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YK 621.83 MAIIMHOCTPOEHHUE

10.JI. CAPKUCSIH, K.I'. CTEITAHSIH, C.B. BEPJIMHCKHI

AIIIMPOKCUMAIIMOHHBI CUHTE3 PEKOH®UT'YPUPYEMBIX
MAPAJUIEJBHBIX MAHUITYJIAATOPOB C OTPAHUYEHHOM
HOoABUKHOCTBIO IO MUHUMAKCHOMY KPUTEPUIO TOYHOCTHU

PaccMmoTpeHBI 3amaun anmmpoKCUMAIIIOHHOTO CHHTE3a PEKOH(PUTYPUPYEMBIX Mapajiiellh-
HBIX MaHI/IHyHHTOPOB C OFpaHI/I‘IeHHI)IM YUCIIOM CTeHeHeﬁ CBO6OL[I:I 1o MI/IHI/IMaKCHOMy KpI/ITe-
PHIO TOYHOCTH peajiu3alliy 33JJaHHBIX MOCJIEI0BATEIbHOCTEN MOJIOXKEHUNW TBepioro tena. Ha
OCHOBE METOJIOB JIMHEHHOTO YEOBIIIEBCKOTO MPUOIIDKEHHSI U HETMHEHHOTO MPOrpaMMHPOBa-
HUS pa3paboTaHbl MPOCThIE AJITOPUTMBI YHCIEHHOTO pelleHHs cHOpPMYJIUPOBAHHBIX MUHH-
MaKCHBIX 3a7ad.

Knruesvte cnosa: pexoHOUTYpUPYEMBIii MaHUMYJATOp, MapauIeNbHBIH MaHHITYISATOD,
ANMPOKCUMAITMOHHBIN CHHTE3, allpOKCHMAIlHOHHAs 3aJa4a, MHHUMAKCHBIA KPHUTEpUH, pery-
nupyemas 1uaja.

BBeaenue. B nocienHue rojapl 3HaUUTEIHHO BO3POC HHTEPEC K MAHUITYIATOPAM
C OrpaHHMYEHHOMN MOJBIKHOCTBIO, KOTOPHIE YCIEITHO 3aMEHSIOT YHUBEPCAIbHbIE MHOTO-
MOJIBHYKHBIE MAHUITYJISIIMOHHBIE CUCTEMBI CO CIIOKHBIMHM CHCTEMAaMH YIIPaBICHUS MPU
aBTOMATH3allMK Psijia IPOU3BOACTBEHHBIX OMEpannii, TPEOYIOIIUX pear3aiuid BCeTo
HECKOJIbKUX TIEPHUOANYECKH MTOBTOPSIOIINXCS MOJIOXKEeHUH pabouero oprana. K mpenmy-
IIEeCTBaM TaKUX YCTPOWCTB OTHOCATCS MaJIO€ YMCIIO MPUBOJIOB U JABMKYIIUXCS Macc,
NPOCTOTa YIPABJICHUS U HU3Kasi cCe0ECTOMMOCTD, BEICOKAs HAJIEKHOCTh U OJIaronpusT-
HbIEe AUHaMUUYeckrue XapakTepucTrku [1]. C TOUKM 3peHHs MpakTUYEeCKUX MPHII0KEHHH,
0CcOOEHHO MEPCHEKTHBHBI PEKOHPUTYPUPYEMbIE MaHUITYJISIIHOHHBIE MEXaHU3MBI C
MaJIBIM YHCIIOM CTeTleHe cBOOO/IbI, KOTOPBIE MPOCTHIM PETYIMPOBaHHUEM HEKOTOPBIX
reOMEeTPUUECKUX MTapaMeTPOB CIIOCOOHBI IIepeHacTpanuBaThcs B Ipoliecce paboThl Ha
BBINOJTHEHNE PA3IUYHBIX MPOTpaMM IepeMelnieHnii 00beKTa MaHUITyTupoBanus [2]. B
paborte [3] paccMaTpHBarOTCs 33/1a4U alIIPOKCUMAIIMOHHOTO CHHTE3a PEeKOH(UTYpHpYe-
MBIX TMapauIeTIbHBIX MEXaHU3MOB, MMOCTPOCHHBIX HA 0a3e Juaja ¢ OJHUM PETyIHpye-
MBIM TIApAMETPOM METOJIOM KBaJIPaTUYECKOTO MPHOIIKeHus. J{7s MOBBIMIEHNS TOY-
HOCTH BOCIIPOM3BEICHMS 33/IaHHBIX IMOJIOKEHUI B HACTOSIIEH CTAaThe MPEIararoTcs
YHUCIIEHHBIEC PEIICHHS ATHX K€ 337a4 110 MUHIMAaKCHOMY KPHUTEPHUIO OIEHKH TOTper-
HOCTH TPUOJIKEHHS, KOTOpbIe pa3paboTaHbl ¢ HCIOJIb30BAHUEM TEOPUH U BBIYUCIIH-
TEJILHBIX METOJIOB JIMHEHHOT'O YeOBIILIEBCKOTO MPUOJIIKEHUS] M HENMMHEWHOTO Iporpam-
MHUPOBaHUS.

CTpyKTypHBIH CHHTE3 PeKOH(UIYPHPYEeMBIX MAHUITYJIATOPOB. B ocHOBe cuH-
T€3a pacCMaTPUBAEMbIX MAHUITYJIIHUOHHBIX MEXaHU3MOB JIEXKUT MOAN(UIIMPOBAHHBIN
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MOJYJBHBIA TPUHIMI (HOPMUPOBAHUS WX CTPYKTYPHBIX cxeM [4], CyTh KOTOPOToO
n3jaraercsi HWxe. Teno e, K KOTOPOMY 3aKpeIuieH pabouyuii OpraH MaHUILYJISATOpa,
nepeMenaerca 4epe3 M ynopsaOoYeHHBIX MHOXKECTB 3aJaHHBIX IOJOXEHUH OTHOCH-
TEINbHO HENOABIKHOTO Tela £ (OCHOBaHMS MAaHHUITYJIATOpA), KaXI0€ U3 KOTOPBIX
cocrout u3 Nj monoxenwii: e;;(j = 1,2,...,m,i = 1,2, ..., N;). Cunresupyembie mexa-
HU3MBI HIMEIOT NMapaJIENbHYI0 CTPYKTYPY M COCTOSIT U3 ONPEAEICHHOIO YUCIIa MOTY-
JIedl B BUJE PETYINPYEMBIX IBY3BEHHBIX LIETIE — IHaJ, COEAUHSIOMNX BBIXOIHOE 3BEHO
€ MaHUTYJIATOpa C OCHOBaHUEM E (CM. puC.), IpU4eM UX CpEAMHHBIE Taphl B paboyeM
peXHUME MaHHITYJISITOpa 3aQUKCUPOBAHBI U (HYHKIIMOHUPYIOT JIMIIb B MIpoliecce mepe-
HACTPOWKM MeXaHM3Ma Ha HOBOE MHOXKECTBO Pa0OYMX TOJIOKEHHH BBIXOTHOTO 3BEHA,
perynupys paccTOsHHE MEXAY OCSIMHU WM HEHTPaMHU KOHIIEBBIX KHHEMAaTHYECKHUX Tap
muanpl. Jlomyckaem, yTo cpequHHasi perynupytomas napa C ABY3BEHHBIX MOAyJeH
SIBJISICTCSl TOCTYNATEIbHOM WIM BpallarejlbHOW. Torga LEHTp WM OChb KOHIIEBOM
KHHEMAaTH4eCKOHN Maphl KaXXI0r0 JBY3BEHHOI'O MOJYJIS T€HEepHUpYyeT HEKOTOpPOe OJTHO-
HapaMeTpUIecKoe ceMecTBO Fj KpUBBIX MIIM OBEPXHOCTEHN, COOTBETCTBYIOILHX HOCTIE-
JIOBATEJIBHOCTU 3HAYCHUN YTIIOBOW WM JTMHEHHOW KOOPAMHATHI PETYIHPYIOLIEH Hapbl
C. Tenepsb Ha Tene |, mepemernaromemcs: yepes 3aiaHHbIC M MHOXKECTBA MOJIOKEHHH,
OTBICKMBAEM TaKH€ TOYKH B M NIpAMBIE 0, KOTOPBIE B 33aJaHHBIX IOJIOKCHUAX €jj aIl-
MIPOKCUMHPYIOT C JOCTATOUHOW TOYHOCTBIO KPHUBbIE MIIM TOBEPXHOCTH OJTHOMIApaMeTpH-
geckux cemeiicts Fyj (k = 1,2, ..., K, j = 1,2, ..., m), uncio K KOTOPBIX PaBHO YUCITY
BBIOpAHHBIX CTPYKTYpPHBIX Pa3HOBUAHOCTEH NBY3BEHHBIX MOAYJEH CHHTE3UPYEMOIO
MaHuIyJsTOpa (puc.). Jlanee BBOAUM CBsI3U, IPUHYXKAAIONIME HallIEHHbIE XapaKTepHu-
CTHYECKHE TOYKH WM JIMHUH TeJa e 0CTaBaThCAd Ha COOTBETCTBYIOIIEM CEMENUCTBE KpH-
BBIX MJIM TIOBEPXHOCTEN Fij. DTH CBA3M MOKHO Peaau30BaTh MOCPEICTBOM PETYIUpYeE-
mbix nuan tana CIIC, ITnlle, BBB, BIIC, IIIIC, TIBC, coeauHsIOMIMX TEJIO € ¢ OCHO-
BanueM E. Ha pucyHnke npezcTaBieHs! 1By3BeHHbIE perynupyemsbie nenu tuna CIIC u
BBII. /lyig ynpomeHus 3alici Ha PUCYHKE U B JAJIBHEUINEM W3JI0KEHHUH INPOIYLIEH
HHEKC K, TOCKOJIBKY JJaJIee PeUb UJET JIUIIb O CHHTE3€ OTAECIBHBIX MOAYJIEH.
CoueTaHusIMH CTPYKTYPHO Pa3IMYHbIX JBY3BEHHBIX MOIYJIEH MOKHO 00pa3oBaTh
MHOXECTBO BapHMaHTOB PEKOHPUIYPHPYEMOTO MaHHMITYJISITOpa C 3aJaHHBIM YHCIIOM
CTereHel cBOOOIbl, OTIMYAIOIINXCS 110 TOYHOCTH Pealn3aliy 3a1aHHbIX ITOJIOKECHUN
U OpyruM (YHKIMOHAIBHBIM XapakTepucTukam. JJsi cMHTe3a PeKOH(PHUTypHUpPYEMBIX
MaHHMITYJIATOPOB, KOTOPBIE B pab0oUeM pexkuMe, T.€. IPH (PUKCAUK PEryIUpYIOLINX nap,
JEUCTBYIOT KaK OJHOIOABIKHBIE (OHONPUBOAHBIE) CUCTEMBI, TpeOyeTcs HaKJIaAbIBaTh
IIAATh CBA3EW Ha JBWKeHUe €. Hanpumep, Ui cHHTE3a OJJHOTIOABMYKHOTO CUMMETpHYE-
CKOT0 MapauIeIbHOI0 MAaHUIYJSATOpa C HCHOJb30BaHMEM Toibko Auan tuma CIIC
HEOOXOIUMO CHHTE3MPOBATh ISTH TakUX Monyjieid. OcOOEHHOCTBIO M OCHOBHBIM
MIPEUMYILECTBOM IpEIaraéMoi METOAOJIOTHH allPOKCUMALMOHHOTO KHHEMAaTHIECKOTO
CHUHTE3a SIBJIAETCSA TO, YTO OTAEIbHBIE MOIYJIN MaHMITYJIATOpA MPOEKTUPYIOTCS aBTO-

120



HOMHO, a CIIOKHBIA BBIYMCIUTENHHBIA TPOIECC CHHTE3a CHCTEMBI pa3OMBaeTcs Ha
MapaJuIeIbHO BHIMTOIHAEMBIE TTPOIEAYPHI CHHTE3a OTIAENbHBIX MOIYJICH.

C mpyroii CTOpPOHBI, peann3anys NpeiaraeMoil MeToI0JIOTHH TpeOyeT pereHnus
CHEIMAFHOrO KJlacca 3aa4 alMpOKCHMAIIMOHHOW KHHEMAaTHYECKON TeoMeTpuH,
CBSI3aHHBIX C Y€OBIIIEBCKUM MPUOIMKEHIEM MHOXECTB MOJIOKEHUH TOUEK FITH JIMHUI
MOCPEACTBOM paHee HEM3yUYEHHBIX T€OMETPHUYECKHUX 00Pa30B, OMHCHIBAIOIINX CBS3H
PETYINPYEMBIX WA, TAKUX KaK OJHOMApaMETPHIECKUE CEMEHCTBA KOHIIEHTPUIECKIX
OKPY’KHOCTEH, COOCHBIX IIIJIMHIPOB W KOHYCOB, IMHEHHBIX KOHTPYIHITNH, Mapaiesb-
HBIX IJIOCKOCTeH M T.4. Hmke mpuBoasaTcst 0000IeHHas TOCTAaHOBKA ATHX aIllIPOKCH-
MAaITMOHHBIX 33/1a4 U YHU(DUIIUPOBAHHBIE HTEPANIMOHHEIE aITOPUTMBI BRIYUCICHUS UX

peLieHui.
Az
E % /FJ
— /B_w BZ'J l a
L1 1o
c ‘ TRJ
E
3 A
. A |
5 >

X

Puc. Mooynvnulil npunyun cmpykmypul CuUnme3a pekonpueypupyemvix MaHunyismopos

IMocTanoBka anMpOKCHMAIMOHHOM 3324 CHHTE3a TUA/l 10 MUHUMAKCHOMY
kputeputo. Ilycte 3amaHo M HaOOpOB KOHEYHOYJAIEHHBIX TMOJOXKEHUH Tena e
otHocutensHo E, Nj monoxeHuii B kaxaoM Habope. B cucreme xoopaunat OXYZ,
CBSI3aHHOM ¢ TejoM F, 3aaHO TaKKe OJIHONAPAMETPHUYECKOE CEMEHCTBO M KPUBBIX
win nosepxHocteit Fj (i = 1,2, ..., m) (puc.). TpebGyercs onpenenuTs B cUCTEME KOOP-
JUHAT OXYZ, CBSI3aHHOW C TEJIOM e, TaKyl0 TOYKY B WM NPSIMYIO ¢, MHOXECTBO
nonoxkenuit Bj; wm a;j (j=1,2, ..., m, i=1,2, ..., N;) KOTOpPBIX B CMBIC]IE YEOBIIIEBCKOTO
MPHOIIMKEHUST HAWIYYIIUM 00pa30oM allpOKCUMHUPYIOT KPUBBIC WM ITOBEPXHOCTH
cemelicTsa F.

HckoMmblie xapaKTepHCTHYECKHE TOYKH B Telna € ONpeaesstoTcs M0 YCIOBHIO
MHUHHMaKca OTKJIOHEHHS MHOXecTBa moioxenuit By (j = 1,2, ..., m, i = 1,2,...,N)
TOYKHM B oT cemelicTa Fj. Jnd OLEHKM OTKIOHEHHs CHayajla BBIPa3MM KOOPAMHATHI
touku B B cucteme OXYZ ¢ HoMOIIbIO MATPUYHOT'O YPABHEHHUSI
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(Xpi;YpijZpij)t = Tij(xpypzp)" + (X0i;Y0ijZ0i)", 1)

rae Tjj — oproroHansHas (3%3) MaTpHIla BpalleHHs, COCTABICHHAS U3 3aJaHHbIX Hall-
PaBISIFOIIMX KOCHHYCOB MeX Iy ocsimu cucteM OXYZ u 0Xyz; (xoij_.Yoij__Zoij)t* CTON0-
[OBasi MaTpuIia, COCTAaBJICHHAs W3 3aJaHHBIX KOOPIMHAT Hadyaja CHUCTEMBI OXYZ B
cucreme OXYZ B ONOXKEHUAX €jj Tena e.

VpaBHEHHS KPUBBIX U OBEPXHOCTEH ceMeiicTBa FjnpencTaBuM B HEsIBHOM BHE

F (X,Y,Z,ab) = 0,j =12,...,m, )

rae @ = (ay, a, ..., 8x ) — BEKTOP MOCTOSIHHBIX MAPaMETPOB alNPOKCHMHUPYIOUIUX KPH-
BBIX WM NOBEPXHOCTEH; bj — 3HAaUCHWs NEpeMEHHOro mapameTrpa CeMelcTBa, ompe-
JEJSIOIIETO j-F0 KPUBYIO WIIH IIOBEPXHOCTH ceMeiicTBa Fj.

[ToxcTaBuB KOOPAUHATHI Xgjj, Y, Zg; ToUku B u3 (1) B J1eBble YacTH ypaBHEHUS
(2), monyunm cuctemy QYHKIMN TaK HA3bIBAEMBIX AIT€OpanvecKuX OTKIOHEHHH:

Ag;; = Fi (Xgij, Yaij, Zsij, &, bi), (3)

KOPPEIUPYIOLIMX C ONPEACTIEHHON TOYHOCThIO ¢ MUHUMHU3UPYEMBIMU FEOMETPUUECKUMU
OPTOrOHAIBbHBIMU OTKJIOHEHHSIMH TOYEK Bjj OT COOTBETCTBYIOIIUX ceMelcTB F.
Herpynno 3ameTuth, 4T0 A()jj ABIAI0TCA QYHKIMAMU KaK MCKOMBIX KOOPIUHAT Xg, Y,
Zg TOYKH B, Tak M MapaMeTpoB d U Dj aNIpOKCHMUPYIONIMX KPHUBBIX U IOBEPXHOCTEH
cemeiictBa Fj B kadyecTBe Mephl OTKIIOHEHHSI MHOXKECTBA TOYEK Bjj oT cemeicTsa Fj
BOCHOJIb3yeMcs YeObIIEeBCKOI HOPMOI

S(P) = maXje(1;m) Maxic(1,nn] 14955 (P, 4)

rae P = (Py, Py, ..., Py) — BEKTOp COBOKYITHOCTH YKa3aHHbBIX BBIIIE [TAPAMETPOB Xg, Ys,
Zg, a u b;. Torma paccMarprBaemasi annpOKCUMANMOHHAS 3a]a4a CBOJMTCS K Onpee-
JIEHUIO TaKOT'0 BEKTOpa P*, ist KOTOPOTo UMeeT MECTO YCIOBHE

S(P*) = mingpy S(P) = mingpy maxje[1; m) Max je[y; N]-]|Aqi]- (P)|. )

B ciydae noucka npsmMoii a Tena e 3amada GOpMyIHPYETCs aHAIOTUYHBIM 00pa-
30M. 371eCh ceMeiiCTBaMH aNpOKCUMHUPYIOMINX MOBEPXHOCTEH Fj ABIAIOTCS cucTeMsl
COOCHBIX JIMHEHYATBHIX MOBEPXHOCTEH (KPYrOBBIX LMJIWAPOB, KOHYCOB, OJHOIOJOCT-
HBIX TUTIEPOOJIONJIOB, JTHMHEHYATHIX KOHTPYIHIIMH), KOTOphIE B CHCTEME KOOpJWHAT
OXYZ npencrapiieHbl B BUE CEMEUCTB MPSIMBIX

X=Xij _ Y-Yij _ Z-Zij ' (6)

lij mij nij
rae Xi(P), Yi(P), Zj(P), lij(P), mij(P) u n;jj(P) — n3Bectusle (pyHKIMU Bekropa P =
=(P4,P,, ..., P,)) HOCTOSHHBIX TIapaMeTPOB, ONPEAESIOIINX psMble (6) B cucreme OXYZ.

JU71s OLIeHKU OTKJIOHEHUS @jj-T0 TIOJIOKEHHs IIPSMOM o Tella e OT COOTBETCTBYIOLIEH

MpsIMOM cemeiicTBa (6) MPSAMYIO o IPEACTABIsIEM B BUIE IBYX HECOBIAIAIONINX TOYEK
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B, (xB Y8, ZB 1) u Bz(xBZ, VB, ZBZ). Ilo dopmyne (1) ompenmemnsieM KOOpPAMHATHI
Touek By u B, B cucteme OXYZ. [loncTaBuB 3TH KOOPIUHATHI B ypaBHEeHUs (6), TOTY-
YUM HEYBS3KH

— -1 -1
Agij1 = (Xpai; — Xij) it — (Yaryy — Yy )mi,
— -1 -1
Aqijz = (Xprij — Xip)lii" — (Zoaij — Zij)ni"
- -1 -1
Aqj3 = (XBZij - Xij)lij - (YBZij - Yij)mij ; (7
— -1 -1
Aqijy = (XBZij - Xij)lij - (ZBZij - Zij)nij
TIOJIOKEHUH ToYeK By M B, OT cemeicTBa npaMeix (6). B aTom ciryyae Agjc cTaHOBATCA
(GyHKIMAME KaK UCKOMBIX KOOD/WMHAT Xg, , Vg, ,ZB,, XB,) VB, ZB, TOUEK By U By, Tak u
mapaMeTpoB a U by npameIx (6). B kadecTBe Mephbl OTKIOHEHUSI MHOYKECTBA MOJIOXKEHHUI

npsiIMON 4 Tela e OT COOTBETCTBYIOUIMX MPSAMBIX ceMeiicTBa (6) BHOBB HCIIOJIB3YyEM
4eOBIIIEBCKYIO HOPMY

S(P) = maXe[1; 4] MaXje[1; m) MaXie1; Njj | Adijk (P, (8)

rae P = (Py, Py, ..., P)) — BEKTOp COBOKYIHOCTH yKa3aHHBIX BBIIIC TAPAMETPOB Xpi,
YB1, ZB1, XB2, YB2, ZB2, @ U bj. Torna paccmarpuBacMas annpoKCHMMalMOHHAsA 3ajada
CBOJTUTCS K OIPEICTICHUIO TAKOTO BEeKTOpa P*, 1711 KOTOPOT0 UMEET MECTO

S(PY) = rg)i}nS(P) = MiNgpy MaXye[1; 4] MAXje[1; m] MAXie[1; Nj] [Adijx (P)[. (9)

AJITOpUTMBI pelieHusi ¢(popMyIMPOBAHHBIX MUHUMAKCHBIX 3a1a4. Chopmy-
JIMPOBAaHHBIE BBIIIE 33/1a4M AIPOKCHMAMOHHONW KHHEMAaTHYECKOH TeOMETpHH B 00LIeM
Cllyyae OTHOCSTCS K HEJIMHEHHBIM MUHUMAKCHBIM 3aJadaM, PEIICHUE KOTOPBIX CBSI3aHO
C ONpeAENEHHBIMU TPYAHOCTSIMH BBIYMCINTENBLHOTO Xapakrepa. st yCTpaHeHus 3THX
TPYZAHOCTEH NpeanaraloTcs ABa YNPOIUEHHBIX aJrOPpUTMAa YHCIEHHOTO PpEIICHHS
paccMaTpUBaeMBbIX 3a1ad.

AaroputMm 1. CHauana BBOIUM JIMHEIHHBIE NIpeacTaBieHus] (QYHKINH OTKIOHSHUH
Agi(P) =1,2, ..., m,i=12, ..., N)

~ (A dAq, on. .
Aql-j( ) = ?zla—z;—}/11+Aqij(P %j=1,2w,mi=12.,N (10)
BOKpYr Touku P°=P:° ,P,°, .., P,%), rue uepes JAQ;/ 0P, 0603HaYEHbI 3HAYCHUS

YaCTHBIX TPOM3BOMHBIX Aq; j B TOUKE P°. lanee peuieHue 3a/ia4ud MIPOU3BOJUTCS TIO
ONMCaHHOMY B [5] anroputmy.

1. 3agmaBasich HaYaNTBLHBIMU 3HAYEHUSAMH UCKOMBIX TapametpoB P = (P1°,P,° ...,
Pn°), bopmupyem nuHeiinsie npenctasnenus (10).

2. MeronoM JIMHEHHOro 4YeOBIIEBCKOTO0 NpUOMKeHus [6] pemiaeM MHHU-
MaKCHYIO 3a/1a4y
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Ag; ;(1*) = min max max Ag;; (1),

q;,; (1) nin max  max, qi; (D)

oTKynaa onpezaensem 3nauerus A *(1=1, 2, ..., |) BcmomorarenbHbIX mapamMmeTpoB A.
3. CocrapisieM BbIpaKCHHS

PI' = P| + l|*, I = l, 2, ey I

4. Jlanee touxy P ° 3amensiem toukoit P* = (P,’, P,’, ..., Py’) u mepexomum k 1.1
HACTOSIILETO aJIrOPUTMA.

I[peioskeHHBIN TPOIECC MPEKpaIaeTcs Mpy BBIOJIHCHUH yciaoBuu || 1*|| < g,
IZie € — 3alaHHast TOYHOCTh BBIYMCIICHUI.

Aaroput™m 2. B HEKOTOpBIX ciiydasix, Koraa Ha uckombie mapametpsl Py (I1=1, 2,
..., 1) HATOXEHBI OTPAHUYCHUSI B BHJIC HCPABCHCTB

9P <0 u=12 ..My, (11)

pelleHns paccMaTpUBaeMBbIX 3a]ad yAoOHee CBECTH K 3aj1a4e HeJTMHEHHOTO Mporpam-
mupoBanus. C 3To 1enbio QyHKIHOHAN KauecTsa (4) uiu (9) 3aMeHseM GyHKIueH

S(P,a)=d (12)
U OTIpeiesieM MUHUMYM 3TOM (DYHKIIUHU ¢ YIETOM OTpaHHUCHUH
Aq;j(P)—d <0,
Aq;i(P)+d =0; j=12,...,mi=12..,N, (13)

9u(P)<0; p=12,..,M;.

HerpynHo 3aMeTUTh, 4TO pEIIEHUE ATOW 3a1aud HEJIMHEWHOTO IIPOrpaMMHUpPOBa-
HUS IPUBOJIUT K PEIICHUIO PACCMOTPEHHBIX YK€ MUHUMAKCHBIX 33/1a4.

Cunre3 peryaupyemoii quaasl CIIC. B kauecTBe mpuMepa HpUBEIEeM CHHTE3
perynupyemoit auansl CIIC, roe ceMelcTBO anmpOKCUMHUPYIOMIUX TTOBEPXHOCTEH —
MHOKECTBO KOHIIGHTPHYECKUX CEepHUUecKUx MOBepXHOCTel (puc.). 31ech anredpau-
4ecKHe OTKJIOHEHUs (3) MonoKeHui Bjj TOUKH B OT COOTBETCTBYOLIEH cepruueckoit
MIOBEPXHOCTH ceMeiicTBa Fj NpUHUMArOT BHJ

Agqy; = (XBU - XA)2 + (YBU' - YA)Z + (ZBU - ZA)Z - Ri,
j=12,..,mi=12.,N, (14)
Koopaunater Xg;j, Y 5ij,Zij Touku B onpenenstores mo (1):
Xpij = Qq1ijXp + Q12ij¥p + Q13125 + Xoij
Ypij = Q21ijXp + A22ij¥B + Q2325 + Yoij,

Xpij = A31ijXp + A32ijYp + A33ijZp + Zoij»
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rae

ay1ij = COSY;jcos@;; — siny;; cos B; sing;j,

A12ij = —COSY;jsing;; — sin;; cos 0 cos@;j, ag3;j = siny;; sin 0,
ayqij = Sin;jcos@;j + cosy;j cos 0;; sing;j, (15)
Aypij = —SinY;;sing;j + cosy;;j cos 0;; cos;;,
Qy3ij = —COSY;; Sin By}, Azq;; = Sin 05 Sin@;j, Q555 = Sin B;; cOSQ;j, Azz;; = €OS G;;.

B (15) Xoij, Yoij, Zoij — 3anaHHble KOOPAMHATBI Ha4aua CUCTEMBI OXYZ B CHCTEME
OXYZ, a ¢;j, P;j, 0;j — 3anannbie SATEPOBBI YIIIbI, ONPEACTAIOIINE OPUEHTALIUIO
Tena e.

B nanHOM ciyyae MCKOMBIMHU IapaMeTpaMu 3aiadu (5) SBISIOTCSA 3HAYECHHS PeTy-
nmupyemoro paauyca R; (i=1,2,...,m), koopauHATHI Xg, Vg, Zg TOUKH B U KOOPIHHATHI
X4,Y 4,2 uentpa A koHeHTpudeckux cep. COBOKYHOCTh ATHX MapaMeTpoB 0003Ha-
YHAM BCKTOPOM P= (Pl, Py, ..., Pn), roe Py = xg, P, = VB, P3 = zg, P4 = X}, P5: \o
P6= ZA, P7= Rl, sz Rz, ey Pm+5= Rm.

B kadecTBe UYMCIIEHHOTO TpuUMepa NPUBEAEM CHHTE3 PEKOH(DUTYpHUPYEMOTO
MaHUNy siroHHoro Mexanusma 5 (CIIC), BocriponsBozsiero nsa Habopa 3aaHHBIX
MOJIOKEHUH Teja e, 10 6 MOJIoKEHUI B KaKoM (Tadu. 1).

Tabauya 1
3nauenus 0606weHHbIX KOOPOUHAM 3A0AHHBIX NOJOIICEHULL ead e

J Xoij Yoi Zoji i 0 Pij

1 1 2,416 6,729 6,748 88,35 132,76 223,57
2 1,523 5,934 6,492 110,95 141,87 220,58
3 1,073 5,225 6,282 121,54 136,36 220,49
4 0,447 4,018 5,779 130,23 111,07 221,90
5 0,555 4,005 5,866 129,56 87,58 228,41
6 0,965 5,096 6,159 116,71 68,29 239,02

2 7 0,576 7,886 6,249 143,04 161,90 257,25
8 0,884 8,379 6,129 192,89 168,43 298,85
9 1,297 8,961 6,112 233,39 166,92 330,14
10 0,810 8,363 6,220 210,17 164,91 292,33
11 -0,226 6,357 6,136 183,57 146,10 254,47
12 -0,739 4,848 5,849 171,75 121,19 246,78

B 1abn. 2 npuBeneHsl KOOPIMHATHL LEHTPOB S5 chepuyeckux mapHUpoB B u A
MATH HOT (MOJYyJIeH) MaHWIYJSTOpa COOTBETCTBEHHO B e W FE, 3HaueHUS Ry 1 Ry
(k=1,2,...,5) perynupyeMbIX MapamMeTpoB, a TaKKe 3HaueHUs Max A;; HOPMaIbHOIo
OTKJIOHEHHS OT C(epBhl.
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Hckomvie napamempor mexanusma 5 (CIIC)

Tabnuya 2

1 2 3 4 5
Xai 4,7600 3,9014 2,5617 3,6724 6,3824
Y aj 5,2721 6,2407 5,3176 5,1787 1,7222
Zp 0,1636 -0,5755 3,4492 4,9249 6,8671
Xgi 0,0818 0,1097 0,1586 1,1989 -0,0699
YBi -0,0215 -0,1010 0,8682 0,5521 -0,0217
Zg; 0,0085 -0,0275 0,2105 -0,1492 0,0567
Ry; 7,1427 7,5243 5,4358 6,0105 6,3694
Ry; 7,7970 7,5870 15,1384 8,8371 10,0040
max Ajj 0,0090 0,0170 0,0190 0,0110 0,0060

Pe3ynbTaThl BBIYHMCIEHWI TOKa3ajid, YTO MPUMEHEHWE MHUHHMAKCHOTO METOJa
MPUOIMKEHUSI TIO3BOJIAIIO YIIyUIIATh TOYHOCTh NPUOIIKEHHs B cpeqHeM Ha 44% 1o
CPaBHEHHIO C TOYHOCTBIO, TMOJIyYEHHOW MpPHU PEUICHWH 3TOW Ke 3aJadyd MEeTOJOM
KBaJ[paTHUECKOro MpuOmmkenus B [3].

3akuiouenue. Ha 6aze mpuHIMIIA MUHUMaKca pa3paboTaHbl YHCICHHBIE METObI
CHHTE3a MHOTO(YHKIIMOHAJIHHBIX OJJHOMO/IBIKHBIX MAHHITYJISITOPOB C BO3MOXKHOCTBIO
UX MIEPEHACTPONKH Ha peau3aluio AByX U OoJiee MOCiieI0BaTeNbHOCTEN 3aJaHHbIX MO-
JIOXKEHUH BBIXOIHOTO 3BeHa. PaccMarprBaeMble MEXaHH3Mbl HMEIOT MOAYJIBHYIO CTPYK-
Typy B 00pa3yloTcsi COEJMHEHNEM BBIXOJIHOTO 3BE€HA U CTOWKH MOCPEICTBOM JHAJl CO
CPEeIUHHON YIPAaBJISIONICH Mapoi, PyHKIMOHUPYIOIEH B MpOIeCcce MEePeHACTPONKH.
CuHTE3 KaXKA0H M3 COCTABISIIONINX AU MPOSKTUPYEMOTO MAHHUITYJISITOPA CBOJMTCS K
OTIPEEJICHUIO TAKUX TOYEK WM JIMHUK O0BEKTa MaHUITYJIMPOBAHHUS, KOTOPBIE TIPH €TO
MPOXOXKIICHUH Yepe3 3aaHHble TOCIeI0BATEIbHOCTH MOJIOKEHUH B CMBICIIC YEObIILIEB-
CKOW HOPMBI HaMMEHEE OTKJIOHSIOTCSI OT CHUCTEM KPHUBBIX MJIM MOBEPXHOCTEH, TeHe-
PUPYEMBIX KOHLEBBIMH 3JIEMEHTaMHU AMAJbl IPU PA3TUYHBIX 3HAYCHUSAX IEPEMEHHOTO
peryaupyeMoro mnapaMerpa yrpasisitomei napsl. [Ipeayiaraemble METOAbl HILTIOCTPHU-
PYIOTCS YHCIIEHHBIM IPpUMEpOM cuHTe3a Manumyisitopa tana S (CIIC) ¢ moctynarens-
HBIMH [1aPaMH, PEryJIUPYIOIUMH AJIUHBI HOT MaHMITYJISITOpa MPH €ro NepeHacTponKe
Ha BOCHPOU3BEIEHHE HOBOM MOCIIEOBATENbHOCTH 33aJaHHbBIX MOJIOXKEHUH U QUKCHpye-
MBIMH B IIPOLECCE UX peali3alny.

Paboma evinonnena 6 pamxax wuayunot memwr 13-2DI181, unancupyemoti
T'ocyoapcmeennvim Komumemom no nayke Munucmepcmea obpazosanus u Hayku PA.
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TMYA (Ilonurexuuk). MaTepuan nmocrynui B pegaxuio 12.05.2014.

8Nh. 1. UUrGQUSUL, U.Q. USGOULUL, U.d,. 46T hLUYh

UU20UuvUQUY CUrFNPULARESUUL 46rUENLIPENRMTUSINN, 2Q0NRAULER:
UTLPNNRI8USNACULECE UNCNLUPUUSPNL URLEES CUS KTALSNRE8UL
UBLPUTULUUSPL 2QUOULITH

Thunwplynd  Bh wwhdwbwihwl swpdniimpjudp bpulnudhgmipugynn gqniquhbn
Uwbhynijunnplbph wypnpupiwghnt uhtpbqh Jutmhplbp punn whin wpduh ghppkph
njws hwonpruljunipniuutph Jipupuunpnipjub Lounnipjut Uhtthdwpuwhtt swthwihoh:
Upwljws kb Abiwkpuyws dhihdwpuwght einhpltph pught jnsdwb wupg wygnphpditp’
géwyghtt skpholijutt Untnwuipynidukph b ny gdwyht Spwgpuynpdwi hwpynquljwi dkpnnutpny:

Unwhgpuyhlr pumkp. Jtpulinudhgnipugynn dwithuynyjjunnn, gniquhbtn dwthunijjunnp,
wypnpupdwghnt uhiptq, wypnpupdwghnt jetighp, dhthdwpuuyghtt swihwihy, Jupgquiynpynng
nhwru:

Y.L. SARKISSYAN, K.G. STEPANYAN, S.V. VERLINSKI

APPROXIMATE SYNTHESIS OF LIMITED MOBILITY RECONFIGURABLE
PARALLEL MANIPULATORS WITH A MINIMAX ACCURACY CRITERION

Approximate synthesis problems for the reconfigurable parallel manipulators with limited
degrees of freedom are considered based on the minimax accuracy criterion for generating
rigid body ordered position sets. Simple computational algorithms of numerical solution for the
formulated minimax problems are developed by using the methods of linear chebyshev
approximations and non-linear programming procedures.

Keywords: reconfigurable manipulator, parallel manipulator, approximate synthesis,
approximation problem, minimax criterion, adjustable dyad.
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Zudwhp hbnwgnuinipmnibbph wpynipnmd puguwhwyndby b np 2,5%Cu+1,8%Mg+
+1,2%Ni+1,2%Fe+Alw pununpnipjudp wjnidhtiughtt hpudnip thnpkhwdwdnyjusph Junnig-
Jubdpp djuntihg b skpugnidhg htnn hknbkpngkt £ punjugus wynudhith hhupm uihtn oi-
snyphg b CuAl,, AlCuMg, AlsFeNi, Al7CuzFe, AlsCuNi hunbkpdknwunuljut $wqtnhg, npntp wu-
owinynid ku wpnidhth hhupny giphwqligus whuy (nsnyphg stpugdwh dudwbwl’ www-
hnybtng pwpép dbpuwthjuljwt hwnlnipmibutp dhigh 300...350 °C ohpdwunmhdwmbwght Up-
owjuypniu:

Unwhgpughlr punkp. wpnudhuh thnoh, dbwnuihnohubp, dwdnud, imwup wpnwdnnid,
pponwd, djunwd, stpugnid, wyhn nusnyp, hutnbpdbnunujut dwg, Jupspnipinil, wdpnip-
i, hpudpnipinit:

dudwbwlulhg nkjuuhfuh gpbpt pninp pptuquyuntbpnid wupunhwwn wdnid
E htnwppppnipniut wnidhtiughtt hwdwédnyuspubph Yhpundw ajundwdp, hsp
wuydwiwdnpdusd E ndjuy hwdwdnydusph jujugnyt hwdwihp hwnlnipniuttpny:
Upnwhuh wpuwnpmpiniip b guwhwbewpln wipinhwn wénd £ kwlwunpku
qbpuquighkiny wnnuuwwnh, ynudh, whwgh, ghthh wpnunpnipjub wép:

Upgnitbwpbpujut hwdwdnyjusputpp, npnup dpwlty tu Al-Cu-Mg, Al-Mg-
Si, Al-Cu-Mg-Si, Al-Zn-Mg-Cu, Al-Zn-Mg, Al-Mg-Li, Al-Cu-Li, Al-Cu-Mg-Ag hudwljup-
gtiph hhdwi ypu, niukt pupdp hwdwhp hwnlnipniuubp wdpuging ebpdught dow-
Ynilhg htinnn (Upunid b skpugnid): Uju hwdwdnyusputiph dugpulp tkpuyuginid
E wynudhuh hhdpny whin nwdnyp’ wdpugdws htnbpdbnwnuluwb nhuybpu dw-
qtipny, npnip wgwwnynud ku whuy |nidnyphg Skpugdwi dudwbuly: Loqubdp Yipw-
phipnud E wpnudhith hhdpng popnp hwdwlwpgbph hudwdnuspubpht, wjuhlp' w-
nugdwl Ukhwihqut wynudhtiught pnjinp hwdwdnyjuspubph hwdwp tnyu E npp
ubpyuyugunid k giphwglgus whun nmsnyph unnwgnid b phuybpu jupsdpwugnud,
nun npnud, Jupspugdw dke wnwyb] Uks wpdtp L unwiunid nhuybpu wdpugdwt
qnpdpupwgn:

Thuybpu jupspugdwt phuqujunmd junwpjws hbnwgnuujut jugb wy-
huwwnwtpubpny b punipugpynid wjnudhtiughtt yntiunpnijghntt hwdwdnijuspubtph
dudwbuljuljhg ququgdut dujupguljp: Upnidhttughtt hwdwdnyuspubnh juwnw-
phlwgnpsdwt phwqujunnmid hbnwqu ntunidbwuhpnipiniuttpp, npnup whwp k
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tyuwnwluninnus (hubh tnp Yndwynttunbbpny jkghpdwt b wpnidhth hhupny
pupdpn nuskihmpjudp giphwgbgws whun (nsnyputph vnwugdwp, wijuuljws,
whwnp b owpniwljytu b jupny Gu wnw) gmuljwh wpnnip:

Udpnipjut, hpwdpnipjut, Ynonghwljuwyniinipjui b Uh pwpp wy) pwhwgnps-
dwt b mbpuunnghwljut punipwugptph hbnnwqu pupdpugdwn wnwyt] hinwiljw-
puwyhtt ninht wynulhttuyhtt hwdwdnijusph (kghpnidt £ wyttyhuh dbwnwnubpng,
npnup phy Jud qpbpt skt (nidynid whun wynudhtnid, vwuyt wynudhth hbn wow-
owgunid Lt nwppbp ptnbpdbnwnuljui dhwgnipniuubp: pwighg b, wnweht
htppht, wignidught b vh pupp hwqugnun hnnuyjujhuwy dknwnibpp: Un. 1-nmud
pipwé Eu hunbpdbnwnulub dwqbph pununpnipmiip b dhjpnjupsdpnipintip,
npnip wnwewlnid ku wpnudhttughtt hwdwdnyduspnid dh pwpp wugnidught b
hwuqJugnin dknwnutpny (kghpdwt dudwbwy [1, 2]:

Unyniuwly 1

Ubgnidughl b huwgywuiginin hnpuyjuyhwlwl dknwunbbph wnwybjugnyyl pnidkjhnipiniin
whin wynidpbnud b hudwdnyyuépakpnid wnwowgng hlunbpdbnunului puqgkph

Uhhpnlupdpnipiniip
Zuduwljupg Unuwnukunubph Punbpdbinunulju Uhypnyupdpnip-
wnwykjugniyt duqtip i
1Sk hnipiniup Hv, Ul
whun wynudhund
Al-Mn 1,8 Mn AlgMn 5400...5600
Al-Cr 0,9Cr Al;Cr 5000...7000
Al-Ti 0,26 Ti Al;Ti 6000...7000
Al-Zr 0,28 Zr AlsZr 4200...7400
Al-Co 0,02 Co AlgCo; 6500...7500
Al-Ni 0,04 Ni AlNi 7000...7700
Al-Fe 0,05 Fe AlsFe 8000...11000
Al-Fe-Si 0,05 Fe o (Al-Fe-Si) 11000

busybu tplinud | wn. 1-hg, hunbpdbnwnuljut $uqtph jupdpnipmniup, npnup
wnwowtnid ku wpnidhttughtt hwdwdnyuspnid® nddup nisynn wugnidughn Uk-
wnwnubkph hbwn, npybu jutnb, wpynibwpbpujut hwdwdnyjusputph hhdtwlwu
wdpwgunn bwqlph updpnipniihg pupdp b, b gputp jupnn b guntug wyynidhth
nt tpw hwdwdnijusph wpynitwybn wdpwgunnubp (3, 4]:

£hs néynn wmigniduwghtt b hwqugnin hnqujjuhwwut dknwntkpny wynt-
Uhtughtt hwdwdnyJuspubph (kghpdwt dkpnnubph hknwgnuunidp, npnip wuyuhn-
Ynud ki ghuybpu hunbkpdbnwunujut dwqbph vnwgnudp (wagnidughtt wnudhtnhn-
utin b hwqgugnin hnnqujjuhujut dbnwnutp), pupguhwjnnd | inp hknwtjupubp
wnidhtughtt hwdwdnyjusph unbnsdwb hwdwp® tuybu jwdupljus hwnlnipe-
miuubph dkdwgnidny: Uju hbnwgnunmipniuttph wpyniupnud, dwutugnpuwybu [5-8]
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wpluwwnwtipubpnid, Juwnwpyt) | puinghwinp Eqpujugnipnit wyt dwuht, np wigne-
duyhl Uknwunubph wybjugdwut oqgnnuljup wqptgnipniut wjnudhtiught hwdwdniy-
Jwéph hwnlmpniuubph Jpw juwws E wpnidhtinhnh wiugnidughtt dbinwnubph
nhuwbtpu dwutthljutph htwn, npnup whpwnynd tu ghphwgbgus whun jnidnyputnhg:
Ugnidught dknwnubpny giphwugbguws wyhuy jnwsnyph wrwewgdut yuydwuukpp
b tpwig wqpbkgmipniip hwdwdnywsph hwnlmpniuattph ypu hknwgnungt)
20-pn nuph 50-wjut pulutibphg ujuws, vwljuyt pninp hbnwgnunipniatbpp
Jhpwpkpnud Eu dnydwb knubwlng vnugus hwdwdnyjusputpht: by Jepupk-
nnud E wpnudhtiughtt thnpkhwdwdniyuspubphl, wmyw nw unp ninnnipinit L, npp
htnwgnundwt mhuwn Yuphp niuth:

Upnidhttughtt hpudnip hwdwdnyduspubph wdpugung duqbptt Eu® CuAlb,
AlCuMg, AlsFeNi, AlsCu2Fe it AlsCuNi: Upunidhg b skpugnidhg hkwnn yhtny (nisnyph
dwubiwhh inpnhdwib nypnid wju dwuqbph wpwbdwinid Eu gphuybpu dwutthljubkph
Aaliny, npnup buytu pupdpuginid tu hwdwdnywsph hpudpnipmiup: 420 dwyjthoh
hwdwdntJusph pupdp hpwdpnipmniut wywhnyynid L ounphhy wnudh, dwquuh
U mhnwih pupdp wupntbwlmpyul, hul AK4-1-hip thykh b wnbdh yupmbwlne-
pjub, hsh wpghjulnid £ nhdnighn gnpéptipugutpp b wnwpwgunid ndjup nisynn
dwbipwhwwn wdpugunn $wuqbp, npnip juynit i mupugdwb dudwtwl §nwgnijug-
dwt tjundwdp:

Zpudpnipjuwt pupdpugdwt wewyl] hbpwiljupwiht b dhuy wydd phy htwnw-
qnuujws Enutwy E ipwljuqus wynudhttughtt thnphtibphg tnwljudws wyjnidhiughn
hwdwdntdusph unnwgnidp [2]: dpw hwdwp oqgnugnpénud ki wpnidhtuyghtt thnoht,
npp wuudws £ AOs opuhnuyhtt punuupny, jgintd tu dwdjmdbbpp b dwdinid
Lupdwt mul, wyw juwnwpnmd Enwjunud 600 °C —nud: Lwuth np wynidhth opuhgp
sh nusynud wnidhtiwght hhdpnwd b sh Ynwgniuugynud, wyy hull yuwwndwnny wju
hwdwdnijuspubtpt niukt (g hpwdpnipini, wdpnipmll, pupdp Ynenghwljuyniine-
pnil, (uy obipdw- b fiEjunpwhwnnppujuinieinit, pupdp dwpwljuyntunipni:

BUO2-1, GUD2Z-2, GUDZ-3, GUD.Z-4 dwljuhyubph hwdwdnyJuspubpp wupnibw-
ynud &t hwdwywunwujpwbwpwn 6-8, 9-12, 13-17, 18-22 % ALOs: GUPZ-hg wuwn-
puunjws wpnunpunbuwljubnh hwnynipniuttipp hhdbwjuwind jupudws bu wy-
nidhth opuhnh wupnibwlnipniihg (wy. 2) b wynidhtuwght thnpnt nhuybpuniput
wuwnh&wihg (. 1) [9]:

