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Abstract. The necessary and sufficient conditions of employment of amplitude characteristics
method for out band distortions analysis are formulated. The algorithm for significant dilating of this
method application field is described. The iterative spectrum analysis method of non-linear systems to
some periodic inputs is described also. It is proved that Picard iterations are special case of proposed

method.

Henunelinbie mpoueccsl, IPOUCXOASIINE
B paauodacTtoTHbIX Tpaktax (PUT) mpu ycu-
JIEHUU CHUTHAJIOB C MEJICHHO MEHSIOIIENCs
aAMIUIUTYJIOM, SIBJISIIOTCSI OCHOBHOM MpUYHU-
HOM TMOSIBJIECHUS HEJIMHEWHBIX HWCKAKEHUN
orubaromied M BO3HUKHOBEHUS JIOTIOJIHH-
TEJIbHBIX  CIEKTPAIbHBIX  COCTABJISIOLIUX,
JeKalMX BOJIU3U CIIEKTpa MOJIE3HOI0 CUTHa-
J1a ¥ Ha3bIBAEMbIX BHEMOJIOCHBIMH.

OnnuMm u3 Hambosiee P(HPEKTUBHBIX Me-
TOAOB aHAJIU3a CHEKTPAJIbHOTO COCTAaBa BbI-
xoaHoro curHaina PUT npu nepuoamdeckom
W3MEHEHUU aMIUIMTY]bl BXOAHOTO BO3JIEHUCT-
BHUS SIBJIIETCSI METOJ| aMIUIUTYAHBIX XapaKTe-
PUCTHK, AaBHO [1] u ycnemno [2, 3] ncnoins-
3yeMbIl PU W3YYEHUU OTMEYEHHBIX SIBJIC-
HUit B 6e3piHepunonHbix PUT. [Ipu sToM noz
AMIUTUTYTHOW XapaKTEPUCTUKON MOHUMAET-
Csl 3aBUCUMOCTb aMIUIMTYZABl Y, KaXIOW U3

N rapmoruk (0<n<N) BBIXOJHOTO OT-
KJIMKa y(t) OT aMIUIMTYIbl X BXOJHOTO
BO3/ICHCTBHS x(t)zX cos(mt+(p), rie o u
(0 — €ro 4actoTa u HadanbHas (aza. OOBIYHO

AMINIMTYAHBIC XAPAKTCPUCTHUKU 3aJal0TCA B
BUAC CTCIICHHOI'O ITOJIMHOMA

N m
Y, = ZAnmX

m=n

(1)

Cam meron Oa3upyercst Ha TOM, 4TO, €c-
1 X saBusierca 1 -niepuoanveckoil pyHKIu-
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€l BpPEMEHHM, TO €CThb X(t):X(t+T), TO
nmoacraHoska X (t) B (1) u mocnenyromiee
pasnoxkenue Y, B pan Pypbe MO3BOIAIOT
HalUTH TapMOHHUYECKUH COCTaB Y, (t) U TEM

caMbIM ONpEeAETHUTH JII00YI0 U3 KOMOMHALU-
OHHBIX COCTAaBJISIONIMX B CHEKTPE BBIXOJHO-
ro CUrHaja.

B ob6mem cnyuae, PUT saBustorcs He
TOJIbKO HETMHEMHBIMU, HO U UHEPLIMOHHBIMHU
YCTPOWCTBAMH, TMO3TOMY KO3 PHIHEHTHI
nojauHoMa (1) oka3bIBatOTCs KOMIUIEKCHBIMU.
Torna

. . n . . n . 2
K n| 2k
= Z Ank| X | [X| (2)
k=0

rae X — KOMIUIEKCHAsl aMIUIMTY1a BXOIHOIO
curHana, K — MakcUMalIbHBIM HOMEp y4H-
ThIBAEMOW TapMOHUKHU, * - 3HAK KOMILIEKC-

HOTO COIpPSDKEHUS, Y, — KOMIUIEKCHAs am-
IUIUTYZAA 71 -d TAPMOHMKHU BBIXOAHOIO OTKJIM-
Ka (TOKa WM HampsDKEeHUs B JII0OON TOuke
CXEMBI, HallpUMep, B Harpys3Ke).
CootHouieHue (2) MOXET ObITh MOJTyde-
HO TOJBKO B TOM CiIydae, KOTJa HCCleLye-
meiii PUT oTBeuaer TpeOOBaHUSAM TUCCHIIA-



TUBHOCTH M KOHBEPreHTHOCTH, a (PyHKLIHO-
HaJl, OMUCHIBAIOUIUN CBSI3b MEXKIY BXOJHBIM
U BBIXOJAHBIM CHTHaJaMH, HEIPEPHIBEH.
Ucnonp3oBanre MeToga amIUIMTYJHBIX Xa-
PAKTEpUCTUK JJI UCCIENOBAaHUS WHEPLUOH-
HbIX PUT BO3MOKHO TOJIBKO IIPU BBIIIOJIHE-
HUU OIPEECIICHHBIX OrPAHUYECHHM, HAKIIA bl-
Ba€MbIX Ha IOJIOCY YacTOT, 3aHHUMAaEMYlO
BXOJIHBIM CUTHAJIOM, WJIH JJINTEIBHOCTH IIe-
pexoansIx npoueccos B PUT.

OrnpeiesieHnIo YCIOBUN MPUMEHHUMOCTH
JAHHOTO METOJa IJIsl aHaJlh3a HEJIMHEHHBIX
UCKXKCHUH (aMIUIUTY]] KOMOWHAITMOHHBIX
COCTaBISIIONINX) B HEJIUHEHHBIX WHEPLUOH-
HBIX PaJAUOTPaKTax, pa3paboTKe aaropuTMa
aHaJIM3a MPU HEBBIIIOJIHEHUH 3TUX YCIOBUU U
CO3JIJaHUI0 METOJIa YCKOPEHHOTO pacuera ca-
MHUX aMIUIMTYJHBIX XapakTEPUCTHUK U TIO-
CBSIIICHA HACTOSAIIas paboTa.

Jns  pemieHuss OCTaBJIEHHBIX —3ajad
MIPEJCTaBUM pacCMaTPUBAEMOE YCTPOMCTBO B
BUE OOOOIIECHHON HEIUHEWHOW MOIEIN
(OHM) [2] puc.1, onrcwiBaeMoii creayromiei
cuctemMoit aAuddepeHnaIbHbIX YpaBHEHH:

e(t)=z(p)i(c)+uls), (3)

rue e(t)=e;(t)..ep ()], i()=
=[iy(t),.ip()]",
u(e)=[uy () uy (O)sup ()] -

cTonOupl, cooTBeTcTBeHHO, DJIC BXOAHOrO
BO3JCHCTBUS, MEPECUNTAHHON B KaXKAbIA W3
D KoHTYpOB, TOKOB 4epe3 pe3UCTHBHBIE HE-
JIMHEHHBIE JBYXIIOJIOCHUKU M HANPsKCHUN
Ha HUX; z(p)— KBaJlpaTHasi MaTpULla COIPO-

MAaTPHULIbI

TUBJICHUW pa3sMEpHOCThIO DxD; T — 3HaK
TpPaHCIIOHUpPOBaHus; p =d/dt— omneparop

i ()= v (g (¢)),

(k=1,2,...,D) — u3BecTHasi BOJbTaMIEpHAas

nuddepeHIpoBaHus;

XapaKTepUCTHKAa Kk -rO HEIMHEHHOIo JBYX-
IIOJIFOCHUKA.

B03MOXHOCTE ¥ METOBI IPEICTABICHUS
peanbubix PUT B Buge OHM paccMoTpeHs! B
[2].

[loganum Ha BXOJHBIE 3a)KMMBI TaKOIO
PUT curnan ¢ nepuoanyecKku U3MEHSIOLIEH-
Csi C 4aCTOTOM [’ aMIUIMTYJIOM M NEpBOHA-
YaJIbHO JOIyCTHM, YTO TOCJIEIHSAs U3MEHS-
€TCs HACTOJIBKO MEJIEHHO, YTO KOMIIJIEKC-
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HbIE aMIUTUTYAbl TOKOB W HANpPSOKCHUH B
CXEMe YCHEBAIOT OTCIEKHUBATH 3TO MU3MEHE-
Hue. Toraa, KOMIUIEKCHAsE aMIUTATY /1A JTFOOOM
U3 TAPMOHUK TOKa B Ka)XJOM U3 KOHTYpPOB
puc.l MoxeTr ObITh pasiokeHa B psag Dypbe
)41 HpC,Z[CTaBHeHa B BHUJIC

. R . . o
Iqm (t): ZIqmr QJZTEFrt , TJC Iqmr— KOM-
r=—R

IUIEKCHAs aMIUTUTy/1a KOMOMHAIIMOHHOW CO-
CTaBJISIIOLIEH TOKA B ¢ -M KOHTYpE Ha 4acTo-
Te mo+2nFr; R— onpenensieT 4ucio KOM-
6HHaI_[I/IOHHBIX COCTaBJIAOIINX, YYUTBIBAC-
MBIX B CIEKTPE KaXIOW M3 FapMOHHMK TOKOB

B M000M u3 D KoHTypoB. Bee [gmr MoryT

OBITh HaliJIeHbI JIMOO C TOMOIIBI0 Mpeodpa-
3oBaHuss Dypbe, TUOO C HCIOIB30BAHHEM
AHAJIMTUYECKUX COOTHOMEHUM. Tak s ciy-
YaeB aMIUIUTYIHO-MOIYJUPOBAHHOTO, JHOO
JIBYXTOHOBOT'O BXOJIHBIX CHTHAJIOB COOTBET-

CTBYIOIIIMEC BbIPAKCHUA IJId pacdeTa Iqmr

MpU  U3BECTHBIX Apk TonydeHsl B [3]
ctp. 284. IloacraHoBKa HaWJIEHHBIX 3Haye-

[ ]
auid Igmr B (3) DOMKHA oOpamiaTtek €ro B

TOXKIECTBO.
eit) i
<4+—
<
up
JInneHpIi
MHOTO- [ — — — — — — —
MMOJIFOCHUK
eD( l) ip
- S—
<
Uup

Puc. 1

Jlns Toro yTtoObl KOMOWHAIIMOHHBIE CO-
CTaBJISIIOIIME OCTAaBAJIMCh HEM3MEHHBIMH H
npu  OONBIINX 3HAYEHUSX F', DIIEMEHTHI



MAaTPHUIIbI Z( p) npu |r| <R nOmKHBI 00Ja-
JaTh CIEAYIOIMMHU CBOMCTBAMU:

‘ Zgk [j(m(o + 275Fr)] ‘ = Zyk (jm(o) # f(F),(4)
)

[Ipu 5TOM BOBCE HE 00s13aTEIHLHO, YTOOBI
MoAayJin qu B CIICKTpaX OTHACJIbHBIX T'apMO-

argzqk[jco]: a+bw.

HUK (TIpH pa3JIM4YHbIX m ) ObUIM OBl OAMHA-
KOBBIMH. OIHAKO B ATOM Cly4dae Ha MaKCH-
MaJIbHOE€ 3Ha4eHUE [ JOKHO OBITH Hallo-
KEHO OYEBUIHOE OTPAaHWYCHHUE: CIIEKTPHI
FapMOHMK HE JOJDKHBI IEPEceKaThbCs, T. €.
4nF xR < ®. Hanmnuume oavHAaKOBOM Kpy-

TU3HBI  (Aa304aCTOTHOM  XapaKTEPUCTUKH
DJIEMCHTOB Z) BHE 3aBHCUMOCTH OT TOTO, B

005acTH Kakod TapMOHHUKHM OHAa paccMaTpu-
BA€TCS,, SKBUBAJIEHTHO IPOCTO IOSBICHUIO
COOTBETCTBYIOLIEro (ha30BOro CABHIA y OTHU-
Oatorieil BXOJHOTo curHana X (t)

Takum ob6pa3oMm, chopMyTUpOBaHHbIE
YCIIOBHSI TOBOPAT O TOM, 4TO KO3 HUIMEH-
Thl, BXOJSIIME B CUCTEMY ypaBHeHUH (3), He
3aBuciaT ot F. CrnenoBaTenbHO, HE OyIeT
3aBUCETh OT F U pelleHue 3TON CUCTEMBI, B
TOM 4YHCJI€ W KOMIUJIEKCHBIE aMIUIUTY bl
KOMOWHAIIMOHHBIX COCTaBIISIONIUX.

Onucannble TpeOOBaHUS OOBIYHO BbI-
MONHAIOTCA B wmupokomnonaocHeix PUT. He-
KJIIOUEHHE COCTaBJISIOT YCTPOMCTBa, B KOTO-
pbix ycnoBus (4) u (5) He yAaercs BBINON-
HHUTH B 00JIACTH ITOCTOSIHHOM COCTAaBIISIOIIEH,
U3-3a2 IPOTUBOPEUYMBBIX TPeOOBAHUH, MpEab-
ABJIIEMBIX K HOMHMHAJIaM Pa3elIuTENbHbIX U
OJIOKMPOBOYHBIX JIEMEHTOB. Pemienue 3ana-
YU CIEKTPAIbHOIO aHaju3a B ATOM Cllydae
JUIsL YIIPOLUEHUS AAJIBHEHIIEr0 W3JI0KCHUS
paccmotpum Ha npumepe PUT, OHM koto-
pOro COJEPKUT BCETO OAWH HEIMHEWHBIN
aneMeHT. [loBeaeHune Takoro yctpoicTsa
OIUCBIBAETCS CKATSIPHBIM ypaBHEHUEM

et)=z(p)i(t)+ulr), (6)

rue i(t):‘{’[u(t)]. JonmycTtum  TaKkxke, 4To
npoussoauas dy(u)/du = g(u) cymecrpyer.
Jlanee 1OJIOXHMM, YTO BCE z(m(o+2nFr)

YIOBJIETBOPSIOT ycioBusM (4) u (5) xkpome
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z(2nFh)=z, =z(0)+ Az, wu xaxaylo wu3

KOMOWHAIIMOHHBIX COCTaBJIIONIMX TOKa Oy-
[ ) [ ] [ ]
nem onpenensath Kak I mr =1 mr+ Al my , T1E

I'mr - KOMIUIEKCHAsE aMIUTUTYZa KOMOWHA-
I[IMOHHOW COCTaBJIAIONIEH TOKAa Ha YacTOTE
m®+ 2nFr npu BBINOJIHEHUN YCIOBUM MpPH-
MEHHUMOCTH METO/a aMIUTUTYAHBIX XapaKTe-
PHUCTHK, a

81mr
aZh

.
+l'—a Img AZhZ
2! (0zy,)

ITockonbky |Azh|<< z(O) B IIOCIICJHEM

AImrz h

BEIPOKCHUM 1IEJIECOO0PA3HO OTPaHUIHTHCS
TOJIKO TIEPBBIM YWJICHOM psifa.
MoxHo moka3ath [4], 4YTO 3HaAYECHHS

MPOU3BOAHBIX O 1 / 0zj, MOTYT OBITb Hai-
JICHBI M3 PEIICHHs CUCTEMbI YPaBHEHUI

o1 NoOR o g)
= Z Z Znp iGm—n»’”—p -
azh n=—Np=—R aZh
—1on Gm,r—h > (7)

e Gm-n,r—p- KOMILICKCHAs aMIUIUTY 1A

KOMOMHAIIMOHHOM COCTaBJIAIOIIEH C YacTo-
TOM (m - n)oa +2nF (r - p) MI'HOBEHHOM IPO-
BOTMMOCTH HEJIMHEHHOTO dmeMenTa g(u).

