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Protection of Cables by Open-Metal Conduits
Bao vé day céap bang cac dng kim loai ho

Abstract—The performance of metal conduits for protection of cables is
investigated. An open U-shaped conduit is chosen as a basic configuration. A
number of wires inside represents the actual cables with their shields. This
configuration is subjected to a plane-wave excitation to determine the induced
currents and voltages, which represent the common-mode signals in the cable
shield. The simulated and tested object is 1.5 m long, with a cross section of 9 x 9
cm2 . Results are presented for frequencies up to 1 GHz, some up to 5 GHz.
Measurement and simulation results agree to within 6 dB.

TOm tat — Tinh ning bao vé day cap cua cac 6ng kim loai duoc khao sat. Mot 6ng
dang chit U hd dugc chon 1am cu hinh co ban. Mét sé lugng day bén trong biéu
dién céac day cap thuc va vo cua ching. Chang toi sir dung kich thich séng phang
cho cau hinh nay dé xac dinh dong va dién ap cam tng biéu dién tin hiéu ¢ ché do
binh thuong trong vo cap. Péi tugng kiém tra va md phong dai 1.5 m, véi tiét dién
9 x 9 cm’. Céc két qua dugc biéu dién cho céc tan s6 1én dén 1 GHz, mot s6 1én
dén 5 GHz. Céc két qua do va mé phong phil hop trong 6 dB.

I. GIGI THIEU

CABLES interconnecting different parts of electronic equipment and systems, are
widely regarded as being one of the main sources of electromagnetic compatibility
(EMC) is-sues.

Day cap lién két cac phan khac nhau cua thiét bi va hé théng dién duoc xem 1a mot
trong nhitng nguon chinh cua van dé twong thich dién tir (EMC).

For example, inside the office buildings and large industrial installations, the
cables extend over large distances, sometimes hundreds of meters, and act as
efficient antennas for electromag-netic (EM) fields. The remarkable growth of
wireless communi-cations in recent years has resulted in harsh EM environments
to which such interconnects are exposed. This may lead to equip-ment
malfunction, and possibly to critical failures.



Vi du, bén trong céc cao dc van phong va cac hé théng may maéc coéng nghiép 1on,
cac day cap trai dai trén khoang céach Ion, co khi hang tram mét, va dong vai tro
nhu cic dng ten cho cac truong dién tir. Sy phat trién dang ké cua truyén théng
khéng day trong nhirg nim gan day da lam nay sinh cac méi trudng dién tir khic
nghiét ma cac lién két nhu thé phai phd ra véi n6. Biéu nay cd thé dan dén céc su
c6 thiét bi, va cac hu hong tram trong.

Signal and power cables inside buildings are often routed on metal trays or in
conduits. In addition to mechanical support, such structures provide adequate
protection against EM interference if properly designed and (inter)connected. The
research on the grounding structures performed in [1] contributed to the
development of International Electrotechnical Commissions guidelines [2].

Cac day cép tin hiéu va cong suat thuong duoc dinh tuyén trén cac khay kim loai
hodc trong cac dng. Cung vai su ho trg co hoc, cac cau trac nhu thé gitp ngin
chan hién tuong giao thoa song dién tir néu duoc thiét ké va két nbi thich hop.
Nghién ciru vé céc cau tric ndi dat duoc thuc hién trong [1] da dong goép vao su
hinh thanh s tay to chuc ki thuat dién qudc té [2].

Such grounding structures are introduced in [2] as parallel-earthing conductor
(PEC); here we use the word “conduit” as generic name. With a PEC, the induced
common-mode (CM) current flows through the conduit rather than the cables, or
their shields if present. The smaller interference currents in the cable shields induce
lower undesired differential-mode (DM) signals coupled via the cable transfer
impedance Zt . The amount of protection of open and closed conduits at the
frequencies, where the wavelength is much larger compared to conduit dimensions
(below 1 MHz) has been studied in [3] and [4]. A recent study [5] dealt with a U-
conduit up to 30 MHz. The measurements and simulation results presented here
extend the frequency range up to over 1 GHz, where the resonances on the conduit
occur.

Céc cau trdc ndi dat nhu thé duoc gisi thiéu trong tai liéu tham khao [2] duéi dang
cac day tiép dat song song (PEC); & day ching ta dung tir “6ng” nhu 1a tén chung.
Vi PEC, dong ché do théng thuong (CM) cam tng chay qua dng chir khéng phai
day cap, hoic vo cua ching néu c6. Cac dong giao thoa nho hon trong vo day cap
cam (rng céc tin hiéu ché do vi sai (DM) khong mong doi dugc ghép qua tré khang



truyén dat cta cap Zt. Muc @ bao vé cua cac 6ng mé va dong tai cac tan sb, ¢ do
buéc sdng 16n hon nhiéu so véi kich thuét dng (dudi 1 MHz) da dwoc nghién cau
trong [3] va [4]. Mot nghién ctu gan day da thyuc hién doi véi 6ng dang chix U 1én
dén 30 MHz. Céc két qua do va mo phong duoc dua vao ¢ didy md rong trong
khoang tan sb 1én dén trén 1 GHz, lc nay cong hudng trén éng xuat hién.

A full 3-D EM model of a complete, real-life installation is viable nowadays [6]-
[8], although the required computational effort remains high. The complete system
Is split into several simple typical parts, which are then modeled by a faster 2-D
method.

Hién nay, mé hinh dién tir ba chiéu day du cua hé thong thuc, hoan chinh di co
[6]-[8], mic du doi hoi cong viéc tinh toan rat phic tap. Hé théng hoan chinh duogc
chia thanh vai phan dién hinh don gian, dugc mé hinh héa béi cac phuong phap
hai chiéu nhanh hon.

This paper focuses on one step in the large system analysis and presents the results
for a 1.5-m long U-shaped conduit with wires inside it, illuminated by a plane
wave.

Bai b4o nay tap trung vao mot budc trong phan tich hé théng 16n va dua vao cac
két qua cho dng dang chix U dai 1.5 m véi cac diy bén trong nd, duoc chiéu sang
boi s6ng phang.

The conduit length is much larger than the lateral dimensions of 9 cm and end
effects do not play a dominant role. The setup also allows a full 3-D analysis of
conduit and wires, which can be compared with a simplified model, where the
conduit current is calculated in full 3-D, but the wire coupling is derived in a 2-D
transmission-line (TL) model. In our model, the wires represent actual cables and
the currents in the wires and voltages at the end of the wires can, in principle, be
converted into the signals induced in real-life cables via the transfer parameters of
the cables. The coupling of incident waves and external fields to TLs has also been
extensively studied in the literature—see e.g., [9]-[12]—in both time and
frequency domain.

