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AHHoTanus. B HayyHOH, y4e6HOHM U TeXHUYeCKOH JeATeJIbHOCTH 4acTo TpebyeTcs HaJW4Me [IJIaBHOM peryJIMpoBKH Hanps-
»KeHHs B ONpe/ie/IeHHOM JianasoHe. BoJIbIIMHCTBO COBPEMEHHBIX YCTPONCTB yNPaBASIOTCA UPPOBBIMH MUKPOKOHTpOJLIE-
paMu, B CBSA3H C 4eM NOSBJ/IA€TCA HEO6X0AUMOCTD B ClleL[HaIM3UPOBAaHHBIX yCTPOMCTBAX — MOAYJIAX IUPPO-aHAIOTOBOr0 Ipe-
o6pasoBaHus. OAMH U3 BUJOB LUPO-aHATIOTOBOr0 Npeo6pa3oBaHUs OCHOBbIBaeTcs Ha RC-1eny, KoTopasi npeo6pasyeT Liu-
POTHO-HMIIYJIbCHY!0 MOAYJISLIUIO B aHAJIOTOBBIM cUrHaJl. PaccMaTpuBaroTcst npo6JieMbl, KOTOPble BOSHUKAIOT NPH MOAKJIIO-
YeHUH PE3UCTUBHOM HarpysKH K BeIxoy RC-1jen#, Cioco6bl MX YCTPaHEHHUS], @ TAKXKe 0COGEHHOCTH IPUMEHEHUS] ONlepaLioH-
HBIX YCUJIUTEJIEH B CXEMOTEXHUYECKUX NTPOeKTaX. TakKe paccMaTpUBAETCsl UCI0JIb30BaHHE ONEPALMOHHOTO YCUIUTENS AJ1s1
HOJIyYeHUs] aKTUBHOTI0 GUIbTPA HWXKHUX 4acToT. [Ipu HcciefoBaHUM QUIbTPALMM pacCMaTPUBAIOTCI METOAUKU pacyeTa
Beccensi, BarrepBopra u YebbimeBa. [IpuBoAUTCS CpaBHEHUE Pe3YJIbTATOB, MOJYYEHHbIX NPU GUIbTPALHUHU MACCUBHBIM
bUIBTPOM, € pesysbTaTaMH, IOJyYEHHBIMH NPU QUIbTPALMU aKTUBHBIM GuabTpoM. CTaThbsl GyAeT MoJie3Ha K 03HAKOMJIe-
HUIO CTYJIEHTaM, HHXXeHepaM, acClIMpaHTaM, )KeJIAIIUM U3YYUTh paboTy HHTerpupyouieii RC-ueny, MHPOTHO-UMIYJIbCHYIO
MOy IALMI0, LU (PO-aHAIOr0BOro NpeoOpa3oBaHus, ONePALMOHHOI0 YCUINUTEIS U aKTUBHOTO GU/IbTPA HUXKHUX YaCTOT.

KiiioueBble €JI0Ba: aHA/IOTOBBINM CUrHaJ, HHTerpupyouas RC-1enb, MIHPOTHO-UMIYJIbCHAsA MOAYJISALMSA, LMdpo-aHaIoroBoe
npeobpa3oBaHUe, ONEePALMOHHBIN YCUIUTENb, aKTUBHBIN QUIBTP, GUIBTP HUKHUX YACTOT
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Features of the implementation of a digital-to-analog conversion based
on pulse-width modulation and an RC circuit
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Abstract. In scientific, educational, and technical applications, smooth voltage regulation over a specific range is often required.

Most modern devices are controlled by digital microcontrollers, necessitating specialized devices - digital-to-analog conver-
sion modules. One type of digital-to-analog conversion is based on an RC circuit that converts pulse-width modulation into an

© K.A. Bosio6yes, B.M. MockasneBa, U.B. Tpy6uH, B.I'. Tpy6un, 2026

23



Bulletin of the Tomsk Polytechnic University. Industrial cybernetics. 2026. Vol. 4. No. 1. P. 23-34
Volobuev KA. et al. Features of the implementation of a digital-to-analog conversion based on pulse-width modulation and ...

analog signal. Connecting a resistive load to the output of the RC circuit can be thought of as a voltage divider, causing the
output voltage to deviate from the expected value. To reduce the error introduced by the connected load, an operational am-
plifier is used in follower mode. The use of an operational amplifier to create an active low-pass filter is also discussed. The
study of filtering considers Bessel, Butterworth, and Chebyshev calculation methods. A comparison of the results obtained with
a passive filter and those obtained with an active filter is provided. This article will be useful for students, engineers, and post-
graduates who want to study the operation of an integrating RC circuit, pulse-width modulation, digital-to-analog conversion,
operational amplifiers, and active low-pass filter.
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BBesneHue 1-10 MOwm). IIpennonoxum, HanpsHKEHHE Ha BBIXOJE