Ilpu stom ompenenenne Gp—pn,r—p HE
BBI3BIBACT CJIIOXKHOCTH, HOCKOJII:Ky MI'HOBCH-
Hasi MPOBOAMMOCTH g(u) BBIYHCIISICTCS TIPH

Azp =0, T.e. KOrma H3BECTHO pCIICHUE

ypaBHeHUs (6), MTOTy4YEHHOE ¢ TIOMOIIBIO0 Me-
TOJIa AMIUIUTYAHBIX XapaKTEPUCTUK.

PaccMoTpeHHBIN METO YTOYHEHUSI KOM-
TUICKCHBIX aMIUTUTY]] KOMOWHAIIMOHHBIX CO-
CTaBIISIIONIMX MOXET OBITH JIETKO pacIpo-
CTpaHEH W Ha YCTpPOWCTBA, OIUCHIBAEMBIC
OHM o6mero Bujia ¢ TOM JUIlIb pa3HULEH,
YTO YHCJIO YPaBHEHHH, BXOISIIUX B CHCTE-
My, yBenuuuTcs B D pa3 u Oymer paBHO
D[N].



B 3akirodueHne OCTaHOBHMCSI Ha METOJIE
onpeneneHuss Ko3(pPUIMEHTOB mOIMHOMA
(2), TpeOyromeM pacdera TapMOHHYECKOTO
COCTaBa BBIXOJHOTO OTKJIHMKAa HpPU pa3iny-
HBIX aMIUTUTYJaX BXOJHOTO CHTHAja x(t).

Opanm u3 Hambosiee 3PPEKTUBHBIX IS pe-
IIEHHUS MOCTABJIEHHON 3a7a4yu SIBJISIETCA UTe-
pPallMOHHBIM METOJ, TpPEMIOKEHHBIM B [5].
Ero oco6eHHOCTH MOSICHUM Ha TpUMeEpe aHa-
JU3a YCTPOUCTB, OMUCHIBAEMBIX YpaBHEHUEM
(6).

[Ipeanonoxum, 4TO Ha WTEPALlUU C HO-
MEpOM [ IOJyYEHO PELICHUE U (t) u il(t):

=y(u;(¢)], mamp mpuGmIKEHHO YIOBTETRO-

pstomiee (6). Ilorpebyem, 4toOBl Ha cre-
Tyrolen (I+1)-u uTepaluu
upi1(6)=up(0)+ duy (t) w0 iy () =g (e) +, Gy-
Jy4H TIOJICTaBIICHHBIMH B (6), 0OpaTHM ero B
TOECTBO. BBINOIHMB OMHCAHHYIO oOIepa-
MO0, HECJIOXKHO TTOJTyYUTh:

2(p)lg1 (g1 () [+ 144 ()=
=elt)-z(p)lwi(0)-gi(h ()}, (®)

rae gl(t) - muddepeHnranbHas MPOBOAU-
MOCTh HEJIIMHEMHOT0 3JEMEHTa, ONpEeNICH-
Has Ha /-i uTeparum.

Pemenue ypaHenust (8) ymoOHO BBI-
MOJIHUTh B YacTOTHOM oOmactu. Ilpu sTom
nuddepeHnrabHOe ypaBHEHUE TpeoOpasy-
€TCs B CUCTEMY JIMHEWHBIX YPABHEHUH, pa3-
MEPHOCTh KOTOpPOM OIpENeNsieTcs] YHUCIOM
YUHUTHIBAEMBIX TapMOHUK. YMCIIEHHBIE 3KC-
MEpUMEHTHI, POBEACHHBIE B [5], moka3anu,
YTO UTEPALMOHHBIN MPOLIECC CXOAUTCS J10C-
TATOYHO OBICTPO Jake B TOM Cllydae, Korja
YUMUTBHIBAETCSI TOJBKO IOCTOSIHHAs COCTaB-
JA0Aas TPOBOJUMOCTH gl(t) paBHas Gy .

B sTOoM ciyuae nmponagaeT HeOOXOAMMOCTH B

PEILICHUH CHCTEMbI YPaBHEHHIA, a COOTHOIIIE-
Hue (8) mpeobOpa3yeTcs K BUAY

[1+Gpoz(p) Jus 1 ()=

=elt)=z(p)lwi(1)=Gro (s (). (9)

Ecnu B ypaBHeHnuu (9) BbIUHCIIEMOE Ha
KaXJ0M UTepaluu GZO 3aMEHUTh POBOJU-

MOCTBIO HEJIMHEHHOTO 3JIeMEHTa B BhIOpaH-
HOM pabodeil TOYKe, T.e. NMPU OTCYTCTBUU
BXOJIHOT'O CHUTHajla, TO MOJYyYUM H3BECTHYIO
ureparmornyo Gopmyny [lukapa [2]. Coot-
HomreHue (9) nerko o600IIaeTcs U Ha yCT-
poiictBa, mpeacraBumbie OHM oOmiero Bu-
na. OgHako, B 3TOM ciydae, HE0OXO0IuMO
Oynmer pemarh cuUcTeMy U3 D JTHHEHHBIX
YPaBHEHHH.

OnucaHHbId WUTEPALMOHHBIN  MPOLIECC
oKa3bIBaeTcsi Hanbosee 3(P(HEeKTUBHBIM, €CITU
pacyeT aMIUIUTYAHBIX XapaKTepUCTUK HA4H-
HaTh C MUHUMAJIbHBIX 3HAYEHUN aMIUIATY b
BXOJHOI'O CHUTHaJla, a B KadeCcTBE IEpPBOIO
NpUOJIMKEHUS TIPU KaXKIOH HOBOW aMILIUTY-
Je Opath pelieHue, NoayuyeHHOe Mpu Mpeabl-
JTyLIEN.

[lo HaiileHHBIM TaKUM OOpa3oM 3HadYe-
HUAM uy U i (k=L2,..,D) HerpynHO om-

penenuts curnain Ha Beixoge PUT, a ero pas-
Jo0xkeHue B pal Pypre — MOCTaBUTH B OJHO-
3HAYHOE COOTBETCTBHUE KaXKIOMYy 3HAYCHUIO
X o0y U3 KOMIUIEKCHBIX aMIUIUTY]l BbI-
XOJHOTO OTKJIMKA. AMNNpOKCUMAalMs IOJy-

YEHHBIX TaKUM 00pa3oMm HabopoB X u Y
(0<n< N) CTeneHHBIM MOJMHOMOM I03BO-

JseT HaAUTH Apk , BXogsmiue B (2). [Ipu aTom
MOJKET OBITh TIOCTPOEH HE TOJILKO MHTEPIIO-
JSIMMOHHBIN TonmHOM Jlarpanxka, HO U TOJTy-
YEHO CPEIHEKBAIPATUYECKOEe MPHOIMKCHHE,
6o npubmmkeHue mo Yeosley.
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EXAMINATION OF THE INFLUENCE OF TRANSMITTER DEVICES
ONTO THE ENVIRONMENT.

The introduction into the environment of any objects and in particular ones generating an elec-
tromagnetic field requires a number of problems to be resolved in the area of electromagnetic compati-
bility. In case of radio or television broadcast stations this process starts with the assignment of the fre-
quencies and ends with resolving problems of transmission disturbances and the resistance to the influ-
ence of external electromagnetic sources. This article presents a direct examination method for objects
surrounding a high power transmission station. The methods have been verified experimentally in prac-
tice during the rebuilding of one of the Polish high power (1MW) radio transmission stations operating at

a frequency of 225 kHz.

1. Introduction

Any object introduced into the environ-
ment shall have the least possible impact
onto that environment, whilst itself it shall
also resist external influences. This problem
is especially significant when the given ob-
ject is to generate a very powerful electro-
magnetic field. Starting at the design stage, it
shall be evaluated how this object will affect
other objects within its surrounding area.
This impact in many cases can be evaluated
using mathematical methods, however at an
environment with many objects present and
where they are interconnected through com-
plex networks such mathematical methods
fail. For situations like that, the only solution
1s to measure directly the various objects
resistance to external electromagnetic fields,
and based on the results of such evaluation
determine if the newly planned object can be
introduced into that environment or not.

An example of the said situation was the
planned building of the Radio Transmission
Center near Solec Kujawski for the 15t Pro-
gram of “Polskie Radio” - transmitting at a
frequency of 225 kHz using two quarter-
wave antennas supplied with 1 MW of
power. This project required several electro-
magnetic compatibility problems to be re-
solved, one of them being the determination
of the influence onto a wunique Radio-
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astronomy Center located at Piwnice near
Torun (Fig. 1). This Radio-astronomy Center
equipped with unique apparatus connected
through a complex networks was located
within a distance of 21,6 km from the
planned transmitting antenna. As one can
imagine implementing pure mathematical
methods here was impossible.

After the Radio Transmission Center at
the Solec Kujawski area is built, the electro-
magnetic field level at the 225 kHz frequency
range shall rise.

Practically every electrical and electron-
ics device shall resist at least an electromag-
netic field level with a strength of 3 V/m.
One shall take into account however, that in
case of the Radio-astronomy Center, which
receives very week signals from outer space,
an electromagnetic field at 3 V/m could dis-
turb the operations of various sensitive sys-
tems installed there. In order to evaluate the
resistance of the installations of this Center to
electromagnetic fields, it has been decided to
perform direct measurements. This method
consists of creating the required electromag-
netic field (at a level according to standards)
within the area where the tested object is lo-
cated. In the example above, it has been de-
cided to create a local electromagnetic field
within the area of the Radio-astronomy Cen-
ter, with a strength equivalent to that which
would be created by the planned Radio



Transmission Center located near Solec Ku-
jawski.

2. Measurements methodology

Measurement of the objects (the installa-
tions of the Radio-astronomy Center at Pi-
wnice near Torun equipped with a 40 meter-
high reflector antenna) resistance to electro-
magnetic radiation, using a direct method
consisting of creating within the tested area
(the area of the Radio-Astronomy Center) an
electromagnetic field with a strength accord-
ing to the standards. For this evaluation, the
electromagnetic field value within the meas-
urement area has been determined based on
calculations. This is the value of the field
strength that will be created by a quarter-
wave antenna supplied with 1 MW of power,
who’s characteristic has been presented in
Fig. 2 and which is to be located at the Radio
Transmission Center near Solec Kujawski.

Taking into account that the transmitter
creates a vertically polarized wave, our first
approximation assumed the radio telescope
antenna is a straight 40 meter-high vertical
wire.

The area referenced in the
diagrams as “Piwnice”

Direction of the waves

Local coordinate system

Direction of the maximum radiation
Fig. 1. Location/placement sketch for the
electrical field calculations in the vicinity of
the radio telescope at Piwnice near Torun

A computer program has been used for
calculating the electromagnetic field strength
in the Piwnice area and thus at the Radio-
astronomy Center. This computer program
uses the moment method for its calculations
and it has performed the following calcula-
tions:
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e calculations assuming that the radio
telescope is not present,

e assuming that the radio telescope is
present and grounded,

e assuming that the radio telescope is
present and not grounded.

The example calculation results are pre-
sented in fig. 3. The diagrams present the
isolines of the electrical field strength (RMS
values) at 2 km x 2 km squares. The wire
simulating the presence of the radio telescope
has been placed in the center of the coordi-
nate system.

The calculations showed that the elec-
tromagnetic field strength within the area of
the Radio-astronomy Center will not exceed
400 mV/m. Considering this, in order to
evaluate the resistance of the installations of
the Radio-astronomy Center to such distur-
bances, it has been decided to create an elec-
tromagnetic field with a strength of
400 mV/m within the evaluated area.

250 290

260 570 280
Fig. 2. Optimal antenna transmitting charac-
teristic plot for the transmitting antenna of
the Broadcast Center near Solec Kujawski

The high frequency signal that will cre-
ate this field shall be amplitude modulated
with the depth of modulation at 80 %. Such
modulation factor is recommended in many
standards — also the international ones. An-
other problem is the frequency of the test
signal - a test frequency of 225 kHz can not
be used, as the transmission at this frequency
would cause a disturbance of the radio pro-



gram emitted from another radio station at
Raszyn near Warsaw.

Considering the above another frequency
has been chosen as close as possible to
225 kHz. This frequency was 234 kHz.
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Fig.3. Electric field intensity distribution at
the “Piwnice” area assuming that the radio

telescope is grounded.

