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Due to the high-voltage and high-current operating characteristics of the electric drive system of electric vehicles, it forms strong
electromagnetic interference during the working process. )e shielding effectiveness of the high-voltage connection cable that
connects the components of the electric drive system is directly related to its electromagnetic interference emissions. )erefore,
the modeling and analysis of the shielding effectiveness of the connection cable is very important for the development of a
connection cable with good shielding effectiveness. Firstly, the transfer impedance value representing the shielding effectiveness of
the shielded cable is analyzed, and the difference between the single-layer shield and the double-layer shield cable is compared.)e
influence of double-layer shielded high-voltage connection cables commonly used in electric vehicles on the shielding layer DC
resistance and keyhole inductance is clarified. Secondly, the transfer impedance optimization model ZT_D-Desmoulins is obtained by
combining with the single-layer shielded cable Desmoulins model and considering the influence of shielded layer DC resistance
and keyhole inductance. Finally, three double-layer shielded cables of different types were selected for the triaxial test. )e error
rates of the test data and the ZT_D-Desmoulin optimization model are all lower than 20% in each frequency band, which verified the
correctness, universality, and great engineering application value of the optimization model.

1. Introduction

Due to the high-voltage and high-current working char-
acteristics of the electric drive system of electric vehicles,
strong electromagnetic interference is formed during the
working process. )e shielding effectiveness of the high-
voltage connection cables that connect the components of
the electric drive system is directly related to its electro-
magnetic interference emission level [1, 2]. )e connection
cables with poor shielding efficiency usually cause the
electromagnetic field emission level of the entire electric
vehicle to exceed the standard. )erefore, how to effectively
evaluate and test the shielding effectiveness of the connector
assembly is the common concern for cable and connector
suppliers and vehicle manufacturers.

To solve the above problems, scholars at home and
abroad have carried out extensive research on the surface

transfer impedance of the connection cables. Vance [3]
deeply studied the low-frequency characteristics when ra-
diating to the cable braid and gave the most commonly used
Zd model formula. )e braided inductance part was in-
troduced by Tyni [4] to improve the accuracy when cal-
culating the transfer impedance of high and low projection
coverage cables; Demoulin and Degauque [5] proposed a
new model that took into account the effects of additional
fluctuations and generated additional attenuation; Marconi
et al. [6] proposed a test method to measure the transfer
impedance of two coaxial cables RG 213 under the same
conditions and compared the test results with theoretical
calculations; Xiaoling et al. [7] proposed a new model for
accurately predicting the transfer impedance of braided
coaxial cables by summarizing and studying the classical
model; Mushtaq and Frei [8, 9] introduced the ground plate
method (GPM) and capacitive voltage probe (CVP). He
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compared the test results of the above methods with the
triaxial injection method and line injection method. )e
above studies all used braided single-layer shielded cables as
the research object. At present, high-voltage power cables on
electric vehicles usually use double-layer shielding. )e so-
called double-layer shielding refers to the inner shielding
layer using tinned copper wire braiding. )e outer shielding
layer is wrapped with aluminum-plastic composite tape
(aluminum foil). However, domestic and foreign experts
have not conducted in-depth research on the modeling
method of double-layer shielded cables. )e transfer im-
pedance model of double-layer shielded cables is of great
significance to the shielding effectiveness of vehicles.
)erefore, it is necessary to carry out the research of the
surface transfer impedance of the double-layer shielded
cable connection cables.

In view of the above analysis, this article first introduces
the difference in transfer impedance between single- and
double-shielded cables, and the influence of double-layer
shielded high-voltage connection cables used in electric
vehicles on the shielding layer DC resistance and keyhole
inductance is clarified. )en, based on the Demoulin model,
the equivalent circuit diagram of the double-layer shielded
cable is obtained by considering the influence of the shield
layer DC resistance and keyhole inductance, and the opti-
mization model of the double-layer shielded cable is
established.)ree sets of double-shielded cables are tested by
the tri-coaxial method, and the correctness and generality of
the optimized model are verified.

