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UlIcPPOBOM rrpOrpaMMlIpyeMbIM perylliITop
~JUI CKB

KaHa. meXH. HaYK B.B.BhItlYJKAHHH
OHMY

Results of the development and investigation of the digital local combined
regulator for air conditioning system are presented. The regulator is
implemented in the program of the logic integral circuit FPGA.

B CHCTeMax KOH,n:HQHoHHpoBaHIDI B03,n:yxa (CKB) mH-

pOKoe pacnpOC1paHeHHe n0JIY'IHJIH nOBepXHOCTHbIe TenJIO-

Macco06MeHHbIe annaplITbI (B03,n:yxoHarpeBaTeJIH H B03-

,n:yxOOXJIa,n:HTeJIH).UeJIblO aBTOMaTHqeCKoro ynpaBJIeHHH

TenJIOMaCCo06MeHHbIMH annapaTaMH HBJIjleTCH C03,n:aHHe

H no.n:,n:ep)l(aHHe 3a,n:aHHbIX napaMeTpOB MHKpOKJIHMaTa B

06C.JJy)KHBaeMbIXnOMeIQeHHJIXnpH HenpepbIBHOM ,n:eHCTBHH

BHemHHX H BHY1peHHHX B03MYmeHHH. YnpaBJIeHHe pacxo-

,n:OMTenJIOXJIa,n:OHOCHTeJIHB annapaTe HBJIHeTCH HaH60-

JIee pacnpOC1paHeHHbIM cnoc060M ynpaBJIeHHH.

IIPH aBTOMaTH3aQHH CKB npoeKTHpOBmHKH H,l{)'T no

nyTH npHMeHeHHH THnOBbIX pemeHHH. IIpHMepOM TaKOro

pemeHHH HBJIHeTCHmHpOKO HCnOJIb3yeMbIH Cy,n:OBOHQeHT-

PaJIbHbIH KOH,n:HQHOHepKB THna «OPH3» [7]: cpe,n:HeHanop-

HbIH, QeH1paJIH30BaHHoro TeOJIO- H XJIa,n:ocHa6)1(eHIDI,Cno-

BepxHocTHbIMH B03,n:yxOOXJIa,n:HTeJIeMH ,n:ByxcryneHqaTbI-

MH B03,n:yxoHarpeBaTeJIHMH. B KaqeCTBe npH60poB aBTO-

MaTHKH HCnOJIb3YlOTCH nponOPQHOHaJIbHbIe peryJIHTOpbI

TeMneparypbI npHMoro ,n:eHcTBHH (PTB), a TaK)I(e TepMo-

peryJIHpylOmHe BeHTHJIH (TPB). HecM01pH Ha npocTOry H

,n:emeBH3HY HCnOJIb3yeMbIx perYJIHTOpOB TeMneparypbI

npHMoro ,n:eHcTBHH,OHH 06JIa,n:alOT pH,n:OMCYIQeCTBeHHbIX

He,n:OCTaTKOB.CKOpOCTb pacnpOCTpaHeHHH CHrHaJIa Ha

60JIbmHe paccToHHHH B 3THX CHCTeMax, oc06eHHo npH HX

HCnOJIb30BaHHH B ,n:ByxypoBHeBbIx (HepapXHqeCKHx) aBTO-

MaTHqeCKHX CHCTeMax ynpaBJIeHHH, OrpaHHqeHHa. II3-3a

3ana3,n:bIBaHHHCHrHaJIOB B JIHHHHX CBH3H yxy,n:maeTCH Ka-

qeCTBO peryJIHpOBaHHH. KpoMe Toro, perYJIHTOpbI TeMne-

parypbI npHMoro ,n:eHcTBIDIB OTJIHqHe OTperynHTopoB ,n:py-

rHX THnOB HMelOT OrpaHHqeHHH no TeMneparypHbIM nepe-

rpy3KaM (npH H3MeHeHHH HarpY3KH Ha perYJIHTOp ero pac-

xo,n:HbIe xapaKTepHCTHKH H3MeHHlOTCH H CTaHOBHTCHHe-

JIHHeHHbIMH).

B HaCTOHIQee BpeMH npH pa3pa60TKe yCTpOHCTB KOHT-

pOJIHH ynpaBJIeHHH B 06JIaCTH aBTOMaTH3aQHH TeXHOJIOrH-

qeCKHX npOQeccoB nOCTOHHHOnOHBJIHlOTCHHOBbIe peme-

Hml. 3TO KacaeTCH npe)l(,n:e Bcero aJIrOpHTMoB <PYHKQHO-

HHpOBaHHH H ynpaBJIeHHH, C1pyKryp H COCTaBOBTeXHHqeC-

KHX cpe,n:cTB, om,eMoB H pacnpe,n:eJIeHHH <PYHKQHHKOHT-

pOJIH, peryJIHpOBaHIDI H ynpaBJIeHHH, o6beMoB H cnoc060B

npe,n:cTaBJIeHHH HH<popMaQHH, pOJIH MaTeMaTHqeCKHX MO-

,n:eJIeHH Mo,n:eJIHpOBaHHH.

