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Onicatbl HOBBIE MOIENH, ANTOPHTMBL 1 HOAXOAB! I8 BEIYHMCASHUA Marpm;
R. G. OTKJIHKOB M YPOBHS H31YHaeMBbIX aMHUCCHit MPOH3IBONBHEIX Mmmf{i?n :
CT.D\_.’KT)’D oneHkn ek THBHOCTH 3KPaHMPOBAHHA KOPIYCOB H pem: Hm;ux'
nosarensHocTi CIIAY. [puBeneHbl TPUMEPH aHATH3A U ONTHMHM3AIH
meHToB POA. . R
Kaouesbie CJA0BA: KBasucTaTHUECKHit anain3; THHHH fepenLay . cn::
HBIX ajrebpanyeckKkux ypaBHeHHit; 3NeKTpOMarHnTHas COBMECTHMOCTE.

i R

New models, algorithms, and approaches are proposed for ia}culf:jhﬂf I:.StCr:’ct,
i 5 i issions of arbitrary multiconducto

matrices, responses, and radiated emi . : o
well as for estimating enclosure shielding cﬂ‘ecnt-'cr}ess‘and solving a s_,efqu“e“r o
algebraic systems. Examples of analysis and optimization procedures for ;
of radioelectronic equipment are given. o o "
Keywords: quasistatic analysis; transmission lines; linear algebr
electromagnetic compatibility.
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PocT CIOXKHOCTH, TIOTHOCTH MOHTAXA W BepxHei ‘IﬂCTOTI; cnei;pnp
W MOMEXOBBIX CHTHANIOB panmanek’rpnunoﬁ anmnaparypbi (P?A):{g:;g) s

MOCT <

5/eKTPOMArHUTHO COBMECTH .

MpPOEKTHPOBAHHA C yHeTOM ‘G

oparue. Mo3ToMy PhIHOK Nporp
XOMMMBIM TIIATeNbHOE MOICIHP .
(110), ocobeHHo 3apy GeKHOTO, BypHO pasBHBaeTCA. Mne(;my TeM uﬂ:: :?::,Ig::—rﬂuu.
POA neobxonuMbl CBOH , MOeIH J :
eKTHpPOBAHHA KPHTHYHO#H ol
KO, 4TO6BI BIAEPXKATh KOHKYPEHIHIO, MX Hal0 HenpepbiBHO COBEPLICHCTH :
3

JCHCTEMBI MMPOEKTHPOBAHHA 1 MOAEAHMPOBAHHSA SAEKTPOHHBIX
KOMITIOHEHTOB H CHCTEM

4G60TH — npelcTaBUTh HOBBIE MOOXOb, MOMENH M aArOPHTMBI LIS MONENUPOBAHUA
l;neMCHTO" kpuThaHOH PDA ¢ npumepamMu HX peanu3alni ¥ UCTIONBLIOBAHUS,

[Ipy MOIETHPOBAHHY PDA BaxHO KOpPpPeKTHO WUCMONL30BATH TPH BHIA AHANH3A,
jaspiBaCMBIX CXEMOTEXHHYECKHM, KBAIHCTATHYECKHM W NEeKTPONIHHAMHYECKMM M YKa-
qaHHBIX B obLIeM CIYYae 0 HAPACTAHHIO TOYHOCTH H BEIMHCAMTENbHbIX 3aTpart. [losTo-
My ocHOBHOI AKIEHT CIE/IAH Ha KBAIMCTATHYECKOM AHAJIH3E KAK ONITHMABHOM.

[Ipex e BCETo PEllieHa Killouesas 3a1a%a BEYHCICHHA MATPH I MOTOHHBIX Napame-
TpoB (L, C. R, G) muoronposonHbsix AuHuil nepenayn (MIJIIT). Bee onn noay4gatores
413 OCHOBE BbIUHCIEHHA EMKOCTHOH MaTPHILBI C MOMOIILIO METOAa MOMEHTOB I10 aNTo-
pUTMHHECKHM MOLEJIAM, OTIHYAIOUHMCH OBbICTDBIM H TOYHBIM BEITHCIEHHEM IEMEHTOB
MATPHIIbBI CHCTEMBI auHeiHbx anrebpanvecknx ypasHennit (CJIAY) no seipaxkennam
5 3aMKHYTOM Biie. YMCI0 M rpaHHllbl MPOBOAHUKOB M NHINEKTPUKOE POM3BOMLHEL
AHAJOTHYHBIE MOAE/IM CO3AAHLL M ANH BHIYHCIEH M eMKOCTHOH MaTpPHILLI MHOTONpoO-
postHE 3D-CTPYKTYP, 9TO NO3BONAET NPUONHAEHHO MOAENMPOBATE HEONHOPOAHOCTH.

