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Pa3paboTraH HeJIMHEMHBIN pa3pbIBHBINM 3aKOH yIPaBJICHUSI, MO3BOJISIOMINI CTaOMIN3UPOBATh BhI-
XOIHOE HampsDKeHUe TTOHMXKAIOIIEero Mpeoopa3oBaTeisl HANPSDKEHUs B YCIOBUSIX, KOTIa BXOTHOE
HaIpspKeHWe U TOK Harpy3Ku Hen3BecTHBI. OCHOBHas niesi 6a3upyeTcst Ha UCTOJIb30BaHWU TaK Ha-
3bIBAEMBIX BUXPEBBIX aJITOPUTMOB, OOECIIEUNBAIOIINX WHBAPUAHTHOCTD MO OTHOIIEHUIO K BHEIII-
HUM HeCOITaCOBaHHBIM BO3MYIIIEeHUIM. Dh(hEKTUBHOCTh pa3paboTaHHBIX aJITOPUTMOB IMOKa3aHa ¢
TTOMOIIIBIO YUCIIEHHOTO MOIETUPOBAHMSI.

DOI: 10.31857/50002338823060070, EDN: GRRYVZ

Beenenne. [Ipeo6pazoBaTen HaIIPSDKEHUS MIMPOKO MPUMEHSIIOTCS B TEXHUKE B Ka4eCTBE MC-
TOYHUKOB MUTAHUS U cCTaOMIM3aTopoB HanpsixkeHUs [1—5]. C pa3BuUTHEM COBpEMEHHBIX TEXHOJIO-
TU IIPOU3BOACTBA 3JIEKTPOIHEPTUM Ha OCHOBE BETPOIreHEPaTOPOB, COJTHEUHBIX OaTapeil, MpuiInB-
HBIX DJIEKTPOCTAHIMM WX 3BOJIOLMS IMOJy4YUsia HOBBII BUTOK. KoHCTpyKuus mpeobGpa3oBarteis
HaNpsKEHUsS COCTOUT U3 HAKOITUTEJISI PpeaKTUBHOM 3Hepruu (MHAYKTUBHbBIE M1 €MKOCTHBIEC SJIEMEHTHI)
¥ KOMMYTALIMOHHOTO ycTpoiicTBa. C pa3sBUTHEM IOIYIPOBOIHUKOBOM TEXHUKN MOXHO MCKIIIOYHUTH
MeXaHNYEeCK1e KOMMYTAlIMOHHbBIE YCTPOMCTBA M UCIIOJIL30BAaTh IIOJIYIIPOBOAHUKOBBIE TMOIBI, TPAH3M -
CTOPBI ¥ TUPHCTOPHI C YACTOTOM KOMMYTAIIMU 10 HECKOJIBKUX COTEH Kwtorepll [1, 6].

OCHOBHOM IIPOOJIEMOI, CBSI3aHHOM C yIIpaBJIeHHEM MHOJYIIPOBOIHUKOBEIMHU IIPe0oOpa3oBaTeIIMU
HaTIPSCKEeHUS, IBJISIETCSl CTAaOMIM3allisI BEIXOTHOIO HAIIPSIKEHUST B 3aBUCUMOCTH OT BXOAHOTO Harpsi-
KEHUS U TIEpeMEHHOI moTpebisieMoii MOIIHOCTH Harpy3ku [1].

B crarbe nmpuBoamnTCS MpobemMa yIpaBieHUST BEIXOJIHBIM HaIIPsSIKeHHMEM TTOHMKAIOIIEro rmpeoodpa-
30BaTesd B yKa3aHHBIX ycaoBusx. CiielyeT OTMETUTD, YTO YIIPaBJISIIONIUI BXOI ITpeoOpa30BaTeist MO-
XKET IIPUHUMATh TOJILKO IBa TMCKPETHBIX 3HAYEHMSI, YTO COOTBETCTBYET BKIIIOUEHHOMY,/BBIKJIIOYEHHO-
MY COCTOSIHUMIO TepeKIiovaroiiero ajnemMenTa. KpomMe Toro 1BuKeHUsI TOKOB B pa3HBIX KOHTYpax B MO-
JIOOHBIX YCTPOICTBAaX UMEIOT Pa3HOTEMIIOBBIN xapakTep. [1o 3TUM NIpUYMHaAM MpU CUHTE3€ aITOPUTMOB
yIIpaBJIeHUS MOXHO MCIIOJIb30BaTh TEOPUIO PA3PHIBHOTO YIIPABICHMS U IIPUHLIUIIBI Pa3ae/IcHUS IBU-
XeHuii [7, 8].

