IIpakTuyeckoe 3ansaTue Ne
Tpéxdasnbie TPEXNPOBOAHBIC U YeTHIPEXIPOBOAHbIE

AICKTPUYECCKHUE LICITN

Tpéxdaznas  deTBIpEXMPOBOIHAS  CHCTEMa NUTAHUS  MOTPEeOUTENeH
ANEKTPOIHEPTHUH, IIIUPOKO PACHPOCTPAHEHHAS B HU3KOBOJBTHBIX CETSIX, TO3BOJISET
MOJIYYHUTh JIJIsl MUTAaHUS TOTpeOUuTeNnel nBa HanpsbKeHus — auHeliHoe U,

u pasnoe Uy,

[Ipu cMemaHHOM CUJIOBOM M OCBETUTEIBHOW HArpy3kax CHJIOBBIC
HU3KOBOJIFTHBIE ~ MOTPEOUTENM  DJCKTPOSHEPTUM  TMUTAIOTCA  JIMHEHHBIMU
Hanpspkenusimu - (U,=660; 380; 220 B). Jlnsd OCBETUTEIBHOH Harpysku
UCIIOJNIB3YI0TCS (pasHble Hanpsukenus Uy=220; 127 B.

B tpéxdazHbIX 4eThIPEXTTPOBOAHBIX MMEKTPUUCCKUX IEMAX TPU HATUYUU
JMHEHHBIX MPOBOJIOB, COSAUHAIOMINX Havana (a3 MCTOYHHUKA MTUTAHUS U
NOTPEOUTENS]  DJIEKTPOAHEPTUH, HMMEETCS  TakKe  HEUTpaJbHBIA  MPOBOJ,
COCIMHSIONINI HEeHTpanbHyl0 TOYKy N HCTOYHHMKA C HEUTpPAJIbHOM TOYKOW n
norpedurens (puc. 2.1), uro oOecrieynBaeT CUMMETPHUIO (Ha3HBIX HAMPSKEHUN
UCTOYHUKA U TOTpEeOUTENs, TaK KakK HEUTpaJbHBIM MPOBOJ ypaBHUBAET
MOTEHIIMAIbI HeNTpanbHbIX Touek N u n.

B 4eThIpEXNpPOBOIHBIX AJIEKTPUUECKUX Mensx (a3bl UCTOUHMKA U (a3bl

HOTpC6I/ITCJ'IH COCOAUHAIOTCA BCCraa «3BE3I0M.
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[Ipy HECMMMETPUYHON HAarpy3kKe KOMILUIEKCHBIE COIPOTHBICHHUS (a3
HOTpeOHTENsT HE ONMHAKOBB (Z:#Zy#Z;), TpU STOM KOMIUICKCHOE HAIpsDKCHHE
U,y, ZeiicTBylolnee MeXIy HEHTpalbHBIMU TodkamMH N M 1 CHCTEMSI
OIIPEIEIIAIOT 110 METOAY JBYX Y3II0B

i E Y.+ EgYy+ EcY,
WY, 4V, + V. +Yy

rne E,,Eg,E. ,Ec — xommuekcubie D/]C uCTOUYHMKA TUTAHUS;

v 1 v 1 1 1
a_gar b_gbr

POBOUMOCTH (a3 MOTpeOUTeNst U HEUTPATHLHOTO IPOBO/IA.

?:: —_ . v = —
Zy — KOMILUIEKCHBIE

[Ipu cummeTrpuuHoi Harpy3ke Z,= Z, = Z; CyMMa KOMIUIEKCHBIX TOKOB B
TOYKE N pa3BETBIICHUS LIETIH, 3allICaHHasi B COOTBETCTBUM C | 3akonom Kupxzogha:
I,+1g+ I,=1Iy=0,
T. K. TOK B HelTpasibHOM TipoBojie Iy = 0. [Ipu aTOM HampspkeHue, AHCTBYIOIICE
MEXK1y HEMTPAIbHBIMU TOUKAMMU: Uﬂy =Ly I v =0
[IpeneOperas BHYTPEHHUM CONPOTUBJICHUEM CUMMETPUYHOTO HCTOYHHUKA

U
)
nuranust v yautsiBast, 4to DJIC E, = E; = E. = E; = —= , KOMIUICKCHOE

V3’
HanpspDKEHHWE, JCHUCTBYIOIIEE MEXIAY HEUTpaJbHbIMHU TOYKaMHM CHCTEMBI,
OIIPCACIIAIOT NCXOOA U3 BhIPAXKCHUA
U (Y, + @Y, +ay,)
nN — )
V3 + Y, + Y.+ ¥y

, 2T [y , 2T =
— 1 . W3 - f— 1 . W3
FI[e a= E"FE = (_E-I_-"I ?); azze "TE.. = (_E_J; —)_

MTOBOPOTHBIEC MHOYKUTEIN (OIIEpaTOPHI).

