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AnHoTauus. [IpuMenseMbie B CYIIECTBYIONIMX CHCTEMax MOTYHHEHHOTO YIPABICHUS PETYIMPYEMBIMH U Cle-
JSIIIAMHE JIeKTporpuBoiaMu Tpaauinornbie [TU- n TTUJ]-perynsatopsl He o0ecneunBarOT HEOOXOAMMOE BBICOKOE Kade-
CTBO perynupoBanus. L{enb paboThl — YCTpaHHUTH B AJICKTPONPHUBOIAX EPEPETyIUPOBAHNUS, KOJICOAHHS U MOBBIICHHYIO
WHEPIIMOHHOCTh BO BpeMsl MEPEXOIHBIX MPOIecCoB. [ peleHus 3aqaun mo 00SCIeYCHUIO 3aJaHHON CKOPOCTH U TOY-
HOCTH CJICJSIIECH CHCTEMBI P MUHUMAIEHOM BPEMEHH MEPEXOHBIX MPOIECCOB pa3padOTaHbl MPUHIMITHAIEHO HOBBIC
MPOrpaMMHBIE PETYJISATOPH Ha OCHOBE MPEAMKATOPOB. PaccMaTpuBaeTcss METOJ CHHTE3a YKa3aHHBIX PETryJSATOPOB NpHU-
MEHUTENILHO K PETYJIUPYEMBIM U CIEASALIUM dJIEKTponpuBoaaM. [IpencTaBiensl pe3yibTaThl UMUTAIIHOHHOTO MOJEIIUPO-
BaHUS MEPEXOIHBIX MPOLECCOB B pacCMaTPUBAEMbIX AJIEKTPONPHUBOMAX, a TAKXKE JAHHBIE HCIBITAHUN PErylInpyeMoro
9JIEKTPONPUBOA C HOBBIMU PETYISTOPaAMHU.
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Abstract. The traditional Pl and PID controllers used in the existing systems of subordinate control of regulated
and tracking electric drives do not provide the necessary high quality of regulation. The purpose of the work is to elimi-
nate over-regulation, fluctuations, and increased inertia in electric drives during transients. To solve the problem of en-
suring the specified speed and accuracy of the tracking system with a minimum time of transient processes, fundamen-
tally new software controllers based on predicators are developed. A method of synthesis of these regulators in relation
to regulated and tracking electric drives is considered. The results of simulation modeling of the regulated and tracking
electric drives, as well as test data of the regulated electric drive with new regulators are presented.
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Beenenne. J[ns ynpaBieHUs] BBICOKOTOYHBIMH PETYJIMPYEMBIMH M CIEISIIAMH AJIEKTPOIIPH-
BOJIaMH, TIpUMEHsieMbIMH B cucteMax UITY merammopexxynMu CTaHKaMu W TPOMBIIUICHHBIMHU PO-
0oTaMH, B CHCTEMax HaBEJICHHS OMTHYECKUX (ACTPOHOMHUYECKHUX ) TEIECKOTIOB U B IPYTUX 00BEKTAX
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C MPEUU3HUOHHBIM KOMITBIOTEPHBIM YIPABICHUEM IBUKCHHUSIMH pabO4YMX OpraHoB TpeOyroTcs 3¢-
(bexTuBHbIE peryasTophl. [ MOAYNHEHHOTO yIPaBICHHS BHICOKOTOUHBIMH PETYIUPYEMbIMHU 3JICK-
TPOTPUBOIaMHU ObLT pa3pabOTaH HOBBINA PETYISITOP HA OCHOBE npeduxamopos [1]. DTo HampaBiieHHE
paboThI MONTYYNIIO AalibHENIIIee pa3BUTHE, OTPAKEHHOE B HACTOSILEH CTaThe.

B cymecTByromux cuctemMax MOJYMHEHHOTO YIPABIECHUS 3JIEKTPONPUBOAAMU OOBIYHO TMPH-
MenstoT [IU- u T I-perynsiTopsl B COUETAaHUU CO CTAaHIAPTHBIMH HACTPOMKAMHU CUCTEM Ha ONTHU-
MYyM IO MOJYJIIO, HA CUMMETPUYHBIN onTUMyM U Ap. ONHAaKO MpUMEHEHUE TaKUX PEryIsTOPOB Or-
paHUYEHO BO3HUKHOBEHHEM BO BPEMs IMEPEXOAHBIX MPOLIECCOB MEepeperyIupoBaHuil, KojleOaHuil u
MOBBIIEHHOW MHEPLUUOHHOCTU. PerynsTopbl Ha OCHOBE MPEIUKATOPOB HE MMEIOT YKa3aHHBIX He-
JIOCTaTKOB.

Ipunuun npeiictBus mpeaukaropa. PaccMoTpuMm cucTteMy yrnpaBiieHHs, B KOTOPOM cojlep-
JKHUTCS POCTOE AEPUOJUYECKOE HIIH HHTErPUPYIOLIee 3B€HO 1-ro mopsaka W, , HEKOTOpoe 3BEHO €

nepenaToyHor QpyHkuuend /1 n obparHas cBs3b ¢ Koapduuuenrom nepenaun K, (puc. 1). 3senom H

MOJKET OBITh anepuoJUYEecKoe, HHTErpupyloliee, KojaedareabHoe 3B€HO, IPyIMa MOociIe10BaTeIbHO
COCIMHEHHBIX 3BEHBbEB WJIM 3BEHO YMCTOrO 3amasfbiBaHus. B oOmiem ciyuyae 3BeHO H OKa3bIBaeT
BpEIHOE BIMSHUE Ha MPOLIECC YIPaBIECHUS, OTpaHUYMBast 00NN KO3(PPULIMEHT YCUIIEHUS! CUCTEMBI.

X Y
Wy H

Ky

Puc. 1
BBenem B cucteMy mocienoBaTelIbHOE KOPPEKTUPYIOIIEe YCTPOUCTBO C MepeaaTOuHON (PyHK-
et W, (puc. 2).

