009ép;
yp=Cxp (24)

B obmem cinydyae KoMM4ecTBO ypaBHEHUM B (24) HE COBIIaaeT ¢ YUCIIOM

GUrypupyommux B HUX MEPEMEHHBIX. DTO CBA3aHO C TEM, YTO CUCTEMHAas MaTpulla



Pozenopoka:

00 09 _0000,,— 00 -00

090 (25)
cooTBeTcTBYIOIIasA (24), mmeeT pazmep ((n+m)x(n+s)), T.€. SIBISIETCS TPSIMOYTOJIb
HOM, YTO UCKIIIOYAET TPAJAUIIMOHHbBIE TPOLIEYPhI, TAKUE KAK BHIYMCIICHUS OINPEIe
JuTeNnel, COOCTBEHHBIX 3HAUYEHUI M BEKTOPOB, MPEIHA3HAYEHHBIX IS KBaAPATHBIX
Matpuil. /i1 npeoaoaeHust 3Toro NpensaTCTBUs ypaBHeHHE (24) NOMOIHAETCS
ypaBHEHHEM BUJA:

u(p) = u(p), (26) HaA3BaHHOTO PETYASIPUIUPYIONIUM TOXKIECTBOM, HE
BIIMSIFOIIIMM Ha COJEpKaHUE 3a Ja4H, IPE/ICTABICHHON ypaBHEeHUEM (24).
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B pesynbrare noiayunM cucteMy ypaBHEHHUH B OJIOYHO-MATPUYHOM BHJIC:

I

pLA = |||Jl l(p) ||I|lf
oB=rme WS
- =
CIDmyp) 0  m
00T snsxms  u(p) u(p) .27)

B aToM cnydae 0000111eHHOE ypaBHEHHE CTAllMOHAPHON JTUHEUHOM TUHAMUYECKON
cucTeMsbl (27) MOXKHO Hamucarh B BUJIE:

QP)Y(p) = U(p),

(28) rme
plAOB

Q(p) ”Ilr_ _

= n nxm
CID
m
001

, (29) SXN $Xm §

I

TO €CTh MpoOJIeMHast MaTpulia (mpoMaTpuiia) pazmepa (n+m-+s)x(n+m+s) uccie
JYEMOU CUCTEMBI SIBIISIETCS YK€ KBAJIPATHOM.
ToxnecTBO BIOXKEHUS UMEET BU/I:

0000900 '000000=0000=0060=""0°%
0o(09) (30)
rie €9 9@ - nassiBaeres PEBEPCUBHOM NTPOOIIEMHONM MaTpHIEH
(penpoMatpulieil) HccieayeMoi cucTeMsl pasMepa (n+m-+s)x(n+ms),



QO 09,00 00, 99 99 — MarpulIbl BIOKCHHUS U 00pa3 CUCTEMBI,
cootBeTcTBeHHO. CooTHOmeHue (30) Ha OCHOBE MaTpPHIl BJIOKCHHS 3a/1a€T
JMHEWHOe mpeol pa3oBaHue penpoMarpuiibl B o0pas. B pabore paccMoTpeHo
TOJIBKO BJIIOKCHHUE B CKaJISIPHBIA 00pa3.

JluneitHass MHOTOCBSI3HAS CHCTEMa, MPEACTABICHHAs MpoMarpuiei €€
(@9), BKIaABIBACTCS C MOMOIIBIO MaTpull BiIoxkeHUs O(p) u B(p) B CKaIIpHBIT

00pa3 994000 = 99(99) ©6(99), cciiu BHIIOIHICTCS PABEHCTBO:
0000000000 —09

00 () 0000000006006 =0(31)

WJIH JK€ PAaBEHCTBO
Q000000090 00 + 0000 — 00+ 900 900000000 =0.(32)

Br10upas KOHCTPYKIMIO MaTPHIL BIOXKEHUS O(p) u B;(p), MOKHO BBIIENATE
J000M 3JIEMEHT perpoMaTpulibl. B citydae peryiaupyemMoil MHOTOCBSI3HOM IMHA
MHUYECKON CUCTEMBI MEPEAATOUHYIO (PYHKIIMIO - CKaISIPHBIA 00pa3 - MOKHO MOy

YUTHb B BUAC:

00 (09
0000«)«)= (¢9)

00(090) (33)
re. 99 99 = 9000009 (0009,,— 00+ 000000) 0000

9000 (0000, _ ¢4).(34)

- 3HAMEHATENh MePeaTOYHON (DYHKIIMH CKAISIPHOTO 00pasa - XapaKTepucTuie
CKUI OTpeIeNuTeNb, KOTOPBI ONMpEAeIIsIeT MOIICca UCCIAEAYEMON CUCTEMBI;, @@

00 =0000000000,0_ 44 1 00(00 60 T 00)00 0000

Q009 (00090,, _ °9) (35)
- YACTIUTENb MePeaTOYHON (PYHKIIMH CKAISIPHOTO 00pasa, ONpeaesstoui Hyllu
UCCIIEIyEMOU CUCTEMBI.
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Ha ocnoBe npeoOpazoBanus Gopmyi (31)-(35) MOXKHO HAUTU OT/ACIIbHBIC
nepeaaTodHbie (yHKIIMM CUCTEMBI 0€3 BBIYMCIICHUH BCEH €€ TIepeIaTOuHOM MaT
puisl. Jl1s 9T0r0 HE0OGXOAMMO MaTPUIILI BIOKEHUs O;(p) 1 B;(p) 3a1aTh B BUJE:
©0=0..010..0°°

©9=0..010..0,(36)
T.€. HCHYJICBBIMH 3JIEMECHTAMH SIBJISIFOTCS TOJIKO C€IMHMIIBI HA 1-M U j-M MECTax;
COOTBETCTBEHHO, Iepenarodnas GyHkuus f;(p) CHCTEMBI MOXKET OBITh BBIYMCTIEHA
o ¢opmyre:
V9000099 =122 0010000000 00 —det (0000, 0)
det (000044_0¢), (37)

r71e Aoooo — €6 €@ — HEIOIHAA MaTpULIa pasMepa (SXm) ¢ eIMHULEH Ha (],1)-M



MecTte. Ha ocHOBE mpuBEICHHBIX BHIPAKEHUHN MPOBEICHBI PACYETHO
AKCIIEPUMEHTAJIBHBIC UCCIICIOBAHMS TIEPEXOIHBIX XapakTepucTUK DIC pa3muaHOM
CIOXKHOCTHU. M3 prc.5. BUIHO, YTO HAJTMYKE TOJIBKO KaHaJIa MO MPOU3BOIHON yTIIa
MIPUBOAUT K PE3KOMY IMOBBIIICHUIO KAY€CTBA IEPEXOIHBIX MTPOIIECCOB U B HE
CKOJIBKO Pa3 COKpalllaeT BpeMs IepexXoHOro mpoiiecca.

A1) AS(1)

i ! i i e » »
a H L | n 13 L L] | - a ax L 1.2 - e

i Tomm ]

Puc.5. Bausinue peryjimpoBanusi BO30yKAeHUS HA NePexXoIHble XapaKTePUCTHKH
ucciaexyemoit cucrembl: A: Ko = 0; k5= 0; ky,= 10 en.; b: k)5 =0; k;5= 0.2 en., ky,= 0

[Ipn pemeHnr BONPOCOB YIIPABICHUS PEKUMaMU U YCTOMYUBOCTH AJIEKTPU
YeCKOW CHCTEMbI BO3HHMKAET HEOOXOAMMOCTh IEepeMelarh MOJI0ca MOJEIU 3JIEK
TPUYECKOM CHUCTEMBI C TOAOOPOM pETyIsITOpa €@ €€ = —909e 9o , C
COOTBETCTBYIO ILIUM 3aKOHOM YHPABJICHUS.

TexHomorust BIOXKEHHS CUCTEM MO3BOJIAET IEPEMECTUTh TpeOyeMbIi TOJIOC,
B TOM YHCJIE U KOMIUIEKCHBIM, TP CTPOTOM HEM3MEHHOCTH OCTAJIBHBIX IMOJIOCOB,
3HAUYE€HUs KOTOPBIX MOT'YT OCTaBaThCsl HEW3BECTHBIMU. JlaHHAs 3a7a4a pelieHa
B.H. bykoBbsim, M.I1I. MucpuxanoBsim 1 B.H. Ps6uenko. OcHOBO# nipearaemo
ro METOZA NEPEMELIECHHUS TIOJIFOCOB SIBJIAETCS UCIOIb30BaHUE CIIELIUATBHOTO JIU
HEHWHOT0 peo0pa3z0BaHusl MAaTPUILIbI UCXOIHON CUCTEMBI (puUC.6).

48

BBoz mapamMeTpoB pexuMa U 31I€MEHTOB 3IEKTPUUECKON CUCTEMBI

@dopMupoBaHUE yYpaBHEHHUI MPOCTPAHCTBA COCTOSHUI
Q9 =9009 +t09000 90 =0000

%0

Ompeznenenne MaTpUIbl CTPaTUPUKALNN: 9@ = €@ —0 09D,

Ompeznenenne MaTpUIHBIX KOHCTPYKIIUH

@ ~ 0224
0006 90007 4400

o0
Tposepka ycnosus: @0 9099¢ = 00006 (00—00), OB#0



VcnoBue He BBINOIHIETCS

VcenoBre BBIIOIHICTCS

dopMHpOBaHUE MHOXKECTBA PETYIATOPOB: €9 oo

Bri6op €9 u poBepka mepeMeIIeHus MoIrca

024
IpoBepka yciosus: 99 (00 — 0000)00 — 0000e (00-00)

YcioBue BHITTOJHACTCS YCIIOBHE HE BBIIOIHICTCS

OcraHoBKa U BBIBOJ] CMELLIEHHOI'O MOJIFOCA U IAPaMETPOB P
e
xK

Puc.6. Cxema ajJaropurma nepeMemicHus mojarnnca Moaecjau
u

3JIEKTPUYECKOH CHCTEMbI
M
a

ynpaBJ'ICHI/IC IIOJIIOCaMH BO3MOXKHO, €CJIN BBIITOJIHAIOTCA HCO6XOI[I/IMBI€ u

A0CTATOYHBIC YCIIOBHA:
R

gx(n g) ®AB 0

NED)

u gx(n g) ®A)B 0

- BK =, (39)

