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Abstract

Power transformer is the most expensive component of power
transmission system. Most of them operate in different climatic conditions for
many years and have internal and external influence of electromagnetic and
mechanical nature. Therefore, it is possible to appear various defects, which
influence their operation differently. Together with the increase of the
operation life of the power transformers the issue of their trouble free
operation is becoming urgent in the power system.

The world experience shows, that economic losses caused by the
accidental failure of the powerful transformers, which is connected only with
the suspension of work of the manufacturing enterprises due to the voltage
disconnection, amount to the million dollars, to say nothing of the tremendous
expenses necessary for the restoration of the operability of this expensive
equipment. There fore timely diagnostics of these transformers is a very
urgent issue.

Statistical researches carried out abroad show that probability of failure
of the power transformers is 0,0062 in one year. Failures are caused by the
bad operation conditions, substandard repair and installation. Important role
plays hidden defects of separate elements of the transformer design and low
quality insulation materials.

One of the main constituent parts of power transformers is their
magnetic system. Method of magnetic system diagnosis at low voltages by
means of measuring the no-load losses is known. Losses are measured by
phases, compared to each other and to the previous results. At the same time
magnitude of the no-load loss strongly depends on the magnitude of the
remnant magnetization of the transformer core.

In the process of transformer operation may appear defects caused by
change of the geometry of magnetic construction by the action of magnetic
field, which appear only during operation conditions and disappear when
magnetic field is removed. Detection of such defects by measuring no-load
losses at low voltages is practically impossible because the received results
do not exceed permissible variations.

In this connection it is urgent to work out diagnostic method for
transformer magnetic system, which is based on artificial magnetizing of
transformer core and determination of diagnostic parameters according to the
results of no-load loss at low voltages.

The first chapter of the work contains literature review. It reviews the
defects of magnetic system of transformer and their causes. Characteristic
damage of magnetic systems of transformer is considered to be insulation
failure and appearance of short circuited coils. Also such hidden defects as
the damage of insulated components of design and spurious loops around the
main magnetic flow due to the incorrect earthing of the components of
transformer design can appear.

On the basis of the literature sources it is determined that such failures
have sluggish current development and are not always revealed by typical
tests as they are revealed at rated voltages. Also, by use of such main
methods of the control of the condition of coils and magnetic system as
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measurement of the total resistance, dispersion resistance, interturn
capacitance, low-voltage impulses and frequency analysis, deformation and
shifting of transformer windings are revealed sufficiently without opening
transformer tank. However, they are sensitive to the change of magnetic
system.

Vibration method of research enables to determine condition of
pressing of the windings. However, it cannot reveal spurious loops. Infrared
research of operating transformer enables to reveal spurious loops. The
existing method of measuring current and no-load losses is sensitive to the
failures of windings and defects of magnetic conductor. At the same time the
negative side of this method is influence of remnant magnetism of coil on the
measurement result and also one diagnostic parameter a defect of which is
impossible to reveal.

In the second chapter reviews the results and their discussion. The
influence of the defects on the measured magnitudes of parameters and
increase of their informativity, main qualities of ferromagnetic materials of
transformer coil and the losses connected with them are reviewed. The results
of calculation of specific increase of the losses in case of failure of insulation
of steel sheet in magnetic conductor are given. In case of failure of intersheet
insulation temperature regime of the core in case of electromagnetic
inhomogeneity in the body of magnetic conductor is calculated.

With the view of avoiding influence of magnetism artificial
magnetization with a direct current is reviewed. Volt-Watt characteristics of
transformer and the methods of their approximation are described. Influence
of nonlinear qualities of transformer core on no-load current harmonics and
possible assessments of the harmonic changes of idle-current, which is
caused by the defects in the magnetic system are described.

The third chapter of the work reviews the parameters measured in the
magnetization regime of transformer core and the schemes of measuring of
no-load losses.

