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Reduction of Conducted Interference by Steel Armor
in Buried Cables: Measurements and Modeling

H. Tjerk Steenstra and Alexander P. J. van Deursen, Senior Member, IEEE

Abstract—Switched-mode power supplies in variable-frequency
drives often combine good electrical efficiency with generous pro-
duction of conducted emission. The common-mode (CM) current
through the output-to-motor cable may perturb nearby systems via
cable-to-cable crosstalk. Parameters relevant for the coupling are
the rise—fall times and amplitude of the output current and volt-
age, and types and lengths of the cables. Of the many techniques
to reduce the crosstalk, we investigated a particular one: reduction
of the CM current by the armor of the motor cable. The armor
is intended for mechanical protection, but may also substantially
reduce the crosstalk. In an actual installation, we measured the
transient current through the three phase leads of a motor cable.
The cable length was 85 m, and it was buried in wet soil for most of
its length. We also measured the transfer impedance of the armor
up to 10 MHz, and used this to calculate the overall CM current
in a coupled cable model using assumed reasonable values for the
cable and soil parameters. Measurements and model results agreed
well on the amplitude of the dominant resonance at about 300 kHz.
The ratio of the inside transients to CM current was a factor of 20.

Index Terms—Cable shielding, coupled transmission lines,
electromagnetic compatibility, grounding, switched mode power
supplies.

I. INTRODUCTION

N A MAIJOR project to establish proper electromagnetic
I compatibility (EMC) measures in large industrial installa-
tions [1], we want to come up with a database of tested models
for the design of large industrial electrotechnical installations
with proper attention paid to EMC. It is desirable to put on all
available metal for purposes of EMC in order to improve the
cost/benefit ratio. This paper presents an example of a realized
installation, where we predict a posteriori the conducted emis-
sion from a variable-frequency drive for an induction motor.

The model is based on the available parameters or those that
can be obtained from practical experience, and parameters pro-
vided by additional dedicated measurements such as the transfer
impedance of the cable. The aim is to assess the reduction of the
conducted emission by the steel armor of a VO-YMvKas cable
used as a shield. The code “V0-YMvKas,” describing the cable,
is explained in detail in [2]. The armor is primarily intended
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Fig. 1.

Trench with dozens of cables.

for protection against mechanical damage, such as intrusion of
spades. Of course, shielded cables exist with much better per-
formance. But still, the reduction by the armor is large enough
not to be wasted.

The installation is a part of the waste-water purification plant
“Dongemond” located in Oosterhout (The Netherlands). The
drives were installed in a control kiosk, and cables of the order
of 100-m-long connected drives and motors. The cables were
buried in wet soil over most of their length (see Fig. 1). Safety
regulations required armored cables outdoor. The armors were
treated as if they were a shield. Following good installation
practice [3], the cable armor was clamped by a bracket to the
grounded bare metal base plate on which the drive was mounted.
At the motor end of the cable, a gland connected the armor to
the motor chassis over the full armor circumference.

The switched-mode 7.5-kW variable-frequency drive gener-
ates three-phase 400-V pulsewidth-modulated signals at 3 kHz
switching frequency. The motor has its windings in the usual
delta configuration. The connection between the drive and this
motor is an 85-m-long VO-YMvKas cable with four 6-mm?
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Fig. 2. Photograph of cable armor made of 0.3-mm-diameter steel wires in
eight bundles of two wires wound clockwise and eight bundles of nine wires
counterclockwise.

solid copper leads. Three leads are used for the phases. The
armor consists of 0.3-mm-diameter steel wires in eight bundles
of two wires wound clockwise, and eight bundles of nine wires
counterclockwise at the pitch of 38 mm and a weave angle of
47° with respect to the cable axis (see Fig. 2). The open area be-
tween the nine-wire bundles is 0.8 mm wide. A 6-mm? straight
bare copper litz is also embedded inside the armor as protec-
tive earth (PE) conductor. There is no further metal shield. The
fourth lead in the cable is always connected in parallel with the
PE litz at the cable ends.

We measured the output voltages and conducted interference
produced by the drive. The net transient current of the three
phase leads and the common-mode (CM) current through the
cable were determined at the drive and the motor end of the
cable by Fischer and Fluke current probes. The signals were
recorded on digital scopes at each end (LeCroy and Tektronix);
the triggers were synchronized by an optical fiber unit.