2. Surface Transfer Impedance and Its
Analytical Formula

2.1. Surface Transfer Impedance. Surface transfer impedance
[10, 11] is a characteristic parameter that characterizes the
shielding performance of power cables. )e lower the
transfer impedance, the better the shielding performance of
the cable and the stronger its electromagnetic immunity. It is
defined [12] as the unit length of the cable. )e induced
voltage formed between the core wire and the shield layer
when current flows through the shield layer (as shown in
Figure 1), that is, the ratio of the axial voltage change rate on
the braid layer to the axial current, and the calculation
formula can be expressed as follows:

ZT �
1
I0

zV

zz
, (1)

where I0 represents the current flowing through the outer
surface of the braid; (zV/zz) represents the effective value of
the voltage per unit length of the uniform transmission line
composed of the core wire and the shielding layer; z indi-
cates the axial direction of the cable, as shown in Figure 1; l

indicates the cable length.

2.2. Transfer Impedance Analytical Formula. Generally, the
high-voltage power cables used in electric vehicles are
braided shielded cables. As shown in Figure 2, the analytical
model of the transfer impedance can be established by the

structural parameters of the cable braid and the electro-
magnetic field theory.

)e analytical method can effectively analyze the in-
fluence of the parameterization of the shielded cable on the
transfer impedance. Regarding the input parameters of the
analytical model, the structural characteristics of the cable
braid can be described by 7 parameters: the inner diameter
of the braid D0, the diameter of the braided wire d, the
number of braid strands contained in a circle on the braided
layer c, the number of wires in each braided bundle N, the
braid angle α, the conductivity of the braided layer σ, and the
magnetic permeability of the braided layer. After these
parameters, the transfer impedance value of the shielded
cable can be simulated; refer to the schematic diagram in
Figure 3.

2.3. Analysis of Transfer Impedance Characteristic Curve.
For power shielded cables, the equivalent circuit can be built
through the RLC electrical parameters, as shown in Figure 4.
)e inductance parameter L is mainly composed of the
inductance Lc of the core conductor, the inductance Ls of the
shielding layer, and the mutual inductance M_cs between
the two. In addition, the influence of small hole inductance
and braided inductance Lh and Lb should be considered on
the braided layer. )e resistance parameter R is mainly
composed of the resistance of the internal conductor Rc and
the resistance of the shielding layer Rs. )e resistance is
affected by the skin effect and changes with frequency. )e
skin effect will affect the shielding effectiveness of the cable
and the impedance value at the resonance frequency. )e
capacitance parameter C is composed of the capacitance
C_cs between the core wire and the shielding layer. )e
transfer impedance value is mainly affected by inductive
coupling, so we should pay attention to the influence of these
electrical parameters on the transfer impedance of the power
cable [13].

As shown in Figure 5, the composition of the ZT curve of
the shielded cable transfer impedancemodel is analyzed.)e
dotted lines in the figure are several key components that

V
l

I0

Figure 1: Schematic diagram of transfer impedance definition.
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Figure 2: Schematic diagram of the shielded cable structure.
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affect the value of transfer impedance, where Zd is scattering
impedance and jωL is inductance and respectively, and the
solid lines in the figure are the transfer impedance curves
containing each component. In area 1 (gray), when the low
frequency is less than 150 kHz, the current density in the
braided shielding layer is evenly distributed, and the transfer
impedance value is approximately the same as the DC re-
sistance value R of the shielding layer. In zone 2 (green), the
transfer impedance is mainly determined by the scattering
impedance Zd. As the frequency increases, the current
density in the shielding layer becomes uneven. Due to the
skin effect, the skin depth decreases according to the square
root of the frequency, and the ZT value decreases. In zone 3
(yellow) near 1MHz, the transfer impedance value is de-
termined by the scattering impedance Zd, the small hole