Un. 2-nud phpdwé & GUOZ-hg wuwnpwundws jupkph b duwwykuubph ph-
dhwljwb pununpnipmniup b dkjpmthjuljwt hwnlnipmniuaubpp:
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Unniuwl 2
CUDZ-p phupuwlwil pununpnipinilp b Jbpnuihlulul hunnnipmibakpp

®npdwpl- Lhiuhwljut
Utkhuthulju hwinlnipmnibibk
Uwlj- LT pununpnipniip, % fothluy np) It
uhop okpdwu- od, 002, HB,
Al ALO F 8, %
wnhdguiip ? ¢ | U UM | U
20 260...300 | 200...240 8'51
BUD2-1 300 hhupp 6...9 0,2 0,2 160...180 120...140 3 7 850
500 50...70 50...60
2...6
20 hhupp 320...360 | 210...250 | 6...8
BUD2-2 300 9...13 0,2 0,25 | 170...180 | 150...160 | 4...6 1000
500 80...90 80...90 2.3
20 hhupp 380...450 | 320...360 | 3...6
cuez3 300 13..18 1 025 ) 0.5 190...210 | 140...160 | 4...7 1200

GUDZ-h pupdp wdpnipntip pugunpynud £ wdpugunn uqbph pupdp nhuybp-
unipjudp b tpwig dhol thnpp hinwnpoipjudp: GUDZ-u hpudpnipjudp ghpuqui-
gnud E pninp wynudhbiughtt hwdwdnyduspubphtt b jud dpwldmd £ viwp wpw-
Unuudp: pwthg wpununpnd Bu phptnutp, hujjwuphpty, ognuljutp, wwuppkp
wpndhjubp, jupkp, nunodhs twiwwywnpuungusputp: GUGZ-p Yhpuend Bu huphw-
phruwohnipniunid, phuhwljumi b wwdpwphlvhwljut  wpynibwpbpnipniund,
EEynpunbtuhuynud, 300...500 °C obpdwunmh&wuttpnid [10]: Uju yniptph jawnnt-
pintup hwjuwuwp £ wynudhth pnnipjutp, ntunh skt ghpnid tput Ynonghwluyne-
untpjudp b whqud Jupnn b thnpjuwphil) Ti-ht b jnenghwluynit ynnuuwnikpht
250...500 °C oipdwuwnhdwughtt nhpnypnid wyhiwwntkihu:

S, A S, O, A9,
th ouf

Go.2

T
0 100  —d, djdl 500 - %, Al,Os 20 25

w) P)

Ul 1. Udpuging pugkph npuwkpunipyul wmumnpdwih b ALOs-p pulnulniepul wignkgnije-
Jacip EUDZ-p hunnlnypni dbkph Jpw. w-CUPL-p dkpnubpluwi hunnlnipmiaakph
quprjuénipiniap wipughng puqlph phuwybpunippul wumpdwihg,
p-CUDZL-p dEpnubhpfulwb hunnlnipnibbbkpp Jujujwényemop ALOs ghuwkpunipyui
wuwnpdulithg
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bPusybu gnyg ki mwhu thnpdwghmuljui hbnwgnuinnipnibubpp, wynudhtught
hpwunip thnpkhwdwadnyJuspubpp’ hudbdwnws dnydwdp uinugdus wjnidhiughn
hpwunip hwdwdnJusputph htiwn, odndws Eu pupdp wdpnipyudp dhisk 300...500 °C
obipdwunhdwutpnid: Uju hwdwdnijwésputnh §npnghwljuwyyniunipniup hwdwpdtp
E dwpnip wynudhthl, hul] Epljupeny b thitng (Eghpdwt nhwpnid (Uhtish 1,2...1,5%)
Jupnn b bpupuwdwdibn wohiwnk) gninpohwonuyhtt dhowduypnid 350 °C-h wuy-
dwttbipnud [11]:

Blubn] Jpnhhojuihg wownwiph tyuinulh b puguhwynt wynidhughb
hpwunip thnothwdwdnyjuspubph Junnigjuspugnyugdwut gnpépupwugh dbkpw-
uhqup b juunwupt) dbnwnughnwlut hhdwdnpnud:

ZEnwgnuuinipjut hwdwp punpdly b punungphsubph judupluyght pununpnipe-
miup’ Cu=2,5%, Mg=1,8%, Ni=1,2%, Fe=1,2%, dawmugwép' Al, nph nhypnid hudwdniy-
Jwdph Ukpwhjuljut hwnlnmpniutbpp unwugyl) B wpwdkjugnyup' 66=290...300
U, 6=10,5...11,5%, HB=100...105 U7Mw [12]: Stuwljub b thnpduwlui htwnwqgn-
wnnipnibbpny npnoyty B 2,5%Cu+1,8%Mg+1,2%Ni+1,2%Fe+Alw pununpnipjudp pn-
Jupuuninipnh dudjdw judupluyhtt nkdhdubpp, npnip wywhnynid Eu dwdjwsph
20...25% twptwlub Sunnltunipmiu [13]:

Ubbwlnunljtt junnigdusp unwbwnt bywwnwlny Enwunidhg htnn dw-
UpJusputipp upwplyt Eu mwp wpnudndwi nwupplp wpnwdndwb gnpswljhgut-

nny: Pusyhbu gnyyg k wipdusé by 2-nmd, nwp wpnwdnnidhg hinn jurnigyusph w-
huwjuwuwpulpnyws k, hull hwnhlubpp' phdnpldugus, pun npnud, hwnhlubkph nk-
dnpdughuyh wmunmhdwip jupws Eupunudnuwt gnpdulighg:

I e e T RS

P)

vy 2. 2.5%Cu+1,8%Mg+1,2%Ni+1,2%Fe+Aln wynidpiuypl hpundnip  hnpkhunlwmdnijijuéph
Upypnlunniguspp vup wpununlpnulhg hknn - (x200). Tw=525°C, 1,=30 pnyk.
w)A=3, p) A=4, ¢) A=5
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Owljnnljtunipjutt hbnnwgnuinidp juunwpybtp B ywhlundtnphl dbpnnnd: A=3
wpunwdnuut gnpsulgh nhiypmd wyt Yuquly b 2...3%, A=4-h ntuypnid unnwgyt)
gnpdtwluinpbt wswlnunjkt Junnigdwsp: 525 °C obpdwunhfwiunid =20 dwi/
pnpénidhg htwn, sunphhy Yipupnipbnugdwt, junnigywspp unnwgyl) £ hwjwuw-
pulpondws (uly. 3): Uhwdwdwiwl hwwnplubph vwhdwbwgstpnd wbpwwngl) L
FeAlz i NiAls hinbpUbunwnulwt dwuqbpp, npnup Juynit Bu b sk jnusynid duygpulynid
unyuhul Yhudwt dudwbiuly (ul. 4): ‘Loyus duqbph wnwewgnidp ppwiqupnud £ dadwt
dudwbwly ghiphwugbguwd whun nsnyph wpwewgdwt gnpdpupwgh, hbnbwwyku
Stpugdwt dudwbwy htnbpdbnwunuljut duqkph wipwndwip: Uuljuyb wju gnps-
Rupwgh wqpbkgnipmniutt wpynitwdbn £ dhuygt puljut stpugdut dudwbwly: B4
pwih np wynidhttughtt hpwdnip hwdwdnyuspubpp ptwljub stpugdwt sk Gu-
pupyynd’ Jkpunwupdh gnpsphpughg untuwthtynt hwdwp, hknbwgbu' tpdws Hu-
qtinh wqpbgnipmniut whpwi b Lydwsh Jur wywgnygh L pupdp dbjupmthjuljuw
hwwnlnipniuitph ywhywinudp pupdp okpdwunhdwtnbpnud: Udpnipjut b jups-
poipjut wdp yuydwiwynpqus b wphbunwlwd skpugdwt dwudwbwl] CuAl,
AlCuMg, AlsFeNi, Al:CuzFe i AléCuNi hunbpUbnunuljut duqbph whgwndwdp, npp
gnyg k nipywsé uly. 5-nud:

Ul 3. 2,5%Cu+1,8%Mg+1,2%Ni+1,2%Fe+Alu wynidpbughl hpudnip thnpbhudwdnijwdph
Upypnljunmguspp vnup wpnunlpnilhg b ppénidhg hkwnn (x200). Tu=525°C, tw=30 pnuyk,
7:=525°C, 1p=20 dunl> w) A=3, p) 1=4, q) A=5

Pusubu kplinud E Y. 3-hg, Skpugdwl okpliwunh&wihg juhe]ws wbnh k nibk-
unud htnbpdbnunulut bwqbph Ynwugniughwgh qnpépupwg, pun npnud, npput
pupdp b obpdwumpdwup, wyupwd ks E Ynwgniughuwyh wpwqgnipniup, npnd b
puguinpynid | thnobhudwdniusph dbjuwtthjujut hwnlnipjniuubph wulnudp b
unnph wpwqnipjub Ukdwugnidp:

Swpwgdwt dwdwbwl dpwldws hwdwdniyuspnid wbknh niubkgnn pwuquyhte
thnpuujipynipnibtbnh pupwugpp hbnwgnunbint tyywnwlyny ppwjwbwgyt) b nk-
phlunugpujut Jepnisnipmi. ghptwunh&wbh hnthnjunipmnip’ T=20...600 °C,
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obpUmunpgwith thnthnjudwi wpugmpmniip V=10 °C/pnuk, quigush thnthnuni-
pmiup’ Uptsh TG=50 dgp, quiugush thnthnjudwt wpugnipniup’ DTG=3 dgp/ijph
Fupwuhwh thnthnjunipyniip’ DTA=5 °C (uly. 6):

Ul 4. 2,5%Cu+1,8%Mg+1,2%Ni+1,2%Fe+Alw wynidpbuypi hpuwdnip thnokhunfwdnudph
Upgpnlunnigyuépp dpunidpg hlnn (x500).  Tu=525 °C, tw=30 pnyk, 2=5, Tp=525 °C, 1,=20
dunl, Ti=535 °C, upuniip opnul

)

uly. 5. 2,6%Cu+1,8%Mg+1,2%Ni+1,2%Fe+Aks wynidplughl hpudnip thnpbhwdwdni-Judph
Uplpnlunniguspp Skpugnudhg hkwnn (x500). Tu=525°C, tu=30 pnwyk, 1=5, T,=525°C, 17=20
dund, Tu=535°C, dpunuup opnud. w) T5=150°C, p) T5=200°C , ¢)T5=250°C, 1=25 dunl
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Ul. 6. 2,5%Cu+1,8%Mg+1,2%Ni+1,2%Fe+AlLn wynidhbuyhl Apudnip thnokhwidwdnyjudph nkph-
Yunnughpp. T-0 dniph nmupwgdwl gkpdwumpdwih hnihnfunieinil 1 TG-i ' quuliqyuish
hnpnjunipinifip, DTG-i ' quiigywiSh thnihnfunippul wpwgnipinilip, DTA-G ghdkpkhghuy

olquluypl whuybqh §npp jund Hipuyuhugl dipafunpm ip

busybtu tpund E uly. 6-hg, niphjuunwgph Jpw weluw L phnt tugnpbpd thn-
huujEpynipniuttpn: Unwehtt thnpuwlbpynipmiup ujudty k220 °C-nud b wdwpundby
240 °C-nud: Uju wpmyniup £ Al+MgsAls —Al yhuin duquyhtt nkwljghuygh, npp hwdpll-
unud £ Al-Mg yhdwljh nhwugpudh 1,8% Mg wupniuwlnn hudwdniusph nnwpwug-
dwt dudwtul $wquyhtt hnpupwljpynipjuup: Swpugdut dudwtiul MgsAls huunkp-
dbnwnuiut Jhugnipniut wdpnpeonipjudp musynid E whtn wynulhinwd, ply
npnid, Mg-h wupniuwlnipmiup Wubnhuh obipduunhdwind, npp hwjwuwp
450 °C, jupnn b hwutly 17,4% [14]: Py JEpwpbpnud Gpypnpn thnpuwlbpuynipyuip,
npp nbnh b niukunid 370...380 °C-nid, www wyt wpmyniup bk Al+CuAl>—Al whly
bwquyht hnpwlbpuynipjul, npp hwdpulund £ Al-Cu 4hdwljh nhugpudh 2,5% Cu
wupnibwlnny hwdwdnydusph nwpugdwtt dudwiwll wnbnh niubkgnn duquyhe
thnpuwbpympyutp [14]:

Yphyuwnwgphg hinbnd £, np wy dwquyhtt hnpowlbpynipniuubp, htsybu
twl quugush thnthnjuntpnil, opuhnugidwt jud nplik pugh whwmdwt ywngw-
nny, wknh sh niukghy:

Upmyniupttpp Yphhtt whqud wywugnigmd tu Yndwyntbunubph b obpdwght
Upwljdwt nktninghuyh ghown puwnpnipiniip, nph wpynitpnid wywhnyynud k
wnidhth hhdpny hpudnip hwdwdnyjusph unnwgnidp:
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Ujuyhuny, pugwhwjnyt] L, np wrmwp wpunwdnnidhg htwnn thnpkhwdwdni-
Jubdph Jurniguspp withu]uwuwpulonyws b, hul hwnhlubpp ndnpdug]ws, piy
npnud, hwnhlukph pidnpldughuwyh wunhdwup juhdws t wupunudndw gnpsuljghg
(N): Nppwt ULS E wpunudndwt gnpswljhgp, wyipwt Uts L nidnpdughuyh wuwnh-
Swin: 8nyg b nipdws, np A24-h phypnid unwugymd £ ywpuwlmhlnpht wiswlnnljku
Junniguép: Ppénidhg htnn Jupnigduwspp unwgynid b hwdwuwpulyondws,
dthwdwdwbwl hmnhlubph nwhdwtwgstpnid wigwnynid tu FeAls bt NiAls htwnbp-
dbnwnuliwi dwqbpp, npnup Juynit b nt skt jmsynud dugpunid djudwte dudw-
twl b wwywhnynid &b pwpdp obpdwunhdwbibpnid Jpdwdp dwbipwhwwnhl ju-
nnigudph unwgnidp: Obpugdut dudwbwl] wdpnipjut b jupdpnipjub wép wuy-
dwbwynpyuwsé k CuAl:, Al2CuMg, AlsFeNi, Al7CuzFe i AleCuNi htnbkpdbnunulju du-
qtiph whowwndwdp, puy npud, shpugdwh obpdwunhfwihg Yujuduws whnh k
niukunud wju dwqbph Ynwgniymghuyh gnpdpipug, b npputt pupdnp £ obpdwunp-
Swlp, wyipwl Uks E Ynugnipughugh wunh&wbp, hknbuwbu U dkwthulub
hwwnlnipmniuutnh wynidp, b' unnph wpwugnipyut Ukdwugnudp:

Onothwdwadniusph phiphuinnugpujub JEpnidsnipjudp puguhwjngty L, np
nuwpugdw dudwbtwl] mknh kb nitktunid whun $wquyhtt nbkwljghwtkp, npnup hwd-
puljunid ku Al-Mg b Al-Cu hwdwdniuébputph yhdwljh nphugpudutnh thnpuwltp-
wnipniibitpht, wjuhtipll’ wyndhlh dke uunid b sty MgsAls b CuAl> $uqhpp:
Swpugdwt dudwmbul] quqush thnthnpunipinil, opuhnugdwb Jud nplk unp $wuqh
wipwndwl yuwndwony, nknh sh miukunwd, hsp Yphhtt whqud wywugnignmd k
Yndynubnubph b obpduyhtt dowldwt mktuninghuyh phnpnipju £onnipniun:

GuyuuNkE3UL S8ULY

1. KomxaueB B.A., JluBanoB B.A., Easarmn B.M. MertamioBenenne u TepMUUECKas
00paboTKa IBETHBIX METAIIOB.- M.: Metamnyprus, 1981.- 416 c.

2. Enarmn B.M. Ilytu pa3BUTHS BBICOKONPOYHBIX M JKapOIPOYHBIX KOHCTPYKIHMOHHBIX
amoMuHIEBHIX craBoB B X XI cronernun / MuTOM.- 2007.- Ne 9.- C. 3-11.

3. Hdobarxkun B.H., Enarun B.U., Myapenko I'.A. Ilpoueccbl 00pabOTKH JIETKUX H
KapONPOYHBIX cIIaBoB.- M.: Hayka, 1981.- 270 c.

4. Ksacop ®.U., ®puansaaaep U.H. AnromuHHeBBIC CIUTaBBI THNA TIOPATIOMHH.- M.:
Mertamnyprus, 1984.- 240 c.

5. Eaarun B.M. AxTyanbHbIe BOTIPOCH METAJUIOBEICHHS M TEXHOJOTHH JIETKUX CIIIaBOB //
Texnousorus nerkux craBos.- 2004.- Ne 5.- C. 25-29.

6. ®unaros 10.A. [lehopmupyembie craBel Ha ocHOBe cucteMbl Al-Mg-Sc / MuTOM.-
1996.- Ne 6.- C. 33-36.

7. Eaarun B.W. CocTosHHEe W TyTH TOBBIIICHHS TPEIIMHOCTOMKOCTH BBICOKOMPOYHBIX
MOMHUHHUEBBIX cu1aBoB // MUTOM.- 2002.- Ne 9.- C. 10-19.

8. Hobarkun B.M., Enarmn B.U. T'panynupyemble allOMHUHHEBbIE CIUIaBbl.- M.:
Mertamryprus, 1981.- 179 c.

136



9. TI'punea C.U., Kopooko B.H., Ky3nenos A.U., CorueB M.M. AJIOMHHUI ¥ CILJIaBBI
Ha ero ocHoge.- CII6.: CII6I'TU (TVY), 2003.- 22 c.

10. MeiicaxoB A.H. MatepunanoBeeHre W TEXHOJOTHS KOHCTPYKIIMOHHBIX MaTEpPHAaJOB. -
CII6.: Muxaiinosa B.A., 2003.- 416 c.

11. Fries S.G., Oates W.A. A thermodynamic assessment of the Au-Cu system //
CALPHADZ22.- 1998. - Ne 3. - P. 335-354.

12, Uppupui U.Q., Uudupui S.U. Zpwdnip wynidhbughtt thnpbhwdwdnyqusputph wwp
wpuwdndub gnpspipugh hnpdughnwlju hbnwqnunwdp // 22 @UU b 2M&2 wbnk-
Jughp. S ubphw.- 2010.- Zunn. 62, Ned.- ko 367-376:

13. Unpupui U.Q., Uwdwpuib S'U. Upnidhttughtt hpudnip thnpbhwdwdnyusph podu-
Juwrtnipgh dwdjdwb gnpdpupwgh hbnmwgnunudp b oyynhdwy nkdhdubph puwnpnwdp //
2M&2 (Mnjhwkuuhy) Lpwpkp. Ghunwfut b depoguljut hogdustbph dongnjwsnt.-
Bplwi, 2010.- Zwwn. 2, Ne2.- ko 395-399:

14. Mownpoasdo JI.®d. CtpyKkTypa 1 CBOWCTBA alIOMHHHUEBBIX ciUiaBoB / [lep. ¢ anri.- M.:
Mertamnyprus, 1979.- 640 c.

2M&Z (MALPSEVLDRY): Unipp thpuyugyt) k udpugpnipgnit 30.01.2014:

CI. ATBAJISIH, T.H. CA®APSH, A.B. AHAPUACSH, B.I'. BAPJIAHAH

UCCJEJIOBAHUE U METAJLJIOTPA®UYECKUI AHAJIA3 MTPOILIECCA
CTPYKTYPOOBPA30OBAHMUA ’KAPOIIPOYHBIX AJTIOMHUHHUEBBIX IOPOIIKOBBIX
CII'IABOB

B pe3ysbTare KOMIUIEKCHBIX HCCIIEA0BAHUI BBISIBJIEHO, YTO TIOCIE 3aKaJIKH W CTapeHHs
CTPYKTYpa KapoIpOYHOro ATFOMHHHUEBOIO MOPOIIKOBOro ciutaBa coctaBa 2,5%Cu+1,8%Mg+
+1,2%Ni+1,2%Fe+Al,., sBIsSEeTCS reTepOreHHONW U COCTOMT M3 TBEPOr0 PAacTBOpa Ha OCHOBE
amoMuHus 1 nHTepMeTautnyeckux a3z CuAl,, Al,CuMg, AlgFeNi, Al;Cu,Fe, AlgCuNi, koTo-
pble B TPOLECCE CTAPEHUS BBIAEISIOTCS M3 IEPECHINIEHHOr0 TBEPAOrO PACTBOpA HA OCHOBE
QTIOMHUHUS, 00eCreunBas BBICOKME MEXaHHUYECKHE CBOMCTBA JI0 TEMIIEpATyp B JMara3oHe
300...350 °C.

Knrouesble cnoea: amOMUHWEBBIN TOPOINOK, METAIMIECKUE TOPOIIKH, MPECCOBAHHUE,
ropsiyast KCTPy3Hsl, OTIKUT, 3aKaJIKa, CTApEHKE, TBEPBIM PacTBOpP, HHTEpMETAIIINIecKas (asa,
TBEPIOCTH, IPOYHOCTE, KAPOITPOUHOCT.

S.G. AGHBALYAN, T.N. SAFARYAN, A.V. ANDRIASYAN, V.G. VARDANYAN

INVESTIGATION AND METALLOGRAPHIC ANALYSIS OF THE STRUCTURE
FORMATION PROCESS OF HEAT-RESISTANT ALUMINIUM POWDER ALLOYS

As a result of complex investigations, it is revealed that after quenching and ageing, the
structure of heat-resistant aluminium powder alloy 2,5% Cu +1,8% Mg +1,2% Ni +1,2% Fe +
Alost is heterogeneous and consists of a solid solution based on aluminium and intermetallic
phases CuAl,, Al,CuMg, AlgFeNi, Al;,Cu,Fe, AlgCuNi, precipitating in the aging process from
the supersaturated solid solution based on aluminium, providing high mechanical properties at
temperatures in the range 300 ... 350 °C.

Keywords: aluminium powder, metal powders, compaction, hot extrusion, annealing,
hardening, ageing, solid solution, intermetallic phase, hardness, strength, heat resistance.
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MLk UNrenNkuc MM hu2-8hLU-9UNUNUSPL UNRLIUSUSIUD LNIYUOLE
SULTMULNROUUL LOPONR3EH3

Ukpujugws L ghijh b juwwph pupdp wwpnibwlnipjudp unydhnuunudwght
hunwiyniph unydwnugus pnydusph nuppuynisdwi (nidnyphg ynudh Ynpquws mkin-
nghujut wnwudtwhwnlnipnibttpn: 8nyg L npdws Cu?-Zn?*-Fe?*-Fe3*-504-H20 unijdwun-

prYwyht (ndnyprhg wnudh ptnpnqujui Ynpqdwb gnpdpipugnid ghdkunwghuwh Enubwlh
ghipuunipjut tyunwljuhwupdupmpniup:

Unwigpughlr punkp. unybhnuuynudwghtt pnwiynip, muppunsdwt uniybpun-ppeldu-
1htu ndnyp, ghdkunwughw, punpnquljut §npgnud:

Ukpwbnipynii. Zkwnwgnunipjut hwdwp npybu fpuiynip hwinhuwgnn' ghulh
b juwwph pwpdp yupnibwmpjudp nknujut ynidughtt pnwiymiph unydu-
wnwugyué pnyqusdph 2 %wung sSUpwppyuyhtt muppuynisdw jnidnypenid wnhtdp,
Epyupn b ghip wejuw ki pugupduluybu hptug unydwnbnh nbkupny (CuSOs4,
FeSO4, Fe2(SO4)3, ZnSOs), npp, hsyku hwynh k, pupbiyuun wuydw £ hhypndk-
wnwnipghuut tputwlutpny wn dknwnubph wpynibwdbn Ynpqlut hwdwnp:

Ushumnwiiph tyunuljy § ntunidtwuhply tpqué nisniyyphg wulnpniun dling
npuinud yupnibwlynn wpdbpuynp dbwnwnubphg wynudh phnpnqujub §npgqdwi
gnpépupugn b hwunwnwgnpl] gpu oywnphdwy ntkuninghwjut wuwpuwdbnptpp'
unwunupun npuljh knunupununpuiph vinugdwi hwdwnp:

Onpdupljimt Ubkpnpukpp. Ubknwnulwb pnutbph Ynughinpughwubpp ni-
Snyputpnd swthyb] i wnndw - wpunppghnt uykunpuwuynyhuyh dbkpnnny (AAS):
Zhduwlut b odwinul] pununnphsutiph ywwpnibwlynipniubpp whing wpquuhpt-
nnud npnpdby Eu phthwluwi b bdhuhnt-uyblunpuy JEpnudnipjut tpwbwlubpny:
Mhun Wwoipkph $wquyhtt pununpnipnibbpt ntuntdbwuhpdl] B nkungbktw-
Junrnigquspuyhtt yEpnisnipjut Ukpnnny:

ZEwwgnuinipjwi wpyniupikph putwpynudp. Zwoyh wetbknyg htwnwgnunng
nusnyph puulwiht pupn Juqunipmniip (wn.l [1]), psybu twb gpubnud yu-
pnitwlynn npny dbkwnwn-hnububph JEkpulubqdwt pbwlghwiubph uwnwinupn
wnunkughwjutph qquih dnnhynipnitp (ophtiwl, E°ce®: 2 e - o = 0,340 ¢, hul
Eore3*s 3e - re?* = 0,771 o [2])" npybu Jbpwlwbquhsh Ynnuhg ntwlghwh thwpdtp
punpnnuijwinipjuip putqupnn gnpén’ |nidniyphg wnwehtt htippht wnudh pliwn-
ponuub Ynpquub gnpépupwugp hbnwgnudl) b Eplnt mkuninghwjut wwuppk-
pulutph’ <<kpunmpuljghw-nkkpunpuljghus>> b <<ghdbinnmughws>> dkpnnubph hw-
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dunpuudp’ gpug wpynibpttiph hhdwi ypu wpununpujut yqupdwihttph hwdwp
wnwyk) oynhdwy gnpéptpugh tpupuiuynpudut tywwnwlyny:
Unyniuwly 1

Swppuymstml hknnl) wpquupph (Wugpwl-jnidniyph) pnlughl punungpnipniin

Pnuubph Ynughunpughwitpp unyduwnwugdus pndqusph
wnwnppunisdwl msnypnud (¢/7)
Cu? Zn* Fe2 Fed+ Pb? L wj) Pb-phntt
19,38 4,08 20,90 0,98 Sl hwpintup.”
" Gpulynip-prnwlyniph kppnpy (pun wpdlph) pugugppsp qugupp, bwpeegbu §npg-
Y&y F pnyfiwidph pyuyhll inuppuyniSuwl unpujugni jhg hunnnt wkjubninghuyny (nk'u [1)):
Qhunwthnpdh wowehtt thnynud, Epunpulghwjh-nkkpunpuljghuyh nuimlng
[3] (nusnypenid wnluw Cu* hnbubph Ynpquwi hopdbpnud, dudwwlulhg ypulunh-
Juynid hwjinth <<aldoximes-ketoximes>> nuuh opquwju tpunpugtnttph [4, 5]
ndjupudwwnskihmpju yuwndwnny, npuig thnpjuupkt oqunugnpsyl] tu quuus
pnruwluil jninkp (Ahpwwwnnh, kghywnwgnpkuh, unjuyh, wplwsdwnlh), npnup pun
[6] wpuntwgph hinhtwlukph, wynudh tpldutin hnuubph tjundudp unybybu
odnjwé Eu pwpdp Juunhntwihnpwbwlhy punpnpujuinipyudp wy dknwnutph
(hwnjuwtu tpyuph) hntubkp Wuwpnitbwlnn opuyhtt howduyptpnud: Ujn tyunw-
Uny uygpnd wnhudp Ynpqyty £ 8 ¢ Cu?, 8 ¢/ Fe?, 0,5 ¢/ Fe* L 4 ¢/ Zn* punuy-
poipjudp Unphjughtt opuyhtt (nwdnyphg, nph yuupuundwi hwdwp oquuqnpdyty
El phwljunnhduyhtt CuSO4-5H20, ZnSO4+7H20 b FeSO4-7H20, hisybu twlh nkputhjulju
dwppnipjudp Fex(SO4)3 unidpwntbp: 200-wlub of dwwiny (nisnyph thnpdw-
uuUniputiphtt wykjmgyk) £ 80-wjwb 7 dwjuwny kpunpugqbin (pniuwljut jnin) b
huwunudl) 4,5 dwd mingnipjudp dpuninpuughlt £updwt b ubkiyuluyghtt gbpdwunp-
fwh wuydwbbpnud, pwntnipgh pH-p yuwhbng 10,5...11,0 vwhdwbikpnud (NaOH-h
wuppbkpwpwp tkpdnisdwdp): Epunpulghuyhg hbnn jupweunippubpp ponudl) B
hwbquuubtwnt 24 dwdyw pupwugpnid, npybtugqh opqubwlwh b opuyhtt dwqbkpp
wnwhdtwbwb vhdjwighg: Zwiuquunhg hbnn thnpdwinpubph JEpht dwlwpnpuljik-
nowd Ynrnuljus opqubwljut puqtipp (Cu? hnbukpny hwglgud Epunpugkuntitpp)
futtwdpny wgwwngl tu opuyhtt pwqkinhg: AAS dbpnnny swthyl) Lu Cu*-hnuubkph
dbwgnpnuyhtt Ynbghtnpughwubpp epwyhtt wqtpnid, b jnipupwbisnip thnpdh hw-
dwp npnoytg E bpunpujghuyh dwdwbily Cu? hnbubkph puppudw gnpswljhgp®

Drugpu = Copg /Con (1)

nputin Copg— opqubiwljut dwq wagus wynudh Ynughinmpughwi k, Co —p° opuyhte
dwugnud dhwgus wynudh Ynughinpughuie:
Mnudh nkkpunpulghwi Cu? hnuubpny hugbkgws opqumjut dwuhg hpuljwg-
Jt1 E pnpwé opny wunpuwungws nidkn ssUpwmppyuyht (nsnypny (230 ¢/ H2SO4)
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dhwnbtuwl] obpdwunhdwbuwghtt b dudwbwluyhtt yujdwbbbkpnid: Cun npnud, nk-
Epunnpujghuyh nisnyph dwduyp Jtpgyty t 2 wiqud wykh yulwu (100 j), pwt
Epunnpughuyh (nisnyphup, npytuqh wywhnydws 1hith tpwind ynudh hupdwp
ynugkitnnpughw® htnnwqu fEjnpulnpquu hwdwp: Mnudh hnuttphg phntwpwith-
Jus bpunpugbkunibph hinwgnudhg hbnn unwgus opuyhtt dwqbpnid (nkkpu-
npwlunitpnud) AAS JEpnusnipjuts kpnnny swihdb) ki Cu? hnuubph Ynughunpu-
ghwubpp: Gpluph nt ghtijh hnbuubkph wejunipmniip tpubignid yupqupwidly b
npujuljui phthwlwi YEpnisnipjut Uhongny:
Stdkuwnwghwjh (phtpwljut tunkgdwi) Enuwlny [7] juyht (nwdnyphg (nka
wr.1) ynudh wudhpwlw Ynpgnudp®
Cu? + SO4+* + Fe= Cu® + Fe? + SO4* )

ntwljghuyny Yuwnwpyl] b tpuph wwgknutph dhongny (ubiyufuyhtt obpdwunp-
Swinwd, nsnyph wipunphwn pjpwntnudng 30 powéh pupwugpnid): Stdbkunwnp
(gnudwthnohty) wmpwudtwgyl) k tpljupju woknutphg nt (msnyphg’ nuupwth-
dwt b $hpinpdwtt vhongny, 1qugydtly L 0,5 %-wling s6upwppyuyhl nidnypny (nkuph
wuyswnwgdwt hwdwp), wyinthtnb dwppdby L 2% - wiung unnuyjh (Na2COs) 1nidnig-
pny b snpugyty 110 °C-mud 2 dwdfyju pupugpnid: Unwugdwsd ynudwthnohtt upupy-
Jt; b nkungbutwjunnigquspujht b Edhuhnt-uyblunpu) Epnisnipjut: Mnudh
Ynpgnulhg htnn hpinpud (nisnypenid npnoyty k Cu? hnbiikph dbwgnpyuyht Ynu-
ghunpughwi, b hwodyt) kE wynudh ghidbtnwghuyh (Ynpquui) gnpswlyhgp.

Kcu-gtt. = M cu-gtut./ M cu-gp., 3)

npunnbkn Mcog- p dwpnip wynudwthngnt quuqust b ghdbnwunnid, Mesgp—p'
wnudh pughwunip quuquép Ejughtt opuyhtt (nisnypnid: dtpnisnipniuubtph b
hwodupljubph wpyniupubpp pipdws Eu wn.2-nud:

Epunipuljghuyph b ghdktnnughwyh Enuwtwljubpny nnwugdus thnpduwlju wpy-
mniupubph hwdwnpnipniup gnyg k viwihu, np ujqpniupnpkt wyn Epyniut £ hpw-
nhjh Eu unydwn-prduyhtt |ndnyputnhg ynudh Ynpquus hwdwp: Cuy nponud, Ju-
nkh £ hwuwnwwnwgpl], np wyn gopépupwugh hwdwp jwujugnybu Epumpugbiun k
Eghywunwugnpkuh ninp’ Dpwe = 1599 gnigwthony (Juwnwgniy Epunnpugktnp unjugh
mint E, nph ghypnid Dpwhe = 65), hsp hwdbdwnbjh b qpujutinipyut dby wnjuw
wnyjwyubph htiwn [6]: Gpllupny ghdktnwghwh nhypnid ynudh Ynpquu gnpswljhgn
hwutinid £ 99,1% -h, npp tnyuwbu (hnyht punmiubh gniguthy b dbnnwunh tdu-
qugniji ynpuinh wyywhnydwt mkuwlknhg:
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Unniuwl 2

Epunpuwghuyp b ghubinnnwughuyp Jkpnnbbpny Cu?t- Fe? - Fe3 - Zn?- SO# - H20 jmiénypllphg
wnhdp §npguuwl nyjuybbph hunfwngpnipiniip

(FeEpuinpuiljghw | Cu®* hnl.
Epunnpugkiinh Epu}:[phﬁllghul Y Jud dugkph dhulgl;pr}. Cnlwph Shulh Dpughu.
und ghufbnu | 90Enwghu pudwinud | Unbghtw, | WPUSRLP- | wefuunip. o o
wnnph nbkuwlp | Lowsnyph | Shon, | Lowsnyph | Shon, | nisnyypnid tpl:;;ﬂ}ﬂk tplllnu:fl}llr Kgtu.
pH du/ pH dud Q1)
Uplwdwnyh jnig| 10,5..11,0 | 45 4,0..4,5 45 0,070 Cwn Cwn 113
Unjuyh jnig 10,5..11,0 | 4,5 4,0..4,5 4,5 0,120 Cun Cun 65
Qppwyunh jnug | 10,5..11,0 | 45 4,0...4,5 45 0,020 Cuwn £hy 399
b;ﬂ;ﬁ;}iﬁ“ 105..110 | 45 | 40.45 | 45 0,005 Cunn £hs 1599
Shuklnwughw Nnudh wnwd-
Epyuph viwpkn-| 5,5...6,5 0,5 | twgnud, (Jugnud, 0,180 - - 0,991
ubpny snpug.

YEpnidnyenihliikpp Junmupyky £ LUP @RC-nud:

Uwljuyt Epunpuljunubph pununpmipniuubph dbpnwdnipniihg yupgynud E
np tpwignid wnlw £ swn Jud phs puwbwlnipjudp tpljup, htswybu hwl ghtly, npnlp,
wlipnipw, Jupnn ki hblnwgqu HEYunpnihgh dwdwbwl wnunnunk] ynudh jupnnught
tunqudpp: pwhg htnbnd k, np bpunpulghuyh dbpnnnyd (hwdbuwjunbuu’
Eghyunwgnpkuh jminny) htwpwynp bt Cu?-Zn?-Fe*-Fe**-SO4-H20 hwdwljupgh
[nwdnypubphg wnhtdp Ynpqly gpbpt wdpnngmpjudp, puyg ny jhupdtp dwpnip
Jhdwlnid: Uluhwyn k, np wnweht htippht gput pwbiqupnud Eu (nisnypenid wnlju
Fe* hnuubkpp, npnup, thnpuwqpbkiny ndnyph pH-— Jupquynpnny NaOH-h htwn, pb-
nnitwly b Fe(OH)s punuptbp gnjugutint opnquiwlwt dwuh dwljkptuhl, hul Zn?
hntuubkpp, hpkug hkppht, hwjwiwpwp, MéYws onh ppYwsth sunphhy dwutiwlhn-
kb opuhnwtnid ' gnjugubiny Zn(OH): punuipltp:

Uhtsntin wpnynitpubphg tpnwd k, np gbdkinwghuwyh wypngbup qtips £ uogws
ptpnipniubnhg, husp, withuwynnpbl, uydwiwynpjws k wjt hwiqudwipny, np
wju pypmu ghyp sh jupnn prwbqupby ynudh phthwfwt JEpufubqiwip tp-
Jupny, pwih np owwn ULs E Cu? b Zn* hnuubph Jkpuljuiqudwt ntwlghwubph
unwnupun EEjupnpuhtt ynunkughwjubph nwwppbpnipmitp (hwdwwywinwuiw-
twpwp -0,763 ¢ 1 0,340 ), wowydk] bu Lpupp juwbquphs sk, pwuh np hupt k
wnudh tunkgunnp (ghdktnwwnnpp):

®npdh wnyjujubpny, tpuph wnwwobknubpny wynudh ghdbkbnwugdwt (Ynpquub)
gnpswjhgp hwubnud £ 99,1 %, husp thnyht punniukh gniguthy t:

NEunghtwjueniguspuyhtt yEpnwdnipjut (APOH-2,0, CuK,-dwunwquyjpnid)
nyjuiubpny (uly.)" Guyht ndnyphg ghdbunmwughugh nubwlny Ynpqué ynhud
ntih dhwdwq Juunwpuy JEunpntwbthun junpwbwuppught gwigny pynipbnuyght
Junnigusdp (nkuiingkiwgph Jpu Cu20-h thnpp htnbkuhynipjudp nhdpulghnt gsk-
h wnjuwnipmniip ynudwhnont ny pudupup duppdwb yuwndwnny b):
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U, Skdkinnughugh Enuinulny wumugyué wnhdunpnon: pkinnglinughpp (phdpulinngpunlp
hwhnypp b puqkph phnpny gskph ilwbwplhnidi puw [8] njjuybph Juunupywé F2N82
phinngliuunhwlul jupnpunnnphuynid)

o]
o]

ol
o

Edhuhnt-uylunpuw) 4Epndnipjut mjjujubpny (un.3) vnugwus ynudwthn-
ohtt hp dwppnipjudp sh ghonid tdwtwwnhy unwbngupwun tdniputpht [9]:

Uunugywd wnhdunpnom blpupni- uyblmpuay JEpnidnieyul wpynipakpp *

Ugniuwl 3

Nnudwihnont Cu pugh,, Ivuniimipnubph wwpniulynipniip, %
nbuwljp % Sb As Fe Pb S o] Zn
Onpdwpupuljui 99,5 - 0,001 | 0,018 0,03 0,01 (SO4*) | 0,005 | htwnphp
IIMC-B I'OCT 4960-75 99,5 0,005 | 0,003 | 0,018 | 0,05 0,01 (SO#*) | 0,005 -
TIMC-H I'OCT 4960-75 99,5 0,005 | 0,003 | 0,060 | 0,05 0,01 (SO4*) | 0,50 -

*JEpnidnipniabkpp junnwpyly ko 22 QUU EP jupnpunnphuynid:

Zhnwugnunjus Cu*-Zn*-Fe*-Fe*-504-H20 wnuppuwnisdwt (nisnyphg wnudh
wpnibwdbn Ynpgnidhg htinn dbwgws uniydwn-peduht nsnypt hp Juqunyg
wykjh hwpdwp E hbnwquynid tpjuph b ghihh ppupnnujut jnpqdwt hwdwnp:

Bqpuljugni pyniutitin.

1. 8huljh b juwwph pupdp yupnibwlnipjudp unydhnuuyndughtt pnwiyne-
ph unydpunugjus pnydusph muppunisdw Cu? - Zn? - Fe?* - Fe®* - SO4 - H20 |nti-
Snyphg ynhudp phnpnnqujut duing wpwyk] wpynitwybtn k Ynpgl) Epupny gk-

dbktinwghuwyjh tnuiuyny:

2. 8kdkunwugyué ynudwthnohtt hp dwppnipjudp sh qhonid hmdwwywwnwuiwh

unnwinwpun dwljuhoutpht:
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JL.LE. CAPT'CAH, AM. OTAHECAH, I.I'. BAPJAHAH

W3BJEYEHUE MEIW N3 PACTBOPA BHIIIIETAYMBAHWA MEAb-ITUHK-
CBHMHIIOBOT'O CYJIBOATU3UPOBAHHOI'O OTAPKA

HpeJ:[CTaBHeHLI TEXHOJIOTHUYCCKHUEC OCO6eHHOCTI/I HU3BJICUYCHUA MCOU U3 paCTBopa BhIIICJIA-
YHUBaAHUS Cynb(baTI/ISI/IpOBaHHOFO orapKa Cynb(i)I/I,I[HOMeI[HOFO KOHI.[eHTpaTa C IIOBBIIICHHBIM
COZ[ep)KaHI/IeM IIMHKa U CBHUHIIA. HOKaSaHa LleJ'IeCOO6pa3HOCTB HpI/IMCHeHI/Ii{ METOoAa LIEMEHTa-
UMW JJIA Tpoliecca HM30MPATENbHOTO HW3BJICYEHHS] MEAW M3 CYJIb()AaTHOKUCIOTO pacTBOpa
Cu®*-Zn**-Fe**-Fe*-50,*-H,0.

Knrueevte cnosa: cynbhuIHOMEIHBIH KOHIEHTpAT, CYJIb(ATHOKHUCIBI pacTBOp
BhIIICJIaYMBAHWA, HECMCHTALMA, I/I36I/IpaTe.HI)H06 HN3BJICUCHUC.

L.Ye. SARGSYAN, AM. HOVHANNISYAN, D.G. VARDANYAN

EXTRACTION OF COPPER FROM THE LEACHING SOLUTION OF
COPPER-ZINC-LEAD SULPHATIZED ROAST-CALCINE

The technological peculiarities of copper extraction from the leaching solution of
sulphatized roast-calcine of copper-sulphide concentrate with high content of zinc and lead are
introduced. The expediency of application of the cementation method for the selective
extraction of copper from Cu?*-Zn?*-Fe**-Fe®**-S0,%-H,0 sulphate-acidic solution is shown.

Keywords: copper-sulphide concentrate, sulphate-acidic leaching solution, cementation,
selective extraction.
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YK 621.762+669 METAJLIYPI'UA

B.A. MAPTUPOCI/H, K.B. CAPKHUCSH, M.3. CACYHISIH,
10.0. IMCOBCKAS

TEPMOOBPABOTKA JPMBOHCKOI'O 30JI0TO-MEJHOI'O
CYJIb®OUJHOI'O KOHIEHTPATA IIPU CEPHOKHUCJIOTHOM
BBIIIEJTAYNBAHUNA

HccnenoBaHa BO3MOXHOCTh MepepabOTKH JPMOOHCKOTO 30JI0TO-MEIHOTO CYIb(UIHOTO
KOHIIGHTpaTa METOJIOM TepMOOOpaboTKH (00XHra) ¢ IEeNbl0 HajdbHEUIIed MHTEHCU(UKAIIIH
MPOIIECCOB CEPHOKUCIIOTHOTO BBINICTaunBaHus. BEIOpaHbl ONTHMAJIBHBIC YCIOBHs TEPMOOOpa-
OOTKH U BBIIICIAYABAHUS VI 00CCIICYCHHST MAKCUMAaJIBHOTO BBIX0/Ia MEITU B PACTBOP.

Knwouesvie cnosa: tepMoodpaboTKa, APMOOHCKHN MEIHO-CYIb(PUIHBIN KOHIEHTPAT,
CEPHOKHCIOTHOE BBINICIAUYUBAHKIE, ME/Tb, 30JI0TO.

Beenenue. B nocnennee BpeMsi B METAILTYpruuecKoi MPOMBILIIEHHOCTH NIepepa-
OOTKH LBETHBIX METAIJIOB TMAPOMETAIUTYPIUs 3aHUMAET NpoyHoe MecTo. OCHOBHBIM
HEIOCTATKOM T'MIPOMETAJUTYPIUH 110 CPABHEHHUIO C MUPOMETAIUTYprUei sIBIIseTCS He-
BBICOKasi MHTEHCHBHOCTb Tporecca. [y obecnieuenuns 6onee COBEPILIEHHOTO B HKOJIOTH-
YECKOM OTHOLLIECHUH T'MAPOMETALTYPrUUecKOro NPOU3BOCTBA BaKHOE 3HAUCHHE HMEET
WHTEHCU(UKAIKs ONepalyi BhILETaYMBAHUS, @ IMEHHO - TIOBBILIEHHE CKOPOCTH CEPHO-
KHCIJIOTHOTO BBIIIEIAYMBAHNS [ICHHBIX KOMIIOHEHTOB M3 MHUHEPAJIBHOTO CHIPBSI METOJIOM
Tepmudeckor aktuBarmu [ 1,2]. OcoOblif HHTEpEC MPECTABISET TepMUIecKas 00padoTka
cynbpuaoB [3-5], ABISAFOMIMXCS OCHOBOW PYIHOTO CBHIPBSI B TIPOU3BOJICTBE MHOTHX I[BET-
HBIX METAJJIOB M B TO € BPeMs OJIHUM U3 HauOoJiee TPy ITHOPACTBOPUMBIX B HEOPTaHU-
YECKUX PACTBOPUTEIAX KJIACCOB COCIMHEHUM. XapaKTEpHbIM IPUMEPOM TEPMHUUYECKON
AKTUBAIIMN CHIPbs, PUMEHSEMOTO B IPOMBIIIUICHHBIX MacinTabax, siBisiercs cyibdaru-
3UPYIOLIAN OOXHT MEIHBIX KOHIIEHTPATOB, B MPOIecCce KOTOPOTO BBICIHINE CYTb(QHIBI
(MpHT, MUPPOTHH, XAILKOIIUPHUT, OOPHHUT) JUCCOLUUHUPYIOT C yJIAIICHUEM YacTH Cepbl
B 2JIEMEHTHOM (hopMe H ¢ 00pa3oBaHuEM CYJIb(UIOB jkese3a (Tura Tpuosura). [locnes-
HHUE OTIIMYAI0TCS 3HAUYUTENLHON PEaKIMOHHON CIIOCOOHOCTHIO MPH OKHCIUTEIEHOM WU
KHCJIOTHOM PEXMME BBINICIAYMBAHUS, B PE3YJIbTATe YEro M3BIICKAEMble KOMITOHEHTHI
MePEexXoIAT B 0osiee OBICTPO U TMOJIHO PacTBOPsieMbie (POPMBI U OJJHOBPEMEHHO o0ecIIe-
YUBAIOT CEJIEKTUBHOCTD UX BHITIEIAUYNBaHUS [6].