Creating an electromagnetic field with a
strength of 400 mV/m and at a frequency of
234 kHz on such a large area as the Radio-
astronomy Center, requires not only a high
power transmitter but also an antenna capa-
ble of radiating such power. In order to simu-
late most realistically the electromagnetic
field that will be present at the Radio-
astronomy Center after the Broadcast Center
has been built in the Solec Kujawski area, it
has been decided to use an single-pole an-
tenna with a ground relative feed. The
amount of power radiated by the test antenna
does not depend just on the size of the trans-
mitter, but on the matching of its output im-
pedance to the input impedance of the an-
tenna. In order to achieve an input resistance
of the antenna similar to that of the transmit-
ter output (50 QQ) an antenna with a height of
approximately 333-m is needed. A somewhat
smaller antenna can also be used, however an
antenna matching circuit or a compensating
coil has to be connected between the trans-
mitter and antenna in order to match them
together. Unfortunately a solution with any
antenna matching circuit or compensating
coil cause losses. Since we only had avail-
able a linear amplifier (transmitter) with a

306

power of 100 W it was of vital importance to
properly match the antenna. An antenna has
been made out of copper wire, which has
been extended to a height of 333-m using a
balloon (Fig. 4).

Fig. 4. Transmitter with linear antenna which
has been extended to a height of 333-m using
a balloon

An important step in the measurement
procedure of the object’s susceptibility to
electromagnetic fields is the measurement of
the electromagnetic field strength distribution
within the evaluated space area. A selective
voltmeter with a frame antenna is used for
measurements of those values. The calibra-
tion has been performed for the vertical elec-
trical component of the electromagnetic field.
This component will be present within the
area of the Radio-astronomy Center after the
broadcast center is built. A frame antenna has
been chosen as a probe for the electromag-
netic field because of two reasons: First, the
frame antenna as compared to a linear an-
tenna is less sensitive to other objects within
its surrounding. Its input impedance and ef-
fective height do not change that much. Sec-
ond, in reference to distance the changes of
the vertical electrical component correspond
to the horizontal component (H <P) of the

magnetic field, to which the frame antenna
reacts.

After performing all of the necessary
calculations, it has been shown that having a
transmitter (linear amplifier) with an output



power of 100 W, the required field test level
value can be achieved from a distance of
about 80 m. The tested installation at the Ra-
dio-astronomy Center consists of a reflector
antenna and a data handling center, both at a
distance of about 240 m apart. It is obvious
that with the above setup it is not possible to
expose the entire area to an electromagnetic
field of at least 400 mV/m from a single
point. Considering this, it has been decided to
choose two places for installing the test
transmitting antennas. On of those places is
at a distance of about 70 m from the radio
telescope antenna and the other is within a
distance of about 70 m from the data han-
dling Center. The measurements for the en-
tire installations’ resistance to electromag-
netic radiation have been performed twice for
both locations of the transmitting antennas.

A significant step of the procedure
evaluating the resistance to electromagnetic
radiation is the evaluation (measurement) of
the object reaction to the electromagnetic
field. It is commonly agreed, that the meas-
ured parameters and measurement proce-
dures are proposed by the user or the manu-
facturer of the given object or installation.
This user is also the one deciding if he ac-
cepts or not the reaction of the tested object
or installations. In case of the Radio-
astronomy center, a user of that center pro-
posed the tests for evaluating the resistance
to electromagnetic disturbances. He also was
the one evaluating if the reactions of the ob-
Jject to the electromagnetic field is acceptable
or not.

As a result of the tests, it has been judged
that the planned Radio Broadcasting Center
at Solec Kujawski will not have any negative
impact onto the installations of the Radio-
astronomy Center.

The proposed measurement method does
not allow for the evaluation of the maximum
resistance level to electromagnetic distur-
bances, i.e. the maximum electromagnetic

field strength at which the tested object (in-
stallations) reaction is still acceptable to the
user. In order to determine the maximum re-
sistance level it would be also necessary to
find such a value of the field strength, at
which the reaction of the object (installation),
is not acceptable to the used. Such test would
require however transmission equipment
with a much higher output power.

3. Summary

The effectiveness of the proposed
method for evaluating the resistance of com-
plex installations of the Radio-astronomy
Center has been verified after the Radio
Transmission Center at Solec Kujawski has
been finally built and put into operation. In
order to perform that verification, test meas-
urements of the field strength level have been
made at the area of the Radio-Astronomy
Center at Piwnice (Fig. 6).

These measurements have shown that the
measured field strength values (Table 1) fully
matched the previous calculations (Fig. 4). It
has also been noted, that the present electro-
magnetic field does not affect negatively the
operation of the Radio-astronomy center de-
vices and installations.

Table 1. Field strength values at the Ra-
dio-astronomy Center after the erection of
the Radio Transmission Center

Measurement Field strength
point
dB (uV/m) V/m
Radio telescope 114,5 0,531
Building “I” 114,5 0,531
Building “I1” 114,0 0,501
Driveway 112,0 0,398

The proposed method with just a few
small modifications (different amplifier type,
other transmitting antenna, and other test fre-
quencies) can be successfully used to evalu-
ate the impact of transmitting devices onto
various objects within their surrounding.
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MEASUREMENTS OF THE ELECTROMAGNETIC INTERFERENCES
IN A COMPUTER NETWORK

Abstract: In the paper the electromagnetic interferences analysis due to their influences on the
wire local computer network in a ship scenario is presented. First, the functionality form of the designed
measurement's network is described. Next, the obtained measurements are discussed. The researches
were carried out for the computer network with the RS232C interface type.

1. Introduction

In a modern ship command systems the
informatic technology is applied, especially
to obtain a real time of decision processes.
The informatic structure based on a computer
network. The electromagnetic interference
signals induced in the wires of the ship com-
puter network, due to another all the ship
electric equipment and installations, is a very
important problem connected with the elec-
tromagnetic compatibility condition of the
network. A knowledge of a character and a
type of the interference signals is necessary
to increase of the operational reliability of the
ship command system [1].

2. Measurement's System
The block scheme of the measurement's

system, which based on the wires of the
computer network, is shown in Fig. 1.

L 10 m

o
N

OSCILLOSCOPE
KIKUSUI COR5502U
100 MSPS

wires of the ship
computer network

R =5,019k
C=1,198nF

MULTIMETER
KIKUSUI 165A
5Hz - 10MHz

Fig. 1. Block scheme of the measurement's
system

For the measurement's procedure the
computer network wires are connected with:
e the RC circuit as equivalence of the com-

puter interface input,

e the measurement's equipment, i.e. with
the oscilloscope and voltage multimeter.
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The RC load measurement's wires was
fixed according to recommendation to inter-
face RS232C with 20 kbps transmission rate.
The shape of the wires were fixed individual
depending on a character of measurement's
place.

The interferences signals were defined as
voltage time waveforms at output of twisted
wires. Each waveform was surrendered to
mathematical analysis. The interferences im-
pulses with 50 Hz sine curve waveform
background were analysed.

3. Results of the Investigations

The electromagnetic interference were

measured in:

e command platform,

e marine power plant,

e along corridor with radio equipment
neighbourhood,

gyro-compass and fan rooms,

the rudder neighbourhood,

the windlass neighbourhood.

The obtained results were analysed and
presented in graphical forms. The exemplary
obtained results are shown in Figs. from 2 to
8, in which the asterisk denote the frequency
scale ratios.

The electromagnetic interfernce meas-
ured in the command platform are shown in
Fig. 2.
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Fig. 2. The electromagnetic interference
measured in the command platform:
a) time waveform, b) spectrum form

In this case, the unregular interference is
occurred at frequency about 4,2 MHz and
occupied 1,7 MHz bandwidth. High level of
the interference was descended from the ship
radio transmitter.

The interference phenomena along the
corridor with radio equipment neighbour-
hood, with switched HF ship radio transmit-
ter, were carried out too. These exemplary
measurement's results were shown in Fig. 3.

The voltage interference signals due to
the carrier signal and the harmonics of the
radio transmitter are induced in the computer
network wires with the 200 mV peak value.

The results of the electromagnetic inter-
ferences measurements in the ship power
plant are shown in Fig. 4.

t[ps]
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Fig. 3. The electromagnetic interference re-
sults measured along the corridor with the
radio equipment neighbourhood:

a) time waveform, b) spectrum form
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Fig. 4. The electromagnetic interference
measured in the ship power plant:
a) time waveform, b) spectrum form

The great value of the unregular impulse
were observed, which mid-band frequency
was 4,4 MHz, with frequency bandwidth
equals 1,8 MHz.

Interference measured in gyro-compass
room were shown in Fig. 5.
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Fig. 5. The electromagnetic interference
results measured in gyro-compass room:
a) time waveform, b) spectrum form

There are impulse interference too. The
mid-band frequency is 1 MHz, with 170 kHz
bandwidth.

In the warship scenario the ship demag-
netizer is a source of the interference signals.
The interference signals measured at demag-
netizer neighbourhood is shown in Fig. 6.

The mid-band frequency of the interfer-
ence signals is 270 kHz, with 180 kHz band-
width. Spectrum form of the signal includes
low frequency which influenced on transmis-
sion quality of the tested computer network,
with low transmit rate.

The interference problem at the
neighbourhood of rudder is shown in Fig. 7.

310

e i

TEVHN T T =T ]\I u.“‘,,l.ll-
1

£ [1s]

b)

[mV]

S [kHz]  #29

Fig. 6. The measured demagnetizer electro-
magnetic interference signals:
a) time waveform, b) spectrum form

t [ms]
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Fig. 7. The measured interference signal at
the neighbourhood of rudder:
a) time waveform, b) spectrum form

In the above presented figure we can see
so the spectrum of the interference signal



have low frequency components with low
power level.

The interference results in the neighbour-
hood of windlass were shown in Fig. 8.

a)

U
[mV]
t [ms]
b)
U
[mV]
z *13

Fig. 8. The electromagnetic interference re-
sults measured in the neighbourhood of
windlass: a) time waveform, b) spectrum
form

Presented spectrum graph shows basic
component of 50 Hz.

Moreover, on the tested ship the interfer-
ence from the ship supply system are oc-
curred. The measured peak values were
shown in Table I.

Table I: The measured interference
signal peak values

Measurement's place | Peak value [mV]
Windlass neighbourhood 9
Fan room 11
Gyro-compass room 13

4. Analysis of the EMI Condition

In attempt to examine an influence of the
EM interference (EMI) signals on a ship
computer network, the bit error rate (BER) of

the tested computer network transmission,
for RC232C interface, was measured. The
block scheme of the measurement's system is
shown in Fig. 9.

The electromagnetic
interference

N

Y RS 232C ¥

L
—

Laptop computer

L
—

Laptop computer

i
BER counter

Fig. 9. The block scheme of the BER meas-
urement's system

The data transmission was realised by
use two wires form of cable of the computer
network, with length about 40 meters, type
BASE-T. To eliminate an influence of the
EM interference through power supply net-
work in both computers the battery supplies
have been applied. The experiments were
carried out in the ship power plant.

Generally, electromagnetic interference
signals induced in the ship computer network
not affected to transmit quality. Errors ap-
peared sporadically.

5. Conclusions

Taking into account above presented
measurement's results the following conclu-
sions can be formulated:

e ship computer network should be care-
fully screen,

e computer network power supply system
should be galvanic isolate from ship
power supply,

e data transmit rate should be individual
tamper with computer network.
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MODELLING THE COAXIAL DOUBLE BRAIDED SCREENS

Abstract. In this paper we tried to obtain the effect of the direct leakage term of the diomand
shaped holes to the circuit parameters of the double braided screens for the measurement of the transfer
impedance according to the IEC Triaxial test setup. We focused on the direct magnetic coupling
mechanism. This information should be used for the optimization of the double braided screens.

Keywords: Screening efficiency, Transfer impedance, Coaxial cable, Double braid, Optimization.

Introduction

The screening effectiveness of the coax-
ial cable screens measured via several meth-
ods. We are dealing here with IEC triaxial
short circuited method (Fig.2). The braid
structure made by strands of helically inter-
woven wires and there are diomand shaped
holes at the crossing point of the strands.

tube wall

Inner conductor gecond screen layer

Fig.1. Cross-section of the double screened
cable and magnetic leakage from diomand
shaped apertures

& =+ =5 ()

1 — Signal generator, 2 — Coaxial cable under
test, 3 — Measuring tube, 4 — Termination
load, 5 — Receiver, L — Coupling length
Fig.2. IEC Triaxial Short Circuited
Test Method

The electromagnetic energy generated
between the outer wall of the measurement
tube and the cable screen leaks, from this
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holes directly (Fig.1). This leakage defined
as the hole inductance and effective at higher
frequencies. At low frequencies diffusion of
the induced currents on the screen is effec-
tive. These parameters are measured as the
transfer impedance Z7, and it is a measure of

the screening effectiveness of the cable
screen and defined as the quotient of the lon-
gitudinal voltage measured on the secondary
side of the screen to the current in the screen,
caused by a primary inducing circuit, related
to unit length Fig.3. [10].

]1 11
[ << 1/4 *

(1

On the other hand, there is another im-
portant standardised quantity, the capacitance
coupling admittance Yt and it is defined as

the quotient of the current in the screen
caused by the capacitive coupling in the sec-
ondary circuit to the voltage in the primary
circuit related to unit length [10] (Fig.4). But
we focused on the Zt term here.



Fig. 4. Definition of coupling admittance

!

Yr 2

T U @

= jo-Cr

For single braided screens, many authors
worked on the calculation of this coupling
parameters. The earlier works were done by
Kaden [1], and Schelkunoff [2]. The relation
between the braid paramers and coupling pa-
rameters are given by Vance[3]. Detailed
works focused on the braid optimization
were done by Homann[4], Tyni[5], Fowler[6]
and Halme[7]. For high efficiency of the
screening without loosing the flexibility of
the coaxial cable, double layers of braided
screen are used. Sali has done a work for the
triaxial cables as a special case of double
braids[11]. Althought many valuable attemps
to find the analytical expressions for the cou-
pling parameters there were still big differ-
ences between the theory and experiment.
Kley[8] tried to remove this differences by
semi-emprical model. His work based mainly

to [1][2] and [5]. He modified the
formulations by some constants via
experiments.