CoBpemenHble mUGPOBBIE ympaBistomue ycrpoii- ITAIl usmensercs B amanasone 0-10 B, cienosa-
CTBA MMEIOT JOCTATOYHOE KOJIMYECTBO AUCKPETHBIX  TENBHO, TOK, MPOTEKAIOIINI Yepe3 METaOMHBIE COIPO-
BXOJIOB M BBIXOJOB, KOTOPbIE IIMPOKO HCIOJB3YIOTCA  THBIICHHUS, U3MEPSETCS B MHKDPOAMIIEpax, [0ITOMY
6yarogaps IX OTHOCUTEIBHON IPOCTOTE M HAAEKHOCTA.  MPAKTUYECKH HE OKA3bIBAET BIIMSHMS HA BHIXOIHOM CHT-
OpHako He Bce MPOLECCHl MOXKHO IepeaTh ¢ MOMOLIbI0  Hau nenu. OxHako Ha npaktuke [IATT 3agacTyro HyKHBI
BCETO ABYX COCTOAHHH. J[yisl HayuHOH, y4eOHO! M PO~ i yOpaBICHUsSI YCTPOWCTBAMH, KOTOPbIe TPEOYIOT
MBIIUICHHON AESTENBHOCTH HEPEAKO TPeOyeTca aHajdo-  GOJIBIIEro TOKA, OATOMY MPH MOKIIOUCHUH HATPY3KH
roBblii curHan. B paMkax cratbu [1] pacCMOTpEH IPUH-  HANPSKEHHE HA BHIXOE WHTEIPUPYIOMICH IS MOXKET
mun  paboTel H(PO-aHAJIOTOBOIO MHPeoOpa3oBaTeNsi  CHIIBHO YMEHBIIUTHCS. JIaHHBIN 3 PEKT CMOISTUPOBaH
(IJAIT) Ha OocHOBE IIMPOTHO-UMITYIBCHOM MOIYNALHMM B mporpamme Proteus, pe3yibTaT paCCMOTPEH Ha puc. 1.
(ILIMM) m pa3oOpaHBl HEKOTOphIE OCOOCHHOCTH HC- Bxopno#t curman cxemsl — MM c wacTtoroit
roas3oBanus RC-yeneil. 10 x[', koaddunmentom 3amonHeHust 50 % u aMrum-

Jlannas paboTa ABmseTcA MPOJODKEHHEM ncciaeno-  tynoi 10 B, Kak BuaHo U3 puc. 1, npu moaxioYeHnu K
BaHMs cxeMoTexHUKH L[AIl Ha ocHoBe IIIM U pac-  BbIXOAY HArpy3KH, COMOCTABUMOW 110 COMPOTHBIICHUIO
CMaTpHUBAET OCOOCHHOCTH UCIIOJIB30BAHUSI ONEPALIMOH- ¢ COMPOTHBIICHHEM CaMOM IIEIH, HANPSIKCHHE Ha BbI-

HbIX ycunureneit B cxeme LATI. X07ie majgaer Oonee 4yeM B 2 pasa. DTO CBSI3aHO C TEM,
YTO Harpy3Ka U MHTErpUpYIoILas Lerb 00pa3yoT coooi
IMoaxknwo4yenne Harpysku K RC-nenu PE3UCTUBHBIN JEIUTENb, Y KOTOPOTO BEPXHEE IJICUO —

IIAIT npemnasHaden s mpeoOpa3’oBaHWs YHCIA  TpU IOCIENOBATENBHO BKMOYEHHBIX RC-yenu ¢ cyM-
(undpoBoro Kozia) B HampsKeHUe WM Tok. bonee mo-  mapubeM conpotusienuem 111 kOwm, a HUKHEE TIIEYO —
ApoOHO ITpe0OpasoBaHke UM(PPOBOro CUTHANA B aHANO-  Harpy3ka ¢ comportusienneM 100 kOm. Hcexons w3
TOBBIN MTPUBEACHO B CTaThe [2]. 3TOT0, YTOOBI CHU3HUTH BIIMSHUE HATPY3KH HA BBIXOJHOE

ITpocreiimnii LIAIT MOKHO TIPE/ICTABUTH B BU/IE UH-  HaNpsHKEHUE, HEOOXOAMMO OOECIEYUTh PasHHIy Kak
terpupyromieii RC-yenu. Bpemst yCTaHOBJIEHUS BBIXOJl-  MMHUMYM Ha MOPSIOK MEXIy CONPOTUBIECHUEM HHTE-
HOTO CHTHAJIA M IYJILCAIIMM Ha BBIXOJE 3aBUCAT OT I0-  IPUPYIOLIEH LEMH M CONPOTHBIEHUEM HATPY3KH.
ctostHHOH BpeMeHH t=RC. UTOOBI yMEHBIIUTH BBIXO/- B crarbe [ 1] ynoMHuHAIOCh, YTO HAMTYYIINX PE3YJIb-
HbIE€ IYJIbCAMH M HE CIMIIKOM CHJIBHO YBEJIMYHMTH  TaTOB II0 BPEMEHHU MEPEXOMHOTO IPOLECCA M MylIbCa-
BPEMS yCTAHOBJICHHMs BBIXOJHOIO CHTHaja 3a CYET  [UAM B CTATHYECKOM PEKHMME MOXKHO JOCTHYB MPH TI0-
OOJIBIIOrO 3HAYEHUs 7, PEKOMEHJIYETCsl CIENIaTh MHOTO-  CJIe/I0BATENLHOM COEMHEHNH HECKOIBKUX 3BeHbeB RC,
3BCHHYIO MHTCTPHUPYIOLIYIO Lemb. [l MONYYeHUS e Kaa0e MOCIEAYIONiee 3BeHO UMEET COMPOTHBIIC-
HAWIY4YIIEro pe3yyibTaTa JKelaTelbHO, 4TOObl CONPO-  HHME B HECKOIBLKO a3 0oJblle MPebIAYyIIEro, a &éM-
THBJIEHHE KKJIOTO TOCJIEYIOIIET0 3B€Ha ObLIO Ha MO-  KOCTh — BO CTOJIBKO K€ pa3 mensbiue. Ha puc. 1 mpuse-
PAIOK GOJIBIIE NPEIBIIYLIETO,  EMKOCTh — Ha MOPANIOK  1eHa Kak pa3 Takas Mojenb. Ecnu Bce cOpOTUBIIEHUS
Menblle. boree moapoOHO omMcaHHbIE TPOLECCH pac-  ymeHbIMTh B 10 pas, a Bce EMKOCTH YBEIUYMTH B 10
CMOTpEHHI B cTathbe [1]. pa3, TEOPETHUYECKU CBOMCTBA (DMIIBTPA JOJDKHBI COXpa-