Crioco6 mpokanmuBaHUs € “3aKaKoi’’ B BOJAE 3aKIIOYAETCS B TOM, YTO TEPMHU-
YecKHe HalpsDKEHHs pa3pylialoT KPUCTAILIBI, BBI3BIBAIOT 00pa3oBaHUE JEPEKTOB W
CKOJIBI 10 TDIOCKOCTSIM CIIAHHOCTH, 4TO 00JIErdaeT Mocie/yrollee n3MelIbueHNE ¢ OCBO-
OOXKJICHHEM 3epeH IIEHHOTO KOMIIOHEHTa. TepMuueckwii croco0 aKTHBUPOBAHHUS
MOYKHO OIIEHHUTh KaK BeChbMa JICWCTBEHHBIH, MIOCKOIBKY OH MPUBOJUT K 3HAYUTEIIEHOMY
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M3MCHEHHIO HE TOJIBKO XMMHYECKOT0, HO U (ha30BOTO cOocTaBa 00pabaThIBaeMOro Ma-
Tepuana.

Lenpio paboTI ABISETCS YBENMYCHUE PEAKIIMOHHON CIIOCOOHOCTH CYIb(UIHBIX
KOHLIEHTPAaTOB M€Y METONOM HHTEHCH(MKAIUK AadbHEHIINX T'MAPOMETaJlIypruye-
CKHUX IIPOLIECCOB IIyTEM MX TEPMOAKTHUBALIMM PA3JIMYHBIMU CIIOCOOaMHU B IPUCYTCTBUU
H,S0,+0,, NaOH+NaNO3;, NaOH+NaCl u mocnenyromiero BbIeIaunBaHUsS MEIU B
BOJIHOM Cpezie ¥ B Cpejie CEPHOM KUCTOTHI.

1. MeTonnka mpoBeaAeHUs] IKCepUMeHTa. BriOpaHbl OoNTHMAaNbHBIE YCIOBUSL
TEPMHUYECKOI aKTUBALMK W BBIILETIAYMBAHUS A1 0OCCTICUCHHUs] MAKCUMAIBHOIO BBIXO/A
Menu B pacTBOpP. XMMHYECKUH cOCTaB BBHIOPAHHOTO /ISl M3y4YEHUS! KOHLEHTpaTa, %:
Cu - 18,00; Fe - 35,00; S - 32,00; Ca — 1,07; Mg — 0,90; Si — 3,27, C - 0,69; O2 - 2,6;
octanpHOe - 6,47; MuUHEpamorndeckuii cocras, %: CuFeS,; - 36,30; Cu,S — 6,75; FeS, -
34,00; Fe,O3 — 10,55; CaCO; — 2,50; MgCO; — 2,70; SiO; - 7,00, ocranshoe - 0,20.
Copeprxanne 30510Ta U cepedpa B koHneHTpare: 50 &/m Au, 70 2/m Ag.

OOGKHT KOHIICHTpAaTa MPOBOIMIH B JlabopatopHoii Mmydenbroi neun CHOJI 20/12 ¢
MakcuMaibHOH Temnepatypoil HarpeBa 1000 °C. Ileusr HarpeBaiu 10 3a1aHHOM TeMmIle-
paTyphbl, B3BEIINBAIH ONIPEAEIIEHHOE KOIMYECTBO KOHIIEHTPATA, 3acChIaid B KOPYHIO-
BbIC THTJIM U CTAaBWIIM B My(elbHYIO Medb. DTOT MOMEHT CUUTAIH HavyalloM OOXKHUTa.
[Tocne oGkura orapok OXJIa)XAaNH 0 KOMHATHOW TeMIepaTyphl U B3BEIINBAIIH.

HOpHILOK MMPOBCACHUA OIBITOB BLIMNICIIAYMBAHUA 6I)IJ'I CICAYIOIIHUM: T'OTOBUJIN
pacTBop 3aJlaHHOTO COCTaBa W 00beMa, BKIIIOYATIN MEIMIANIKY, B3BEIINBAIH HEOOXOH-
MO€ JUIsl JAHHOTO OITbITa KOJUYECTBO MEIHOTO KOHIEHTpAaTa, KOTOPOE 3arpyKajii B
peakTop. DTOT MOMEHT CUMTAIH HayalloM onbiTa. Ha cTeHKe cTakaHa oTMevain ypo-
BCHb ITYJIBIIbI B YCJIOBHAX IECPEMCIIMBAHUA. B Tteuenne OKCIIEpUMEHTA ]106aBJ'I$UH/I BOAY
JUTst ToJyIepkanust 3aanHoro orHomeHus T:0K. T1o okoHYaHUM OMbITa MYJIbITy OT(UIBT-
POBBIBAJIM C MOMOIIBIO BaKyyM-HAcoca, KEK TIIATEIbHO TPOMBIBAIIH JI0 TIOJHOTO 00ec-
IBCUMBAHUA IIPOMBO/I, BBICYIIMBAJIUW B CYHIWJIBHOM mKa(by a0 MOCTOSSHHON MaccChl
npu Temnepatype 120 °C, B3BemnBaNIy 1 aHATU3MPOBAIN Ha Me/Ib U )kene30 [6]. Pact-
BOPGI ITOCJIC BhILICIAYMBaHNA aHAJIM3UPOBAJIN HA MEAb.

PentrenodazoBoe mccienoBaHue MPOBOUIIN C IOMOIIBIO pEHTTeHOTpada MapKu
“IIPOH-3,0"" ¢ ucnonb3opanueM CuKo-u3nydeHus v HUKEJICBOro (GUIbTPa B CICAYIO-
IIEM PEeXHMe: HaIpsuKeHue - 25 kB, crna Toka - 10 A, ckopocts 3amucy — 420 v ™,
CocTtaBbl NOTY4YEeHHBIX (a3 TOABEPTANNCH TAKKE XMMUYESCKOMY aHAIIU3Y.

2. TepmoanHaMuyecKuil aHaau3 peakuumii mpoueccos. [Iporeccer oOxura u
JAJIbHEHIIEro BhIIIENAYUBaHMUS IPMOOHCKOTO KOHIIEHTpATa SIBIISIOTCS BECbMa CIIOXK-
HBIMH. B HUX BO3MOXXHO OJTHOBPEMEHHOE MPOTEKaHUE KaK MapauieNbHbIX, TaK U MOCIIe-
JIOBaTeNbHBIX peakuuid. Kpurepuem caMonpon3BOILHOCTH MPOTEKAHUS STHX PEAKIIUH
Opy TMOCTOSHHBIX JABICHUSX W TeMIeparypax sBisiercss yObuib 3Hepruu [ ubbOca
(AG$ ). Jlns OpueHTHpPOBOYHON OIIEHKH BO3MOKHOCTH TNPOTEKAHWS TOW WM HWHOU
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peakiuy o MpeJiaraeMoll TEXHOJIOTHU TepepaboTKu JAPMOOHCKOTO KOHICHTpAaTa
MIPOBEACHBI TCPMOINHAMHYCCKHE HcciIenoBanus [7,8]. TepMoguHaMIUIecKre pacueThbl

o __ o _ 3}
BBINOJTHEHBI HA OCHOBaHWH ypaBHeHus ['m66ca-Tempmromnsia: ACGr = AHr —TAS:

(o] o]
rae AHr - suranemus, koc/mons; ASt - sHTpoTHA, oc/monw;, T - Temmneparypa, K.

Pacuersl mpoBogunu 0e3 HMHTETpajbHBIX IONMPABOK HAa W3MEHEHHE TEIIOEMKOCTH
BemiecTB. Pe3ynbTaThl pacyeToB mpeacTaBieHsl B BUae rpadukos (puc. 1).
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Temnepamypa, K Tevnepamypa, K Temnepamypa, K

Puc. 1. 3asucumocmo 3nauenust yoviau c600600noU snepeuu I ubbca om memnepamypol 0is
peaxyui 1...25

1. CuS+ 2H,S04+ 0, = CuS0, + SO, + 2H,0; 13. FeS, +6NaNO; = 6 NaNO, + FeSO, +
+80,.

2. Cu,S+ 2H,S0,4 + 20, = 2CuS0,4 + SO, + 2H,0; 14. CuFeS, + 8NaNO; =CuS0, +FeS0,+
+8 NaNO,;

3. CuFeS; + 5H,S0, +7/2 0,= 2CuS0, + 15. CuS +4NaNOj; +2NaOH=

+Fey(S04)3 + SO, +5H,0; =Cu(OH),+Na,S0, . 4 NaNO,.
4. 2FeS, + 3H,S0, +11/2 0, = Fey(S0,)3 + 16. FeS, + 6NaNO; +2NaOH= Fe(OH),+
+4S0, +3 H,0; +Na,S0,4 + 4NaNO,+SO,;

5.  CuS04+2H,0 = Cu(OH), + H,S04; 17. CuFeS,+8NaNO;+4NaOH =
Cu(OH),+Fe(OH),+8NaNO,+2Na,S0,;

6. Fe S0,+2H,0 = Fe (OH); + H,S0,. 18. CuS + 20, +2NaOH= Cu(OH),+
+Na,S0, .

7.  Fey(S04); + 6H,0 =2 Fe(OH)3 + 3H,S0,. 19. Cu,S + 20, +2NaOH= 2CuOH+
+Na,S0, .

8.  4Fe(OH), + 0 ,+ 2H,0 = 4Fe(OH)3; 20. FeS; + 30, +2NaOH= Fe(OH),+
+Nast4+SOZ;

9. 4CuOH + 0 ,+ 2H,0=4Cu(OH),; 21. CuFeS, + 40, +4NaOH= Fe(OH),+
+Cu(OH),+ 2Na,S0,.

10. Cu(OH), + H,S0,= CuSO,+ 2H,0; 22. CuS + 2NaCl +20, = CuCl, + Na,S0,;

11. 2Fe(OH); + 3H,S04 = Fey(SO,)s+ 6H,0; 23. Cu,S + 2NaCl +20, =2CuCl + NayS0,,

12. CuS +4NaNO; = 4 NaNO; , CuSO,. 24. CuFeS, + 4NaCl +40,= CuCl, +FeCl, +
+2Na,S0,;

FeS, + 2NaCl +30, = Fe Cl, +

25. +Na,S04+ SO,.
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Fpa(bI/IK COCTOUT U3 TPECX yacteil. [loka3annl JaHHEBIC pacucToB TCMHCpaTypHOfI

0
3aBUCUMOCTHU AGT PCaKIMn OKHUCIUTCIBHOTO 00uUra CyJ'II)(bI/II[OB MEOU H KECJIC3a: B

MEPBOM YacTU - B TNPUCYTCTBUU CEPHOM KUCIOTHI (peakiuu 1...6) W peaknuu
BBINIENIAYMBAHUS TOTYYEHHBIX TPOAYKTOB 00kHra (peaknuu 7...11) oT Temmneparypsr;
BO BTOpoii wactm B mpucyrctBuM NaNOj; (peakmmm 12...14), a Takxke cMmecu
NaOH+NaNO; (peakiuu 15...17) oT TeMmeparypsl; B TpETbed YaCTH - B IPUCYTCTBUU
NaOH (peakmum 18...21), a Taxke cmecu NaOH+NaCl (peakruu 22...25).

Kak nokaspIBaroT 3Ha4eHUs AG; IS PEAKUMH O0KHMIOB CyIb()HI0B MEM U HKe-

Jie3a B MIPUCYTCTBUM KOHIeHTprpoBaHHOH H,S0, 1 0, TepMOIUHAMUYECKH BEPOSTHBI U
UMEIOT Han0oJsIee OTPHIIATEIbHOE 3HaUCHHE YObLIM 3Heprun ['nd0ca (peakuuu 1...4).
[Ipu 3TOM € MOBBILICHUEM TEMIIEPATYPBI BEPOSITHOCTh 3THX PEaKHi yMEHbIIACTCSI.

Peakiuu BbIIenaunBaHus OIyYEHHBIX CyIb(PaTOB B BOOAHON Cpeae MOYTH HEBe-
POSTHBI I IMEIOT MOJIOKUTENFHOE 3HaUeHHe yObutH SHepruu [ uboca (peaxiun 5...7),
HECMOTPsI Ha TO, YTO PACTBOPUMOCTD CYJIb(ATOB XKejie3a U MEIU B BOJIE IPOTEKAET XO-
po1io npu JIto0bIX Temreparypax. KpoMe Toro, peakiuy Tuapon3a COnpoBOXKIAIOTCS
renepauuei H,S0,. OTMeTHM, 9TO ¢ 3aMETHON BEPOSITHOCTBIO MPOTEKAIOT PEaKIUuH
okucnenus: Fe(OH), u CuOH no Cu(OH); u Fe(OH); (peakuuu 8,9). BeposiTHbI Takxke
npoaykTel okuciurenbaoro ookura (Fe(OH)s, Cu(OH),) npu cepHOKHUCIOTHOM BbiIllie-
naunBanun (peakruu 10,11). MOXXHO MIPEATION0XKUTh, YTO CyMMapHbBIE PEaKIINH OKHCITH-
TEJIFHOTO 00XHI'a U CEPHOKHUCIIOTHOTO BBIILIEJIAYMBAHUS KOHIIEHTpaTa OyIyT MPOTEeKaTh
¢ 0OJBLION TEPMOIMHAMHYECKOW BEPOSATHOCTHIO. IIpH 3TOM OKHCIHTENBHBIN OOXKHUT
cyne(huI0B Menu u xene3a B npucyrcreun H,S0, conpoBoxnaercs BeigenenuemM S0,,
YTO KpaiHe HEeXKEJIATEeJIbHO JIJIsl ITON TEXHOJOTHUH.

CyMMapHbIe peaknuu cyib(aToB MeIu M JKelle3a, MOMYyYCHHBIX B pe3yibTare
OKHCIIUTENBHOTO O0YKHUra ¢ CEpHOKHCIOTHBIM BBIIIETAYHBAHUEM, aHAIOTHYHBI PeaK-
misiM 1...4 B TakKe TepMOJAMHAMHYECKH BEPOSATHBI C OTPHUIATEIFHBIM 3HAUYECHHEM
yObIH 3Heprun ['nboca (peakuuu 1...4). Oba nporecca CONPOBOKAAIOTCS BbIACICHUEM
S0, uto Tpedyer manpHEHIIEH yTHaM3auuu. McXoast U3 BBIIEH3II0KEHHOT0, 00CYX-
JlaeTcsi TEpMOAMHAMUYECKAsi BEPOSITHOCTD PeakLuy 00XHra CyIb()ua0B MEIM U HKene3a
¢ 3aMeHol kuciopona Apyrum oxuciureneM - NaNO; (peakiuu 12...14). Ot peak-
UM TEPMOJIMHAMUYECKH BEPOSTHBI U IMEIOT 3HAUYUTEIBHOE OTPUIIATENILHOE 3HAUCHHE
yObutn 3Heprun ['m606ca, ocodenHo B npucyrcteur NaOH (peakuuu 15...17). Ho 31ech
TaKKe He PElIacTCs BOMPOC YTHIIM3AIMU CEPHUCTOrO I'a3a, MOTOMY JlaJIbHEeHIIIee Heclie-
JIOBaHHE TIPOBEICHO C MMPUMEHEHHUEM OKUCITUTENLHOTO 00XKHTra CyIb(QHIOB MEIU U Ke-
ne3a B npucyrcteun NaOH.

Kak BunHO U3 TpeThel yacTu rpaduka, Bce peakiuuu o0xura cyib(OuaoB B IpH-
cyrctBur NaOH npoTekaroT ¢ G0MbIION TepMOANHAMUYECKOH BEPOSTHOCTHIO (PEaKLUuH
18...21), noatomy obcykaanach TepMOIMHAMHYECKAsi BEPOSITHOCTh MTPOTEKAHUS PeaK-
UM OKUCJIUTEIHFHOTO XJIOPHPYIOMIETo o0Xwura cyinbQUIOB MeIu M jKene3a B IpH-
cyrcreun NaCl (peakiuu 22...25).
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W3 xoma KpuBBIX peakiuii 22...25 BUIHO, 9TO BEPOSTHOCTD PE3KO YBEITMIHBAETCS.
MOXHO monaraTh, 4TO 3TH PEAKIUH ¢ OONBIION BEPOSTHOCTHIO MOTYT MPOTEKATh U B
npucyrctBun NaCl + NaOH, Tak kak B 9TOM ciydae peakilMd MOXKHO IMPEICTaBUTh
KaK CyMMY CJICAYIOIINX PEaKIni:

CuS + 2NaCl +202 = CUC|2 + Na2804,
CuCl,+ 2 NaOH =2NaCl + Cu(OH),
CuS + 20,+ 2 NaOH = Na,S04 + Cu(OH),.

Ecnu cpaBHUTE BCE CIydal OKHUCIUTEIBHOIO OOKHUra M BBIILEIAaUYUBAHUS CYIb(H-
JIOB MEIIU U JKE€Ne3a, TO MOXKHO 3aMETHUTbh, YTO HanboJiee IpeaouTHTEIbHbI PEaKuy B
npucyrctBud NaOH + +NaCl, BeposTHOCTh IPOTEKaHUsI KOTOPBIX HaUBBICIIAs (peak-
nuu 18...21), ¥ B OTIMYKE OT BCEX CIIyYaeB, B ITHX PEAKIUAX HCKIIOYAETCS BBIIEIeE-
HHUE HeXenarelbHoro rasa S0,.

Pe3ynpTaThl TEpMOOMHAMUYECKUX PACUETOB HY>KAAIOTCSI B SKCIICPUMEHTAIBHON
MIPOBEPKE.

3. DkcnepuMeHTaIbHAsA YacTh. [Ipy nccaenoBaHNM XUMUYECKUX PEaKUui He-
JIOCTATOYHO HCIOB30BaTh TOJBKO TEPMOJAWHAMUYECKUH aHAIN3, TOCKOJIBKY Pe3yJib-
TaTHl €r0 YKa3bIBAIOT JIMIIb Ha BEPOSTHOCTh MPOTEKaHus mpoiecca. Heooxomumo uzy-
YUTh KWHETHKY MPOTEKaHMS MpoIlecca, ONMPEAETUTh €r0 CKOPOCTh U BIUSHHE Ha HETo
psina (GakTOpOB, SBISIFOIIUXCS BAaXXHBIMH JJISi BBUSICHEHUs MyTeH WHTEHCHU(HKAIUU
mpolecca, KOTOpbIle He BCET/Ia COBMAAIOT C BHIBOJIAMHU TEPMOIUHAMHUKH.

Cynbuap! BETHBIX METAJUIOB, KaK MPAaBUIIO, HETTIOCPEJICTBEHHO HE PACTBOPSIIOTCS
B HEOPTaHMYECKUX KHUCIOTaX, B YACTHOCTH, B CEpHON KucioTe. i pacTBOPEHUS CYib-
¢$uoB TpedyeTcs HATMYMe OKUCIUTEIeH 1 Pa3IMYHbIX BELIECTB, CIIOCOOCTBYOIIMX T10-
BBIIIICHUIO PEAKIMOHHOW CITIOCOOHOCTH MCXOJHOTO KOHIleHTpara. [loaToMy B dKcmepu-
MEHTAJIBHBIX MCCIIEIOBAHMSIX BCE TIPOIIECCHI TEPMOOOPAOOTKH TIPOBOIHITUCEH B MPHCYTCTB-
WU OKHUCIIUTENEH.

Kunernueckne HCCIICA0BaHNA MTPOBOANINCE, B IEPBYIO OUCPEIb, MJIA OKCIICPUMCH-
TaJIbHOW MPOBEPKU PE3yJbTaTOB TEPMOJIUHAMUYECKUX pacyeToB. OOCYKICHBI pa3iiny-
HbBIC BaApHUAHTBI I/IHTeHCI/I(bI/IKa]_[I/II/I mponecca BhIIICIAYUBAHNA IMTYTEM IMOBBIIICHUA PCAK-
LIMOHHOHN CMOCOOHOCTH APMOOHCKOTO KOHIIEHTpaTa TEPMUYECKOW aKTHBAaIMed B
npucyrctBun H,S0, + 0, u emeceit NaOH + NaNO; u NaOH + NaCl ¢ ganbHeimum
BBIIICTIAYNBAHUEM B KXKIOM CJIyda€ aKTUBHUPOBAHHOI'O KOHLICHTpATa B BO,ZIHOﬁ cpeac
U B CPEZE CEPHOM KUCIOTHI.

Pacxon cepHO# KHCIIOTHI IPHHUMAITH C YYETOM CBSI3BIBAHUSI B CY/Ib(aThl U3BIICKae-
MBbIX IIBeTHBIX MeTaiioB (Cu+Fe). HaBecky koHIIeHTpaTa BO BceX ombITax Opamu 10 2.

3.1. O0xMr € cepHON KUCTI0TOMH (BhIIIeJAaYHBAHNE KOHIEHTPATA MOCJIe CyIb-
¢daruzauun). Lenp 1aHHOW ceprM OMBITOB - MPOBEPUTH BO3MOXKHOCTH MCIIOJIB30Ba-
HUS Cynb(aTH3UPYIOLWIEro 00Kura st ApMOOHCKOTO KOHLIEHTPATa MPHU TEPMUYECKON
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AKTHBAIMU €r0 MyTeM OKHCIHUTEIBHOTO 00XHIa HEMOCPEICTBEHHO C KOHIICHTPUPOBaH-
noit H,S0,4. Pacxon xonuentpupoBannoit H,S0, Ha 10 2 koHIleHTpaTa coctaBmi 6,02 2,
w 3,27 ma (3TO COOTBETCTBYET CTEXHOMETPHIECKOMY PacXOAy Ha B3aWMOJCHCTBUE
C OCHOBHBIMH KOMITOHEHTaMH C oOpazoBaHueM cynb(haToB). HaBecky xoHIIEHTpaTa,
CMOYEHHOTO KUCIIOTOH, 3arpy’Kaiu B THUTeb, ookuranu mpu 100 u 350 °C B TeueHnune
2-X Wiy 4-X 4acoB B MPUCYTCTBUU KHCJIOPOJA BO3/yXa, & MPOAYKT CyIb(aThu3ariuu
BhInenaunBau Bojoi npu T:0K=1:5, T =100 °C 1 y. VI3 nony4eHHBIX JaHHBIX BUIHO
(puc. 2), uro cynbbaruszaims KouieHrpara npu 250 °C' B CTEXHOMETPUIECKOM PacXojie
KHCJIOTHI B TeueHHe 4 ¥ 00ecreurBaeT U3BJICUCHUE METU MPH MOCIIEYIONIEM BhIIea-
YUBaHUU CIIéKa Bojou 0omaee 61,60%.
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Puc. 2. 3aeucumocmo uzsneuenus meou om memnepamypbi 004cuea 6 npucymcmeuu
KUCI0pooa 8030yxa u evliyerasusanusi npodykma 6ooou npu T:)K=1:5,1=100 °C t = [ u:
1 - pacxoo xucromer no cmexuomempuu, 2 - 20% uzbvimox om cmexuomempuu

Bo3MokHO, Takol BapHaHT IPH COOTBETCTBYIOIICH JETAILHOW MPOpabOTKEe MO-
XKeT 00ecieunTh 1 OoJIblliee U3BJICUEHHE ME/IN B PACTBOP, YTO BBITEKAET TAKXKE U3 Tep-
MOJUHAMHUYECKUX pacueToB (puc.l, peaknmu 1...4), HO mpobieMa yTHIH3AUU cep-
HUCTHIX Ta30B ocTaércs. [loaTomy ObUIM TPOBEPEHBI JAPYTHE BapHaHTHl OOXWTra,
WCKITIOYAIOIINE BhIJICIEHNE CEPHUCTHIX ra30B B aTMochepy.

3.2. llpenBapuTe/IbHbIN OKUCIUTENbHBINA 00:KUI KOHLEHTPATa ¢ MOCIe1yI0-
IIUM CePHOKHCJIOTHBIM BbllleJaunBaHueM. KoHueHTpaT oOxurand B My(denbHOM
Me4H, B AIyHIOBBIX THIVIAX, B IPUCYTCTBUM KHCIOpPOJa BO3/1yXa, IIPU TeMIlepaTypax
200...600 °C mpu pasHbIX IPOLOIKHTENLHOCTAX. [IPOXYKTHI 06KMra BBIIETAYHBAITH
BOJIHBIM PAacTBOPOM cepHOil kucinoTsl npu T:K=1:4, t=70 °C B Teuenme 1,5...3 u.
CyMMapHble peakuui O0XHra W CEpHOKUCIMTHOTO BBILIENAYUBAHUS MPEACTABICHBI
Takke pekuusMu 1...4 (puc. 1). Pe3ynpTaTel npuBeeHBI Ha pHC. 3.
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Puc. 3. 3asucumocmo uzéneuenus meou om memnepamypol OKUCIUMETIbHO2O oboicuea

KoHYyenmpama c noczze()yiou;um CEPHOKUCIOMHbIM eblujeavusanuem
1-CH 2504: 150 2/]1,' 2-C H2504 =300 2/n

W3 mpuBen&HHBIX pe3yNbTAaTOB BHHO, YTO TPEABAPUTENBHBIN OKHUCIUTEIHHBIN
00XWT KOHIIEHTpaTa yIydlIaeT MMOKa3aTeNX BhIIeTadnBaHus, HO U3BIICUCHHUE HE TIpe-
BhIIIaeT 62,4%. KpoMme T0oro, B X0/ 3KCIIEPUMEHTOB HaOII01a/I0Ch 3HAYUTEIILHOE BbI-
nenenue SO, 4TO MPOTUBOPEUHT MOCTABICHHOHN B pabOTe LICIIH.

B 3THX ycloBHSX TP BBIIICTAYMBAHUHU CYIb(GHUIHBIX KOHICHTPATOB O1aropo-
Hble METaJUIbl KOHIIEHTPUPYIOTCS B HEPAaCTBOPUMOM OCTaTKe - K€Ke OT BhILIeauHBa-
Hus. g ux nepepaboTKH UCTIONB3YIOT TPAIUIIMOHHBIE TEXHOIOTHH, HATTPUMED, ITHa-
HUPOBaHUE C MOCIENYIOIel copOnureli 30110Ta U3 MyJbIl U BEIIETICHHEM MeTailia u3
necopOaToB IEKTPOIU30M.

TepMoarHaMuUECKHe pacyeThl TIOKA3alli, YTO BBIIIEIAYMBAHUAE B BOIHOM PEXUME
(peakiuu 5...9) He a0 MOJOKHUTEIBHBIX PE3YJIbTATOB, IO3TOMY OHO 3JIECh HE 00CYX-
nanock. B cBsi3u ¢ 3THM OBIIM MPOBEPEHBI JIPYTHe BapUAHTHI O0KUTa, UCKITIOYAIOIIHEe
BBIJICJICHUE CEPHUCTHIX I'a30B B aTMochepy.

3.3. Ooxur konnentpara ¢ NaNO; Konnenrpar ooxuranu B My(enbpHOM neun
P TaKWX Ke YCIoBUAX, HO kucnopos 3ameHmin NaNO; B cTeXxnoMeTpuieckoM Ko-
nmuaectBe (2,54 2). [IpoaykTel o0kWra BBINIENAYMBAIN BOJHBIM PAcTBOPOM CEpPHOU
kucnotel npu T:2K=1:4, t=70 OC B Teuenue 1,5...7 u. B X01¢ OKHCIIUTENBHOrO 00KHTra
BO3MOXHBI peakiuu 12...14 (puc. 1). B aHaIOrWYHBIX yCIOBHSX H3BJICUEHHE MEIU
YBEJIMYUBACTCS, HO HE npesbimaeT 74,5%.

3.4. Ooxur konmenTpata ¢ NaOH+NaNO; [Tpo6s! kontieHTparos (10 2) Tima-
TeJIbHO MEepPEeMEeNINBaId cMechio 3,8 2 cyxon ménoun u 2,54 2 NaNOj; (1o crexuomer-
pHUYECKOMY pacxojy) M OOKuTanu B MyQenbHol neun. /lanee mpoBoAMIM BhIIIEIAYH-
BaHUE BOJIOM U 2 H. BOJHBIM pacTBOpoM cepHoi kucnotsl pu T:0K = 1:5, t= 100 °C,
T = 1 4. B 3THX yCroOBHMSIX M3BJIeUEHUE MEAH 3aMETHO YBEIMYUBACTCS M JOCTUTAET
76% mpu MPOJOIKUTEIBHOCTH BBILETAUUBAHMS 3 4. DTO BBHITEKAECT U U3 TEPMOJIUHA-
MHUUECKHX pacyeToB (puc. 1, peakiuu 15...17). Ho B nanHOM citydae Takke HE UCKIIIO-
yaetcs Belgenenue rasa SO, u H,S.
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3.5. OxucimurenbHblii 06kur konuentrpara ¢ NaOH. IIpo0y konrentpara (10 2)
TIIATETHFHO TepeMemmnBaiy 3,8 2 cyxoil menoun (Mo CTEXHOMETPUIECKOMY PACXOy)
u oOxuranu B My(denpHOU meun. Jlamee MpOBOAMIN BhIMIETaYNBAHUE BOJOH U 2 H.
BOJIHBIM PacTBOPOM cepHOi kucioThl mpu T XK ==1:5, t = 100 °C , 7, = 1 u. Peakuun
npoTtekatoT mo ypaBHeHusM 18...21 (puc. 1). Kak mokazamm TepMoamHaMHUYeCcKHe
pacueTsl, u3BJIeUeHNE Men yBenmanBaercs u qocturaet 80,30%, HO He UCKITIOYaeTcs U
Haiure SO, B OTXOAIIMX ra3ax.

[Ipobemy mepepaboTku IPMOOHCKOTO CYNb(HIHOTO METHOTO KOHIIEHTpATa,
MCKIIIOYAIOLIETO BBIAENICHUE B aTMOc(epy BpPEAHBIX Ia30B, MOXKHO PEIIUTh IMYTEM
MpeIBapUTEIHHOTO XJIopupyroero odxwura ¢ NaCl.

3.6. O6xur kounuenrpara ¢ NaCl (Bapuant I). O6:xur npooaunu ¢ NaCl B
COOTHOIIEHNH 10 Macce 2:1 Mo KOHIEHTpaTy B My(heIbHON Tedd MpH pPa3IndHBIX
TeMIepaTrypax B TedeHue onHoro yaca. [locie oOura orapox BbILIEIAYUBAIN BOAOM
mpu T:K = 1:5, t = 100 °C, 7 = 1 4, a mynsmy ¢uusTpoBany. GUIBTPAT HEHTPATH30-
BeiBuI 0 pH = 6...7 ¢ poGaBnennmem NaOH B mpuCyTCTBHHM MeETHIIOpaHXKa.
BrimaBmuii ocanok cuHe-3en€HOoro usera cymuwiu npu temmneparype 100...110 °C.B
MaTOYHOM PacTBOpe MeAb He oOHapykxeHa. Da30BBIi M XUMHUYECKUN aHAU3bI ITOKa-
3aJId, YTO OH TPEICTABIISAET CO00# ruapatupoBanubiii xopua Mean — CuCl,2H,0.

Bropas cepust OIbITOB OCYIIECTBIISIIACH TaK JK€, KaK U MepBas, HO Orapok Iocie
CYIIKH BBIIIETAYNBAIN HE BOJOMH, a cepHoil kucmoroit mpu T:K = 1:5, t = 100 °C,
7 = 1 u. Pe3ynprarel npuBenens! Ha puc.4 (peakuuu 22...25). IHTEpECHO OTMETHUTH,
4yTo Haubosblllee W3BJICYCHWE MEAW B PAcCTBOP JOCTUTAeTCs Tociie OOXKHra
KOHIIEHTpaTa C XJopuaoMm Hatpus mpu 450 °C u mano 3aBucHT OT KOHIIEHTpaluu
KHCJIOTEI 1 TEMIIEPATYPhbl BhIIICIaUYNBAHUA.

90 4
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201
104
o T T T T T
400 500 600 700 800

TemnepaTtypa 006:xura, °c

HU3Biaeuenue meau, %

Puc. 4. 3asucumocmo uzeneuenuss meou 8 pacmeop npu EblelaUUsanUll 02apKa CEPHOU
kucnomoti (40 /n) om memnepamypuor 06ocuza ¢ NaCl (Toene=2 Y, Touy=2 4 )

CyuiecTBeHHOE 3HaY€HNE UMEET JUINTEIBLHOCTD O0KUTA U BBIILIEIAUNBAHUS.

3.7. O6:xur konuentpara ¢ NaCl (sapuanr II). B mydenbHoii neun obxuranu
KOoHLEHTpaT ¢ cootHomeHneM NaCl mo macce 2:1 mpu pa3nuyHBIX TEMIEparypax B
TedeHne ogHoro vaca. [locime obGxura orapok BbimenauuBanu Bojgor mpu T:0K = 1:8,
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t=25°C,7=1wu2 y, a nynsny punsrpoBanu. PuabTpat HEHTpaIH30BbIBaAIH 10 pH =
=6...7 c nobasnernneM NaOH B mpucyTcTBUHM MeTHIIOpanXa. Beimaman ocamok crHe-
3eN€HOTO IBETa, a MATOYHBIN pacTBOp MproOpen *KENTHIHA mBeT. OcaqoK CYIIWIN PU
temmeparype 100...110 OC. B MaTo4HOM pacTBOpe Melb HE obOHapyxeHa. Pa30BbIN U
XUMUYICCKUAN aHAJIN3HEI TTOKA3JIH, 9TO OCAIOK MPEACTABISICT CO00# THApaTHPOBAHHBII
xmopuz Meau — CuCl,-2H,0.

Bropas cepusi ombITOB OCYIIeCTBISIACH TaK K€, KaK M IepBast, HO OTapoK Mocie
CYIIKH BBIIIETAIHBATH HE BOIOH, a cepHoi kucioroit mpu T:K = 1:8,t=25°C, z=1 4
u koHneHTparmu 60 2/7. Ha puc. 5 moka3ana 3aBUCUMOCTD U3BJICUSHHSI MEAW B PACTBOP
OT TIPOAOIDKUTENIEHOCTH BHIIIEIaYNBAHHS.

< 100 _ "
B} 3 . a
£ 80
) !
£ 60
2
= 40
D
g 20
8 o
0 1 2 3 4

BpeMﬂ BbIIICJIAYHBAHUSA, Y

Puc. 5 3a€uCUMOCWlb uzenedyeHus Me()u om npoOOJzoicumeﬂbﬁocmu 6bzweﬂal¢u6anzi
1-t,,=400°C; 2 -t ;.= 450 °C; 3 -t 5= 500 °C

OntuMansHOU cleayeT CUUTATh JJIUTENBHOCTh 00Xura | u v BhIIETaYMBAHUS —
2 u, KOrJla U3BJICUCHHE MEM B PacTBOD MpeBbiiiaet 94,5%.

[ony4yeHHBIH KeK TOCJE BBINICTAYMBAHUS IIOABEPTraId MHHEPAJIOTHIECKOMY
aHanu3y (tabm.). OCHOBHBIMH MUHEpallaMH B Tpo0e SIBJISIFOTCS TeMaTUT W KBapl. B
CaMbIX JYYIIUX KCIIEPUMEHTaX COjepKaHhe MeIHN B KeKax cocTaBisiio MeHee 1%, a
xesesa - okoio 50%.

Tabruya

Daz06vlll cocmas Kexka sblujenavuearu

MusepainbHast haza Xumunueckas popmyna | % (06) | % (mo macce)
TI'ematur Fe,Os 74,10 85,00
Ksapig SiO, 25,90 15,00
Hroro 100 100

Takum 00pa3oM, MaKCUMaJIbHOE W3BJICUYCHHE MEAU B PACTBOP AOCTUTAETCS MPH
00XHre KOHIIEHTpaTa B MPUCYTCTBUH XJopuaa Hatpust npu 450 °C u BblleTaYrBaHUH
MPOJIyKTa 00KHTra CepHOU KUCIIOTOM Npu KoHIeHTpanuu 60 2/ B Teuenue 1 u - 83%, a
B TeueHue 2 yacoB — 94,5%.

4. O0cyxnenue pe3yiabTaToB. O0paboTKa KOHLEHTpaTa KOHLIEHTPHUPOBAHHON
H,SO, nipu 200...250 °C B 1poOHBIX OMBITAaxX Jajia U3BJIEYEHUE MEIU B pacTBOp ~60%.
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Taxkast 00paboTKa XOTSl ¥ MEPCIEKTUBHA MPH ONTHMHU3AIMK TEXHOJOTHUECKUX Mapa-
METpOB, HO BEAET K BBIIICNICHHIO B aTMOC(Epy CEpHUCTOTO Tasa, HalpuMep, 10 PeaKIUH:
CuS + H,S0, +0, =CuS0O, + SO,, uTo HenmpueMIIeMO Jis1 JPMOOHCKOTO KOHIICHTPATA.
3T0, COOCTBEHHO, U MPEIONPEAEIIUIIO TIOMNCK TEXHOJIOTHA, UCKIIIOYAIOLINX 3arpsi3He-
HHE aTMOC(epbl CEpHUCTHIMU Ta3aMu.

[Tpobnemy mepepaboTku APMOOHCKOTO CyNb()HUIHOTO METHOrO KOHLEHTpATa,
UCKJTIOYAOIIEro BbiielcHUe B atMocdepy SO,, Kak MoKa3alld HallM UCCIEAOBaHUs,
MOJKHO PelINTh MyTEM MpelBapUTeNbHOro Xiopupytomero ooxkura ¢ NaCl. Takoit
BapuaHT HE HOBBIH M MOYKET OCYHICCTBJIATHCA B HpOCTCﬁIHeM MUPOMETAITYPIruiICCKOM
obopynoBannu. HOBBIM sIBISIETCS TO, YTO 3TOT CHOCOO MOATOTOBKU CYNIb(UIHOTO
CBIPBSl K BBIIIEITAYMBAHMIO BIIEPBBIE OBLT MPUMEHEH K IPMOOHCKOMY KOHIICHTpATY.
Hamn IMOKa3aHO, YTO MIPH OINTUMAIIBHBIX PEKHUMAX MOXKXHO JOCTUYDL U3BJICYHCHUA MEOU
B pacTBOp He HIxKe 95%.

Takum oOpas3om, npu obxure KoHueHrpata B npucyrctBur NaCl momydarores
CuCl,, FeCl, u Na,SO,:

3axmoyenue. HeoOXoauMo OTMETUTD, YTO CYNb(UAHBIN KOHIEHTpaT JpMOOH-
CKOTO MECTOPOJKICHUS — YPE3BBIYAIHO TPYIHBIN OOBEKT I THAPOMETAILTYPrUdecKOM
TexHonoruu. Kak rmokasanu nccienoBaHus, TPAJUIMOHHO UCTIOIb3yeMble TPUEMBI HH-
TEHCU(PHKAIIMA CEPHOKUCIOTHOIO pas3lioXKeHHust mpu Temreparypax go 100 °C mis
Hero Mano3ddexTuBHbI. J[1s1 mepepaboTKH TaKOTO THIIA CHIPhS MEPCIIEKTUBHO COYeTa-
HHUE THUPO- U THAPOMETAILTYPIrHYECKHX MPOIECCOB, B YACTHOCTH, XJIOPHPYIOUIETo 00-
JKHTa C MOCIIEAYIONIMM CEPHOKUCIIOTHBIM BBIIIEIAYNBAHUEM TIOTyYEHHOTO ITPOIYKTa.
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4.2. UULSPLNUSUL, £.4,. UUNYUSUL, U.E. UUUNRLS3UL, 3Nk, O. LhUNYUYUSU

LELUTUTUUNRUC U LNLE NUYP - 110LQUSPL UNRLSHIUSHL uSULSN R OD
O0URUEMPEIUSPL SUCMULNPOUUL HNLOCLEUSNRT

Lutiuplyly E okpuuyhtt winhqugudwt (ppéudwl) dkpnnh Yhpwndwh htwpwynpnt-
pjntup’ npyhu pdpnth nuljh-ynbudughtt punwiyymptph htnwqu Sédpwppduhtt muppw-
Inwsdwt gnpéphipwugh htnmkuuhjugdw wppynitwybn tqutwl: Cuwnpyt) Eu oyinhdw) ww-
pudbinptp funwiymph twbulwb gkpduphdhwluwi winhjugdut Eubwln] wwppw-
nwsdwt gnpépupwugnid nisnypnid ynudh wowybjugnyi bjp wywhnybjnt hwdwp:

Unwigpughll punkp. obpdudrwlnud, dpdpnth nuljh-wynbudwhtt unydhnuyht pinwiynpe,
SéUpwppYuyhtt muppunidnid, wynhud, nuljh:

V.H. MARTIROSYAN, K.V. SARGSYAN, M.E. SASUNTSYAN, YU.O. LISOVSKAYA

HEAT TREATMENT OF THE DRMBON GOLD-COPPER SULPHIDIC
CONCENTRATE AT SULPHURIC ACID LEACHING

The processing possibility of the Drmbon gold-copper sulphidic concentrate by the
method of heat treatment (roasting) for the purpose of a further intensification of the sulphuric
acid leaching processes is investigated. The optimum conditions of heat treatment and leaching
for providing the maximum extraction of copper into the solution are selected.

