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Although various measurement techniques have been applied to both qualitative and quantitative evaluation for the electromagnetic shielding
performance of braided-shield power cables, the existing measurements cannot directly assess the low-frequency shielding performance (typ-
ically below 100 kHz) due to factors such as ground-loop effects and dynamic range problem in measurement. To solve these, an improved
shield reduction factor method, based on gain (T/R) rather than scattering parameters, is proposed to evaluate the shielding performance of
braided-shield power cables from 25 Hz to 1 MHz. In this work, we highlight the implementation of measurement setup to avoid the effects
of ground-loop and stray electromagnetic field. Meanwhile, the test cell is simplified according to the definition of the shield reduction
factor in order to obtain the gain (T/R) parameters, which can be used to calculate transfer impedance as well. From the measurements we
present more intuitive evaluation of shielding behavior of braided-shield power cables at low frequency regimes, and showcase a detailed
comparative discussion between transfer impedance and shield reduction factor. The proposed shield reduction factor method is expected to

be a useful way for the evaluation of the low frequency shielding performance of braided-shield cables.
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1. INTRODUCTION

Braided-shield power cables play an important role in
the interconnection of various high-voltage (HV) high-power
(HP) electrical drives, e.g., in high-speed railway traction,
electric ship propulsion, or electric vehicle drive system.
Considering the wide application of non-linear, unbalanced
loads and HP electronic converters, however, electromagnetic
interference (EMI) inevitably leads to performance degrada-
tion of electronics, which may turn out to be insecure against
the reliable operation of control system [1]. Moreover, a
series of electromagnetic compatibility (EMC) experiments
show that these interconnected cables are considered to ac-
count for the radiated emission problems [2], [3]. Theoret-
ically, braided-shield cables with proper grounding provide
an effective way to protect against electromagnetic emissions
and couplings. The material, wire diameter and weave an-
gle of the braided shield will affect the EMI suppression ef-
fect, and consequently qualitative and quantitative evaluation
of the coupling mechanism of electromagnetic field (EMF) to
the braided shield is a prerequisite for optimizing the material
and geometric parameters.

In general, either transfer impedance (Z;) or shield reduc-
tion factor (K,) is the characteristic parameter used to analyze
electromagnetic shielding performance of the cables, and Z;
or K, can be approximated by analytical formulas [4]-[7]. Ac-
cording to the definitions, transfer impedance and shield re-
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duction factor are all positively correlated with the shielding
performance, i.e., the smaller Z; or K, is, the better shielding
performance of the cable will be. Different from theoreti-
cal calculation, direct measurement is the most effective way
to evaluate shielding performance of braided-shield cables.
Over the recent years, various methods have been developed
to measure transfer impedance Z; of the braided-shield cables,
and these methods, e.g., the triaxial method (IEC 62153-4-3)
and the line injection method (IEC 62153-4-6), are mostly
suitable for the metallic communication cables which share
the same coaxial or quasi-coaxial characteristic structures.
With regard to HV braided-shield power cables, the differ-
ences in diameter and noncoaxial structure may make the
standard methods unapplicable as they are. As discussed in
[8] and [9], the triaxial method must prepare different tubes or
even a larger triaxial cell in order to reasonably fix some cer-
tain power cables with different geometric features. In [10],
the line injection method may yield different results caused
by different orientations of injection line along the noncoaxial
cable under test (CUT). To overcome these, the ground plate
method (GPM) had been proposed for the measurement of
Z;, and effectively solved the problem of geometric features
in different samples [9], [11], [12]. It is worth noting, how-
ever, that the ground-loop in GPM (both source and receiver
have the same ground potential) will affect the measurements
especially at frequency below 100 kHz (more details can be
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found in IEC 62153-4-3 Annex F), where the low frequency
limit for GPM mainly relies on that of ferrites used to avoid
the ground-loop effects.