B craree [1] paccmarpuBaeTcs MHTEIpHUPYIOLIAS — HUTHCS W 00ECTIEYUTCs TpeOyeMas pasHUIA Ha TIOPSI0K
1eIb, K BBIXOY KOTOPOM MOJIKIIFOYAKOTCS TOJIBKO MYJlb- M€Ky COIPOTHBIEHHEM MHTEIPHUPYIOLIEH LIEMU U CO-
THUMETp WM ocuuiorpad. JlaHHble H3MEPUTENBHBIE  IPOTUBJIECHUEM HATPY3KH.
npuOOpBl MMEIOT BBICOKOE COMPOTUBIICHHE (OOBIYHO
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Fig. 1.

Onnako ecny yMEHBIIUTH BCE CONMPOTHBiICHHS B 10
pas, TO MOJIyYHUTCS, YTO COMPOTUBIEHUE TIEPBOTO PE3H-
cropa O0yaet coctanisats 100 Om, a cnenoBarenbHO, 0y-
JeT OONBIIMIA HArpeB MEPBOr0 PE3UCTOpa HM3-32 OOJIb-
IIEro MPOTEKaromero Toka. [loMruMo 3Toro, Takoe HU3-
KO€ COIPOTHUBJIEHUE MEPBOTO PE3UCTOPA MOXKET BbIBE-
ctu u3 cTpos Beixox LIIMM, k koTopoMy OH MOJAKIIIOYA-
€TCsl, €CIIM TOT HE paccYuTaH Ha OoJbiue TokH. Mcxoms
U3 BBILIETIEPEYUCIIEHHOTO, YMEHBIIATh COMPOTUBIICHUE
RC-yenu mus obecrieueHHs pa3HUIBI C COIPOTHUBIIE-
HUEM Harpy3Kkd Heresnecoo0pas3Ho.

VYBenuuuBaTh CONPOTHUBIIEHHE HArpy3Kd TOXe HE
BCer/ia SIBJIAETCS KOHCTPYKTUBHO BO3MOXKHBIM. Cleno-
BaTeNbHO, IS JAHHOW 33724l HEOOXOJIUMO CXEMOTEX-
HUYECKOE pelieHne, KOTopoe OyJeT YCTaHOBICHO
Mex1y BeIxoJoM RC-yenu W Harpy3Kou, Ipu 3TOM OHO
JIOJKHO BBIJABaTh HAIPSKEHHE TAaKOE K€, KaK BbIIAET
RC-yenv, HO C BO3MOXKHOCTBIO OTAA4U OOJIBIIETO BbI-
XOJHOTrO TOKa. J[Jisl perieHus: 3Toi 3aJauyd MOAXOAUT
onepauuoHHbIi ycunurens (OY).

OCHOBHbIE CBOMCTBA ONEPAIHOHHOTO YCUINTEIA

OnepalMOHHBIA YCUITUTEIh — 3TO aKTHBHBIN 3JIEK-
TPOHHBIN NEMEHT, KOTOPBIN UCTIONIB3YETCS AJIsl yCUIIe-
HUS 1 00pabOTKH CHTHAJIOB. YCIOBHBIC IpadudccKue
o6o3navyeHus OY Ha cxeMaxX MOTYT Pa3iIHdyarhCs B JIH-
TepaType, Ha pucC. 2 IPUBEICHBI HanboIee pacpocTpa-
HEHHBIC 0003HAYCHHUS.

[Mutanne OY MOXeT OBITh OHOMOJSPHBIM HIIH
JBYXIOJISIPHBIM, B 3aBHCHMOCTH OT MOJIENN YCHIIHTEIIS.
BenuurHa NHTAONMIETO0 HANPSDKEHHS TAKKE MOXKET
CHJIBHO pa3inyaThCs.

[Ipn mnpoexTHpoBaHUM SIEKTPOHHBIX YCTPOHCTB
B2)KHO YYHUTBIBATb, UYTO OUANAZOHBL BXOOHO20 U 8bIX00-
Ho2o Hanpsicenuss Yy OV Oondcnvl Obimb MeHbUie
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ouanazona HanpsaxiceHus numanus (KOHKPETHBIC 3HaYe-
HUSI MOXKHO y3HATh M3 JOKyMEHTamu). B curyanmsx,
KOI'Jla HanpsDKeHUEe MUTAHUS YBEITUYMUBATh YK€ HEIb34,
9T00BI 00ECHEYUTh TOCTATOYHOE HANpPsDKEHHE HA BBI-
X0Jle, MOXHO HCIOJb30BaTh CIELUAIN3UPOBAHHbIE
Rail-to-Rail OY, KOTOpbIEe UMEIOT THAIIAa30H BEIXOTHOTO
HanpsDKeHus OoJiee OMM3KHUIA K HATPSDKEHUIO TUTAHMS,
yeM y TumnoBsix OVY.