Wi Wo H

Ko

Puc. 2
Torna nepenaTounas pyHKLIUSA 3aMKHYTOH cucTeMbl ¢ W), Oyner paBHa

W WoH

= K707 (1)
1+ W, W,HK,

IlocraBuMm 3amady onpenenuTb HEU3BECTHYIO CTPYKTYPY KOPPEKTHUPYIOILEro 3BeHa W, Tak,

YTOOBI 3BEHO C NepeAaTouHoi GyHKIMe H oKa3anoch BHIHECEHHBIM 3a KOHTYpP OOpaTHOM CBSI3U U
HE BJIMSUIO Ha Ipolecc ynpasieHus (puc. 3).

X Y
W H

Puc. 3
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3aaHHOM CTPYKTYPHOM CXEME COOTBETCTBYET BBIPAKEHUE
WyH

W=—Y"_ 2
1+W,K, @

IMpupaBuuBas ypaBHeHus (1) u (2), HaXOAUM HEU3BECTHYIO BEIMUUHY W) :

1
1+ (I-HWK,

A3)

Wy

3BeHO ¢ epenatoyHon GyHKIMend H oka3aaoch BEBIHECEHHBIM 32 KOHTYP OOpAaTHOW CBSI3U U HE

OKa3bIBaCT BPETHOTO BIHSHHS HA IPOLECC YIpaBICHUs. Takoe KOppPEeKTHPYIOIIee YCTPOHCTBO,
CTPYKTYpHasi CXeMa KOTOPOTO TpeICTaBICHa Ha pHC. 4, IPEIONPEILIIIeT YIPABISIONIEe BO3CHCT-
BHUE, MepeaBacMoe Ha O0BEKT, U HA3BaHO npedukamopom. 3BeHo H — 3TO OJHO 3BEHO WJIH Psif
MIOCJIEIOBATEIEHO COCMHEHHBIX 3BeHbEB. O0IIee Mpoun3BeaeHne KOXPPHUIIMEHTOB TepeIayn 3TUX
3BEHBEB HEOOXOJIMMO MEPEHECTH BHYTPb KOHTYpa OOpaTHOW CBsI3M (IOKA3aTeIbCTBO JAHHOTO Tpa-
BUJIA 3]IECh HE TIPUBOJIUTCS).

Wy Ko

JIBYXKOHTYPHBIii peryjJupyeMblii 3jeKkTponpuBoA. JIyisi MOBBIIEHUS OBICTPOJACHCTBUS

AJIEKTPOJIBUTATEIISI TUTAHUE €TO SIKOPS CIIEAYEeT MPOU3BOAUTH HE OT MCTOYHHMKA HANPSDKEHHS, a OT
UCTOYHMKA TOKa. C 3TOM IETbI0 B CUCTEMY YIPABJICHHUS HAPSLy ¢ KOHTYPOM CKOPOCTH BBOJST KOH-
Typ 00paTHO¥M CBsA3M 1O TOKY (puc. 5) [2, 3].

r— = — C fk—— — —1
| |
M, |
U |
, SAU, U, AU, U, K, x K, I M K, ®
H@— W Wopr e@—e — C =D
TyP+1 T P+1 P
Kontyp Toka
Kor
KonTyp ckopocTu
Koc
Puc. 5

Ha puc. 5 npunsaTsl cnenyromue 0003HadeHus: Wp- — perynarop ckopoctd; Wpr — peryis-

TOp TOKa; 7, — TOCTOSIHHAsi BpEMEHH SIKOpHOU LenH; K, — IuHaMU4ecKuil K0d()(UIHMEHT OBH-

raternst; Kor 1 Koc — K09QHUIHUCHTHI iepeadn 00paTHOIl CBSI3H 1O TOKY M CKopocT; K, —

M3B. BY30B. MPUBEOPOCTPOEHWE. 2024. T. 67, Ne 1 JOURNAL OF INSTRUMENT ENGINEERING. 2024. Vol. 67, N 1



Pezynamopul Ha ocroee npeduxkamopos 0Jisk NOOYUHEHHO20 YIPAGTIeHUS SNIeKMPONPUBOOaMU 49

KO3 GUIMCHT Mepefadn CUI0BOTO YCUIHTENs; [, — IMOCTOSHHAsS BPEMCHH CHIIOBOTO yCHIIMTCIS;

K, — ko3¢ ¢unueHT nepenadu sIKOpHOH LEMH.

[Tpu 3anannom toke DJIC sikops cnabo Biuser Ha Tok. [ToaTomy oOparHoii cBs3bio o D/1C
BpeMEHHO npeHeOperaecM. Bo Bpemsi mepexoaHbIX PeXHUMOB CKOPOCTh U3MEHEHUS JIBUXKYILErO MO-
MEHTa ONpeAEIIeTCs CKOPOCThIO N3MEHEHNUs Toka. Clie10BaTeNbHO, KOHTYP TOKA JIOJIKEH OBITh ObI-
CTPOJCUCTBYIOLLIHM.

Hacmpoiika konmypa moka. YtoObl o0ecrieuynTh HEOOXOAUMOE OBICTPOJCHCTBHE KOHTYpa
TOKa, IPUMEHUM B HEM perynsitop Toka Wpr (puc. 6).