In the regime of magnetization the transformer core with the direct
current specific losses increase in the steel of the magnetic conductor due to
the increase of the losses on the hysteretic and vortex currents. The results of
calculation at magnetizing of the central axis show that the difference between
the magnitudes of magnetic losses in the opposite phases can be caused not
only by appearing one of the short circuited loops but also change of magnetic
resistance at the place of butting the yoke and rods.

Asymmetry of characteristic of no-load losses in the magnetization
regime of transformer is reviewed. Diagnostic parameters A; (hysteresis
losses), A, (eddy-current losses) and their dependence on magnetizing
current at different defects are described. Diagnostic characteristic sf(,, is

described, which denotes harmonics of current power of in different
magnetization regime and can be used for assessing condition of transformer.

In the fourth chapter of the work issues on mathematical modeling of
loaded three-phase transformer and determining of arising defects in the
power transformers are reviewed.

Mathematical modeling is one of the main instruments for
understanding phenomena of the external world. Its wide application enables
us to increase general level of theoretical researches, to carry out them in
close connection with experimental researches.



Mathematical model of three-phase transformer completely describing
physical processes in it is given in the work. A block diagram for solution of
equation system is drawn up.

Algorithm of determination of the defects in power transformer
developed by me is given in the same chapter, which enables us to determine
developing of the defect, its cause and expected result by use of data of
chromatographic analysis and special diagnostic tables.
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1/1]1}]1]0;]0]0]1 0|2 |3 |]0]0]0]0O0
1 /]1}]1}]1}]0;]0]0]0 |1 2|3 |19|]0]0]0O0
1/]1]0]0]0]0]1 102 |3 |]0]0]0]0O0
1/]1}]1}]0]0;]0]0]0|]O0O|3|]10J9]0]0]0O0
1,1,;1}]1,0;]0]0|1 1] 2]|]3]10]0]O0]O0
1 ,1};1}]1,1,0]0J1T]1]1]0]0]0]O0]O0
1, 0}]0}]0]0O0]0]0]0O|]1 |3 |18]0]O0]JO0]O
1/]1]0]0]0O0]0]0]0O|1 3|9 |14/]0]0]0O0
1/]1}]1}]0}]0;]0]0] 1|12 ]|15/]0]0]0]O0
1/10]0]0]O0O]0O0O]0O0O]0|1 |3 |14/0]0]0]0O0
1/1}]1}]0}]0;]0]0]0|1T |2 ]|15]0]0]0]0O0
1, 0}]1}j]0}]0;]0]0]0|1T|3]|]9]|]0]0]0]0O0
1/ 0}]1]0]0]0]0] 1|13 ]|]10J0]O0]0]O0
1,1,1}]0)1}0]0|1]1]2|15]0]0]0]O0
1/1]0]0]0O0]0]0]1 0|3 ]9 |14/]0]0]0O0
1,1,;1}]1,0}1]1jJ0]1]1]0]0O0]O0O]O0]O
11 0]0]0]0O0O]1]1 0|13 |14/0]0]0]0O0
1/]1}]0}]0]0]1]1 0|1 |3 |14/]0]0]0]0O0
1,1/0,0)0 /2|11 }1]2|3]|]0]0/]0]0
1,1 }]1]j]0})1}]1]1]0]1]2]|15]0]0]O0]O0
©IB9JAGHOL 3963000560930 0OMMI IO oG0S

960360336900 m3bs 296LsHW3M3L 60dbIdOL Losl. Bggbl dogH dmygzsboen
dogowomdo:

- 500300 5438 D3O 30b:396E300L oo FoMBGOL, Fodolosdy
P1=1.

- 50609080l 3mbi396GHMmo3o0l  BEOOL  LoBJodg  TgBos 10 %-%by,
0535b5gsdg P2=1.

- 899Rbgo 9899900l MromMm©gbmds BHmenos 2, 35dsbosdg P3=0.

- boBgdodolb 10 %-Bg 99gBHo© 99FsMdJOIOL Momgbmds GHmeoos 1,
9585b50509 P4=0.

