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a  b  s  t  r  a  c  t

Existing  models  for partial  discharge  (PD) propagation  based  on  a single  attenuation  constant  are  unable
to explain  how  each  frequency  component  travels  with  a different  propagation  velocity.  This  paper  pro-
poses  a new  model  based  on  a  complex  propagation  term  whose  real  component  does  not  depend  on the
frequency  (f),  and  whose  imaginary  part  is modeled  with  a second  order  polynomial  in f.  The  proposed
model  explains  how  the  PD  is  attenuated,  delayed,  and  dispersed  due to  the  fact  that  each  frequency
component  is  differently  delayed.

A closed-form  expression  is proposed  for  the  PD  peak  value  and  width,  and  a  method  to  derive the
model  parameters  from  a  reference  model  existing  in the  bibliography.  Simulation  results  show  that  the
peak value  and  width  of the  propagated  PD  pulse  are  similar  to  those  obtained  with  the  proposed  model.
Additionally,  the  proposed  model  provides  the  velocity  of  each  PD  frequency  component,  which  is  crucial
to get  an  accurate  estimation  of  the  PD  source  location.

The  parameters  of  the  proposed  model  have  been  estimated  using  a vector  network  analyzer  for a
XLPE  cable.  These  results  have  been  compared  to the measurement  obtained  in  a medium  voltage  test
bench  where  intentionally  induced  PDs  have  been  captured  and  processed,  confirming  the  results  of
attenuation,  delay  and  dispersion  predicted  by the  proposed  model.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The observation of the phenomenon known as partial discharge
(PD) in cables allows engineers to predict imminent failures in
medium voltage (MV) distribution networks. Locating PD sources
allows to identify the cable degraded areas and, preventively,
replace it to avoid a power outage that could affect hundreds of
subscribers.

To get an accurate location of the area where partial discharges
are being generated, it is necessary to know how these PDs prop-
agate along the cable. Published propagation models are based on
classical transmission line (TL) approaches [1–5]. But these models
have the following disadvantages:

- It is difficult to estimate their parameters, mainly due to the cable
complex structure, as well as the lack of knowledge about the high
frequency behavior of its materials [2].
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- Existing propagation models for partial discharges, including
those based on transmission lines, usually yield to a nearly con-
stant propagation velocity [2,6]. However, experimental results
shown in [1] or [2] demonstrate that this velocity depends on
the PD frequency components. This dependence leads to disper-
sion, i.e. the pulse spreads because each frequency component
travels at a different propagation velocity [7]. It is well-known
that dispersion has a significant effect on the pulse shape [8], as
well as negative implications for PD location using techniques
such as Time Domain Reflectometry (TDR) [3]. Dispersion has also
negative effect on PD pattern classification and recognition [9].

- Understanding how the propagation velocity varies with fre-
quency, or even with cable aging, is crucial for an accurate location
of the PD source [5].

Dispersion is mainly due to the high frequency behavior of the
semiconducting layer [8]. In addition, small variations of the char-
acteristic impedance along the cable, especially due to aging, also
leads to dispersion [5].

Dispersion is modeled in the bibliography by means of a TL
model where the propagation term is a real value that linearly
depends on the frequency [10]. Thus, dispersion appears because
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the high frequency components are highly attenuated. Conse-
quently, the signal bandwidth is reduced, and the original PD shape
is spread in the time domain. Since the propagation term is real, this
model is unable to explain how each spectral component travels at
a different speed.

Present techniques for fault location use those less attenu-
ated spectral components to estimate the fault location. As the
frequency components could change, even from experiment to
experiment, due to changes in external conditions, or due to cable
aging, assuming the same propagation velocity for every frequency
component can yield a non-negligible error in the fault location.

This paper proposes a new propagation model for medium volt-
age cables. This model can be used to study the propagation of PDs,
or even other transient phenomenon (lighting impulses, switching
transients or breakdowns). It is based on the contributions of Mar-
cuse in the field of light pulse propagation in single-mode optical
fibers [11]. The proposed model approaches the attenuation term
as frequency invariant, since the useful parts of the spectrum of the
signals measured at the cable ends exhibit a low dependence with
frequency. The phase term is approximated by a second order poly-
nomial in frequency. This approximation allows to explain how the
propagation velocity varies with frequency leading to dispersion.

A simple method valid for both, symmetric and asymmetric
pulses, is proposed in this paper to estimate the model parame-
ters from the reference model in [10]. The results obtained with
the proposed model are compared by simulation to those obtained
with the model of that reference.