U, SAU, - Uy K, Us K, 1
PT ———
T P+1 T P+1

Kontyp Toka

Kor

Puc. 6
B kauectBe perynstopa TOKa MCHOJIb3YEM MPONOPUUOHANIbHBIN [I-perynstop ¢ mpenukaro-

poM, B KOTOpOM Kod(durtment npeaukaropa toka Kp; = KprK K ;Kor (puc. 7).

r-r-r—-——"F"--""=""""®>""™""™""=>""™>"™""™>"™""™"">"~>""™>"™"™"™"™77 1
| |
AU, | s
| KPT :

|

| Kpr |
| |
| T, P+1 |
| |
| 1 |
| |
| I,P+1 |
| |
L
[I-perymsitop IIpenukartop

Puc. 7

3Ha4YeHHE MOCTOSHHOW BpeMEHH [y CPAaBHHTEIBHO HEBEINKO, IIOSTOMY 3BCHO YCHJIHTEIS C

MOMOIIBIO TIPEINKATOpa BBIHECEHO YCJIOBHO 3a KOHTYp OOpaTHOM CBsI3U. DKBHUBAJCHTHAs cXeMma
KOHTYpa TOKa C YYE€TOM PETyJIATOpa MPUHUMAET BUJ, IOKa3aHHbIN Ha puc. 8.

v, KPTKyKﬂ 1 U
T.P+1 I,P+1

Kor

Puc. 8
[lepenarounas ¢pyHKIUS 3aMKHYTOTO KOHTYpa
K
WI = —[ .
T;P+1
rac
K PTK stI T.

= T, 4
1+ KprK K, Kor

KI = .
1+ Kpr K K, Kor
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[Mpunss 7; =0,002-0,003 ¢, onpeaenum 3HaueHue Kpp 1o Gopmye

_ T;{/TI -1

PT — s
KyKﬂKOT

0TKyaa Kodbbuiment npexukaropa toka Kp; = KppK K, Kot = (T JT)—-1.

OKBUBaJIEHTHAs CXeMa KOHTypa TOKa IIPe/ICTaBIeHa Ha puc. 9.

U, K, 1 1
T;P+1 T,P+1

Puc. 9
Hacmpoiika konmypa ckopocmu. C y4eTOM HACTPOCHHOTO KOHTYpa TOKa pacCMOTPHUM KOH-
Typ ckopoct (puc. 10).

U, SAU, Woc U, K; 1 1 M| K, | o
T;P+1 T,P+1 P

Puc. 10
YToOBI HCKIIIOYUTH BPEIHOE BIMSAHUE ABYX anepuoaudeckux 3senbes 1/(17 P+1) u 1/(Ty P+1)
Ha IPOILIeCC YIpPaBJIEHUsI CKOPOCThIO, IPUMEHUM B KauecTBe perynsropa Il-perynarop B coueranuu
C NIpPeJUuKaTopoM, B KOTOpoM KoddduuueHt npeaukatopa ckopocTH Kpy = KpcK;CKpKqc

(puc. 11).

UI

II-perymatop IIpenuxatop
Puc. 11
C ydeTroM npearKaTopa cxema KOHTypa CKOPOCTH IPUHUMAET BUJI, PEIACTaBICHHBIN HA puc. 12.

U K
4 — Kpc K, C — L ; &
P T;P +1 T,P +1

oC

Puc. 12
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[lepenaTounast GyHKIMS 3aMKHYTOTO KOHTYpa

K
WV :—V 5
T, P+l
rac
KV = 1 N TV = 1 .
KOC KPCKDKICKOC

[Mpunss 7;, = 0,002 —0,003 ¢, Beruncium 3HaueHHe K03 duIeHTa peryasropa CKOPOCTH 110

dbopmye
1

= 3
Ty KpK;CKoc
C YU4ETOM KOTOPOil KO3 (UIIEHT MpeAUKATOpa CKOPOCTH IPUMET BU

Kpy = KpcK;CKpKoc =1/Ty .

KPC

OKBUBaJIEHTHas CXeMa KOHTypa CKOPOCTH II0OKa3aHa Ha puc. 13.

U, Ky 1 1 0]
T,P+1 T,P +1 T,P+1

Puc. 13
Omubka N0 CKOPOCTH € AAHHOIO 3JIEKTPONPUBOJA, OOYCIIOBICHHAS BO3MYILAIOIIEH HArpys-
KOH M, , OlIpeNesAeTCs BIPAKEHUEM

=M, Kp (T, +T,+T;).
BI/II[HO, YTO KCCTKOCTb 3JICKTPOIIPUBOIA 60HBH.IC 3aBUCHUT OT IIOCTOSHHOU BPECMCHH YCUJINTC-

nst T, , 3HaYCHNE KOTOPOH BBILIC 3HAYCHUH JBYX JPYTHX HOCTOSHHBIX BPEMCHH.

TpeXKOHTYPHBIH peryjaupyeMblid 3JIeKTPONPUBOA. J[JIs MOBBIICHHUS KECTKOCTU AJIEKTPO-
NPUBOJIA U PACHIMPEHHUS JUana30Ha ero peryjIupoBaHus BBEJIEM TPETUH KOHTYp YIpaBleHHS C acTa-
THYECKHM peryiasitopoM Wp, (puc. 14).

A U, Ky 1 1 ®

TyP+1 T,P +1 ;P +1

WPA

KOC

Puc. 14
Actarnueckuii perynsrop Wp, mpencrasisier codoit [IM-perynstop

Kpp(T,P+1)
P

B COYETAaHMM C IPEJUKATOPOM, B KOTOPOM KOO(Q(UIMEHT IpeaumKaropa acTaTu3Ma
Kpy=KppKyKoc (puc. 15).

Braromapsi MHTErPUPYIOIIEMY 3BEHY, COAEPKALIEMYCS B PEryIATOPE, CHCTEMa YIIPABICHUS
DIEKTPONPUBOJIOM CTAIA ACTATHYECKOH C ACTATH3MOM MEPBOTO TOPSIKA. ITO 3HAUYHMT, YTO B yCTa-
HOBUBIIEMCSA PEKHUME 4aCTOTa BpALICHUA SJICKTPOABUTATCII HE 3aBUCUT OT HArpy3Ku, T.C. JUAIlla30H
PETyIMPOBaHUs SIEKTPOIPHUBO/A TEOPETHIECKH PABEH OECKOHEYHOCTH.

