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ANNOTATION

Goranchuk V.VMonitoring of VVER-1000 core by methods of neutranise
diagnostici Qualifying scientific work on theights of manuscript

The thesis to gaining the scientific degree of the candidate of technical serence
the specialty 05.14.14Thermal and nuclear power installatiqi437 Atomic power).
This work wasperformedin Institute for Safety Problems of Nuclear Power Plants of
NAS of Ukraine. The defense of the thesis is expected to take place at the special
scientific council of Institute for Safety Problems of Nuclear Power Plants of NAS
Ukraine, Kyiv,2019

The thesis idevded to the solution of an actual scientifamnd technicatask
enhancement of the NPP operation safety by expanding the M?BR& core monitor
ability, in particular, by implementing of: reactor internals and fuel assemblies vibratic
monitoring, as well as monitoring of important parameters, sisckhe local coolant
velocity, moderator temperature coefficient of reactivity; andadgate neutromoise
diagnostics systems into the VVER operational practice

The solution of this issue is in particuldue to the task of equipping VVER
power units wth in-core noise diagnostics systems, within the framework of meetin
the requirements falPP life extensiobeyond thalesign lifetimebased orthe results
of a periodic safety revaluatioit. should be noted that before the beginning of these
works thesystems of VVERLOOO neutronnoise monitoring andliagnostis were not
applied at NPPs of Ukraine, and additional research must be conducted for th
systems implementation

In the Introduction the topicality of this work is justified. The subject aneé th
object of research are determined, and in accordance withitlpempose and tasks of
research. The used scientifiesearchmethodswerelisted and it was notedvhat was
investigated by each methdthe Introduction containsceentific novelty of the esults,
personal contribution ohpplicant for a degree@pprobation of materials dfie thesis
connectiorof the thesiawith research workand also structure and volumetléthesis
The Introduction povides information abouthe practical applicationof research

results.
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The research results are implemented in theomne noise diagnostic system,
which is part of the complex diagnostic system of VVERO power units, which
received licenses for prolongation of operation beyond the design lifetime.
In the Chapter one of the thesis the state of the problem is highlighted and th
researchtasks are set. It is noted that during the @en of the reactor plant is
important to ensure its design mode of operation, and to identify abnormalitiesathat n
affect the performance of the reactor planadvance.
Tasks that can be solved by methods of neutron noise diagnostics are defir
namely: coolant velocity monitoring, vibration monitoringrefctor internalsnd fuel
assemblies, monitoring of mo@or temperature coefficient of reactivity.
The history of research on neutron noise at different NPPs and tl
implementation of appropriate monitoring and diagnostics systems at foreign pov
units as well as at Ukrainian NPPs, in which the author ofthiesis was directly
involved, is considered.
Tasks that were formulated in the Chapter one and solved in the followir
chaptersare
- analysis angsystematization of methods of neutmooise diagnostics, selection of
the most informative for their application in diagnostic systemd&/dER-1000
reactors

- development of methods, algorithms and software for the noise analysis of reac
neutron detects, as well as verification and validation of the developed software;

- analysis of noise component of spbwered neutron detectors and ionization
chambers, and analysis of their changes during the fuel campaign;

- development of diagnostic modelsrefctorinternalsand fuel assemblies vibration.

- determination of the local sensitivity of s@lbwered neutron detectors, and the
effect of neutrons generated in neighboring fuel assemblies on its signals;

- possibility studyof signalrestoratiorof failed selfpowered neutron detectors;

- possibility study of subcriticality determination of VVER.
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The Chapter two presentsthe analysis and systematization of neutrmise
diagnostics methodas well as selectionf the most informativeones of them for
applicaton at the VVER-1000 monitoring and diagnostics systems. The elaboration ¢
methods, algorithms and software for the noise analysis-odre neutron detectors is
performed, the results of the developed software verification are presented. .
developed rmadels and algorithms showed the correct work

The Chapter three presents the results of the solution of noise analysis tasks,
particular, the estimation of tlemolant fluctuation transit timalong the fuebssembly
was performed, the vibrations idactor internalsandfuel assembliesvere investigated.
Validation of softwarewas carried out on data of signals of neutron detectors c
SouthUkraine NPP and Zaporizhzhya NPP

The analysis of noise componentself-powered neutron detectors and ionization
chambershas beercarried out.For the first time during several fuel campaigns the
analysis of spectral and other signal parameters of 24p@ekred neutron detectors
of VVER-1000 was performediuring seveal fuel campaignswith sampling rate
436Hz that is higher essentially than in previous studies. These agiested to
determine additional vibration frequencies

The main charactetis frequencies of disturbing forces that influenttee
vibrations of reactor internalsand fuel assembliesare determined angroved
Vibrational diagnostic models and diagnostic thresholds have been developed for
root mean squardeviationof neutron flux, as well as faignsof neutron noise. The
estimation of theoolant fluctuationgransit time offluctuations of the coolant along the
fuel assemblyy various methods has been carried outd$sshown whichof methods
arethe most resistant to global neutron noiaad thewaysare determinedo improve
the estimabn of the transit time The selectionof frequency rangdo estimae the
transit timefrom the phase afross powespectral densityasjustified.

The possibility of realization of operative automated determinationaaferator
temperature coefficient gkactivityin the structure oin-core noise diagnostics system
of VVER-1000shown,providing availability of information from thermocouples at the

exit from fuelassemblies
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In the Chapter four the problem ofthe selfpowered neutron detecttwcality
determination was solved, namelyby determinng at what distance the signal of
self-powered neutron detect® sensitiveto the vibration and other processes that take
place in the area of the s@bwered neutron detector locatiand that modulate this
signal. The contributiorof fuel rodsto thesignal ofselfpowered neutron detectaras
determined in accordance with their locationregard tothe selfpowered neutron
detector This allowedo localize thduel assembliesibratiors.

In the Chapter five was first shown the possibility to restotbe signalof the
failed self-powered neutron detectby means oheural networks. ltvas demonstrated
that theself-powered neutron detectsignalrecovery is possible with anaccuracy not
more than 2%undercondition ofneural networkrainingin a wide range oflata.This
allows to providethe control of energydistribution in the fuel assemblwhere the
failed selfpowered neutron detect@ located Modeling was carried out fatifferent
sellFpowered neutron detectsi(differences are within gearthese detectors using as
well asin theirlocation in thecore, as well as fodifferentpower units.

The input signalsthat give the a minimal inaccuracywere determined, the
comparison of training algithmswas presented’he importance of such input signals
selectionfor the neural networkhatdetermine the nature of the output signal nveess
stressedThe best architecture of the neural netwedsdetermined.

Appropriate software was developed the C# programming language® t
calculatethe correlation and spectral functionas well as tocreateartificial neural
networks Verification of the developed softwaseith test data was carried out. All
developed models and algorithms showiedir corre¢ work. Validation of software
was carried oudt signalsfrom neutron detector®cated in unitof SouthUkraine NPP
and Zaporizhzhya NPP.