Keywords: heat treatment, Drmbon copper and sulphidic concentrate, sulphuric acid
leaching, copper, gold.
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UUULUSGPSUSYUD 2NUPSNREGIUSPL 8ULSEID YUNR8IUOLDP
LUNNUQOTUUL UdSNUUSUSYUD @NOPLUSHL UPRNSP UCUUNRUL

Uowljyt) t dwutwghunmwugdws pndihmptpughtt guugkph Junnigyusph twjuwgsdwt
wyunnduwnugus gnpshpuyhtt dhong: Uy pnyy b viwjhu jubugl) guigh jupnigusph bw-
juwugsdwmt mupptp ugktwptph hwdwp wihpuwdton dudwtwlp b twpinpy thnpdbph wpy-
jntuph hhdwt Jpw unwbw) pndthyniplpughtt gmugh wpyniiwdbn junnigdusp: Uowuljgwus
gnpdhpuyhtt thongp thnpdwplyt] E Zujuunwih wpnnguwjuhnipjutt wqquijhtt htutnhwnninh
htnwpdoynipju pndthniplpuyhtt guugh Junnigyusph wnwewnlyp dowlkihu:

Unwbigpughli punkp. Jtp dpwugpbp, dwubughnwugws guugkp, uhdniyjjuwnnp, gutgh
twhiwgénid, owupdwljut Spuqpuynpnid, hinwpdolnipjnii:

Lhpwbnmipnit: Cwpdwljwt vwppuynpnidubiph (wjuwbpbnibp, udupndntubtp b
wy ) onijwts op oph Ukswunud k, b wnwdt) inwpusyws swupduljus hwppuljubkpp® i0S,
Android, Window RT/8/8.1 1 Windows Phone, niukl dhdjuwighg pujuljuiht tmwuppbp-
Ynn Jhpwnwljub spwgptph htnbkpdtu (YOD) b vwhdwbwthwl dntughniwnipni
[1]: Tw pny) sh wiwjhu gnynipnit niikgnn gubiguyhtt uhdnyjuunnpubpp wpynibw-
Yt mbinuihnjut] wpug wénn swpdwljwi vwpptph onju: FuqUuhwppwlniput
wyu fuinhpp nusknt tnwuwlukphg dkyp pojnp hhdbwlwi hwppuwlubpnid bnybw-
Jul uvnwinupunitph b mkuunnghwitph Jhpuenidi t:

bPunbpubnh wpugmpjut dbswugnidp b wdwyujhtt hwoduplubph hujuwjwljwi
wnukughwp poyp ko tnwhu unbnst) dpwgpuyhtt hwdwljupgbp, npnup Jupny L
oquuwugnndyt] pnjnp wyt vwppuynpniduttipnud, npnup Uniwnp nitkt giyh htnbpubn
U mikt Yhp-nhunwpyhs wijwj wywpunughtt hwgbgusnipniihg b hwppulhg,
nnh Ypw wyt hhdudws k [2]:

Uwppuwynpnidubph wywpuwwnughtt dfwuh b wdwyujhtt mkjubninghwubph hw-
dunpnidtt wpnkt hull hwonnnmipjudp oqunugnpédynid t wiwppbp nnpunubpnd [3]:
Uujuyt puquuphy nmwpwsqus dpugpuyhtt hwdwlwupgbp hwuwubh o dhuyg
pnuthyniphputph phypnd b wppupwwnnd Eu dh pmth hhdbwlwb oykpwughnt hwp-
pulutpny’ Windows, Linux, MacOSX b wyi: Zudbkdwwnwpwp pny] hwyynqulju
hqnpnipjniup b thnpp WODP-1 pnyy) skt mwhu wyy Spwgkpp mbknutnjul] swpdwlju
hwppuwljutp: Swugujht uhunijjuunnpubkpt wyu upgh dpwugpknhg Eu:

unph gpuépp: Upnhwljwt £ wppku hull gnjnipinit niukgnn, wppnitwybn
woluunnn b jujunpkt mupwsjuws guuguyhtt uvhunipjuwnnpubph Jpu hhdgws wd-
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wuwyht nkuninghwubph wowyknipmniutnhg ognyny b ytip uvnwnupunutph htwn
hudwnbnth dwubwghnwugus pndiyniplpughtt gmugbiph Junnigusph twpaw-
gddwtt wjnndwinwugywé gnpshpught Uhongh dpwlnup:

Lwiwgsdynn gnpshpughtt dhengp wibwnp k.

e |htih tpYynhinuwght whwh hudulung,

e  Jupnpubw wopwwnt] pug Ynpny nwupwsynn dudwbujulhg guuguy-
ht uhUnijjuinnputph htwn,

¢ 1huh hwdwuntnkh ip-unwinupnutpht,

e  Jupnnutw hwjupwqnpt b dowll] wjupundws upunijjughwubkph wpy-
miupubpp,

e gulgh wpynitwybn junnigqusph dpwljdwt hwdwp oguuugnpsdh tw-
Junpn uhunijjughwubph wpyniupubpp:

Swugwht vhUnijjuunnputph woluwwnwipl wdwwhtt hwppwynd: Lndthnipt-
nuyhtt gmuguyhtt uhdmipuunnpubph ninuppnudp dwdwbwlwwnwp b puduljuitht
pupy gnpdpupug b Ukpbpuyht hwdwlwpgbph pu gpa nkqunpoudp poy) juw
iyt mknunpdw b jupqupkpdwi Jpu Swhiuynn dudwbwlp: Zudbdwnwpup
UkS hwpynnuljul hqnpnipjut hwoyhtt ukpybph pw wojawwnnn gutgujht uhduniy-
jaunnp wykih phy dudwbwlnid Jyuwnwph hp wnel npdus funhpp: dudwbwlu-
Yhg guuguyhtt uhUdnipjunnpubpp Jupnn Eu hpuljubugul) gniquhbn hwyqupljubp,
htstt wybkh wpynitwdbn E hpuwjuwiwugdnd puqduuypngbunpuyhtt hwdwlupgkph
Ypu [4]:

Zupynnujwt phuniputbph wpynibwgbn ogruugnpddwn hwdwp wdk Uh
guigujhtt uhunijjuunnphg vhwdwdwtwl] Jupnn Eu oqunyt) Uh puth oquimugnnpénn-
ubip: Ihp dwjuppuih wybjugdwi sunphhy wyt hwuwibjh E gununid hudwguig
Unuwnp niubignn b JEp vnwinupunubphtt hwdwnbnbjh vwpp niukgnn pninp oqunynn-
ubipht:

Swhgwjhtt uvhunyjjuwnnpitph Jhpwendp b welju juinhpubpp: Uwutwghwunwg-
Jwsd pnUthympbpuyghtt gmugkpp, nputku Juunt, nitkt pupn Ldupnupuybnnipmni,
b tipwtg unnigywéph twpiwgsnidp Jud thnthnjunidt wykjh htiown L ppuljubwguby
guiguyhtt uhunijjuinnputph dhongny: Swpwésdws guuguyhtt uhunijjunnpubphg ow-
nbpp twpwnbudws i Linux Jud Windows owykpughnt hwdwlwpgbiph dpu
wphuwnbknt hwdwp: Cwwn pulbpnipnibttp wpudugponud Bu wyy OZ-kpny wohaw-
wnnn wdwuyht pkunipuibp: Fw pny) Ewnwjhu gnjnipnit niikgnn gutgught uhunju-
nnpubipt wppumnbkgul] wdyuyhtt hwppwlubkph ypu: Udyuyhtt hwppwlp poy b
wnwjhu hipwjw Jupgny hpwuwbwgul] vhunijjughw b hwyynquljwbh nkunipukph
wipwjwpupnipjub nhuypnid wpugnph wykjugut) gpuip, hull wdkgniyh phwypnid
wigll] wbjh poy] wywpunwght duuh’ pbwgng $htwbuwlwi thengibp:
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Udwbph ypwu guiuguyhtt uhuniyjjuwnnpiutph nbnungpnudp ghnbu sh wywhnynid
npuig hwuwubihnipniup pupduljub vwppwynpnidutiph Ypu: Tuhpudbonnipini
E wnwowimid wbjugtly jpugnighs ybp dujupnul:

Swtigujhtt uhuUnijjuwnnputph ogurnugnpédwi ophttwt Jupny  nhundk) wnnnow-
wwhwluwlb nnpup, dwubudnpuybu’ hkpupdsynipniip: Zknwupdsnipjut hwdwp
twpwnbtudws Jud dpwljynn pndthniptpughtt gmugkpnud upnn B Yhpunyt) pug-
duyhuh wywpunwspugpuyht (nsnudubp: Liut Jwubwghnwugus guighpnid
Jhntin b wninghn ppwdhlutipp pndihynipbpughtt guginmd Jupny tu wowewguby
Swupwpbkntjwsdnipnit b, npybu htnbwp, thnuwbgynn yuwnltph b dwjuh wnu-
Junmud: Uy wuwndwnny yhpbnynudbpwbuttiph hwdwp twpwntugws vuppuyn-
powlubp wpunwunpnn pubpnipnibtitpt ppwjuwbuginud Bu wnighn b dhpbn yuwn-
Ytpubph ubindnud b dwubwghnwgdws pndihniplpuhtt guugubpny niqupynid wp-
nht ubnuws mbnbynypp: Tw poy) L nwjhu iuqkgul] dwutughunwugws pndih-
mipbkpuyghtt gwugbkph hwugnygubph Swhpwpbntusmipinitp [5]: Sknkynyph ubn-
Unudp Jupnn £ hpuwjwbwgyt psybu wyupunugh, wyuybu b $pugpuyghtt Equ-
twlny: Npny puljbpnipnititp nbntynyph vbnddwi hwdwp Jhpuend Eu hpkug
Upwiljws wygnphpdubpp: dw unhymd k dniu duubwlhgibpht' ogufbint tnyh pb-
Jtpnipjut vwuppwynpmidutpnhg: Uh owpp puybpnipinitubp, hisuyhupp u Tandberg—n,
Plycom-p, Cisco-u U D-Link-p, wnwewpynid Eu htnwpdolnipjutt ninpunnid Jhpwn-
UYnn ndnmudubp: Uju puybpnipniuubph Ynnuhg wnwewplynn npny uwppwynpnid-
ubp, npnup hwennnipjudp Yhpwnynid Eu hbpwpdouljut pmughpubph pnusdwt hw-
dwip, pipuws Eu ul. 1-nud:

7000 M 8000 MXP HDX 6000-720 HDX 9000-720 Cisco TelePresence Cisco TeePresence D-Link DCS-3710 DCS-3411
System Media P2 System Scholar

Ul 1. ppkninapbpumbuibph hudwp hwpruninkuyws vwppun/npnidabn

Swlgwiht uhunijyuinnpubph dhgngm] Yuptih b thnhnjub) thnpuwtgynng ppadhih
pumipwgpbpp, npntp jhuwdwywunwupwikt vwppunpnidutphg pipwpwbsniph
Ynnuhg ghubpugwsht: Thptnyuwntpubph hwdwp Jupnn kb oqunugnpéyty VGA,
HD, FullHD, 4K U wy pnyjunpbjhmpjudp qunibpibp ju]ws Jhgknyna$bpubuh
uwppwynpnidubph mbuwjughlh Jupnnnipniihg b pnddynipbpught gmigh pnnnt-
twlnipniihg: Minklgynn dwyup Jupnn £ 1huk] HD npulh: Uhdnyjjughwjh wpgniu-
pnud unwgyus nbnklnyph hhdwb Jpu b hwoyh wetbng phttwbuwlu htwpwyn-
pouppitlkpp Juptyh k plunpl) vwppunpnudibpp:

enihynipbpuyht gumugiph Junmguéph btwhiwgsdwt gnpshpuyht vheong:
Uhliinyt jurnigquépny dwutwughnwugus pndthymiptpuyghtt guugp Jupkih k thap-
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Awpl nupwpbnyp ppudhlh wupebikpnud, dngnjl] ppudhih hinkiuhing-
jniup, hpwuntk] gwugh hwignygutph dhugdw muppbp nkjuininghwbp b wyju: Uju
wukup pniy |k rnwhu quwhwnt] duubwghinwugdws pndthnipbpughtt gmugh hniuw-
1hnipjniup, hwynbwpbpl) pny) YEnbpp, ghunwupyl] juunwpbugnpsdwt wnwwupptp
tqubwljubp wowig hpulwh pndiymphpught guigh htwn woluwnknt, b, npuybu
wpynilp, sfuwnwnpk) jpugnighs htwtiuwut akpnpnud:

Uhunijjughuyh wupuhtt jnrnulymd | ks putwlnipjudp nbnklnype, npp
dpwilknt pypnid htwpwynp L oquuugnpsdty bl wy ughttwph jud dwutiwghunwg-
Jws pndthniplpughll guigh Jupnigusph twhwgsdwi hudwp wowbg nhubing
uhunijjughuwjht: Uwljuyt nu sh wpynid, b uwyn owwn wpdbpunp ndjuyutpn sk og-
nwugnpsynid hinwquynud twpiwgsynn pndithyniptpuihtt gmugbiph hwdwn:

‘Ldwl uljgpniupny wohiwinnng wjnndwnwugyus hwdwlupgbpp jupnn kb (hubg
huptintuniguinjnn, b nppwtt pun ppudhlh mbuwljubph b dwubwghnwugdus pndthyni-
pEpwyhtt gutgh junrnigquspubph hwdwp juwnwpygh uhunyjjughw, wjuipwt wykh
&oqphwn junphnipn fuw dowlynn gnpshpuyhtt hwdwlwpgp: Ujuon tnwupwsdnid utnu-
gud guuguyhtt uhUnijjuunnpbpp tdwt htwpuwynpmipinit snikie

Ldwl Eppunuwghtt wnndwnwgdws hwdwjupgh dpwljdw hwdwp wnwownl-
Ynud k uly. 2-md pipdws Junnigwspp:

Uhumyughugh
Yuquuytpughy

Ul 2. Swpuphnype ppuphlh qugdwbibpnid guagh jupnigywdph hupnugddwi gnpdppuyhi
Upgng
Luhuugsdws wjnndwinwugdus gnpshpujht Uhongp punjugws k Epynt dwljup-
nulihg oqumgnpénnh dwlwpymy b ubpybpuyhl dwhwppul
Oqunugnpénph dwlhwppwlnid Jhpunynud b Jbp-unwinupuntbph hhdwt Jpu
owljdwd dpwghpp Jud Yuypp, npp htwpwynp b oquugnpst) wjubpbnubpnud,
udwpundnuibpnud, unppmipbpnid b wy) vwppuynpmidubpnid: Opwghpp poyp | niw-
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1hu ogumwugnpdnnhtt unbnst) uhunijjughw, juwnwpt] withpwudtsn jupquynpnid-
ubkpp b hpwdwbkpp: Puntputnh dhongny gt juy E hwunwnnid ukpdbpuyghtt dw-
Jupnulh htw:

Ukpbpuyhl dwhwpnulp ukpuyugind b wdywihtt wkutninghwukph Jpw
hhiqws wdnndwnugyus hwdwlupg: Uju wywhnynid £ oqunuugnpénnh b uhunig-
juuninph dhol Epllununipnitp: Ukpdkpughtt dwjuppulp punugus £ dh puth
hhutwlwi dwubphg, npnip wwywhndnid ko wpwidhy hwhgnygitph, hisyhuhp Go
wnyjuutinh wuhngp, uhunyjjughnt dnnnip, guugh jurnigusph jujuplu Unpniyp
b wy 'y, gniquhbn wyowwnwipp:

Utindtpuyghtt fwjupnuyh pinhwinip dowljdws juenigduspp pipdus k uly. 3-nud:

Ununpwyhtt nyujubip

g

Gnpénnnipyniuubph junwjwpdwu hwugnygp

I U I

SYywjutiph wwhngh MNMuunwufuwuh Uhdniywghugh
Yuwnwywpy qbubpwwnnp Junwywphy

Squiubph | .. | Syuwubpp Uhdniywunnp 1 .« | Updniywwnp N
wuhng 1 wuwhng N

Ul. 3. Swbagh unnigyuwdph hwpnugddwl gnpShpuyhlr Uhongh ubpybpuyhi dwup
Jupnigyjwdpp

Uhdniywwnph
puwnpdwt hwugnyg

=

Qnpénnnipniuttinh jupwupdwd hwignygp (¥42) Yupbnp ghp E junwpnwd
wunnduwnugus huwdwljupgh wohtwwnwupnid b wywhnynud £ ogurnuugnpdnnh htn
Epyununmipiniup: Uyt uvnwind £ dninpughtt mdjujubkpp, npntp Jupnn G 1hub] up-
Unijjughntt thwpkp unbnstint, uhunijjughwt punhwwnbkny, yuwpwdbnptph thnthn-
junipjut b wy hpwdwtukp, dpwlnid ngpuip b npnonid hwenpn puyip: Untwnpuyhe
wnyjuubpp Yupkh | ukpyuyugil) 7 puqunippudp:

I={N S C}, (1)

npinkn V-p dniinpuyght gwligh Junnigquspt k, §-p’ jupgquynpnuditkpp, C- 4 hpu-
dwbtbipn:

Bpt unwugyt) £ tnp vhdnijughnt thwpkp vnbnstint hpudwl, wyw FYz-u
wnyjuubph yuhngnid thtnpnid k idw junnigduspny wy) gmughph uhunijjughugh
wprynibuptbp: Tw wpynud £ wdjuutiph ywhngh jurwduphsh (SN4) dhongny: Ujt,
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unnwbwny guugh wupwdbwnpbkpp, ghunid E puquhtt b hopdnd gtk idwbwnhy
wnyjuubpny wy] uhunijjughwibph wpyniupnid uvnugyus Junnigusputnhg wnw-
Y& wpynibwdbntkpp b gputp hnfjuwignid @UZ: Cunpnipniup junwpdnud k pun
wnjjuutiph hunnppiwt hwwywnuwy dudwtwlh, hwptpubph Ynpunh b wy punt-
pugptph: ¥U2-t vnwind £ SNU-hg Ejws wjujubpp b dowlnud npuip: Uowljdwt
wpyniupnid Ahwynpmd £ wnwowplnipnitutp b gputp wuwwnwupwih ghkttipunn-
nh (M) vhongny ninupynid ogunugnpédnnhi: Oqunugnpdnnp, unwbwny wyny nknk-
nipjniuitkpp, npnonid | hbnwgqu gnpénnnipnitubpp b @U2-htt niqupynud hwenpry
hpwdwtp: Gpt tdwt wuwpwdbnptpny uhunijjughugh wpynitpbp skt qugby, Jud
oqurwgnpdnnn sh pugniul) wnwewnpldus nmwppbpuljubpp, wyw Junwpdnwd L unp
uhunijjughw: Uju thnynid vhuniyjjughujh jurwduppsp (UY) vnwinud £ wthpu-
dtionn myjuyukpp b phunid £ uhdnipjuunnph ptnpdwt hwignyght (UCZ): UCZ-U,
hwodh wnukny guigny wugunn htwpwynp ppuwdhlp, guugh Junnigusp, bpu-
umid oquugnpdyws nkpuuninghwubkpp, npnond k, ph np upunijjuwnnph dhengny k
tywwnwlwhwupdwp hpujubwgul] vhudnyjjughwi: Ctnpnipmniup junwupdnd E pug
ynyny nwpwdynn b widwp vhdnijjunnpubph dhol: Ldwt vhunijjunnpubphg tu
OMNeT++-n, ns2-p, ns3-n [6]: Uhunijjughuyh wpyniupubpt niqupyynud Eu @42, nph
gt dpwlnud £, niqupymd $SNY° wwhywidwh hwdwp b wihpudbonmpiub nhuy-
pnid N9-h dhengny niquplynud twlb ogunugnpénnht: Uju pipugpnid oquuugnpénnh
ynnuhg Jupny kb qup twl wy hpudwbibp, ophtiwl uhumjjughush qunuptgnid
Jud uhunijjughuwyh pupwugph dwuhtt mbnklnyph mpudwugpnud: Uy hpudwubpp
unyytiu dpwlnud £ @42-u b hwdwywinwujuwt hwignygubphtt nuupldnud gputg
Junwpdwb hpuwdwuubkpp:

QAnpshpuyhtt vhongh Jtp dwljupnulp dowlyl) £ ASP.NET MVC wkuuninghw-
ny, npp hwuwtbh £ Windows oyjipughntt hwdwljuipght, hull Mono twjuwgdh puinp-
hhy twl Linux-hi: Clunpib) & Amazon Elastic Compute Cloud (Amazon EC2) widuyujhl
hwppwlp, npb wowewpmu k nisnidubp U Windows, Ui Linux owbpughnt hudw-
Yunpgtnph hwdwnp:

Swpwptinyp wpubhlh yuypdwttbpmd duutughnwujub pndthympipughtt guugh
Junnigyuéph twhimgsdwt wjunndwnwugyus gnpshpuyhtt dhongh wpuwnwiph
piny-upjubdwt phpdws k uly. 4-nd: Unmnpuyghtt hpudwtubph wnjuynipjut nhupnid
uudmd E npuibg dpwymdp: Lwpe' unnigymd k, ph wdjwy oguugnpénnh hwdwp
wnpiynp wppkt ujuyby E uhudnyjughwh gnpdplipwugn: Gpk wyn, wyw twé hpudwuh
niqupynud £ uhtniyjunnphit: Zuwpwl ghygpmd’ thopd b updmd ndpugibph wu-
hngnid Enws mbnklnipjut hhdwt Jpu wnwewnpll) twhiwgdynn gutigh wpynibw-
Jtwn Junnigwép b wkjutininghwubph hwdwhinidp: Lwtth np hwdwlwpgp tplun-
uwyhl k, wjt yunpuunnmd E oqgnugnpénnh hwdwp twpmnbudws yunwupwi b
niquplynid:
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| pwdwutiph hbipe |

LYw” hpwdwu - Jbipg

Ninwipyb) hpwdwup

uhdniywwnnpht

Ulubi| uhdniywghwt

wwhngnud " u

wuhpwdtign
wjutitinp

Uowlb ywhngnud Ginwd
njwiubpp Yu'” ywunwufuwl

[
Npnati hwignpn,
qnpdnnnipjniup

| Uwnbinéb wwwnwufuwb |

L

Ul. 4. Supwpinype npuphlh quydwibbpnid guagh jupnigyudph bwpnugddwb
gnpShpuyhll dhongh wppnwunmbph pinl-ufubdwi

Upwljyus wundwinwugus hwdwlwpgh wpwidtwhwnlmpniuubphg L
hupuntunigdywt htwpwynpnipniip: Pusybu wppku wodtg, wyit hwjuwpwgpnid k

ponp uhunyjughwibph hwdwp wpduws dntnpughtt ndjutkpp b uhdnyjughuygh
wpryniupubpp: fuwfwt E, np npput owwn uhdnijjughw hpwlwbwgyh, wjipw hw-
dwljupql wbh £ogphin wnwewpynipmnittp Yubh:

dudwbwlulhg guigujhtt upUnijjuwnnpubpny dwubtwghnwugws pnuthnipk-
nuyhl gmugh junnigusph uhunijjughuyh hwdwp yuwhwbeynn T dudwbwlp Ju-
phih Enpnot hbnljw) wprnwhwynnipudp.

T=Ti+Tu+1, (2)

nputn 7i-u uhunyjughuh hpujuwbtwugdwt, 7wt uinugdws wpnnitupubnh yEpnisne-
pjul, hull 7; -u jupnigwsph jwujupljdwt hwdwp wthpudbon dudwbwly k: Lwth
np ny vhown £ httwpuynp wnweht thnpdhg unwtuy dwubiwghnugws guigh wpmynt-
b junigqusp, wmyw 7w dudwbwlp tipuyugunud | 2 pubwlnyg thnpdwpynid-
utinh Ypw Swhiuus dudwmttwlh gnidwpp.

Tu = ?:1 Tui: 3)
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Lnyyt wuwndwnmy 7w b 7; dudwbtwlutpp Ynpnogbt hwdwwuwnwuuwbiwpwnp
wpunuwhuwjnnipint (4)-ny b (5)-ny.

TLlI = ?:1 TLUi’ (4)
T = ] Tli : (5)

Luith np Uywljus dwutughnugyusé pndihmptpught guugkph junnigqusph
twhiugddwt wjunndunwug]us qnpshpuyhtt Uhongt nith wpnkt hull nbinh nitukgus
uhunijjughwbph wpnyniupubpp, b jurnigqusph jwjuplui thnynud tnp uhdnijju-
ghuyh hpujwbwgdwt thnjpwpkt jupng £ wpwewplly junnigqusph wpynibudtn
wwppbpuly hhd]bng wyn ndjuibph Jpu, wyw wyu gnpshpughtt Uhengny tniyl
Jurnigquspny dwubwghwnmwugyus pndthnipbpujhtt gwigh twpugsdwt hwdwp
wihpwdbown 7i dudwbwlp owwn nhuyptpnid wybkih phs L, pwt 75 gqnynipnib niuk-
gnn wyj] uhunijjuwnnpubphp.

Th < 1T5: (6)

Uwulwghunnugué pndthmptpught guwigkph Yunpniguéph twpuwgsdwu
wjunduunugus gnpsppuyhtt vhongh Yhpwnnudp: Uswlquws wjunndwnwg]us
gnpShpuyht dhengp thnpdwplyl] E Zujwunwih wnnnpowwywhnipju wqquyht hu-
wnhwunntnp hinwpdolnipjut pndthympbpuyhtt guugh junnigqusph wnwewnljp dow-
Yk{hu: 8wgp twpiwgstihu hwoyh | wntyl) twb wjtt hwhwquuwpp, np 4hnpknlnu-
dtpwtuubp Jupny b juquuljipydl] Zuyuunwih dupgipnud quigng pdojuljut
hwunwnnipnittiph htin, npnbkn sfut juwyh dudwbuljuljhg vwppudnpnudbp:
U hul] uwndwnny twpwgdynn hinwpdoympjut pndthniptpuihtt gutgh hudwnp
wnwownlyby k phunpl] wyt wpuunpnpubph vwppwynpnudubpp, npnp Jhpbnlnu-
dtpwtiu yuquulkpybihu pnyp kb nmwhu oqunyt] hudwgwugnid Jhpwunynn unwi-
nupuibkphg: TUwutwynpuybu, hinwpdojulwb Ynuunipinughwubph puduh hudwnp
twhiunbudws Eupuguignid hhdtwuwiunud wnwewnlyty Eu Jhnyknynudpbpwuiuh D-
Link puljtpnipjut uvwuppuynpnudutpp:

Zhinwpdoulw pndyniplpuyhtt gwigh juonigdwd twhwgdsdwt hwdwp
nhunwnplyk) £ WiFi wmkjutininghwjh dhongny wjup gutgh wwpphpulp tnybybu:
T pnyy junw htyunipjudp thnpul] hpbnnudtpwiiuph vwppuynpmudubph nhppp
WiFi swsynype wwywhnynn wnwpwspnid: Uhunijjughuyh pupugpnid wynndwinwg-
Jwé gnpShpuyhtt vhongh wnwewplk) t Yhpwntk) Ethernet wnkjuuninghwt, pwtth np
WiFi-h Jhpwndwl nhypnid htwpwynp k dwjuh b yhpbn qunltph npulh tjunkh
wilnud: Llwt wowewpl dpwlfus wlnniuwnuglus hwdwlupgp juyjugpty &
hwpyh wnubny twhunpy vhuniyjughwtph wpynibputpn [7]: Unwyl) dwwnskh qup
otnphhy hhutwlubnd wewguplyty ki D-Link puljkpnipjui vwppu]npmudubpp:
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Zupyh wnukiny uhunijjughuyh wpyniupubpp b Zujuwunwith wennowujwhnip-
jut wqquyhtt htunnhwnninh hknwpdoynipjut guugh pununnphs dwubkpp (hgnynb-
btpwiuh vwppwynpnudubp, wohwnwlhgubph pndthmiptpubp) b nputg puuuyn-
poipniut wohuwnwubiyuljubpnud, guigh junnigdwt hwdwp wewewplyly t Yh-
npunk] D-Link DES-1024A unnkih 24 - ywnpuwing jud D-Link DES-3200-28P uUnnkih
28 - ynpuwing uyhs b D-Link DIR-620 D-Link DIR-100 Unnkjh tppniquynphs:

Bqpuljugmpinii: Uowljdl; £ dwutwghmnmwgws pndihynipbpuyhtt guigkph
wunnduwnugyus gnpshpwjhtt thong, npp Ybp uvnnwbnupunibph hpundwb otinphhy
pny] £ wwwjhu owpdwljut vwppwynpnidubphg oquuyl) pndthynipbpubph hwdwnp
bwhmnbudws uhunijjuwnnputphg:

Usjuwnwipnid  ajwpwugpyt] £ twdwt hwdwlupgh dwupunupuybnnipniip,
hhdtwnpyty L dowljqud gqnpshpuyht thongh wpynibw]bnnipntp:

Ukpjujugdws wjnndwnwugdus hwdwuljupgh wnwybjmpiniuutphg tu.

¢ Uh pwtth oquuugnpénnubph vhwdudwtwljju vyuwuwpldui htwpuyn-
nnipntl,

o wnuwppkp vwppuynpmdubphg dhtiingt uvhdnipgughwjh hufjdwt b junw-
Jupdw hbtwpuwnpnipntl,

e wdwyuyht nmkjutininghwubkphtt huntgpytnt htwpwynpnipmniy,

e wnuwpuwpinyp ppubhlh qghutbpugdw htwpwynpnipnt,

e wjuwpunjwsd uhunijjughwibph wpyniuptbph hhdwt Jpw uhdnywugynn
pnuthynipbpughtt gwigh wpynibwdbn junnigusp wnwewplkint htiw-
puynpnipnil:
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C.A. CUPAJIET'SH, P.I'. KHPAKOCSAH

PABPABOTKA ABTOMATU3UPOBAHHOI'O HHCTPYMEHTAJIBHOT'O
CPEACTBA JJIs1 IPOEKTUPOBAHUS CTPYKTYPbI
CIHEIUAJA3UPOBAHHBIX KOMIBIOTEPHBIX CETEM

Pa3paboTano aBTOMaTH3MPOBaHHOE WHCTPYMEHTAJIBHOE CPEICTBO IJISl MPOEKTUPOBAHUS
CTPYKTYpPBI CHEIHATM3UPOBAHHBIX KOMITBIOTEPHBIX CETEH, KOTOPOE OBLIO MCIBITAHO BO BPEMS
pa3paboTKH MpezyIaraéMoil CTpyKTYpBI CETH TElIeMEeINIIHB HannoHampHOro MHCTUTYTA 31[paBo-
oxpaHeHus: ApMeHHH. [IpoeKTHpOBaHHOE MHCTPYMEHTAJIBHOE CPEACTBO IO3BOJSET COKOHOMUTH
BpeMs], Hy>)KHO€ JUISI pa3JIMUHBIX CIICHApHUEB, U HA OCHOBAHUM PE3yJIbTaTOB MPEABIAYIIHUX OIIbI-
TOB NOTYYUTH 3P (HEKTHBHYIO CTPYKTYPY CETH.

Knrouesvie cnosa: BeO-IPHIIOKEHNS, CIIELIUAIN3UPOBAHHBIE CETH, CUMYIISTOP, POEKTHU-
poBaHHUE ceTH, MOOMIIBHOE IIPOTPaMMHUPOBaHKE, TeJIEMEIUIIMHA.

S.A. SIRADEGHYAN, R.G. KIRAKOSSIAN

DEVELOPING AUTOMATED TOOLS FOR DESIGNING A STRUCTURE FOR
SPECIALIZED COMPUTER NETWORKS

An automated tool for designing a structure for specialized computer networks is developed which
has been tested at developing the proposed structure of a telemedicine network of the National Institute of
Health of Armenia. The designed tool allows to save time required for different scenarios, and is based on
the results of the previous experiments, to obtain an effective network structure.

Keywords: web-development, specialized networks, simulator, network design, mobile program-
ming, telemedicine.
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A LOW VOLTAGE CURRENT MIRROR WITH A HIGH OUTPUT
VOLTAGE SWING

A circuit of the current mirror is proposed providing 85% precise current copying even in
the linear region of the transistor operation. It can copy currents in power supply low voltage
cases when transistors enter the triode region due to less overdrive voltages. Compared with
the classic current mirror, the proposed structure provides about 0.94 V (normalized to power
supply value) voltage range operation without degrading process variations related mismatches
of currents. These are possible to be used in low voltage and low power analog and mixed-
signal designs where they can provide a higher accuracy than the conventional current mirror.

Keywords: low voltage, current mirror, CMOS.

Introduction. The current mirror is fundamental building block in analog and
mixed signal IC design which is used for biasing to provide active loads in differential
amplifiers and for current-mode signal processing. In many circuits, the performance
of the elementary current mirror is sometimes improper, because of a systematic gain
error and comparably low output resistance [1]. In low voltage corners, these types of
issues appear when devices operate out of the saturation region and the solution of
these problems require structural changes. For example, in biasing and some other
structure current mirrors used in the big part of a design, when the transistor is going
out of the saturation region, the current variation depending on voltage becomes
bigger causing a big error during current mirroring [2].

To achieve low power consumption and a high speed performance in modern
analog and mixed-signal integrated circuits, devices are supplied by low voltages so as
to provide low transition time and low current consumption. As CMOS technology is
scaling power supply voltage scales down as well, but the threshold of transistors are
not scaled by the same scaling factor as the power supply does [3]. But this scaling
gives rise to some limitations and problems which require structural solutions. One of
the main problems is that analog structures have exact operation voltage ranges in
which transistors operate in the saturation region and when the supply voltage is going
down, this region is becoming smaller and keeping these structures in a good
operation mode is becoming more difficult [4].

Current mirrors which are mostly used in analog and mixed-signal designs as a
building block, operate in some limited voltage range, because when transistors are
going out of the saturation region, the accuracy of current copying is becoming
smaller.
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The idea of the proposed technique is to keep the current copying accuracy as
much as possible not only in the transistor’s saturation region, but also in linear region
by giving some structural solutions in active current mirror structures.

The general approach is to embed in conventional architecture of current mirrors,
negative feedback which can keep the current copying in the operation region 30%
more when compared with the standard mirror transistors switching from saturation to
triode region due to low supply voltages.

General parameters of linear region operated active current mirror
architecture. In [5] reference parameters definitions are introduced for the passive
and active current mirrors. These parameters completely describe the mirror behavioral
small signal parameters. In this section, analytical expressions will be solved out for
the proposed solution.

VDD VDD
VDD

IS
IS}

R2
R2

! sz

Iref Iout R3

| ref *

IOUK

Fig. 1. Conventional and proposed current mirrors

The first parameter which is introduced is the output current for both
conventional (1) and proposed (2) current mirrors (Fig. 1). The output current defines
the amount of the current which is a result of copying from the reference one. The
equation of the output current can be written as

2
1 W R
Iout ~ E fupCox T (RlTZRZVDD _VTHpJ ~ Iref ! (1)
1 W, ( 1/g ’
loue ~ E/upcox El(RlT/m;mszD _VTHpj AP (2)
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where |, is the mirror output currents, 4,18 the hole’s mobility of the PMOS

transistor, C,, is the unit capacity of the MOS transistor under-gate isolator and g,,,

is the M2 transistor conductivity.

The expression for the output current will be calculated based on equations
(1) and (2). Fig. 1 presents the proposed current mirror which consists of the
additional M, transistor biasing by R, and Rj resistive divider. This structure takes the
role of negative feedback which can keep the current copying accuracy even when M-
the main mirror transistor is out of the saturation region and can change its drain-
source resistance linearly depending on the branch current.

The main mechanism providing the linear region operation. The idea of that
mechanism is to add a negative feedback sensitive circuit to the mirror architecture.
That mechanism can keep the whole mirroring system in the operational region
dynamically in case of different overdrive voltages for the mirror device.

Starting from the one of low overdrive voltage the mirror can go out of the
well-operating condition. The proposed method can sense that and keep a good
performance which in case of mirrors means current high accuracy copying. The block
diagram on Fig. 2 is proposed to copy the reference current and have a high accuracy
of current duplication in case of low supply voltage and hence overdrive voltages. In
this structure, to avoid unequal distribution, the system which is in the negative
feedback condition is used.

l Iret

- ~N
Input reference
current source
\ J

/—+ﬁ

Diode connected

transistor forbias [ %
generation
s ~ -
. ) Coefficient
lout Mirror transistor ) - .
) . Mirror transistor which
which biasing . i
L ) biased from diode

A

Diode connected
transistor for
feedback bias

Fig. 2. A block diagram of the proposed linear region operation method
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The reference current of the circuit followed through the diode-connected
transistor generates bias voltage for the M1 transistor the operation condition of which
depends on its drain-source voltage. Due to this dependence, different operations can
be obtained hence different current copying accuracy. For this reason, it is necessary
to create some negative feedback to dynamically stabilize the overdrive voltage on the
M1 device. In the proposed circuit (Fig. 3), the negative feedback is composed by the
M2 and M4 transistors creating vice dependency between the two branches of this
architecture. The coefficient of the negative feedback depends on the proportionality
of the M2 and M4 transistor W/L ratios which can be manipulated to match the
currents in the two branches.

VDD

M3 I:Ib—o'—4E M1

VDD 1

M2 :Ip dl: M4 low

I ref

H———[
v

Fig. 3. The proposed current mirror

The simulation results. The conventional and proposed current mirror architecture
has been designed with “SAED32nm” library and studied with HSPICE simulator.
The simulation results show (Fig. 4) that in the proposed current mirror, the voltage
swing on the output increases by about 0.2 V versus conventional. When the drain-
source voltage of the M1 transistor is close to 1.6 ... 1.8 V, it enters into the linear
region of operation causing the output current to drop drastically, but in the proposed
current mirror, it is seen that the current remains constant even in the linear region.

Also, the conventional and proposed current mirrors have been simulated with
MONTE CARLO analysis (the number of samples is 100, e.g. the accuracy is about
98%) to check the process variability. As seen from Fig. 5, the standard deviation of
the current is similar for both architectures and equal to 1.12 uA and 1.4 uA for the
conventional and proposed current mirrors respectively.
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Fig. 4. The current vs output voltage for both conventional and proposed current mirrors

This means that introducing additional transistors in feedback does not cause
more variation over the process mismatches.
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Fig. 5. The current historgram for both conventional and proposed current mirrors

The most important parameter for current mirrors is the “mirroring accuracy”
from the reference current and the output current. So the summerized table with an
accuracy relative to the drain-source voltage of M1 is presented in Table 1.
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Mirroring accuracy dependency on M1 overdrive voltage

Table 1

Conventional current mirror Proposed current mirror
M1 overdrive Mirroring M1 operating Mirroring M1 operating
voltage, mV accuracy, % region accuracy, % region
400 98 Saturation 99 Saturation
200 87 Saturation 97 Saturation
100 80 Saturation 91 Saturation
50 20 Triode 89 Triode
25 5 Triode 85 Triode

Also, the comparative analysis has been carried out on the leakage current
consumption which is presented in Table 2. It is seen that the leakage current
decreases by about twice.

Table 2
Leakage current consumption comparison
Bound Conventional current mirror Proposed current mirror
C?)l;:ers Leakage Leakage Leakage current, Leakage
current, nA Power, nW nA Power, nW
TT/25 21 37.8 8 14.4
FF/-40 29 52.2 11 19.8
SS/125 14 52.2 6 10.8

The output resistance has also been measured versus voltage overdrive on the M1
transistor to show the improved region where the resistance is still linearly

proportional to the drain source voltage of the M1 transistor (Fig. 6).
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Fig. 6. The output resistance for both conventional and proposed current mirrors
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Conclusion. This paper proposes a current mirror which can operate in the linear
region of operation simultaneously providing a precise current copying. Negative
feedback is embedded in the proposed current mirror which helps to have current
mirroring even when the transistors enter the undesired region of operations (e.g.
triode region). With this negative feedback, the output voltage swing increases by
about 0.2 V relative to the conventional current mirror which is beneficial when analog
and mixed signal circuits need to work properly in low voltage conditions. MONTE
CARLO simulations also show that the variation is not degraded due to additional
transistors used in the feedback path. The standard deviation of the current increases
by 25% in the proposed current mirror.
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4.C. UGLPLSUL, 2.2. HPULE28UL, U.U. UUZUUSUL,
U.2. 2USLUMES8UYL, 4.U. RURUSUL, U.U. UULSPNUSUL

8UOINUYNLS &Y GLLUSPL LU U UL UGO UTHUSULLUSHL SPNE8/ENY 2NUULRP
ZU8GLh

Unwownlyk] t npuwbqhunnpubph tnyuhuly gsughlt wohwwnwipughtt nhpnypubpnid
ynyuophttmfdwi Unwn 85% &ounipinit wyywhnynny hnuwtph huybnt ujubdw: Undwb jupdwi
thnpp wpdbpubph nhypnid’ wyuhipt whmbp-wpunupkp (wpdwb thnpp wpdbplitph wwngwnng
wnpwiqhunnpubph gduyhtt wpuwnwpuyhtt nhdhd wugubnt yupwquynid, huybjht nihwy ©
ynYyuophtmkjnt hnuwptitpp: Quinpwpugubing hnuwpubph wnkjininghwljwb obnniduk-
pny wuplwiunpyws wiynmpmibitkpp wowewplyws wwpplpulp wjwinulwi hnuwbph
hujbym upubdwhl gbipuquigmu b Ejpughtl jupdwi wiunwipught nhpnypnyd hwugltyng
wyl punhniy Uhtsh 0,94 9 (unpdwynpws uidwib jupudw wpdbpht): Znuwbiph huybine wdwb-
nulub uubdugh hudbdwn qquihnpbt wbjh Uks Sounmpmil wywhnybyne stnphhy dpwl-
Jwd ujubdwl Yupny b juyunpkt Yhpunyt] guspudnjn b thnpp Eukpquuyundwdp whwjnqu-
1ht b fiwnp wgnupwbwghtt hwdwlwpgbpnud:

Unwbgpuyhll pupkp. gusp jupnud, hnuwph hwybth, YU0G:
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B.III. MEJIUKSAH, A.T'. IMHI'YSAH, A.C. CAAKSH,
A.I. AHPATIETSH, B.C. BABASIH, A.C. MAPTUPOCSH

HMU3KOBOJIbTHOE TOKOBOE 3EPKAJIO C BOJIBIINUM BbBIXOJHbIM
JUAITA30OHOM HAIIPSIKEHU A

[MpennoxeHa cxema TOKOBOTO 3epKajia, 00ecHedYHBaroIias Jaxe B JMHEHHBIX pabo4nx
001acTAX TPaH3UCTOPOB TOYHOCTh KomHpoBaHUs ~85%. Cxema crmocoOHa KONMUPOBATH TOKH
IIpY HEOOJIBIIINX 3HAYCHMSX HANpPSHKCHUS MTUTaHUS, T.€. B CIydae Iepexo/ia TPaH3UCTOPOB B JIH-
HelHbIH pabounii peXuM U3-3a MaJICHPKUX 3HAYCHUH HANpsKEHUS UCTOK-CTOK. [IpemoxeHHas
CcXeMa MpEeBOCXOAUT TPAAUIIUOHHYIO CXEMY C IHAalla3OHOM BBIXOAHOI'O p360qero Haps>KCHU S
BILUIOTH 10 0,94 B (HOpMUpPOBAaHHOE 3HAUYCHWE HANPSDKCHMS IMHUTAHUSA), HE YXyIIIas MPH 3TOM
00YCIIOBJICHHBIC TEXHOJIOTMYCCKMMHU Pa30pOCaMH TOYHOCTH TOKOB. 3a CYET 0OOecredeHUs
CYIIECTBEHHO BBICOKOH TOYHOCTH 110 CpPaBHCHUIO C TPAAUIIMOHHBIMU CXEMaMU IMPCATIOKEHHOEC
pEIIeHHE MOXET IIUPOKO MPUMEHATHCS B aHAIOTOBBIX M aHAJIOTO-IIU(POBBIX CXeMaxX ¢ HU3KUM
SHEPronoTPeOICHUEM.

Kniouegwie cnosa: nuzkoe HarpsbkeHue, TokoBoe 3epkaino, KMOIT.
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MOJIEPHU3AIINSAA AHTEHHON CUCTEMBI PAJTMOJIOKAITMOHHOM
CTAHLMUU TUATTIA3OHA METPOBBIX BOJIH

[IpuBoasITCS pe3ynabTaThl MCCICNIOBAHMHA M TEXHHUYCCKHE DPEIICHHS NPH MOJCPHHU3ALUH
AQHTECHHOW CHCTEMBI PaJHOJIOKAlMOHHON CTAaHIIMHU HANa30Ha METPOBBIX BOJIH, HAMPABICHHBIX
Ha TIOBBIIICHHE €€ PaJUOTEXHHYECKUX MapaMeTpoB U MoOmIbHOCTH. MccieayroTcs BOMPOCH!
MO/JICPHU3AINH B PAIUOTEXHIUUYECKOM HalpaBJICHUH.

Kniwouegvle cnoea: anTeHHas cuUCTEMa, MOJCPHM3AIMA, PaJHOJIOKALMOHHAS CTaHIHA,
Jana3oH METPOBBIX BOJIH.

Beenenue. CoBpeMeHHbIE KOMIUIEKCHI PAANOIOKAMOHHOTO O0OHAPYXEHHS BO3 YLl
HBIX 00BekTOB (BO) oxBarwBaroT paanonokarmonuble ctanimu (PJIC) pasnmunbix mua-
Na30HOB, HAYMHAsl C METPOBBIX BOJIH M BKIIFOUasi CBepxBbicOKoyacToTHbIN (CBY) nua-
na3oH. Takoil mupokuii OXBAaT YaCTOTHBIX JUANIa30HOB O0YCIIOBIEH CTPEMUTEIbHBIMU
TEMIIaMU KOHCTPYKTHUBHBIX M TEXHOJOIHMUECKHX pa3paboTok anst BO, HampaBieHHBIX
Ha MUHUMM3ALHIO OTpaskeHHH oT HUX. C 3Toi Touku 3peHust PJIC nuamnasona yieTpako-
potkux BosH (YKB) ycneriHo koukypupytot ¢ PJIC nuanazona CBY. OaHOBpeMEHHO
OHH JIOTIONTHSIOT APYT ApPYyra W TMOBBIIAIOT BO3MOXKHOCTh HAJIEKHOTO OOHApYKEHHS
BO. Okcmyaramus PJIC B coBpeMEHHBIX YCIOBHUAX TPEOYET MOBBIIEHUS UX TAKTHKO-
TEXHMYECKUX XapaKTePUCTHK, B YACTHOCTH, 110 AaJILHOCTH 00HapyxeHus BO, mo tou-
HOCTHU OompefeneHus ux koopauHat. C Apyroil CTOPOHBI, COBPEMEHHBIE BO3MOXXHOCTH
cpenctB oOHapyxkeHust camoii PJIC 1 ee YHUUTOXKEHHUSI HACTOSITENBHO TPEOYIOT MOBHI-
IIeHus1 ee MOOMIIbHOCTH [1], KoTOpast BO MHOTOM OTIpe/ieNiIeTcsl BpEMEHEM CBOpadyHBa-
Hust PJIC u3 pabouero mojioykeHUs B TPAHCIIOPTHOE W HA00OPOT.

Hns PJIC nuanaszona YKB, sBistommxcsi 00beKTaMH ¢ TPOMO3JKOW aHTEHHOW
CHCTEMOH, B TIEPBYIO OYepellb BO3HHKAET HEOOXOJUMOCTh MOJEPHHU3AIMH aHTEHHOU
CUCTEMBI, KOHCTPYKIMEH KOTOPO B OCHOBHOM OTIPEAETISIOTCS BHIMICYTIOMSHYTHIE Xa-
pakTepucTUKU. 3ajadya MOJEPHHU3AINHA aHTEHHOW CHUCTEMBI MOJpa3leisieTcd Ha JBa
HaTpaBJIEHUS. TEPBOE — MOAEPHHU3AINS AHTEHHOW CHCTEMBI B PaJAHOTEXHUYECKOM
TUTaHEe; BTOPOE — MOJEPHU3AINS aHTEHHON CHCTEMBI B KOHCTPYKTOPCKO-TEXHOJIOTH-
YECKOM TUIaHe. DTH JBa HANPaBJICHHUSA TECHO YBA3aHBI JPYT C APYTOM, ITOCKOJBKY BBI-
00p m3nmydJarenel aHTEHHON PEHIeTKH M CHCTEMBI WX BO30YXXIEHHS (C TOYKHA 3PEHUS
ux (hopMbl U rabapUTHBIX Pa3MEPOB) BO MHOTOM OTIpEIeNsieT BHIOOP KOHCTPYKTHBHBIX
Y TEXHOJIOTMYECKUX PEILIEHUN AJ1s1 ONTUMAJIbHOW KOMIIOHOBKU BCEH aHTEHHOM CHCTEMBI B
TpaHCTIOpTHOE cocTosHKe. [Ipm 3TOM aHTeHHas cUcTeMa JOJDKHA YIOBJIETBOPSATH
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JIOTIONTHUTEBHBIM TPEOOBAHISM Ha BIIAYKHOCTH M TEMIIEpaTypy, Ha paboToCTIoOCOOHOCTh
B 3aBUCHMOCTH OT BHJa aTMOC(EpHBIX THAPOMETEOPOB U UX COCTaBa, Ha paboTocmo-
COOHOCTD B YCJIOBHSIX BETPOBBIX HAarpy30K.

Lenp paboTel — B cxaToil (opMe MPeACTaBUTh UCCICIOBAHNS U PELICHHS, HallpaB-
JICHHBIC Ha MTOBBIIMICHUE PATUOTEXHIUCCKUX IMapaMeTpoB aHTeHHoU cucteMbl PJIC qua-
nazoHa YKB u yBenmnuenne mobmnpHOCTH PJIC 32 cueT cokpamieHus: BpeMeHH Tiepe-
Boaa PJIC u3 TpaHCHIOPTHOTO MOJI0KEHHUS B OOEBYIO TOTOBHOCTH ¥ O0paTHO.

H3ayyarenu aHnTeHHOH pemieTkH. Bo m30exxaHue CyIIECTBEHHOTO YBEITHYCHUS
rpoMo3akocty anteHHou cuctemsl PJIC auanazona YKB B MoaepHU3UpPOBaHHOM Ba-
pHaHTe MperycMaTpuBaiach aHTEHHAs! PeIeTKa, COCTOIIAs U3 IBYX 3TaXel C JIMHeH-
HBIMHU psiiaMH u3iydateneil. Kak oTmeuanock Bblllie, peLICHUE 3aJadd MOBBILICHUS
mobunsHOCTH PJIC M3HAYaIbHO CBS3aHO C BEIOOPOM aHTEHH-H3IyYaTeled PEIIeTKH.
OpHako WX BBIOOPOM OMPEIENAIOTCS TAaKKe HAIpPaBJICHHBIE CBOWCTBA aHTEHHOHW pe-
meTkn — ee amarpamma HampasieHHoctH (JIH), xosddumuent ycumenus (KY),
ypoBHU 00KOBBIX JieniecTkoB (YBJI) u 1.1,

C 3Toi1 Henpio ObLT MPOBEACH CPABHUTEIBHBIN aHATN3 Pa3IMYHBIX aHTCHH B Ka-
YecTBE BO3MOXKHBIX M3iIydareneil aHTeHHbIX peuieTok YKB nuamaszona [2 — 4]. 910
JoronepuoyecKasi aHTeHHa, poMOOBHIHAs aHTEHHA Xap4YeHKO, aHTEHHBI THIIA “‘BOJI-
HOBOU KaHaJl” W KOJIbIICBasi aHTCHHA [5], pa3paboTaHHAas M CIPOCKTHPOBAHHAS I10 T10-
JIOOUI0 MUKPOITOJIOCKOBOH aHTEHHBI, IPE/JIOKEHHOM B [6]. AHAIN3 CpaBHEHUS IPOBO-
JTAJICS IO CJICIYIOIINM 3JICKTPUYCCKUM MapameTpaM — Mojioca padouux 4acTot, Kodhhu-
ueHt crosyeit BoiHbl o Hanpsokernto (KCBH) u KVY. Tlpu aTom ocoboe BHUMaHHE
o0pamiaisoch Ha MPUEMIIEMOCTh MX BECOra0apUTHBIX MapameTpoB U, 0COOEHHO, TPo-
JOJBHBIX Pa3MepoB BIONb UX OCH U3NydeHHs. Kputepuu BBIOOpa MO MEPBHIM TpEeM
ANIEKTPUYECKUM TapaMeTpaM ONPEACISIOT PaJIlOTEXHUUECKUE TTapaMeTpbl aHTEHHOM
peIIeTKH B 1esIioM — ee mmpokonoiocHocTs, JAH, KY, YBJI u KCBH. Kputepwii BbI-
0opa 10 TadapUTHBIM pa3MepaM OIpeielisieT KOMIIOHOBKY CBEPTHIBAHUSI aHTEHHOH pe-
IIETKH B TPAHCIOPTHOE TMOJ0KEHUE ¥ BO3MOKHOCTH TOPU3OHTHPOBAHUS M3ITydaTeseH
aHTeHHOH pemieTku. [locieaHee omyTHMO OTpaXkaeTcsi Ha (OPMHUPOBAHUK HEOOXOH-
Mol JIH penieTku B BEpTUKAIBHOM IJIOCKOCTH.

