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PaccmarpuBaercss nHbOpMaIIMOHHAsT TEXHOJOTHUST TIPOSKTUPOBAHUST POOACTHOM MHTEIIEKTYallb-
HOIi CUCTEeMBI yIpaBjieHUs Ha 6a3e KBAHTOBOTO HEYETKOTO BbhiBoAa. [IpyMeHeHue pa3paboTaHHOM
METOIO0JIOTUY ITPOEKTUPOBAHNSI OCHOBAHO Ha KBAHTOBO# caMOOpraHM3alluy HETOYHBIX 0a3 3HAHWM
HEYETKUX PEryJISTOPOB U TIPUBOJIUT K MOBBILICHUIO YPOBHSI pOOACTHOCTU MHTEUIEKTYaJIbHBIX CH-
CTeM yIpaBJICHUsI B HETIPEABUIEHHBIX CUTYyalusIX. [IpoBOAUTCS cpaBHEHME PE3YIbTaTOB MaTeMaTH -
YeCKOro MOJICJIMPOBaHUS 1 (pU3MYECKOTOo 3KCIIEpUMEHTa Ha IIpUMeEPe aBTOHOMHOTO po0oTa B BUIIE
CHUCTEMBI “TIIepeBEePHYTHII MasITHUK—IBIKYIIasics KapeTka”. [1ojydeHo 3KcriepuMeHTaIbHOE IO/~
TBepXXIEeHME CyIlIeCTBOBAaHUSI CUHEepTreTHIecKoro 3ddekra hpopMrupoBaHUSI pOOACTHOIO CaMOOpra-
HU3YIOIIETOCs] HEYETKOTO PETyIsITOpa M3 KOHEYHOTO YKCJia HepOOACTHBIX HEYETKUX PETYJISITOPOB B
peaibHOM BpeMeHHU. [TonyyeHHBI 3(h(hEKT OCHOBAaH Ha CyIIECTBOBAHUY CKPBITOl KBAHTOBOM MH-
dbopmaiuu, n3BeKaeMoit n3 KJIacCUUYEeCKUX COCTOSTHUI TTPOLIECCOB U3MEHEHMsI BO BpeMeHU KO3t -
GULMEHTOB yCUJIEHUS PETYJISITOPOB. BhiBeIeHHBI 3aKOH KBAHTOBOI MHMOPMAIIMOHHOM TEPMOIU-
HaMUKM YCTaHABJIMBAET BO3MOXKHOCTb (DOPMUPOBAHUS TEPMOIMHAMUYECKOMN CYIIBI YITPABJICHUS 32
CUeT U3BJICYEHHOTO KOJIMYECTBA CKPBITOI KBAHTOBOI MH(MOPMALIMU 1 COBEPILIEHUS TOTOJHUTEIb-
HOM TI0JIe3HON PabOoThl, TAPAHTUPYIOIINX AOCTHXKEHUE 1IeIU YIpaBieHWs Ha 0a3e TOBBIIIEHUS
YPOBHSI p0OACTHOCTU CaMOOPTaHU3YIOIIErocsi KBAaHTOBOTO peryisTopa. [1pu 3ToM KoJm4ecTBO co-
BEPIIIEHHOI 00BEKTOM YIpaBISHMS IT0JIe3HOM padoThl (Ha MAaKpPOYPOBHE) IIPEBHIIIAET KOJTMIECTBO
paboThI, 3aTpa4eHHOM (Ha MUKPOYPOBHE) KBAHTOBBIM CAMOOPTaHU3YIOIIIMMCSI PETYJIITOPOM Ha U3-
BJIeUeHUEe KBAaHTOBOM MHMOPMAIINK, CKPBITOI B peakIUsIX HETOUHBIX 0a3 3HaHUI1 6e3 HapyIIeHUs
BTOPOTO MH(OPMALIMOHHOTO 3aKOHA TEPMOAMHAMUKMU OTKPBITHIX KBAHTOBBIX CUCTEM C OOMEHOM
nHdOopMalmeii 3amyTaHHbIX CYTIepKOPPETMPOBAHHBIX COCTOSTHUI. [IprBeaeH KOHKPETHBIN TpUMep
aBTOHOMHOTO po60Ta, AEMOHCTPUPYIOLIUI CyllIeCTBOBAHUE CUHEPreTuueckoro addexra KBaHTO-
BOI caMOOpraHMu3anuy HETOYHBIX 0a3 3HaHUI.

DOI: 10.31857/5000233882305013X, EDN: OCLHQB

BBenenune. MeTonosorust npoeKTUPOBAHUS MHTEIUIEKTYaIbHBIX cucTteM yipaBieHust (MCY), ocHo-
BaHHAasl Ha TEXHOJIOTMM MSITKUX BBIUMCIIEHU, paccMaTpUBaeT B KauecTBe 6a3nca CTPYKTYpPY HEUETKOTO
peryinsitopa (HP) kak onuH 13 BapuaHTOB 3((HEKTUBHOTO MPOSKTUPOBAHUS TPAAULIMOHHBIX CUCTEM
aBromarudeckoro ymnpapiaeHus (CAY) [1, 2]. C camoro MomeHTa cBoero nossieHus (1974 r.) monenu
HP neMOHCTpUPYIOT MOBBILIEHHYIO CIIOCOOHOCTh YIpaBAeHUsS AMHAMUYECKUMU 00beKTaMU YIIpaBjie-
Hus (OY), koTopble 001aaal0T ¢1abo GopMaTM30BaHHOI CTPYKTYPO WJINM (DYHKLIMOHUPYIOT B YCJIOBU -
SIX HEONpPeJeJeHHOCTU WU HETOYHOCTU UCXOAHOK MHMOpPMallMU, HENIPEABUIEHHBIX CUTYallUsIX WU
MHMOPMALIMOHHOIO pUCKa.

B pabote paccmaTpuBatoTcst Bonpochl mpoektupoBaHus MCY Ha npuMepe TMHAMUYeCKU HeYCTOM -
yuporo OY tuna “Kaperka nBrKeHUSI—IIepeBEPHYTHII MasSTHUK’, C UCIIOJIb30BaHUEM ONITUMMU3aTOPOB
6a3 3HaHuii (OBb3) Ha MATKUX U KBaHTOBbIX BeuuciaeHUAX — SCOptKB™ & QCOPtKB™ coorser-
CcTBeHHO [2—4]. IIpnBoaNTCS OMMCaHWE TEXHOJIOTHUM IIpOoeKTUpoBaHMs pobacTtHoit MCY Ha ocHOBe
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128 PEIHETHUWKOB u ap.