Direct leakage mechanism

In this paper we focused on the direct
magnetic coupling mechanism of the dio-
mand shaped holes at braid surface. Ikrath[9]
has done an extensive work on the effect of
apertures of the coaxial cable screens by as-
suming them as planar mesh surfaces.
Therefore it incluedes the error term. We
modified this method for the cylindrical braid
surface. Referring to the Fig.5. we can inves-
tigate the interaction of the magnetic field
lines at each layers. If we consider the real
measurement situation, first and second
layers are short circuited at both ends. There-
fore for initial condition the total disturbing
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current, /3, flows from each wires (i ) at both
braid layers equally.

I3
np+njp

=

€)

where, n; and n, are the total wire numbers

for first and second layers respectively.
By applying the Ampere law,

I3

3 =
"2 27y 22

(4)

Fig.5. Individual and the leakage magnetic
lines at double braided cable screen under
test setup The layers from top to dip are;
Setup wall, upper braid layer halves, inner
braid layer halves and the interior conductor
respectively.

Since the braid structure includes dia-
mond shaped apertures, some of the magnetic
flux lines penetrate from this apertures
through to the interior conductor. The
leakage flux in the intermediate section
between the both braid layers are related with
the surface of the apertures. From the



Induction law, the electromotor force
produced by this leakage is;
Van = — 3
32 py 3)
where,
D3y =y [[ 3y, dsa 4)

The mutual inductance of the apertures at
second layer is;

_ L P

M3, (5)

I3

where, v, is the number of apertures at unit

lenght of the second layer braided screen.

In order to find the mutual inductance of
the aperture firstly we have to obtain the
normal component of the H field to the
aperture surface. The normal component of
surface magnetic field to the hole surface is
calculated by superposition of each single
wire to the hole center. As a first step we
consider only the effect of the nearest wires
to the hole center. (Fig.6).

n¥
Fig.6. Magnetic fields in the diomand
shaped hole

Since the H field is normal to the current
direction, we have to define new axis as 7
and & normal to the each wire direction. At
the center along the z axis, each H fields can-
cel each other. By the way the magnetic field
lines enter to the inside of the interior layer
from the upper triangular part of the z axis
and go out from the lover part. Since the H
fields must close around themselves a rota-
tion occurs around the z axis. Therefore an
e.m.f. produced per unit lenght of the z
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axis[9]. If we adds the effects of the all wires
to this aperture we obtain the total magnetic

fields normal to the aperture surface.
1
¢

H, = — + _
e i | B Rl B A

’/'. .
cot(i)

—2 e, ©

where rj; is the distance between the aperture
center and j.wire of the i.belt and calculated as

”zy':(i—l)W+(j—1)d+w

(7)
where, d: diameter of each wire, i: index of
the belt number and i=1..M/4, j:index of the
wire number and j=1..N, M: total belt num-
ber at the braided screen, N: total wire num-
ber at each belt of braid, W:belt plus aperture
width and given at [3] as

4macosa
v (8)
where a is the radius of the braided screen
layer. The last cotan term of the (6) is added
for the curvature of the cylindrical shield. For
the cylindrical coordinates transformations
from & and 7 to », @ and z should be taken
into account.
In Fig.7 a sample calculation is done in
order to show the variation of the H field
around the z axis.

Fig.7. Calculated value of H field. The values
out of the border of the diomand shall be
omitted.(M =24, N=8,d=0.15 mm,
i=1Amp a = 1/6)



Interior Conductor

|:|Rli U](Z)

First scren layer

H Ryl U0 1)y Rzﬂ

v 12

ZT]

\V

Second scren layer

@/ Us(z) I3 vz R S’ﬂ

Outer test wall Conductor

Fig.8. Equivalent Circuit Model of coupling
parameters for double braid screened coaxial
cable

Now we are able to calculate the mutual
inductance of the aperture via (5) by putting
the (6) at (4). Tha care should be taken also
for the integration surface of the aperture. It
should be taken over the upper or the lower
triangular part. The same steps can be done
also for the first layer. The calculation of the
Zt and the Cp can be found at [7] with em-

prical modifications of the formulations. We
are not going to repeat them. After finding
the coupling parameters of each layer, Fig.8
can be used for the transmission line equa-
tions. For the test conditions R3(, Ry;, Ry 1s

I @

short circuited and R;; is equal to the charac-
terictic impedance of the cable.

The optimization process includes the
porposing coupling [8] and try to balance the
imaginer component of the high frequency
term of the Zt as if the magnetic field lines

coupled to the interior conductor. Between
the first layer and the interior conductor the
final fields should be considered at this layer
for optimization. The H3, and Hjy; are the

leakage fields from the screen and the Hy; is
at inverse direction with these fields. Hj

brings the braid inductance via porposing
effect. This interaction should be calculated
at the outer surface of the interior conductor.

Conclusion

The direct magnetic leakage term of the
diomand shaped apertures of the coaxial
braided screen are modified for the real geo-
metric conditions of the cylindrical shield
structure as if including the curvature and the
limited number of the wires. In order to ob-
tain the circuit parameters of the braid one
should be care of the terminating resistors.
As a further work, measured values and the
merit of the accuracy of the direct leakage
calculations will be compared.
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MEASURING EMC ANTENNA FACTORS:
COMPARISON OF ANTENNA CALIBRATION METHODS

Determining the antenna factor (AF) is a major step in making field strength measurements accu-
rately for EMC compliance. There are well-established antenna calibration methods [1-3] to calculate
these antenna factors in Open Area Test Sites (OATS). However, alternative methods utilizing different
test sites, like Gigahertz Transverse Electromagnetic (GTEM) Cell, are also brought forth in recent years.
In this study, antenna factor measurement and calculation with standard and alternative methods are per-
formed. The reliability of alternative methods are discussed. Antenna factors of an UK NPL calibrated,
small-size log periodic antenna are first determined on TUBITAK — UEKAE premises using standard
methodology. The log-periodic antenna is then placed at the center of the test volume of a GTEM
1750 cell. With the fact that field strength produced in the GTEM is proportional to the signal applied to
the input and using the definition of antenna factor, the antenna factor is calculated by measuring the
GTEM input signal and antenna output voltage Since the accuracy of this method is dependent on the
size and positioning of the antenna, antenna factor measurements are carried out for 4 different positions
inside GTEM and resultant data are compared with original (NPL) and user (TUBITAK-UEKAE) data.
Additional work is performed to determine transmit antenna factor of the same antenna, using the recip-
rocity property of the GTEM cell.Upto this point, this study covers only a log-periodic antenna of small

size. The same procedure iscarried out for a large size log-periodic antenna, as well.

1. Introduction

Antennas and sensors play an important
role in EMC compliance testing. The accu-
racy of calibration of these devices deter-
mines the accuracy of radiated-emissions
(RE) and radiated-susceptibility (RS) test re-
sults.

Antenna calibration is the process of de-
termining the numerical relationship, within
an overall stated uncertainty, between the
observed output of a measurement system
and value, based on standart sources, of the
physical quality being measured.

The antenna factor (AF) is a ratio of
measured E or H-field strength to the induced
voltage delivered at the output of he antenna.
AF must be highly accurate and the equip-
ment used for measurement must be trace-
able to a national standart.

Some commonly used methods of deter-
mining antenna factors are given below
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Rod Antennas (9kHz-30MHz)
SAE ARP 958 Rev D!
ANSI C63.5-1998 (ECSM)2
Biconical Antennas (30-300 MHz)
ANSI C63.5-1998 (SSM)3
Log Per Antennas (300-1000MHz)
ANSI C63.5-1998 (SSM)
Horn Antennas (1-40 GHz)
SAE ARP 958 Rev D
In this paper, we have obtained antenna

factors of two different antennas from
30 MHz to 1000 MHz in Open Area Test Site

IThe Engineering Society For Advancing Mobility
Land Sea Air and Space —Aerospace Recommended
Practice

2American National Standart for Electromagnetic
Compatibility- Radiated Emission Measurements in
Electromagnetic  Interference  (EMI)  Control-
Calibration of Antennas (9kHz to 40 GHz) Equivalent
Capacitance Substitution Method

3American National Standart for Electromagnetic
Compatibility- Radiated Emission Measurements in
Electromagnetic  Interference  (EMI)  Control-
Calibration of Antennas (9kHz to 40 GHz) Standart
Site Method



and the GHz Transverse Electromagnetic
Cell (GTEM).

2. A method of determining AF (OATS)

We have used ANSI C63.5-1998 (SSM)
Method in OATS. The SSM (based solely on
horizontally polarized measurements) pro-
vides antenna factor measurements from
30 MHz to 1000 MHz. The measurement dis-
tance are 3m and 10 m, transmit antenna
heights are 1m and 2m, and receive antenna
search heights are from 1 m to 4 m. The
methods shall be used for horizontal polari-
zation on a standard antenna calibration site.

2.1. Description of Method

The SSM requires three insertion loss
measurements under identical geometries
using three identical antennas taken in pairs,
as shown fig.1

AF1+ AF2 = A1+ 2010g (fMHZ) —
—48.92 + Epmax (1)

AF1+ AF3 = A2+ 2010g (fMHZ) —
—48.92 + Eppax (2)

AF2+AF3:A3+ 2010g (fMHZ) —
—48.92 + E 4nax 3)

(All equaitons in dB)
where
Aj 53 Measured insertion losses(dB)

Epmax: 1s the maximum received field at

seperation distance R from the tranmitting
antenna
AF| AF, AF,: are the antenna factors

of antennas (dB(1/m))
fyp 1s the frequency in MHz

Solving equations (1), (2)and (3)
AF = 10logfy;—24.46 +
+1/ 2[EpmaxtA1+Ar-Aj] “4)

AF, = 10logfy—24.46 +
+1/2[ EpmaxtA1+A3-Ag] (5)

AF3 = 10logfy; —24.46 +
+1/2[ EpmaxtAstAz-Ay] (6)

2.2. Measurement Procedures

There are two measurement procedures
that may be used to determine insertion loss-
a discrete frequency method and a swept fre-
quency method

We have used a swept frequency method
based on a computer programme (Fig 1.)

RECEIVE
ANTENNA
Attenuator
| (6dB)
Attenuator
(6d
TRANSMIT
ANTENNA ANTENNA
CONTROLLER
COMPUTERAYAR
|
SPECTRUM
ANALYZER
L PREAMPLIFIER

Figure 1. Geometry of antenna calibration
setup (OATS)

3. An alternate method of determining
AF (GTEM)

The method of calibration an antenna in
GTEM is to place the antenna in the center of
the test volume, aligned such that the linearly
polarized antenna is oriented vertically in the
linearly polarized test volume and the floor
of the GTEM (see Fig 2)

The field strength in GTEM is,

V.
E=-1L 7
P (7)
where:

E: Electric Field Strength, (Volts/meter)

V;: Input RF Voltage (Volts)

h: Septum Height, (meter)

The definition of antenna factor is:

AF = 201og(§) (8)

where:

AF: Antenna Factor, (m-1)
E: Electric Field strength, (Volts/meter)
Vy: Antenna output voltage (Volts)



Combining (7) and (8) gives: A small log periodic antenna (Schwarz-

_ beck 9108 —217 ) was placed in the test vol-
AF =20log(V;) - 20log(V, )+ 20log(1/ h) (9) ume of GTEM 1750 and calibrated by using

Fig 2. Test Setup from 300 MHz t0 1 GHz)

y
GTEM 1750
z
X
Signal
Power Generator
Meter
Vout |
eMi L1 [T
; T Power
Receiver Directional Amplifier
. Coupler
Vin

Figure 2. Test Setup for Determining the Antenna Factor in a GTEM cell

Antenna Factor (dB/m)

300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
Frequency (MHz)

= = = AFGTEM,dB™= ™= AFNPL,dB AFTBT, dB ‘

Figure 3. Antenna Factors of Schwarzbeck Log-Peryodik Antenna (s/n:217)
(30MHz-300MHz)
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Figure 3. Antenna Factors of Schwarzbeck Log-Periodic Antenna (s/n:217)
(30MHz-300MHz) (All Positions)

6. Conclusion

The following general conclusions are

peresented

1.

A very good agreement between The
NPL measurement and TUBITAK-
UEKAE OATS measurement have been
presented.

A new method of determining AF in
GTEM has been implemented.

The advantages of GTEM for antenna
factor determination over traditional
EMC measurements are:

e Ambient signals are not a factor

e Measurements may be carried out at a
convenient location

The disadvantage of the GTEM is the

limited test volume.

The most suitable results was obtained at

the (—z ) position of the Log.Periodic an-

tenna as vertical polarization

Transmit Antenna Factor of Schwarzbeck

Log Periodic Antenna (s/n:217) has been

obtained in GTEM.
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RF FIELD MEASUREMENT AND THEORETICAL CALCULATION
FOR CELLULAR BASE STATION ANTENNAS

In this study, the radiation characteristics of cellular base station antennas are investigated. As a
first step, the total radiation of an array-antenna which is intended to transmit in the GSM 900 MHz band
is obtained analytically. The antenna under investigation is an array of four vertical dipoles positioned
along the z-axis [1-3] The method is explicit and, once the radiation characteristic of any single dipole
has been calculated analytically, the general pattern of the array can then be calculated. Secondly,. meas-
urements are carried out on different points near an actual base station transmitter which is designed to
transmit in the 1800MHz range. Final discussion is on the determination of the minimum distance to a
BSA in order to comply with international RF safety guidelines.

1. Introduction

Health hazard aspects of exposure to ra-
dio frequency (RF) energy radiated by cellu-
lar base station antennas (BSA) have been of
great concern in recent years. The public in-
terest in the subject triggered scientific re-
search in parallel with the increasing number
of BSA which became visible in public areas.

Scientific research on this area can be di-
vided into two major categories: First is the
characterization of the RF field generated by
the BSA and incident upon the public. Sec-
ond is the investigation of biological effects
of these electromagnetic fields. While the
former category is a subject of application of
electromagnetic theory, the latter needs bio-
logical and medical expertise to reach a con-
clusion.

Characterization of the RF source is very
important since biological effects are mostly
dependent on the field strength level, fre-
quency and signal characteristics. Many ana-
lytical and numerical techniques have been
used to obtain the radiation characteristics of
these antennas so far.