TeXHHqeCKHe CHCTeMbI cOBpeMeHHoro ypOBHH c03,n:alOT-

CHHa OCHOBemHpoKoro HCnOJIb30BaHIDI cneQHaJIbHbIX npo-

rpaMMHbIx cpe,n:cTB CHCTeM aBTOMaTHqeCKOrO ynpaBJIe-

HHH. TaKHe CHCTeMbI COCTOHTH3 cryneHeH, 06pa3ylOmHx

HepapXHqeCKHe ypOBHH [1]. Ha BbIcmHX ypOBHHX aBTOMa-

TH3HPYlOTCH CHCTeMbI H npoQeccbI, HMelOIQHe ,n:OCTaTOq-

HO CJIO)l(HbIH H 06mHH xapaKTep, a Ha HH)I(HHX - JIOKaJIb-

HbIe CHCTeMbI. AHaJIH3 H CHHTe3 JIOKaJIbHbIX aBTOMaTH-

qeCKHX CHCTeM peryJIHpOBaHHH (ACP), BXO,n:HIQHXB 06-

mylO CTPYKTYPY ,n:ByxypoBHeBoH CHCTeMbI, HBJIHlOTCH06H-

3aTeJIbHOH COCTaBHOH qaCTblO 06mero npoQecca pa3pa-

60TKH aBToMaTH3HpoBaHHoH CKB. ABTOMaTHqeCKaH CTa-

6HJIH3aQHH BbIXO,n:HbIXnepeMeHHbIX COCTOHHHHB yCJIOBH-

HX HeCTaQHOHapHOCTH TenJIOMaCCo06MeHa oCyIQeCTBJIH-

eTCH H3MeHeHHeM nOTOKOB B annapaTax nYTeM HCnOJIb30-

BaHHH cneQHaJIbHbIX JIOKaJIbHHX ACP. JIoKaJIbHbIe ACP

06bIqHO HMelOT O,n:HHHJIH ,n:Ba KOHrypa aBTOMaTHqeCKOH

cTa6HJIH3aQHH BbIXO,n:HbIXnepeMeHHbIx COCTOHHHHno,n:CH-

CTeM. OHH 06JIa,n:alOT CBOHCTBOMHe3aBHCHMOCTH ,n:BH)I(e-

HHH Ka)l(,n:oH H3 peryJIHpyeMbIx nepeMeHHbIx OT H3MeHe-

HHH Koop,n:HHaT COBMeCTHO pa6OTalOmHx CHCTeM.

IIPH C03,n:aHHHaBTOMaTHqeCKHX H aBToMaTH3HpoBaHHbIx

CHCTeM pa3JIHqHOrO Ha3HaqeHHH B KaqeCTBe HX BbIqHCJIH-

TeJIbHOH OCHOBbI HCnOJIb3YlOTCH cpe,n:CTBa QH<PPOBOHTex-

HHKH: yC1poHcTBa C )l(eCTKOH CTpyKrypOH, BbmOJIHeHH~Ie

Ha 6a3e QH<PPOBbIXTeXHOJIOrHqeCKHX cxeM; yHHBepCaJIb-

HbIe H ynpaBJIHlOmHe 3JIeKTpOHHble BbIqHCJIHTeJIbHble

MamHHbI; MHKponpoQeccopHaH TeXHHKa; yCTpoHcTBa npo-

rpaMMHoH JIOrHKH.

COBepmeHcTBoBaHHe TeXHOJIOrHH npoH3Bo,n:cTBa HHTer-

PaJIbHbIX nOJIynpoBo,n:HHKOBbIX KOMnOHeHTOB,06eCneqHBa-

lOmee B03MO)l(HOCTb C03,n:aHHHBbICOK03KOHOMHqHblX QH<P-



POBbIXyCTpOHCTB06pa60TKH H XpaHeHH5I HHclJopMa~HH, a

TalOKe n05lBJIeHHe 3clJclJeKTHBHbIXCpe));CTBnporpaMMHpo-

BaHH5I OKa3bIBaeT Bce 60JIee cy~ecTBeHHoe BJIH5IHHeHa

pa3BHTHe TeXHHKH H3MepemiH H ynpaBJIeHH5I. Ha OCHOBe

~HclJPOBhIXperYJI5ITOpOB MoryT 6hITh nOCTpoeHhI CHCTe-

MbI ynpaBJIeHH5I JII06hIX THnOB. ITporpaMMHoe 06ecne'Ie-

HHe nO));06HhIX CHCTeMMO)J(HO6e3 TPy));a KoppeKTHpOBaTh

KaK B npe));nycKoBoH nepHO));, TaK H B npo~ecce HX 3Kcn-

JIyaTa~HH. HeMaJIOBa)J(HOH TO, 'ITO ~HclJPOBhleperYJI5ITO-

phI n03BOJI5IIOTH3MeH5IThHX napaMeTphI B IIlHpOKHX ));Ha-

na30Hax H cnoc06HhI pa60TaTh C npaKTH'IeCKH JII06hIMH

nepHO));aMH KBaHTOBaHI151.

<1>opMHpoBaHHeH pa3BHTHe MHKponpo~eccopHOH Tex-

HHKH cnoc06CTBOBaJIH IIlHpOKOMy HCnOJIh30BaHHIO npo-

rpaMMHpyeMoH JIOmKH npH npoeKTHpOBaHHH ~HclJPOBhIX

CHCTeM.ECJIHpa3pa60T'fHK CHCTeM Ha OCHOBeyCTpOHCTB

C )J(eCTKOHCTPyKTYPOH MQ)J(eTnOJIh30BaThC5I));JI5IpeaJIH-

3a~HH He06xo));HMhIX clJYHK~HHTOJIhKOannapaTHhIMH cpe));-

CTBaMH, a npH HCnOJIh30BaHHH 3BM - B 60JIhllIeH CTene-

HH TOJIhKOnporpaMMHhIMH Cpe));CTBaMH,TOnpH nOCTpoe-

HHH CHCTeMHa OCHOBenporpaMMHpyeMoH JIOrHKH OHrro-

JIy'IaeT B CBoe pacrrOp5l)J(eHHe rrOJIHOCThlO KaK arrrrapaT-

Hhle, TaK H rrporpaMMHhle Cpe));CTBa.

