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Abstract

While development of electrical and hybrid vehicles is becoming more and more important nowadays,
computer simulation of their components also gains much importance. Correct computer models allow for
cost-effective and fast design of electrical systems and in-depth study of their properties.

In this work, a new method of computational modeling of radiation from shielded power cables in
such vehicles is introduced and explored. Proposed semi-analytical solution is based on Methods of
Moments as described by R. Harrington in “Field Computation by Moment Methods”. Key feature of new
method is using Fourier series in order to represent currents induced on surfaces of wires and shields. This
allows for dramatic reduction of unknowns and time for solution of system of linear equations.

Current work consists of several parts: at first, several existing state-of-the-art methods are reviewed.
Next, a new solution is introduced and derived in detail, covering method properties and optimization
issues. Then, the proposed MoM-Fourier solution is validated: diffraction of incident EM waves on
cylinders is compared to Method of Moments results, while calculation of Transfer Impedance of a shielded
cable is validated against fundamental work of Schelkunoff describing estimation of transfer impedance for
cylindrical shields with finite conductivity and thickness. Finally, conclusions are drawn, underlining
advantages and drawbacks of proposed method; plans for future work and possible improvements are
outlined.
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Q5 3000400m. 5323505, BoBHM0E0L gl bsfowo 0dbgds 935309 oMb MGO:

6500030053, J99MM3gdo 5639690L, MM 3603369 mds 5d3L Fbmem Z; ; 9369dL, Moysh
Zij =0 #j), bosg 8500 bmerobash asbbbgeggds gobdoMmmdgdmmos MHosbzomo FMmdowgdols
3096. 2560 530LS, 50985303 M0 MZoELOBOHOLOM FoTMUBObgdgd0, MHMIWYdOE FdM0Ygbhgds
365005Mbsm0o 9egdghEgdol 3036530, d9gds MMN0YM-MOHNMYMbIMHO BMb309d0LOYb,
653 300093 9ODBY 533H30390L FOAMbIEGHI SHOL.

B900mbligbgdweo mM30lgds EOESE SUFMsxIdL Bo@M0oEol Fqglgdsl: 0y LsFomm ogm M2 §qg@ols
QOMIZS, SBES BoFoMms dbmwm M 9egdgb@ol 3mgbs. 5933565, Fo@G®M0Es 9903905 M-x 96 MRG®
LH65x3500 s 993L 99990 BMMIs:
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z1;7 0 0
Z=|10 =~ 0 (42.b)
0 0 zym
by 30 asbgzobomom Z ds@Moiol ol bsfowo, MmIgwos  s0fgdl  O00gMHNJdgogdsl

3MbGHMMgdL dmMob. Bmemogl dH3Moz0L 3bmdowo m30Lgdss ob, M3 wfo gMbdso0l gmEmogl
30360308 3m98303096GH00 o 89039396  LobMLmoE  (930Mgdl,  bemem  396GH0  BwWbJsool
3093030963900 96 99039396 3MLobMLMmoEYE ©s dMdog §936090L [3][4]. gb B9¢Y39egdl 0dsby,
603 d5@®oEob 99990 boffoero 0469ds Byarols Gmero:

U 53690039 5Bl Bo@BoEol F3L9d0L 3GmEgbl: e LsFodm ogm M? = (1 + 2N)? §qgeol
3m3bs, sbws Logodms dbmwmo (N + 1)M {93000  godmmgus. 0333500  doEH®™oEol  d93Lgds
. 1+2N
3BgJomgds limy e = = 2-%9M @5 976905 9990 LobY:

1+
r Z11 Z1N+1

ZN+1,1 """ ZN+1,N+1
ZN+2,N+2 7 ZN+42,M

(43.b)

ZM N+2 o Zym

b obggzg 999mfds 936900l dMsErm IM3Eom. F9gads 5B396s, GMI ImLoermbgyero
Bmgsbo 93609308 Loowg o0ym  BmEmsb  sbawml (& 1020 ). Brmeolpsh  go@sbs 3o
396306HMd9dwos HoEbgzomo 0b@gacmgdol (3mdowgdoo.
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0530 2. 900994 GHM™xb0@GMo 390l 3586935 3936 309909

§ 2.1. 50m3560lL slsds

39630bomm 300b®MEo Bm®IoL 90y 35603z 35360 MG IM@sdo, 1530LwRso LO3MEOL S
Z ©96mdob gobfizmog 2930 Egmgdwo  ©Ybgdol 306MHMdgddo. 6y bolosmgds Loldoo d, s
A5G0 Fobsomdoo Z. = \[u/e, bssg € = go&y + io/w ©5 = o (U + i) 5ol 3mB3gdlr@o

©099JBHM03MNo ©d 353603 M0 Jgffgzomds. Mg @ Jogd 3MBEHMOIB0 500b0dbgds Lt @o L~
d9L50530b5.