R ~ ~
rae ® — Marpuna cTpatuukanuu, a - MpaBbId JACIUTETb HYJIS 3TOW MaTPHIIBL.
Marpuia crpatudukauy onpeaessieTcsi COOTHOIICHUEM:

O=A-Alp (40) I1pu 3TOM 3HAUEHUE JTFOOOTO KOPHS A MaTpUIbl COOCTBEHHOM
IMHAMUKA A MOXXHO M3MEHUTbH Ha jkeJaeMoe Ax 6e3 M3MEHEHUS BCEX OCTaJIbHBIX
HIOJIFOCOB C
MTOMOILBIO OOPATHOM CBSA3M MO COCTOSIHUIO, 00Pa30BaHHOMY PETYISTOPOM, MPU
HaJJIeXKaIIeMy MHOXXECTBY:

00 4= (0000 00— 00, oo °0000)00, (4]) ccm

JUIs MaTpullel cTparudukanuu O, BeraucisieMoi no gopmyne (40), odecrne 4eHO
yCIJIOBUE:

®B £ 0, (42)
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e N - Npou3BoJibHas MaTpula pasmepa (s-rank(®B))x1 unu yucno. Anroputm
nepemeneHus noiatrocos moaenu I9C npezacTasieH Ha puc.6. B pabore npusenex



IpUMEDp MepEeMEIEHUs MOJIF0Ca MOJIETH IIEKTPUUYECKOM CUC TeMbI Ha 0aze
CUHTE3UPOBAHHOT'O PETYISATOPA.

Pazpaborana momens cioxHod DI9C, paspelieHHass OTHOCHTEIBHO aldco
JIOTHBIX YIJIOB T'€HEPATOPOB, HA OCHOBE JIMHEAPU3alMU YPAaBHEHUS DIIEKTpoMar
HUTHOM MOIIHOCTH 1-TO CHHXPOHHOTO T'eHeparopa B MO3UIIMOHHON U IeaTn3aIliu:

0000 =0900°0900000090009009 000+ 99,,99,0

09446065IN(004006—

0000:1,00;&00 094400)-(43)

Pa3paboranHblie ypaBHEHHsSI HCCIETYEMON CI0KHON JIEKTPUUECKOM CUCTE
MBI B IPOCTPAHCTBE COCTOsIHUM (2)-(3), coaepxkanieil n CHHXpOHHBIX T€HEPATOPOB,
UMEIOT 0000IIIEHHBIE MATPUIBI COOCTBEHHOM AMHAMUKH Ay pazmepa (4nx4n) u
Bxoja Bs pasmepa 4nxn(k-m), BKJIFOUAOIIME CUTHAJIBI 10 COOTBETCTBYIOIIUM Ka
HasilaMm cucteMbl APB 1 BHEIIHUX BO3MYIIEHUIA:

000060099 0666000 0006000 0006000

0044(000000) ;
*e _ 19923000000)
99;,1000000) Ooo0ooe
99000000
000000 000006 909) Dooooe
° ° 993300 3
99,100099000 00000) 2931000
009) ©000)
2722

= 0300003(00-99)
99410000 (00-00)] 99120000 (00-00)] 99130000 (00-00)]-
ITokazaHo, yTo JanHas Monelb cipaBeuBa 1t IIC 000 CI0KHOCTH, C
KOJINYE€CTBOM T'€HEPATOPOB N, UMEIOIINX pa3iinuHbie APB.

, Ul TpEXre’epa .
B xadecTBe npumMepa HUKE NPUBEAEHBI MAaTPULBI Az, B; TOPHOM
O9C, npu Hannunu B reHeparopax APB, pearupyromieit Ha OTKIOHEHUS

abcomoTHBIX yIIIoB (Ad;) u HanpspkeHus reHeparopoB (AUr;) ¥ UX MPOU3BOAHBIX:

000:100:000:000
000:010:000:000

000:001:000:000

_0011 0012 0013 0 0 0 _00001 0021 _0022 0023 0 0 0 0 _00002
000044, 000040,

09

Toe100:000 N

Too20:000



0031 0032 —00333 000:00 _00003

09,

Toos: 000

0000403
09;= (44)
e T e e T e T e 02?0002
000:000: 0600000 —'0000,00  9046,0 i 0°%100
000:000:0%06000,0:0 —'00,0,0
000:000:00%0000::00 —'004qs
990001 0000201 000: 0 —100,0,0

044,00 360&
90e0,00:000: —1000010 0

00%%00es
00403: 0 0% 1002

000000

B3=
000000
000000

000000

000000

00*%aur

99,6::000:00 _100003

000000

000000

000000

@OoursTer Ts0000
QQJ!IE]

24 Zlw)
TeZO 0
Te2

@9
0000 ooy,

000000

(45)
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Te3 Te3

[TomyueHHbIe ypaBHEHHS U UX MATPHIIbI IPUCTIOCOOIEHBI AJI1 COBMECTHOIO
NPUMEHEHHUS C MAaTPUYHBIM ypaBHEHUEM JIAIyHOBa U ypaBHEHUH y3J10BBIX Halpsl
KEeHHI, 00eCTIeUNBAIOIINX KOMIIAKTHOE (POPMHUPOBAHUE MOAEIN MHOTOMAIIMHHON
29C, ¢ yueToMm peryJupyromux ycTpoicTB. Tak Kak MaTpuUllbl pa3pe:KeHbl, TO UX
BBIUMCIUTENbHAS 3(PPEKTUBHOCTH HE BHI3bIBAET COMHEHUH U MOATBEPKIEHBI IIPO
BEICHHBIMU PaCYE€THO-3KCIIEPUMEHTAIBHBIMU UcciieoBaHUAMU DIC pa3Hoii
CJIOKHOCTH.

B pabote cpopmupoBaHbl ypaBHEHUSI MATEMATHUYECKOW MOJIENU CIOAKHOM
99C 1151 UICIIOJB30BAHMSI C TEXHOJIOTHEN BIIOXKEHHsI cucTeM. [Ipu 3TOM nosryyeH

. 27273
HBIC BBIIIIC ManI/IHBI CO6CTBCHHOI/I JUHAMHUKHN U BXO4a HMCHKOT BU/I. =
0066060699 000000
27272
’ —
99,1(000000)9922000000) = 0000000

99400000, (40)
pa3Mephl KOTOPBIX paBHBI: MaTpulla As UMeeT pa3mep (2nx2n), a MaTpulla BXojia

Bs - (2nxn).
Marpuiipl (46) NO3BOJISAIOT B IOJTHOM 00bEME ITPOBECTH UCCIIEI0BAHUS 11
HaMHYECKUX CBOMCTB HcciienyeMoi 99C Ha OCHOBE TEXHOJIOTUH BIIOKEHUS CHC

teM. Matpuia ko3 uimenToB perynsatopa K B TaHHOM cilydae UMEET BUI: Ae@
00

Aool 009940001

2
0000@01 ree --00
0000002
AOOZ -0
*0 = 0994400 ; (47)
73
0 0 I\ 24
Aoewm

AQQOQ 00000 0 00000 00000
" 000 0 009 900

i-ro reHepaTopa o KaHajaam OT
e 99660000

L2
ree - K03 duimenTs ycunenus APB

KJIOHEHUs1 a0COJIFOTHOTO yIVia U CKOJIbKEHUsSl JAaHHOro reHeparopa. B ciyuae He
00XOJIMMOCTH PETYISATOP MOXKET ObITh HACTPOEH sl JII0OOOro PEKUMHOrO mapa
METpa WU UX COYETAHUMU.

Oo6rmiast npomarpuia Q peryaupyemMoit JIeKTpUIecKoi CHCTEMbI HIMEET BUJ
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0 0 00 —00001 —00002 —OOQQQQE 0 0 0

0011 —0012 —001005 00 + 00@@1 0 0 00@

(9000 9946.0 -0
0900944,
V0002 " O
_0021 0022 _002@@5 0 00 + @@0@002 4
000@2 0 000002 ( 8)
@9
0=
09
004010044, 9044460000 + 009904000
00@0@@5 00 _.'OOQOﬂ 994000
1 .
200 0 0: 9940001
A«wlO---0=00 09, 00 2
A 16 200 - 0:0 99 p000;
9940001
2
- 0:99,,990,,-- 090
09900002 A%e 21 22 200
2 272727273
iR24 : 00@@100002 00
A«)@OOE 00 99400000

00-- 00000000

U €€ MOXKHO Ha3BaTh IPOMATPULIEH CII0KHOM PEryIMpyeMOM JIEKTPUUECKON CUC
TeMbl. [Ipomarpuily Heperynupyemoit 93C MOKHO MONTy4YuTh U3 (48), 3ameHss
010K perynsitopa B HWKHel neBoit yactu () Ha HyneByto matpuily. [IpuBeeHHbIC
MAaTPHUIbI U BBIPAYKEHUS IMO3BOJSIIOT UCCIIEIOBATh IIEPEXOJHBIEC PEKUMBI CI0KHBIX
O9C npu ManbIX BO3MYIICHUSAX TAPAMETPOB PEKUMA.

OnHuM U3 BOKHEHIIMX CBOWCTB IMHAMUYECKOW CUCTEMBI SIBIIIETCS €€ MHBA
puanTHOCTh. MHBapmaHTHOCTH Bhixoma DJC B cilyyae MPEACTABICHUS PETYIIH



pyeMO# CUCTEMBI B TPOCTPAHCTBE COCTOSTHUM:
QO =—0000 00090 + 0009,(49)
09 =-90009,(50)
09 =90009,(5])
03HAYAET, YTO MEePEAATOUHAS MAaTPHUIlA OT BOMYIIIEHUS W(P) K BBIXOZY CUCTEMBbI
y(p) AOmKHA OBITH TOXKIECTBEHHO paBHA HYIIIO:
99,,°° 00 = 00(0000,,— 90,,) 00 =0; (52) 11c 990,, = 0@
+ 9999 — marpulla IUHAMHUKUA CHCTEMBI C PETYISATOPOM. 31eCh X, U, ¥, W —
BEKTOPbl COCTOSIHMSI, YIIPABJICHUS, BbIXOJAa U BO3MYIICHHUS CUCTEMBI, COOTBETCT
BeHHO; A, B, C, S — maTpuubl ¢ TOCTOSHHBIMUA YUCIOBBIMH 3JIEMEHTAMH COOTBET
CTBYIOIIMX pa3mepoB; K — marpuia perymsropa, ¢ MOCTOSHHBIMH YHUCIOBBIMHU
DIIEMEHTaMHU.

