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ABSTRACT This paper addresses the accelerated aging of medium-voltage (MV) cable terminations with
resistive stress-grading due to supraharmonics. The paper introduces a simple and quick way to relate the risk
of cable termination failure to the characteristics of supraharmonic distortion in the system. The motivation
is to give practical recommendations and guidelines to evaluate the risk of failure of cable terminations
under the presence of supraharmonics in MV networks. The underlying model relates the heating in the
cable termination linearly with the frequency of the voltage applied and proportionally with the square of
the magnitude of the voltage. The indicator can be used to decide whether given levels and frequencies
of supraharmonics in the MV network represent a risk to cable terminations. The parameters of the cable
termination design are not needed for that decision. However, the decision criterion is based on one sample
data (Eagle Pass) and more field information is crucial to improve the approach.

INDEXTERMS Dielectric breakdown, dielectric losses, power cable insulation, power quality, power system

harmonics, supraharmonics.

I. INTRODUCTION
Supraharmonics or high-frequency distortion are voltage and
current waveform distortion in the frequency range 2 to
150 kHz. Supraharmonics have their origin in the active
or passive switching of power electronics converters and
the transmitters of power line communication (PLC). Some
sources of supraharmonics in MV networks are: wind-turbines
and parks [1], solar parks [2], static frequency converters
(SFC) in railway systems [3], and voltage source converter
(VSC)-based transmission controllers [4]. Due to the increas-
ing use of these technologies, during the last decade, suprahar-
monics in medium-voltage (MV) [2], [3], [5] and low-voltage
(LV) [6], [7] grids have received increasing attention. The
emission from these sources might have several suprahar-
monic components in the range 2 to 150 kHz. Authors in [3]
report levels up to 400 V at 2 kHz in a 70 kV busbar, and it
is shown in [5], [8] that some supraharmonic components can
propagate over distances about 16 km in an MV network.
High levels of voltage distortion in the supraharmonic range
have been found to create problems in MV installations. In
[9], audible noise from electronic devices in an office building

is reported to be caused by a converter-fed pump connected
to the same MV busbar as the building’s installation. Another
case is the failure of cable terminations [4]. Previous studies
have demonstrated that, even when cable insulation systems
have been designed following the standardized recommen-
dations, they might be susceptible to fail when exposed to
stresses that were not considered in the design stage [4], [10].
High levels of supraharmonics are likely to be found in MV
networks due to high-frequency system resonances triggered
by the emission from power electronic devices [10], [11]. Up
to date, there are no recommendations on how to quantify and
evaluate the impacts of supraharmonics on MV installations.
Cable terminations of resistive/refractive type stress-
grading failed during the commissioning stage of the Eagle
Pass BTB installation that connects the U.S. and the Mexi-
can transmission grids. Investigation of the problem revealed
the existence of high levels of distortion. The distortion was
present at a multiple of the switching frequency of the VSC
that was amplified due to a local resonance in the network.
Voltage distortion with frequency 12.4 kHz (ten times the
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TABLE 1. Summary of Case Studies in the Literature

1% Vpeak . Vsa_—peax  Vsu/V1 . Report/surface Single/multiple Viated

kV) kV) High freq. (kHz) kV) ratio (%) Duration temp. rise SH components  (kVr,_r,)
Eagle Pass [4] 104 37 1.26, 3.78, 12.4 6 40 Unknown Failure Multiple 24
Paulsson etal. [4] 26.2 45 8 8 22 445 h Failure Sinus. single 24
Ming et al. [12] 0 14.1 22 14.1 NA 40 min Hotspots, 9 °C Sinus. single Unknown
Banerjee, 13 40 7 18.4 100 Unknown Hotspots, 25 °C  Sinus. single 15
Jayaram [13]
Patel et al. [16] NA 18.4 3 NA NA 90 h Hotspots, 8 °C PWM 15
Shaker et al. [14] NA 12 4 NA NA 1h Hotspots, 10 °C  Square-pulse 15
Abbasi et al. [15] 3.2 4.5 NA NA NA 43 min Failure, 194 °C DC Unknown
Unpublished 44.5 78 0.71 15 24 <1lh Failure Sinus. single 84

switching frequency of the converter) was found with an am-
plitude between 13 % and 40 % of the fundamental volt-
age [4]. Laboratory tests confirmed that the cause of the
termination failure was the high supraharmonic distortion [4].
Three cable terminations of the resistive/refractive type failed
within 470 h when exposed to a 50 Hz voltage superimposed
with high-frequency voltage from 7.5 to 8.5 kHz, with a
magnitude which represents 18 % of the total voltage. The
study concluded that higher frequencies lead to higher losses
in the stress-grading layer; therefore, the higher the frequency
of the supraharmonic voltage, the higher the probability of
failure of the termination. The time to failure depends on
the amplitude and frequency of the supraharmonics, and the
ambient temperature.