YA E+

LmBom0 6. 09 00s LogmEgdo, 3sbo3z9mo
390 360 49Mm9m s dogboo dmEgdwo doEbgmol Lobsbwzmm dJommdoo [5]:
~AXE*+Z-Ax (AxH)+e *[AXE —Z.-ax(AxH )] =0 (44.2)
AXE +Z, Ax(AxH )+e®[-AxEt —Z -aix(AxH)|[=0 (44.b)
5J, i 560 GOl BYEs30MOL BmGdswo, E @s H 560l x5049600 909d@®mmo ©s 8s360&v@0
390, begwm ‘+ s -’ 9060365396 IHOL Fogo @ Aot Fbatggdb.

3900l dM9do 25360 39wgdol 3mA3wgdbmo dowgzs Bm3gdMEos OMymOE a = —ikd, Lss3
k =wVe-p=k'"+ik" 560l 860l dsbseol ©s w 303wwMo Lob3oMol Jgbsdsdolbo  FHowwwy@o
60o3b30. b30b 36 Bs0faMYds Bmam® 3§ = 1/k".

903690l LolLDBPZOM 30MHMdYO0 Fgodwgds 9dMm30949bmm OHMYMOE gugd@BOHMWws mbgywo
d/6 <1, obg dsbgowo d/F =1 309900LsmM30L. Foowo 253GIMYdMdOL IJmbg Tsboerologol
990dagds  2953(g0mm a = (1 —i)d/§, 50335Gs e~ * doowgzs 9dudmbgbioswmteo d/6 -ob
DOEILDD gOMo© 9933505, v d/F > 1, 35906 39wo FOOL MmM03g TGl GHPTbgmOLYSH
5901300090905 [3] s 3oEbgMOL 30HMBS SOL gMbEHM30B0L LolsBWIO® 30MHMdsbY [6]:

—AXE*+Z,-Ax(AxHY) =0 (45.a)
AXE +Z,Ax(AxH)=0 (45.b)
58 306HMdOL 89339000 Fgliodwgdgwos 390l godbg30L sdm3sbol s3mblbs 3s6oy®mondo § 1.4

9my3560w0o IgomEom LELEOMEO FodBIMGOEMdOL dJmby 30w obMmgdol dgdmbggzsdo, mwdss o0
BodOMIdo gls Logombo sbErml 56 goboboergds.
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§ 2.2. 99 396mgol dmgero

L. 990 3bm30L BbIBEHMO 65dOMA0L [7][8] 0obsbds, 3modlosErmEmo Lobol Aosgdol
00839056b0 H0MZgds F90Ybs0MS:

k  Jy(ka)Nq(ka) — Ny (ka)J, (ka)

 27bo J,(ka)N, (kb) — N, (ka)J, (kb)
LoOE @ s b 5GOL 9361560l Fos O J9MY M5OMLYdO Flodsdolo, k - Gow Mo Gogbgo, o -

(46)

T

3oLoEols 259B9M9dEMds. Jo, J1, Ny, Ny 500b b9em3zsbo s 3063900 Grogol dgligerols s Byodsbols
536930900 3033gJuM0 SOHRIg6EHOLMZ0L.

§ 2.3. 36s¢woE03mMo 59mblibs
2593500 360l MmM039 b9l Iyma30 39egdo 45dmgLobmo 99dgabsoda:

Esc* = AgHSP (kop) (47.a)
Hse+ = ZLOAOHF) (kop) (47.b)
E*¢™ = BoJo (kop) (47.c)
HE" = 2 Buly (ko) (47.0)
5 Ao @5 Bo §o63mogbl v3bmd 3m98303096@¢9dL. Bsghgdmo doibg®mol 3oMmMmds dmEgdsero
RO IMgdoLsm30L:
—E** + Z.H*" + e *[E°T — Z H*"] = F, (48.a)
E¢T + Z.H* + e ¢[-E*“* —Z.H**]| = F, (48.b)
F, = —[-E™c* + Z He| (48.c)
Fy = —e ®[—EMet + Z HIneH] (48.d)
3909056 ©399vWo 39000 25dM3LIbM® F9dAbs0Ms©:
E™* = Jo(kop) (49.a)
H"" = 7 (kop) (49.0)

Bo3lzom (47.a) BobgMol 30HMdOL B mdsdo:

Z, Z
o | =H§ Ueob) + 77 egb) |+ €Bo [y Ghoa) =i 751 (ko) = Fy - (50-2)

Ze Ze
Aje™@ [—H(gl)(kob) —jZ—OHl(l)(kob)] + B, []o (koa) +]Z—0]1 (koa)] —F, (50.b)

99 29360d 309530(3096(390005b By™ma JodmMbobyergdgdl 5036086530 z;; (33Wo©Id0m, 80300)00
0605303 396GHMgds05 LobGHgdsl:

Z11A0 + ZlZBO = Fl (518.)