inductance jωLh, the braided inductance jωLb, and the
additional wave attenuation, resulting in an obvious in-
flection point. As the frequency increases further, the
magnetic field leakage caused by the diamond-shaped holes
in the braided layer increases, and the inductance compo-
nent of the small holes increases. )e weaving of the braided
bundles that intersect each other in the braid layer will cause
the cutting of magnetic flux, which will also generate in-
duced electromotive force, forming braided inductance, and
increase the transfer impedance value. In the case of high
frequency, the magnetic field between the inner and outer
layers of the woven mesh will cause eddy current effects and
additional attenuation. In area 4 (red), it is greater than
2MHz, which is mainly determined by the small hole in-
ductance and braided inductance. As the frequency in-
creases, the transfer impedance value continues to increase
[14, 15].

3. Double-Layer Shielding Optimization Model

According to the above analysis of the composition of the ZT
curve, ZT is mainly determined by the DC resistance when
zone 1 (gray) is less than 150 kHz. At present, high-voltage
power cables on electric vehicles usually adopt double-layer
shielding. In addition to the inner tinned copper wire woven
mesh, the outer layer is also wrapped with a layer of alu-
minum-plastic composite tape (aluminum foil), so the tested
power cables also need to consider the influence of the DC
resistance of the aluminum foil on the transfer impedance
value at low frequencies.

In addition, it can be seen from Figure 6 that because the
double-layer shielded cable [16] adds a layer of aluminum foil
to the outside of the shielding layer, compared with the single-
layer shielding, the diamond-shaped holes on the inside are
covered by aluminum foil, which can effectively prevent the
magnetic field from passing through small hole leaks, and the
small hole inductance effect is greatly reduced and can be
ignored. )erefore, it will affect the small hole inductance of
the high-frequency part of area 4 (red) in Figure 5, and the
transfer impedance value will theoretically decrease.

For the additional DC resistance value of aluminum foil,
the aluminum foil layer model can be established by Q3D
software for numerical analysis and calculation to extract the
resistance value, as Figure 7 shows. Assuming that the
aluminum foil model is ideal with a uniform thickness of
0.1mm, any section can be selected for calculation. In order
to reduce the calculation amount, the length is set to
100mm, and the DC resistance of the aluminum foil in the
cable under test is calculated. It is 0.004Ω/m.

Demoulin proposed an analytical model of formula (12),
taking into account the effects of additional volatility.

)e additional wave effect is the eddy current effect
caused by the magnetic field between the braided bundles of
the inner and outer layers of the woven net at high fre-
quencies, which will generate additional attenuation and
lead to a decrease in the transfer impedance value in the
high-frequency range. )is component can be described by
the eddy current caused by the tangential electric field on the
shielding layer and is proportional to
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Figure 5: ZT curve composition analysis diagram.

Figure 3: Schematic diagram of the structural parameters of the
braid.
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Figure 4: Shielded cable equivalent circuit diagram.

Mathematical Problems in Engineering 3



ZT_Demoulin � Zd + jω Lh2 − Lb1( 􏼁 + k
��
ω

√
e

+j(π/4)
, (2)

where

Zd � R0
(1 + j)d/δ

sinh[(1 + j)d/δ]
, (3)

R0 �
4

πd
2
NCσ cos α

,

δ �
1

�����
πfμσ

􏽰 ,

(4)

Lh2 �
2μC

π cos α
b

πDM

􏼢 􏼣

2

exp[(− πd/b)− 2α]
, (5)

Lb1 �
μh

4πDM

1 − tan2α􏼐 􏼑, (6)

k � −
1.16

NC d
· arctan

N

3
· sin

π
2

− 2α􏼒 􏼓 ·

��
μ
σ

􏽲

. (7)

Considering the impact of double-layer shielding, the
equivalent circuit diagram of a double-layer shielded cable as
shown in Figure 8 is obtained. Double-layer shielded power
cables need to be considered in the analytical optimization
model due to the influence of the DC resistance of the
additional aluminum foil and the elimination of the small
hole inductance on the transfer impedance.

