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[IpuBeneHbl METOBI aHANIN3a, CHHTE3a U ONTUMHU3ALNH 3JIEKTPUYECKUX CXEM C UCIIOJIb30BAHUEM 3JIEMEHTOB MAaTPUUHOMN aJreOpsbl.
JlaHbl ynCIEHHBbIE METOABI PEIICHUs MU PEepeHIIMATBHBIX YPaBHEHU, BEPOSITHOCTHBIE METO/IbI PACUEThI AEKTPOTEXHUYECKUX 3a/1a4.
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BCTYIUVIEHHUE

Haznauenme kypca COCTOMT B TOM, YTOOBI CBSI3aTh MAaT€MAaTUKY Kak OOIIETEOPETUYECKUE IUCHUIUIMHY C MPAKTHYECKUM €€
IpUMEHEHUEM B pPa0OTe HWHXKEHEpa-dJEeKTpUKa, a Takke JaTh OyIylIMM HWHXKEHEpPaM KOHKPETHBbI MNpakTUYECKUW ammapar st
WH)XCHEPHBIX M HAYYHBIX UCCIIEIOBAaHUI B 00JIaCTH 3JIEKTPOCHA0KEHUSI TPOMBIIIICHHBIX MPEANPUSTUH.



OTOT KypcC SBISIETCS MPOMEXYTOUHBIM MEXIY Kypcamu «Bpicmias maremartukay, «TeopeTuueckue OCHOBBI 3IEKTPOTEXHUKN,
«BBeneHue B CieIMaibHOCTEY», C OJTHOM CTOPOHBI, U KypcaMU CHEUUAIbHBIX TUCIUIUIMH - C Apyroi. B HeM 3HAUUTENBHO yIIIyOIsIOTCS
U pacCIIUpPSIOTCS CBEICHHUS W3 OCHOBHBIX JUCHUIUIMH B HampaBJIeHUH WX 0000meHus U (GopMalu3aliuu, 4TO HEOOXOIUMO st
3¢ (PEeKTUBHOTO MPUMEHEHHUS] COBPEMEHHBIX YCTPOMCTB mpeoOpazoBaHusi uHpopmanmu. TeM cambIM 3akiajabiBaeTcsa QyHIAMEHT st
M3YUYCHHUS CIIEIUATBHBIX JUCIUILIVH.

B kypce «KommpioTepHoe MoenupoBaHHE (PU3NYECKUX MPOIECCOB» HU3YyYalOTCS OCHOBBI COBPEMEHHBIX METOJOB aHajM3a,
CUHTE3a, ONTUMHU3ALNN U TPOTHO3UPOBAHUS, TPUMEHSAEMBIX MTPU PELICHUH 3a/1a4 JIEKTPOIHEPTrEeTUKH.

Becy Matepuan kypca mojpaszieisieTcss Ha 4eThIpe paszjienia, OXBAaThIBAEMbIE COOTBETCTBYIOIIMMHM 3ajlayaMM, BXOJSIIUX B
KypCOBYIO paloTy, KOTOpas BBIMIOJIHSETCS B TeueHue cemectpa. KypcoBas pabora jgoipkHAa OBITH ClaHAa M 3a4yTeHa JI0 Hadala
HK3aMEHAIIMOHHO-3aYeTHOW CecCuu. BbIMOIHEHHE pacyeToB KypCOBOM pabOThl BO3MOXKHO C TOMOIIBI0O MaTEMaTHUYECKHX MaKETOB
(MathCAD, MathLAB, ANSYYS).

[IpenycmarpuBaroTcs cienyroume GopMbl yCBOSHHS MaTepHalia o Kypey:

a) caMOCTOsTeNbHAsl paboTa CTyICHTA C JINTEPATypOl B COOTBETCTBUH C U3JI0KEHHOM HIUYKE MPOTPaMMON U METOUYECKUMHU
YKa3aHUSIMU,

0) IpoCIyIIMBaHKUE JICKIIMHA IO OCHOBHBIM MPUHIIMITHAIBHBIM BOIPOCaM (B MIEPHOJ] YCTAHOBOYHON CECCHH);
B) MpaKTHYECKUE 3aHATHUSA (B MIEPUOJT YCTAHOBOYHOM CECCHHN);
T') BBITIOJIHEHHE KYPCOBOM PaOOTHI.

Ilpumepot mem nexuyuii

[IpumeneHue anreOpbl MATPUIL IIPU aHAJIM3E YCTAHOBUBIIUXCS PEKUMOB CUCTEMBbI AJIEKTPOCHAOKEHUS.
dopManrU30BaAHHBIE METO/Ibl AHAIN3A JJIEKTPUUECKUX LICTIEH.

HexoTopbie MEeTOIbI pellieHHs] CUCTEM alIreOpanvecKuX ypaBHEHUM B 3a/1auax AJIEKTPOIHEPTETUKHU.
OcHoBHBIE METOIBI perieHus AuddepeHImaIbHbIX YpaBHEHUH B 3a/1a4axX dJIEKTPOIHEPTETHKHU.
[IpumeneHnre Teopun BEpOSTHOCTEM, MATEMATHUYECKOW CTATUCTUKH B DJIEKTPOCHAOKECHHH.

b E

IIpumep nepeyHs NPaKTHYECKUX 3AHATHI



1. Pacder ycTaHOBUBIINXCS PEKUMOB B JIEKTPOIHEPTETUUECKUX CUCTEMAX.
2. [IpMeHeHne YHCIEHHBIX METOOB [l pelIeHUs aaredpanyeckux u quddepeHInanbHbIX YpaBHEHU.
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©CoNo O

1.0CHOBBI TEOMETPUYECKOMN TEOPUM DJIEKTPUUECKHUX IIENEA

OcHoOBHbIE BOIIPOCHI. reOMeTpI/I‘-IeCKaSI CXCMa BHGKTqueCKOﬁ OCIIN.

AHanmuTuyeckas 3aluch I€OMETPUYECKONW CXEMBbI C IOMOULIBI0 MAaTPUIbl COCIMHEHMU [/, AHanuTH4YecKas 3aluch CUCTEMBI
HEU3BECTHBIX KOHTYPOB CXEMBI C MOMOLIBIO MAaTPULbI KOHTYPOB /. AHAIMTHUYECKAs 3alMCh NTapaMETPOB LIETIEN, BBIHYKICHHBIX CHII U
KOOpPJIMHAT PEKHMMa C MOMOIIBI0O MAaTPHUI CONMPOTUBICHUN BeTBEH Z, MATpUIl MPOBOAMMOTEN BETOK Y, MHOTOMEpHBIX BekTopoB EPC

BETBEH — E MCTOYHUKOB TOKa 1, i » HAIIPSDKEHUN BETBEN U TOKOB BeTBEH , MOIITHOCTEM S.

OCHOBHBIE 3aKOHBI €JIEKTPUYHUX IETIel B MAaTPUIHO-BEKTOPHOH (hopMme.

Merton 3akoHoB Kupxroda.



Meton He3aBHUCHMBIX TOKOB. CHCTéMa HE3aBHUCHMBIX TOKOB. Marpuia npeBpalleHHs HE3aBUCUMBIX TOKOB - 5. Marpuua

MMpeBpamcHuA HCTOYHHUKOB TOKA - K 1 YPaBHeHI/Iﬂ METOJa HE3aBUCHUMbIX TOKOB.

MeTo1 KOHTYpPHHUX TOKOB.

Meroa He3aBUCUMBIX HanpsbkeHuid. CUcTeMa He3aBUCUMBIX HanpsbkeHu. MaTpuiia npeoOpa3oBaHusl HE3aBUCUMBIX HAIPSKEHUM
- b, . Marpuna npespaiuenns HcToUHUKOB DJIC — K,. YpaBHEHUs: METO/1a HE3aBUCUMBIX HAIPSDKEHNUN. MeTol y37I0BbIX HAIPSKEHUN.

Matpuiibl COOCTBEHHBIX M B3aUMHBIX MPOBOJAMMOCTEH, KOE(DUIIMEHTOB paclpeaeNeHusl, MaTpulla YCIOBHHX Y3JIOBBIX
conpotusieHuil. CTpyKTypa MaTpHLl, COACPKAHNE UX IJIEMEHTOB.

[IpeobpazoBaHne ypaBHEHUN ¢ KOMIUIEKCHOM MJIOCKOCTU B ICUCTBUTEIIbHYIO TJIOCKOCTh

Jlnst ycBOEHUSI OCHOB 00OOIIEHHBIX METOJIOB aHAJIM3a JJIEKTPOIHEPTETUUECKUX CUCTEM HEOOXOIUMO PacCUUTaTh TOKU U
HAIPSDKCHUS BETBEH IS OJHUM M3 METOAOB (CM. 3a1a4y 1):

a) METOJIOM HE3aBUCUMBIX TOKOB;
0) METOJIOM KOHTYPHHUX TOKOB;
B) METOJIOM HE3aBHCHMBIX HAIIPSHKCHUI;

') METOJIOM Y3JIOBBIX HAIPSKEHUM.

[Ipumep: paccunTaTh TOKM U HaNpsDKEHUSI BETBEH LenH, n300pakeHHbIX Ha puc 1.1, npu JaHHBIX PU3HYECKUX BETMUMHAX

MeTo/1_He3aBMCHUMBIX TOKOB. YpaBHEHHS METOJla HE3aBUCHUMBIX TOKOB B MATPUYHO-BEKTOPHOW (opMe 3amuchiBacTCs B
CJIeIyIOILEM BUJIE:

KK K

(1.1)



ne Z, — KBaapaTW4Has MaTpuna conporuBieHnid N= p—(0—1) nopsaka (P — KOIUYECTBO BETOK IICIH; (| — YKHCIIO BY3JIOB IICTIH);

|| —N —MepHBI BEKTOp HE3aBUCUMBIXX TOKOB;

EKK — N—MepHbIi BekTop KoHTYpHUX D/(C nenwu;

m

x n—MepHBIﬁ BCKTOP KOHTYPHHX SILC CIIM, CKBUBAJICHTBHIX HCTOYHHKAM TOKA Y3JIOB I CIIH.

Z 3 3
B -
- u

A

C

Pucynok 1.1



E, =-110e/¥'B, Z, =60e/3° O,
E, =220 /%B, Z, =60ei%5" O,

IAC 2109_1900 A, Z_4 = 206J450 O.]Vl,

N3 ypaBHeHnus (1.1) onpenensiercst BEKTOp HE3aBUCUMBIX TOKOB.

~ 1, = _
d IIOTOM U3 3aBUCUMOCTHU

I =51 0 I 1.3

=P T ik (1.3)

Haxonurcst BEKTOp TOKOB BEpBEH LIETIN.

Perrenue 3a1aun HAUMHACTCS C COCTABJICHUS JIJIs Kpyra ypaBHeHus metozaa (1.1).



1. CTpouM T€OMETPUYECKYIO CXeMY IIETH; OANH U3 y3JI0B MPUHUMAEM 32 OA3UCHBIN.
2. OmpenenseM 4YUCIO HE3aBUCUMBIX TOKOB 7 = p—(g—1) u cocraBisieM BekTop 3TuX TOKOB |,. He3aBucumble Toku He

JOJDKHBI 3allONHATH OJMH HE3aBHCHMBIA y3en.3amuchiBaeM BekTop TokoB Berok memud |, =(1,;1, ). CHavama wumyt TOKH,
COCTaBJIAIOIIUX BEKTOP ||, a nanblie — Ipyrue TOKU, COEAUHEHHBIE B BEKTOpP |, .
3. 3anuchiBaeM MaTpUIly COCAUHEHUN 1enu [/, MaTpUIl0 KOHTYPOB /', TPAHCIOHUPOBAHHYIO MATPHUILY KOHTYPOB [}, MaTpuIily

cornpoTuBieHui Betsei nienu Z, Bektop D/1C BeTBeil £ 1 BEKTOpP HCTOYHUKOB TOKOB | ..

HOCHGI[OBaTeJIBHOCTB BCTBCﬁ B ManI/II_IaX nu BCKTOan J0JOKHA COOTBECTCTBOBATH ITOCIICAOBATCIBbHOCTH TOKOB B BeKTOpe | (CM. II.
3).

4. B cooTBeTCTBHY ¢ pacnpe/eseHrneM BekTopa [ Ha BeKTop I, i 1, jenum matpuiy /7 Ha aBe nmoaMaTpuisi-oioka 1y v I1:

1T =|I1, I,

S. Haxonum obpatnyto matpuny 17, 1

6.  Haxogum cymmy matpun — /7, 1171 :

7.  3amuchlBaeM MaTpUIly NpeBpalleHH He3aBUCHMBIX TOKOB b;. Bepxumuii 0ok MaTpuipl b; SBIsETCS eNWHUYHAS MAaTPUIA
mopsiaka N = p—(q—1).

9. Haxogum npousBenenue Marpun 17 .

10. Haxoqum KBagpaTHYO MaTpUIly CONPOTUBICHUN YPAaBHEHUSI HE3aBUCUMBIX TOKOB Z; mopsiaka — N:



11. Haxonum BekTop KOHTYpHbIX TokoB JJIC E,

12. Haxoaum matpuily npeBpaiieHusi HCTOUHUKOB TokKa K.
Bepxusist coctaBistomast, 010k-MaTpuibl K, ABIs€TCS HyJeBas MaTpula ¢ N ctpoukamu U (Q-1) cronbuamu, Ipyrue 3JeMEeHTH

MaTpHUILbI HAWJIEHBI B I1. 6 1 9.

I

13.Omnpenensem BeKTOp SKBUBaJIEHTHBIX KOHTYpHBIX DJIC E . :

ypaBHCCHI/IH MCTO/Jid ITOJIYUCHO.

14.Haxonum oOpatHyto maTpuny Z; o
15.0mnpeernsieM BEKTOp HE3aBUCUMBIX TOKOB | | 1o ypaBHenuo (1.2).

16.HaxomuM BEKTOp TOKOB BeTBeit nenu / 1o ypasreruio (1.3).

—

17.0npenensiem no 3akonam Owma HampsikxeHus: BetBed U = E —ZI . [Ipowmmioctpyem npuMeHeHrne MeToaa Ha mpumepe (puc.
1.1). 'eomeTpuueckas cxema ey oKa3Ha Ha puc. 1.2.



3a 6asucHsblil npumeM y3en B. HeszaBucumbix TokoB N=2. CucteMy He3aBHCHMBIX TOKOB HE KOTI'YT co3aaBaTh TOku |4 1 |,, motomy

YTO OHM 3amoyHAIOT y3ea A. HesaBucumbIM MOXeT ObITh, Hampumep, cucrema TokoB |y =(ly,l3). Torma I, =(I,,1,). I[TosTomy

A 2 B 4
<
A
1 I A3 I 4
l11 2o
C
P=4 q=
Pucynok 1.2
Marpuiibl 17151 HEH:
1 011
1 0 1 0]A e
-1 -1 0 -1/Cc -1 0|2
_0 —-1]4
| 11

1 -1 -1 O
Ft = )
O 1 0 -1



z;z O 0 0

0 z3 0 -y
0 0 1z, O
0 -z43 0 Z4

!
A N W

E :( El ’O’_EZ ,—E4 )t ,

— . . t
IK :(_IAC’IAC) -

Pa3znenum matpunyy // Ha noamaTpuubl-0noku 117 1 115

IY:UﬁHﬂz{l 0 1 o}

-1 -1 0 -1/

1 0
0 -1 (mockonbky [/, — nuaroHalbHO-CUMMETPUYHA, TO

Haxomum 11, 1. Jlns ororo: TPAHCIIOHUPYEM Matpuny /7, :{

I y=11,);

Brrauciasem OIIPCACIINTCIIb MATPHUIIbI:

det 17, =1(~1)—0-0=—1.



HaXOIlI/IM MMPUCOCANHCHHYIO MaTpUy Hgt , TO €CThb MAaTPUIIO, CJIOKCHYIO U3 aﬂre6pal/lquKI/IX I[OHOJ'IHCHI/II\/'I HZt .
- |-1 0
H 2 = .
0 1

Bovtuucnum oopammuyrto mampuuy mokoe:

Ternep BeIYMCIUM:

A

Marpuua npespanieHusi He3aBUCUMbIX TOKOB:

1 0]
5o 1
-1 0
__1 _1_




Marpunia b, mnokasblBaeT, 4TO TOKM BepBel IenH, BbI3BaHbl aAeicTtBUeM OJIC, BbIpakaloTCs 4Yepe3 HE3aBUCHMBIE TOKH.
ITpaBenbHOCTH oOmpenencHUs b; JErko NPOBEPUTH, PABHAACH 3aBUCHUMOCTH, 4YTO BBITMKAaeT M3 ypaBHeHus (1.3) mpu [, =0, c

3aBUCUMOCTSIMH, KOTOPBIE MOKHO IIOJYYHMTb HENOCPEACTBEHHO C TreoMmeTpuueckoil cxembl nemu Iy =15; l3=13; |, =-14;

I[am,me HaXOoauM:

z7 O 0 0
1 -1 -1 0|0 zz3 0O -2y
o1 0 -1(0 O 'z, O
0 -z43 0 Z4

I S - B Z34
0 zz3+243 0 —2Z43-124
ManI/II_[a COHpOTI/IBJIeHI/Iﬁ HC3aBHUCUMBIX TOKOB!:
1 0]
z —Z —Z z 0 1
Z,=I,Z5, = 1 3 2 34 _ _
0 Z3+z,3 0 —z43—-24||-1 O




I S R Y, — I3~ I3
Zaa +24 I3+ Zp3+23+12

Bexrop xontypHbIx O/C:

|

KK

1t -1-107. . . L.
tE:L} Lo _J(El,o,—Ez,—ELl)t:(E1+E2,E4)t.

Marpuna npeBpaiieHuss MICTOYHUKOB TOKa!

0 0]

K:Zl -3 —1 Z3, 0 O:—z2 ~ Iy |

1o Z3+2;3 0 —-2z4-2,(1 O 0 Zy+12,
0 -1

BekTop 3xBUBaneHTHbIX KOHTYpHBIX D/IC:



—I —Z34 : . t . . )
E, = (_IAC’lAC) :[IACZZ_IACZ34’|AC(ZS4+Z4)]'
0 Zy+124

Bce xomnmoneHnTn YPaBHCHUA MCTOJa HE3aBUCUMBIX TOKOB B O6H_ICM BHUAC OIIPCACIICHEI. HOI[CTaBI/IM 3a1aHbIC B YCJIOBUC 3HAYCHUC
CI)I/I3I/I‘-ICCKI/IX BCJIWMYHUH LCITN:

, 6073 + 60674 — 20e/%" — 40e760" 20/’
b 207 4 20074 4079 120079 1 20679 1 206743

_107,9704¢7%%%" 581863724
36,9552¢/675  951817¢/6895

Bexrop kontypusix 3/C:
o =(-110e7%" 122067150 1276 145" )1 (2450673 10" 1070 145" ' =

= (14,7372 — j245,5255:89,8026 + j89,8026)' B.

BexTop 3kBuBaneHTHBIX KOHTYpHBIX D/IC:



3 :[10e‘j900(60ej450 —~20e 1% ):10e71% (20 19" +20¢ 1 )T =

— (4798898 19215”1369 5517¢712205" '

= (2241846 — j424,3060;340,3001— j144,0985)'B.

Pesynbrupyromuii BekTop KoHTYpHBIX D/C:

E,.. +E, =(14,7372— j2455255;89,8026 + j89,8026)" +
+(224,1846 — j424,3060;340,3001— j144,0985)" =

— (238,9218— j669,8315:430,1027 — j54,2959)" = (711,1665¢ 711" ;43351627775 ).