221140 + ZZZBO = Fl (51b)
LolEgdol 58mbLboL d9dmbgg35d0, LooEgds 2399¢35 303030 FMOL HBYI30MODBY 5©IOMEO
096900 s o0 d0ge 25dmlbogzgdyero 39w gdo.
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§ 2.4. MOM-FOURIER 3900mq0U Bs3mysgodgds d6ggdologols

39630bomm gargd@BHmHms mbgwo, bs39¢H0w0 30e0b®mmwo 9Mol 35603339000 Moz30LwBsE
LogM39d0. 30E6xMOL LELEDBPIOM 30OHMBds J00MYdL 9P Lobg:

—Ef +Z.H} + e %|E; —Z.H,] =0 (52.a)
E; +Z.H, +e %|-Ef —Z.H;| =0 (52.b)
30w0bEMH 3MOHEO0bsEHMS LoLEYsdo LOWo gugdEOwo s FsaboGMMo 39wgdo dMol
doaboo (“-7) o 49Mg0 (“+7) dmoEgds 999930 GHMEMIOM:
EJ = Enct  EgcF (53.a)
H[E = Hg’c; + H(ZC¢ (53.b)
39630bomm (52.a) gm®IMws dm39dMEro dGoLom3z0UL. (53.a) BmMINgdol dsdmygbgdoom B39
300900):
_(Ezinc+ + Ezsc+) +ZC(H(§,nC+ + H(ZC+)
+e (Bl + EST) = Z,(HP™ + H¥ )] =0

—E3* + Z H T + e BT — e ZHY T
— EZinc+ _ Hé}nc+ _ e—aEZinc— + e—aHch— (54)

) Bos s oM 3BEHMEBY dmEgdnmwo ©9bgdo J; ©s i, 500d369ds ©s3gdno EMCF oo

scF

ij"t—ol) 8096, 509300 39900 ESF o Hy™ 398m0mgegds 39990 m6OIneoo:

_ KoZ _
B () = =22 [ J3 (0 0 (ROl (55.2)
Lt
scF _jKO Frar o n\prg2) ’
HE™(0.0) =152 [ JE G IR HP (R (55.b)
Lt

s R = /p? + p'2 — 2pp'cos (¢ — ¢") @> R' = [p — p'cos(p — ¢")]/R
(55.8) m®IMgdol dobgz0m (54) 35050f96Mgds 8999y bs0Ms:

KoZ K,
. j I oV HP UoR)AL +2, 71 j JF (' @ IR'HP (KoR)dl! ~
Lt L+
KoZ
-« [ P (RO -

-

K, .y
- ez, 2 f J7 (', 9OR'H (KoR)Al = Efe
2
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KoZ JKo
[ @ [P PR + 2. 52 R P R |t -

(56)
a - K (2) K (2) ’ inc+
7 (0,00 [FE2 HP (oR) + 22 R P (KR |t = B
E‘vé'nc+ = EZinc+ _ H(i)nc+ _ e—aEZinc— + e—aH(i)nc—
GHmgmOE 0gm 658396900, gbols Lodzze0zg Ji 890dwgds 35085wml )Gy 3F3M035:
TR .
JHOE 7 [a} cos(nwyl) + b, sin(nwgl)] (57.a)
n=1
boo@ wo = 21/ L, 05 3ol 3098303096390 3m039ds 899930 3o0mbobmergdoom:
af = f JFQdl (57.0)
P2 JE( (nw,l) dl (57.c)
a, =17 - (D) cos(nw, .
Lt
F_ 2 F(IY of
b, = = J7 (D) sin(nwyl) dl (57.d)
Lt
3930bobmeEqdgd0L olsdstEH039des© d9dmgzo0mm d93gy0 50bodgzbgdo:
EF R @3] '
() = £l H,” (KoR)dl (58.a)
L¥
FEF() =K f cos(nwop”) H? (KoR)dl! (58.b)
LT
GET() =K f sin(nwog) H? (KyR)dl! (58.¢)
L¥
H¥ (1) = K’ 1y (2 '
For (D) = > R'H;” (KoR)dl (58.d)
Lt
EFF (D) =K' | cos(nwyp") R’ H(Z) (K R)dl' (58.e)
L¥
GEF(D) =K' f sin(nwog) R'HP (K,R)dl! (58.1)
L¥

