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ABSTRACT 
A transmission line model of a power cable is required for the analysis of the behavior 

of high-frequency phenomena, such as partial discharges, lightning impulses and 

switching transients, in cables. A transmission line is characterized by its characteristic 

impedance, attenuation coefficient and propagation velocity. The semiconducting layers 

in an XLPE cable have a significant influence on these parameters. Unfortunately, the 

dielectric properties of these layers are usually unknown and can differ between similar 

types of cables. In this paper it is shown that nevertheless the characteristic impedance 

and propagation velocity of single-core and three-core XLPE cables can be estimated 

using available information from the cable specifications. The estimated values are 

validated using pulse response measurements on cable samples. 

   Index Terms — Cross-linked polyethylene insulation, modeling, (multiconductor) 

transmission lines, parameter estimation, power cables. 

 

1 INTRODUCTION 

PARTIAL discharges (PDs), lightning impulses, switching 

transients and breakdowns have in common that they result in 

high-frequency signals traveling through the network. A 

model that describes the propagation of these signals through 

cable systems is essential for the understanding and analysis of 

these phenomena. 

A power cable can be modeled as a transmission line to 

describe its behavior for high-frequency transients. A 

transmission line is fully specified by two parameters: the 

characteristic impedance Zc and the propagation coefficient γ. 
The propagation coefficient contains both signal attenuation α 

and propagation velocity vp. For single-core XLPE cables 

accurate models have been developed [1-4]. These models 

require detailed information on the cable construction and 

material properties. Unfortunately, not all required parameters 

are readily available, especially the dielectric properties at 

high-frequencies of the semiconducting layers are hard to 

obtain. 

This paper describes how the characteristic impedance Zc 

and the propagation velocity vp can be approximated with 

solely input parameters that are easily accessible. Furthermore, 

this approach is extended to three-core XLPE cable 

constructions. 

2 CABLE CONSTRUCTION 

Cable design parameters from both a single-core cable and a 

three-core cable are studied in this section. 

2.1 SINGLE-CORE XLPE CABLE 

The cross-section of a typical single-core XLPE cable is 

depicted in Figure 1. The cable consists of the following 

layers: 

• Conductor, aluminum or copper conductor with radius rc. 

• Conductor screen, semiconducting layer extruded around 

conductor with thickness tcs and complex permittivity εr,cs 

(= ε′r,cs - jε″r,cs). 

Manuscript received on 11 February 2009, in final form 18 August 2009. 

 

Figure 1.  Schematic drawing of a typical single-core XLPE cable. Light 

gray: metallic parts (i.e. conductor and earth screen), dark gray:

semiconducting layers (i.e. conductor screen, insulation screen and swelling

tapes).
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Figure 2.  Schematic drawing of three-core XLPE cable with common earth 

screen. Light gray: metallic parts (i.e. conductors and earth screen), dark gray:

semiconducting layers (i.e. conductor screen, insulation screen and swelling

tapes). 

• Insulation, most modern MV and HV cables use XLPE 

with complex relative permittivity εr,insu (= ε′r,insu -

 jε″r,insu). 

• Insulation screen, semiconducting layer around insulation 

with thickness tis and complex relative permittivity εr,is 

(= ε′r,is - jε″r,is). 

• Swelling tapes, many modern cables have semicon-

ducting swelling tapes wrapped around the insulation 

screen. Because the electrical properties of this layer are 

similar to the insulation screen [3], we consider these 

layers as one. 

• Earth screen with inner radius rs. Construction of this 

metallic screen depends on cable type. An often-used 

construction consists of copper wires wrapped helically 

around the cable. These wires are held in place by a 

counter-wound copper tape. Another construction, 

sometimes used, involves an aluminum foil earth screen. 

This paper deals with both these constructions. 

• Outer sheath, usually polyethylene (PE), has no influence 

on the characteristic impedance and propagation 

coefficient. 

2.2 THREE-CORE XLPE CABLE 

There are various constructions of three-core XLPE cables. 

