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Abstract. The purpose of the work is to design a hybrid screen designed to reduce the level of the
magnetic field generated by double-circuit overhead power lines, to increase the efficiency of
shielding the original magnetic field in residential buildings, to the level of sanitary standards and to
reduce the sensitivity of the system to changes in system parameters. To achieve this goal, the
structure of a hybrid screen was determined, consisting of a double contour active and a cable contour
passive part. The developed hybrid screen is characterized by increased efficiency in reducing the
magnetic field of industrial frequency. Designing a hybrid screen comes down to solving a minimax
vector optimization problem, in which the vector objective function is calculated based on solution to
Maxwell's equations in a quasi-stationary approximation using the COMSOL Multiphysics software
package. The solution to the minimax vector optimization problem is calculated based on multi-
particle swarm optimization algorithms from Pareto-optimal solutions taking into account binary
preference relations. During the design of the hybrid screen, the coordinates of the spatial location of
the two compensation windings, as well as the magnitude of the currents and its phases in the
windings of the active screen, were calculated. The important results are theoretical and experimental
studies on the effectiveness of the designed hybrid magnetic field shield generated by double-circuit
overhead power lines. The significance of the results obtained lies in the fact that practical
recommendations are given for a reasonable choice of the spatial arrangement of two shielding
windings of a robust system of hybrid shielding of the magnetic field generated by double-circuit
overhead power lines.
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Ecranarea hibrida activa si pasiva a cAimpului magnetic prin utilizara cablului realizat sub forma de
circuit al liniilor electrice aeriene cu doua lanturi
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Rezumat. Scopul lucrarii este proiectarea unui ecran hibrid menit sa reduca nivelul campului magnetic generat
de liniile electrice aeriene cu lant dublu, sd creasca eficienta ecrandrii cAmpului magnetic initial in cladirile de
modificarile parametrilor. Pentru atingerea acestui obiectiv a fost determinatd structura unui ecran hibrid, format
dintr-o parte activa cu dublu contur si o parte pasiva cu contur cablu. Ecranul hibrid elaborat se caracterizeaza
printr-o eficientd crescutd in reducerea campului magnetic al frecventei industriale. Proiectarea unui ecran hibrid
se reduce la rezolvarea unei probleme de optimizare vectoriala minimax, in care functia obiectiv vectoriala este
calculatd pe baza solutiei ecuatiilor lui Maxwell intr-0 aproximare cvasi-stationara folosind pachetul software
COMSOL Multiphysics. Solutia problemei de optimizare a vectorului minimax este calculata pe baza
algoritmilor de optimizare a roiului multiparticule din solutii Pareto-optime tinand cont de relatiile de preferinta
binare. In timpul proiectdrii ecranului hibrid, au fost calculate coordonatele locatiei spatiale a celor doui
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infasurari de compensare, precum si magnitudinea curentilor si fazele acestuia in infasurarile ecranului activ.
Rezultatele importante sunt studii teoretice si experimentale privind eficacitatea scutului hibrid de camp
magnetic proiectat generat de liniile electrice aeriene cu dublu circuit. Semnificatia rezultatelor obtinute consta
in faptul cd se dau recomandari practice pentru o alegere rezonabild a dispunerii spatiale a doua Infasurari de
ecranare a unui sistem robust de ecranare hibrida a campului magnetic generat de liniile electrice aeriene cu
dublu circuit.

Cuvinte-cheie: linii electrice aeriene cu doud circuite, cAmp magnetic, ecranare hibrida, studii teoretice si
experimentale.

I'uOpuaHoe aKTHBHOE M IACCMBHOE TPOCOBOE KOHTYPHOE SKPAHHPOBAHHE MATHUTHOI O NOJISl ABYXIEMHbIX
BO3/yUIHBIX JHHHIA 3JIeKTponepeiayu
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Annomayusn. llensio pabOTHl SIBISICTCS MPOEKTUPOBAaHME THOPHIHOTO OJKpaHa IPEIHA3HAYEHHOTO IS
CHIDKEHHs] YPOBHSI MATHUTHOTO MOJIsI, TEHEPUPYEMOTO ABYXLIETHBIMHU BO3YIIHBIMH JTHHHUAMH JIEKTPONEPEIayN,
JUIsl TIOBBIIICHUS (P ()EKTUBHOCTH DKPAaHUPOBAHUS UCXOAHOTO MAarHUTHOTO IOJSI B XKHJIBIX JOMax, JI0 YPOBHS
CaHUTapHBIX HOPM M YMEHBIICHHUS UYYyBCTBUTECIBHOCTH CHUCTEMBI K H3MEHEHHUSIM MapaMeTpoB CHCTeMbI. Jlis
JIOCTIDKEHUSI TIOCTAaBICHHOM I1eNTH, oIpeiesieHa CTpYKTypa T'MOpUIHOTO PKPaHa, COCTOAIIEr0 U3 IBYXKOHTYPHOM
aKTHUBHOM M TPOCOBON KOHTYPHOW MacCUBHOM yacTH. Pa3paOoTaHHBIN THOpUIHBIA SKpaH XapakTepHu3yeTcs
MOBBINIEHHOH 3()(EKTUBHOCTHIO CHMW)KEHHMsI MarHUTHOTO TIOJIsI TPOMBINIIEHHO# uacToThl. [IpoekTupoBanue
THOPUIHOTO 3KpaHa CBOAWTCA K PEIICHWIO 33add MHHUMAKCHONH BEKTOPHOH ONTHMH3AINH, B KOTOPOH
BEKTOpHas 1eneBas (YHKOWS BBIUMCIACTCS HAa OCHOBAaHWMHM pEIICHMH ypaBHeHMH MakcBemna B
KBa3HUCTAIIMOHAPHOM MPHUONMKEHNU ¢ TIoMolIbio makera mporpamm COMSOL Multiphysics. Pemmenune 3amaun
MUHMMAaKCHOW BEKTOPHOM ONTHMHU3alUH BBIYHMCISAECTCS HA OCHOBE AlTOPUTMOB ONTHMHU3ALMH MYJIBTUPOEM
yactinl U3 [lapeTo-onTMManbHBIX pENIeHWH ¢ y4eToM OWHApHBIX OTHOUICHWH mpeanodreHus. B xoze
MPOEKTUPOBAHNUS THOPHIHOTO 3KpaHa BBIYMCICHBI KOOPAMHATHI IPOCTPAHCTBEHHOTO PACIOJOXEHHS IBYX
KOMIICHCAI[MOHHBIX OOMOTKH, a TAK)KE BEJIMYMHBI TOKOB U €ro (a3 B 00OMOTKax aKTHBHOTO 3kpaHa. Hambosee
BaXHBIMHM PE3yJIbTaTaMU SABIISIOTCS TEOPETUUECKHE U SKCIEpHUMEHTaJbHbIE HccenoBaHHsA 3()(HEKTHUBHOCTH
CHPOEKTHPOBAHHOTO THOPHAHOTO SKpaHa MAarHUTHOTO TOJI, T€HEPUPYEMOTO JBYXIEIIHBIMH BO3AYIIHBIMU
JUHUAMH 3JIEeKTponepeAadr. 3HAYUMOCTh IIOJYYEHHBIX pe3yJIbTaTOB COCTOUT B TOM, YTO MPUBOIATCS
MPaKTUYEeCKHe PEKOMEHJAllMM 10 OOOCHOBAaHHOMY BBIOOPY MPOCTPAHCTBEHHOTO pACHOJIOKEHHUS JBYX
SKPAHUPYIOINX 0OMOTOK poOacCTHOM CHCTEeMBI THOPHAHOTO 3KPAaHHUPOBAHUS MAarHUTHOTO IOJISl, TEHEPUPYEMOT O
JBYXLEMHbIMA BO3IyIIHBIMU JHHHUSAMHU 3neKkTponepenaun. Iloka3aHa BO3MOXKHOCTb CHIXKEHHS HHIYKIHU
UCXOJHOTO MarHUTHOTO MOJIS 10 YPOBHSI CAHUTAPHBIX HOPM.

