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Transmission Model of Partial Discharges on
Medium Voltage Cables

Martin Fritsch

Abstract—Medium voltage cables are poor transmitters of sig-
nals with high frequency spectrum such as partial discharges. The
propagating signals are strongly attenuated and distorted depend-
ing on the transmitted distance. In order to understand this process,
this article provides a model to simulate the transmission of such
signals on medium voltage cables. Compared to earlier approaches,
this model does not neglect the wave character of the high fre-
quency signals. Therefore, to describe the signal transmission, a
comprehensible solution of the telegrapher’s equations is provided.
To work with this solution, the propagation constant of the medium
voltage cable used must also be known. This propagation constant
is calculated on the basis of the individual cable layers, considering
all ohmic and dielectric losses. In contrast to previous methods, all
primary line constants are modeled frequency dependent. The final
transmission model is able to predict the spectrum of a transmitted
signal at any distance from its origin. Validation measurements
show that prediction and measurement agree with good accuracy.
A possible application of the developed model is the investigation
of the transmission of partial discharges on medium voltage cables.
This model is probably also suitable for high voltage cables.

Index Terms—Attenuation, cable model, high-frequency, partial
discharges, power cables, propagation constant, transmission lines,
transmission model, XLPE.

1. INTRODUCTION

ARTIAL discharges (PD) are small dielectric breakdowns
within an electrical insulation system. They can occur
localized at any defective points in the insulation. In contrast
to the short circuit, the space between the two conductors is
not completely bridged by the discharge. Thus, PD activity can
last for a while and successively damage the insulation. They
mainly occur on the operating equipment of electrical power
transmission systems under high-voltage stresses. By measuring
the PD, defects can be detected in time and power outages can
be avoided.
The discharge manifests itself as a transient electromagnetic
pulse. The pulse width is usually in the range of a few nanosec-
onds. In the frequency domain, such nanosecond pulses consist
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of a wide spectrum of frequencies from 0 Hz to tens of MHz.
The shorter the pulse duration is, the wider the corresponding
frequency spectrum becomes. The maximum frequency compo-
nent of most PD should be in the range of 3—100 MHz, which
corresponds to the high-frequency (HF) and lower very-high-
frequency (VHF) range. When HF signals are mentioned in the
following article, this frequency range is meant.

The broadband PD pulses usually have to propagate from
their point of origin to a measuring device via a transmission
line (TL), e.g. overhead lines or power cables. This propagation
distorts the initial impulse and reduces the bandwidth of the
measurable spectrum depending on the distance traveled. To
model and simulate this process, a complete understanding of
the propagation behavior of the TL used is necessary. A suitable
model can then describe the transmission of PD, as well as all
other HF signals, on the TL. In this article such a model is
presented, where power cables are used as TL. The investigations
are carried out using a medium-voltage (MV) cable with a
nominal voltage of 20 kV. This cable is representative of all MV
cables of different voltage levels, as their structure is always very
similar.

Most publications on this signal transmission topic have not
considered the TL theory, e.g. [1]-[4]. To correctly model the
transmission of PD or other HF signals on a TL, a solution of
the telegrapher’s equations is required. These wave equations
are not negligible if the wavelength of the transmitted signal
becomes smaller than the length of the TL. This is almost always
the case with signals like PD. To close this research gap, this
article gives a solution of the telegrapher’s equations, which de-
scribes the transmission of a PD along a TL. Similar approaches
were published in [5], [6]. However, both publications have
shortcomings in the derivation of their solution. More precisely,
both solutions show a discrepancy in their right-sided voltage
equation. Furthermore, they are not comprehensible because the
authors do not provide a detailed derivation. These deficiencies
are addressed in this work.

The quality of the signal transmission depends mainly on
the MV cable used or its propagation constant. In contrast to
telecommunication coaxial cables, power cables are optimized
for power transmission at 50 Hz under high voltage conditions.
Therefore, the cable construction contains additional semicon-
ducting layers for field control, which have a significant atten-
uating effect especially on HF signals. These layers must be
considered in order to correctly model the propagation constant
of an power cable. Despite the many publications on this topic,
e.g. [1]-[7], apurely analytical, comprehensive and reproducible
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Fig. 1. Distributed-element model of a TL.

method for calculating the propagation constant of an MV cable
is still missing. Thus, this article aims to provide such a method.
The shown calculation of the propagation constant of an MV
cable is mainly based on the work of [7]-[9] and combines
and extends their results. The frequency dependence of all
electrical parameters is considered. Neglecting these frequency
dependencies is inaccurate for the transmitted HF signals.