Ha puc. 3, 4 npuBeneHbl TEXHUYECKUE XapaKTepH-
CTUKH U3 JOKYMEHTauuu [3], moCBAIIEHHbIE AUANIa30Hy
HamnpsokeHust utanust OY LM358, nuama3oHy BXO.-
HOT'0 HANPSDKEHUS U OTPaHUYEHUSIM BBIXOIHOTO HAMps-
KEHHS U1 HU3KOTO U BBICOKOTO BBIXOAHBIX YPOBHEH.
W3 npuBen&HHBIX Ha pUCYHKaX NapaMeTpOB MOYKHO 3a-
METUTh, YTO HaNpsHKEHHE, I0JaBa€MO€ Ha BXObl
LM358, He nomxHO OBITh HIKE Vcc- M HE JIOJDKHO Mpe-
BeImath (Veer — 2 B) (toe Vec- — 3T0 HanpspkeHHe Iv-
TaHus, npwioxeHHoe K BbiBoAy GND mMukpocxemsr
LM385, a Vcc+ — HanpshKEHUE MTUTAHUS, TIPUIIOKEHHOE
K BBIBOAY Vcc, 3/1€Ch BAXKHO MIOMHUTH, YTO JJaHHBI OY
MOKET UMETh KaK OJHOIOJIAPHOE, TaK U ABYXIIOJIAPHOE
nuTaHue), uHade OY MOXKeT BBIATH U3 CTPOSL.

[Ipu yctanoBke Ha Beixoge LM358 HU3KOTO YpOBHS
VoL HampsiKeHHe Ha BBIXOJE CTpeMHUTcs K Vcc- M Ta-
panTupoBaHHO He npeBbimaet (Vec- + 20 MB).

[Ipn ycranoBke Ha BbIxoAe LM358 BBICOKOIO
YpOBH: VoH HallpsDKEHUE Ha BBIXOJE CTPEMUTCA K V e+,
HO MOXET He JOXOJUTH JI0 Hero Ha 1,54 B, B 3aBucu-
MOCTH OT HANpsSHKEHUS MUTaHUA MU MOAKIIOYAeMON
HarpysKu.

TunoBoe 3HaueHUE BXOIHOI'O CONPOTUBIIEHUS pe-
anbHbIX OY cocTaBisieT HECKOIbKO MeraoM. BeixoaHoit
TOK OOBIYHO COCTABIISIET OT STUHHMIT IO COTEH MIJLTAAM-
nep.
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Puc. 2. YcaosHble zpaguyeckue 0603Ha4eHUsl ONepayuoHHbIX ycuaumeneu
Fig. 2.  Conventional graphic symbols for operational amplifiers (op amp)

Absolute maximum ratings LM158, LM258, LM358, LM158A, LM258A,
LM358A
Table 2: Operating conditions
Symbol | Parameter Value Unit
Vce Supply voltage 31030
Common mode input voltage range Tamb = 25°C (7 (Vee-) to (Vee+ - 1.5) \%
Viem Common mode input voltage range (Tmin < Tamb < Tmax) @ (Vee-) to (Vee+ - 2)
LM158 -65 to 125
Toper Operating free air temperature range LM258 -40 to 105 °C
LM358 Oto70

Puc. 3. /Juana3oH exo0Hblx HanpsiceHull Viem 8 doOKymeHmayuu
Fig. 3. Inputvoltage range Vicm in the documentation

Electrical characteristics LM158, LM258, LM358, LM158A, LM258A,
LM358A
Symbol Parameter Min. | Typ. | Max. | Unit
Vee+ = 30 V, RL = 2 kQ connected to Vee-,
Tamb = 25 °C 26 .
Vee+ =30V, RL = 2 kQ connected to Vce-, 26
Tmin = Tarrlb < Trnax
Vee+ = 30V, RL = 10 kQ connected to Vece-, 27 o8
Tam =25 °C
Vou High level output voltage Vv
Vee+ = 30V, RL = 10 kQ connected to Vee-, 27
Tmln = Tamb = Trnax
Veet =5V, R = 2 k(2 connected to Vee-, 35
Tamo =25 °C ’
Veet+ =5V, RL = 2 k(2 connected to Vee-, 3
Tmin s Tamb < Tmax
RL = 10 k2 connected to Vcc- 5 20
VoL Low level output voltage mV
Tmln < Tamb < Tmax 20

Puc. 4. BvixodHoe HanpsisceHue npu 8blcokoM yposHe Vou u npu HU3kom yposHe Voi 8 dokymeHmayuu
Fig. 4. Outputvoltage at high Vou and low Vo levels in the documentation
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Fig. 5.

Koaddunument mnepemaun unmeamsoro OV crpe-
MUTCS K OECKOHEYHOCTH M HE 3aBHCUT OT YaCTOTHI
BXOIHBIX CHTHAJIOB, 3a/I€PXKKa MEXIy BXOIOM H BBIXO-
oM oTcyTcTByeT. Peansabie OY orpaHu4eHsl Mo Mak-
CUMAJIBHOM 4acTOTE CUTHAJIA U KO3(PQUIIMECHTY yCHIie-
HUS BHYTPEHHEH CXEMOTEXHUKOH, KOTOpas MOXKET
CUIILHO Pa3NINYaThCs B 3aBUCHMOCTH OT Cephl IpUMe-
Henus OY.

IIpuHIUN PaGoThHI ONEPALUOHHOIO YCUIUTEIA

Jis onucanus npuHImna padotet OY, paccMoTpuM
ero paboty 0e3 oOpaTHOU CBs3U (B peXUMe KoMmIapa-
TOpA).