Kommnekcuble pazHbie HanpsHKEHUS] TOTPEOUTENS AIEKTPOIHEPTUN HAXOAAT
U3 ypaBHEHUM, cocTaBieHHBIX 10 |l 3axony Kupxeogha nis cooTBeTCTBYIOMIMX
3aMKHYTBIX KOHTYPOB CHCTEMBI (puc. 2.2):
Uu,= EA_ UﬂN} Ub= EB_ Uuw; Uc= Ec_ UﬂN'
[Ipu 3TOM KOMILIEKCHBIE (pa3HbIE TOKU MOTPEOUTENS ONPEAECTISIOT IO 3aKOHY

Owma AJIs1 COOTBETCTBYIOIUX YHACTKOB LICIIN:



U, . U,
rc: Z_

r_gl = Uﬂ" iB = s

ga gb

KoMIIIEKCHBINT TOK B HEUTPAJIBHOM IIPOBOJIE HAXOIAT B COOTBETCTBUU C

ypaBHEHHEM, cocTaBiIeHHBIM 10 | 3axony Kupxeogha nns HeWTpambHOM TOYKH N
TN Iy = I+ Ig+ 1.

ITpn cummeTpuyHOM Harpyske (asneie HanpsokeHua: U, = Up = U = Uy,

Ea ) Z
Q A 2 |—|_A
u l-% . A . I.—_>I
£ Usg |Uca . W
LT R
N @ - L I n
£ U Usc o W
| Z
D¢ —= —C
@ ; —
j e Unn Uc
Puc. 3.2
_ . : _ _ 7 _ _Us _ _Un
IIpU 5TOM U_.'I— Uq;. V{E; Ll_ IB_ In:'_ IEL‘*_ Z.;._ Z.;.x-"il

I[Tpu 0OpBIBE HENTPATBLHOTO MPOBO/IA €0 TOJHOE CONPOTHBIIEHHE Ly = 9,
a osHast mpoBoAuMocTs Y = 0.

[Ipu HECUMMETPUYHON HArpy3Ke MOTPEOUTEINS PICKTPOIHEPTUU
(Za # Zy # Z;) Ha BEKTOPHOW JWarpamMMe MPOUCXOTUT CMEIICHUE HEUTPaTbHON
TOYKM M TIOTPEOUTENs] OTHOCUTENIBHO HEUTpasbHOM Toukun N HCTOYHMKA, 4YTO
MPUBOJUT K MEPEKOCy (Pa3HbIX HANpsHDKEHUW notpedurtens. B pe3ynbrare Ha oHUX
¢dazax nmotpeduTens HanpspkeHue OyAeT Ooublle, YeM Ha APYTHX, YTO BO MHOTHX
clly4asiX HEIOMYCTHMO, B YacTHOCTH IPU NHMTAHWUM OCBETUTEIBHOW Harpys3KH,
KOI'/Ia OJJHU OCBETHUTENIbHbIE MPUOOPHI HAXOASTCS MOJl HANPSKEHUEM, MEHbBIIUM
HOMUHAJBHOTO, a JApyrue — MOJ HamnpsHKEeHHEM, OOJbIIMM HOMHHAIBHOIO, YTO
OPUBOANUT K MPEXKJIEBPEMEHHOMY BbIXOAY MpuOOpoB u3 ctpos. [loaromy B 1enu
HEUTPAJIBHOTO  IPOBOJA  HEAOMYCTUMO  HAJIIMYKAE  Pa3IMYHOIO  poja