PaccmarpuBaeTcst cuHTe3 HEJIMHEMHOIO pa3pbhIBHOIO 3aKOHA yIipaBieHUsI. PazpaboTaHHbI airo-
PUTM VIIpaBJIEHUsS OOecIeunBaeT CTAOMIN3AIIMIO BBIXOIHOIO HAIIPSIKEHUST MPU BO3ACHCTBUU HEU3-
BECTHBIX BXOAHOIO HAMPSIKEHUS U BHIXOAHOIO TOKa HArpy3kKu. IJ1aBHast uaess OCHOBaHa Ha TaK Ha3bl-
BaeMOM BHUXPEBOM aJITOPUTME, 0OeCITeUBAIOIIIEM CBOMCTBO MHBAPMAHTHOCTH IO OTHOIIIEHUIO K BHETII-
HUM HECOIIaCOBAHHBLIM BO3MYVIIEHUSIM. TeopeTHMuyecKue pe3yiabTaTbl MOTYT OBITh pPeaiM30BaHBI C
HUCII0JIb30BaHMEM COBPEMEHHEIX MpeoOpa3oBareseii IMPOTHO-UMITYJIbCHOI MoayIsiuuu. Pe3ynbraThl
MOJIIETNPOBaHM TMTOKA3BIBAIOT 3(PPEKTUBHOCTD MPENCTaBICHHBIX aJITOPUTMOB.

CraTbsl OpraHM30BaHa clieaylolumM oopa3oM. B pasa. 1 npuBoauTcs MaTeMaTudeckasi MOAEIb 00b-
eKTa yIpaBJIeHHs 1 (hopMaanu3yeTcs IOCTaHOBKaA 3agavyi. Pa3nelr 2 mocBsSIIeH CUHTe3y HEeJTMHEWHOTO
3aKOHa yIpaBJIeHNsI, ITO3BOJISIIONINI CTAOMIIM3UPOBATh BHIXOMHOE HATIPSDKEHUE B YCIIOBUSIX HEM3BECT-
HBIX BXOAHOTO HaMPsIKEHUsI U BBIXOJHOTO TOKa Harpy3ku. B pasa. 3 onuceiBaloTCs pe3yabTaThl YMCISH-
Horo MonenupoBanus B cpeae MATLAB/Simulink, nemMmoHcTpuUpyIolie paboTOCIIOCOOHOCTD IPEII0-
JKEHHBIX aJITOPUTMOB.
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Puc. 1. YopoleHHast cxeMa MOHMXaIOIIero mpeoopa3oBaTeist

1. MaremaTnyeckas Moaelb 00beKTa ynpasienus. IloctanoBka 3amaun. OCHOBHBIC KOHCTPYKTUBHBIEC
BJIEMEHTHI ITOHMKAIOIIETo MpeoOdpa3oBaTelIsl II0Ka3aHbl Ha puc. 1, rae L — MHOIYKTUBHOCTH IIpeo0pa3o-
Bartessi, C — KOHAEHCATOp, ¥ — DJIEKTPUUYECKOE COIPOTUBRICHE OOMOTKI MHAYKTUBHOCTH, U(f) — BXOA-
HOE HalpsikeHue (B o01eM cinydae GyHKLIUSI BDEMEHU), X; — TOK B OOMOTKE UHAYKTUBHOCTHU, X, — BbI-
XOOHOE HampsikeHue, R(f) — Hen3BecTHasl IIepeMeHHasl BEJIUMYMHA 3JIEKTPUYECKOIO CONPOTUBIICHUS
Harpysku, VD — “3aienkuBaiomiuiics auon”, ¢ IIOMOIIbIO KOTOPOIo IIPeIoTBpalllacTCs pa3psil KOH-
JieHcaTopa yepes KaTyILIKy MHIYKTUBHOCTU U 00eceunBaeTcs TOK TOJbKO B HallpaBJIEHUU, yKa3aHHOM
Ha puc. 1.