Knrwouegvie cnoea: nByxuenHble BO3AYIIHBIC JIMHUM 3JIEKTPOIIEpeladyn, MAarHUTHOE II0jie, THOpHIHOE
SKpaHUPOBaHHE, TEOPETHUECKUE U DKCTIEPUMEHTAIIbHBIE HCCIEJOBAHUS.

BBEJEHHUE nenHbie JIDIT SBASIOTCS OCHOBHBIM HCTOYHHKOM
TEXHOTEHHOTO 3JIEKTPOMArHUTHOTO TIOJSI IIPO-

MarHuTHoe MOJ€ IPOMBIINIEHHONM 4YacTo- o
MBIIUIEHHON YaCTOTBHI.

To1 (MII) Ha ypoBeHb KOTOpOTO cieayeT oOpa-
TUTh BHUMaHHUE, TEHEPUPYETCs, B OCHOBHOM,
BO3/IYIIHBIMH JIMHUSAMU 3JIEKTpOIIEpeay, a Tak-
e TIOJ3EMHBIMU DJICKTPHUECKUMH KaOeisiMu,
NOJCTaHIMSMHU CPEITHETO M HU3KOro Hampsbke-
HUSI M pacIpeieUTeIbHBIMU dIIEKTPOCUCTEMAMHU
3JTaHNH.

Juist 3neKTpocHA0XKEHUST COBPEMEHHBIX TOPO-
OB HauboJjee 4acTo NMPUMEHSIOT JBYXIICITHBIC
muann snekrponepenaun (JISII), manusie JIOII
JIOCTATOYHO YacTO PACIHOJI0XKEHBI B HETOCPE/-
CTBEHHOW OJHM30CTH OT JKWJIBIX JIOMOB, KaK 3TO
MoKa3aHo Ha puc. 1.

[losTOMy, B COBpPEeMEHHBIX TOpPOAax JABYX-

O¢ddext naurensHOro BO3ICHCTBUS MarHHT-
HOTO TOJIS POMBIIIJIEHHON 4aCTOTHI IPOSIBIISIET-
Cs JUUIsl HACelleHUs] B YBEIMUYEHUH 3a00JIeBaeMO-
CTH pakoBbIMH 3a0oseBanusiMu [1]-[5].

B MupoBoii mpakThke HaOMOAAETCs TeHICH-
U K y/)KECTOUEHHUIO CTaHIapTOB B OTHOIIEHUU
YPOBHSI MAarHUTHBIX MOJE€H MPOMBINIJIEHHON 4Ya-
CTOTBI C LENBI0 3allUThl KUTEIEH, >KUBYIIHX
BOJIM3H 3TUX UCTOYHHUKOB.

OObIuHO, I HOpMaiu3auud ypoBHS MII
TpedyeTrcs ocnabiieHne YPOBHS HCXOIHOTO Mar-
HUTHOTO TIOJIA B OT JBYX [0 YETHIpEX pa3, 10
OTHOIIICHHIO K ucxoaHomy MIT [6].
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OnHUM W3 TPaTUIMOHHBIX CIIOCOOOB OCITa0-
JIEHUs] MCXOJHOTO MAarHWTHOTO TIONS SIBISAETCS
JKpaHHpOBaHUE 00BEKTa OOMOTKAMU aKTHBHOTO
skpana [7]-{10]. DT O0OMOTKH HCHOJB3YIOT
BHEIIHWE WCTOYHHWKH THUTAHHUA Ui CO3IaHUS
JIOTIOTHATEIFHOTO MAarHUTHOTO IIOJISA, MPOTHUBO-
neictByromee ucxoaHomy MIIL. B pesynbrarte
CYMEPIO3ULIUU MCXOJHOTO M JOMOJHUTEIHHOTO
MII, BenmuumHa pe3yabTHPYIOMETO OIS dhdhek-
TUBHO YMEHBIIACTCS.

HecmoTps Ha cBoto 3 PeKTUBHOCTH, cuCTEMa
C aKTHBHBIMH OOMOTKaMu OoJyiee CJIOXKHA, IO
CpPaBHEHHIO C TACCHBHBIMHU dKpaHamu. Crctema
BKIIFOYAeT B CeOSI MaTYMKH MAarHUTHOTO IIOJIA,
Joporocrosiiee 000pyIoBaHHE, TaKoe KakK HC-
TOYHUKH MUTAHHS, CHCTEMY MOHHUTOPHHTA B pe-
THPHOM BPEMEHH ISl PETYIHPOBKHU T0IaBaEMbIX
TOKOB W 00€CNeueHHs BBIXOJHBIX TpeOyeMbIX
YPOBHEW MarHuTHOro mnojs. JlaHHas TONOJIHH-

TEJIbHAsI CJIOXKHOCTH JAETAaeT AKTUBHBIE 3KPaHBI
GoJiee TOPOTUM PEIIEHHEM 10 CPaBHEHUIO C Tac-
CHUBHBIMU METOJIaMH 3KpaHupoBanust MIL.

Puc. 1. MHOro3Ta:KHBIH JKHJI0H I0M,
pacnooKeHHbIi BOM3H AByXuennoii JIIII.

[TaccuBHbIe KOHTYpHI [9], ¢ IpYyTrOi CTOPOHHI,
NpedHa3Ha4YeHbl [JIs TOAABJICHUS HMCXOIHOTO
MarHMTHOTO TOJISI BUXPEBBIMH TOKAMH JI0 TOTO,
KaKk OHO JOCTHI'HET OOJIACTH SKPaHUPOBAHUSI.
BuxpeBsle TOKHM, WHAYUHPOBAaHHbIE BHYTPH
SKpaHUPYIOIIEH CUCTEMBI, F€HEPUPYIOT MPOTH-
BOIIOJIO)KHOE€ MarHUTHOE I0Jie, KOTOpoe ocial-
JSeT MepBOHavalbHOE nosie. IlaccuBHBIE KOHTY-
pBI ©MEIOT Oosiee HU3KYIO 3P (HEKTUBHOCTD dKpa-
HUPOBAHUS, HO UX MOXHO HCIOJIb30BaTh BMECTE
C aKTMBHBIMU KOHTYpaMmH JUIsi TIOBBIIIEHUS 00-
meld  3¢p¢eKTUBHOCTH  dKpaHupoBaHus [9].
Hawnbonee mpocTsiM B KOHCTPYKTHBHOM HCIIOJN-
HEHUM SBJISIETCA MACCUBHBIM TPOCOBBINA KOHTYp-
HBIH DKpaH, pacloIOKEHHBIN 10 KpasMm JoMa. B
pabote mpemaraercsi MOAXOH K THOPHIHOMY
SKpaHUPOBAHHIO, KOTOPBIN MPEAINoNaraeT UHTe-
TPalyi0 TACCHBHOTO TPOCOBOTO KOHTYPHOTO

! Appendix 1
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9KpaHa B CUCTEMY aKTHBHOTO

Heas padoTsl — onpeaenuts 3G PpeKTHBHOCTD
THOPUIHOTO MOAXOAa K 3KPaHUPOBAHHIO, COYe-
TafIero B cede 0OMOTKH aKTHBHOTO dKpaHa M
MACCUBHBIH TPOCOBBII KOHTYpPHBIH 3KpaH ajs
ocnalneHusT MarHUTHOTO IIOJIs, CO3/aBaeMOro
JIBYXLICIHOW BO3AYLIHOM JIMHHEH B MHOIO3Tax-
HOM >KHJIOM JIOME.