KkBaHTOBOTO HeueTKoro BeiBoma (KHB). Ynpasnenue oobpekToM THNA “KapeTka—I1iepeBepHYThII MasiT-
HUK” SIBJISICTCSI OAHOI M3 TUMIOBBIX 3a7a4 B TCOPUHU YIIPABJICHUsI, TaK KaK pellieHe 3TOM 3adaun HaTIsII -
Ho AeMoHcTpupyeT kauecTBo CAY. bosee noapodHoe onucanue OY u Bepudukanus ero MaTeMaTuue-
CKOM MOJEJI PAaCCMOTPEHHI B [5].

Thaesnbtil pezyrvmam pabomst — SKCIIEPUMEHTAIBHOE TOKA3aTEJILCTBO CYIIECTBOBAHMUS CUHEPreTHYIE -
CcKoro nHGopMamoHHOTo 3(ddeKTa KBAHTOBOM caMOOpTaHMU3allMu HEeTOYHBIX 0a3 3HaHuil HP 3a cuer
M3BJIEUCHUS CKPHBITOII KBAHTOBOI MH(MOpMALINH, IIPEACKa3aHHOIO U JOKAa3aHHOI'O MOASINPOBaHEM B
[6—9].

IIpomviuinennoe npumernerue. I1epBhIil 3KCIIEpUMEHTAIBHBIN Pe3y/IbTaT HOJIYyYEH Ha peaaTbHOM (hU3U-
yeckoM o0bekTe B [10] g MCY oxmaxkaeHrMeM CBEPXITPOBOISIIECTO MAarHUTa YCKOPUTEIILHOIO KOM-
IUIeKca Mera caiiHc mpoekTa pa3paboTku Kosuiainepa NICA [11].

B yactHOCTH, OBLIa pa3dpaboTaHa IIporpaMMHO-amIiapaTHas IuiaTdopMa ynpasjieHUs JaBJIeHUEM U
pacxoIoM XUIKOTO a30Ta CBEPXIPOBOMSIINX MATHUTOB KPUOTEHHOM CUCTEMbI HA OCHOBE BCTpauBac-
MBIX B KOHTYD yIIpaBJieHUs1 KBaHTOBbIX HP ¢ peanuzaiueit Ha rpolieccope KJIaCCUYECKOM apXUTEKTY-
pbl. MHOTOYpOBHEBasI CUCTEMa YIpPAaBJICHUSI BKJIIOYACT CYIIECTBYIOLINI HVDKHUI MCIIOJIHUTEILHBIN
YPOBEHb, OCHOBaHHBIN Ha crucTteMe Tango Controls, 1 HOBBI YPOBEHb, Ha KOTOPOM YITPaBJISIIOIINE BO3-
JIercTBUS GOPMUPYIOTCS ¢ TToMolbio KBaHToBoro HP. ITpu 3ToM obOecrieunBaroTCs ONTUMAJIbHBIE T1a-
paMeTpbl KauyecTBa yIIpaBlIcHUSI, TaKKe, KaK TeMIIepaTypa, pacxol a3oTa, ObICTPOACICTBUE, TPEOYyEMBIil
YPOBEHb IaBJICHUSI 1 MUHUMAaJIbHAsI CIIOXHOCTh pealnu3alluy yIpaBieHUsT KoddDduirmeHTaMu ycuie-
HUS TIPOITOPLIMOHAILHO MHTeTpaJibHO-IuddepenunanbHbiM (ITH /1) peryasitopam.

DKCIEepUMEHTAILHO MPOAESMOHCTPHUPOBaHA pabOTOCIIOCOOHOCTh U 3(h(PEKTUBHOCTh CO3TAHHOM MH-
TeJIJIEKTyaJIbHOM CUCTEMbI JUCTAHIIMOHHOTO YIIPaBJIEHUSI TEXHOJOTUUECKUM MPOLIECCOM OXJIAXKICHUS
CBEPXIIPOBOISIIETO MATHUTA C TAPAHTUPOBAHHBIM IOCTHKEHUEM YCTOMUMBOM 30HBI CBEPXITPOBOINMO -
ctu [10]. TIpoekTupoBanne kBaHTOBBIX HP ocHOBaHO Ha KBaHTOBBIX MH(MOPMAILIMOHHBIX TEXHOJIOTUSIX
¥ OCYIIECTBIISIETCSI C TIOMOIIBIO pa3padbotaHHoro cotpynHukamu JIUT um. M.I. MemmepsikoBa npo-
rpammHoro nHcrtpymenTapust QSCIT (quantum soft computational intelligence toolkit) [11]. Paccmar-
puBaeTCs BO3MOXHOCTh yIaJIEHHOI HacTpoiiku 6a3bl 3HaHuii (b3) peanbHoro OY ¢ ucCrojib30BaHUEM
JUCTaHIIMOHHOTO coennHeHus peabHoro OY ¢ OB3 Ha KBaHTOBBIX BblUMCAeHUsIX. PacipeH kiacc
HEeNpeaBUICHHBIX CUTYallUi IJIs1 IIPOBepKU podacTHOCTH pa3dpadboranHoii MCY u mokazarenbcTBa 10-
CTHDKEeHUS ITo0abHOM podacTHOCTU Mo cpaBHeHUIO ¢ Ob3 Ha MITKUX BEIYUCICHUSIX.

AxmyanvHocmos paccmampugaemoii npobaemsi. Co3naHe KOPPEKTHOTO AJITOPUTMA TPOEKTUPOBAHUS
TpedbyeMoro ypoBHsi podbacTHocTu MCY siBsieTCs OMHOM U3 aKTyaJbHbIX 3a/1a4 COBPEMEHHOM TeOpUHU 1
cucrtem ynpasieHus. OTHOBpEeMEHHO TaHHas MpobaeMa OTHOCUTCS K CIOXKHOM U c1abo UccaeqoBaH-
Holi ob6iactu paspadorku MCY, cnocoOHbIx 2HeKTUBHO U HAIEXKHO (PYHKIIMOHUPOBATH B YCIIOBUSIX
pMCKa M HelpeABUAEHHbIX cUTyaluil ynpapieHus. [I[pyMeHeHNe TEXHOJIOTUY UHTEJIEKTYaIbHbIX BbI-
YUCJIEHWI B 3alayaX MPOEeKTUPOBAaHUSI POOACTHOTO yIIpaBeHUs MO0Ka3alo Ha MPaKTUKe MOBbIIIEHUE
HaaeXHOCTU (yHKIMOHUpoBaHUs OV B HeNMpeABUACHHBIX CUTYallUsIX YIIPABJIEHUS 3a CUET IOBbIIIE-
HYS UHTEUIEKTYaTbHOCTU HUXKHETO UCTIOJTHUTEIbCKOTO YPOBHSI B BUMIE TPAIULIMOHHBIX CTPYKTYp CAY
Ha OCHOBE TpanULMOHHBIX [T ]I-peryiaropos, peryisTopoB co CKONL3AMM pexumom, ITUJI? (2-cte-
neHHoi [TW /), peryasTopoB npoOHOTO nopsiaka u MH. Ap. [12, 13].