2. Analytical solution

Usually the radiation pattern of a single
element is relatively wide, and each element
provides low values of directivity (gain). In
many applications, it is necessary to design
antennas with very directive characteristics
(very high gains) to meet the demands of
long distance communication. This can only
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be accomplished by increasing the electrical
size of the antenna.

One way to enlarge the dimensions of the
antenna, without necessarily increasing the
size of the individual elements, is to form an
assembly of radiating elements in an electri-
cal and geometrical configuration. This new
antenna consist of multi elements and is
called as “an array”. The total field of the
array is determined by the vector addition of
the fields radiated by the individual elements.

2.1. Four- Element Array

Base anttennas are formed by using half-
wavelength dipole as a collinear array.

The total radiation of this array-antenna
is obtained analytically. The antenna under
investigation is an array of four vertical di-
poles positioned along the z-axis,behind a
metallic reflector, as shown in Figure 1.



Fig. 1. Schematic view of the studied dipole
array antennas

The field at an observation point P can
be described as the sum of fields radiated by
four dipoles in the presence of the reflector.

EZ=E1+E2 +E3 +E4 (1)
klol . . .-
E, = jﬂﬁf(e)e jBr 1+Clej(0t1+ﬁarr1) ______

Array Factor (AF)
(2a)
=gyl 2b)
0
cos(E cos0)
1(6)= 2c)

sin 0

where;

n is the free-space waveimpedance

k is wave number

[ is dipole length (/ =A/2 for half-wave
dipole)

f(0) is radiation pattern factor of unit
antenna (half-wave dipole)

r is distance between antenna and point P

Iy 1s electric current on unit antenna

" Ciej(ai +Pan) Cn-lej(a’H +B 5ifn1)J
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¢; is electric current on i-th antenna

d, 1is unit vector on r-direction in spheri-
cal coordinates

7; is position vector i-th antenna.

Total field has been illustrated so that the
far-zone field of uniform four-element array
of identical elements is equal to the product
of the field of single element, at a selected
reference point (usually the origin), and the
array factor of that array. That is

E= [E(single element)] x

x [Array factor (AF)] 3)
N
AF =Y /(7 DV: (4a)
n=l1
V. =a; +Bd; cos(8) (4b)

After some mathematical manipulations
(4a) reduces to

. N
sin(—- )
(AF), e

N (4c)

in(¥
sm(2)

The total field of four half-wave dipole
z-axis have been obtained analitically,

. N
sin(* 2 y,)
n L0 B
E, = Jﬂ;ﬂf(&@ v [
N, sin(—%)
2
(4d)
The contribution of metallic reflector can
be added to equation (4d) by using image
theory.

sin(—" )
Etzy =Ey; v
. Yy
N, sm(T)

(5a)

Y, =0y, +Bd, sin(6) cos(¢) (5b)

To find the nulls of the array on the
z-axis, (4d) are set equal to zero. That is,



(o, 3\72 n)}

z

2nd,
n, =1,2,3..
n#N,2N,3N,..

The maximum values of (4d) occur when

gl A
0,,, = cos [2 y

z

0,, =cos | 7»(1_2) ,m=0
2nd,

The 3-dB point for the array factor (4d)
occurs,

0, = cos™! (o, 2.782 )
2nd , N,
n=123..

n=N, 2N, 3N,.

By the same way to find the nulls, the
maximum values and the 3-dB point of the
array on the y-axis occur when,

0 A 2n
0,, =cos [27161 -, iN—n)}

y y
ny =123..

n#N,,2N,,3N,..

_ A
0, =cos |
" 2nd,

y)}m:O

_2ndy
eyh = cos_l{ (o, £ 2}382 n):l
y y

ny = 1,2,3...
n¢Ny,2Ny 3Ny.

(—ocy + 2mn)}, my = 0,1,2,3...

| ATTOL

0,y =cos”
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In this problem,

N, =4,
N, =2,
A =033m,
.t

2

(o, i2mn)}, m, =0,1,2,3...

Fig. 2. The radiation pattern of array on the
z-axis in the horizontal plane for 900 MHz

Fig. 3. The radiation pattern of the array on
the z-axis in the vertical plane for 900 MHz

3. Measurement

An experimental setup was developed in
an Open Area Test Site (OATS), to evaluate
the E—field distribution in the far field region
of radio base station (RBS) antennas. A
commercial RBS antenna (Kathrein 739491)
was tested (see Fig 4) at 1800 MHz.

. . " 372972001
JFig 4. Photo of experimental set-up
on the OATS

The antenna was mounted on a vertical
scanning system. An isotropic E-field probe,

Holaday Industries HI-4456 (30MHz-
18GHz), was used to measure the E-field at



different angles 6 m away from the RBS an- turer’s data. The ground effect was neglected
tenna.(see Fig 5.). in the measurements.

C 4. Conclusion

e An analytical solution of the BSA (900
MHz) was presented.
e The far field produced by the BSA

E-field Probe Kathrein 739491 (1800MHz) was meas-
ured.

e When 120 Watts power was applied to
the antenna, the safety guideline recom-
mendation given by ICNIRP was passed
for a distance of less than 6.1 meters from
the antenna for 1800 MHz.

3m

Fig 5. Measurements points

We have obtained similar results in our
measurements compared to the manufac-
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NUMERICAL MODEL FOR THE NATURAL ELF RADIO NOISE

Abstract. We describe the results of numerical modeling of the natural ELF radio noise in the
Earth-ionosphere cavity. A signal simulated for the vertical electric field component in the frequency
range of the Schumann resonances has many feature pertinent to real records. In particular, it is exhibits
the natural stabilization of spectral estimates similar to those observed experimentally.

Natural radio noise in the ELF frequency Here 4, is the amplitude of the k-th ran-
band (from 3 Hz to 3 kHz) is generated by
electromagnetic radiation from the global
thunderstorm activity. Individual lightning

dom pulse, ¢#; is the arrival time of the ran-

dom pulse, ¢y (¢) is the k-th pulse waveform.

strokes occur at random, hence a statistical Summation of pulses is formally held from
approach must used for the modeling of the - to +o having in mind that in accordance
noise background. We describe the vertical with the causality principle the waveform
component of the ELF radio noise in the time e (¢) equals to zero when the argument is

domain as a following succession of random

_ negative ¢ <f.
electromagnetic pulses:

Elementary waveform of the arriving
e pulse is found from the following equation
E()= X Ap-eelt—1tr) (D (Nickolaenko and Rabinowicz, 2000):

k=—0
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E(x,t):Re{A-EA 97 B[R+ (Ry -1)B+

n (@} @

® B(B+1)*9"

(% - ljB(B +1)+>

noise. An important assumption is the mutual
independence of all model parameters: pulse
amplitudes, their arrival times, and coordi-
nates of the sources.

The random variables are generated with
the standard modern software supplied with a
personal computer. The basic procedure is
the obtaining of random numbers uniformly
distributed on the [0; 1] segment. We gener-

el (n—B)(n+1)
where the amplitude of the field
M )
Ey= 5 M  is the current moment
2ntha“e
E o1
> ]
=
S 0
= |
1 | | |
0 1 2 3 4

\ \ \ \
5 6 7 8
Time, s

Fig. 1. ELF signal composed as a random Poisson pulses with the rate of 50 eve/s.
D €[5, 10 Mm], and amplitudes have the Gaussian amplitude distribution.
Sampling frequency is 204.8 Hz.

of the k-th lightning stroke, # is the height of
the Earth-ionosphere cavity, where the waves
propagate, a is the Earth-radius, and € is the

dielectric constant of vacuum. We suppose
that the complex propagation constant of the
radio wave is a linear function of frequency:

t
v(f ): Af + B, parameter 9= eXp(iZj’

x=cos0, O is the distance from the ob-
server to the k-th stroke, the R-functions are:

1
RO (9,x)= vk
(1 —~2x9+ 92W
1-x9

R_ (S,x) = -1, and

3
(l—2x8+82)/2

_ _ 2
R, (S,x) i J—x+4/1-2x3+9

I-x
(Nicolaenko and Rabinowicz, 2000).

Since the attenuation of electromagnetic
waves is small at ELF, the pulse rate in (1)
equals to that of overall vertical strokes tak-
ing place worldwide (up to 100 events per
second). Individual pulses substantially over-
lap and form a continuos SR background
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ate and use such a succession after its re-
normalization to generate the quasi-random
set of the source distances. We had postu-
lated that distance from the observer to the
strokes is uniformly distributed around me-
dian value of 10 Mm within the 5 Mm gap: it
is found with equal probability between 7.5
and 12.5 Mm. These is a realistic distance
distribution for the observer places in the
Central Europe and the sources situated in
the South America (Brasilia) or in the East
Asia (Indonesia).

Since the lightning discharges are the
Poisson succession, we construct a process
with the exponential probability distribution
of the waiting times between the pulses

w(Ar) = Le I Deviates y are obtained
from the variable x uniformly distributed in
[0; 1] interval by introducing a formula
y=—log(x). The pulse rate L is 50 events
per second. The normal random numbers for
the source amplitudes are obtained from x by
the Box-Muller method. The median current
moment of the source (M.)= 6x107 Axm,

and its standard deviation

oy = 16x107 Axm.
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Fig. 2. The model of natural stabilization of spectral estimates of the SR.

We simulated the vertical electric field
component with the sampling frequency of
204.8 Hz. A fragment of this ‘record’ is
shown in Fig. 1. Time in seconds is shown
along the abscissa on linear scale. The verti-
cal electric field is shown along the ordinate
in mV/m. We do not include into the model a
man-made interference and suppose that the
receiver has an infinite band width. Figure
demonstrates that the background ELF noise
is a composition of pulses. At extended time
scales, the signal looks like a continuous line,
see the waveform between 6 and 6.5 s in the
insert. Rapid variations of the signals become
depressed when a band-pass filtering is used.

The model SR signal is applied for dem-
onstrations of natural stabilization of the
Schumann resonance spectral estimates. The
processing of the data set was made in the
following way. Pieces of the record 10 s long
(sets of 2048 real numbers) were processed
with the standard FFT algorithm. The indi-
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vidual power spectra were accumulated (av-
eraged) as this is done in the real data acqui-
sition systems [Belyaev et al., 1999]. The
‘current’ results of spectral processing are
presented in Fig. 2.

The lowest irregular curve in Fig. 2
represents individual power spectrum ob-
tained for the first 10 sec of the record. Stabi-
lizing results of further averaging are shown
by the curves shifted vertically. Numbers N
to the right of the curves depict the quantity
of individual spectra included in the averag-
ing procedure (each of these corresponds to
the record 10 sec long). One may see that the
procedure of the data accumulation effec-
tively smoothes the resulting spectra, and the
Schumann resonance peaks become clearly
seen after a few minutes accumulation.

Spectra in Fig. 2 display that the time of
the data accumulation must exceed approxi-
mately 5 minutes (N > 32). The spectral sta-
bilization and necessary duration were stud-



ied experimentally long ago. Now, are able to
construct a model ELF signal pertaining this
characteristic properties.

The inevitable long duration is not obvi-
ous beforehand. We had used the rate of 50
events per second in the above simulations.
This means that about three thousand events
are averaged every minute, and this number
seams to be great. The experiment and the
above model demonstrate that this is not so.
A more detailed inspection shows that simul-
taneous variability appropriate to the sources

in time, space in the amplitudes increases the
necessary ensemble by a factor of ten. Spec-
tra of Fig. 2 demonstrate also that the fine
structure does not completely vanish even
when the observation time exceeds the 10
minute interval.

To conclude the report we must note that
the above ELF radio signal could be used for
testing and tuning the experimental equip-
ment as well as for interpretations of obser-
vations.
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SPATIAL STRUCTURE OF THE AFRICAN WORLD THUNDERSTORM
CENTRE DEDUCED FROM DIRECTION FINDING OF VLF
ATMOSPHERICS

Abstract. A technique of tomographic reconstruction of the spatial structure of lightning activity
is proposed. The technique is based on measurements of azimuthal distributions of atmospherics from
different distant receiving stations. An effective algorithm for tomographic reconstruction has been de-
veloped to reduce required computational resources. The spatial structure of thunderstorms in Africa has
been estimated from results of direction finding of VLF atmospherics performed from board the scien-
tific vessel during March-April, 1991. The results of reconstruction show that stable active areas corre-
spond to the Niger and Congo basins, Madagascar, and coastal part of the Guinea bay.

1. Introduction

Remote global lightning activity obser-
vations are considered at present as a promis-
ing means for monitoring of global environ-
mental changes [1]. The precise technique for
locating lightning discharges provides optical
observations from the space, but considerable
cost and limited area of viewing from satel-
lites leave us reasons for consideration tradi-
tional radio physical methods for lightning
observation. LF and VLF atmospherics pro-
duced by lightning return strokes are used for
lightning location with good precision (of
order a few kilometres) within limited areas
up to size of a few thousand kilometres [2].
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Usually such lightning detection networks
operate far from main tropical lightning
sources (with some exclusions, see e.g. [3])
and employ rather sophisticated synchro-
nously operating equipment.

In this work we discuss locating African
thunderstorms, based upon tomographic re-
construction by results of multi-site direction
finding of atmospherics. The technique pro-
posed does not require identification of every
atmospheric at each receiving point and in
such way simplifies the realisation of obser-
vations. The tomographic technique proposed
has been developed for the aim of the light-
ning distribution reconstruction on the base
of the so called “pixel” approach and as a



result of modification of the method de-
scribed in the previous work [4]. As tomo-
graphic projections we employ histograms of
azimuthal distributions of atmospherics
measured from a network of direction find-
ers.