Keywords: reactor internalsfuel assemblyself-powered neutron detectoin-
core monitoring system, icore noisediagnostic systentransit time, coolant velocity,

vibration, neutromoise neural networks
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Lag' hjdedg" 5 o' f)' yOfmbtsls Hjwedn §° 6

LB dh jdedzy OBy dz kkHd 'S e ROOSI

oL day jSdis G j toj dzls dzgsls i Qitels|O dirfdgdetidtit ©

o j dzd Y doalzf 5H0j 6 j HY o Odz dzj 1 5o ' HBUij d

Oo Ots' 2 dzj fso' Hdgd dadz" . l eslsw ¢ 5 d

My sMmsjtt' ¢OdmY § zOo &z0@ L &' &0 Oy dz' k

v 447 f° fmdzv -fhtdssirige] fHodiss s d $MY dzz Ols

sdStsdmssa o Olsd Mfjy' Od dz s Ol dMmlsd¢

fslskzy desls'c 5 BB@ERAzdzs, 18 55 MY s ot Qe Rishs j figy
Y O fRKf):

In ¢e; (3.3)

&P (1) /&R

§M%agmmum¢% (3.4)

Hdg, &1 ( stet5eQL. dz@Wihrdg' MIsOlsdmisdsd te' o dz dzlz c
fslssydtsets M jSlkte® L jlsOdisdzdzd ds.
1 Of e sdztse Odg' H ' Of das@nsddf &zs H sy dzO0 € d 1
f 59 d dzdz Blzlsd i teitdswpjificH Y Hdgdz'oH dats’ j &Mt
ftetsdBd Mdztso ts° ISy, dzk0O Iy ™ o
- jbOodzsdzdzd 2 Ml Odz MY jSClsteOdz dats’ G kMl
Lt BOd dsets (jlsOdsdkses) MOy’ td
9 ' Hlsotstcs 9 Odz' fMmiskze ftfsteid tots offdstaydatisdgdz0 te dzd
- 9 HA3 dpde'dMmidfitctse J HJ dedz’ f Stc’ o dav tlztizls ts fds
My jSsteOdz dets’ ckfilsdded (BB gastEs ot
Bsy dzd o Iz dzj MAdeOBQEz' MIs'o MIsOdz® 5B &ZOH &
"HjdasdW" " COy"' w ftedyddz odwedzj dzgdiz O
tcJ dzizls Ols ®Rf dz' W yd3tsoadg dz' sB' ‘ ClO, OB fs
BjLYBMjtejHdy htslzb g o dzj dzdzw
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35. uj B j e PESgdz’ y' ‘ dzs toj OCIsd o dztsfls’
351) dL dzOyj dzdz? s B j cOztedsets CjW' y'
vy jcObkiedd?2 Sj¥' y' ‘dls tej OCIsdo dzsf

Mfteduddzj d2@ L &5 dets® Isj s jOlskted Isj§ dztsd

s jOkted Isjf dsdtsh' 67706 OCkdodz 2 L Sdg

W
T

Hiritej OCIsdodz" mMis! ] OCIststcO;

TR ted HdzY s st fas@astinte® 5 OCIsdeodz 2
AN Ldydes jWjiClsd toj OCIsdodatsmis® o' HYf'BW '
Bsy sy BRkIsd teLH' dzj d2 dzO He' COIsjetste’
ltewds® jWjClkd dtsykls! BERIsd ttsL H' dzj dz
M ZOHBOE d&O & Ctetstc’ o dzf ‘ WO H 658 € tc tsc
gl jCIstcOdz? dzO MC ZOHts9 O 5B IBitE e dzj dizO? Is itc @3 'dzc
o dzOfMdz' HsC L B dzad Isjf dzsotsets totsL i)' 8 8 Odadgw
i seo " dzt dz¥ 9 OyO. S dZOHtS9 O chkMmisdded * tojL

L3 detst 2tsegts Isj 3 j teOlskzted .

1dfftewd JwisShd Mmbsshizels! MWist | ey tots¢ § i
fjtojtesLitsH dz sBkzd@ssodzj dzgd?2 Isdds, hts dzOo "
9 ' Hdesfydets tSHddzatstc' H dats® 9 OCIsdo dz 2 L sdz'

(3.5

SHdastc' Hdatss sMm¢ " dz@ € d O¢C M Odz' dzj totsL |
LB dzhz' s MBkzL@Gbto detsd jJictsdzed o d&zOMdz' HSC

vst BO' otORtokzoaOlsd Hftwds * daj ftew 3
ftosyj HEZte® L dzOydzts LBEZtos * OCMm" Odz' dziz W

Isj B3 j cOskzted Eftseo ' dzv dzt 9 OO, Ists ff jtej tetsL
izt J L dYHOIdmMw s dzr €d wW¢C dzj f tew dzd 2

Ust ‘ Yyomilsd dztsls o sdgjsh@atdcusdizlz o Ilrt,
tcd OCIsd o dzsmls”’ OCIsdo dzts”’ Ltsdzd o dzd dzgj dzO
Isd B J OIktelz Isjf dzsdesm'™ v yYJtejL Ld3 dzz Is§
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fsoowLOd L ust ' jWiSksd [s{fdjco,
fls OB 'lat dgslfy 1 .
Jted BOd 2 L& d& MmijtejHdy 5° IsjBfjOkk
d ft)=uv s t di)"(1). (3.6)
ZdW"E ESLEORkdSE Mjbjidc@bhEy g Ok
fMiklsls' o5’ cMAEsdz $d kO ¥y MOKO &BjkssHdCO

o tof 0o Odgdz? 7 SOC °  ftod tSL©LOREdSL.
o dCttedmssokzoOlsd MjtejHd® HEYEBdEsGEZYL &
ave, —_ Fﬁrm(r’t)dr
are (t)—ﬁjr. (3.7)

CShs L3 dzO0 Iisjj detfizistdaBIel e dzsmdets tSH detstc”
oS tcdmMissoalzo Olsd dOMlskzyf dzgj o dL dzOyj dadz? HcC
dTin (t) + dT,, (1)

5 :

Hi dli(t), dlo,(t) § SL dzOy @l lslzlz Isj &3 j e Olslzted Isj
odnrnttH OCIsdo dats’ Ltsded o' HYf s9 ' Hdzts. cEhts L
OCIsdoedz 2 L ts5d3.8) dzjs tsls i\ deslzv alzdav sB tc Oy O L 3" d
Isj f dzsdetsm® w, 9" H WO LOdjydl! fttOs ddz c

3525tcOHdy" 2dz Isjrdz €d odd3 tcs o Odz

U BOEOI! 852 CEO’ dOR, LBCtEjBO o VSO’
vst I dz €d dzO ftsyOlsClkz fOdzdeodzs’™ C OB Odz
oL teOn 2dzC d L 3" dzd f Oubftodig Olsly c sd3 [ S MY | to
fJtcdJ o' 6CO isL tcOndzEAfIS '8 dz'sG tsdizD dijs Issdzdy & 5 dzlz

wfn dzlz * HJGC dz2 SO diBjlstsH" @ odd3 tos o Odzda”
tcj OCIsdo dzsfls* h s ddzOL k #Bldz'tefij vdzdztizO o o dajj DS IS
fsmdz Hize Y’ C Cdif J &zl Oy " LO HEs tsdit
OCIsdodg 2 [fgdztso dzd &3 ISt OH[GA " 2 dzd &3 3 ISBH C

B3y stsH L d3 dad Y slsky desmls®™ yd ¢ MmJ datsdzts:
Ld3" dzs ' Is! Mw ' 9 j dz f slskzy desmls” tcj O

dT2ve(t) = (3.8)
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CMmJ desdzlz) . 1" fpdzv  ytseéts o' Hftseo ' Hdzd?2
L d3° dats s 9 n' Hdzts'ls | thgztziks i@z doaldzlz  IsLists dz
LBjtejyjdedzy Ctedlsdudesfls’ toj OCItstcO;

B IstsH o d,uff sdq O dpdgvts dziz Csdzy dzlstcOy " W
fsMmils' 2 detss ff totslsh ¢siB.df I dad | v I dg'slit @IEAlAf o «
fslste" Bdets L d3gj dzh dIsd MmjtejHdzt Isj B jtcOL
B stsH L Od' dzgd toj G Iz dzs sLyds cdss ‘frjds tefigwy diy j, o
9 nBH ' odzz OK tsdiz . Il " HYftse Hded2 JW4i6cls
L a3 detss o jdzdydded o9 jHjdedzw fjodadr
tcsLtcOatsolz’ Is! MW yd odd3 tet ' Isi Mw 9o OG (
BBy sStsH tosL B O9 dzj dzdz¥ B Wsiglaizf j fet®dh iz dzt® drtei3t

OC Isd e dzlz L tsdzlz LB  dz hlz' Iss mw . t 4 OC
Hf sdQite st tisL B Oo dzj dzdgv o a3 Misk B ESiclk.
[ jIstsH tetsL B Q9 dzj dzdz" Btstolz ‘ dz02 B " dz' h