Pa3BHTHeMnporpaMMHpyeMoH JIOrHKH CTaJIOrr05lBJIeHHe

npOrpaMMI1pyeMhlx JIOrH'IeCKHX HHTerpaJIhHhIX cxeM

(ITJIHC), rrpe));CTaBJI5IIO~HXC060H rrJIaTclJopMy ));JI5IC03));a-

HH5I peKoHclJI1rypHpyeMhlx H BhICOKorrpOH3BO));HTeJIhHhIX

~HclJPOBhIXCHCTeM H yCTpOHCTBC MHHHMaJIhHhIMH MaTe-

PHaJIhHhIMH3aTpaTaMH H COKpa~eHHeM BpeMeHH Ha rrpo-

eKTHpOBaHHe. Be));ymHe rrpOH3BO));HTeJIHITJIHC, BHe));p5l51

nepe));OBhle TeXHOJIOrHH, BhmYCKalOT cxeMhI, 06JIa));alO-

mHe nOBhIllIeHHhIM 6hICTpO));eHCTBHeM H Bce 60JIhllIHM

KOJIH'IeCTBOMBeHTHJIhHhIX3JIeMeHTOB,HH3KHM3HepronOT-

pe6JIeHHeM H He60JIhllIOH ~eHoH [2]. ITo npHH~Hny clJOpMH-

pOBaHI151TPe6yeMoH CTPYKTYPhI ~HclJPOBOro yCTpoHcTBa

ITJIHC OTHOC5ITnpeHMymecTBeHHo K ));ByM rpynnaM:

CPLD - KOMnJIeKCHhle nporpaMMHpyeMhle JIOrH'IeCKHe

YCTpoHcTBa, 3HeproHe3aBHcHMhle H CHeKoTophIM orpaHH-

'IeHHeM ));OnycTHMoro 'IHCJIa nepe3anHcH CO));ep)J(HMoroH

FPGA - nporpaMMHpyeMhle nOJIh30BaTeJIeM BeHTI1JIhHhle

MaTpH~hI, He I1MelO~He OrpaHH'IeHHH no 'IHCJIy nepe3anH-

ceH. U:l1clJpoBa51aBTOMaTI1'IeCKa51CI1CTeMa perYJIHpOBa-

HH5I (ACP) Ha ITJIHC 06JIa));aeT oc06eHHOCT5IMH, OTJIH-

'IalO~HMI1 ee OT aHaJIOrOBhIX CHCTeM: 3aKOHhI ynpaBJIe-

HH5I peaJII13YIOTC5IB clJopMe aJIrOpI1TMOB, 3anpOrpaMMI1-

pOBaHHhlx C nOMO~hlO annapaTHhlx HJIH nporpaMMHhIx

Cpe));CTB;06pa6aThIBalOTc5I KBaHTOBaHHhle ());I1CKpeTHhIe

BOBpeMeHH) Cl1rHaJIhI; CHrHaJIhI MoryT npHHI1MaTh TOJIh-

KO onpe));eJIeHHhle ));HCKpeTHhle 3Hat.IeHI151BCJIe));CTBHe

KBaHTOBaHH5Ino aMnJIHTY));e. Pa3pa6aThIBaeMa51 aBTOMa-

TH'IeCKa51CHCTeMa peryJIHpOBaHH5I (ACP) ));JI5I~eHTpaJIh-

HhIX KOH));H~HOHepoB ));OJI)J(HaCOOTBeTCTBOBaThcJIe));ylO-

mHM Tpe60BaHH5IM:

• MHHHMaJIhHOe BJIH5IHHe B03My~alO~Hx B03));eHCTBI1H

Ha napaMeTphI B03));yxa Ha BhIXO));aXTeXHOJIOm'IeCKHX

arrnapaToB;

• MaKCHMaJIhHa51TO'IHOCThBocnpOH3Be));eHH5IynpaBJI5I-

IO~HX B03));eHCTBHH;

• MaKCHMaJIhHa51TOqHOCTh no));));ep)J(aHH5ITpe6yeMhlx

3HaqeHHH napaMeTpoB B03));yxa Ha BhIXO));aXH3 TeXHOJIO-

rHqeCKHX annapaToB.

ITPH pa3pa60TKe aJIrOpHTMa ynpaBJIeHH5I JIOKaJIhHOH

cHcTeMoH ~HclJpoBoro ynpaBJIeHH5I M5I ACP TenJIOMaCCO-

o6MeHHhIMH annapaTaMH ~eHTPaJIhHoro KOH)J;H~HOHepa[1]

pellIaJIaCh 3a));aqa cTa6HJIH3a~HH napaMeTpoB npo~eccoB

B03));yxo06pa6OTKH Ha 3a));aHHhIXypOBH5IX B YCJIOBH5IXH3-

MeH5IlOmHXC5IBHellIHHX B03));eHCTBHH,K KOTOpbIMOTHOC5IT-

C5I H3MeHeHH5IO));HOrOH3 TepMO));HHaMI1qeCKHXnapaMeT-

POBB03));yxa, HanpHMep TenJIOCO));ep)J(aHH5I.