The model is based on a multiconductor transmission line
(MTL) approach presented in [4]. The transmission line (TL)
that acts as source for the disturbances is composed of the three
phase leads regarded as bundled single conductor and the armor
plus PE and fourth lead regarded as return. The characteristic
impedance and propagation speed of the internal TL were mea-
sured in the laboratory up to 10 MHz, as is to be discussed
in Section IV. The measurements also provided the transfer
impedance Z, of the cable armor between the internal TL and
a dedicated external circuit. At Dongemond, the external cir-
cuit comprises the soil and the other cables in the trench, and
we choose the source cable armor as common return. The ex-
citation is distributed over the source cable length and occurs
via the armor Z;. We did not separately measure the soil prop-
erties like the conductivity o, input for the determination of
the parameters of the external circuit. First, o, = 1072 S/m is
a representative value for the wet soil in the western part of
The Netherlands. The water table strongly influences the ef-
fective conductivity; it is maintained constant by the controlled
drainage of the lands by mills. The cables lay at constant depth,
except for a few meters at the ends. Second, o, enters the pa-
rameters as argument of a logarithm and little error is introduced
by deviations from the actual o,. Third, the other cables in the
trench are in parallel with the soil and take their share of the
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external current. These facts induce us to use constant TL pa-
rameters over the full length of the investigated cable. The ends
are discussed in more detail in Section VII.

The goal of the investigation is threefold. First, we want to
determine the disturbance levels in this installation. Second,
we want to compare measurements with a model calculation.
The model encounters several difficulties since several neces-
sary details such as cable path or terminating impedances are
only partially known. In addition, not all metal can be correctly
included in the model, for instance, reinforcement grids and
bars of unknown interconnection. As a result, one has to make
“educated guesses” about their influence. The final goal of this
experiment is to find out to what accuracy such estimates can
serve to predict the coupling of interference originating in the
drives to their environment in spite of the uncertainties.

II. CHOICE OF THE VARIOUS CURRENT LOOPS

The circuits for the intended motor currents consist of the
voltage sources U, V, and W in the drive, the three leads in the
cable, and the three phase-windings of the motor (see Fig. 3).
These three currents are well balanced during the major part
of the 3-kHz switching waveform, or in other terms for low
frequencies. Long cables have large capacitances, which are to
be charged/discharged by the drive output. Above a certain ca-
ble length, the manufacturer asks for a three-phase choke (see
Fig. 3) to avoid activation of the internal overcurrent protection
circuit or to protect the drive against current surges. If a current
flows through one of the leads and returns through the other two,
the magnetic circuit closes in the core of the choke. The corre-
sponding inductance is typically about 1 mH, as has been found
by measurement. An unbalance in the three currents comprises a
net current equally distributed over the three coil windings. The
corresponding magnetic circuit closes via the large air gap of the
choke surroundings (see Section VI for details). The unbalance
occurs each time when one of the phases in the drive switches
over between the negative and positive rail voltage. The average
voltage of the three phases changes, and thus, the charge on
the cable capacitances. The net current has microsecond-steep
rise and fall edges, and is more intense when two phases switch
simultaneously in the same direction, or when there is a jitter
between phases in switching in opposite direction. Looking at
the cable only, the return of this net current is the fourth lead in
parallel with the PE litz and the cable armor.

For the analysis of this paper, we then distinguish three current
paths in the cable and its environment (see Fig. 4): 0) the armor
with the PE litz and the fourth lead; 1) the three-phase leads
considered as a bundle; and 2) the soil with the other cables
embedded. The choice of 1) is allowed, since the dominant
interference is caused by the net current through the three phase
leads. The three paths give two independent loops; transmission
line TL1 comprises 1) and 0), whereas TL2 is made of 2) and
0). Instead of the usual choice of the soil, we have chosen 0)
as the common return. TL1 is terminated at the source end
by the coil U2, V2, and W2 outputs bundled as single “hot”
terminal and the local ground as “cold” terminal. At the load
end one finds the capacitances between the motor windings
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Fig. 3. Setup of the installation. The inset is a photograph of the three-phase choke of the kind used in the installation.
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Fig. 4. CM and DM currents.

and its chassis. Borrowing from common EMC language, one
may consider TL1, source, and load as the differential-mode
(DM) circuit with loop current Ipyr. TL2 is then the CM circuit.
This name also indicates that the current in that loop is the
algebraic sum of the currents through all conductors of the
cable under discussion. A current probe around that cable will
measure Icyr - The coupling between DM and CM circuit occurs
via the transfer impedance, where we assume that the cable
contribution is dominant. Although it is certainly important in
the practical control room [5], we neglect in our model the CM
current through other cables toward the drive, for instance, the
ac power leads.