The transmission model is derived in three sections and is then
validated. In Section II the solution of the telegrapher’s equations
is derived. Section III deals with the propagation constant of
MYV cables. Section IV contains the modeling of PD pulses.
Section V shows how to use the final transmission model and
provides example measurements for its validation.

II. TRANSMISSION MODEL

The shortest wavelengths in the spectrum of PD or sim-
ilar signals with HF spectrum are usually shorter than their
transmitting line, e.g. 30 MHz corresponds to a wavelength of
A ~ 10 m. Therefore, the TL theory with its wave equations must
be applied.

A. Derivation of the Telegrapher’s Equations

It is assumed that the material and structure of a TL are ho-
mogeneous along its length. Therefore, the equivalent circuit of
the TL can be divided into infinitesimal small equal elements of
length Az, see Fig. 1. Each segment of this distributed-element
model is then characterized as follows:

AR . Q AL . H

e P L r_ =22

= Az lnm Az mm M
AG . S AC . F

r_ D I b

¢ = Az mm Az mm @)

These four electrical parameters are called primary line con-
stants. They are sufficient to fully characterize any conductive
TL. Contrary to their name they are not constant, but frequency
dependent R/ (w), L' (w), C'(w) and G’ (w). For better readabil-
ity, the frequency dependence is not marked in the remaining
text.

The telegrapher’s equations are derived from Fig. 1. For
a more detailed derivation see [10], [11]. The application of
Kirchhoff’s voltage law with Az — 0 leads to:

 Ou(z,) di(z,t)
0z ot

=R -i(z,t)+ L - 3)

The application of Kirchhoft’s current law with Az — 0 leads
to:
825{;, t) ou(z,t) @
z ot
The two coupled, linear partial differential equations (3) and (4)
are the telegrapher’s equations in the time domain.

If only stationary signals are considered, a further simpli-
fication can be achieved by transforming these equations into
the frequency domain. Voltage and current signals are then
represented as a superposition of many sinusoidal signals with
different frequencies. Since all time information in the frequency
domain is lost, this approach is not suitable for the investigation
of transient events. But it can be used if only the transmission
behavior of the TL shall be investigated.

Sine functions can be formulated in the phasor notation with
RMS magnitudes:

u(z,t) = V2U(2) cos(wt + pu) = V2 Re (U(z) &) (5)
i(2,t) = V2 I(z) cos(wt + ¢1) = V2 Re (L(2) ") (6)

where U(z) = U(z)e/?Y and I(z) = I(z) &/?'. The transfor-
mation of (3) and (4) into the frequency domain then yields:

G u(z,t)+C" -

O gy 10 = 2@ @
2O (@ e U = Y@ ®

Z'(w) is the complex series impedance per unit length in % and
Y'(w) is the complex shunt admittance per unit length in % The
frequency dependence of series impedance and shunt admittance
is not marked in the remaining text. The same applies for the later
mentioned secondary line constants v, «, 3, Z. and r,, which
are all frequency dependent too. B

Deriving (7) and (8) with respect to z and mutual substitution
leads to the telegrapher’s equations in the frequency domain:

PUG) _ iy

a;@ =Z'Y' U(2) =1 U(z) ©)
01 A

10 _zy i =110) (10)

Two complex wave equations (9) and (10) are obtained, where v
is the propagation constant of the TL, which can be split into the
attenuation constant «v in % and the phase constant 3 in 4.

1=VZY'

V(R +jwLl) (G +jwC) = a+j (1)
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Fig. 2. Terminated TL with PD at any point z5 along its length .

The conversion from neper to decibelis 1 Np ~ 8.686 dB. Using
an MV cable as TL, v can be determined as described in
Section III.

B. General Solution of Telegrapher’s Equations
The general solution of (9) and (10) is:
U(z) =Use ® + Uy 7
I(z) = I e 2* + I}, 27

(12)
13)

Physically, this solution can be interpreted as the sum of a
forward and a backward traveling wave. The constants U, and
U,, are the phasors of the forward and backward voltage wave
in V. The constants /; and I, are the phasors of the forward
and backward current wave in A. They are determined by the
boundary conditions of the problem to be solved [10].