- 60odM88o 306M39wo© 0465  ©sR0JLOMGIMO  s0MgdOL DO
dodbodogMo LoBdoMyg, dsdabogsdg P5= 0.
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- 36 Bo@IMGOMs 0Lgo Mbolidogdsbo, ®mdwgdog byl »Fymdwbgb
506900l 3mb396E®5300L BEOLL, Fodobogsdg P6 =1.

- 36 Bo@IMGOMs 0Lg0 Mbolidogdsbo, ®mdwgdog byl »Fymdwbgb
506900l 3mb396¢®5:300L T93069dsl, Fodobogsdg P7 =1.

- 53930960 603mddo JoMHOMIO 5060, F5Tolosdg P8 =1.

- N b60318do spa0e0 543b CO 56 CO2, Bodsbogsdg P9 =1.

90090990 60369d0L Losl bOHowo 4.3-0o gqLledsdgds J390msb dgmy
LEHOoJmbo, Mol olfigmog  JmEgdMos  LsFoMOHm  Mmbolidogdgdols
BbmdGmgdo #2 o #3. 50 bmIMgdol  dobgzom bgmdo Asblbowo s06mgdOL
89©093900L  b5xYdzuwBY  IMEIOIHYWO  HATMEEIBOL  3HOMOOAIHI
BoBHM905Bg 0930096530900 dMm (39805 3bMOEro 4.4-0. 53 (3OO0
5066935 BILOGHIMYdJ0 Mbolidogdgdo: GHMBLRMOTSEHMMGOIOL IQ9TOwo
3990myg356s  39985md0b  (#2) @ Bodotmgl Bgmdo sblbowro  soMmgdol
2930700 sbsgrobo (#3).

930996530900  3mb63OgAMEo  498m3EI00L  3MO0MMOG G
BoBHM905%g BgmTo Aoblboo 506900l 899900l bog3mdzgarbg ImEgdmEos
gb®odo 4.4.

3b®oo 4.4. Bgmdo asbllbogro s0Mgdol 899900l Logmdzgmbg 3mblmMgEMEo
3990300900l 3HO0MOHOGHIBHNME BsGMYOSBY 093mIgbEs30g00

# 930996530900

1 | B6oblgm®ms@mMgdol s9ymbgdeog 259my3s65 3850006

2 | 36sbbRm6H3sHM®980b 53930000 350my2565 0293508056

3 | Bshogl bgodo gsbliboero s06980b 3obdot9dicro sbserobo

4 | 89350000 bLeMd96EHOL FYMTMYJMOS 359MLSTOMOTO

5 | 89350m{i0mom Bgmob &mddml dymds®mgmds

6 | 89350m{i0mom 25005006900L JglodEgd™mds ( 9OHMOOMMEIIP SFOVM
©900L LObXJOO BHOIBLBMOTSBHMOOLS O J9IIOMNZYOL 53HJO06)

7 | BogosGHo®mmm Bgmol gaoHoEos

8 | bLogdol 39OLTo B3599bMm® IHgLYdMEgdOL J39sbsgmao
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9 | 39359650bmm fobs 9Jud)s@ o300l 3063930