MIPEIOXPAHUTEIIEN U BBIKJIIOUATENEH.
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TpéxhasHas uYeTBIPEXTIPOBOHAS CHCTEMA OOECHEYMBAET MOTpeOuTeNs
EKTPOSHEPTHH CUMMETPHYHBIM THTAHHEM. IIpy 3TOM aKTHBHAsS, PEaKTHBHAS U
TIONHAS MOIIHOCTH MOTYT OBITh OTIpeeNeHbI O CIEAYIOMUM (QOPMYIaM C yIETOM
3HAKA PEAKTUBHBIX COTPOTHBICHMUIA:

P=IER,+ IR, + IZR,= I, U,cos ¢, + Ig U, cos @, + I U_cos @

Q=LX,+ I3+ E=1,U,sing,+ IgU,sing,+ I U, sing,;

s= P+ @7,
Trac
cos — Za cos — R CoS — K, sin — %a
Pa Z, ] Py Z » P Z, ’ Oq Z, »
sin — %b sing,. = Xe

[Tpu cumMeTpUYHON HArpy3Ke 3TH POPMYJIbI TPUBOASTCS K BUTY:
P=3I2R,=3U;I,cosqs;
Q=3I X,=3U;1,sing,;

§= \-'Pz+ Qz=-\"{§U.IIIJJ

¢ .
TAe COSQg = -—; Singy = -~

[Ipumepsl perieHust

3amauga Ne 1
In Tpéxdaszurlii moTpedUTensb
Ao = ®
A p =g A AJIEKTPOIHEPTUU C AKTUBHBIMU U
= PEaKTUBHBIMH COTIPOTHBIICHUSIMU
R N
, ° R; =10 0m R, =R3=50m un
Uca| [Uas « « 5 Om & )
L = Xc = v pa3 coeauHEH
IXLE . Ry
?ICA ; «TpeyrosibHukoM»  (puc  2.3) u
C+— 1l B¢ B BKIIOUEH B TpEX(asHylO CceThb C
v s Re -1Xc JMHEWHBIM HANPsHKEHUEM
Bo —
lUBC \B
Co [
lc

Puc. 3.3



U, = 100 B ipy cuMMeTpUYHOM NUTaHUU. ONpeennTh:

1. IToka3anus ammnepmerpa 4 npu OTKIOYEHUH (0OpbIBE) JMHENHHOro nposojga C
(BeIKIIOUATENb B pa3oMkHyT); 2. da3ubie |, u nuHelinbie |; TOku, a Takxke
aKTUBHYI0 P, peakTuBHyl0 Q U MOJHYI0 S MOIIHOCTH KaxkIo¥l (a3l U Bcei
ANEKTPUYECKON 1ienu (PU 3aMKHYTOM BbIKIIto4atene B ). [locTpouTh BEKTOPHYIO

IarpaMMy TOKOB U HANPSKEHUM.

Pewenue. TlonHoe cONpOTUBIEHUE MapajuIEIbHOIO Y4acTKa LMW IpU OOpbIBE

JIMHEHHOTO ImpoBoOaa

Z,= JR,+ R)*+ (X, — X.)? = J(5+5)?2+ (5-52=100m.
T. k. peakTHBHBIE CONpPOTHBIEHUS X; = Xc, TO B IENH BO3HUKAET PE30HAHC

HaNpsHDKCHUH, U OHA BeIET ce0s Kak akTuBHOE conpoTtuBieHue (Z; = R = 10 Om).

OO6muiee conpoTUBIICHUE LIETIH MPU OOPHIBE JIMHEITHOTO MPOBO/IA:
Z R, 10 -10

Z. = - —50m
NTZ TR, 10+10 .

[Tokazanue ammnepmeTpa npu oOphIBE JIMHEWHOTO MpoBoja C-
U; 100
Zy 5

da3zHbIe TOKU MOTPEOUTEIIS MPU 3aMKHYTOM BBIKIIIOUarene B:

Uss  Uss 100

II — = = - 1{] A.
45 z., R, 10 ’
I Uge B Uge B 100 149 4.
BC — 7 - 3 7 "\,1'{52 52 - ] ’
sc  R:+ XZ +
Uca Uca 100

[.. — — —
. Zca JR%-F XLE vbZ + 52

BekropHas pmarpamMa TOKOB U
HaNpsDKEHUWM C  Y4E€TOM  Xapakrepa

Harpy3Ku IpeJicTaBiieHa Ha puc 2.4.

