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HccnenoBanue CBOMCTB JIMHEMHOM 3JIEKTPUYECKON L€ MOCTOSHHOTO

Toka. MeTon. ykazanus K Jsab. padore/ M.I. Teinec.— H.HoBropon,
BB® MTYCH, 2021.

Jlano omucanue Ja0OpaTOpHOM pabdOThI, B KOTOPOM MCCIEIOBAHUS OTHOCSTCS
K paszaeiaMm, H3ydaeMbIM B JAByX aAucuuiuimHax: «Teopermyeckue OCHOBBI
IEKTPOTEXHUKH» M  «OCHOBbI KOMIIBIOTEPHOTO AHAJM3a JJIEKTPHYECKHX
nenei». CBoiiCTBa AIEKTPUUYECKUX IENed H3ydaroTcs B IMEPBOM AUCUUILIMHE, a
HKCIIEPUMEHTAIbHBIE HCCIEIOBAHUS, MPETyCMOTPEHHBIE KaK B NEPBOM, TaK U BO
BTOPOM JHUCITUIIINHAX, PEAIU3YIOTCS B BUPTyaIbHOM JIaOOpaTOPUU — KOMITBIOTEPHOM
KJIacce MPU HCIMOJIB30BaHUU IporpaMMHOro komiuiekra Micro-Cap.

Meronuueckue ykazaHus K J1laoparopHOM paboTe mpeaHa3HAyeHbl st
CTYICHTOB JTHEBHOW M  3a04HOM  Qopm oOyueHHUs MO HaNpaBJICHUIO
«H(DHOKOMMYHUKAITMOHHBIE TEXHOJIOTUU U CUCTEMBI CBSI3UY.

Meronuueckue ykazanusi oJJ0OpeHbI
Ha 3acefanuu kadgeapsl UKullJl 26 aBrycra 2021 1.
IIportokom Ne 15



Jlaboparopnas pabora Ne 3

HUCCJIEJOBAHUE CBOMCTB JMHENHOM SJIEKTPUUECKOM LIENTU
MOCTOSSHHOT'O TOKA

eab padoTbl: Msydyenue CBOWCTB JIMHEHHBIX LENEH, OCBOEHUE METOIMKH
9KCMIEPUMEHTAILHOTO HCCIIEOBAHMS JTUX CBOMCTB B PEKHMME MOCTOSIHHBIX TOKOB MOCPEICTBOM

KOMIIBIOTCPHOT'O aHaJIn3a U MCTOJUKHU O6pa6OTKI/I PE3YJIbTATOB JKCIICPUMCHTA.

1. CBoiicTBa JINHEITHOI JJ1eKTPUYECKOI 1enu

JIMHeHHOM cuMTaeTCs AIEKTpUUYECKas LElb, B KOTOPOM CTPYKTypa LENHU W BEIUYMHBI BCEX
COMPOTUBIICHUI OCTAIOTCSI HEM3MEHHBIMU TMPH JIOOBIX pexuMax padboThl (MIPH JTHOOBIX BETMUYUHAX
TOKOB B BETBSIX).

VYpaBHEeHHsI, COCTaBJICHHbIE JUIsi TakOoW IIeMM HAa OCHOBE 3akoHOB Kupxroda, mmeroT
MOCTOSTHHBIC KO3 (HUIIUEHTHI, ONIPEACIIIeMbIe CTPYKTYPOU IETH B ITapaMeTpaMU SIEMEHTOB.

Oro oOycnaBnMBaeT JBa 3aMEYaTENbHBIX CBOWCTBA JIMHEMHBIX LEMEH: CBOMCTBO
MPOTOPITHOHAIIBHOCTH U CBOWCTBO aJIATHBHOCTH, HA3bIBAEMOE TAK)KE IPUHITUIIOM CYNEPIIO3UIIUH.