C. Relationship Between Individual Waves

Voltage and current waves are related to each other via Z_:

Uy Uy Z
Z == —— = —_—
= L L, Y

where Z_. is the characteristic impedance of the TL in €2 [10].
Backward and forward traveling waves are related to each
other via r,:

(14)

()

U
Qbewz _ Z(z) _ZC _ ZZ _ZC
(

-7z U(»)

Ure 1(2)

where 1, is the reflection coefficient at the position z. It depends

on the impedance Z, at this location and indicates which portion
of a forward traveling wave is reflected back into the TL [11].

= =r, (15)
+z. Z,tZ.

D. Solution for the Transmission of a PD Along a TL

Fig. 2 shows a TL of finite length [ with arbitrary termination
impedances Z; and Z, at both ends. A PD (or any other signal
with HF spectrum) can occur at any point 0 < z5 < [ along the
TL. It can be modeled with the following consideration. In the
time domain it is possible to measure either directly the current of
a PD pulse or its voltage. Accordingly, a PD can be considered
in the model as a voltage or current source. To include both
options, the PD is modeled in the frequency domain by both

sources at its point of origin z;. Which representation is used
depends on the available measurement data. The values of U,
or I, for each frequency component are then determined by
the measured voltage or current density spectrum of the initial
PD pulse. Further details on the use of this model follow in
Section I'V.

One part of the TL is on the left of the PD z < zg and the other
parton theright z > z4. The general solution of the telegrapher’s
equation in the frequency domain (12) and (13) applies to both
parts individually. Setting up the initial system of equations
under further consideration of (14):

Ui(z) =Us e + Uy qe*°

U U z2<z (16)
L(x)= e ¥ ——2rer [0

ZC ZC
Us(z) =Uspe X + Uy o02°

U U Z > Zs a7y
(z) = 202 gae _ Db2 e

Z Z

C C

Four boundary conditions are required to solve this system. Two
are obtained from the termination impedances of the TL:

U, (0) =—-Z 1 (0)
Us(l) = Zy I,(1)

(18)

(19)

The other two are obtained by the transition condition at zg:
Iy(z) + Ly = I, (2)
Ui (zs5) + Ug = Us(zs)

(20)
2n

Now the initial system of equations can be solved for the
given boundary conditions. At first a detailed formulation of
the boundary conditions with (16) and (17) can be given:

Ur, Ubl)
Ugy +Upy =2 ( L=
f,1 b,1 1 ZC Z

(22)
U U
Qf,Q eill +Qb}2 ell = ZQ <ch2 efll _ %f e’Yl)
(23)
Uty =b,1 Yo Uy o
=L vz =P vz J o= =52 gmvae D2 v
ZC ZC © T ZC ¢ ZC ¢
(24)

Ugre 2=+ Uy 02 +Ug =Ugge 2% + Uy g1
(25)

Solving (22) for the forward voltage phasor Uy ; of the left TL

section:
Z,—Z.
Ugy =Uypn (1> =Up11

Z, + 2, (20

Solving (23) for the backward voltage phasor Uy, , of the right
TL section:

Zo— 4
o = “c —2~0 __ —2vl1
ng = Qf,Q < e L= Qf,g roe X

— 27
Zy+ 2, &7
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Solving (24) for the backward voltage phasor Uy, ; of the left
TL section:

Up1=Uss e 2% — Uso e 2% 4 Upo+ I, Z e 2>
(28)
Solving (25) for the forward voltage phasor Uy , of the right TL
section:

Qf,z = Qf,l + Qb,1 e?7 Qb,z e?2% 4 U, e?* (29)
Substituting (26) and (27) into (28):
Uso(rge 2 —e %) + I Z, e 2%
U, =—" 30
~b,1 1_ r 672125 ( )
Substituting (26) and (27) into (29):
Uy, (ry 4+ e2%) + U >
Qf,Q == —291 27z G
1+rye L e
Now substituting (30) into (31) and again solve for Uy 5:
Uso = 1 U+ 1, Z.)er™ — (QS_; % Llne (32)
’ 2 1— riTrye ol

And finally substituting (31) into (30) and solve for U, ;:

Uy, = e X (U AL Z)rye 2 — (U~ L, Z)ex!)
~b,1 —
)

1— Ty Ty e—21l

(33)
The four initially unknown phasors of the equation system are
now known for the given boundary conditions. Thus, (26), (27),
(32) and (33) can now be used to write the final solution of the
initial system of equations. For z < zg yields:

e 2(eX* e %) (I _
U,(z) = = [(r e al=2) _ gl ZS)) U.
il( ) 2 (1 _ [1£2€72ll> =2 s
+ (£2e_l(l_zs) + e"/(l*Zs)) lsZle
—l z —vz
I(2)= e X(—e +£1?21l) Kﬂzcﬁ(z ) C'y(lfzs)) U
2 (Zc(l —ryrge” )