[lo pesympTatam pacyeToB W MOJEIMPOBaHHs OBLJIO BBISBICHO, YTO Haubolee
MPUEMIIEMBIMU BEJIMYMHAMH T10 MapamMeTpaM CPaBHUTEIBHOTO aHaIn3a 00JIaIaeT KOJlb-
1ieBast aHTeHHa. [lapameTphl OKa3anuch CIEAYIONMMHU: OTHOCUTENbHAS IMPUHA TOJIOCHI
paboumx yactoT — okoJjio 20...25%, KCBH < 1,6, KY = 8,5...9 05 npu pasmepe ped-
nektopa 1,2 x 1,2 m 1 npoIoIBHOM pa3Mmepe BIIoJb ocH u3imydeHus 0,2 u.

PesynpTaTel MOAENMpOBaHUS KOJIBLIEBOMW AHTEHHBI C HCIOJIb30BAHMEM IIaKeTa
nporpamm FEKO 5.5 npusenens! Ha puc. 1 u 2.
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Puc. 2. JTH konvyesoti anmennul 8 H-niockocmu

Ha puc. 3 u3o0paxenbl pabodas KOHCTPYKIIMS KOJIBIIEBOM aHTCHHBI JIMHEHHOM
TOPU30HTAIBHOM TONISApHU3AIMY U e¢ o0Iui By, 1)1 yMEHbIIEHHS Beca U NMapyCHOCTH
AHTCHHBI €€ Pe(ICKTOp U METAUIMUECKUMN JHUCK BBIIIOJHEHBI B BUEC METAJIHYECCKON
CETKH, a KOJIbIIEBOH M3JiydyaTesib neppopupoBaH. M3nyuarenb 1 METALTHUCCKUAN TUCK
KPETISTCS PYT K APYTY € MTOMOIIBIO0 TUAJICKTPUIECKUX KapOJIOHOBEIX BCTaBOK. loaBox
MTATaHWSI aHTEHHBI OCYIIECTBIIETCS KOAKCHATBLHBIM KabeieM C BOJIHOBBIM COIIPOTHBIIC-
HreM 50 Om, KOTOPBI MPOXOWT Yepe3 OTPE30K TPYOKH, COSTUHSIONICH METaTHICCKUI
quck u pedaexrop. LeHTpanbHas xkuiia kabels coeMHEHa ¢ BHYTPEHHUM KpPaeM KOJjlb-
[IEBOTO HM3JIy4aTessl, a dKpaH Kabens COeIWHEH C METAJUIMYECKHUM IHCKOM. Macca
aHTEHHBI - 0KO0JIO 6,5 2.

175



IS

a)

Puc.3. Koavyesas anmenna (a) u ee oowuii 6uo (0): 1 - memannuueckutl Ouck, 2 - Koavbyeso
uznyyamens, 3 - peprexmop, 4 - numarowuli KoaKcuanbHblil Kabeis

J1st ycOBEpIIEHCTBOBAHMSI BHITTOJHEHUSI HA3€MHBIX U3MEPEHHUI aHTEHHBI U MUHU-
Mu3zamu norpemHocteid onpenenenus ee JJH u KY (cooTBeTCTBYOMMX YCIOBHSIM
CBOOOIHOTO TIPOCTPAHCTBA) M3 HA3EMHBIX M3MEPEHHH TPU HAIWYUH 3epKABHOTO OTpa-
JKeHHs 0T 3eMuin Oblla TECOPETHUYECKU HUCCIIeI0BaHa 3a1a4ya npuema [7]. B pesynbrate
ObLI1a TpeIIoKeHa SKBUBAJICHTHASI MOJIENb ABYXJIYYEBOTO MPHEMa C IPUEMHBIMH BUP-
TyaJbHBIMH aHTEHHaMH, Ha OCHOBE KOTOPOH ObLa pa3BUTa METOAWKA OMPEIEICHUS
HCKOMBIX TTApaMeTPOB M3 U3MEPEHUH M0 METOY IBYX MACHTUUHBIX aHTeHH [8]. Ucxoms
W3 3TOM MoJieNH nprema, Oblla BBIOpaHa ONTUMAabHAs KOHPUTYPALUs PaCTIOIOKEHHS
JBYX HMJEHTUYHBIX KOJBIICBBIX AHTEHH W NPOBEJCHBI M3MEPEHUs TI0 OIpPEICIICHHIO
uckombix JIH u KV [5].

B koHgurypanmum paccTosHue MeXay HISHTHYHBIMH KOJBIIEBHIMHA aHTCHHAMHU
MPEBHIIIATI0 MUHUMAaJIbHOE PACCTOSIHUE UX JalibHel 30HbI B 2,5 pa3a. OTHOIICHHUE ITy-
Tel NpsSMON U OTPaKCHHOW BOJIH B BBIOpAaHHOH KOH(UTYpaIuu (CM. puc. 4) COCTaBIISCT
fo/r~0,35, yron o= 70°, a otHOIIeHNE KOod(drimenToB yemmenust KY(70°%) / KY(0°) =
=-9 05 (0,126) cornacHo pe3yibTaraM WX MOACIUPOBAHUS U MPEABAPUTEIBHBIX Olle-
HOYHBIX M3MEPEHWH auarpaMM HamnparieHHOCTH. COTJIacCHO TEOpETHUYECKOH OIICHKE,
MOTPENIHOCTh B onpezaeneHun KY, oOycrnoBineHHas OTpaKEHHBIM JIy4OM, COCTaBIIsIIa
okono 0,2 0b, 4TO MeHbIIIe MOTPENIHOCTH, 00YCIOBIEHHON MOTPENIHOCTRIO Ary ycTa-
HOBKH PacCTOSIHUSI MEXJy aHTeHHamH, kKotopas npu Arg = 0,15 u pasna 0,22 05.
OrcueT U3MepeHHii 3a1aBajics n-kogepoM uepes mar B 0,5° npu BpalleHUM aHTEHHBL.
lupuna [IH na ypoBue -3 05 cocrasnsa 62°, yposens 3amuero nenectka -20 05,
ypoBeHb Kpocc-nossipusanun -20 0b. PacxoxkaeHnue pe3ynbTaToB U3MEPEHUS U MOJIe-
mposanust KY okazanock ne 6onee 0,3 05.

BriOpannas koH(UTypamnus pacnojoKeHUs] KOJbIEBbIX aHTEHH MPH W3MEPEHHUIAX
METOAOM JBYX MIEHTUYHBIX aHTEHH M300pakeHa Ha puc. 4. DoTo UX pacmonoKeHHs
npencrasieHo Ha puc. 5. M3mepennas [IH anTeHHBI IpHBeeHa Ha puc. 6.
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Puc. 4. Pacnonooicenue anmenu Puc. 5. Pacnonooicernue aument Ha 8bI1UKAX
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120

270

Puc. 6. Uzmepennas JTH anmennol

AHTeHHasl pelieTka. VM3roToBJIEHHBI MaKET PEIICTKH COJICPIKal JiBa dTaxka
u3nyyaresneil u3 24 KoNblEeBbIX aHTCHH: 1O 12 IITYK B Ka)JJ0M JUHEHHOM psiay. Pa3-
Mepbl MaKeTa COCTAaBJISLIU: TI0 TOpU30HTaIM — 17,7 M, o BepTukanu — 3,6 m. Bo30yx-
JICHWE aHTEHH B KaXIOM 3Taxe cuH(pazHoe. OTHOCHUTENbHAsT MaJOCTh MPOJOIHHOTO
pasmepa (0,2 m) aHTEHH BIOJIb OCH WU3JIyUEHHsI HCIOIB30BaHA TSI UX CBOPAYMBAHUS B
TOPU30HTAJIBHOE TOJIOKCHUE IPH TEPEBOJC AHTCHHON PEIIeTKH B TPAHCIIOPTHOE
cocrosiHue. JIJ1st 3TOro aHTEHHBI HIKHErO 3TakKa OTHOCUTEIBHO aHTCHH BEPXHErO 3TaXka
CMEIIIEHbl B BEPTHUKAIBHOU IIocKocTH Ha paccrosuue 0,08 u. dasza B030y)IeHUS
AHTEHH BEPXHETO 3Taka TaKOBa, YTO C YYETOM ITOTO CMEIICHHS dTaKeH OHa OTCTaeT
ra 90° OT (aspl BO3GYKICHMS HIKHETO 9Taka. AMIUTHTYIbI BO3OYK/ICHIS 000HX Ta-
JKel OJIMHAKOBBI, OJHAKO B KaXKJIOM 3Ta)Ke aMILIMTYIHOE paclpeiecHIe U3MEHICTCS
OT IEHTPATLHBIX aHTEHH K KpaeBbIM coriacHo 3akoHy Jlonbsga-UeObiesa mis obecrie-
yeHust HU3kux YbJI anteHHoi pemeTku. i ocylecTBIeHUs] pacYETHOTO aMIUIUTY/I-
HOTO pacrpeliesieHus] ObUTM pa3padOTaHbl COOTBETCTBYIONINE JIEIUTENH MOITHOCTH
HH3KOTO YPOBHS B IOJOCKOBOM WCITOJHEHWH (HeauTenn BUIKHHCOHA) M JETUTENH
MOIIIHOCTH BBICOKOTO YPOBHS Ha KOAKCHUAJBHBIX KOJIBLIEBBIX MOCTaX.
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IIpenapurenpubie u3mepenus IH u KY makera aHTEHHOM pelIETKH B pexuMe
ee mpueMa ObUIM BBINOJIHEHB! 00JETHBIM METOIOM Ha TEPPUTOPHU JIETHOro monsd. B
KadecTBE JIETATEILHOTO ammapaTa HCIonb3oBainu Beproner MUS-MTB. s cHmxe-
HUS TIOTPEIIHOCTEH N3MEepeHnil, 00yCIOBICHHBIX BIMSHUEM KOPITyca M BHHTA BEPTO-
neta Ha JIH M3MepuTeNnbHOr0 M3MTydaloiero MoyBOJHOBOTO BUOparTopa, B [9] ObLI0
IIPEUIOKEHO CIIELHaIbHOE YCTPOICTBO, pa3MellaeMoe oA AHUIIEM Beprojiera. Pea-
JIU30BaHHOE YCTPOWCTBO MPEJICTABISACT COOOM HOBYIO MU3TYUAIOIIYIO CHCTEMY ‘‘BHOpa-
TOp-KOpo6”. Kopob mmeeT 0co0yI0 KOHCTPYKLHUIO M COJEPKUT HOTTIOTUTEIH 3JIEKTPO-
MarHuTHOH 3Hepruu. [imHa kopoba - okosto 2 A, mupHHa - okoio 1,5 A, Beicota - 0,5 .
Macca kopoba - menee 100 xe. Takoii Bec 1 3a0cTpeHHas ¢ KOHIOB (popma KopoOa mpak-
TUYECKU HE BIMAIOT Ha a3pOAMHAMHUYECKHE XapaKTEPUCTHKH BepToseTa. Jo n3mepe-
HUSI TapaMEeTPOB aHTEHHOW pelieTku Obuto mposeneHo miamepenue JH un KV usny-
Yarole cUucTeMsl “BUOPATOP-KOPOO” ¢ HCIONB30BaHUEM U3MEPEHHOM KOJIbLIEBOH aH-
TEHHBI B Ka4yecTBE 00pa3LOBOM.

Ha puc. 7 uzo6paxxeHo pacnonoxeHne Kopoda BMECTE ¢ BUOPATOPOM OTHOCHUTEIBHO
BeproieTa. Ha puc. 8 npeacrasieHo (oTo BepToseTa ¢ 3aKpeIUIeHHbIM MO/l €70 JHUIIEM
kopobom. Ha puc. 9 npuBeneHo ¢oto kopoba ¢ BUOPATOPOM MPH MOHTAXKE Ha BBIIIKY
CTeHJ1a, N300paKEHHOT0 Ha PUC. 5.

epToJIeT
ALY
Kopof ¢ MOLIOTHTESIMH
BHOpaTOp -] -
Puc. 7. Kongpueypayus cucmemul Puc. 8. 3axpennennviii noo onuwem
“eepmonem—xopob—eubpamop” eepmosiema Kopoo

Puc. 9. Kopob6 c nonygonnoswbim subpamopom
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Ha puc. 10 a, 6 npuBenens! uamepennsie JIH cucremsl “kopod—BudpaTop”.

90 90

120 60 60

180

-140 -80 -60 -40 -20

210 330

270 270
a) 0)

Puc. 10. Hsmepennvie [TH nonysonnosozo subpamopa 6 coope ¢ Kopobom:
a - opueHmayus KOpoba — 6ePMUKATbHASA, HU3 KOPOOA — 0OHO U3 e20 ONUHHBIX pebep;,
0 - opuenmayusi KOpoba — 20pU30HMATLHASA, NOTYBOIHOBOU BUOPATMOD C8ePXY KOpoba

Ha puc. 11 npuseneHo (oTo M3rOTOBIEHHOTO MaKeTa aHTEHHOM PEIISTKH, CMOHTH-
POBAaHHOT'O Ha JIETHOM I10JI€ JUIs1 H3MEPEHUH.

e

Puc. 11. Maxem anmennotl peutemku Ha 1eMHOM nOJLe

Juist onipeienieHus apaMeTpoB aHTEHHOH pelIeTKH ObLT pa3paboTaH U UCTIONb30-
BaH CII0c00 PISMepeHI/Iﬁ, BBIT'OJTHO OTHH‘IaIOH.IPIfIC;I 10 CTOMMOCTH 3aTpaT Ha UX BBITIOJI-
Hernwue [10]. Coco0 0CHOBaH Ha CIEIHANTBHON MPOrpaMMe BEPTUKAILHBIX ¥ TOPU30H-
TaJIbHBIX TTOJIETOB BEPTOJICTA. HpI/I MCIJICHHBIX BEPTHUKAJIBHOM IMOABEME U CITYCKE BEP-
TOJIeTa B AAJIbHEH 30HE aHTEHHOHN PELIeTKH U3MepAIach yrioMecTHas (BEpTUKaIbHAS)
JIH B mpenenax yriaos 180...160° u 0...20° B BepxHeii BepTHKAIBHOII IIIOCKOCTH, T.C.
0 3aJJHEMY JICTIECTKY M B €r0 OKPECTHOCTH, a TAaK)K€ B HAUBAXKHEHIIIEM CEKTOpE YITIOB
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(0...20% ¢ Touku 3penns oGHapyxkenns BO. 3aTeM ¢ MOMOMIBIO TOPH30HTAIBHBIX T10-
JIETOB BEPTOJIETA B IIOCKOCTH TJIABHOTO CeUeHUs BepTHKaabHOW JIH Ha 6 BBICOTHBIX
sTaxkax (BBICOTA IepBOro sraxa moiera — 20 m, a mocnenHero 6-ro sraxa — 500 m)
m3mepsitack yriaomectras JIH B nnrepsae yrios 1...179°. Tlo cyTu mema, 310 m3me-
penmne, nyommpyst mmepenus JIH B HanBakHeHIIIeM CEKTOpE yIIoB (0...20°), Taxke maer
nH(GOPMAIHIO 0 “BOpOHKE’ B 00JIACTH 3€HNTA, YTO TOXKE CYIIECTBEHHO /It padboTs! PJIC.

[Tpu m3mepennsx yrimomectHoit J|H mpuBsizka koopauHaT (BeICOTa Haj 3eMiei u
TOPU30HTAIBHOE YAalleHHEe OT aHTEHHOHN PEIIeTKH) BepTOJIeTa B MOJETE C OTCUETAMHU
COOTBETCTBYIOIINX PETUCTPAIil CHUTHATA M3MEPUTENFHBIM HAa3eMHBIM KOMILIEKCOM
OCYIIECTBISIaCh CHHXpOHU3anued padborel GPS HaBUTATOPOB, HAXOMANINXCS Y OTIe-
paTopa U3MEepUTENFHOTO HA3eMHOTO KOMIUIEKCa U IITypMaHa BepToJeTa.

AzumyTanpsHas (ropu3zoHTanbHas) JJH B HampaBiIeHHSIX MaKCHMYMOB JICTIECTKOB
yriomectHoU JIH n3mepsiiack npu 3aBUCIIEM MOJOXKEHUU BEPTOJIETA U BPALLICHUN aH-
TEHHOU PELIETKU Ha 360° BOKpYT €€ BEpTUKAIBbHON ocH. OTCUEThl CHUMAIIUCh YEpEe3
JUCKpET B 0,5°, 3amaBacMBbrit N-KOJEepOM MPUBOIA BpAICHMUSL.

[IpenBapurenbHbie pe3yabTaThl U3MEPEHUN MaKeTa MOAEPHU3UPOBAHHON aHTEH-
HOW peIeTKy MOoKa3alu yAOBIETBOPUTENFHOE COBIACHUE C PE3yJIbTaTaMH €€ MOJAEIIH-
poBaHus (BBIIIOJHEHHOTO C MCIMOJh30BaHHMeM makera mporpamm FEKO 5.5) kak mo
mpuHe raaBHoro jenectka JH B asumytansHo# mimockocty, Tak u o KY, YBJI u
HaTpaBJICHUsIM MAKCHMYMOB 1 MUHUMYMOB JieniecTkoB yriomectnoit JIH. Ha puc. 12
u 13 mpexacraBieHbl pe3yibTaThl u3Mepenuit JIH B yriomecTHON u a3uMyTaabHOU
MJIOCKOCTSIX.

Puc. 12. JIH 6 yenomecmuoti nrockocmu (@), usmepennas npu 20pu30HmMaIbHbiX NOJEmax
0 N
(cexmop yenoe 1...179°); JIH ¢ azumymanvrnot nrockocmu (6), uzsmepennas 6 Hanpagienuu
Makcumyma nepgozo aenecma yenomecmuou J{H npu 3asucuem eepmoneme
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160 [7 20

180 0

70 -60 -50 -40 30 -20 -10 0

. 0
Puc. 13. JIH 6 sepmuxanvroii niockocmu 6 cekmope yenos 0... 20°, usmepenuas npu
6EpMUKANILHOM NOJIeme 6epmonema

BriBoasbl. B nporecce monepuuzanuu anrennoi pemerku PJIC auamazona YKB

B paJUOTEXHUYCCKOM HAITpaBJICHUU BBITIOJTHEHO CIICAYIOLICE:

>

e pa3paboTaH U PEATU30BAH HOBBIM THUIT M3JTydaTellsi aHTCHHON PEIIECTKU B BUJIC
KOJIBIIEBOM aHTEHHBI, oOnajarommii 0ojaee MpUEMIEMBIMUA PATUOTEXHHYESCKUMHU
1 BecOrabapUTHBIMHU XapaKTEPUCTUKAMHU 10 UX COBOKYITHOCTH;

e pa3paboTaH U peayM30BaH MAKET aHTEHHOW PELIEeTKU, 00JIaNA0IIUi YiIydIlieH-
HBIMU PaJIMOTEXHUYECKUMH IapaMeTpaMy M BO3MOXXHOCTBIO YIOOHOH U CKO-
POTEYHON KOMIIOHOBKH CBOPa4YMBAaHUS W3JIydaTesIed aHTEHHOW PELIETKU IIPU
MIEpPEeBOJIE €€ B TPAHCIIOPTHOE MOJIOKEHHE;

® TEOpeTHYECKH HCCIeNOBaHa 3ajaya JIBYXJIy4eBOrO IpHeMa B YCIOBHSX 3ep-
KaJIbHOTO OTPa)keHHs OT 3eMJIM U MPEeJIoKeHa SKBUBAJICHTHAS! MOJIEIb TIPHEMa C
BHPTYaJIbHBIMU IPUEMHBIMY aHTCHHAMH;

® Ha OCHOBE YIOMSHYTOI'O TEOPETUUECKOTO HCCIIEeI0BAHMS Pa3paboTaHa U pealu-
30BaHa METOJMKA ONPENEICHNS TapaMeTPOB U3ITydaTesIell aHTEHHON pEelIeTKH
W3 Ha3eMHBIX M3MEpPEeHHH B 0oJiee KOMITAKTHOW MO MPOTSHKEHHOCTH 30HE U C
MHHHMM3ALUEN TIOTPELIHOCTEN ONPENEIEHUSI UCKOMBIX I1apaMETPOB;

e pa3paboTaHO M PEATM30BAHO HOBOE YCTPOWCTBO, 00ECTICUMBAIOIIIEE MOBBIIICHHYIO
TOYHOCTh U3MEPEHHI MapaMeTPOB aHTEHHOM PEeIIETKH OOIETHBIM METOIOM;

e pa3paboTaH M peajM30BaH HOBBIA CHOCOO M3MEPEHHI OOJIETHBIM METOJIOM,
o0ecreunBaroNINi CHIKCHUE 3aTpaT Ha BHIMOJHEHNE H3MEPEHUH.
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THERMAL AWARE DYNAMIC FREQUENCY SCALING FOR 3D IC

Thermal dissipation in 3D integrated circuits has become one of the most vital problems
for this technology. The hardware and software approaches could be used to minimize the
thermal dissipation issue. A dynamic frequency scaling based algorithm that allows to
minimize the thermal energy concentration in a chip and keep the task execution deadline is
introduced. Experimental results and comparison of algorithms are presented as well and show
that the method allows to minimize the heat generation by 8%.

Keywords: 3D IC, DVFS, task scheduler.

Introduction. The number of semiconductor devices in ICs grows according to
Moors law [1]. This leads to several problems in the design of ICs. The growing
complexity of ICs requires more semiconductor devices and more die area to
implement complicated architectures. The sizes of transistors decrease and the nano-
scaling effects become more important [2]. The problem becomes more vital as the
classical scaling mechanisms are not able to adapt to new technologies. Key
parameters such as gate oxide thickness are no longer possible to scale down [2]. This
means that the device off-state current has begun to creep up very fast. All these
problems limit the possibility to increase the clocking speed of digital ICs. The value
of the clock frequency for digital circuits can be increased but issues arise like heat
generation during over clocking, error quantity, etc. This leads to the platforms with
multiple cores that can be clocked with lower frequency but can perform parallel
calculus, and in this way increase the total productivity of the system. The goal is to
continue to increase the performance of the system by keeping a relatively low clock
frequency (several GHz) and adding more cores to perform parallel operations. One of
the problems that come up for such kind of platforms is the code parallelism. The
software developers should design the programs so that the operations could be done
in parallel, otherwise the code will be executed on one core and there would be no
benefit from multicore architecture. There are several other problems, that are specific
for most types of architectures like crosstalk noise, that become more important as the
sizes of semiconductor devices become smaller and the density and total length of the
wires grow [3]. The next problem is the signal propagation delays and signal
sharpness [3]. The wire length plays a significant role in the signal timing and shape
parameters and it's become critically important to minimize the signal prorogation
delays and preserve the form of the source signal. Then, for more complex
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architectures, a larger die area is needed, so the size should be scaled as well. But the
sizes of the die cannot be increased without any side effects. The first problem that
arises during this procedure is that the number of defects grows in exponential order as
the sizes of the chip grow. The defects can lead to disoperation of the semiconductor
devices and the output can become unpredictable.

All the problems described above have a major influence on the chip
sustainability and productivity and it becomes obvious that new solutions need to be
developed to overcome the described issues.

One of the promising technologies is the three-dimensional integrated circuit
(3D IC) which allows to improve the technology performance and minimize the side
effects described above [4].

3D IC technology. Advantages and disadvantages. The 3D IC consists of several
chips that are stacked together in the same package in a vertical direction. The typical
3D IC structure is shown in Fig. 1.

Die 5
Die 4
Die 3
Die 2

Die 1

Fig. 1. General structure of 3D IC

This technology allows to have several layers of active logic connected to each
other with vertical signaling vias. The benefits of this technology are: the shorter
length of global interconnections, the interconnection bandwidth can be much larger
compared to the traditional horizontal technology, latencies and propagation delays
become much less and the signal edge sharpness is preserved. It also allows to
integrate a large amount of low-latency cache memory into the chip structure, and by
this to increase the performance of the chip [4]. 3D technology proposes a realistic
way to maintain the progress defined by Moore's law.

With all the advantages described above, there are several disadvantages of such
kind of architectures. As there are several active layers integrated in the same chip,
and the higher integration assumes that more complex functionality is packed into one
chip, the probability of a broken chip will be higher. Due to this, the yield percentage
is less compared to traditional structures.

One of the most important problems that comes up in 3D IC is the thermal
dissipation and heat generation in such structures.
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Thermal dissipation problem in 3D IC. Layers in 3D IC have a stacked
structure, and by this thermal energy is accumulated in the layers that are located far
from the package. This energy must be effectively removed from the body of the chip,
otherwise this can lead to heat concentration and finally the chip can become
unusable. Several methods are proposed to solve this problem. In general, the methods
can be classified into two main groups:

o |IC design modifications (hardware approaches)

e Task scheduling methods (software approaches)

Each of these methods has its own submethods. There are three main methods
that are used in case of hardware approach:

e Thermal aware floor planning

e Thermal aware placement

e Thermal via insertion

Each of these methods has its advantages and disadvantages. Thermal aware floor
planning assumes that blocks in each layer are placed based on their thermal activity
[5]. The goal is to avoid having thermal active blocks vertically in the same direction.
Thermal aware placement performs the same operation for semiconductor devices [6].
During this procedure the vertical thermal pattern is also taken into account. The third
method assumes insertion of special thermal vias [7]. During this operation thermal
vias are placed in heat producing zones and drive heat energy from inner layers to
upper layers and finally to the package. In general, there are possibly two types of
thermal vias. In the first case, the vias connect only two nearby layers. The second
approach is to use vias to connect several layers to one another.

The experimental results show that the most effective method is to place thermal
vias [8]. But the disadvantage of this method is that it requires additional area for
thermal vias to be placed.

Another issue is the behavior of the chip during the run time. As the chips are
stacked together, the overall temperature is very dependent of the temperature of the
stack in which the core is located. During the run time, the tasks have different
thermal activities, and by this, the thermal profile of the system can vary during the
task scheduling. To avoid overheating during the run time the thermal aware
scheduling methods can be used, but the currently existing algorithms for thermal
aware task scheduling have low performance and cannot be used in most cases.

Dynamic voltage and frequency scaling. One of the methods that is used to
control heat generation in a chip is dynamic voltage and frequency scaling (DVFS) for
the processor [9]. This is a widely used technique that is intended to reduce power
consumption and heat generation in a wide range of devices like embedded systems,
laptops, mobile phones and portable devices.

DVFS technique allows to reduce power consumption in CMOS ICs by reducing
the supply voltage level and the operational frequency. To represent the power
consumption of the processor, the following equation can be used (1):
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P=CfV?+P,... (1)

where C is the capacitance of transistor gates, f is the operational frequency, V is the
supply voltage. The voltage value is determined by the frequency value, and is the
minimal value at which the circuit is still operational. Therefore, the voltage value can
be decreased by decreasing the value of operational frequency. This can lead to
significant power minimization as the values for both variables V and f are minimized.

For most CMOS based processors, the frequency depends on the supply voltage
and can be given by the following equation [10, 11]:

2
f =7 (\/dd _Vt) ’ (2)

Vdd
where Vyq is the supply voltage, f is the clock frequency, V; is the threshold voltage, a
is a constant. This equation can be rewritten:

f =KV, @A)

where k is a constant. Thus, frequency has a linear relation with the supply voltage.
By substituting the V value from (3) in (1):
C
P=zf °, 4)
which is equivalent to
P=qf?, (5)

where ( is a constant.

As it can be seen, the power consumption is directly proportional to the cube of
core frequency [12]. So it becomes obvious that the frequency scaling for 3D IC can
have major effect to overcome the thermal dissipation problem.

There are several factors that influence the DVFS efficiency. Several of these
factors are described below:

e memory performance,

e cash organization and hitting coefficient,

e sizes of the transistors,

o idle/sleep modes of the system,

e number of core and their complexity,

e clock domain structures.

All these aspects have different impacts on the efficiency of the DVFS technique.
The DVFS was first proposed in 1994 when the transistor sizes were approximately
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0.8 xm and the supply voltages 5 V. Also, the ratio of dynamic power to static power
consumption was high. Since that time, the structure of computational systems has
changed significantly. The size of transistors has decreased to 14 nm technology and
by this the threshold voltage has decreased as well. This means that the efficiency of
the DVFS method is reduced as the difference of idle and sleep modes is not so
significant as before and the power saving will not be so efficient. The structure and
performance of memory has changed as well. The bandwidth of the memory bus has
increased and the performance of the memory read/write operations has also
increased. This means that the number of the waiting cycles of the processor can be
less than before and the efficiency of the frequency scaling is going down. The next
point is the organization of the cash memory. In modern systems there are several
layers of cash memory and the hit percentage is relatively high compared to the
previous architectures. This will lead to the acceleration of the memory response, and
the number of the idle cycles of the processor will be low. In addition to all this, the
current architectures of computational systems assume more than one processor in the
system and multitasking. Modern architectures have a performance-monitoring unit
(PMU). Based on this memory requests per cycle and instructions per cycle models
have been developed [13].

As can be seen from the discussion above there are several methods for DVFS
implementation. However this method can be a good heat minimization technique for
3D IC. In this case there are several problems that need to be solved to ensure a good
performance of this method and power saving.

Due to the specific structure of 3D IC the issues arising are as follows:

e more than one processor,

e strong thermal correlations in vertical direction between the heat sources,

e several clock domains.

In the following section, the algorithm allowing to perform DVFS for 3D IC
based on the task scheduler aimed at decreasing the heat generation and concentration
in the chip will be considered.

Methodology. In this section, the technique for performing DVFS for 3D IC is
considered. Linux kernel governor is chosen as a basic governor structure. The
governor should perform DVFS based on the thermal activity of the tasks and perform
the task rescheduling to achieve an acceptable thermal profile for the processors' stack
in 3D IC. The governor consists of two parts: the decision making logic, and the
frequency scaling logic. The general structure is shown in Fig 2.
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Decision Making Task
Module [ scheduler

}

Frequency Scaling
Module

Fig. 2. DVFS governor structure of 3D IC

The overall system consists of the task scheduler and the DVFS modules. The
scheduler is responsible for performing task assignment to the cores in one stack and
rearrangment of tasks that are in active and waiting states based on feedback from the
DVFS module.

The DVFS module is an always running module that performs monitoring of
cores in a stack, and, based on thermal profile, performs the frequency scaling to keep
the desired temperature value.

There are two possible methods of frequency scaling optimization:

e static slack optimization,

e dynamic slack optimization.

The proposed method uses static slack optimization. This technique uses the idle
CPU time for performing a frequency scaling. When the CPU time requested by the
application is less than 100%, there are time frames when the CPU is idle and this
time can be used to perform frequency scaling and power saving. Fig. 3 illustrates this
concept,

f f
fi

N |

v

—+

a b
2
Fig. 3. Frequency scaling by CPU idle time
where t; is the deadline time for the task, f is the frequency. As can be seen, the idle
time can be used to decrease the frequency value and, by that, decrease the power
consumption. For the example in Fig. 3, the power saving calculation can be carried
out based on (5) and will be 25%.

The algorithm performs selecting and rescheduling tasks based on the pending
task list Table 1.
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Table 1

Task execution and deadline times

Task | Execution time Deadline
T1 et; dtl
T, et, dtz
T, et, dt,

When the temperature of a core increases and reaches the allowed threshold
value, the DVFS module sends notification to DMM(Decision Making Module). The
DMM performs the calculation of the target frequency to decrease the temperature of
the core. Then it notifies the task scheduler to perform the rescheduling of the tasks so
that the task with maximal allowed execution time for the newly calculated frequency
value should be chosen.

Experiments show that the proposed DVFS governor allows to decrease the
temperature of the stack and keep the allowed deadline for tasks. The algorithm sorts
the task based on their run time and the deadline time. During the frequency scaling
procedure the next task that is chosen is the one with the maximum allowed running
time The general structure of the algorithm is shown below:

Monitoring the temperature of a stack.

Indicating the cores with the temperature value near to the threshold level.
Calculating the desired frequency based on current power consumption.
Notifying the task scheduler to sort the pending task list and choose the task
with a maximum admissible running time.

Scheduling the selected task for execution.

6. Goingto step 1.

In the first step, a set of tasks to perform thermal simulation for the task
scheduling procedure is selected. To ensure the best memory performance, all the test
are carried out with a virtual file system created in RAM. As a task set SPEC
CPU2006 benchmark is selected. It includes two types of benchmarks: integer and
floating point.

The workflow of thermal aware task scheduler is based on temperature balancing
for each stack. The tasks are chosen based on their thermal activity so that the total
heat generation in one stack will not exceed the threshold value for the stack. The
DVFS algorithm is performed based on the task priority and thermal activity. When
the heat generation exceeds the threshold value, DVFS is performed. As DVFS
decreases the core performance, it is necessary to perform the task rescheduling to
achieve optimal performance. From this point of view, the task rescheduling is
performed in two stages. At the first stage, the task rescheduling is done across the
vertical stack, and if no possible option is found, rescheduling is done globally
including other stacks one by one. It should be mentioned that this procedure requires

N e

ol
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some time and if that time interval is larger than the task performing time, it is not
effective and there is no reason to perform rescheduling. To overcome this problem
and achieve a maximum performance for the task scheduling, all the tasks are stored
in sorted order in queues. When rescheduling needs to be done, a binary search for the
task queue can be performed and by this optimal time is achived.

Experimental results. The experimental platform includes PCs with Intel 15
CPU that are connected to the network and are monitored from one controller unit.
The selection of 15 cores allows to have many power states that are shown below in
Table 2 [14]. These values describe the P-state of the processor.

Table 2

Power states of Intel i5 processor

Power state Frequency in MHz
Po 2400
P, 2399
P, 2266
Ps 2133
P, 1999
Ps 1866
Ps 1733
P, 1599
Ps 1466
Py 1333
Pio 1199

The controller software simulates the 3D IC thermal model based on the data
from the client machines. The Linux kernel is used as a basic software environment.
To simulate the thermal effects, a modified version of HotSpot software is used. It
allows to simulate the thermal profile based on the data collected from client systems.
For the task simulation, SPEC CPU2006 is used. It contains a large variety of
benchmark tests with different thermal profiles. In HotSpot the i5 processor is used to
simulate one layer of 3D IC. The experimental results are shown in Table 3. In
average, after performing frequency scaling the temperature is reduced by 8%.

Table 3
Power states of Intel i5 processor

Benchmark type Tavg W/0 DVFS Tavg With DVFS
Int arithmetic 33.74 31.04
Floating point arithmetic 49.0 45.08
Dynamic memory 36.68 33.13

allocation/freeing

Iterative counting 37.1 34.1
Recursive counting 37.52 34.28
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Conclusion. In this article, a method for the dynamic voltage and frequency
scaling and the thermal aware task scheduling for 3D IC is considered. An algorithm
for performing DVFS and rescheduling tasks to keep the optimal performance of the
system is proposed. To maintain the system performance during a low frequency
period, task rescheduling is carried out. The rescheduling procedure is done in two
phases: at first it is done in a core stack, if no possible solution can be found,
rescheduling is performed by including other stacks and, by this, keeping the minimal
number of the task switching. Experimental results show that by using the proposed
DVFS with the thermal aware task scheduling allows to minimize heat generation by
8%. This method can also be used for multi-core dies.
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GUQUQ PULSERNUL UBUULEMNRU QEMUNRE3UL LIULEBSUULL
NP9 U0 2ULUNNNREBUL HhLUURY UUGSULUYNCNRU

Bowswth hunbqpuy upbdwbbpnud gbpduwgyhtt gpnudp nupdb] £ wyu nkuninghwgh
hhdtwut fuinhputphg dkyp: <kpohtihu wqptgnipniup tuqtgubint hwdwp ogrnugnpéynid
E uwppuyht b dpuqpuyhtt dbpnnubp: Lkpuyugdus dkpnnp hhdtdws b hwdwpwljuinip-
jutt phttwdhl dwupnwpwynpdub ypu b poyp E vnwjhu tduqbtgub) oipduyht Butipghuyh Ynt-
nwlnuip dhipnupubdugh jurniguspmut® wywhnybiny jutnph junwpdwt yepptudwdljbunp:
Uhpjuyugjws Lu thnpdtwlub wpyniupubpp b wignpppdutph hudbdwnmpniup: 8nyg k£
npjws, np Yhpundws dbpnnp poy) b nwhu wmywhngt) obpdught tubpghugh nunwldwi
ujuqtgnid 8%-ny:

Upwhgpuypl pwnkp. tnuyunh htnbkqpuy ujubdw, jupdwt b hwdwjmput nhtudhly
dwupnwpwynpmd, fuinhpubtph wiwbwynphy:

A.A.TEBOPKAH, AM. BATJJACAPSAH, P.O. ®PATAH

JUHAMMNYECKOE MACHITABUPOBAHUE YACTOTDI JUISI MUHUMMU3 AU
TEMIIEPATYPbBI B TPEXMEPHBIX HHTEI'PAJIBHBIX CXEMAX

KoHueHTpanuss TepManbHOM 3HEPrUM B TPEXMEPHBIX HHTErPANBbHBIX MHKpPOCXEMax
SIBIISICTCSI OJHON M3 BaKHEHIIMX IpoOJeM 3TOW TeXHOJOrWu. Il MHHHMHU3AINH TPOOIEeMBI
KOHLEHTPallul TEPMaJbHOW HEPIUU HUCIOJb3YIOTCS allapaTHble W NPOTrPAMMHBIE METOJBL.
[IpencraBien MeTon, OCHOBAaHHBIM HAa MacIITAOMPOBAHMU YAaCTOTHI CHHXPOCHTHAJA M TO3BOJISIO-
U MUHMMU3APOBATh KOHLIEHTPALMIO TEPMAIbHOM SHEPTUH B CTPYKTYPE MUKPOCXEMBI U B TO
K€ BpPEeMsl HE NIPEBBICUTh JIUMUT BPEMEHU BBINOJIHEHU 3anaHus. IIposenen ananus skcnepu-
MEHTQJIBHBIX PE3YyJbTaTOB U JIAHO CpPaBHEHHUE alropuTtMoB. IIoka3aHO, 4TO JaHHBIA METOX,
TI03BOJISIET COKPATHTh TCHEPALNIO TepMaTIbHON sHeprun Ha 8%.

Kniouegvie cnoga: TpexmepHas MHTErpalibHas CXeMa, JUHAMUYIECKOE MacIITaOMpOBaHHE
HAIPSDKEHUS U 4acTOTHI, INIAHUPOBLIMK 3a4a4.
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4.1. ULN8UL

BIUSPUL PLSEANUL UNGUULEP 4h&UYUSNUYUL YUMLE YELUMST RN,
Buuvlu

Unwownlyt] E pyuyhtt hunbkgpuy ujpbdwubph (PU) wwwuppbph dwdwbwluyhtt yupw-
dkwnpkph wbkjuninghwlwb oknnmudubpp hwoyh wnpbnn Jhdwjugpujuit dudwbwlught
Jtpnisnipjut knutwly, npp htwpuynpnipnit £ niwhu qquphnpkt dkswgut) dudwbimljughe
unniquwll wpryniipibph &onnipmip’ ppuitg unwgdw hwdwp ywhwigynn dkpktuwyulub
dudwbwlh Swhiuh ny bujut wény:

Unwhgpughll pwnkp. dudwtwljughtt yupwdbtnpbp, Jhdwjuqpujut dudwbwljugh
Ytpnisnipnil, dudwbmluwhtt hwwywnnid:

Ukpwénmipmnit: PU-tph twhiwgddwt Eppuswthwlut swthbph swpnibwljw-
Jut tjugbkgndp hwighgumd t Gupwdhlpnbwhtt nkhuininghwitpmd wnlju bU-
Enh mwuppbph wwpwdbnpbph ypw qquih wqpbgnipmit niikgnn nkjuuninghwljw
otinnudutiph (SC) kwjwt wdh PU-bph twjuwgsdwt b npuitg pupugpnid junwpynn
dudwbwluwhtt YbEpmnisnipjmt pudupup Lounipjudp wpyniupubph unwugdwi
gnpdpupugh pupnugdwin qnigpiupwug: Gpk PU-tph wpunugpdw nkjutininghwlju
suthtipnh Uks wipdbpubph nbhwpnid (130 & 180 &u/ b wy) ubkpupubduyht oinnudubtph
(uly. 1,2) [1,2] hkwmbhwpny npuugnid wniju wwwppbph wwpwdbnpbpp Yupnn Ehu obin-
b1 hpkug hpwljw wpdbputinhg pugudtiup 10%-ny, wyw Eupwdhypnuugh (65 &4,
45 i/ wy ) mbjuinnghwitbpmd wyn onnudubiptt wdbkh put 50% L, wyuhtpt® SC-kpp
hwogh swntubp ninnuljh whpnyjuwnpbh k:

[ NMuppkpulwui ] [ NMunwhwlju ] p
( \
/ \ AT 1]
I' | ]
[ Ubpuubdughlt ] [ Uhgulutafught ] :@ ( \ by
L
/ \ \ - N < 7 \\*
voo === Uhouputtught ST
[ Unpljugdusd ] [ Uliljwfu ] Ubkpujubuught ST v
Uy 1. SC-kph nuuwlupgnidp Ul 2. Vkpupukdughll b dpoupubduyhlt SC-Epp

SC-tnh swupnibwjuljut wdp hwughgunid kil pduyhtt PU-Epnud wnlju mup-
piph dudwbwlughtt hwwwnnudbph ghndwi qquih dksugdwi wnwgwgbing
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huswhu puwtwluyub, wjiybu § npujulut upwjukp: Gelk wnweht nhypnid tgu-
qnud E PU-kph wpuqugnpénipmiip, wwyw tppnpyg phypnud vnwugynud Eu upubdugh
hwignygubpmd vywuynny wqnupwh ny doqphwn wpdbputn: Uyn quwndwnny wi-
hpwdbpnnipnit £ wnwewgh] Yhpwnkint wytyghuh dhongubp, npnip hwodh funtkh
SC-tiph wqptgmpiniup pyuyhtt PU-tph mmwuppbph dwdwbwluwhtt ywpwdbtnpkph
Jpw b Yhpuluwbugibh dwudwiulughtt Jepmisnipmit pugniubh dwudwbulnud
wywhnybny uwnwgynn wpyniupubph pujupup Lunipmit: Ldwt dheongubph
pYht £ yunjuunid vnunhl dudwtwluyghtt Epnwsnmipjut tnuwlp [3,4], npp
Jtpohtt dudwbwlubpnid nunpdk) k pduyhtt PU-bEph dudwbwljuyghtt uwpwdbwnpkph
guwhwwndwt hphdtwljut dbpnngp, pwuh np ppuignid wniu wpudwpwbului
wwppbph pubwlh wdh (Uhpuynidu’ 106 jupgh) htn wyju dkpngh swhuws dudw-
twljit wdmd k géuyunpk: Uju dkpnnh nhypnud tbkpupubdught SC-tpp hwpdh wntbjm
tywnwlny oquugnpdynid L okindwt gnpswljhgubp, b ujubduygh mwupptph hwwyuw-
nnulubkpp puquuyunlynid b npubgny [3], pun npnud, wyn gnpswijhgubpn npnoynid
i dudwbwljuyhtt nupnud tmupph npudwpubuljub junpnipniihg (uy. 3) [5]:

REan s By Py

Spwdwpwtwlul npnipnia 1 2 3 4
Chinuwl qnpdwlhg 1,2 1,15 1,08 1,03

U, 3. Supph npudwpwbulul finpnipiniihg qupofus skpdwi gnpsuiligh wpdbpp

Uju dbpnnp gnpstwljuinid nunpdk] k ny wynpwt Jhpwnkih, puth np dhoujuk-
dwyhtt SC-tpp (uh. 1,2) [1,2] hwoyh wetknt hwdwp Yphht yuwhwieynid Eu Uks dw-
Udwbwluyhll swjuubp’ junwpkny uvnmgnudibp Uks pUny vwhdwiughtt nhupkph
hwdwp: Uy quwndwnny STC-tph wéht qnigpupwug, npuup hwpgh wntbint nhupnid
wykh dbs dounnipjudp wpyniupubp wnwbwnt tyuwnwlny, Jhpunynud ki Jhdw-
Jugpuljut vnnignidubp hpwljutwgunn Spugpuhtt thengubp:

Jhdujugpuijuh utnunhl dudwbwlughtt Jhpnismpmni: b wwwppbpnipniu
unwwnhl] dudwbwljuyht JEpnidnipjut, wju dkpnni hpuljubugunud E dudwwmlw-
jht huyunnudibph Jhdwjugpuljui Jepnismpinta’ junwupbiny Jhduljugpuljwi
nyjuubph wnwybkjugnyuh b gnidwpdw gnpénnnipniuubp (uy. 4) [1,4]: Puyg, Epk
Enpnt b wybh Quniuyub puohidusnipniubph Jpdujugpujun gnidwpp dhown
Quiniyyuitt puphuudnipinil k [6], wyw nputg wnwykjugnyith wpyniiipp Suniuyui
sk, putth np yhdwjugpuljut myjwjubph wnwykjugnyunp ny gdwjhtt oybkpwwnnn k:
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A

N
T

max(X—>Z,Y—>£)
w) j9)

Ul. 4. Unwuunhl (w) b Jpdwlugpulul unwwnply (p) dudwbwlughl Jepnidniprul nkupnid
wnunfkpuugnyith gnpénnnijeni ip

Uju dkpnph phwypnid pudupup Lonnipjudp wpgniupubp nnwbwnt hwdwp
Jhduljugpujut wnwykjugnyih gnpsnnnipjutt Untnnwuplnidhg quun wuhpwdtown
hwoyh wntk] bwlb pdujhtt PU-tpnd wnljw jupnigyubpuyht b nwpwswlub Ynpky-
jughwitnp [1,2,4], npnlp Juplnp ghp o punnud hwnjuybu tbpupubdught SC-tpp
Unpkjuynpbihu:

PJuyhtt PU-kph Jpfwjugpujuis Juppp Jipupuugpnn bnubwlh dpwlnudp:
BJuyht PU-tph twhwgsdwt wwppbp thoybpnud ppuljwbugynn twpunpn Gplyne
dudwbwluyhtt yEpnsnmipjut vhongubipnd quwhwwnynid & PU-tph hwbgnyguk-
poud wqnuiipwibph hwyunnudbpp” hwpdh wpiking wpwtdhl tuppbph hwww-
nnulutipp: P mwuppipmipinit gputg, wjunbkn wowewplynn Enwtwlynid wwppkph
hwyywnndubph thnppwpbt phnwplynid tu nputg dwdwbwljuyghtt Juppp punipwug-
pnn hbnljw) dudwbwlughl wupudbnptpp [7]

* At — wupph Untnpwihtt woqpuipwih hopwbywindwt wqwhh b Gpuyht

wqnpuipowith yhdwjh thnthnpjudwt uljqph dhol pujws dudwbwljwhwnywé
(. 5w),

* At — nmupph Udntnnpujhtt wqnubpwih thnpjuwbpwndwtt wwhh b Gpuyht

wqpuipwith hwunwwndwb vholt pijus dudwwjuhwndws (uy. 5p):