KPA
= P +KPATy
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r—--—-—-—-—-—-—----------n----n-n-""-------"/"»—-—=—= |
| e |
| |
i :
| |
| |
AV Kpa ! Uy
i P i
| |
| Kpy |
| |
| P |
| 1 1 |
| —| K—! |
! TyP+1 TP +1 !
| |
| |
[IN-perynsTop [IpenuxaTop
Puc. 15

C y4eToM acTaTU4YECKOro peryisaropa KOHTYp YIpaBJiIeHHs] CKOPOCThIO IPUOOpETaeT BU/I, IO-
Ka3aHHBIN Ha puc. 16.

Vi Kpa 1 1 o)
Ky
P TyP+1 T,P+1
- Koc
Puc. 16
[Tepenarounas GyHKIUS 3aMKHYTOT'O KOHTYpa
K
W, =—"=3—,
I,P+1
1 1
e Ky =—, I, =——7—7—.
KOC KPAK VKOC

Ipunsas 7, =0,002—-0,003 ¢, BeIMUCINM 3HaYEHHE KOI(PQUIMEHTA PETYIATOpa acTaTu3Ma Io

bopmyie
1

=
T,KyKoc
C Y4ETOM KOTOPOH K03 DHUIIMEHT MpeIuKaTopa acTaTU3Ma MPUHUMAET BT
Kpg=KpaKyKoc =1/T, .

Teneps SKBUBaJIEHTHAsI CXeMa KOHTYpa YIPaBJICHHUS CKOPOCTBIO TPEJICTABIISAECT COO0M TPH T10-
CJIEIOBATEIIbHO COCIMHEHHBIX allepPHOIMYECKUX 3BE€HA C MAJIBIMHU MTOCTOSIHHBIMH BpeMeHH (puc. 17).
4 K, 1 1 ®
T,P +1 TyP+1 T,P +1

Puc. 17
B MomeHT, KOrja Ha BXOJ paccMaTpuBaeMoro npeaukaropa (cM. puc. 15) mocrynaer cryneH-
4yaToe BO3JEHCTBHE, MPEIUKATOP MPUHUMAET BU BUPTYAIbHOrO AU depeHInpyromero 3BeHa ¢ me-
penarounoii ¢yukuueit T, P/(T,P+1). KoapduuueHT nepenadn Takoro 38eHa paBeH SAUHULE, BO

K PA

BpeMs TIEPEeXO0IHOTO Tporiecca KodhPHUIMEeHT niepenadn mIaBHO yMeHbInaeTcs: a0 Hyis. Comepixka-

M3B. BY30B. MPUBEOPOCTPOEHWE. 2024. T. 67, Ne 1 JOURNAL OF INSTRUMENT ENGINEERING. 2024. Vol. 67, N 1



Pezynamopul Ha ocroee npeduxkamopos 0Jisk NOOYUHEHHO20 YIPAGTIeHUS SNIeKMPONPUBOOaMU 53

necs B HM(POBBIX CUTHANaX HIyMbl KBAHTOBAHUS HE YBEIMUYMBAIOTCA 3TUM 3BEHOM W HE BIHSIOT
Ha Ka4eCTBO YIIPABIICHUS.

B crannmaptaeix [TU]/-perynsaropax ucrnonb3yroTcs peaibHbie AU (epeHIUPYIONIIE 3BEHbS C
OOJBIIMMH 3HAYCHUSIMH KO3 uUIMeHTa nepesadyd. OTH 3BEHbS PE3KO YBEIMYMBAIOT AMILTUTYAY
IIYMOB KBaHTOBaHUs, MOBBIIIAIOT MHEPLUHUOHHOCTh CUCTEMBbI YIIPABICHUS U MOTYT HapyIIUTh €€ pa-
60Ty. Perynaropsl Ha OCHOBE NMPEAUKATOPOB CBOOOHBI OT YKa3aHHBIX HEAOCTATKOB.

Peryasitop oopatHnoii cBsizu no IAC. UtoOs1 uckmounts Biusaue J/[C Ha TOK KOs, BBe-
JIeM B CHCTEMY yIpaBlieHUs peryasarop obpaTtHoil cBs3u mo DJIC. PaccmMoTpum CHIIOBYIO 4YacTh
3JICKTPONPUBO/Ia O3 yueTa BHEIIHEH Harpy3ku (puc. 18).

C

Uy | K U, K, |1 MKy | |o
T,P+1 T,P+1 P

Puc. 18
Beenem perymnstop obpatHoit cBsizu 1o DJAC Wpg (puc. 19). Ha ero Bxoa momagum cymmy
CUTHAJIOB, MPOTOPIMOHAIBHBIX TOKY / M CKOpocTH ®. BriOepem cTpykTypy perynsropa Wpg Tak,
yToObl HUCKIIOYNTh BimssHUE DJIC Ha TOK sSKOps. BBIMOTHUM SKBHUBaJIEHTHOE MpeoOpa3OBaHHE
CTPYKTYpHOU cxeMblI (puc. 20).

C
U K, |G K, I IC M| K, ©
N T,P+1 T P+l p
WPE f“‘\"’ KOTI
S
KOC]
Puc. 19
Uy C M K—D (D\
P
—K P
L | —
oT1 K, —
KOCI

Puc. 20
N3 cxeMsl, mpeacTaBiieHHON Ha puc. 20, cieayer ycnoBue komneHncauuu Bausgaus 9J1C Ha Tok
AKOPSL:

P
WPE KOTI

Dy
T,P+1 CKp
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K
IMpumem ——OTL = T, , Torna Wpg = _< = Kpg .
KociCKp yKoci

Perynstop ooparnoii cBsizu 1o 3/1C — 310 npornopiroHaibHoe 3BeHO (puc. 21).
(W ]
| |

—+—  Kpe ——
| |
N |
Puc. 21

1 2
3agamum Koo =C, torna Kpg T Kot =T,C°Kp.
y
Bbbu10 BBINIOIHEHO KOMIBIOTEPHOE MMUTAIIMOHHOE MOJIEIMPOBAHUE AIIEKTPONPUBOA HA OCHO-
Be auratens [IBB100L ¢ HomunanbHbiM MoMeHTOM 10,5 H-M. [lepexoanbie xapakTepUCTUKHU TOKA