boog K = KoZo/4 0o K' = jKyZ. /4
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(56) o (57.a) ZmEOHIMgdOL 259MM0569d0m, F00Mgds (52.a) BHMErMdOL Lodmermm Loby:
ad [FE* (p) + F* ()] + z (R () + Bl ()] + Z BIIGE (@) + GH* ()]

_e_a

ag[FE=(@) + R ()] + z [FE=(0) + F= ()] (59.2)

— finc+
= Ez

+ ) brlGE (@) + G~ ()]
n=1

09039650650, (52.b) BmOHIM0sb doorgds 9990090 GHMEMdY:

a5 [=FE~(@) + @)+ ) aql=FE () + B~ (@) + ) bal-GE~(#) + G~ ()]
n=1 n=1

— e |a§ [=FE* () + F§* (9] + Y a[=EF*(9) + E* ()] (59.b)
n=1
+[_E+ H+ — e
+ ) BI-GE (9) + G (0] | = E
n=1
LogsE:
E‘innc+ = EZinc+ _ Hé’nc+ _ e—aEZinc— + e—aH(i)nc— (60 a)
Finc— = _pinc— _ H()ionc— + e—aEinc+ + e—aH(ipnc+ (60 b)
z = z z '

0 (59.a)-0b oGrx396s s Fotzbgbs FbsMggdo Qodoos Moy df36M0350, 35806 dogzowgdm
3990092 29563Mgd505 LobEdob:

Agc+ — A6n6+ (61.a)
ASCt = ginet (61.b)
Bc+ = pinct (61.c)
ASC™ = Al (61.d)
ASC— = Aine= (61.e)
B3¢~ = Bjne- (61.f)
Logo:
o Amc+ o
Einc¥(p, @) = + Z A cos(me) + BT sin(mo)] (62.a)
=1
Ainc? 2 Emc+( )dl
0 I PP (62.b)
L+
Ainc$ _ 1 ElnC+ dl
m = (p, ¢) cos(mg) (62.c)
L+
Binc¥ — 2 f EncF(p, ) sin(me) dl (62.d)
m L+ p' (p (p !
L+
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3oBHM0EME0 GO0 Bsfgemolsl gob@megdsms LolEgds oowgdl bobgls:

Z-X=V (63.a)
7= g; g;;] (63.0)
X = ij (63.¢)
V= H (63.d)

dmbg®bgoremdolomgol  Z  BoGMoEs @93993000 S J39353HM03g0s©.  J399s5GH®m0oEol
2396DmBowgdgdos M X M.

0Y) 5300900 BM0g IF3O030L 3063900 N 3oeno 3503mbogsl, M = 1 + 2N, 35806 ¢)36mdms
399&H™M0 X 99009905 [, 31609L 300953030953 JO0LOY0 F0s s J96g HBgs30mBY:

X, = ag (64.a)
X14i = Gy (64.b)
Xiin+i = by (64.c)
Xm+1 = Qg (64.d)
XM+i+1 = Qn (64.e)
XM+N+i+1 = by (64.1)

Los@g i = 1...N, 85906 H™Es V-b 3563965 dbstrg 000gds 89800920 BmeTmemgdosb:

vy = Afper (65.2)
V4 = At (65.b)
Vipn+i = B* (65.c)
Upar = AGC” (65.d)
Usiss = A" (65.¢)
UM+N+i+1 = Biinc_ (65.f)

(58.a)-b gobbBmyomgdero Lobg dJoowgds (31) GmETMol 3sdmygbgdoom:

FEF() =K f HP (Ko R)¥, (@)dl’ (66.a)
Lt

FEIY() =K' f R'H® (KoR)W,(p)dl (66.b)
Li

300bO?)o FHOLIMZOUL, S 1 J39oGHHOEOL Y39es z; ; 9360 go3cmomzgegds 898absoMa:
2n
7y =13 [ [FE4G) + B @) (o) 67.)
0

AbogLo, S1,2 J3985GHOEOL Y39es Z; j H9360 338M0m3wgds 8990 BMOIVIO:
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2T
zij = —e" %1y f [FE7(0) + FL1 (@)1 (9)do (67.b)