Memoodonoeus uccaedosanus. DPpheKTUBHOCTH pa3pabdOTaHHOI TeXHOJIOTUH ITpoeKTupoBaHus UCY
paccMaTrpuBaeTcs Ha mpuMepe BorpocoB mpoektupoBanust MCY, TpagniimoHHOTO 11 TSOPUM CUCTEM
yrpaBjieHus1 HeyctoiunBoro OY Tumna “KapeTka—mnepeBepHYThIM MasTHUK, ¢ uctojibzoBanrueM Ob3
Ha KBAaHTOBBIX BBIYMCJICHUSIX.

HccnenoBaHbl BO3MOXHOCTH POOACTHOTO yIpaBICHUS IUHAMWUYECKU HEYCTONYMBBIMU HEJIMHEM-
HBIMU 00BbEKTAMU YIPABJICHUS C peaj3alieii Ha BCTpauBaeMbIX MPOLIECCOpaxX KIACCUYSCKOMN apXu-
TexTyphl. OmcaHa cTpaTerusl MpOeKTUPOBAHUS UHTEICKTYaIbHBIX CUCTEM YIIPaBJICHUSI Ha OCHOBE
TEXHOJIOTUI KBAHTOBBIX U MSITKUX BhIUMCIIEHUIT. B 3TOM TTogxoae MareMaTuyecKuii popMain3mM KBaH-
TOBOM MeXaHUKH UCIIOIb3YETCS IUISI ITOCTPOESHMSI HOBBIX aJITOPUTMOB KBAHTOBOTO YITPABJICHUS, YCITEII -
HO MOJEIMPYEMbIX Ha KOMIIbIOTEpaX KJIACCUYECKO apXUTEKTYphbl. AJITOPUTMBI IIPUMEHSIIOT CXEMY
KHB — u3 B3 (Bxmovalomux napamMeTpbl (GPyHKLWI TPUHALIEXHOCTH Y MHOXECTBA HEUYETKUX Ipa-
BWJI), TIpUMHAIIEKAIIMX oTanenbHBIM HP, n3BiekaeTcst cKkpbeiTasg KBaHTOBass MHGOPMAILIMS, HA OCHOBE
KOTOpPOI co3naercsi HoBasl pobacTtHast b3. DToT mpoliecc AEMOHCTPpUpPYET CUHepreTuueckKuii apdexT
KBAaHTOBOI caMooOpraHM3alum — U3 IByx HeHanexXHbIXx b3 HP co3maeTcs (B pexXyiMe peaabHOIo BpeMe-
HU) pobacTHast b3 KBaHTOBOro HEYETKOTO peryisTopa. OToT 3¢ PEeKT UMeeT YMCTO KBAHTOBYIO IPUPOILY
U WCHOJIB3YET CKPBITYIO KBAHTOBYIO MH(OpMALIMIO, U3BJICUYSHHYIO U3 KJIACCUYECKMUX COCTOSIHU. Pa3-
paboTaHHas1 TEXHOJIOTUSI MOBBIIIAET HANEXKHOCTb MHTEUIEKTYaIbHBIX KOTHUTUBHBIX CUCTEM, (DYHKIIM -
OHUPYIOIIVX B HETIPEABUACHHBIX CUTYALIUSIX YIIPABJICHUSI, HAIIpPUMED MPU B3aUMOJEHCTBUM aHCAMOJIS
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Puc. 1. Crpykrypa cuctembl moneaupoBanust: I — 610k KHB; 2 — ITU/1-perynsitop; 3 — 0ObeKT yIpasieHus; 4 — re-
HepaTophl IIYMOB

po6OTOB pa3aMuHbIX TUTIOB. Ha MHOXeCTBE IPUMEPOB PA3JIMYHBIX CUCTEM OBbLIIO MTPOJEMOHCTPUPOBA-
HO 3(dexkTuBHOE BHeApeHue cxeMbl KHB B kauecTBe roTOBOTO IpOrpaMMUPyEMOTo aITOPUTMUYECKO-
To pelIeHUs IJ1s CUCTEM HUXKHETO UCIIOJTHUTEJIbHOTO YPOBHS ynipaBieHus [ 14]. AJIropuTMbl U cTpaTe-
TYsl MPOEKTUPOBaHUS ObLIM YCHEIIHO, KaK OTMEYEHO, MprMMeHeHbI K pa3padboTke MCY oxnaxneHuem
CBEPXITPOBOSIIMX MAarHUTOB B pamKax nmpoekta HUKA.

Pazeumue mexnonoeuu. IlpencraBiieHHass METOIOJIOTUS ITKPOSKTUPOBAHUS U peau3allii KBaHTO-
BBIX caMoopranusytomxcsas HP nmosBojisger MacimtabupoBaTh M TUPAXKUPOBATh JAHHBINA MPOIYKT Ha
npyrue Tunsl pusndeckux OV,

Moodeauposanue u uzuueckuii sIKcnepumenm ¢ a8MoHOMHbIM pobomom. MateMaTtudeckas mojaenb OY,
HUCHob3yeMasl B JaHHOM paboTe, IToapoOHO olmrMcaHa U uccienosaHa B [15, 16]. B skcnepumeHTe Tipu-
MmeHeHbl B3 nist HP, HalineHHBIe ¢ TTOMOILIBIO MOAeIupoBaHus B [7, 8, 15], 1 TTossIcCHEHUST TpUBEICHBI
10 Mepe HEOOXOIMMOCTY MTOHUMAaHUSI (PU3NUECKOI CTPOrOCTH U MaTEMAaTUYECKOM KOPPEKTHOCTU UH-
TeprpeTalyuy HOTYYEeHHBIX PE3YIbTAaTOB.

1. KomnborepHast mogenb OV “Kaperka nepeMenieHusi—MasATHUK”. CrucTeMa o6iagaeT rio0aabHOM
JTUHAMUYECKON HEYCTOMYUBOCTBIO, IPY OTCYTCTBUM YIPABJISIONIEH CUIbI TIPOUCXOIUT HEOTPAaHUYCH -
HBII POCT yIJla OTKJIOHEHMS, T.€. MasITHUK TIagacT.

CTpyKTypa KOMIBIOTEPHOM MOIEIN “KapeTKa—INepeBEepPHYThIM MassTHUK, BBIIIOJTHEHHASI B cpele
MonenupoBaHusi MatLab/Simulink, npencraBieHa Ha puc. 1.