[Mdeso dzd dizd f jtoj 9 OOz R[EBSHEZ tetsL B O9 dzj dac
odMsSd?2 ' ojdz Ibydtshmls' tosL ORI (
fslste" BdzO WwWEC Hdzv ftsf jtojHd BGIBO® L
sy dz¢d MmMoOsets wuvst . [ WEO s dcd Oz o
HAdW J ted dgy’ 2 dats’ 90cd BBtEGE L d3° ded ¢
odd tos ‘ Is! Mmw, ssH® WwW¢ fjijtehd?2 tL O
hts Mzyomdz tj OCIsteds CsHd fjtejHBO
HizY J Idsbdgs S Po)His 2
dzj L dzOydz©@ L d3' dzO o tc®©C fnts Edrkdzs dzts st to «
odd3 e sls! Mw Is' dz2 €d Isj B jteOlskzted daC
Il Mmjted Hddz OCIsdo dzts”’ L sdzd dz§ o MisOd
fjtej HdzW s jlsdiff joatsAIt@O R so 2* 54 fw  w@
Isd B3 J cOIskzte dzO. orm@de] ¢ dLoddGusiHdzdzy M4
fjtejHBOYO*' s L3 dzO Isj BB j cOIskzted s,
OCIsdodz' 12 lamRdz' y gzw yBhlssHbk totsL B 09 dzj da
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OCIsdo desf sCLAdfelzd OC ' Odz! dzO shfipste ZOte A
L d3' dzt ‘' Is! mw Is* dz' € d dz@ tcdizj L dEO dzkzlz o af
sjtf dzsdetsp' w. vtz HOdZO fMjtej Hdaw Isj d3
oddz to¥ 9 Odzdzv 7 dzj odEtstdMmlssokze s+ Mw
Ctsd3f 4 dzlmOy* 2 OCM'" Odz' dztse  d i OFHfPtdglsdedz"s
o' Hftseo ' Hdzgj HttsMmls] Cttedcdlkzo Odadzgw H dzw
f slskzy desfls’ .

[ jlstsH ttsLBOo dzj dzdz?" BBtekz RBO' [SPS Y dzO
94 d2zdC O dzjodL dzOyj dz' mls: k£ odd3 e 9 Odz
HOdzts® ftotsBdzj dstss, HdzW o dL dzOyj dedzgv o

HjC ' dz €O ftese Isjf dzsdetsi' v, ' BteOlsd
H dzw ftctse J Hj dzdaW oddz tcs 9 Odz f sl6BtsB
126 tsH d dz) . lteslswesdz HOdes YyoOmkz dits:

Thdz 2 eofdzde § msistc’ B drtslzj gty j daEnzlo O Is
s dz' € d Ud t6jQF Itefso dgO ~CzLdER i o 3" W dzd B
olstcOIsd odipyg Etwsg @] ce] VW CHhn, odEQOC
ftesatsHdIs! BO2 Y J ZzO §tseodz 2 f slskzy
ftesotsHdlsd odd3 to¥ o Ghdzdpsis i} dztizfg ls ‘'dzO Y J1 &
EmMis©CoaCd LORdMiskz dzO o " H G dzv yj dedds j ff '
2O ftsdedy jdz 2 1 tslskzy datsfisH d df teHsA'W G s digO
o JqtesBdzd ylso © jdzj Clstetsj dzgj toG " °

sdMmls Mftedudde * fitejn’ Hdzd2 63 dAE
o] OCIktstclz bkHEcHBISA dBMdeg cE sH (L OL o9 dyo?
fjtejn" " Hd ftetsyjfmd, ' fjtcOltsted &k
o ls @atzlsg Mw MIsOyY;, sdOtedz' Edtse d

o' Hdzfmdes o J dzd €O ¢ dz €' Milsy OO Ist
totsL tc O RAXdEC oodzts ™ dzjsddgfisy 4 BJ L §f 5] toj H dz
fteOCIsdy’ HdwW Bty dfd uvst.
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353zkd@itso O IsyBFzE ®OIsktedztsets S84 W' y' * dzlscC

[ SHOISC S0 O disy dzde ' Mils! odL d2OyOIlsd wuvst
odd3 tos o Odz' des’ s §ZDdz t€figfdzs o L 15 Shtelyj g0 W & d3 S ¢
o dL dzOyJ dzdzv U S L OfmistsMtso ¥ Is! Mw o dzz Istc*
Isjted3sf OO dzO o dnmBH' L sksy, MOLREHz dZOm It
LB teC 8¢ . zbkdise' MdedzOdzd ydes HOBA HJIS] !
Bsyj BEIsd odH' dzj dzO. [ Mdzsb HzO 0 4 figlg Is @S Qs
o dzsmMdisd ©p@%ls deaas MBS ststc Hdzv o dL dzOyJ dedz”

it "oajdy¢ hEdRESdHdHiIBEESdREEO L OLodyd2 ddL
B Y MIlsOdzH Otclsdzgd d3 © " HR ddzj dedgw g * ) j%ej H dB
sOC O ttBtttsBC O MdcedzOdz' 9, w¢ Of OtcOlsdz] o+
gltzr Od@ydtVctaddwety ff jtojlso & fzBeetso Sz Risa ©B j
ssydzd?2 MdedzOdz hzdsz. 1" dz2 hj bbes, {§tsilst
L dzOyJ dzdz" ) hedd stk dzj 2stesdz o . [ M
HOS Is! ftewdds s tstey' 2dzd 2 dzj 2 s & @zdztf d3le
COoplttzo Odzdz" ydnrmr HjlsjClststc' © oL O d3des o' H
dedodckz " Ezdz i§jfdfsjdadys e dzy® vst ¢l
L dz2Oyj dzdz?¥ MdcecdzOdzz h sz, wCj o' Htse' Hds
odf dzde O, hits dzj o da Gaadid dzn & 2O dzO D JdgO ‘tc & B
fstc’ o dgv dzs L o' adgj d3 N Ezd3kz. 1 Of ted § dzOH ,
e dzOdzlz Isj B j eOlszted 1LADL o dsus® a8 4G dzh gz oL
o dugt 9o Ozs sz M d ¢ dzOdz' AC 3 ffsq j LhCztelrg D@5 j to
0 j ddd§ f stc' o dgV dets L Is jiAg i @aO Y J dz' HiseBz o Ot
HtsBtok ILhthydsoidst ty' de¢d vust .

CShts toj OCIsdodz Misy L Odzd y lsft),ieo "= g j O,
ftedtf 2mM¢ O yd dz' ddec P @ ls o o0t fylstz'tcidOCHS d 9 lzfs B Is
tcj OC Is Jdp@asttsdzts MlsOy' sdkkOtcdztse s L dzOyJ dedzv H

dosstam+ & Ysaw. (3.9)

i=ls, Tave
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WHJWY LOMstsmMtso zo Olsd i3 tzt3is & i @ dzadisid0 dz'o I
1977etsy’ @ o dL d&zOYyOIsd wvst ¢ ttsi sdzkz 990 dasfipfrdzjLc
h z d3lz Ist3Us%r;g;eG)lsltﬂzaﬂ3lz tcj ©F[BAfo dzts s

sa’r

U s E (3.10)

dl-r%VE
)" Ld hj, ® 1985 sy' , Bbkds &6 OL OdE
odHO&]Isd, wChits adSCtstedmiscsolo Olsd MY j Clstsc
1" mdzv dBdets ) j dBR)ydzQ@E @ €Yy, dzdz? oL Weoh d Mjted

N

_ N W
CCF, ravell) =0 8 1 ACF ae(f) + amﬂﬁ3ccﬁgﬂﬁ40, (3.1
i=15, Tm
Hj AsCF COBLB oL O Bdets St jdzvy' 2dz WEkd
CCF, rave(t) =(d ()Tt +1)), (312)
CCF, rave(t) =(8 Ot +1)), (313
ACF o() = (dTa" O aTa"(t +1) ). (3.14)

CShs fdikmisdisd, Mt WdhkkSsToY' fs®lsc
BjLOd&jyd o' H WhkkSkkOy' 2 Isj&fjtcOzid
Ldzd C O :