Haxoaum 00paTHyI0 MaTpully CONPOTHUBIICHUI YpaBHEHUS METOAA HE3ABUCUMBIX TOKOB, T.€. Z| ! Ilns storo tpancnonupyem:

11079704e120%° 3695500 1675

Ly = j249 9° i68,95° |’
581863 !°*" 951217e1°%

Brruucisem onpenenurens Z;, :



det Z,, =1201368e 11045°

3anuchIBaéM COCIMHEHHYIO MAaTPUILY:

S~ _| 951217e1%%"  _5g1863¢ 12409
1 = . . .
3695520175 107970412005

Brruucisiem oOpaTHyro MaTpuILy:

sa__ 1 - _[79204-10%e 155 48449.10 3¢ I3
1 — - . 0 . o |-
det Zy, 30771-103e143"  89903.10 3¢ 17545

BrruancnseMm He3aBHCHUMBIE TOKH:

T o = = 10-3-i3555° 10-3a-i346°
¥ _(|1’|3)_211(Em<+E,<)—|:7’9204 10" 48449-10""e }(

30771-10%e 4 §9903.10 3¢ 1734’
x(7111665¢ 17011 ;433516201775 )t =



— (6,8082¢ 78" 21307077566 )1 — (0,0329 — j6,8081:1,1742 — j1,7803)".

BrluncgeM TOKH BceX BETBEU LETIH:

. L S _ 0 |-
|:(I,,IH)=(|1,|3,|2,|4)t=51I1—L_I_1}IK=

2
1 0] 0 0]
= _01 (1) (6,8032¢ 789" 2,1327¢77566") _ (1) 8 (~10e™°" ;107" =
-1 —1] [0 —1]

= (6,8032¢ /%" 12,1327¢ 7750 ;3,1921/29" 11 8573/ 225" ) =

=(0,0329 — j6,3081;1,1742 — j1,1742;—0,0329 — ;3,1919;—1,2071— j1,4115) A.

ITo 3akony OMa BBIYKCIIIEM HANIPSKEHNS BETBEW LIETN:



Z, 0 0 0 ]
L I o 0 Z 0 -7
U=(U,U:U, U, =E—2zI =(E,0-E, E,) - 3 34

(Up,Uz Uy Uy) (E 2,E4) 0o 0 z, o0
0 —243 O Z4

) (15151501, )= (~110e1% ;0;:—220e 160" : _1071%" )
(680826~ 1595° 213076196 31601612095° 4 g573,12295° ) _

= (4237840 15%” ;64:18106 120715 :408 21636 11268 16418106 120715 ) =

= (—301,9734 + j297,3297:-57 1079 — j29,2916;
— 244 8655 + j326,6213;-571079 — j29,2916)B.

MeTo0/1 KOHTYPHBIX TOKOB SBJISIETCSI YaCTHBIM CITy4aeM METOJ[a HE3aBUCUMBIX TOKOB. B MaTpuyHO-BEKTOPHOM popMe ypaBHEHUS

MCTOJAa 3aIlIMChIBAIOTCA B CIICAYIOIICM BHUIC!:

S , (1.4)

—

ne |,,.— N—MepHHI BEKTOP KOHTYPHBIX TOKOB;



Z . — KBagpaTrHas N-MOpsKa MAaTPHULIA KOHTYPHBIX U B3aUMHBIX COIIPOTUBIICHUH.
Martpuis
Z. =171", (1.5)

MOJKET OBITh 3aIIMCaH TaKXKe HETIOCPCACTBCHHO I10 CXEMC LICIIU NI CUCTEMbI HC3aBHUCHUMBIX KOHTYPOB.

[IpaBas yacTth ypaBHeHus (1.4) COOTBETCTBYET IPaBOil YaCTU ypaBHEHUSI METO/1a HE3aBUCUMBIX TOKOB (1.1).

KOHTypHBIe TOKH HaXO0OATCA U3 COOTHOLIICHUA:

— _1 — —
IK'K' = ZK (EKK' + EK )’ (16)
a TOKW BETBEU LIEMH U3 BBIPAKEHUS:
. 0 |-
I =11, —| _4|l,. (1.7)
11,
HOCHGI[OB&TGHBHOCTB MNPUMCHCHUSA METOAA KOHTYPHBIX TOKOB CJICAYIOIIas:
1. CTpouM TreoMeTpHYeCcKyI0 CXeMYy IEMU; OJIMH U3 Y3JIOB IPUHUMAEM 3a 0a30BbIH.
2. OmnpenensieM KOJIMYECTBO HE3aBUCHMBIX KOHTYPOB [N=pP-(Q-1)] 1 BhIOMpaeM 3TH KOHTypa Ha CXEeMe.
3. 3anumeMo BEKTOp TOKOB BeTBed nenu | . KOMIOHEHTH BeKTOpa pa3MHINAeM B TaKOW MOCIEAOBAaTEIbHOCTH: CHaudaja N

TOKOB BETBEH, UTO COOTBETCTBYIOT (XOTSI O M C MPOTHBOTMOJIOKHBIM 3HAKOM) KOHTYPHBIM TOKaM; fajee— apyrue (4-1) Tokos.



4, 3anuieM MaTpully CO€AMHEHU uenu /7, MaTpully KOHTYpOB /), MaTpHIly CONpPOTUBIEHUN BeTBel nenu Z, Bektop D/C

—

BetBel E u BekTOop ucTOYHMKOB TOKOB |,.. IlociegoBHOCTh BeTBe B MaTpulax M BEKTOpax JOJDKHA COOTBETCTBOBATH
MocJieIoBaTeIbHOCTH TOKOB | (cM. 1. 3).
5. Hpyrue (g-1) cron6ioB matpuiisl /1 Bufenum B moaMaTpuily-0mok /75.
-1
6. Haxonum obpatHyro matpunyy 77, .

B MeTo/1e KOHTYpHBIX TOKOB MaTpulia IpeBpalieHuii b; cOOTBETCTBYET MaTpuLe /.

Jlanpiie, HaunHAas C 1.9, BBITIOJIHAEM BCE JAJbHEUIINE NEHUCTBUS METOIa HE3aBUCUMBIX TOKOB C TOM JIMIIb Pa3HULIEH, 4yTo B 11. 10

HaxoauM matpuny Z,. = 1,Z]" (nnu 3anuceIiBacM €€ HemOCPEeACTBEHHO 110 CXEME DJIEKTPHUUECKOM 1ienu); B . 14 Haxoaum Z _1, BIL 15—
K t K

— —

| .. o BelpaskeHuto (1.6), u B 1. 16 muis onpenenennsa | ucnonbs3zyem 3aBucumocTs (1.7).

['eoMeTpuueckas cxema Iernu u3o0paxkeHa Ha puc. 1.2; 3a 6a3ucHbIi mprHUMaeM y3ei B. Tam ke moka3aHnsl He3aBUCHMBbIE KOHTYPBI (N=2).

B Bektope mepBbiMu ctaBum Toku 1y i I, (I = Iy, 1, =I5, ), nanbute — Toku I, i I3. Torna I =(14,14,0,,153).

Mampuuvt u éexmopa yenu:

1 4 2 3

1 0 1 0|4
-1 -1 0 -1|C

1 01
_ 1 0 -1 -1
_ 0 14’ r - |
-1 0|2 0 -1 0 1

-1 13



1 4 2 3

z, 0 0 01
1o 0 z, 0 |2
0 -Zy 0 Z |3
— . . . \s — . .
E=(E E E0), e =(=Tac Tac )"
Brinenum matpuny 115:
1 0
H2 -
OOparHast MaTpulia Ui 9TON TUaroHaAIbHOW MaTPUIIBI:
1 0
;' =
0 -1

[IpousBeneHne MaTpuu:



'z, 0 0 0]
FZ:F 0 -1 —1} 0 2, 0 -Z4| (24, 24 -2, -1,

“lo-10 10 0 Z, 0 0 -Z,-Zy 0 Zyp+Zs|
0 -Zy 0 Z4

Marpuia KOHTYpHBIX COIPOTHUBIICHUMN:

1 0
__1 1_
| =22y L+l +Zp+Zs|

Martpuna Z, MoOeT ObITh 3alMcaHa TaKXKe M HENOCPEICTBEHHO M3 CXEMbl 3JIEKTPUYECKON LENH: JUArOHAJIbHBIE HJIEMEHTHI —

COOCTBEHHEIC COIMIPOTHUBJICHUA KOHTYPOB; APYTUC 3JICMCHTHBI — B3dAMMHBIC COIIPOTHUBIICHUA COOTBCTCTBCHHBLIX KOHTYPOB.

JIByMepHbIi BEKTOp KOHTYpHbIX D/C:

_ |:1 o -1

—1 . . . . . .
0 -1 o0 lJ(El,—EM—Ez;O)tZZ(E1+E2;E4)t-



Marpuna npeodpa3zoBaHusi HICTOYHUKOB TOKA:

o o
< {zl Zow -2, —Z4 }Xo 0 _{—zz Z, }
= _
0 -Z,-Z4 0 Zy+Z4| [1 0 0 —Z5—Z4
0 -1

. {—zz Z4

iy
. _ZS_ZJ( poinc)

= [I'AC (Zy+Z3)i~Tac(Za+ 243 )]( .

Bce xoMmoHEHTHI YpaBHCHUA MCTOJda KOHTYPHBIX TOKOB B O6H_ICM BHU/JC ITOJIYUCHEI. HO)ICT&BI/IM 3aIaHHBIC B YCJIIOBUH 3HAUCHMUSA
(IJI/IBI/ILIGCKI/IX BCJIMYHUH LCIIN.

_ 16073 4 60e 14 + 40¢ 16 — 40150 _ 2019’

z j60° j90° j60° j45° j90° 900 |
—40e’®” —20e! 40e’ +20e!™ +20e’ +20e!

K



[1143879+ j1070674 - 20— 54,6410
| —20-j546410 341421+ j88.783

156 6781e 131" 581862012499
581862012499  951216¢1689°

Bexkrop xouTypHBIX D/IC:

B = (El +Ep; E4)=(—1106j300 + 220615 1276 145" )=

_ (2459673 1866" 127 145° y_
_ (147372 — j2455255:89.8026 + j89,.8026 )B.

E. +E, =(147372— j2455255;89 8026 + j89,.8026 )+ (770,7643— j6241525;
—546,4237 + j199,9626 ) = (7855015 — j869,6780;—456,5211+ j289,7652) =

— (117190106 479" ;5408019¢ 147" ),

Bbruncaum oOpaTHY!0 MaTpully KOHTYPHBIX CONPOTHBIEHHUH Z 1 (em onpenencHue Z; 1 B Merome Hes3aBHCHMBIX TOKOB).

Z,., =7, (MaTpuua 1uaroHajJbHO-CUMMETPHYHAs).



det Z,, = 2997324 + j11633,77 =1201368¢ 11045°

S~ _|951216e1%%® 581862 196"
“ | 5818620199%° 156 67866 1431

;1 _[79178-107e -i%58°  48433.10 %1346’
© |48433-107%e 718" 130424.10 3¢ 161

Breruuciaum KOHTYPHBIC TOKH !

(D) =| 791781071 48433.20 %O
—\'11.%'22 ) — 0 0
48433-107%e 7138 130424.107%¢ 7101

x (11719011479 1540 8019¢ 11476° ) = (68082 189 11 8573¢ 1495° ) —
=(0,0329 - j6,8081;1,2071+ j14115)A.

[lomyyaem TOKHM BETBEH LIEIIN:

- CoL _ 0 |- 0 -1 _ )
I=(lyl05,05) = FIKK—{H_JIK = x (680826 189%° 11 85731495 ) -
2




; 0 . 0
- | i . ;31921e120907:21327¢ 715067 ) =
x(~10e71%0" ;10 719" ) = (6,8082¢ 10" 118573617295, )

= (00329 - j6,8081;—1,2071— j1,4115;—0,0329 — j31919;11742 — j1,7803)A.

HCHOJ’IBBYH 3aKOH OMa, BBIYHCJIICM HAIIPSIKCHH A BETBEH Oe1In:

'z, 0 0 0
~ S . . 0 Z 0o -Z
Uu=(U,U,U, U =(E ~E,~E, 0) - 4 43

(U, U, U, Uz ) =(E;~E4—E; 0) 0 0 z, 0 X

0 -Zy 0 Z,

iy, T4, 05,05) =(~110e13 ;_127¢ 145" ; 220e 150" ;0)

60e 130° 0 0 0
| o 20e 145" 0 —20ei% «

0 0 60e 145 0
0 —20e7 0 408

x (680827190 ;185730 17298" ;31921 12596 ;213277105 ) = (4237840 11345 ;

641819¢ 120715 :408 2163 11268° :641819e 120715 ) — (3019734 + 297 3297:~57 1079 —



— J29,2916;-244 8655 + j326,6213,-571079 — 29,2916 )B.

MeTo/1__He3aBHMCHMBIX _HANpsSKeHMil. YpaBHCHHE METOJa HE3aBUCHUMBIX HAINPSHKEHUH B MaTPUYHO-BEKTOPHOU QopMme
3aIMChIBAETCS B CIEAYIOIIEM BUJIE:

YU, =I,+1,,, (1.8)
rae Y; — KBaJpaTHas MaTpulia IPOBOJUMOCTEN (g —1) IOPSIKA;
U — (g-1)-MepHuii BEeKTOp HE3aBUCHMBIX HAIPSHKEHUM BETBEMH IIETIN;
I, — (g —1)-mMepHHuii BEKTOp NICTOYHHKOB TOKA Y3JIOB IICIIH;
I, —(q—1)-MepHHil BEKTOp UCTOYHUKOB TOKa, SKBUBAJICHTHBIX HcTouHMKaM DJIC BeTBeil memnu.
13 ypaBHeHus (1.8) MOKHO HAWTH BEKTOP HE3aBUCUMBIX HaNpspkeHUd U
— _1 — —
U|:Yl (IK+IK3)’ (19)
a IOTOM U3 3aBUCUMOCTH

ONPENETSAETCS p— MEPHUM BEKTOP HAINPSLKEHUN BETBEW LIETIH .

BrrunciaeHns HauMHAaOT CO CIOXKEHUS IJIS LIeIH YpaBHCHHUA METOAa (1 8)



1.CTpouM reoOMeTpUYECKYIO CXEMY LIETIH, BIOMpaeM 0a3uCHBIN y3ell.

2. OmnpenenseM 4YHCIO HE3aBUCHMBIX HampspkeHHH — (Q-1) W cocraBMM BeKTOp He3aBHCHMMBIX HamnpspkeHuid U,. Bersw,

HAIIPSPKCHUA KOTOPBIC BXOJAT B U | » HC JOJDKHBI CO31aBaATh BaMKHYTBIﬁ KOHTYD.

3. 3anmceiBaeM BekTop HanpspkeHuid BetBer nenu U =(U, U, ). CHayana 3anuchIBalOT HaPsHKSHUS, KOTOPBIE 00pa3yIoT BEKTOP

U, , nanblie — Apyrue HanpsKeHHst, KOTopble 00pa3yroT Bektop U, .

4. 3anuceiBacM MaTpUIly COCIWHEHUN 1enu /I, MaTpuily KOHTYpOB /), TPAaHCIIOHUPOBAHHYIO MATPHUILy KOHTYpPOB [}, MaTpHILy

—

conpoTuBiieHUl BeTBel nenu Z, sektop J/C BeTBelt E 1 BEKTOp UCTOYHMKOB TOKa | .

5. B cootBercTBHM ¢ pactpenencHueM Bektopa U Ha Bektopa U, U) memum Matpuiyy [ Ha aABE MOAMATpHUbI-Onoka [ u
I

-
6. Haxoqum Matpuity, 00paTHyo K [, TO eCTb [} t_zl.

7. HaxoguMm npowusBeaeHue Matpuil [ t_zl I t -

8. 3amuceiBaeM MaTpully NpeoOpa3oBaHUs HE3aBUCUMBIX HampsbkeHuil b,. Bepxusas nmoamaTtpuna Onok-marpunbsl b, 3TO
¢IMHUYHAs MaTpuIa nmopsjaka (g-1).

-1
-1
—1'yply

b, =

9. Brruucnsiem MaTpuily mpoBOIMMOCTEHN BETBEH 11enu Y Kak 00paTHYIO K MaTPHUIle COMIPOTUBIICHUN BETBEH:

Y=27z",



10. [Tonyuaem maTpuity npeoOpazoBanus ucrounukoB JJ]C BeTBei:

11. Beruuciisiem MaTpuily IpOBOAUMOCTEN ypaBHEHHUSI HE3aBUCUMBIX HANPSXKEHUMN:

12. HaXO,ZII/IM BCKTOP 3KBUBAJICHTHOI'O UCTOYHHUKA TOKaA:

|

Il

A
N

m

K3

Bce xomnonents! ypaBaenus (1.8) HalifieHBI.
13. HaxoauMm oOpaTHyto MaTpHIly npoBoauMocTen Y 1

14. Ilo ypaBHeHnuto (1.9) onpenenseM BEKTOp HE3aBUCUMBIX HanpspkeHU U ;.

15. U3 ypaBuenus (1.10) onpenensieM BEeKTOp HaNpsHKEHUST BETBEH uU.

16. ITo 3akony OMa BBIYKCIIIEM TOKU BETBEU LIETIHU:

[ =Y(E-U).



['eoMeTpuyeckas cxema Iienu nokazaHa Ha puc. 1.2; 3a 6a3ucHbIil npuHemaeM y3ell B. Cuctembl HE3aBUCUMBIX HANPSXKEHUN HE
MOTYT CO3/1aTh, HanipuMep, HanpsbkeHus U u U, , motomy, 4to BeTBH 3 ¥ 4 00pa3yroT 3aMKHYTHIN KOHTYp. He3aBucumoil MoxeT ObITh,

Hanpumep, cucrema Hanpsokennit U, = (U,U;). Torna U, =(U,,U, ) u, Takum o6pazom, U, =(U, U, )=(U;,U5,U,,U,).

Marpuusl 1 BEKTOpa LEnu:

1 3 2 4
{1 0 1 O}A
I = :
-1 -1 0 -1|C
1 01]1
_ 1 -1 -1 0
L1t 3; I = ;
-1 02 0O 1 0 -1
0 -1/4
1 3 2 4
(z, 0 0 071
N LI A
0 Z, 0 |2
0 -2, 0 Z, |4
— . . . \d — . .

Henum Matpuity /; Ha MOAMATPULIbI-OIOKU:



1 -1 -1 0
ro=|r,r, |- { }

o 1 0 -1}

OOpatHas kK 1MaroHaJIbHOW Matpuue [ t, -

HpOPI?;BGIICHI/Ie MaTpHuIl:

L Lol 1 -1] [t -1
21 10 1 0 1 0 1

Martpuiia npeodpa3oBaHUsl HE3ABUCUMBIX HAIPSHKEHUI:

oS b O BB




Martpunia b, mNOKa3bIBacT, Kak HANpsDKEHUS BETBEH ILENM ONPENENAIOTCS 4Yepe3 HEe3aBUCUMbIEC HaIpsbkeHUs. BepHocThb
onpeneneHus b, JIErko IMpOBEPUTh, IPUPABHAB 3aBUCUMOCTH, KOTOpPBIE CIEAYIOT U3 BbiBakeHUs (1.10) ¢ 3aBUCHUMOCTAMH, KOTOpBIE

MOJKHO ITOJIYYUTb HCIIOCPCACTBCHHO U3 3HCKTpH‘IeCKOI>'I CXCMBI.