MareMaTrdecKasi MOAEIb IpeoOpa3oBaTelIst OIMChIBACTCS ClIeAYIOLIei cucTeMoil nuddepeHIralb-
HBIX YpaBHeHMI [9]:

r 1 Uu@) . 1 1

Xi=——X|——X)+—=U, X,=—X ———
A A ¢ RaC

I1e yrpaBjieHue u(t) MOXET IpUHUMATh 3HaAYeHUsI U3 TMCKpeTHOro MHoxecTBa {0, 1}.
B craTbe st 06beKTa yrpaBiaeHUs cAeIaHbl HUKETIepUUUCIASHHBIE TOMYIICHUSI.

1. 111 Hen3BeCTHOM (DYHKIIMY CONTPOTUBJIEHUSI HAarpy3KH 1 €€ TIePBbIX IBYX IMPOU3BOIHBIX CIIpABE -
JIUBBI CIIEYIOINE OTPAHUYCHUS:

ROz R, |ROISR, [ROISR, (1.2)

X, (1.1)

o€ 30€Chb 1 JaJICC | . | O3HavaeT abCOII0THOE 3HAYCHUE qyucia, Rl, R2 — N3BCCTHLIC ITOJIOKUTCIbHBIC KOH-
CTAHTHI.

2. ,Z[JIH BXOJHOTO M KE€J1a€MOI'0 BBIXOOHOI'O HaHpﬂ)KeHI/Iﬁ BbITIOJIHAIOTCA HEPpABCHCTBA:

Uy <U<U, |U®<UT, x,< U (1.3)

0
b
L+ (r/Ry)
e Uy, Uy, U — n3BeCTHBIE OJIOXKUTETLHbBIE KOHCTAHTHI.

3. IToMuUMO 3aIIUTHI OT OGPATHOTO TOKA UMEETCS CXeMa 3alllUThI, IPUHYIUTEIFHO OrpaHUYNBaIO-

1ast 3HaYeHe ToKa B KaTyllIke Tpeodpa3oBareis, U AJis IEPEeMEHHOM X, (f) MOXHO 3amucaTb HepaBeH-
CTBO:

Xod
0< X < X1 max> X| max > ==, (14)

B IIPpEAITOJIOKEHNH, UYTO IIEPEMECHHAaA x2(t) JOCTYITHA IJId USMEPECHMA, B CTaThE CTABUTCA 3ada4ya CTa-
6I/IJ'[I/I33.I_[I/II/I HECBA3KH (paCCOI‘J’IaCOBaHI/ISI) 10 BBIXOOHOMY HAIIPSI2KEHUIO:

}Lrgb?z(t) =0, X0 = x(t) — Xy, (1.5)

e )_Cz(l) — HEBA3KaA 10 HAIIPAKEHUIO, X,,; = const > (0 —xenaeMoe 3HaY€HHE BEIXOOTHOTO HaITps>KECHMA.

2. Cunres aaropurMa ynpasjenus. [IapaMeTpbl HOJyIIpOBOTHMKOBOIO IIpeoOpa3oBaTesIsi BRIOMpPAIOT-
Csl TAKMM 00pa3oM, 4ToOkl B cucteMe (1.1) mpoucxoamnio pasaeiieHre IBVKEHU 110 CKOPOCTSIM CXOIM -
MocTu. Tak, TOK B Ipocceiie MOXKHO JOCTaTOYHO OBICTPO U3MEHUTD A0 HY>KHBIX 3HAUEHUI B OTJIMYUE OT
BEJIMYUHBI BBIXOAHOTO HATIPSKEHUST KOHIEHCATOPa, KOTOPLI SIBIISIETCS JOCTATOYHO UHEPTHBLIM 3Jie-
MEHTOM, IpeaHAa3HAYCHHBIM 151 (DUIIBTPALIMU ITYJIbCALIMI BRIXOMHOTO HanpsixkeHus . B cuiry aTux oco-
OeHHOCTEH MocTaBIeHHas 3a1a4a MOXET OBITh pellleHa COOTBETCTBYIOIIMM U3MEHEHUEM TOKa B OOMOT-
K€ MHOYKTUBHOCTU. HeoGXoaMo OTMETUTh, UTO TAKOM ITOAXOM MCIIONb3YETCS B CBSI3U C MPOOIEMOIt
HeCcOomTacoBaHHBIX Bo3mylneHni [10].
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52 KOYETKOB wu np.