CCF.. drn%ve(t ) =0. (3.15)
[ Odzj Htodfkzh jdadzw o tedzj o d3j ¥ On  j o dats
CCF, avell)
USFE ACF(;T;e(l‘) : (3.16)

bzt IsjtedzOlsgo dzs, wst sy dzO o L @BOUES
dfg+t)" eLwehd MmjtejHdz :
ACEF, (f)
CCF oo, (1) (317

UsF
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Mmsyo to'(dl@pv@EdBL Of dMOdz o Yyomse ' 2 B dzC

ftcOCIsdydeddzd) StodL ag@ipfsdetiztiz’ @ B ZOMIs' , Ist
CPSD, (W)
USE APS[L);F;e(W) : (3.18)
APSD) (W)
UsFE CPSDW%( W’ (3.19
Hd APSD K@&Ez@BHOzd ¢ t5iskzy dztsyls @3t sl
9" Hf s " Hdets) . Il sdzd o dL dzOyOs Is! Mw W ¢ ARzt
ACF CCF.
vdd3 dzj d34 dzh dz’ hzds toj OCIsdo detsfls
Mdtej Hd 57 Isj B j tOlskzted Isj f dzsdzts ' w dzj

dzj 2 stetsdzdzd 2  st6OC 20 &g Y j1cOBHERtsSH' L toj
ust dBO° Blzlsd o dL dfoQug @zl jdis elO@3d Is @Xd digj O¢ |
sj i3 jeOlskztc® Isjff dzsdetsy' w, o Iss2 yoOfm w¢
o dd3 tow dzd d3d .

zkds t©j OCIsdodesfis’ , §td § r®did zOAL fhariud
fslssClz dagj 2btesds 9, wGC §COLOds HOA .
Odsf dz' R(tp'W W 2z de€ y ' (1, tydeQeigis(lz f dzd o5 W d dzts dfs:

F(r,t) =Pty (r.1), (3.20)

;ﬁ‘o(r)y (r,ydr =0, (3.21)
fo(r)=y (r,t=0). (3.22)
1 ' s3RNdAB32) o dH dzs, hts WakkSkkzOy' ' Wkd
fsssClk ‘' tthsctsdod d :
ifo(r)d Hr,t)dr =0. (3.23)

vOCddy yddesdz h E2d3  tsHsesRAMIsY WeBH s ts Isdid |
odL dzOyJ ded 2 :

d r,w)=d PX(r,m)+d yr,w), (3.24)
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Hjd P m=Ff,()dPw) @ S ZOHBe O ItsyStets’ ¢ dg
ANzdzSy' v ORfdz szHd L OHBse sdzd dgv oy Jo dzB Uzt
LOf dMOdes & yYyOMmistslsdz 2 Wistcd3' :

aP(w)=d (mGW). (3.25)

] HOdsHEz G o'de ezt j H Oo Odz' datss WhkdeS y'
fsodwLOdZO L f§jitejHOo Odz dets®  WGAuES y ‘20O Is Bz
y d dzts ds:

_ G
G(W)—l_ FWG(W)’ (3.26)

HiF(W s d fifixs B t58 d3JL ro @l SLsdfz® avts € Iz . 1 O9 HV
ojdzds ' 2 fMmis' 2de 2 yYyomk HddOR €d Isj ff dzts
LotStetslsdzsets Lo dowL Sk BEZuOds sdks®@sd d Off) 19 39 yc
1 tod W' dz' Istclz o Odzdz dzd L+ € dn YyOofmlssls mdc
I BY J cOlskztcd Isj f dztsdetsfyp' w Hts Issegts WwW¢ L
Isj B j cOlskztelz Isj f dztsdesfy® w . [ IsyF{w) *HOtstfdizvn) Isuf@i¥
B' dzEh g1Q Y0 1 tsfdz' H z 6(Wad,@dy dxd o(8R26)ded@'fls ' :

1 dPr,w)
TTGm B0

vdd3 dzj d3j dz" o dzzIstc’ h dz' tsL tslsZdaif2C du j fis g
ssyStsots’ ¢ ' dzgjlsdCd o dgj?2btesdzdzgsdBz h 2d3" ,
tcj OCIsdo dzsils Bsy4d BEISd odL dOyjdd?2 L
fsotsHdls: MmjBJ wW¢ btsySsed?2.

z2HEB "EZddkz Isj B jteOlskzted, Hdzv 11 [ tdz' digsy
Isj B3 j cOlskzted, LOLOdyO2 ddhj dO odrmnBH' ' |
d EMmY j ted d3§ dzls Ozt dzd ~ tcsB SlIsOR fsBRZzHtSO O
odStstcdmMistsozo OdzOMWY o fm! sets BHARZO IsjteRBIs] O
Em' " Httseo jHjddr dlsAf'n JHOIiNf edjdgidaldy @ 1 to«
Isj B3 j cOlskzted Isj f dzsdesm' v * fHioshstteso s
y J dzO B dzd ¥ J dzdzv o ' todzd d3, LOWoO dzv ' st fw

(3.27)
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odzzlstc’ hdz' sLsdzdzd d&3 HjIsj CIststetsdy dzj 2Istetsdz’ o
Bsy BRI Issydes odL dz2Oyjdeddz Is° dz2 € L O |
heddz Isj &3 j 6Olskzted d3' Y Hilsd SIssteOd3d dzj 2
otcOrnBBolze yd MmOz yoOmk Hjlj Skt 8, o] &
YyomlsslsOn 9" HMlsOd® di3ddz' ML OH afthd®@zd R j IslzOC Iss
Isj B3 j cOlsHasd)' Bjf @skzn O fosia [sotalz ddis L1 Shddaizist
dzj 2 Istctsdz’ o . widzlz * sl s+ o jHddrfv € Oy OfnEglsistc
HoBARBO Isj el OtcORBd ofMmjtejHddz OF ldHp detd ) , |
hs HO' Ld&selz f "  HIseajteHdIsd: OCM" Odz' dzgj L C

{34, NMPwoB odLdOydlsd ust 3 dets'ls foiy Budptic |
hdd Isj &3 j tOlz@& d0y 1v BYy'desdBZ H ' OfFIDY Bdz' BBsY C
odStstcdmMseshsdRBJotfcdzvH  jtoj HOD Odz! daets’™ WL

Go(w) © 11) , (3.29)

HyT PW jCIsdodzO yoOmlsC O dzj Astetsdz’ 9, hts L
LIy J§, LodyuoO2dz0 By &z¢ O wuvst, h s sy |
H' Of Qofdzsld sHEsH MO L ZOyo*’ s+ fqw w ¢
1 CPSD) sy, (r, W)
G(w) APSDy (r,w)

5sE (3.29)

OB s

1 APSD . (r,w)
ve Go(W) CPSDy. 447, (r, W) . (559

36. 1 OHOYO SCtejSldtsets §j tdyBndstiHzdzOaZday
4t d3 N j dzdg”

[JHAZO L LOHOY su[: odL dzOyj dedzv-¢ tf Pt dils
(BRY L 1000 " H yYyOfMm L Gctc' 9lz, OBts i
fiLkd EOsd ROL OBtis'do C d3'du tcts BrdrfsmtpORliEdAzO d;
dzaj Hisf 2N j dadza? CtsdalsOCIslz tsB dzOH dzOdzdzy  t5* st ‘sl
sMdzOh j dgdz" 5 IstczB s tctsotsH ' & tsB dzOH dzO dzdz
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fjtejds M jdedzd 5B dZOH dzO@czdz”, SOCty od¢C tsted
HSLodY s Is! o dL de@yOlsOt O lsoj' tadfd@yl $d 58 d
fjtojratsHE o' H fn o ¢ Bz® tizly tc JHi tsuedjj Caie| | dzdzW ]
BjsBR' Hdes odCtdOlsd t§fjteoOy" ‘s j ¢ tel
o' Biosh o ,H CAMYstls ' o5 ' o H B 5 6 Js B d5O tzitatzdze
ZzodHCVYthdgtsy J BEkIsd odL dzOyj dzO@ W Cx(t)f s= * H

dx
t)=" 3.31
V()= (33D
) od MS st@af)dedgL dz2Oyo* s v wW¢ Hiskze® f5°
fjtehO Y8 H&ZO o' H hodHS M :