CBoJicTBO NPONOPIHOHAJIBHOCTH — TPU W3MEHEHUM BEJIMYMHBI BO3JICUCTBHS Ha IEMb B
Bujie ucTouHuKka J/]C miam UCTOUHMKA TOKA B HECKOJIBKO pa3 peakilysl LeNy U3MEHSAETCS BO CTOJIBKO
ke pa3. [lom peakmueit mompasymeBaeTCs COBOKYITHOCTh TOKOB B BETBSIX M HaNpsDKCHHH Ha
y4acTKax LIETH.

CBoOMCTBO aJIUTUBHOCTH (MPUHIIMII CYNEPNO3MIUM) — PEAKIM LENH Ha CI0KHOE BO3
JIEHCTBHUE M3 HECKOJIBKUX COCTABIISIIONIMX PaBHA CYMME PEaKIUi LETH Ha KKy COCTABIISIONIYIO
BO3ACHUCTBHS B OTJACIBHOCTH.

B Teopum nsnexTpuueckux 1eneil m3BecTHa «TeopemMa 00 SKBUBAJEHTHOM T€HEPAaTOpe
(aKTUBHOM ABYXTOJIOCHHKE )», KOTOpast POpMyIupyeTcs Tak:

«INEKMPUYECKYI0 YeNb JI000U CLOHCHOCMU HO OMHOUEHUIO K 8blOCICHHOU 6€MBU MONCHO
npeocmasumsy 6 eude uodeanvnozo ucmounuxka 3I/JC (uru moxka) u eHympeHHe20
CONPOMUBTICHUNY.

Ha BbIBogax 31Ol Teopembl 0a3zupyeTcsi METOJ pacueTa pexuma — METOJl SKBHUBAJIEHTHOIO
reHeparopa.

JlanHas naGoparopHasi paboTa MPOBOAUTCS AJIS HKCIEPUMEHTAIbHOM MPOBEPKU MPOSBICHUS
yYKa3aHHBIX CBOMCTB B LIETISIX MIOCTOSIHHOTO TOKA.

JlaGopartopHasi paboTa UMEET TPH pazjena:
HCCIIEI0BAHNE MPOSIBICHUS CBOMCTBA IPONOPIIMOHAIIBHOCTH;
HCCIIeIOBaHHE MPOSBICHHS CBOMCTBA alTUTUBHOCTU (IIPUHLIUIIA CYTIEPIIO3ULINN );

HCCIIEIOBAHNE CBOMCTB SKBHUBAJICHTHOTO réHeparopa 1 BOBMOXKXHOCTH €ro UCIIOJIb30BaHUAA.



2. Onucanne 1a0OpaToOpHONi YCTAHOBKH M 3aJlaHHe K padore

HccnenoBanus NpoBOJATCS B BUPTyalbHOH saboparopun (Ha II9BM) c ucnosnbp3oBaHueM
nporpammuoro komiuiekta (I1K) Micro-Cap 12 (v Micro-Cap 11).

Kaxxaplif cTyneHT, BBIMOMHSIOMUN 1a00paTOpHYyl0 paboTy, TMOIy4YaeT WHIAWBUIYaJIbHBIN
BapMAaHT UCCIEAYEMbIX ILeNel, OTIMYaoLUICcI OT Apyrux napaMerpamu UctouHukoB JJC,
WCTOYHHKA TOKA M DJIEMEHTOB B BeTBsAX (Tabi. 1). Homep mHAMBHIyaIbHOTO BapHaHTa COBMAAAET C
HOPSIIKOBBIM HOMEPOM (paMHITUH CTY/IEHTA B CIICKE TPYIIIIHL.

Ha puc. 1 npuBeneHa TUIOBas CXeMa IICTIH MOCTOSHHOTO TOKA.
BenuuuHbl CONMPOTHBICHUN W TapaMmeTpbhl MCTOYHMKOB YKa3aHbl Ha pUC. | B KadecTBe
npuMepa.