10 | 803bLbsoy  Bgmdo  oblboo  s0MgdoL  FobTomgdrEro  sbsgrobob
3Mb@GHMMeo

11 :;gzjé)é)iglg) . 3";)2):2(;9 ﬁ?;;b(vljgggo 506900l sbseobol  3mbEHG Mo

12 | 9935005600 bgogLo GHMIBLRMOIEHMOGOOL 3006:396E 3090l

13 | 89353 ym00bmm Joerbsbs-s959Ho9gdgenls

14 | B6BLEMOHISGHMM0 ©53599bMmm 3:mbEHOMEOlL 390

15 | 293BMmIMmm 3M9abowgdol mdmEmo fobowmds

16 | B350 5bseobo 0bgmsfomgwo ¢gdbozol godmygbgdoo

17 | 2493Hm3mo vddo Bgeolb sbs356900

18 | B535@ 96 ™m0 Dgmols Jodor®Ho sbscnobo

19 | 253BmImm tgd s 0BMEs300L 333 gJumEo 250BHMMdS

20 | 393BMImo dm3wg d9Mm30L Hobommds

21 | 353Bmdmm bgomol tgd

22 | 350963Mmm0 65HomdM030 4563bE30L gargdBHOEo 4oBMa39d0

23 | 39096M3MM0 b5HomdMH030 45631bE30L 5395EH0329M0RsDMAZ3900

24 | 253HMIM0 0HBMEH300L Hobommds

25 | 353HMIM0 0BMEs300L Hobommds

26 | F33GOMM™ 30D ®o 3mbGHOmEo

97 | 930QM0  Bgmob  bobxgdo  3mbGHsgH™Mobs s HOBLEMOI>EMOOL
539900056

bgmdo goblboo 500900l sbserobo ©IRIJEHOL Lsbols Fglobgd 396

0dwg3zs  LEOWW  oMbGHoL s 3MoJBodMwe 3960 omBmowaqbl
063m®3o305L  Jobo  5A0AEIOIMGMOOL  Fglobgd,  sdoFH™A  LoFoMHms

BoBoMmgl Lbbgs 250m3Egd03. 39Mdm, Mbs  9bolobzmml  s06mgdol

3M6396GHMo300l FobslinsmgdgEr0 BoMmEMBS. 53 obolinsmgdEol F9BLIBOZIMS

bgds gbOowo  4.2-0b  GsHMdomo  3MB3EIbGHMIEo0L  LEGHMOJmbol

dmbs399900L dobggom.

D1 = 0,4 §o630o@a96L 350mdsL ( CHA/CoHa=2/5);

D2 = 6,66667 §o03m500996L g3ommdsls (CH4/H, = 2/0,3);

112




D3 = 956mLsBmg®geos Fo®dmaygbl gommdsl (C2H4/CaHe);
D4 = 356mLsB03Mgeos o®dmoygbl gommdsl (CO,/CO).

609m3do 50600l  SOLGIMOOLIL Foo  3Mb39bEHOSE00LS @S BOOL
Lobhdstrols 960083690 mdol, 51939 3Mb39bGHMs3gool R3IOHOMIONO
doboliosmgdegdols  9BsoBol ML 3Mb3EIBEHME00L  Fsboliosmgdgwro
BoOEMOOL Moo  dmgwo  Mogbgzos 6. BB  ©0sbMmBOL
396LsBEZMOLIMZOL 58 bMIMOL dobgzom Fobsbfasdo ©IR9dEIOoL FbOHowo
4.5 -sb 30vmdgb dob olobgegdsl: odsEo 3H9a39MsGHMMOL MyeMIMwo

©9B9JA0. 990l 8909y  IM0y3zsbgds  JobgHgdo, OMIgwms  F9gY0s

36MMbMHBoMmYdSO IR o:
- 309005 S J0WMSTMOOLO LOZOEOL FoFMFY0sbgds;

- 29053309990 J0gdol IO0bINEMGOS.
500b 3900099 ©a9ds 25dMEEOL MmJdo.
©99397dA900L gobdgmMgdom 89dRbg30L Jgdmbgzgzsdo oldgds Fobsbfo®o
©0536mBo 3bHowo 4.5 -do dm399w9o 65309006.