Martpuiy npoBOJMMOCTEN BETBEH LIENH, KaK OOpPAaTHYI0 MAaTpUIy CONPOTHUBACHUN Z, MOXHO HAWTH, HCIOJIb3YyS MPUEM
pacrepeiefieHusl BBIXOJAIIEH MaTpullbl Ha MOAMATPHUIBI-OIOKU. [[nst oOjeryeHus BbIYMCICHHM ObIBa€T JOCTATOYHO CHENIaTh
MEPECTAHOBKY CTPOK M CTOJOLOB MaTpuipl Z, 4TOOBl MOAMATPULBI-OJOKM OBUIM HYJEBBIMH WM JIHATOHAJIBHBIMU MaTpHUIIAMU
MAaKCHMAJIBHO BBICOKOI'O IOpsiAKa. B HameM ciydae AOCTaTOYHO IOMEHATH MECTaMHU BTOPYIO M TPETBbIKO CTPOKH, U BTOPOM M TPETHUM
cToJsionel. [loce nepecTaHOBKH MOTYYUM:

N

0
z

N

0 0

0 0 _{zn zu}

3 —Z3, Ly Ly .
Z

- Z43 4

o O O

0
0
Martpuriia Oyaetr oOpaTHOM K Z, €CiiM BBINONHSETCS ycioBue ZY=1, TO ecTb:

le ZlZ % Yll Y12 _ 10
Z21 Z22 Y21 Y22 0 1]



Taxkum o6pazoM, onpeneaeHue MaTpULbl Y CBOIUTCA K OIPEAEICHUIO TOAMATPUL-0JI0KOB Yi1,Y5,Yo1,Ys).

Il.]'lﬂ 3TOro0 pa3dBepHeEM 0JI0KOBOE YpaBHEHUE, TO €CTh:

21111+ Z35Y =1 LoY11 +ZypY0 =0;

Z11Y1p +215Y55 =0; Ly Y1p +2Z55Y 9 =1

Orcro1a Haxo0AUM (Ha4MHAas C BEIYUCIICHUS 22_21):

Y11 = (le - lezz_zlzzl)_l;Yzl - Z2_21221Y11,

le - _Yl 121222_21;)722 - Zz_zl _Zz_zlzzlylz

[Tonmatpunbl-010ku Z;, i Z,1 B HalleM citydae HyjeBble, popMyibl (1.11) mpu 3TUX yClIOBUAX MPUMYT BUL:

1,
Yiu=2115 Y =0,

Yo =0; Yy =23,

Beruucianm

(1.11)



Brrancnup noaMaTpuIbI-0J10KH, 3aTUIIEM:

Z 0
Z, = _
0 Z7

det 2oy = Z3Z4 — 734243 = A,

-1 s
le _Yll 1 Zzz

J
n

Zy A Zyy | A
Z43 | A 23/3]
1/z, 0 0
0 1/z, O
0 0 z/
0 0 Zy/

> B>

:Y22!

0

Z

z
3
Lot = {_

— JUaroHaJilbHas Marpuna,




Tenepb H€O6XOI[I/IMO BOCCTAHOBHUTDH HpOHIJII:IfI IMOopPAOOK CTPOK U CTOH6HOB:

(1/z;, 0O 0 0

v _ 0 Z,/A 0 ZylA
0 0 1/z, O

| 0 Z/A 0 Zg/A |

Haxonum matpunty npeodpaszoBanus Bekropa OJIC BeTBeil B BEKTOP 3KBUBAJIEHTHBIX HCTOYHUKOB TOKA!

1 0 1 O
KZZHYZ X
-1 -1 0 -1
1/z, 0 0 0
0 z/A 0 zu/Aa| Y@ 0 Uzn 0

0 0 1/z 0o | |-1/z -8~ T
%2 1 A A

Haxonnm Matpuily npoBOAMMOCTEN HE3aBUCUMBIX HANIPSIKEHU:



o
1z, 0 Uz, 0 |y g
A
~ ~ L+ 1 |
1/z,+1/ z, -1/ z, - 5 R
_ e N 2 Y] 2
| -1/g —Z3+Z4+KZ34+Z43 |l g4I 4Ty + 2
B 22 2324 234243

Onpez[enﬂeM BCKTOP 3KBHBAJICHTHBIX HCTOYHHUKOB TOKOB:

i} [y 0 1z, 0 | | .
A A
1 .1 1 . 747y
=S| BB B +E S
Z; Z, Z A

Bce xoMmoOHEHTHI ypaBHEHMsI METOJa HE3aBUCHMMBIX HaIlpsDKEHHH B oOlieM Buae HaiaeHsl. IlocTaBuM 3ajaHHbIE B YCIIOBUU
3HaYeHUS (PU3NYECKUX BEIUYMH Liend. MaTpuiia NpoBOAMMOCTEN BETBEH:



! 0 0 0
60013
5 200145 5 20e19"
Y = 1 OM'l,
0 0 _ 0
60e )%
5 20e19" 5 40e 16"
i A A

A = 40e199° 200145° _ 20e1%° 9019

1,6667-10 213 0 0 0
v 0 2,5111-10 2 137 0 25111-10%e™ | o 1
0 0 1,6667 .10 2 14’ 0 '
0 25111-10 2/ 0 5,0222 .10 2¢ 116
Martpuna npoBOoAUMOCTEN YPABHEHHS HE3ABUCUMBIX HAIIPSKEHUI:
[ 60ei4” 4 g0e i30° 1
. -0 o0 B . -0
Y, = 60e /4 60e %0 60e /%
- 0 - 0 - 0 . 0
1 40e199" 4 20e1%" +20e/% 4 20e!%°
- .0 o <20 <120 ) )
60e %0 40e1%9" 20e1%4" 4+ 20e190" 20190




_|33048-107%e 137" 1666710 21
16667 -10 2e1150°  11943.10 117295

BCKTOp OKBUBAJICHTHBIX UCTOYHHUKOB TOKa:

— . 0 H 0 H 0 . 0 JGOO JQOO
I, =| —110e'%° b o0ei L 11009 410700 040e. 0+20e. e | T
60e1%° 60e 43 40e’%% 20e’* —20e'%% 20e!%°

— (3.65056"°; 10766612 )= (~0,8843+ }35417; 9,0539+ j5,8263) A.
Pe3ynbpTupyronuii BEKTOp HCTOYHUKOB TOKA:

I« + I3 =(j10;—j10)" +(-08843 + j35417;9,0539 + j5.863)" =

. . t
— (~08843+ j135417:9,0539 — j41737)' = (13,5706e’93'60 ;9,9696e“24'750) A.

Brraucianm oOpaTHy0 MaTpuily IpOBOJUMOCTEN HE3aBUCUMBIX HAPSHKEHUM (TTOCIIEI0OBATEIFHOCTh BRIYUCIICHUS TaKas ke, Kak mpu

BBIYUCIICHUU Z{ ! B MeTo/Ie HE3aBHCHMBIX TOKOB):



v _|33048-10%7 175" 1666710 210"
16667102613 11943.10 117295

detY,, =—2,8846 107° + j3,0372 103 =4 1887 .10—3ejl83,55° ,

v~ _|11943.107Te 11729 1666710 21"
1 — . . )
16667102713 33048.10 2e 1%

yvai__ 1 -_| 285119 j394°  397gge~ 17855’

BrruncinrM TBOMEPHBIA BEKTOP HE3ABUCHUMBIX HAITPSYKEHHMN:

28511001394’ 39789e~ i17855°

T a1 i M ov-1r [ -
Uy =(UpUz) =Yy (I +lg3) _|:3,9789e‘j163’550 78897 117105°

}(13,5706&93'80 09696612475 ) —

= (42378400755 16418196/ ) (- 3019734 + j297,3297,-57,1079 — 29,2916)B.

Haxoaum HanpsixkeHus: BCEX BETBEU LEIIN:



0
1

U=(U,U3U,U,)=5U, = L (— 3019734 + j297,3297;-571079 — j29,2916)=

o+ O B

1

= (-301,9734 + j297,3297;-57,1079 — j29,2916;—244,8655 + j326,6213,—57,1079 — j29,2916) =

— (4237840 113545 164 1819¢ 120715 ;408 2163¢ ™~ 126%° 64,1819 120715 ) B,

J1iis BeIYMCIIEHHSI 110 3aKoHY OMa TOKOB BETBEH:
I=Y(E-U).
Haiizem cHauata BEKTOp MaIeHns HampsikeHnii Ha Betssix (E —U):
E —-U = (-95,2628 — j55;0;—110 + j190,5255;—-89,8026 — j89,8026) —

—(~301,9734 + j297,3297;-57,1079 — j29,2916;—244,8655 + j326,6213,—57,1079 — j29,2916) =

= (206,7106 — j352,3297;57,1079 + j29,2916;134,8655 — j136,0957;-32,6947 — j60,5109) =



— (4084917e1%% :641819¢ 12715 :191 6004¢ 1454 ;68,7787 1%415” ) B,

Breraucioum BCKTOP TOKOB BETBEH OCIIN .

I'=(l,05,0,,1,)=Y(E-U)=

16667 10 2¢ 13" 0 0 0
_ 0 2511110 2¢ 1% 0 25111-10 2" |
0 0 1666710 21" 0
! 0 2511110 2/ 0 5022210 2 116"

x (4084917 1596° :641819¢127%5” 1191 6004 1454° ;68,7787 12416" ) =

_ (68082e1896" :01307¢1%66" :31921¢ 12696” -1 85730 12295 ) _
=(0,0329 — 168081;1,1742 — j1,7803;-0,0329 — j31919;-1,2071— j14115)A.

MeToa_y3/10BbIX HANPSIKEHWH STO YacCTHBIM CIlydail METOJa HE3aBHCHUMBIX HaIpspKeHH. B MaTpuuHO-BeKTOpHOU dopme
YpaBHEHHUE METOJIa 3alIMChIBACTCS B BUJE:

YBUB = IK + IK3’ (112)



rne Ug —(q —1)-mMepHHii BEKTOP y3JIOBBIX HANPSDKEHUH;
Yg - kBagpaTHas cumerpuuHas (( —1) mopsika MaTpuiia MPOBOJMMOCTEH YPaBHEHUSI METO/Ia Y3JIOBBIX HAIIPSKCHHIA.

Yg = IIYTI,.

Marpuna Yg Ui nenei 6e3 B3aMMHOMHIYKTHUBHBIX CBSA3E€H MOXKET OBITh 3alKcaHa HEIOCPEACTBEHHO HA OCHOBE CXEMbI LIETIH.

[TpaBas yacTte ypaBHeHHUs (1.12) COOTBETCTBYET NPaBOil YACTH YPABHEHHSI METO/1a HE3aBUCUMBIX HamnpsikeHuid (1.8).

V35n0BEIE HaIIPAKCHUA HAXOOUM II0 COOTHOIICHHIO!

Ug =Yg (I, +1,,), (1.13)

a JaJIbIIe 110 BUPAKCHUIO!

U =TI7U (1.14)
t~1

HaxXO0JIUM P-MEPHUI BEKTOp Harpsi>KeHU BETBEH 1IEeTH.

[TocrmenoBaTenbHOCTD BBIMOJIHEHUSI METOA Y3JIOBBIX HAMPSIKEHUH B OCHOBHOM COBIAJAET C MOCJIEI0BATEIFHOCTHIO BBITIOTHEHHUSI
METO/1a HE3aBUCHUMBIX HAMPsIKEHUH.
1. Crpoum reoMeTpryecKyro cxemy lLenu, Buoupaem 0a3uCHBIN y3ed.

2. CknanpiBaeM (0-1) — MepHUIt BEKTOp y3710BBIX HampsoxeHuid Ug.

—

3. CxiazpiBaeM BEKTOpAa TOKOB BeTBell | M mampsbkenwii BeTBeit U, Marpuily COeqMHEHUM Lenu [, TPaHCIIOHMPOBAHHYIO

—

MaTpully coeuHenus /1, matpully conpotusieHuil Berseit Z, Bekrop D/1C Betseil E, BekTop nctouHukoB Toka |, .



[TocnenoBaTenbHOCTh BETBEW MOXKET OBITh MPOU3BOJIBHOM, HO BO BCEX MaTpULaX U BEKTOpax oAHaKoBou. [locienoBaTenbHOCTD

—

HC3aBHUCUMBIX Y3JI0B B BCKTOPC | u MaTpPHUIbI HI[OJ'DKH& COOTBCTCTBOBATH HUX ITOCICAOBATCIILHOCTH B BEKTOPC ) B

K

Matpuna npeoOpa3oBaHUs y3JI0BBIX HAIPSDKEHUH COOTBETCTBYeT Mmarpuue [/ . Jlampnie, HauWHas C I1.9, BBINOJIHSIOTCS BCE
CIEAYIOIINE MYHKTHI IOCIEIOBATEILHOCTH BBINOJHEHUS METOAA HE3aBHCUMBIX HAIPSIKCHUWA C TOM K€ pa3HULEW, 4yTo B 1. 13

HaxoauM Yg 1 Bm14 1m0 ypaBHeHuo (1.13) Beruucanm UB , a B 1. 15 BekTOp U BBIYHCINM 1O BbIpaxkeHuto (1.14).

['eomeTpryeckas cxema Iiend H300pakeHa Ha puc. 1.2; 3a OasumcHBIM y3en mpuHuMaeMm y3en B. B cxeme ((-1)=3-1=2
HE3aBUCHMBIX y3J1a, 103TOMY BeKkTOop Uz MMeeT 1Ba KOMIIOHEHTa, KOTOpPbIE COOTBETCTBYIOT y3i1aM A u C.

UB =(UaUc).
MHoromMepHbie BEKTOpa M MAaTPHUIIBI IIEIH: IPHHUMAEM HATypalIbHYIO ITOCIEA0BATCIEHOCTh BETBCH B BEKTOpAX U MATPHIIAX.
r:(|'1,|'2,|.3,|.4)t; U:(Ul,UZ,U3,U4)t;
1 2 3 4

{ 1 1 0 O }A

e ;

-1 0 -1 -1|C
_1 _ 1_ —zl 0 O O ] 1
1 0 L 0 7z, 0 0 |2
=g _4f 10 0 zZ3 -7y |3

E=(E~E0-E); Tk =(=Tacilac)"

1 2 3 4



o o -1 o o <
ManI/II_Ia IMPOBOAMMOCTCH BETBCH LICIIN Y=Z AJIS1 IIPUHATOU 3ACCH IMOCIACA0BATCIbHOCTH BCTBCHU B Z HanacHa Y>KC B TECMC

«MCTOI[ HC3aBHCHUMBIX H&Hpﬂ)KCHPIﬁ». Tam xe IMPUBCACHA ITOCICAOBATCIIbHOCTD BBITHCIICHU A YB 06HI€M BUAC:

1/7, 0 0 0
y_| 0 Yz 0 0

0 0 Z/A ZylA

0 0 ZglA Z3/A

IS A = 2324 — 234243 .
Martpuna npeodpa3oBanusi uctounukon JJ1C BeTBeil:

1/, O 0 0 |
 _y [T 100 0 1/z, O 0 g 1z 20_ 20 i
? 10 -1 -1 0 0 /A Z/A| |-Uzm 0 -HSE _SES
0 0 Zy/A Zg/A
Marpuua npoBOAUMOCTEN YPABHEHHUSI Y3JI0BbIX HANPSIKEHUM :
0 1 -1
0

17 1/7
YB:IYYIYt: _1/ Zl O _24 '|;243 _234_"‘ 23 X 0 -1
A A 0 -1




1/7,+1/ 7, “1/3
= Z4+Z43+234+Z3

-1/ Z 1/z, +
1 1 3
BBIUHCIIMM BEKTOP SKBHBAJICHTHBIX HCTOYHUKOB TOKA:
) Uz 1z 0 0 -
Iz =KE=| . _ CZy+Zy3 Ty + 73 | x(BE-Ep0-Ey) =
1/z; O = X

Bce koMnoHEeHThI YPaBHCHHUA METOAA Y3JIOBBIX HaHpﬂ)KeHI/If/JI B 06IlIeM BHUAC HaﬁﬂeHbI. HO,Z[CTaBI/IM 3a/IaHHBIC B YCJIOBHH 3HAYCHUA
(IJI/IBI/ILIGCKI/IX BCJIMYHUH LCIIN.

Marpuia npoBOAUMOCTEN BETBEN:

L 0 0
60e 13"
1
Y 0 p—rr 0 0
- 20014 20ei%" |
0 0 2 a
A 0 A 0
20e1%0" 40/
0 0 - 2
I A A



A = 406 16%° 200145° _ 20e19° 20 i%0°

+nn0
166671072710 0 0 0
-2 —jas?

_ 0 16667-10 ¢! 0 0 1
Y= 2 310 L 0 |OM

0 0 25111-107%¢! 25111-10"%¢!

-2 j14° ~2 - j16°
0 0 25111-10 ‘e 50222-10 “e

Marpuiia npoBOAMMOCTEN YpaBHEHUS y3JIOBbIX HAIIPSIKEHUM:

B ! T
v _| 607" 60l o 60el O .
° 1 1 401 +20eM + 20" + 208!
60e 130" 6013 40ei80° 20ei45° _ 20ei%’ 90ei®”

_|33048-10 27975 16667.10 215" |
1666710 215" 13493.10 e 198’

BekTop 5KBHMBAJEHTHBIX HMCTOYHHKOB TOKa COBIIAJAET C COOTBETCTBYIOIIMM BEKTOPOM YpPAaBHEHHS METOA HE3aBHCUMBIX
HaIpsKEHUM:

—

3 = (3,6505e 1104° 10 766661275 j —(— 08843 + j35417;9,0539 + j58263) A.

CoBmaaer Takke U pe3yJbTUPYIOLINI BEKTOP HCTOYHUKOB TOKA:



I3 + T =(—08843+ j135417;9,0539 — j4]1737)= :(13,5706ej93’80 19,9696 12475 ) A.

Boruucium oOpaTHy0 MaTpuily IPOBOJUMOCTEN YpaBHEHHMsI y3JI0BBIX HAIpsiKEHUH (IIOCIIeI0BATEILHOCTh BEIYMCIICHUS TaKas e,
KaK Y [IPU BBIYUCIICHUU Z; ! B MeTOIC HE3aBUCHMBIX TOKOB):

Ygt =Yg (MaTpuLa AMAroHaIbHO-CUMMETPHUYHAS),
detYg, = 288461073 — j30372.107% = 41887 .10 3¢ 14645

v~ _|13493.107%67 198" 1666710210
B — 1 - ’
1666710 2e13"  33048.10 21375

y1_|3221321%0%  39780e 1045
° | 39780e1645° 788977105’

BrruncinM 1ByXMEpHBINA BEKTOP Y3JIOBBIX HAIPSKEHUI:

)= 322132¢1%° 3978016 |
30789e11645°  78897eI17105"



y (13,57069 1938” .9 9pope 12475 ) _

- [408,2163e126’80 641819¢%715" j —(— 2448655 + j326,6213;57109 + j29,2916) B.

BrrancinM BEKTOp HaNpsKEHUM BETBEU LIETN:

1 -1

L - |1 0
U=(Uy U, Uz Uy ) =11Ug = 0 _1 (—244,8655 + j326,6213,57,109 + j29,2916) =

0 -1
= (-301,9734 + 297,3297;—244,8655 + j326,6213,—57,1079 — j29,2916,-57,1079 — j29,2916) =

- (423,7840ej135’450 408,2163¢ 11268 16418100 120715° ;641819e1'2°715°j B.

J{nst Beruncienus no 3akoHy OMa TOKOB BETBEH LIETIU:
| =Y(E-U).
Haiinem cHavana BEKTOp MajcHUs HanpspkeHud B BeTBsx (E —U ):

E —U = (-95,2628— j55;—110 + j190,5255;0;89,8026 — j89,8026) —

—(~301,9734 + j297,3297;—244,8655 + j326,6213,-57,1079 — j29,2916,~57,1079 — j29,2916) =



= (206,7106 — j352,3297;134,8655 — j136,0957;57,1079 + j29,2916;~32,6947 — j60,5109) =

- (408,4917e‘j59'60 191,6004e 454" ;641819 12715° ;68,7787e1241’60) B.