OcHoBHas 3a/1a4a - HaXOXKJICHHUE PEryisiTopa (CUHTE3), 00eCIIeUNBAIOIIETO
BbINIONIHEHUE ycnoBus (52). [Ipu petiennu 3Toit 3a1a4u BO3HUKAIOT ONPEEIICH HbIe
TPYAHOCTH, TaK Kak B (52) MpUCYTCTBYET olepanus 0OpaleHus MaTpUIbl,

MpUYeM, KaK MpaBujIo, MOJIMHOMHUAILHON. COBpEeMEHHBIE TOXO0/Ibl, OCHOBAHHBIE Ha
HOBBIX KOHCTPYKIIMSIX MaTPHIL, TO3BOJIAIOT MPEOIOJIETh 3Ty Mperpauy.
HeoOxonumbie 1 TOCTATOYHBIC YCIOBHSI, PH KOTOPHIX CIIPABEIIIUBO TOXK
nectBo (52), obecneunBaeTcs, KOrjia CUCTEMa 3aMKHYTa JIIOOBIM PETYIISITOPOM U3
MHOXECTBA:
V0 4000=—00°°00°°00700°°00°°0000°%°00 00°%00

"+ 990°%900°%900°%090 + 90090°°9090°°%; (53) e - X M Y - MaTPUIIBI 331AHHBIX
Pa3MepPOB C MPOU3BOIBLHBIMU YHUCIOBBIMU 3JIEMEHTAMU,

52

14

o 5 00660 .
€9 - npaswlii genurens Hyas Marpullsl C, @€ - JICBBIM JICTTUTCIIb HYJIst

MaTpulbl ¢ & *oo, MaTpHUIlbl C BEPXHHM O0OO3HaYeHHUEM (~) — CBOIHBIC
KaHOHHU3AaTOPbl COOTBET CTBYIOIIMX MAaTpUIl, IBOWHBIE W TPONHBIE YEPTOUKHU HAJl
MaTpuiiaMu 0003HA4Ya0T MOBTOPHOE OIPEAENIEHHE COOTBETCTBYIOIIETO JEIUTENS
HyJAs MaKCHMaJIbHOTO paHra OT KOMOHWHAITMHM MAaTpPHI], COCTOSIIUX IIOA ATOU
YEPTOH.

PacueTnbiii ananus tpexreneparopuo 39C ¢ APB-c, cuHTe3upoBaHHbIN U

UMEIOIIUM 2 99,,0 5 0
BH/I 90,0 990 0 %o 0 0
99 909000 0

= 0 000 0 , (54)

MOKa3bIBAET CYIIECTBEHHOE YIyUIlICHUE JUHAMUKN CUCTEMBI.

Ha puc.7. npuBeeHbl XapakTEPUCTUKU U3MEHEHUS OTKJIOHCHUS yTIiia Mep
Boro reaeparopa Ad1=f{(t) anexkrpudeckoit cuctemsl (puc.7, A) Mpu CHHTE3UPO
BaHHBIX MMapaMeTpax peryisatopa (54) u ycroituuBoii, Heperynupyemon 93C, npu
o0bryHOM peryisitope (puc.7, b). Ilpoiiecc 3aryxaeT 70CTaTOYHO OBICTPO U HOCUT
ArepUOANYECKHUM XapaKTep.



A

Ab

Puc.7. XapakTepHCTHKH H3MEHEHHsI yIJia mepBoro reaeparopa Ad, =f(t)
TPeXreHepaTopPHOH NIEKTPUYECKON CUCTEMBI IIPU:

AOOOO =9Qo000= 090090, 090,,.000
AOOOO = 9Po000=—99; 990,50000
r0e?? = 99,6=99;00,40000
A-99460000 AOOOO = 99400000
100 ? = 99400000 1000? = 90, = 00
aeed? = 99400000
B-99400000
M@OO =09

Taxum 00pa3oM, MOKHO OTMETHUTb, YTO Ha OCHOBE METO/Ia KAHOHU3AIIMU MatT
pHULI, SBJISIFOIIETOCS OCHOBOM TEXHOJIOTUU BIIOKEHUSI CUCTEM, 0OOCHOBAHBI YCIOBUS
VHBAapPUAHTHOCTH JIEKTPUUECKOM CUCTEMBI K ITPOU3BOJIbHBIM BHEIIHUM
BO3MYUIEHHU M. [[7151 peleHus 3Tou 3a1a4i CUHTE3UPOBAH COOTBETCTBYOLINN
perynsatop. CpaBHU TEIbHBIN aHAJIN3 MOTYYEHHBIX PE3YIBTATOB C N3BECTHBIMU
MOJIOKCHUSMU TEOPUH UH BAPHUAHTHOCTH MOATBEPKIAET UX JOCTOBEPHOCTb.

SAKJIFOYEHUE
[IpoBeneHHbIE TEOPETUYECKUE U PACUETHO-3KCIIEPUMEHTAJIBHBIE UCCIIEI0BAHUS
CTaTUYECKOM YCTOMYMBOCTHU CIOXKHBIX IJIEKTPUUECKUX CUCTEM Ha 0a3e
pa3pabOTaHHBIX MATPUYHBIX METOJIOB U aITOPUTMOB, C TPUMEHEHUEM (DYHKIIHIA
JIsmyHOBa B KBaJipaThy HOM ()OpME U TEXHOJOTUHU BIOKEHUSI CUCTEM, MTO3BOJISIOT
CEJIaTh CIEIYIOLINE BBIBOJIBI.
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1. ®ynkuuu JIsmyHoBa B KBaJpaTUUHOU (popMe peKOMEHJ0BaHbI KaK
3¢ (EKTUB HBII1 METOA 17151 UCCIEIOBAaHUS IMHEUHBIX IMHAMUYECKUX CUCTEM, K
KOTOPBIM OTHOCHUTCSI 3JIEKTpUYECKAsi CUCTEMA, ONKUChIBaEMas IMHEapU30BaHHBIMU
muddepeHInanTbHBIMUA  YPaBHEHUSIMU.

2. loxa3aHa aJleKBaTHOCTb YCJIOBUW HAPYIIEHUS CTATHYECKON YCTOMUYHUBOCTH
ANEKTPUYECKONW CHUCTEMBI, IOJYYEHHBIX HA OCHOBE IOJOKUTEIBHOCTH ITIaBHBIX
MUHOPOB MaTpHIlbl KBagpaTUYHOU (opmbl (GyHKIMHU JIsAmyHOBA B KBaApaTUUHOU
dopme, TeM Ke yCIOBUSM, TOCTaBIsIEMbIM KpuTepusimu ['ypBuiia.

3. [lomyyeHHbIE TEOPETUUECKHUE U PACUETHBIE PE3YIIBTATHI TIO3BOJISIFOT
UCCIIENI0 BaTh YCTOMYMBOCTE DOC B «MajoM», IIyTEM aHAJIN3A YCIOBUS
MOJIOKUTEIILHOCTHU MEPBO I'0, IMIABHOIO MUHOPA MATPpULbl PyHKIMU JIsimyHOBa B
KBaJpaTHIHOH opme (1;>0 ¥ paccMaTpuBarTh €€ KaK NPAKTHIECKUH
(ympolIeHHbIN) KpUTEepHUil cTaTndeckor ycroitun Boctu I9C, obecrieynBaronnii u
HEOOXOJJUMbIE U I0CTaTOUYHbIE €€ YCIOBHUS.

4. CoBmMecTHOE UCTONIb30BaHUe PyHKIMH JIsmyHOBA B KBaApaTuyHOM opme
U Y3 JIOBBIX YPaBHEHHUI MMO3BOJISIET BBISIBUTH '€HEPATOp (CTAHIIMIO), paboTaronunil B
cnoxkHoi DIC, NpUOIMKAIOIMUNCS K TIPEJIeTy M0 CTaTUYECKOW YCTOMYMBOCTH.
MaremaruuecKiuM yCIIOBUEM JaHHOIO YTBEPKIACHUS ABIAETCs dq;q;dIl » max, T.€.,
MaKCHMaJIbHOCTb IPO U3BOAHON MIEPBOT0 NNIABHOTO MUHOPA MaTPHILIbI
KBaJpaTUYHON (POPMBI 110 PETYIUPYEMO MY NIapaMeTpy JUis j-ro reHeparopa. B
ATOM CITy4ae UCCIIEAOBAaHUE MPEAEa CTATUHYECKON YCTOMUYUBOCTH CIOXKHOU IIC
MPEBPAIIAETCS B UCCIEI0BAHUE CXEMbI «T€HEPATOP IIUHBD.

5. Ha ocHOBE TEXHOJIOTHU BIOXKEHUSI CUCTEM pa3pabOTaHbl IPOMATPHIIHI
HEPETY JIMPYEMBIX U PETYIUPYEMBIX CIIOKHBIX DDC, MOTHOCTHIO OMUCKHIBAIONIUX H
OTIPEJIEIISIIO IITUX BCEBO3MOXKHBIE XapAKTEPUCTUKH MEPEXOIHBIX MPOIECCOB,
MO3BOJISIOIIUX, B TOM YHCJIE UCCIIeI0BaTh JUHAMHYECKHE CBONCTBA
AMEKTPUUYECKUX CUCTEM MPU MAJIBIX KOJie OaHUSIX MMapaMETPOB UX PEKHUMA.

6. [IpennoxxeHa Mojieib, B KOTOPOM Ha 0a3e TEXHOJIOTHUU BIIOKEHUSI CUCTEM
CUH TE€3UPOBAH PETYIATOP CI0KHOU JEKTPUUECKON CUCTEMBI, aHATUTUYECKU
OMHCHIBAIOIINI KJIACC PEryISTOPOB, 00ECIICUMBAIONINX YCTOMYMBOCTD U
neMiipupoBanue konebanuii B ucciemxyemoi 99C.