I. MIOCTAHOBKA 3AJAYN

3amagum amruutyay Ax u asy @k TOKOB

MIPOMBIIUIEHHON 9acTOTHI (O B IBYXIEMHBIX BO3-

IYIIHBIX JHHUAX. [IOCKONBKY TOK HM3MEHseTCA

rapMOHHYECKH ¢ yacTtoToil ® = 50 /'y, BbIpazum

TOKH B 3THX JIMHUSX B KOMIUIEKCHOU opme:

k(1) =Acexp j (ot +oy) 1)

r7le KOMIUIEKCHAsl aMIUTUTyAa TOKa HMEEeT Clie-
JIYIOLIMI BUJ

I = Acexp joy .
s OLleHKH BO3ACHCTBUSL HAa OKPYXAIOLIYIO
cpeny MII, co3znaBaemoro aByxuenHbiMu BJI,

paccyuTacM MarHUTHBIA IOTOK IO 3aKOHY buo-
Cagapa 1151 amemenTapaoro Toka [6]-[10]:

dBy (Q) =% (dl xR, ) ()
4nR
: Mol ¢ (dh *Ry)
B = 3
Q)= { 3 @)
Bektop R| HampasjieH OT 3JEMEHTapHOrO

otpeska dl; c Tokom |, K Touke HabOIrOHEeHUS Q,
Uy — IPOHMUIIAEMOCTh BaKyyMa.

CreoBaTeIbHO, KOMIUIEKCHAS —AaMIUIATYAa
BEKTOPA MArHUTHOTO MOJIst K- IMHUK paBHA:

. I R

-

Ota ¢opMmysa OOBIYHO HCIIOJIB3YETCS IPH
pacuere MarHUTHOTO TOJS BO3AYIIHBIX JHHUHI
AIIEKTpOTIepEIayH.

BBenem BEKTOP ) apaMeTpoB
HEONPEIETICHHOCTH JUIS 3a7a4l IPOEKTUPOBAHUS
ruOpuIHOrO dKpanupoBanust [11]- Ero
COCTABJISIIONIMMH  SIBJISTFOTCSI HETOYHBIC 3HAHUS
TOKOB M (pa3 B mpoBoaax JIDII, a takxe Apyrux
napameTpoB THOPHIHOM CHCTEMBI
9KpaHUPOBAHUSL.
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OTH mapaMeTpbl U3BECTHBI HETOYHO U MOTYT
MEHATBCS B Tporiecce paboThl cucTeMbl [15]—

[18].

BekTop MarHMTHOrO MOJs B,_(Q,f)), co3Ja-
BaeMoro Bcemu nposojamu JIOII By (Q,3) B
TOuKe Q SKPAHMPYEMOM 30HBI, PACCUMTHIBAETCS
TI0 TIPUHIIAITY CYTIEPIIO3UIAN:

L(Q,6)=§Bk (Q.3)

HauvanbHbple KOOpAMHATBHI AKTUBHBIX KOHTY-
POB, a TAKKE aMIUIUTYIbl Ay, U Gasbl @, TOKOB

B KOMIICHCAIIMOHHBIX OOMOTKAax OTPEAEIISIOTCS
BekTopoM X, [13]. KommnexkcHas amruartyna

TOKa B MPOBOAAX aKTUBHOW OOMOTKH 3aJaBaach
B CJIETYFOIIIEM BHUJIE:

Tak = Aak €XP jPak - (5)

BekTop mMarauTHOTO 10 B, (Q, X, ), co3na-

BAEMOTO  BCEMHM  aKTHBHBIMH  IIPOBOJAMH
KOHTYpa By (Q,X,) B TouKe Q SKpaHHpylomieii
00JIaCTH, TAKIKE MOXKHO PACCUMTATH C UCIIONB30-

BaHUEM IpUHIMIIA CYTICPIIO3ULTNU:

Ba(Q:Xa)zzBak (Q1Xa)- (6)
k

Pesynbrupytoumii Bektop MIT By (Q,Xj,8)

paccunthiBaeTcs kKak cymma MII, cozzaBaemoro
JIDII u TonbKO 0OMOTKaMU aKTUBHBIX KOHTYPOB:

BRa (Q,Xa,f)) = l'3L (Q,6)+Ba (Q:Xa) . (7)

3aganuM BEKTOP Xp, BKJIFOYAIOIINI KOOp-

JIMHATBI, JUAaMETp U Marepuall MpOBOJA 3KpaHa
ceTKH. BaxHO OTMETUTh, 4YTO 3HAUEHUS
BekTopa X, (PMKCHPOBaHbI U HE OyayT MOABEP-

raThCs HUKAKUM M3MEHECHHSM B IPOIIECCE OITH-
musaimu. Ilonaras 3agaHHBIMHA 3HAUEHUS BEKTO-
pa X, u Bg,(Q,X,,8), MBI obpaThMcs K TOTy-
AHAJUTUYECKOM MOJIEIN 3KpaHupoBaHHOro MII

C UCIIOJIb30BAHUEM «CETYATOrO» dKpaHa OT BO3-
JIymrHOHM uHIH cormacHo [10]-[12]. Paccuuraem

1ok (X4, X,8) B KOMILIEKCHOM  (opme,

HaBOJUMBIM B KOHTYpE DKpaHa, UCIOJb3Ys IpH-
BEJICHHBIE BBIIIE paOOTEHI.

Hwmest paccUMTaHHBIE TOKH I'p| (Xa:Xp,0) B

KOHTYPC 3KpaHa, U MMapaMeTpbl, 3aJaHHLIC BCK-
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TOpOM X MBI MOXCM HMCIIOJB30BaTh 3aKOH

p b
buo-Casapa s pacuera MIT B (Q, X5, X ,9)

skpana. Pesynmprupyromee MII rtubpugHOU
SKPAHHUPYIOMIEH CUCTEMBI OYAET ONpeneniaThCs
aHanorugHo gopmyne (7):

Br (Q.Xa, X .8)= B (Q.8)+ By (Q.X, )+

: (8
+Bp (Q.Xa X p.8).

1. METO/J PEIIEHUS

BBenem BekTOp X HCKOMBIX MapaMeTpoB 3a-
Ja4d TPOCKTHPOBAHHUA THOPHUIHOTO 3KPaHHPO-
BaHUs, COCTOSINEH W3 BEKTOPOB X, W

X, [16]-[18].

[Ipumem HauvanbHbBIE 3HAYCHHS BEKTOPOB X
U &, TOTAa CpelHEKBAJAPATHUYHOE 3HAYEHHE pe-
3yJIBTUPYIOLIETO MarHUTHOTO 0TSt

%‘BR (Qi,Xa,Xp,?S)‘ B Touke Q; BHyTpM 00Jia-

CTH  DKPaHUPOBAHUS  IPEIACTABISIETCS  Kak
Brms (X,8,Q;) . 3amaya mpoeKTUpOBaHUS THOPHUI-
HOI'0 3KpaHUpPOBAHHA CBOAUTCA K BBIYMCICHUIO

Ha OIpeleiIeHHE pEIICHUS BEKTOPHOW WI-
poI [19]-[21]

Brms (X,8) = <Brms (Xv&Qi» . (9)

UTo0bl pemmTh 3Ty BEKTOPHYIO TPy, HE00-
XOJIMMO HAWTH MHHHMYM BEKTOpa BBIMTPHIIIA
urpsl (9) mo BekTopy X, a MaKCUMyM HE0OXO-
JIUMO HANTH 10 BEKTOPY & .

[Ipu 3TOM HEOOXOIWMO YYHTHIBATH OTPaHU-
YeHHs Ha BEKTOp X, KOTOPbIE OMHCHIBAIOT HC-
KOMBIE TapaMeTpbl THOPUIHON CHCTEMBI 3Kpa-
HUPOBaHUS B BHJIE BEKTOPHOTO HEPAaBEHCTBA M,
BO3MOJKHO, BEKTOPHOTO PaBEHCTBA

G(X)<Gmax, H(X)=0.  (10)

CrnexyeT OTMETUTh, YTO KOMIIOHEHTHI BEK-
TopHOW Wrpel (9) W BEKTOPHBIX OTpaHHYE-
Huit (10) SBISTIOTCS HENMWHEWHBIMU (DYHKIMSIMU
BEKTOPA NCKOMBIX ITapaMeTpOB.