Ecnu Ha HemHBepTUpylOMIEM (TOJIOXXUTEIBHOM)
BXOJIC HampspKeHHe Oy/eT BEIIIE, YeM Ha HHBEPTUPYIO-
meM (OTpULATENIbHOM), TO HAIPsDKEHHE Ha BBIXOJIE
YCUIIUTENIS CTPEMUTCA K Tuntocy nutanus OY (BBICOKHIA
ypoBeHb VoH).

Ecnu BxonHOe HanpsiKeHUE Ha HEMHBEPTUPYIOLIEM
BXOJI€ yCUIIUTENs OyIeT HIKE, YeM HalpsHKeHUe Ha UH-
BEPTUPYIOLLEM, TO HAIIPSDKEHUE HAa BBIXOJE YCUIIUTENS
crpeMutcst K MuHycy nutanust OY (HU3KUH ypOBEHb
Vor). Ha puc. 5 mpuBenensl cxembl Biimouenus OY
LM358 B pexxume KoMIapaTopa ¢ JBYXIOJISPHBIM ITH-
TaHueM. JJ11 OHOMOJSIPHOTO MHUTAHHSA pe3yibTaT Oy-
JIeT aHAJIOTUYHBIM, TOJIbKO HU3KUIl YPOBEHb Ha BBIXOJIE
Oyzaet ctpeMuThes K Hanpspkeruro 0 B. 13 npuBenén-
HOI0 MOJEIUPOBaHUsI MOXHO 3aMETHUTb, YTO HU3KOMY
YPOBHIO HanpsKeHHs Ha Bbixoje OY COOTBETCTBYET OT-
puLaTeIbHOE HANpsDKEHUE MUTaHus. Bricokuil ypoBeHb
HanpskeHus Ha Bbixoze OY cTpeMuTes K M0JI0KUTENb-
HOMY HaIpPsKEHUIO IIUTAHUS U HE JOXOAMT 10 HEro Ha
1,5 B. Kak onuceiBanoch B MpeablayIeM pa3aese, 3T0
00BsCHSIETCS BHYTPEHHUM ycTpoiictBoM OV,

Hecmomps na mo, umo OY moorcno ucnonvzosams 6
pedicume KoMnapamopa, Ha npakmuxe peKomMeHoyemcs

Simulation of a circuit with an LM358 op amp in comparator mode, bipolar supply

UCNONb306aMb  CNEYUATUSUPOBAHHBIE — MUKPOCXEMbl
Komnapamopos. boinee nogpoOHO MOXKHO IMOYUTATH 00
3TOM B [4].

YBe/sinueHUe BbIX0/IA IO TOKY

OmnepannoHHBIC YCWINTENN MPEJHA3HAYECHBI JUIA
ycuiieHus: 1 00pabOTKH CUTHAJIOB. 32 BpeMs CBOETO Cy-
[IECTBOBAHMS OHU IMOJYUWIN OYCHb IIHPOKOE PaCIpo-
CTpaHEHHE W UMEIOT MHOXKECTBO Pa3INIHBIX IPUMEHE-
HUH, 03HAKOMUTBCA C KOTOPHIMU MOXKHO B UCTOYHHUKAX
[5-7].

Ha puc. 6 mpuBenena cxema mOBTOPHUTES Ha OTiepa-
unoHHOM ycunutene. Tak kak Boixog OY coequHEH ¢
WHBEPTUPYIOUIUM BXOJIOM (OTpHILaTeNbHas oOpaTHas
cBs3b), To OV, cTpeMsach YPOBHATh HAINPSDKCHUS Ha
CBOHX BXOJaX, OyJeT CTPEMHTHCSI YCTAHOBUTH HA BBI-
XOJI€ HaNpsDKEHUE KaK MOKHO OJIMKe K HANPSHKEHUIO Ha
HEHMHBEPTUPYIOIIEM BXOJIE.

Unut

UBx UBbIX

Puc. 6. Cxema noesmopumess Ha OY
Fig. 6. Op amp repeater circuit
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Ha puc. 7 npuBenén pe3ynbraT MOAECIUPOBAHUS pa-
00ThI TpEX cxeM RC-yenell, BKIITOYCHHBIX 0€3 HATPy3KH,
¢ Harpy3koi, ¢ OY u Harpyskoil. Ha Bxox cxem nocty-
naet HIMM-curnan ¢ ammurynoit 10 B u yacrotoit
10 k[, ko3 unment 3anonuenus LM 50 %. Jlerko
3aMETHTh, YTO HampsbkeHne Ha Bbixoge OY maxe ¢

Y4ETOM MOAKIIOUYEHHON HArpy3KM HE TNaJaeT Tak
CUJIbHO, KaK B CJIy4yae C Harpy3koH, MOAKIIOYEHHON
HanpAMYyIo K Beixoxy RC-yenu.

Jiyig Toro 4ToOBl AOMOJHUTEIBHO YCHJIUTH BBIXOJ]
OY 1o ToKy, MOKHO JT0OaBUTh Ha BBIXOJI TPAH3UCTOP B
peXuMe IMHTTEPHOTO MoBTOpHTENS [8] (pHC. 8).

PN R R2 R3
 ——
1K 10k 100k
= L =B
0.1u 0.01u 0.001u
2 e
R6 R7 Hps
— EEEFNERE *
T 10k 100k
R4
diesf Tt ce H-ca
o4y T oot T 0001 b
L 2
_-L_ +12V
R10 R11 R9 3
E=am EEEFuEEE
1K 10k T )
—— C8 —— C9 —— C7
T 04y T ootw T o000ty i :E?k

e

Puc. 7. ModeauposaHue cxem ¢ unmezpupyrouumu RC-punbmpamu 6e3 Hazpysku, ¢ Hazpy3koll, ¢ OY u Hazpy3koll

Fig. 7.