Mopenpb BkmodaeT B ce0st [T /I-perynsitop, IIyMbl B CUCTEME YIIpaBJICHUS U U3MEPEHUSI, a TaKKe
010K, (POPMUPYIOLINI CUTHAJI IJISI peryisaTopa. JlaHHass KOMIObIOTepHasi MOAE/Ib UCIOIb3YETCS IS I10-
JIydeHMsI oOydalollero curHaja M HacTpoilku b3 ¢ momompio OB3 Ha MSTKMX BBIYMCICHUSIX —
SCOptKB™ [2] u popmuposanus B3 3akoHOB u3MeHeHus Koadduunentos ycunenus [TU]-perys-
TOopa Mo METOAWKe, pazpadboraHHoil B [17]. B kauecTBe Mozienu yrpaBieHUs TaHHOW CUCTEMOM, OyneM
HCIIOJIb30BaTh CJIEAYIOIIee BRIpaXkKeHUE IJISI OIIpeaeICHUS YIIPABIISTIONIETO BO3IeACTBIUS:

u(t) = kp (1) (1) + K, (1) [ e (R + kep (1) (0) (11)

N3BECTHA PAH. TEOPUA U CUCTEMBI YITPABJIEHUA  Ne 5 2023
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Battery

Motor driver
Fuzzy controller and

m, = 0.607 kg !
quantum fuzzy inferenxe

Sensor

Puc. 2. Makert cucTeMBbl “KapeTKa—IepeBepHYThII MasiTHUK” (a); CTeHI IJISI IPOBEACHMST SKCIIEPUMEHTOB (0), tne TS
output — npencrasiaeHue obyyatoiiero curdana (OC) ¢ momenu, Robot — maket OY, USB connection — kabenbHOE CO-
enrHeHue KOMITblIoTepa 1 MakeTa, PC — rnepcoHabHbI KOMITBIOTED
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Puc. 4. Pabouyee 0KHO KBAHTOBOTO ONTUMM3aTOPa

B cooTBeTcTBUMU co cxemoii yripaBieHus nipuMmeHsiercs [T -perysTop (1.1) ¢ KoHTYypoM m1o6ajib-
HOU OTpHULIATETbHOI OOPaTHOM CBSI3U.

1.1. MakeTt cucrteMBbl Jdanusiit Tun OY ssiasercs TunossiM (Benchmark) mist TectupoBaHus
MpOrpaMMHOIO MHCTPYMEHTapUsl poOACTHOTO MHTEIEKTYyaIbHOTO yrpaBieHus. PaccMoTpum noapo6-
Hee YyCTPOMCTBO MmogooHoro makera OY.

Ha puc. 2,a npencraBieH MakeT, UCITONb3yEeMblii IS TECTUPOBAHUSI TEXHOJOIMI ITPOSKTUPOBAHUS
HMCY c nomoubio OBb3 u cteHn (puc. 2,6) ajsi TpoBeAeHUSI DKCIIEPUMEHTOB.

CreH 000pya0OBaH pa3IMYHBIMUA HOKPBLITUSIMHU JIJIS IIPOBEASHUS 9KCIIEPUMEHTOB C MAKETOM, B TOM
YycJie B HEMPEIBUASHHBIX CUTYaLUsIX YIIpaBieHus. Takke Ha CTeHIe MMeeTCsI BO3MOXHOCTh YCTaHAB-
JINBATh OIpeAeICHHbII Ha4albHBII yroJ 1Jj1s 3aIycka MaKeTa.

M3BECTUA PAH. TEOPUA 1 CUCTEMDbI YITPABJIEHMA  Ne 5 2023



132 PEIHETHUWKOB u ap.

I[IporpammHbIe

MHCTPYMEHTapuu

Y v

Maker \

BBIIMCIICHUA B3 Ha ocHOBe B3 Ha ocHOBe

i
I
I
]
I
I
1
I
]
| Msrkue
I
]
I
]
I
I
]
I
]

< G OC ¢ makeTta OC ¢ monenu
n‘ I I
1 OB3 Ha MaTKMX
[ucrorpaMmebl
BBIYMCJICHUSIX
4
i’ BBIXOIHBIX CUTHAJIOB B

THUIIOBBIX CUTYyaAlIUAX

Onrumuszatop b3 Ha

OCHOBE€ KBAHTOBBIX ::

BBIYMCJICHUI
KHB na ocHoBe b3

MakeTa

]
]
]
]
]
L
]
]
]
]
]
]
]
]
]
]
1
]
1]
]
:
i pacrnpeneaeHust
]
]
1]
]
1
]
]
]
]
|
T
]
I
]
]
]
1
]
I
]
]
1

KHB Ha ocHoBe b3
MakeTa 1 poboTa

Y

KBaHToBbBIC

BbBIYMCJICHU A

KHB Ha ocHose b3
pobora

h A

Puc. 5. Texnonorust npoektupoBanust KHB, rme MCAY — uHTeIeKTyalbHasi CHCTEMa aBTOHOMHOTO yIpaBJe-
Hus, OC — oOyyalomuii CUrHami

B xauecTBe MU3MepUTETbHOM CUCTEMBI (pHC. 2, Sensor) B MaKeTe MCIIOJIb3YyeTCs IiaTa ¢ KOMOMHAIIM-
el 1aTYMKOB — TUpocKona u akcenepoMmeTpa — 5 DoF (msith cteneHeit ceo6oanl) IDGS500/ADXL335.

SlapoMm U LIeHTpabHBIM 3JIEMEHTaM CUCTEMBI SIBJISIETCSI MUKPOKOHTpOJLIep KoMnaHuu Microchip®
Chipkit, ocHoBaHHbIii Ha Tipouieccope PIC32MX320F128. Ilnara o6opynoBaHa USB-pazbemom miist
mepenadyn JaHHBIX ¢ Mpolleccopa Ha KomIboTep. MHTepdeiic USB mpuMeHsIeTcsT mpu MpoBeaeHUN
SKCIEPMMEHTOB IS TIepenadyyd W IpreMa JaHHBIX (yIJ1a OTKJIOHEHMS W BEJIWYUHBI YIIPaBIISIOIIETO

Ta6ommua 1. CpaBHenue b3

B3, ucrouyHuk curHana, KonnyectBo KonunyecTBo DyHKIUIMIA
Crioco6 onTuMU3aLUKU
onuvcaHue, NoaMN1ch MpaBUI MPUHAIIEXKHOCTH
b31, matmonenp, FCI 245 8X6x%x6 MonenupoBaHue
b34, maker OY FC4 288 9xX9x%x6 Anrmpokcumaliiysi 00y4aromiero CurHaaa
OC (renetmueckuii anroputM — ['A2)
Q-S FC1 x FC4 — MoaenupoBaHue
Q-T FC1 x FC4 — MogpenupoBanue
Q-ST FC1 x FC4 — MonenupoBaHue