Cunhwinip phypnud, dudwbwlughtt Jbpndnipjut Lonnipjut dkdwugdwt
tywnwlnyg ydwsd dudwtwljuyhtt qupudbnpkpp phunnwpdnud Bo wqpuipwth
hlswhu “0”->"1”, wyiybu B “17->”0” thnjuwbgwinnudbph nhupnid Atd?, Ate®, At b
A% EJughtt mwuppbph uppbdwnbutuhjujut Jujuppulh dnpbjuynpdwt b dw-
dwtwljuyhtt JEpnidnipyut puquuphy thnpdbph wppyniupmd ghwnwpyynn dudw-

\

twlwjhtt yupwdbnpbph hwdwp uinwugyty Ehbnlyun [7]

npd npd

AR = tn, + 0,625 * tg! A =ty +0,625 * t;°,

{Atgl = tors — 0,625 * tg?, {At}lo =tis — 0,625 * t°, W

npunkin tup?!, tops!® —p nuppmu wgpuiywih nwpusiwi huwgunnudi b, hul e, 60 —p'
npuitg kipuyhtt mgqpupwth thnppowbpwndwt mbnnnipnitip’ hwdwywinwumbiu-
pup “0”->"1” It “17->"0” thnjuwipwrinnidubiph nhwpnud [7,8]:
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Ununp 1 Ununp 1

Gip Gp

“0” 7 tu “0” th
—> < >
Atu Ath

) 19

v
A

Ul. 5. Pyuyhi nupph Atu (w) b Aty (p) dwdwbwuyhl yyupwdbnpbph vwhdwinidp

Puyg pwtth np pYupyusd tups®, tups'®, t° 1 ta!* hwwwnnidubpp pduyht PU-Eph
twhiugddw hhdtwlu dwu juqunn pduhtt vinwbinupun qpupupuith pipupubs-
nip mmupph hwdwp vnwbwnt phypnid yuwhwieynid Eu dkpktuwyuljut dudwtwlh
wupnyjuunplih ks Swuubp, ntunmh wnwowplynn bEnwbwlmd pipupwisnip
wnwpph Ate b At dudwbwljujhtt wwpwdbwpkpp npnoyt) Eu pduyhtt uvnwiqupn
wnwpplph punipugpdut wpynitptph hhdwt ypu BJuyhtt wwppbph pinipwugpnidp,
Juwhidws npuig twpiwgsdw nkjuininghwljwi swithtphg, hpuwjuwitwugynud k dudw-
twluyhtt hwyunduw nwwppkp dngbjubpny: Gph dtd swthtph nhwpnud (130 &, 180 &/
U wyj) pu hpufwiwgdnid kny gdughtt hwywnuwi dnnbjikpng (WY, 6w) [3,9] wpr-
ipnmd wnwbuny pduyhtt wuppbph dudwiwuihtt hwyunmdubpp Jupe]ws
npuig Untnpujhtt wmqnubpwh thnppwbpwndwt mbnnmipinitihg b Gph nttwfuyght
ptinhg, wyw Eupwdhypnuughtt nkutninghwubpnwd (65 &u; 45 &, 22 ol b wyjn) wyy
Unpbjubkpp, swywhndbng puupup LHunmpnty, hopwphind B hwdwljgdus
hnuwtph wnpniph dnpbkjubpny (y. 6p) [9], npnug dhongny unnwugyws punipuqpdut
wpyniupubpp thnppwbpuyynud &t ny gdbwyhtt hwwywndwb dnnkjubkph dhongny
hpujutwgdws puntpugpdui [9]:

Ugnutipwth 1 Cunmbnn Ugnupwiih ' Cunniling
wnppoiph dnnly - , 1 wwpph Unnk) wnpymiph unpl] |- - - e e e .| Wwpph unnly
1 1 1
1 1 1
1

UY. 6. 11y gsuyhll hunywinuwl (wr) b hwdwlgius hnuwbph wnpniph (p) ungkjakpp
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Puyg, pwth np wnwewplyny tnuwbwl hpulwbwgunid L Jhduljugpuljui dw-
dwiwluyhl Yhpnisnipymt’ hwoyh wetkyny SG-kph wqnpkgnipnibp pywjhtt FU-kph
nwppbph dudwiwljuhtt yupuwdbnpbiph ypw, ntunp nputg punipwugpdut wpg-
niupnid unwugynn dudwbtwljuyhtt hwywnnudubpp whwnp b juhidws hukt htyybu
wnwnpphp Gpuyght pinhg b dntnpuyht wqnuipwth thnjuwbgwndwi mbnnnipinihg,
wjuytu b nhnnwplynn mkjuuninghwljut ywpwdbknpkphg (P1, P2, Ps) (Y. 7):

Ujuyhuny, pYuyhtt mmwuppbph dhdwjugpuljut pumpugpdub wpmyniupnud,
niuktwny Untinpujhtt mqpupwth thnpupwpwndwt nbnnnipniihg, Epughtt pinhg
b wbkpunnghwljuwt wwpwdbnpbiphg wynuuuuyhtt jupjusnipmitibp niukgnn
tups®?, tups!?, ¥ b 0 dwdwtwluyhtt hwwywnnudubpp, mupupwibgninh hwdwp
hupymud kBl At Atl?, At it Atn! dundwiwuyhtt yupwdbnpbpp hwodh wnbityng
()2 Unwowplyny dwdwuwluyhtt yEpnisnipjut Gipnwd, nphunnwplynn dudwbw-
Juyhtt wwpudbnphg yupudws, pyuyhtt PU-h iuppbph punipugpdu wpngyniipnid
unnwgynn [tups®), tups!®] hwyunnmudubpp hwdwyuwnwuppwbwpwp hnppwphignud Bu
[At”, Ata!] Jud [Atx?, Ata!?] dundwbwluyhtt yuwpwdbnptph qnygbphg dkyny: Zwpdh
wnubkny dudwtwluyhtt tinp wwpuwdbnptpny (pugué Jhdwjugpuljub punt-
pugpdwt wipnnitpn, nyjwy pyuwghtt hU-h hwdwp hpwjwbwugdnd £ Jhdwjuqpu-
Jul unnwwnhl dudwbwluyhtt JEpnidnipenil, nph wpyniipnid vnugynmid Eu npu
dudwbwlughtt wwpwdbinpbph hwjuwbwfwiught puspusmpmniubbpp’ hwoyh
wnukiny SG-tph wqnkgnipiniup nhnwplynn dudwbwluyhtt upwdbnpbph pu:

Unuinpuyhl
Y N ~\
wqnubipubh J— D A LN Q
phpnipjnii BN s — A ouT
Glpuyht o  Oluhu !
phin utnwbiupn Blpwjhl CLK
P pohg wqnuibipwith
Py — | plpnipjnil Dc
Ps —\ /
Ul. 7. Pyuyhli uunnwmbinupun pooh Ul 8. Puypl ujulnfa

dunlwlnufuyhll hunguinwl unnlyp

Unwowpljynn tnuiwl hpuwiuwgyk) E pduyht ujubduygh (uly. 8) nhwpnid: Uju
upubduygh nwpptph Jhdwjugpujut puinipugpnidt hpuwbwgyt) k 40 &¢ mbun-
nghwyny twhugsywsd pyduyhlt unwbnupun mwuppkph qpunpuputth hhdw ypw, b
npybu nkutnnghwuljut ywpwdbnptp ghnwpldt] i wuppiph UOY nupwnugh
wnpwbghunnpubph V, sbduwghtt jupnudp b L hnupninnt tpljupmipniiip: Liberty-NCX
[9] spwugpuyhtt gnpshph vhongny hpujutiwgywé punipwugpuub wpnniupnid utnwg-
Jb Bl tups®, tups!?, 1 U t10 dudwbwluyhtt hwmuyyunnudubpp jmupupwbsnip mwupph
hwidwp hwolh webkng phunuplny nkubinnghwljwi wupudbupbph Gndhiug
wnpdbputnhg sknnudubpp (wy. 1): Ljwwnh nitbktwny wuppbph punipwugpduwt wpy-
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miupubph swuyubpp, wyunkn pipdus ku dhwyt “69” mupph hwwyunnudubph 4x4-
swthwlth dwwnphgubpp (wn. 2...5) skdughtl jupdwi tndhlug (0,281 ) bt hnupnignu
Epupnipiut 20% stndwt (32 ) mpdtpubph ntupnid:

Unniuwly 1
Stjuinnghwlul wupwdbnpkph wpdbpabpp b sEknnidiakpp
UOY mpwuqhuwnnph UOY wpwuqhuwninph hnupninne
otdughtt jupnud, o Eplupnipnil, &
‘Unuhliwy wpdtp 0,281 40
Chnuwl swth +0,0562 (20%) +8 (20%)
Ugyniuwl 2 Unginiuwly 3
tups® hwupunniup tups’® hwupuunniup
Uninpuyhtt mqnuiipwth Ununpuhtt wqpuiipwith
thnfuwbgwindw ninnmipynil, w7y thnjuwbiguwindwl nbnnnipnil, g
Glpuyht Glpwyht
pn, 35 20 30 50 100 ptin, & 20 30 50 100
04  [C157383| 19,101 | 24277 | 33,380 0,4 15544 | 16980 | 23,462 | 36,222
1 17,050 20,766 26,532 36,786 1 18,244 20,011 27,122 39,776
4 22,961 27,265 35,365 49,989 4 22,247 24,563 33,867 47,323
10 34,597 38,957 47,592 67,595 10 28,484 31,862 45,127 64,054
Unniuwly 4 Unniuwly 5
t"" hwwwnnidp t" hwwunnidp
Uninpuyhtt mqnuiipwth Ununpuyhtt wquiipwith
thnfuwbgwindw ninnmipynil, w7y thnjuwbiguwindwl nbnnnipnil, wy
Glpuyht Glpwht
pn, 55 20 30 50 100 pbn, 55 20 30 50 100
0,4 9,967 12,879 18,126 28,933 0,4 9,772 12,193 16,092 24,797
1 11,205 13,811 19,501 30,917 1 11,170 13,400 17,670 26,889
4 18,628 20,160 24,789 38,726 4 18,772 20,072 24,364 35,636
10 35,881 35,721 37,964 49,370 10 35,926 35,973 38,061 48,619

Zupyh wntkym] (1)-p b Jp&wljugpuljub pint pugpdul wpyniipibpp hwopddty
E [At,At10] b [At,At!®] qnygphg nipupwisimpp’ wpnynibpnid uinwbugny dw-
twnhy judusnipnititp (wy. 6...9): Ophtwy, At wwpwdbnpp hwodbint hw-
dwp tups®! U te®! hwyunnidubiph wnniuwljubphg hwdwywunwuhwbwpwp ptnpynd
Eu oppwtiwmljubinh by Jtpguws 15,738 @i/ L 9,967 i/ wpdbputipp b mbnunpling
Ate® = tups? — 0,625%t! hwjuwuwpdwi Uk At®! dudwbwluihtt wuwpwdbnph hwdwp
unwgynid £ 9,509 i/ (wr). 6): Ldwt Unnbgdwdp swpnitwybiny jpugynid i pninp
wnnuujutpp hwdwywunwupmt dudwbtwluyhtt wwpwdbnpbiph wpdbpubkpnyg
(wr). 7...9):

Uunug)nud t “69” wupph pimipugpdwb Epuyghtt wpymbpp jpugjus And,
Atd??, At i Atn!® dwdwbwljuyht uwpwdbwnptpny: Uju ophtiwnid Jhdwjugpuljut
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dudwbwluwhtt Jbpnidnipjutt wpyniipnid phunwpldl; B At dudwbwljuyght
wupwdbnpp, ntunp “G4” nupph Jhdujuqpuju puntpugpdut wpyniupnud wy.
8-n 1 9-p thnjuwphtdty B hwdwywnwupwbwpwp wr. 2-ng b 3-ny:

Ugyniuwl 6 Ungniuwly 7
AL dwdwmbnuuyhl wpwidkupp At dudwmbnuluyhl wupudknpp
Untnpuwyhtt wgnuipwth Uninpuwjhtt wqnubpwith
thnhwbgwndwl nhnnnipmnil, wy thnhwbpwndwl nbnnnipmnil, wiy
Gipuyhty Gipuijhty
plin, p5 20 30 50 100 plin, $5 20 30 50 100
04 9,509 3| 11,052 12,948 15,297 0,4 9,4365 9,359 13,405 20,724
1 10,047 12,134 14,344 17,463 1 11,263 11,636 16,078 22,970
4 11,319 14,665 19,872 25,785 4 10,515 12,018 18,640 25,051
10 12,171 16,631 23,865 36,739 10 6,030 9,379 21,339 33,667
Ugniuwl 8 Unjniuwl 9
At dudwlwlughl wupudknpp A6’ dunfwbnljuyhl wwpwdbuinpp
Ununpuyhlt wqnuitipwith Ununpuyht wmqruiipwith
thnhwbpwndwl nhnnnipmnil, wy thnfiwbgwindwl nbinnnipnil, @y
Gipuyhl Gipuyhl
plin, B 20 30 50 100 plin, p5 20 30 50 100
0,4 21,968 27,150 35,606 | 51,463 0,4 21,652 24,601 33,520 | 51,720
1 24,053 29,398 38,720 | 56,109 1 25,225 28,386 38,166 | 56,582
4 34,604 39,865 50,858 | 74,193 4 33,980 37,108 49,095 | 69,596
10 57,023 61,283 71,320 | 98,451 10 50,938 54,345 68,915 | 94,441

‘Lnyt hwpduplutipp b dudwbwuyhtt wupwdbwnpbph thnpjowphtimedubpp ju-
nunyl) ki twl vjpbdwmud wnlju (uly. 8) Ujniu mwppbph phyptpnud: Upkduwygh po-
np wwppbiph hbwdwp wvnwbuwny Jhdwjugpuljuit  punipugpdui wpnniupp,
PrimeTime-VX épwuqpuyhtt gnpshph dhongny [10] hpwjutwgyt] E Jhdwljugpuljut
unwwnhl dudwiwlught Yepmnisnipymi’ hwodh welbyny ujubdwih Ypu gpdnng dw-
dwtwljuyhtt wwhwettpp, b phunnwpyynn pYuyhtt ujubdugh YEnwgstpny tpdws dw-
dwtwluyht nipnt A hwignygnid (1l 8) wqpupwih dudwtdwt dudwiwljh hw-
dwp unnwgyky Ehtnlbjup (y. 9):

Zujubwuinipyjul
hwdwhwuljutnipni

1.15 1.25 1.35 1.45
Judwifwl dudwtul

Uy 9. Pyuypl ujubfuyh A hwbgniygnid dudwbdwi dudwinulh hujuilubughl
pupfujuénipiniip
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Unwownlynn Enubwlp unyh dkpnnhluyny Yhpunyt) kbl ISCAS-85 phunw-
jht owpph Uh putth ppwlwt pYuyhtt ujukdwibph nhypnid, b uvnwugdws wpnyniupuk-
np hudbdwngl Bu quyt mwpwsnid qunus vppbdwnbthjujut dopbjudnpdut
HSPICE [11] épwigpp b vmwuppbph hwwunnudubpp hwoygh wntnn PrimeTime-VX [10]

dhongh htiwn (wn. 10...12):

Unyniuwly 10

Aty dwdwbwuyhl qupwdbnph hudbdunnidp huupundwi hkn

u, Atu, HSPICE-
cwmgunnul, 1/ b uy b PrimeTime-VX-h
Uhutidw . . ujundwdp,
HSPICE | PrimeTime-VX | Unwgwplynn o uhuundwudp, %
()
c499 785 756 602 23,3 20,4
c880 1281 1238 989 22,8 20,1
c1908 1464 1417 1135 22,5 20
c2670 1886 1837 1483 21,4 19,3
Uhohlp 22,5 19,9
Ugniuwly 11
Aty dwdmbw§ughl wupwdinph hudbdunnidp huwwndwi hkwn
) Atn, HSPICE-
Ul Zugunnud, g = t o S 1CI 1? PrimeTime-VX-h
w wndundp,
HSPICE | PrimeTime-vx | D7 1gWRYdnD N B lyudundp, 9%
(]
c499 785 756 611 22,1 19,2
c880 1281 1238 1002 21,8 19,1
c1908 1464 1417 1173 19,9 17,2
c2670 1886 1837 1518 19,5 17,4
Uhghtip 20,8 182
Ungjniuwly 12

Unwipwiplyng knuwiwh wpuwqugnpénipyul hudkdunnnidp wpnh
uhonglhikph wpwqugnpdnieul hkn

bt Uojuwtnwuipuhtt dwdwbiwlyy, g2 hsllsllzl({]fjlp’ PrimeTime-VX-h
HSPICE |PrimeTime-VX | Unwowpljynn % uundwup, %
c499 23,3 19,4 20,2 13,3 4,1
c880 37,4 30,6 32,7 11,2 6,9
c1908 77,1 67,8 72,9 5,4 7,5
2670 91,4 77,6 84,2 7,9 85
Uhghup 9,5 6,8

Ujuyhuny, pyuyghtt PU-tph Jhdwfugpuljub quppp JEpupnwnpnn wowgupl-

Ynn tnubuwlp dh owpp ppujut puyhtt ujuidwkph gwypnid Yhpwunthu dudwtiw-
Juyht Jbpnsnipjutt wnjw dhengubph hwdbkdwwn wwywhnynid £ uwnnwugynn wpy-
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K.II. CJIOSIH

CIIOCOB BOCITPOU3BEJEHUSA CTATUCTUYECKOT O ITIOBEJEHUA
OUPPOBBIX UHTEI'PAJIBHBIX CXEM

[peanoxeH cocod CTaTHCTHYECKOTO BPEMEHHOT'O aHajlM3a, YUYUTHIBAIOIIMN TEXHOJIOTH-
YEeCKUE OTKJIOHEHHWS! BPEMEHHBIX MapaMETPOB JJIEMEHTOB IHU(POBBIX HMHTETPATBbHBIX CXEM H
MIO3BOJIIOINNI 3HAYUTENBHO YBEIMYUTH TOYHOCTH PE3yIbTATOB BPEMEHHOW IPOBEPKU IIPH
JOIYCTUMOM POCTE 3aTpaT MAIIMHHOTO BPEMEHH, TPEOYEMBIX ISl HX MOTY4CHHS.

Knrouegvie cnoea: BpeMeHHBIE NapaMeTphl, CTATUCTHYECKUIM BpEMEHHOM aHamu3, Bpe-
MEHHad 3aJiepxKKa.

K.P. SLOYAN

A METHOD FOR REPRODUCING THE STATISTICAL BEHAVIOR OF DIGITAL
INTEGRATED CIRCUITS

A new method for statistical timing analysis taking into account the process variations of
timing parameters of digital IC elements is proposed. It gives an opportunity to considerably
increase the accuracy of the timing check results at admissible increase in the waste of the
machine time which is required to obtain them.

Keywords: timing parameters, statistical timing analysis, timing delay.
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SOHRAB SH. NAGHSHPOOR

DESIGN AND MODELING OF AN INFORMATION TRANSFER
SYSTEM FOR MANAGING ELECTRONIZED EMERGENCY VEHICLES
(EEV)

The designed program model consists of three separate parts which are the input part, the
processing part and the output part for registering patients in electronized emergency vehicles
and tracking the vehicles to the destination hospitals by low traffic roads with global position
navigation systems, as well as for transferring the patient’s information via mobile
communication networks.

Keywords: EEV, GPRS, GPS, A-GPS, LAB VIEW, ICT, VRP, CUP, HMP.

Introduction. For many years, technology has helped people to improve and
secure their lives, but the more the population grows the more the safety and health
decrease from the standard quality levels. Traffic also expands day for day which has
a direct side effect by generating a delay in emergency service operations, but there
are many ways to use the same technologies parallelly to solve part of these problems.

The designed model will use several technologies to help most important operations
to save a human’s life and decrease the time loss because of traffic, and also control
the whole emergency operation from inside the emergency vehicle to the destination
hospital. These will help to increase the chances for more patients to survive.

By many technologies people try to overcome different diseases. Those
technologies are hospital devices, home electronized devices, computers, cellular
phones, data transferring capability, navigation devices, cars, transportation, etc.
These help us to have a more comfortable life, but these technologies have some
negative side effects on human life, too, like some dangers and time losses. Traffic is
one of the biggest problems in this century. Many people lose their time and lives in
heavy traffic in big cities around the world.

The main purpose of this paper is to substantiate the application of advanced
technologies to help decrease the life loss because of traffic and much paper work in
the whole emergency operation. The emergency vehicles help transport the patients to
hospitals, and with the electronic medical devices inside, they try to keep the patients
alive as long as possible, but if the vehicles spend a very long time in heavy traffic
with their elementary devices, they cannot support and save the patient’s life because
in some emergency cases, patients have to be operated on immediately. The
registration of the patient’s condition at hospitals is also a loss of time but with this
designed model of EEV (electronized emergency vehicle) they can pass through the
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traffic and the patient’s registration operation by the vehicle, and also the monitoring
of the patient’s condition in the chosen destination hospital.

Description of the EEV (electronized emergency vehicle) model. The model is
designed by Labview to show how we can use the information technology, mobile
communication services and the navigation system for emergency vehicles which we
call electronized emergency vehicles or EEVSs.

The VRP inside the EEV is the first input part of the main system to register the
patients and their emergency conditions, VRP enables the emergency vehicle nurses,
after picking up the patient, to register the conditions of the patient. This operation
will start with the EEV identification number, the patient’s name, the family name,
age range, sex, condition, vital signs, body part conditions and infusions to monitor all
this information at the chosen destination hospital for the emergency unit doctors to
know about their patient’s emergency conditions before he reaches that hospital.

The destination hospital choice is the main process in the whole system which is
managed by the central unit of the designed model. It controlls the EEV via an online
map and tracks the position of each vehicle, and manages its destination hospital from
the point where it has to pick up the patient, and compares the traffic in the streets and
the patient’s condition to find the nearest destination hospital which must have the
right specialization of treatment for each patient.

The central controlling unit is called CUP or (central unit panel) which follows
the online map of the city traffic and tracks the system on the map with GPS trackers
for each EEV. This unit calculates and manages the distance between each EEV to the
nearest hospital with the required specialization for the patient by the number of EEV
which registers its patient from inside the EEV with VRP (vehicle registration panel)
at first and sends the information to the central unit to be processed.

The central unit panel, after accepting the EEV’s request, automatically brings the
identification code of the EEV and the patient’s condition, the operator of the system
chooses the destination hospital for each accepted vehicle and pushes the button to
send the name of the chosen destination hospital to the EEV panel, and at the same
time, to send the information on that EEV patient to the chosen destination hospital
with the same button on the central unit panel, but if the driver of EEV does not know
the exact address of the destination hospital and the routs from their EEV position, the
operator finds that out from the map and sends all the exact turns and directions to the
EEV panel driver to learn his steps before he reaches the chosen destination hospital.

The destination hospital monitor shows each online vehicle and its patient’s
emergency condition on HMP (hospital monitoring panel), but for the hospitals, the
panel is more expanded than that of the CUP’s because it must show more than one
emergency condition of the patient for the doctors in destination hospitals. They need
to know which part of the body is injured and what is the patient’s vital signs, what
kind of injections and infusions he has received. Infusion is one of the most important
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parts, because any patient inside the emergency vehicle in a good or bad condition,
takes some injections to relieve or stay alive until they reach the destination hospital
but in some cases the nurses may forget to inform about the injected infusions to the
hospital which is very dangerous, but the designed model of EEV’s system will
decrease that risk for the patient and the nurse because of the developed structure of
this model for each part.

The VRP vehicle registration panel. The VRP panel inside the electronized
emergency vehicle is for registering the patient after the first pickup inside the EEV,
the designed panel starts with EEV identification number or code when the EEV sends
its request to the central unit to be accepted and connected to the system.

The second part of the vehicle registration panel is the patient’s personal
information which starts with the patient’s name, family name, age range, sex, the
patient’s condition and his vital signs. The patient’s condition uses the opening
cascade menu to choose one of these conditions such as a bone fracture, a dislocated
bone, a multiple injury, scald, poisoning, hypotension, wound, heart attack, stroke,
apoplexy, childbirth, blood pressure, internal bloodshed, external bloodshed, and
internal and external bloodshed.

The vital signs opening the cascade menu are as follows:

1. Vital Signs Normal
2. Vital Signs Shocked
3. Vital Signs Weak
4. No Vital Signs

The VRP is the first part of the operation of this model allowing to register the
patient in less than one minute which saves time at hospital because this operation has
been done inside the EEV. This way of registration also helps the nurses and doctors
not to lose their time for registration and checkup of the patient to understand his
emergency situation at entering the destination hospital emergency unit. The next step
or the third part of VRP is the body structure injury condition statistics which is very
important for the nurses inside the electronized emergency vehicle for their further
actions.

The body part structures on VVRP are divided into four subparts:

1. Head Parts

2. Vital Organs

3. Digestive Organs
4. Movement Organs

This part helps the nurses inside the EEVSs, to jump to the next menu and use the
function keys to raise or lower the menus for choosing the parts and opening the
menus of each part, then select the condition of each body part and push the tab again
to follow and jump to the next body part condition registration, and help save as much
time as possible. In this four body part structure group we have four items for each of
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them to select the body parts and the conditions of those special parts which are
grouped as:

The Head is the first part of the panel for checking the condition of:

e Skull
e Nose
o Jaw
e Eyes
The second part of the Panel is the Vital Organs:
e Brain
e Heart
e Lungs
e Chest
The third part of the body condition panel is Digestive Organs:
e Stomach
e Intestines
o Kidneys
o Liver
The last part of the body condition is about the Movement Organs:
e Spine
e Neck
e Hands
o Feet

Information on the condition of all these parts helps the doctors and nurses to be
careful to any movement of the patient or any treatment in the EEV or at the
destination hospital.

Each of the menus has three kinds of conditions:

¢ Normal
e Injured
e Probaly Injured

The operator of the VRP, by selecting each of these items and body structures
will send the information on that body part condition to the chosen destination hospital
for the emergency unit doctors to know about the patient’s body part conditions, and
help the EEV team to carry out any movement and electric shock or injection or any
kind of relief operation.

The last part of the VRP is about four kinds of injections which are optional to
add infusions, or can be empty if the infusions are not necessary for that patient by the
type of injections, and select the values of those injections by ml-cc with an opening
cascade menu to select and tab the next type of infusion.

All the VRP input fields are generated by a string format by using a cluster to
send all this string information as one single data line. With the help of GPRS (general
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packet radio services) the system can send all this information from each EEV to the
central unit and then from the CUP to the chosen destination hospital.

Wireless telecommunication allowes people to be alive and work in many ways
which were impossible before, with over two hundred million cellular subscribers
worldwide, users have overwhelmingly embraced the concept of having a telephone
that is always with them. And now businesses also have a data connection with the
office wherever they go, so that they can have access to e-mail, the Internet, their files,
faxes and other data wherever and whenever it is needed, giving them a competitive
advantage and more flexible lifestyles. A number of wireless data services are
available today, but none are as exciting as a forthcoming data service for GSM
networks called General Packet Radio Service (GPRS) [1].

Vehicle Idetification EEV |11

Patient Name Patient surename  Age Range Sex
SOHRAB NAGHSHPOOR 20-60 M= fMmale G

Patient Condition

Sigas
L8| vita Signs Shocked =

Messure 1 Infusion 2 Messure 2

30 mi-cc IH | EXAMPLE TWO 10mi-cc 18

Messure 3 Infusion 4 Messure 4
EXAMPLE THREE 50 mi-cc 5 o

Fig.1. VRP or vehicle registration panel

The General Packet Radio Service GPRS, is a non-voice, value added, high-
speed, packet-switching technology, for GSM (Global System for Mobile
Communications) networks, It makes sending and receiving small bursts of data, such
as e-mail and web browsing, as well as large volumes of data over a mobile telephone
network possible. A simple way to understand packet switching is to relate it to a
jigsaw puzzle. Imagine, you buy a complete image or picture that has been divided
into many pieces and then placed in a box. You purchase the puzzle and reassemble it
to form the original image. Before the information is sent, it is split up into separate
packets and it is then reassembled at the receiver’s end [2].

GPRS offers a continuous connection to the Internet for mobile phone and
computer users. Experience has shown that most data communication applications do
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not require continuous data transfer, Users may need to be connected to a data
communication network (such as a LAN, WAN, the Internet, or a corporate Intranet),
but that does not mean they are sending and receiving data at all times [3]. Data
transfer needs are not generally balanced. In the majority of cases, users will tend to
send out small messages but receive large downloads. GPRS is expected to provide a
significant boost to mobile data usage and usefulness [4]. It is expected to greatly alter
and improve the end-user experience of mobile data computing, by making it possible
and cost-effective to remain constantly connected, as well as to send and receive data
at much higher speed to help the EEVs for sending and receiving information to the
central unit and the destination hospitals, its main innovation is that it is packet -
based, all information on the patient is sent as a data packet to the central unit to be
processed with in a string format and low volumes so that it will increase the data
transmission speed and keep the EEV online steady.

The EEV tracking system. The tracking system for EEV is one of the most
important parts of the designed model to decrease the time loss over the EEV’s way
and help it to pass the traffic to save the patient’s life as much as possible, the GPS or
global position system is a satellite technology to help any GPS device on earth to find
its global position by X and Y then the altitude by Z.

Signals are transmitted from each satellite in the direction of the Earth. This
signal is encoded with the “Navigation Message,” which can be read by the user’s
GPS receivers. The Navigation Message includes orbit parameters (often called the
“broadcast ephemeris”), from which the receiver can compute satellite coordinates (X,
Y, Z). These are Cartesian coordinates in a geocentric system, with the Z axis pointing
towards the North Pole, X pointing towards the Prime Meridian (which crosses
Greenwich), and Y at right angles to X and Z to form a right-handed orthogonal
coordinate system [5].

The time during which the signal is transmitted from the satellite is encoded on
the signal, using the time according to an atomic clock onboard the satellite. The time
of the signal reception is recorded by the receiver using an atomic clock [6]. A
receiver measures the difference of these times, Fig.2.

GPS satellite GPs ““""*’?j’fl_ GPS satellite
“,

.

: 5

-
X
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© 3 Electronic Emergency

Vehicle

Electronic Emergency &* -B
Vehicle .

X

Fig.2. Global position system satellite connectivity with the EEV
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The blind spots like tunnels or high buildings are usual problems for GPS devices
as they cut the signal from satellites to the GPS receiver devices but the tracking of
EEV’s are very important to the central unit to manage all electronized emergency
vehicles on the map and give the best roads to the nearest destination hospital with the
needed specialization for their patient’s treatment.

This problem is solved by A-GPS (assisted global position services) to help find
the electronized emergency vehicles’ position under the GPS blind spots, like under
tunnels, and between high buildings or at strongly cloudy weather conditions, the A-
GPS working via mobile communication antenna signals from cellular towers which
are used to send and receive the information on the patient with the GPRS technology.

At the GPS blind spots, the A-GPS automatically starts to work and calculate the
distance between the electronized emergency vehicles and the cellular towers of
mobile signals to find the position of the EEV at the blind spots of the satellite, for
example inside the tunnels, GPS signals will be lost and the GPS device disconnects
from the tracking services, but the cellular signals support all the area inside the
tunnels to keep the tunnels under the coverage of mobile services. With those
technologies, the central unit can follow the vehicles everywhere with the help of
GPS, or at blind spots of GPS, with the help of cellular towers and the A-GPS system.

The CUP Central Unit Panel. The central unit panel is a very important unit for
this model working around the whole emergency system to manage the EEVs. The
vehicles are under tracking on the map all the time when they are at work, the central
unit monitors the position of EEVs and knows the address of each hospital and its
specialization of treatment for the patient.

After the pickup of the patient, the EEV registers the conditions of the patient and
his body part conditions by the designed model program but the important part of the
central unit operation is to control the patient’s emergency condition after the pickup
and after receiving the request by the EEV to be input in the CUP of the designed
model.

HOSPITAL (B)

HOSPITAL (C)

EEVID
Patient Condition

Tracking Information =

Fig.3. Algorithm of EEV’s operations with central unit and hospitals
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The central unit notification alarm lights and the operator of the system
understands that one of the EEVs wants to be connected to the center by sending the
request, the operator of the CUP pushes the acceptatance button to let the vehicle enter
the central unit panel.

The first thing that shows the CUP is the EEV identification, which is registered
on the VRP inside the electronized emergency vehicle and the second part is just about
the patient’s emergency condition, the central unit finds the vehicle on the online map
and follows the city street to find a low traffic route to manage that EEV’s passage to
the chosen destination hospital. The operator finds the nearest hospital with a
specialized treatment for the patient along the ways with possibly low traffic after
processing all these things and choosing the nearest hospital from the list, it sends the
brief information on the hospital and roads with all turns and directions to the EEV
driver to follow the path and pass along the streets and reach the hospital as soon as
possible.

At the same time, by choosing the nearest hospital from the list and pushing the
button to send the hospital name to the EEV, the central unit makes connections
between the EEV and the destination hospital by sending the EEV’s identification and
all the registered information on the patient to the chosen destination hospital HMP.

This online connection between the EEV and the destination hospital helps the
nurses inside the EEV to connect with the destination hospital emergency unit doctors
to do everything right, and the doctors in the hospital emergency unit to know all
information on the patient in the EEV and get ready to accept the patient and treat him
in a specialized way.

When the EEV arrives at the destination hospital emergency unit, the doctors
know about the conditions, vital signs and injections carried out inside the EVV and it
helps to decrease the confusion of doses, etc.

Central Unit Panel
EEV lontroler

Fig.4. CUP or central unit panel
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The HMP Hospital Monitoring Panel. The hospital monitoring panel shows all
the information on the patient’s name, family name, age range, sex, patient condition,
and vital signs of the patient and all the body part injuries, or normal or probable
injuries.

That information is registered from the EEV by the VRP of this model which is
done by the nurses inside the EEV and sent to the central unit to take a permission
from the central unit and show the chosen destination hospital on the monitor panels
which are chosen by the central unit operators to transfer to the doctors at the
destination hospital.

Zeytun Hospital Panel

||I5

§

Fig.5. HMP (hospital monitoring panel) view

After the EEV arrives at the destination hospital, the monitored information can
be saved by the operator or used by the barcode scanner technology for each EEV,
when the EEV arrives at the destination hospital emergency unit entrance, the barcode
reader scanner automatically reads the barcode of that vehicle and sends the received
information from the CUP to the servers for the patient’s online documents to the
doctors, hospitals and patients, and allows to get the medical information about their
treatment histories. The information will be accessible online all the time.

Conclusions. The designed model, by using developed technologies like the
mobile communication technology, the information technology and the navigation
system will help to develop the emergency vehicles, all the emergency operations
generating communication between the emergency vehicles and the center and the
hospitals with the help of mobile network communication. The patient’s registration
operations will be carried out inside the emergency vehicles completely, and when the
patients arrives at the destination hospital, he will not lose his vital time for the
registration operation and checkup, because that information has been received before
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his arrival. The same is with the whole information, vital signs and the condition
concerning the patient.

This model will help to track the emergency vehicles with the GPS service to
control each EEV in every state and street of the city, this can also help the system
operators in the central unit to find the best and shortest roads for each EEV on the
map by keeping them far from the heavy traffic zones. This model can solve a huge
percentage of emergency vehicle problems related to delays because of traffic and,
increase the chance of saving the patient’s life. It can also help the doctors and nurses
in the destination hospital to get ready for a specialized treatment of the patient.
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LUNU4Urvuy <uvusurebh vulusonhy 64 UnasLudnrnhy

Uowygwd £ oinwwoqunipjwu kjtyunpnuwgyws dbptiuwutiph LabView dhowdwpnid w-
fuwwinn dnnbp' pwnugwsd bpbp hpduwlwu Jwubphg' wndjwiubph ubpdndnu, ndjwiubph
dowynd b hhjwunh gpwugnul: Lwuwwnbudws £ uwl npwug ninnnpnwip Swuwwwphwihu
fugwunwiubipp gpowugtiint wwydwuny, ogquwgnpdtin wujwn wpdwywu hGnwhwnnpnwy-
gnipjwu b GPS inbfuuninghwubipp:

Unwugpuyhti puntip. ynwwoqunipjuu biklwnpnuwgyws dbpbuwubp, GPRS, GPS, A-GPS,
LabView, ICT, VRP, CUP, HMP:

C.II. HAXIIITYP

HNPOEKTUPOBAHUE N MOJAEJIUNPOBAHUE CUCTEMBI YIIPABJIEHUA
HEPEJIAYEN JTAHHBIX U3 QJIEKTPOHU®UIIUPOBAHHBIX MAIIIMH CKOPOM
nomomu

Mojgenb, paspaborannas B cpere LabView, cocTouT u3 Tpex OCHOBHBIX 4acTeil: BBOJ
JAaHHBIX, 00pabOTKa JaHHBIX U PETUCTPAIMS TAIMEeHTa, IEPEMEIAEMOT0 B AJICKTPOHUPHUITUPO-
BaHHON MaimvHe CKOpod momomiw. [IpemycmaTpuBaeTcsi TakKe ydeT JOPOXKHOTO Tpaduka
ITOCPEICTBOM IIPUMEHEHUS TEXHOJIOTHI OeCrpoBOIHOM MOOMILHOM cBsi3u 1 GPS.

Knrouesote cnosa: 31eKTpoHUGUIIMPOBAHHBIC MAIMHBI CKOpo# momoinu, GPRS, GPS,
A-GPS, LabView, ICT, VRP, CUP, HMP.
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YIK 621.3 ABTOMATU3AIIUA U
CHUCTEMBI YIIPABJIEHHUS

A.A. TEP35H, I'.C. CYKHACSH, A.3. AKOIIAAH, A.A. TEBOPI'SIH,
H.A. ETTUA3APSIH

CONIOCTABUTEJBHBIA AHAJIN3 METOJ0OB PACYETA BEKTOPA
MATHHUTHOI'O HOTEHIOHUAJIA ITPU TPEXMEPHOM
KOHEYHO2JIEMEHTHOM MOJEJIUPOBAHUN MAT'THUTHOI'O ITOJIA

HccnenoBana 3aaya pacyeTa BEKTOpa MarHUTHOTO TIOTEHIMAA PH TPEXMEPHOM KOHEYHO-
9JIEMEHTHOM MOJICJTMPOBAHMH HEJIMHEWHOTO AJIEKTPOMAarHUTHOro noJiss. CpaBHEHbI TPHU ClieTyo-
MIMX METOJIa: TTOCIeAOBATeIFHOE HAXOXKACHHE TPEXMEPHOT'0 BEKTOpa MATHUTHOTO MTOTEHITHATIA
Ha OJIHOM IIpoIieccope; MapauielbHOe peleHIe TPeXMEpHOIl oJIeBoH 3a1a4y Ha TpeX Ipoliec-
COpax ¢ pacnapajuieMBaHUEeM IIpoLecca PElICHHs 110 TPEM HEe3aBUCHMBIM YpaBHEHHSM OTHO-
CUTETbHO COCTABIIIOMIMX BEKTOPa MAarHUTHOTO ITOTEHIIMAa W MapalliebHOE peIIeHUe TPeX-
MEpHOM MOJICBOX 3a1aui METOIOM KOHEUYHBIX JIEMEHTOB Ha TpeX IpoIeccopax ¢ pacmapaiiie-
JIMBaHHEM IIpOIiecca PEeUICHUs MyTeM pa3OMeHUs HCcclieyeMol 00JacTH Ha TPH MOA0OIACTH.
[Toxazana 3¢ (eKTHBHOCTD pacmapauleIMBaHUs IPOIIECCa PEIICHHS MOJEBBIX 3a/1ad METOIOM
KOHEYHBIX AJIEMEHTOB 10 TPEM COCTABIIAIONINM BEKTOPHOT'O MAarHUTHOTO ITOTEHITHATIA.

Kniouesvle cnoga: 3neKTPOMarHUTHOE TIOJIE, BEKTOP MarHUTHOTO MOTEHIMAa, pachapaie-
JIMBaHHE PEIeHNSI.

IlocTanoBka 3agauu. TpexmMepHOEe MarHUTHOE T10JIE, CO3/IaHHOE JIEKTPUIECKIM
TOKOM, TIOTIMHSIETCS KJIACCHUYECKOMY YpaBHEHUIO MakcBeia;

1 -
t—(rotA) =5,
ro ﬂ(ro ) (1)

rae A - BEKTOp MarHHTHOTO MOTEHIUANA; O - BEKTOP [UIOTHOCTH TOKa; |l - BEJIMYHHA
MarHUTHOM NPOHHULAEMOCTH.

CornacHo TeopeMe 0 pa3lIoKeHUH [ ebMrosbIia, €ClIi AUBEPIEHINSA U POTOP MO
ompeJiesieHbl B KaX/I0W TOuke 001acTH, TO BO BCeil 00JacTH BEKTOP MO MOKHO
NpPEACTaBUTh B BUAE CyMMBI O€3BMXPEBOro M cojeHougansHoro mnoner [1,2]. Tem

caMbIM BEKTOP MarHMTHOI'O MMOTEHIIMAIa MOKHO IPEACTaBUTh B Bujge A = A+ gradg,

CIIeI0BATENBHO, JUIs T1000i1 cKaspHOi dyrkimn ¢, B'= B, Tak kax rot( gradg) = 0.

Takum 00pa3oM, UMEETCS MHOXKECTBO pellicHUM ypaBHeHuss Makcsesuia. [pu pe-
HICHUH TPEXMEPHOH 3a/laui MarHUTOCTATHKH JJIsl TOTO, 4TOOBI ypaBHeHne MakcBesuia
pelanoch OJHO3HAYHO, MPUMEHSETCS KYJIOHOBCKas KajarOpOBKa, KOTOpas TpeOyeT
NPUHYTUTEILHOTO BBITOIHEHHS YCIIOBUS [2-4]:
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divA=0.
KynonoBckas kanuOpoBka mo3BoisieT npusectd (cM. [4]) ypaBHeHHs MakcBeiia
(1) B nexapToBoO# cucTeMe KOOPAMHAT K CUCTEME U3 TPEX HE3aBUCHUMBIX YPaBHEHHI
OTHOCUTCJIBHO Kamnoﬁ COCTaBHﬂ}OHICﬁi

618Ax 618AX 618Ax:

‘-9 -9 c-° _sX

OX U OX oy uoy 0z u 01
010,y,010,y,010,y_ 4 2)
OX u OX oy u oy 0L u 01
o019 AZ +i£i AZ +ilﬁ AL = _sZ
OX u OX oy u oy 0z u oz

3ameTruM, uTO ypaBHeHHMe MakcBemta (1) B aekapTOBOM cucTeMe KOOpIWHAT
COCTOMT U3 TPEX YpaBHEHHUH, KOTOpPHIE SBHO 3aBUCIT OT BCEX TPEX COCTABIISIOIINX

A*,AY, A’ B TO BpeMs Kak TPH YpaBHEHHS CHCTEMBI (2) CBSI3aHBI HESIBHO TIOCPEICTBOM

(YHKIMY MarHUTHOM NMPOHMLAEMOCTH. DTO AAeT BO3MOXKHOCTH pacnapajuieIMBaHus
mpolecca peleHns CUCTeMbI (2) MO TpeM HE3aBUCHMBIM yPaBHEHUSIM OTHOCHUTEIIBHO
COCTABJISIIOIIMX BEKTOPa MAarHUTHOTO MTOTEHIIMANA.

[Ipsmoe penienne cucteMsl (2) 3aTpyAHUTEIBHO U3-32 HETMHEHHOCTH 3a7a4uul: Be-
JIMYMHA MAarHATHOM NMPOHMLIAEMOCTH 3aBHCHUT OT MOTEHLMANa M TOXE SIBIISIETCS HEU3-
BECTHOH. B MeTo/1e KOHEUHBIX 3JIEMEHTOB 3a]a4a HaXOXKACHUS PEIICHUsI CUCTEMBI (2)
3aMEHSIETCsl BApUAIIMOHHOM, T.€. pacCMaTpHUBaeTCsl HEKUH (PYHKIIMOHAN, MUHUMYM KO-
TOPOTO JOCTHUTaeTCsl TOYHBIM PElIeHHEeM ypaBHEHHUH (2). 3aTeM ¢ MOMOIIBI0 METoJa
0a3MCHBIX (QYHKIMIA MOXXHO IOJNYYUTh PacyUeTHBIC ypPaBHEHUS IS MHUHAMH3AIHUN
(dyHKIIMOHAA.

Pemmm ogHy u Ty ke TpeXMepHYIO 3a/1adyy MarHUTOCTaTUKU TPEMS CIETYIOIIUMHI
METOJIaMU M CPAaBHUM 3aTpadeHHOE BpeMs U MoBeneHue HeBs3ku. [lycTh nccnenyemas
00J1aCTh TIPECTABIAET COOOM MapalIeNenuIe], UMEKUA N, ,N,,N,; BHYTPEHHHUX Yy3II0B
JUCKPETU3ALMH B JUIMHY, IIMPUHY M TIIyOUHY, mpudeM N, <N, <N,.

Merton 1. [locnenoBaTensHOE HaXOXKIEHHE TPEXMEPHOTO BEKTOpPA MarHUTHOTO
[OTEHIIMAIa METOI0OM KOHEYHBIX 3JIEMEHTOB Ha OJIHOM IIPOLIECCOPE.

B Merosie KOHEUHBIX 3JIEMEHTOB 33j]aua PEHICHUs] CUCTEMBI TU(PPEepeHIINATEHBIX
ypaBHEeHHH (2) CBOAUTCS K PELICHUIO CUCTEMBI JIMHEHHBIX YPaBHEHUH C MaTpHIIEH JIeH-
TOYHOTO THIIA.

KaxxaoMy y31ry COOTBETCTBYIOT TPH HEN3BECTHBIX 3HAYCHHS COCTABIIAIONINX BEK-
TOpa MarHUTHOTO TOTEHIMAIA B JAHHOM Yy371€. Takum 00pa3oM, KOINYECTBO HEU3BECT-
HBIX (M KOJMYECTBO YpaBHEHWH) B pacUeTHOM CHCTeMe JTMHEWHBIX ypaBHEHUH Oynmer

paBHO 3N;N,N,. COOTBETCTBYIOIAs MaTpPULA UMEET pasMep 3n,n,n, x3n,n,n,. s
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YMEHBIIEHUS MIHUPUHBI JICHTHI MATPULBI Y3IIbI CETKH BBITOJHEE HYMEPOBATh BIOIb
Oosiee KOPOTKUX CTOPOH. Toraa mupuHa JIeHTH He OyIeT 3aBUCETh OT AJIMHbBI HanOOoJIb-
el cTopoHsl (T.€. 0T N;) u uMeeT nopsAxok 9n,n,+3n, .

Merton 2. [lapannensHoe perieHue TpeXMepHOU MOJIEBOM 3a7aull METOJIOM KOHEY-
HBIX 3JIEMEHTOB Ha TPEX MpOIeccopax C pacHapaieIiBaHuEeM IIpollecca peleHus
cucTeMbl (2) IO TpeM He3aBUCHMBIM YPaBHEHHUSIM OTHOCUTEIHHO COCTABISIOIINX BEK-
TOpa MarHUTHOTO TIOTEHIIMANIA.