Simulation of circuits with integrating RC-filters without load, with load, with op amp and load

PWM <2 :
A R10 R11 R12 . \+ U1:B
1K 10k 100K . Z
—4c10 —c11 =Lc12 |5
0.1u 0.01u 0.001u | LM358N

-

Puc. 8. ModeaupogaHue cxembl C MPAH3UCMOPOM 8 pelcuMe IMUMMEPHO20 NO8Mopumest

Fig. 8.

Simulation of a circuit with a transistor in emitter follower mode
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MacmrTa6upoBaHUe HaNPsSXKeHUsI Ha BbIX0e

B nexoropeix cxemax OY Takke MOXET ObITh UC-
MOJIL30BaH JUIs MacmTabupoBaHus curHana. Ha puc. 9
MpUBEICeHA CXeMa HEMHBEPTUPYIOIIETO ONIEPAIIIOHHOTO
yeunutensa. OHa paboTaeT aHaJIOTUYHO CXeMe ITOBTOPH-
TeJNs, OJHAKO MMEET PE3MCTHBHBIA JCIHUTENb B 00paT-
HOM CBsI3U. 3a CYET ATOTO ACIUTENS] MOKHO pPEean30-
BaTh YCHUJICHUE 110 HANPSKEHUIO.

— +
—
HBX .._£|_ UBbIx
Dm
& 7|

Puc. 9. Cxema HeuHgepmupyouje2o ycuaumens
Fig. 9. Non-inverting amplifier circuit

Hampsixenne Ha BbhIXOne HemHBepTHpylomero OY
paccUYUTHIBACTCS COTIACHO (hopMyIIe:

R1
Ugx = (E + 1)'UBx-

K mpumepy, Ha HeunBeptupywoomeMm Bxoae OVY
HamnpsbkeHne coctasisieT 5 B, pesucrop R1=51 kOwm,
pesucrop R2=51 kOm. Ecnu nojictaButh JaHHBIC 3HA-
4eHus B (hOpMyITy, TIOyYUM, YTO HAMPSOHKCHUE HA BbI-
xoJie OyneT B 2 pa3a OoJibllle HANPSDKSHUST HAa BXOJE U
coctauT 10 B npu Hanmauy 10CTaTOYHOTO MUTAIOIIETO
HATPSDKCHHUS.

B kxauectBe mpumepa Ha puc. 10 mpuBeneHo momue-
JUPOBAHUE CXEMBI HEHHBEPTHPYIOIIETO YCHIIUTEII.
[Ipu BbIMONIHEHUH ycwiieHus ¢ momoilbio OY BaxHO
MOMHUTB O TOM, YTO IIOMUMO ITOJIE3HOTO CUTHAIA Oy ayT
yCuneHvl maxdice wymbl U Nyabcayull, TPUCYTCTBYIO-
mme Ha Bxoge OVY. Ha puc. 11 mokaszana ocrumio-
rpaMma, 1o KOTOpoi MOXHO 3aMETUTb, YTO MyJIbCALIUU
Ha Bbixoze OV yBennumincs B 2 pasa.

AKTHBHbIE QUIBTPHI

[TaccuBHbBIe GUIBTPBI pAOOTAIOT UCKITIOUUTEIHLHO HA
0a3e MacCUBHBIX KOMIIOHEHTOB (PE3HCTOPOB U KOHICH-
CaToOpoB). AKTHBHBIC (PHIBTPHI BKIIOYAIOT B ceOs ak-
THUBHBIC JJIEMEHTHI, TAKHE KaK OMEPAIlMOHHBIC YCHIIH-
TeNU ¥ TPaH3uCTOPEL. [1pn mpoeKTHPOBaHNH aKTUBHBIX
(GUIBTPOB Yalle UCIONB3YIOTCS OTIEPAIIIOHHBIC YCHIIU-
TEJNH, TaK KaK OHH YNPOIIAIOT CHHTE3 CXEMBI (PHIbTpa.

CxeMOTexXHHKa aKTUBHOTO (pHIBTpa OTIMYAETCS B
3aBHCUMOCTH OT nopsiaka (ribrpa. [lomumo 3toro, cy-
[IECTBYIOT Pa3HbIC METOIUKH PacyéTa aKTHBHBIX (PrIh-
TPOB, KOTOPBIE TO3BOJISIFOT BHIOMpaTh OoJiee Mpearo-
YTUTEIBHBIC CBOWMCTBA (YPOBEHb HEPABHOMEPHOCTH B
MOJIOCaxX MPOIMYCKaHWS U 3aJePKUBaHUS, KPYTU3HY
(dpoHTa U cpe3a, BpeMs epexoTHOTO IpoIiecca  T. 11.).

P S TR R2 R3 :
1K 10K 100K
c1 7 ¢
T 0.1u T 0.01u jmeEd|
=a &5}
T U1:A
R10 R11 R9
1K 10K 100K g
L cs co

LM358N

Puc. 10. ModeauposgaHnue cxemul ¢ OY 8 kauecmee ycuaumess N0 HANPSIHCEHUIO
Fig. 10. Simulation of a circuit with an op amp as a voltage amplifier
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Puc. 11. YseauueHue nyavcayuli npu ucnoavzoganuu OY 8 kauecmae ycuaumeisi N0 HANPsIHCEHUIO
Fig. 11. Increased ripple when using an op amp as a voltage amplifier

[TpousBeném cpaBHEHHE TPEXZBEHHOTO MACCUBHOTO
(GUIBTpa U aKTHBHOTO (PIIIBTPA TPETHETO HOpsaKa. [1pu
MPOCKTHPOBAHUN AKTHBHOTO (PHIIBTPa BOCHOIB3YyeMCS
HauboJiee PacrpoCTpaHEHHBIMU METOJIMKAMHU pacyéra:
Beccens, barrepBopra u UebObimena. [{ist yamodcTsa pac-
yéra OBUT UCTIOJIH30BAH OHJIANH KambKysTOp [9].