7. IIpoBelleHHbIE PACYETHO-IKCIIEPUMEHTAIIbHBIE UCCIICOBAHUS 110 aHAIHU3Y
CTa THYECKOM YCTOMYMBOCTH CIOXKHBIX DIC Ha 0a3e TEXHOJOTHU BIIOKCHHS
CHUCTEM TIOKa3a JIM KaueCTBEHHOE COBIIQJICHHE TOJYYEHHBIX PE3YJIbTaTOB C
pe3yiabTaTaMu, TPOBEPEHHBI MH Ha MPAKTHKE SKCIUTyaTallid 3JICKTPUICCKHUX
CHUCTEM Ha OCHOBE KJIACCHYECKHX METO JIOB, YTO MOATBEPKIAET aJIeKBAaTHOCTH
pa3paboTaHHBIX MOJICNICH CYIIECTBYIOIIUM.

8. Pazpaborana Maremaruueckas MoOJIeNIb O3JEKTPUUYECKOM CHCTEMBI,
Pa3peIICHHONM  OTHOCHUTEJIPHO OTKJIOHEHHWM aOCOJIOTHBIX YIJIOB CHHXPOHHBIX
reHepaTopoB, KoTopas MOXET OBITh HCIOJIb30BaHA CAMOCTOSITEIBHO JIst
UCCIIEIOBAaHUM ManblX Kojebanuii  crnokHbix OOC. JlaHHYI0 MOAENTh MabIX
KOJICOAHUN CIIOKHBIX DJIEKTPUYECKUX CHUCTEM  PEKOMEHJIYeTCS HMCIOJIb30BaTh
COBMECTHO C YpaBHCHMSIMHU Y3JIOBBIX HAIPSOKCHHM, OMpe ACNSIOUIMMH MOIYJIU



HaHp}I)KeHI/Iﬁ Ui Y3JI0B, 4 TAKKC UX apryMCHTaMU, IIPCACTABIIAIO
IMUMHA a0COJIFOTHBIC YIUIbI 61 OTHOCHTCJIIBHO 6aJIaHCI/IPYIOIHCFO y3J1a.
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INTRODUCTION (summary of the doctoral dissertation)

The relevance and demanding of the subject of the thesis. Today, in the
world practice, in the sphere of ensuring the stable operation of electric power sys
tems (EPS), pride of place goes to the creation of high-performance control sys
tems of power generation and consumption processes, involving intelligent tech
nologies. One of the most crucial tasks of rapidly developing modern EPS is ensur
ing its steady-state stability based on real-time operational data processing and
analysis. In this area, the leading countries of the world focus on the improvement
of control systems to ensure the stability of electric power systems, taking into ac
count fluctuations of mode parameters. «Expenses for the creation of intelligent
electric systems, including Smart Grid, are as follows: USA - 7.1 trillion, China -
7.3 trillion, Japan - 0.8 trillion US dollars. The use of the Smart Grid system in
2020 will allow the USA to save about 1.8 trillion US dollars»'.

Large-scale activities on the effective organization of power generation and
improvement of the EPS stability are held in the Republic of Uzbekistan. A num
ber of research works are carried out in this area, including high-performance re
equipment of the steam-gas and gas-turbine technology, providing electricity gen
eration, the development of effective control system of technological objects and
improvement of methods and algorithms of research of control systems.

The world's attention is paid to the development of more advanced methods
for determining the stability of electric systems, in particular, matrix methods and
algorithms that allow to more deeply explore the modal properties of electric pow
er systems, taking into account modern control devices. The implementation of
targeted research is a priority in this field, while researches are more relevant in the
following areas: the development of matrix methods and algorithms for determin
ing the stability of the electric power system based on automatic generator field
regulators; the development of simplified criteria for determining the limit mode
for the stability of complex EPS; the development of a model of synthesis of auto
matic field regulators on the basis of the system inclusion technology. Ongoing re
searches in the above-mentioned areas show the relevance of the subject of this



thesis.

This thesis research is designed, to a certain extent, to perform the tasks sti pulated
in the Decree of the President of the Republic of Uzbekistan I111-2343 dated 5
May 2015year “On the Program of measures to reduce energy consump tion, to
implement energy saving technologies in the fields of economy and social sphere
for 2015-2019 yy.”, in the Decree of Cabinet of Ministers of the Republic of
Uzbekistan No.238 dated 13 August 2015 year “On approval of the regulation
relating to the republican commission on energy efficiency and development of the
renewable energy resources”, as well as other legal documents adopted in this area.

Compliance of the research with the Republic’s priority fields of science

and technology development. This research is executed in accordance with the

'Intelligent electric power systems: the concept, state and prospects. Automation and IT in Power Engineering,
March 2011 No. 3 (20) www.transform.ru: 31.05.2011
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Republic*s priority field of the science and technology development II. “Power
Engineering, Power—Resource Conservation”.

Overview of the international research on the theme of the thesis”.
Scientific researches aimed at development and implementation of regulated sys
tems to provide stability of complex EPS are carrying out at leading scientific cen
ters and universities, among them: Princeton University, lowa State University,
Rutgers University, Massachusetts Institute of Technology, University of Balti
more (USA), University of Cambridge (England), Royal Institute of Technology
(Sweden), Dresden University of Technology (Germany), The China Electric Pow
er Research Institute (China), Siemens (Germany), ABB (Sweden), Moscow Pow
er Engineering Institute, Air Force Engineering Academy (Russia), Tashkent State
Technical University, “Research and Development Center” LLC (Uzbekistan). Due
to carried out researches on the development of models and algorithms of
controlling processes of complex EPS based on the electric system theory and
matrices, the several scientific results have been obtained, among them:
EUROSTAG - the software designed for analysis optimal operation mode and sta
bility of EPS (Electricite de France, France); SMAS3 — the software designed for
analysis transient behavior at small oscillations (Spain); SIMPOW — the software
designed for analysis stability and power balance in dynamic systems (Sweden);
MASS — the software designed for the mode analysis of complex EPS (Canada);
on the basis of IT technologies the SCADA systems were designed (Siemens,
Germany, Moscow Power Engineering Institute, Russia, DYNSPACK, Australia).
There are several researches on the development of intelligent methods of EPS*s
stability control based on the achievements of modern computer technology are
carrying out in the world. Among them are the development of methods for so
lution stability problem of complex linier dynamic systems based on the modern
matrix methods and automatic control systems (Lyapunov*s function in quadratic
form and system®s embedding approach); the development of advanced algorithms
of ¢ EPS*s stability control; the development of transient simulators based on the
absolute angles of generators.

The degree of knowledge of the problem.The famous scientists such as:



P.S. Zhdanov, A.A. Gorev, A.S. Lebedev, V.A. Venikov, YU.N. Rudenko, N. I.
Sokolov, V.A. Stroev, I.V. Litkens, V.P. Vasin, S.A. Sovalov, E.D. Kara syov, O.V.
Shcherbachyov, YU.P. Goryunov, EH.S. Lukashov, V.V. Bushuev, L.A. Koshcheev,
[.A. Gruzdev, A.H. Esipovich, A.A. YUrganov, B.I. Ayuev, P. Anderson, A.A
Fouad, P. Kundur, R.T. Byerly, R.J. Bennon, D.E. Sherman, D.Y. Wong, G.J.
Rogers, B. Porretta, KH.F. Fazylov, T.KH. Nasyrov, ZH.A. Ab dullaev, V.K.
Sokolov, K.R. Allaev etc. carried out theoretical and practical work on the analysis
of steady-state stability of EPS, including the work on development of algorithms
and software package, which provides stability of EPS in small os cillations.

Review of foreign scientific researches on the theme of the thesis was based on: http://www.dissercat.com,
http://www.topuniversities.com, http://www.topuniversities.com, http://www.ifti.ru. System"s embedding. Analyti cal
approach to analysis and synthesis of matrix systems. // Kaluga:, 2006. —720 pages. and other sources.

58

Foundations of modern matrix theory and its application in various fields of
science and technology have been developed in the works of famous authors, such
as Felix Gentmacher, Rudolf E. Kalman, A.A. Krasovskij, A.A. Voronov, X. Ro
senbrock, YU.N. Andreev, M. Uonem, P.L. Falb, Kh.D. Ikramov, V.N.Bukov, V.N.
Ryabchenko, M.SH. Misrihanov, E.M. Smagina, N.R. YUsupbekov, KH.Z.
EHgamberdiev and others. The essential results were obtained, created by them
algorithms and software up to now have been used in the design and control of
complex dynamic systems.

The researches related to the solution of issues of providing stability and
control of complex EPS were carried out by the number of scientists, among them:
V.N.Bukov, V.A. Andreyuk, N.I. Voropai, M.SH. Misrihanov etc. The analysis
shows that at this moment the matrix methods and algorithms are used to analyze
the stability of EPS and some positivity have been obtained. However, in scientific
publication are not adequately considered issues of development of high effective
control algorithms of EPS and systematization of modern approaches, as well as,
issues of creation and further development of effective methods, models and algo
rithms of controlling processes with consideration of controllers.

Communication of the thesis theme with the research works of higher
educational institution where the thesis is made. The thesis research is carried
out within the framework of scientific field of the Tashkent State Technical Uni
versity on the theme No.2016001 — “Development and analysis of modern methods
of automatic control of normal, transitional and optimal operation conditions of
EPS” (2015-2017 ); A-3-96 — “Optimal load control in the power system of the
Republic of Uzbekistan” (2015-2017); F-2-33 — “Estimation of energy efficiency
and the laws of mathematical simulation of pumping stations”(2012-2016).

The objective of the research is to develop matrix methods and algorithms
of analysis of steady-state stability of complex EPS, to develop simplified methods
of estimation of steady-state stability limit and synthesis of controller models
based on the systems™ embedding approach.

Tasks of the study.

comparative analysis of existing methods and algorithms of studying



steady-state stability of controlled electric power systems;

development of simplified methods and algorithms of studying small oscil
lations of complex electric power systems on the basis of the modern matrix
theory;

development of methods of studying small oscillations of controlled electric
power systems on the basis of the systems embedding method; synthesis of
regulators of the electric power system, allowing one to ensure stability and
damping of oscillations at small disturbances of the complex EPS® operation
condition;

computational-experimental studies and comparative analysis of steady
state stability of regulated complex electric power systems on the basis of devel
oped matrix methods and algorithms.