2. Procedure of tomographic recon-
struction

A simplified experimental setup for to-
mographic measurement, shown in Fig. 1,
looks like classic triangulation system. Azi-
muthal distributions of atmospheric are
measured at each point of the direction finder
network during a certain time period. The
histograms of atmospherics arrival directions
obtained are considered as different projec-
tions for tomographic reconstruction of the
surface distribution of lightning discharges.

ection finder

\\\\\\ Thunderstorm
\“v P areas

direction finder 3

direction finder 2
Fig.1

Supposing that the monitored part of the
earth surface is represented by a net of or-
dered discrete points in which we will deter-
mine numbers of produced lightning dis-
charges and choosing a finite, small enough,
elementary sector size in the azimuthal histo-
grams we can formulate the task of the to-
mographic reconstruction in the next linear
algebraic equation system:

M
j=1
(1)
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where Sj; i1s an a number of atmospherics

registered within the i elementary sector of
the histogram measured from the & receiv-
ing point, W};; is a system matrix, determined

by geometry of receiving point distribution,

s; 1s an unknown number of lightning dis-

charges assigned to j discrete point of the
earth surface, K is a number of the receiving
points, M is a dimension of the unknown vec-
tor § , N is a number of elementary sectors in
the azimuthal histograms. The equation (1)
states that the integral number of atmospher-
ics corresponding to the elements of the vec-
tor § dropping into the i sector of the k"
histogram is equal to i element of the k"
histogram. The elements of the system matrix
can take values of 0 or 1. The system matrix
Wy;; has K*N rows and M columns and it is

essentially sparse.

Thus, the problem of the lightning map-
ping consists of the direct and the inverse
problems. The direct problem is solved by
measurement of azimuthal histograms at dif-
ferent receiving stations of a network. The
inverse problem is ill posed one with con-
strictions dictated by physical sense of de-
sired nonnegative quantities of lightning in-
tensity and can be solved by the regularized
least squares method (see e.g. [5, 6]) by
means of minimization of the next regulariz-
ing functional:

F(5.8)= w5 - S, w5 - § )+ B-(5.5)., 2)

where brackets (-,-) denote scalar product, W
is a system matrix, § is a vector representing
a set of measured at different receiving points
azimuthal distributions from equation (1).
The norm of the unknown vector 5 is used as
a stabilizer, and small positive regularization
parameter £ is determined by an empirical
way.

3. Data acquisition

The experimental data used for this study
were obtained from continuous measure-
ments of VLF atmospherics azimuthal distri-
butions performed on board the scientific
vessel "Academician Vernadsky" moved
around a south part of African continent in



February-April of 1991. A special measuring
complex was developed and constructed for
these measurements. The complex consists of
three field component sensors: vertical elec-
tric (Er) and two horizontal orthogonal mag-
netic ones (Hx and Hy), band-pass filters
(0.3-13 kHz), three-channel analog-to-digital
converter, buffer memory device, personal
computer, real-time software for preliminary
processing and storing received data. Each
atmospheric with amplitude exceeding a pre-
established threshold level was digitised and
transferred to the computer where direction
to the source was determined. Averaged dur-
ing half-our intervals azimuthal distributions
with discrete of 5 degrees were stored to a
hard disk for the further processing.

The method of the average Pointing vec-
tor in the time domain [7] used for direction
finding let us to reach the registration rate of
about 6000 pulses/hour. Atmospherics flow
observed from the vessel board in the Indian
ocean appeared concentrated within azi-
muthal sectors of about 30-40° width cover-
ing the African and Asian global thunder-
storm centres as can be seen from Fig.2.

Time, UT+3 (14-17 February 1991)

SoLJth
Fig.2

West North

There were practically not observed VLF
atmospherics arrived from north and south,
and almost whole atmospherics flow concen-
trated near the west and east directions form-
ing azimuthal distributions with characteris-
tic shape of a ‘butterfly’. In the vicinity of
the Africa the structure these distributions
became more complicated as is seen from
Fig. 3, in which the average diurnal azi-
muthal distributions are plotted in the polar
co-ordinate systems with centres correspond-
ing to the daily median point of the vessel
route.
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4. Results of tomographic reconstruc-
tion

We employ tomography reconstruction
procedure based on multi-site measurements
of VLF atmospherics azimuthal distributions.
Virtual direction finders network was consid-
ered consisting of sites with co-ordinates de-
termined as a median point of day part of the
vessel's path. Two main problems are
thought to appear in such a measurement
scheme. As can be concluded from Fig.1 the
main source of errors in reconstruction re-
sults is connected with existence of atmos-
pherics outside of the area, covered by the
network, which are being detected by only
part of direction finders. This problem arises
from limited detection range of LF-VLF re-
ceiving systems due to finite threshold level
and relatively high attenuation for wave
propagation within the earth-ionosphere
waveguide.

Another important problem concerning
with the analysis of the experimental data
obtained at different points during the period
exceeding one month is connected with
considerable variability of the African
sources from day to day as can be concluded

from Fig.3.
To reduce these uncontrolled errors we
considered azimuthal distributions

corresponding to the periods of maximal 329

sponding to the periods of maximal activity
of the African world thunderstorm centre
(14-16 UT) when the African sources domi-
nate on others. We supposed also existence
of stable active areas within the African con-
tinent during the observational period.

The results of reconstruction of the spa-
tial structure of the African thunderstorms
are represented as contour map in Fig.4. The
daily average co-ordinates of the vessel are
marked by solid triangles and partly by cor-
responding dates. These points we consid-
ered as virtual direction finder network. As
we can see the resulting source distribution is
noticeably structured and extended in the
longitudinal direction. On the whole the Af-
rican sources are shifted mainly to the south
subequatorial latitudes that is inherent to the
discussed spring period, when due to the sea-
sonal drift, active areas start to move to the
north direction. The four most intensive and
relatively compact areas can be recognised in
this figure. They tend to cover the basins of
the great African rivers such as Niger and
Congo, the islands of Madagascar and Sey-
chelles. Considerable activity falls into the
coastal part of the Guinea Bay. The sizes of
these compact active areas are estimated as
1000-2000 km.



5. Conclusions

A technique for tomographic reconstruc-
tion of spatial distribution of lightning activ-
ity is proposed that allows to realize simpli-
fied in comparison with existing systems,
lightning detection network which does not
require strict synchronization between direc-
tion finders.

The technique was applied to experimen-
tal results of direction finding of VLF atmos-
pherics obtained in Indian and Atlantic

oceans during February-April 1991 on board
of a scientific vessel to reveal a spatial struc-
ture of the African thunderstorm activity.

It was found that the lightning activity in
Africa appear to be essentially structured and
constituted by relatively compact active areas
of maximal extension of 1000-2000 km that
were predominantly concentrated over basins
of the great rivers (Niger, Congo), Madagas-
car and Guinea Bay.

References

1. Williams, E. R. The Schumann Resonance: A global tropical thermometer. Science, 1992, 256, 1184-1187.
2. Krider E.P., Noggle R.C., Pifer A.E, Vance D.L. Lightning direction finding system for forest fire detection.

Bull. Am. Meteorol. Soc., 1980, 61, 980-986.

3. Hidayat S. and Ishii M., Spatial and temporal distribution of lightning activity around Java. Journ. Geophys.

Res., 1998, 103, D12, 14001-14009.

4. Shvets, A.V. Worldwide lightning mapping with ELF tomography. 15t Int. Wroclaw Sympos. on EMC,

June 27-30, 2000, part--2. 541-545.

5. Lawson, C. L., R. J. Hanson, Solving Least Squares Problems, Prentice Hall, ch.23, 1974, p.161.

6. Tikhonov, A, and V. Arsenin, Solutions of ill-posed problems, Wiley, New York, 1977.

7. Nickolaenko A.P., Rafalsky V.A., Shvets A.V., and Hayakawa M. A time domain direction finding technique
for locating wide band atmospherics. Journ. Atmos. Electr., 1994, 14, 97-107.

H. B. Kuuwr!, H. B. Crimie?, FO. b. ITETPOITABIOBCKHI!

IMucTuTyT aBTOMaTHKHM U IponieccoB ynpasnenus JJBO PAH
2 JlanbHEBOCTOYHBIH rOCY1aPCTBEHHbIN TEXHUYECKUI YHUBEPCHTET

MOHUTOPHUHI QJIEKTPOMATI'HUTHOI'O U3JITYYEHUA
BBICOKOBOJIBTHOI'O OBOPYJIOBAHUA

Abstract. This paper deals with characteristics of electromagnetic interference on outdoor high-
voltage substation. The operation of the electric power equipment is always accompanied by its own in-
tensive electromagnetic radiation with a wide frequency band. The electromagnetic signals, emitted by
the high-voltage equipment can show serviceability or faults of this equipment. The spectrum voltages
measured near the autotransformer 500 kV with and without defect are presented.

Ha Tepputopuu OTKpBITBIX pacrpenenu-
TenbHbIX ycTpoiicTB (OPY) coctaB BeICOKO-
BOJIFTHOT'O 3HEPreTHYEeCKOro 000pyA0BaHUS
OTHOCHUTEJILHO CTa0UIIEH.

TpaauumoHHoO 37eKTpo0OOpYyIOBaHKUE Ha
OPY o6cnyxuBaercs no persiamenty. Onna-
KO 0oJiee SKOHOMHBIM MeTOJ] 00CITyKUBAHUS
— o cocTosiHWI0. B Hacrosimee BpeMs Ha-
OmozaeTcss BBICOKAash aKTMBHOCTb B paspa-
00TKE U MNPUMCHCHUH HOBBIX MCTOOOB AWAr-
HOCTUPOBaHUs 000PYJJOBaHUS HA OCHOBE HC-
MOJIb30BAHUSI COBPEMEHHBIX HH()OpPMAIMOH-
HO-U3MEPUTENIbHBIX KOMIUIEKCOB.
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BricOKOYaCTOTHOE  3JIEKTPOMAarHUTHOE
nznyuenue (OMMU) renepupyercss BBICOKO-
BOJIbTHBIM DHEPreTUYECKUM 000pYIOBaHHEM
B HOpMaJbHOM pexuMe paboTsl. OOBIYHO
OHO MHTEPNPETUPYETCS KaK HeoTheMJieMas
napa3uTHasl COCTaBJISIONIAs IpoIecca HC-
MOJIb30BAHUS AJIEKTPUUYECKON 3HEpPruu, KO-
TOpas MeIIaeT NMpHeMy U Tepenade pajauo-
curHanoB. Hcrounukamu OMU  sBastorcs
ANEKTPUYECKUE Pa3psJibl, BOZHUKAIOIINE KaK
pu HOpMaJIbHOUN paboTe 000pyAOBaHUsA, TaK
Y TIPH JIeTpalallid U30JISAIUHA U JPYTUX KOH-
CTPYKTUBHBIX 3JIEMEHTOB.



[Moacranmuio (IIC) B memom co Bceit
CXeMOW coeMHEeHHsI 000pYIOBAHUS MOXKHO
paccMaTpuBaTh KakK CIOXHYIO D3JIEKTpHue-
CKYIO LI€Ib, 3JIEMEHTBI KOTOPOW AJIEKTpUYe-
CKHU OOBEAMHEHBI MPOIIECCOM Tepeaadu
HEPTUU U OOIIMM TOJEM 3JIEKTPOMArHMT-
HBIX M3JIydyeHUl. B mMpakTuke NOCTaHOBKHU
3ala4l JUarHOCTUPOBAHMS 1O HACTOSIIETO
BpeMeHu [IC 00bIYHO paccMaTpHUBAIOTCS Kak
COBOKYITHOCTh €IMHUI] 000PYA0BaHUS, KOTO-
pBI€ 1O OTAEIBHOCTH 00J1a/1al0T CBOMCTBAMH
WHAMBUIYAIbHOTO TEXHHUYECKOTO COCTOSHUS
(uctipaBHOCTH JTMOO HEUCTIPABHOCTH) U KO-
TOpbIE HAJUICKUT WHIUBUIYAIBHO TUATHO-
ctupoBaTh. B 1O xe Bpems I1IC moxer pac-
CMaTpPUBATHCA KaK COBOKYITHOCTh CBSI3aHHBIX
Mexay co0oil 31eMEeHTOB 000pyaoBaHMs,
ABIAIOIUXCI HcTOYHHKaMu OMMU. Taxkumu
AJIEMEHTAaMU MOTYT OBITh CHJIOBBIE TpaHC-
dbopMaTophl B IEJIOM WU MX BBOJBI MO OT-
JIEIbHOCTH, Pa3beIUHUTENN BCe WM Hodas-
HO U T.[I.

DJIEMEHTHI BBICOKOBOJIBTHOTO 000PY/I0-
BaHUs, SBJSIONIMECs ucTouHuKamu OMU, a
TaKK€ MCTOYHHUKH, PACIIONIOKEHHbIE BHE
OPY (pamuocrtaniuu), (GOpMHUPYIOT 3JEK-
TpoMarHuTHyto o0craHoBky (OMO) nHa IIC,
Mol KOTOpPOW TIOHMMAIOT COBOKYITHOCTB

AIIEKTPOMATrHUTHBIX TIOJIEW B paccMaTpHBac-
MOWi 001acTH.

N3mepenne cnektpa OMU B mmpokom
JIuarna3one yactor Ha teppuropuu OPY B
pasIMYHBIX TOYKaX HAONMIOACHUS U Jlallb-
Helmass ero oO0paboTKa TMO3BOJISET BBISBUTH
IIOJIE3HBIE C TOYKHM 3PEHUS JHAarHOCTUKH
CUTHAJIbl. AHAJIN3 CBOMCTB 3THUX CHUTHAJIOB C
y4eToM (HU3UYECKUX CBOWCTB HCTOYHHMKOB,
IPOCTPAHCTBEHHOI'O PACMOJIOXKEHUs: 000py-
JIOBaHMSI M CXEM COEJAMHEHHS B KOHEUHOM
UTOTE IO3BOJIUT NPOU3BECTH OLIEHKY TEXHH-
YECKOT0 COCTOSIHMSI BBICOKOBOJIBTHBIX yCTa-
HOBOK.

[IpakTuyeckn moka3zaHo, YTO OT/AEIbHBIE
€IMHUIIBI BBICOKOBOJIBTHOTO 000pYI0BaHMS
MMEIOT UHAUBHTyalIbHbIE cTIeKTphl DOMMU.