B KaqeCTBe o61,eKToB peryJIHpOBaHH5I (OP) BhI6paHhI

TenJIOMaCCo06MeHHhle annapaThI HeaBTOHOMHoro ~eHT-

paJIhHOrO KOH));H~HOHepa THna KB (TY Y3.01-

14308032-121-98) AOO «3aBO));«3KBaTop», onHChIBae-

Mhle rrepe));aTOqHhIMH clJYHK~H5IMHnepBoro nOp5l));Ka[6].
.ll:HcKpeTHa51clJopMa 3anHCH Ka)J());OrOOP no KaHaJIaM ne-

pe));aQH B03MymalOmHX H ynpaBJI5IIO~HX B03));eHCTBHH

HMeeT BH));

y\(k) = -a\y\(k - 1) + bICk);

Y2(k) = -aiY2(k - 1) + b2uf{k),
r));e y - peryJIHpyeMhIH napaMeTp;

k = 1,2,3, ... HOMep rrepHO));a KBaHTOBaHH5I;

a\ = -exp(-T/T\); bl = KO\ITt;

a2 = -exp(-Tkff2); b2 = KoiT2;
f - B03MymalOmee B03));eHCTBHe;

u - ynpaBJI5IlOmee B03));eHCTBHe;

Tk - nepHO)); KBaHTOBaHI151(no U:HrJIepy - HI1KOJICY

Tk = 0,1 TKp), c;
K01' K02 - COOTBeTCTBeHHOK03clJclJH~HeHThInepe));a'IH

B03MymalOmHx H yrrpaBJI5IlOmHX B03));eHCTBHHOP;

T\, T2 - COOTBeTCTBeHHOnOCT05lHHhleBpeMeHH no Ka-

HaJIaM nepe));a'IH B03My~alOmHX H ynpaBJI5IIO~HX B03-

));eHCTBI1HOP, c.

.ll:JI5IToro 'IT06hI ~HclJPOBa51ACP 06JIa));aJIa CBOHCTBa-

MH, 6JIH3KHMHK CBOHCTBaMaHaJIoroBoH ACP, nepHO));KBaH-

TOBaHH5ITk BhI6HpaeTC5I ));OCTaTO'IHOMaJIhIM.



Bo MHOrl1X CJIyqaJlX npl1 nOCTpOeHl111 aJIrOpHTMOB yn-

paBJIeHI1H ~I1HaMl1qeCKI1MI1 npOl.l,eCCaMl1l1CXOMT 113npl1H-

l.I,I1nOB~eMCTBI1J1XOpOlliO I1CCJIe~OBaHHbIX KJIaCCl1qeCKI1X

JII1HeMHbIXaHaJIOrOBbIX peryJIJlTOpOB:

npOnOpl.l,I10HaJIbHOrO (II);

npOnOpl.l,l10HaJIbHO-I1HTerpaJIbHOrO (IIH);

npo nop l.I,I10HaJIb HO-I1HTerpaJIbH 0- ~H <p<pepeHl.I,l1aJIbH oro

(rIHJ().

HecMoTpJl Ha TO, qTO Hal160JIee pacnpocTpaHeHHbIMI1

HBJIJllOTCJIIIH- 11 IIHJ(-aJIrOpI1TMbI, ~JIJI l.I,l1<pPOBbIXCI1C-

TeM peryJIl1pOBaHI1J1 qaCTO I1CnOJIb3yeTcJI 60JIee npocTOM

B peaJII13al.l,I1H II-3aKoH peryJIl1pOBaHI1J1.

AJIrOpl1TM l.I,l1<pPOBOro II-perYJIHopa, <POPMl1pYlO~ero

ynpaBJIJllOll.\ee B03~eMCTBl1e, JIerKO BbIBecTH, I1CnOJIb3YJl

CooTHOllieHl1e, np"Be~eHHoe B pa60Te [8]:

ut(k) = Kpe(k), (2)

r~e e(k) = y(k) - Yo - OTKJIOHeHl1e BbIXO~HOM nepeMeHHoH

OT 3a~aHHoro 3HaqeHHJI;

Kp- K03<P<Pl1l.1,l1eHTnepe~aql1 II-perYJIJlTopa.

B l.I,eJIJlX06eCneqeHI1J1 MI1HI1MaJIbHbIX ~HHaMHqeCKOrO

OTKJIOHeHI1HperyJIHpyeMoro napaMeTpa H OlliH6KH pery-

JIl1pOBaHI1HOnTI1MaJIbHOe ql1CJIeHHOe 3HaqeHHe K03<p<pl1l.1,H-

eHTa nepe~aql1 Kp onpe~eJIJlIOT MO~eJIl1pOBaHl1eM C yqe-

TOM peaJIbHbIX napaMeTpOB OP [6].
HCCJIe~OBaHI1J1l.1,H<PPOBOHO~HOKOHTYPHOM APC, peaJII1-

3YlOIl.\eM aJIrOpl1TM ynpaBJIeHI1J1 (2), B MATLAB 6.5 -
Simulink nOKa3aJII1 HaJIHql1e CTaTl1qeCKOM OlliH6KH pery-

JIl1pOBaHI1H, npeBbIllialO~eH ~onycTI1Mble npe~eJIbI. IIpo-

Be~eHl1e CI1HTe3a OnTI1MaJIbHOrO perYJIJlTOpa, ~alO~ero

MaKCI1MaJIbHble nOKa3aTeJII1 KaqeCTBa peryJIHpOBaHHJI, 3KO-

HOMl1qeCKI1He onpaB~aHO.