Chiéu dai ng 16n hon nhiéu so véi kich thudt bén 9 cm va céc hiéu tng dau khéng
dong vai tro vu thé. Cach bd tri cling cho phép phan tich 3 chiéu day du ong va céc



day, n6 c6 thé duoc so sanh véi md hinh don gian hda, & ddy dong cua éng duoc
tinh trong ché do 3 chiéu day du, nhung su ghép day khong duoc rit ra trong mé
hinh dudng truyén (TL) hai chiéu. Trong md hinh cua ching tdi, cac day biéu dién
cac day cap thuc va vé nguyén tic, cac dong dién trong cac day va dién ap & céc
dau day c6 thé dugc chuyén thanh tin hiéu dugc cam tng trong cac day cap thuc
qua hé sé chuyén doi cua day cap. Su ghép cac song t6i va cac trudng ngoai cua
cac TL da dwoc nghién cau rong réi trong céac tai lieu —Xem chang han [9]-[12]
trong ca hai mién thoi gian va tan sb.

This paper extends earlier work [13]. In Section Il, we describe the conduits and
the configurations studied. The calculations assume a plane wave incident on the
open conduit; the results are presented in Section 11l with a brief excursion to 5
GHz, where the conduit width becomes comparable to wavelength. The
calculations are compared with measurements in a fully anechoic room in Section
IV. Some effects of a conducting cover are presented as well. The concluding
remarks are given in Section V.

Bai bdo nay mé rong cong trinh [13] trude day. Trong phan 11, ching téi md ta cac
6ng va cac cau hinh dugc nghién ciru. Tinh toan gia sir rang song phang dén trén
mot 6ng ho; cac két qua dugce dwa vao trong phan 111 véi tan s 5 GHz. Céc tinh
toan duoc so sanh véi cac phép do trong phong hoan toan khdng cé tiéng vong
trong phan V. Mét s6 anh huong cua I6p phi dan ciing duoc dua vao. Két luan
duoc dua ra trong phan V.

Il. CAU HINH

Since the U-shaped tray is common in practical installations, it has been chosen as
a basic configuration for both numerical and experimental study. However, also
construction elements, such as beams with H-, T-, and L-profile may serve for
protec-tion, as shown by the quasi-static magnetic field lines in Fig. 1.

Bai vi khay dang chit U thuong phd bién trong céc hé thong thuc té, né da duoc
chon Iam maot ciu hinh co ban cho nghién ciu sé va thuc nghiém. Tuy nhién,
tuong tu nhu cac yéu td ciu tric, chang han nhu cac chum véi bién dang H-, T-, va
L- c6 thé dong vai tro bao vé, nhu dugc biéu dién boi cac dudng sac tir gan tinh
trong hinh 1.



A crease in a metal plate acts as an extended L-shape. The field lines indicate
constant mutual inductance M for a wire or cable shield, with respect to a CM
current through the conduit [4]. The M is defined between the CM circuit and the
loop formed by wire and the conduit. A far away CM return does not appreciably
change the magnetic field in and near the conduit; M is then determined by the
conduit shape and the wire position only.

Mot nép trén tim kim loai dong vai trd nhu mot dang L mé rong. Cac duong stc
truong cho biét hé s6 hd cam khong d6i M d6i voi day va vo cap, déi véi dong
dién CM qua ong [4]. M duoc xac dinh gitra mach CM va vong duoc hinh thanh
giira day va ong. Su kht héi CM & xa khong thay doi dang ké truong tir trong va
gan 6ng; thé thi M duoc xac dinh bai hinh dang dng va vi tri day.

The test conduit was folded from a 1-mm-thick brass plate to form a U-shape with
h =2w =90 mm. The conduit length is Iz =1.5 m. Four wires of d =2 mm diameter
are placed at the positions shown in Fig. 2.

Ong kiém tra duoc gap tir mot miéng dong day 1 mm dé hinh thanh dang chir U
vGi h =2w =90 mm. Chiéu dai ng 1a Iz =1.5 m. Bén diy duong kinh d= 2mm
duoc dat & cac vi tri duoc biéu dién trong hinh 2.

these will be referred to as “top,” “middle,” “bottom,” and “corner.” Square brass
plates are soldered to both ends of the conduit. All wires are directly connected to
one end plate, and to BNC connectors at the other plate, where we installed 50 Q
terminations or short-circuits.Six insulating supports maintain the mechanical
stability and keep the wires in position over the conduit length. In order to min-
imize their influence, most of the insulator material has been removed.

Pay duoc goi |2 FENIC G0 . C4ic miéng ddng thau vudng duogc
han vao ca hai dau coa 6ng. Tat ca cac day duoc ndi truc tiép vai mot dau tam
d6ng, va vao bo phan ndéi BNC & tam con lai, & day chung toi da cai dat chup dau
cap 50 Q hoic ngan mach. Sau hé tro cach dién dé giir 6n dinh co hoc va giir cho
cac day ¢ dung vi tri trén chiéu dai 6ng. Pé cuc tiéu héa anh huong cua chung, da
sb céc vat liéu cach dién duoc loai bé.

In the model, we determine either the induced current at midlength in the wire or
the induced voltage over 50 Q at the end of the wire. As current probes 1 mQ ideal



resistors are placed at the center of the wires [see Fig. 3(a)] and all wires are short-
circuited to the conduit at both ends. The induced volt-ages are studied over 50 Q
terminations [see Fig. 3(b)].

Trong md hinh, chung t6i xac dinh dong cam ng ¢ gitra day hoac dién ap cam ng
trén 50 Q ¢ cudi day. Khi cac dau do dong dién tré 1i tuong 1 mQ duoc dit o tam
day [xem hinh 3(a)] va tat ca cac day ngin mach véi 6ng & ca hai dau. Cac dién &p
cam tng duoc nghién cau trén chup dau cap 50 Q [xem hinh 3(b)]

In the measurements, the 50 Q resistors are either the input impedance of the test
receiver or actual resistors for wires that are not con-nected to the receiver. In
calculations, the conduit and wires are illuminated by a plane wave with an electric
field of 1 V/m strength and linear polarization. The measurement results were
normalized to 1 V/m field strength, as explained in Section IV. In most
configurations, the electric field vector is parallel to the wires, when the coupling is
most effective. Three main possi-ble directions of wave incidence/conduit
orientations (“front,” “side,” and “back™) are shown in Fig. 4. The “front”
orientation results in the largest coupling, and therefore, it is studied in more detail.

Trong cac phép do, cac dién tré 50 Q hoic 14 tré khang dau vao cua bo thu kiém
tra hodc cac dién tro thuc d6i véi cac day khdng duoc két néi véi bo thu. Trong
tinh toan, cac dng va cac day duoc chiéu sang bang séng phang véi dién truong co
cudng d6 1 V/m va phan cuc tuyén tinh. Cac két qua do duoc chuan hda theo
cuong do truong 1 V/m nhu dugc giai thich trong phan IV. Trong da s6 cac cau
hinh, vector dién truong song song véi day, khi su ghép hiéu qua nhat. Ba huéng
kha di chinh cua sy dinh hudng song t6i/6ng [iNCCIEDCRINGESaN) duoc biéu
dién trong hinh 4. Sy dinh huéng “trudc” dan dén su ghép 16n nhat, va do d6, no
duoc nghién ciru chi tiét hon.