BprauciamM BEKTOp TOKOB BETBEM LETIH:

IF=(ly,0,,05,0,) =

16667 .10 26130

0 0 0
_ 0 16667 -10 214" 0 0 )
) 0 0 25111.10% 1% 25111.10 21’
] 0 0 251111021 502221072 11"

< (408,4917e‘159’60 191,6004e 144 ;641819¢ 2745”68, 7787612416° ) _

- (6,8082e‘j89’60 3102112699° 10 13976~ 1566" 1 857312295 j _

= (00329 — j6,8081;-0,0329 — j31919;11742 — j1,7803;—12071— j14115) A.



2. YUCJIEHBIE METOJIbI PEIIEHUS KOHEYHBIX YPABHEHUI

OcHoBHbIe Bompochl. OOIIKMe MPUHIUIBI YHUCICHHBIX METOJIOB. Perenue anreOpandeckux M TPAHCUECHJICHTHBIX YpPaBHEHUH C
oxHoU nepemenHou. M3Bneuenue kopHs. MHTEpBan n301sun KOpHs. MeTo IMOJOBUHHOTO JiesieHus. MeToz pocToi urepauuu. Metox
Hprorona (MeToJl KacaTelbHBIX) JUIS clydas JeHCTBUTEIBHBIX M KOMIUIEKCHBIX KOpHEH. MTepanmoHHBIH METOJI Mociien0BaTeIbHBIX
HCKJIIOYCHUH.

Pemrenne crucreM nMHENHBIX ypaBHEHUU. MTepallMOHHBIE METOIbI: METOJI MTPOCTOM UTEPALIMN, METOJ UTEPALMH 3EUIeNs], METO
rpaauenTa (ckopeiiiero cimycka), Meroa HproroHa. MeToibl MUHUMU3ALMKI: METOJI MUHUMH3ALMU CYMMBbI KBaJpaTOB HEBS30K, METOJ
MHUHUMU3aUUU CYMMBI MOZYJIEW HEBSA30K, METOJ] HAMMEHBIIINX KBAIPATOB.

BOHpOCBI CXOANMOCTH YMCJICHHBIX MCTOAOB PCIICHNA KOHCYHBIX ypaBHeHHﬁ.

O06J1acTh MPUMEHEHHUS YUCICHHBIX METOJIOB PEIICHHUS.
AHanuTtudeckas anmpokcuManusa Gyukiuu. OnpeneneHue Ko3hGUIIMEHTOB alllPOKCUMUPOBAHHBIX (DYHKIIHA.

JIns1 03HaKOMJICHHS ¥ YCBOEHHUSI YUCIICHHBIX METOJO0B PELICHUSI KOHEYHBIX YPAaBHEHUN MPEIIaracTcs 3a/1a4a aHajln3a HEJIMHEWHOU
1IETH TTOCTOSIHHOTO TOKa (CM. 3aJaHue 2).

[Tpumep. HenuneliHas 1iens NOCTOSHHOTO TOKa MpUBeAcHa Ha puc.2.1.
[lens uMeeT JBa HEMTMHEUHBIX 3JIEMEHTA, KOTOpPbIE MMEIOT OJMHAKOBBIC BOJIBT-aMIIEpHbIC XapakTepucTuku( puc.2.2.). dusnueckue
BEJIMYMHBI LIETTM UMEIOT TAKUE 3HAUCHUSA:
E1:215 B, E2:220 B, IAB: 8 A, ICD: 4 A,
R3= 15 Owm, Rs=20 Owm, Rs= 25 Owm,

Heo6xo1uMo NMpou3BeCTH pacyeT yCTAaHOBUBIIIETOCS PEKUMA LIETIH.
YpaBHEHUS COCTOSAHUS LIENU 3alIMCATh HA OCHOBE METO/1a KOHTYPHBIX TOKOB.
JIns1 3anMcu ypaBHEHUH COCTOSIHUS HA OCHOBAHMHM METOJIa KOHTYPHBIX TOKOB CJIEAYET C Hayaja paclnpeneinTb TOKU HCTOYHUKOB TOKA
[0 BETBSIM CXEMBbI, KBUBAJIECHTUPOBATh X nctouHukamu DJIC BetBei. st 3TOro 10CTaTOYHO HNPHUHSATH, YTO TOK Ka)KJOTO MCTOYHUKA
TOKA 3aMBIKAETCsI 110 BETBSAM C JIMHCWHBIMHU 3JIEMEHTAMHU TaKUM 00pa30M, 4TOOBI AT BETBU BMECTE C MICTOYHUKOM TOKa 00pa30BHIBAIU
3aMKHYTBIA KOHTYD.

[Tagenve HanpsHKEHUS HA BETBSAX OT TOKA KCTOYHUKA OTBEYAET YKBUBAJICHTHBIM JIEKTPOABUKYIIIMM CHJIAM B 3TUX BETBSX.



200 Puc. 2.2



Tak, B cxeme puc. 2.1 MOXHO MPUHSTH, YTO TOK UCTOUHUKA |ag 3aMbIKaeTCs yepe3 BeTBU 3,5 U 4, BbI3bIBas MMaJICHUE HAMPSKCHUI
COOTBETCTBEHHO lapl3, Iapls lapls. TOK Jo, 3aMBIKaeTCS Yepe3 BETBb S5, BbI3bIBAs MajacHWe HanpspkeHus lcpls [I[peobpasoBanHas cxema
MoKa3aHa Ha puc. 2.3.

v

. N

p
— ¢ =

[ 4 I,
12
‘ \— ~ ) E‘S \ | {_I’>| —1’

Puc. 2.3

Ha ocranoBe 3101 cXeMbl B METOJE KOHTYPHBIX TOKOB COCTaBJISIFOTCS YPABHEHUs PAaBHOBECUS HAIpsbKeHUU. 1locne onpenenenus
KOHTYPHBIX TOKOB [UJI1 HAaXOXJICHHS JIEMCTBUTEIBbHBIX TOKOB BETBEW CIEIYyEeT KpPOME KOHTYPHBIX YUYMTBHIBATH MPEAbIIYIIEE
pacnpeneseHre o BETBSIM TOKOB HCTOYHUKOB TOKA.

[Ipu cocTaBneHun ypaBHEHUN KOHTYpPHI CIeAyeT BhIOMpATh TaK, YTOObI Yepe3 HeMMHENHHbIE 3JeMeHThI |,2 mpoTeKasl TOJbKO OJIMH
KOHTYPHBIN TOK, TaK KaK IPUHLUI HAJIOKEHUSI MOXKET ObITh IPUMEHEH TOJBKO K JIMHEHHOM YaCTH CXEMBI.

VYpaBHEHUs paBHOBECHS HAMPSKEHUN CXEMbI JUIsl BBIOpAaHHBIX Ha pUC. 2.3 KOHTYPOB MOXHO 3alucaTh Tak:

[rg—l—n—kra Ty, + 715
T, + 715 T, + 715
=0

] (31,02 + Vi (g s Vo (o)1 + (Ey — Lygty — LigTs — IepTs — Iygts + Eg;—Lygty — LigTs — IcpTh)

[Ipn pemeHun 3amadyd  MOXKHO HEMOCPEICTBEHHO MOJb30BaThesi BAX WM aHaIWTUYECKOM amnMpOKMHUCAlUend AToi
XapaKTEPUCTHUKH.



Bocnons3yemcst apyrum cnocooom. ANnpoKCUMHUPYIO KPUBYIO (pHC. 2.2) MOJIMHOM
V(D)=al+bl*+cl’.
Teneps ypaBHeHHE (2.1) MOKHO NPEICTaBUTh B BUAE
T - -
[”11 Tzlj] (Iy1,155) + (alrn + bffl +clfy,al;; + E”zaz + szaz) + [—Eyag(y +13 +75) —Icpts + Eg; —Lig(y +15) — IepTs]
=0 (2.2)

Jliis onpeneneHus kodhdUIEEHTOB a, b, C aNMPOKCUMHUPYIOIIETO MOJMHOMa BO3bMEM Ha KpUBOH (puc. 2.2) TpH XapaKTepHBIC
TOYKH (TI0 YMCITY WICHOB MoJIMHOMA); yeTBepTas Touka (1=0, V=0) ynoBrieTBopsieTcsi aBTOMaTUYECKHU.

Jliist BBIOpaHHO#M coBoKynmHOCTH TouekK (| Touka — 2A, 60B; I1-5A, 110B; 111-10A, 180B) 3anucsiBaeM MaTpUYHO-BEKTOPHOE YpaBHEHHE

2 8 32
5 125 3125|(a,b,c)=(60,115,180).
10 10® 10°
W13 xotoporo Haxoaum (a,b,c)=(31,61; -0,4139; 0,00278), ..
V(1)=31.611 -0.4139 I° +0.00278 I°.

[ToncTaBuM HalieHHBIE TTapaMeTPhl M 3HaUYCHUS (PM3UUYCCKUX BEJIMUMH IeTH B ypaBHEeHHE (2.2)

B{S] N %g +25 gg N ,;f’g] (Is, L) + (31,611 ; — 0.413912, + 0.00278 I3,;31.61L,, — 0.413913, + 0.0027815,) + [~215

—8(204+ 15+ 25)—4.25+4+220;-8(20 + 25) —4.25)] = 0.
[TpousBoas r5eMeHTapHble MPeoOpa30BAHMUS, TOTYUYUM
[ig ig] (I,1,155) + (3 1,611, —0.413917, + 0,0027817,;31,611,, — 0,413913, + {],002?8@52) + (—575,—460) =0

o 20 (o) (0
aiiieM HVYJIEBBIE TIPUOJIMIKEHNS IBYMEPHOTO BEKTOPA KOHTYPHBIX TOKOB = , . J1J1s1 PTOTO IPUMEM BOJIBT-aMIIEPHBIE
H Y 0 y Yy I IEI.::] Iy 1 5 2:]

XapaKTEPUCTHKH 3JEMEHTOB |- W 2-TMHEHHBIM, T.€. B alIPOKCHMHUPYIOIIEM IMOJUHOME BO3bMEM JHIIb JuHewHbld wien V(l)=al, u
YpaBHEHHUE COCTOSIHUS PEIIN KaK JTMHEHHOE



[ZE jﬁ (19,19) + (31,6119'31,611%7) + (-575; —460) = 0.

N3 ypaBHenus HaxoauM (1 ED] I L(':'])=(4,676; 3,258)A.

1722

CocraBneHue ypaBHeHI/Iﬁ COCTOSAHUA U HYJICBOT'O HpI/I6JII/I}K€HI/ISI BCKTOpPA U3BCCTHBIX ABJISICTCA O6HII/IM IIOATOTOBUTCIBHBIM 3TAIIOM JJIA
HCTIOCPCACTBCHHOTO IMMPMMCHCHUA YN CIICHHBIX MCTOAOB PCIICHNA KOHCYHBIX ypaBHeHHﬁ.

Meroa npoctoil utepaimu. Paboyass ¢opMyna MeTo/la MPOCTOM HTEpallMU JJisi CUCTEMbl HEJTMHEHWHBIX YpaBHEHUU 3aIllMCHIBAETCS B
CJIEIYIOLEM BHJIE:

gle+1) _ 20 4 Ef(ffik])’

2(k) 2lc+1) .
rae X, X — COOTBETCTBEHHO K -€ U (K +1) —e npubiinkeHne MHOrOMEPHOT0 BEKTOpPa HEM3BECTHBIX;

S
f (f“‘]) = () _ MHOrOMepHHI BEKTOp HEBA30K K-TO Iara IPHOMIDKEHMH, KOMIIOHEHTH BEKTOpA HEBA30K PABHEI JIEBBIM YaCTSIM

YpaBHEHUHN CUCTEMBI MPHU MOJICTAHOBKE K —T0 MPUOJIMKEHUS BEKTOPA HEU3BECTHBIX;
¢ ¢ (70N
C — KBajJjpaTHas MaTpuIa; ¢ = —[W(x )] ,
s =
I'ne W(f{ﬂj) — marpuna SIko6u BekTopa-QyHKIun f(X) B TOUKE HE HYJIEBOTO IPHOIMKEHHS.

Matpuia Skobu onpeaensieTcs no CaeayleMy BhIPa)KEHUIO:

G J A af, ()7
dxy dx, dxp
—— af.(®)  afa (@) af, (%)
W) = .f;i azxz T .:xn (2.4)
.f; fn.(:Ej d:fn {.,oE]. .} f,; {.oEZ]
L dxy dxq T dxy A

T.e smemeHTHI CTpoK MaTpuIlbl SIKOOM TPENCTaBIAIOT COOOW YAaCTHBIE TMPOW3BOJHBIE COOTBETCTBYIOIIETO YPAaBHEHUS CHUCTEMBbI
IOCIIETOBATEIBHO 10 X1 X7, ..., Xp. IIpH TAKOM BBIOOPE MaTPHIILI € MPOIIECC UTEPAITMH CXOAUTCSL.



Jlis IPUHATHIX B Hallel 3a1ade 0603HaYeHui paboyas GopMysa METOIa IPOCTON MTEPALMK 3alIUChIBAETCS TaK
Flhk+1)  Flk) | = 27K
Iy, 7 =1L +cfy)
Wnu B pa3BEpHYTOM BHJIE

C C
(IIEI;+1] I{k+1j] _ (fﬁj, 1,;1:2:]) " [ 11 12] (€ EF.:]’E g;:j]. (2.5)

'h2z Ca1 €2

JI7Ist HAX 0K ICHUSI MATPHIIBI C HaliieM BHaYae MaTpuiry SIkoon

0f.(lae)  0fi(T) ]
- al al
W) =| 21
o on () 05 (Tw)
ol al,,

ITepBoe ypaBHeHME Halel cuctemsl (2.2, 2.3)
fill) = 111lhy + 1515 +alyy + b3y + I3y — 575,(2.6)
Bropoe

fi(Iex) = 1o1lay + 1osloy + aly, + bIE, + I3, — 460 (2.7)

T.e.
o 13, +a+ 3bIZ, + 5clf T;
W(III.:I.:) _ 11 11 11 , 12 . {:28]
Taq 75, +a+ 3bl;, + bels,
B touke nyneBoro npubmmkenus npu (I ﬂ], I;g]] = (4.67;3.258)A marpuna SIko0Ou 3amnuIiercs Tax:

W (l?(u]

) _[60+31,61-3+0.4139*4.676*+5*0.00278 = 4.676* 45
Jeke

145 45+ 31,61 +3+0.4139+3.258%+ 5 = 0.00278 = 3.258*



(o) 71.106 45
w ('I“f ) 45 64.996

Jlanee BEIYMCIUM

~ 1 [64996 — 45] B [ —2,5031+10721,733 #1072
~ 259657|—45 71,1055  |1,733%107% —2,7384 %102
JIns BBIUMCIICHHMS IIEPBOrO INPHOIMKEHUS KOHTYPHBIX TOKOB YK€ HAMJEHBI BCE DJIEMEHTHI ypaBHeHus (2.5), 3a HCKIIOYEHHEM

JBYMEPHOT'O BEKTOpPa HEBSI30K HYJIEBOrO MPUOMKEHUs, KOTOPbIA Haijem, MojcTaBuB B mepBoe (2.6) u Bropoe (2.7) ypaBHEHUs
CHUCTEMBI HYJIEBOE MTPUOIMKEHUE TOKOB.

£0=(e Ve )=F (1)) = £ (L)) fo(U5)1=60%4.676+453.258+31.61*4.676-0.4139*4.676°+0.00278*4.676°-
575:45%4.676+45%3.258+31.61*3.258-0.4139*3.258%+0.00278*3.258°-460)=(-36, 1245: - 13.2777),

5 - « 10-2 «10-2
T.e nmnepBoe  mpuOIMKEHHUE  TOKOB: nﬁj = (Iﬂj, Im) = (4.676;3.258) + [ 123;3211110%20 _9 %3?8343* 11{;]_2

13.2777)=(4.676; 3.258)+(0.9042-0.2301;-0.6260+0.3636)=(4.676:3.258+0.6741;-0.2624)=(5.3501;3.9956), A

*(-4.1245; -

Bropoi mar npuOiavxeHus

BekTop HEBsI30K 1epBOTO MPUOIHNKEHUS
€@ — (-0,0954;0.0078).

Tperbe npuONIMKEHNE BEKTOPA HEU3BECTHBIX (KOHTYPHBIX TOKOB)

(2) —2.5031+107% 1.733%107°
I 5.378;2.980) + * (—0.0954;0.078) = (5.378;2.950) + (0.0025; —0.0019
= ( ) 1733107 —2.7384+ 1{]‘2] ( ' )=( ’ )+ ( ’ )

= (5.380;2.978)4

U Tak nanee.



Meroa untepanuu 3eiaens. B ornuunu ot Metoga mpocToil utepauuu B Metonae 3eiaens Ha (K+1)-M mare npuOImKeHus: Ipu
BBIYMCIICHUH «CTapIINX» HEM3BECTHBIX UCIIOIB3YETCS «MIIAJIIINE)» HEU3BECTHBIC, HAMICHHBIE HAa 3TOM ke (k+1)-M mmare.

AJITOpPUTM METO/Ia MOKHO 3aIicaTh TaK:
(k+1) (k) 2o (k) (k) (k)
X =X, + €135 e CJf (7, %57, X 7),

(e+1) (k) 2 (k) (k)
xl +1 = xﬂ + [CEICEE ...Cz.n]f (xf-’-ly xz » "'Jxﬂ )J

x4 = B 4 [paCs ...cﬂn]f(xf+1,xgk], x{k]),

" wee g e

rae Crs— 35eMeHT Matpullsl C Ha GOpMyIIbl IPOCTON UTEPALIUH.

I[JBI HallIen 3ala4i aJITOPUTM 3aIIMIICTCA TaK:

e+l 2 k) k) k -
f£1+ ) = IF, + [C1C1f (.’11 s ): lrilj + [€y164,]ECR)

i+l 2 re+n) () k —
'IEE; )= I3+ [C1 Coolf (lr11+ s ) = f;:z] + [CgqCyy | EFFLE)

IlepBoe IpuOIIMKEHME.

Wmest HyieBOe MPHOIKEHIE TOKOB (.’ ﬂj, 12’523) = (4.676;3.258)4,

Marpuiy Cu JBYMEPHBIA BEKTOP HABS30K HYJIEBOTO MPUOJIMIKEHUS 5(0), KOTOpBIN 0003HAYMM TENeph g0 0 = F UET, Iég]],

HalieM nepBoe IpuoImKeHne Toka [y 4.

fﬁj = 4.676+[—2.5031-1072;1.733-107%] - (—36.1245; —13.2777) = 4.676 + 0.942 — 0.230 = 4.674 + 0.674
= 5.335A.

JI71st HaX 0K IEHUSI IEPBOro MPUOIMKEHUS TOKa |9,

1 ] 2(1,0
I = I + [c210,,] E4O



(1) 1©J

Heobxoammo onepeayinTh BEKTOP HEBSI30K 0= fly, L),

KoTopplii moiay4um npu MOACTAHOBKE B BbIpaKEHUAX (2.6) u (2.7) TOJBKO YTO HAWJIEHHOTO MPUOIMKEHUS Iﬂ] U HYJIEBOTO
pUOIKEHUS Iégj
5(1,
0)_ Ferla) lol_
= f(l;;,1,,,=60

-5.335+45-3.268+31.61-5.3656 — 0.4139- 5.335% + 0.00278 - 5.335°> — 575;45-5.335+ 45-3.268 + 31.61- 3.258—
0.4139-3.258° + 0.00278° — 460) = (9.515;16.377).

Tenepp
Iz{é] = 3.268+[1.733-107%;—2.7384-107%] - (9.515;16.377) = 3.258 + 0.165 — 0.448 = 2.975A.

Bropoe npubamxeHue.

£-V=f (17,153 ) = (~3.2199;-2.26).
1) — 5335 4+ [~2.5031- 107%;1.733- 10-2] - (—3.2199;—2.26) = 5.335 + 0.0806 — 0.039 = 5.376 A.
0= f (12, 15Y) = (~0.455,-0.416)

Iz{i_] = 2975+ [1.733-107%;—2.7384-107%] - (—0.455;—-0.416) = 2.975 — 0.0079+ 0.011 = 2.9785 4

Tperbe npUOJIMKEHUE.