The object of the study is electric power systems (EPS) in the context of
impact of small oscillations to the mode parameters.
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The subject of the study is matrix methods, algorithms and mathematic
models of analysis of small oscillations of regulated electric power systems (EPS),
synthesis methods of automatic excitation control model based on system®s em
bedding approach.

The study methods. In the course of research the Theory of Electric Power
Systems, methods of the modern Theory of Matrices and Automatic Control Sys
tems and synthesis of the system®s embedding method, methods of small oscilla
tions of dynamic systems and linear algebraic methods are used.

Scientific innovativeness of the dissertation study consists in the follow
ing:

on the basis of Lyapunov®'s function in the quadratic form, the simplified cri terion
of steady-state stability of the electric power system was obtained, which consisted
in positivity of the first major minor of the quadratic-form matrix (@€,,> 0),
ensuring necessary and sufficient conditions of the EPS stability;

the combined use of the method of Lyapunov®s function in the quadratic
form and node voltage equations was developed, which allowed for reducing stu
dies of steady-state stability of a complex electric power system to the circuitry of
a simple electric power system, or the “generator-bus” system;

a promatrix of the complex unregulated and regulated electric power system
was developed on the basis of the system“s embedding method, which allowed for
the study of dynamic properties of EPS;

the algorithm of pole transfer from the spectrum of the matrix of own dy
namics of the electric power system was developed, which ensured stability and
damping of fluctuations of the operation condition parameters at small oscillations
in electric power systems;

mathematical model of the class of regulators of the complex electric sys
tem was constructed on the basis of the system™s embedding method, which en
sured stability and damping of fluctuations of the operation condition parameters at
small oscillations in EPS.

Practical results of the dissertation study consists in the following:



adequacy of steady-state stability conditions of the electric power system at small
perturbations of the operation condition parameters, obtained on the basis of
Lyapunov*s functions in the quadratic form, with conditions provided by Hurwitz
criteria was proven;

the simplified criterion of steady-state stability analysis on the basis of prin
cipal, first minor of matrix in Lyapunov*s quadratic form was developed, which
allows significantly speed up the process of stability estimation of complex EPS
and adoption of operational decisions of dispatching tasks;

the mathematic model of transitional processes at small oscillations in the
regulated complex electric power system was developed, whose variables were ab
solute angles of generators load;

the mathematic model and promatrix of complex EPS on the basis of sys
tem“s embedding approach was developed, which allows to investigate the dynam
ic characteristics of EPS in the simulation and control;
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the algorithm and software package was developed. It allows to displace
pole and to synthesize a class of regulator, which provides stability and damping of
EPS in small oscillations.

Reliability of the results obtained stems from the use of well-known, prac
tically verified methods of the theory of electric power systems and methods of
modeling their elements and the theory of matrices and automatic control systems.
Calculation-experimental studies of small oscillations of complex EPS carried out
on the basis of the developed matrix methods have shown the match of the ob
tained results with the results of studies conducted by Classical Methods.

Scientific and practical significance of study results. The scientific impor
tance of study results is consists of development the mathematic model of studies
of small oscillations of the regulated EPS, which permits simplified determination
of conditions of steady-state stability loss on the basis of a Lyapunov®s matrix equ
ation and provides both its necessary and sufficient conditions, as well as in the
building of the complex EPS model relative to absolute load angles of the system
generators. The class of regulators of the complex EPS was constructed by analyti
cal methods based on of system®s embedding approach.

The practical importance of developed simplified methods of analysis of
small oscillations in complex EPS consist in application these methods in the de
sign of electric power systems and EPS dispatch control systems.

Implementation of findings. The results of the research for development
matrix approach and algorithms of EPS*s steady-state stability analysis: the
developed matrix approach and algorithms for studying the steady-state stability
on the base of Lyapunov*'s functions have been implemented at the Unita ry
Enterprise “KuchGES” JSC “Uzbekenergo” (Certificate of implementation No.
DU-OP-21/2628 from JSC “Uzbekenergo” dated 11th July of 2016). The re sults of
the research allow increasing the steady-state stability limit to 1% and so
increasing the production efficiency;

the developed algorithm of controller synthesis and pole variation based on



the system“s embedding approach have been implemented at the JSC “Chirchiq
transformator zavodi” by the JSC “Uzeltexsanoat” (Certificate No. 04-149 from
JSC “Uzeltexsanoat™ dated 14th October of 2016). Through the implementation of
given algorithm for each power transformer TDTN-25000/110/35 designed by tak
ing into account a damping of small oscillations about 5% of winding materials
will be saved;

the mathematic model and promatrix of complex EPS based on the absolute
angles of generator were implemented in fundamental project OT-F5-036 “The
formalization of interconnection between the electromechanical and hydromechan
ical transient in EPS” (2007-2011) for the formalization of electromechanical tran
sient processes (Certificate No. FTK-0313/722 dated 26™ October of 2016). The
implementation of scientific results exposes formalization of electromechanical
and hydromechanical transient processes and increases the effectiveness of tech
nical-scientific researches.

Evaluation of work results. The results of the work were announced on the
12 applied science conferences, including 5 international conferences such as: In-
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ternational scientific and technical conferences “Electrical Power Engineering—
2010” and “Electrical Power Engineering—2012” Varna, Bulgaria, (2010 and
2012); Asia—Pacific Power and Energy Engineering conference “APPEEC-2013”
and “APPEEC-2015” Beijing, China, (2013 and 2015); 10-th International Confe
rence on Science, Technology and Management Kuala Lumpur, Malaysia, (2015);
on the proceedings of the scientific workshop at the Dispatch control of Energy
Power System of Uzbekistan, (2016); on the joint seminar of departments of Tash
kent State Technical University — “Electric Power Plants and Systems”, “Hydrau
lics and hydropower engineering ”, “Energy supply” and ,,Electrical engineering,
mechanical engineering and electrical technologies”, (2016).

Publications on the theme. 25 research papers, out of which, 8 in foreign
journals were printed. Among them 15 papers were printed in journals recom
mended by the Supreme Attestation Commission of the Republic of Uzbekistan for
the publication the main scientific results of the doctoral dissertation, including 2
monographs, 2 in foreign journals and 13 in national journals. Four certificates
about the registration of software were obtained.

Structure and size of the dissertation. The dissertation consists of introduc
tion, five chapters, conclusion, references and annexes. The volume of dissertation
1s 188 pages.

THE MAIN CONTENTS OF DISSERTATION

In the introduction, relevance and demand for the theme of the dissertation
are justified; its objectives and goals are formulated; objects and subjects of the
study are defined; compliance of the study with priority areas of development of
science and technologies of the Republic of Uzbekistan is established. Scientific
innovation is shown, reliability of results obtained is justified; theoretical and prac
tical significance of the results are disclosed; documents on putting the study re
sults into life, data on the work approbation, and data on published articles and the



structure of dissertation are listed.

In the first chapter of the dissertation titled «The modern state of the
problem of study of small oscillations of EPS», the critical analysis of publica
tions on the modern state of the problem of study of small oscillations (steady-state
stability) of complex EPS by means of matrix methods is listed.

Using Lyapunov®s and Riccati matrix equations is widening in connection
with developing efficient algorithms and software for numerical and analytical me
thods of their solution.

It is well-known that the Lyapunov*'s function in the quadratic form for li
near differential equations with constant factors is the sole function which ensures
both necessary and sufficient conditions of stability of the system under survey, at
its small disturbances.

One should highlight intense studies which have led to new and extremely
efficient methods of solving matrix equations, including analytical ones which gain
broad usage in practice. In the last 20-25 years, Russian scientist V.N. Bukov and
his scientific school offered new matrix designs allowing for expansion of the cir-
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cle of problems being solved, which include not only minimum-phase systems but
also non-minimum-phase ones. Matrix designs of the type of zero divisors and ca
nonizers open new possibilities of analysis and synthesis of linear dynamic sys
tems which possess numerical and algorithmic advantages over conventional stu
dies.

The kernel of the method of study of dynamic systems — the system®s em
bedding method — is formal and strict definition of such conditions, under which a
behavior of complexly organized matrix system is described or construed as the
behavior of an aggregate of simpler systems.

The system™s embedding method has started to be used relatively recently in
the studies of electric power systems

The area under consideration is reduced to two items. First, this is represen
tation of the problem of the theory of systems under survey in the form of some
specially constructed matrix which is called the problem matrix (or, in the abbre
viated form, the promatrix) and contains all-exhausting information about proper
ties of the linear dynamic system. Second, it is determinant ratios, the fulfillment
of which is the necessary and sufficient condition of equality of transfer functions
(operators) of the system under survey and the system with desirable properties
which is called the image.

Methods have been developed and the algorithm is being built for solution
equations of the electric power system under conditions of local changes of ma
trixes of coefficients.

Conducted comparative assessment of investigation methods of small oscil
lations of linear (linearized) dynamic systems, which include issues of steady-state
stability of multimachine electric power systems, shows the increasing role of ma
trix methods in view of their computational efficiency and orientation towards the
use for description of transitional modes of complex dynamic systems. At that,
Lyapunov*s theoremsprovide theoretical grounds of the study of steady-state sta



bility of the EPS mathematical model.

In the second chapter of the dissertation titled «The selected statements of
modern Theory of Matrices and Automatic Control Systems», the selected
statements of contemporary Theory of Matrices and Automatic Control Systems
are listed.

It is shown that methods applied to solution of matrix equations are reduced
to the execution of a sequence of elementary transformations of lines or columns of
the matrix of the problem being solved, with the account of the right term. Such
transformations are equivalent to multiplication of the initial matrix by matrices of
the special form. They include algebraic objects and matrices like zero divisors of
matrices (right and left), canonizers (right, left and summed-up), noncommutativity
of a matrix representation of the systems under survey, which predetermine alge
braic peculiarities of their models allowing one to draw profound analysis of in
trinsic properties of the mathematical object.

Prominent Russian scientist V.N. Bukov and his colleagues disclosed the
content of matrix zero divisors and developed the method of solving matrix equa-
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tions on the basis of the method of canonization, which allows providing analytical
studies of matrix equations.