I1. MO PHONG

In order to calculate the induced currents and voltages in the conduit wires, we
employed two different calculation tech-niques: first, the method of moments
(MoM) implemented in CONCEPT software by Technical University of Hamburg-
Harburg [14] and FEKO software by EMSS [15], and second, the finite-integration
technique (FIT) of Microwave Studio by CST GmbH [16], [17].



Pé tinh toan dong va dién ap cam tng trong cac day trong 6ng, ching tdi sir dung
hai ki thuat tinh toan khac nhau: thi nhat, phuong phap moment (MoM) duoc thuc
hién bang phan mém CONCEPT bai dai hoc ki thuat Hamburg-Harburg [14] va
phan mém FEKO bgi EMSS [15], va thir hai, ki thuat tich phan xac dinh (FIT) cua
Microwave Studio do CST GmbH [16], [17].

The MoM is a frequency-domain ap-proach and discretizes the conductor surfaces
only. FIT meshes the full 3-D computational space; it is a time-domain approach,
eventually followed by discrete Fourier transform (DFT) to gen-erate frequency
domain results. In all calculations, we model the conduit and the wires as perfect
electric conductors. The actual dimensions have been taken into account in FIT,
includ-ing the brass thickness. In the MoM calculations, we neglect the thickness
of the conduit walls and regard them as surfaces. Symmetry planes (magnetic and
electric conducting walls) re-duce the calculation domain by 50% or 75%,
depending on the configuration. Special attention has to be paid to the meshing of
the conduit surfaces. The mesh has to be refined near the “bottom” and “corner”
wires because the standard A/10 rule is not sufficient for accurate determination of
the small currents in hese wires. Still, the large currents of the upper two wires are
quite accurately predicted even with a coarse mesh.

MoM 1a mot céch tiép can mién tan sb va phan Iap chi cac bé mat dan dién. FIT to
lugi khdng gian tinh toan ba chiéu day du; n6 Ia cach tiép can mién thoi gian, va
duoc tiép ndi bang bién doi Fourier roi rac (DFT) dé tao ra cac két qua mién tan sé.
Trong tat ca céc tinh toan, ching ta md hinh héa dng va cac day nhu cac vat hoan
toan dan dién. Kich thuét thuc sy duoc tinh dén trong FIT, bao gdm chiéu day
miéng ddng. Trong tinh toan MoM, chlng ta bo qua chiéu day cua thanh éng va
xem chung nhu cic bé mat. Cac mit phang dbi xang (cac thanh dan dién va tur)
giam viing tinh toan 50% hoic 75% phu thudc vao ciu hinh. Sy to ludi cac bé mit
6ng 1am nay sinh su tat dan dic biét. Ludi phai duoc loc gan cac day “day” va
“g6c” bai vi quy tac /10 tiéu chuan khong da dé xac dinh chinh xac cac dong nhé
trong cac day. Tuy nhién, cac dong I6n cua hai day & trén co thé dugc tién doan
hoan toan chinh xac vsi mot ludi tho.

In the FIT method, we use as excitation a Gaussian-shape pulse of the width
corresponding to the frequency range of sim-ulations (0.8 ns for 1 GHz and 0.16 ns
for 5 GHz). The resulting currents and voltages in the lumped elements (1 mQ and



50 Q resistors, respectively) are calculated in the time domain as well. The total
energy in the calculation domain is used as a stop criterion; it has been set at —60
dB with respect to initial value.

Trong phuong phap FIT, ching ta sir dung Kich thich 1a mét xung dang Gauss véi
d6 rong twong tng véi khoang tan s6 mé phong (0.8 nano gidy dbi véi 1 GHz va
0.16 nano gidy dbi voi 5 GHz). Dong va dién ap cudi cung trong céac yéu té nguyén
khdi (cac dién tré 1 mQ va 50 Q) ciing duoc tinh toan trong mién thoi gian. Nang
lwong toan phan trong ving tinh toan dugc sir dung nhu tiéu chuan ding; né duoc
thiét 1ap 1a -60 dB d6i vai gia tri ban dau.

A. Céc dong cam rng

First, we determine the induced currents when wires are short-circuited to the
conduit at both ends. Such a configuration re-sembles the typical middle section of
the real-world conduit with the cable shields connected to it. The induced currents
are monitored in 1 mQ resistors shown in Fig. 3(a). The “front” excitation
indicated in Fig. 4(a) is used. Fig. 5 shows the re-sults calculated by FIT with all
four wires present. As could be expected, the largest values are observed for the
“top” wire, and the lowest for the wire in the corner. The resonant features around
0.2 and 0.4 GHz relate to multiple wavelength effects in the 1.5-m-long TL.

Trudc hét, chung ta xac dinh cac dong cam @ng khi cac day bi ngan mach véi dng
& ca hai dau. Mot cAu hinh nhu thé gidng véi phan gitta dién hinh cua dng thyuc véi
V6 cap duoc ndi vai nd. Cac dong cam tng duoc diéu khién bang cac dién tro 1
mQ trong hinh 3(a). Kich thich “trudc” dwgc chi ra trong hinh 4(a) dugc sir dung.
Hinh 5 biéu dién cac két qua duoc tinh toan bang FIT khi c6 mit bén day. Nhu
mong doi, gia tri 1on nhat duoc quan sat ddi véi day “trén”, va thap nhat ddi véi
day trong goc. Cac dic trung cong hudng quanh 0.2 va 0.4 GHz lién quan dén
nhiéu hiéu tmg budc song trong dudng truong dai 1.5 m.

To estimate the level of protection offered by the conduit, the induced currents are
recalculated in the similar configuration with the “front” excitation and all four 1.5
m long wires short-circuited at both ends to a pair of square plates, but with the
conduit removed from the model. In the absence of conduit and at the frequency of
150 MHz, the currents in all wires are about the same value of —60 dBA (see Table
). Without conduit, the “top” wire apparently “shields” the other wires slightly.



The U-shaped conduit strongly reduces the coupling, even for the most exposed
“top” wire. The “corner” wire is best protected, by more than 60 dB.

Pé udc tinh mic do bao vé cua ng, dong dién cam ung duoc tinh toan lai trong
cau hinh twong tu véi kich thich “truée” va tat ca bon day dai 1.5 m ngan mach &
ca hai dau vai mot cap ban vudng, nhung ng da duoc loai bo khoi mé hinh. Khi
c6 6ng va & tan s6 150 MHz, cac dong dién trong tat ca cac day ¢ xung quanh gia
tri -60 dBA (xem bang 1). Néu khong c6 6ng, nhin tir bén ngoai, day & trén boc céc
day con lai yéu. Ong hinh chit U giam ghép manh, tham chi khi da s6 céc day
“trén” duoc pho ra. Dy “gbc” duoc bao vé tot nhat véi hon 60 dB.