Fig. 4 shows a low-frequency model. For frequencies where
wavelength becomes comparable to the length, a transmission-
line model can be applied to take finite travel times into account.

III. MULTICONDUCTOR TRANSMISSION-LINE APPROACH

As mentioned in Section II, we consider the parallel combina-
tion of armor, PE litz, and fourth lead as the reference conductor;
it carries the current Icy; — Ipy . Aninfinitesimal section of the
MTL is shown in the coupling model of Fig. 5, where only TL2
has been drawn. The quantities R/, L, G'., and C’, are the per-
unit-length transmission-line parameters of TL,. The coupling
between TL1 and TL2 is represented by the circuit elements

’ 7
Ry Ly
1 o— 1+~ I I 0 3
’ 4 ! !
TL1 . o c} <} Clo o Gl,_,[]]
12 12
R o— o
TL2 cl fed
R L 2 2
2 2
2 o—— 1+ O 4

Fig. 5. Infinitesimal transmission line part. TL1 is the bundle of three inner
conductors and return is the armor with the fourth conductor and PE litz. Here,
TL2 represents the soil and all other parallel cables.

1 Transmission line 1 N+1
2 Transmission line 2 N+2
Network 1 |': : : | Network 2
N Transmission line N 2N
Return conductor
Fig. 6. Model of the setup consisting of an [V -conductor transmission line and

two terminating networks, with node points numbered.

"9y L9, Gy, and C7,. The real and imaginary parts of the

transfer impedance are described by R}, and L}, ; both depend
on frequency because of the skin effect.

In the actual MTL calculations, we split the soil and the other
cables and described them as individual TLs, numbered TL2 for
the soil and up to TLV in Fig. 6. Network 1 describes the drive
and choke, and network 2 the motor. Both networks contain the
connection to the return conductor.

We followed the approach of [4] to calculate the TL voltages
and currents. The frequency response of the circuit is derived by
assuming a 1-V sine wave voltage source at node 1 and calculat-
ing all voltages and currents at the frequencies of interest. The
sample frequency used is 1.5 MHz and the number of samples
is 256. The DM voltage generated by the drive is sampled and
converted to frequency domain via fast Fourier transform (FFT),
multiplied by the frequency response of the circuit, and finally,
transformed back to the time domain via inverse FFT (IFFT).
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Return oj Q )\ Return

Fig. 7. Setup to determine the transmission line parameters. (Left) Cross-
section of the setup. (Right) Schematic representation; the numbers refer to the
nodes in Fig. 6.

TABLE I
TRANSMISSION LINE PARAMETERS DERIVED BY
CURVE FITTING OF S-PARAMETERS

[ Parameter | DM circuit (TL1) [ CM circuit (TL2) |

Zo 185 Q 233 Q)

v 1.70 - 108m/s 2.15-10%m/s
tan(J) 10.2-1073 24.2-1073

L 127 nH/m 119 nH/m

7 370 pF/m 220 pF/m

IV. MEASUREMENT OF CABLE TL PARAMETERS

A 3.8-m-long cable segment was tested in the laboratory. The
cable was pressed in the corner of an aluminum L-shaped bar
(see Fig. 7). The setup has two transmission lines: the inner
circuit with three leads in parallel and the armor plus fourth
lead and PE litz as return, and the outer consisting of the L
and the return just mentioned. For both circuits, we derived the
transmission line parameters from the S-parameters measured
with a vector network analyzer (VNA) consisting of an HP
4396A in combination with an S-parameter set HP 85046A.
We limited the frequency band to 10 MHz. For the inner circuit
or the cable itself, the reflection parameters S1; and Ss9 at the
ports formed by nodes 1 and 3 were fitted to the following
expressions [6]:

(Z% — 1) sinh(q1)
27y cosh(vl) + (Z2 + 1) sinh(y1)

Si1 = Sz = ey
where Z,, is the normalized characteristic impedance, which is
Zy /50, and = is the propagation constant given by

y=a+i8=V(R + jwl)(G + juC"). 2

Similarly, the transmission parameters S12 and So; from node
1 to 3 and vice versa were fitted to

27,

S = = .
2 27 cosh(yl) + (Z2 + 1) sinh(y1)

:S12:

3)

During these measurements, the outer circuit was terminated at
both ends into 50 €2 in order to reduce resonances. The same
procedure is repeated for the outer circuit on nodes 2 and 4,
with the inner circuit terminated into 50 €2. In this approach, the
coupling between the two circuits via the transfer impedance is
neglected. The resulting TL parameters are given in Table I as
characteristic impedance Z, propagation velocity v, and tan ¢
for the damping. These parameters can be easily converted to
the circuit parameters of Fig. 5. Please note that the parame-
ters of the CM circuit (TL2) obtained here are different from
the parameters in the actual installation with the cables in the
soil.
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Fig. 8. Measured amplitude and phase of the transfer impedance Z;. Below

100 Hz, the phase rapidly tends to zero®. The graphs also show the Z; calculated
from the fit to the low-frequency data, extrapolated to 10 MHz.

A. Transfer Parameters

The transfer impedance was obtained on a 1.2-m cable seg-
ment mounted in a similar L-shaped bar. Between 100 Hz and
1 MHz, a sine wave generator (50-2 output) provided the cur-
rent in one TL. The near-end voltage induced in the other TL
was measured by a lock-in detector over a 50-2 termination; the
far end of that TL was shorted. The resulting transfer impedance
per meter length Z] is shown in Fig. 8. Guided by the observed
behavior as a function of frequency, we fitted the |Z]| to the
expression of the surface impedance Z! of a single equivalent
round wire [7]

s xdo(x)

Z(x) =
with R, being the dc resistance of the wire and x = \/—j f/ fs.
Since the frequency variation of Z only depends on R and
f/fs, we do not specify the wire parameters further. However,
for a single round wire of radius a, conductivity o, and magnetic
permeability /1, one would have R{, = 1/ma’c. At the frequency
/5, the skin depth 6 = \/2/wuo would be equal to a. The fit-

ted parameters are R{ = 2.29 m)/m and the frequency f5 =
410 Hz. The lower part of Fig. 8 shows that the calculated phase
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of Z! is also in good agreement with the measurements. Below
410 Hz, the transfer impedance is about constant as determined
by the parallel resistance of the PE litz, the fourth lead, and the
armor (1.3 m<). In this measurement setup, the contact resis-
tance of the connectors for the armor and PE litz add to Ry.
Above 1 kHz, the transfer impedance becomes proportional to
the square root of the frequency, indicating a dominant surface
skin effect. The near to constant phase angle of Zj, which is
equal to 7/4 in good approximation, agrees with this interpre-
tation. The low value of fs indicates the predominance of the
ferromagnetic armor in Z;. At frequencies between 300 kHz and
10 MHz, Z] has been determined with the VNA. In the region
of overlap with the lower frequency data, good agreement is
observed. With open-circuit terminations of inner and outer TL,
the transfer admittance Y; has been determined. Below 10 MHz,
Y/ = jwC1, holds with C{, = 0.23 pF/m. With this low capac-
itance value, the coupling via Z] dominates the Y, contribution
over the frequency range of interest. As a test, the measured Z;
was used to calculate the transfer between both TLs in the setup
with the 3.8-m-long aluminum L-shaped bar. Good agreement
was obtained.

V. MODELING SOIL AND OTHER BURIED CABLES

As mentioned in Section III, the soil is modeled as TL2 and
the other buried cables as TL3—-TLN. We now present equations
for the transmission line parameters in the form of per-unit-
length impedance (Z’ in Ohms per meters) and admittance (Y’
in siemens per meter).