And finally, for the right-side z > zg yields:

e W (e12) 4 ppemali=2))y

Us(z) = 9 (1 — £1£2e7211) [(elzs - Ele_lzs) Uy
+ (X% + e ) [ Z,]

-l l(lfz) _ 7l(lfz)
Lz =S TR D (s e,

2(Z.(1—ryrye?2h)

+ (€% 4 e 2=) [,Z]
(35)

With this solution the voltage and current distribution on both
sides of the PD can be calculated for a known TL. The solution
depends only on the arbitrary source signal U or I,. Only one
of the two sources is used at a time and the other is set to zero.
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Fig. 3. Cross-section through a typical single-phase MV cable.

III. PROPAGATION CONSTANT OF A POWER CABLE

To use the derived solution, the propagation constant -y of the
TL must be known. For the present work, acommon cross-linked
polyethylene (XLPE) power cable should be used as TL. In this
section, the calculation of « for such a cable is derived step by
step. At the end of the section, ~ is calculated for an example
cable and validated by measurements. An MV cable is used for
this purpose.

As shown in Fig. 3, power cables typically consist of an
inner conductor with radius r1, an inner semiconducting layer or
conductor screen of thickness dg.1, a dielectric insulation layer
of thickness dj,s, an outer semiconducting layer or insulation
screen of thickness dg.2, an outer conductor with inner radius
ro =11 + dsc1 + dins + dsc2 and an outer protective sheath.
In addition, power cables may have an additional thin, water-
swellable semiconducting tape layer between insulation screen
and outer conductor. However, such a layer is not included in the
example MV cable examined later. The semiconducting layers
are used to provide a smooth interface between the conductors
and the insulating layer. This serves to homogenize the elec-
tric field and avoid highly stressed areas due to small surface
imperfections at the interfaces of the conductors.

To calculate -, first the primary line constants R, L', C" and
G’ must be determined. It is assumed that the cable geometry
is constant over the entire length. To simplify the calculations,
the inner conductor is considered as a solid cylinder and the
outer conductor as a solid hollow cylinder. It is also assumed
that the cable is straight over its entire length. This implies a
homogeneous field distribution and allows the calculation of the
primary line constants [8].

A. Conductor Resistance

The resistance per unit length R’ of a copper conductor at DC
is calculated as follows:

1

/o
= O

(36)

where 0., = 58.1395 % is the electrical conductivity of the
copper conductor and A is its cross-section in m?. The resistance
increases with frequency f due to the skin effect. The higher the
frequency, the more current flows near the conductor surface.
The thickness of this conductive layer is the skin depth § in m
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and can be calculated for metallic conductors according to:

2
f= | —2
OcoWHgtco

where g, &~ 1.25664 - 1076 % is the vacuum permeability,
feo = 1 —6.4-1076 ~ 1 is the relative permeability of copper
and w = 27 f is the angular frequency in *2. The skin depth §

S

(37)

indicates the depth, at which the current density J has decreased
to % of its amplitude. In the MHz range, the skin depth for copper
is only a few micrometers thick. Thus, the effective cross-section
of the conductor is reduced at HF signals to about Ay = 27r4d.
Then the conductor resistance can be calculated as follows [8]:

I 1

Oco2TT0

_ W Mo L
20,

R = (38)

OcoAnt 2mr

The total resistance of a power cable is the sum of the resistances
of the inner and outer conductor:

R — WHoHco i i + i
2000 2 1 T2

B. Conductor Inductance

(39)

HF currents generate magnetic fields inside and outside the
cable conductors. These magnetic fields change over time and in-
duce an opposite voltage back into the conductors. This behavior
is described by the conductor inductance per unit length L. The
influence of the magnetic fields on the conductors themselves,
the so-called inner inductance L, decreases with frequency due
to the skin effect. Therefore, the inner inductance is negligible at
frequencies > 10 kHz. Only the influence of the magnetic field
between the conductors, the outer inductance L, is relevant for
calculating the total inductance of the TL in the HF range [8]:

U'~I = %mrﬁ (40)
s 1

C. Insulator Capacitance

The elements R’ and L’ describe the behavior of the con-
ductors and C” and G’ that of the dielectric material between
the conductors. This dielectric consists of the main insulation
layer and thin semiconducting layers on each side. Each of these
layers has a frequency dependent capacitance per unit length C”.
In general, the capacity of a coaxial cable layer can be calculated
as follows [12], [13]:

o 2mepe(w)

o In (:—f)
where gy ~ 8.85418 - 10712 % is the vacuum permittivity and
e(w) = ¢'(w) + je”’" (w) is the permittivity of the dielectric layer.
This permittivity describes the polarizability of the dielectric
and is frequency dependent and complex.