J(JIH 06eCneqeHI1H Tpe6yeMblx nOKa3aTeJIeH KaqeCTBa

Ha OCHOBe I1CnOJIb30BaHI1J1 npJlMOrO MeTo~a JIJlnyHoBa

npOBe~eH CI1HTe3 KOM6HHI1pOBaHHOH ACP. B ero OCHOBy

nOJIO)l(eHbI MeTO~bI, I1CnOJIb3yeMble npH aHaJIHTHqeCKOM

KOHCTpyl1poBaHI1H KOM6HHI1pOBaHHbIX CHCTeM perYJIHpO-

BaHI1J1. rIPH 3TOM yql1TbIBaJIl1Cb peaJIbHble ~I1HaMHqeC-

Kl1e CBOMCTBaTeXHOJIOrl1qeCKOrO 060pY~OBaHI1J1l.1,eHTPaJIb-

Horo KOH~l1l.1,l10Hepa [6]. B l.I,eJIHXKOMneHCal.l,l1H B03MYll.\a-

101l.\I1XB03~eMcTBHM npOBe~eH CI1HTe3 KOppeKTl1pYlOll.\erO

3BeHa ACP. J(JIJI pellieHI1J1 nOCTaBJIeHHOM 3a~aql1 I1CnOJIb-

30BaJIaCb <PYHKl.I,HJI,MHHI1MH311pYlOIl.\aJl pa3HOCTb Me)l(~y

B03MYll.\alOIl.\I1M 11ynpaBJIJllOll.\l1M Cl1rHaJIaMH [4].
J(JIH MaJIbIX nep"0~OB KBaHTOBaHI1J1 aJIrOpHTM l.I,l1<ppO-

Boro ynpaBJIeHI1J1, 3anl1CaHHbIM B KOHeqHbIX pa3HocTHX C

yqeTOM np"pall.\eHIH ynpaBJIHlO~ero Cl1rHaJIa OT KoppeK-

Tl1pYlOll.\erO 3BeHa,

me A = 1/(1 + TkP);
B = TkP K01/(1 + TkP);
C = TkP M/(1 + TkP);
P - KOHCTaHTa, onpe~eJlJleMaJI 3KCnep"MeHTaJIbHO, c-1;

M - MaCllITa6HbIH K03<p<Pl1l.1,l1eHT.

B COOTBeTCTBHH C (2) H (3) B KOM6HHI1pOBaHHoM JIO-

KaJIbHOH l.I,H<pPOBOHACP K I1CnOJIHHTeJIbHoMY opraHY OP

np"JIO)l(eHO ynpaBJlJIIO~ee B03~eHCTBl1e

AJIrOpl1TM pa60TbI BceM l.I,H<pPOBOMCI1CTeMbI ynpaBJIe-

HI1J1 npl1 HCnOJIb30BaHI1H l.I,H<ppoBoro MO~YJIJIOP

y(k) = alYI(k - 1) + bJ(k) + a?Y2(k - 1) + b2uJ(k);

e(k) = y(k) - Yo;

u(k) = Kpe(k) + AU2(k - 1) + Bflk) + Cyo;

!1y(k - 1) = !1y(k);

e(k - 1) = e(k);

u(k - 1) = u(k).

CTPYKTYPHM cxeMa 3aMKHYTOH l.I,H<pPOBOHKOM6I1HHpO-

BaHHOH CHCTeMbI ynpaBJIeHI1J1 B03~YXOHarpeBaTeJIeM He-

aBTOHOMHOro l.I,eHTPaJIbHoro KOH~l.I,HOHepa no TenJIOCO~ep-

)I(aH111OBomyxa npe~CTaBJIeHa Ha P"c. 1. 3a~aHHoe 3Haqe-

HHe perynl1pyeMoro napaMeTpa Yo ~OJI)I(HO COOTBeTCTBO-

BaTb CaHHTapHbIM HopMaM 11 npaBI1JIaM 3KCnJIyaTal.l,I111

CKB. HCCJIe~OBaHl1e KaqeCTBa perynHpoBaHHJI B pa3pa6o-

TaHHoH ACP ocy~eCTBJIeHO MO~eJIHpOBaHHeM BMATLAB

6.5 - Simulink. IIpH MO~eJIHp0BaHI1I1 HCnOJIb30BaJII1Cb KO-
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Puc.I. CmpyKmypHaJl cxeMa 3aMKHymou /1l1rPP060U
KOM6uHupo6aHHou ClicmeMbl ynpa6AeHlIJI
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Puc.2. flepexooHoiJ npou,ecc e KOM6uHUpOeW/HoiJ u,u¢poeoiJ
ACP npu U3MeHeHUU 3aOGlOUl,e20 CU2Hafla

3cPcPI111,I1eHTbi nepe,ll,atm peaJIbHoro B03,ll,yxoHarpeBaTeJI5I

K01 = 0,421 ± 0,0611 K02 = '0,813 ± 0,17 K,lJ:)I(/(Kr%); IIOCTO-

51HHble BpeMeHI1 T1=1,4 ± 0,311 T2 = 6,1 ± 1,2 c; K03cPcPl1IJ,l1-

eHT nepe,ll,a'-ll1 IT-perYJI5ITOpa Kp= 98,90; P = 12,50 c-1;

nepl1o,ll, KBaHTOBaHI15I T
K

(oIIepaTOp 3ana3,ll,bIBaHI15I Z-I = Tk)