(t)= dx_dv (332

dt® dt

[ HAZOC dzOf y' € Oo dist dz@ D lsde tsts Ja40 ] d3' O jOdgdR"

r dzw  y'! setsHd BSltc’ s’ dzlsjctczo Olsd ftedms st
dzOMmiszy dzd d3 yd dzts d3:

v(t) = vity) + palt )z | (3.33)
X(t) = x{to) + py(¢ )dz . (3.34)
10 s M tstej dedzy dgj L a3 dg® “ st mw Ly
V=V, +at, (3.35)
X=Xy + Vot +a;2. (3.36)

[Isy] Ut Bdets L dz@Is i Ol s @QIs@ s H ¢
fjtejds hjdedzw) hise bkdedSdezlsd ftsndssS * dal
stz Blzo twtsLtesBdZjdd?2 § HA ' H, It dzgj sk

J wesfyls' tf ol & drOdzjzdzs f jtoj d3' N j dadaw ft
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X(t) = Acos(t +/ ). (3.37)
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Y J dzlstc Odz! dats’ lsj tdridsedS d dz@21B)dzd §ffisdCrdztsle af Y6 gz" ea3) H
Yytslsdt! sn tWHW. 9 s jdz' @9 ~ 36
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| fesyjf’ toeskd ©j0Ckswe0 ffjCkt d
COSLdsC Lds ded CtSdeyj delstOy' -6 8 thtdidss b ek fi
0T bkdsS odcettOddy §Odkds O db.dOSds fday sk
uklsdde ' fps:f jidMkL G €@EL S o d G 5ieOdzdgy W i
CON L dsS L& dd MijSleO dj 2btsd o o 5] O

#ftesh j 2O Mad BO odL qgOuj dlge"iyf [ Itesu ]
oL &ZOYO' 5! MW[1s: O ¥ 56 Bl dzts &

a; =& (I - bl), (4.1)

HlyTL dzOyd dedzj-c st @B dics 14 1 1 o

"L 20U dedzy g G ZOdle -dp s deEd e s sl gl

a'bifmls 2d Cofytyshdigds EELELOTED I

SV ya ‘Ldsl yOl! o' H L& ded f§ OwOd] St
OCIkdodets’ Litsdzgd GsBddLE tosLISON o Odzdzy |
sj B jeOlkted ' IsdMSk Isjf dsdsn v: ¢ sdsj
(il .

St W' yb ‘odfls fz®YO YOMISCE odd W dHl,s i

o' HdetsMdjds sy 1-dglis os1 1 .

l s11 fjthdr ft¢td dz LOMstsMtso zo Oo
ofmM'" a2 117, ttLls@288o.0ddEy oo ts@Prllzg Odzdzy o d
dz0 MmdjesdsOdg 1 L OMmistsMtso zo O MW Odze sted Is d3,
Mstez 3z, f et sSteydz'2 dzrcaBtsg) iz diz' dz' 2 dzts d3iz
ZO Htsoy ddz HRdag'E 't .L al' WHLOCdE] 2 YO M § dsdg@ diz qzl

Wisdese X d dzg) d L TGO mdf dD Uizt .

) 11-¥Q00 ftetsy Clssd fJjtedHBOYJ dz t
jdzgj tcetso dH " dzj dadzv d3:

Hdzw h Otc' o (oo dats dzdLLtEzizdO CHIZRIB I IS/ frfifl§;te j H d dz
L MjtejHnddzd OSCIsdo dzts’ Ltsdzd HB 9 Jjtonk
o f J todets Istsy SO odz4 odddin tdds 1 QBB i b fipdy.
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[ sy d&zdo tfls' M YOk sdrlilss toj Oz’ L ko OF

0]

¢ Odz dzd B3 L tcOfR k dECkshedols i iBsdRfiy

dzj cdtsodH" " dzjdgdz? Iseo jdz' @ ° LOfOM HB Ctodl
"HY S9 ' Hdaiztste 30 Hs oBtils y dzs® R ®GYBHBHR) dzs Oy’
[ dzv Ctstej Slsdegsets odte" h jdadgw L OHOY" 9L

I

J

Hts [ ] dzjtsBr Hdes odte' hdlsd dzOMilskzy dzg
otcOnlzo Odzdz" o e BBteW dzdz? BOIsSj 6’ Odzz J O3
odL dzOydlsd cjtsdzjlstcdyded?2 W OCIstte, 0]
rt¥v, o MdedoOda 11 ;

odL dzOydilsd eofdzde L d3 dzd My j SIstc O dzj 2
MdedzOdz 117 ;

odL &Oydisd eotfdzde dzO0 MdedzOdz 17 L d3
f Odzd e O, Ccdm@Ezls tc @YW MdzsisBdg &t Is £ fsdzs
Isj B jteOlskzted Isj ff dztsdatsfy’® w .
fMjdg'j HIFI UMD C " o B Iz dfdzctadsta diddsigddzj telas L tc O 7 L

b dzS y'Ssdafde Isdzd B su L P Qldze g o-20q0[88]. ] s eBls’
OLdzOYj des, "5 §jtejn' HdzO WbkdSy' W o' H Ml

Yl OOy’ ', O tsL®OLso k' Is! fwlooss

HOdzd 2 yYOfm ttsL 9 dafp B B to\s dadzniiizEipl otz de etz

SLoBdYE Is! bkltsydd@s my oOfEststefffislkiss, z 0@ Is ¢

jejovEdssy' Bl ds§ ORdo O.

| HOdsEEz tsLH' & d8es H oz O dadzt | Loz dif tis
s yy Hizdsz o Odzdzy ) d ¢ dzO dzlz M s jydzj e’ v Isdzjn? s tste,
17, o wW'ls?2 K'dz@ O s 0C 5k di3ls dede® dsde 5L ¢ dzv H O
OHOY' odL dQyj dzdaf j o) B teH 2 9 ' H mdc dzO
| dzj to ¢ i fladay st KB ydhd
C' ' dz C' Mdets S OwOCIkjdLbkyls: ofdde Isj
Bstdats’ S dMdslsd e Cis g s tzs @0’ M d ¢ &z dz
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- 9dL dBOYOE Is! BBy ftesMmlstictsojts ¢ Spsdzdd
seo j z0O~ u©wl .

43. [ sHj dz2 1 1)

[ BH j dz Hdzw  ydfj dz2 degdr tetsL tcOrlzdzC " o |
Wistcdslzo Odzdzy Mdicdm® dzif cts @ MfOdZIPSC Isdoe Oy*' tc ts
festsClk dlakbHttdsayjf Wsttdze Oddz?y fd ¢ dzO dzl
Hsf sditsetss M j y' Odz' L tsolE8zp @) thets £dzg'H Iz f OHEDIA K
dz0 9 j HIg QBAdz.Iz

v OB ddflyv [ Mdesp@ac Od3j Isted dBwBIsHjdZz2 1y ° s
ri1 vo j dz
1 02 d3J dzglz @ O dzdzw | :
JB | " LsdzCsdzj §IsOB dzf 5B 5dzts
Il dgzlstc® h dz° &BRH| O 0,48 1,0 0 7,79
1 seodz hdz Azds | 0,48 1,0 1,3 7,57 9,1
[ s 3 iz, 250 250 250 3530 3530
[ Olsjte' Odz Rh Al,O3 MlsOd UG, Zr + 1% Nb
L EmMsd 20, ¢/ M| 1241] 3,99 7.8 10,4 6,55

[ dzv o dL dzOyj dedg? L tsded yYklsdzde sfmls' 19
slssykze ydr o j zOR, otcOntsoks yd MmMddj stc’ *
Hisfd Is! o toChidzy @jlddd . H &' HdzWw IS H | dz¥ 9 Odedav  f
tesL edzv dzzlsd B dzOMis $ 0 B i g t€ Astftsolv® Isf) d digj olsj
tctsL IsOh ts9 Odzd 2 rl), Mm@ k@S sy tcyddpl jLdzdB tc Oy J
fsfJted ydzd2 tetsL e’ L sB dzOMiIs " , hts s H J dzo
B dzOMIs: 60A MjSlstc® Mddij st
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t M4 ) s j tojoyded dsBtEEOmls’ uvly, s &SHj d

1 Jtekzyd H 5 o Oc d mdd3j ste” © BsHj d
o jJtolsdC Odz desdzgz  dzOff tow d3C Iz, fted dsHJ dzt 9 Oc
H' dzv dz¢ O vl 60A Mmj Cltswz@ 5ndudzgzB®ie) dz' o of dfyfe
25033 dj SIstste ul, hts ddgtg R j dfsts Iso iy s Is * WzidsizO
Csy dzO Hdzv o dL dzOyJ dzdavdzj fp§ ¥z f) 6 ¢ dz® tzO dz’1 dpts ¢ &
(tc d 5.