Let 994600000 bE the matrix of the dimension (mxn) with

0999999999 = 00.For this uirix the following terms are introduced: the
*0
left zero divisor — matrix €@  °f the  dimension (m—r); right zero divisor —

matrix €@ of the dimension (nxr) and rank (;, ;. left canonizer — matrix €

@ QO .
of the dimension (rxm); right canonizer— €€  MAUIX of the dimension (nxr)

and summed-up canonizer —9 matrix of the dimension (nxm).
oo o ) .
Zero divisors of matrices €@ u @@  tormalize all linear-dependence

combina tjons of lines and columns of an arbitrary matrix A. The matrices 99

N)and ©9 *®are peculiar as they characterize all linear-independent

combinations, respectively, of lines and columns of the matrix A.
The following equalities are just:

o0 " _ oo o0 o0 *0 o0
00 6000 0, 90 V000 =0,00 0009

=0,

°9



24
a4

22
°9

0

00000

&
Il

0o

990009

L a4

0

00000

o0
Thus, any matrix A corresponds to a non-single thrice of matrices including

lefi®© Ooand right *®ero divisors of the maximum rank, as well as

summed-up ¢a onizer@ @ - that is:

90596, 00,007 (D
which characterize the internal structure of the matrix A.

Matrix representation in the form of (1) is called “canonization of the ma
trix”.

Study of problems of analysis and synthesis of a dynamic system at small
disturbances is related to the determination of its states forming a space of states,
@9 c96%%nd being defined by solution of equations, involving matrices with
constant coefficients:

Q0 =0000 + 00090 (2)

Q0 =90000 +- 060003
where A, B, C, and D are matrices, defined by parameters of the system under sur
vey, parameters of the regulator and external influences (input parameters), output
parameters and connection between input and output. Equations (2) and (3) are



called the equations of the system “input-state-output”.

Equations for variables of the system state can be analyzed via the Lyapu
nov''s function in the quadratic form, ensuring both necessary and sufficient condi
tions of the stability of the autonomous linear system under study. Listed in the
work are matrix methods of solving equations of the space of states and Lyapu
nov'’s matrix equation.

In the third chapter of the dissertation titled «The development of
simplified criteria of steady-state stability of EPS on the basis of Lyapunov’s
function in quadratic form», the simplified criterion of steady-state stability of
EPS, providing for both necessary and sufficient conditions of such stability, is de
veloped on the basis of Lyapunov®s functions in the quadratic form. Matters of
small oscillations of electric power systems, known types of loss of steady-state
stability obtained on the basis of Hurvitz criteria are considered by means of
analysis of the characteristic equation of the system being studied:
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090,00°° 1+ 00,00°° 1 1 00,0071 ... 1 00,, 00 +
99,6,=0.
Steady-state stability loss types have been defined proceeding from the re
quirements of necessary and sufficient conditions of stability, expressed in the po
sitivity of coefficients of the system characteristic equation (@94 > 0 are

necessary conditions) and all Hurwitz determinants (Al ¢¢ > 0 are sufficient
conditions). Clearly, with increasing degree of the characteristic equation », the
solution of the set problems becomes significantly more difficult.

This problem can be solved by more “compact” means, with significant
computational advantages, with the use of Lyapunov*s functions in the quadratic
form.

The mathematical model of autonomous stationary system, to which first
approximation differential equations of the electric power system can be reduced
given by:

00 000
0000= 9000O (4)
where A-matrix of the order (nxn) with constant elements, called the matrix of
state or the matrix of own dynamics of the electric power system being studied; x,
Ax — the column-vector of parameters of the EPS operation condition and their
small deviations.
Let set the quadratic form:

*? 00 00-1= 00°°0000 5 00,00=12..,909;(5
90 =99,00099,099,,
here(Q is still unknown quadratic matrix of coefficients in the quadratic form; and
@9%%s the transposed €@ (line-vector).

Functions (5) are called Lyapunov*s functions in the quadratic form. Let
find the derivative of this function, considering equations (4):

%o %9
vooo d0 T¥Tevee 0



9000 90 o
272727272 0000 Q009 +
= = 99°%00009
00T eeeer ST
99°%, 5,009
%o 0000

90090°%%0000 1+ 00°%000000=900"%00%%0000 +

990°%°000000=00"%00°%00 + 9006 99 (6) Let introduce the
designation
000000 + 00006 =-990,())
where C — identity matrix.
Equation (7) is called Lyapunov*'s matrix equation. If the matrix Q is posi
tive definite, then

0o =—90°%0006<0,(8)
when @9 > 0, i.e. the descent of function €49 occurs; hence, the trajectory of the
sys tem comes to the origin and the solution of the autonomous linear system (4) is
stable asymptotically.

Thus, if odds are fulfilled simultaneously

@9 >0and 0 <0.0)
in some area of the space of variables (@€, ©9,, ..., €9,,), containing the
origin, the position of equilibrium in the origin is asymptomatically stable. This
statement is formulated in Lyapunov®s theorem.

It should be noted that this is the sole case when a Lyapunov*s function in
the quadratic form ensures both necessary and sufficient conditions of the asymp-
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totic stability of the linear dynamic system being studied and is universal for this
reason; that is, it is the same for any dynamic systems, if the system is described by
linear differential equations with constant coefficients. In all other cases, Lyapu
nov's functions being formed ensure only sufficient conditions of stability and,
thereat, they are constructed by the trial-and-error method, i.e. are not universal.
For this reason, the use of Lyapunov*s function for linear systems is limited.

The major problem deals with the solution of Lyapunov*‘s matrix equation
(7) and determination of Q as positively definite matrix.

Elements of the matrix Q are determined from (7) by solving®® €& + 1 2
equations, where # is the number of equations. At that, the conditions of the dy
namic system stability, obtained on the basis of the solution of (7), must be strictly
equivalent to solutions obtained on the basis of Hurwitz criteria.

In accordance with Sylvester®s theorem, positivity of major diagonal minors of

this matrix provides the necessary and sufficient conditions of the positive defi

niteness of O and, consequently, stability of the surveyed system (4) at small dis
turbances, 1.e:

Aj=991,>0,A— €0,,900,



00200
991199, 99,4099, 99,

090, Ljee= 090441 00,4, > 0.(10)
©0,,> . : =
0, ..., 994600

The study of steady-state stability of a simple electric power system by
means of the Lyapunov®s function in the quadratic form, with the account of transi
tional processes in the field winding of the synchronous generator shows that posi
tivity of the first, major minor of the matrix Q depends on operation condition and
system parameters, and this dependency is:

00,
Ap= 994, :0000000000000
90,9904,,90,> 0, (11)
where €9, €9, are expressions depending on parameters of the operation
condition and system.
In work is shown that to satisfy the condition (11) required

that @€, =000,

0000 v000>0,(12)

90900,,> 0, (13)
©9,>0---9090,>0.(14)
Loss of positivity (12)—(14) is possible under the following conditions: — at
reset of the generator, 1.e. when the machine works above the angle of
90°(@€,<0);
— at over doping of inductive resistan’ce of the power line by capacitances
(9900> €960000000000000 > 9945,
— at angle magnitudes close to zero, i.e. in operation conditions close to idle,
since at 944 ~ 0 and €€ = 0 we will obtain from (14):
V0 = —99,,00,,="? 00,,-00,,
L 90090000000 >0, (1))

and, as the analysis shows, positivity of (15) can be breached when
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QO <909 — arcsinzw}w 000000 (00

0o, (16)
Theoretical and computational analysis has shown that in the general case,

. : . : > 0 (99 = 2 — ) of the matrix of the
positivity of higher major minors Ay

adrat . : : .
a ic form Q (10) leads to complex expressions, however, their positivity

comes to fulfillment of the same three conditions (12)—(14).
In this way, the well-known conditions of steady-state stability loss of the



electric power system (nonperiodic deviation, self-excitation and self-oscillation)
stem from the conditions of the breach of positivity of the first major minor of the
matrix of quadratic form Q.

Hence, the conditions of steady-state stability loss of EPS, obtained by Lya
punov*'s second method, match those earlier found on the basis of generalized con
ditions of Hurwitz.

The strong side of the proposed method of study of the EPS steady-state sta
bility consists in the fact that all types of stability loss “in the small” are contained
in the first major minor and stem from the condition €€, > 0, this statement is
just for the complex EPS as well.

This fact was confirmed by results of computational-experimental studies of
EPS of various degree of complexity.By way of illustration, comparative curves of
changing coefficients of the characteristic equation and minors of the matrix of the
quadratic form, estimated for the simple and three-generator electric power system,
are depicted in Fig. 1 Changes of coefficients of the characteristic equation differ
in the nature with the EPS operation condition getting more complex. At the same
time, the change of major minors of the matrix of the quadratic form intrinsically
has the same character. It is clearly obvious from curves that this property does not
depend on the complexity of the studied system.

Fig.1. Changes of coefficients of the characteristic equation and Hurwitz determi
nants (A) and major minors of the quadratic form of the
Lyapunov’s equation (B) for a simple and three-generator systems
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On this basis, it is possible to recommend the simplified method of steady

1 - . e >0 and id
state stability analysis of EPS by studying positivity of only €€ and consider

ing it as the feasible criterion of steady-state stability, ensuring both its necessary
and sufficient conditions.
At the study of complex EPS, it provides the significant computational effect



because it allows one to avoid the multiple computation of high-order determinants
or coefficients of the characteristic equation.

The problem of synthesis was solved on the basis of equations of state va
riables with the solution of the Lyapunov*s matrix equation and Riccati matrix eq
uation:

A

Fig.2. Transitional characteristics in the simple EPS: (A)the regulator is off;
(B) there is AEC, responding to a deviation of voltage, rotor angle and first
derivative of the angle with synthesized amplification gains:

000@@ = 11,5700, 00000 = 16,2200 and 001@@ =—0.3854909.

In Fig.2 the transitional characteristics of EPS at the AEC*'s synthesized pa
rameters on the basis of solution the following matrix equation, are presented: @€

090+ 9090=90°2%%0000~1200— (0000 + 90°00° 1200 +
60P0P + 00°00° =00 00, (17) where

00°°°°= 1200 — 60000 + 90°00° 11200 + 60000 + 00°007,
I and £ is the identity matrix and the calculation pace, respectively. In the fourth
chapter of the dissertation titled «The development of technique of definition of
steady-state stability limit of the complex EPS on the basis of Lyapunov’s
function in quadratic formy, the technique of definition of the steady-state
stability limit of the complex EPS is developed on the basis of combined use of the
Lyapunov®s function in the quadratic form and nodal voltage equations.