In summary, the double-layer shielding optimization
model is as follows:

ZT_D−Demoulin � Z′d − jωLb1 + k
��
ω

√
e

+j(π/4)
, (8)

where

Zd
′ � R′

(1 + j)d/δ
sinh[(1 + j)d/δ]

, (9)

R′ �
4

πd
2
NCσ cos α

+ RAL, (10)

k � −
1.16

NC d
· arctan

N

3
· sin

π
2

− 2α􏼒 􏼓 ·

��
μ
σ

􏽲

. (11)

)e single-layer shielding model and the double-layer
optimization model were simulated and analyzed, as shown
in Figure 9, considering increasing the DC resistance and
eliminating the influence of the small hole inductance. It can
be seen that the influence of the DC resistance is mainly in
the low-frequency band and the influence of the inductance
is in the high-frequency band. From the perspective of the
overall optimization model, the transfer impedance of a
double-layer shielded cable at high frequency is significantly
lower than that of a single-layer shielded cable.

4. Triaxial Method Test and Model
Comparison Verification

4.1. Triaxial Test. )e triaxial method is a method in which
the tested cable is placed in a coaxial nonferromagnetic good
conductor tube for measurement, namely, the inner con-
ductor of the cable core, the cable shielding layer, and the
coaxial good conductor tube constituting a test device. )e
triaxial method can characterize the complex electromag-
netic coupling mechanism [17] with directly measured

(a) (b)

Figure 6: Single-layer shielded cable (a) and double-layer shielded cable (b).

Figure 7: Aluminum foil Q3D calculation model.
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Figure 8: Equivalent circuit diagram of double-layer shielded
cable.
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circuit parameters (the electromagnetic field that affects the
shielding effectiveness is replaced by surface current and
surface charge equivalent), suitable for asymmetric cables
and different size and structure complex connector testing,
and the test results are repeatable.

Table 1 shows the comparison of triaxial methods a, b,
and c. Considering the test stability, ease of operation, and
commonality, this test adopts the triaxial B method; refer to
the test standard: IEC62153-4-3-2013 [19]. Figure 10 shows
the triaxial test layout of the power cable.

Calculation method of the triaxial b method transfer
impedance value:

Zt �
R1 + Z0

2 · Lc

· 10− ameans− acal/20{ }, (12)

where ameans � 20log10(S21) represents the measured atten-
uation loss, acal represents the composite loss measured
during calibration, Z0 represents the impedance of the signal

generator and receiver, usually 50Ω, and Lc represents the
coupling length of the tested cable and R1 represents ter-
minal impedance.

4.2. Comparison and Verification of Multiple Samples.
Combined with the triaxial b method test schematic diagram
(as shown in Figure 11), the flowchart of the power cable test
was developed (as shown in Figure 12). As shown in Table 2,
three double-layer shielded cables with different parameters
were selected for testing. In the test, the coupling length of the
three groups of samples is 0.5m. When the triaxial b method
is used, the test cutoff frequency is 50MHz (the maximum
measurable 50MHz). As shown in Figure 13, the test value of
the sample cable in the figure produces a resonance point at
50MHz and the trend of the transfer impedance curve
changes. Comparing the simulation value of the double-layer
shielding optimization model with the actual test value of the
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Table 1: Comparison of three coaxial a, b, and c methods [18].

Testing
method Test method a Test method b Test method c

Advantage Test cut higher stop frequency Measurement has more higher
dynamic range

Suitable for measuring very low transfer impedance
values (below 1 μΩ/m m and lower)

Cutoff
frequency fcut ∗ l ≈ 80MHz∗m fcut ∗ l ≈ 25MHz∗m fcut ∗ l ≈ 30MHz∗m

Disadvantages Low dynamic range of
measurement Test cut lower frequency

)e effect of capacitive coupling is suppressed by the
short circuit in the primary and secondary circuits, and

the test is quite sensitive

Features

Matching resistance and
impedance mismatch
Need to connect to the

matching impedance network
Near-end core wire injection

Only need to connect the
terminal matching resistor

Near-end core injection signal

No matching resistor
No need to access matched impedance network inject

signal from remote test tube
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sample cable, it can be seen that the simulation models of the
three samples have a good fitting effect.