DC 10mA DC 10 DC 10 DC 10

Puc. 1. Tunoeasa cxema
Uemnm

B kaxmoM WHIUBUIyaJIbHOM BapHAaHTE COCTaB IIEMM W YHCIIOBBIC 3HAYCHHsS IMapaMeTpPOB
3a/1al0TCs pasznenabHo B Ta0u. 1. Mccnemyembie 1ienmu MOTYT COAEpIKaTh OIMH WJIM IBA MCTOYHHUKA

nocTossHHBIX JJ]C 1 UCTOUYHUK TOKA.

Cocmas uenu, napavempsbl UCHMOYHUKOG U conpommmenuﬁ

Tabmuma 1
NoNe VICTOYHUKH W CONPOTHUBIICHUS

BapHaHTOB J, MA E1,B E2, B E3,B R1,0m | R2,0m | R3, OmMm N
1 15 - 24 - 120 75 110 2

2 - 28 - 36 210 300 150 1
3 28 34 25 - 305 410 250 3
4 - 18 41 22 404 202 100 1

5 - - 60 48 550 440 640 2

6 20 36 - - 180 95 200 3

7 44 58 - 26 256 340 180 3

8 25 - - 70 150 250 340 1

9 19 44 - - 90 180 260 2
10 - 65 81 - 85 125 160 3
11 30 - - 66 110 180 300 2
12 35 - 52 - 150 256 410 1




13 - 33 55 - 250 120 202 3
4 - - 48 83 100 210 440 2
15 40 67 - - 640 305 95 3
16 32 26 - 56 200 404 256 1
17 - 15 - 26 180 550 150 3
18 - - 64 49 340 180 90 2
19 - 22 29 - 260 256 85 3
20 28 - - 32 160 150 110 1
21 - 81 95 - 75 90 150 2
22 46 - - 74 300 85 250 3
23 - 46 76 - 410 340 100 1
24 - 33 - 54 202 260 180 2
25 59 24 47 - 440 160 125 1
26 - 38 54 18 95 300 180 3
27 - 25 71 86 364 410 256 2
28 24 - 43 - 250 202 120 1
29 25 46 - 72 160 440 210 3
30 30 30 20 150 95 64 2
31 - - 48 83 120 200 315 2
32 30 27 - - 340 305 195 3
33 48 21 - 26 236 404 383 1
34 - 35 - 46 145 350 390 3
35 26 - 48 37 430 180 290 2
36 19 - 33 - 220 175 310 2
37 - 38 - 25 232 146 90 1
38 28 - 28 34 205 310 250 3
39 - 20 37 42 424 262 210 3

N - HOMEp BETBH, BBIICIAEMOM JJIsI UCCIEA0BAaHUS CBOMCTB SKBUBAJIEHTHOIO T€HEPATOPA.

3. DKcnepuMeEHTAJIbHAS YaCTh

IIpuctynmass K BBINOJIHEHUIO OKCIIEPUMEHTANIBHBIX HCCIENOBAHMM Cpasy HayWMHaWTe
oopMIIATH OTYET IO paboTe.
Co3paiiTe THUTYITBHBIA JIMCT, B3SB 3a OCHOBY THTYJIBHBIH JIMCT JNAaHHBIX METOIUYECKUX

ykazaHuid. CKomMUpyHTe M MOMECTUTE B OTYET BCIO TPEThIO CTPAHUIYy JAHHBIX YyKa3aHUH, IJe



COZICP)KUTCSl Ha3BaHUE pabOTHI, IeNb €€, OMHCAHBl OCHOBHBIC CBOMCTBA JMHEWHON IleMH H
npUBeJIeHa CTPYKTypa J1aboparopHoii paboTsl. CKOMUPYHUTE B OTYET TUTIOBYIO CXEMY.

Onpenenure CTPyKTypy LENH M YHUCIOBBIE JIaHHBIE CBOETO WHIMBHyaJlbHOTO BapUAHTA,
ogopMHB uX B Tabnuile 2, rae MOKa HaXOAATCS JaHHbIE aBTOpAa METOAMYECKUX YKa3aHUN, KOTOPbIe

OyIyT UCTOIB30BAThCS B IPUMEpaX.