N3-3a He3zaBHCUMOCTH ypaBHEHHUH B cucTeMe (2) MOSBISAETCS BO3MOXKHOCTh MX
MapajuIeIbHOTO PeleHHs Ha TpeX Mpoleccopax, 4YTo NPUBOIUT K YMEHBIIEHHIO BTPOE
KOJIMYECTBA HEM3BECTHBIX B KaXIOM Ipoueccope. OLEHNM, KaK YMEHBIIAIOTCA pa3Mephl
COOTBETCTBYIOIINX MATPHI] M UX JICHT HEHYJIEBBIX IEMEHTOB IPU MapalIeIbHOM pe-
IIEHWN Ha TPEX MPOLECCOpax.

KonnvecTBo HEM3BECTHHIX (M KOJIMYECTBO YPAaBHEHMH) Ha KaKIOM IIPOLIECCOpE
paBHO N,N,N,. COOTBETCTBYIOIIASA MATPHIA UMEET pa3Mep N,N,N, XN N,N,, & ITUPUHA
€€ JICHTBI UMEET MOPAJIOK NN, +N, .

Tak kak MarHuTHasl MPOHUIIAEMOCTb 4/ 3aBHCUT OT BEKTOPAa MHIYKIUH MarHWT-
HOTO TIOJISl, & TIOCJIEIHUIN 3aBUCUT OT BCEX TPEX COCTABISAIOUINX BEKTOPA MarHUTHOTO
NOTEHIMANA, TO MPH NapajuleIbHOM PEUICHUU MPHUXOIHUTCS 00ecreunuBaTh MEKIpPO-
[ECCOpHBIA 0OMEH 3HAYCHUSIMU MarHUTHOW NMPOHHUIIAEMOCTH L{ . Bpemsi, 3aTpaunBae-

MO€ Ha MemnpoueccopHHﬁ 06M6H, IponoOpHruOHAJIbHO KOJUYCCTBY nFe 3JICMCHTOB

(TeTpa’npoB), HAXOAAMINXCS B PEPPOMArHUTHBIX yHACTKAX CETKH.

Merton 3. [lapamiensHoe pelieHUue TPEXMEPHOU MOJIEBOM 3a/1a4d METOAOM KOHEY-
HBIX JIEMEHTOB Ha TPeX MPOLECCcOpax ¢ pacnapauieIMBaHUEM IPOLEecca PELIeHNUS ITy-
TEM pa30ueHus ucciexryeMoi 00J1acT Ha TpU OA00IaCTH.

Kaxnas momobmacte mpexacraBiser co00  mapaiUienenunesl, HWMEROIIni
N,
nl,nz,? BHYTPEHHHUX Y3JI0B JUCKPETH3AlMU B JUIUHY, IIUPUHY U TiIyOouny, Konu-

YCCTBO HEU3BCCTHBIX (I/I KOJIMYECTBO ypaBHeHPIﬁ) Ha KaXJIO0M IIpoHeccope paBHO

n,n,N,. CoorsercTByromas MaTpuua UMeeT pasmep N,N,N, xXNN,N,, a mupHHa ee

. n
JICHTBI 3aBHCHUT OT COOTHOIICHWH Mexnay N;,N,,N,. Ecan n,<n, < ?3 , TO, KaKk U B

MOCJICA0BATCIIBHOM CiIydac, IIUMPUHA JICHTBI HC 6y,I[€T 3aBUCCTH OT OJIMHBI HanOONbIIIEH

n3
CTOpoHBI (T.€. 0T Ny) M mMeeT mopanok 9n.n,+3n,. Ecim nl<?<n2, TO TIOCTIE

p336I/IeHI/I}I HCCHCZ[yCMOﬁ o0acT Ha TpHUu HOZ[O6J'IaCTI/I ,I[J'II/IHOﬁ HauOOJIbIIEH CTOPOHBI
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Oyzer N,. Illupuna nentsl nomydaercs 3ameHoil N, Ha N,;/3 u uMeer mopsIOK

3n,n,+3n,.
n, .
Ecmm xe ?< n,< n,, TO Mocjie pasOMEHHs HCCIENYyeMOM 00IacTH Ha TpU

110/100,1aCTH UTHHON HaMMEHBbIIeH cTopoHsl Oyzer N, /3. Illnpuua jeHTs oTydaeTcs

3ameHol N, Ha N, /3 u umeer nopsnox 3n,N;+N,.

Bpewms1, 3aTpaunBacMoe Ha MEXIPOLIECCOPHBIM 0OOMEH, MPONOPLUOHAIBHO KOJIU-

4ECTBY y310B Ny

Ha rpaHule noaoonacTel. [ perynsapHol CETKH OHO paBHO 2n,n,

A71s cpeHeil nogobnactu 1 NN, Uit KpaitHUX M01001acTeH.

YMeHbIIEHUE Pa3MEPOB MATpPHUIL] HE TOJIBKO YCKOPSIET BPEMs CHUETa, HO U CyIle-
CTBEHHO YJY4IIaeT TOYHOCTh MPHOIMKEHHOTO PEUICHHUS, YTO TIPUBOAMUT K YMEHBIICHHIO
Yrciaa He0OOXOAUMBIX UTEpAiii. YMEHBIICHHE pa3MEPOB MATpPHUII TAKKe OJIaroTBOPHO
BJIMSET HA HEBS3KY, BOSHUKAIOLLYIO IIPY IIEPECUETE 3HAUYECHUN MarHUTHOW IIPOHHULIAE-
MOCTH LL .

ComocraBuM ABa MeToAa pacnapaienuBanud. [Ipu mpodnx paBHBIX yCIOBHUSX,
o01mee 3aTpayeHHOE BpeMs M MOBEICHUE HEBSA3KH 3aBUCST JIMLIb OT BPEMEHH, 3aTpa-
YMBAaEMOI'0 Ha MEXIpoLeccopHbIil oOMeH. [lpu pacnapasuiennBaHuy mpolecca perie-
HUS TI0 TPEM HE3aBHCHUMBIM YPaBHEHHMSAM OTHOCHUTENIFHO COCTABISIOIINX BEKTOpa Mar-
HUTHOT'O TOTEHIMaja BpeMs MEXIIPOLECCOPHOIO OOMEHa MPOMOPLHOHAIBHO KOJIH-

4ecTBY N, 2JI€MEHTOB, HAXOAAIIMXCS B (PEPPOMATHUTHBIX yYACTKAX CETKH.

[Ipn pacmapajuieTMBaHUY IIpoLiecca PEIICHUs MMyTeM pa3OUeHHs HCClieTyeMon
o0JlacTi Ha TpH MOA00IACTH BpeMsI MEXIIPOIIECCOPHOTO OOMEHA MPOMOPIUOHAIEHO

KOJIMYECTBY y310B Ny, Ha rpanuue noxodnacreii. Urak, s¢(pekTnBHOCTL pacrapaieny-

BaHUA 3aBUCUT OT COOTHOLICHUS ITapaMETPOB CCTKU nFe nu ngr .

VYMmeHbIICHHE pPa3MEpoOB MaTpull HE TOJIbKO YCKOPSCT BpEMs CUYCTA, HO U CyLIC-
CTBCHHO YJIy4IIaCT TOYHOCTDH l'IpI/I6J'II/DKeHHOFO pemeHus, 94TO MpUBOAUT K YMCHBIIICHHUIO
qucia HGO6XO,Z[I/IMBIX HTepaL{Hﬁ. VYMeHbIIeHHE PasMEPOB MATPUI] TAKIKC 6J'Ial"OTBOpH0
BJIMSACT HAa HCBA3KY, BOSHHUKAIOIIYIO IIPpHU NEPECUECTC 3HAYCHUN MarHUTHOM IIpoHHIIac-

MOCTU U . Bce 9TO, a TAKIKE 3aBUCUMOCTD pacrapauiCJIMBaAHUA OT MMapaMETPOB KOMIIbIO-

Tepa JenaroT 3aTPYAHUTEIBHBIM TEOPETUUECKOE COIIOCTABICHHUE MIOCIIEN0-BATEIBHOIO
U napajuienbHbIX METOJ0B. [103TOMYy Takoe comocTaBlieHUE MPOBEIEHO HUXKE Ha TPaK-
THYECKOH 3aJaue.

YucieHHble pe3yabTarhl. [IpeajioxkeHHOE COMOCTaBIEHUE PEaTu30BaHO HAa MO-
JETbHOM TMHEWHOM IeKTPUYEeCKON MalluHe, MpeICTaBIeHHON Ha puc. 1.
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T

Puc. 1. Mooenvuas aunelinas snekmpuyeckas MauuHa

Ha puc. 2 npexncrasieHa pacueTHas TeTpa3dIpUuecKasl CeTKa, cocrosmas u3 212
y310B U 1096 TeTpasapoB. KpaeBbIM yClIOBHEM SIBISETCS NIPUPABHUBAHHUE HYJIO BCEX
COCTABJISIFOIIMX BEKTOPA MArHUTHOTO ITOTEHIIMANA 0 KPasiM CETKU.

Puc. 2. Pacuemnas cemka

Ha puc. 3 mpencraieH rpaduk MoBeIEHHUs] HEBSI3KM MPU pacueTe MO Tpems
PaccMOTPEHHBIMU METOJAMHU.

W3 rpaduka BHIHO, YTO C TOYKM 3PEHUS 3aTPAau€HHOTO BPEMEHHM U CKOPOCTH
YMCHBUICHUA HEBA3KHU, HAMXYAUIUM ABJISACTCA ITOCJICIOBATCIBHOC PCHICHUEC MOJICBOH
3a7lauy Ha OJJHOM IIPOLIECCOpPE, @ HAWIYUIIIUM - PEIICHUE 3aJauy Ha TpeX IpoLeccopax
C pacnapajuleJIMBaHUeM IPOIEcca PEIIEHUs IO TPEM HE3aBUCHMBIM YPaBHEHHUSM OT-
HOCHUTCJIBHO COCTABIAIOIINX BEKTOpAa MAarHuTHOIO IMMOTCHIMAIa.

3aMeTI/IM, YTO BCC YHUCIICHHBIC OKCIIEPUMEHTBI IPOBEACHBI Ha BBIYUCIUTCIBHOM
KjacTtepe [ 'ocy1apcTBeHHOTO HH)KEHEPHOTO YHUBEPCUTETa APMEHNH.

217



0.00012 -

0.00008 -

0.00004 -

o 005 01 015 02 025 cC

Puc. 3. Pezynomamoi uuciennvix 9KCHepumMenmos npu.:

1- nocrnedosamenvHoM HAXOIANCOCHUU MPEXMEPHO20 BEKMOPA MASHUMHO20 NOMEHYUANA HA
00HOM npoyeccope, 2- NapaiieibHOM peuleHuu 3a0ayu Ha mpex npoyeccopax pasoueHuem
uccaedyemot obracmu Ha mpu nooobracmu, 3- peutenuy 3a0a4u Ha mpex npoyeccopax ¢
PACRAPANeTU8aHUeM NPoYecca peuteHust no mpem He3a6UCUMBIM YDPAGHEHUAM OMHOCUMENbHO
COCMABNAIOWUX EKMOPA MACHUMHO20 NOMEHYUAIA

3axuovenue. [1o cpaBHEHHIO ¢ OCIEAOBATEIbHBIM CUETOM pacHapalieINBaHue
Ipolecca PemeHus MOJIEBBIX 3a1ad METOJOM KOHEUYHBIX JIEMEHTOB SIBIIsIETCS Oojee
3¢ dexTBHBIM. D HEKTUBHOCTD paciapauIeINBaHus 3aBUCUT OT COOTHOILICHHS Napa-

METpoB ceTku Ng, u Ny . Ha MOAeNbHON IMHEHHOM SICKTPUYECKOH MalnHe Ooiee

3(1)(1)€KTI/IBHO pacnapauiCJIMBaHUC IpoHecCa pCHICHUA MO0 TPEM COCTABJIAOLIMM BCK-
TOPHOT'O MArHUTHOI'O MMOTCHIIMAJIA.
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2.U. PBreguy, 2.U. UNPLPUUSUL, U.E. 20UNAF3UL, U.U.2540r33UL
L.U.BNhUUr3UL

UUQLPhUUYUL HYUCTSE BAUUC YELRUYNS SULTUSEL UNYSLUYNUUUR
UUSLRUUYUL NNSELSPULE UBENYLELE 46USACh ZUTY U UYE ZUUTBUUSUYUL
JErLNRONRESNRL

Zhnwgnut) E bpwpu BEjunpudwuquhuwlut puonh JEjunpujut dugihuului
wnubkughwh' Jepeowynp mupptph dkpnngny hwpduplyh punhpp: Zudbdwungws i hinbyjug
kpbp Unnkgnidlibpp dwqihuwlwi wnnkighuh towswh JEjunnph hwenpupup npnonudp
Ukl wypngbunph Jpw, Lpwswth nuonuyhtt junph qoniquhbn nisnudp Epkp wywpngbunpubph
Jpu (qniquhblnwgnidp’ pun bpbp wiwp hwjwuwpnidubph wdkt dp pununphsh) b
Epuwswth nuownughtt juunph®  JEpowynp wwppbph Jbpnngny gniquhtn nisnudp bpkp
wpngtunpubph Jpw (qniquhbpwugnudp® hkwnwgnuynn whpnyph tpkp Gupwwnhpnyputph
wnpnhdwb Uhongny): 8nyg E njué tnwswth nupwnught juinph’ Jepewynp wwpptph dkpnnnyg
Eptp wijwh hwjwuwpnidutph gniquhbnugdwt wpymbwdbnnipmip’ pun wdku vh
pununphsh:

Unwhgpughlr punkp. htjnpudwqthuulut npuown, Jejnnpuljut duqihuulut wn-
wnkughuwy, nuddwt gniquhtnugnid:

H.A. TERZYAN, H.S. SUKIASYAN, A.E. HAKOBYAN, A.A. GEVORGYAN,
N.A. YEGHIAZARYAN

A COMPARATIVE ANALYSIS OF THE CALCULATION METHODS FOR THE
MAGNETIC POTENTIAL VECTOR AT THREE DIMENSIONAL FINITE ELEMENT
SIMULATION OF THE MAGNETIC FIELD

The problem of calculation of the magnetic potential vector at three dimensional finite
element simulation of nonlinear magnetic field is investigated. The following three methods
are compared: a successive determination of three dimensional vector of the magnetic potential
on one processor; parallel solution of three dimensional field problem on three processors with
parallelization of the solution process by three independent equations with respect to the
components of magnetic potential vector; and the parallel solution of three dimensional field
problem by the finite element method on three processors with parallelization of the solution
process by dividing the considered domain into three subdomains.

The effectivity of parallelization of the solution process for field problems by the finite
element method by three components of the magnetic potential vector is shown.

Keywords: electromagnetic field, magnetic potential vector, parallelization of the
solution.
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YK 621.52+511.52 ABTOMATM3AIIUA U CUCTEMbI
YIIPABJIEHUSA

C.0. CUMOHSIH, T'.A. ACJIAHSIH
METO/I ONPEJEJEHNSI TAPAMETPUYECKHX (B, Q)- OBOBIIEHHO-
OBPATHBIX MATPHI]

[IpennoxeH 1OCTaTOYHO NMPOCTOH YHCICHHO-aHATUTHYCCKUN METOJ ONpEeNICHHUs mapa-
metpudeckux (B, Q)- 0006meHH0-00paTHbix Matpull [1], ocHOBaHHBINH Ha AuddepeHIrab-
HbIX ipeoOpaszoBanusix I.E. [lyxoBa. PaccMoTpeH MoienbHbIH TIpHUMED.

Knroueevie cnosa: napamerpudeckue 0000IMEHHO-00paTHBIE MAaTPHIIBL, T (HepeHInATb-
HBIE TPe00pa30BaHusl, THYOPMAIIOHHBIE TEXHOJIOTHH.

Beenenune. PaccMoTpuM cHCTEMY JIMHEHHBIX TApaMETPUUECKUX YPABHEHUM BUA
ADx(®) =y, ©)

rae A(t) - mapamerpuueckas Matpuia ¢ pasmepamu M X N u parrom I X(t) - ucko-
MbIi N -mepubiii Bektop; Y(1) - 3amanubii M —MepHbIi BEKTOP.

Martpuny K(t), IpU KOTOPOH pelieHne cucteMbl (1) MOKHO NpelNCTaBHTH B
BUJC

x(t) = AQ)Y(), 2)

Ha30BeM 0000mieHH0-00partHoi (O-00patHoit) k matpuie A(t) . lnst 310i MaTpHIm!

HEO00XO0IMMO U JIOCTATOYHO BBIMOJHEHUE YCIOBHUS [1]
ADAD) AR = At). 3)
B pabote [1] npemnoken MeTon kiaccudukanun O-00paTHBIX MaTPHIl HA OCHOBE
COOTHOIIEHHH MeXy panroM I u pasmepamu M XN marpuisr A(t) . PacemoTpens
CIIEYIOIINE BO3MOXKHBIE CIyUau:
l.r=m<n
2r=n<m
3 r<m<an (4)
4 r<n<m
S r=m=n.

Ilo cymectBy, ciydau 3 u 4, OUEBUIIHO, COBIMANAIOT; ciiydyad 1 u 2 pacCMOTPEHBI
B pabore [2], a B mocieHeM ciaydae marpuna A(t) uMeeT eMHCTBEHHYIO OOpPATHYIO
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. -1
MaTpHIly, ¥ Bce MHOKeCTBO O-00paTHBIX K Hell MaTpuil cocTout u3 snementa A (t) .

B nmanprelimem MbI OyieM paccMaTpuBaTh TOJNBKO CITydai 3.
ITycts F <M< N. B srom ciny4ae marpuma A(t) sBiseTcst CyIECTBEHHO HEIOOM-

penenennoi [1]. Ilpeacrasum matpuiry A(t) B Buze ee ckeaeTHOrO pasinokeHust [1]

At) = S(OR(), (5)

roe S(t) u R(t) - marpuusr pasmeprocteir MXFu I XN coorBercTBeHHO. Toraa
cucremy (1) MOXHO MPEACTABUTH B CJICTYIOIIEM BHJIC:

SMRB)X(L) = y(1). (6)
Jlanee, 0003HaYnB
REOX(t) = z(t), (7)
—
S)z(t) = y(). (8)

Nwmes B Bugy cydau 1 u 2 [2], pemenns cucteM (7) u (8) OyayT mpencTaBieHbl B
CII/IyIOIIEM BUJIE:

x() =R()z(), RE®) = BOIROBOI, (9)
2(1) =Sy (), St) =[RS (], (10)
rae R(t) - 0606menHo (B)-o6parHas matpuua k matpuue R(t) ; Marpima S(t) - 0606-
eHHo (Q)-o6parHast k Matpuiie S(t), a marpumpsr B(t) u Q(t) smisrores MaTpuiamu

pasmepHOCTH NXT U I'XM COOTBETCTBEHHO [1].

CnenosarenbHo, s pemenns X(t) nmeem

x(t) = RIS (t)y(t) = BOIRE)BO)] ' [QM)S )] Q) y(1). (11)

B stom ciydae matpuna A(t) , onpenensemas COOTHONIEHMEM

A(t) =R(t)S(t) = BOIR®)BMOI ' [QM)S (I Q) (12)
YIOBIIETBOPSET paBeHCTBY (3) u, ciaemoBarenbHO, sBisercss O-00paTHOM K MaTpHIle

At) [1].

EcrectBenno, marpuipl B(t) u Q(t) HyxHO BeIOparh Tak, 9TOGBI MAaTPHIIBI

R(t)B(t) u Q(t)S(t) Gbum HeBBIPOKAEHHBIME. B 9TOM Ciyuae matpuua A(t) Ha-
3eiBaetcs (B, Q)-obparuoii k matpurie A(t) [1].
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B Tabnuie mpezncraBiensl BakHelme cBoiictBa (B, Q)- oOGpaTHBEIX MaTpwil, a
Taxke 06001IeHH0-00paTHEIX Matpull Mypa-Tlenpoysa A”(t) [3] (3HakoM “+” 0603-

HA4YC€HO, YTO YCJIOBUA BI:IHOJ'IH)I}OTCSI).

Tabauya
Kiaccer O-00paTHBIX MaTpHI
No CaoiictBa O-00paTHBIX MaTPHIL
(B,Q)-o6patHsie AT (1)
1 A AR A) = A(t) + +
? [A©AO] = A0A® + +
3| [awA®] =A0A0 + +
4 ADADA(R) = A(t) + +

MaremaTiueckuii anmapar npeiaraemoro meroga. Jorycrum, uro A(t) — mar-

puina ¢ aHAIUTUYCCKUMU DJIEMCHTAMMU.
CHayasa npecTaBuM aJrOPUTM CKEJIETHOTO Pa3lIOKEHUs MaTpullbl. Beioepem I
JIMHEHHO He3aBUCUMBIX 1010108 Matpuipsl A(t) u coctasum matpuiy S(t) panra r

# pasMepamMu M XTI .

Sll(t) Sy (t)
S(t) = P
Sm (t) t Sur (t) .

[poussonbuslii cronden matpunbl A(t) MOXKHO NpenCcTaBUThL B BHUE JMHENHON

xoMOuHanuu ctonouos Matpuinl S (1)
' ' o
ajt)=SM)ri), j=1n, (13)

{ {
rae aj(t)m rj(t) - j-ecronbus matpun A(t) u R(t) coorsercrBenno.
CnenosarensHo, s Haxoxkaenus marpuibsl R(t) HyxHO pemmts cucremy

ypaBHeHU# (13), pemieHne KOTOpOro, Kak W3BECTHO [1], BBIpaskaeTcs CIEIYIONTUM
COOTHOIICHHUEM:

' _ _
rit)=Ss®a;(), j=1n, (14)

rae §(t)- 000061eHH0-00patHas Marpuna k matpune S(t). Ilockombky marpuia

S(t) umeer pasmepHOCTH M XTI ¥ COCTOMT U3 I JIMHEHHO HE3ABUCHMBIX CTOJIOIIOB, TO
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marpuna S(t) seasercs (Q)-o0paTHol MaTpUIEH M IPEACTABIAETCS CIEMYIONNM BbI-

paKeHHEM:

() =[QM)S®] Q). (15)

rae Q(t) - rxm wmarpuia takas, 4to [Q(t)S(t)] SIBIISIETCS] HEBBIPOXKACHHOI [1].

Ilar 1. Beraucnserca (Q)-o6patnas marpuna x marpuue S(t), T.e. §(t), c

MTOMOIIIBIO alITOPUTMA, MPEACTABICHHOTO B paboTe [2].
Iar 2. Beraucnsiercs matpuna R(t) ¢ momoniso cieayromero cooTHOMmeHuS:

! _ _
ri=s@a;). j=1n, (16)

rie a i(t)u r (t) - j -e cronbusr coorsercreenno matpunr A(t) u R(t).

Ilar 3. Brmncnseres (B)-obpatnas x matpume R(t), Te. R(t), tawke c

MOMOIIIBIO AJITOPUTMA, NMPEICTABICHHOrO B padoTte [2].
Ilar 4. Beraucnstercs (B, Q)-obparnas Matpuiia

A(t) =R(t)S(t). (17)

Jl-ananor anroputma Berunciaenus (B, Q)-o0paTHoil MaTpHITEI

[IpencraBum omnepanuy BHIIETIPUBEACHHOTO alropuTMa B obmactu auddepeH-
[MUATBHEIX TIpeoOpa3oBanuii [4].

Hlar 1. Beraucnstorcs cleAyone MaTpHIHbIe TUCKPETHI:

H* 6" A(t)

AK) == | K =0 o AD =Nt HAK), - (18)
50 =0 T30 K0T SO =04 5K, 9

rae K — nenouncnenHsiii aprymenT; H — maciuTaGHblii koagduuuent; t, — nenrtp

armpoxcumanmy; N, (4, t,, H, A(K)), N, (t,t,,H,S(K)) — Hekoropsle marpnunbie

1 Ly 1 Ly

annpoKcUMHUpyomme GyHKIUM; * - 3HaK |-yMHOXKEHUs (CBEpTKa), a 3HAK ® - 3HaK
nepexoa u3 00JIacTH OPUTHHAIOB B 001acTh [I-u300pakenuii u Haoobopor [4].
Ilar 2. Bouucnsrores matpuunsie quckpersl S(K), K =0,00 ¢ nomomuisio

IropUTMa, IpeAcTaBIeHHOTo B padore [2].
Ilar 3. Beraucinsirorest matpuansie auckperst R(K)
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F1(K) = S(K)*a;(K) = 37S()a; (K1), K =00, j=Ln,  (20)

{ N
rae ri(K)u aj(K) - j-e cron6up marpuunsix auckper R(K) u A(K).

Ilar 4. BeauchsioTess MaTpHYHBIE TUCKPETHI ﬁ(K), K =0, 00 Takke ¢ TOMOIIBIO
aNTOpPUTMAa, TIPEACTAaBICHHOTO B paboTe [2].
Ilar 5. J[-uzo6paxenusmu (B, Q)-o6parHoit marpuiisl (17) OyayT

K(K):ﬁ(K)*§(K):iﬁ(l)§(K—|). (21)

Takum 00pa3oM, uMest MaTprUIHbIe TUCKPETHI (19), B COOTBETCTBUHU C HEKOTOPHIM
ob6patHbIM auddepeHuaTbLHBIM npeodpasoBanieM N(®) MOKHO BOCCTAHOBHTH OpH-
runain (B, Q)-o6parnoii marpunsr A(t) .

MogpeabHblii npuMep. Paccmotrpum maTpuily

t+2 1 t+3 t+1
Alt)=| 2 0o 2 2
1 t t+1 1-t

Hmeem m=3,n =4, apasr MaTpuisl r =2 < m < n. Berauciaum (B, Q)-o6parHyto

MaTpully. Bocnonb3yemcs omHOTOYSUHBIMH AU dEpEeHIHATBHO-TEHIOPOBCKUMH
npeobpazoBaHusIMH [S]:

K 4K o K
X(K)=%.ddth(t) | K =0 o x(t):KZ_(:)(t Htv] X (K).
t+2 1
Beibepem H =1t, =0u g)=| 2 0]
1t
Ucnone3yst popmyisr (18), (19) anst BEIYKCICHUSI MATPUYHBIX JUCKPET, TIOIYIUM
2131 10 1 1
A)=[2 0 2 2,A®)=|0 0 0 0 || A(K)=[0],K =2,o;
1011 01 1 -1
2 1 10
S()=|2 0[S@W=|0 0] S(K)=[0],K =2, .
10 01
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Janee, momp3ysAch anrOpuTMOM, TPEACTABIECHHBIM B pabore [2], momydum

ciemyromue Matpuanble auckpetsl S(t):

B o L ool 0 0 0]_ o
SO=[" 2 °|SW=|y _1 o}SKK)=[0LK=2
1 -1 0 2

C nomoubro hopmyisl (20) momyunm

i 1]
|’1(O) = |:0

(K)=[0) K =L, 12(0) =m r2(K) = [0} K =1,
v 14 — 17 ¢ -
rs(0) =H rs(K)=[0] K =100, rs(0) =[_J, rs(K) =[0} K =1,c.

Umest marpuunsie guckpersl R(t), Berumcianm matpuunbie auckpersr R(t) ¢

MTOMOIIIBIO alITOPUTMA, TPENCTABICHHOTO B paboTte [2]. Umeem

R(@{é D _11}R(K)=[01,K=1,_oo;

R(0) = ,R(K) =[0],K =1, .

o O O P
o O+~ O

W, HaxoHen, ucnomnb3ys cooTHouenue (21), momyduM mMaTpudHble AUCKpeTH (B,
Q)-06paTHO#t MaTPHUIIEL:

0 % 0 0.0 0
aooll <1 0lzn_|® 5 %% —
A0) = AQ) = 2 |,A(K)=[0],K =2,
00 0 0 0 O
0 0 0 0 0 0

B cootBerctBum ¢ oOpatHpME AuddepeHITnaTEHO-TEHIOPOBCKHUMHU (MaKIIOPEHOB-
CKUMH) TipeoOpa3oBanusmu [5] BoccranoBuM opuruHai (B, Q)-o6paTHO# MaTpuIs:

o 1 o
2
A)=|1 —%
o 0 0
0 0 0]




MO3KHO JIETKO YOSIUTHCS, YTO TOJTYYCHHBIN OPUTHHA TOYHO YOBJIETBOPSET YC-
noBuio (3).

3axumouenue. [IpemoskeH JOCTaTOYHO MPOCTOM YMCIICHHO-aHATMTUICCKUN METO.
ompenenenus (B, Q)- mapamerpuueckux 0600IICHHO-00paTHBIX MaTpHIl, 0013 [ar0IIni
BBICOKOW BBIYHCIHTEIBHON 3(P(HEKTUBHOCTEI0. METO JIeTKO peau3yeM CpeicTBaMu
COBPEMEHHBIX HHPOPMAITHOHHBIX TEXHOJIOTHH [6].
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U.<. UhUNL3UL, <.U. UULUL3UL

MUrLWeEsSruuuy (B, @ Ssuuubh LLIKULMUSUUD LULULTUNr UUSrh8LErh
nrncuuu Uesena

Unwownlyws £ (B, Q) mbuwyh wwpwibiinpwlwu punhwupwgywd hwlwnwnd dwunphg-
ubiph npnodwt pwjwlwuwswih wwnpg pYwwuwhwpy dbpenn’ hhdudwd .6. Mnfundh np-
$tiptiughw duwthnfunipniuutiph Yypw: ‘Hhinwnplydws b dnnbjwihtu ophtuwly:

Unwugpuypti pwunbp. ywpwibnpwywu punhwupwgywsd hwywnwpd dwwnphgutin, nh-
dbptughwy dLwthnfunyeniutubn, nbnElwwndwlwu wnkfuuninghwubip:

S.H. SIMONYAN, H.A. ASLANYAN

A METHOD FOR DETERMINING (B, Q)- TYPES OF PARAMETRIC
GENERALIZED INVERSE MATRICES

A sufficiently simple numerical-analytical method for determining (B, Q)- types of
parametric generalized inverse matrices is proposed based on G.E. Pukhov’s differential
transforms. A sample example is considered.

Keywords: parametric generalized inverse matrices, differential transforms, information
technologies.
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YIK 621.865 ABTOMATU3AIIUA U
CUCTEMBI YIIPABJIEHUS

O.H.T'ACIIAPAH, C.I'. APABSIH

HCCJIIEJOBAHME L; ATAITUBHOM CUCTEMBI YIIPABJIEHUS
UCKYCCTBEHHOM PYKOM C HCITIOJIb30OBAHUEM METO/IA
OBPATHOM TMHAMUKH

IIpoBeneHoO HccaenoBaHUE CUCTEMBI YIIPABIEHUS UCKYCCTBEHHOU pyKoi ¢ N creneHsaiMu
CBO6OJZ[I:.I C YY€TOM JUHAMUKHU UCTIOJTHUTCIIbHBIX [[BPIFaTeJIefI. C LOCJIBKO KOMIICHCAIIMU BJIMSAHUA
HEM3BECTHOIO BHEIIHETO BO3MYILIEHUs MOCTpOoeHa L, ajanTuBHAs cucTeMa YHpaBIICHHS OTHCIIb-
HBIMH 3BCHBIMU HCKyCCTBeHHOﬁ PYKH.

Knroueesvie cnoea: UCKyCCTBEHHAs! BEPXHSsI KOHEYHOCTb, POOOT-MaHUITYJISITOP, alallTHBHAS
cucTeMa ynpasieHus L, MeTox oOpaTHON TUHAMUKH.

B crarbe mpennaraercs HOBBIM ITOAXOX K ITOCTPOEHUIK) CUCTEMBI YIPABICHUS
uckycctBenHo# pykoil (UP) (puc. 1), ocHOBaHHBIN Ha MPUMEHEHUH METO/IOB TCOPHH
L, amanTuBHOrO ympaBieHHs, KOTOPBIl JacT BO3MOXKHOCTb OOECIEUHTH OBICTPYIO

aJIanTaIMio CUCTEMbI ¢ coXpaHeHneM eé pobdactHoctu [1,2].

§é.

Puc. 1. Buewnuil 6u0 6epxweti UCKyCCMBEHHOU KOHEYHOCMU YeNl08eKd

N3BecTHO, UTO UCKYCCTBEHHAs! PyKa Y€IOBEKa KOHCTPYKTHUBHO OTHOCHUTCS K PO-
0OTaM-MaHUITYJSATOPaM W JIMHAMUKA TIOCJIEIHUX OIMCHIBACTCS CIIOKHOW CHUCTEMOM
HEJIMHEHHBIX B3aUMOCBS3aHHBIX ypaBHEHHH, MPUUYEM YHUCIO CTereHed cBoOoapl NP
MoxeT nocturath 27 [3].

VYpaBHenue auHaMUKd N-MepHOTO MaHuMynsTopa B MaTpuuHoM Bujae [3] ¢

YUYCTOM AMHAMUKH HUCIIOJTHUTCIIBHBIX Z[BHFaTeHefI (I/U_I) IIOCTOAHHOI'O TOKa UMECT BHU
[4.5]

227



M (q)d+C"(a.q)d+9g"(a)=7r+0 , (1)

rae g - N-MepHblil BekTOp 000011I€HHBIX KOOPIUHAT,
M™(q) = [diag {1, } +diag {1/ kf} M (q)] :

M (Q) €CTh CUMMETpHUYHAsA, IMOJOXKUTECIBHO OIPCACIICHHAA MaTpulla, 3aBUCAIIAsA OT

o01ieii KOH(UrypaIvy 1 Ha3bIBAKOLIASCS MaTpHLiel (Wi TeH3opom) uuepuu; |, - Mo-

MeHThI MHepimu potopos MU]1, a K. - kosdduimenTs nepenaun peaykropos;

C"(a,9) =[diag{C,,C, /  }+ diag {M ., } + diag {1/ k’} C(q, )],

Cyi - xoaddummentsr mo momenty UC; C,; - rxoapduuments: mporuso-D/C, a

ei

I - aKTMBHBIE CONPOTHMBIICHHS LIENH POTOPA; C(q,d) - MaTpHuLa KOPHOJIUCOBBIX U

HCHTpOGC)KHBIX CHII; M grvi -~ MOMCHTBI BA3KOT'O TPCHUS B MCXaHHMYCCKHUX II€peaaydax,

9" (q)=diag{1/k?}g(a),

g (q) — BEKTOp TPaBUTALIMOHHBIX CHJI [1]; T - BEKTOp yNpaBIsIOLUINX MOMEHTOB, IIPH-

JIOKCHHBIX K 3B€HbSIM, 4 O € [Ga ' Ub:| - IOCTOAAHHOC BEKTOPHOC BO3MYIIICHUC.

s pa3paboTku cucTeMbl ynpapinenus P mpuMeHuM M3BeCTHBIA B POOOTOTEX-
HUKE METOJl 00paTHOW JUHAMUKH [3], KOTOPBI TMHEApU3yeT YpaBHEHHUS JBUKEHUS U
CBOJIUT MHOTOMEpHYIO cucteMy ypaBHeHHUi P k coBokymHocTH N OTIOEeNbHBIX HHTET-
PUPYIOIIMX 3BEHbEB BTOpOro mopsiaka. Kak mokazano B [6], BBOASI COOTBETCTBYIOIINE
KO3 UITUCHTBI 00paTHBIX CBSA3EH Jisi 00OOIIEHHBIX KOOPIUHAT U UX MPOU3BOJIHBIX,
MOJKHO TaKXe TOIy4uTh HE00X0IMMOE pactpe/iesieHle KOPHEH XapaKTepruCcTUIECKOTO
yYpaBHEHMUS JINHEapUu30BaHHOU HP.

Ecnu BBIOpaTh 3aKOH yIIpaBleHUs! B COOTBETCTBUH CO CIEAYIONIUM YPaBHEHHEM:

T=r+u, 2

rac r - HOCTOS[HHI;IfI CUTHAaJI yCTaBKI/I, a
u=C"(0,q)d—diag(K,)g+M"(aq)g—dl +9g"(q)-diag(Ky)a, (3)

K, 1 K, — nocrosnnsle k03QdULUEHTHI peryastopa 00paTHOW JUHAMUKH, KOTOPBIE
BBIOMPAIOTCS] UCXOAS M3 JKEIaeMOro pacupeaeeHns] KOpHEeH JTMHeapU30BaHHbIX ypaB-
HeHuit IP, To MOHO 3amucaTh cleayromiee Beipaxenue it m-ro (m=12,...,N)
3BeHa 1P:
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qm + Klmqm + Kqum = r-m +0,- (4)

m

[TomuepkneM, 4Tto 00OOLIEHHBIE KOOPAMHATEI (|, @ TakXke IepeMeHHble [ u

o, = const B (4) ABJIAIOTCA CKAJIAPHBIMHU U OITMCBHIBAIOT ABHXKCHHUE M -I'O U30JIMPOBaH-

Horo 3BeHa MP. CtpykTypHBIe cxeMbl cucteMsl yrpasieans P ¢ npenioxeHHoit Mo-
nuduKanueit MeTona oOpaTHON JMHAMUKH ITPUBEACHBI HA PHC. 2 M 3 COOTBETCTBEHHO.

TNHeapuaosaHHas cuctema |

Pobot
—>

AOVHaMUKn MaHUNynAaTop

Perynsatop obpatHoi

v

MnaHupoBaHue
TpaekTopuii :V

Puc. 2. Cmpyxmypnas cxema cucmemvl ¢ pe2yissmopom 006pamuoi OUHAMUKY

JluneiiHoe ypaBHEHUE (4) ONKCHIBaCT JUHAMHKY 3BeHbEB VP, pa3Bsa3aHHBIX IyTeM
MPUMEHEHUS MeTo/1a OOPaTHOM TUHAMHUKH (T.€. H30JIMPOBAHHBIX ).

diag{Ki}

diag{Koi}

2'(q)

=
Tﬁ> M (q)

Puc. 3. Cxema pearusayuu memooa o6pammnou OUHAMUKU

ypaBHCHI/ISI ABWIKCHUS KaXKA0I'0 OTACIIBHOI'O 3BCHA NPEACTABIIAKOTCA B IIPOCTPAHCTBE
COCTOSIHUM B CJICAYIOIIEM BHUIC:

x(t)=Ax(t)+b(u(t)+o(t)), x(0)=0, )
y(t)=c"x(t),
rue X= [q, C|]T (3meck u manee OymeM [Tt TPOCTOTHI OIYCKATh WHAEKC M ).
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YpaBHeHHs HAOIIOIAIOIIETO YCTPOHCTBA CHCTEMBI HMEIOT Ty ke Gopmy [1]:

X(t)= A%(1)+b(u(t)+6(1)), *(0)=0, (6)
§(t)=c"k(t).

r7e yepe3 ¢ 0003HAYAIOTCS HAOMIOaeMble BEMUMHbI (OLIEHKH BEKTOPA COCTOSHMIA).
OmmoOKa OIeHKH OTMpeAeSeTCs CISIYIOINM YPaBHEHHEM:

&(t)=x(t)=*(t)- 7)

U3 (5) u (6) BeITEKAET, UTO
£(t)=As(t)+bs(t), (8)

rae 5(t)=o(t)-o(t)-
B cootBercTBuu ¢ Teopueil amantuBHOro ympasnenust L, [1,2] ympasmstommii

CHT'HAJI CHCTEMBI B OTIEPATOPHOM BHJE JACTCS CICIYIOIINM YPAaBHEHUEM:
u(s)=C(s)(kgr(s)—&(s)), (9)
rne C (S) — repeaTodHast GPyHKIMS HU3KogacToTHOTO (mtbTpa (C (O) =1),a
k, ==1/(c"A™). (10)

B xadecTtBe 3akoHa KOMIIEHCAIIMM BO3MYIIEHWH Ha OCHOBE OOIIEH Teopuu
aIAIITUBHOTO YIIPABJICHHS C STAJIOHHON MOJIeIbio umeeM [1,2]

6(t)=Tb"Pe(t), (11)

rae ' - koaddummenT aganranum, KOTOPHI BEIOUpAETCs UCXOS U3 TPeOyeMOil CKO-
poctn amantanuu. [Ipo0Giema yCTOHYMBOCTH CHUCTEMBI aTalNTHBHOTO YIIPABICHUS
paccMoTpeHa B [6], rie moka3aHo, YTO JaHHask CUCTEMa YIPABICHHs aCHMIITOTHYECKH
YCTOWYMBA TIPH JTFOOBIX 3HaUeHHsIX [ .

Ha puc. 4 npuBenena GJI0K-cXxeMa CHCTEMbI C HAaOJIIOJAIOIIUM YCTPOHCTBOM U
a/IalITUBHBIM 3aKOHOM KOMIICHCAIIMH BO3MYILEHHH.

MoXHO TIOKa3aTh, YTO YpaBHEHHS IBW)KEHHS aallTHBHOW CHCTEMBI C HaOJII0qat0-
LIMM YCTPOWCTBOM MMEIOT B OTIEPaTOpHON Gopme BU

y(s)=w(s)C(s)k,r(s)+w(s)[ 1-C(s)[1+w, ()] " w, (s) | (s).  (12)

rae WO(S) - mepenarouHas (YHKUIUS 3aMKHYTOI'O KOHTYpa aJalTHBHOM CHCTEMBI
YIpaBIeHHs, KOTOpas NaeTcsl CIAEAYIOMINM BhIPaKCHUEM:
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~

—b K,

- ———==

~

G

s)= ngP(sl -A)"b.

c =const

#()= Ax()+ b))

—

Puc. 4. Cmpyxmypuas cxema 3amMKHymou a0anmusHot cucmemvl ynpaegienus Ly

L, apanTuBHbIiA perynatop

= 30 40 Hull)rS) oA
6 ()=Tb"Pe(r) <28:

(13)

B cpene SIMULINK nporpammuoro nakera MATLAB pa3paboTana quHaMHUdHAsS
MOJeJb IPUBEICHHON aIalTUBHON CUCTEMBI HA OCHOBE HEIMHEWHBIX B3aMMOCBSI3aHHBIX
YpaBHEHUH ABWXEHHUS 6 - CTETIEHHOT'O aHTPOIOMOP(PHUYECKOro poOOTa-MaHUILYJIATOpa
PUMA 560 [7] mpu crieayromux 3HAYEHHUSX I[apaMEeTpOB PEryisTopa OOpaTHOM
nuHamukn: Ky = 4, K; = 5, 0 € [—0,003,0,003]. Mozenupoanue GbUIO POBEIEHO
npu creayrommx 3Hadenuax [m 105, 108, 107. OTmeTuM, 9TO NpU MOJETMPOBAHHH
CHCTEMBI YYUTHIBAJIOCH TaKXKe CyXoe (KyJOHOBO) TPEHHE B MEXaHUYECKUX Mepeadax:

M. =0,0005.

0.005+

-0.005¢
-0.01}
0.015¢
-0.02¢
0.025"
-0.03}
0.035}
-0.04¢

MHuMasa ocb

Kpneble HalkBucra

)
!
\
W
)
\
»

-2 -1 0
BewecTBeHHasa ocCb

Puc. 5. Kpuevie Haiixeucma nepedamounoti pyuxyuu W, (S) (13) npu paswuvix snavenusx

koappuyuenma I’
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KopHeBo# rogorpad

T T T
1000} g
r=10"
a 500- F=106‘\\) ]
(3]
° r=10—___
x
© 0
=
=
= o
Z 500} g
1000} <
L L L
-0 -8 5 4 2 0 2

BewectBeHHaA ochb

Puc. 6. Kopnesvie 20002paghvt samkrymoti cucmemot ¢ nepedamounoi Qynxyuei Wy (S) (13)

npu usmenenuu kodgguyuenma I’

Ha puc. 5 u 6 npuBeneHbl YaCTOTHBIE U KOPHEBBIE XapaKTEPUCTUKH MEPEIATOUHOM
yHKIIM W, (S) (13). U3 kopHeBoro rogorpada BUAHO, YTO YBEIHYCHUE CKOPOCTH
anganraiuu I JeHCTBUTENBHO HE BIMSET HA YCTOMYMBOCTH CHUCTEMBI, TaK KaK IPH

yBennueHuH Kodduimenta I' KOpHU 3aMKHYTOMH aIallTUBHOW CUCTEMBI JBUTAIOTCS B
0ECKOHEYHOCTh MapaJuieIbHO MHUMOH OCH, OCTaBasiCh B JIEBOW TOTYILIOCKOCTH.

12 T T T T T T T T 3 3
5
+ I'=10
6
1o LTy r=10 i
s %, 5
r=10
© 5»,‘
s
« 8 \ B
x A,
= k3
3 \g
-9 s,
S 6 i\ .
o 3,
= b
= \\~
© L -
r 4 A\
S AN
@ \"
El AN
o o= AN |
o SN
© \~~
o
0 [ [ [ [ [ [ L L
0o 1 2 3 4 5 6 7 8 9 10 11

Bpemsn

Puc. 7. Ipagpux usmenenus 0600ujeHHO KOOPOUHAMbBL NEPBO2O 36eHA
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4 T T T T T T
3.5 1
3k ,
=10
s 2.5 / B
=
T
6
- =
° Ll r=10 i
o
© 7
x =
o 1.5f =10 i
=
3
o 1f A
05\ .
v
. "./l \;’T* ____________ ,
e n
0] 1 2 3 4 5 6 7

Puc. 8. I'papux usmenenus owubku npedckazvléanus

B xagectBe mpumepa rpaduku Ha puc. 7 U 8§ OMHCHIBAIOT NEPEXOIHBIE MPOIECCHI
B OTJEJIBHOM (B IaHHOM CIIy4ae - IEpBOM) 3B€HE MAaHUITYJIITOPA MIPH Pa3IWYHbIX 3Ha-
yeHmsIX kKoddumnmenta aganranuu [ .

[IpuBeneHHbIE pe3yNbTaThl UCCICAOBAHUS HO3BOJISIOT YTBEPXKAATh, YTO MPHMe-
HEHHEe NPHUHIUIOB L, ajanTHUBHOTO yNpaBleHUs B COYETAHHU C METOJOM OOpaTHOM

JMHAMUKH JIa€T BO3MOYKHOCTb TIOJTy4aTh OOJbIINe 3HaYeHHS KOd(PHIMEHTa a1aNTaiuu
0e3 TmoTepu yCTOWYMBOCTH CHCTeMBI ynpasieHus WP, obecneunBas B TO ke BpeMms
HE3aBUCHMOCTb JIBHKEHUSI OT/ICIbHBIX 3B€HBEB ITOCIIEIHEH.