3b®owo 4.5. ©9x399d@gdoL Labggdo

©9IBIIEOL Laby

D900l 53390

650 md®030 29639b#H39d0 9bgMH00l Ids0 Lod3zM0300

650 md®030 2963b#H3900 gbgeyool dsmscro Lod3zzMoz0m

93069 LoddHs3MHOL A56IbEH3900

@00 oA H3MHOL A56IbEH3900

Q505¢0 ($9d396M5¢ ML MM o 9B9dE0

5050 39939653 wIMH0L ©0535DMbdo MgMHdmo 9n9ddEo

1509950 ($9939O5GHIMHOL 0535DMbTo MgMHIMMo 9B9dBHO

Oo|No O |D|WIN | H

3505wo 398396M5GvM0oL mg@MBmwo 9139JG0

090amddo  ©9B9dBHOL  bsbosmo  BMlGgds sbMoo 4.6
dmb53999000, 09 53 F90dEgds godmofizoml s©0bodbmwo gxzgdGo.
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35®0oo 4.6 sBMLEGHIOIMo ©IBIJAHIOOL Lsbggdo

# ©98B99EHOL Labg

1 ©969993H5M0  bofoergdols o6 BmbBbol  3mbE&MmJgool
90999693900l goobwMgds

Bbhbob 3006¢3)H99300L 9939693 JOOL QoobEgds

3g4om0 0HM300L oobvyMgds

9994 BHMM@0 2968b 33980 Y56 0BMEs30500

Bofomd®030 29639b#H39d0 bgmdo

65396§3mM0 @5 © 35060 go63bE3900 Bgmdo

©93399A0 3530900L LoLEGIsdo

D900l ©53d39¢gdS

OO |IN|OO|O|Bh|IW|IN

@IBIIHO 3N 39e dMFYMOOEMdSTO

5060039 d5MM0  BHMBLBMOTSGHMOTo  29630005609d50 ©IRIIEHOL
o960l dobboom  8998o390mwo  0dbs  L3gEoswr o  seramMomdo,
OMIgog  LBodmoegdsl  odwrgzs  Lo3dom  LOBMLGHOM  FobgzLIBOZIOM™
396305609050  ©9RgdBHOL  Lobg, dolo  2odmdfzgzo  BoByBo o

dmbogrmbgwro d99a0.

4.3. dseomto GMbLEM®MHBsEHMM9doL Lsodgommdol dsB39bgdergdols
3bg9M0do

om0 GOBLRMOTsGHMOGO0 FoMBMmoy)bgb 9wgdBHOwo Jugegdols
@5 LobEgdgdol doMoms® 9wgdgb@gol, OGMIgdoE AobLIHBW3M396 Tsmo

B996J30mb0MdoL  LsodgEMdsLs s 93MbMBoMEMBLL.  9dudgM0dgbEero
5899853990, 259mEOLS s 9JU3EOES300L bBHOOsDY, MmamMs fglo,
om0 39985md0l Ls0TgEMdOL oh39690egdOL MMl SBMXYgd9b Tglsdsdolo
5E35mMMB0MO  Fobolinsmgdegdol bGo@obE03MMo Jgxslgdgdo. LoodgEmdol
ggges  Aobolosmgdgero  gobolisDEg®mgds,  OMAMOE  SWBIDMOOMO
doboliosmgdengdo.
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o0 BHOIBLBMOTSEHMMHJOOL FgngMbgdgeo 3mdsmdol LyodgEMMdS
0993960bg09dbg  LALEGHOLEGH0ZMOO  IMbs39dgd000  dobgzom  Goligds
2odmbsbmegdoo [35]:

p() =", (4.15)

Loog N(f)- ©@®mol t dm3gb@obomzgol  F9gm5gmbadges  dmdwdsgy
GOBLRMOTGHMMGIOL  MH5MmEIbMdsy, bmerm  N-9450m3sBg  ©oy9bgdero
AOBLZMOToBHMOGOOL  Momgbmds,  P()-99mu9Mbgdagws  8tm3mdsgg
G®bLRMOTEMMGIOL BBOEOLEH0IMMO TJRBIBGOOL SBIDMDS.