[ ¥ 9acTOTHI BpamieHus (ckopoctu) ® (puc. 22, a, 6) mpu CTyIeHYaTOM BXOJIHOM BO3ACHCTBUU MO-
HOTOHHBIE, 0€3 TepeperyTupoBanus. 3Ha4eHre BXOAHOTo Bo3aeiicTBus 0,1 OT HOMUHAIBHOTO.

a) 0) By
L, A @, C

75 IIII'
\ 20
. 7
1 0
25 \
0 0,025 0,05 0,075¢c 0 0,025 0,05 0,075t ¢
Puc. 22
OTKJIOHEHHE YacTOTHl BpallleHUs] OT 33/JaHHOTO 3HAYEHUS NpPU CTYNEHYaTOM H3MEHEHUU
HOMHHAIILHOM HATPY3KH HE TPEBBIMAET 3 ¢ |, 4To cocTapmseT 1,5 % (puc. 23, 6). Bpemst nepexo-

HOTO Iporecca 25 mc.

a) 6)
-1
i, A @, C

A

30 } N 209
20 J 208 fﬁ

10 207 v

0 0,025 0,05 0,075¢ ¢ 2060 0,025 0,05 0,075¢c¢

Puc. 23

JlnanazoH peryiupoBaHUS PACCMOTPEHHOTO 3JIEKTPONPHUBOJA C ACTATUYECKOH CHCTeMON
yIpaBJIeHUs] U JOOPOTHOCTH 3JEKTPONPHBOJA TEOPETHUECKH PaBHBI OECKOHEYHOCTH. PeanbHbIi
JIMara3oH peryaupoBaHus OTPaHUYEH pa3pellaronield CiocOOHOCTHIO JaTYMKa CKOPOCTH.

UroOb! cucTeMa yrnpaBieHus: ObLIa MHBApUAaHTHON (poOacTHOM) K M3MEHSIOIUMCS TapaMeT-
pam oObekTa, pa3paboTaH BapHaHT CaMOHACTPAMBAIOILEHCS CHCTEMbI YIPABJICHUS, BKIIOYAIOLICH
ATAJIOHHYIO MOJIEIb, KOHTYP UACHTU(UKALUU U ONTUMAIbHBIA GuisTp [4].

PaccmotpenHas cucremMa nu(pPOBOTO YIPaBICHHUS PETYIUPYEMBIM 3JIEKTPONPUBOAOM OblIa
peanu3oBaHa Ha OCHOBE CIEIHMAJIbHOIO NMPUBOJHOIO KOHTpoJuiepa M anekrponpuBona IOIIb-2 ¢
BEHTHJIbHBIM 3JICKTPOJIBUTATENEM. DKCIEPUMEHTHI TPOBOJMINCH Ha CTAHJAPTHOM CTEH/IE MPUEMO-
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CHATOYHBIX HCIBITAHUNA KaK Ha XOJOCTOM XOJy, TaK M IOJ BO3JEHCTBHEM MOMEHTa Harpy3Ku.
WcnbiTanust mokasaind, 4To HU(PpPOBON 3JIEKTPONPUBO UMEET JHUAaIa30H peryaupoBanus 250 ThiC.
ITonoca mponyckanusi KOHTypa ckopocTu He MeHee 100 I'.

Ha manpix gacTtoTax BpallleHHs TaxoreHepaTop HepaboTOCTOCOOEH, MOATOMY €ro (yHKITHIO
BBITIOJIHSUT CEpUMHBINA (poTorneKkTpudeckuid naruuk tuna BE ¢ unciom umynascoB Ha oguH 000poT
10 000 B coueTanuu €O CrelMaIbHBIM PEKYPPEHTHBIM SKCTPANOJISITOPOM [S].

Caensimmi 3JIeKTPONPUBOJA. 3aa4ya — Ha OCHOBE PACCMOTPEHHOI'O BBIIIE PETYIUPYEMOrO
3JIEKTPONPUBOJA TOCTPOUTH CIEAALIUN AJIEKTPONPUBOA. DKBHUBAJICHTHAs! CXEMa PEryJupyeMoro
3JEKTPONPUBOJIA IPECTABIISIET COOOM TPU MOCIE0BATEILHO COSAMHEHHBIX allepUOINYECKUX 3BEHA
C MaJIbIMH TIOCTOSTHHBIMH BpeMeHH (cM. puc. 17). PaccMOTpUM CTPYKTYpHYIO CXEMY CIIEISIIErO
3JICKTPONPUBO/IA, B COCTaB KOTOPOTO BXOAMT YyKa3aHHBIH peryinupyemsbiii anexktporpuon (POII)
(puc. 24).

AS . V. Vll K, 1 1 | ®
W, | |
P T,P+1 T,P+1 7,P+1 |l
| J)
. mK 7 |
OHTYp IOJOXCHUA | ASOC _A\o_ _1 |
| Pl

Puc. 24
Bxonnoe ynpasistoniee Bo3aeiictBue AS COCTOUT U3 NOCIEA0BATEIBHOCTH IPUPALLIEHUH ITy-
TH 3a Kaxabld nepuona taimepa 7. B cucremax YUIlY npupamienus nytd AS pacCUUTHIBAIOTCS B
MHTEPIOJIATOPE UM B COOTBETCTBYIOIIEM IO3ULIMOHHOM Mozyne. CUrHanbsl o0paTHoi cBsazu AS,-

ompeneNoT (aKTUYEeCKOe MepeMeIIeHne 3JIEKTPONPUBOJa 3a UK Taiimepa. Ilpupamenus myTtu
AS n ASyc, OTHECEHHBIE K NIEPUOY TaliMEpa, MOKHO pacCMaTpHBaTh KaK CHIHajbl CKopocTu. Ha

BXOJIE€ CUCTEMBI YIIPABJIICHUS OHU CPAaBHUBAIOTCS C IIOMOIIBIO 3JIEMEHTA CPABHEHHMS U ONPEIEIISIOT
oMMOKY CIEAIIEro MEKTPONPUBOAA IO CKopocTu OV .