A TL2

TL2 consists of the soil surrounding the cable as forward con-
ductor and the armor of the cable as return conductor, separated
by the polyvinyl chloride (PVC) insulation of the cable. Expres-
sions for the impedance and admittance of such a transmission
line can be found in [8]. The impedance consists of the internal
impedance of the soil Z!, the internal impedance of the armor
Z!, and the inductive reactance jwL’ of the space occupied by
the cable’s outer insulation. The internal impedance of the soil
can be expressed analogous to (4) as

LCSK()(I'S)
7 =R =2 5
=Sk ) ©)
(see, e.g., [9] and [10]). Here, x5, =1, and ~; =

Jjwus(os + jwes) is the propagation constant for a soil with
conductivity o4, magnetic permeability i, and electric permit-
tivity €. R, =1/ mﬂz o, stands for the resistance per meter soil
over the volume excluded by the cable. The outer radius of the
cable including the insulation is 7.

As mentioned in Section I, the armor of the cable consists of
8 x 11 parallel steel wires with a radius rg, = 0.15 mm (see
Fig. 2). The pitch of the steel wire spiral is 38 mm. Combined
with a radius of the armor r, = 6.5 mm, the total length of
steel wire per spiral turn is 56 mm. If we neglect the interaction
between neighboring wires, the internal impedance is

, 1 56,

4= gz ) ©

with Z/ (z4y) as in (4) with the parameters of the steel wires.
Again, the ferromagnetic properties of the steel strongly increase
Z! over a nonmagnetic material like copper.
The self-inductance of the space occupied by the cable outer
PVC insulation is straightforward
(”’) . ™
Taq

The total admittance is the series connection of the capaci-
tance of the insulation gap and the admittance of the soil. The
capacitance of the cable outer insulation is given by

o=y
2T

2me;

In (:—’l) '

In this equation, ¢; is the dielectric permittivity of the outer
insulating. The admittance of the soil is approximated by

C'=

®)

2
Y
Y ~ L.
" F 7

(€]

The upper part of Fig. 9 shows Z/, Z!, and jwL', and the total
series impedance Z'. One notes that the soil contribution, mainly
Z,, determines Z' above 5 kHz. This crossover frequency would
be lower if the PE litz and fourth conductor would contribute to
Z]. The lower part shows Y, and jwC" and total Y. Here, the
cable insulation dominates in Y’ over the frequency region of
interest, i.e., below 750 kHz.

B. TL3-N

The impedance of these TLs consists of twice the Z; of the
cable in the soil (5) and twice the Z! of (6). The additional
coupling between the cables via the magnetic field in the soil
can be expressed by a mutual impedance M’ in —2jwM’. We
followed the approach of [11, eq. (4.44)]

M = %[KO (’yd) — K (’}/dl‘,) + W('de)] (10)
where
) [T cos(ud)

In this equation, d is the distance between the cables, o? =

2 +u?, and d; = v/d? + 422, where z is the burial depth of
the cables. Please note the change in variables with respect
to [11]. We used d =2 cm and z = 1 m. The integration of
(11) has been carried out numerically up to an upper boundary
u = 10. If we increased the upper boundary from v = 10tou =
100, the relative change in W was 1078, indicating sufficient
convergence.

C. Coupling Between TL2 and Other Buried Cables

The coupling between TL2 and a nearby buried cable is a
coupling of the electromagnetic fields in the soil (TL2) to the
armor of another cable. This coupling is comparable to the
coupling of lightning-induced fields in the ground to buried
cables, which is described in [12]. Their model is valid un-
til 30 MHz, which is far beyond our maximum frequency of
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Fig. 9. Contributions to (top) the impedance and (bottom) the admittance by

the cable and by the soil. The cable dimensions have been mentioned in the
main text. The soil parameters were o = 0.01 S/m, ps = po, the magnetic
permeability of vacuum, and €5 = 10¢( with ¢y being the permittivity of vac-
uum. For the steel wire, we used oy, = 107 S/m and 1 = 50040, and for the
PVC cable insulation, €; = 4¢q.