3ameTuM, 4yTO perieHue Urpsl (9) ¢ orpaHu-
yeansamu (10) sBisieTcs penieHreM reoMeTpude-
CKHX O0OpaTHBIX 3aJa4 MarHUTOCTATHKH [29]-
[32]. B xone peuieHus] OTHICKMBAIOTCS, B 4acT-
HOCTH, T€OMETPUYECKUE pa3Mepbl U MPOCTpaH-
CTBEHHOE pACIOJIOXKEHHE KOMIIEHCAIMOHHBIX
0OMOTOK CHCTEMBI aKTHBHOTO JKPaHHPOBAHHMS.
[Ipsimoit 3amaueit ABIAETCSA, B YACTHOCTH, 3aKOH
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buo-Casapa (3), korma mo W3BECTHBIM T€OMET-
pUYECKHM TMapaMeTpaM PAaCIOIOKEHHUS dJIeMeH-
TapHOTO y4YacTKa C 3aJaHHBIM 3HAUYEHHUEM TOKa
Ha OCHOBE IPUYMHHO-CIEACTBEHHON CBS3U
onpenensercs naaykuus MII B 3amaHHO# Touke,
TEHEPUPYEMOTO ITHM DIIEMEHTAPHBIM yYacTKOM
Toka. [Ipu perenun oOpaTHOM 3a1a4l MarHUTO-
CTaTUKU peluaeTcs oOpaTHas 3ajada ompenelie-
HUS TTapaMeTPOB TOKA M TE€OMETPUYECKHX Iapa-
METPOB KOMIIEHCAIIMOHHON OOMOTKH HJISi T€He-
PUpPOBaHMS 33JAHHOTO KOMIIEHCUPYIOIIETO IOJIA,
HAIPaBJIEHHOTO TPOTHUBOIOJIOKHO HCXOJIHOMY
MII, renepupyemoe JIDII B paccmarpuBaemoit
TOYKE MTPOCTPAHCTBA IKPAHUPOBAHHSL.

I11. AJITOPUTM PELIEHUSA

PaccmoTpum monxon k pemieHuro chopMyn-
poBanHOM 3amauu. [lomumMo kputepueB u orpa-
HUYEHHUN BEKTOPHOW ONTUMHU3ALWH, TOUHOE pe-
HICHUE 3aa4ld MHOTOKPUTEPUATIBHOM ONTHMHU-
3ammu TpeOyeT 3afaHusd OMHAPHBIX OTHOIICHHN
NPEANOYTeHUST  CpeAr  JIOKANBHBIX  pelre-
Huil [22]-{26]. DtoT dopmanbHBIA MOAXOA OC-
HOBaH Ha CO3JIaHUU MPOCTPAHCTBA ONTUMAJb-
Hbix [lapero pemenuii. [logxon cyliecTBEHHO
Cy)KaeT Juamna3oH BO3MOXKHBIX ONTHMAaJIbHBIX
pelieHuil MepBUYHOM 3aJayd MHOTOKPHUTEpHU-
aJbHOM ONTHMM3AINH, YMEHbIIIAS HATPY3Ky IS
TOTO KTO NMPUHUMAET PEIISHUs, IO TIOUCKY HJIe-
AITBHOTO PEIICHNUS.

Uro0Obl HAliTH JOKAIBGHBII MUHUMYM B JIaH-
HOM TIPOCTPaHCTBE, OOBIYHO TpedyeTcs He-
CKOJIBKO KpaHHOCTEH, IpU 3TOM IPUCYTCTBYIOT
KaK JOKAJIbHbIE MUHUMYMBI, TAK 1 MaKCUMYyMBI.
[ToaToMy muist pelieHus: TOM 3aJa4yd PEeKOMEH-
JlyeTCsl UCIOJIb30BaTh aJITOPUTMBI CTOXACTHYE-
CKOW MHOTOareHTHOM ONTHUMM3ALUU.

PaccmoTpum  anropuTM TOWICKa MHOXKECTBA
ontuManbHbX [lapero pemeHuil 3amgady MHOro-
KPUTEPHAIBHOTO HEJIMHEWHOTO IPOrPaMMHPO-
BaHMSI Ha OCHOBE CTOXAaCTUYECKOW MHOTOAreHT-
HOHl ontuMuzauuu [27]-[28]. B HacTosiee Bpe-
MA MHOTHE aJITOPUTMbI ONTUMHU3ALMMU POSl Ya-
ctuil (PSO) pa3paboTanbl Ha OCHOBE KOHIICTILIUN
KOJUIEKTUBHOTO pa3zyma pos YacTHUll, HaIpUMED
anroput™mbl gbest PSO u lbest PSO [19]-[21].
Hcnons3oBaHue METOJOB CTOXaCTUYECKOM MHO-
TOAreHTHOM ONTHMU3AINH JIJIST PEIICHUS MHOTO-
KpUTEpPHANBHBIX 3a/lady COMNPSDKEHO C OIpese-
JIEHHBIMU TPYAHOCTSMH, U B HACTOSILIEE BpeMs
3Ta 001aCTh HAXOJUTCS B CTAIUH MHTCHCHUBHOTO
pa3Butus. [ns pelieHus UCXOJHOH MHOTOKpH-
TepUATbHON 3aJaud HEJIMHEHMHOro MmporpaMMu-
pOBaHUS C OTPAaHUYECHUSIMU MBI IIpejIaraeM Imo-
CTPOUTH AJITOPUTM CTOXAaCTUYECKOM MHOTO-

18

arcHTHOW ONTHUMU3AIINH, UCIIOJIL3YIONIMA HaOop
poeB dactull. Yuciio poeB 4acTHIl PaBHO YHCIY
KOMITOHEHT BEKTOPHOTO KpHUTEpHS ONTHMH3a-
IIUH.

CKOpOCTH YaCTHI] B aITOPUTME ONITUMHU3AIUH
pPOSI YACTHIl M3MEHSIIOTCS 10 JHMHEWHBIM 3aKO-
HaMm. B mocnegHee Bpems A MOBBIIICHHUS CKO-
POCTH TIOMCKA TIIO0ATBLHOTO PEICHUSI CTalld UC-
MOJIb30BaTh HEIMHEWHBIC aJITOPUTMBI CTOXACTH-
YeCKOW MHOTOAareHTHOM ontuMuzanuu [23]. OHu
BKIIIOUAIOT B CeOs BBIPAKCHUE JBWKCHHUS Ya-
CTUI[ i pOS j C MOMOUIBIO CIICAYIOIIUX BBIpa-
JKEHUI:

v (t+1)=w,v, (t)+...
-+ Gy (t)H(plj 811())*"'
ln-x 0 o
4Gy, (t)H(p &, (t))*...
Hlyi-x ()]
Xij (t+1)=x ( )+v ( +1) (12

rae X;j(t) u vjj(t)— monoxkeHue u CKOPOCTD Ya-

posg j;
KOHCTAHTHBI, ONPCACIIAIONHNE BECa KOTHUTHUBHOM
M COLMAIBHOM COCTaBISIFOIIMX CKOPOCTH [IBH-
KeHus wactui; Rj(t) u nj(t) mpeacrassior

CTULBI | Ci U Cp, — IOJIO)KUTEIbHBIC

co0oit cimywaitaple uncia ot 0 mo 1, ucmonb3ye-
MBbI€ JUISI ONPEJIENIEHUsI CTOXaCTUIECKONH COCTaB-
JIAIOIIEN CKOPOCTH YaCTHUIIBI.

yij ()., y
Hy‘-IHH/Ie Hu FHOGaHLHO-Hy‘-IHH/Ie TIIOJIOKEHUA 4Ya-

CTHUIIBI HAaXOJSATCSI COOTBETCTBEHHO TOJILKO OJI-
HOH yacTulied | W BCEeMM YacTULAMU | pos j.