Jliist mpoBeieHust CpaBHEHNS Pa0OThI aKTUBHBIX (PHITh-
TPOB U MACCHBHOTO (DHIIBTPA 33/IJTHM Y BCEX OJIMHAKOBYIO
4acTOTy cpe3a. 32 OCHOBY BO3bMEM UaCTOTY Cpe3a MacCUB-
HOTo (PMIBTpa HIDKHMX YacTOT, PACCMOTPEHHOTO BBIIIE.
Tak Kak paccMaTpHBaeMbIil ITACCUBHBIN (PUIIBTP COCTOHT
W3 HECKOJIBKUX TOCIIEIOBATENbHO COSINHEHHBIX 3BEHbEB
RC, ero gacrora cpe3a paBHa HaWMMEHBILIEH M3 YacTOT
cpe3a ycraHoBneHHbIX RC-36enbes. B nanHoM citydae ya-
CTOTa cpe3a KaXIoro M3 TpEX YCTaHOBJICHHBIX 3BEHHEB
pasHa 1,59 kI'n. Bermcants wactoty cpesa 3BeHa RC-
Gurvmpa MoxHO TI0 popmyite:

f

Bo Bcex pacu€rax akTUBHBIX (DHIIBTPOB HCIONB3Y-
eTcst 3-i TopsioK (WIIBTPa, COMPOTUBIICHUS PE3UCTO-
poB R1=R2=R3=10 kOm. Pe3ynpTaTs! pacuéToB npurBe-
JIeHbl K CTaHAAPTHOMY psay KOHIeHcaTopoB E24 u
MpeCTaBIICHE! B TabHIIe.

Ha puc. 12 nzo0pakeHbl cXeMbl TPEX3BEHHOTO TTac-
cuBHOro pripTpa (BXxon ocimiuiorpada 4) u cxema ak-
TUBHOTO (MIBTPA C HOMHHAJIAMM, MOIXYYEHHBIMH MPU
pacuére meronom beccemnst. CxeMbl sl IBYX JIPYTHX
METOJIOB pacyéra aHAJIIOTHMYHBIC, B HUX OYAyT pasiu-
4yaTbCAd TOJIBKO 3HaueHHsl €MKOCTEH KOHAEHCATOPOB.
®unbTpsel, paccunTanHbie o Metoaukam beccens, bat-
TepBopTa ¥ UeOhleBa MOIKIIIOYCHBI K BXOJIAM OCIIHII-
norpada B, C, D coorBercTBeHHO. BriOop ¢(uibTpa
JIOJDKEH OTIPENeIIThCA TPEOOBAHUSIMHE K CHCTEME.

Ha puc. 13 npexacraBieHsl rpa@uky aMIDIUTYIHO-
4acTOTHOH XapakTepuctuku (AUX) paccMaTpuBaeMbIx

1

~ 2mRC

30

¢unpTpoB. Hambonee cunbHOE ocnabieHHe CHUTHAA
npou3BoAuT GuibTp UeObiieBa, OJHAKO MOXKHO 3aMe-
TUTHh HEPAaBHOMEPHOCTD B II0JIOCE MPOIYCKAHMS (HIITh-
Tpa (BCIUIeCK BOJM3M YacTOThI cpe3a). Micxons u3 rpa-
(hUKOB IEPEXOIHOTO MpoIiecca Ha puc. 14 u mynscanuit
Ha puc. 15 B cTaTUYECKOM PEKHME MOKHO 3aMETHTbh,
yto ainst npumenenus B LIAIT na ocnose IINUM nanmyd-
IIMH pe3yJbTaT MPH CPABHEHUHU TPEX METOAUK MPOCK-
TUPOBAHUS AKTUBHBIX (PHITBTPOB ITOKA3BIBACT METOAMKA
pacuéra batrepBopra.

Ta6auya. HomuHaabl KOHOeHCAMOpo8 0/ AKMUBHbIX
dusrempos, npusederHvle K psidy E24
Table. Capacitor ratings for active filters, reduced to the
E24 series
MeToauka C1 | C2 | C3 Kanan
pacyeTa ¢uabTpa ocuustorpada
Filter calculation H®/nF Oscilloscope
method channel
Becceisi/Bessel 6,2 16,0 3,3 B (cunwuii/blue)
BarTepBopTa C
Butterworth 13,0 | 360 2,0 (kpacHslii/red)
YebbllIeBa D
Chebyshev 27,0 | 160,0 | 0,62 (3es1eHbIH /green)

Pe3y/ibTaThl Ha NPaKTHKe

CobepéM Ha MpaKTHKE aKTUBHEBIN (PHIBTP O METO-
muke pacuéra barrepBopTa, Tak OH MOKas3ajl HAWITYY-
A pe3yIbTaT IPH MOJCTHPOBAHHH.