Cormnacao (1.1), (1.5), MOXHO 3anMcaTh YpaBHEHHUSI CUCTEMbI OTHOCHUTEIBHO OIINOOK:

- X, X . —
X2 Z_L"lel_ 2d ) Xl :_Lxl_lxz_lX2d +QLI.
ROC C' RG)C L7 L7 L L
JJ1st majpbHERIIero CHHTE3a 3aKOHA YIIPABJIEHIS PACCMOTPHUM HOBBIE KOOPIMHATHL, B KOTOPHIX YI00-
HO MCCJIeN0BaTh MPOLIECC MPU MaKCUMaIbHOI Harpy3ke. BBeneM HOBYIO IEpeMEHHYIO X; =éx1 —ﬁ.
f
HO,Z[CTEIBI/IB €€ B ITOCJICAHIOIO CUCTEMY, ITOJTYYUM CJIICOAYIOIIMEC YPABHCHU A
X, = _Tz)C + X,
t
_ (2.1)
~ — X X
P g R P .-V U 77
L' LC RJLC LC

e

;R _r_r \xy
=0 [LR2<r>+Ro R@JLc'

is1 peanuzanyy OJHOTO M3 BApUAHTOB “BUXpeBoro aaroputMa” [11, 12] BeiOupaemM ynpaBasiionii
BXO[l B BUJI€ Pa3pbIBHOM (PYHKIIMU:

u= %[1 —sign %) (2.2)

VpaBHEeHUs 3aMKHYTOI cUcTeMBbl, comtacHo (2.1), (2.2), uMeloT Bu

__ %

)C2 -xls
R(t)C 2.3)
= ry — Y2 r de U . — ’
X =—-=X ——=—|1+—|==+—[1-sign X,] + &(*).
oL Le [ RJLC 2LC[ gn %]+ 50

Teopewma. ITycTh napaMeTpbl IpeoOpa3oBaTelisi, HAarpy3KM, BXOOTHOTO M BBIXOJHOTO HAIIPSIXKEHUS
BBIOpaAHBI TaK, YTO BBIMOJIHSIOTCSI HEpaBEHCTBA:

M‘—(H 1 j2—§>o,
aR,C o

M-V |14 L |y 25 (2.4)
alC aR,C o

1 ( 1 ) 1 7
> — [———-vy|], ——1=>
2yRC\WLC Lo ap
3nech
Mo=l1er X gy =Uo [y )X s R 7 |Xe
LC’ LC LC’ 2 LC’
R,
_ 2 2
R R )LC 2L VLC 4r

Torna nepeMeHHBIE 3aMKHYTOM CUCTEMBI (2.3) aCUMITTOTUYECKU CTPEMSITCS K HYJIIO, UTO TapaHTH-
pYyeT pelieHue rmocrapjieHHol 3agaun (1.5).

HokazaTenbcTBo. BBenem 3ameHy nepeMeHHBIX
NW=V% »nToxtx, (2.5)
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Puc. 2. Pa3oBblit TOPTPET 3aMKHYTOI CUCTEMBI

C IOMOILBIO KOTOPOi cucteMy (2.3) MOXXHO MPEACTaBUTh KakK

. 1
= —(— + 05))’1 + W,
R()C (2.6)
5 = _[H R(gCYj =y [1 +éjz—2g # L1 = sign)1+ €0,

Ucronb3yst Beipaxkenus (1.2), (2.1), 3anuiineM orpaHndeHHs Ut BO3MYIIEHUS E(f) ¥ €T IPOU3BOJI-
HYIO:

Enl<z [EnI<E

CornacHo ycioBusM TeopeMbl, M~ > X, M~ > ¥ . PaccMaTpuBas ypaBHEHUs] 3aMKHYTOI cHCTe-
MHI (2.6), ToirydnM (ha30BBIi MOPTpeT, M300pakeHHBIN Ha puc. 2. Kaxkmoit moiryriockocTn rpadrka
(crpaBa u cjieBa OT BEpTUKAJIbHOM OCH) COOTBETCTBYET pa3Hblil 3HaK nepemMeHHoii y;. Heobxonumo oTt-
METUTb, YTO TPAEKTOPUU CUCTEMBI HE MOTYT MPUHAMJIEKATh MHOroo0pasuio y,(¢) = 0, Tak Kak Ha 3TOM
TMOBEPXHOCTH HE BBITIOJHSIIOTCS YCIIOBUS CYIIIECTBOBAaHUS CKOb3s1ero pexuma [ 13, 14]. O6o3Hauus
B KaueCTBe Ha4aJbHOTO MOMEHTa BpeMeHHU, Oe3 orpaHUYeHUsI OOLIIHOCTU B 1OKA3aTeJIbCTBE TIPUBEAEM
ciIy4aii, korna y,(f,) > 0. YunuTtsIBasi, 4TO TOYKM pa3pbiBa MpaBoil yacTu nuddepeHINATbHBIX ypaBHE-
HUI (2.6) IprHamIeKaT MHOXECTBY HYJIEBOIf MEpEHI, TO €T0 pelllcHre TOHUMaeTcsT B cMbIciie KapaTeo-
nmopw [15].