Steady-state stability of the complex EPS is studied therefore on the basis of

the combined solution of the Lyapunov“s matrix equation (7) and nodal voltage
equations:

00O =90+ 90,,,90,+ 00" (18)

When studying steady-state stability of complex EPS, first the calculation of the
established operation condition on the basis of nodal voltage equations is con
ducted, the voltage @@ for each node & and its argument @@ 4 are defined and
then,
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(Fig.3) is tested.
using these data, positivity of the first major minor @€;¢¢ of the quadratic
matrix Q seginning

Calculation of the normal . -
operation condition



Loss of steady-state stability .
Jacobian>0 (aperiodic)

Yes No
1=0
I=1+1 Yes
|U;|=0 No

Development of a Lyapunov’s

function

Steady-stability loss
NoYes Q>0
No

End
I<N
Weighting of the

operating condition

Fig.3. The algorithm of combined use of nodal voltage equations and Lyapunov’s
functions in the quadratic form

The generator, whose change of €€,,4,1s maximal at the weighting of the

: .. , poses danger from the point of loss of steady
operation condition parameter I4¢

state stability of EPS. Thus, the generator is defined which comes to the limit at
that weighting most quickly. In essence, the study of stability of the complex EPS
“in the small” by means of the proposed method turns into the study of the “gene
rator-bus” circuitry.

This algorithm can be shown analytically at the example of the three
generator system. Fig. 4 shows the character of changes of €€,;4¢(Where j=1-3),

: . : . for each generator of
that 1is: first elements of minors of quadratic matrices €946 &

the three :
generator electric power system.
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A

Fig. 4. Changes of first major minors of the three-generator system



Changes (increments) of minors of the quadratic form (94,99 =1 —
© @ for dif ferent generators with the weighting of the operation condition of the
electric pow er system are different, which we can put down as:

AMlgo06 00 60+1 =A0000—A00 0o+1
09,, =%0 Meooo—Tlo6 vo+1- (19)
where [1 - 0@, 0,99, €9, ctc. arec parameters of EPS operation condition,
using which the changes of minors of generators of the system under study can be
defined after the weighting; j is generator, for which (19) is calculated; 1 is current
pace of weighting for the set parameter of the EPS operation condition.

Condition @944 > 0 is fulfilled always for the quadratic form; hence, one may
restrict oneself by the study of the strict fulfillment of the inequality AAWW—AM
9o+1
Too00— 1106 00+1 =100

@@ll,o> 0. (20)
In this way, to ensure the steady-state stability of the j-th generator and, con
sequently, EPS, the following condition should be fulfilled:
991100
eollyo> 0. (21)
Based on the results obtained, one can offer the following algorithm of
steady-state stability studies of complex systems.
In complex EPS, with weighting by a set parameter of the mode 7/, at each
step i, the condition (21) is checked and compared for each generator or selected
generator groups:

0009
00H> oo 11,¢@
090911, 000 oom (22)
00H> e 11,09

wheren is number of generators or stations tested for steady-state stability. The ge
nerator, for which the change of the first major minor of the coefficient matrix of
the quadratic form will be maximum at the change of the selected parameter of the
system®s operation condition will pose the greatest danger from the point of loss of
steady-state stability:

0009, 60

oo €900009, (23)
for the series of generators under survey.
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Table 1 — Comparative estimate of computational complexity of the proposed and

conventional methods, expressed by the necessary number of multiplications and divisions
at the analysis of steady-state stability of EPS

Numerical method Number of generators




1 3 7 15 70

1 | D-division 0,23-10*| 0,7-10° | 2,5-10° | 0,33 -10°

2 | Computing of own values | 3,85-10% | 0,27-10° | 2,4-10° | 51-10° | 6,4-10°
using QR algorithm

3 | Computing of own values 2,1-10° | 6,8-10’
using Arnoldi*‘s method

4| Combined used of NVE | 0,7-10% | 58-10° | 5-10* | 4,6-10° | 4,6-10’
and Lyapunov®s functions
in the quadratic form

It allows one to arrange control over the transitional process of this generator
by means of regulation of AEC, auto power control (APC) and other regulating
devices and preliminarily ensure its steady-state stability. The significance of this
result for the practice of power systems™ running is evident.

Table 1 shows the comparative estimate of computational complexity of the
proposed and conventional methods, expressed by the necessary number of acts of
multiplication and division at analysis of steady-state stability of EPS.

In the fifth chapter of the dissertation titled «System’s embedding
approach as the method of study of small oscillations in the EPSy», the results
of the study of complex EPS™ steady-state stability by a new method, called the
system"s embedding method, are presented.

The system®s embedding method is the universal aggregate of methods and
techniques of solving problems of the systems theory, based first on modern ad
vances of algebra of quotients, which can be reduced to the determination of condi
tions, under which a complexly organized (multidimensional) system behaves si
milarly to a simpler system, available for profound investigation.

To apply the system™s embedding method, it is necessary that three stages
should be fulfilled sequentially: forming the problem matrix, forming equalities of
embedding and making computations.

In the operator form, equations (2) and (3) are represented as

follows: 000 00 = 0009 060 + 00600 69,

0000 =000660 (24

In the general case, the number of equations in (24) does not match the
number of its variables. It is related to the fact that the system matrix of Rosen

brock:
QO 00 _00090,,— 00 -0

€90 (25)
matching (24), has the size ( €0 + ¢ €0 ¢o + 9, i.c. is rectangular that
excludes tradi tional procedures such as computations of determinants, own values
and vectors predestined for quadratic matrices. To overcome this hindrance,
equation (24) is supplemented by an equation of the following form:



0 00 =00 69,26

71
called the regulating equality, which does not influence the content of the problem
presented by equation (24).

As a result, we will obtain the system of equations in the block-matrix form:
0000,, % 00,0 9000 (0,041
—oo 00 0o0000e 0000 9009

0o00000 2990 0400000 = . (27)
—09 09 00 99

Then the generalized equation of the steady-state linear dynamic system (27)

can be put down as:
00 090 09000 =900909 (23
where

99 990 = 0000000 0000000 - (29)
—0000,,-00 o4,

the problem matrix (promatrix) with the dimension €@ + €@ + ¢ ¢ 9 +
99 1+ 99, of the system under consideration is quadratic.
The embedding equality takes the following shape:

0090090 ' 9000000=0000=0006="""°
o0 00, (30)

where @9~ 99 is called the reciprocal problem matrix (repromatrix) of the size
00 1+ 00+ 0009 99 + 990 + 99 of the studied system,

QO 99,909 99, andV @ 99 arc embedding matrices and the image of the
system, respec tively.

The ratio (30) based on embedding matrices sets forth a linear transforma
tion of the repromatrix into the image. In this study, only embedding in the scalar
image is considered.

The linear multivariable system represented by the promatrix @€ €9 is em
bended, with the help of embedding matrices €€ €© and ©¢ €9 , into the scalar

AgcV P o000 = 90 00 9O 09 | if the cquality is fulfilled:
00900000000 —900

00— 9000000000 =0,31)

or the equality is fulfilled:
Q0000009000 + 0000 — 00+ 00 90000000 =0.(32)

Selecting the construction of embedding matrices @946 €€ and
V9o000 99, one can select any element of the repromatrix.
In the case of the controllable multivariable dynamic system, the transfer



function — scalar image — can be obtained in the form:
9 _00 00
0009
00 090, (33)

where

QOO0 —000009 900090,,— 00+ 000000 06000

0000 0009,,— 90 ,(39)

is consequent of the transfer function of the scalar image, or the characteristic de
terminant, and it defines poles of the system under survey;
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00 00 = 000000 0000,,— 901+ 90 44 oo + 00
00 —0000

000 0000,,— 90 ,(35)

1s numerator of the transfer function of the scalar image and it defines zeros of the
system under study.

Based on the transformation of formulae (31)-(35), one can find separate transfer
functions of the system without computation of all its transfer matrix. To do this, it

1s necessary to set up embedding matrices ¥V ¢o0o €Y and ¥V 4460 @9 in the
form: €€ =0..010..0°°

©©=0..010..0,(36)
1.e. nonzero elements are only items of data in i-th and j-th positions; respectively,
the system"s transfer function €9 4¢¢¢ can be computed using the formula:
00000099 S5000044 0000%—00+00AWW 00 —000000 0000,,— 09
000000 9000,,—990, (37)

where Mg 000 — €6 @ 1S derogatory matrix of the dimension (sxm) with the item
of data in (j,1)-th position.

A

Fig. 5.
Influence of excitation regulation on transitional characteristics of the system being
studied: A: 00000 = O, 0010@ = 0, 000@@ = 100000000000, Q9 000@0 = O,
00100 - 0,2, 00000 =10



Based on the above-listed expressions, computational-experimental studies
of characteristics of EPS of different degree of complexity were carried out. From
Fig. 5 is seen that the availability of only one channel by the angle derivative leads
to the jump of quality of transitional processes and cuts the time of the transitional
process by few times.

When solving problems of operation condition control and stability of the
electric power system, the necessity arises to move poles of the electric system
model, involving selection of the regulator €@ €0 = —9660é ¢¢ , with the
relevant con trol regularity.