The same configuration for the induced currents was also modeled in the frequency
domain by a different approach. The CONCEPT Il MoM software was used for the
benchmarking purpose. Fig. 5 includes the results for the “top” and “middle”
wires. Good agreement along the whole frequency range is ap-parent. Deviations
occur near the resonance frequencies, where the current amplitudes are more
sensitive to the environment, which is free space in MoM or absorbing boundaries
in FIT. Both methods are limited by the finite discretization of space (FIT) or
conduit (MoM). Minor ripples in the FIT current near the resonances are caused by
the —60 dB stop criterion.

Cau hinh tuong tu d6i voi cac dong cam ung ciing dugc mé hinh hoa trong mién
tan s6 bang mot cach tiép can khac. Phan mém CONCEPT Il MoM duoc sir dung
cho muc dich lam chuan. Hinh 5 d& cap dén cac két qua cua cac day “trén” va
“gitra”. Su phu hop tot trén toan b khoang tan sé kha rd rang. Su sai léch xuat
hién gan céc tan sé cong hudng, & day do 16n dong nhay hon v6i méi truong, né 1a
khong gian ty do trong MoM hoic cac bién hap thu trong FIT. Ca hai phuong phap
bi gigi han boi su roi rac héa xac dinh cua khéng gian (FIT) hoac dng (MoM).
Mot it gon trong dong FIT gan cong huang do tiéu chuan dirng -60 dB.

B. bién &p cam ung

The voltages can be calculated about 20 times faster than the currents in FIT. The
four 50 Q wire terminations absorb the excitation energy faster than the 1 mQ
resistors, and the —60 dB energy criterium is met earlier. Nevertheless, the termi-
nations should not be regarded as an approximate open circuit because the
characteristic impedance of the wires in the conduit is larger than 100 Q (see



Section I11-C). Again, we consider the “front” excitation. The results are presented
in Fig. 6. The differences with respect to the top wire voltage are the same as in the
current configuration: —19, —42, and —54 dB at off-resonance frequencies. Thus,
the protection by the conduit is also well demonstrated by the voltages. The
resonant dips at the multiples of 0.1 GHz correspond to the half-wavelength reso-
nances in 1.5 m long TL. Apart from the dips, the voltages are remarkably
independent of frequency; the variation as function of frequency is certainly less
than for the current, in particular, near the resonances.

Pién ap c6 thé duge tinh nhanh hon dong 20 1an trong FIT. Bon chup dau day 50 Q
hap thu nang luong kich thich nhanh hon cac dién tré 1 mQ, va tiéu chi ning luong
—60 dugc thod man tir trudc. Tuy thé, chup dau cap khong nén duoc xem gan ding
la mach ho béi vi tré khang riéng cua cac day trong dng Ién hon 100 Q (xem phan
[11-C). Chlng ta lai xét kich thich “trudc”. Cac két qua dugc dua vao trong hinh 6.
Hiéu dién thé day trén tuong ty nhu trong cau hinh dong: -19, -42, va -54 dB tai
cac tan s léch huong. Vi thé, chire niang bao vé cua dng ciing duoc minh chiing tot
qua dién 4p. Céac déc cong hudng 1a mot s6 nguyén lan cua 0.1 GHz tuong ang Véi
cong hudng nira song trong duong truyén dai 1.5 m. Ngoai trir cac doc, dién ap
khong phu thudc dang ké vao tan sé; su thay doi nhur mot ham theo tan sé tat nhién
nho hon dong, dac biét khi gan cong huang.

In most practical applications, as well as in the conduit, we used for measurements,
there will be more than one cable (wire) present. To investigate how these
additional conductors influence the coupling, the calculations were repeated four
times with only one wire present, for comparison with the setup with four wires.
The results are summarized in Table Il. While the voltage at the “top ” wire
remains the same, the voltages at the lower wires are significantly smaller when all
wires are present. Due to the coupling between the wires or cable shields in prac-
tical situations, the wires located at the top of the conduit act as an additional
protection for the wires placed deeply inside the conduit.

Trong da sb cac tng dung thuc té, ciing nhu trong 6ng ma ching ta sir dung sé lubn
c6 nhiéu hon mot day cap. Dé khao séat cac vat dan phy nay anh hudng nhu thé nao
dén sy ghép, tinh toan dugc lap lai bén 1an chi khi ¢ mét day, dé so sanh véi bé tri
c6 bon day. Cac két qua dugc tom tat trong bang I1. Trong khi dién ap ¢ day “trén”
van con giéng nhau, cac dién 4p & day thiap hon nho hon dang ké khi c6 mat tat ca



cac day. Do su ghép giira cac day va vo cap trong cac truong hop thuc té, cac day
dit phia trén dng dong vai trd bao vé phu cho cac day dugc dat sdu bén trong 6ng.

C. Tiép can TL

We also used the TL approach to calculate the induced signals in the conduit wires.
This method has several advantages. If the position of a wire changes, both FIT
and MoM require the whole configuration to be recalculated, which takes a few
hours of computer time. In the TL approach, the field distribution inside the empty
conduit has to be calculated only once per conduit geometry and excitation. The
field inside the conduit is the regarded as excitation source for the TL formed by
the wires and conduit. The TL parameters for the bare wires considered here can be
accurately and quickly calculated by a 2-D method, for example, by MoM [18],
[19] or Schwarz—Christoffel (SC) transformation (see Appendix). In case of 2-D
MoM [20], the round wires were approximated by 16-sided polygons. In the
numerical SC [21], the conduit is mapped onto the unit circle and the flux per
ampere is determined between that circle and the mapped-wire surface. The self-
inductance and impedance values for the four wires obtained by both methods are
compared in Table IlIl. Good agreement between both methods is apparent;the
deviation is less than 0.5%.

Chiing ta ciing d3 st dung cac tiép can TL dé tinh todn cac tin hiéu cam ung trong
cac day trong 6ng. Phuong phap nay c6 vai wu diém. Néu vi tri cua day thay d6i, ca
FIT va MoM doi hoi toan b ciu hinh phai duoc tinh toan lai, va phai mat vai gio
dé tinh toan. Trong céch tiép can TL, phan bd truong bén trong dng rong duoc tinh
toan mot lan trén cau hinh éng va kich thich. Truong bén trong éng duoc xem nhu
ngudn kich thich ddi voi TL dugc hinh thanh bai cac day va éng. Cac tham s TL
d6i vai day tran duoc xét ¢ day co thé dugc tinh nhanh va chinh xac bang phuong
phép hai chiéu, chang han, bang MoM [18], [19] hoic chuyén doi Schwarz—
Christoffel (SC) (xem phu luc). Trong trudng hop MoM hai chiéu [20], cac day
tron dugc xem gan ding 13 cac da gidc 16 mat. Trong SC s6 [21], dng duoc anh xa
trén duong tron don vi va thdng lugng trén ampe dugc xac dinh gitra duong tron
d6 va bé mat day duoc anh xa. Gid tri 6 tu cam va tré khang déi véi bon day thu
dugc qua ca hai phuong phap dugc so sanh trong bang I11. R rang co su phu hop
t6t gitta hai phuong phap; do léch nho hon 0.5%.