LEHOGOLEHOIMMO dmbs3999000 999396bgdol 5¢35mMO0LOMZ0L
15O 0B0S oMV

q(r) = 120 (4.16)

N
Loosg N —n(t) - 00  GOBLEMOISGHMMIOOL Mom©IbMdss, OMIGdO3
9993960bb36 O™oL t ImdgbEHoLsm30U;
q(t)- 65390080 39MBgHHGBOL 5EBdMMBOL BESEOLEHOZLIMO TGBoBYdS.
399396b9093bg LESGHOLEGH03MOO IMbs3gdgdom F9MRgObgdgdol Lobdomg
39800L5Hgds FMOIMOm:

f(@) =

An(t)
N-At'

(4.17)

Loog n(t)-s60b (t + At) O™OL 8mbszzgmbg 99g3960bgdwo ddsmdols
50 9bMds;

At-®Mmol 0639350, f(t)-998960bgdol  LobdoMmol  LEsEGHOLE0IMOO
99935L90o.

999396bgd9dby LEOGOLEH0IMMO dmbs3999000 999396bgd900L
06@9bL0gMds A96oLIBOZMYdS BMGOIMEO:

An(t)
Atn(t)'

At = (4.18)

Losg  An(t)- 08 GHGoBLBMOISGHMOIBOL  Hom@abeds,  GMIgdLS
995396bgds 56 5d3m t dmdgbEolsmgzol;
n(t)- 998396bgdmo 539mMdJdOL Mosbgo (t + At) OOl dmbszgzgmdo.
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LEHOGOLEHOIMMO FMbs3)3gd0m B539mMdOL  F9MTBgOBYdMEro  FMTomdols
L5FMOM O™ Goliggds AoTMUBsbEgdom:

m =¥t (4.19)

boog t; 9O0L -9MH0  BHMBLHEMOToGHMMOL FgRgMbgdgwo  I/Jomdol
O,

(4.19) gm®IMoom m;-L 2obboloBMIMOZ© 930w gdgE0s  yzgews N
GOBLRMOToGHMOOL  Hgmdosb  godmbgol  dmdgbGolb  3mbs. my;-U
396LsBE3MS F90dEgds 2obEHMEgdom:

m; & XLy ity (4.20)

Loog Mmool - 0b@gegzeomdo  Jymdosh  3sdmbvyeno
G®bLRMOTEMMGIOL M5MEOIbMDY;

trg = (tics Y t)/2;, =t /t t=tiy1—t S ti—1-9900  0bGHgM35ol
©3bofyobo;  t--gmo  0bFGHIOZomol  ILOLOYIENO; tE-EOMS,  GMICOL
396853035903 259M30005 YMmd0Ib 439 GHMIBLBMOTsEHMGO.

LEHOLEOLE03MNMO IMBs399900  FHOIBLRMOTsGHMOOL FgMRgHbgdgd w0
3v985md0L oL3YMOLOS A9BOLIBPIMYdS BMOTMEO:

1

D, =
N-1

it —my)?. (4.21)

59653 GHMBLRMOT>GMM0 Fgodegds ogml MgHgM3do Lo0TgEMMOOL
05839690o@  9o8m0yYyghgdgb  dboEymBbol K (t) o  go3@gbol Ky, (1)
B6J3090L 96 gbododol  3mgBogogbdIOL  Kaw @0 Kyyyr  ®™Begdogs
3960L5DE3MG0056 F999abs0Ms:

Ko = 1Im Koo () Ko = 1im Ky (£)
Koy = 1 = Tyoo/ (Tiso + Trowo) i Kyog = 1 — Kooy (4.22)
db50YymRbol 53bJ30s Kag(t) GHme00s 08 5¢dsmmdobs, ®md t dmdgb@do
BobG9Bs o8sHM)0, berem go3Eabol BbdEos Ky, (1)-30 3909856005300,

L5089gEMMdOL  F5B39693qd0, OMAMOE  falo, gobolsbPzmdosb 0d
30MMmdom, Mmd  BsHxngzol dmd9b@do  y3zgws gwgdgbBo dbos 9GOl
dmdsmdobmgzob.