The permittivity of the XLPE insulator layer can be assumed
to be constant g;,,; = 2.26 + j - 10~ in the frequency range of
interest [7], [9]. The permittivity of the semiconducting layers is
usually not known from the datasheet of the power cable used.

(41)

TABLE I
PARAMETERS OF THE PERMITTIVITY MODEL OF THE SEMICONDUCTING
CABLE LAYERS
Parameter  conductor screen insulator screen  tape layer

Aq 105 95 160
Ao 50 90 48
o 0.5 0.3 0.5
a2 0.3 0.5 0.7
T 300ns 100ns 800 ns
To 0.68 ns 4ns 15ns
€00 4 2 1

ope 0.15 =8 2.7 28 32 mS

In [9], researchers made permittivity measurements for single-
phase MV cables. The authors have fitted the following complex
permittivity model to their measurements:

A A
e e Tt A S
1+ (jowr)d-21) 14 (juwr)d-22)  jweg

g(w)

€oo

(42)
A detailed description of this model and the measurement
method can be found in the referenced article. The various
parameters of the permittivity model are summarized in table I,
separated by conductor screen and insulator screen. If necessary,
the parameters of the optional water-swellable semiconducting
tape layer are also added. With these data and (42) the permit-
tivity of the two semiconducting layers are calculated.
Now the capacitance of each layer can be calculated according
to (41):

! 2,/T‘€0§sc1 (w)

= 43
el In (T1+dsc1 ) (43)
1
2 ins
Clp = —— (44)
m gezery
4 27T€0§SC2 (OJ) (45)

se2 In (2 +dsc1+dins+dsc2
71+dsc1+dins

The total insulator capacitance of a power cable results from all
individual capacities in series:

1
¢ = (46)
T+ t+&

~scl ~ins —sc2

If necessary, the capacitance of a possible water-swellable semi-
conducting tape layer is calculated and added in the same way.

D. Insulator Conductance

In XLPE cables, the influence of the insulator conductance per
unit length G’ is small compared to the dielectric losses due to
polarization caused by C'. The specific conductivity of the XLPE
insulation material oy, is close to zero. The conductivities of
the semiconducting layers are already considered in the used
permittivity model. The XLPE conductance can therefore be
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TABLE II
PARAMETERS OF THE MEDIUM VOLTAGE CABLE USED

Parameter Value
Conductor material Copper
Nominal voltage Uy 20kV
Inner conductor cross-section 50 mm?
Outer conductor cross-section 16 mm?
r1 4 mm
dsc1 0.3mm
dins 5.5mm
dsc2 0.6 mm
ro 10.4 mm

neglected or, provided o, is known, calculated as follows [13]:

27T0'1ns
In (r1+dsc1+dins+d5c2 )

T1

G = 47)

E. Secondary Line Constants

Now all primary line constants are determined for the specific
power cable and the secondary line constants can be calculated.
First the complex impedance of the TL can be calculated:

Z' =R +jwl’ (48)
The complex admittance of the TL is:
Y =G +jwC (49)

The propagation constant +y of the power cable can now be cal-
culated according to (11). Finally, the characteristic impedance
Z . of the TL can be calculated according to (14).

F. Validation of the Calculated Propagation Constant

To validate the calculation method shown, the propagation
constant y was calculated for an example MV cable. The cable
type is N2XS2Y of Suedkabel GmbH. Some relevant parameters
of this MV cable are listed in table II. The piece of cable used is
[ = 10m long. It should be mentioned that the cable length has
no influence on +. It depends only on the cable geometry and
material. B

To validate the calculated v of the MV cable, it is also mea-
sured with the help of a vector network analyzer (VNA). With the
help of a VNA the scattering (S) parameters of a linear electrical
network can be measured. Each TL can be interpreted as a linear
two-port network. As VNA the model DGSSAQ VNWA 3E of
SDR-Kits is used. With this device the S-parameters of the MV
cable were measured from 0.1 to 250 MHz.