Each core can be equipped with a metallic earth screen. From 

a transmission-line-modeling point of view each core in this 

type of cable behaves effectively as a separate single-core 

cable. The design considered in this paper requires a more 

extensive model. This design does not apply a metallic earth 

screen around individual cores. Instead, each separate core is 

only equipped with a semiconducting insulation screen and 

swelling tapes and a single earth screen is applied around the 

composition of all three cores. A schematic drawing is 

depicted in Figure 2. It consists of the following parts: 

• Each core has: 

– Conductor with radius rc. 

– Conductor screen, semiconducting layer extruded 

around conductor with thickness tcs and complex 

permittivity εr,cs (= ε′r,cs - jε″r,cs). 

– Insulation, usually XLPE, with outer radius rinsu and 

complex relative permittivity εr,insu (= ε′r,insu - jε″r,insu). 

– Insulation screen, a semiconducting layer around 

insulation with thickness tis and complex relative 

permittivity εr,is (= ε′r,is - jε″r,is). 

– Swelling tapes, in this paper considered to be part of 

the insulation screen. 

• Filler, the space between the cores is filled with a filling 

material. This material has virtually no influence on the 

transmission line parameters of the cable. 

• Swelling tapes, semiconducting swelling tapes cover all 

three cores and the filler. 

• Metallic earth screen with inner radius rs. This screen 

usually consists of helically wound copper wires. 

• Outer sheath, usually PE, has no influence on the 

transmission line parameters. 

 

3 TRANSMISSION LINE PARAMETERS 

For high frequencies (f >> vp / cable length) a coaxial 

structure such as a power cable can be modeled as a 

transmission line. A single-core cable can be described as a 

two-conductor (conductor and earth screen) transmission line 

(2TL) and a three-core cable as a multiconductor transmission 

line (MTL). Transmission line theory can be found in general 

textbooks such as [5-6]. 

3.1 TWO-CONDUCTOR TRANSMISSION LINE 

A 2TL can be described in terms of the distributed series 

impedance Z and the distributed shunt admittance Y. These 

parameters are expressed in terms of the resistance R, 

inductance L, conductance G and (complex) capacitance C: 

 

)()()(and)()()( ωω+ω=ωωω+ω=ω CjGYLjRZ  (1) 

 

For an EM wave that propagates through the cable the ratio 

between voltage and current is given by the characteristic 

impedance Zc: 
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The propagation and distortion of a wave traveling through 

a transmission line is described by the propagation 

coefficient γ: 
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The real part of γ is the attenuation coefficient α. This 

frequency dependent parameter describes the attenuation due 

to losses as waves propagate through the transmission line. 

The propagation velocity vp can be obtained from the 

imaginary part of γ: 
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3.2 MULTICONDUCTOR TRANSMISSION LINE 

A three-core cable with common earth screen, as shown in 

Figure 2, has four conducting parts. The common earth screen 

is the reference/ground conductor. The voltages on and 

currents through the three conductors are defined as: 
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TIII ),,( 321=I  (6) 

 

where Vi is the voltage (relative to the earth screen) on the ith 

conductor and Ii is the current through the ith conductor. 

The per-unit-length impedance matrix Z is a 3-by-3 matrix 

with self-impedances (Zs) on the diagonal and mutual 

impedances (Zm) off-diagonal. Due to symmetry in a three-

core cable the three self-impedances are equal and all mutual 

impedances are equal. For the admittance matrix Y the same 

symmetry considerations apply: 
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The self and mutual impedances and admittances Zs, Zm, Ys 

and Ym can be expressed in terms of resistance, inductance, 

conductance and capacitance: 
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The general solution is most conveniently decoupled using 

a transformation matrix T to obtain the modal solutions [7]. 

