Jlexkuus /.
ABTOreHepaTopbl
OoOpaTHasi CBA3b B YCHUJIMTEJIAX

OOpatHas cBs3b (OC) — 3To mepejada Ha BXOJI YCUICHHBIX KOJeOaHUN
C BBIXO/JIa YCUJIUTENS (MJIM OTASIBHOIO €ro Kackaa.

Uq U2
K1 —— >0

Ug

ITo npoucxoxaeHuto OC ObIBaeT:
e Buyrpenuss ( B TpansucTopax 3a cuer Y, ,N,,);

e VckyccTBeHHAs (BBOOUTCS CHCIHAIBHO);
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e [lapa3suTHas (CylmeCTBYET caMa 3a CUET IJI0OXOr0 MOHTAXa).
OC ObIBaer:
1. IHonoxcumenvnas: Bxonnou curnan U, u curnan OC U 5 CHH(Da3HbIC

(coBmajaroT mo (paze u CYMMHUPYIOTCS);
2. Ompuyamenvras: Bxopuo# curnan U, u curnan OC U, mpoTuso-

(ba3HBIC U BHIYUTAKOTCH.
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ITo cnoco0y monydenuss OC ObIBaeT:

-

Ps T e[

4 U gt USRI
& s
a) [locnenoBarensHass OC 110 6) Mapamrensras OC 1o

HAIPSKEHUTO HAIIPSDKEHUIO
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I e It 1,
— - 5 —
2 *—=
U, K, U, K,
Je.* 2 (]|
A Us p A Us p
& —
Js Js
r) [lapannensHas OC 1o TOKy

B) IlocnenoBarenpHas OC 1Mo TOKy
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CgroiicTBa yeuautesaen ¢ OC
Paccmorpum nocnenoBarebHy0 OC M0 HAPSIKEHUIO:

@ >
Qll K1 Zo l U,
ule ? 7
Up4 p b U,
P %

[lepenatoynas PyHKIMS OCHOBHOI'O YeThIpexmoirocHuka oe3 OC:

. U
Ky( Ja)):G_Z-

B.A. Anexun. DnekTponuka u cxemorexauka. 2016



I[lepenarounas gynkuus ooparHoii cessu: [( Jo ) = ==,
- U,

B( Jw )- ko> duument oGpatHoii cBs3H.
Lll@x — Ql —Qﬂ-
Ilepenarounas (py_HKuH}I 4-x [OJIFOCHHKA C 00paTHOM CBS3bIO:
K(jo)= U,( Jw) _ _QZ(JCO) N
U..(Jo) U,(Jo)-U,(jo)
 Uie)  Ky(je)
1 plio)-U,(Jo) 1-B(jw) K(jo)

O003HaYUUM é( Jo) K, (Jw) - netnesoe ycunenne (koddduiment

6
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nepeaadn pazoMkHyToi netiu OC);

F(Jo)=1-p()o) K,()o);

CBiA3H.

F(jw)— ry6una obparnoii

Ecmu B( Jo)-K/(Jo)>0 u Bemecrsenno, obpamnasn cessv no-

J10XCUMebHAs.
pu osrom: U, u U 4 coBmajaor mo  (ase, 0< pK, <1,
K
K=—="—>K,. Ecm f-K,=1K — 0o - Bo3nukaer Bo36y-
1- IB ) Kl -
JICHHE.

Ecmu B( Jo)- K ( Jo) <0 u semecrsenno, oopamnas ceass ompu-

uamenbHa.
Mpu osrom: U, w U, nporusomonoxner mo  dase,
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K
K: —1 <K1y ﬂ.lﬁl<0.
1-5-K, -
1 3
Ecmm K, > 1,10 K ~ E - OIIpEIEAETCS OOPATHOM CBA3BIO.

BXxomHoe CONPOTUBIECHUE

—1.

Jlns yeunarens 6e3 OC: Z = = =—=;

Ulex ul_uﬂ Y1~ Yyp

C OC: ZGXOC = — = —
| L} L

U,-U,B8 K,
_ =1 _Ilé —1216x(1_é.|ﬁl)_

Ecmn OC nocnenosarensnas u orpuiarensias K, £ < 0, To Bxoanoe
8
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COIPOTHBIICHUE YBEINYMBAETCS.
[pu nonoxurensuoit OC Z, - = £, (1— f- K, ) - ymenburaercs.