B cnepsimem 3neKTporpuBoAe UCTIONB3YETC ONTHYECKUI TaTYMK BEJIWYMHBI IEPEMEIICHUST —
9HKOZEp. B Kaxk1oM 1uKie TaliMepa SHKOAEP MHTETPUPYET CKOPOCTh (O B MPEAEIax OJHOTO IMEPUO-
Jla ¥ ONPEJIENIAET BEIMYMHY NepeMEIICHNs ASq- 3a KaX/Ibli 0OYepeIHOM LIMKII TaliMepa. Y CTpOMCT-

BO JUIS TAKOTO MpeoOpa3oBaHUsl HA3bIBAETCS «IIpeodpazoBareb ,epeMernenue-koa » (I11K). 13-
MEpEeHHOE nepemenieHue ASqc B CIEAYIOLIEM LUKIIE TakMepa NEPEAETCs B PETYIIATOP MOJOKEHUS

Wprr - B pesynbrare B IIIK nmpoucxoauT 3ama3ablBaHUE CUTHAjIa OOpaTHOM CBA3M Ha OAUH IUKII

TariMepa. Takoe TpaHCIIOPTHOE 3ala3blBAHUE CUTHAJA YXYALIAET KaueCTBO PEryJupOBaHUs CUCTE-
MBI YIIPaBJICHUS.

Heo0xoaumo, ucmonb3ys mpeaiaraeMylo METOJUKY ONTUMHU3ALMU CHCTEM aBTOMATHYECKOTO
pPEeryjaupoBaHus C MOMOIIBIO NPEIUKATOPOB, CUHTE3UPOBATH CTPYKTYPY PETYJATOpa IMOJIOKECHUS
Wpp cnensiueit cucreMsl. CHayana pacCMOTPUM PELICHHUE [TOCTABICHHON 3a/1a4i B aHAJIOTOBOM Ba-

pHuaHTe, 1oJiaras, 4To pa3periaoiias criocOOHOCTh YHKOJIEpa He OrpaHUYCHA.
Perynsarop nonoxxenus Wpp npeacrasiser coboit [THM-perymnsatop
Kpp(TyP+1) _ Kpp
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B COYETAHMH C TPEMKATOPOM, B KOTOPOM KOIDGDHUIMEHT Mpe/KaTopa MOTOKEHUS
Kp = KpnK,Kocy (puc. 25).

KS
T,
AS 14 l oS {3 X
L P
Kpn H% “P—  pom =
P
Yz
]|
% 1 1
: TP+1 [
P+l T,P+1
. Mk !
OHTYpP MOJIOKCHHA 1
| P
— e . |

Puc. 25
[U-perynstop komrencupyer B POII neiicTBue 3BeHa ¢ nepenarounoii gpynxumeit 1/(7;P+1),

a JIBa OCTaBIIMXCs anepuoauveckux 3BeHa POII ¢ momolipio npeaukaTopa BHIHOCATCS YCIOBHO 32
KOHTYp noJioxkeHHs. [IpeauKaTop mo3BOISIeT BEIHECTH 32 KOHTYP MOJIOKEHUS TaK)Ke U 3BEHO YUCTO-
ro 3ama3JbplBaHUs. DTO 3BEHO M300paXEHO HAa CXEME B BHJIE 3aMBIKAIOLIETO KOHTAKTa, KOTOPBIN
KOMMYTHPYET Liellb CBSA3HU, NepeaBasi 3HAUCHUE ) B HKCTPAIOJATOP HYJIEBOrO MOpsAiKa ), C UC-
KYCCTBEHHBIM 3aIla3bIBAaHUEM Ha OJIMH LIMKJ TaiiMepa. Y CTPONUCTBO JJIsl KOMIICHCAIIMH 3aIla3/IbIBa-
HUS CUTHaJIa B LIENIM OOpaTHOM CBS3M PacCMOTPEHHBIM CIIOCOOOM HM3BECTHO B JIUTEpAType KaK ,,yIi-
penutens Cmura‘ [6—9].

Koaddpuuuent obpatHoii cBa3sun Kpc, B KOHTYpE IIOJIOKEHHS OLPENENAETCS CTPYKTYpOil
INIIK u yncienHo paBeH nepuony Taiimepa: Kocp =71 .

C yueTom perynaropa NOJ0KEeHUs: KOHTYP YIpaBJIeHUs MOJI0XKEHUEM IpruoOpeTaeT BHI, TOKa-
3aHHBIN Ha puc. 26.

AS 1 1 1 ®
— K P— _— >
P Pl T,P+1 T,P+1
1 KOCZ
Puc. 26
[TepenaTounas GyHKIHS 3aMKHYTOTO KOHTYpa
K
W, =—="—,
T,P+1
rae K, = ! K :L

s I = . > a
Kocz KpnK,Koca Koc
[punss 7, =0,002-0,003 ¢, BeryucINM 3HauUeHHE KOX(QPHUIUEHTA PEryasTOpa MOI0KEHHS

o opmyiie
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B 1

T i K a K ocC2
1 onpenenuM Kodhduurent npearkaropa nonoxenuss KPpy = Kp K, Kocy =1/T, .

KPH

Temnepp SKBUBaJICHTHAs CXeMa KOHTYpa yIPaBJICHUs MOJIOKEHUEM MPEICTaBIIeT COO0M TpH 1o-
CJIC/IOBATEIIFHO COCTMHEHHBIX allepUOIMUECKUX 3B€HA C MaJILIMK MTOCTOSHHBIMU BpeMeHH (puc. 27).