Hccneoosanue evinoaneno npu guuancosoli noodepocxe I'KH MOH PA 6
pamkax Hayunoeo npoekma Ne SCS 13-2B305.
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UrzcUSU4uL 260LP Ly UTUNSHY, WUAUJULNUUL ZUUTUYU e 26SULNSNRUL
20401 Ur2 2hutUbhyushk UteNYh YhMURUUUR

Guunwupyl] £ wquunipjut N wunhdwb niikgnn wphbunnwljut dinph hbnwgnunnud®
gnpbunhp  owpdhsubph phtwdhluyh hwyqundwdp: Upunwuphtt wihwjn  Jppnyuniiuph
wqpbkgnipjub skqnpugdw tyyunwlny dowljyt) £ wphtutnwljwi dknph wpwbdht onuljukph
L; wnuwunhy jupwupdwi hwdwlwupg:

Unwigpuyhl punkp. Ytphtt wphbunwljut Ybpenyp, pnpnin-dwthwnijjunnp, L; wnwuy-
wnhy jurwjupdwt hadwljupg, hwljunupd ghtwdhugh dkpnr:

O.N. GASPARYAN, S.G.ARABYAN

INVESTIGATING THE L; ADAPTIVE CONTROL SYSTEM OF AN ARTIFICIAL
ARM BY USING THE METHOD OF INVERSE DYNAMICS

A control system of an N-degree-of-freedom artificial arm is investigated considering the dynamics
of executive motors. In order to compensate the external unknown disturbances, an L, adaptive control
system is designed for each link of the artificial arm.

Keywords: upper artificial limb, robot-manipulator, L; adaptive control system, method of inverse
dynamics.
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VIK 621.52+511.52 ABTOMATHU3AIIAA U
CUCTEMBI YIIPABJIEHUSA

A.I'. ABETUCSIH, JI.C. T'TOJIB3AISAAH

METO/J PEHHIEHUS MHOTI'OITAPAMETPUYECKHUX 3ATAY
JUHEMHOT' O IPOT'PAMMMPOBAHHU S, OCHOBAHHBIN HA
JUOOPEPEHIIMAJIBHBIX IIPEOBPA3OBAHUAX

PazpaboTan MeTox pemeHns 3aad MHOTOIIApaMeTPHIECKOTO JIMHEHHOTO MIPOTrPaMMHpPO-
Bauwus (JIIT) ¢ mapaMeTpryeckuMu 3aBUCUMOCTSAME B KO3 duiueHTax 1eneBoi GyHKINU UITN
NpaBbIX YacTAX OrpaHuueHud. Mertox ocHoBaH Ha nuddepeHnuanbHo-Tenopockux (AT)
npeobpazoBanmsix [.E. [TyxoBa u cumrutekc-tipeodpazoBanusax JII1. [IpennoxeHHBINH alropuT™
NPOWIIIOCTPUPOBAH Ha MpUMepe MIAaHWPOBKHU IPOU3BOJICTBA HedTenepepadaThIBaoLIell KOM-
MaHWUH.

Knrouegvie cnosa: MHOTONapaMeTpHUYECKHE 3a/a4d JIMHEHHOTO NPOrpaMMHUPOBAHUS,
muddepeHnnansHpIe MPeoOpa3oBaHms, HHTEPBAIBI ONITHMAIBHOCTH M IOMYCTUMOCTH, YCIIOBHS
ONTHUMAJILHOCTH H AOIYCTUMOCTH, CUMILIEKC-TIPeoOpa3oBaHusl.

BBenenue. Vcnonp3oBaHue OrpaHUYEHHBIX PECYPCOB, MUHUMU3AIUS U3AECPAKEK,
obecriedyeHrne MaKCUMaIbHOW BBITOJIBI, & TAK)KE TPEOOBaHHS PHIHKA MPUBOJIAT K HEOO-
XOJMMOCTH HCCIIEOBAHMA BIUSHNUA BapHallMU TeX WIM MHBIX [TapaMEeTPOB KOHKPETHOU
3a7a4M Ha ONITHMaNIbHOE peleHue. Ha npakTrke 3TH n3MeHeHus1 Hanboliee 4acTo Tpe/l-
CTaBJISIIOTCS B BUJIE MHOTOIIAPAMETPUYECKUX 3aBUCUMOCTEN. VIcIIONb3ys N3105KEHHBII
B [1, 2] moaxon mist pernenus 3aaad JII1 ¢ napamerpuuecKuMu KO3QGUITUSHTAMU T1e-
JICBOW (D)YHKIIMM W MPaBBIX YaCTeH OTpaHMUYCHH, B TaHHOW paboTe Ha OCHOBE CHMII-
nekc [3] u nuddepennmansapix npeodpazosanuii I'.E. [lyxosa [4-7] npeyioxkeH me-
TOJ, peuleHusl MHoronapaMerpudeckux 3anad JIII.

TeopeTndeckue ocHOBBI. C 11€TbI0 IPUMEHEHUS U3TIOXKEHHOTO B [1, 2] moxxoaa
JUTSL MHOTOTIAPaMETPUIECKOT0 CiTydasi CHavaia pacCMOTPHM MHOTOMEpHBIe auddepeH-
HuanbHble mpeodpasoBanus [Tyxosa [4-7]:

- mpsMoe npeoOpa3oBaHue:

HH S, HE [ o et 00,1, 0,50
U(Kl,Kz,---lKn)= é|K2| o |: ok 1at2K" ) , K=(K1,K2....,Kn)=0,oo; (1)
KoLK ot at,..at, t=t

- 0o0parHoe mpeobpa3oBaHue:

K, K, Ko
ult, byt )= > Y {tl_tVJ [tZ"tVJ ...[t"_tVJ U(K,,K,....K,) (@

0K 4K, 44K, = fL H H, H,
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rae H=(H,,H,,.,H,) - BEKTOp HEKOTOPHIX MOJOKUTENLHBIX MACIITAOHBIX K0O3(hhu-
UMEeHTOB;  t=(t,t,,..,t,) - BEKTOp KOOPAMHAT IEHTPa  AMIPOKCHMAIHHM;
U =(K,K,,..,K,) - IMcKpeTHass QYHKIHA eJOYUCIEeHHbIX apryMenToB; K ,K,,..., K, -
nuddepeHInanbHbIi CIEKTp OpuruHana u(t,,t,,...,t, )-

Maremaruueckue moean 3aaaq JIIT ¢ MHOronapaMeTpu4ecKUuMH 3aBUCHMOCTSIMU

B KO3 uuMeHTaX LeneBoi (YHKIHMU U MPaBbIX YAcTAX OTPAHUYCHUI MOXKHO Ipen-
CTaBUTH CIIEIYIOIIUM 00pa30M COOTBETCTBEHHO:

F(X)=c,(t,tenrt, ) X +Co (L, 6 st ) Xy + €, (L, 8t )- X, — OXEF
xeD

AX <D,

D: 3
x120,...,xn20; )

fIX)=c; Xy +CH - X5 +...+Cp - Xn — XIr
()11 2° 72 n-2n xeD

D:{AX <blt,,t,,....1,), "

X1 20,...Xn 20.

[TpumeHsis BeITIIEN3NIOKEHHBIE TIpsAMbIe AuddepeHanbabie mpeodpazoBanus (1)
IO OTHOIIIEHHUIO K AIEMEHTaM ¢ (D)YHKIIHOHAIEHBIMY 3aBUCHUMOCTIMU B (3)-(4), morydaem
COOTHOIIEHHMS sl Berancienus J{T-u300pakeHnii COOTBETCTBYIOIIMX CUMILIEKC-TIpe-
oOpa3oBaHuii, MOAPOOHO OMKMCAHHKIX B padorax [1,2] .

1. Tlapamerpuyeckoe nzMeHeHre KOAHUITNEHTOB IeNIeBOH (QYHKITUH:

A(?)(Kl,Kz,...,K,)zA(?1)(K1,K2,...,K,)—%:(‘Zj_ji)A(;l)(Kl,Kz,...,K,), -
j=tn+m, K=(K,K,,.,K,)=00.

2. Ilapamerpuueckoe U3MEHEHHUE MPABBIX YaCTeH OTpaHMYCHHIA:
xg?0>(K1,Kz,...,K,):ﬁ-xg‘;ﬁ(&,Kz,...,K,), ©
j=Ln+m, K=(K,K,,..,K)=00,

alay
XK, Ky, K )= XK K, K ) - a:(l%.” XK Ky K)), -

i#iy, j=Ln+m, K=(K,K,,.,K,)=0,c,
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I/IHTepBaJ'ILI OINITUMAJIBHOCTU U AOIIYCTUMOCTHU ONPEACIIAIOTCA PCHICHUEM 3aldav
MAaTEMATHYECKOr'o IIporpaMMHUpOBaHus COOTBETCTBEHHO!

. I
t. — max t. — min
2t~ m 2h-m ®)
—Aj(tl,tz,...,t,)s 0,j=1..n, Aj(tl,tz,...,t,)z 0,j=1..n,
izl_llt—>m{31x iZl_llt—>mtin ©)
B[ttty )<0, =1m, B[ttty )<0, j =10,

Mpakrnyecknii mpumep. llenpio HedTenmepepabaThIBarOMIE KOMIIaHUH, CIIE-
UATN3UPYIOIEHCs B IPOU3BOACTBE U CMEIIMBAHNH HE(TH, SBISAETCS MaKCHMU3AIHS
OpuObBUIM W BHIOOP ONTHMANBHOTO COYETAHUS CBHIPbA, MPOAYKTOB [8]. YcmoBus
9KCIUTyaTallly MPUBEACHHI B Ta0I. 1.

Tabnuya 1

Yenosus saxenmyamayuu HIT3

MaxkcuManbHO TOIYCTHMBIA 00BeM
IIponykTsl Ceipas HedTh 1 | Coipast HeDTH 2 MIPOU3BOJICTBA
(bapp. / Oenv)
Bensun 80 44 2400 + ¢, (0< 6, <6000)
Kepocun 5 10 2000+ 9,(0< g, <500)
Maszyt 10 36 6000
Ocratok 5 10 -
CroumocTs 00paboTKH i
(0onn. CLIIA / 6app) 0,50 1,00

MatemaTtryeckast MOZEIIb UMEET CIEAYIOIUI BUI:
z =8,1x, +10,8x, — max,

X1, X

0,8x, +0,44x, < 24000+ 6,

0,05x, +0,1x, < 2000+ 6,,

0,1, +0,36x, <6000,

0< 6, <6000,

0<6, <500,

X 20,%X,2>0,X% >0,

TI€ ¢, ¥ @, - TapaMeTPBl, NPEICTABIIAIOIINE JONOIHUTENbHbIA MAKCUMAJILHO JIOITyCTH-
MBI 00bEM NPOU3BOJCTBA OEH3MHA 1 KEPOCHHA COOTBETCTBEHHO; X; U X, - CKOPOCTH
MIOTOKOB ChIpoit HedTh 1 U 2 (Gappeneit / 1eHb).
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Xon pellieHHs TaHHOW 3aJa4ydl IPEIIOKEHHBIM METOAOM IPHBeAEH B Tabm. 2-8
npu K, =2, K,=2 u H,=1, H,=1. B xauecTBe Ha4aabHOIO LEHTPA ANNPOKCUMALUH

BBIOpaHa Touka 6 =[¢,,6,]=[0,0].

HUrepaunus 1. Ompenenerne ONTHMAaIbHOTO DEIICHHS W WHTEpPBAlIa JOITYCTH-
MOCTH TMOJTyYEHHOTO PENICHUS, 9:[91,,92]:[0,0]; K,=2, K,=2; H,=1, H,=1.

Tabnuya 2
Llaz 1
IB XB al jO_)a'Z as
24000 0
3 X;(kk,)=| 1 0 0,8 0,44 0
0 0
[2000 0
4 x,(kk,)=| O 0 0,05 0,1 0
| 0 0
5 6000 0
b = Xs(k1kz)_ 0 0 0,1 0,36 1
|0 0
8,1 -10,8 0
Tabauya 3
Llae 2
' Xg Jo—a a, a;
16666,666 O
3 X3 (kk, ) = 1 0,677777 0 -1,222222
0
333,333
i, >4 | x(kk,)=| 0 0,022222 0 -0,277777
0
16666,666
2 x,(kk,)= 0 0,277777 1 2777777
0
A 5,1 0 30
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Tabauya 4

Hlaz 3

le Xg & 8, a; a, Jo—as
6500 —305 O]

b >3 | xlkk)=| 1 0 0 0 0 1 | -305 7,25
0 0 0]
15000 45 O]

1 x(kk,)=| 0 0 0 1 0 0 45 -12,5
0 0 0]
12500 -125 0

2 x,(kk,)=| 0 0 0 0 1 0 | -125 6,25
0 0 0

A 0 0 0 | 229,5 -33,75

Tabauya 5
Llaz 4

I Xg & a, 8 8y as
[ 896,551 —4,206896 0

5 x5 (kk,)=|0,132793 0 0 0 0 0,137931 | -4,2069 1
| o 0 0
[26206,896 —7,5862 0

1 | x(kk,)=| 1724138 0 0 1 0 1,72414 | -7,58621 | O
| o 0 0
6896,551 13,793 0

2 | x(kk,)=[-0862068 0 0O 0 1 -0,86207 | 13,7931 0
0 0 0

A 0 0 4,655172 87,5 0

lae 5. BoccraHOBIIEHHE OPUTHHAIOB coriiacHo obpatHomy [l T-mipeoOpazoBaHmio

(2):

x,(6,,6,)=26206,896-(¢, —0)°(6, —0)’ +1,724138-(4, - 0)' (¢, - 0)’ —

x,(6,,6,)=6896,551-(¢, —0)° (¢, —0)’ —0,862068- (4, —0)'(¢, —0)° +
+13,793-(6,-0)°(6, —0) +0-(4, - 0)'(9, - 0)' = —0,8620686, +13,7936, + 6896,551;

%(6,,6,)=896,551-(6, —0)° (6, —0)’ +0,13793-(¢, - 0)'(9, —0)° —
—4,206896- (6, —0)’(9, —0) +0-(6,—0)(6, —0) =0,137936, — 4,2068968), +896,551;
2(6,,6,)=4,6551720, +87,56, + 286758,6.
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~7,5862-(6,—0)°(6, —0) +0-(6, —0)(6, —0) =1,7241386, - 7,58626), + 26206,896;



Ilaz 6. Onpenenenne 3uauenuii mapametpo Gu 6, no (9), mpu KoTopbIX

MOJIY4YCHHOC PCHICHUE OCTACTCA NOIYyCTUMbBIM
-6 -6, > max

—0,137936, +4,2068966, < 896,551

—1,7241386, +7,58620, < 26206,896

0,8620680, —13,7930, < 6896,551

6, <6000,

6, <500

= 6, =6000; 6, =4098.

Hrepaums 2. OnpeneneHue ONTUMAIBHOIO PELIEHUS U UHTEPBaja JOIMYCTUMOCTH
TIOJIy4EeHHOTO peleHus npu 6 = [4, 6, ]=[6000,410].

Tabauya 6
Hlac 1

I XB al jo—>a, a, a, ag

3 30000 0 O 08 |044 1 |0 0
%(kk)=| 1 0 0
0 00

4 (2410 1 0 0,05 | 0,1 0 |1 0
x,(kky)=| 0 0 0
| 0 00

i, —>5 [6000 0 0 01 |0,36 0 |0 1
%(kk,)=| 0 0 0
| 0 00

A -8,1 | -10,8 0 |0 0
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Tabnuya 7

Hlae 2
I Xg bh—a | a |a| a, as
22666,666 0 0
ip —>3 xs(klkz){ 1 0 01 0,677777| 0 1] 0 |-1,222222
0 00
743333 1 0
4 x(kk,)=| 0 00 0,022222| 0 | 0| 1 |-0277777
0 00
16666,666 0 O
2 xz(klkz){ 0o 0 01 0277777 | 1 0| 0 | 2777777
0 00
A -5,1 0 [o] 0 30
Tabauya 8
a3
's Xg a | a; a, a;
33442,625 0 O]
1 x(kk,)=| 14754 0 0 1 | 0 | 1,475579 0 |-1,8032
0 0 0]
0164615 1 O]
4 x4(k1kz){—0.0327868 00 0 -0,0327868 | 1 | -0,2377
0 0 0]
734405 0 O]
2 xz(klkz){—o,m%se 00 0 -0,409836 0 |3,27868
0 0 0
A 0 7,5245 0 |20,8032

Illaz 4. BoccTaHOBICHUE OPUTHHAJIOB COMIACHO oOpatHoMy JIT-mpeoOpa3oBaHuio
(2) B menTpe anmpokcumanuu ¢ = (4,6, ]=[6000,410]:

x,(6,,6,)=33442,625- (6, —6000)° (6, —410)° +0-(6, —6000) (6, — 410)° +
+1,4754- (6, —6000)° (6, —410) +0-(6, —0)'(9, —0)" =1,47546, + 24590,225;

x,(6,,6,)=17377,05-(6, —6000)’ (¢, — 410)° +0- (6, —6000)'(¢, — 410)" —
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—0,409836- (6, —6000)" (6, — 410} +0- (6, —6000) (6, — 410)" =—0,4098366, + 9836,066 ;



x,(6,,6,)=0,164615-(6,~6000)’ (6, ~410)’ +1-(¢,~6000)' (¢, -410)" -
-0,0327868-(6, ~6000)’ (6, ~410)' +0-(6,~6000)' (6, - 410)' =-0,03278686, + 4, ~213,114585 ;
2(6,,6,)="7,52456, +305409,84.
OKOHYaTEeHbHOE PElICHUEe TPUBEACHO B Ta0II. 9.

Tabauya 9

Pewenue npumepa

9:[91!92] X =(X1,X2) z
x(6,,6,)=1,7241386, —7,58626, + 26206,396

0<6, <6000 z(6,,0,)=4,6551720, +
%,(6,,6,)=-0,8620686, +13,7936, +6896,551
0<6, <4098 +87,56, +286758,6
6, = 6000

x,(6,,6,)=1,47546, + 24590,225 2(6,,6,)=7,52456, +305409,84

< <
4106, <500 x,(6,,6,)=—0,4098366, +9836,066
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U.Q. U4GSPhUSUL, L.U. 48NPLAUNSBUL

FUQUUNULUUEBSMUYUL @OUSHL OrUGUdNruuy ubuEh LOPOUUL
UtEeNY ZhULIUO Hh3EITLSPUL Q61 UCNIVNRESNRLLELD [T

Unwownlquws k dbkpny’ tyuwnwluyht niuljghuyh gnpswuljhgutinh jud vwhdwbwthw-
Ynwdubph wquun winudttph puqUuyupudbnpuljut jujpjusnipniuttpny qduyht dpwg-
puynpdwit punhputph musdwt hwdwp: Ukpnnp hhduqws b qdwghtt Spugpudnpiwit uhdu-
1kpu b Q. G. Mntjungh nhdbpkughwi-phynput dAbwhnjunipniuutph Jpu: Unwewplus wy-
gnphpup nruwputduws b twdpudouldut pulbpnipjut wpunwunpnipyut wjwbhwynpdw
gnpsuwlwi ophiwlyny:

Upwbgpuyphl pwpkp. puquuuyupudbinpuljut qduyhtt Spugpuynpdwit  futinhpubp,
nhdtipkughw) Alwthnpunipniuubp, owwhdwnipjui b poyjunpbihnipjut  vhewluyphp,
oyunnhdwnipjul b pnyjunpkjhnipjut yuydwuubp, uhdyipu Abwhnjunipemniubbp:

A.G. AVETISYAN, L.S. GYULZADYAN

A METHOD FOR SOLVING MULTIPARAMETRIC LINEAR PROGRAMMING
PROBLEMS BASED ON DIFFERENTIAL TRANSFORMS

A method for solving multiparametric linear programminng (LP) problems with
dependencies in coefficients of objective function or right-hand sides of constraints is
developed. The method is based on differential Tailor transforms (DT) of G.E.Pukhov and the
LP simplex transforms. The proposed algorithm is shown on the example of planning the
production of an oil-processing company.

Keywords: multiparametric linear programming problems, differential transforms,
optimality and feasibility conditions, optimality and feasibility intervals, simplex transforms.
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ISSN 0002-306X. U3B. HAH PA n TNYA. Cep. TH. 2014. T. LXVII, Ne 2,

VK 629.7.05:681.518.25 ABTOMATHU3AIIAA U
CUCTEMBI YIIPABJIEHUS

A.A. BATUSAH

O HEOIIPEJEJIEHHOCTAX B IMHAMUKE CUCTEM COITPOBOKAEHU S
HA3EMHBIX OBBEKTOB C JIETATEJIBHBIX AIIITAPATOB

PaCCMOTpeHa JAWMHaMUKa CUCTEM COIIPOBOKIACHHA HA3EMHBIX O00BEKTOB C JI€TATEIbHBIX
armapaTos. BrisBrieHs! HCONPECACICHHOCTU B JUHAMUKE CHUCTEM COIIPOBOXIACHHA, BJIUAIONIUEC
Ha Ka4€CTBO pCaiM3allviu 3aJavur yIpaBJICHUA. HpOBeﬂeHa OLICHKA CTETNEHH BO3JACHUCTBHUS dTUX
HeOHpCZ[eHeHHOCTeﬁ Ha TNWHAMHKY CUCTCM.

Knioueevle cnosa: nerateibHBIN armapar, COHNPOBOXACHUC, JUHAMHUKA CHUCTCMBI,
HCONPEACTICHHOCTb B MOACTIN CUCTEMBI.

Beenenne. CucteMsl COMPOBOXKICHHUS 00BEKTOB SBISIOTCS OJHUMHU U3 OCHOBHBIX
B cOCTaBe 0030pHO-TIPHUIIETBHBIX KOMILIEKCOB COBPEMEHHBIX JIETATENBHBIX alapaToB
(JIA). [l conmpoBokIeHUsSI OOBEKTOB B 0030pHO-TIPULICIBHBIX KOMITIEKCaX HE00XO-
MO BU3HPHYIO JIMHHIO, COEAUHSIONIYIO LICHTP MOJBKHON MapKH (B BUAE MIEPEKPECTHS,
KBaJ[paTa, Kpyra Wil HHOW reOMEeTpHUECcKOl GUTypBI) C ee MPOoeKIrel Ha 3eMHOM 110-
BEPXHOCTH, MIOCTOSIHHO HABOJIUTh Ha 3TH 00BEKTh. CHCTEMBI COMpoBOXKIeHUs (puc. 1),
KaK CUCTEMBI aBTOMAaTHYECKOTO YIIPABIICHHUS, B 00IIEM cliydae cOCTOAT u3 [1]

® 33/1aI0LIET0 YCTPOWCTBA;

e Kkoppektupytomero ycrpoiicrsa (KY);

e 00beKTa ynpaBieHUS,

e naruyuka yrina (J1Y).

3anaroree X 4 KoppekTupyoniee .| O6bekr Yo
YCTPOHCTBO YCTPOHCTBO " | ynpaBnenus o
Jlatunk
yrioa

Puc. 1. Cucmema conpogoaicoenus 00vexkmos c JIA

KoppexkTupytoriee ycTpoHCTBO NpEACTAaBISET COOOU PEryisTop, YIy4IIaroIlui
Ka4eCcTBO YIpPaBJICHUS 1 00eCIIeUHBAIOLINI 3aJaHHbIe AUHAMUYECKHE CBOMCTBA CHCTEMBI
conpoBoxeHUs. OOBEKT ynpaBieHHs — HeM3MEHseMasi 4acTh CHCTEMBI COIIPOBOKIICHUS,
BKJIFOUAIONIAsl 3JIEKTPOJABUraTeNb C MEXaHUUYECKUMHU UCIIOIHHUTEIBHBIMHU 3JIEMEHTAMU
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1 wiatdopMy ¢ HHPOPMAITOHHO-U3MEPUTENFHON anmaparypoid 0030pHO-TIPHUIIETEHOTO
KoMIUIeKca. JlaTuuK yria u3MepsieT OTpadOTaHHbIE OOBEKTOM YIIPABICHHUS KOOPAMHATEI
U TIOIa€T UX Ha CPaBHEHUE C KOOPAMHATAMH, IOCTYNAOIIMMH U3 33Ja0LIEr0 yCTPOoii-
CTBa, U1 obecrieueHns oTpunaTensHoir oopataoit cesasu (OOC). Perymsarop, o0BeKT
ynpasnerust u Y, 3axmrouenHasie B KOHTYp OOC, 00pa3yroT CIeAsmIyl0 CHUCTEMY
OpPHEHTAllMK BU3UPHOW JMHUH. [[MHAMHUKa CHCTEMbI COIPOBOXKICHUS B LIEJIOM OIIpe-
JeJIsieTCs. UMEHHO COCTaBOM U IIPUHLUIIOM AEHCTBUSA CIEAALICH CHCTEMBI.

1. O6001IeHHbIe YPaBHEHUS THHAMUKH CHCTEMbI COMPOBOKIeHUs. PaccMoTpum
MIPOIIECC COMIPOBOXKIEHUS HazeMHOM 1enu ¢ JIA, CcyTh KOTOpPOTO COCTOHT B OTPabOTKe
ee IBYX YIJIOBBIX KOOPAMHAT, MOCTYNAOLIMX U3 3aJarolero ycrpoiicrsa. Hemocpen-
CTBEHHO OTpabOTKa 3aJaHHBIX KOOPAMHAT HPOM3BOAUTCS OOBEKTOM YIPABICHHUS
(3meKTpoABUraTEeISIMA M MEXaHUUYECKUMHU UCTIOJIHUTEIbHBIMU YCTPOWCTBAMH).

JlaHHas cucTeMa MMeEeT IBE CTENEHU CBOOOIBI, CIENOBATEIBHO, €€ TUHAMUKY
MOYKHO ONHCATh C MOMOLIBbIO ABYX OOOOLICHHBIX KOOPIUHAT (1, (, — YIJIOB IOBOPOTa
BU3WPHOW JIMHUM U €€ HaBeICHWS Ha Ha3eMHbIH 00bekT. KmHemaTmdeckas cxema
CUCTEMBI OPHEHTAIlUN BUSUPHON JTMHUU MIPEACTaBIIEHA HA pHC. 2.

Jlyis BBIBOJA YpaBHECHUH IUHAMHKHM OOBEKTa YIIPABJICHUS BBEICM CIICIYIOIINC
cucrembl koopauHaT (CK). B kauectBe 6a30Bo# BbIOepeM cBsizaHHylo ¢ JIA cucremy
koopauHat OX;Y1Z; (puc. 2). Cucrembl koopauHat OX,Y,Z;, OX3Y3Z3 BEIOUpacM TakuM
0o0pa3oM, 4TOOBl OHM OBUIM MPAaBBIMH, & MOBOPOTHI Ha MOJIOKUTEIbHBIE YTIBI (1, O
npourcxoauan Bokpyr oceit OZ, u OZ3; coOTBETCTBEHHO.

Puc. 2. Kunemamuueckas cxema cucmemvl opueHnmayuu 6u3MpHOZZ JIUHUU

Ceenem B Tabnuiy mapamerpsl [lenaBura-Xaprenoepra [2] o, &;, di, 6, 1=1,2,3
JUTSL IAHHOM KMHEMAaTHYeCKOH CXeMBbl, Ilie «; — yroia Mexay ocsimMu OZ; u OZi,; oTHO-
curenapHo ocu OX;; @ — paccrosare Mexay ocsamu OZ; u OZ; Brmoms ocu OX;; di —
paccrosinue mexay ocamu OXi_; u OX; Bnonb ocu OZ;; 6; — yron mexay ocsimu OX_y u
OX; orHocurensHo ocu OZ;.
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Tabnuya

Hapamempor Jlenasuma-Xapmenbepea

I Qi1 Qi1 di 0,
2 -90 0 0 0,
90 0 0 a,

Ipu stom CK {i} ompenensiercs B CK {i-1} cuenmyromeii marpuueii npeoGpa-

3o0Banwii [2-5]:

6 -6 0 a,
i _ séca; , COca, —Sa; —Sa;,d;
sfsa;,, cOso,, Co, Co,d,

0 0 0 1

, ()

rae ¢6, s6 u Ca, ,, So; ;, — KOPOTKHE 0003HAUeHHsI KOCUHYCOB U CHHYCOB YIJIOB 0
U 0j_1 COOTBETCTBEHHO.

VYpaBHEeHHE AWHAMUKH MEXaHWYECKOH YacTH CHCTEMBI B OOIIEM ciydae Ipej-
crasisiercs B hopme Ditiepa-Jlarpamka ciemyronm oopazom [2-5]:

L=, @)

riae L — narpamkuaH, KOTOPBINA ONpeAeNnsieTcsl Kak pa3HOCTh MeX 1y KuHeTndeckoi K n
MOTEHIHANBHOW P 3Hepruell cucteMsr; ( — 0000IIEHHBIE KOOPAWHATBI CUCTEMBI, T —
0000111eHHbIE BHEIIHUE CHJIbIL.

Bynem cumtath, 4TO MeXaHWUYECKas 4acTh CHUCTEMbl cOAaHCHPOBAaHA, a MOTEH-
nuuanbHasg sHeprus P cuctemsl siBisieTca nmoctosHHON. Torna BelpaxkeHue (2) MOXKHO
3anucaTh B BUIE

A 2 3)

Kunerndeckast sHeprus CHCTEMbl, KHHEMAaTHYEeCKas CXeMa KOTOPOM MpeacTaB-
JIeHa Ha pHC. 2, ONPEIEIAETCS N3BECTHRIMHU BRIPAXKEHUSIMU CIIeIyIONUM oopa3om [3]:

K =

1Q L (oT . oT" \dg; dg
K; ==) Trace — = 2= (4)
2; ;é oq; og, ) dt dt

n
i=1

rae N = 2 — yueno creneHed cBo0opl cucteMsl; Trace [R] — obo3navaer cien mart-
punsl R; Tj — MaTpuna ogHOpPOAHBIX npeoOpa3oBanuii ot 6a3zoBoit CK k i-if cucreme
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KoopawHaT, a Matpuna l; pasmeproctn 4x4 mpencrasnser co0oil MaTpuiry (TE€H30p)
TICEBIOMHEPIINH [3] 1 BBIpaXKaeTCs Tak:

_Iixx+|iyy+|izz I | 0
2 ixy ixz
| lex_llyy+|izz | 0
|. = Xy 2 iyz
I ’
| | o T Iiyy iz 0
ixz iyz 2
o 0 0 m,

rge m — macca i-ro tema, k2; lix, liyy, liz — IeHTpagbHBIE MOMEHTBI HHEpPIMH
OTHOCUTEIBFHO OCeH X, Y, Z, Kem; liys lixzs liy; — IEHTpOOEkKHBIE MOMEHTBI MHEPLIHH,
ke M.

[Moxcrasiss Beipakenus (4) B (3), mociie HECIOKHBIX MPeoOpa3oBaHUil B CKAJISAP-
HOU Popme nomydaem [3]

: d’q , dqj
;mij (q) e (q, at iy

®)
i=12,

WJIM B BEKTOPHOM popme:

023c[a%)

[7ie SIEMEHTBI M (q) u C (q,dq / dt) BEIPAYKAIOTCS Yepe3 TEH30p IICEBJOWHEPIIUU B

oT T
ZTrace P

q, 's o,

ZZ a; qu :
) =1,2
( j ,m”k(q jdt at

3neck Gy (0,dg/dt) — cumponer Kpucroddens nepeoro posa, onpeaensembie mo

CIIeTyFOIIEM BUJIE:

W3BECTHBIM BBIPKCHIIM [4].
[IpowusBoanHBIe MaTpHIl Tj IO CKAIIPHBIM KOOpAuHATaM () (TIe MOCIeTHIE U3Me-
PSIFOTCSL OTHOCUTEIBHO COOTBETCTBYIOIIUX OCEH Z; ) MOKHO IPENCTABUTD CIIEAYIOIUM

obpasowm [4, 5]:
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o,

—=ST,
aq;

rae S — KococHMMeTpHUecKast MaTpHIa (S =-§7 ) :
0 -1 00
1 0 00

S= .

0 00O
0 00O

st nTaHHO# CHCTEMBI TPOU3BOIHBIE MATPHIL | BEIPAXKAIOTCS B BUJIE

T _sir, Le_giror, aiysoy,
g a0y o,
2 2: 2 2
Ih g, Ol _gerrer, Oh gy Ol _ireery
o oo, 00,00, oa,
e Matpuusl T, i =2,3 onpenenstorcs BoipakenueM (1) Mo MpuBeeHHBIM B Tab-

nie napamerpaM. Jlanee moapoOGHO pacCMOTPUM MOJIENIb CHCTEMBI COIPOBOXKICHUS C
Y4ETOM JIMHAMUKHU €€ NCHIOJIHUTEIbHBIX YCTPOHUCTB.

2. /luHAMHKa CHCTEMbI CONMPOBOKIAEHHUS € Y4eTOM NapaMeTpoB HCIOJIHU-
TeJBHBIX YCTPOMCTB. YIpaBIeHNE OpUEHTALNEN BU3UPHOM JINHUU OCYILECTBIISIETCS
HW3MEHEHUEM MOMEHTOB Ty, CO3JaBAE€MBIX 3JIEKTPOABHUraTeISIMUA M IepelaBacMbIX Ha
WCTIOJIHUTEIbHbIE MEXaHU3MbI C MOMOIIBIO PEAYKTOPOB. B MCIIONHUTENBHBIX yCTPOK-
CTBaxX aBMALIMOHHOM TEXHHMKH Yallle MPUMEHSIOT 3JIEKTPOIBUraTelIn ITOCTOSHHOTO TOKa
HE3aBUCHMOTO BO30YKICHUS C YIIPABICHUEM 110 HANPSHKEHUIO SIKOPA [6].

[lepemaTounast QyHKIUS SMEKTPOABUTATEIS BhIpaxkaeTcst popmyoi [6]

w(s)z%g)z%ﬂ, (7)

rae o, (S) — npeoGpasoBarue Jlamaca yrioBoi CKOPOCTH YIeKTpoaBUraTens; U(S) —
npeobpasoBanue Jlartaca Hanpspkenus sikopst; K =1/K. — xoadduument ycunenus;
T=RJ / (keky ) — amexTpomexannyeckas OCTOsIHHASL BpeMeHNM; K. — MOCTOSHHas

HpOTI/IBO-SI[C; kM — MOMCHTHAasA ITIOCTOSHHAs, R’I — OMHHYCCKOC COINPOTUBIICHUC

O0OMOTKH SIKOpS; J — MOMEHT MHEPIIHH AKOPS 3JIEKTPOABUTATENS.
YpaBHEHHs TMHAMUKU JIEKTPOABUIATEIEH TOCTOSHHOIO TOKA pacCMaTprUBaeMOM
CUCTEMBI COITPOBOXKACHUS MOXKHO IPUBECTH K CIEAYIOIEMY BEKTOPHOMY BUAY:
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diag{\]i}d;““ —r, —diag i ror,, =12, )

pi
rac dlag {JI } — JuaroHajibHas Marpuia MOMCHTOB HUHCPpUUN SAKOPs;

T o T
@, Z[a’m a)m] — BEKTOp YIJTIOBBIX CKOpocTelf; 7, =|:THBI rm] — BEKTOpP MO-

MCHTOB BHCKTpOHBI/IFaTCJICﬁ CUCTCMBI, Zpi — HNEepE€AaTOYHBIC 4YHCJIa PEAYKTOPOB,

.
T= [Z'l TZ] — BeKTOp 0000IIEHHBIX BHEITHUX CHJI CUCTEMBI, OTIPEEIIsiEeMbIX ypaBHe-
T
uuem (6); 7, = [Tm Tsz] — BEKTOP MOMEHTOB CHUJI TPEHUS.
Ha npaktuke TpeHue 7,, PacCMATPUBAIOT B BUJIE CYMMBI BA3KOTO 7, U CyXOro
z-T

»c TPEHUH B MEXaHUYECKUX y3JIaX CHCTEMBL. Bsi3koe TpeHue 00yCIOBIECHO OTHOCH-

TENHOW CKOPOCTBIO COIPUKACAIOIINXCS TMOBEPXHOCTEH W MOXKET OBITh BBIPAKEHO
thopmymoii [2, 5]:

Trpn =diag{ izpi}(:i_?’ =12, (9)

rae K, — K03 GpUIMEeHTE CKOPOCTHOTO TPEHUSL.

Cyxoe TpeHHe 3aBHCUT OT HAIIPaBIICHUS BPAICHUS POTOpa 3JIEKTPOJBHUTATEINS H
OTIPEACIIACTCS C IOMOIIBIO CICIYIOIIeH (YHKIIMH:

Tope = diag {kCi } sign{%}, i=12, (10)

rae K., — koaddunuenTs cyxoro Tpenus, a QyHKInsA sign{x} orpezenseTcs: 3HaKoM

X ¥ IpUHUMaeT 3HaueHus +1.
C y4eToM TOro, 4T0 BEKTOP YIIIOBBIX CKOPOCTEH @, CBA3aH C BEKTOPOM 0000-

IIEHHBIX CKOpocCTeit dq/dt JTAHHOM CHCTEMBI 3aBUCHMOCTBIO
w,, = diag {ZPi }dq /dt, i=1,2, na ocHoBe ypasHenwuii (6), (8)—(10) mocye HECIOKHBIX

MaTeMaTH4YeCKUX MpeoOpa3oBaHWi MoilydaeM OO0OOIIEHHBIE YpaBHEHUS TUHAMHKHU
CUCTEMBI C YYE€TOM MTapaMETPOB AIEKTPOJBUTATEIIECH:

@0 oo dg)d : ignJ 991 ;
M (q)?ngB (qd—?jd—?z DU —dlag{zpikCi}agn{d—?}, i=12, (11

e M*(q):diag{zjiJi}+ M(q);

N dq . ZzikEikMi . 2 dq .
B (Q’EJ:dlag{pR— +d|ag{zpikw}+|3 q,a ;

sti



d
( g, —q - HU3BCCTHasA MaTtpuia, ornpeaeisaeMas nus3 YpaBHCHUA (6),

dt
] LK T o
D =diag ; U=[u, u,] — BexkTOp HANpsUKEHHH, IOJABAEMBIX HA BXOJ
l
DIIEKTPO/IBUTATENEH.

VYpaBuenue (11) omuchiBaeT AWHAMHKY CHUCTEMBI CONPOBOXICHHA C Y4YETOM
MapaMeTpoB AIEKTPOJBUTATENEH U MEXaHHUUECKUX Iepeiad.

Ha ocHoBe monyyeHHBIX BbIIIE YpaBHEHHH MaTeMaTH4ECKYI0 MOJEIb CHUCTEMBI
COTIPOBOXKIEHUSI MOXKHO TMPEICTaBUTh C TIOMOILBIO CTPYKTYPHOM cxeMbl (puc. 3), rie
| — enuHMYHAS MATpPUIIA Pa3MEPHOCTH 2X2.

L 1 dg
JluHamuueckoe =1 1

dt
| B3aUMOBIIUSIHUE YA L —I1

Yo

a, Us K, |7+ @, 1
3azaiomee p+® W, (S)—>®—> Mo . i| > 1| Ll — 1 1
YCTPOHCTBO Y R Js z

Tpenne

(K, ke ,,) o

kel

m
A

W, ()=

Puc. 3. Cmpykmypuas cxema cucmembl COnNpo8oA#COeHUs

B crnenyroieM nyHKTe pacCMOTPUM BOIIPOCHI BIUSIHUSL MOMEHTOB CHJI TPEHUS Ha
JUHAMUKY CUCTEMBI COIIPOBOXKACHUS B YCIOBUIX monera JIA.

3. HeonpenejieHHOCTH B MOJeJIM 00beKkTa ynpasJjeHusi. OO00ICHHBIEC CHUIIB,
00yCIIOBIICHHBIC TPEHUEM B MEXaHMUYECKUX HCIIOJHUTEIBHBIX YCTPOHCTBAaX, MOTYT
OBITh OOJNBIIUMH JIaXKe JIISI HOPMAIBHBIX (Ha36MHBIX) YCIOBH U JOCTUTATh 25% OT
TpeOyeMbIX YCHIIUH MepeBIKEHUS COCTaBHBIX YacTel [2]. [loaTomy 3TH CHITBI HUMEIOT
CYLIECTBEHHOE BIIMSHUE HA JUHAMUKY CCTEMBI B LIEJIOM.

Koaddurment Bsizkoro tpenust K, nBuraress siBiaseTcsi HOCTOSHHON BEIMYMHOM

W 33/1aeTCsl TEXHUYECKOW JJoKyMeHTanue. MadpopManuo o cyxoM TpeHUH B MEXaHU3-
Max OOBIYHO TPYAHO OIPENENUTH JaXKe B JJAOOPATOPHBIX YCIOBHAX, & MIPH SHEPTUIHOM
MaHeBpe JIA ¢ OONBIIMMHU TEperpy3KaMu B IOJIETE — MPAKTHYECKH HEBO3MOXKHO. C
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YYeTOM CKa3aHHOTO BO3HHMKAET HEOMPEAETICHHOCTh B TUHAMUKE CHCTEMBI COTIPOBOKIE-
aus (11).

Jnst MonenmpoBaHUs TUHAMHUKH CHCTEMBI M OLIEHKH BO3MOJKHBIX BEJIUMH HEOIIpe-
JIEJICHHOCTEH B MOJIETTN 00BEKTa YIIPaBIEHUSI PACCMOTPHUM IPUIHHBI BOSHUKHOBEHUS
cyxoro TpeHus. M3BecTHO, 4TO cyxoe TpeHrne 00yCIOBIEHO PEAKIMSIMH MEXTy COTIPH-
KacaroIIMMHCS TOBEPXHOCTSIMH. VICTOUHMKaMN BO3SHWKHOBEHHS PEaKIMid B BHE BHYT-
PEHHHX yCHIIUI B dJIeMeHTax KOHCTpyKiuu JIA cimyxkaT meperpysku [7], KOTOpbIe B
pa3nuuHbIX acTsax JIA, B oOmiem cirydae, pa3nudHbl (puc. 4).

A AnyA ny M.

Puc. 4. Pacnpeodenenue nepeepysox npu manespe JIA

st coBpeMeHHBIX JIA B OTAaJICHHBIX OT LEHTPa MacC TOYKaxX AOMOJIHHUTENbHAS
pasHoOCTh neperpy3ku AN, Moxer gocrurarh 1...2 exunnn [7].

Jnst yueta BAMSIHMS NEPErpy30K HA CHIIBI CYyXOTO TPEHHs NMPH MOAEITHUPOBAHUH
JUHAMHUKU CUCTEMBI B KaUeCTBE MX B3aWMHON 3aBHCUMOCTH B IIEPBOM NPHOIMKECHUN
MPUHSATA OpAMasi IPOIOPLUUOHATBHOCTE [7].

4. MoaenupoBanue THHAMHKH CHCTeMbI cOnpoBo:kaeHus: B cpene MATLAB.
[IpoBeneM MopenupoBaHHE MpoILEcca COMPOBOXKIACHUS HAa3eMHOW IIETIM B YCJIOBHUSX
HEePerpy30K U UccielyeM JUHAMHUKY CUCTEMBI CONPOBOXKICHHUS B 3aBUCUMOCTH OT Be-
JIMYUH U TIPEJIoIaraeMou J0JIM Yy4acTHs CHJI CyXOro M BS3KOIO TpeHHH B 0Opa3oBa-
HUU 0000IIEHHBIX CUJI CHCTEMBI.

[Tycts B monete JIA compoBOAaeT HA3EMHYIO LIellb, IIPH 3TOM €€ YIJIOBbIE KOOp-
JUHATBL () , (,, , IOCTYIAIOIUE U3 3aJAOLEr0 YCTPOUCTBA, 3aBHCAT OT BPEMEHH

CIIEIYFOIIUM 00pa30oM:
q, (t)=asin(et+a),
0,, (t)=bcos(wt + A),

rie a=116,48, a=4,93, b=-347,85, f=-86,71, o=7/180, q,(0)=10", g, (0)=-20 -

Iloner MMPOUCXOAUT B YCJIIOBUAX IICPETPY30K B 000MX KaHallaX CHCTEMEI Cotmpo-
BOXACHWA CO 3HAYCHUAMUA nl 2= O, 9 CAWHUIl B KaKIO0M KaHaJIC.
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MopnenupoBanuem B cpere MATLAB nmecsaTCeKyHIHOTO ydacTka COMPOBOXKIC-
HUSl HA3€MHOH IIeTH B YCJIOBHAX MEPETPY30K MOTYUESHBI OIEHKH BIMSHUS TTOCIEIHIX
Ha JIMTHAMUYECKYIO OIUOKY CIEAIICH CUCTeMEBI (puc. 5 U 6).

Kak BuAHO U3 pe3ynbTaToB MOJEIMPOBAHMUS, IPH HYJIEBBIX 3HAYCHUSX MEperpy-
30K, T.€. PH HOMUHAIBHBIX 3HAYEHHUAX CHJI CyXOTO TPEHUs, TWHAMHYECKas OIINOKa
COIMPOBOXIEHHUSI B 0O0OMX KaHaJlaX C TEYCHHWEM BPEMEHH CTPEMHTCS K HEKOTOPOMY
noctosHHOMY 3HadeHuto (okoso 0,01°). C yBennueHHeM MEperpy3oK AMHAMHYECKast
OImMOKa COMPOBOXKIIEHUS BO3PACTAeT W IS TIEpErpy30K 9 enuHMIl B 000OMX KaHalax
JOoCcTUTaeT 3HadYeHui 1,3°.

Agy’
9
7 n=n,=9—
5
3 -
n=n,=0
1
\
-1
0 2 4 6 8 tc

Puc. 5. Buuanue nepezpy3ok na ounamuieckyio ouubxky A(; ¢ kanane |

0 2 4 6 8 t,c
Ag, [ i

-21

Puc. 6. Brusinue nepeepysok na ounamuyeckyio ouuoky A0, ¢ xanane |l

Poct nuHamuveckoil OmMOKHM ¢ yBETHMUEHHEM Meperpy3ok B moisete JIA ¢usu-
YeCKH 3aKOHOMEPEH U OOBSICHSICTCS YBEITMUEHHEM CHII CyXOT'0 TPEHHSI.

3akiroueHue. B pabote paccMoTpeHa 3aBUCHMOCTh CyXOT0 TPEHHSI MEXaHHUUECKOM
CHCTEMBI OT TIeperpy30K B IIOJIETE, BO3JEHCTBHE KOTOPHIX MOXKET HETIOCPEACTBEHHO
BIUATH Ha IMHAMHUYECKHE OIMOKHU. B yCcIoBHsX moneTa y4eT mogoOHOH 3aBUCUMOCTH
HE Bceraa Bo3MokeH. CIiejoBaTeNbHO, Al YIYUIIEHHS TUHAMHYECKUX XapaKTEPUCTUK
ABUAIIMOHHBIX CHCTEM CONPOBOXACHHUA C YYETOM HEOIPENEICHHOCTEH B MOJAETH
00bEKTa YIpaBJICHUS CJCAyeT MPUMEHITh POOACTHBIA PEryJsATOp, CHHTE3 KOTOPOTO
OyzeT pacCMOTPEH B MOCIIEAYIOIUX paboTax.
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hunfuljungh nhtrudhlyugh gpu:

Unwigpughll punkp. poynn uwpp, ninblgnud, hwdwlwupgh nhtwdhw, hwdwlwupgh
Unnbi|h winpnipmpiniitip:

AH. BAGHIYAN

ON THE UNCERTAINTIES IN DYNAMICS OF THE GROUND TARGET
TRACKING SYSTEMS FROM AIRCRAFT

The dynamics of the system of ground target tracking from an aircraft is considered.
Uncertainties in the dynamics of tracking systems are revealed, influencing the quality of
realization of automatic control. Evaluation of the impact of uncertainties on the dynamics of
the systems is carried out.

Keywords: aerial vehicle, tracking, dynamics of the system, uncertainties in the model of
the system.
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