116



MRO™ bdoMo 50bSYIb AfymdomdIms Ls0dgMMdOL
56296003030l 90degds  2odmygbgdmwo  0dbgl ©OxgM9b3E05 MO
396@MEgdsms  dgomo, GMmIgedog ©sd39000s, GMI  JgxgObgdol o
5039608 EOMGIL TGOl SOLYIMIL Fsh396900560 M0 YOMEYDS.

©sLoflgolldo  BYIMOM3gds  BoBMIbLRMOTsGHMOM  FMHYmdOEMIsSMS
dgboderm  dEMdsMmgmdgdo;  89agds  dolo  omgdo@0l3MMo  IMPYWO
Mo gmdsms Bggdol Lobom, GMIgEBY3 MAMEGdIOL Lobom I0EDYdS
d9bsderm  AyMdsMgMdgdo @S olMIOOM-9MmO IEYMISMIMOOEIL Tgmegdo
39313 gd0lL  Fgbsderm  JodoMmMEgdgdo. o3 bggdol dobgzom Tgygds
d9L5dgd9 3EYMTMJMBSMS POBRIMIB(305E 2obEMEGdSMS LOLEYDs.

y39es dgbodegdger 3ymdsMmgmdgd0sb 2sdmzgmom dbmmwm bsfioo,
690 65H.4.3-Bg 9myz5600s aMegzol Labom[1]:

Bsb. 4.3. GHMBLERMMIsGMOHNME0 Imfymdo@dOl dmdsMmgmdols 3Mmoxs
§$1-0M05  GaMdoMgmds; S2-3sememo  ©9BIJHOL  IEyMIsMmYMds; S 3-

99339Mbgdols 8900092 503960l BymBomgmds; S4-39a80mco  GHgdbozm®o
dmdlsbm®gdols  IamIsMY-md; S5-398309H0  535MOME-50ldagbo  Gg39mgdols
9aM35MgMdY; S6-5M539330IM0 535M0ME-50B>EIH0 893900900l FEMTIMYMDS.

3oblsboggmo  mdogdBHo  Fgodergds  ogml  9J3losb  gBom-geom
9yMdoMmgmdsdo. 9gOHmo  yMIsMmgmdosb  FgmMgdo  4ooLgws  bgds
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06@¢9bbogmdom, MHMIgos A9B30MHMIGPIMWos ©bsEYsMOL  Lsodgmmdols
99639690 gdom. gl gbgds OMAMOE A 4oolgEgdol, olg U smygbol
063 9bbogmdgdL.

Lofiyol 0bBMMT5305 9300Mm JMM-gOHM0 G030l GHEMBLRMOTsEHMOOL
15039EMMBOL  AMby39Tgd0. 53  FHOIBLRMOToBHMOOL  Ly0dgEMMdOL  35bmbo
396LsbEzOMEos  20-fHerosbo  BEGIGHOLGH0ZMOO  FMbs(39d9d0L  sBserobols
bog3)d39BY.

d009dmwos,  OGmd  9Ju3dwmsdoEool  3gMomEdo  MLIROMbMYdS
bsb0sMYds LO0FYEMMIOL BMEOTsMOO 35bmbom, Gog LT gdsl 0dergzs
390Momzomml 50 GHMBLBMOTsGHMOOL  F9gxzgebgdmeo  Fdomdols
06@&9bLogmds.

29L39d0L 06396LogMdgd0: 1-G9539Mbgdoms 06EH9bLogMds Fgodwgds
3990563500890 04656 LHGHMIBLFMOTSEHMOM FMfymdo™dOL Ly0TYEMMdOL
3bmdowo gMbdzoom [36]. Logdudwms@sgom m3Magb@eEo0sb sdmwgdvwo
LEAHOGOLEHOIMMO BMbo399900L  FMTo39000  2oboLIBWIMYds TgRgMbadsms
06@9bbogmds.  J0gdEos  GHOMBLRMOIsGHMOOL  LsodgEMmmdol 9890
95639690¢0gd0:

tyss = 8760 —o039650 3993960H53505 AMIOL Ladrsem O™, (Lo);

to5; = 300 —bo0b3mdo30m 3gM0mEOol bsbayMdeogmds, (Lo);

tyoo = 350 —8989ObgdoL 8g8ymd s0Eagbol H™, (Lod);

t = 2000 —9923060  5350M0M@-s0P oMo 8939m9gd00L ™,

393:9356.50©
Lo);

t = 1000 —56539330960  53500)-50a9b0mo  8939mqd0L

55373:9350.50©
O™, (bo);