3nech Jy4lllde JIOKaJIbHO-

UcnonbsoBanne Koddduuuenta HHEPUUH W)

MO3BOJISIET MOBBICUTH KAYECTBO IMPOIIECCa OMTH-
MU3aIUH.

O®ynkuua Xepucailja H ucmonb3yercss Kak
(GYHKUMS TIEPEKITIOYEeHUS] JBIKEHHUST YacTUIIBI B
COOTBETCTBUU C JIOKAIBHBIM Yj; (t) u rmoGans-

*
HBIM Yj(t) omrumymam. KorHuTHBHBIE pPij M

COaJIbHBIC pzj KOMITOHCHTBI CKOPOCTU BHU-

JKEHMSI YaCTHI] MEPEKIFOYAIOTCS Ha OCHOBE JIO-
KaJIBHOTO M TII00anbHOro ontumyma. Ilapamer-
PBI TIEPEKITIOUEHHS ONPENESIOTCS CITyYaiiHBIMU
ancamu g (t) u gj(t). Ecmm pj<g;j(t) u
P2j <&2j(t), TO cKOpOCTb HacTHIBI i B poe |

OCTacTCd HEM3MCHHOM Ha mmare t u qacTtuia.
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ABWXCTCA B TOM K€ HAIpPaBJICHUH, YTO U Ha
npeabI AyeM niare OITUMMU3alu.

OTZ[CJ'H)HBIC POH UCIIOJB3YIOTCA IS PEIICHUA
3aga4 OINTUMH3AlMM CKaJIAPHBIX KPUTCPHUCB

B(X,Pj), KOTOpBIE SBIIFOTCSI KOMIIOHEHTaMU

BEKTOPHOTO KpUTEpHUs onTumuzanuu. YtoOsl
MOJYYUTh [JI00ANbHOE pelieHHe HCXOAHOW MHO-
TOKPUTEPHUAIBHOW 3a/a4d, OTIENbHBIE POU 00-
MEHMBAIOTCSI MH(OpMaMel Nmpu MOUCKE ONTHU-
MaJIbHBIX PELIEHUH JTOKATBHBIX KPUTEPHUEB

OmHoBpeMeHHO HWH(OpMAIHSA O TI00aTEHOM
ONTHMYyME€, TOJYYEHHOM YacTUI[aMH OJHOTO
posi, UCHONB3yeTCs sl pacueTa CKOPOCTH ABH-
JKEHHS 4aCTHILl APYTOro post ISl BBISIBICHUS BCEX
MOTEHIUAIBHBIX [lapeTo-onTUMaNbHBIX —pellie-
HUH.

s 3TOr0 Ha KakIOM Iuare tABMKCHMS Ya-
CTHIl i pOSi | UCHONB3YIOTCA (YHKIUW Tpe-
HUMYILECTB JIOKIBHBIX PEIICHUH, MOJYyYSHHBIX
BCeMU posiMu. Perenue X]f(t), MOJIyYEHHOE

npu OINTUMH3ALUHN LIEJIEBOM hyHKIIH

B(X (1), Pj) C TIOMOIBIO POst j, JIydIlEe, YeM
perenne Xy (t), momy4eHHOE TIPH ONTHMH3ALUH
neneBo pyHKIuU B(X (t) Pk) C IIOMOILBIO POs

k, T.e. X;(t)>X(t) ecnm BhTOMHSAETCA YyCrO-

BHC

max B
i=1Lm

(R X (1) < maxe

i=Lm

(P,,xf(‘(t)). (13)

Ilpu sTOM B KauecTBe TII00ATBLHOIO ONTHU-
*
MabHOTO pemenus Xy (t) post k mcmomnb3yercs

*
rinobankHoe permenue X (t), momydeHHOE po-
€M j, KOTOpOe Jy4lle IO OTHOIIEHHIO K IJIO-

GATHHOMY DEIICHHIO Xy (t) pos k Ha ocHOBe

cooTHouIeHus npeanouteHui (13).

B »sTtomM moaxome mnpuMEHsSIETCST OCHOBHAas
KOHIICTIIIAS TTOCIICIOBATEIEHOTO CYXKeHHUs o0a-
ctu KoMmrpomuccoB. Bece ontumansabie mo Ila-
pPETO peleHus, KOTOPble HEBO3MOXHO BHIOPATH
Ha OCHOBE UMEIOIIEHCs HHPOPMALIMK O TPE/IIO0-
YTEHUSAX, TOCIEAOBATEILHO YIAISIOTCS W3 HC-
XOJHOTO MHOXECTBa BO3MOXXHBIX PEIICHUH C
HCITONIb30BaHUEM WH(GOpPMauu 00 OTHOCHUTEIh-
HOM Ba)XHOCTH JIOKaJIbHBIX pEIIeHUH. Y janeHue
MPOU3BOAMTCS 10 TEX MOp, IMOKa He Oymer Jo-
CTUTHYTO TJIOOAJTBHO ONTHMANBHOE pEIICHHE.
brmaronmapsi TakoMy MOAXOAYy HH OJIHO ITOTECHITH-
aIBHO ONTUMAJIEHOE PElIeHUe He Oy/IeT yIaIeHo

2 Appendix 1
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Ha KaXXJIOM 3Tale Cy>XCHUA.

IV. PE3YJBbBTATBI MOJAEJIUPOBAHUS

Ha puc. 1 moxkazansr aByxuemnHas JIOII u
MHOTO3TXHBIN Kujaod aom. [lis storo moma
MPOEKTUPYETCs] THOPHIHAS CHCTEMa DKPaHHUPO-
BaHUs, KOTOpasi YMEHBIIIAET CO3/1aBa€MOE B 3TOM
cnydyae MII. IlpoBenem monenupoBaHHE B JIBY-
MEpHOH IIOCTaHOBKE, YUHTHIBAIOIIEH IapameT-
pe1 JIDII m pa3smMepsl MHOTOATAXKHOTO JKHIIOTO
noma. JIDII (puc. 2) XapakTepu3yIOTCs CIIEIyI0-
IIFIMH TTapaMeTpaMu:

CpPEeHEKBAJPAaTUYHOE 3HAYEHHE TOKa B
npoBoauuke JIDII lins=700 A,

— KOOpPAWHATHI II0/IBECA TPOBOIHUKOB IS
¢dazer A: Ap=-7 m, Ay=5 m, Axn=-1 m, Ayy=5 wm,
Ax=0 m; mma dazer B: By=-8 m, By=10.m,
Bx=0m, Bx=10 m; mis ¢azer C: Cu=-6 n,
Cy=15 m, Co=-2 m, Cpy=15 u;
yron casura  (hassr
By = 27/3 pao.; C, = -21/3 pao.

Kumoil 1oM pacnosnokeH Mo KoopAUHATaM —
HWKHUH JeBblil yron (Xo = 15, Yo = 0.9m) u
uMeeT pasmepel — mupuHa 11.52 m, BBICO-
Ta 13.44 M. ]JIns ycTaHOBKHM 3alllUTHOTO SKpaHa
MO yrJjlaM 3[aHUs HCIIONb3YIOTCS aTIOMUHHEBBIE
npoBoja ceueHuem 50 M.

Pacrnipenenenrne MarHUTHOTO MOJIS HEAKPAHU-
POBaHHON BO3MYIIHOW JIMHUHM II0OKAa3aHO Ha
puc. 2. BuaHO, 9TO MarHWTHOE IIOJIE B JKHIIOHN
30HE Ha TMOPSJIOK TPEBBIIIAET KOHTPOJIHHBIN
ypoBenb 0,5 MK77.