Shield reduction factor K,, compared with transfer
impedance Z;, can provide more intuitive evaluation of elec-
tromagnetic shielding performance of braided-shield cables
at low frequency (typically below 1 MHz) [7]. In [13], a flux
density probe has been used for the measurement of K- at 50
Hz, and obviously this is the most direct way to assess the
shielding performance for several specific frequency points.
Note that the CUT in [13] is placed in the metal wiring trough,
the measured K, represents the shielding performance of the
wiring trough with and without cover, and more generally,
the probe cannot be placed inside the braided shield of CUT
[14]. As for the standard procedure of K, for communica-
tion cables in the 50-800 Hz regime [15], the test cell can
be easily constructed in case of electromagnetic coupling be-
tween the parallel lines. However, variable-frequency power
source (VFPS) and high-precision probe are all essential for
the measurement configuration. As per [15] the source should
be directly loaded onto the braided shield of CUT, it is uncer-
tain how many amperes will have to be supplied by the power
source to ensure that the measurement has a sufficient dy-
namic range, and how to avoid ground-loop effects, as well as
stray EMF, on measurement signal typically below 100 kHz.

To overcome the aforementioned questions without signif-
icantly compromising the preparation time, cost and experi-
mental results of CUT, the transmission-reflection (T/R) tech-
nique is used to measure the gain parameters rather than scat-
tering parameters especially at frequencies below 1 MHz. In
this work, the test cell is improved by simplifying the braided
shield to ground loop in order to meet the requirements of
geometric features for different braided-shield power cables,
while large dynamic range (> 90 dB) for the measurement of
gain (T/R) parameters is provided by gain-phase test port of
vector network analyzer (VNA).

In this paper, which is an extension of the investigation pre-
sented in [7], we highlight the shield reduction factor method
(SRFM) and the equivalence principle for the shielding per-
formance assessment of braided-shield power cables to im-
prove the test cell which can be suitable for the measure-
ment of gain (T/R) parameters from 25 Hz to 1 MHz, and
finally provide intuitive evaluation for the shielding perfor-
mance of CUT. This paper is structured as follows. Section
2 presents the generalized definition of shield the reduction
factor, and corresponding implementation of SRFM for the
measurements as an extension of the work in [7]. Section 3
shows results for shielding performance of CUT evaluated by
shield reduction factor as well as transfer impedance, and also
showcases a detailed comparative discussion. Finally, Section
4 summarizes the conclusions of this paper.

2. THEORY
2.1. Shield reduction factor

For two independent parallel coils, an electrified coil will
induce a reverse current in another coil according to Lenz’s
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law. Similarly as visible in Fig. 1.a) and b), reverse induced
current /; will be generated on the braided shield of CUT in
case of the injection cable current /;;;. That is to say, the
induced voltage of inner conductor to braided shield (ground),
denoted as Vs in Fig. 1.c), mainly relies on I; and transfer
impedance Z;, and then Vj5, can be written as

Visg:[s'Zl (1)

Furthermore, if there is no braided shield in CUT, the in-
duced voltage of inner conductor to ground, Vi, is directly
derived by

Vig = linj Zinj—i (2)

And consequently, shield reduction factor K, in dB can be
defined as the ratio of Vjy, (with braided shield) to V;, (without
braided shield) [5], [6], viz.,

V:
K.(dB) =20-1g <—g> 3)
Vig
Referring to Fig. 1.b), if one considers the case of braided
shield to ground having impedance, Z;,,,, then I; and I;,,; are

related to this impedance by

Iinj 'Zirzjfs —1I- Zlaop =0 4

Without loss of generality, we can make an assumption
that Zinj—i = Zinj—s, Zioop = Ry + jOLjoop, Zt = Ry + jOL,,
and R; =~ R;. Combining (1)-(4) yields the following relation-
ships:

Z R+ jol,
K.(dB) =20-1g [ =2~ ) =20-1g [ —IC% ) 5y
Zloop R+ Jleoop

Note that R; and L, are all characteristic parameters asso-
ciated with CUT. It is clearly counter to the purpose—and to
the utility of using shield reduction factor K, to assess the
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Fig.1. a) Basic structure of braided-shield cables, b) simple model
for two independent parallel cables, and c) equivalent circuit of b).
Specially, L is the coupling length, Z;,; ; and Z;,; , represents
the mutual impedance between injection cable and inner conduc-
tor, injection cable and braided shield, respectively, and Zs is the
impedance of braided shield.
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Fig.2. Braided-shield power cable in the soil. In general, R is the
radius of the cable in meters, d is the buried depth in meters, and the
soil is charactrized by conductivity o, permeability (o and permit-
tivity € = &:4€.