Bbl6paH paBHblM 1 c. rpacPl1K nepexO,ll,HOrO IIpOIJ,ecca B KOM-

611HI1pOBaHHoH 1I,I1cPPOBOH ACP B03,ll,yxoHarpeBaTeJI51 npl1

113MeHeHI111 B03MYllJ,aIOmero B03,ll,eHCTBI151 no TeIIJIOCO,ll,ep-

)J(aHI1IO B03,ll,yxa nepe,ll, TeIlJI006MeHHblM anIIapaToM KOH-

,ll,1111,110Hepa npl1Be,ll,eH Ha pl1C 2. YCTaHOBI1BUmHC5I pe)J(I1M

npl1 I1cnonb30BaHI111 KOM611HI1pOBaHHoH ACP B OTJII1'-1l1e OT

CI1CTeMbl, peanl13ylOllJ,eH IT-3aKoH peryJIl1pOBaHI15I, xapaK-

Tepl13yeTc5I MI1HI1MaJIbHOH CTaTI1CTI1'-1eCKOH OWI16KOH 11

MeHbWI1M BpeMeHeM peryJIl1pOBaHI151. MaKCI1MaJIbHOe 3Ha-

'-IeHl1e nepeperymlpoBaHI151 He npeBblwaeT 5 - 7 %, '-ITO

y,ll,OBneTBOp5leT Tpe60BaHI151M, npe,ll,'b5lBn5leMbIM K IIO,ll,06-

HblM ACP. Ha OCHOBaHl111 3KCIIepl1MeHTaJIbHbIX I1ccJIe,ll,o-

BaHI1H pa60Tbi KOM611HI1pOBaHHoH ACP BbUlBneHa cyme-

CTBeHHa51 ponb Bbl611paeMoro nepl1o,ll,a KBaHTOBaHI151 TK•

Ha Bbl60p nepl1o,ll,a KBaHTOBaHI151 3Ha'-lHTenbHO BJII151eT

,ll,I1HaMI1Ka 06beKTa peryJIl1pOBaHI151, nOCKOJIbKY OHa onpe-

,ll,en5leT KaK CTpyKTypy nepe,ll,aTO'-lHOH cPYHKlI,l111, TaK 11 ee

IIOCT05lHHble BpeMeHI1. ITPI1 OTHOCI1TenbHO MaJIbIX 3Ha'-le-

HI151X T
K

(1 c) nepexO,ll,HblH IIpOll,eCC npaKTI1'IeCKI1 COBIIa-

,ll,aeT C np0ll,eCCaMI1 B HenpepbIBHoH KOM611HI1pOBaHHoH

ACP. ,lJ:n51 T
K
= 3 C Ka'-leCTBO IIepeXO,ll,HOrO IIpOll,eCCa eme

MO)J(HO C'-II1TaTb BnOJIHe y,ll,OBJIeTBOpI1TenbHbIM, HO IIpl1 TK

60nee 5 COHO CTaHOBI1TC5I HeY,ll,OBJIeTBOpI1TenbHbIM. I1PI1

nepeXO,ll,e K ,ll,I1CKpeTHOH cPopMe (3) B03HI1KaeT IIorpew-

HOCTb, Benl1'-1I1Ha KOTOpOH IIpOnOpll,I10HanbHa OCTaTO'-lHO-

My '-IneHy p5l,ll,a TeHJIOpa cPYHKlI,l111 e(t). I1poBe,ll,eHHble I1C-

Cne,ll,OBaHI151 nOKa3aJIl1, 'ITO e(t) MaJIO 113MeH51eTC5I B npe-

,ll,enax nepl1o,ll,a KBaHTOBaHI151. I103TOMy nony'IeHHble ,ll,HC-

KpeTHble ypaBHeHI151 (2) 11 (3) MO)J(HO C'-II1TaTb 3KBI1BaJIeH-

THbIMI1 HeIIpepbIBHbIM. YCJIOBl1e YCTOHl.JI1BOCTI1 ACP on-

pe,ll,eml.J10Cb paC'-IeTHbIM IIyTeM no Kpl1Tepl11O rypBl1l1,a.

Pe3YJIbTaTbI paC'-IeTa CBI1,ll,eTeJIbCTBYIOT 06 yCTOH'II1BOC-

TI1 3aMKHyroH CI1CTeMbl peryJIl1pOBaHI151.

Jtb npOBe,ll,eHHbIX HCCJIe,ll,OBaHI1H MO)J(HO C,ll,eJIaTb BbIEO,ll"

'-ITO pa3pa60TaHHa51 JIOKaJIbHa51 1I,I1cPPOBa51ACP 06JIa,ll,aeT

BbICOKHMI1 3KcIInyaTall,HOHHbIMI1 xapaKTepl1CTI1KaMI1, COOT-

BeTCTBylOllJ,HMH IIpe,ll,'b5lBJ15IeMbIM K HeH Tpe60BaHI15IM.

Pa3pa60TaHHa51 cxeMa 1I,I1cPPOBoro KOM611HI1pOBaHHoro

perYJ15lTopa peaJII130BaHa B I1JIHC cPl1PMbl Altera IIpoeK-

TI1pOBaHl1eM YCTpOHCTBa B CAI1P Quartus II 4.1 [9].

CI1CTeMa IIpOeKTl1pOBaHI151 IIOJIHOll,I1KnOBa5l, IIoMep)J(I1Ba-

IOma51 CKB03HOH IIpOll,eCC OT BBO,ll,a 11KOHTpOJI5I OnI1CaHI151

,ll,0 npOrpaMMl1pOBaHH5I MI1KpOCXeMbl 11 rrpe,ll,CTaBJI5IIOllJ,a51

C060H apxl1TeKTypHo He3aBI1CI1MYlO cpe,ll,y npOeKTl1pOBa-

HI15I.