EXIF (12,15)) = (-0.297,-0.1722).
I® = 5376+ [~2.5031- 10~2;1.733- 10-2] - (—0.297;—0.1722) = 5.376 + 0.0074 — 0.00295 = 5.380 A.

89=f (1), 1)) = (~0.028;-0.00217).



13 = 3.9785+ [1.733-1072;—2.7384- 10~2] = (—0.028; —0.00217) = 2.979 4

U Tak naiee.

Merton ['panuenta (ckopeitiiero ciycka). Pabouyto gpopMyiry MeToa cKoperiero cnycka Mo>KHO 3aucarh Tak:

FR+1) _ gk _ m(&]ﬁ%(f{mjé’(k). (2.9)

Jlst Beraucnenus (k+1)-ro npuOamkeHns: BEKTOpa HEU3BECTHBIX CIICTYET BBIMTOJIHUTH TAKUE OTICPAIIAH:

a) BBIYUCIUTH MHOTOMEPHBIA BEKTOP HEBS30K
EW¥=f(Xu);
0) naiiti Matpuiy Sko6u (2.4), (2.8) mius K-ro npubnrkeHus U 3anmucaTh TPAaHCIIOPTHPOBAHHYIO MaTpHIly SIKOOH ﬁ% (f{":'];

— =
B) HAWTH NPOU3BEACHUE TPAHCIIOPTUPOBAHHOMN MaTpullbl SIKoOM Ha BEKTOp HEBs30K Wi (f{k:'] g

I') BBIYHCIIUTL BEKTOP U
= [}ﬁt(f{k]) ﬁ%(f{ﬂj g

1) OIIPEACIIUTh MapaMeTp UTepalun

£k F (k)
mt = 8%,
GLarity

¢) mo popmyie (2.9) Beruuciuts cienyroue (K+1)-e npudamkenne nepeMeHHbIX ge+1),

[lepenumem pabouyio popmyry METO1a TPUMEHUTENBHO K HallleH 3a/1aue

Flk+1) _ F(k) ETir rTUE) Sk
Iy, =L —m M’EUJ:;:]E( ).

W3 BpIUMCIIEHUI BUIHO, YTO B METOJIE IPOCTOU UTEPALIUA UMEEM

7O gy (7)Y 20
'Ikkllﬂ('rkk)’g :



[lepBoe pubIMKEHHE.

a) EO=F(1))=(-36.1245; -13.1277);

“0)_[71,1055 45]
6) W (15))=] 45 64,996

MaTpHlla IUaroHaIbHO-CUMMETPUYHAS, [IOATOMY W (,r ) =W (‘};Eij);

B)
W, (,?;g?), ,§<0>:[115*1“%i 9;165] - (—36,1245; —13.2777) = (—2568.65 — 597.49 — 1625.6 — 863) = (—3166.1; —2488.59);
r)
[?415;102?1 99465] (—3166,1;—2488.59) = (—225127.1— 111986.55; —142474.5 — 161748.39) =

§0-(—337113.67;-304222.89);

(—36.1245;—13.2777{—337113.67; —304222.89) —36.1245(—337113.67)+(—13.2777)304222.89) 217442
( 337113.67:—304222.890(—-337113.67; amzzzsgj (—33711367)337113.67)+(—304222.89)(—304222.29) 2.06197-1011

=7.865- 10°.

) m®

[IpousBeaeHne ABYX MHOTOMEPHBIX BEKTOPOB PAaBHSETCS CYMME MPOM3BEICHUM COOTBETCTBYIOIIUX KOMIIOHEHTOB Ka)KIOTO
BEKTOpa

e) I = (4.676;3.258) — 7.865 - 1075(3166.1; —2488.59) = 4.676;3.258) — (—0.0249; —0.196) = (4.925;3.454) A.

Bropoe npudianxeHue.

a) EV= f( “3) = (—9.7796;10.547);

W (1)) = [y garrals ¥ (1) = W (10);

= (@) 20_ [69.667 451 | P |
B) W, (I ) €9= 42" g 77a) - (-9-7796;10.547) = (~206.7;232.54);



1) D — 22-6653 ?gi . (206.7;232.54) = (—3935.868;5528.5);

)mm _ (-9.7796;10.547)(-3935.868;5528.5)  96300.3
a (—3935.869:5528.5)(—2935.26%:5528.5) 4.6055368-107

= 2.1018-107%;

e) I = (33592.965) — 7.9595- 10° - (—221.3587; —215.637) = (5.3766;2.982) A

H TaK JajJacc

- — w (%
Meron Hetorona. AnropurM meroga Herorona X+ = x®) 4+ ¢ 2 gpppaaercst ot anropurma Metoga mpocToil HTepamun

TEM, 4TO MaTpuIa ¢ He OCTaeTcs IMOCTOSHHOM, a OmpeneseTCs AJIsl KaKI0To 1ara npuoImkeHus mno popmyiie
el - 1
glk) _[W(i{k])] _

[IpuMEeHUTENBHO K HAIIEW 3a7a4e

,?;E‘;:“J — *ﬁ’g + gt 2R

o = [ ()]
[IepBOoe mpPUOIMKCHHE.

20 . - . o .
I;Ekj, O yspectHnl u3 MPEIBIAYIINX BBIYUCICHUN C{D:'[W (Iﬁf)]l = ¢, T.e. coBIajeHne ¢ Martpuieil ¢ QOPMYJIBI IPOCTOH

urepanuu. OTCI01a COBIANAIOT BCE BEIYMCIIEHHUS IIEPBOTO MPHOIMKEHUS B MeToie HBI0TOHA U B METO/IE IIPOCTON UTEPALIUH.
B pesynbrate onpenencH fﬁf = (5.3501;2.9956), A.

Bropoe npubnmxeHue.
@) _ [ (7!
@ =—|w (L)

el
Berarcinm BHavane, moactasisist | ;E k:l B Matpully SIko6u (2.8) B TOUKe NepBOro MpUOIMKEHHUS




“oy [ 67.456 45]
W () = [45 66,5867

Tenepp

1 _ -2 10-2
1) =[WU{1:'] 1 _ [67.456 45] [1 2.699-10 1.82-10

T 66.67 L—45 67.456 82-10"2 —2.735-1072)

£ = f(m)—(—IZ?SS ~0.2082):

@) 2.699-102 1.82-10

12 = (53501;2.9956) + 1.2738;—0.2082) = (5.3807;2.9788
= ) [182 1072 —2.734- 102] = )= ( )4

Tperse npuOIMKEHHUE.

w (D) =[5 o]

- - 1 66.691 —45 2.707-10"%2 1.826-1072
@) — [V = — .[66- : . %) =(0.032;0.0493
¢ [w(r=)] 246397 L —45 6731 ] [1 826-1072 —2.731-10721 = ( );

7(3) 2.707-107% 1.826-10"
I, = (5.3807;2.978) + 0.032;0.0493
= ( ) [1 826-107* —2.731-10" 2] ( )

= (5.3807;2.978) + (—3.3978-107°; -7.62-107*) = (5.3806;2.9780),4

U Tak nanee.

[locnie pacuera ogHUM M3 PACCMOTPEHHBIX YHCIEHHBIX METOAOB 3HAYECHHN KOHTYPHBIX TOKOB C 3aJaHHOW TOYHOCTBIO MOKHO

BBIUMCIIUTE JEVCTBUTEIbHBIE TOKU BETBEH.

HpI/IHI/IMaﬂ BO BHHMMAHHC HAIIPABJICHUA TOKOB B BCTBAX UICIIM, HANPABICHUA W KOHTYPBI IMPOTCKAHUA MTIPCABAPUTCIILHO

pacrpe/ieJIeHHbIX TOKOB UCTOYHHUKOB TOKa (puc. 2.1), a Takyke HampaBJeHUs KOHTYPHBIX TOKOB (puc. 2.3), Ayl Halieid cXeMbl MOKHO

3aIImucarTh:

l1=111;

I,= |22;



l3=1lag- l11;
la=l11+ I — lag; 15= l1+loo-lag-lcp.

3HadyeHNE KOHTYPHBIX TOKOB BO3bMEM W3 TpeThero mpuOmmkenus metona Herotona, ly; = 5,3806, I, = 2.9780. Torma toku
BCTBCH:

I, =5.3806 A;

1,=2.9780 A;

I;=8-5.3806 = 2.6194 A,

I, =5.3806 + 2.9780 — 8 = 0.3586 A;

Is = 5.3806 + 2.9780 — 8 — 4=-3.6414 A.

HamnpsokeHre BeTBel 1eTu OnpeIeuM 1o 3akony Oma:

U, =E;— U(ly),

U, =E; - U(l;) = 215-31.61- 5.3806 + 0.4139- 5.3806% — 0.00278- 5.3806> = 96.8568 B;
U,=—U(l,) = —31.61-2.978+ 0.4139-2.978° — 0.00278 - 2.978°> = —83.8544 B;
Us=E3+r313=220-15-2.6194=180.709 B;

Us=- 1414 = -20-0.3586=-7.172 B;

Us = - rsls = -25-(-3.6414)=91.035 B.

3. OCHOBBI YNCJIEHHBIX METOJ10B AHAJIN3A B 3AJJAYAX DJIEKTPOOHEPI'ETUKU

OcHOBHbIE BONPOCHL. TOUHBIE AHATUTHYECKHE METOAbl MHTErpupoBaHus auddepeHInanbHblX ypaBHeHuM. Knaccuueckuil u
ONIEPAaTUBHBIA METOAbl UHTETPUPOBAHUS JIUHEUHBIX YPAaBHECHUM.

[TpubnvxkeHHbIE AHATUTUYECKUE METO I perieHus nuddepeHITMaTbHBIX YpaBHeHM. MeTon cTeneHHbIX psgoB. Merop [Tukapa.



UucneHnnble MeTOAbl MHTETpUpOBaHus auddepeHnnalbHbIX ypaBHeHUH. Metoa Dinepa. Mertoa Dinepa-Komu. Meton Pynre-
Kyrra.

Pemenue kpaeBbIx 3a1a4. MeTo1 KOHEUHBIX pa3HOCTEH.
Pemenune nqudpepeHmaibHbIX ypaBHEHUH B YACTHBIX MPOU3BOHBIX.
Metoa npsiMbIX

JIst M3y4eHusT ¥ UCTIOJIb30BAHUS YUCIEHHBIX METOJIOB aHAJIM3a MpeaiaracTcs MPOU3BECTH MHTETpupoBanue AuddepeHInaaTbHbIX
YpaBHEHUN OJHUM U3 OJHONIATOBBIX YHUCJIEHHBIX METOJOB MPHU pacuere MEepexXOJHOr0 MpoIecca, KOTOPhIM BO3HHUKAET IMOCTE
KOMMYTAI[UU B HEJIMHEHHBIX LIETISIX.

[pumep. Borancnuth Tpu 3HAYEHHS TOKA BETBHM C MHIYKTHBHOCTBIO Yi(i1) m Hanmpsbkenus Ha emxoctu (U ) (puc. 3.1) mus
MomeHTOB Bpemenm t=0, t;=h, t,=2h, rme h — mar umHTerpupoBaHus. YpaBHEHHUS COCTOSHHS IIENM TOCTAaBUTh Ha OCHOBE METOJIA

KOHTYPHBIX TOKOB. 1p=11(0) B MOMEHT BKJIIOUeHHUs BeTBH 2, T.¢. pH t;=0, yo=0.05i0[B,] (puc. 3.2).

B

Puc. 3.1

Isc

—

Puc. 3.2



e;=Ey=480B, C,=170 mx¢; €,=Esin(ot+a)=300sin(owt+120°)B; igc=1,=8A; U, 5 (0) = 100B; w=314c™;
ri=20 OM; r,=30 Owm; r;=20 Om; r,=25 Om.

[Ipu 3amuicu ypaBHEHMII Ha OCHOBE METOJa KOHTYPHBIX TOKOB CIEIYEeT IPOU3BECTH MPEeABapUTEIbHOE HKBHUBAJICHTHUPOBAHUE
HMCTOYHUKOB TOKA y3JIOB 1lenu nCTOYHUKOB D /[C BeTBeH, MoiIb3ysach IpUeMaMu, UCIIOJIb30BAHHBIMU IIPU PEIICHUU MPEAbIAYIIEH 3a/1auu.
[IpuHsB, 4TO TOK 3aMBIKAETCs Y€pe3 BETBb 4, MOIYYUM IPEOOPA30BAHHYIO CXEMY, H300paKEHHYIO Ha puc. 3.3.

~

Puc. 3.3

/

Kak u B mpeapiayiei 3aaade, Ipu COCTABIEHUHA YPABHEHUM KOHTYPHI CIEIyEeT BbIOMpATh TAaKMM 00pa3oM, 4TOOblI Yepe3 HEITMHEHHBIN
AJIEMEHT (KaTyllKa UHIYKTUBHOCTU C (PepPOMArHUTHBIM CEpJICYHUKOM, BeOep-amIepHasi, XapaKTepUCTUKa KOTOPOH 3aJiaHa rpaduyecKu
Ha puc. 3.3) mpoTeKas TOJIbKO OJUH KOHTYPHBINA TOK.

BriOpanHnbie KOHTYpBI TTOKa3aHbI HA PHC. 3.3. JUIS HUX 3aMUIIEeM YpPaBHEHUSI PABHOBECHS HAMIPSHKECHUI CXEMBI TTOCIIe KOMMYTAITUU:

] . dogliy) ;
(Fi+rs+rg)ig+( ratra)ip+ @;t Y — e tige Ty

(r3+ra)ist(rot r3+ra)i U, =-€xtipcTy,



Koropsie gononaum nuddepeHimanbHoi 3aBUCUMOCTBIO MKy TOKOM U HalpsDKEHUEM Ha KOHJIEHCATOPe
au., _
2
dt

_12

I[JIH (1)I/I3I/I‘{€CKI/IX BCJIMYUH LCIIN ITIOJIYYHUM

de, (iy)

65i, + 450, + — 480+ 8- 25 = 680;

45i, + 751, + U, = —300sin(wt + 120°) + 200;

dU,
1701076 —2 =1,

BTtopoe koHTypHOE ypaBHEHUE ABIIETCS aNreOpanuyeckuM U €ro CleAyeT UCKIIOUUTh, YTO OCYIIECTBISETCS METOJIOM OJICTaHOBOK. M3
BTOPOT'O YPAaBHCHHUS HAWEM [, M MOJICTABUM €0 B IIEPBOC U TPEThE YPABHCHHUS:

. 300 . 200 u 45 .
i, =——-sin(wt +120°) +—— "2 ——|_
75 75 75 75

[Tociie moacTaHOBKHU MOJIYyYUM

deo, (1
38i, + @, (1)

—0.6U,, = 560 + 180sin(wt + 120°)

dU,
170-107°—22 + 0.61; + 0.0133U,, = 2.6667 — 4sin(wt + 120°)

JIisi Wcronb30BaHWs YMCICHHBIX METOAOB aHanu3a Oinepa, Jinepa-Komm u Pynre-Kyrra nuddepenuupoBanHble ypaBHEHHS
HE0OXO0IMMO MPUBECTH K CUCTEME YPaBHEHUH MEPBOT0 MOPSAKAa B HOPMAIBHOM BUJIE:

de, (i)
dt

= 15686.27 — 23529.41sin(wt + 120°) — 3529.41i; — 78.432U_.

=560 + 180sin(wt + 120°) — 38i, + 0.6U,;

Co

dt




B BekTopHo#t hopme 3Ta cuctema AByX nudPpepeHInalbHbIX YPaBHEHUN 3aMUILIETCS B BUJIE

de, (i) dU,,
dt ' dt

) = [560 + 180sin(wt + 120°) — 38, + 0.6U,;

15686.27 — 23529.41 sin(wt + 120°) — 3529.41i; — 78.432U_ ].
Cucrema umeet HensBeCTHbIC Iy, U, 1 mponssoaHbie

dU., de,(iy)
dt ' dt

Cuctema nByx auddepeHIuaibHbIX YpaBHEHUNU MOXET OBITh PEUICHO JUIb MPU YCIOBHH, YTO COJACPKUT JABE HEU3BECTHBIX U HX
MPOU3BOJHEIE.

[TosTOMy yuuTBIBasI, 4TO

d@l(*’:l]:dﬁpl@l)_dil:L ﬁ
dt dt, dt 9

. di
PemnM nepBoe ypaBHEHHE OTHOCUTEIBHO MPOU3BOIHON d—:

di, 1
— =—[560+ 180sin(wt + 120°) — 38i, + 0.6U,, |
dt Lg *

Cucrema ypaBHCHI/II\/'I eI, IIOATrOTOBJICHHAS K MCITIOJIB30BAHHUIO YHMCJIICHHBIX MCTOJ0B HHTCTPUPOBAHU, 3aIlIMIICTCA B BUC

(dil du,,

1 . .
o ) = {5[560 +180sin(wt + 120°) — 381, + 0.6U,_|

15686.27 — 23529.41sin(wt + 120°) — 3529,41i, — 78.432U_ ].

B sTux paBeHctBax Lg — auHamuueckas MHAYKTHBHOCTH KaTyIIKH. 3aBHCUMOCTh LQ=f (i) nmonydaercs myrem auddepeHImpoBaHus

norokocuerienus Y (i;) mo aprymenry i;. Ha xpusoit ¥; (i) puc. 3.2) 3amana touka Ly, ¥y Jlns onpeneneHus KOOPIMHAT TOUKH



HEOOXOAMMO OIPEAEIUTh TOK Ly, KOTOPBIA MPOTEKaeT 4epe3 KaTyIIKy B MOMEHT KOMMyTanuu. 10 3aKOHY KOMMYTAIlMd 3TOT TOK
paBHSIETCA TOKY B KaTyIIIKE HEMOCPEJICTBEHHO mepea KoMMyTanueid. Jlo koMMyTalnuu TOK MPOTEKaN JIMIIb B MEPBOM KOHTYpeE, e
JNEUCTBYIOT TOCTOSTHHBIE BBIHYKIAIOIINE CUJTBI.

Takum 00pa3oM, TOK I, MOKET OBITh JIETKO BHIYUCICH
e tige-1Ty Eg+Ily-1y 480+ 200

= = = 10.4624
ntn+rn nn+rn+rn 20420425

o =1,(0)=

Teneps Beruucaum Yy = 0,05, = 0.05- 10.462 = 0.5231[Bc].

HaiigeHHble TOUKH Ly, Yy MO3BOISIOT ONMPENESIUTH MacIiTad 1mo ocsam Iy, Yy (puc. 3,2, 3.4), rue I HATISIHOCTH KPHBas pacTsAHyTa I0
dipy (iy)
di,
de, (i;) Ay (i,)
di,  Ai

ocu Y;. 3aBucumocts Lg = f(i,) = MOCTPOUM, HCIIOJIBb3Ysl MPUOIMKEHHYIO 3aMEHY MPOU3BOJAHON OTHOIICHUEM KOHEYHBIX

pa3zHocTel (YHKIIUU U apTyMEHTa:

Pa300beM MHTEpBal M3MEHEHHUS TOKa I; Ha paBHble oTpesku Al; ¢ marom Hampumep 1 (puc. 3.4). 1o KpHBOI OIpEAEINM IPHUPAICHHE

IIOTOKOCHCIIJICHHUA HaA KaXIOM I/IHTepBaJIe NU3MCHCHHUA TOKaA. BBIIII/ICJ'H/IM 3HAUCHUA I/IHI[yKTI/IBHOCTI/I AJIs KaXXKIA0T0 I/IHTepBaﬂa:
) ¢

@ _ Ao ()

Ly Ai,

[MockonbKy Ha Bcex uHTepBaiax npubsaTo Al = IA, 3HaueHWe WHAYKTHMBHOCTH HA WHTEPBAJC YMCIICHHO COBIMAJACT C MPUpPAIICHUCM
MOTOKOCIICTUICHHSI HA 3TOM HHTEpBaJIe.