Loadodams = 390 —39300000 39dbo3n®o 8mdLabyMgdol boby®derogmds,
(bo).

99L50530L0 45L3W9dOL 06EIBLOMdGBO.:

A2 =1/t = 1/8760 = 0,000114 ;

A3 = 1/ty5, = 1/300 = 0,0033
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Ma = 1/t = 1/350 = 0,00286

X26 = 1/tusnmpon sat0ep = 1/1000 = 0,001;
A2a = 1/to5, = 1/300 = 0,0033;

Mas = 1/tos, = 1/300 = 0,0033;

Aas = 1/ty5, = 1/(2000 — 350) = 0,0015;
M3y = 1/type = 1/350 = 0,00286;

Moy = 1/ty, sogams = 1/350 = 0,00286;
M5y = 1/type = 1/350 = 0,00286;

Mot = 1/tysqy = 1/1000 = 0,001;

&99603996H0  3mALobmEgdol  LoLEGIIOL  9BgIEHMIOMDdS  F9gBILGdS ]
2bJ30mbsgrol  Looom, GMIWOoMs3 boboIMPIYds BHEMBLFMOTSEHMMOL
gyogbs  39d603mM0  dmbobmgdols s  90gbol  Iamdstgmdgddo dob
96mIobybs6056  dEMToMmgMdsdo  gmRbslmsb Fgxzsmgdom  BHgdbozmeo
dBo0Yymxnbol Im39dmw mbyby.

J = Iy Poyde)/(Zz fy Ptyde). (4.23)

Lol  N=6 — 25bLoborggeo GHMBLFMOTsGHMMOL dYMTsMgMdJdOL
50 9bMd5s.

G®bLRMOT>EHMOOL Lbgoolibgs IaMIsMgmdsdo ymxabol 0b@gMzowgdo
390M0mM39gds 3 IMMOM3OL  2obEMEgdsms  LoLEGAoL  sFmblbom,
6HMI9og 890396005 ©65RMOL 9J3Llo JoMO0MIEO IAMIIMYMBOLIMZOU.
©OxBIMI6E05XMMO gobEMEgdsms LoLE s Sgmo Lobolss:

d
r% = —p1(A1a + A12) + p3ptar + Pyptay + Pspisy + Poller;

d
% = —Py(Ap3 + g + Ag) + Py,

d
% = —P3(A35 + pzq) + PyAys;

d

% = —Py(A4s5 + py1) + PiAyy + Pylyy;
d

% = —Pspisy + P3A35 + PyAys;

d

\ % = —Pglig1 + PyAz;

(4.24)
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593560l 53mbLboLSL oEMEos oM3zmzol F9dmbggzomo  3Mm3glgdol
090M600b 439es ©99399900.
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k. ® P(t) |
9 _ =
DI \ 0,008 Pl N e —
08
\ 0,006 4 -
0,7 |
\|~\ 0,004 |- | - !
06 ] i
‘h._\‘
05 —] 0,002 S S —
0.4 L t,'u:ﬂ" 0 | i S — _|_._.|. . t.um
S0 100 200 300 400 SO0 600 700 GO0 900 1000 O 100 200 300 400 SO0 600 700 SO0 900 1000
b3b. 4.4 HFHsEbhgmmasgGmMmols Fbsmymombols E&B(t) B3b. 4.5. HFBLgmGaEmGol giFmmo
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