S2,1 §3985¢®030L 439 z; ; 9360 godmomzgegds 89990 Foloom:
21
2y = e [ [=FEL@) + B @] (9)do (67.0)
0
S2,2 §3985¢®030L Y39 z; ; 9360 80009ds 89930 BMOILI0Eb:

21T

7y =15 | SR @) + @) (o) (67.d)
0

§ 2.5. 9350053990 0839¢56LOL Mg

0Y) 3030m3000 ©gbol 1093300398 FMOL  JMb6EHMMYdDY, Tglodwgdgeos  obYds X sFMMO
99dAHOM0 s 960G MM0 390l IMZWs 69doldog® HgMGH0wdo. 5333509, WIFOMNIPO
39053990l 0039sbLL J98AbsoMms:

= J Byl
ZT =

J Hayydlr = f,_Hx, y)dl-

0ol 59m, OMI 3sabo@IM0 3900l 063)YAMow0 B39G0w 3MBEMOHBY 080395, Mo X9FMMO ©9bo
3060l doabom, dga30dw0s dog300m0m gl 9bgdo B396L Bog® dm3m3zqdwyeo ©gbol gobsfoergdols

336g3ool bydmsmgdoom:

(68)

JH@yalrt =1t (69)
Lt

- f JF()dg = IF
0

0 358030996900 ©9bol Lod33M030L FMGOg FoMdmyqbsl, dogz00gdo:
_r2m a? ® _ _ _
r(;rf 70 + Z[a;{ cos(n@) + by sin(ng)] |de =11
0 n=1

0dob 5dm, GmId LobMLol s 3MLObMLOL 0bGHMoEo bMol EHMeE0s, GHMEWMdsTo MHBYdS
dbmemE 3990d030 3M98303096G0:

=1 + (70)
503356500, (68)-U LodmErmm Labg sGOU:

- r2 -
15 Jy BT (e)de

= 71
22 (rtad — 15 ag) (1)

Zr
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§ 2.6. ®bgo 93M360L 350053990L 033gEBLOL oMzEs dMEYJIEo Gomols
306009090

50m 356500 2obbowos (3000bGMwo Zm®mIol Mbgwo L3owgbdol 93Msbo s oMz oW
23900539900 033956L0 dMEYJO E9eol 306HMdYOTO.

L5000 7. 53mEs6oL sefigko
59m 3565 OM3w00o 0gm LobJoMm Os3sDmbdo 10Hz-10MHz , 89900930 356539@Mgd0m:

405 MooLo, Iy 510
360l bobdg, do 4 99
239935OgdMds, O 5.8*10715/d
35609mb03900L MHoM©Ibmds 3

990093900 Jo®3moygbowro 9989y Bobobdo:

Transfer impedance

0.014¢ F F FFFFFFE  F F FFFIFTE

Schelkunoff

0.012 .)_\\\ O  MoM-Fourier I

g
(o
O
o

0.01 o

0.004
3

0.002

| >~
O=1 - 2 - 3 - ?‘@L y?“r ©©
10 10 10 10 10 10 10

Frequency, Hz

(¢)
i)
¢
(0]

3008030 13. 35053990l 0939sblo
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©sl33690%0

339999 Bods39ee3MMm BsdMMIdo dmbs LUOHMo gargdBHMmdsgbo@dwmo  sdmblbols
09099953905 M6HQ56BMmT0900560 Bo393H0w0 Md09]BHYd0LIMZ0L. Bolo LTS gd0om FoMYdME
0965 909dGHOME s 300600 Bsbds69000 g9dmygbgdeo 93390530 JargdBHEMssd(39do
Logbgdol gos(39d0L 0339sbLO. 5GoLEM30L  godmygbgdwo ogm dmdgbEHgdol dgommo.
50dOMo  ©gbgdol Lod3z3M030L BWEMOg IF3O030L 3Mm9B03E0YEEJO0 A9TMY)bgdo 0ym,
OMamO3  LBodsHBolM s BHILEGHMOO FMBI30900  (Foerg®30bol Fgommo). mbgwo IOHob
9906 9ds dmbs 803bgMol 3oMmMdoL d9d39Mmd0m. IgmmEo T9EsMgdIos  SOLYdIE
96503036 IMEIEgdmMab s 0dErg3s 396 F9gagdL. 99353900 doamds slg3g
04935 9M59MMP35MM3560 9396900l  godm330g30L LT gdSL.  Fglsderms  Bo@oMgl
d9L50530b0 33093900 83930 BSIOMAOL Loywdz9wby.
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