Kpusas Lg = f (i), moctpoeHHas Ha puc.3.5 a5l MOJOKHUTENbHBIX 3HAYCHUI TOKA, CHAMMETPHYHA OTHOCUTEIBHO OCH OpJIMHAT.

AY¥Y B¢
0.5 |
0.4
0.3
0.2
0.1
LA
2 4 6 10/// 20 ” Puc. 3.4
Lg, '
0d
oo LTI
—
HA
0,04 ‘\ \ \&h ‘
oot LIS
T 2 l4 \b\bll\‘u 21517 1A
Puc 3.5

M (i) =0.108  Lg®=0.108

M2 (i) =0.106  Lg®=0.106



M (i) =0.085  Lg®=0.085
M (i) =0.068  Lg®=0.068
AP (i) =0.050  Lg®=0.050
M (i) =0.039  Lg®=0.039
M (i) =0.029 Lg™=0.029
M (i) =0021  Lg®=0.021
M (i) =0017  Lg®=0.017
M) =0014  Lg"=0.014
MY (i) =0011  Lg*P=0.011

1 1
Tenepb CJICOYCT PCIINTDL BOIIPOC O BCIMYHNHC IIara MHTCTPUPOBAHUA. Ero moxno IIPUHATb PaBHBIM 5 5 Iepuoga COOCTBEHHBIX

. 1 1 . o
KojeOanuii menmwm (TMpu CBOOOAHOM KOJIeOATEIBPHOM IIPOIIECCE), WIIH PaBHBIM_ ... — OT MEHBIICH MOCTOAHHOH BPEMEHH (mpu
anepuoaNYecKOM CBOOOHOM TIpoliecce):

T, T
I h =

h= .
20=30 310

. 11 .
C npyroy CTOpOHBI, 1Al UHTErPUPOBAHUS HE JOJKEH MPEBBIIIATH 20 3 1€PHOAA BBIHYA/I€HHBIX KOJIeOaHU.

T T_ZT[
20-30""7" T o

h <

(w 33a71aHa B YCIOBHH 33J1a4H).



Jis ompeneneHus xapakrepa CBOOOJHOTO IMpoOoLiecca HaleM KOPHM XapaKTEpUCTUYECKOTO YpaBHEHMs LIENH, JAONYCTUB €ro
muHerHocTh npu Lg= 0,05 I'n. XapakrepucTuueckoe ypaBHEHHE MOJIYYHM U3 CUCTEMBI (3.2), MPUHSB, YTO OTCYTCTBYET BBIHYKIAIOIIUE
CUJIBI Y HYyJICBBIC HAYAJIbHBIC 3HAYECHUS:

1 .
m (—381',1 + U.ﬁ-Uczj.

di,
dt
U

°2 — _3529.41i1— 78.432U .
dt :

OnepaTtopHoe U300pakeHUE YpaBHEHUM

1
0.05

PU.,(P) = —3529.41I,(P) — 78.432U, (P).

PI,(P) = ——[~380L, (P) + 0.6U,, (P)];

Hckmouas MeTosiom nojictanoBku U,_(P), moc/e NpocThix MpeoOpasoBaHuii NIOTyYMM ypaBHEHHE
(p? +838,736p + 102002) I, (p) = 0.

BEIUHCINM KOPHH XapaKTepHCTHYecKoTo ypasHeHus: p> + 838.736p + 102002 = 0:

P, , = —419.368+/419.3682 — 102002 = —419.368 + 271.786
P, = —147.582¢1
P, = —691.154c1,

KopHu xapakTepucTuyeckoro ypaBHeHUs! ACHCTBUTENbHBIE U Pa3Hble. DTO CBUAETEILCTBYET 00 anepruoIMYHOM CBOOOJHOM IpoIiecce.
ITocTostHHBIE BPEMEHHU LIETTA UMEIOT TAKUE 3HAYEHUS !

1 1
T, =— =6.7758-10"%¢; T, =——=14468-10"c.
|1 ] |P, |

[ITar uHTErpUpPOBAaHUSA OINPEIEIIUM, UCXO U3 MEHbIIEH IIOCTOSIHHOM BPEMEHHU



. T, 1.4468-1073 b —2-10
Ay — c.h=2-10"
310 310
Eciu Obl KOpHH XapaKTEPUCTHUECKOTO YypaBHEHHUS OBLUTM KOMIUIEKCHBIMU COTMPSDKEHHBIMU, CBOOOJHBIA TPOIECC HMEN OBl
KoJieOaTeIbHBIN XapaKkTep, a KPyropas 4acToTa KojebaHui Obljia Obl paBHA ACHCTBUTEIIBHOM YaCTH KOPHS:

P1.2 = —a ijﬂ:”h

[Ilar uaTerpUpOBaHus TOrAa ObI ONPEACIIUIICS TaK:
T, 2m-1

h: e
2030 wb-(20+30)°

[ToAroToBKa K HCMOJIB30BAHUIO YHCIEHHBIX METOJA0B HHTETPUPOBAHUS TU(PPEpEHIIMATBHBIX YPAaBHEHUN 3aBEPILECH.

Meroa Ditnepa. Pabouas popmyna merona

— — . 5
Yira =Y + i, ).

o —
3HayeHHe MHTErpaJbHONM (QYHKIMHU Tociae K+1 Iara MHTErpUpOBaHMsS OINPENECIIUTCS €€ 3HAYEHHEM B Hayajle Imara Vj, CKOPOCTBIO €€

dy
N3MCHCHUNA B HAYAJIC 1IIara (dx) Xk :}’k 48 BeJ’II/I‘-IHHOI/I mara HHTCrpupOBaHUs — h

[IpumenuTeILHO K YpaBHEHUSIM Halllel 3a1auu paboydasi popMyiia 3aUIIeTCs TaK:

(lepsyr Uenry )=Cicy, U JHHICS

diy

dli d'u Co

jtkzk Ueczk {: Jt.&n.;!.’f Uczk]

dig,

HAXOJIATCS COOTBETCTBEHHO W3 TIEPBOTO M BTOPOTO YpaBHEHUU cuCTeMbl (3.2) MpHU MOJCTAaHOBKE K MpPaBOU

G

4acTH, Ly, 1y, UCzk

]tkzku.:zk’ ( ]tkzku.:zk

B pasBepryTom Buje pabodas Gopmysia 3amummercs Tak

1
— 1560 + 180sin(wt, + 120°) — 38i,,. + 0.6U_ _|;
(isge1,Uesy,,) = Gap U, ) +2-1074 Lg [ (@t ) e cre]
15686.27 — 2359.41sin(wt, + 120°) — 3529.41i, — ?8.432U62R



Ilepsoiii mar k=0; k+1=1

l;,0=10,462 A — TOK 4Yepez KATYIIKY B MOMEHT KOMMyTaluy,t,. = 0;
Lg = 0.012 ' — 3HaYeHNE MHAYKTUBHOCTHU KaTYIIKU MIPH TOKE
i, = 10,462 A(no KpuBo# puc 3.5);

U.,, =100 B — HauanbHOe HaNpsXKeHHE HA KOH/|eHCaTope (33JaH0 B YCIOBHH 3aJja4H);

®aszubni yron 120° nepesenen B paguans (2,094 pan).
(iy,U,, ) = (10.462;100) + 2

1
-107* {m [560 + 180sin(314-0 + 2.094) — 38-10.462+ 0.6- 100]; 15686.27

—23529.41sin(314- 0+ 2.094) — 3529.41-10.462 — 78.432 - 1{]{]} = (10.462;100) + (6.3055;—9.8917)
= (16.7675;90.1081).
Bropoii mar. k=1; k+1=2

i; = 16.76754;U, = 90.1083 B;t, = 2- 10™%¢;

Lg=0.007 I'u(no xpusoii puc.3.5 npu i; = 16,765).
(i1, U.,) = (16.7675;90.1083) + 2

1
-107* {W [560 + 180(314-2-10"*+ 2.094) —38-16.7675 + 0.6-90.1083]; 15686.27

— 23529.415in((314- 2-107%) + 2.094) —3529.1-16.7675—78.432- 90.1083}
= (16.7675;90.1083) + 3.6237;—-14.0318) = (20.3912;76.0765).

Tperuii mar. k=1, k+1=3.

i, =2039124 U, = 76.0765 B;t, = 4- 107 %;




Lg=0.006 I'u(mo xpuBoii puc. 3.5)
(izs5 Ue,, ) = (20.3912;76.0765) + 2- 10~

1
{—D 006[560 +180-(314-4-107*+ 2.094) —38-20.3912 + 0.6- 76.0765];15686.27

—2352.41sin(314-4-107* + 2.094) — 3529.41- 20.3912 — 76.432- ?6.{]’?65}
= (20.3912;76.0765) + (—0.8612;-16.1984) = (19.5299;59.87804)

U Tax nmanee.

Meton JOiinepa-Komu. B Merone Oiinepa-Komm npupamienue Ha (k+1)-m Ha mare ompezensercs Kak CpeAHee ABYX MpHpaIleHUM.
[lepBoe mpupallleHHe BBIYHUCIAETCA MO CKOPOCTH M3MEHEHHUs (YHKLIHMHM B Hadaje 1ara, BTOpOe€ 10 CKOPOCTH B KOHIE mara. B cBoro
ouepe]lb, CKOPOCTh B KOHLIE I11ara oIpeaesseTcs s OnvKaiiuero 3HaueHus pyHKIHUK B 3TON TOUKE, BBIYMCIEHHOTO TI0 METOTy Dilniepa.

. L, Ay + A,
Visr1 =V + %
= d.}I e - - T - =
Ay = h| = hf (%% )i Vieyy = Vi + AY;
Xie, Vi

[IpuMeHnTENBHO K YpaBHEHHUSIM 3a7auu, (hopMyJia METO/Ia U MOCJIEI0BATEIbHOCTh BBIYUCICHUHN OYAyT TAKUMHU:

U
(i, AUL ) = h( ) ( ) ;
dt /e \ dt )

fplap e,

(":!1;:+1J z;:+1) ("11:"'511;:JU + AU, )
(Al U [le—l-mlk’U +ﬂU j

If:z.iHj.)




(ﬂi” AU’ )_h (@) (dUGZ)
1k Cak dt !—'k+h,i‘r1|:R+1l":"UI':zk+1'r dt

Ai' g + AL i }
(ilk+1’ Uﬂzkﬂ) - (ilk, U.:zk) + - : — (iU = Hav Czk)

L
th—+h,t '~R+1}Uﬁ'zk+1

Ilepsorit mar. k=0, k+1=1.

i1p=10.4624; U, =100B;Lg =0.012Tx;t, =0 (cM. MCX0IHBIe JaHHBIE IEPBOTO [IAra eTo/ja Jiinepa).

(8i' 10,00, )=2: 1074 (-

[560+ 180sin(314-0+ 2.094) —38-10.462 + 0.6- 100];

12

15686.27-23529.41sin(314- 0 + 2.094) — 3529.41- 10.462 — 78.432 - 100] = (6.3055;—-9.8917).
(i’u; U) = (i40,Ue,, )+ (Ai'3p, AU’ ) = (10.462;100) + (6.3055;—9.8917) = (16.7675;90.1083)

Mpu iy, = 10.7675 no kpusoii puc. 3.5 Lg =0.007T's.
(Ai'30,AU' )
=2

1
-107% {W [560 + 180sin(314-2-107* + 2.094) —38-16.7675+ 0.6- 90.1083]; 15686.27

—23529.41sin(314-2-107*-2.094) —3529.41-16.7675 — 78.432- 9{].1{]83}= (3.6148;—-14.0318);

6.3055 + 3.6248) —9.8917— 14.0318

: . ) = (15.42715;88.0382).

(i'; U.,;) = (10.462- 100)+( : >



Ayy + Ay
2 r

—

Vi1 = Vi +
Bropoii mar. k=1; k+1=2
i,; = 15.427154; U, = 88.0382B; Lg = 0.0075TH; t; = 2-107*¢

(Aif4,AU., )
=2

-1{]“‘{

00075 [560+ 180sin(314-2-10"*+ 2.094) — 38- 1542715+ 0.6 - 88.0382];15686.27

—23529.41sin(314-2-107*+ 2.094) —3529.41- 1542715 —78.432- 88.{]382} = (4.7083;—-13.053)

(i1, U;zz] = (15.42715;88.0382) + (4.7083;13.053) = (20.13545;74.9854),

IIpu i3, = 20,13545 no kpusoii puc. 3.5 Lg=0.006 I'n
(Aif4,AUL )
=2

1
-107* {M[S@D +180sin(314-4-107* + 2.094) — 38- 20.13545 + 0.6 - 74.9854];15686.27

—23529.41sin(314-4-107* + 2.094) — 3529.41- 20.13545— 78.432- ?4.9854} = (—0.5596;—16.000);

4.7083 — 0.5596 13.053 —16.000
2 ' 2

(iu, U) — (15.42715;88.0382) + ( ) — (17.5015;73.5117).

Tperuii mar. k=2, k+1=3.
i,, =17.5015 4; Usz =73.5117B;Lg = 0.0067Ty; t, =4 -10*c.



(&iiz’&Uézz)
=2

: 1{]“‘{
0.0067
—23529.41sin[314-4-107* + 2.094) — 3529.41- 17.5015 — 78.432- ?'8.511?'}= (2.5497; -14.1964).

[560+ 180sin(314-4-10*+ 2.094) —38- 175015+ 0.6-78.5117];15686.27

(::;3, UQZE) = (17.6117) + (2.5497; —14.1964) = (20.0512:59.4153)

IIpu i35 =20,0512 mo xpusoii puc. 3,5 Lg0.0062 I'n.
(Aif,,AUL )

= 21075560
+180sin(314- 6- 10~ + 2.094) — 38- 20.0512 + 0.6- 59.4153]: 15686.27 — 23529.41sin(314- 6 - 10~*
+2.09) — 3529.41- 20.0512 — 78.432- 59.4153} = (—0.96708; —15.5123).

2.5497 —0.96708 —14.1964 —15.5123
2 ' 2

(iy3,U.2,) = (17.5015;73.5117) + ( ): (18.2928:;58.65735)

U Tax nmanee.

Meton Pynre-Kyrra. B merone Pynre-Kyrra mnst goctikeHust OOJIbIIOW TOYHOCTH OCYIIECTBIISIETCS 0o0Jiee CIIOXKHOE TI0
CpaBHEHMIO ¢ METOI0M Diliiepa-Komm ycpennenne GyHKIIMN Ha KaXKIOM I1are BHIYUCICHUH.

Anroput™m Metona Pynre-KyTra 7151 BbIYHMCII€HN 3HAYMMOTO MHOTOMEPHOT'O BEKTOpa NEpeMEHHBIX nociie (k+1)-ro mara
WHTETPUPOBAHUS UMEET CIEAYIOIIUN BUI:

- = - = R 7 T -
Vir1 = Vi T AV, APy = G [km + Z(kzk + ka#.:) + ku:]y

rae

gm = hf(x;:, Vi );



Ka = hf (xi + 1,5 + Ksp,).

[IpruMEeHUTENBHO K YPAaBHEHUSIM 33]1a41 AIITOPUTM METOAA 3ANUILIETCS TaK:
(*':15:+1: U.:zkﬂ) = (ilﬁ:r Uczk) + (Mu:: 'ﬂU.:zk)

JIuist yIpoIeHust HHASKCOB IpH K BMeCTO 14, U.:z oyaem mucarts (i, U)

‘ 1
(ﬂilmﬂU.:zk) =% {(Ryie kyse) + 21k 150 ko) + (Ragres Kz )] + (R Ky )

I'ne

di
Ky ky) = h[(—l)

dU.,

» Uc2k+k3uﬁn tk + h; ( d ) » M2y
U Jitke+kauk

ilk+k3ik

Ilepsoiii mar. k=0, k+1=1

(MCXOIHBIC JAHHBIC JIJIST BHIYMCIICHUS Kk 10 = (K1, K1)
i1 = 10.4624;U,, =100 B;Lg = 0.012TH; t, = Oc

(cMOTpH BBIXOIHBIC JaHHBIE TIEPBOTO IIara MeToAa Jiiepa).

£y + h].



(kliur kwu) =2

1
-107*% {m [560 + 180sin(314-0 + 2.094) — 38-10.462+ 0.6- 100]; 15686.27

—29529.41sin(314-0+ 2.094) —3529.41-10.462 — 78.432 - 1{]{]} = (6.3055;—9.8917).

.
HcxomHble TaHHbBIE IS BEIYUCIEHUS Kog = (kza‘D: k, Uo) :

k 1U,

= 95.0541B;

K
io+ ; = 13.61474;Lg = 0.0085Ts; U,,_+

(kzi[,; kzun) =2

-107* { [560+ 180sin(314™* + 2.094) — 38-13.6147 + 0.6 - 95.0541]; 15686.27

0.0085
—23529.41sin(314-1-107*+ 2.094) —3529.41-13.6147 — 78.432 - 95.0541} = (5.9457;-11.9647).

—
WcX0oHbIC JaHHBIE ISt BBIYUCICHUS K3 = (K350, K3y0):

kzuo

Ka;
io+ ; = 13.43484;Lg = 0.0085Ts; U,, +—=2 = 94.01765;

h
t1D+§: 1 ) 1{]_41:-'

G‘:EiDJ kzuoj =2

: 1{]“1‘{ [560+ 180sin(314-1-10"*+ 2.094) —38-13.4948 + 0.6 -94.01465];15686.27

0.0085
—23529.41sin(314-1-107* + 2.094) —352941-13.4348 — 78.432 - 94.01?‘65} = (6.0919;—-11.8214);

.
VcxonHble aHHBIE [T BBIYMCIIEHHS Ky = (k%, kwu):



iyo+ka;, = 16.5539,4; Lg = 0.007Tw; U, + ks, = 88.1786 B;t + h =2-10"%c
(g kg, ) =2

dug

1
-107*% {W [560 + 180sin(314-2-10"*+ 2.094) — 38-16.5539+ 0.6 - 88.1786]; 15686.27

—23529.41sin(314-2-107* + 2.094) —352941-16.5539 — 78.432 - 88.1?86} = (3.8518; —13.8776).
[puparenue Toka yepes KaTylIKy [y U HanpsUkeHue Ha Kojencatope U, 3a nepBblil ar HHTerpHpoBaHus

1
(ﬂim,ﬂUﬂD) = E{[6'3055 + 2(5.9457 + 6.0919) + 3.8518];[-9.8917 + 2(—11.9647 — 11.8214) — 13.8446]}
= (5.7052;-11.89).

3HaveHUe TOKA 1 M HATPSHKCHUSI U.:z B KOHIIC IEPBOT0 Iara MHTCTpUPOBaAHUS

(iy,U.,,) = (i10,U.,,) + (Aisp, AU, ) = (10.462;100) + (5.7052; —11.89) = (16.1672;88.11).
Bropoii mar. k=1; k+1=2

Hcxoanble 1aHHbBIC J1S1 BBIYMCIICHUS F::} 11 = (klii, kmi ):

(kla‘irklui) =2
- 1{]““{

0.0073 [560+ 180sin(314-2-107* + 2.094) — 38-16.1672 + 0.6- 88.11]; 15686.27

—23529.41sin(314-2-107*+ 2.094) — 3525.41- 16.1672 — 78.432 - 88.11} = (4.9137;-13.6021).

o
HcxonHble TaHHBIE I BRIYUCIEHUS Koq = (kza‘i: k?ul):

1i,

Kiu
= 18.6244;Lg = 0.0065I'y; U, + 121 = 81.3089 B;



h
it = 3-107%¢;

(kﬂij_!kzulj =2
-107* {

0.0065 [560+ 180sin(314-3-107*+ 2.094) — 38-18.624 + 0.6- 81.3089]; 15686.27

— 23529.41sin(314-3-107* +2.094) — 3529.41-18.624 — 78.432- 81.3089}= (1.4721;—15.2286)
HcxomHble maHHBIC IS BRIYUCICHUS Eg 1 = (k3 kay,).

k
u 21
i, + :

Kau
= 16.90324;Lg = 0.0067Ts; U, + —= = 80.4957 B,

h
tits= 3-107%¢;

(kzileEul) =2
-107* {

S ogc; (560 + 180sin(314-3- 107 +2,094) — 38 16,9032 + 0,6 - 80,4957]; 15686.27

—23529.41sin(314-3-107*+ 2.094) —3529.41- 169032 — 78.432 - 80.495?} = (3.3655;—-13.8942).