Puc. 3.4

= 14,



'TIA = 'I;qﬂ - ‘IIIC‘A
‘rIE' = ‘Tﬂr:_ ‘TAE"

‘Ic = ‘IC'A - ‘IE'C'

£@up = 0,2¢@gc = —45° — BEKTOP TOKa ONEPEKAET BEKTOP HANPSDKEHUS,
/@y = 45°, ~ BEKTOp TOKA OTCTAaET OT BEKTOPA HATIPIKEHHS.

COCTaBJIHI-OHII/IG (1)&3HI>IX TOKOB.

aktuBHble: 5 , =104; Iz, . = [z c08 @ = I, R _ 14,2 5|_= 10 4;

'ZBC 34

R,

R,
Iy o = I-4cCO8 =l.,—=142 ———=142 ———=10 4;
CA CcA (PC'A CA ZCA m W

Ae

peaktuBHble: [gc p, = IgcSin@ge = I P 14,2 5:5 =10 4;
I I, si I X 142 —— =104
CA p cA Pca cA Z.. 5 v'E

Lig, =0,T.K Z;5 = Ry =R,.
JIuHeitHble TOKU MOTPEOUTENS NIEKTPOIHEPTUN ONPEIEISAIOT UCXO IS U3
BEKTOpHOI auarpammel (puc. 2.4): I, =15,94; Iz =159 4; I, = 2732 A.
MomnocTtu (a3 morpeduTens:
axtuBHble: Pug = Uy g, =100 -10=1000BT =1 kBT;
Per = Uge Iz ., =100 -10=1000Bt =1 kBT;
Pea=Ugslcs o, =100 -10=1000Bt =1 kBT
peakTuBHbIe: Q5 = Ugp L5, =100 -0 =0;
Qsc = Usc Igc , = 100 -10= —1000 BAp = —1 kBAp;
Qca= Ucylcy , =100 -10=1000 Br = 1 kBAp;

rac 3HaKk MUHYC YKa3bIBACT Ha €MKOCTHBIN XapaKTEp MOIITHOCTH.



[Toaabie MomHOCTH (a3 MOTpeOUTES:
Sig =Pig= Uy L,y =100-10=1000B-A= 1kB-A;
Sgc = UgcIgc= 100 -142=1420B -A=1,42kB- A;
Sca=Ucslcs=100-142=1420B-A=1,42B- A
MomHoCTH BCEH LEenH:
aktuBHasg: P = P,p + Pg+ P, =1+1+1=3 kBT;

nomHas: S = P2+ Q2= 32+ 02=3xB - A

3amauga Ne 2

Jliis TpéxdaszHoit AIeKTpuUYecKor 1enu (puc. 2.5, a) onpenae/uTh JTMHEHHbIC
Tokd |; W aKkTHBHYI0O MOIIHOCTH P, TOTpedssieMylo 1EeNblo, €Clid JUHEHHOe
CUMMETPUYHOE HampsbkeHue nutatomieit cetu Uy = 220 B, a akTuBHBIE U
peakTuBHbIe conpoTuBieHus: R =5 Om, Xc =35 Om, X_ = 5 Om. IlocTpouthb

BEKTOPHYIO AUarpaMMy HaNpsKEHUH U TOKOB.

A o —
A I A
UCA Lig
ol | ixf ]
. Ll R
? lca Ipc
c —=—18
Bo \ IB 'j XC
UBCl Ic
Co —c

Puc. 3.5

Pewenue. KoMIieKCHbIE COTPOTUBIICHUS (a3 MOTpeOUTEs:



Zap=R=50M; Zgc= —jXc= —jd00; Zcy=jX, =j50m

KommuiekcHble HanpsbkeHus (a3 (HampasisieM BEKTOP KOMILIEKCHOTO HaNpPSKEHUS

Uag 10 OCH ACHCTBUTEIIBHBIX YUCEN):

Uy = Usg = 220 B;

. _2m 2T A1

Uge = Ugce 3 :22{](cns?—jsin?) —
=220(—-0,5—j0,866) = (—110 — j 190,5) B;

. _;Am A A1

Uca=Ucse 13 =220 (CDS? —jSin?) —
=220 (—0,5+0,866) = (—110 + j 190,5) B.