st aHamM3a CXOAMMOCTHY TIEPEMEHHBIX 3aMKHYTOI CUCTEMBbI UCTTOJIB3YETCSI METO Ha OCHOBE (DYHKILIVIA
JIamyHoBa COBMECTHO ¢ aHaIM30M (Da30BOTo MopTpeTa cucTeMsl (2.6). BBenem B paccMOTpeHNE MOMEHTHI
BPEMEHMU 1;, i = 1,00, Takue, yTo Y (f;) = 0, a UHTEpBAI MEXIy HUMU OO03HAUUM KaK A, =£;,, —1;.

PaccMoTpuM cHavasa IBUKEHUE B [IEPBOM U YETBEPTOM KBaapaHTe (pa30BOro nmoprpeta (CM. puc. 2).
3agaauM MoJIOXKUTEIbHYIO TTOJyonpee/IeHHYI0 (DYHKIIUIO

V1=M‘|L'| éy +y1+y2, 3, > 0. (2.7)
Y v 2 2

151 ee IPOM3BOIHOM MOXEM 3alucaTh CJICAYIOIIMe HepaBeHCTRA:

;M 1§ & 1 o 2
! v(“zemcj'y" ( +R<r>cj NPT K +R(r)cjy‘ R(t)va‘yz} o =

M
—ay |y1|+(0€+ﬁj bl += Iyll—y 0@y < -0 Iyll—ﬁ minoolVt + 21,
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e
> *r R(I)C 2R(a)C
= _Of 2 1 z T _ _ ! ey
o ==|M —|1+ -=1, =Ly, 0@ = ,
I y( ( aROCj OJ y =01y 00 o
2R(@)Cy
a Ainogy — MMHUMAlIbHOE COOCTBEHHOE 3HaYeHKUe MaTpULbl O(7).

BripaxeHue nj1si MUHUMaJIbHOTO COOCTBEHHOTrO 3HaYeHUsT MaTpullbl Q(f) paBHO

[+ ol 1
xmin = = ( - )a
e 2yR(t)C = o) = 2yR(t)c " Ic
a HNOKHAA rpaHnla MMHUMAJIBHOT'O COOCTBEHHOTO 3HAUEHUSI —
1 (1
Mo > 00— (—— )=x. 2.9
o) 2WRC\JLC Y 0 (2.9)

CoracHo mnocieanHeMy U3 ycioBuii (2.4) Teopemsbl U (2.9), rapaHTUpyeTCs BBIMOJTHEHUE HepaBeH-
CTBa

)\’minQ(t) =% >0

IIPU IBMKEHUU CUCTEMBI (2.6) B IEPBOM U YETBEPTOM KBajapaHTax ()a30BOro noprpera (CM. puc. 2).
ComnacHo (2.7), BeIIUIIEM ClIeAyIolIee HEpaBEHCTBO:

M +X

v, <yl +%(yf +39) < el + 31 +33), (2.10)

rae
¢, = max {M_wz}
Y 2

Hcnionn3yst cootHomeHus (2.9), (2.10), MoxxHo nepenucathb (2.8) B Buze:
Vi <=0l = Aolyi’ + 31 < =il + 01 +33) < Vil Q.11)

rev, =9 ¢, = min{&;, A,}.
Co1
1st aHanu3a IBUXKEHUST BO BTOPOM U TPETheM KBaApaHTe (CM. pUC. 2) paCCMOTPUM MOJIOXKUTEIbHYIO
TMoJIyonpeAeeHHYIO (PYHKIIUIO

2 2
V2=M'1Y1'—%yl+%‘+y§, 3 <0, @.12)

rae
R,)LC

[Mo ananorum, npuBoas ciayvait y; < 0, TOTYIUM IPOU3BOAHYIO (GYHKIINU V), B CUITY CUCTEMBI C yUe-
toMm (1.3), (2.9):

oM U 1) &
v, v (OH-R( )leyl| V) + LCy |y1| ( R(t)Cj yQE, yyl
B 1 B o B = M 1
+ [ (oc + R(t)C) »+ yyzj + yz( (y + R(t)Cyj oy, + M+ &j < . [oc + —R(t)Cj ml+ (2.13)