HcxonHaple TaHHBIC IS BEIYUCICHUS EM = (kai kay)).
{11+ ky; = 19.53274;Lg = 0.0061 Ty; U, + k3, = 74.2158 B;
t;+h=4-10"c.
(Kary o) = 2

- 1{]“"{

00061 [560+ 180sin(314-4-107* + 2.094) — 38-19.5327 + 0.6- 74.2158]; 15686.27

—23529.41sin(314-4-107*+ 2.094) —3529.41-19.56327 — 78.432 - ?4.2158} = (1.0873;—-15.5628).



[pupaiienue Toka 4epe3 KaTyliKy [y U HANpsDKeHUe Ha KoHjeHcatope U, 1pu BTOPOM IlIare HHTErpUpOBaHHS
1
(ﬂil,ﬂUczl) = {[49137 + 2(1.4721 + 3.3655) — 1.0873];[-13.6021 + 2(—15.2286 — 13.8942) — 15.5628]}
= (2.3583;—-14.5684).

3nauenue Toka iy u Hanpsokenus U, B KOHIIE BTOPOTO IIara MHTETPUPOBAHHUS

(ilz, U) — (::1, U) + (Biy,AU,,,) = (16.1672;88.11) + (2.3583; —14.5684) = (18.5255; 73.5415).
Tperuii mar. k=2, kK+1=3.

Hcxomupie TaHHBIE 171 BBIYUCICHUS k 12 = (kuz: K1, ):

iy, = 18.5255 4;Lg = 0.0064 Tw; U,, = 735415 B; t, = 4- 10™*c.

(klizlkluz) =2
- 1{]““{

0 {]{]64[56D+ 180sin(314-4-10"*+2.094) — 38-18.5255+ 0.6-73.5415]; 15686.27

—23529.41sin(314-4-107*+ 2.094) —3529.41-18.6199 — 78.432 - 74.02 19} = (1.36;—14.8413).

—
VcxonHble JaHHBIE U1 BhIYMCTICHUS K, = (kza‘z: kmz):

1iy

Ky, h
iy, +—=2 =19.20554;Lg = 0.0062 I'; U, + 12 =66.1208 B; 1, +5=5-10"*c.

(kzizxkzuz) =2
-107* {

00062 [560+ 180sin(314-5-107* + 2.094) — 38-19.2055 + 0.6 - 66.1208];15686.27

—23529.41sin(314-5-107*+ 2.094) —3529.41-19.2055 — 78.432 - 66.1208} = (0.3162;—-15.1153).



o
VcxoaHble JaHHbIE 71 BhIYMCTICHUS K3 = (kgiz, kguz):

iy

i, +

Ky, h
= 18.6836 4;Lg = 0.0063 Ts; Uc, +i;, + 22 : = 65.9838B;1, +5=5-10"*c

(kEiZJkEuz) =2
-107* {

0.0063 [560+ 180sin(314-5-107* + 2.094) — 38- 18.6836 + 0.6-65.9838];15686.27

—23529.41sin(314-5-107*+ 2.094) —3529.41- 18.6836 — 78.432 - 65.9839} = (0.9382; -14.7448).

HcxonHbie n1aHHbIC )11 BBIYUCICHUS E% = (kﬂuz, k au, )
iy, + ks, = 19.4637 4;1g0.0062 Tw; U, + k3, = 58.7968 B;
t+h=6-10"%¢;

(kq-a'z:ka,uz) =2
-107% {

00062 [560+ 180sin(314-6-10"* + 2.094) — 38-19.4637 + 0.6- 58.7968];15686.27

—23529.41sin(314-6-107*+ 2.094) — 3529.41- 19.4637 — 78.432 - 58.?968} = (—0.2589;—-15.0879).
[puparenue Toka 4epes KaTymky iy M HanpspkeHus Ha Kongencarope U, Ha TPeTheM IIare MHTErPUPOBaHHUs

1
(ﬂiu,ﬂUﬂz) = E{[1’36+ 2(0,3162 +0,9382) — 0,2589];[-14.8413 + 2(—15.1153 — 14.7448) — 15.0879]}
= (0.6015;—14.9415)

3HavyeHus TOKa [, M HanpsxeHHsA U, B KOHLE TPETHETO I1ara MHTErPUPOBAHHUSI

(::13, U) = (i1, Usp,) + (Aiy,, AU, ) = (18.5255;73.5415) + (0.6016; —14.9415) = (19.1271;58.5999)



U Tak nanee.

4. OCHOBBI TEOPUU BEPOATHOCTH B 3AJJAYAX SJIEKTPOOHEPI'ETUKHN

OcHoBHBIC BOIIPOChl. OCHOBHEIE TIOJIOKEHUSI TEOpUH BeposTHOCTeH. CoObiTHe. BeposTHOCT cOOBITHS. B3anMOCBsI3b COOBITHIA.

OcHOBHBIE TeOpeMBI BepOoATHOCTEN. Teopus ciiokeHus BeposATHOCTeH. TeopeMa yMHOxkeHUs BeposTHocTeld. DopMmyiia NOJIHON
BeposiTHocTH. Popmyrna belieca (Teopema runores). [loBTopeHre ONbITOB.

Crnyuyalinble Beau4nHbl. OYHKIUS U TUIOTHOCTh paclpeAesieHnsl. 3aKOHbI paclpeesIeHUs CITy4YaiiHbIX BEJIMYUH.

UucioBble XapaKTEPUCTUKH CIy4alHBIX BEIMYMH. MaTeMaTHyecKoe OKUIAHUE CIydalHbIX BeJWYMH. OCHOBHBIE TEOPEMBI.
MaremaTndyeckoe OXUAAHUE CIyYalHBIX BEJIWYMH INPH pPa3HBIX 3aKOHAxX pacrnpeneneHusd. Jlucrepcus CiydalHOM BEIWYHUHBI.
CranmapTHOe OTKJIOHEHUME. Jlucnepcrs U CTaHJapTHOE OTKIIOHEHHUE TP OCHOBHBIX 3aKOHAaX pacrpeaesieHns. Moaa, MeinaHa 1 MOMEHT
CIIy4allHOW BEJIUYUHBI.

Cucrema ciydailHbIX BeIM4rH. OCHOBHBIE TEOPEMBI U YHCIIOBBIE XAPAKTEPUCTUKH CUCTEM CIIYYalHBIX BEJIMYMH (MHOTOMEPHBIX
BEKTOPOB CIIyYalHBIX).

3aKoH OOJIBIIMX YHUCIIC.

OCHOBBI MaTe€MaTHYECKOM CTaTUCTHKU. CTaTUCTUUECKHUE 3aKOHBI pacnpe;[eneHHﬁ N CTATUCTHYCCKHUEC YHCJIOBBIC XapaKTCPUCTUKHU
CﬂyqaﬁHBIX BCINYHH.

BripaBHHBaHME (aNMPOKCUMALMS) CTATUCTUYECKUX 3aKOHOB PacIpeieICHUs.
OCHOBHBIE MOJ0KEHUS TEOPUH CITyYaWHBIX PYHKIUH.

Meton MonTe-Kapio B 3a1adax alIeKTpOIHEPTETHKHY.

DneMEeHThl MATEMaTHYECKUX OCHOB TEOPUHU HAJECKHOCTH.

Jlns mosiydeHHs: HaBBIKOB NMPUMEHEHUS OCHOBHBIX IOJIOKECHUN TEOPUHM BEPOATHOCTEW B KOHKPETHBIX AJIEKTPOIHEPTETUUECKUX
3a/1auax MmpejyiaraeTcs 3a/lanue BhI0Opa ONTHMAIBHOTO YKCIIa PE3EPBHBIX arperaToB (CM. 3a1aqy 4).



HeoOxoaumo ompenenuth ONTHUMAJIbHOE YHCIO PE3EPBHBIX TPAaHCPOPMATOPOB TMOJACTAHLIMM, €ClIU i1  oOecrnedeHus
MaKCUMaJIbHOW MOIIHOCTH 3arpy3Kd HEOOXOAMMO N OJHOTHITHBIX arperaToB MOITHOCTHIO PH KaKIbIil; BEPOSATHOCTH IMOBPEKICHUS
TpaHchopMaTopoB [, pacipe/ieieHue BEPOATHOCTEN AEMCTBUTEILHON HATPY3KH 3aJIJaHO B BUE pACTIPEICICHUS:

Momnocts | P1=IPy P,=(n-1)Py | Ps=(I1-1)Py ... P,=Py
3arpy3ku
BepositHocTs | Py P, P, . P,

Yiiepd OT HEmoKphITHS Harpy3kum Ha 1 kBT.u cocraBisier gy pyO/kBT.u. PacueTHple moTepu Ha KaKIbld HOBBIH arperat
coctaBisieT By py6/ron.

[Ipu cpaBHEHUM HECKOJILKMX BAPUAHTOB PE3EPBUPOBAHUS ONTUMAJILHBIM, OUYEBUJIHO, SBJISIETCS BAPUAHT, KOTOPHIN oOecrieyuBaeT
MHUHUMYM €KETOJHBIX PACUETHBIX HAPOJHOXO3SUCTBEHHBIX 3aTpaT. DTHU 3aTPaThl UMEIOT JBE COCTABJISIONIME: 3aTpaThl HA PE3EPBHBIC
TpaHchOpMaTOPhI U BEPOSITHBIN yIIepO OT MepepbiBa HArPY3KU M3-3a BBIXOJA U3 CTPOs TpaHC(HOPMATOPOB MOJCTAHIUH, T.€.

3., =SB, + M(3),.. (4.1)
I'ne 3 — exeroHble pacyeTHBIC 3aTPAThl IPH S Pe3epBHBIX TpaHCHopMaTOpax;
M(3),,+s — MaTeMaTHUECKOE OXKHAAHUE yIepba OT HepPEPhbIBa HATPY3KH IIPU S Pe3epPBHBIX TpaHC(HOPMATOPax.
[lepBoe cnaraemoe ypaBHeHue (4.1) BbIUUCISAETCS MPOCTO, TaK KaK 3aJ]aHO B YCJIOBUU 3a/1auu By.
Bropoe cnaraemoe M(3),,. ¢ onpenensercs, HCX0as9 U3 MATEMATHYECKOTO OKUIAHUS TIEPEPHIBA HATPY3KHU [0 SHEPTUH 34 IO
M(Wuedo)ms = M(Wzledo)ms' 30

B cBoto ouepenb, M(Wjep)nss OHIpenenseTrcs dyepe3 MareMaTHdeckoe oxuaaHue paepuiura MOMHOCTH M(Peg)nss 1
MPOIOJKUTEILHOCTH ToJ1a — 87604.

M(Wﬂe(i))n'i'S: M(Pmﬂb)ms 8760

[Ipu 3ajaHHOM AUCKPETHOM TpaduKe Harpy3Kd MOIIHOCTH AC(PHUIIUT MOITHOCTH C OTMPEICICHHON CTENEeHbIO BEPOSITHOCTH MOMKET
IIPUHUMATh TOJIBKO JUCKpETHBIC 3HaueHus - Py, 2 P, 3P, ... , [IP,. Maremarnueckoe 0kMIaHUE JUCKPETHOU CIly4alHON BEIUYUHBI —
M(x), KaKk U3BECTHO, PABHO CYMME IIPOU3BEICHUI 3HAUYCHHI CIIydyaliHOM BEJIMUMHBI HA BEPOATHOCTh 3TUX 3HAUCHUM:



n

M(x) = Z X, P,

k=1

[ToaTomy

n

M(Pﬂetl:l)ﬂ_l_g = Z(kpﬁ,qe¢)p(kpﬁ,qe¢) (42)
k=1

Teneps HEOOXOIUMO OTIPEACITUTH BEPOSATHOCTH ACPUITUTA PABHBIX BEIMYUH MOITHOCTEH p(kPH ﬂeqj).

PaccMmoTpuM BHauasie BapuaHT 0e3 pesepBHBIX TpaHChopMaTopoB (S = 0). Heduuur MomHOCTH Pypeq BOSHUKAET B TEX CIydasx,
KOTJ]Ja MOIITHOCTh HArpy3KHU MOJICTAHIINK MPEBBIIIAET CYMMapHYIO0 MOITHOCTh HEOBPEXKACHHBIX TPaHC(HOPMATOPOB:

Korna npu Harpyske TP, BbliiieT U3 cTposi oauH TpaHchopmaTop (CymMmapHas MOIIHOCTh HEMOBPEXKICHHBIX TpaHC(HOpMaTOpOB
(H'I)PH ) - CO6BITI/IG Dn_C‘ n-c-1

Korma npu narpyske P, BeiiinyT u3 ctpos Bce I1 tpanchomaropos — coObitie Dy pp.

Cob6pitie D; (Bo3HUKHOBeHHME Oe(HLIUTa MOIMHOCTH P, 4p), OYEBHOHO, SBIETCA CyMMOM IE€PEYHMCICHHBIX HECOBMECTHBIX
COOBITHI

Dl = D‘]‘L‘ﬂ.+1 + D‘]‘L‘H+ N e Dﬂ—c,n—c—l + -t Dl,n—n
[1o Teopeme CHOKEHHS BEPOSTHOCTEN
p(PH,qecl:u) = p(Dl) = p(Dﬂm—l) + p(Dn—l,n—Z) + ot p(Dﬂ—Z,n—c—l) + "'p(Dl,n—n)

Kaxnoe u3 coObituii-cnaraemelx (D, ,_1,D,_1,_2.) B CBOIO oOuepeldb SBISETCA CIOXKHBIM cOObITHEM. Tak, coObITHE
D,, ,,_1 3aKIIIOYAETCs B COBMECTHOM BO3HMKHOBEHUM (T.€ SIBJISIETCS NMPOU3BEIEHUEM) JBYX COOBITHI: Harpy3ku nojacraHuuu — nPH u

BBIXOJIa U3 CTPOsi TpaHChopMaTopoB. BeposTHOCTH mepBOro m3 coObiTHi —pl (3a7aHa B YCJIOBHH); BepOSTHOCTH apyroit — (1-pl).
[TpuHUMast 3T COOBITHSI HE3ABUCUMBIMHU, 10 TEOPEME YMHOXKEHHUS BEPOSITHOCTEN MOJTYyIUM

P (.ﬂmn—l) = lDl ’ Q':v



COOTBETCTBEHHO

P(.ﬂn—l,n—z) =P, -q,ﬁ
P(-ﬂn—c,n—c—l) = li:.1+|: ’ 111:+C

P(-ﬂl,n—n) = Pn ’ q;r:

VYyuutsiBas Beipaxkenue (4.3), noxydum

1 2 1
p(PHﬂEfb)n - lDl “qn t PE gy + "'+P1+c ) QR+C+ +Pn q::}:
Paccyas aHaJIOrMYHO 00 YCIOBHSX BOSHUKHOBEHHS PYTHX BEIMYHMH Ae(DUIUTA MOIIHOCTH, OJTYYHM

P(2Pupey) =P1-Ga+D2 Gn++Prac G2+ Doy - O

{+1 I+c

p(SPHp;ecl:u)ﬂ =DPi qg TP2qn Tt Pise Qn T P q::;

I+

P(Puneg) =Pi-GntPa @+ + D1 @+ Durer a0

p(TTP, 4es) =P, - 1.

BeposTHOCTh OBpEKICHUS OTACTBLHBIX COBOKYITHOCTEH arperatoB ompeensercs mo GopmMyse ONHOMUHAIBHOTO paCIIPEACIICHUS
GQn=Cn q-P" %

Qn=Cn Q" P"%

m n—m.

-q -'p ;



I"gl
43

m!(n—m)!
3neck P=1-q — BepOsATHOCTb HEMOBPEIKICHHOTO COCTOSIHUS arperara.

[Io maHHBIM YCIOBHUSIM 3aJadd BBITIOJHSIOTCS BHAYalle pacyeThl ISl Ciiydas OTCYTCTBHUsI pe3epBHOro TpaHchopMaropa u
ONPEAEISAIOTCA 3¢

Teneps npuMeM, YTO YCTAaHOBJIEH OAWH pe3epBHBIN arperart, v s (N+1) arperaToB NOBTOPUM BCE PacyUeThI.

Heo6xonumMo uMeTh B BHAY, TO IIPU HAIMYUM OAHOTO, JIBYX M T.J. PE3EPBHBIX TpaHCHOPMATOPOB AEPUIIUT MOITHOCTH MONKET
BO3HHUKHYTH JIMIIIb IPU BBIXOJIE U3 CTPOS OOJBIIE OJHOTO (IBYX U T.J.) TpaHncpopmaropa. [loaTomy HaXoauM clieayrolire BepOsTHOCTU
MOBPEIKACHHS Pa3HbIX COBOKYITHOCTEH arperatoB (npu S=1):

(n+1)- 2

Gre1 = Cns1°G° D

(n+1)— 3

Gus1 = Cas1°G "D

m I ;B (n+1)—m.
Q‘]‘l+1_c‘]‘1+1 q p ’
n+1 n+1l

Q*n+1_q

BepositHoCcTh neduiuta MOIIHOCTH OyAET Terepb ONPEaeIsaThCS TaK:

n+1

P(Paes) ., =P1°Qres+ P2 Guss + -+ Pase " QAL + - D~ GiiE

n+1

P(2Pazes) .. =P1 Gnes + P2 Gres + o+ Proc Gate + - Do Qi

I+1 I+s5+¢ n+1

P(LPages) .. =P1 Gnth + P2 Gnid + o+ Droc G5+ P - Qi



n+1

p(HPH,qecl:u)ﬂ+l = IIT:'1 "Qn+1

Tponoimkas ganee pacuer, Haxogum M (P, 1ed )m oM (W, ﬂeqj)m .

M3)ns1, 31

[TpoBoaum pacuetst muist (I11+2), (I14+3) u T.4. arperatoB A0 TeX MOp, MOKA €XKETOAHbIE pacyeThl HAPOJHOXO3AMCTBEHHBIX 3aTpaT
BApUAHTA PE3EPBUPOBAHUS HE MPEBBICUT 3aTpaT NPEIbLIYHIEro. DTO 3HAUUT, YTO 3aTPaThl HA PE3EPBHBIE TPAHCPOPMATOPHI BAPUAHTA,
KOTOpPBI paccMaTpUBAETCS, HE ONPAaBJaHbl COOTBETCTBYIOLIMM YyMEHBIIEHUEM YyuiepOa OT MepepblBOB Harpy3ku. OnTUMaibHBIM
ABJIIETCS PEABITYIINI BapUAaHT C MEHBIIMMU 3aTpaTaMu. CBeJIeHUs pe3yIbTaTOB BBIUUCICHUM B TaOJIUIly YA0OOHO U HATJISITHO.

HpOI/I3BOIII/IM PacucT I TaKUX UCXOOHBIX JaHHBIX

T1=4; P, = 100 MB.A; g=0,002.

MOoIIHOCTh 400 300 200 100
Harpy3Ku

MB.A

Bepostaocts | 0,2 0,4 0,3 0,1

Bo=44 1.py6/ron; 30=1,2py6/kBT.4.
1. PesepBHbIe TpaHcPOpMaTOPHI OCYTCTYBYIOT, S=0.