<I>aHJI OIII1CaHI151 npoeKTa C03,ll,aeTC5I B TeKCTOBOM pe-

,ll,aKTOpe IIaKeTa. Onl1CaHl1e IIpoeKTa 1I,I1cPpoBoro peryJI5I-

Topa, peaJII13yeMoro Ha OCHOBe I1JIHC, OCYllJ,eCTBneHO Ha

cPOPMaJIbHOM BXO,ll,HOM 513bIKe CAI1P YHDL. 5I3bIK YHDL

06bl'-lHO I1CnOJIb3yeTc5I ,ll,n51 MO,ll,enl1pOBaHI151 IIpoeKTl1pye-

MOH 1I,I1cPPOBOH CI1CTeMbl Ha aJIrOpI1TMI1l.JeCKOM 11nOrH'-Iec-

KOM :3Tanax IIpOeKTl1pOBaHI151. YHDL n03BOJI5IeT C03,ll,a-

BaTb CBOI1 Tl1nbl ,ll,aHHbIX, I1MeeT WI1POKI1H Ha60p apl1cPMe-

TI1l.JeCKI1X 11 JIOrH'-IeCKI1X Onepall,l1H [10]. I10cne OTna,ll,KI1

KOMIIOHeHTOB cxeMbl Ha OCHOBe C03,ll,aHHbIX npl1 KOMnl1n5l-

1I,1111BbIXO,ll,HbTX cPaHJIOB oCyllJ,eCTBneHo MO,ll,enl1p0BaHl1e

pa60TbI npoeKTa C IIOMOllJ,blO nO,ll,CI1CTeMbl (Simulator)

IIaKeTa Quartus II 4.1. I1PI1 3TOM npOBep5l.nl1Cb JTOrH'-Iec-

Kl1e onepall,l1l1 11 BHyTpeHHl1e BpeMeHHble COOTHOWeHI151

npoeKTa. KOMIIHJI5IlI,H5I BbInOJIHeHa C Yl.JeTOM 3a,ll,aHHbIX

Tpe60BaHI1H:

• 06eCne'-leHI151 Tpe6yeMblx BpeMeHHblx xapaKTepl1CTI1K

IIpoeKTa;

• YBeJTI1l.JeHI151 6bICTpO,ll,eHCTBI151;

• OIITI1MI13all,I111 I1CIIOJIb3yeMbix pecypcoB I1JIHC.

B pe3YJTbTaTe KOMIII1JI51l1,l111C03,ll,aH cPaHn ',ll,JI5I nporpaM-

Ml1pOBaHl15I11 KOHcPl1rypl1poBaHI151. I1JIHC Altera. ITPI1 KOM-

III1JI5IlI,l1l1 npoeKTa BbT6paHa ITJII1C FPGA ceMeHcTBa

Cyclone, yCTpOHCTBO EP 1C4F324C6.
<I>YHKlI,I10HaJIbHbIM MO,ll,eJTl1pOBaHl1eM npoBepeHa IIpa-

Puc.3. Pe3Yflbmambi MooeflupOeaHUJI u,u¢poeo2o
KOM6uHupoeaHHo2o pe2yflJlmopa flQ flJl HC



BHJIhHOCThOnHCaHHJI H JIOrWlecKoro epyHKQHOHHpOBaHHJI

npOeKTa. <1>parMeHT epaHJIa C pe3YJIhTaTaMH MO,ll.eJIHpOBa-

HHJIQHeppOBOrOperyJIJlTOpa B 3aBHCHMOCTHOTKO,ll.OBBXO,ll.-

HOrO CHrHaJJaH COOTBeTCTBYIOIUHXK03epepHQHeHTOBnOKa-

3aH Ha pHC. 3.

fIpoBepKa ACP, peaJIH30BaHHoH B fIflHC, MO,ll.eJIHpO-

BaHHeM B CAfIP nO,ll.TBep,ll.HJIanpaBHJIhHOCTh ee epyHKQH-

OHHpOBaHHji.

MHKpocxeMhI ceMeHCTBa FPGA He HMelOT 3HeprOHe-

3aBHCHMOHnaWlTH, H n03TOMY He06xo,ll.HMO BhInOJIHJlTh HX

nporpaMMHpOBaHHe npH Ka)f(,ll.OMBKJIlOqeHHH nHTaHHji. B

3aKOHqeHHhlX yCTPOHCTBax ,ll.JIj!KOHepHrypHpoBaHHJI TaKHX

MHKpocxeM HCnOJIh3YlOT BHellIHHe KOHqmrypaQHOHHhle

fI3Y IlpH 3TOM HCnOJIh3yeTcJI pe)f(HM KOHepHrypHpoBaHHJI

«PS)) (Passive Serial - naCCHBHhlH nOCJIe,ll.OBaTeJIhHbIH

pe)f(HM). B yCTpoHcTBax, HMelOIUHX CBJl3h C KOMnhlOTe-

pOM, a TaK)f(e npH OTJIa,ll.KenpoeK'fa y,ll.06HO HCnOJIh30BaTh

nporpaMMaTop «ByteBlasterMV)), KOTOphlH nO,ll.KJIlOqaeT-

CJIK KOMnhlOTepy C nOMOmhlO CTaH,ll.apTHoro LPT-nopTa.

Ho eCTh B03MO)f(HOCTh KOHqJHrypHpoBaHHJI FPGA H 6e3

HCnOJIh30BaHHJILPT-nopTa (c nOMOIUblO USB). IlpH 3TOM

npHMeHJlIOT MHKpocxeMy FT2232C KOMnaHHH FTDI, npe,ll.-

CTaBJIJlIOIUYIO C060H npe06pa30BaTeJIh nOTOKa ,ll.aHHhIX

USB B nOTOK nOCJIe,ll.OBaTeJIhHhlxJnapaJJJIeJIbHhlX ,ll.aHHbIX.