750 kHz, that makes their approach useable in our situation.
The buried cable in the ground is modeled as a transmission line
with a series voltage source F, (see Fig. 10). The voltage of this
source is equal to the tangential electric field at the location of
the cable. The electric field parallel to the cable as a function
of the distance to the cable r, generated by the current [ in the
armor, is given by

© 2wy Ky (smy)

As can be derived from Fig. 10, the voltage per meter over the
armor of the other buried cable is given by

7!
YA (49
where
Zy(jwC' +Y))
7 =7 +jwl + Z g 14
= Ayl bt ey e vy (Y

and 2, Z], Z;, Yg’, L', and C' are equal to the parameters of
TL2.
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Infinitesimal part of transmission line formed by a buried cable in the

VI. SIMULATION RESULTS FOR THE ACTUAL INSTALLATION

The DM current primarily depends on the TL1 parameters
given before. The coupled inductance of the choke has been
determined by interconnecting the three input terminals U1,
V1, and W1 at one side and interconnecting the three output
terminals U2, V2, and W2 at the other side. The inductance
between the “1” and the “2” sides is 4.4 ©H over the frequency
range of interest, as measured by an Agilent 4263B impedance
meter. The internal impedance of the inverter is assumed to be
negligible compared to the choke impedance. The motor wind-
ings have a capacitance of 4.16 nF with respect to the chassis,
as measured for the three phase windings together. With these
parameters, the lowest resonance frequency of TL1 and its ter-
minations are in good agreement with the observed 300-kHz
ringing found in the measurements (see Fig. 11). At this fre-
quency, the calculated ratio of the DM current at the drive to
the DM current at the motor is about a factor of 5, as is also
seen in the measurement results presented in Table II. The time-
domain DM current has been calculated as the response to a
slope-limited voltage step at node 1 (see Figs. 5, 6, and 11).
The supply voltage in the drive is 260 V for each polarity. In
the selected data, two phases switched simultaneously, which is
equivalent to a source voltage at node 1 of 2/3 x 520 = 347 V.
The calculated DM current peak-to-peak value agrees well with
the measurement.

The external TLs are modeled as parallel lines. However, in
the actual installation, these are less well known because there
are many possible current paths outside the TL1 cable of in-
terest: the soil, other cables, and the concrete reinforcement.
To cope with this uncertainty, we compare three situations:
1) TL1 is a single buried cable in the soil with a conductiv-
ity o of 1072 S/m common for wet soil and no other conductors
in the neighborhood; 2) the other conductors simulated by an
adapted soil conductivity of 50 S/m; and 3) all other cables
modeled by a bundle of four. In both cases, we use the approxi-
mations for the TL2 impedance and admittance given by Vance
[8, Ch. 4], and we assume that TL2 is terminated into a short
circuit to the common return at both ends.

In Table II, the following results have been summarized.

1) The simulated time-domain CM current for the common

soil is too small by a factor of 150, so the other conductors
must be taken into account.
The soil conductivity of 50 S/m gives reasonable agree-
ment between the simulated and measured time-domain
CM current. Close to the drive, the ratio of the currents in
TL1 and TL2 is about a factor of 20. The current ratio at
beginning and end of TL2 is about 2.5.

2)
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Time-domain result of (left plots) the measurements and (right plots) the calculations. The plots on top give the results for the inner conductors, which

is called TL1 in the simulations. The bottom plots give the results of the summation of the currents in all other transmission lines. The voltage step measured on a

single phase is shown in the top left plot.

TABLE I
SIMULATED VALUES OF DM AND CM CURRENTS
AT INVERTER AND MOTOR SIDE

simulated measured
o (S/m) 10~2 | 50 | 102
#other cond. n 0 | 0 | 4
300 kHz TL1 begin 0.13 0.13 0.13
TL1 end 0.019 0.019 0.019
TL2-N begin | 1-10"% 6-1073 7-1073
TL2-Nend | 1.6-1075 | 2.3-10=% | 1.8-1073
time domain TL1 begin 25 25 26 234
TL1 end 4.5 4.5 5.0 4.9
TL2-N begin 0.021 14 1.5 1.12
TL2-N end 0.004 0.5 0.6 0.6

The 300-kHz data assume a 1-V excitation at node 1. The simulated time-domain data
are the peak-to-peak values for a voltage rise at node 1 of 347 V.

3) If four other cables (n = 4) are taken into account (see
Fig. 13), the simulated currents are in reasonable agree-
ment with the measured currents. Figs. 11 and 12 present
the TL currents for this case.