OtrpunarenpHas OC no HaNPsHKEHAI0 YMEHBINAET BBIXOIHOE COIPO-
TUBJICHUE:

Z

—6blX

Z = .
—66ixOC (1_ é . I‘Sl )

A K(a)) Be3 OOC

(o) | Kaio)
1— B(jo) K,( jo)

OtpunarenbHas oopatHas cBsa3b (OOC) cHMXaeT yCUICHHE, HO aMILIH-
TyJJHO-4acTOTHYI0 XapakTepuctuky K( @) B monoce mpormyckaHus MO-

9
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HO CJZIEJIaTh 1OCTAaTOYHO PABHOMEPHOU
JloctonHncTBa orpunareabHo OC

e VYMEHBIIAKTCSA HCKaXEHUSA (aMIUIMTYyJIHO-4aCTOTHBIEC, (ha3oya-
CTOTHBIC, HCJINHEHHEIC).

e [IoBrIlIaeTcst CTaOMIBHOCTD KO3 (OUIIMEHTA YCHUJICHHUS.
¢ YBEINYUBAECTCA BXOJHOE COIIPOTUBJICHUE.
e YMEHBIIAETCA BBIXOIHOE COPOTUBIICHUE.

Henocrarkm orpunareapsHon OC
CHMKaeTcsl yCUJICHHE.

10
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IHoso:xuTebHAsA 00paTHAA CBSI3b B AaBTOIe€HepaTopax

Aemozenepamopom npeoodpazyem IHEPIUI0 UCHOUHUKA ROCMOAHHO-
20 HANPANCEHUA UTITU MOKA 8 IHEPZUIO 2APDMOHUUECKUX KOJICOAHU.

ABtoreneparop (Al) rapMOHUYECKUX KOJICOAHUM SIBISACTCS HEJIUHEH-
HBIM YCTPOMCTBOM C MOJIOXKUTEIBHOW OOPAaTHOM CBSI3BIO U COJEPKHUT, Kak
IPaBUJIO, KOJICOATEIbHBIN KOHTYP.

—

U |

&
wBHX +

——4
Kl(j (D) l QBBIX
—
ﬁ(] (D) * Upx

CrpykTtypHas cxema Al' ¢ obopart-
HOH CBSI3bIO

JIBa »Tama B padbote Al
1. Dtam Bo30yXI€HUS KOJICOAHHUI.
2. JTaIr CTalMOHAPHOTO PEXHUMA.

B.A. Anexus. DnekTpoHnuka u cxeMoTexuuka. 2016
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YcnoBue BOBHUKHOBEHHUS KOJIEOaHUU

Ha Bxopxe neiictByer curnan U

[pu stom Ha Beixoze yewmrens: U =U - K ( Jo).

—6blX —6X
Yepe3 menb MOJOKUATEIbHONM OOpaTHOM CBSI3M HA BXOJ YCHJINTENA
BHOBB HOCTyHaIOT CUTHAJI: HA BXO/Jl YCUJIUTEIS, TIOITOMY:

—GX —6blx ﬂ( Ja))
Homyaem: U =U ,B( jo) K( o)

NJIn

U,..(1—K(Jw) B(jw))=0.

N3 ypaBHEHUS CIEQYET, UTO
HanpshKeHUe Ha BbIxoae ycuaurens U

 coix MOJKET OBITH OTJIUYHEIM OT HYJIA

TOJIBKO IIPH BBIIIOJTHCHHUHU YCl106UE 6O03HUKHOBEHUA Koneoanuu.

K(Jo)-p()o)=1.

B.A. Anexun. DnekTponuka u cxemorexauka. 2016
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K(Jw)- B(J@) - netnesoe ycunenne ycumutens ¢ o6paTHoil cBsi-

3b10.
Ycenosus 6ananca amnaumyo n Gas:

|K(jo)- B jo) =1
arg(K( jo): f(jo))= ¢ + ¢, = 27,

rae N- J000€ 1EJI0E YUCIIO.

B crammoHapHOM pekMME MOJIHOE METIEBOE YCUIICHHE HA padouel ya-
CTOTE aBTOI€HEpaTopa JOIKHO ObITH PABHO €IUHUIIE.

PerymmpyroT neTiaeBoe yCUICHUE HEJTUMHEHNHBIE DJIEMEHThI UM TPAH3UCTO-
DHL.

Ycnosue bananca ¢haz o3HayaeT, 4TO IOJHBLIA (Pa30BBIA CIBUT B 3a-
MKHYTOM KOHTYPE aBTOI€HEpaTopa JOJDKEH OBITh paBeH 277N, The N- Jo-
00€ 11eJ10€ YHCIIO.