N3BECTHA PAH. TEOPUA U CUCTEMBI YITPABJIEHUA  Ne 5 2023



POBACTHOE MHTEJUIEKTYAJIbHOE YITPABJIEHUE

]

ITporpamMMHbIe UHCTPYMEHTApUU
MPOEKTUPOBAHUS
camoopranusywoiuxcss UCY

KBaHTOBBIIT
ONTUMU3ATOP

b31
K K K

I

b34

OnrruMu3aTop
B3

IIporecc

KHB

u b3 B on-line

/
caMoopraHusauvu | | dopMupoBaHre 0ObEKTUBHBIX 3HAHWI Ha
OCHOBE MSITKUX BBIYMCICHU

3amaroruii HI/II[- un _ U (1) X(9)
CUTHAJI Oy
peryaaTop |+
Llym
Cucrema |,
U3MEPEHUS

Puc. 6. Ctpykrypa kBanToBoro HP
0.120 ——

0.096

Kp 0.072
EC1 0.048
0.024

0
—0.00715846

0.20
_0I5F
Ki 0.12f
FC1 0.08

0.04F
S—— - |

0
—0.00499999
0.080
0.064

Kd 0.048
FC1 0.032
0.016

0
—-0.00140842
0.060
0.048 -

Kp 0.036 -
FC4 0.024 |-
0.012

0 = |
~0.0123529
0.006 -

0.048F
Ki 0.036
FC4 0.024
0.012

0
—0.00647048

0.080
0.064

Kd 0.048
FC4 0.032
0.016 -

0
—0.0167347

Puc. 7. Tucrorpammel BxomHbix Koadduinuenros KHB ¢ HP FC1 u FC4
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Connection Setup | Normalization Generalization ] Signal |

Input Normalization

Mame Scale Offset Signal Max. Signal Min. Force clipping
1 KpO 0.591716 8.79 10.48 8.79 No
2 Kdo 0.467289 14.4 16.54 14.4 No
3 KiD 33.3333 0.33 0.36 0.33 No
4 Kpl 0.421941 1136 1373 11.36 No
5 Kdi 0.302115 1436 1767 14.36 MNo
6 K 16.6667 031 0.37 031 No

Normalization eguation s Infernal={External-Offset) Scale

Output Denormalization

Name Scale Offset Signal Max. Signal Min. Force clipping
1 Kp 0.199601 879 138 8.79 No
2 Kd 0.232558 144 187 14.4 No
3 Ki 4.99999 03 0.5 03 No

Puc. 8. Oxno KHB. Hopmanu3zanus u ageHopManun3aius CUTHajla ¢ MakeTa

BO3IECTBHUS), a TAKXKe IJIST YIaJeHHOM HACTPOMKM, peub O KOTOPOIi molineT Hrke. [TogkioueHue nart-
YUKOB OCYILIECTBIISIETCS C TIOMOILBIO aHAJIOTOBBIX BXOJI0B MUKPOKOHTPOJLIEPA.

bazoBpie GyHKIIMM mporpaMM MaKeTa IpencTaBieHBl Ha pUC. 3, 0000MIEHHO MX MOXHO ONMCATh
CIeAYIOLIMMU 1IaraMu: U3MepeHune, GUIbTpalus, yIIpaBiecHIe, TTOACYCT BpeMeHHU (3alepKKa).

3aMeTUM, YTO aJrOopuTM pabOThl MakeTa CHUCTEMBbl, IIPUBEACHHBIN Ha puc. 3, SIBIASIETCS YaCTHBIM
nmpuMepoM CAY ¢ 0OpaTHO CBSI3bI0 U BOCIIPOU3BOIUTCS B JIJAOOPATOPHBIX YCIOBUSIX.

2. IIpoexktupoBanne KHB Ha ocHoBe mporpaMMHOro MHCTPYMEHTAPHSA — KBAHTOBBI ONTHMH3ATOP
QCOptKB™, Cosznanue cucteMbl ynpasieHus Ha 6aze KHB ocyluecTBIseTcs ¢ MCIONb30BaHUEM IIPO-
TpaMMHOTro MHCTpyMeHTapus “KBaHTOBEII onrTuMu3aTop”. Pabodee OKHO 3TOro IMMPOIyKTa MpencTaB-
JICHO Ha puc. 4.

IIpumeuyanue 1. CHuzy Ha puc. 4 oToOpaxkeHa MaTpurila BDEMEHHOI KOppesiluu 1J1st hopMu-
pOBaHMS 3allyTAHHOTO COCTOSIHUSI, CBEPXy — I'MCTOTpaMMa BXOJSIIEro CUTHAJIa MPONOPLIMOHAIBHOIO
Ko buUIreHTa.

Texuonorus npumeHenuss KHB 1mo3BoisieT 00beIMHSITh B €IUHYIO CUCTEMY YIIPaBJIEHUS HECKOJIBKO
B3, u Takum oOpa3om, IO3BOJISISI HEYETKUM HEHPOHHBIM CETSIM padOTaTh ITapajljie/ibHO, 00eCcIieunBas
N CY nponoaHUTEIbHON POOACTHOCTHIO.

Paccmotpum Bo3moxHocTh TpuMmeHennss KHB niist o6bequnenust b3, moaydeHHBIX Ha OCHOBE pa3-
JIMYHBIX TH(OPMAILIMOHHBIX peCypcoB. B KauecTBe TakuX pecypCcoB BBICTYIIAET U3MEPSIEMBbIi CUTHAII Ha
KOHEUYHOM IIPOMEXYTKE BpPEeMEHM pabOTBl CUCTEMBbI, KOTOPBI MOXHO MOJIYYUTh M3 Pa3IMIHBIX
UCTOUYHMKOB. Hampumep, ¢ Mcnojib30BaHUEM pa3IMYHBIX MAaTEMAaTUYECKUX MOJIENE WU (U3NIECKU
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Ta6mmma 2. CuTtyanuu yrpasieHHs U TTapaMeTpbl MaTeMaTUIeCKUX MOIeIIei

[MapameTpb OY Tunosas cutyauus (C1) Henpenpunenuas (C2)

HavanbHbli yron 0 0

HauvanbHast ckopocTh 1 1

Macca Tenexku 0.56 0.56

Macca MasaTHUKA 0.63 0.63

JnvHa MasiTHUKaA 0.05 0.07

Tpenue B KpenieHUN 3.55 + HOpMUPOBAHHBIIA IIIyM ¢ MHTEH- | 3.73 + HOPMUPOBAHHEBIN IITyM C UHTEH-
cuBHOCTBIO 0.01 1 amruturymnoii 0.35 cuBHOCTBIO 0.01 1 ammuiurynoii 0.35