The modal solution consists of propagation modes that are 

independent of each other. Since Z and Y of a three-core 

power cable are cyclic symmetric the transformation matrix 

becomes: 
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The expression for the resulting modal voltages Vm and 

currents Im in terms of the normal voltages V and currents I 

can be found in the appendix. The modal solutions can be 

interpreted as a shield-to-phase (SP) propagation mode and 

two phase-to-phase (PP) modes. For the SP propagation mode 

the three-conductors can be regarded as one conductor of a 

2TL, and the earth screen as the return conductor. We define 

the voltage Vsp and current Isp of the SP mode as: 
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The two PP modes can be interpreted as a mode traveling 

between conductor 1 and 2, and a mode between conductor 1 

and 3. The mode between conductor 2 and 3 is a linear 

combination of these two. We define the voltage and current 

of the first PP channel as: 
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The expressions for voltage Vpp,2 and current Ipp,2 of the 

second PP channel are similar to equation (11) except that V2 

and I2 have to be replaced by respectively V3 and I3. The 

transmission line parameters of the SP and PP channel, as 

defined above, can be expressed in terms of the mutual and 

self impedances and admittances (appendix). 
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4 PARAMETER APPROXIMATIONS 

Theoretical models of transmission line parameters, e.g. [1-

4], require detailed knowledge of the cable parameters. 

Generally, the cable manufacturer can supply most of them, 

but not all. Especially, the complex relative permittivity εr of 

the semiconducting layers at high frequencies is usually not 

available. Accurate measurement of εr is possible, but 

complicated [3, 8]. Approximations of the transmission line 

parameters, using only information that is readily available 

from the cable manufacturer, are described in this section. 

4.1 SINGLE-CORE CABLE 

4.1.1 CHARACTERISTIC IMPEDANCE 

The series impedance Z is primarily determined by the 

inductance L and the shunt admittance Y by C. Assuming 

Z = jωL and Y = jωC equation (2) reduces to: 
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Substitution of L and C with their equations for a coaxial 

structure yields: 
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The relative permeability μr of the insulation and 

semiconducting layers is equal to one. The complex relative 

permittivity of the insulation εr,insu differs from the relative 

permittivity of the conductor screen εr,cs and the insulation 

screen εr,is. Therefore, εr in equation (17) is replaced by an 

effective permittivity εr,eff. This is the relative permittivity of 

the homogeneous insulation material of a fictive coaxial 

capacitor with the same total capacitance and inner and outer 

radius (respectively rc and rs). The capacitance of a single-

core XLPE cable with semiconducting screens is a series of 

three (complex) capacitances: Ccs for the conductor screen, 

Cinsu for the XLPE insulation, and Cis for the insulation 

screen. Figure 3 depicts the capacitances of the insulation 

and semiconducting layers and their relation to the effective 

capacitance Ceff. 

For frequencies up to at least several tens of MHz Cinsu is 

much smaller than Ccs and Cis because (i) the relative 

permittivity (both ε′r and ε″r) of the semiconducting layers is 

much larger than for XLPE [3, 8-9], and (ii) the insulation is 

much thicker. Therefore, Ccs >> Cinsu and Cis >> Cinsu, and thus 

Ceff ≈ Cinsu. Because XLPE has extremely low losses 

εr,insu ≈ ε′r,insu. The effective relative permittivity can therefore 

be expressed in terms of ε′r,insu and the dimensions: 
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This equation shows that εr,eff is always larger than ε′r,insu. 

For a typical 240 mm2 6/10 kV cable where rc = 9.0 mm, 

tcs = 0.7 mm, tis = 0.7 mm and rs = 13.8 mm εr,eff is 1.42× 

ε′r,insu. Note that for XLPE insulation ε′r,insu is frequency-

independent for the frequency range up to several tens of 

MHz, the range required for most diagnostic tools applied on 

power cables [10]. 

Combining equations (17) and (18) yields: 
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4.1.2 PROPAGATION VELOCITY 

The propagation velocity is determined by the imaginary 

part β of the propagation coefficient. The β is predominantly 

determined by the inductance and capacitance. Therefore, we 

assume Z = jωL and Y = jωC. This reduces equation (3) to: 
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The propagation velocity can be approximated by: 
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For homogeneous media LC = ε0εrμ0μr [6]. However, the 

material between conductor and (wire) screen is not 

homogeneous. Therefore, εr has to be replaced εr,eff as derived 

in equation (18). 

If the cable has a helical wire screen the velocity vp is also 

affected by the helical lay of the wire screen. The conductive 

current over the individual wires of the screen can hardly cross 

over. The charges of a pulse in the wire tend to follow the 

helical lay [11, 12]. Therefore, the pulse must travel a longer 

distance, resulting in a lowered velocity along the cable axis. 