Fw ( ROCJ b+l 700y < o~ + 3,
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A e AR
Y alC aR,C o

Cornacho (1.3), (2.12), aisa V, MmoxeM 3anucaTh:

e

vaS%RM@X+m+%of+ﬁ>S%mm+yf+ﬁx (2.14)

rae
M. U 1+ @, ¢y = max Moy +2 +E,l )
LC R,)LC Y 2
Hcnonnays BeipakeHus (2.15), cootHomieHue (2.14) MoXHO 3anucaThb B BUJIE

; _ ) 2 ) 2
Vy < =0yl = Aolyr + 31 < —cu(nl + 3 +33) < =yl (2.15)
e
V, = 6'1_2’ ¢, = min {0, Ay}
Co2

PaccmarpuBast daszosBelit moprpeT (cM. puc. 2), ¢ momomibio (2.10)—(2.11), (2.14)—(2.15) mmomyyum
CJIENYIOIINE OIIEHKMU:

2
t —Vi80 V180 —vVay
KMFJ%QSK%kVASMM%WHﬂm+ﬁ%mVA:wﬁmS%em,

. 2 2
rne ¢, = max{cm,coz} =Cp, V= mln{Vlavz}a Ay =t =1, Yy = 2¢, (1)l + yi (1) + »3 ().

Ilocne uccnemoBaHust Ga3oBOro MopTpeTa BO BTOPOM KBaApPaHTE C MOMOLIbI QyHKUUU V()
u3 (2.12), (2.15) 3anuiieM MaXXopaHTYy:

2 2
Vz(tz) = % < Vz(tl)e*vZA] < %ewm = yf(tz) < y22(tl)e—vA, < 1/0€_V(A0+Al)_

3aganuM HEPABEHCTBO MO aHAJIOTUY B HEKOTOPBIIT MOMEHT BPEMEHM £;:

i—1
-v > A;

2 =
) < Ye
YuurtbiBast KoiaeOaTenbHBII XapaKTep IIePEeXOMIHOro IIpoliecca U MOCeAHee COOTHOIIIEHNE, MOXHO
cIeaTh BBIBOL, YTO NIEPEMEHHAd ),(f) OrpaHUYEeHA MaKOPaHTOM

Y-ty
O <Ye 2 T, 121, (2.16)

Ou4eBUIHO, YTO KOJIeOaHUs TTepeMEHHOI [y, (f)| AOCTUTAIOT MaKCUMyMa TIpu yciaoBuu y,(f) = 0 B Mo-
MEHTBI BpDEMEHM 7, 7151 KOTOPBIX

1
R@®C

I1ycTb 3TO paBeHCTBO BBINOJHSIETCS B MOMEHTHI BpeMeHH #; (f; < # < t,,) (cM. puc. 2). Torga ais
3HavYeHus y,(t) ¢ yaetoM (1.2) cripaBeIMBbI OLIEHKU:

W) < Ly
ol

Takum 06pa3oM, ¢ ydeToM BeIpaxXeHUs (2.16) aMIuinTyna Kojie6aHil (MAaKCUMYMBI) TIEpeMEeHHO

[y,(f)| 3aTyXaloT 3KCIMOHEHIIMATBHO, a TMepeMEHHbIE CUCTEMBI (2.6) CTPEMSITCSI K HYJIIO CO BpeMEHEM,
CTPEMSIINMCS K 6€CKOHETHOCTH:

1
n@ = Y( + OCJ n().

lim[y,(®] =0, lim|y(?) = 0.
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Puc. 3. Pe3ynbraThl MOAEIMPOBAHUS IEPBOTO IKCIIEPUMEHTA
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c

1
t?
Puc. 4. [1epexonHast XxapaKTepUCTUKA CUCTEMBbI

M3 nocnenHuX COOTHOLLIEHUM 1 BhIpaxXeHuii (2.5) ciaemyeT
lim [x,(¢), = 0.
t—00

TeopeMa JOoKa3aHa.