Cocmas uenu, napamempsl UCMOYHUKOG U conpomueﬂenm? 6 unduaudyaﬂbnom

eapuanme
Tabmuna 2
No mm. VICTOYHHKU W COMPOTHUBIICHHUS
Bapuanta | J,mA | EI,B | E2,B | E3,B | Ri,Oom | R2,0m | R3,Om | N
32 20 - 25 35 100 100 100 2

N - HOMEp BETBH, BBIICIIAEMOM JJIsI UCCIEA0BAaHUS CBOMCTB SKBUBAJIEHTHOIO T€HEPATOPA.

Ha pa6Gouem monme IIK Micro-Cap cocTaBbTe MOJHYH CXEMY IIEMH, COOTBETCTBYIOIIYIO
3ananuto. OOparure BHUMAaHHUE, YTO UCTOYHUKH HATIPSHKEHUS HYMEPYIOTCS B IMOPSIIKE BBEICHUS HX
Ha pabouee none [IK Micro-Cap.

— 0
@ R3
R2 100
5 100

;t R1
(@Il []IDD o *

V1 V2
DC 0.02 -L DC 25 DC 35

Puc. 2. Cxema uenu (sapuaHT 32)

[Tocne sToro npucTtynaite K BbIIOIHEHUIO Pa3/IesioB UCCIIEA0BaHUM.

HCCIICAOBAHUC ITPOSABICHUA CBOMCTBaA MMPOMNMOPHHUOHATIBHOCTHU;,
HCCIICAOBAHUC IIPOSABIICHUS CBOMCTBA aJITUTUBHOCTH (anHana cynepnomunn);

HCCICOOBaHUEC CBOMCTB PKBHBAJICHTHOT'O réaeparopa u BOSMOKHOCTH €0 UCITI0JIb30BaHUAA.

3.1. UccaenoBanue NposiBJIeHUsI CBOKMCTBA NPONOPLHOHAILHOCTH

B nemnu octapisieM TOIBKO OJUH UCTOYHMK M3 33JaHHBIX. KaXKIblii CTyIE€HT caM Ompeneser,
KaKOH MCTOYHHK ITOCTABHUTH B IICTIb.

ABTOp METOIMYECKUX yKa3aHHUN BbIOpasl UCTOYHMK Toka (puc. 2) tuna Current Source B
¢ynkuun None u TpoBENl UCCIEIOBAHKUE PEXHMMOB MPU TPEX 3HAUCHHSX TOKA ATOTO MCTOYHHKA,
ucnons3ya B cpene 11K Micro-Cap 12 pexum ananuza Dynamic DC.

PesynbTarhl ncciieioBaHMii OKa3aHbl HA puc. 3, puc. 4, puc. 5 U cBesieHb! B Tabnuie 3.



10m

1:-1 pulll
. » 1
R2 R3 100
R1 ]T 100 []T
Q 10 T [10m
I1 @l 30m
DC 30m L '
Puc. 3. Pexum B LENKW & UCTONMHUEOM Toka 30
nA
6.667m
r S
100
1:-666.667 R2
[ R M oot GeeTm

ol C@l 20m

100

6.667m

DC 20m
Puc. 4. PesumM B UenK ¢ MCTOMHMKOM Toka 20
MA
T . 4 E
R3 100
1:- . R2
! .:::’f' > ?33"1] 100 ] B333m
100

DC 10m

Puc. 5. Peskiim B LIENKW & METOYHMEOM Toka 10

A




Pexxumer B LCTIN ITPU pa3JINYHBIX BEJIMYHMHAX TOKAa HCTOYHHKA TOKa

Tabnuna 3
Tok nctounuka I1, Hanpsoxenue y3na Ul, Toxu B BeTBAX, MA
MA B I, MA I, MA Ip;, MA
30 -1 10 10 10
20 -666.667 m 6.667 6.667 6.667
10 -333.333 m 3.333 3.333 3.333

AHanmM3 4YHUCIIOBBIX 3HAYEHWW TOKOB M HANPSHKCHHH B Pa3HBIX CTPOKAax TaOMUII 3 maer
BO3MOXXHOCTh ~ CJ€JIaTh BBIBOJ: JIMHEHHAsl Wenb JAelCTBUTEJbHO 00J1aJaeT CBOWCTBOM
NPONOPUHOHAIBLHOCTH.