Assuming a helical wire screen with a “large” number of wires 

(> 10), sufficiently low frequencies (below several tens of 

MHz), and a straight conductor the correction factor Fhl for the 

velocity is given by [11]: 
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with ll the lay length, this is the longitudinal distance along the 

cable required for one complete helical wrap of one wire. Note 

that Fhl is always larger (i.e. closer to 1) than the extra length 

of the helical lay relative to the axial length would result in 

directly. This is in agreement with the simulation in [12]. 

From this observation, it is apparent that the pulses do not 

completely follow the helical lay of the wire screen. 

Note that equation (22) does not take into account the 

following aspects: 

• Semi-conducting layers. The presence of semi-

conducting layers may have an influence on the factor Fhl 

Figure 3.  Relation between the complex capacitances Ccs – Cinsu – Cis and Ceff.
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because charges can transfer from one wire to another 

more easily. 

• Stranded core conductors. These strands also have a 

helical lay. Usually, the helical lay length of the 

conductor strands is much shorter than the lay length of 

the wire screen, but the capacitive/conductive coupling 

between these wires is much stronger than between the 

earth screen wires. Therefore, the helical lay of 

conductor strands has negligible influence on the 

propagation velocity. 

• Some wire screens with a helical lay do not have a 

constant angle between wire and cable axis. Instead, the 

lay angle goes back and forth. In this situation correction 

factor is expected to be between the value for a helical 

screen given by equation (22) and 1 if no helical screen is 

present. 

Combining equations (18), (21) and (22) the velocity can be 

approximated with: 

 

( )
( ) hl

c

s

csc

iss

insur

hl

effr

p F

r

r

tr

tr

c
F

c
v

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

ωε
≈

ε
≈ω

ln

ln

' ,,

 (23) 

 

where c is the speed of light in vacuum ( 00/1 με=c ). For 

cables with an aluminum foil earth screen the factor Fhl must 

be omitted. Note that vp is independent of the frequency if 

ε′r,insu is frequency-independent, which is true for XLPE. 

4.1.3 ATTENUATION 

For convenience, the dielectric losses (described by ε″r) are 

incorporated into G, making C real-valued. The attenuation is 

determined by the real part of the propagation velocity. 

Therefore, R and G must be taken into account for the 

calculation of the attenuation. Assuming R << ωL and 

G << ωC yields in combination with equation (3): 
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The attenuation is split in two parts: αR and αG. The first 

part, αR, is the attenuation caused by losses in the conductor 

and earth screen. Due to the skin effect, the conductor and 

earth screen resistances are proportional to the square root of 

the frequency, and scale as αR ∝ √ω. The second part, αG, is 

caused by the losses in the insulation and semi-conducting 

layers. Since XLPE has a very small loss tangent the losses in 

the semi-conducting screens are dominant. Due to the large 

variation in the properties of the semiconducting layers [3, 8] 

it is not possible to estimate the attenuation with reasonable 

accuracy without knowledge of the exact properties of the 

semiconducting layers of the cable under test. 

4.2 THREE-CORE CABLE 

In order to calculate the characteristic impedance and 

propagation coefficient of the SP and PP channel the self-

impedance/admittance (Zs and Ys) of each phase and the 

mutual-impedance/admittance between phases (Zm and Ym) are 

required. Again we assume that the impedances are dominated 

by the inductances: Zs = jωLs and Zm = jωLm. And that the 

admittances are dominated by the capacitances: Ys = jωCs and 

Zm = jωCm. 

Next, the values for Ls, Lm, Cs and Cm have to be 

determined. These parameters can be estimated using 

numerical methods, such as the boundary element method 

(BEM) [13]. The main disadvantage of this method is that it 

requires dedicated software. Another option is to estimate the 

parameters analytically using conformal mapping [14-15]. 

4.2.1 BEM ESTIMATION 

In order to determine the self- and mutual capacitances 

conductor i is set to 1 V, while the other conductors are set to 

0 V. From the electric field distribution the associated charge 

on each conductor j is determined, which is equal to the 

capacitance cij. The inductances can be determined in a similar 

fashion by sending a current of 1 A through the ith conductor, 

0 A through the other conductors. From the simulated 

magnetic flux the inductance matrix can be constructed. 