The required field distribution inside the empty conduit as a function of both
frequency and position can be calculated by either MoM or FIT. For the TL
formulation, we use the Vance’s approach for the coupling of the external field to
the TL. The details are presented in [10, Ch. 3]. We assume only one wire at a time
inside the conduit. Since the incident wave is perpendicularly oriented with respect
to the conduit, only the Ez -component needs to be considered as excitation source.
With the “front” excitation, the z-component of the electric field does not vary
much along the conduit length, except near the ends (see Fig. 7). In the first
approximation, these end effects can be neglected. As a result, the field needs to be
determined only in the central cross section of the conduit, and ultimately, 2-D
method should suffice. Fig. 8 presents the voltages calculated by the TL approach
(dashed lines) plotted against the full 3-D results (solid). For the sake of clarity,
only the results for “top” and “bottom” wires are presented. Good agreement over
most of the frequency range is observed. Above 0.1 GHz and at off-resonance
frequencies, the difference in the signal level between both methods remains
within a few decibels. The largest deviation of 6 dB is observed for the “bottom”
wire.

Phan b truomg doi hoi bén trong éng réng 1a mot ham theo ca tan sb va vj tri co
thé duoc tinh bang ca MoM va FIT. Péi v6i phuong phap TL, chung ta ding cach
tiép can Vance dé ghép truong ngodi véi TL. Chi tiét duoc dua vao trong [10,
Ch.3]. Ching ta gia st mot 1an chi c6 mot day bén trong 6ng. Boi vi sdng t6i dinh
huéng vudng gdc véi dng, chi thanh phan Ez dugc xem 1a ngudn kich thich. Véi
kich thich “trudc”, thanh phan z cua dién trudng khoéng bién doi nhiéu doc theo
chiéu dai dng, ngoai trir gan cac dau (xem hinh 7). Trong phép gan ding bac nhat,
cac hiéu ung hai dau nay c6 thé dugc bo qua. Do d6, truong can duge xac dinh chi
& tiét dien trung tdm cua ong, va cudi cing phuong phap hai chiéu can dugc sir
dung. Hinh 8 biéu dién dién ap duogc tinh bang phuong phap TL (cac dudng nét
dut) dugc vé theo két qua ba chiéu day du (lién nét). Bé cho rd rang, chi cac két
qua dbi véi cac day “trén” va “dudi” duge dua vao. Chung ta thay c6 sy phu hop
t6t trén hau hét cac khoang tan sb. Trén 0.1 GHz va tai céc tan s6 léch huong, su
khéc nhau ctia muac tin hiéu gita ca hai phuong phap van nam trong khoang vai
decibel. D6 léch I6n nhit 13 6dB duoc quan sat dbi voi day “dudi”.

Second, we consider all wires present. Again, the conduit is mapped onto a unit
disk and the wire positions are mapped to the inside of the disk (see Appendix).



The full L-matrix is calculated under the assumption that the field generated by
each wire is negligibly perturbed by the others because of their small diameter
compared to the distances:

Tha hai, chiing ta xét su hién dién cua tat ca cac day. Ong lai duoc anh xa trén dia
don vi va vj tri day dugc anh Xa vao trong dia (xem phu luc). Ma tran L day du
duogc tinh vai gia thuyét rang truong duoc tao ra boi mdi day bi nhidu khong dang
ké bai cac day khac do dudng kinh cua chiing nho so vai céc khoang céach:

with values in nanohenry per meter. For the bare wires, the cor-responding
capacitance matrix follows from the inversion of L.:

VGi C4c gid tri nano Hery trén mét. Di v4i cac day tran, ma tran dién dung tuong
ung duoc suy ra tir nghich dao cua L:

C=L—1 /c20, with c0 , the free-space velocity of light. Such a TL configuration
Is then placed in an otherwise homogeneous mag-netic field HO,x corresponding to
the 1 V/m “front” excitation. The induced wire currents are obtained from the
requirement of zero flux between the images of each wire and the unit disk. The
current amplitudes are given in Table IV. The close-to-exact SC approach
demonstrates the accuracy of the FIT and MoM re-sults at low frequency. The SC
markers on the left scale of Fig. 5 agree within 2 dB with the extrapolated FIT and
MoM values.

........ , vOi .., van téc anh séng trong chan khong. Sau d6 ciu hinh TL duoc dat
trong mét trudng tir dong nhat nguoc lai ..., x twong (tng véi kich thich “trudc” 1
V/m. Céac dong dién trong day cam ung thu duoc tir diéu kién thdng lugng bang
khong gira cac anh ctiia mdi day va dia don vi. Do 16n dong dién dugc cho trong
bang IV. Céch tiép can SC gan chinh xac cho thay su chinh xac cua cac két qua
FIT va MoM tai tan s6 thip. Cac bo danh ddu SC & phan bén trai cua hinh 5 phu
hop trong 2 dB véi céc gié tri FIT va MoM dugc ngoai suy.

The ratio of the wire currents does not depend strongly on the type of excitation.
For instance, one may assume a ICM =1 A CM current through the conduit as an
alternative excitation. The calculated results for the various excitations are
summarized in the Table IV. As can be seen, the simple, and therefore, fast 2-D



approaches quite accurately predict the ratios of the induced currents. The full 3-D
calculations again deviate less than 2 dB.

Ti s6 cac dong dién trong day khong phu thuéc manh vao loai kich thich. Chang
han, ching ta c6 thé gia sar ICM=1 A dong CM qua dng nhu mét kich thich tay
chon. Céac két qua duoc tinh toan d6i voi cac kich thich khac nhau dugc tom tit
trong bang IV. Nhu ching ta thay, cach tiép can hai chiéu nhanh va don gian tién
doan kha chinh xac ti s6 cua cac dong dién cam ng. Tinh todn ba chiéu day du lai
léch it hon 2 dB.

For other incident field directions, the variation in the Ez along the conduit length
should be incorporated into the TL model. The analysis of systems containing
multiple cables, including those with dielectrics, has been reported earlier in the
literature, e.g., [22]-[24].

Ddi Véi cac truong tdi ¢d sy dinh huéng khéc, sy thay doi cta E, doc theo chiéu
dai 6ng can duoc gop vao md hinh TL. Viéc phan tich hé théng chaa nhiéu day
cap, ké céac cac hé théng co dién méi, di dugc bao cdo trude day trong céc tai liéu,
chang han [22]-[24].