da3zHble TOKH NOTPEOUTENS ITEKTPOIHEPTUH:

fyp = %z 20444 wm Lip = VAR = 44 4
ZAER

Usc 110—j1905 (—110—;1905);)5

Igc = = . —
7 Zne —j5 —j5-55

= (38,1 —j22)A wm Izc = /38,12 + 222 = 44 4;

: I _ ;
o, = ScA - ZTOHI905 (381 1722)A um

Zca i5

JIuHelHbIC TOKH OTPEOUTEIIS:

I,=Iz— I.,=44—(381+j22)=(59+4+22)A wm

I, = 5,92+ 222 =224 4;

Ig=Ige— L =(381—j22)—44=(-59—j22)A wm

V5,92 + 222 =224 4;

o
I



[o = Iy — Iz =(381+4j22)—(381—j22)=j44 A wm

I, = V342 = 44 A,

BGKTOpHa}I AquarpaMMa TOKOB H HaHpH}KGHI/Iﬁ JJIA paCCManHBaCMOﬁ OcIIn

npuBecHa Ha puc. 2.5, 0.

3amaHus 111 CAaMOCTOATEIBHOTO PEILICHUS
3amaya Ne 1
Tpu notpebuTens FMEKTPOIHEPTUH, UMEIOIUE OJJUHAKOBBIE MOJTHBIE COMPO-
THBIEHUS (a3 Zp, COCOMHEHBI «3BE3JI0H» M BKIIOYEHBI B YETBIPEXIIPOBOIHYIO
Tp€xha3Hyl0 CeTh C CHCTEMON CHMMETPHYHBIX JHUHEWHBIX HampsokeHud U,
Omnpenemuts Toku |, 1o dasam m B HelTpanbHOM mpoBoze |y, a Takke
MOIIHOCTh P TpéxdaszHoii enu ¢ y4€TOM JaHHBIX, MPUBENECHHBIX B Tabnuie 2.1
JUIS. KaXJoro BapuaHTa 3agaHus. COCTaBUTh JJIEKTPUYECKYHO CXEMY MUTaHMUS.
[TocTpouTh BEKTOPHYIO AWArpamMMy HamNpsDKEHUHW M TOKOB C YU4ETOM XapakTepa
Harpy3KH.
3amaua Ne 2.
[loTpeOutens 3IEKTpO3HEPTHH, (a3bl KOTOPOTO HUMEIOT KOMIUIEKCHBIE
COTIPOTUBICHUS: ZLug, Lge, 4ca W COCIUHEHBI B TPEX(PA3HYIO DIEKTPUUECKYIO
IEMb «TPEYTroJIbHUKOMY (pHC. 2.6), MUTACTCS] CHMMETPUYHONU CUCTEMOMN JTUMHEHHBIX

HanpspkeHuit: U,z = Upe = Uy = Uy Tlo marabIM TaGauIel 2.2 1T KaXa0TO

. U *
N |
A . c I * \\M/ A
U
ABl . U ] —
. | ? | I
Uea| B ' B cA B
uBC\ Ze, Zp
Ic U Ipc
C D —— | 7\ I =
o C — Zyc | B
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BapuaHTa 3aJaHus omnpeaenuTh dasubie |l u nuHelHbie |; Toku motpedurens u
nokaszanus BartMeTpoB W1 u W2. Onpenenuth NOJHYIO U pEaKTHBHYIO MOIITHOCTH
BCEU CUCTEMBbI, aKTUBHYIO MOIIHOCTh CUCTEMBI OMpPeAesuTh 1Mo Gopmyse ApoHa.

[TocTpouTh BEKTOPHYIO AMArpaMMy TOKOB M HANIPSKEHUH.