OTMeTUM, UTO TIEPEXOAHbIN MpoLecc A 3aMKHYTOM crcTeMbl (2.3) MOXET MPOUCXOAUTh, B 00I1IEM
ciyJae, TIpU OTPUIIATEIbHBIX 3HAYCHMSIX TOKa X, Yepe3 MHAYKTOP. Momeab CUCTeMBl He YIUTHIBAET (hH-
3UYECKME OrpaHMYeHMsI, KOTOPbIE ObUIN IIPeayCMOTpeHbI B peamnonaoxeHuu (1.4). B coorBeTcTBUM C
STUMU OTPaHUYEHUSIMU B TIEPEXOIHOM IPOLIECCe TOK OyIeT OorpaHUYEH OINpeaeeHHbIM AUalla30HOM,
KOTOPBIi 3a1aeTCsI TPU MPOEKTUPpOBaHUK. OTHAKO JaXe eCIU TPaeKTOPHU CUCTEMBI TOMIYT M0 YKa3aH-
HBIX OTpaHWYEHUI1, Yepe3 HEKOTOPHII TPOMEKYTOK BpeMEHU OHU MOTAAYT B 00J1aCTh, Te CITIPaBEITMBO
MpUBEASHHOE BbIIlIE T0Ka3aTeabcTBO. KpuBasi mepexomHoro mpoliecca B peajlbHOM YCTPOUCTBE B 3TOM
ciygae OydeT apyroii, u (pa30BbIi IIOPTPET, IIOKAa3aHHBIMA Ha pHC. 2, OyaeT “o0pe3aH” Mo BeJIMYMHAM,
BXOJSIIIMM B HepaBeHCTBO (1.4).
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Puc. 5. YcraHoBuBILIasiCsl OIIMOKA HA PA3JIMUHbBIX LIarax MHTETPUPOBaHUS

—— A \W S Ny
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c

Puc. 6. I'padrku ToKa Ha pa3IMYHBIX IlIarax MHTEIPUPOBAHUS

3. YucsieHHoe MoaeMpoBanue. PaccMOTpuM pe3ybTaThl MOACTMPOBAHMS IS CJICAYIOIIMX ITapaMeT-
POB MOJIYITPOBOIHUKOBOTO npeodpazosarenst: L =2 x 107>, Tu, C=3 x 104, @, r= 0.2, Om. BxogHoe
HamnpsiKeHUe Y OTpaHUYeHUS 111 Hero, comtacHo (1.3), paBHEI

U@®)=90+10cos(10f), B, U,=80, B, U, =100, B, U =100, B/c.

3HadYeHMe XKeJTaeMOTO BBIXOMHOTO HaMPSDKEHUS X,, = 63, B. HensBecTHast Harpy3ka MOIEIMpPYeETCs Tie-
progudeckou pyHKInei

R() = 6 — 4sin(100¢), Om.

CormracHoO ITOCTaHOBKE 3a1a4u, IJIs 9TOM HEM3BECTHOM (PYHKIIMU M3BECTHBI TOJIBKO OIpaHUYEHUS,
ykazaHHbIe B (1.2). IIpoBenst HeCI0XXHbIE BHIUMCICHUSI, MOXKHO MOJYYUTh

R, =2,0m, R =400,0m/c, R, =4x10* Om/c’. (3.1)
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JI1s1 9MCIIeHHOTO MOIEIMPOBAaHUS COITIACHO HepaBeHCTBY (1.4) ObLIu BRIOpAHBI clieayolme Gu3m-
yeckue orpaHnueHust Ha Tok: 0 < x; < 35, A. PaccuuTbiBasi NpUBEAEHHbBIE B TEOPEME 3HAYEHUS B COOT-
BETCTBUM C TTapaMeTpaMu npeodpaszoBatelisi U hyHKIMEe Harpy3ku (3.1), MOXXHO TTOJYYUTh CIeIylo-
1€ KOHCTAHTHI:

M =1.155%10", B/(Tu-®), M"=1.783%x10°, B/(Tu-®), ==1.071x10°, B/(TH - ®),
¥ =1.155%10", B/(Tu-®-c), y=1.19x10" pag/c, o =5x10°,c".

CHpaBC,Z[)'II/IBOCTB ImapaMeTpoOB 3aKOHaA YIIpaBJICHUA COITIACHO YCJIOBUAM TCOPEMBbI, MOXXHO ITPOBC-
PUTH CIICAYIOIIMMUA BbIYMCJICHUAMMU:

M -1+ |z-
aR,C
YA U G P W
alC aR,C
2
L (L—y) =70.54,¢”, i—”— =1.42x10° pax’/c’ > 0.