JaTeM peain3OBAHO BEIYMHMCIEHUME OTKIMKA M0 AHATTMTUYECK UM MOJEISM [1JIH 4acT-

HbiX CTPYKTYP (M3 ONHO-, IBYX- H MHOTOKACKAIHBIX ONHHOYHLIX, CBA3AHHLIX M MHOTO-
npOBOAHLIX JTMHUI) M AITOPUTMHYUECKHUM MOMIE/ISIM LTS MPOH3BOALHEX cxem ML
Mpu 3TOM BHIABIAKIOTCA W JIOKAJTH3YIOTCH IKCTPEMYMBl HAaNpsAXeHHA H TOKA BAONE OT-
nenetbix npoponnukos MILJIIL, a Takxe BelYnCAseTCA YPOBEHB H3y4aeMbIX IMUCCHI
or MITL. Co3nana 6a3a NaHHBIX BO3JAeHCTBHIL: MoNelHwX (rapMOHHMYECKOe, Tpane-
UHEBHIHOE, 3a1aBAEMOE NOJIL30BATENEM) H TIOMEXOBHIX (JMEKTPOCTATHYECKMIT pasps,
3JATYXaKIlas CHHYCOMIA, CBEPXKOPOTKHE WMMNYIbLChl FEHEPATOPOB MpeldHAMEPeHHBIX
Bo3neficTeuit). [1ns oUeHKY ONACHOCTH PE3YNBTATOR BOIAEHCTBHA HCMONBIYIOTCH NATH
crelHanbHBiX HOpM M3 cTaHnapta IEC 61000-4-33.

OtcaekuBaeTcs TEHAEHIIMA HCTIOAB30BAHNA Pa3HBIX CONBEPOB (A4 NPOBEPKH 10-
CTOBEPHOCTH Pe3yALTAaTOB Monenupoeanus). Tak, peanTu3oBaHO BEIYUC/IEHHE EMKOCTHOM
MAaTPH LB APYTHM METOAOM — KOHEeUHbIX 31eMeHTOB. 15 Gonee TOYHOIM OLeHKH H3jTyHa-
EMBIX SMHCCHiT AW 3DPeKTHBHOCTH KpaHupoBaHus (D9) Npon3BoabLHON Tpexme pHOH
CTPYKTYPHI HCTIONBL3YETES SAEKTPOAHHAMMYECK M AHAIU3 METONOM MOMEHTOB HA OCHO-
B¢ ToHKonposoaHO# annpokcuMaunu. s 66cTpoit oueHkH D3 KOPNyCcOB CO MEnAMU
PaIpaBoTan pag HOBLIX aHANUTHYECKHX Moaeneit. [ monyueHns HANAYYIIMX Xapak-
TEPHCTHK CO BceMM BHAAMM aHATN3a HCNONb3YETCH MHOTOKPHTEPHATbLHAS CTPYKTYPHO-
NapaveTpuueckas ONTHMHIAUNA TEHETHYECKMMMH ANTOPHTMAMM H 2BOMIOLMOHHBIMH
CTpaternamu,

a5 yMenbiieHus BHIYHCAUTENBHBIX 3arTpar Gosblioe BHHMAHME YHEJEHO pelle-
:::TJO(;'EIA}’_ B yacTHoCcTH, nna yckopeHus (Ha NOpPANKM) aHANM3a YYBCTBUTENbHOCTH,
X Nz Hl‘ﬂ XapakTepUCTHK M ONTHMHM3AUKMHK pa3paboTaHbl HOBLIE MOJENH, ATITOPHTMEI
N XOIbl mnst peweHus nocienosatenbHocTH CIIAY GlOYHBIMH, HTEPALIHOHHBIMMK

PHIOHBIMH METODAMH.