Ay=0 pao.;

316

. ||*

| 10.0

o2 ‘
-10 0

1.0

Puc. 2. Pacnipenenenne cpefHeKBagpaTH4ecKOro
3HAYeHUS] MHAYKIHM MATHUTHOTrO nmoJs JIDII
BOJIH3H JKUJI0Tr0 J0MA. 2

Ecnu ucnonb3yercst TOJIIBKO MAaCCUBHBIN TPO-
COBBIA KOHTYPHBINA 3KpaH (puc. 3), ociabneHve
MarHUTHOTO TIONA B CPEIHEM COCTaBJIIET OKO-
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910 CHHMIKCHHUC HC3HAYUTCIIBHO

Brms. uT

5\ 100.0
&

10

20

020

-10 0 Ly

Puc. 3. Pacnpe/esienue cpeiHeKBaIpaTHYECKOTO
3HAYeHHs] MHAYKIHHA MATHUTHOTO TOJIst TIPH
MCTIOJIL30BAHMH TOJLKO MACCHBHOIO TPOCOBOTO
KOHTYPHOI'0 3KpaHa. 3

Brms. HT
100.0

| 31.6
10.0

32

0.1

Puc. 4. Pacnpeneﬂelme CPECAHEKBAAPATUYECCKOT O
SHAYCHUA UHAYKIIUUA MATHUTHOI'O ITOJISAA IPpU
HCMOJb30BAHUU TOJBbKO aKTUBHOI'O 3KpaHa. 4

M3-32 HEONTUMAJILHBIX [1apaMETPOB MACCHBHOIO
TPOCOBOT'O KOHTYPHOI'O 3KpaHa.

AKTHBHBIE KOHTYPHl ONTHMU3HPOBAHEI C I1a-
pamMeTpaMHu TEpBOH OOMOTKH, COCTOSIIHMH W3
X1s= 5m, Yis= 0.9 m, Xie= 6.36 m, Yie= 8.55 u,
Iko1= 468.5 A, u pxo1= 3.53 paod., a mapamerpsl
BTOpOM O0OMOTKM BKIItOUYarOT Xos= 7.14 m,
Yos= 10.77 m, Xoe= 5 m, Y= 1434 o,
Iko2= 700 A, u PKo2= 3.8 pad.

B stom ciyuae Xis, Yis, Xie, Yie, Xos, Yos, 1 Xoe
MPEJICTABJISIOT COOOW KOOPIWHATHI IOJIOKEHUH
obmotku. Torma kxak lkoir ¥ lko2 TIpenCTaBISIOT
co00i1 AelicTBYyOIINE 3HAYESHUS TOKa B OOMOTKE,
a Qko1 U Pko2 MPEACTABIIAIOT COOTBETCTBYIOIIUC

3456 Appendix 1
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¢a3sbl.

\ ‘
0.9-0:92°0.71!
15, 16.646

05

057! . L : :
19.937 21.583 23.229 24874

18.291 0.2

Puc. 5. [leranbHoe pacnipenelieHue
CPeIHeKBAIPATHYECKOr0 3HAYCHHU S HHAYKIHHA
MATHUTHOI'O MOJISI BHYTPH KIJI0 30HBI NPH
HCI0JIb30BAHNH TOJLKO AKTHBHOI'0 JKpaHa. °

Brms, UT
100.0

0.1

Puc.6. Pacnpenesnenue cpeHeKBAIPaATUYECKOT0
3HAYEHNS] MHAYKIIMHA MATHUTHOTO TOJIS MPH
HMCHO0JIb30BAHMU THOPHUIHOM CHCTEMBI
3KpanupoBanmus. °

Hcnonb3oBaHne TOJIBKO aKTUBHBIX KOHTYPOB

MpU ONTHUMHU3ALNN HX IApaMETPOB HA OCHOBE
(DMKCUPOBaHHBIX TMAPAMETPOB MACCHBHOTO TPO-
COBOTO KOHTYPHOTO 3KpaHa NPHUBOAUT K 3aMET-
HOMY OCJIa0JICHHIO MArHUTHOTO IOJISI IPUMEPHO
B 11.5 pa3 (puc. 4, 5).
Ilpu  wucnonmb3oBaHMM  THOPUAHOW  CHUCTEMBI
sKkpaHupoBanus (puc. 6, 7) ocnabieHre MarHUTHOTO
nojss B CpeAHEM cocraBiisieT okono 12.4 pas.
PesynbraTst MOATBEPKIAIOT 3¢ PEeKTUBHOCTH
NnoaxoAaa  THOPHIHOTO 9KPaHUPOBaHMS  JUIs
ocnabmenuss MII, co3maBaeMoro JBYXIETHBIMHU
BO3JIyLIHBIMU JIMHUSIMH B MHOTO3TaKHOM KUJIOM
JOME.
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[IpennoxkeHnplii moaxon ObUI  MPHU3HAH Ha puc. 9 mokaszanbl ABe KOMICHCHPYIOIINE
3¢ (GEKTUBHBIM, TIOCKOIBKY MarHuTHOe mojie He  oOMoTkm CAD MakeTa 3SKCIEPUMEHTAILHON
npesbimano yposens MII B 0.5 M7z B 95%  ycraHOBKH.
00beMe KHIIOTO TTOMEIIICHHSI. E

Puc. 9. /IBe koMneHcupyomue 00MOTKH
AKTHBHOI0 IKPaHA MaKeTa IKCIePUMEHTATbHOM

ycTaHOBKH. °

g1

048] 02 Ha puc. 10 noka3an mMakeT MacCMBHOTO KOH-
15. 16.646  18.291 19.937 21.

I583 23.229 24.874 - x,'m 19
TYpHOT'O 3KpaHa SKCIEPUMEHTAIBHOW YCTaHOB-

Puc. 7. letanbHoe pacnpeaesienue
CpeIHeKBaIPATHYeCKOro 3HAYEHUS] HHAYKIUU
MATHUTHOTO NOJIs1 BHYTPH KUJI0MH 30HBI IPH
HCIO0JIb30BAHMU THOPHIHOM CHCTEMBI
3KPaHUPOBAHMUS. '

V. OIIMCAHUE 3KCIIEPUMEHTAJILHOM
YCTAHOBKHU

s mpoBemeHus SKCHEPUMEHTAIBHBIX HC-
ciefoBaHui 3G (EKTUBHOCTH CHCTEMBI KOMOU-
HUPOBAaHHOTrO 3KpaHuposanuss MII, renepupye-
MOTO BHYTPHM MHOTOAT@XHBIX JIOMOB JBYXIEII-
HBIMH JIMHUSAMH 3JIEKTPONEPENaud C Pacroio-
JKEHHEM IPOBOJIOB THIIA «O0UYKa» (MaKeT KOTO-
poii oka3aH Ha puc. 8), BKIIOUYAIOIel aKTHBHOE
U TACCHBHOE SKPaHHPOBAHHE C MOMOIIbIO KOH-
TYPHOTO 3KpaHa, pa3paboTaHa IKCIIEPUMEHTAIb-
Hasl yCTaHOBKA.

Puc. 10. IlaccuBHBIN KOHTYPHBIH KPaH MaKeTa
IKCNEPUMEHTAIbHOI ycTaHOBKH.

Ha puc. 11 nokazaH oOuuii BUj MakeTa 3KC-
MIEPUMEHTANIBHONU YCTAHOBKHU

Puc.11. O0muii B MaKeTa 3KCHePHMEHTAILHOMN

Puc. 8. IByxuennasi JUHHUSA 3JIeKTPONepeaayHn ¢ 1
YCTAHOBKH.

Pacno/JIo’KeHUEM IPOBOA0OB THUIIA «00YKa» MaKeTa
SKCﬂepl/lMeHTaﬂbHOﬁ YCTaHOBKHM. 8

7,8,9,10,11 AppendiX 1 21
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V1. PE3YJBTATBI DKCHEPUMEHTAJIbHBIX
HUCCJAEIOBAHUM

PaccmoTpuM  pe3yibTaThl 3KCIIEPUMEHTANb-
HBIX HcclenoBaHui 3((EeKTUBHOCTH KOMOHWHU-
POBAaHHOI'O SKPAaHUPOBAHUS, BKJIFOYAIOIIEIO aK-
TUBHOE M IACCHBHOE JIKPAaHUPOBAHHE C IIOMO-
b0 KOHTYypHOTO 3KpaHa, MII renepupyemoro
BHYTPU MHOTOSTaKHBIX JIOMOB JBYXLEIMHBIMH
JUHUSAMH 3JIEKTPOIIEPEAAaYr C PaCIIOIOKECHUEM
MPOBOJZIOB THITAa «Ooukay. Ha puc. 12 moka3aHbl
9KCIEPUMEHTAILHO U3MEPEHHBIE PacIpeaeICHUs
ucxonnoro MII u pesynsrupyroniero MII mpu
pabdoTe TOJNBKO OAHOrO MAacCCHBHOTO KOHTYPHOI'O
JKpaHa.