%OHa -ZJSOHa -1130%\ 0/ 30Ha 1| 30Ha 2

p vy A

an3

t M5 wnjd@RseoE OtbH;L ISOhM 2o Odzdz? L sdz vl



128

stets¢ toLIsOh o Odgdgtcts® jtdzf " M@d 76tcd € ks

[ IO sH jidedJa @aRdgd Isd yklsdzde ' Mmis: d&sHj d
HS L d3 dzdd sOSCdrmr HOwOdi3jIste" 9 toj OCIsstcdas’
Ctsdzyj dzlstc Oy 'S frpditdsidts © s j f dztsdztsfp® .

4.4. { jLEzdz IsOIsd dtsH j dzt 9 O dzdav

¢ dzO0dz' L tojLizdz sOIs’ o BsH j dz¢ 9 O dzdzw it
Wistcdidzo Odzdz? MdcedzOdzz 17 HBLotsdw' lstedd
Meteczdiz is) 6 " Mistctlz’ Wz Rdzisc 5 i) Hedste ystizd] izl "o dz,
9 WwWC'2 ttLlsONsoOded?2 s 1.

l dzj MsS o MmMdcedzOdz 1 1) "' H Iseo j d80%, M
L Odzj 3 dztsfls o' H Isjdif jtcOlkztcd Isjff dztsdatsfy’ v
shdsodzz ko Ot HCHHIsdzj dzseo vl y, o w2 ¢

l otsodpdH2) OdzOdz' L ykzlsdzd o sfls BsH j dzf
©' Hdgtsh jdzgdzg® Hts HEMdzZ HYEOOded f zZE DO ' Stc’ B S
Isj §f dztsdets ' O IsOSCBy lst SHBIPPIits O Izt d d3tdsHj jif ddz

dZOH "' 2 dzts W' UAdlw o @Od s g d3 Isyj oeflf J Idqj@Yfisdzttedtzte fiy © WC
Csddzlsgic Oy’ &  detsledzsdidet.q MLO0SC dd3 yddetsd3, tsHJdz
OdzOdz' Lz tjLlzdz IsOIs' 9 dtsH j dz¥ 9 OdzdzY : G j 5d3]
" H & Myw wLilsOh (e Oz dzdpn) o HPC Y oL
off dzd o Oz RBMNIskzy * dz' o d SEteW dadzve JHAD disdj2te Oy
LOGOdZ dzO Hdzv o WO zp Dilzdztizts & g dzis 687|dzdzw  J 3" s

] tctsB S9sWH-86][ f toj HMIsOo dzj dz' H Odz fs Yy
L3 e 86 J B IsjtO 11, O BOECtYy HEB L &
so jdzO ' CtosCkz ttsLIsOhzo Odzdz Iso j dz] &' Is i ©6
0,048z tcd L o sHdIs' HB L d3j dgh j datizy P c @O delalz di
LS9 dE ses H' Od3j Istc@izdf @ dzg s dlsdzOH B, LB " dz
oL d3detsy J dzdgw  dzj 2 stesdz’ ©¢ dzO O, 005. [ Odz'
f Odzd o dzts” IsOp dz] Is CHjdzW dzCeeJ fHO H € s B tf dzts d&Gsdi 3 Jis
L Of sovdzjodsta 5 L OL tstolz  d3' )¢ lIheodjeR@esss [ f O
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i sLYBEZ] GCEIMdJedzOdz 117 ' H Ltsdzg 5 odMm
ryy, ftojHigE®MPdz] dzats o

v OB df2yY [ SL ek ENpe dzOdz 117 9" H LBdz {1

vj B j eOls stsdzyj dzlstc Oy ' | 1 sdf ] sdzq 7 5 dzC
s j f dzts dzts iy Cdmdzslsd, d 0 | (-1+1) | (-2+2)

290 0 77,81 2191 0,28
290 5 78,70 21,03 0,26
320 0 77,04 22,63 0,33
320 5 77,83 21,86 0,31

1 Gcd H6f tc j H Mis O o Haj digsfy CL mR" fdz) tdsjoHjddzrGs Gats L O dzj
desd3j 6O tWHEZ Ise j dzO.

5,0 \
i)
3,0 \

2,0 \

10 \\

D.D 1 I I I I I I I 1 I |
0o 2 4 6 8 10 12 14 16 18 20 22

1 SBEE® kL | &zO
it dH6.1 dzj s Snd ¢ dzOde [BHdze 8 Mjtoj Hdz tSE S5 IS¢

mdc

9

1 dzj s ¢

gz B3OwadaiRsMdedzOdz 1) o' H Isoffds oy daxd d
34 dzgh Jo. v OCdd3 yd desdzdzi HECOL Bezfs dz' sy d3f dst
51y dzj 86, O8] dasydscts lso j 8O0 fsSEYHCE O,
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]l sOBA&Y tcj HMIsOo dzj dzO ‘o diy thetisEO A 6 HO df tos] )
Ise j dz' 81 o' wd.Jul)

U OB dz4{3yv { sLofdgiHBSdINdc ZOdz 17 L O @YW H OB
tcdslOh 59 Odzd2 [11,-2,% Mkdg" ydz' 2 vl

stsdzyj dzlstcOy* W B tsStodzts’
vl T kWHE ° °
vy B, byfday uvidBf. 5§t
290 320 290 320
1 6,24 5,98 6,77 6,46
2 8,08 7,68 8,57 8,12
3 5,68 5,46 5,94 5,64
4 9,18 8,86 9,46 9,06
514 5 7,52 7,16 7,67 7,40
6 7,23 7,11 7,20 7,13
7 8,03 7,96 8,01 8,01
8 7,51 7,48 7,49 7,37
9 6,55 6,62 6,42 6,51
10 5,81 5,89 5,69 5,74
11 4,80 4,98 4,62 4,85
10 4,21 4,35 4,00 4,23
9 3,73 3,84 3,59 3,72
8 3,23 3,34 3,01 3,14
7 2,51 2,73 2,44 2,65
vl P 6 2,12 2,28 1,98 2,13
5 2,15 2,34 2,03 2,23
4 1,52 1,67 1,45 1,59
3 1,53 1,68 1,43 1,60
2 1,34 1,49 1,26 1,42
1 1,03 1,10 0,96 1,01
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[dzj ec jlsdudz® L Odzjydg M fjtejte' Lk tcOH
Rh odL dzOYOY , WBtsL 3° M j dz' o & fMywvrs L fto
H' dzZv detsC wl), Odzj L ' Ldedd3 M j Clstetsd3 i dzj
B' dz hd2 Mbtekd 8 B ' dzr " ysthisSsdz M jSlst

1B 20 L slssfdtsets M ZOHE wHjtodatsets ff (
feslsw caafp das® C ORY Odz' © kOCtY ftdLosHdL
dzj 2lstetsdz’ o, Iktskz ® LOHOY' o' Hdzse dzj dzda”
ptcOnRko Odzgdz" MY jC Ok dzsects W OC k.