Tpenue kojec 3.63 + rayccoBckuii mym 15% 3.63 + rayccoBckuii myM 15%

Cuiia ynpyroctu 5.54 5.54

IIIym B cucteMme yripaBineHus | PaBHomepHsbrii [—2.15 2.15], unreHcus- | PaBHomepHbrit [—2.15 2.15], UHTeHCUB-

HocTb .48 HocTb (.48
IIIym B cucteMe usmepeHus Ammuryna (.22, rayCCOBCKUM 1Ty M, Ammutyna 0.32, rayCCOBCKUI 1Ty M,
nHTeHcuBHOCTH 0.01 nHteHcuBHOCTH 0.01
3amepKKa ynpasJIsioIIero 0.015 0.035
BO3IECHACTBUS

U3MEPSIEMbIX CUTHAJIOB peajlbHbIX OOBEKTOB yIpaBJIeHUS, (PYHKIIMOHUPYIOIIMX B pa3HbIX OKpYxKalo-
IIMX Cpedax v IpU pa3HbIX HAYaIbHBIX YCIOBUSIX [2, 3]. KittoueBbiM a5ieMeHTOM nogooHoit UCY saBisi-
€TCsl MeXaHHM3M O0BbEeIUHEHUS CTpaTeruii, 3aoxKeHHbIX B B3. IIpencraBieHHbIe paHee TEOpETUUECKUE
ocHoBbl KHB 6bU11 peann3oBaHbl U alipoOMpPOBaHbI HA 0a3e pa3IMYHbIX MAaTEeMaTUYSCKUX MOeei 1
peanbHbIX 00beKTax yrpaniieHus [4, 5]. IIpu 3ToM IpakTHKa IoKa3saja, 4To IS IPOSKTUPOBAHUS ca-
MOOPTaHU3YIOLICICS CUCTEMEBI, CITOCOOHOM (PYyHKIIMOHUPOBATh B 3KCTPEMAJILHBIX YCIIOBUSIX, HEO0X0-
VMO IIPUMEHSTH TOIIOJIHUTEIbHBINM IIPOrpaMMHEIN MHCTpyMeHTapuii mpoektupoBanuss KHB, ocHo-
BaHHBII HAa HOBBIX TUIAX BEIYKUCIICHWM, TAKMX, KAK KBAHTOBBIE MSITKKE BeranciaeHus [3]. O0miast MmeTo-
nonorns rpoektupoBannst KHB npencrasiena Ha puc. 5.

B TakoM KoHTeKcTe MOXHO BhiaeauTh Tpu Tuna KHB Ha 6aze pa3anyHbIX KICTOYHUKOB:

b3, noaydyeHHBIX ¢ MOMOIIbIO MAaTEMAaTUYECKUX MOJIEJICIA;

b3, HaligeHHBIX C UCITOIb30BaHMEM (PU3NIYCCKHN U3MEPSIEMOI0 CUTHAJIA YIIPaBJICHUS;

COBMECTHOE IIPUMEHEHNE Pa3INIHbIX MTHOOPMAIIMOHHBIX PECYPCOB.

[IpoBeneHHBIE UCCIEMOBAHMS ITOKA3a/IM, YTO HAWUTYYIIIMM KauyeCTBOM yIIpaBJIeHUS 00J1a1aloT KBaH-
ToBBIe peryasaTopsl (KP) Ha ocHOBe pa3anyHbIX THGOPMALIMOHHBIX pecypcoB [2].

Hanee nst npoektupoBanuss KHB oynem ncrmonb3zoBats b31 1 34, pa3paboranHbIe B COOTBETCTBUU
C TEXHOJIOTMEN MSTKUX BBIYMCIEHUN Ha onrtuMmusarope B3 [7, 8, 13] (puc. 6).

CpasHeHue npuBegeHHbBIX b3 paccMoTpeHo B Tadir. 1.

Ilepen Tem Kak mpucTynuTh K co3nannio KHB, Heo6xonmMo IToIyduTh TMCTOrpaMMBbI pacripeaesie-
HUS BBIXOOHBIX CUTHAIOB (Ko3(ddunineHToB ycusieHus1) HP (puc. 7).

151 TOro MpoOBOAMTCS CepUsl IKCIIEPUMEHTOB U MOJESJIMPOBAHNUS B TUIIOBOM CUTYyallMU yIIpaBJie-
Hus. Vcrionb3ys moaydeHHbIe 3HaYeHUsI KO3(hUIUEHTOB YCUJICHUs IIpU padboTe MOACIN 1 MaKeTa,
¢dopMuUpyeTCST MacCUB HAHHBIX IS MOCTPOCHUSI TMCTOIPaMM KO3(h(PUIIMEHTOB YCUJICHUS HEYETKUX
I O-perynstopos. IlocTpoeHue rucTorpaMM MPOUCXOTUT aBTOMAaTHUUYECKHU TIPU 3arpy3kKe TaHHBIX B
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Puc. 9. Crpykrypa cucteMsl MmonennpoBaHus B cpene MatLab/Simulink: /7 — Biok KHB; 2 — TTUA-perynsitop; 3 —
QY; 4 — reHepaTopbI IITyMOB

KBaHTOBBII OoITUMM3ATOp. B manbHelleM 3T rucTorpaMMbl IpuMeHsiIoTcs B anroputve KHB misa
¢hopMHUpOBaHUS BUPTYyaIbHBIX COCTOSTHUI (puUC. 7).

B skcrniepruMeHTe Ha MakeTe MCHOJIb3YIOTCS TMCTOrpaMMbl KOG OUIIMEHTOB YCUJICHUS, TTOTyYeH-
HbI€ DKCIIEPUMEHTAIbHO, a TMCTOTrpaMMbl KO3(MMUIIMEHTOB YCUJIEHUS, HallIeHHbIe C TOMOIIIbIO MaTe-
MaTUYECKOTo MOASIMPOBaHMS, NpuMeHsIoTcs B opmupoBannu KHB n1st MmogenupoBaHus yrpasJe-
Hus1 pobotom. Ha puc. 7 mpeacrasiieHbl TMCTOTpaMMbl KoadduiimeHToB noaydyeHHbix ¢ FC1 u FC4.

IMocne cozmaHust HOBOIT MOAEIN PEryJIaTOpa U 3arpy3KU TaHHBIX B KBAHTOBBII ONTUMU3aTOP BHIOU-
paeTcsl BUJI KBAaHTOBOM KOppensun Mexay KoaddunueHTamMu ycuiieHus. @opmupoBaHue 3arryTaH-
HBIX COCTOSTHUI OCYILIECTBIISIETCSI HA OCHOBE BEIOPAHHOM KOPPEISIIIMOHHON MaTPUIIBI, KOTOpast 0TO0-
paxaeTcs B paboyeM OKHe onTuMu3aTopa (puc. 4).