D. Cac hinh dang khac

To investigate the influence of the conduit shape on the provided protection, we
repeated the “voltage” calculations for two additional configurations with one or
both sidewalls removed to form an L-shape or flat plate, respectively. T- and H-
shapes shown in Fig. 1 were not analyzed. The results for the “middle” wire
calculated in presence of all four wires are shown in Fig. 9. As anticipated, the
more open conduit results in larger induced voltages for the fixed wire position.
The same dependence on frequency is valid for the other three wires. For example,
In case of the “bottom” wire, the difference between the U-shape and a flat plate is
more than factor 35 (31 dB) at 0.15 GHz.

Pé khao sat anh huong cia hinh dang dng dén chirc ning bao vé, chung toi da 1ap
lai tinh toan dién ap dbi véi hai ciu hinh phu v&i mot hoac ca hai vach dugc loai bo
dé hinh thanh tdm dang chir L hodc phang. Cac hinh dang T va H duoc biéu dién
trong hinh 1 khong dugc phan tich. Cac két qua dbi vai day giira duoc tinh khi c6



mat bén day duoc biéu dién trong hinh 9. Nhu di biét, dng hd nhiéu hon s& cho

cac dién ap cam ung 16n hon d6i vai vi tri day cb dinh. Sy phu thudce twong tu vao
tan sé cling dang dbi voi ba day con lai. Vi du, trong trudng hop day “dudi”, su
khac nhau giita cac tam dang chit U hodc phang 1a hé s6 16n hon 35 (31 dB) 6 0.15
GHz.

E. Su dinh huéng va su phan cuc khac nhau

It is expected that the “front” orientation, as in Fig. 4(a) with the electric field
polarization parallel to the wires and the conduit results in the largest coupling. For
the U-shaped conduit, other possible situations were also modeled by FIT in the
frequency range up to 1 GHz. If we rotate the “front” orientation polarization over
90- , now with the H-field of the incident wave parallel to the wires and E-field
normal to them, the magnetic flux between the conduit and wires is strongly
reduced. The voltages in all wires lay below the =100 dBV (10 pV) level; for the
“middle” wire, the reduction is of the order of 60 dB.

Ngudi ta hi vong rang dinh huéng “trudc”, nhu trong hinh 4(a) voi su phan cuc
dién truong song song Vi cac day va dng dan dén su ghép 1on nhat. Bbi vai dng
dang chir U, cac truong hop kha di khac ciing dugc mo hinh hda boi FIT trong
khoang tan sé 1én dén 1 GHz. Néu ching ta quay phan cuc dinh hudng “trude” dén
90°, bay gid véi trudng H cua séng téi song song véi cac day va truong E vudng
g6c vai chang, thong luong tir gitra 6ng va cac day giam manh. Dién ap trong tat
ca cac day nam dudi mac -100 dBV (10 uV); d6i véi day “giira”, giam vao bac 60
dB.

Another brief comparison was made for all three orientations shown in Fig. 4. The
results for the “middle” wire are shown in Fig. 10. The largest difference between
the “front” and the “side” orientations for this wire is about 10 dB. The same holds
for the other three wires. For the “side” orientation, the magnetic field component
of the incident field is oriented in the y-direction (see Fig. 1), perpendicular to the
bottom and parallel to the plane of the wires. Again, the magnetic flux between the
wires and the conduit is strongly reduced.

Mot so sanh vin tit khac duoc thuc hién ddi vai ca ba loai dinh huéng duoc biéu
dién trong hinh 4. Cac két qua d6i voi day “giita” duoc biéu dién trong hinh 10. Su
khéc nhau Ién nhat gitra dinh hudng “trudc” va “canh” dbi vai day nay khoang 10



dB. Diéu twong tu dung dbi véi ba day con lai. Bbi véi dinh hudng “canh”, thanh
phan tir cia tredng t6i duge dinh hudng theo hudng y (xem hinh 1), vudng goc voi
day va song song vai mat phang day. Mot 1an nita, thdng lugng tir giira cac day va
6ng bi giam manh.

F. CAc tan sb cao hon

The results of the previous sections for induced currents and voltages as a position
of the wire are valid up to 1 GHz. At higher frequencies, the wavelength
approaches the cross-sectional dimensions of the conduit (9 cm), and other modes
than TEM will Iso be excited inside the conduit. The simulation results are
indicated in Fig. 11 for the frequencies up to 5 GHz. The most notable feature is
the reduced protection for the “bottom” and “corner” wires above 2 GHz, the
frequency, where the half wavelength and lateral dimension of the conduit become
comparable.

Cac két qua dong dién va dién &p cam ung & phan trudc theo vi tri cua day ding
dén 1 GHz. Tai cac tan sd cao hon, budc song tién dén kich thuét tiét dien cua dng
(9 cm), va cac mode khéc trir TEM ciing sé& bi kich thich bén trong éng. Céc két
qua mod phong duoc chi ra trong hinh 11 ddi véi cc tan sb 1én dén 5 GHz. Pic tinh
dang cha y nhat 13 tinh ning bao vé bi giam dbi véi cac day “day” va “goc” trén 2
GHz, tin sb, noi ma ntra budce song va kich thudt bén cua dng xap xi bang nhau.

IV. DO bAC

In order to validate the simulation results, measurements have been carried out in
the 3-m fully anechoic room (FAR) at Philips EMC Center [25]. The FAR floor
was covered by the same ab-sorbing ferrite tiles as the wall and the ceiling. This
provides a reflection-free environment up to 1 GHz. The conduit is placed at 1 m
above the floor. A significant length of the measuring ca-ble from the conduit
wires to the test receiver is exposed to the field generated by the antenna. This may
lead to a large induced CM current in the cable shield. To minimize the effect, the
cable was loaded with ferrite rings over the whole length inside the FAR. In order
to determine the cable influence, two different orientation of conduit were
considered. They are referred to as “vertical” and “horizontal” and schematically
shown in Fig. 12.



Pé xac nhan cac két qua md phong, cac phép do duoc thuc hién trong phong hoan
toan khdng c6 tiéng vong 3 m (FAR) tai trung tdm Philips EMC [25]. San nha, tran
nha va vach tuong FAR duoc phu bang cac vién ngoi ferrite hap thu. Biéu nay lam
cho méi truong nay khdng phan xa ¢ tan sb 1én dén 1 GHz. Ong duoc dat trén san
1m. Chiéu dai dang ké cua cap do tir cac day trong dng dén bo thu kiém tra duogc
phd ra voi trudng duoc tao bai angten. Bidu nay c6 thé dan dén dong CM cam @ng
l6n trong vo cap. Pé cuc ticu hoa anh huong, day cap dugc tai voi cac vong ferrite
trén toan bo chiéu dai bén trong FAR. Pé xac dinh anh hudng cap, ching ta xét hai
sy dinh hudng khac nhau cta ong. Chung duoc goi la doc va ngang va dugc biéu
dién trong hinh 12.