BeposTHOCTh OBpEKICHUS OTACIBHBIX COBOKYITHOCTEH TpaHC(HOpPMATOPOB:
1-2-3-4

1 =Clqp* ' =———-0.002-0.998° = 7.952-0.96-1073%;
4y 4 qp 1-1-2-3

1-2-3-4 i
af = C3qp*? = T - 0.002?- 0.998” = 2.390409- 10;



1-2-3-4
i =Ciqg*p* 7 =————-0.002%-0.998=3.1936-107%;
qJ-I‘ 4q p 1_2_31 r
gt =gq*=0.002%=1.6-10"11,

BEIJDHT'HDCTL ,[[EQJHH;HTH PASTHYHEBIX 3HAYeHHH MOITHOCTH:

P(Pases), =P1- Qi +P2- 43 +p2-ai +pa-qi
—0,2-7,952096- 1073 + 0,4~ 2,390409- 10~° + 0,3- 3,1936- 102 + 0,1- 1,6
—1,599990- 1073;

p(EF“@)q =P Qi +P2-qi+pi-qi =0.2-2.390409-107° +0.4-3.1936-10"% + 0.3- 1.6- 10™*
= 4.793597-1073;

P(3Punes), =P17q + P2 qf = 0.2-3.1936-107° + 0.4- 1.6-107** = 6.3936- 10~°
p(4pw¢)4 =p,-qt=02-16-10"11=3.2-10"12

MaremaTudeckoe OXHMAaHHC I[G(I)I/II_[I/ITa MOIODHOCTH:

M(Pnne@)4 =PH- p(Pune¢)4 + 2PH- p(zpune¢)4 + 3Pup- (3PHJ¢¢)_‘ + 4Pup- (4PH.1¢¢)4=
=100(1,59999- 1072 +2-4,793597-10"°+3-6,3936-10"°+ 4-3,2-1071?)=
= 1,609881- 10~*[MBT].

MaremaTtuueckoe oxujanue neduiura (mepepbiBa Harpy3Ku) M0 YHEPTUH 3a TOJI:

M(Wiep), = M(Pu 2eg ), 8760 = 1410.2557[MBr.4] = 1410255,7 [xBr. ]

MaremaThudeckoe 0KUJaHue CTOUMOCTH ymep6a:

1,2py6

M(3),= M(M;eq,h * 3, = 1410006KBT.4ac. = 1692007 pyb.

kBT

-1071



Tak Kak paccmMaTpuBaeM BapuaHT 0€3 pe3epBHBIX TpaHcpopmaTopoB, S=0:
30=M(3),= 1692007 py6
2. YcraHOBIIEH OJIMH pe3epBHEIN TpaHchopmaTtop S=1, [1+S=5.

BepOHTHOCTI) IMOBPCKACHUA OTACIIbHBIX COBOKYHHOCTGﬁ arperaToB:

1-2-3-4-5
qs = C2q*p? = T 2_1_2_3-0.0022-{].9983 = 3,976048-107%;
1-2-3-4-5

1-2-3-1-2

-0.002%-0.998% = 7,968032 - 107%;

a5 =C3q¢°p* =

1-2-3-4-5
t_ Cigtp = .0.002¢-0.998 = 7,984 - 10711,
=T P= 179341 ’ *

g2 =q°> =0.002° =3.2-107%,
BepositHoCcTh neduimTa pa3iMuHbIX 3HAYSHU MOIITHOCTH

P(Pusep)  =P1-05+D2 05 +P2- a3 +Ds- G5
= 0.2-3.976048- 1075 + 0.4-7.968032- 10~% + 0.3-7.984- 10721 +0.1-3.2- 10~
— 7.983992-105;

D(2Pynes). = D172 + Py q% +ps-q2 =0.2-7.968032- 1072+ 0.4-7.984- 1071 + 0.3-3.2- 107
= 1.596801-10~®

P(3Puzey), = D1 G2+ g5 = 0.2-7.968032- 107 +0.4-32-107** = 1.59808- 10~**

P(4Pyes) = P13 =02-3.2-107 = 6.4-107%

MaTCMAaTHYCCKOC OXKMAAaHHNC I[e(bI/II_[I/ITa MOIIHOCTH:



M(Puzes) . = PH [D(Puzeg) . + 2P(2Pu zeg)_ + 3P(3Py ) + 4P(4P, 15 |
—100[7.983992- 1075 + 2- 1.596801- 10~% + 3 - 1.59808 - 10~ + 4 - 6.4 - 10725]
= 8.0159759 - 10~* MBr.

MaremaTudeckoe OXHIAHHUC IICPCPbIBA HAI'PY3KH 110 SHCPIUHU 3d T'OM:

M(Wiep ), = M(Py zep). - 8760 = 7.0219948[MBr - wac] = 7021,9948[«Br - wac]

MareMaTuieckoe 0KUIaHHe CTOMMOCTH yIiepoa:

M(3)s= M(W e )5 - 3,=6994,032-1,2=8426,39 py6.
I"onoBBIe pacyeTHBIE 3aTPaThl HA PE3EPBHBIN TpaHChHOpMATOP
SBo=1-By+M(3)5=52426,39 pyo.

3. YcranoBneHo 1 pe3epBHBIX TpaHchopMaTopa S=2, N+S=6

Brruncnenus naroT Takue pe3yabTaThl:

M(P ), = 3,200235-107°MBT;
M(W,es), = 0,280341 kBT.y;
M(3)s = 0,33 py6.

SB, = 2x44000 = 88000py6

3, = 8800,33 py6

Esxeromnbie pacyeTHBIC 3aTPaThl 3/1€Ch BBIIIE, YeM B MIPEAbIAYyIIeM Bapuante. ONTUMaTIbHOE YUCIIO PE3EPBHBIX TpaHC(HOopMaTOpoB
S=1.

H3meHeHune CTpyKTyphl 3aTpaT XOPOIIO WILTIOCTPUPYET TabJInIIa:



Uucno pes3epBHBIX | 3aTpaThl Ha | Yepo ot | CymMMapHbIe
arperaTos pe3epBHbIE Harpy3ku. PyoO. €XXEroHbIC
arperatsl. Py0. M(3)s pacyeTHbIe

3aTparsl, pyo.
Z(S)

0 0 1692306.8 169306.8

1 44000 8426.39 52426.39

2 88000 0.33 88000.33

5. KOHTPOJIbHAA PABOTA
KontposbkHas pabora cocrout u3 4 3ama4. BeiOop pacueTHOro BapuaHTa OCYIIECTBSICTCS TI0 HOMEPY B JKypHAJIEC PENoIaBaTelis.

ITo TpeTheii OT KOHLIA LIU(pPE HOMEPA 3aUETHON KHUKKH BRIOMPAETCSI METOJ pacyeTa COOTBETCTBEHHO K TaOJIMILIE:

Hudpa | O 1 2 3 4 5 6 7 8 9
MeTton H
HezaBucumerx KOHTYpHBIX €3aBHCHUMBIX V3TOBEIX
Sazllaqa TOKOB TOKOB HaNpsHKEHNI HaNPSKCHUH
Meto .
A IIpocTon Hrepannn

3anava . HeroToHa

HZ uTepanuu 3eitnens I'paguenta
Meton
3anaya Ditnepa Ditnepa-Komn Pynre-Kyrra Diinepa

3




B uetBéproii 3anaue nmocaeanss nudpa 3a4€THON KHUKKU COOTBETCTBYET MOPSAIKOBOMY HOMEPY B TaOulle JaHHBIX, PETOCIIEIHSS

- IOPSAJIKOBOMY HOMEpY B Tabmutie s 3p.

3agaua 1.
No
E]_,B Ez,B E4,B lAc,A Zl,OM Zz,ON\ Zg,ON\ Z4,0N\ 234,0N\
n/n
0 110e1® | 110¢1140° | 500¢18%° | 150718° | 530" | 51,040 510140° | 4570 j10
1 127612 | 1106718 | 5000/160° | 177160 | 510400 | 301307 | 77,060 | 53,i30° j20
2 220014 | 110619 | 500 140" | 10671407 | 400150° | 430080° | 35070 | 33,180 j13
3 380019 | 1100118 | 500e 112" | 21,7120° | 47,060° | 95,i70° | g3,180° | 75,i70° j15
4 500018 | 110012 | 500e 112" | 2307197 | 4501707 | 670060 | 3701807 | 97,i60° j16
5 | 127011007 | 197,71160° | 3801807 | 95,207 | 43,i80° | 49,i50° | g7,i60° | 39,i50" j24
6 | 220120° | 12707187 | 380ei60° | 27,1407 | 57,i60° | 39,040 33013 | 4313 j13
7 | 380e1140° | 12700100° | 3800i140° | g i60° | g3,030° | g,i40" | 43,i30° | 53,130 j13
8 | 5000118 | 127612 | 3806712 | 16618 | 611%0° | 53013 | 6101%0° | 6313 j12
9 | 1101180° | 1270140° | 380 11007 | 18011007 | EQ,iS0° | 3,137 | 39,i50° | 47,i60° j21
-~0 -~0 . 0 - 0 - 0 . 0 - 0 - 0 .
10 220¢1° 220¢1° 220e1%0 20e 1120 57190 53180 25¢170 29¢1%0 j14
11 | 3806712 | 22001 | 220ei4" | 220120° | 55e70" | B5IT0° | 53,i80° | 71,i40° j13
12| 500e 140" | 22001120° | 220p1120" | 94,i160° | 53,i80° | 47,i60° | 43,i30" | 71,j40° j15




Pacuutath TOKM U HaIIps’KCHUA BO BCCX BCTBAX CXCMBIL. HpaBI/IJ'IBHOCTB peIICHUS IIPOBCPUTH I10 IICPBOMY U BTOPOMY 3aKOHAM

Kupxroda.  IlapameTpsl DIIEMEHTOB CXEM IPUBEAECHEI B Tabnmunax 5.1 u 5.2:
IIpononkenue Tadauumbi 5.1
Ne
y El,B Ez,B E4,B IAc,A Zl,OM Zz,OM Zg,OM Z4,0M Zg4,0M

II/11

13| 110776 | 2200140° | 220019” | 266118 | 5701807 | 70060 | 43.030° | g10i4° | j27
14| 1276718 | 2200180 | 2000107 | 2801%0° | 430130" | 37,060° | 51,140° | 53,i8" | j15
15 | 380 1100° | 3800 100" | 12700407 | 30ei70° | 4100407 | 290i50" | 400i50° | 456170° | 14
16 | 500¢ 120" | 3806 12" | 127012 | 15015 | 790150 | 610140° | 50e50° | 3901%0° | j13
17 | 11007 1140° | 380011407 | 19701100° | 16,1307 | 77,060° | 53,i30° | 7,000 | 4g,i50° | j22
18 | 1270 1160° | 38001607 | 19770807 | 17,1807 | 75,0707 | 37,1607 | 33,i80° | gq,i40" | j18
19 220012’ | 3800180 | 1276711607 | 18,-170° | 73,180° | 5goi%0° | 77,i60° | 93,i80° |  j18
20 | 110612 | 500 12" | 110012° | 196719° | 6761807 | 73008 | 700607 | 17,i60° | 14
21 | 127619 | 500 1207 | 11061180° | 20 1107 | 531307 | 75,1707 | 47,160° | 57,i60° | j23
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Cxema 4

Cxema 5




3agaua 2.
BBI‘-II/ICJ'H/ITB TOKH BeTBeﬁ KOHTypa. YPaBHCHI/IH COCTOsAHUA 3aIIuCaTh HA OCHOBC MCTOOa KOHTypHI/IX TOKOB.

[TapameTpsl cxeM mpuBeeHbI B Tabnuie 5.2. Tabnuma 5.2 — McxoaHble 1aHHBIC K 3a/1a4¢ 2

1511 EuB | E3B | EsB | LA | Ioc,A | 15,0M | r,0M | rs,0m
0 | 100 | 120 | 100 | 7 8 | 18 | 15 | 28
1 | 110 | 130 | 120 | 4 7 | 15 | 28 | 27
2 | 150 | 140 | 140 | 5 5 | 16 | 17 | 15
3 | 130 | 150 | 130 | 9 6 | 22 | 24 | 24
4 | 140 | 160 | 220 | 8 9 | 13 | 12 | 12
5 | 200 | 220 | 200 | 7 8 4 | 11 | 24
6 | 190 | 175 | 170 | 5 5 | 17 | 23 | 15
7 | 160 | 180 | 175 | 6 8 | 15 | 15 | 19
8 | 180 | 150 | 200 | 7 7 | 11 | 21 | 16
9 | 170 | 130 | 130 | 8 5 | 27 | 14 | 22
10 | 250 | 220 | 140 | 8 9 | 18 | 28 | 25
11 | 290 | 200 | 170 | 5 6 | 29 | 29 | 28
12 | 230 | 100 | 110 | 9 8 | 26 | 26 | 17
13 | 240 | 110 | 220 | 6 6 | 25 | 25 | 24
14 | 220 | 140 | 200 | 8 8 | 12 | 14 | 11
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3agaua 3.

BbI4pCIIUTh TPH 3HAYCHHS TOKA B BETBU C MHAYKTHBHOCTBIO V(i) )i HanpsbkeHne Ha émkoctd (U, )t MOMeHTa BpemeHu t=0,
t;=h, t,=2h, rne h-mar uaTerpUpoBaHus.

YPaBHeHI/ISI COCTOAHMA LCIIN COCTABUTL HAa OCHOBAHHNH MCTOJAd KOHTYPHHUX TOKOB.

i0=i1(0) B momenT t;=0 Bkmtouenue BetBu 2. ¥; =0,005-i,, o= 314¢7t

Tabmumna 5.3 — UcxoaHble JaHHBIE K 3a1a4€e 3

e,=Eqsin
m-\
Ne | . (wt+a) <£. UCZ(O),B r,OM | I,,OM | I3,0M | 1,,0OM | Cy, MKD
T K]
¥ |EnB| @ 'l%
0 | 480 | 500 | 120° | 8 100 20 30 20 25 170
1 |360 | 300 [-120°| 14 50 25 26 22 30 150




2 | 400 | 220 [-150°] 14 150 30 21 27 17 270
3 | 200 | 450 | 60° | 12 250 18 10 27 27 200
4 1380|400 | 30° | 10 -150 12 18 14 20 250
5 | 200|250 | 90° | 8 -50 12 13 30 17 220
6 | 220 | 280 | 30° | 4 -200 10 18 25 27 300
7 | 340|480 | 0° | 14 300 15 21 20 20 110
8 | 250 | 380 | 120° | 4 50 20 10 30 13 150
9 | 240 | 500 | 120° | 8 150 22 20 12 25 130
10 | 480 | 260 | 90° | 8 -50 20 10 22 25 130
11 | 450 | 340 |-120°| 12 -100 30 30 17 13 300
12 | 480 | 440 | 180° | 6 200 22 23 10 10 220
13 | 300 | 350 | 150° | 10 -200 28 28 28 15 170
14 | 460 | 320 | 60° | 16 -100 20 30 10 23 200
15 | 260 | 300 | 150° | 12 -250 20 16 14 10 250
16 | 260 | 420 |-150°| 4 -50 30 13 20 27 110
17 | 350 | 460 | -90° | 10 -300 10 18 10 23 270
18 | 380 | 480 | 0° 6 250 22 13 12 15 110
19 | 320 | 400 | -90° | 6 -150 18 30 12 23 150
20 | 360 | 200 | 180° | 8 300 18 21 30 20 130
21 | 440 | 480 | -30° | 16 200 25 16 17 10 270




Cxema 1

22 | 460 | 240 | -30° | 10 -300 15 | 16 | 17 | 25 170
23 | 360 | 200 | -60° | 6 50 10 | 21 | 14 | 13 250
24 | 440 | 360 |-120°| 16 -250 12 | 28 | 20 | 30 200
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3axaua 4.

OnpenenuTs ONTUMATBHOE YUCIIO PE3EPBHBIX TPaHCHOPMATOPORB TOICTAHIINN, €CIH 711 00eCTIeUeHUs MaKCUMaIbHOM MOIITHOCTH
Harpy3Ku HEOOXO0MMO N OJHOTUITHBIX arperaToB MOITHOCTH P, KaXIblii; BEPOSTHOCTh MTOBPEKISHUS TpaHC(HOpPMATOPOB paBHa (;
pacrpe/ielieHue BEPOATHOCTEH HAarpy3KH 3aJIaHbl B BHJIE psina Py, Py, Ps,...,P, U1 MonHOCTEeH cooTBeTCTBeHHO P, (N-1)P,,...,P,;

yiiep6 ot nepepbiBa Harpy3ku 1 KBT-r cocraBnsieT 3o rpH/KBT-T; roioBbIe pacueTHbIe 3aTpaThl Ha KaXKblii HOBBIN TpaHcpopMaTop
COCTaBJISIIOT K THIC.TPH./TO/I.

Bce nannbie npuBeneHsl B Tabauie (Ko3pPUIUEHT Harpy3KU COCTABIISIET €AUHUILY )

3 (115/118|12|122|1,24|1,22|1,2/1,18|1,15/1,25|1,17|1,23|1,19

Ne 13 | 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24

3o 1,2 1122|124 122 |12 [ 118|115|1,19 (1,21 |123|121| 1,2

Tadomuna 5.4 — UcxonHble TaHHbBIE K 3aaue 4

No n PH,MBA Pl PZ P3 P4 P5 q Ko




0 4 40 02 (03| 03 |015| - | 0,0025 | 33
1 3 63 025 | 05 | 0,25 - - 0,003 | 38
2 S) 80 01 035| 03 |015| 01| 0,002 | 40
3 3 100 03 | 05 | 0,2 - - | 0,0025 | 44
4 4 129 015} 04 | 03 | 0,15 | - 0,002 | 48
) 3) 180 01 03| 03 | 015 0,1 0,0018 | 52
6 ) 200 05| 03 | 035 01 | 0,1 | 0,0015 | 60
7 3 250 04 | 04 | 0,2 - - | 0,0017 | 64
8 4 320 02 | 035]035| 01 - 0,001 | 58
9 3 400 02 | 06 | 0,2 - - | 0,0008 | 76
10 ) 40 01 03|03 | 01 |01 0,0023 | 33
11 4 63 02 03|03 | 01 - | 0,0024 | 38
12 3 80 0,3 | 0,35 | 0,35 - - | 0,0026 | 40
13 4 100 03 | 035|025 | 01 - | 0,0022 | 44
14 5 129 02 | 03|025| 01 | 01| 0,0018 | 48
15 5 160 01 031|025 | 0,2 | 0,1 0,0016 | 52
16 4 200 02 |025|035]| 0,2 - | 0,0017 | 60
17 4 250 03 | 035|025]| 0,2 - | 0,0014 | 64
18 3 320 0,3 | 045 | 0,25 - - | 0,0014 | 65
19 3 400 01| 04 | 0,3 - - | 0,0009 | 76




20 ) 100 01,04 | 03| 01 |01] 00021 | 44
21 4 129 02 04 | 03 |01 - 0,002 | 48
22 5 160 01 035|025| 02 |01 ] 0,0016 | 52
23 4 200 02 | 035|025]| 0,2 - | 0,0017 | 60
24 3 250 0,3 | 045 | 0,25 - - | 0,0013 | 64

[TporpamMma, METOIMYECKHE YKA3aHUS U 3aJaHUs K KypcoBoii pabore 1mo Kypcey "MareMaTHdecKue 3a/1auu JIeKTPOIHEPreTUKH (JUIs CTYIEHTOB
cnenuansaocty 7.090603)

CocraBurenu: Ixypa Cepreit [ eopruesud, K.T.H., JOLEHT
nennés Cepreii BnagumupoBud, K.T.H., TOLUEHT

SAxumuiunza Bukrtopuss BUKTopoBHa, K.T.H., JOLIEHT