Ha puc. 13 mnokasaHsl 3KCHEpUMEHTAIBHO
W3MEpeHHoe pacnpeaeneHne (akrtopa 3ddek-
TUBHOCTU 3KpaHHpoBaHUs ucxonHoro MII mpu
paboTe TOJIbKO MAacCHBHOTO KOHTYPHOTO KpaHa.
MakcumanbHoe 3HaueHHe (akrtopa >PQeKTHUB-
HOocTH dKpanupoBaHus (DPD3) mcxomHoro MII
npu pabote MacCUBHOTO CILTOIITHOTO
IT-o6pa3Horo skpana cocrasisier 1.25.

Ha puc. 14 mnokazaHsl 3KCHEpPUMEHTAIBHO
U3MEpPEHHbIE PACIpPEIeNIeHus] UCXOAHOTO U pe-
synbrupytomero MII nmpu pabore TOIBKO aKTHB-
HOT'O 3KpaHa.

Ha puc. 15 mnokasaHsl 3KCIEpUMEHTAIBHO
u3MepeHHoe pacnpeneiaeane ®OD UCXOTHOTO
MarHUTHOTO MOJIS TP PadOTe TOIBKO aKTUBHOTO
sKkpaHa. MakcumansHOe 3HaueHne MO ucxon-
Horo MII npu pabote tompko CAD cocraBisi-
eT .

15 5

1.1
1 -

0.5

g ’\’\\/24
0.6 22
0.4 02 2
X, m

]
Z, m 3

|Bl, mkT

Puc. 12. JxcnepuMeHTaIbHO U3MePEHHbIE
pacupenenenus ucxogHoro MII u
pe3yastupylomero MII npu padore T0/1bK0
OJHOT'0 MACCHBHOI0 KOHTYPHOI'0 KpaHa.

12,13,14,15 AppendiX 1
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1.5 4
L 11
x

0.5 ~

19

21
22 a3

24 o z,m

X, m
Puc. 13. DxcnepuMeHTATBHO U3MEPEeHHOE
pacnpenenenue @I ucxoanoro MII mpu padorte
NMACCHBHOI0 KOHTYPHOTI'0 9KpaHa.

@

T _I_r"'_"_'_.—__ﬂ:;

24 0
X, m z,m

15

1Bl mkT

Puc. 14. JxcnepuMeHTaTbHO U3MePEHHbIE
pacnpeeeHHs HCXOIHOTO H Pe3yJIbTHPYIOLIEro
MII npu padore TOJIbKO AKTUBHOI'0 3KPaHa.

0.6

2.2

23 a4 0
X, m

Puc. 15. DxcnepuMeHTAIbHO H3MepPeHHOE
pacupeaenenne @I UCX0AHOr0 MATHUTHOTO
NoJis NpH padoTe TONBKO aKTHBHOI'0 JKPaHAa.
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Ha puc. 16 mnoxa3aHel 3KCIIEpUMEHTAIBHO
U3MEpPEHHbIE PACIIPEIENICHNs] UCXOAHOTO U pe-
synprupytomero MII npu pabore KOMOUHHpPO-
BaHHOTO AKTMBHOTI'O M INAacCHBHOTO KOHTYPHOTO
JKpaHa.

|B], mkT

X, m

Puc. 16. dxcniepuMeHTAJBLHO U3MEpPEHHbIE
pacnpe/esieHUst HCXOAHOTO U Pe3y.JIbTHPYIOIEro
MII npu pa6oTe KOMOMHHPOBAHHOTO KpaHa. 16

Ha puc. 17 nokasaHsl 3KCHEpPUMEHTAIBHO
u3MepeHHoe pacmpeneiaeane ®OD UCXOAHOTO
MII npu pabote npu paboTe KOMOMHUPOBAHHOTO
OKpaHa, ¢ aKTUBHBIM U MMAaCCHUBHBIM KOHTYPHBIM
sKkpaHoM. MakcuManpHOe 3HaueHne DPOD wmc-
xomnHoro MII mpu pabote mipu paboTre KOMOUHU-

POBAaHHOI'O 3KpaHa COCTABJIACT 4.5,

42
4

38
36
34
32
3

28
28
24
22

44
34
2
4 T 06
0.4
pacupenenenne @I ucxognoro MII u npu

Puc. 17. JxcnepuMeHTAIbHO H3MepPEeHHOe
paboTe KOMOHHUPOBAHHOIO JKPaHa. 1’

Takum obpazoM, BenmuunHa ®DOD HCXOAHOTO
MII npu pabore KOMOWHHUPOBAHHOIO JKpaHa
cocrtapmseT 6.5, B To Bpems kak BenuunHa OO3
ucxonHoro MII npu paboTe TOIBKO aKTHBHOTO
9KpaHa coctaBisieT 4.5, a BennunHa DI wuc-
xomaoro MII mpu pabGoTe TONBKO TACCHBHOTO
cruomHoro  I1-oOpasHoro skpaHa cocTaBiisi-

16,17,18,19 Appendix 1
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et 1.25.

PaccMoTpuM  3KCIIEpUMEHTAILHO HU3MEpEH-
HBIE IPOCTPAHCTBEHHO-BPEMEHHBIE XapaKTepH-
cruku ([1BX) MII.

Ha puc. 18 mnokazansl 3KCIEpUMEHTAIBHO
W3MEpPEHHbIE BBIXOJHBIC HAMPSHKCHUS JaTYNKOB
MarHiTHOTO TIOJNSI B BEPTUKAIBHOW W TOPU3OH-
TaJbHOM TIIOCKOCTSIX Tpu uaMepenuu [1BX wuc-
xoaHoro MIL

Kak cnemyer W3 3TMX OCHMIIIOIpaMM, BbI-
XOJTHBIEC HANPSHKEHHUS AATYNKOB MAarHUTHOTO TIO-
7S CMemIeHs 1o ¢ase mpuMepHo Ha 180 rpamy-
COB M UMEIOT MPUMEPHO OJWHAKOBHIE aMILIUTY-
JTBL.

Ha puc. 19 nokazana 3KCHepUMEHTaJIbHO U3-
MepenHas [IBX ncxoanoro MIL.

Tek K Pas: 4.400ms

NI

Trig*d
+*

I

CH1 100mY  CHZ 100mY AC Line

M 5.00ms

Puc. 18. DxcnepuMeHTAJBLHO U3MEpPEHHbIE
BBIXO/JHbIEe HATIPSI’KEHUS JaTYMKOB MATHUTHOTO
NoJisl B BePTHKAJbLHON 1 rOPU30HTAJILHOI

MJIOCKOCTSIX.

18

CHT 100mY  CHZ 100mY Y Maode

Puc. 19. OxcniepumeHTanbHO H3MepeHHas [IBX
ucxoanoro MII. *°
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Ha puc. 20 nokazaHa 3KCIepUMEHTaNbHO U3-
MepenHass [IBX pesynptupyromero MII npu
paboTe KOMOMHUPOBAHHOTO dKPaHa, ¢ AKTUBHBIM
Y TIACCHBHBIM KOHTYPHBIM KPaHOM.