Hamnune YP B HopmanbHOM pabouem
pEeXHMME CYIIECTBEHHO BJIMAET Ha IJIOTHOCTh
CUTHAJIOB M HX aMIUINTyAy B OTIEJBHBIX
YaCTOTHBIX JHUana3oHax. OTHU JAMaIa3oHbI,
KaK IIOKa3bIBAIOT HAOJIOJCHUS, SBISIOTCS
XapaKTepHbIMU ISl OTJEJBHBIX BHJIOB 000-
pyZlOBaHUS.

Hampumep, mnpencraBieHHsle Ha pwuc.l
CHEKTphl CHUTHAJIOB, HW3MEPEHHbIE BOJIU3U
IpyIIOBOrO CHUJIOBOIO aBTOTpaHc(opmaropa
500 kB, uMeroT yeTKo BbIpak€HHBIE 00IIUE
3aKOHOMEPHOCTH.
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N3mepeHus: mpoBOIMIUCH B IIUPOKOM
nuanaszone yactoT ot 1 go 1000 MI'u. Ilpo-
IIECChl, XapaKTepHbIE ISl JaHHOTO THIIA
000pyAOBaHUsA, TMO3BOJSIIOT  O00O3HAYUTH
MO/I/IMAIa30HbI, CBSI3aHHBIE C U3TyUYE€HUEM OT
qPp.

Bo3HukHOBEHHE MAaKCUMYyMOB W MHHH-
MyMOB B aMIUTUTYAHO-YaCTOTHBIX XapaKTe-
pUCTHKaX B OTIENbHBIX JMAMAa30HaX BIIOJIHE
MOXXET OBITh CBSI3aHO C HAJTUYHEM PE30HAHC-
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1} T T T T T T T T T T T T T T
Puc. 1. Cnektpsl curHanoB BOJIM3H IpyNIIOBOro CHIIOBOrO aBToTpanchopmaropa AT-1.

HBIX 30H (10 1 MI'1) 1 30HBI BTOPUYHBIX pe-
30HaHCOB (cBbime 1 MIm) [1].

Hanuuue cniekTpoB CUrHajioB, U3MEpEH-
HBIX BOJIM3M pa3IUuYHBIX aBTOTpaHchopMma-
TOpOB, TO3BOJISIET BBIIBUTH SIBHOE COBIIAJIE-
HUE pachpe/iesieHus] CUJIbHBIX U CIIa0bIX CHUT-
HAJIOB B HEKOTOPHIX MH(POPMALMOHHBIX JHa-
na3zoHax.

WHTepec npeacTaBistioT pe3yabTaThl W3-
MEpPEHUN CHEKTPOB M3ITYyUYEHUU BOJHM3U BBI-
cokoBoJbTHOrOo BBOJa 500 kB aBToTpanc-



(hopmaTopa npu oOHAPYKEHUH B HEM Je(eK-
Ta.

JysnexkTpuueckue napaMerpbl U30JALUN
BBOJIa HE TPEBHIIIATH HOPMUPYEMBIX 3HaUe-
HHI ¥ paBHBI:

tg 6; =0,61; tg 63 = 0,44;
Cy =638 nd; C3=45000 nd.

OnHako JaHHBIE XpoMaTorpapuueckoro
aHaJM3a PaCTBOPEHHBIX Ta30B YKa3bIBAIM Ha
NpPEBbIIICHUE TIPAaHUYHOM  KOHIEHTpaluy,
Mo3TOMy OBLIa JaHa PEKOMEHAANHUs IO 3a-
MEHE BBOJIA.

Kpurepuii OTHOmIEHMH KOHLEHTPALMI
OTpeNIeIeHHBIX Map Ta30B I03BOJIAET KOH-
KpeTu3upoBath Bua nedekra [2]. B ocHoOBy
3TOTr0 KPUTEPHsI MOJI0KEHA JUArHOCTHYECKas
cxema myomukanuu MOK 599-78 ¢ ucnosnb-
30BaHMEM OTHOILEHHI Map ra3oB.

AHanmm3 KOHIEHTpAIMA PACTBOPEHHBIX
ra3oB B gedexkTHoM BBozae 500 kB man cie-
nyrorue pe3yabTaTs (% 00):

CHy - 0,02744; Co,Hg — 0,00651;
C,H4 —0,00017; Hy — 0,0204;
CO -0,0234; CO, - 0,1102;
C,H, — otcyTcrByeT;

XXCyHy =0,03412.

Otnomenne CoH,/C,H4<<0,1 B couera-
Hun c ortHomeHueM CHy/H,>1 HapexHo

yKa3bIBaeT Ha JE(EKT TEPMUUECKOTO Xapak-
tepa. OtHomenne CO,/CO mensme 10, uro

yKa3bIBaeT HA TO, YTO TEIUIOBOH U DIIEKTPH-
Yyeckuil Ae(eKT 3aTparuBaeT TBEPAYIO H30-
JISITIHIO.

[IpeBsbillIeHNEe KOHIIEHTPAIIMI ra30B Mpe-
JISIBHOTO YPOBHSI BBI3BIBACT Pa3BUTHE dYac-
TUYHBIX DPa3psioB, a CJIeI0BaTeIbHO U WH-
TEHCUBHOCTH 3JICKTPOMAarHUTHOTO H3JIy4e-
HUSL.

Ha puc. 2 n3o0paxeHsl CEKTpbl CUTHA-
J0B BOmu3u OesnedexTHoro Beoga 500 kB
(da3za A), a Takke BOMW3M BBOJA C BBIIIC-
omucaHHbIM JeekToM (daza B).
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Puc. 2. Orwubarmue CHeKTpoB BBOJIOB
500 kB ¢a3er A u dassr B aBrorpanchopma-
Topa

AMIUTATYIa CUTHAJIOB JIC(PEKTHOIO BBO-
Jla B OTHENBHBIX TOJaMana3oHax B 3 pasza
BBIIIIC YeM aMIUTMTYJa CUTHAIOB Oe3medeKT-
HOTO.

Puc. 3. Orubaromye crieKTpoB BBOJIOB
220 B ¢a3st A u pazbl B
aBTOTpaHchopmaropa

Ha puc. 3 npuBeneHo HalOKEeHUE CIICK-
TPOB CUTHaJIOB OT BBOJOB 220 kB, oTim-
YaIOMIUXCS JIPYT OT JApyra CyMMapHBIM 3Ha-
YyeHHWeM KOHIIeHTpanuu razoB. s dazer A
cymmapHas koHuenTpanus XCyH,=0,00595,

11t dasel B ECXHy=0,01097.

BoIBOABI:

1. TloBbllieHHEe CyMMapHOW KOHIICHTPAIMH
ra3oB B OyMa)KHO-MACISTHOH W3OJISIHH
MPUBOJUT K YBEIHYEHUIO AaMIUIUTY b
curnanos OMU.

2. PesynbraThl W3MEPEHUS HHTEHCHUBHOCTH
OMMU BOAM3K BBICOKOBOJIBTHOTO 000pPY-
JIOBAHMSI MOTYT OBITh HCIIOJIH30BAHbBI JJIsI



IpeIBapUTEILHOM OIIEHKH TEXHUYECKOTO
COCTOSIHUSI 00OPYIOBAHUSI.
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TEXHUYECKUN YHUBEPCUTET

INPUMEHEHUWE METOJA I'PAHUYHBIX 9JIEMEHTOB B 3ATIAYE
MOAEJNPOBAHUSA PACIIPEAEJIEHUSA TIOTEHIIUAJIOB
N UMITYJIBCHbBIX ITOMEX

Abstract. Pulse noise modelling in the ground circuits of the multilayer printed-circuit boards
with the method of boundary elements is considered. The mathematical model and it’s software imple-
mentation are developed. The results of the pulse noise analysis in test problem are presented.

B Hacrosiiee Bpemsi mpuMeHeHHE CyO-
HAHOCEKYHIHBIX MHTETPAIbHBIX CXEM U MHO-
rocioiHeix nedaTHeix 1wiat (MIIIT) B amek-
TPOHHBIX CPEACTBaX IMOKa3ajio, 4TO 3ajaya
o0ecrieyeHns MEKTPOMarHuTHOM COBMECTH-
MOCTH M TIOMEXOYCTOWYMBOCTU 3JIEKTPOH-
HBIX CPEICTB SIBJISETCS OJHOM W3 BaXKHEW-
mmx. [Ipu 3TOM BO3pacTaroT TpeOoBaHUS K
MIOMEXOYCTOMUMBOCTH HMHTETPAJIBHBIX CXEM,
OCOOCHHO TIO OTHOIIECHUIO K HMMITYJIbCHBIM
moMexam O ILETsIM NMUTAHUS U 3a3eMJICHUs
[1,2].

Lens manHOW paboOTHI - pa3paboTKa MO-
JIeNU 71l aHaJ3a UMITYJIbCHBIX TTOMEX B Iie-
max 3azemnieHus MIIIl u e€ mporpammHON
peanu3aluu.

b
o
arr /
> Gr i
I ; z L : -
2
h Gr; L, Gr;
U, bk AU
— dx
e r

Fre. 1. Mogems nomer serare WITTT
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B pabGore MomenupyroTcsi UMITYyJIbCHBIC
noMexu B mpoBogsmeM cioe 3emiin MIIII
(puc. 1).

B Toukax 1 u 2 moacoearHeHbI BLIBOIEI
3€MJIM JIByX MHTErPAIbHBIX CXE€M, B TOUKe |
TOK BTEKAeT, a B TOUKE 2 BhITeKaeT. /[ mo-
JIETMPOBAHUSl  UCMOJIb3YeTCd  YpaBHEHHE
[3, 4, 5] Buna:

oU(x,y,t)
ot

rame U —morenmman B ciaoe 3emum MIIII;
R, C, L, ® —COOTBETCTBEHHO COMPOTHUBIIE-
HUE, €MKOCTb, WHIYKTUBHOCTb U IMPOBOJIHM-
MOCTb €IMHUYHOTO YYaCTKa CII0Sl 3eMJIU; MPU
COOTBETCTBYIOUIUX 3aBHUCSIINX OT BpPEMEHHU
TPAaHUYHBIX YCJIOBUAX CIECAYIONIUX IBYX TH-
IIOB:

oU/on =0, U=Upna Gr;n
oU/oh =qp,U=0 Ha Gry B MOMEHT Bpe-

V2U(x,y,t) = (RC + LO)- (1)

MeHU 0 1

oU/oh =0, U= U;na Gr; u

U/oh =q,U=0 na Gry B MOMEHT Bpe-
MCHU [
rae Gr; nu Gry —4acTu rpaHMLbl, A€ 3a0aCT-

¢ To Uiy uHoe ycioBue. IlomHas rpanuna
paccMaTpuBaeMoin obnactu paBHa



Gr = Gr;uGr,. llycth 3amaHbl HEKOTOpBIE
HayvaJbHbIE 3HAUYEHUs B 00JIaCTH HCCIIE0BaA-
Hus (2B MmomeHT Bpemenu ¢ = 0: U(0) = 0.
Jnist pemieHus 3aaud MPUMEHSIETCS Me-
TOA TpaHMYHBIX 3yeMmeHToB (MID) [3,4].
CyTb MeToma COCTOMT B NpeoOpa3oBaHUM
nudpepeHIaTbHOTO YpaBHEHUSI B YACTHBIX
IIPOM3BOJHBIX, OINMCHIBAIOUIETO IOBEACHUE
HEU3BECTHOM (PYHKIIMHM BHYTPHU U HA TPAHULIE
001acTH, B MHTErpaJIbHOE YpaBHEHHE, OIpe-
JENSIoNIee TONbKO TPaHUYHbIE 3HAYCHUS, U
3aTéM OTHICKAHMU YHMCJICHHOTO PpEIICHUS
3TOTO ypaBHeHus. Ecmu TpelyeTcss HalTh
3HAa4YeHUsl MOTEHIMajla BO BHYTPEHHUX TOY-
Kax 00JIaCTH, TO UX MOKHO BBIYHUCIHUTb, HC-
MOJNIb3Ysl M3BECTHBIC PEIICHHUS Ha TpaHHIIE.
[TockonbKy Bce OOYCIIOBIEHHBIE YHCIEHHBI-
MU pacyeTaMu MPHUOIMKEHUs CBA3aHBI TOJb-
KO C IpaHullel, Mmojlyyaemas CUCTeMa ypaB-
HEHUIl HMMeeT MEHBIIYI0 Pa3MEepHOCTh IO
CPaBHEHMIO C Pa3MEPHOCTHIO UCXOAHOM CHC-
TeMbl TuddhepeHIanbHbIX YPaBHEHUH.
I'panuna cnos 3emnu Gr npH HCNONb30-
BaHuM MI'D pa3OuBaercst Ha N CErMEHTOB,
WIA TPAaHUYHBIX DJIEMEHTOB, M3 KOTOPBIX
4acTh 3JIEMEHTOB OTHOCATCA K 4vactu Gry

T'paHUIIbI, @ YaCTh 3JICMCHTOB - K GT"2.

Touku, B KOTOPBIX pPacCMaTpUBAIOTCS
HEHU3BECTHBIC BEIMYMHBI, HAa3bIBAIOTCS y37a-
MH; OHH HAaXOJSATCSI B CEPEIUHE KaXIOTO IM0-
CTOSIHHOTO »JieMeHTa. 3HaueHus QyHkumit U
u Q=0U/ch npeanonaraioTcs MoCTOSHHBIMU
JUISL K@XKJIOTO JJIEMEHTa M PaBHBIMH HMX 3Ha-
YCHUSIM BO BHYTPEHHEM y3iie dseMenTa. J{is
Ka)XJJOr0 3JIeMEHTa M3BECTHA OHA M3 JIBYX
¢yskuuii (U wim Q). I'panuunoe wuHTe-
rpajibHOE ypaBHEHHWE MOJXKHO TIONYYHTH C
NIOMOIIBI0 METO/a B3BEUICHHBIX OCTaTKOB

[3,4]:

TRCH L@ j Q"dor =

1

0
€)

rIe

* RC+LO 1 RC+LO RC+LO
U =——-In—-— -In
271 r 47 At
4)

— (hyHIIaMEHTaIbHOE PELIeHUe Ui ypaB-
HeHus (1);

Q* = ou =RC+L@ “(x—x;)-cos(n,ox)+
on 2n
RC+LO
+T'(y—y1')'005 (n,0p)

— npousBoaHas GyHkuuu U™ no HOpMa-
u;

7 — pacCcTOSIHUE MEXIY IBYMS TOUKaMU
Ha TPaHMUIIC;

Koaddumuent s = 1 BO BHyTpeHHUX TOY-
Kax, s = 1/2 Ha rpanuue; cos (n, ox) u cos (n,
0y) —HampaBJSAIONINEe KOCHHYCHI HOpPMAJH,
rae (n, ox) u (n, 0y) —yTJbl MEXIY HOPMAIBIO
U OCSIMH KOOPJIUHAT.