shielding performance of CUT=if the self inductance Ljo,p
of the braided shield to ground loop is uncertain. In other
words, shield reduction factor K, or transfer impedance Z; is
sufficient to characterize the suppression of electromagnetic
coupling, and in practice, K, can also be used to describe the
shielding performance of CUT. For the underground braided-
shield power cables, as shown in Fig. 2, the low frequency
approximate expression of L;,,,, proposed by Pollaczek [16],
is adopted in GB/T 5441 within the frequency range of 50-
800 Hz and simplified as

L{Z)(Z’ac‘zek (H/m)
_K R o (VR AR |
0 i - Ko
"V JOHo Oy \/ JOU Oy
Ho
= Z_Re exp (jRu—Zd u2+ja)u06g)
d = : 6)
- lu| 4+ /u?> + joLuo,
. .du -
2
~ | 2In +1] %1077

1.78Ry\ /4o, x 1077

where Re[-] indicates the real part of Z,,,/(j®), and Ko
is the modified Bessel function of the second type of order
0. It can be seen that (6) is a practical estimation of L,
without considering the effects of permittivity & and buried
depth d, and moreover, the usable frequency should satisfy
the condition of f << 6,/(27g,). In [17], a more reason-
able expression of Ly,,,, related to the propagation constant
Y% = \/JjOo (0g + jwe,) and buried depth d, is given by

LTheethayi (H /m)

loop
Ho In (1+rgR) + 2 o= 24| )
27 reR 44 (rgR)z

From a practical point of view, d — 0 in (7) can be used
to describe the self inductance L;,,, for the case of braided-
shield power cables placed on the surface of the ground. As

= Re
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for the others, i.e., a single-braid, with an outer diameter in
the 5-15 mm range, at a height of 50-500 mm above ground,
the average value of L;,,, is about 0.955 uH/m [6].

2.2.  Measurement principle and configuration

According to the definition of K, in (5), the most general
measurement setup of SRFM handled in GB/T 5441 is de-
scribed in Fig. 3. Specifically, fixtures A, Ay, By, and B>
are reliably welded to the braided shield of CUT, the distance
between A; and A,, By and B, is 1.02 m, 1 m (i.e., the cou-
pling length L = 1 m), respectively. The lead of A; forms
a LxW rectangular loop (see the red line in Fig. 3), and the
inductance of that is equal to the self inductance L;,,, of the

braided shield to ground loop. As per [18] the inductance of
LxW rectangular loop is

LIL(:)E/(H) = % (L-]n (%) +W-In (%)) (8)

VFPS E

w

S

——
Twist together

L
Inner conductor

Fixture 4, Fixture B, Fixture B,

S,
Fixture 4,

Fig.3. Standard measurement setup of SRFM for shield reduction
factor K, in GB/T 5441.

For the case of L = 1 m, the length of W can be easily
derived in terms of (6)-(8). As mentioned before, both Z;
and K, are the intrinsic parameters of CUT. However, for the
measurement setup, the CUT placed at a large height "W" to
the ground will capture more (or radiate more) interference,
which will show better K, than the CUT installed closer to the
ground. The ability of a cable to radiate or receive is exactly
linear with height W, while the decrease of K is only propor-
tional to IgW, and then the W derived by (6) and (8) is a good
tradeoff to determine accurately K,. As depicted in Fig. 4, the
length of W is significantly affected by &, and R, not the con-
stant value W = 0.4 m in GB/T 5441. In other words, for the
underground braided-shield power cables, the factors such as
frequency, soil (conductivity o,, permeability Ly, and permit-
tivity &), buried depth d and cable radius R need to be taken
into account to ensure the accurate measurement of K.

Referring to Fig. 3 again, the inner conductor of CUT joins
with fixture A at only one end, and the lead is arranged along
the rectangular loop (the red line) in order to provide a mea-
surement terminal S;. On the other hand, the inner conductor
is twisted together with the end lead of fixture A,, which pro-
vides another terminal S,. Note that the twisted structure is
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Fig.4. The length of W for SRFM as a function of radius of CUT
for different permittivity.

used to suppress the effect of stray EMF, and there is good in-
sulation between the inner conductor of CUT and the end lead
of A,. For the case of current excitation generated by VFPS
in rectangular loop (see the black line in Fig. 3), voltage Vs
measured by a high dynamic range sensor with switch S con-
necting to Sy indicates the induced voltage V;, without braided
shield (see Fig. 1.c)), while the voltage Vs, with S connecting
to S represents Vi, with braided shield. Obviously, shield
reduction factor K, can be calculated as

_Vig _ Ve

= 9
Y. T Ve ©)

It is worth noting that VFPS is directly loaded onto the
braided shield of CUT, and it is uncertain how many amperes
will have to be supplied by the source to ensure that the mea-
surement of sensor has a sufficient dynamic range. Moreover,
it is difficult to avoid ground-loop and stray EMF effects on
broadband sensor signal typically below 100 kHz.