3.2. UccnenoBanue NposiBJIeHUSA CBOWCTBA aJ/IMTUBHOCTH (MIPUHIMIIA CYNEPIO3UIINH)

PaccmarpuBaem 31€KTpHUUECKYIO IIETIb C TPEMsl 3aJaHHBIMU UCTOYHUKAMU (pHC. 6).

——3-
[1'] R3
R2 100
> 100
R1
YS! ]

CD [ 100 * *
V1 V2
DC 0.02 -L DC 25 DC 35

Puc. 6. Cxema Uenn co BCEMW WCTOMHWUEAMK (EApMaHT

32)

OmnpenenseM TOKA U HANpsDKEHUS B 3TOU 1ienu (puc. 7), ucnonssys B cpene [IK Micro-Cap
12 pexxum ananusa Dynamic DC.

HanpaBiieHust TOKOB B 3TOM PEKHMME OYIEM CUMTATh IOJIOKHUTEILHBIMU.

3areM aHalu3HpPyeM pPEeXUM B LENH NOpPU MOOYEPEAHOM BO3JAEHCTBUM TOJIBKO OJHOTO
UCTOYHMKA, OCTaBJISAs OJUH W WCKIOYas APyrye MOCPEICTBOM OOHYICHHS BETUYMHBI HAPSHKEHUS
(y ucrounuko tuna Voltage Source) vnu Toka (y ucrounukoB tuna Current Source). Pe3ynbrarsl
uccienoBanuii (puc. 8, puc. 9 u puc. 10) crpynnupoBaHsl B Tabiuiie 4.



1:19.333 15&:56?”‘ A

R5 R3 100

) 100 | |! [66.667m

; Ol 1007193 333m 2:25

20m +
(1) Vi Q V2

DC 0.02 'L DC 25 DC 35

Puc. 7. Pexxum B uenu npu eACTBUK BCEX MCTOYHMKOB

(1:-666.667m) (3:0)
100 I 6.667m
n Qo | © o
DC 0.02 i DCO ;!C 0

Puc. 8. Pexum B LENK NPW AEACTBMM TONBKO
MCTOMHWKA TOKa

83.333m
1:8.333 [ : ]
~ — 30
R3 100

R2
100 | |! [166.667m|

83.333m| (2:25

Ou D

DC 0.0 L DC 25 DC O

Puc. 9. Pexum npyv gencTBUW MCTOYHMKA
3C Bo BTOPOK BETBM



1:11.667 233.333m

R3 100
R1

: | (76 667
Dig :
1 4 @ o -

Vi1 Q V2
DC 0.0 DC O DC 35
Puc. 10. Pexum npn AeWCTBMM UCTOYHWKA
3AC B TpeTbe BETBM
Pe3ynbrarel HccienoBaHus LEMHU C TPEMS HCTOYHUKAMU
IIPY Pa3IeJIbHOM U COBMECTHOM JIEWCTBUU
TaOmuna 4
Hctounuku Hanpspxenus y3ios, B Toku B BeTBsIX, MA
I,A |VL,B |V2 B Ul, B U2,B |U3, B |IR, mA |IR,mMA IR,, MA
0,02 HET HET -0,667 0 0 -6,667 6,667 6,667
HET 25 HET 8,333 25 0 83,333 166,667 -83,333
HET HET 35 11,667 0 35 116,667 | -116,667 | 233,333
Cymnepro3umwst
(cymmMupyeMm 3Ha4YeHHsI B 19,333 25 35 193,333 56,667 156,667
PEIBITYIINX CTPOKaX)
CoBMecTHOE AeHcTBHE
HMCTOYHHKOB
0,02 25 35 19,333 25 35 193,333 56,667 156,667

Cornocrapiisisi 3HaYeHUS] TOKOB W HANpPsOKEHUW B LIEMM MPU COBMECTHOM JIEUCTBUM BCEX
3a/IaHHBIX MCTOYHUKOB C PE3Yy/lbTaTaMH CYNEPHO3ULMU PEXUMOB IPHU Pa3IeIbHOM BO3JECHCTBUH,
yOexmaeMcs B IPOSIBJICHUH CBOMCTBA aITUTHBHOCTH.