Ecnu ycinoBue 0anaHca (a3 BBHIIIOJHSIETCS TOJIBKO HA OJIHOM 4acTOTE, TO

13
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Konebanus 6yoym 2apMOHUYECKUMU.

[lenb MONOKUTEIBHON OOPATHOW CBSI3W BBIMOJHSIIOT HA MOCIE008a-
MeJIbHbIX UTU NAPANTENbHBIX PEe30HAHCHBIX KOHMYPAX.

[IpUMEHSIIOT asmozenepamopsvl ¢ MPAHCHOPMAMOPHOU 0OPAMHOU C8S1-
3bl0, Mpexmoueutvle ceHepamopbl ¢ UHOYKMUBHOU U eMKOCMHOU 0Opam-
HOU C8A3bI0.

S,

N

Ee /N (O E
= 1

CxeMa reHepaTopa Ha MoJI€BOM TPAH3UCTOPE U €ro cXemMa 3aMeICHUS.
PeXyM 110 MOCTOSHHOMY TOKY YCTaHaBJIWBAIOT UCTOYHUKM IUTAHUS CTOKA

14
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E. u ucrounnka cmemenns 3atsopa E. .

[TonoxuTenpbHas o0paTHas CBA3b B IENb 3aTBOPA OCYILECTBIIAETCS Ye-
pe3 06MoTKy cBsi3u L, mHAyKTHBHO cBsi3aHHy!O C Katymikoi L koHTypa.
KaTylky cBsA3M J0JDKHA 00€CIeYnBaTh NOBOPOT (Pa3kl IPUMEPHO HA 7T

1 BBIIIOJIHEHHUE YCIIOBUS OanaHca (as.
YpaBHEHHUSA aBTOTEeHEpaTopa

=Su u :MdIL =SM — di,

’ dt - dt _

. di,
Hanpsoxenne va kougeHcarope koutypa U, = R 1, + L e
2
! I

Tok B konaencarope |- C du - R C d a1

dt dt dt

15
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di, di, di,

Tok croka i =1 +i. =i, +RC —=+4+LC —=SM —
- C at dt’ dt
[Tosnyuunm ypaBaenue Al
d%, . di
Vpasrenue Al': — - 20 —= + 0)0 . =0, roe:
dt dt
o o 1{R.~ SM b
= , O = — — - KO3 hUIMEHT 3aTyXaHUS KOHTYpa,
© LG, 2|L. LC,
S - KpyTH3HA TpaH3HMCTOPA.
Perenue ypasuenus Al umeer Buj: || = ImLe‘“t Sinat,

2 2 y
rae @ = \/ @, — Q" -4acTOTa KOJEOaHU! B KOHTYPE.
Ecim o > 0 koneGanus B koHType 3aryxarot, ecnmn o < 0 - mapacraror.

Mpu @ = 0 B koHTYype cranmonapusie konedanus: 1, . =1 Sinat.

16
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RC

VcnoBue Bo30yKIEHUS KoJleOaHuit: S > —— — SKp.

KpyTuzHa S yMeHbIIAaeTCsl MPU yBEIIH-
Sy MSrkun pexnm YUCHUU HANpPsDKEHHUS Ha 3aTBOPE U YBEIIU-
S, }K?’TKHH POXUM  gyenuy aMIuMTy b1 KOJICOAHHH.
_ Gl [IpuOnm:xeHHass 3aBUCUMOCTh KPYTH3-
— HbI OT HaNpsKEHUsI KoJieOaHWi Ha 3aTBOpE
TPaH3UCTOPA UMEET BUJL;

w
N
gcn
o)}
<

pao

AN S(u,)=S, —bu?, rme S,- kpyTusna

! > IIpY HYJICBOW aMIUIUTY/I€ KOJCOaHUI.