Ha ciemyiomniem 1are ycraHaBIMBalOTCS COOTBETCTBYIONIINE MAaKCUMAaIbHBIE 1 MUHUMAaJIbHbIC 3HA-
YeHUs 111 BXOOHBIX M BhixogHbIx curHaioB KHB B cnenmmanbHOM OKHe mporpaMMebl (puc. 8).

Ha 3aximounTesIbHOM IIare MpOeKTUPOBAHMS IIPOU3BOAUTCS HACTPOIIKA IIKAJIUPYIOIINX KO3hdu-
IUEHTOB YCUJIEHUsI BhIXOOHBIX curHanoB KHB ¢ ncnonb3oBanmeM reHetndeckoro anroputMa (I'A) u
MaTeMaTUIeCKOI MOJIEIIH IJIs TToA00pa HAMJTYJIIIero pelleHusI.

3. MonenupoBanue u s3kcnepuMeHT aBToHOMHbIX ICY Ha ocHoBe KHB. IlepeiinemM K mpakTuueckomy
npuMeHeHnIo pa3padoranHoi monean KHB mrst opMmupoBanms mmpoieccos ynpaBiaeHUS KO3DPHUim-
eHtamu ycuieHusi [TU]JI-perynsitopa. PaccMOoTpuM KilaccMYecKylo 3ajady CUCTeMbl CTaOMIM3alMU

“KapeTKa IlepeMellleHUsI—TIepeBepHYTHIN MasTHUK, MOIETb M MaKeT KOTOPOI ITpUBeIeHEI B [7, 13, 15,
16].
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Error of control

Value

1500
System clock
Error of control

Value
(e

| |
0 500 1000 1500
System clock

Puc. 10. Yron oTKJIOHeHUsT MaTeMaTu4eckoit Mmoaenu. TumnoBast cutyarus yrpasienus (Cl). MoaenupoBaHue

OmnuiieM pe3yabTaThl MATEMAaTUIECKOTO MOIEINPOBaHMS M (DU3NYECKOIO DKCIIEPUMEHTA B IBYX CH-
TyalMsIX yrpaBJIeHUSI:

B niepBoii (TunoBoii) cutyauuu (C1) 3amepxka yIpapisioniero curdaia crangaptaas — 0.015 c;

BO BTOpOIi HenpensuaeHHou cutyanuu (C2) 3agepkka yrpasistioinero curiaia — 0.035 ¢ (yBeau-
yeHHas B 3 paza).

B tabi. 2 npencrapieHbl mapaMeTpbl MaTeMaTuueckoii monenu mist Cl1 u C2.

ITpumeuganue 2. PasmepHOCTh pU3NIESCKMX BEIUINH B Ta0JI. 2 IpuBeaeHa B cucteme Cu 1 mMe-
eT pa3MepHOCTb BUI (M, ¢, M/c, H) nis riepeMenieHus1, BpeMeHU, CKOPOCTU U CUJIBI COOTBETCTBEHHO.
[Iymbl TeHepUpyIOTCSI GOPMUPYIOIINMU (UIBTPAMU, U JONOIHUTEIBHOM NH(GOPMAaLIKM O XapaKTepr-
CTHKAaX IITyMOB He TpeOyeTCs, TaK KaK ITyMbI IIPUMEHSIIOTCS TOJIBKO IJIst (hopMupoBaHus podbacTHbix b3
HP.

Ha puc. 9 npuBeneHa cTpykTypa CUCTeMBI MOJEIMPOBaHUS, BEIIOJIHEHHAs B cpene MatLab/Simu-
link.

PesynbTaThl MOOEIMpOBaHUS PETYISITOPOB B TUTIOBOM CUTYalIM YIIPaBICHUS IIPOMJLIIOCTPUPOBAHBI
Ha puc. 10 m 11.

PaccmoTpuM cBsI3b MeXIy BXOOHBIMU U BhIXOTHBIMM 3HaYeHUsIMU KHB Ha nmpumepe mpormopimo-
HaJIbHOTO Koa(d dunmenTa ycuneHusa. Ha puc. 12 mpencraBiaeHsl BxogHble 3HaYeHNT KHB (ko3 dduim-
eHTsl ycuiieHus1 FC1 u FC4) u BeIxogHOE 3HaueHue MponopiroHaabHoro koadduiimenta KHB mpu
BpPEMEHHOI KOPPEJISILIIN.

Ha puc. 13 moka3zaHsl (pa30BbIe TTOPTPETHI MOACIINPYEMBIX CHCTEM.
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Integral square error
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Puc. 11. UuTterpan kBagpaTuuHoit omnobku. Tunosast cutyauust yrpasiernust (C1). MonenupoBaHue

Kp
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Time cc

Puc. 12. [IponopimoHanbHblil KO3 duULIMeHT ycuneHusi. BxonHbie u BbixogHble 3HaueHss KHB. MonenupoBaHue B
TUITOBOI CUTYalLIMU yIIPaBJICHUS
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Puc. 14. Yron oTKJIOHEHUsI MATEMaTUYECKOI MOJEN. Here[[BI/II[eHHaﬂ cUuTyalud ynpaBJICHU. MOZ[CJ'[PIpOBaHI/IC
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WHrerpan kBaapaTuaHoit omndku. MoaennupoBaHue
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Puc. 15. MHTerpan KBagpatnaHoi ommoku. HerpensuneHHast 1 TUIIOBasl CUTyallMy yIipaBjieHus. MoaeampoBaHue,
tne FC1—FC4 — neuetkue peryisitopsl, u cokpaieHusi: Q — quantum, S(Space) — mpoctpaHctBeHHas, T(Time) —
BpeMmeHHas, ST(SpaceTime) — mpocTpaHCTBEHHO-BpEMEHHAas KOPPEISIIUN

N

d error/dt
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error "
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Puc. 16. ®a3oBbie mopTpeThl MO ¢ KBaHTOBEIMM HP B HenpensuneHHo# curyanuu yrpasienust (C2). Moaeaupo-
BaHUe

Control Error
4

0 500 1000

1500
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Puc. 17. Yron oTkJIoHeHUsT MakeTa. TUoBast cCUTyalus yrpaBiIeHUsI. DKCIIEPUMEHT

U3BECTUSA PAH. TEOPUA U CUCTEMBI YITPABJIEHUS Ne 5 2023



POBACTHOE MHTEJUIEKTYAJIBHOE YITPABJIEHUME 141

Control Error

Value
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Puc. 18. Yron otkiioHeHust MakeTa. TUMoBast cuTyaius yrpasieHUsI. DKCIIEPUMEHT
Integral square error
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Puc. 19. UHTerpan KkBaapaTUdHoM ommoKy. TUItoBasi cUTyalus yrpasieHUs. DKCIEPUMEHT

Hanee Ha puc. 14 mpencTaBiieHbI pe3yJIbTaThl MOACIUPOBAHMS B HEIIPEABUICHHOM CUTYyallU1 YIIpaB-
JICHUSI.