Taomuma 2.1
KonTponbHoe 3ananue
Bennunnbl
BapuaHTbl ®daza 4 ®daza B Qaza C
U,B Zp, OM XapakTe XapakTe XapakTe
’ €05 Da HaEpy3KE oS @5 HaIr)py:«;KII?I oS Qe HallszBKE

1 220 5 1 R 0,865 R, XL 0,865 R, Xc
2 380 10 0 Xc 0,705 R, XL 0,5 R, Xc
3 660 12,7 1 R 0,5 R, Xc 0,865 R, XL
4 220 20 0,705 R, Xc 1 R 0,5 R, XL
5 380 25 1 R 0,865 R, XL 0,705 R, Xc
6 660 30 0 XL 0,5 R, Xc 1 R
7 220 35 0,5 R, XL 0,865 R, Xc 0,5 R, Xc
8 380 40 0,865 R, Xc 0,865 R, XL 1 R
9 660 44 1 R 0,5 R, XL 0,705 R, Xc
10 220 50 1 R 0,705 R, Xc 0,865 R, XL
11 380 55 0,62 R, Xc 1 R 0,38 R, XL
12 660 60 0,5 R, XL 0,45 R, Xc 1 R
13 220 80 1 R 0,6 R, XL 0,8 R, Xc
14 380 100 0,72 R, Xc 1 R 0,28 R, XL
15 660 127 0,705 R, XL 0,705 R, Xc 1 R
16 220 5 1 R 0,37 R, XL 0,63 R, Xc
17 380 10 1 R 0,45 R, Xc 0,28 R, XL
18 660 10 1 R 0,5 R, XL 0,5 R, Xc
19 220 12,7 0,5 R, XL 1 R 0,9 R, Xc
20 380 12,7 0,705 R, XL 0,705 R, Xc 0,2 R, XL
21 660 20 0,865 R, XL 0 Xc 1 R
22 220 20 1 R 0,38 R, XL 0,5 R, Xc
23 380 20 0,865 R, XL 0,705 R, Xc 0,865 R, Xc
24 660 25 0,45 R, Xc 0,705 R, XL 1 R
25 220 25 0,8 R, XL 0,6 R, Xc 1 R
26 380 30 1 R 0,9 R, XL 0,865 R, Xc
27 660 30 0,705 R, Xc 0,705 R, XL 0 Xc
28 220 40 0,5 R, Xc 1 R 0,8 R, XL
29 380 44 1 R 0,5 R, XL 0,5 R, Xc
30 660 44 0,67 R, XL 0,4 R, Xc 1 R
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Taonuua 2.2

BapuaHTbl KOHTPOJBbHBIX 3aIaHUM
Bennunnbl

1 2 3 4 5 6 / 8

Uy B 220 380 660 220 380 660 220 380

Zap, OM | 5912 | 3+j4 | 6+j8 | 9+j12 | 12-j16 | 15-j20 | 18+j24 | 21+j28

Zoc,OM | 5412 | 10 | 648 | 15 |12+j16| 20 |18+j24| 20

Zea, OM | 5+12 | 43 | 6+j8 | 12-j9 | 12+j16 | 20+j15 | 18-j24 | 28-j21

BapuaHTbl KOHTPOJIBbHBIX 3aIAHUM

9 10 11 12 13 14 15 16

Uy B 660 220 380 660 220 380 660 220

Zap, OM | 24-j32 [ 27+j36 | 2+j2 | 4+j4 | 545 | 6+j6 | 7+j7 | 8+j8

Zoc,Om | 24432 10 | 22 5 | 545 | 10 | 747 | 10
Zon, OM | 24+j32[36-27 | 24j2 | 444 | 545 | 646 | 747 | 818

Bapl/IaHTLI KOHTPOJbHBIX 33I[21HI/II71

Bematunpr =2 18 19 20 21 22 23 24
U.B 380 | 660 | 220 | 380 | 660 | 220 | 380 | 660
Zas, O | 10910 | 242 | 44 | 5+j5 | 125 | 4+j3 | 86 | 12+j9
Zoc, OM | 10+j10| 4 6 10 10 5 10 15

Zea, OM | 10410 2-j2 | 4+j4 | 545 | 5+4j12 | 3-j4 | 6+j8 | 9-j12

BapuaHTbI KOHTPOJILHBIX 3a1aAHUI

Benuunab!

25 26 27 28 29 30 31 32

Uy B 220 380 660 220 380 660 220 380

Zap, OM | 16-j12 | 20+j15 | 24-j18 | 28+j21 | 32-j24 | 36+j27 | 8+j6 | 12

Zsc, OM | 20 25 30 35 40 45 10 | 10410

Zon, OM | 12+j16 | 15-j20 | 18+j24 | 21-j28 | 24+j32 | 27-j36 | 6-j8 | 2-j2