The system*s embedding method allows shifting the required pole, including
the complex one, at strict exchangeability of the rest poles, whose magnitudes may
remain unknown. This problem was solved by V.N. Bukov, M.Sh. Misrikhanov
and V.N. Ryabchenko. The basis of the proposed method of shifting poles is the
use of the special linear transformation of the initial system™s matrix.
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Input of operation condition and electric system parameters

Formation of equations of the state space

Determination of the stratification matrix

Determination matrix struktures

>

Testing the condition:

0
a
Testing condition is fulfilled
Testing condition is not fulfilled
x
Formation of the set of regulator
a
p
Choice of and cheking of the plane shift
"
b}
s
Testing the condition:
i}
I
"

Testing condition is fulfilled Testing condition is not fulfilled

Stop and output of the pole shifted and operation condition
parameters

Fig.6. The chart of the pole-shifting algorithm of the electric
power system model



The controlling of poles is possible if the following necessary and sufficient
condition is fulfilled:

000000 =00000 (00-00)(38)
Qo __
and 00 (00 — 90090)00 — Veees (00-0e), (39)

0. . ..
where® @ is stratification matrix and @ 1 the right divisor of zero of that
matrix. The stratification matrix is defined by the ratio:

*® (40)
09 =00 —0000,,
At that, the value of any root €€ of the matrix of own dynamics may be
changed for the desirable value €€, without changing all other poles with the help
of feedback by the state, formed by a regulator from the set:

00 16= (00007 00— 00, 46 °°0000)00,(41)
if the following conditions is fulfilled for the stratification matrix €4, calculated
by the formula (40):

9000 £ 0,(42)
wheren is arbitrary matrix of the dimension €@ — 00606066
V999 901 or digit. The pole shifting algorithm of the EPS
model is shown in Fig.6.
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The example of shifting the pole of electric power system model on the basis
of the synthesized regulator is given in the study.
The model of complex EPS is developed, which is solved relative to abso lute
angles of generators, on the basis of linearizing the electromagnetic power eq

uation of i-th synchronous generator in the position idealization: @@ r4e =
9900 99000099000000,000 1+ 99,099,,99,00, 00000

000000 - 000000

0000:1,0«#00- (43)

The developed equations of the complex electric power system in the state
space (2)-(3), when the system contains n synchronous generators, contain genera
lized matri f d ics 9@ | . : d input
ized matrices of own dynamics with the dimension 46 ¢ ¢46¢ 21d NPy

o
with the dimension 49 Q@YY@ ¥@ — @€ , activating signals through the
relevant channels of the AEC and external perturbation system:

000060099 0666006 0006000 0006000

0044 9900000

%@ — 0021 900000 0022

0090009923 000000



0o00000
0666000 0006000 000066 00000e

5

@ PN 0033 o
V) 090, 400000993
000000 000000

*o
= 0300003 00-00

9941 000000-009942000000-00 99130000 00-00
It has been shown that this model is just for EPS of any degree of complexi

ty, with n generators having different AEC.

By way of illustration, matrices 4; and B; are given below for the three
generator EPS, with the presence of AEC responding to deviations of absolute an
gles (A@94,,) in the generators, voltage of generators ((A@@ree) and their
derivatives:

000:100:000:000
000:010:000:000
000:001:000:000

—00,,990,90,,:000: -°°°% 2
11 12 13 Teas0:000
9090044
Ao 0031 0032 _0033 :000:00 —OOQOQ
Tee00:000
9009443
0021 _0022 0023 0 0 0 0 _00001
@0,
Toos: 000
900944,
¢0;= (44)
R S Deeeee et 0°%s002
000:000:'0000.00:i —'0000,00  9046,0 i 0°%1002
000:000:0%06040,0:0—10640,0
000:000:00%0405: 00 —"0040;
90001 0000201 000: 0 —100,e,0

9046,00 00
©000:00:000: —100,0,00
00005 000:00 L0040
0 0000003

. <
09463: 0 0100
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000000
B, = 000000
000000
000000
000000
000000
000000
000000
(45)
000000
@90y Ter T,0000
@0
224
00 oz 100
TeZ
0000%%urs T.s

The obtained equations and their matrices are adapted for joint use with the
Lyapunov®s matrix equation and nodal voltage equations, ensuring the compact
formation of the model of multimachine EPS, with the account of regulating de
vices. Since the matrices are sparse, their computational efficiency is undoubted
that is confirmed by the conducted computational-experimental studies of EPS of
different degree of complexity.

In the study, equations of the mathematical model of the complex EPS are
formed, to be used along with the system™s embedding method. Thereat, the above

mentioned matrices of own dynamics and input have the form:

22274
= 000060099 000000

°0
’ —
9921000000 9922000000 = 0400000



V94600000 (46)

and are of the following size: matrix ¢ has the size 2069926 . and input

matrix M ,(29000009).

Matrices (46) allow for a full-fledged study of dynamic properties of the
EPS under study on the basis of the system®s embedding method. The matrix of
regulator coefficients Kin this case is written as:

10
ro® -0

A«)@l 009940001

2
000@0@1 AOQ - 0 0
0000002

Moz -0

a4

09946002 , (47)

...... 0
00 A6o

AOOOO 99400 0 09,0099,4,

and *00 0 e 2224 2224

Where99 460000 AEC of the i-th generator by
soo Pare amplification coefficients of

channels of absolute angle deviations and the slipping of the given generator.
When necessary, controller could be adjusted for any operating condition or their
combination.

The general promatrix Q of the regulated electric power system looks like:
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000--0:—00,,-90,, —90,65:00-0
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and it can be called the promatrix of the complex regulated electric power system.
The promatrix of nonregulated EPS can be obtained from (48) by substituting the
block of the regulator in the lower left part of Q for the zero matrix.

The above matrices and expressions permit to explore transitional modes of
complex EPS at small disturbances of the mode parameters.

Invariance is one of the most important properties of the dynamic system.
Invariance of the EPS input in the case of representation of the regulated system in
the state space is expressed by the formula:

OO = 0009 + 0000 + 9009, (49)
00 =-9009,(50)
00 =909009, (5]
it means that the transfer matrix from disturbance @€ €9 to the system output@ €
€9 shall equal zero:
00,,°°00=000000,,—00,, '00=0,(52)
where €94, = €9 + €999 is matrix of dynamics of the system with the
regulator. Here x, u, y, and w are vectors of state, control, output and disturbance of
the system, re spectively; 4, B, C, and S are matrices with constant digital elements
of the respec tive size; K is regulator matrix with constant digital elements.
The main problem is to find the regulator (synthesis), ensuring the fulfill ment of
the condition (52). Solving this problem poses certain difficulties, as (52) has the
operation of matrix inversion, and, as a rule, it is polynomial. Modern ap proaches,
based on novel constructions of matrices, help overcome this barrier.



Necessary and sufficient conditions, under which the equality (52) is just,
are ensured when the system is closed by any regulator from the set: @9 ¢4 66 =
~—00°%°00°%00700°°00%°%°0000°°00 00°%00 "+
90°%00%°%00°%°00 + 0000°%00°°(53)

0.
where X and y are matrices of the set size with arbitrary digital elements, @@ 18

: 00, 500
right  zero divisor of the matrix C, 00 99" i left zero divisor of the

matrix 9 € *%9 @, matrices with the upper mark (~) are summed-up canonizers of

the respective matrices; double and triple bars above matrices designate the
repeated definition of the re-
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spective zero divisor of the maximum rank out of the combination of matrices
standing under that bar.

Computational analysis of the three-generator EPS with AECs, synthesized
and having the form:

©9,,0 2 99,0 5 0
99 0 99 0 . (59)

o 0
000 | 0 0

o000= 0
shows the significant improvement of the system™s dynamics.

In Fig.7, listed are characteristics of the change of deviation of the first gene
rator’s angle A@@,=f(t), the stable, regulated electric power system (Fig.7, A) at
the synthesized parameters of the regulator (54) and the stable, unregulated EPS
(Fig. 7, B). The process attenuates relatively quickly and bears virtually aperiodic
cha racter.So one may note that conditions of invariance of the electric power
system®s reaching arbitrary external perturbations are justified on the basis of the
method of matrix canonization, which is the basis of the system™s embedding
method. For solving this problem, the relevant regulator was synthesized.
Comparative analysis of the results gotten and the conventional provisions of the
theory of invariance confirm reliability of the former.

A

Fig.7. Changecharacteristicsof the angle of the first generator A, =f(t)
of the three-generator electric system at:
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CONCLUSION

2
ree =0

The theoretical and computational-experimental studies of steady-state sta
bility of complex electric systems, carried out on the basis of the developed matrix
methods and algorithms, using Lyapunov*s functions in the quadratic form and
system“s embedding method, allow for the following conclusions.

1. Lyapunov®s functions in the quadratic form are recommended as the
effective method for studying the linear dynamic systems, including the electric
power system described with the help of linear zed differential equations.

2. Adequacy of conditions of the steady-state stability loss of the electric
power system, obtained on the basis of positivity of major minors of the quadratic-
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form matrix of the Lyapunovs function in the quadratic from, to the same condi
tions provided by Hurwitz criteria, was proven.

3. Obtained theoretical and computational results allow one to investigate
the stability of EPS “in the small” by means of analysis of the positivity condition
of the first major minor of the Lyapunov®s function in the quadratic forme®,¢¢ >
0and consider it to be the practical (simplified) criterion of steady-state stability of
EPS, providing for both its necessary and sufficient conditions.

4. The combined use of Lyapunov*s functions in the quadratic form and
nodal equations allows one to reveal the generator (station), operating in the com
plex EPS, which is coming to the limit in terms of steady-state stability. The ma
thematical condition of this proposition is 99V 9o, €9l > 000009 ic.
the maximum of the derivative of the first major minor of the quadratic-form
matrix by the regu lated parameter for the j-th generator. It is evident that in this
case, the study of the steady-state stability limit of the complex EPS turns into the
study of the “genera tor-bus” circuit.

5. On the basis of the systems embedding method, promatrices of the unre
gulated and regulated complex EPS are developed, which provide a full description
of all kinds of characteristics of transitional processes, including the possibility of
studying dynamic properties of electric power systems at small oscillations of their
operation condition parameters.

6. The model is proposed, in which the regulator of the complex electric
power system has been synthesized on the basis of the systems embedding theory
to describe analytically the class of regulators ensuring stability and damping of
oscillations of the studied EPS.



7. The conducted computational-experimental studies aimed at analysis of
steady-state stability of complex EPS on the basis of the systems embedding me
thod have shown the qualitative match of the obtained results with the results,
checked in the course of practical running of electric power systems on the basis of
Classical Methods that confirms the adequacy of the models developed to the al
ready existing ones.

8. The mathematical model of the electric power system, resolved relative to
deviations of absolute angles of synchronous generators, is developed, which can
be used autonomously for the study of small oscillations of complex EPS. This
model of small oscillations must be used together with node voltage equations, de
termining voltage modules of nodes and their arguments, representing absolute an
gles relative to the balancing node.
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