: Hc:(f: Peﬂ'nmznu MHOTOKPaTHO NpoTecTHpoBaHkl, peannsoBanbl B [0 TALGAT
llﬁflocT:{M.UBaHH I pelieHus aKTyansHeX 3aaayu. Tak, obecrneveHo MoneNHpoBaHHe
”On\-'rmr,mm CHTHana ¥ MUTaHu4, a Takke IMC, yHHDHUMPOBAHHBIX 3NEKTPOHHBIX
F‘ara_.(KAH MeYyaTHbIX MAAT CHCTEMBI ABTOHOMHOW HABMTAllHM KOCMMYECKOro anna-
ey gy, ). Cosnan annapaTHO-NPOrpaAMMHBII KOMILIEKC A CHHTE3a ONTHMATLHOI
c"“c“ﬁbcomnunbmum anexrponutanna KA. Paspabotansl 1 3anaTeHTOBAHB HOBHIE
I M yeTpoiicTea (Donee 20) ans 3amuTh 3/eMEHTOB KpuTHYHON PDA Ha ocHoBe




TE3HCHI AOKAAAOB HAYYHOW KOHOEPEHIUH POPYMA & CHCTEMBI MPOEKTHPOBAHHMA U MOAEAHPOBAHUA SAEKTPOHHBIX
| KOMIMOHEHTOB H CHCTEM

MEaHIPOBBLX AHHHIl M MOAAIBHBIX (UALTPOB, B TOM YNCIE LA Pe3epBHpg

POA ¢ obecrieueHieM H HazexHoOCTH, U IMC particularly. 1o accelerate (by orders of magnitude) the analysis of sensitivity and
e AJleKHO . ¥

uency characteristics and optimization, we have developed new approaches, models,
a|gori1hms for solving the sequence of LASs by the block, iterative and hybrid methods.
The described results have been repeatedly tested, implemented in the TALGAT
software, and used fqr solv‘ing the actual problems. Thus, we have assured the simulation
of signal and power integrity, as well as EMC, of a unified electronic module and circuit
poards of a spacecraft autqnomous navigation system. We have developed a hardware and
software complex for creating the optimal network of high voltage electrical power system.
Moreover, We have designed and patented new methods and devices (more than 20) for

tecting the elements of critical REE based on meander lines and modal filters, including
those for providing reservation of REE circuits, and at the same time assuring reliability and

EMC.

PaGoma noddepycana npoekmamu PODH (2 0-37-70020, 1?-3 7-5101
PH® (19-19-00424, 19-79-10162, 20-1 9-00446) u Munobprayxu Py
(FEWM-2020-0041, FEWM-2020-0039). '

and

An increase in the complexity, package density, and upper spectrum
of useful and interfering signals of radioelectronic equipment (REE) has aggr
problem of REE design taking into account electromagnetic compatibility (EM
makes careful simulation particularly necessary. Therefore, a market of rel
especially foreign, is actively developing. However, for designing specific crif
domestic software, mathematical models, and computational algorithms are
In the meantime, to withstand the competitive environment they must be con
improved. The aim of this paper is to present new approaches, models, and al :
simulating critical REE elements with examples of their implementation and 4
When simulating, it is important to use three types of analysis: circuit, g
electromagnetic. They are listed here, in general, in the order of increase in their
and computational costs. Therefore, we have paid main attention to guasistatic
optimal. i

First of all, we have solved the crucial task of computing the per-unit-length p
matrices (L, C, R, G) of multiconductor transmission lines (MCTLs). They all :
using capacitive matrix computation based on the method of moments with al
models distinguished by quick and accurate computing of the entries of linear
systems (LAS) by using expressions in a closed form. Numbers and boundaries of
and dielectrics are arbitrary. Similar models have been developed also for com
capacitive matrix of multiconductor 3D-structures in order to approximal
various discontinuities. .

Then. we have implemented computation of a response by analytic models for
circuits (consisting of one, two, and multiple cascades of single, coupled, and multh
transmission lines) and algorithmic models for arbitrary circuits of MCTLs. He
reveal and localize voltage and current extremes along each conductor of the MC
also compute a level of radiated emissions from the MCTL. A database of useful (i
trapezoidal, user-defi ned) and harmful (electrostatic discharge, damped sinuso
wideband pulses of various generated of intentional electromagnetic interfe
has been designed. To predict the danger of the excitations effect we use five spe!
of standard IEC 61000-4-33.

We tend to use various solvers (for validating the simulation results). S0 €€
of a capacitive matrix by another (finite element) method is implememﬂd- \
accurate computation of radiated emissions or shielding effectiveness (SE) of

ID-structure, we use the electromagnetic analysis by the method of momenl?_
wire approximation. To quickly estimate we develop the SE of an enclosure ¥
a number of new analytical models. To obtain the best characteristics withalla -
we use multicriteria structure-parametric optimization by genetic algorithms a8
strategies. To reduce the computational costs, we pay close attent jon to solving
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