45,  sfpdz' Hy jdadz?" H jtojm HAdzdRLOBDY dfdsdo Gt

sj B jtcOlkzted ez@zo Etsegz o OCIsd

[shd HYjdets of dzde GmMsBddo M2 §jtoj d
fslskzy dz Mmls toj OCIststc-dz8 0 0 Iz il O dsdrpdtsp * 1 gL
BsHj &z toj 0080310, 19),) [fits o tOf ok’ Lottklsd
tjOCkdo dzsfls', O ©OCtY LOdjyd M &
s &Y j tOlsz@P42 ksdmsk

v B' d& "M §itjin HdR EBiyddH o tB
fsodH dz€d dzgj 2 Istetsdzdzts’ f slskzy detisfglg ‘dz' H tisfiplyy
toj OCIsstc 0. 1L Lsodz hdg' sets HYJjtel dzO daj
ssyYScotseEts ©j OCktste® kOsIs! kOS2 odcdvH:

dN() _ r(t)- b
dt |

N{t)+a /iG(). (4.2)
|

de (1)
dt

HiND T cefisddz® (slksSk dzj2lesd o ( daj:
rt) i o] OCIdotzi i Clsde 20 YOMSO dzj 2t
b i uOMSC O dzj 2k o, N -Js@f oy oS dyel

[ Tshls 20 LHs] Ol g eeifde] nd 2 YO

b
= "N@- /e, (4.3)
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Bdlsls’ o drn dAf) € srap] aizs o GGy Y wldd Ce oz d dz
hts L O " Ldgs 61Is! Mw.

[ S5H j dz fjtcjHBOYO' o tlcOR zo Odzdzw L otsStets
odL dzOyj dzdzg? L 3" dzgd tj OCIsdo desfls® t6j OCIstste
By d20 ftej HMIsOoadisd dzOMiskzy ded d3 yd dzts d3:

_ W I ———s
Dr(t)=Dr, , , () + " Dg(t) + — DT(t)+ " DP(t), 4.4
()=Dr; o (1) " q(t) T (t) P (t) (4.4)
HiDr, o) T t6j OCbdods Mis!, o8 jHjdO LO

. 97 Cow . . A VT
tGJGIZdZ"SL—fC?dZ(ﬁV‘B,JW \ dzls toj OCIsd o datsls u#ﬂs I
CtsjW' y' ' dals toj OCIsd o dats MBY(t), PiKt) , IOP(BY o ‘tciOfstz dc™
LA dzg0 MjtejHds 8 Isj B jteOlskzted Isj ff dztsdatsfy’ v

[MsBdzde ' Mist EHBMCE ts5dzO dzj tedtsL B s’ j lsiz' fy v
C'dzr € Mmlst Lsdz (Mjedid dzls® o) . [ dzW C Y C
o zOMIsdoe sMmis ' . [ OdzO@ d3tsH j dz! HiSL o tsdzw o to (
so j dzO, o dzOMdz' HC yYysets LOBjJLY jykz' Is! Mw ¢

451f L tcOR 2dzes S Is j @Y {fj tic Ofip jzdeddj dzlo Q diz

1 st j toj ydad 2 fjtoj o' L Iseo j dzO tcsLBdo O
tesLtcOrzdzS sodddd obkL dzOkd s yjdestelz Mmj ¢
9900 Is: Mw {tsMmils’ 2 daetss .

t " odaWwdzdzw Isjf dztsf tetse " HdesfMls® HdzW Ise j dzO

rc “&[’; ) = div(/ gradt) + g, (1.£), (4.5)

Hirickmlsqdd®j §f dzts® dzd' ifislg f sl ®so ' Hdz' Mlss .

t sLoaOWL t5C HOdzs@G s to' o dgV dzdaw fJtc] HB O
fsmMdz Hse desils® s jtcOy' 2.

1 OHO8 Is! Mw C' dz €' Mmisine NQ ¢ dsidsisizisadzS ff @
Yy dZlstcOdz desR s 6t kizs 'R, Is GsdajhgfddO® ¢ O s o t
stseo h d dz0 the sdzts dzS
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Il dL d&z0y0o0* Is! Mw Htsoy d dQ=(Ri Bz dbds@® o BO=iziA
Dre =(hs +he) /e
I'dL dzOoyos s v ©®&H " iy dzishtejdcrdiiy dalgi) edzls * o
HdzZ?v fOdzdo O ttsL tcOrnlzdzl 59 stsySd L dz
Dr
R:R_1+DI‘F,FiZR-2F;

Hdzw tBtdztdld ttLiOrkzdStso® IstsySd L c

Dr,
R=R.+Dc, =R~ °.

= k+1
Ro I Ff” RH\ /R "

Q ObonoHka

S~ —r  T——

tdH7. dnj BO tesLBdoCd Isoj &zO dzO MmJ 6 d3j dzl

Il dL d&z0y0os Is! Mw ts¥0 ' di3d Md c i3l dzls* o

Vi =p QRZ - I%21) C.Hkasélkasmvl ) (46)
HiH To dMBls M GEi dzr ¢ f§i ¢ udzh §' Mt so j
1 OHOs s qw  CsjWw ' y' ‘ dalsd j dzj tec tsoqff " dzj
tesLtcOrsolzs Is! Mw B O d3de’ Jj dzj tcetso dH ' dzj dzdz®
coer A N
Qi =i fgﬁ' 47
A (o) @7)
j=1
HJNTL OGOz dzO K&z dz' Mis
I dL dzOyOs Is! fMw sy detsfils® MMj ¢ By dals* o
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N =q, &. (4.8)
I dL dz0y0‘ 5! W f &zsh © o dzzlste' h dz &7 50 ]
SK = 2@’ CR( O-Ikas("hkas@]tvl (49)

l L d2Oyosls!: mMw CjiW' y' ‘ dsd/ b EFREFT&E0O
( Hdzw f syOlS sotsgts fls O dzlz odEtsdzlz’ s+ Mmw
LOBJLYJydls! mMw L OHOdAZO Istsydz Mmis! ) .

l dL dz2Oy0osils! mMw CsjW' y' " dalsd Isjfdzsf tetso
Coydzsets fj ¢ dgj dzls O

2(j|+1o CQ|+1 )Qri +3‘)

/6= , (4.10)
e, . Dr [T Dr
é/i Q@r, +Z)+/i+1Qri+1' Z)HQH +?)
20,0, ,qr, - [zlr) C"Qri-l+g)
lyi=+ : (4.12)
& . D, . D
é/i-lqri-l_'-j)-'-/i Q@r; - n HQru 1 )

H 4Dr =Dr, @D 9 L Odzj ydesls’ /,g 'dai fadd digodz
Hdd=k,/; dzj o dL dOyi@l.ls! mw H dzv

1L dzOuo' s s FREH) m) # @K =¢jejL LOLS

h
] 4L dz0y0s st MW/ e Egil ' y' ¢ dasd
. L2
=Lve=lw Qs 412
' Dr2 (4.12)
i - / ) - / ..oRq ~
i=2- k-1, / i:L’/ A o U .
= e Cé%Rdz+ (413)
. o / — K .o ~
=k Ty = Iz’/‘m:%%zz; (4.14)
DrF DI'F ¢ =
o / _lo ~
i=k+1, 7y =Rz g =t R“ﬁ; (4.15)
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C v I e = DI‘CZ %Rdz'@, (4.16)
i=m, /i = féj Dré%?ﬁ (4.17)

HATes W' vy "dels Isjfdzse HHOY' © H BBBI&

] dL dzOyOs s MRS s %" y' * dals
=1, R*= 1@1+/1u, (418)
Hiriclzmlsd O] § dzs® dstld’ Ijsts Qy* 2 dzd 2 YOy,

C+71i+/1t¢. (4.19)

] dL dzOyOs s MWRSBj %" y' * dalsd

i=1, R =R%, (4.20)
i=2-m, R = RA(”"/““). (4.22)
R1

I L dzOy0" Is! M@, Csj¥ ' y' ' dals
Q,=q,+ 1 (4.22

I L dzOyO" Is! M@®: Csj¥ ' y' ' dals
i=1, Q =Q,;; (4.23)
=2:m, Q= @+ (4.24

vj Bl jOlked §Okdo O odL dzOYO‘ Is! MW L O

i=1.m-1, T = Q””“G'ﬂ (4.25)
i=m, T, = Q+é”“@7 (4.26)