The main advantage of the proposed model is that the model
parameters can be estimated from experimental measurements,
and two methods are proposed here. The first one uses a vector net-
work analyzer (VNA) to measure the frequency response of a cable
sample. In the second technique, partial discharges are captured
in a degraded cable and digitally processed to measure the pulse
dispersion due to cable propagation. Experimental results obtained
with a XLPE MV  cable are shown to illustrate these methods.

This paper is organized in 5 additional sections. Section 2
describes the proposed propagation model for both, symmetric and
asymmetric pulses. Section 3 describes how to extract the model
parameters from the reference model described in [10]. Section 4
illustrates how the proposed model agrees with the experimental
measurements. In Section 5 we discuss some key aspects related
to location of partial discharges that can be addressed with the
proposed model. Finally, some conclusions are drawn in Section 6.

2. Proposed propagation model

A transfer function H(ω, L), shown in (1), is proposed to model
the propagation of PDs in MV  cables. In (1), �(ω) is the complex
propagation term, and L is the propagated distance.

H(ω, L) = exp(−�(ω)L) where : �(ω) = ˛0 + jˇ(ω). (1)

The real part of the propagation term, ˛0, is responsible for PD
power reduction in 8.68˛0 dB/m. A typical value for ˛0 is 0.03 dB/m.

Concerning the imaginary part of the propagation term, or phase
term ˇ(ω), it models the phase variation due to propagation. Term
ˇ(ω) determines the propagation velocity, the propagation delay,
and is responsible for pulse dispersion. Unlike most of the mod-
els proposed in the literature, which assume ˇ(ω) to have a linear
dependence with ω, the model proposed here assumes a quadratic
dependence with ω as shown in (2).

ˇ(ω) = ˇ0 + ˇ1ω + (1/2)ˇ2ω2,

where : ˇ1 = ∂ˇ/∂ω|w=0 and ˇ2 = ∂2
ˇ/∂ω2|w=0. (2)

Delay constant ˇ1 is responsible for the delay (also called group
delay) of the initial pulse after travelling a distance L. The prop-
agation time tp = ˇ1L can be considered to be the mean value of
the propagation delay of every spectral components in the propa-
gated pulse. Constant ˇ2, or dispersion constant, is responsible for
the spreading of the initial pulse shape due to the fact that each
spectral component propagates at a different speed.

2.1. Gaussian pulses

Expression (3) models an initial Gaussian pulse with amplitude
and deviation A0 and �0, respectively. Fig. 4(a) shows this signal.
Using the proposed propagation model, the resulting propagated
pulse at a distance L is shown in (4), where it can be observed that:
(a) the resulting pulse is gaussian too; (b) it has been be attenuated
(AL is the resulting peak value and even if we  consider a non dis-
sipative (˛0 = 0) medium, the peak value would be reduced due to
dispersion if ˇ2 /= 0); (c) it has been phase delayed in an amount
of �L radians; (d) it has been time delayed tp seconds; and (e) it has
been dispersed along the cable: the original deviation �0 has grown
up to �L due to dispersion.

v(t, 0) = A0 exp(−t2/2�2
0 ). (3)

v(t, L) = AL exp(−j�L) exp(−(t − tp)2/2�2
L ), (4)

where

�L = (�2
0 + ˇ2

2L2/�2
0 )

1/2
,

AL = A0�0(�4
0 + ˇ2

2L2)
−1/4

exp(−˛0L),

�L = ˇ0L + arctan(ˇ2L/2�2
0 ) − . . .

ˇ2L/2(�4
0 + ˇ2

2L2), and

tp = ˇ1L.

2.2. Asymmetric pulses

The skewed nature of the PD pulse is modeled in [10] by means
of a sum of delayed gaussian functions. Using NG components, the
resulting pulse waveform is given in (5), where A0,k, �0,k, and �0,k
are the peak, typical deviation, and delay values of the gaussian
component k, respectively. Fig. 6(a) shows the asymmetric pulse
generated using this model.

v(t, 0) = Ap

NG∑

k=1

A0,k exp(−(t − �0,k)/(2�2
0,k)), (5)

where

A0,k = 0.2245 exp(−k/10),

�0,k = 10−9(k + 5000),  and

�0,k = 10−9 exp(k0.25)/
√

2.

Assuming that the propagation medium is linear, the expression
in (6) describes the L meter propagated asymmetric pulse, where
˛0, ˇ1, and ˇ2 are the attenuation, delay, and dispersion constants of
the proposed method. The resulting v(t, L) signal is composed of NG
Gaussian components, where AL,k, �L,k, and �L,k are the amplitude,
deviation, and delay of the k-th component, respectively.

v(t, L) = Ap

NG∑

k=1

AL,k exp(−(t − �L,k)/(2�2
L,k)), (6)
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