Ha puc. 16 otobpaxén mepexoausiid mporiece (1o
ropuzoHtanu 100 MKC/kJIeTkKa © 1O  BEPTUKAIU
1 B/knerka), u3 rpaduka BUIHO, 4TO NIEPEXOIHBIN MPO-
necc 3anuMaet okojio 700 mxc. Ha puc. 17 orobpaxkena
ocnwUiorpaMMa  myibcanmid (0 TOPH30HTANIH
20 mkc/kneTka u 1o Beptukany 20 MB/kieTka) B ctatu-
9YECKOM peXHMe, n3 Tpaduka BHIHO, YTO aMIUIHTYIA
nyabcanui okono 36 MB.
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Puc. 12. ModeaupogaHue cxem naccu8Ho20 U akmusHoz20 puibmpos

Fig. 12. Simulation of the passive and active filter circuits
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Puc. 13. I'pagpux AUX da5 naccusHozo purbmpa u akmueHwlx purempos beccenss, Bammepsopma, Yebviwesa
Fig. 13. Frequency response graph for a passive filter and active Bessel, Butterworth, and Chebyshev filters
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Puc. 14. IlepexodHblil npoyecc 0415 naccusHo2o uabmpa u akmugHbsix urempos becceas, Bammepsopma, Yebblwesa
Fig. 14. Transient process for a passive filter and active Bessel, Butterworth, Chebyshev filters
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Puc. 15. Ilyavcayuu 0415 naccugHozo guabmpa u akmusHslx puabmpos beccensi, Bammepeopma, Yebbviwesa
Fig. 15. Ripples for passive filter and active Bessel, Butterworth, Chebyshev filters
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Puc. 16. [lepexodHblil npoyecc npu ycmagke HanpsiiceHusl 5 B
Fig. 16. Transient process at a voltage setting of 5V

MOHO 3aMETUTb, YTO PE3yIBTATHI, IOJTYICHHEIC HA
MPaKTHKE, OTIMYAIOTCS OT MOIYYSHHbBIX IPH MOJIEIHPO-
BaHWHU. [laHHbBIC OTJIMYUS MOXXHO OOBSCHHUTH TEM, YTO
MPY peaTH3aliy YCTPOHUCTBA HA MPAKTHKE HOMUHAIBI
peanbHbIX KOMIIOHEHTOB HMEIU MOTPEIIHOCTh (pe3u-
ctopsl 1 %, kougencarops! 10 %).

BbiBObI

[Ipn mnpoexTHpoBaHWM SIEKTPOHHBIX YCTPOHCTB
Ba)KHO YYUTHIBATH, YTO TUAMIA30HBI BXOJHOTO M BBIXOJ-
Horo HanpsokeHus y OY NOKHBI OBITH MEHBIIE JHama-
30Ha HaNpsDKEHUS NHUTAHUS (KOHKPETHBIC 3HAYCHUS
MOJKHO y3HATh U3 JOKYMEHTaIMK). B cutyanmsx, korma
HaNPsDKCHUE MMUTAHUS YBEIMYUBATE YK HENb3s1, YTOOBI
o0ecreunTs JOCTATOYHOE HAINPSHKEHWE Ha BBIXOZE,
MOJKHO HCIIOJb30BaTh CIEIUAIN3UPOBaHHBIE Rail-to-
Rail OY, KOTOpbIe IMEIOT TUAMTa30H BBIXOIHOTO HATIPSI-
XKeHus 0osiee ONMU3KWN K HaNpPsOKEHUIO MMUTAHHSA, Y€M
tumnossie OY.

CITMCOK JINTEPATYPbI

QWon |1 stp —+ -] T:500.0us [

(25MSIS)
Ofi0div
0,004l

M: 20us
200~
gV~

501

Depth 10k
CHIDC-_f~ 20.0mV

Puc. 17. Ilyabcayuu npu ycmaske HanpsixceHus 5 B
Fig. 17. Ripple at 5 V voltage setting

Hcnonp3zoBaHue onepaioHHbIX YCUIUTENEH T03BO-
JISIeT TIOJIKIIIOUNTh HArpy3Ky K Beixony L{AIT Ha ocHOBe
RC-yenu ¢ He3HAYUTENBFHBIMH HCKaXCHUSIMH BBIXO[-
Horo curtana. [Tomumo 3toro, OY mo3BossgeT MaciTa-
OMpOBaTh CHTHAII HA BBIXOJIE, U3MEHSIS €ro JI0 Tpedye-
MOTO 3HAUCHHs 0e3 M3MEHEHHS aMIUIHTYIBl BXOJHOTO
CUTHAaJA.

Jist psima 3a1a4 MCTIONIB30BAHUE AKTUBHOTO (DHIIBTPa
Ha 6aze OY mo3BoJISET NOJTYYHTh TpeOyeMble CBOMCTBA
¢unsTpa. Mcnonp3oBaHue akTUBHOTO (HIBTPA B CXe-
max LIAIl sa ocHoBe IIIMM He maér 3HAYMUTEIBLHBIX
MPEUMYIIECTB 10 CPAaBHEHUIO C WCTOJIIB30BAHUEM ITac-
CUBHOTO (rIbTpa. XapaKTePUCTUKU PEATHHOTO aKTHB-
HOTO (PWIIBTPa MOTYT 3HAYUTEIFHO OTIMYATHCS OT pac-
CUMTAHHOTO TEOPETUYECKH H3-3a TOTO, YTO PEabHBIC
€MKOCTH W CONPOTHBICHHS HMEIOT IOTPEIIHOCTH U
OTpaHUY€HbI CTAHJAPTHBIMU pAlaMH (HOMHHaJaMu). B
CBSI3U C 9THM JJIs MCIIOJIb30BaHus B cxemax LIAII 6onee
MPEIIOYTHTENEHBIM OyIeT HACCUBHBIA QUIBTP.
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