Hiygilsjy BB J cOIskztc® Isj f dzsdztsfy™ W
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iV YOdEde®: s B j Okt

X
aVvT

T'w=i:1 (427)
ot VUoZ
I L dzOyO‘ Is! fw Isj B jteOlsktc® cOLBotsEs L
1 N
Te =T+ 2K S, (4.28)
1 CedMm8itej HMisOo dzj dzgs tslsted BOdzd2 L O tetsL
sj &k jteOlkzted Ilso j dzO.
g - o desB tdzj BB' " BdEj Jjdzjtecso
N [B' " d@Bdzaj Jjdzj cetse " dH' dzj dzdzv B
2 1100
€]
S 1000
b o}
= 900
5 \
800 '
— -
> 700 \\
600 \\
500 \\
400 \\M
)
300 [——
0 1 2 3 4 5
{t OH' Ef Is:
t M8 t(LYBSH & Isj ki jteOlkzted 5 ©OH' kMt
sBO' dBdzj Jdzjtectso dH ' dzj dzdzvts BIOO BHgjIs Siddzj t2G)t
s OB dzf0iFQ%fn j ¢ Bp ez d yj dzlstelz IsOB dzj sC L 0i€ ts,

80%7 1,1; 8i90%7 1,2; Di 100%7i 1,3)

4521 L tcOR zdats €

1 BB g sy BB J cOlskzted s f dztsdztsf”™ w
B O dzO dzfn Iz

o' o dEvjdf dzts© 56 ts

sj B j wOkicd Isjf dsdesfy'
O¢ Is ¢
sjf dzsdesfy’ w .

o)
H dzw
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zct’CrMT =0sS- Gr6Gr (G, ¢ 2 (4.29)
HiST §f dzsh @ B' ydzets’® Y50 jtends ¢ bisj tzdzs’ e
s j ff dzts dgisifie’ vigls f dzO@  Is [ Jf ictisQtsn ‘v ff dzts dzts i)' VG, o
o500 Isgiidgdgyfy OO Isj{f dsdsh' g 4O
sj B j Okt Isj ffizts@AsE)| & duezB juf wzledsg 2 ff sls '
ko j dzO.
t ' g dadgV d3 (429)9 delzalizpls 2 f dzd 2 o JteOL :
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public static List<Complex> CalcCoherenceComplex(List<Complex> APSD1,
List<Complex> APSD2, List<Complex> CPSD)

{

List<Complex> coherence = new List<Complex>();

Complex temp;

for (inti=0; 1< APSD1.Count; i++)

{

temp = CPSDJi] / Complex.Sqrt(APSDL1[i] * APSD2[i]);

cohaence.Add(temp);

}

return coherence;

}

public static List<Complex> CalcCoherencePow2Complex(List<cComplex:
APSD1, List<Complex> APSD2, List<Complex> CPSD)

{

List<Complex> coherence = new List<Complex>();

Complex temp;

for (inti=0;i<APSD1.Count; i++)

{

temp = (CPSD[i] * CPSDIi]) / (APSDL1[i] * APSD2][i]);

coherence.Add(temp);

}

return coherence;

}
public static void IMPFunc(List<double> NListl, List<double> NList2, string

WindowType, int WindowShift, int WindowL, double Freq)



187

{
List<List<Complex>> ComplexFFT1 = WindowFFT(NListl, WindowType,

WindowShift, WindowL);

List<List<Complex>> ComplexFFT2 = WindowFFT(NList2, WindowType,
WindowShift, WindowlL);

List<Complex> apsd1Complex = CalcPSD(ComplexFFT1, ComplexFFT1);

List<Complex> cpsdComplex = CalcPSD(@plexFFT1, ComplexFFT2);

List<double> IMP = CalcIMP(apsd1Complex, cpsdComplex);

}

public static List<List<Complex>> WindowFFT(List<double> NList, string
WindowType, int WindowShift, int WindowL)

{

List<double> list;

List<Complex> complex;

List<List<Complex> ComplexFFT = new List<List<Complex>>();
for (inti=0; i+ WindowL <= NList.Count; i = i + WindowShift)

{

list = NList.GetRange(i, WindowL);

complex = WindowFFT(list, WindowType);
ComplexFFT.Add(complex);

}

return ComplexFFT;

}

public static List<double> CalcIMP(List<Complex> apsdl, List<Complex>
cpsd)

{

List<double> imp = new List<double>();

double[] inv;

Complex temp;

alglib.complex[] source = new alglib.complex[apsdl.Count];
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for (inti=0; i <apsdl.Count; i++)
{

temp = cpsd[i] / apsdl[i];
sourceli].x = temp.Real;
source[i]l.y = temp.Imaginary;

}

alglib.fftridinv(source, out inv);
imp.AddRange(inv);

return imp;

}

public static List<double> CalcRehocence(List<Complex> Coherence)
{

List<double> Rehocence = new List<double>();

double[] inv;

alglib.complex[] coherenceAlglib = new alglib.complex[Coherence.Count];

for (inti = 0; i < Coherence.Count; i++)

{

coherenceAlglib[i].x = Coherenceli].Real;
coherenceAlglib[i].y = Coherenceli].Imaginary;
}

alglib.fftrldinv(coherenceAlglib, out inv);
Rehocene.AddRange(inv);

return Rehocence;

}
public static List<double> CalcPhase(List<Complex> PSD)

{

List<double> phase = new List<double>();
double temp;

for (inti=0; 1 <PSD.Count; i++)
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{

temp = PSDJi].Phase;
phase.Add(temp);

}

return phase;

}

public static List<double> CalcPHAT (List<cComplex> CPSD)
{

Complex[] PHAT = new Complex[CPSD.Count];

for (inti=0; 1< CPSD.Count; i++)

PHAT]Ji] = CPSDIi] / CPSDJi].Magnitude;

return CalcFFTInv(PHAT);

}
public static List<double> CalcFFTInv(List<Complex> NList)

{

List<double> invList = new List<double>();
double[] inv;

alglib.complex[] source = new alglib.complex[NList.Count];
for (inti=0; i < NList.Count; i++)

{

sourceli].x = NList[i].Real,

sourceli].y = NList[i].Imaginary;

}

alglib.fftrldinv(source, out inv);

invList. AddRange(inv);

return invList;

}
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AKT sBnposajzxenns

pe3ynbTaTiB AucepTauiinoi podotu I'opanuyka B.B.
Momnitopuur akTusHoi 30uu BBEP-1000

MeTOAaMH HeHTPOHHO-IIYMOBOT XiarHOCTHKH

Pesyneratu nuceprauiiinoi po6otu Iopanuyka B.B. BHKOpPHCTOBYBAIHCE:
opy  po3pobui — IpUKIagHOro  mporpamHoro  3abesmedenHs — Cucremu
BHYTpUIIILOpeakTopHol mymoBoi miarHoctuku (CBPILIJ) B dYacTuHH po3poOKu
aJIrOPUTMIB Ta IIPOrpaM BU3HAYEHHS BiOPOCTaHY BHYTPHIIHEOKOPITYCHUX MPHCTPOIB
1 TemnoBHAOUTBHUX 30ipoK, a Takox npu po3podui Mopeneit JiarHOCTYBaHHS
obmnagranas BBEP-1000.

Pobomu euxonari 6 pamkax npoexkmie xomnaekcHux cucmem Oiaznocmuxu (KCI)
o FOVAEC-1, 2, 3, XAEC-1, PAEC-3, 34AEC-1, 2, 3, 4.

Brnposamxenss pesynbraTiB guceprauiiinoi pobotu I'opanuyka B.B. cnpusie
YCHIIHOMY BIIPOBAJDKEHHIO CYYaCHHX JiarHOCTHYHHUX CHCTEM B&XKIMBHX IS
Oe3neqHoi excruryaTanii enepro6iokis 3 BBEP na AEC Ykpainu.

Ilocaoa Iionuc
3aBinyBadq mabopatopii C%é‘( xapyna O.M.
3aBinyBayq 1adopaTopii Makapos [.B.

Benyunii imxeHep-nporpamict ‘ Pumyn O.M.
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