AS K, 1 1 ®
T,P+1 T,P+1 T,P+1
Puc. 27

J71s1 TIOBBIIIICHUsT OBICTPOACHCTBHSI CUCTEMBI YIIPABJICHUS W YMEHBIIICHUS OMIUOKH TIO IOJIO-
JKEHUIO TPUMEHEH KOMOMHUPOBaHHBIHN crtocol ympasienus. C 3TOH 1EIbI0 ¢ TOMOITBI0 KOdh huIu-
eHTa K¢ B BBIXOIHOH CHTHAl PEryjisaTopa MOJO0XKEHHs BBOAUTCS CUTHAT KOPPEKLMHU M0 BXOJHOMY

BO3JICUCTBHIO (CM. pHcC. 25). 3HaueHue 3TOro K03 HUIIMEHTa KOPPEKIINHU OnpeeseTcs mo Gopmyre
K¢ =Ko /T . B pesynbrate omubKa 1o HONOKEHHIO 8S B yCTAHOBHBIUEMCS PEXKUME CTPEMHUTCS K

HYJIIO, T.€. CUCTEMa YIIPaBJICHUs CTAHOBUTCS aCTaTUUYECKON IO BXOJHOMY BO3EHCTBHIO.
Pe3ynbTaThl UMUTAIIMOHHOTO MOJEIUPOBAHUS CIEASILIEro 3JIEKTPOIPUBO/IA MPEICTABICHBI B

Busie rpaduxoB (puc. 28). Jusa pemenust cuctembl nuddepeHImanbHbIX YPaBHEHUH UCIIOJIH30BaH

meron Pyare — Kyrtel 4-ro mopsinka ¢ marom h =7 =0,001 c. YcraHoBuBIIasCS CKOPOCTh

©=200c".
ECJII/I BBIKJIFOUYUTH KOMIICHCAIIWIO 3alla3AbIBAHUS CHUI'HAJIa O6paTHOI71 CBi4A3U B HpeILI/IKaTOpe, TO

MU3MEHEHUE CKOPOCTH IIPH CTYNIEHYaTOM BXOIHOM BO3AECHCTBUM IIPOUCXOIUT C NEPEPETYIUPOBAHU-
eM (puc. 28, a). [Ipu BKIIOUEHHON KOMIIEHCAIIMM 3ala3/bIBaHusl IepEeperyIupoBaHie OTCYTCTBYET

(puc. 28, 6).

a 0)
o, C o,c '
200 { 200
100 100
0 0,025 0,05 0,075¢c¢ 0 0,025 0,05 0,075¢ ¢
Puc. 28

Habpoc HOMUHAIBHON HArpy3Ku Ha paOOTAIOIIMIA AJIEKTPOIPUBOJ] BHI3HIBAET YBEIIMUCHUE TOKA
(puc. 29, a) 1 KpaTKOBPEMEHHOE, 25 MC, CHU)KEHUE CKOPOCTH Ipubiin3utensho Ha 1 % (puc. 29, 6).

a) 6)

i, A o, Cc

40 H 200 {\

"\ ol

W
196
0 0,025 0,05 0,075¢c 0 0,025 0,05 0,075¢c

Puc. 29
Jlns mepexojia OT aHAJIOTOBOTO BapuaHTa CUCTEMbI YIIPaBJIeHHs K U(PPOBOMY BapUaHTY, Clie-
IyeT uHTerpupyroiiee 38eHo B [IM-perynsaTope 3aMeHUTh HaKaIIMBAOITUM cyMMaTopoMm (puc. 30).

1

20
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K
7,
AS 1% 3S 2K fﬂVl ®
Z T —d K,y Ipeaukatop X POII
%
M mx  — — |
Ko OJIOXKE
HTYpP MOJIOXKCHHS | X, ASoc _A\O_% |
| |

Puc. 30

DHKozep npeobpasyer npupaileHue mytd ASqyc 3a nepuos TaiiMepa (OCyLIEeCTBISET AUCKpe-
TU3AIUIO BBIXOTHOW NMEPEMEHHOM) 1o hopMyIie
N,
* o enc
ASoc = ASoc

2n
rae Ny, — KOIMYECTBO JUCKPET IyTH Ha OJUH 000poT suKozepa, K, = N ./2n — koaddu-

= ASOCKZ[ N

IUEHT JUCKPETU3AIMH YHKOIEpa.
Koaddunment koppexuuu i 1udpoBoro BapuaHTa CUCTEMbI YIIPABICHHS OMPEACIISETCS 10
popmyne K¢ =Kqc /(TKH). Ommbka 1Mo MOJOKEHUI0 OS B YCTAHOBUBILIEMCSI PEKUME, KaK U B

AHAJIOTOBOM BapI/IaHTC, CTpCMI/ITCﬂ K HyJIIO.

3HavYeHHS] BXOJHBIX YIPABISIOMIMX BO3MEUCTBUN AS W CHTHaJOB OOpaTHOW CBS3HU AS(*)C B
nudpoBoi ciiensIel CUCTEME BCEria MPEICTABIIIOTCS B BUE IEJIBIX YUCEN JUCKpeT. B mporecce
MaTEeMaTUYECKOr0 MOJEIUPOBAHUS PE3YyIbTaThl PACUETOB ASSC BEPOSTHEE BCEro OKAXYTCs IPO0-
HeIMU. [IpocToe okpyriieHue npuBeno Obl K HAKOIJICHHWIO 3HAYMTENbHBIX OmHMOOK. [TosTomy oT
MIPUPAIICHUH KOOPJIMHAT CUTHAJIOB AS(*)C , IOJICOTOBJICHHBIX K Mepeade B PEryyssTOp MOJIOKEHUS B

OuepeIHOM NEepUoie TaiiMepa, OTCeKaeM Leble YKCia, a JPOOHbIE OCTATKH HAKaIIMBAEM U YYUTHI-
BaeM B MOCIEAYIOUINX MEePHOax.

B pesynbraTe ommnbKa 1o nojoxkeHuio dS, KOTopasi HaKaljJuBaeTcsl B CyMMaTope, BCeria Bbl-
PpaKCeHa HECJIbIMU YUCIIaMH JUCKPCT. I[JBI COTJIaCOBAHUS ATOHU OIJ_II/I6KI/I C paHCC HACTPOCHHBIM aHAJIO-
TOBBIM PETYJIATOPOM MOJIOXKEHUS HEOOXOIUMO 3HAYECHUE NMEePEeMEHHON 05 YMHOXHUTh Ha BEIMUYUHY
nepuoja taimepa 7 .