In view of this, the improved measurement configuration
for SRFM is shown in Fig. 5. Two cables with the same length
are placed in parallel, and a pair of fixtures are reliably welded
to both sides of the braided shield of CUT. The leads of fix-
ture form a LxW rectangular loop, and the inner-conductor
of P4 is welded to the adjacent fixture. The inner-conductor
of P3 directly connects with the braided shield of injection
cable, and leads of inner-conductor and braided shield in P,
and P, joint with coaxial connector, respectively. VNA (Ag-
ilent Technologies E5S061B) and power splitter are essential
for the measurements, where VNA provides gain-phase test
port (5 Hz to 30 MHz, Z;, = 1 MQ or 50 Q) that can be
used not only as a broadband power source but also as a high-
precision sensor with a dynamic range of > 90 dB. Specifi-
cally, LF-OUT and R-ch receiver of VNA connects with port
1 and 2 of power splitter, respectively. Port 3 of power splitter
is connected to P; while T-ch receiver of VNA connects with
b.

In the simplest case, when S is on, there will be induced
current in the L x W rectangular loop, the T/R parameter mea-
sured by VNA represents the ratio of induced voltage Vs, to
R-ch receiver in case of effective grounding of the braided
shield, and is denoted as 20-1g(7,,/R). Similarly, S is off, the
T/R parameter measured by VNA indicates the ratio of in-
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duced voltage V;, to R-ch receiver with no braided shield, and
is denoted as 20-1g(T, 7f /R). Then K, can be derived by

T, T,rf T,
Kr(dB):20~lg%720~lg ‘;gf :20~1gT‘;'f (10)
[0

VNA (Aglient Technologies E5061B-3L5)

50Q | 50Q | 50Q
T-ch R-ch
(Zin=1 MQ) (Zi=1MQ) LF OUT

y i" o Power
P, ! splitter

Fig.5. Conceptual view of the improved measurement configuration
for SRFM, where P -Py indicate the port of injection cable and CUT.

Referring to Fig. 5, the LF-OUT is set to 0 dBm, the
braided shield resistance Ry of injection cable and CUT is sev-
eral mQs, the input impedance Z;, for T-ch and R-ch receiver
should be set to 1 MQ. It means that Z;, > R,, i.e., R in T/R
measured by VNA is constant value for a given frequency,
no matter if S is on or off. Furthermore, it is worth noting
that the injection cable and CUT are two relatively indepen-
dent test loops, there is no ground-loop effect especially for
the T-ch receiver. With regard to stray EMF, it has an influ-
ence on both measurements, which indicates the stray EMF
effects (denoted as 20-1g(Tgmr /R)) can be eliminated by sim-
ple mathematical operations, namely

T, T
(20-1gﬂ—20-1g EMF)
R R Ton
- T, T =20-leg
_ {201 offi2 1 EMF off
<O g% 0-1Ig R

K/ (dB)

(1)

3. RESULTS AND DISCUSSION

Fig. 6 shows the measurement setup to assess the shield-
ing performance of braided-shield power cable from 25
Hz to 1 MHz, where CUT is CJPF96/SC 2x2.5 mm?
(Changzhou Marine Cable Co., Ltd., China), W = 0.12 m
in case of L = 1 m and L;,,, = 0.955 pH/m. Note that
although these results have been discussed in detail in [7],
the re-explanation gives useful insight for understanding the
shield reduction factor K, and the related method (SRFM).