Table 3 shows the numerical comparison between the
optimizedmodel and the test value of three different samples
at several common frequencies. As can be seen from the data
in Table 3, the simulated calculated value of the optimized
model at each frequency point is very close to the actual
measured value after removing the keyhole inductance and
considering adding the aluminum foil DC resistance. At the
frequency of 150 kHz, the error rates of the three samples
were 2.16%, 0.50%, and 2.55%, which were all lower than 3%;
at the frequency of 10MHz, the error rates of sample 1 and
sample 2 were 1.84% and 1.02%, respectively, both less than
2%, and the error rate of sample 3 is 9.01%. At 1MHz and
2MHz, the error rates of sample 1 were 7% and 8.86%,
respectively, which were lower than 9%; the error rates of
sample 2 and sample 3 were both lower than 12%; at 20MHz

Network analyzer
Coupling tool

Near end

PC test software

Far end

Shielded cable under
test (in coaxial tube)

Triaxial test equipment

Figure 10: Physical diagram of power cable test layout.
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Figure 11: Schematic diagram of the test principle of the triaxial b
method. (1) Network analyzer or receiver; (2) cable insulation
sleeve; (3) test sleeve; (4) terminal impedance R1 length; (5) signal
generator; (6) cable shield; (7) test core wire; (8) test connection
line. Lc: cable coupling.

Terminal impedance
calculation

Remote matching resistor
connection

Near-end shorting

Connection coupling toolConnect the test head

Network analyzer

CoMet test software Standard IEC 62153-4-3

Z0 = 60/√εr ln D/d

Figure 12: Power cable test flowchart.

Table 2: Sample cable parameters.

Sample 1 Sample 2 Sample 3
Inner diameter of woven layer D0
(mm) 10.3 11.58 10.02

Braided wire diameter d (mm) 0.15 0.15 0.15
Number of braid strands c 8 10 10
Number of wires per share n 24 24 24
Weaving angle α 35 38 38
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Figure 13: Comparison and analysis of simulated values and test
values of samples 1, 2, and 3.
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and 30MHz, the error rates of the three samples were less
than 20%. In summary, the experimental data of the three
samples and the calculation error rate of the optimization
model in each frequency band were all less than 20%, which
verified the correctness of the optimization model and the
universality of the optimization model.

5. Conclusion

(1) )is paper analyzed the transfer impedance value
representing the shielding effectiveness of the shielded
cable, compared the difference between the single-layer
shielded cable and the double-layer shielded cable, and
clarified the influence of the double-layer shielded high-
voltage connection cable commonly used in electric
vehicles on the DC resistance and keyhole inductance of
the shielded cable.

(2) Considering the influence of the shielding layer’s DC
resistance and small hole inductance, the optimi-
zation model ZT_D-Desmoulins for the transfer im-
pedance of the double-layer shielded cable was
obtained, and the single-layer shielding model and
the double-layer shielding model were simulated and
analyzed. )e influence of DC resistance in a low-
frequency band and inductance in a high-frequency
band was determined.

(3) )ree different types of double-shielded cables were
selected for the triaxial test.)e calculation error rates of
the test data and the ZT_D-Desmoulin optimization model
in each frequency band were less than 20%. At the
frequency point of 10MHz that the enterprise focuses
on, the error rates of the three double-layer shielded
cables were all lower than 10%, and two of them were
1.84% and 1.02%, which almost coincided with the test
data. )e correctness and generality of the optimization
model were verified, and it had good engineering ap-
plication value.
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