17
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MonaenupoBaHue aBTOTEHEPATOPA TAPMOHUYECKHUX KOJCOaAHU U

osct
30.00—
v ey [Usn=5,3B, M=1mTH|
-4 M1 10m . 20 GU—;
% - | c268n l ]
M2
RZ 10 T ]
- I V1 C31u TGGD_:
2 ; —n ]
- i -
3
= e ]
Vst -E.E‘I | T et 0.00 l
ok WSZ 10 ;L 0OSC1_Chi
& : : ;
' 10.003 | : | ; |
L 0.00 2.00m 4 00m 6.00m 8.00m
Time (s)
Puc.5.8
18

B.A. Anexun. DnekTponuka u cxemorexauka. 2016



.
=
(=8

—
=

o

| [T=38)
e B LT R A

30.00—

' I
0.00 2.00m 4.00m 6.00m 8.00m  -10.00- ; | ; | ; |

Time (s) 0.00 2.00m 4.00m 6.00m Bl. 00m
Time (s)
bricTpoe BO30YKICHHE M ckaxxeHus
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NHayKTHBHASA TPEXTOYKA
Bo muHorux cxemax LC- reHepaTopoB HampsiKeHUE OOpaTHOW CBA3U
CHAMAIOT C YaCTH KOJIEOATEJIbHOTO KOHTpypa. Takoe BKIOUYEHHE KOHTYpa
Ha3bIBAIOT HENOJHBIM. [Ipy 3TOM KOHTYp MMEET TpU TOYKU COCAUHEHUM C
BHEIIHEH LIENb0 M Takue cxeMbl LC- reHepaTopoB Ha3bIBAIOT TPEXTOYECU-
HBIMH.

U 6blX
Zg lex — — !
| P Z,+Z,
g Upx Hanpsixkenue o0paTHOM CBS3MU:
S B UBle . Z U 6blX
I:IZZ I:I Zl uBBIXl L_JOC — uex — Z —|— Z_l — _T
— | ) I\
Y CII0BUE TEHEPALIUU:
> T i K-Z
) L—Jebzx(l_ — ):O
Z,+ 4,

20
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Koa(dpunimeHt 00paTHOM CBSI3MU:
Uoc U Z, 1%

-C() — — _—6X — —
o) =G =0, " Z+2 ot in

—6blX —6blX

YciioBuE pe30oHaHCcA:

X, +X, +X% =0

Tak kak OY HenHBepTUupyromuid, X1 u X3 10JKHBI OBITH OJTHOTO 3HAKA.

NHaykTuBHas TpeXToOUKa EMKOCTHas TpexTouka

21
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LC- reneparop Xaprtian
(XopoBuil 1 Xumi. UCKycCTBO CXEMOTEXHHUKH )

30.00—
L _f

= V110V

20.00

10.00-]

C147nF
L2 2mH

—
D
L1 8mH

VF1
—t
L

Output

T1 BC237

N

C21uF

4_“_,*

C3 500nfF J Uskbix o_oo_;‘,WWL(\_(\U
= |

VF2

R3 50kOhm R2 100kOhm
g B

R1 1kOhm

L 1004H——m————————————— e

7.00m 8.00m 9.00m
l ﬂ UBBIX

| —

Puc.5.13
Tpansuctop B cxeme OB, He unseptupyer curnan [10C £ U

—8blX '
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Bmusiane cBsi3u L,
30.00—

EG.GD—f H ﬂ H

Qutput

mm—i /U"\J(‘N y\

0.00 — aﬁ_ﬂ_ﬂ_ﬁmu&

_‘IG.GG ] T T T T I T T T T | T T T T I T T T T | T T T T I

7.00m 8.00m 9.00m
Time (s)

10.00m
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LC-reneparop na OY

R1 5kOhm

VF1 ] VF2
———( 10.00—
—1—+ . _ ; ;
VF2 J: £ 000
9 = V210V 2 ] i
T -10.00— XC
[T J
j o J |
- =T
o —
— &) —
~20.00 R
0.00 250.00u 500.00u 750.00u 1.00m

Time (s)

Puc.5.15

PekomeHnmyercs: % =10
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20.00—

Bribop R1
[VF2[1] 1K[Ohm]|  [VF2[2] 2K[Ohm]| [VF2[3]: SK[Ohm]]
1{10{]—5 \
| Gm; l%' QI‘\’ll‘"ll‘\
-10.00—
-ED.U{?:...., — |

0.00 250.00u 500.00u 750.00u
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C222n

I'eneparop Buna

R1 10k

BeinonHuTte: Analysis-Transient
-1 - 8 VE.;I 8.00—:
3 . +: I b 6.00]

~1 oP1 LM301A \[/ D1 1N1183 4.00-
o S 200

+ + P1 2k ;!’ 0.00
= V112 = V32 % 200

- -6.00

C122n

]

R2 10k

: | : : : | :
0.00 5.00m 10.00m 15.00m 20.00m
1 Time (s)

Puc.5.17
B reneparope BuHa npu paBHBIX cONpoTHUBICHUSAX R; =R, m eMkocTax
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1