Ha pnc. 15 onmmcana obniast amarpaMma MHTeTrpaia KBaapaTUIHOI OIITMOKN MOJIETUPOBAaHMS.

Ha pwnc. 14 MOXHO 3aMeTHUTh, YTO 3HaUeHMe MHTeTpabHoui ook KP pacmoaraercs mexny He-
YEeTKMMMU KOHTpoJIiepaMu, oopazoBasimumu KHB.
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Puc. 22. Yron oTkiioHeHMsT MakeTa. HelraTHast cutyalust ynpaBieHUsI. DKCIIEPUMEHT
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Integral square error
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Puc. 23. MnuTerpan kBaapaTudHoii ommbku. HelrratHas cutyauust ynpapieHUsT. DKCIIEPUMEHT

I1poBenem pu3MIecKUil SKCIIEPUMEHT Ha peajibHOM OY B TUITOBOM cuTyanmu yrpasieHus. Ha puc.
16—20 paccMOTpEHBI pe3yJIbTaThl SKCIIEPUMEHTOB.

[IpoBenem akcriepuMeHT Ha peanbHoM OY B HelmITaTHOM cuTyaluu ynpasieHus (C2).
Ha puc. 21—25 nipencrasiieHbl pe3yabTaTbl 9KCIIEPUMEHTOB.

Kak mokasbiBaloT pe3ynbTaTbl MOAEIMPOBAHUSI U 3KCIEPUMEHTa, pa3paboTaHHash METOMOJIOTHUS
00bEAMHEHUS CTpaTeTUil yrpaBiieHUs 1o3BoJisieT 2(MOEKTUBHO CIIPABIATHCS € 3a1a4aMu yIIpaBieHUs
Jlaxke B OKCTpeMaJIbHBIX YCJIOBUSIX, B KOTOPBIX C 3a1aueii yrpaiieHUs He cripaBisitotest HP, nexaiive B
ocHoBe KHB. BaxkxHo oTMeTHUTB, 4TO cucTeMa yrnpasieHus Ha ocHoBe KHB HacnenyeT nydime xapak-
TEPUCTUKM KadecTBa yripasiieHns oT b3 HP, mo6asisast crtocoOHOCTh K caMOOpTraHU3aIng.

IIpumeuvanue 3. [IpuBeneHHbIe pe3yabTaThl CYILIECTBEHHO OTJINYAIOTCS OT U3BECTHBIX U3 JINTE-
paTypHBIX UCTOYHUKOB [ 18 —33], B KOTOPBIX OTCYTCTBYIOT PE3YyIbTaThl SKCIEPUMEHTAIILHON IMTPOBEPKU
3¢ HEeKTUBHOCTH TIPUMEHEHWS KBAaHTOBBIX BEIUMCIICHUN HA pealbHBIX (pusmyeckmx OY.

Takum o6pa3zoM nokazaHa 3(h(HEeKTUBHOCTh U HEOOXOAUMOCTh IMTPUMEHEHMSI KBAHTOBBIX BhIUMCIIE-
HUI 1 aJITOPUTMOB YIIPaBJIEHUSI HE TOJBKO I KBAHTOBBIX CUCTEM, HO M i Kiaccudeckux OY. Ot-
KpbIThI B [6—9] a(pdeKT KBaHTOBOII caMOOpraHuU3allii HETOUHBIX b3 3a cueT uU3B/IeYeHUs] CKPBITOI
KBaHTOBOI MH(MOPMAIIUN SKCIIEPUMEHTAIbHO TIPOBEPEH U YCTAHOBJIEH B 3KCIIEPUMEHTAX 11 MHOTUX
CJIOXXHBIX IUIOXO (DOpMaJIM3yeMbIX 1 CJIA0OCTPYKTYpUPOBAHHBIX (prznueckux OY.

3akmouenne. TexHoMOrus IIpUMEHEeHMST KBAaHTOBOTro onTuMu3aropa b3 obecrieunBaeT cuctemMy no-
MOJTHUTEILHBIM CBOMCTBOM POOACTHOCTH TOJIBKO C ITOMOIIBIO IIPOrpaMMHO-aJITOPUTMUYECKOTo obec-
neuyeHust. [IpoBegeHHbIE SKCIIEPUMEHTHI MOKA3alIu, YTO MHTEJIJIEKTYaJbHOE YIIPaBJIE€HUE ITO3BOJISIET
BBITIOJIHSATh HACTPOMKY JaXKe CIOXHBIX 0OBEKTOB YIIPABIEHUsSI ¢ HECKOJILKUMM KOHTYpaMHu 0OpaTHOI
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Puc. 25. da3oBble mopTpeThl KBaHTOBBIX HP B HelraTHO# cuTyalinu yrpasieHusi. DKCIIEPUMEHT

cBsa3u. [IpogeMOHCTpUPOBAHO, YTO KBaHTOBBIIT HP B pealbHBIX YCIIOBUSIX Ha peajbHbIX (DU3UYECKUX
OY cnpasisieTcs ¢ 3agadyeit ynpasjieHuUs cJiokHbIM OY Ha T10CTaTOYHO BBICOKOM YpOBHE, TIe KIacCu-
yeckuii peryjsatop u HP He o6i1agaloT TpeOyeMbIM KaueCTBOM YIIpaBJIcHUSI. YCTaHOBJICHHBIN 3¢ -
GeKT MoATBEePKIAECT pean3anunio IIPUHIINIIA KBAaHTOBOM caMoopranu3auuu b3 3a cuet ucmonan30-
Banus aaropurma KHB, paspa6orannoro B [3, 4, 6, 7]. IlokazaHo nmpuMeHeHEe KBAHTOBBIX BHIYMC-
JICHUIi Ha KJIaCCUYECKOM ITPOIleccope B pexXMMe peaalbHOTO BpeMeHU. Pe3ybTaThl MOIEIUPOBAHUS
M OKCIIEPUMEHTOB IOKA3bIBAIOT MTOJIE3HOCTh U 3P (PEKTUBHOCTh CKPBITOM KBAHTOBOM MH(MOPMALINH,
M3BJIeKaeMOI M3 KJIACCUYECKUX COCTOSTHUI KO3(P(PULIMEHTOB YCUIEHUS, B IIpOlleccax yIpaBIeHUS

[34, 35].
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