Under otherwise equal circumstances, the horizontal orientation is preferable, since
in this case, the incident electric field is per-pendicular to the cable and the
coupling is up to —6 dB less. The conduit was placed at 3 m distance from the
antenna. A minor wavefront curvature at the conduit could have been expected, but
was not taken into account. The signals were measured with HP 8546A EMI
Receiver. The 0 dBm output of the tracking generator was connected to the CBL
6112B antenna, which was used as excitation source. The frequency range of 30
MHz- 1 GHz is split in several subranges to obtain a higher resolution.

Trong nhiing truong hop tuong duong khac, su dinh hudng ngang dugc ua thich
hon, bai vi trong truong hop nay, trueong dién tdi vudng goc vai cap va su ghep Ién
dén -6dB hoic nho hon nira. Ong duoc dit cach 3 m tir ang ten. C6 thé c6 mot su
cong mit dau séng nho & dng, nhung khong can tinh dén. Cac tin hiéu dugc do véi
bo thu HP 8546A EMI. Pau ra 0 dBm cua may tao séng dong chinh dugc két nbi
Vv6i ang ten CBL 6112B, dugc sir dung nhu ngudn kich thich. Khoang tan sé 30
MHz — 1 GHz duoc tach thanh vai khoang nho dé thu dugce d6 phan giai cao hon.

A second log-periodic antenna with known antenna factor re-placed the conduit in
introductory measurements to determine the incident electric field at the conduit.
Fig. 13 shows the re- sults for the “top” and the “middle” sults for the “top” and
the “middle” wires and their comparison with FIT calculations in case of the 50 Q
load. The measured voltages are scaled to the 1 V/m electric field in the
calculations.



Ang ten log chu Ki voi hé sé dng ten da biét duoc dat trong dng trong cac phép do
gi6i thiéu dé xac dinh trudng toi tai dng. Hinh 13 biéu dién céc két qua di voi céc
day “dinh” va “gitra” va su so sanh cua ching vai tinh téan FIT trong truong hop
tai 50 Q. Pién ap do duoc dugc Iy ti 1& dén dién truong 1 V/m trong tinh toén.

Good agreement over the whole frequency range is observed. The ripples in the
measured results were caused by minor reflections in the signal cable. Similar
measurements with an FCCF-2000 current probe on the wire currents compare less
well with the calculations, mostly because the coupled inductance of the probe
loads the wire and the probe metal shield introduces additional local capacitance.
Because of the protection, is equally well demonstrated in the voltage
measurements, we limit the presentation to these.

Chuing ta thay c6 su phi hop tét trén toan bo khoang tan s6. Cac gon song trong
cac két qua do 1a do cac phan xa nhé trong cap tin hiéu. Cac phép do tuong tu Véi
dau do dong FCCF-2000 trén cac dong dién cua day khéng chinh xac bang tinh
toan, chu yéu 1a do do cam duoc ghép cia dau do tai day va vo kim loai cta dau do
tao ra thém dién dung cuc bd. Boi vi tinh nang bao vé dugc ching minh tuong
duong trong phép do dién ap, do do6 ching ta khong xét nhiing phép do dé nira.

It has been shown in [3] for frequencies below 1 MHz that even a nonconnected
brass cover reduces the coupling from the outside world by factor of six, as
compared with an open U-shaped conduit. The slit between cover and conduit was
1 mm wide and the overlap was 20 mm. Four bolts at the corners connect the cover
and conduit, and reduce the coupling further by an order of magnitude. Here, we
extend these results. As is well known, at higher frequencies, where conduit
becomes electrically large, a floating cover is not effective. As a rule of thumb, the
bolts should be placed not further than As /10 apart, where As is the smallest
wavelength of interest. The 1.5-m long conduit becomes electrically large (Iz =
M10) at 20 MHz, which is below the 30 MHz lower limit of the antenna in the
FAR. To increase the critical frequency up to 100 MHz, additional bolts were
placed along the whole length at distances of 24.5 cm apart. Measurements show
that a configuration with a floating (not galvanically connected to the conduit)
cover does not provide the desired positive effect.



Trong [3], ngudi ta chung to rang ddi voi cac tan sé dudi 1 MHz, cho du nap dng
khong dugc két ndi giam ghép véi bén ngoai mot hé sé bang sau, khi so sanh véi
dng dang chit U hg. Khe gitta I6p pha va 6ng rong 1 mm va xen phu 20 mm. Bén
bu 16ng & tai cac goc két ndi nip va dng, va giam ghép thém mot bac vé do 16n
nita. O ddy ching ta mé rong nhitng két qua nay. Nhu di biét, tai cac tan s cao,
6ng dan dién manh, nap di dong khdng hiéu qua. Theo 1& thudng, cac bu 16ng nén
dugc dat khéng cach nhau qua A /10 & day A, 1a budc séng nho nhat ma ching ta
xét. Ong dai 1.5 m tro nén dan dién manh (I, = A/10) tai 20 MHz, tan s6 nay nam
dudi giéi han thadp 30 MHz cua dng ten trong FAR. Pé ting tan s6 téi han 1én 100
MHz, c4c bu 16ng phu dugc dit doc theo toan bo chiéu dai cach nhau 24.5 cm. Céc
phép do cho thay rang cau hinh véi nap nang (khong duoc két ndi dién véi ong)
khong lam nay sinh hiéu tng duong dang quan tam.

On the average, the voltage is slightly reduced, but more importantly, additional
large resonance peaks appear over the whole frequency range. Fig. 14 compares
the induced voltage at the end of the “top” wire for the open U-shaped conduit
(thick solid line), the conduit with all screws are put in place (dashed line) and the
conduit connected to the cover by copper tape (diamond pattern type) over the full
length (thin solid line). The bolted cover indeed reduces the coupling by up to 30
dB, but only below 300 MHz. The copper tape reduces the signal level by 30 dB
over the full-frequency range, most likely limited by the random contact between
cover, tape, and conduit.

Tinh trung binh, dién &p hoi giam, nhung quan trong hon, cac peak cong huong
phu xuat hién trén toan bo khoang tan s6. Hinh 14 so sanh dién &p cam ung & dau
ctia day “trén” ddi voi 6ng dang chit U ha (duong lién nét day), 6ng va tat ca ¢ vit
dugc dat mot noi (duong nét dat) va dng dugc ndi voi nap bang dai ¢ong (loai van
kim cuong) trén toan bo chiéu dai (duong lién nét mong). Thuc su, cac nip duoc
chét giam ghép dén 30 dB, nhung chi dudi 300 MHz. Diy déng giam muc tin hiéu
30 dB trén toan bo khoang tan s, chu yéu bi giéi han bai tiép xdc ngau nhién gita
nap, day, va ong.

V. NHAN XET KET LUAN

The protection offered by an open U-shaped cable conduit has been analyzed.
Previous studies of similar configurations concerned mainly low frequencies



(below 1 or 30 MHz); this study extends the frequency range up to a few gigahertz.
The induced currents and voltages over a 50 Q load on wires inside the conduit
have been exposed to plane-wave excitation.