Alternatively, if the cable does not contain any components 

with a μr ≠ 1 the inductance matrix L can be directly obtained 

from the free-space capacitance matrix C0 (capacitance matrix 

when εr of all materials is set to 1). The relation L = μ0ε0C0
-1 

can be applied to calculate the inductance matrix. The 

resulting L and C can be converted to the characteristic 

impedance and propagation velocity for both propagation 

modes using equations (12)-(15). 

4.2.2 CONFORMAL MAPPING ESTIMATION 

The analytical method used in [14-15] uses a conformal 

transformation to calculate the capacitances and inductances 

for a metallic pipe with eccentric conductors. The 

transformation maps the orthogonal coordinate system to 

another coordinate system for which a closed form solution is 

available. The method assumes that the second and third 

conductor have no influence on the magnetic field lines 

resulting from a current through the first conductor. If the 

conductors are small relative to the radius of the metallic 

screen this assumption holds. For a typical power cable this 

approximation does not really apply, but nonetheless, the 

method may provide indicative values with sufficient accuracy 

for parameter estimation. In [16] a more accurate analytical 

method derived from Poynting’s theorem is described. This 

method, however, is computationally intensive, and therefore 

provides little advantage over the BEM estimation. 

The conformal mapping is given by: 
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where x and y are the orthogonal x- and y-coordinate, x’ and y’ 

are the x- and y-coordinate after transformation, and s is a 

parameter that is chosen such that after transformation the 

eccentric conductor and earth screen become concentric. The 

parameter s is calculated using: 
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where rx is the distance from the center of a conductor to the 

center of the entire cable, and c1 the x-coordinate of the center 

of the first conductor. See also Figure 2 for the definition of 

these parameters. The conductor radius, earth screen radius, 

and distance from cable center to center of the 2nd and 3rd 

conductor after transformation (respectively Rc, Rs and Rx) are 

given by: 
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Compared to the conductors and the earth screen the 

semiconducting screens and swelling tapes have a negligible 

conductivity. Their influence on the self- and mutual 

inductances is negligible. The self- and mutual-inductances 

are given by: 
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A three-core XLPE cable with common earth screen does 

not have a metallic screen around each core, but each core is 

enclosed by a semiconducting insulation screen. The 

impedance of the semiconducting screen is low compared to 

the impedance of the XLPE insulation. The swelling tapes, 

which are between the insulation screen and the metallic earth 

screen are also semiconducting. Therefore, the insulation 

screen around each core has approximately the same potential 

as the earth screen and the total voltage drops across the XLPE 

insulation. This results in a straightforward calculation of the 

admittance matrix Y. The self-capacitance Cs is given by the 

equation for a single-core coaxial capacitance. The mutual 

capacitance Cm is equal to zero because of the screening by the 

semiconducting insulation screens: 
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where rinsu is the outer radius of the insulation. 

 

5 EXPERIMENT 

In order to validate the model approximations pulse 

response measurements [17] have been performed on three 

cables: two single-core cables and a three-core cable with 

common earth screen. The measured characteristic impedance 

and propagation velocity are compared with the 

approximations. 

5.1 SINGLE-CORE CABLE 

The dimensions of the two examined MV single-core XLPE 

cables are summarized in Table 1. These values are taken 

directly from the cable’s datasheet or are derived from those 

values. The value for the lay length for cable 2 was not 

mentioned. A typical lay length of 8× the shield diameter is 

taken. Approximate values for the characteristic impedance 

and propagation velocity are calculated using equations (19) 

and (23). 

The experimental results and the approximation of cable 1 

are plotted in Figure 4 and Figure 5. The results of cable 2 are 

depicted in Figure 6 and Figure 7. The “peaks” around 9 MHz 

are measurement artifacts caused by the fact that the injected 

pulse is a square pulse with a width of 110 ns. It has no energy 

content for that frequency. The figures show that Zc and vp are 

estimated with an accuracy of about 5%. 