For the measurement, the MV cable must be connected to
the transmit and receive SMA input of the VNA, see Fig. 4.
Therefore, an adapter is required. For this purpose, an SMA
cable is connected to each of the two VNA inputs. At the other
cable ends, the inner and outer conductors are separated. They
can now be soldered directly to the inner and outer conductors
of the MV cable. Care must be taken to keep these unshielded
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f/ ’ /

g

Fig. 4. Connection of the MV cable to the VNA. The MV cable is equipped
with additional shielding at its end terminations to avoid parasitic inductance.
In general, all unshielded sections should be avoided as much as possible.

]
&
Short -
S
Open =] N
o =
a
Load = g
O
Thru
Fig. 5. Adapter between VNA and MV cable and corresponding calibration
scheme.

cable sections as short as possible to avoid unwanted parasitic
inductance in the network.

Before the measurement a correct SOLT-calibration of the
VNA must be ensured according to Fig. 5. For this purpose,
both adapters are connected to the VNA, but not to the MV cable.
For Short calibration the adapter ends of the transmit input are
soldered together. For Load calibration, a 50 2 SMD resistor
is soldered between the adapter ends of the transmit input. For
Through calibration the adapter cables of both VNA inputs are
soldered together. After successful calibration, the MV cable can
be inserted exactly at the calibration plane according to Fig. 4
and the S-parameter measurement can be performed.

The relationship between the measured S-parameters and the
propagation constant y for a TL is [14], [15]:

vzmml(fh+5m> (50)

! 255

Fig. 6 compares the analytical and measured propagation
constant «y separated into its real part & and imaginary part 3.
The attenuation constant is converted to % , see the comment to
(11). Model and measurement of ~y are very similar. From this it
can be concluded that the propagation constant of the MV cable
is determined correctly.
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Fig. 6. Calculated and measured propagation constant of the MV cable.
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Fig. 7. PD calibrator 100 pC impulse in the time and frequency domain.

IV. PARTIAL DISCHARGE MODEL

Insection I, a PD pulse was modeled with the help of a voltage
source U and a current source I at location zg, see Fig. 2. In this
way it was achieved that both voltage or current measurements
of a PD can be used as input of the model. Depending on which
source is selected, the other is set to zero. Since we mainly
measured voltages for this work, the voltage source U, will be
used in the following. Thus, in our case I, = 0.

The modeled PD sources U or I, represent the initial PD
signal, which is then transmitted on the power cable. They are
the excitation of the system. This section shows, how this input
variables of the transmission model can be determined.

For this work, a Haefely KAL9511 PD generator was used to
produce the required PD pulses. This calibrator can generate
PD pulses with a fixed charge of 1 to 100 pC. To measure
the voltage of such a pulse, the calibrator can be connected
directly to the 50 €2 input channel of an oscilloscope. Then the
circuit is impedance matched and the voltage pulse u.,) of the
calibrator can be measured without occurring reflections. The
red dashed line in the time domain of Fig. 7 shows the measured
voltage of the 100 pC pulse, with an amplitude of 4,9 ~ 0.64 V
and a pulse duration at half amplitude or full width at half
maximum of tpwim ~ 8 ns. The corresponding representation
in the frequency domain shows the voltage spectral density

(VSD) obtained by Fourier transformation ., £> Uea in %
For the figures, the VSD is converted into a logarithmic scale:

Ucal,dB=201og10< e )> ,indB (51

max (|Qcal|

—

Fig. 8. Measurement setup for the first validation measurement of the trans-
mission model.

The measured pulse consists mainly of frequency components
up to the -6 dB cutoff-frequency f_¢qp ~ 62.72 MHz. At this
point the spectral amplitude has decreased by half. The shorter
the pulse, the higher the -6 dB cutoff-frequency.

The measured PD voltage is similar to a symmetrical Gaussian
function. Therefore, a PD in the time domain can be modeled
by a Gaussian function:

. _ (-tg)?
ucal,m(t) = Ucal,m = Upd € 2c2

(52)

where ¢y = 0s is the position of the peak center and c describes
the pulse width. The relationship between tpwn and c is:

LFWHM
= ——— ~0.42466¢ (53)
2./21(2) v
The same PD model pulse in the frequency domain is [8]:
Ccw 2
Ucal,m(w) - Ucal,m = ﬂpd cV2im ei( 2) (54)

This obtained VSD can be used as input variable of the trans-
mission model, i. e. as PD voltage source U,. The PD current
source is then set to I, = 0.