> — =
2YyR,C\WLC 41’

g neMoHCTpalMy MeEIJICHHOM COCTaBJISIONICH 3aKoHa ympaBieHUs (2.2), COOTBETCTBYIOIIEH
CKBaXXHOCTHU MEPEKITI0YAIOIIETo 371eMeHTa [ 1], BBoguTCcsI HoBas riepeMeHHasI, pakKTUUeCKH SIBISIOasi-
CSI BBIXOIOM (pHIbTpa HIDKHUX YacTOT:

=10", B/(Tu - ©),

=3.077x10%, B/(TH - ®),

Q IMI R IM|

ut = —t+u(?),
e L — NOCTOSIHHASI BpeMeHU DuibTpa.

Ha puc. 3, 4 nipencrasieHbl pe3ybTaThl MOASIMPOBAHUS pa3pabOTAaHHOIO 3aKOHA YIIPaBJICHUS B
cpene MATLAB/Simulink. B mepBoM 3KCIIepruMEHTE TSI YMCIASHHOTO MHTETPUPOBAHMSI UCIIOIb3YETCS
meton Jlopmana-TTpunca (ode5) ¢ GUKCHPOBaHHBIM LIIATOM MHTErpupoBanus £, = 1077, c.

Bo BTOpOM 3KCIIEpUMEHTE, PE3YIbTaThl KOTOPOTO MPUBEAEHBI Ha PUC. 5, 6, UCIIOIb3yEeTCSI HECKOJIb-
KO IIIarOB UHTETPUPOBAHMUSI:
—6 -7 —8
t,=10",c, t,=10",c u ¢ =10",c.

N

CrenctBueM O0Ka3aHHOTO TEOPETHMYECKOTO pesysibTaTa sIBJISIETCSI TO, YTO 4YacTOTa MEpeKIIIOYEeHUS
YIIPaBIIIOIIETO BXOAA CO BpeMEHEM CTPEMUTCS K O6CKOHEUHOCTH. Ha mpakTuke yacToTa KOMMYTALIUK
orpaHUYeHa, YTO MPUBOAUT K YCTAHOBUBIIEKCS OIIMOKe ymnpasiaeHus. M3 puc. 5, 6 BUOHO, 4TO 3Ta
OIMOKa 3aBUCUT OT YACTOTHI KOMMYTaLIMM (Illara MHTETPUPOBAHMsI): YeM BHIILIE YaCTOTa, TEM MEHbIIIE
omun6Ka 1 Hao60poT. Takue orpaHNYeHUS HEOOXOAUMO YUUTHIBATh IIPU pean3aliii OMUCAHHOTO MO/ -
X0Jla Ha TIPaKTHUKE, OMHAKO 3TOT BOIIPOC TPEeOYeT NalbHEHIIIETO U3yYeHUS U B TAHHOM CTAaThe 3TOT CIIy-
yaii He paccMaTpUBaeTCs.

3akimouenne. M3ydeH HOBBIM aITOPUTM YITPABICHUS TOIYITPOBOTHNKOBBIM TTOHMKAIOIINM TTPe006-
pasoBatesneM. B mpenmnosioxkeHun, 9to GyHKIIMS HArpy3KW MOXKET OBITh OIMcaHa HeTIPpephIBHOM orpa-
HUYEeHHON (PYHKIIMEN C IBYMSI OTpaHUYEHHBIMU TTIepPBBIMU TPOU3BOIHBIMU, pelliajach 3aja4ya cTad -
3alM 3aJaHHOTO BBIXOMHOTO HampsDKeHUs. [T MTpaKTHIecKoi peaqn3anuy pa3padboTaHHOTO ajiro-
pUTMa B JAIBHEHUIINX WCCIEIOBAHMSX HEOOXOMMMO W3YUYWUTh afallTalliio TOJYYeHHOTO 3aKoHa
yIpaBieHus1 1151 paboThl ¢ MPeoOpa3oBaTEISIMU C IIIUPOTHO-UMIYIbCHON MOIYJISILIUEH.

PaGoTocnocoOHOCTL MPEMIOXKEHHOTO aJITOPUTMAa MOATBEPKIeHA KaK aHAITMTUYECKH, TaK U C TIOMO-
meio MmogenupoBaHus B cpene MATLAB—Simulink.
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