5.2 THREE-CORE CABLE 

The dimensions of the three-core XLPE cable are listed in 

Table 2. The transmission line parameters of the SP channel 

and the PP channel are determined using two measurements. 

In the first measurement the three conductors are connected 

together and a pulse is injected between the earth screen and 

the three conductors. This measurement yields the SP 

parameters Zsp and γsp. For the second measurement two 

conductors are floating and a pulse is injected between the 

Table 1.  Single-core cables used in tests. 

 Cable 1 Cable 2 

Conductor radius (rc) 10.3 mm 10.25 mm 

Thickness of conductor screen (tcs) 0.7 mm 0.95 mm 

Relative permittivity of insulation 

(ε′r,insu) [10, 18] 
2.26 2.26 

Thickness of insulation screen (tis) 1.1 mm 1.25 mm 

Earth screen radius (rs) 15.6 mm 16.05 mm 

Lay length (ll) 
N/A 

(Al tape screen) 
257 mm 

Cable length 138 m 519.6 m 
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third conductor and the earth screen. This injects a pulse in 

both the SP and the PP channel. The resulting transmission 

line parameters Zssp and γssp are therefore a combination of the 

SP and PP channel parameters. The ratio of the voltage and 

current of a single phase Zssp is equal to any diagonal element 

of T·Zcm·T
-1 (see appendix (43)). 

 

3( )pp ssp spZ Z Z= −  (36) 

 

Similarly, the effective propagation factor exp(-γssp·z) of a 

one phase signal after propagation over a distance z can be 

defined as the diagonal element of T·exp(γm z)·T-1 (see 

appendix (47)). 

 

( )zzz spssppp γ−γ−γ− −= ee3e 2
1  (37) 

 

The characteristic impedance and propagation velocity of 

the measured cable are estimated using the BEM and 

conformal mapping methods. The measured and estimated Zc 

and vp of the SP channel are plotted in Figure 8 and Figure 9. 

The Zc and vp of the PP channel are plotted in Figure 10 and 

Figure 11. The “peaks” around 9 MHz are again the same 

measurement artifacts as explained before. Above 7-8 MHz 

the measured propagation velocity is unreliable due to the lack 

of energy in the reflected pulses at high frequencies. 

The figures show that the estimates of the characteristic 

impedance of both the SP and the PP channel are less accurate 

than for the single-core cables. The BEM model is slightly 

more accurate than the conformal mapping estimation. For the 

propagation velocity the BEM method deviates approximately 

 

Figure 4.  Measured and estimated characteristic impedance of cable 1 

 

Figure 5.  Measured and estimated propagation velocity of cable 1. 

Table 2.  Three-core cable used in tests 

 Cable 3 

Conductor radius (rc) 8.55 mm 

Thickness of conductor screen (tcs) 0.8 mm 

Outer radius insulation (rinsu) 12.75 mm 

Rel. permittivity of insulation (ε′r,insu) [10, 18] 2.26 

Distance core center to cable center (rx) 16.13 mm 

Earth screen radius (rs) 30.5 mm 

Cable length 350.9 m 

 

Figure 6.  Measured and estimated characteristic impedance of cable 2. 

 

Figure 7.  Measured and estimated propagation velocity of cable 2. 
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5%, while the conformal mapping shows an accuracy of 5 to 

15%. 

6 DISCUSSION 

The value of the presented models does not only depend on 

the accuracy of the model itself, but also on the uncertainty of 

the input parameters. An extensive analysis of the sensitivity 

of the transmission line parameters to uncertainties in the input 

parameters is presented in [19] for single-core cables. From 

this analysis the sensitivity of Zc and vp to changes in the input 

parameters is plotted in Figure 12 and Figure 13. The figures 

show that Zc and vp are relatively insensitive to changes in tcs 

and tis. A change of 10% in these thicknesses results in a less 

than 1% change in Zc and vp. The transmission line parameters 

are more sensitive to changes in rc and rs (a 5% change in 

these input parameters results in a 10% change Zc and 

maximal a 5% change in vp). However, the inner and outer 

conductor radii are generally specified more precise than the 

thickness of the semiconducting layers. The relative 

uncertainty in the radii is in the order of 1%, whereas the 

uncertainty in tcs and tis is in the order of 10%. 