Pe3ynpTaThl MMHUTAIMOHHOTO MOJIEIMPOBAHMS TpeAcCTaBieHbl Ha rpadukax (puc. 31). Pac-
CMaTpUBaJach CIESIIAs CUCTEMA YIPaBIECHUS IPUMEHUTENBbHO K TUIIOBOM cucteMe UITY meramio-
PEKYIIMMH CTaHKaMU C 3HKOJepoM, coaepxkamum N, =10 000 ummynscoB Ha oguH 0o6opot. On-

Ha JIUCKPETa SHKOJEpa COOTBETCTBYET MepeMenieHno nucTpymenTa B cucreme UITY na 1 mkwm. Ilar
uHTerpupoBanus nuddepeHnmanbubix ypaBaenuit 7 =7 =0,001c.

a) 0)
o, c’ 35S, MKM

™ 22,5
200 [ \
ol “I

7,5 7

-‘II‘I.'\_\'ln‘-.l A

0 0,025 0,05 0,075t ¢ 0 0,025 0,05 0,075t ¢
Puc. 31
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Habpoc HOMUHANBEHON Harpy3ku Ha paOOTaIONMIUN AJIEKTPONPHUBOJI BHI3BIBAET KPATKOBPEMEH-
Hoe (0,025 c) cumxenue ckopoctu Ha 1 % (puc. 31, a). Omuobka o noyioxkeHuo OS BO Bpems Iie-
pexoaHoro nporecca Jocturaet 23 MM (puc. 31, 6); B yCTaHOBHUBILIEMCS p&KUME OHA MPUOIIIIKACT-
sl K HYJIIO.

Jl1 MOBBIIIEHNS TOYHOCTH CIIEIAIIEN CHUCTEMbl M IPEJOTBPALICHMS B HEH AMHAMMUYECKHUX
yaapoB B cucremax UIIY npuMeHsArOT nmporpaMMHbIe MOAYJIM pa3roHa-TOpMOKEHUs. B paccmarpu-
BAaE€MOM MaTeMaTH4YecKOoW Mojenu ObLI co3AaH 00pa3 MOIYNS Pa3rOHAa-TOPMOXKEHHUS B BUIE IBYX
NIOCJIEI0BATEIbHO COEAUHEHHBIX allepUOJUYECKUX 3BEHbEB C IOCTOSIHHOW BpemeHH | c. Bpewms
TUTABHOT'O pa3roHa cocTaBmwio 5 ¢ (puc. 32, a). Omubka mo monoxeHuo dS B Mpoliecce pa3roHa He
npeBbimaer 4 MM (puc. 32, 6). UHpIMU clioBaMH, TpU pa3roHE DJICKTPONPHBOAA IO CKOPOCTH

=200 ¢! ~2000 00/MUH B TeUEHHE 5 ¢ MaKCUMAIbHAS JMHAMHYECKAs OMMOKa IM(POBOH Crie-

JSIIIEH CUCTEMBI Ha ydacTKe pa3roHa paBHa 4 MKM. B ycTaHOBHUBIIIEMCSl pEKMME OHA YMCHBIIACTCS
no 1 mxm (puc. 32, 6).

a) 0)
o, c 3S, MKkM
2,75
200 e
/ 1,5
100
0,25
-1
0 5 10 15 t,c¢ 0 5 10 15 t¢
Puc. 32

Onmmbka 0S5 — 3TO 1eI0€ YUCIO0 AUCKPET, KOTOPOE M3MEHSIETCS TaKKe Ha LeJI0e YUCIO JTUC-
kpeT. [ToaTomy 1udpoBas ciensiias cucreMa Mpy MalbIX 3HaUeHUsAX OS padoTaeT B UMITYJIbCHOM
pexXuMe, 4YTO BUIHO Ha MocjeIHeM rpaduke.

3akarouenue. Bee mapameTpsl U 3HAUEHUS YCTAaHOBOYHBIX KO3(DPUIIMEHTOB B LU(POBBIX pe-
TYJISITOpax Ha OCHOBE IMPEAMKATOPOB BBIYMCIIAIOTCS aHATUTHUeCKH. Cliesiiue 31eKTPOIPUBOIbI C
TaKUMU PEryJiaTOpaMHU MOTYT HMPUMEHATHCA B BBICOKOTOUYHBIX cuctemax UIIY metamnopexymumu
CTaHKaMHU ¥ MPOMBILIUICHHBIMU pOOOTaMH, a TakK€ B CUCTEMaxX HABEACHMS ONTUYECKUX (aCTPOHO-
MUYECKHX) TEJIECKOMOB M JIPYTHX ONTHYECKUX KOMIUIEKCOB AJIi KOHTPOJII KOCMHYECKOTO IpOo-
cTpaHcTBa. B mocnenHux B KauecTBe JAaTUYMKOB MOJOKEHUS HUCIIOJIb3YIOTCS BHICOKOTOYHBIE ONTHYE-
CKHE 2HKOJAEpHhl C¢ pazpemaromniein crocooHocTthio 0,01—0,05". Korma HeoOxomumMo oOecreuuThb
IUIABHOE JIBM)KEHUE ONTHYECKOW OCH KOMIUIEKCa MPU MH(PAHU3KUX CKOPOCTSIX CIEXEHHs (10 enu-
HUI[ YTJIOBBIX CEKYHJ B CEKYHIY) U MajbIX 3HAYCHHUSIX CPEIHEKBaapaTHUecKux omuook (1—2")
MMEHHO Ha UU(POBON CeNAUINil 3JEKTPOIPUBOJL BO3IaraeTcs 3ajadya 00eCneunTh 3aJaHHYyI0 TOY-
HocTh [10].
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