3.3. UccienoBanue CBOWCTB SKBUBAJIEHTHOIO FTeHepaTopa
U BO3MOKHOCTH €r0 UCIO0JIb30BAHUSA
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HckiroyaeM 13 Lenu BETBb C HOMEPOM "2", 0CTaBUB HAa PUCYHKE CXEMBI KyCOUYEK IIPOBOJHHUKA.
Bce, uTo ocTanock Ha pucyHke, 00pa3yeT aKTUBHYIO JTUHEIHYIO YacTh (JBYXIOIIOCHUK C BBIBOJAAMHU
"yeprouka"-"kopmyc"). Bynem npencTaBnsATh ee B BUI€ SKBUBAJIEHTHOIO TeHEepaTopa, Onpeness

. Ugp=U1=165B
ero napametpsl. Ha puc. 11 npeacrasieH pexum X0JI0CTOTO X0Aa: .

185m

116.5 2:35
F.3 100
R1 ]l
100
n Do | U™ ;
V2
DC 0.02 -L DC 35

Puc. 11. AKTUBHLIA OBYXNONKDCHWE B PEXUME «XONOCTOrD Xoaan:
U“=U1=1E.5 B

I[J'IH HU3MCPCHUA TOKA KOPOTKOT'O 3aMbIKaHUS aKTUBHOI'O ABYXITIOJIIOCHUKA Ha MECTO BTOpOI>'I

BCTBU CTaBUM MAaJICHBKOC CONTPOTHUBIICHUC R4 =1.0 MxOm . 9TO DKBUBAJICHTHO HU3MCPCHUTIO 53TOI'O

Toka amnepmerpom. Pexxum K3 nipencrasnen nHa puc. 12: Iy =330 MA

350m
1:3.3 :
II!II! 2:35

. 1
R3 100
R1 R4
” 100 ]l 335 1*10e-6 ]l' 330m
+ Dizom .
V2
DC 0.02 L ’ DC 35

Puc. 12. OnpegeneHune ToKa KOPOTKOro 3aMbikaHus (14=330 mA)

PaccuutriBaem BHYTPCHHEC COIIPOTUBIICHUC SKBUBAJICHTHOT'O I'€HEpPATOPA

CocrapiisgieM SKBUBAJICHTHYIO 1I€T1b, BKJIFOUAsi SKBUBaJICHTHBIN reneparop ¢ J/IC Vekv u
BHYTPEHHUM collpoTuBieHreM Rgen nocinenoBarenbHo ¢ aneMeHTamu BTopoii BetBu V1 n R2
(puc. 13)

11



2:19.333

DC 16.5 DC 25
Puc. 13, Pexum B LENW C 3KEMBANSHTHBIM
reHepartopom

CpaBHHBas peKUM BTOPOU BETBH Ha puc. 13 ¢ peskrMOM 3TOM BETBU B MOJIHOM CXEMe 1IEMH Ha

puc. 7, yoexxaaercss B COBIAICHUM 3HAYEHUH TOKa 12=56.667 mA HaInpsHKEHUs

U2=19.333 B

Takum 00pa3om, yTBEpKICHHE TEOPEMbI 00 YIKBUBAIICHTHOM IeHEpaTope MOATBEP:KIEHO.
CremoBaTelibHO, METO/] SKBHBAJICHTHOTO TeHEPATOpa JJIsl pacueTa pekuMa B OTHOW BETBH CIIOKHOM
eI MOYKHO YBEPEHHO HCIOIh30BaTh.

12
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