VII. DISCUSSION

The prominent feature in the measured currents is the
300-kHz ringing frequency. The TL1 cable parameters and

4.16-nF capacitance at the motor end have been measured with
an accuracy of the order of 1%. The actual length may vary by
about 5% from the 85 m used in the calculation. The 4.4-uH
self-inductance of the choke is essential to obtain agreement
between measured and calculated resonance frequency and
current amplitude.

The other cables are necessary in the model to explain the
observed CM current. The second model, which relies on the
soil alone, needs an unrealistically high conductivity of 50 S/m.

The other cables in the ground are taken into account by
regarding them as additional transmission lines that have the
same length and follow the same path as TL1. All other motor
drives are placed next to each other in the control kiosk. The
motors are all connected to the local grounding which includes
the concrete reinforcement. We assumed that this distributed
grounding acted as a single connection for the CM current.
Further modeling would require detailed information about all
connections, which was not available.

As Fig. 1 shows, the many parallel cables form a spaghetti
cluster, rather than a strictly parallel set of cables. In principle,
a statistical model should have been more adapted to describe
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Fig. 12. Frequency-domain result of calculation of the TL currents for 1-V

excitation at node 1. The ratio of the current at the beginning of TLI1 to the
current at the end of TL1 at 300 kHz is about 5. This is the simulation with four
other buried conductors.
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OO®OO

6 5 return 3 4
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Fig. 13. Arrangement of four other buried conductors. The numbers refer to
the transmission-line numbers. The distance d between the cables is 2 cm.

the TL3 and higher. Such models have been proposed (see, e.g.,
[13]). However, we checked the sensitivity of the calculation
results to the number of parallel cables. An increase in the
number of cables in our model from 4 to 6 did barely alter the
CM current. We did not measure the individual CM currents
through the other cables.

The accuracy of the soil parameters is less important, because
the soils carry only a small current and because these parameters
enter the calculations primarily as part of the argument of a
logarithm.

The four leads of the TL1 cable are positioned in a square
arrangement. The symmetry is reflected in the current—voltage
patterns of the four normal transmission modes. The PE litz
inside the shield then destroys the precise fourfold symmetry of
the configuration, complicating the mode patterns. Slight dif-
ferences in propagation speed and damping between the modes
might be expected. We therefore measured the effective TL pa-
rameters with the cable connected as in the practical situation:
three phase leads bundled and the fourth lead grounded to PE
litz and armor. Over the frequency band below 1 MHz, the dif-
ferences in mode propagation are not important. If the measure-
ment and modeling would be extended to higher frequencies,
such differences would certainly have to be accounted for. The
measurements were performed with 8-bit resolution. The spec-
tra did not show sufficiently clear high-frequency features to
warrant a detailed analysis.

The transfer impedance Z; has been measured in the same
configuration, three leads combined, and the fourth lead plus PE
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litz connected to the shield at the ends. It is to be expected that the
Z] depends on the shape of the outer return and the position of
PE litz with respect to the external conductor. Also, the position
of the fourth lead varies over the length since the inner leads
spiral around the cable axis. We checked the variation of Z; with
the L-shaped bar (Section IV) replaced by a 20-cm-wide copper
foil at a few distances up to 5 cm, and with the cable rotated
over its axes. The Z; values remained within 15% equal to the
data of Fig 8.

With its total coupled inductance of 4.4 H, the choke is not
very effective to reduce the net current through the three phase
leads. Another approach makes a more effective use of the fourth
lead: install a balancing transformer with four windings on a
single yoke with the magnetic circuit closed. Such a transformer
forces the net current through the three phase leads to return
through the fourth lead. This approach relieves the requirements
on the armor or a shield, but does not necessarily make these
superfluous. The transformer has indeed been used in a practical
situation [14] with good result.

VIII. CONCLUSION

The results of a field measurement in a complex industrial
installation have been presented. A careful connection of a steel
armor—as if it was a high-quality shield—reduces the interfer-
ence by about a factor of 20 (95% of the disturbing current is
flowing back in this shield, instead of in other cables).

The calculated DM and CM currents agree well with the
measurements. The armor of the neighboring cables provide
a low-impedance path for the CM currents. The soil is less
important as CM return in this installation.

In the model, the other buried conductors are short-circuited
to the return conductor at the beginning and end of the TLs.
This appears to be a good approximation although in reality the
other TLs are longer than the one under consideration.
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