Once again as a reminder. Instead of measuring the PD pulse
voltage, the current could also be measured, e.g. with a current
probe. Then I, would be determined in the same way and
U,=0.

In order to fit this Gaussian pulse model to a specific voltage
pulse measurement, the three free parameters tipq, 1o and c
must be adjusted. The optimal parameter set is determined using
an optimization algorithm that minimizes the sum of squared
residuals. An example of the result can be seen in Fig. 7 as
blue solid line. The Gaussian PD model can reproduce the
measurement with sufficient accuracy.

V. VALIDATION MEASUREMENTS

To validate the final transmission model, measurements were
made using the MV cable type described in Section III-F. For this
purpose, two example measurements are shown in this section.

A. Measurement Setup With PD At the Beginning of the
MYV Cable

The measurement setup is shown in Fig. 8. An MV cable
section with a length of [ = 10 m is connected on one side to the
PD calibrator and on the other side to an oscilloscope. Thus, a PD
pulse is injected at one end of the cable and the resulting voltage
is measured at the other end. An oscilloscope with a bandwidth
of 2 GHz and a sampling rate of 2.5 % is used. The transmitted
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Fig. 9. PD calibrator with adapter cable for connection to the MV cable. Rt
can be soldered between the separated conductors if necessary. The oscilloscope
was connected in a similar way, with optional R.,.

voltage pulse us is measured at an input channel with an input
resistance of Ry, = 50¢2. Passive probes on high-impedance
input channels would falsify the HF measurements due to their
capacitive behavior.

Adapters similar to those in Section III-F were used to
connect the MV cable to the other devices, see Fig. 9. This
time the adapters are made of BNC cable with a characteristic
impedance of Ry, = 50€2. One end is equipped with a BNC
male connector. At the other end the inner and outer conductors
are separated and can be soldered directly to the MV cable
conductors. These unshielded cable sections of the adapter add a
parasitic inductance to the measuring circuit. This could lead to
unwanted low-pass behavior and thus to a falsified measurement.
However, VNA measurements of the adapter’s S-parameters
show that this low-pass behavior is negligible up to 100 MHz if
care is taken to keep the unshielded conductor section as short
as possible (S;; is nearly constant). The adapters can therefore
be considered as loss-free in the relevant frequency range. Thus,
Ucal ~ up and Uge = Us.

Optional SMD-resistors Rt1 and Rf, can be soldered between
the two unshielded wires of the adapters to change the MV cable
termination impedances:

Zl = Rtl
ZQ = RtQ = Rsc H R/tQ

(55)
(56)

These impedances determine the reflection coefficients at the
beginning r; and at the end r, of the MV cable according to
(26) and (27). If the termination impedance matches the char-
acteristic impedance Z_. of the TL, reflections are minimized.
Z . can be calculated with (14) or with the help of the measured
S-parameters. For the MV cable used, Z. ~ 35.5 2 and is almost
purely ohmic and nearly constant up to 1 GHz.

The amplitude of the generated calibrator pulse wuc, de-
pends on the termination resistor R;; connected to its termi-
nals. In Section IV, the calibrator voltage pulse was measured
directly at a 50 €2 input channel of an oscilloscope. For sim-
plicity, this impedance-matched voltage pulses of the calibrator
were recorded. The following relationship applies between the
impedance-matched voltage pulse w1 500 and the actual pulses
at other Ryq:

_ Ry
Ucal = Ucal, 5092 R
sc

(57)
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Fig. 10. 100 pC impulse after propagation on 10 m of MV cable in the time
and frequency domain with R¢1 = 352 and R2 = 50 €.

Thus, before each validation measurement, the initial cali-
brator PD pulse u.,; is calculated for the given R;i. Then the
Gaussian pulse model parameters are fitted to ¢ t0 g€t Ucal m.
Subsequently (54) is calculated with these PD model parameters.
The obtained VSD U, ,,, is then used as PD source U of the
transmission model.! Now (34) or (35) can be solved for the MV
cable used. The resulting VSD U, can now be transferred back
into the time domain by inverse Fourier transformation in order
to obtain the voltage us at the cable end. This voltage can now
be compared with the measurement on the oscilloscope.