As previously mentioned in (10), K, can be easily derived
by T/R parameters measured by VNA, and consequently Z;
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Fig. 7. Frequency-dependent magnitude of transfer impedance Z;
(Upper) and shield reduction factor K, (Lower).

is calculated according to (5). For the sake of convenience,
these values are divided into three basic frequency ranges, i.e.,
domain I, II, and IIT as shown in Fig. 7. At lower frequencies
(domain I below 2 kHz), R; > @L;, Ry > ®L;,,p, and (5) can
be simplified as

R,

K,(dB) ~20-Ig <Rs+j60Lloop> (12)

Referring to the ohmic region shown in Fig. 7, Z; is re-
garded as equal to Ry ~ 9.93 mQ/m, which has been verified
by the direct measurement of R with the use of milliohm-
meter (Tonghui TH2521 at 1 kHz). Obviously, K, tends to
a constant value approaching 0 dB, which indicates that the
braided shield of CUT offers relatively poor shielding perfor-
mance below 2 kHz.

Regarding domain II from 2 kHz to 100 kHz, Z;,,,, relies on
®Lj,,p, the corresponding range is approximately from 0.012
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Q10 0.6 Q, and (5) is written as

13)

R+ joL
K.(dB) ~20-1g <ﬂ>

ijloop

It can be seen that K, is negatively correlated with fre-
quency, and the experimental value of K. shown in Fig. 7 also
verifies the similar frequency-dependent behavior, i.e., K, de-
creases with increasing frequency. Referring to wL;, the min-
imum value is about 1.9 mQ at 100 kHz, and meanwhile, the
best shielding performance of K, = —50 dB can be obtained
for the CUT. Considering the equivalent model of series resis-
tance R, and inductance L, shown in Fig. 1.c), Z; still depends
on Ry, and Z; is negatively correlated with frequency from 10
kHz to 100 kHz which has also been verified experimentally
in Fig. 7. More precisely, as discussed in [19], the frequency-
dependent behavior of Z; mainly relies on the scattering part
(denoted as Z;) of Rs, namely

ms

Li~=7Zy = (14)

. sinh (mg)
where mg is positively correlated with d/ 8, d is the thickness
of single braided wire and § is the skin depth. As frequency
increases, the skin depth 6 decreases, and the corresponding
mg increases. Specifically, if mg < 1, then sinh (mg) ~ mg,
ie., f <10 kHz, and Z; =~ R, as shown in the ohmic re-
gion. Otherwise, if mg > 1, then sinh (mg) > mg, and con-
sequently Z, decreases with increasing frequency in terms of
(14), which can be used to explain the behavior of Z; in the
non-ohmic region of domain II.

Regarding domain III above 100 kHz, the inductance com-
ponent in Z; is gradually significant, and Z; increases linearly

with the frequency. Therefore, (5) can also be further simpli-
fied as

K,.(dB) ~20lg (LLt > (15)

loop
and K, keeps a constant value (50 dB) related to the material
and geometric parameters of the braided shield.
And yet, for the frequency from 10 kHz to first < A /2 (A
being the wavelength) resonance, a simple empirical formula
derived in [5] can be used to assess K, i.e.,

67 (MHz) )

Z (Q/m) (10

K.(dB) == —20-1g (1 +

4. CONCLUSIONS

This work proposes an improved shield reduction factor
method for the electromagnetic shielding performance mea-
surement of braided-shield power cables at low frequency re-
gion from 25 Hz to 1 MHz. Test cell, consisting of two par-
allel braided-shield cables and a L x W rectangular loop, is
simplified according to the definition of the shield reduction
factor. With and without shield connecting to the L x W rect-
angular loop, the gain (T/R) parameters, measured by VNA,
can be used for the calculation of both shield reduction factor
and transfer impedance. It is worth noting that R-ch receiver
of VNA is set to 1 MQ, the R parameters fed back over power
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splitter are the same whether the braided shield connects to
the rectangular loop or not, and furthermore, the measure-
ment configuration also provides more effective countermea-
sures to avoid the effects of ground-loop and stray EMF.

The present study mainly highlights the implementation of
measurements from an engineering perspective, and the cor-
responding principle. The comparative discussion between
transfer impedance and shield reduction factor indicates that
shield reduction factor can provide more intuitive evaluation
of shielding behavior of braided-shield power cables at low
frequency regimes.

A promising point of further work is that the extension of
SRFM can be used as an indicator to improve the shielding
performance of braided-shield cables, e.g., the material and
geometric parameters of the braided shield may be optimized
by the finite element method or, perhaps, other relevant nu-
merical methods and simulation techniques.
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