CootHomenue (3) 3amucaHo s OT-
JIETBHOTO i-TO y3J1a. DTO OTHOIICHUE CBS3HI-
BaeT 3HaueHue pyHkuuu U B TOUKE i CO 3Ha-
yeHusMHU QyHkuil Q u U Ha rpanuue Gr.

B BbIpaxenue (3) BXOAUT MOBEPXHOCT-
HBIi WHTETpaJl, HO OH HE BBOJUT HUKAKUX
JOTIONTHUTEBHBIX ~BHYTPEHHMX HEH3BECT-
HeIX. /st ero HaxoxxaeHus odnacte Q pas-
OuBaeTcsa Ha ps A4YeeK, WIM BHYTPEHHHX
TPEYTOJIbHBIX JIEMEHTOB, HEOOXOIUMBIX IS
MPOBEJCHUS MPOIEAYPbl YHUCIEHHOTO MHTET-
pUpPOBaHUSI.

CootHomienue (3) B AUCKPETHOM ClTydae
MOJKHO 3amucarh Ui TOYKH [ (HE 3amaBas
KOHKPETHBIX TPAHUYHBIX YCIIOBUI), U BBIHO-
cst dynkumn U; i Q) M3-1I0J1 3HaKa HHTErpana

(OCKOJIBKY OHHU HpPEIIOoJIaratoTcsi MOCTOSH-
HBIMH T10 JIJTUHE 3JIEMEHTA), TOTy4YaeM:

Y Q'dGr)-U ;=
RC + L@”GI

N ([UutdGr-0; +
RC+L@ ]ZIGI /
Z( [Uy-U"dGr) (©)

A k= 1G}"k



Hurerpan yCTaHABIMBAET

*
[0 dGr
Grj
CBSAI3b i-TO Y3114 C j-M CETMEHTOM, [0 KOTOPO-
My TIPOBOJMTCS WHTETPUPOBAHKE, U 0003HA-
waetcs M.  AHAIOTMYHO  HHTErpaibi
*
JU dGr B npaBoii 4acTH ITOr0 COOTHO-

Gr;

IIeHUS UMEIOT BHJ U OynyT 0003HayaThes
depes Gy OTH HHTErpanbl MOKHO BBIYHC-

JUTHh OJHUM U3 YUCJICHHBIX METOJOB. Torma
cooTHoIeHue (6) MPUMET BUI:

(7)

1 N 1
4+ . HU:—
S RC+L@Z::1 7T RCTLO
N
Z i 0+ Z(IUO U™ dGr)

k= 1G}"k

Boipaxxenue (7) MOXXHO 3amucaTh AJs
KaXJI0ro 1-ro paccMaTpuBaeMoro ysia. Beo-
JUTCS CleAyrolee 0003HaYeHUe:

npu i=j

Torma (7) MoxeT OBITH TEpernucaHO B
BHUJIC:

N
+ZHU j = 2G50
j=1
rae Hy; = RO+ L@ IQ dGr;
Gy =——— [U"dGr;
7 RC+16

l

= IUOUAtdQ =— Z( [UU A dGr;
k lGrk

Wuterpansl Hy; u G;; MOXKHO BBIYUCIIUT,

UCTIONB3Ysl MPOCTHIE KBaApaTypHble (Gopmy-
el ["aycca. Meton kBampatyp ['aycca Obul
peanusoBan B nporpamme MGE [6] B Buue
OJTHOY M3 PYHKIIUNA OMOIMOTEKH.
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ITonmuas cucrema NxN ypaBHeHui st N
y3J10B MOXKET OBbITh MpeACTaBIeHA B MaTpUU-
HO opme:

HU=GQ+B (8)

Ecnu Ha rpanuue Gr usBecTHbl N; 3Ha-
yeHuid ¢pyHkuun U u N, 3HaueHuit O, 1o B

ypaBHeHHH (8) OyIeT conepkaTbCst TOJIBKO N
HEHM3BECTHBIX, KOTOpPBIE MOTYT OBITH BBIpa-
JKCHBI Yepe3 UCXOHbIC 3HAYCHUS, U 3Ty CUC-
TEMy CleIyeT IpeoOpa3oBaTh, C TEM YTOOBI
e€ MOpsAIOK ObLI YMEHBIICH M PaBEH YHCIY
paccMaTpUBaeMbIX HEW3BECTHBIX. YpaBHE-
Hue (8) MoxkHO mpeoOpa3oBaTh MyTEM Iepe-
HOCa BCEX HEU3BECTHBIX B JIEBYIO 4acTh, TO-
ra B IPaBOW YacTU OCTAETCs BEKTOP, MOIY-
YaeMblii YMHOXXEHHEM 3JIEMEHTOB MAaTPHIIBI
Ha M3BECTHBIC 3HAYEHHs IMOTEHIUANIA M II0-
TOKa, YTO JIaeT:

AX=F (9)

rae X -BEeKTOp, KOMIIOHEHTaMU KOTOPOT'O sB-
JSIFOTCSL HEU3BECTHbIE 3HaUeHUs QyHKkuui U
u Q. Bekrop F Bxitouaer Bekrop B. Marpu-
Ha A SBJISIETCA TOJHOCTBIO 3arlOJIHEHHOMN
Martpunieid nopsaka N. Cucrema JTUHEHHBIX
anrebpanveckux ypaBHeHHH (9) MokeT ObITh
peuiena meronoM ['aycca.

JlaHHBIN MeTOA peanu30BaH B IPOrpam-
Me MGE Ttaxke B Buie OHON M3 QyHKUIUI
oubsimorexku. Pemus ypaBHenue (9), MOXHO
Haitu 3HaueHuss U u Q Ha rpanwuie. [lo-
CKOJIbKY 3HaueHust U u Q U3BECTHBI Ha BCe
IpaHULE, MOKHO BBIYMCIUTH 3HAYEHMSI U B
IPOM3BOJIbHBIX BHYTPEHHMX TOYKaX, YUTs
BKJIQ/I WICHOB, COJEpKamuX (QYHKIUIO B C
MTOMOIIBbIO COOTHOIICHHS (3).

VYpaBuenue (1) Brmowaer (QyHKIUIO
BpeMeHu. OAMH U3 MyTel ero peuieHus co-
CTOUT B MCIIOJIb30BAHUM IIarOBOW IO BpeMe-
HU MPOLEAYpPHI, KOI/Ia 3ajjaua petaercs A
Ka)KJOr0 BPEMEHHOI'O MHTEpBaja, U 3Hade-
HUSl, TIOJY4YEHHbIE HAa Ka)KJJOM IpeblIyIemM
11are, UCHOJb3YIOTCA KaK ICEBJIOHAYaIbHbIE
YCIJIOBHSI Ha MOCJEIYIOIEM 11are, 4To U pea-
nu30BaHo B nporpamme MGE.

[Iporpamma MGE Obuta paspaboTtana Ha
A3bIKe IporpammupoBanusi C++ U M03BOJISET
paccuMTaTh HEU3BECTHbIE 3HAUEHMs MOTEH-
LIMAJIOB U UMITYJIbCHBIX TIOMEX KaK Ha IpaHu-



e, TaK W BHYTPH OOJIACTH HCCIICAOBAHHUS
[IpY UCTOYHUKAX, PACIIOJIOKEHBIX HA PAHU-
ne. Pasmep nporpammer 860 K6.

ANTropuT™M IHpOrpaMMbl NPEACTABIEH Ha

puc. 2.

Jmaa obract, WapuHa obiacTy,
KOOPIMHATE]  TOYEK-HCTOUHMEO B,
ROOPIMHATEL TOYSK I[IpOCMOTPA,
[EAPAMETPE] MMITYIECE.

DOpMHPOBIHIE MCXOTHEX Macckso B!

Pasbueriie rpaHiipl obIacTH Ha SISMSHTLL COSIAHMS MAaccus
KOOPIMHAT KOHLOE 3EMEHTOB, COSZAHME MacCHPa KOODIFHAT
CEpPENFH 3IEMEHTOR,

Pasbuerite oB6NACTH H3 TPEYIOIEHEIS 3ISMEHTEL COCTASISHME
MacCHBa KOOPIMHAT BEPLIMH TPEYTONEHEIX JTEMEHTOB,
CocTaRISHIE MacCcHBa MCKOTHEIX 3HaHe it Ui .

Brisor
HamEHHOro

pRCTIpEIE TEHITT
[OTEHLHATOB,

@opmuposanre CIIAY s Texylrero 1nara:

IeMensHye sHaten U B TOURS-MCTOUHIRS,

Pacuer moMuousHT H 1 & (MuTerpant 0o rpamae) M
dopmmpo parme matpr Hu G

Pacuer moMuoneHTs B i dopMupo sammie Maccisa B.

Ilepexon or cucteMu ypasHerai HU=GQ+B x CJIAY

v
Haxomzenue HespecTHHIX 3Hauerm® O 1 () na rpandle
obmacty — paneris CJIAY AX=F mMetonom [aycca.
Pacuér sHaverniit {/ po BHYTPEHHIX TOHKAX.
Pacuér snauemnt Uy mus KascIoro BHYTPEHHENO TPEYMOIEHOMO
3MEMEHTE, HEOEXOMMMEIX I CISYROLIEro 11ara,

CoXpaHsHite HARMSHHOMO Ha TeKyIsM
LIIAre pAcTIpeMeIEHHA NOTEHLIATOR,

Puc.2. AnmropurM nporpammsl MGE

Bxonuble nannble nporpammbel  MGE:
1) pasmepbl o0nacTu uccienoBaHus (IIMHA,
IIMPUHA); 2) HOMEpa IPAHUYHBIX 3JIEMEHTOB,

Ha KOTOPBIX PACIOJIOKEHBl HCTOYHUKHU;
3) KoOpAMHATHI TOYEK HAOTIOACHHMS (TOUKH, B
KOTOPBIX TpeOyeTcsl TMONYYUTh PE3yibTar).
BrixonHbple JaHHBIE: 3HAYEHUS MOTCHIIMATIOB
U HMMIYJIbCHBIX TIOMEX B TOYKax HaOrone-
HUsl. BBIXOqHBIC TaHHBIE TPEICTABISIOTCS B
BUIC TAOJIHIIBI U OCIMJLIOTPAMM.

B kadecTtBe mpumepa MOAECTUPOBAHUS
Oblma B3sta mmHa 3emin MIIIT pasmepom
120x100 MM (puc. 3) c¢ mapamerpamu
R=10-30M, C=15.6I1¢, L=9.6uI'n, @=10-15
CwMm.
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Puc.3, O6BeRT MoXempoBaHYA; KMHA seMax MIITT

B Ttoukax 1 u 2 nmoacoequHeHBI BHIBOIEI
3eMJIM JIBYX MHTETpajbHBIX cxeM. B Touke 1

BTEKAaeT TpANCHEeBUAHBIA HMIIYJIbC C
¢pouTom 1 He, ammumutynoit 1 B u mmrens-
HocThIO 10 HC. BHyTpeHnHue Touku 3, 4, 5, 6,
7 BBIOpaHBI TOYKaMU INPOCMOTpa. Tak Kak
IpU  HCIOJB30BAaHUM METOJa TPAHUYHBIX
AJIEMEHTOB HYKHO 3aJaBaTh Ha Ka)JIOM dJie-
MeHTe 3HadeHus aubo U, mibo cU/dh, B oc-
TaJbHBIX TOYKaX IpaHullsl 3a1aém oU/oh=0.

Koopaunatst Touek 1 u 2 no x, y (Mm.):
1: 0, 80; 2: 120, 30. KoopauHatel TOYEK Ha-
omoneHus 1o X, y (mm.): 3: 20, 70; 4: 10, 10;
5:70, 50; 6: 80, 20; 7: 110, 80.

MaxkcuMaJjbHble 3HAYEeHUS] HMITYJbCHBIX IMMOMEX

Tabmuia
Yucio Touku HaOIONEHNS
JJIEMEHTOB 3 4 5 6 7
880 0,7554 0,5502 0,3826 0,2005 0,0253
440 0,7554 0,5500 0,3826 0,2000 0,0251
220 0,7552 0,5495 0,3821 0,1992 0,0248
110 0,7531 0,5450 0,3784 0,1990 0,0243

B Ta6m/1ue MPUBCACHBI MAaKCHUMAJbHBIC
3HAYCHHUA HUMITYJIbCHBIX IMOMEX BO BHYTPCH-

HHUX TOYKax Ha6JHOI[eHI/I$I AJI1 pasiindHoro
KOJIMYCCTBA B3ATHIX 3JICMCHTOB I10 I'PAHUIIC.



Takum oOpa3om, mpeIoXKEeHHas Mare- Pa3IMYHBIX KOHCTPYKTHUBHBIX HCIIOJIHEHUSAX

MaTHYECKasi MOJEINb Uil aHAIU3a UMITYJIbC- MIIII, oTnmyaromuxcss BHIOM CJIOS 3EMIIU
HBIX TTIOMeX (MTOTEHIIMAIOB) Ha IIMHAX 3€MJIUA (crutomnmHasi, ceTka M peméTka) U BeIMYrHA-
MIIII u e€ nporpaMMHas peanusanus M03BO- MU 3JIeKTpu4eckux napamerpos R, C, L u O.

JAIOT OLCHHUMBATh YPOBHH JAaHHBIX IIOMCEX B
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