Fig. 10 shows an example result. For this example, the ter-
mination resistor Ry; = 352 ~ Z_. was chosen to avoid reflec-
tions. At the other side no additional resistor R}, was used, i. e.
Ry = 5082. 100 pC pulses were generated by the calibrator.
Furthermore z5 = 0, 2 = [ = 10m and / = 0 applies.

Transmission model and measurement are similar in time and
frequency domain. The remaining deviation can be explained by
minor reflections that occur at the discontinuities between the
MYV cable and the BNC adapters. The characteristic impedance
changes at these connections from approximately 35.5 {2 to 50 €2
and minor reflections will occur. However, these reflections are
neglected in the transmission model, because Z. and Rpy. do
not differ much. Apart from these minor deviations, the model is
able to predict the transmission behavior of the MV cable well.

B. Measurement Setup With PD in the Middle of the MV Cable

This time the calibrator is connected between two pieces
of the MV cable, each 10 m long. The measurement setup is
shown in Fig. 11. The transmission model is only applicable
if both cable sections have a similar characteristic impedance
Z. = Zg. Due to the great similarity in construction, this
assumption should be true for most XLPE power cables.

If the calibrator is connected in series between two MV ca-
bles, then uca = Ucal 500 applies. The rest of the measurement
procedure remains the same.

For the example measurement the terminating resistors
Ri1 = Ris = 332 were chosen, i. e. an additional resistor

1o = 1009 was implemented. Then (35) was solved with

'The conversion of a VSD into a logarithmic scale is only done for the
diagrams. Mind the index dB.
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Fig. 11. Measurement setup for the second validation of the transmission
model.
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Fig. 12. 100 pC impulse in the middle of 20 m of MV cable in the time and

frequency domain with Ry; = Ry2 = 33 Q2.

2zs=10m, z =1 =20m and I, = 0. The result is shown in
Fig. 12.

Again, the results of the transmission model and measurement
are similar in both time and frequency domain. Minor reflections
occur at Ry and are measured on the oscilloscope after about
120 ns, which corresponds to about 22 m propagation distance.
These reflections due to impedance mismatch are low because
the terminating resistors are approximately equal to Z.. In the
frequency domain, the measurement shows a stronger low-pass
behavior compared to the model. This is probably due to longer
unshielded cable sections, which could not be avoided in this
test setup. All unshielded connections should be kept as short as
possible to avoid parasitic inductance. Again, the model is able
to predict the transmission behavior of the MV cable well.

The validation results look very promising. Overall it can
be concluded that the developed transmission model predicts
the propagation behavior of the investigated MV cable with
sufficient accuracy. Theoretically, the model should also be valid
for cables of any length, since the propagation constant does
not change. However, future validation measurements on longer
cable sections should provide additional evidence of this.

VI. CONCLUSION

This article contains an analytical model that describes the
transmission of high frequency signals (f > 50 Hz), such as
PD, on power cables. The model of this transmission process
is based on a derived solution of the telegrapher’s equations. In
addition to knowing this solution, the propagation constant of the
transmission line must also be known. Therefore, a calculation
method for the propagation constant of power cables is shown.
Using an exemplary MV cable, this method is successfully
validated by measurement. The transmission model is then able
to reliably predict the propagation and attenuation of various
input signals. The signal source can be located anywhere along
the cable. This is also confirmed by exemplary measurements
with a piece of MV cable and with the help of a PD generator.

It should be mentioned again that all signals with HF spectrum
must be treated with the help of the telegrapher’s equations.
Otherwise all wave phenomena like reflections are neglected.

For the calculation of the propagation constant of the example
MYV cable, the ohmic and dielectric losses of all cable layers were
considered. Compared to previous approaches, the described
method is purely analytical and reproducible and considers the
frequency dependence of all electrical parameters. Presumably,
this calculation method can also be applied to XLPE cables of
higher voltages, but this still needs to be investigated.

The transmission model should also be applicable to transmis-
sion lines other than power cables if their propagation constant
is known.

If multiple XLPE MV cable sections are connected by joints
and their characteristic impedance is similar (this should usually
be the case), the entire section can be treated as a single cable.
Provided that the joints are installed correctly. Minor reflections
may occur at the joints, but these should be negligible. In real
cable systems, the cable end terminations must also be taken
into account. The authors will address these issues in a future
publication.

With the help of this model the attenuation and dispersion of
transmitted signals can now be easily determined. The remaining
spectrum at the measuring point can be simulated accordingly.
The authors will use this model in the future to develop methods
for detecting PD on MV cables.
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