C;=C, Ha KB&BHpCBOHaHCHOﬁ qacToTe fk = Cl)aSOBbIﬁ CJABUTI B 1I€IIU

277RC
00paTHOM CBSI3U PaBEH HYIJIIO, a IIETICBOM K03 dunmeHT nepeaaun =1/3.
JI1s caMoBO30YXIeHNS KOI(DOUIMEHT YCHICHU yeuauTels K 10JKeH
OBITH OOJIbIIE 3. DTO JIOCTUTACTCA PEryIMpPOBKON nmoTeHuuoMmerpa Pl. Jlu-
OJ1 U UCTOYHUK HANPSDKEHUS £, TpeOYIOTCS ISl CTA0WIIN3AIMHA PEKUMA Te-
HEpalHH.
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MynbTuBuOparop Ha OY

:[—_
+
- V2 12V
R3 20kOhm 20,00
N .
X —{___ :
0]
u 2 \—q VE1 _ VF3
c 2 ]
3 \Ul , 3 0%
O OP1 LM301A _mw_; VFZ
[ VF3 R1 10kOhm j
~ e N }—— 20,00 . | | . | |
0.00 2.00m 4.00m 6.00m 8.00m
Time (s)
e U +
5 ] l 2 L vi12y
-
™
: L
E ——
Puc.5.18
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Hemutens R,-R; coznaer monoxkurensHyro OC, kotopast nepeoaut OY
B TPUITEPHBIN PEKUM.
U Max RZ

= . Korna wampsokerne U |

R +R,

CPaBHHUBACTCs C ITIOPOI'OM, U soe MEHACT 3HAK M HAYMHACTCA 1ICPC3apsaa CM-

[Topor mnepexIIoYeHNs ‘U wop

xoctu Cy.

[epuox umnynscos: T = 2R,C In(1+ 2 % ).
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Craduau3anus 4acToThl FeHEPaTOPoOB
OTHOCHTEIBPHAS HECTAOMIBHOCTD YACTOTHI

Af
f

p
JIns RC-renepatopoB OTHOCHUTEIbHAs HECTAOMJIBLHOCTH COCTaBIISICT

0,1%. Jlnsa LC-reneparopos: 0,01%.

[TapameTpruyeckas crabuiIn3anus (TEpMOCTaTUPOBAHUE, MOHTAXK U T.I1.)

AT ¢ =10"

p
KBapueBas ctabuamu3zanus 4acTOTHI

B cxemax renepatopoB BMecTO LC-KOHTypa HMpUMEHSIOT KBaplieBbIN
PE30HATOP, YTO MO3BOJISIET CHU3UTh OTHOCUTEIBHYIO HECTAOMIBHOCTH JI0
107" (ua wacrore 1M1 otknonenue uncrorst Af = 0,177y

KBapieBblii pe3oHaTop (KpaTKO KBapll) MPEACTABISIET COOOM TOHKYIO
MPSIMOYTOJIBHYIO TIJIACTMHKY MHUHEpajia KBaplia, T'PaHW KOTOPOW Ompenaec-

30
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JICHHBIM 00pa30oM OPUEHTHUPOBAHBI 110 OTHOIICHHIO K OCSM KpHCTaJlIa.
KBapi oOmagaer mpssMbIM U OOPaTHBIM NBE303JIEKTPUUECKUM dPPEKTOM.
[Ipsimoii 3 PeKT MpOSIBISIETCS B TOM, YTO IPU CHKATHUU WU PACTSHKEHUHU
KBapIla Ha €ro NPOTUBOMOJIOKHBIX IPAHSIX MOABIISIIOTCS DJICKTPUUECKHUE 3a-
j05:01038
DKBHUBAJICHTHAsI CXE€Ma KBapIIEBOI'0 pPe30HATOpa

Pe30oHaHCHBIE YacTOThI OTJIMYa-
toTcs Ha 1%.

JloopoTHocTs 10000.

JX

|
|
|
|
|
|
— Cnap :
|
|
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220k

ot + 6.00—
R1 V51 ]
v] 5
- 4.00-
+ "+ [2N2222 5 200 l
N == 82pF| - O S
2= Ve ca [TiopF i
al 5 VI 1.00
N T10pF| = O Y Y ]
N b T k] [10k N
1 ¢ 1,00 ' | ' | ' !
- 0.00 2.50u 5.00u 7.50u

Time (s)

Puc.5.20. Moaenps kBapLieBOro reHeparopa

|
10.00u
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