Kak cnenyer u3 storo puc. 20, npu pabdote
KOMOMHHUPOBAHHOTO 3KpaHa C aKTUBHBIM W TIac-
CHUBHBIM KOHTYPHBIM 3KpaHoM, Iiomans I1BX
CTaHOBHUTCSl CYIIECTBEHHO MEHbIIE IUIOMIAIH
I[NBX ucxomnoro MII, moka3zanHoro Ha puc. 19.
Urto m ompernenser BBICOKYIO 3((HEeKTHUBHOCTH
9KpaHupoBaHus wucxogoro MII c momomsio
KOMOWHHPOBAaHHOTO YKpaHa.

CH1 500mY  CH2 50.0mY B Mode

Puc. 20. OxcnepumenTaabHo usmepennas IIBX
pe3yabstupyromero MII npu padorte
KOMOMHHMPOBAHHOI0 KPaHa, ¢ AKTUBHBIM H
NACCHBHBLIM KOHTYPHBIM 3KpaHoMm. 2

OCHOBHOE MPEUMYIIIECTBO MTPUMEHEHUS KOM-
OMHHMPOBAHHOTO PKPAHWPOBAHUS 3aKITFOYAETCS B
TOM, YTO C €r0 MOMOIIbIO MOXHO CHU3UThH YpO-
BeHb ucxoxHoro MII Ha 3HauMTENBHO OOJIBIIEH
IUIOIIAAU ASKPAHUPYIOLIErO0 MPOCTPAHCTBA IIO
CPaBHEHHUIO C HCIIONb30BAHUEM TOJIBKO OZHOTO
aKTHUBHOT'O 3KPaHa.

3AKJIIOYEHHUE

1. JlaHHBIC KCCIIEIOBAHUS MOKA3bIBAIOT BO3-
MOYHOCTh MPUMEHEHHS TMOPUIHOTO MOAX0Aa K
SKPAaHUPOBAHUIO MArHUTHBIX TIOJEH IMPOMBIIII-
JIEHHOM 4acTOThI, FEHEPUPYEMBIX JABYXLEIHBIMHU
BO3YIIHBIMU JIMHUSMHU B MHOTO3TaXHBIX JKH-
JBIX JIOMax. Pe3ynbTaThl MOMYEPKUBAIOT MTOTECH-
yajl 3TOro moaxoaa B riaHe 3()(EKTHBHOTO
pelIeHus TaHHOW TTPOOIIEMBI.

2. Pe3ynpTaThl HWCCIICIOBAHUS ITOKA3BIBAIOT,
YTO HCIIOJIb30BAHUE TOJBKO MACCHBHOTO TPOCO-
BOI'0 KOHTYPHOI'O 3KpaHa IPUBOAUT K OTHOCH-
TEJIHO HEOOJBIIOMY OCJIA0JICHHI0O MAarHUTHOTO
TOJISA, M3-32 OTCYTCTBHUS ONTHUMH3AINH MapaMeT-
POB AaHHOTO TUNA KpPaHOB. OHAKO, ONTHMH3A-
Ul aKTUBHBIX KOHTYPOB, OCHOBaHHast Ha (UK-

20 Appendix 1

24

CHUPOBaHHBIX IMMapaMeTpax MacCUBHOTO TPOCOBO-
0 KOHTYPHOTO 3KpaHa, IPUBOAUT K 3aMETHOMY
ocj1a0jileHHI0 MarHuTHoro mossi. KomOmHaims
aKTUBHBIX KOHTYPOB W TIACCHBHOTO TPOCOBOTO
KOHTYPHOTO DJKpaHa B THOPHAHON cucTeMe
SKPaHUPOBAHUSA, YMEHBIIAET YPOBEHb HCXOTHO-
0 MarHATHOTO TOJIs TIpuMepHO B 12.4 pasa.

3. DTO uCCleNoBaHUE TPOIEMOHCTPUPOBAIIO,
YTO MOJAXO]] THOPUITHOTO SKPAHUPOBAHHUS CIIOCO-
OeH ociabuTh YpOBEHb MAarHWTHOTO OIS JIO
KOHTPOJILHOTO ypoBHs B 0.5 MkT7 ans momerie-
HUH B KWJIOM JIOME, U TIPU 3TOM JlaHHOE TpeOo-
BaHue BeITonHseTcs M1 95 % o0beMa KHIIOTO
npocTpaHcTBa. JlaHHBIA pe3ysbTaT MOAYEpPKUBA-
€T TMPAKTUYECKYI0 B3HAYMMOCTh TMOAXO0JAa TH-
OpUIHOTO DSKPaHUPOBAHUS, MPEAOCTABISS IS
JKUTENeH, JKUBYIIUX BOJM3M HMCTOYHUKOB Mar-
HUTHBIX TOJIE HNPOMBINUIEHHON 4acTOThl Ipak-
TUYECKOE pEIlIeHUEe MPOOJIeMbl HOPMaH3aIH
ypoBHsI MarHuTHOrO 1ot JISII no canurapHoro
ypoBHst MII.

4. Pe3ynbTaThl 3TOTO HCCICIOBAHUS CIOCO0-
CTBYIOT HaHICMy IIOHUMAaHUKO YMCHBmeHI/ISI BO3-
NEHUCTBUSI MAarHUTHOTO TIOJIA W TIpPEeAJiararoT
MPAaKTHYECKOE pelIeHHe I PeaTbHBIX OOBEeK-
ToB. B OyayiieM wucciaenoBaHUsIX IUIAHUPYETCS
M3YYUTH ONITUMHU3AIUIO TPOIecca MPOEeKTHPOBa-
HUS W W3YYHTH JOTOJHUTENBHBIE THUOpPUTHBIE
KOMOHMHAIIMM METOMOB 3allUTBEL. IJTO ITO3BOJIUT
omnpenenuTh Oonee d(PEKTUBHBIC BapHaHTHI pe-
IICHUH /I YMEHBIIIEHUST BO3JIEHCTBUS MAarHHT-
HBIX TI0JIeH MPOMBIIIUIEHHONW YaCcTOTHI.

APPENDIX 1 (IPUJIOKEHHUE 1)

'Fig. 1. Multi-storey residential building located near
a double-circuit power line.

2Fig. 2. Distribution of the RMS of the MF induction
of power lines near a residential building.

3Fig. 3. Distribution of the RMS of the MF induction
when using only a passive cable contour screen.

“Fig. 4. Distribution of the RMS value of the MF
induction when using only the active screen.

SFig. 5. Detailed distribution of the RMS value of the
MF induction inside a residential area when using
only an active screen.

®Fig. 6. Distribution of the RMS of the MF induction
when using a hybrid shielding system.

"Fig. 7. Detailed distribution of the RMS value of MF
induction inside a residential area when using a
hybrid shielding system.

8Fig. 8. Double-circuit power transmission line with a
“barrel” wire arrangement of a mock-up of an
experimental layout.

°Fig. 9. Two compensating windings of the active
screen of the experimental setup prototype.

°Fig. 10. Passive contour screen of the experimental
setup layout.
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1Fig. 11. General view of the experimental setup
layout.

2Fig. 12. Experimentally measured distributions of
the initial MF and the resulting MF when only one
passive contour screen is operating.

18Fig. 13. Experimentally measured distribution of the
shielding efficiency factor of the original MF when
operating a passive contour shield.

14Fig. 14. Experimentally measured distributions of
the initial and resulting MF when only the active
screen is operating.

®Fig. 15. Experimentally measured distribution of the
shielding efficiency factor of the initial MF when only
the active shield is operating.

16Fig. 16. Experimentally measured distributions of
the initial and resulting MF during operation of the
combined screen.

Fig. 17. Experimentally measured distribution of the
shielding efficiency factor of the original MF and
during operation of the combined shield.

18Fig. 18. Experimentally measured output voltages of
MF sensors in the vertical and horizontal planes.
®Fig. 19. Experimentally measured spatiotemporal
characteristics of the original MF.

2Fig. 20. Experimentally measured spatio-temporal
characteristics of the resulting MF when operating a
combined screen, with an active and passive contour
screen.
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