The propagation velocity of cable with wire earth screen is 

influenced by the length of lay. The lay length is rarely found 

in a data sheet. A typical lay length is 8-10 times the earth 

screen diameter. For this lay length an uncertainty of 10% 

results in an uncertainty of 1% in the velocity. 

 

7 CONCLUSION 

In this paper it is shown that the characteristic impedance Zc 

and propagation velocity vp of single-core and three-core 

XLPE cables can be estimated using data that is found in a 

typical datasheet. For single-core cables Zc and vp are 

estimated with an accuracy of a few percent. For three-core 

cables with common earth screen the accuracy of the 

estimation of Zc of both methods is 5 to 10%. The accuracy of 

both methods in the vp of the PP channel is similar to the 

accuracy of the estimation for single-core cables. For vp of the 

SP channel, however, the conformal mapping estimation is 

significantly less accurate. 

The sensitivity analysis on single-core cables shows that 

accurate values for the conductor radius and the shield radius 

Figure 8.  Measured and estimated (using BEM and conformal mapping)

characteristic impedance of SP channel of cable 3. 

Figure 10. Measured and estimated (using BEM and conformal mapping) 

characteristic impedance of PP channel of cable 3. 

 

Figure 9.  Measured and estimated (using BEM and conformal mapping)

propagation velocity of SP channel of cable 3. 

 

Figure 11. Measured and estimated (using BEM and conformal mapping) 

propagation velocity of PP channel of cable 3. 
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are most crucial for accurate modeling. The transmission line 

parameters are much less sensitive to variation in the 

thicknesses of the semiconducting layers. 

 

APPENDIX 

In order to decouple the normal voltages V and currents I 

(as defined in equations (5) and (6)) the transformation matrix 

T (as given in equation (9)) is applied. This gives the modal 

voltages Vm and currents Im: 
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Combining these with the voltages and currents of the SP 

and PP channels (respectively Vsp, Vpp,1, Vpp,2 and Isp, Ipp,1, Ipp,2) 

as defined in equations (10) and (11) shows that they are 

related according: 
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The modal characteristic impedance matrix Zc,m gives the 

ratio between modal voltages and currents at any point in the 

transmission line. Zc,m can be expressed in terms of the 

characteristic impedances of the SP and PP channels. From 

equations (40) and (41) the following expression is derived: 
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where Zsp the characteristic impedance of the SP channel 

(= Vsp/Isp) and Zpp the characteristic impedance of both PP 

channels (= Vpp,1/Ipp,1 = Vpp,2/Ipp,2). Substituting Vm and Im with 

T
-1

V and T-1
I and substituting Zc = √(ZY

-1) yields: 

 

TZYTTZTZ cc,m

111 −−− ==  (43) 

 

The relation between Zsp and Zpp and the mutual and self 

impedances and admittances is found by combining equation 

(42) with equation (43) and substituting equation (7) for Z and 

Y: 
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The modal propagation matrix γm gives the relation between 

the modal voltage/current at a certain location and the modal 

voltage/current at distance z from that location. From 

equations (40) and (41) the following expression is derived: 
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where γsp is the propagation coefficient of the SP channel and γpp 

the propagation coefficient of the PP channel. The relation between 

 

Figure 12.  Relative change in characteristic impedance Zc as a function 

of relative changes in tcs, tis, rc, rs and ε'r,insu. 

 

Figure 13.  Relative change in propagation velocity vp as a function of 

relative changes in tcs, tis, rc, rs and ε'r,insu. 

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on June 30,2010 at 13:57:53 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Transactions on Dielectrics and Electrical Insulation    Vol. 17, No. 1; February 2010 115

γm and the impedance and admittance matrices Z and Y is: 

TZYTγTTγm

11 −− ==  (47) 

The relation between γsp and γpp and the mutual and self 

impedances and admittances is found by combining equation (46) 

with equation (47) and substituting equation (7) for Z and Y: 

)2)(2( smsmsp YYZZ ++=γ  (48) 

))(( smsmpp YYZZ −−=γ  (49) 

The propagation velocities of the SP and PP channels can 

be found using equation (4): 

)Im(
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