Tinh ning bao vé cua dng cép chit U ho da dugc phan tich. Cac nghién ctu trudce
day vé cac cau hinh tuong tu chi dung lai & cac tan sé thip (duéi 1 hoic 30 MHz);
nghién cau ndy ma rong khoang tan sé 1én dén vai giga Hz. Dong va dién 4p cam
g trén 50 Q tai cac day bén trong dng da duoc kich thich bang séng phang.

A good agreement between measurements and simulations was observed. Both
showed a significant protection for the inside wires, especially when the wires are
located near the conduit walls. This is valid for frequencies until a half wavelength
becomes comparable to the lateral dimensions. Some practical aspects of the
measurement setups have been discussed as well.

C6 su phu hop tét giira thuc nghiém va mé phong. Ca hai chiing té rang céc day
bén trong duoc bao vé nhiéu nhat, dat biét khi cac diy duoc dat gan véach ong.
Piéu nay dung ddi véi cac tan sé cho dén khi kich thudt bén ¢& nira budc song.
Mot sb khia canh thuc té ctia bé tri phép do cling d3 dugc thao luan.

Ideally, the variations in electric field along the conduit length should be
incorporated into the TL model of Section I11-C to account for the effects near the
end plates. When several wires are present, the mutual coupling between them
must be also included in the model. The off-diagonal elements (mutual in-
ductances) of L-matrix can be calculated by a SC approach. The corresponding
capacitance matrix is then obtained by the inversion of this inductance matrix. The
analysis of systems containing multiple cables have been earlier reported in the
literature [22]-[24].

Mot cach 1i tudng, su bién ddi cua dién truong doc theo chiéu dai 6ng can duogc
tich hop vao trong mé hinh TL caa phan I111-C dé tinh dén céc hiéu ung gan dau
cua tam. Khi c6 mat vai day, sy ghép lan nhau gitra chling phai duoc ké dén trong
mo hinh. Cac yéu té khdng chéo (hd cam) ctia ma tran L c6 thé duogc tinh bang
phuong phap SC. Sau d6, ma tran dién dung twong tng c6 thé thu dugc bang cach
nghich ddao ma tran cam ang. Phan tich hé théng chira nhiéu day cap da dugc béo
cao trudc day trong tai ligu [22]-[24].



The conduit considered in this paper contains only four sparsely placed parallel
wires. The real-world conduits are normally more densely filled with cables in
randomly interweaved bundles. The sharp resonances in the currents of Fig. 5 may
cause an increased coupling to the cables in the conduit. For calculations, the
actual wave velocities outside and inside the cable, as well as the amplitude and the
phase of transfer parameters Zt and Yt have to be known. The theory has been
already formulated by Vance [10, p. 147].

Ong duoc xét trong bai bao nay chi chua bon day song song duoc dat rai rac. Cac
6ng thue thuong co day day dac dugc gop thanh tirng bo. Cong huong rd nét trong
cac dong dién cua hinh 5 ¢6 thé 1am cho su ghép ting véi cac day cép trong ng.
Dé tinh toan, ching ta can phai biét van téc song thuc su bén ngoai va bén trong
cap, cling nhu d6 16n va pha cua cac tham sé chuyén doi Zt va Yt. Li thuyét da
dugc xay dung boi Vance [10, trang 147]

PHU LUC
PHUONG PHAP SCHWARZ-CHRISTOFFEL

Hinh dang 6ng (h =9 cm, 2w =9 cm, va d =1 mm) thu duoc bang phép bién dbi T,
tir dia don vi (xem hinh 15). Pé xac dinh cac tham s TL, cac tham sé T, [21,
phuong trinh (4.6)] thda mén.

- 8 - L —rv
T, : fi(w)= A+ C [ 11 (1 l) dc (2)
' =1 '

T, : folw) = €% jw (3)
Ts: fa(t) =t +vVt—1-vt+ 1. (4)

In (2), A and C are constants, wk are the prevertices on the unit circle, and the ak
are given by the turning angles. Values for the conduit are given in Table V. As
shown, the wk are truncated to five digits. Far more accurate values have been
used in the calculations; the lengths of the conduit edges were accurate to within
10— 12 cm. The procedure toward the L-matrix using the unit circle image has
been described in Section I11-C and [4,Appendix] and is not repeated here.



Trong (2), A va C la cac hing s, wy 1a cac prevertice trén dudng tron don vi, va
o duoc cho bai cac goc quay. Gia tri ddi voi 6ng dugc cho trong bang V. Nhu da
thdy, w;, bi chat cut dén 5 sb. Gia tri chinh x4c thém nita da duoc st dung trong
tinh toan; chiéu dai cua cac canh 6ng chinh xac dén 10 — 12 cm. Quy tinh tién dén
ma tran L ding anh dudng tron don vi da dugc md ta trong phan 111-C va [4, phu
luc] va khong duoc lap lai ¢ day.

The transformation T2 maps the complex plane outside the unit circle onto the disk
and rotates the w-plane over ¢ = n/2 + (arg wl +arg w8 )/2 to have the correct
orientation for magnetic field in t. The transformation T3 maps the full complex t-
plane onto the w-plane. A homogeneous magnetic field HO oriented along the real
axis in t is described by the complex potential HO - t. The complex conjugate of the
magnetic field in the z-plane [26, p. 58] is Hx* (z)= HO x 0T/ot with T(t)= T1 (T2
(T3 (1))). At large distances z from the con-duit, or w near the origin, T1 behaves
as C/w and T3 as 2t. The homogeneous field at large distance in z is then HO -|2C|.
The flux between the wire images in the t-plane and the conduit has been corrected
with this factor. Note [21, p. 53] that |C| is logarithmic capacity of transformation
T1 ; here we have

Chuyén doi T, &nh xa mat phang phtic bén ngoai dudng tron don vi 1én dia va quay
mat phang w trén ¢ = /2 + (arg w; + arg wg)/2 ¢6 su dinh hudng chinh xac ddi
VGi truong tir theo thoi gian t. Chuyén dbi Ts anh xa toan bé mit phang phac 18n
mat phang w. Truong tir ddng nhat Hy duoc dinh huéng doc theo truc thuc theo
thoi thoi gian t duoc md ta boi thé phirc Ho.t. Lién hop phic cua trudng tir trong
mat phang z [26, trang 58] 1a H* (z)= HO x 6T/6t v&i T(t)= Ty (T2 (T3 (t))). Tai cac
khoang céch z 16n tir 6ng, hoic w gan goc toa do, T1 giéng nhu C/ w va T theo 2t.
Truong dong nhat & khoang céch 16n z 13 HO -|2C|. Thong luong giira cac anh day
trong mat phang t va dng dugc chinh xac hoa voi hé sé nay. Cha y rang [21, trang
53] 1a dung lugng logarit ciia chuyén doi Ty, ¢ ddy ching ta c6 C=0.14366555 —
5.1424224i.