Pe)f(HMOM pa60Thl MHKpocxeMhl JlBJIJleTCJIMPSSE (Multi-

Protocol Synchronous Serial Engine). KOMnaHHJI FTDI npe-

,ll.OCTaBJIJleTcneQHaJJhHYIO 6H6JIHOTeKy «Altera Program-

mer DLL» ,ll.JIJIpa60Thl C MHKpocxeMoH FT2232C, KOTO-

paJl HCnOJIh3yeT pe)f(HM MPSSE ,ll.JIj! peaJJH3aQHH PS-pe-

)f(HMa KOHepHrypHpoBaHHJI FPGA. LJ:aHHaJl6H6JlHOTeKa co-

,ll.ep)f(HT PJl,ll.epYHKQHH, npH nOMOmH KOTOphIX MO)f(HO 3a-

nporpaMMHpOBaTh IlflHC. LJ:JIJIKOHqJHrypHpoBaHHJI FPGA

qepe3 USB He06xo,ll.HMO nO,ll.KJllOqHTh MHKpocxeMy

FT2232C K IlflHC. CYIUeCTBylOT roToBhle nporpaMMhl-

3arpY3qHKH C HCXO,ll.HhIMHKO,ll.aMH,BhInOJIHeHHhlMH B pa3-

JIHqHhIX cpe,ll.ax nporpaMMHpOBaHHJI (C++, Delphi, VB 6.0,
VB.NET.).

KOMaH,ll.HhIH CHrHaJJ perYJIJlTOpa B QHeppOBOMKO,ll.e,co-

oTBeTcTBylOIUHH (4), nocrynaeT B cxeMy ynpaBJIeHHJI HC-

nOJIHHTeJIhHhIM MexaHH3MOM, OCYIUeCTBJIJllOmHMnOBopoT

3aTBOpa peryJIHpylOIUero opraHa HCnOJlHHTeJIhHOrO yCT-

pOHcTBa, B KaqeCTBe KOToporo MO)f(eT HCnOJIh30BaThCJI

aCHHxpoHHhlH 3JIeKTpO,ll.BHraTeJIh, cJIy)f(amHH ,ll.JIJInpe06-

pa30BaHHJI nO,ll.BO,ll.HMOrOK HeMy 3JIeKTpHqeCKOrO CHrHa-

JIa B MeXaHHqeCKOe nepeMeIUeHHe BaJIa. IJ:HeppoBoe yn-

paBJIeHHe HCnOJIHHTeJIhHhIM ,ll.BHraTeJIeM ocymeCTBJIJleT-

CJIHaH60JIee npocThIM B TeXHHqeCKOH peaJIH3aQHH MeTO-

,ll.OM epa30Boro ynpaBJIeHHJI. TaKaJl cxeMa 06JIa,ll.aeT flO-

BhIllIeHHOH qYBcTBHTeJlhHOCThlO B 06JlaCTH MaJlhIX CHr-

HaJJOBynpaBJIeHHJI, a TaK)f(e xopollieH JIHHeHHOcThlO Me-

XaHHqeCKHX xapaKTepHCTHK B ,ll.Hana30He peryJIHpOBaHHJI.

PeaJJH3aQHJI yCTpoHcTBa ynpaBJIeHHJI HCnOJIHHTeJIhHhIM

,ll.BHraTeJIeM ocymecTBHMa B IlflHC [3].

IllHpoKHe epYHKQHOHaJJhHhle B03MO)f(HOCTH perYJIJlTOpa

n03BOJIJlIOT HCnOJIb30BaTh ero ,ll.JlJlyflpaBJIeHHJI KaK Tefl-

JlocO,ll.ep)f(aHHeM, TaK H TeMnepaTypoH, OTHOCHTeJIhHOH

BJla)f(HOCThlO, BJlarOCO,ll.ep)f(aHHeM B03,ll.yxa, ,ll.aBJIeHHeM,

pacxO,ll.OM, ypoBHeM )f(H,ll.KOCTHHJlH JII060H ,ll.pyroH epH3H-

qeCKOH BeJIHqHHoH. IlpH Heo6xo,ll.HMOCTH Ha BXO,ll.hlpery-

JlJlTOpa MoryT 6hlTb nO,ll.KJllOqeHhl cooTBeTcTBylOIUHe ,ll.aT-

qHKH C yHHepHQHpOBaHHbIMH QHepPOBhlMH BhIXO,ll.aMH. B

CJIyqae HCnOJlh30BaHHJI ACP ,ll.JlJlynpaBJleHHJI TenJIOCO,ll.ep-

)f(aHHeM HJlH BJlaroco.n;ep)f(aHHeM ero BXO,ll.hIMoryT 6hlTh

COe,ll.HHeHbIC BbIXO,ll.aMH QHeppoBoro yCTpOHCTBa onpe,ll.e-

JleHHji TepMO,ll.HHaMHqeCKHX napaMeTpoB B03,ll.yxa, BhInOJl-

HeHHoro TaK)f(e Ha IlflHC [5]. TeM caMhIM 06pa3yeTcJI

KOMflJleKT perYJlJlTOpa CHCTeMhl KOH,ll.HQHoHHpOBaHHJIB03-

,ll.yxa, COCTOJlIUHHH3 ,ll.BYX TeCHO COTpY,ll.HHqalOmHX yCT-

pOHCTB. IlapaMeTpbI perYJlJlTOpa MoryT 6hlTh 3a,ll.aHhI

BpyqHylO JlH60 C nOMOIUhlO aBTOMaTHqeCKOH HaCTpoHKH

(aKTHBHoH JlH60 naccHBHoH).
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