Further research has been done to understand the process of
the failure of cable terminations of the resistive stress-grading
type under high-frequency distortion (supraharmonics). Ac-
cording to [12], the surface potential distribution is disturbed
under supraharmonic voltages, which results in the appear-
ance of hotspots in the cable termination surface. The hotspots
are created because of the flow of capacitive currents that are
proportional to the voltage frequency. As shown in [13], the
higher the magnitude of the supraharmonic voltage, the higher
the increase in the temperature on the cable termination’s
surface (non-linear relation). Although the maximum voltage
peak is significantly increased when supraharmonic voltage
is superimposed on the fundamental, the hotspot formation is
due mainly to the supraharmonic component. Thus, a wave-
form with a single high-frequency component can be used in-
dependently to test operation cases in which supraharmonics
are superimposed to the fundamental. This finding simplifies
experimental setups and analysis. In [14] and [15], the mod-
eling of the generated heat in the material due to power losses
is studied. High levels of a 710 Hz component were measured
in an MV installation, and a cable termination with resistive
stress-grading failed though not immediately. The event has
not been published. The voltage values are considered as an
example of levels that can be present in a real MV installation.
A summary of these cases is presented in Table 1.

There are still open questions about the characteristics of
supraharmonics and conditions that lead to the failure of cable
terminations. Answering these questions is vital for quanti-
fying and evaluating the risks of cable termination failure,
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but even a first approach on how to apply the available in-
formation and identifying red flags is lacking. The interest of
industry stakeholders on this issue can be understood since “a
likely early cable termination failure is not only a reliability
issue but also a loss of asset which translates to financial
loss” [16]. Contributions on the topic might also be of interest
to standardization committees. Compatibility levels in MV
networks are defined for PLC up to 3 kHz in IEC 61000-2-12.
Compatibility levels or emission limits for non-intentional
emission [6] have not been set. Reference values are available
in IEC 61000-2-12 up to 9 kHz, but it is emphasized that
further research is needed before their confirmation. Standard-
ization for supraharmonic voltages and currents must be based
on reliable information of both existing and expected levels of
distortion in the grid, as well as on the behavior of existing
equipment when exposed to supraharmonics.

This paper attempts to fill the lack of methods on the quan-
tification and evaluation of the impacts of supraharmonics
on MV cable terminations with resistive stress-grading. The
approach is: 1) using the models available in the literature to
evaluate which characteristics of supraharmonics might lead
to insulation failure in cable terminations; 2) summarizing
those models into simplified relations between amplitude and
frequency of the supraharmonics, and power losses in the ca-
ble termination; 3) using those relations to obtain an indicator
that can be used for evaluating the impact of supraharmonics
on cable terminations. The outcome of this work is to give
guidance about which levels of supraharmonics existing in
the grid are safe and which might signify a risk of cable
termination failure. The main contribution of this paper is
the formulation of an indicator that can be used as a rule of
thumb for industrial engineers to quantify the risk of cable
termination failure due to supraharmonic voltages. The results
of the study can be used as a reference for setting limits of
supraharmonic emission from MV loads.

Il. MODELING THE PHENOMENON

A. CHAIN OF EVENTS RESULTING IN CABLE

TERMINATION FAILURE

In cable terminations designs for MV applications, the use
of stress-grading materials as part of the insulation system
is common due to their low cost and low size solutions
[4], [10]. Stress-grading materials are composites whose
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electric conductivity is field-dependent, which is achieved
using fillers such as silicon carbide (SiC) and zinc oxide
varistor material (ZnO-VM) [17]. Resistive stress-grading
materials are susceptible to failure due to accelerated aging
caused by supraharmonic distortion. Aging happens because
resistive stress-grading materials, by design, have inherently
high conductivity at supraharmonic frequencies [13]. The
latter results in the appearance of hotspots on the surface
of the stress-grading layer and the subsequent failure of the
insulation system at the cable termination [4], [12].

For the failure of the cable termination due to suprahar-
monics to occur, the termination has to be of the resistive
stress-grading type and certain conditions must hold. These
conditions can be visualized as a chain of events and described
as follows:

1) High levels of supraharmonic voltages must exist in the

MYV network. High levels similar to the ones reported in
[4] can happen when a system resonance exists and co-
incides with the frequency of the supraharmonics being
injected into the network.

2) The high levels of supraharmonic voltages must af-
fect the cable termination stress-grading material sig-
nificantly enough to cause power losses, which must
be high enough to create hotspots in the stress-grading
layer.

3) The temperature on the surface of the hotspots origi-
nated by the exposition of the cable termination to high
levels of supraharmonics must be high enough and re-
main long enough to cause degradation of the stress-
grading material [16], which will eventually lead to the
failure of the cable termination. How high and how long
depends on the termination design.

The following is an overview of the models available in the

literature that are relevant for studying the phenomenon.

B. RELATIONSHIP BETWEEN THE CHARACTERISTICS OF
THE SUPRAHARMONIC DISTORTION AND THE POWER
LOSSES IN THE CABLE TERMINATION

Stress-grading in cable terminations is itself an ample and
complex topic of study to which experts in insulation systems
have been devoted. An in-depth and comprehensive study of
the detailed models describing stress-grading in cable termi-
nations is out of the scope of this paper, and the interested
reader can refer to specialized publications such as [18]-[22].
A simplified explanation of the functioning of stress-grading
in cable terminations is given in this section.

Fig. 1 shows a lateral cross-section view of the cable termi-
nation. The equipotential lines of the voltage at high frequency
are traced for reference. The function of the stress-grading
layer is to control the high electric stress existing at the edge of
the semiconductive screen. High electric stresses might lead
to partial discharges and subsequent degradation of insula-
tion materials [23]. The stress-grading layer is then ideally
designed such that the electric field distributes uniformly over
it to avoid high stresses at the edge of the semiconductive
screen. This works well at rated power frequency and, in this
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FIGURE 1. Cable termination lateral cross-section view. Example of
voltage equipotential lines at high frequencies in a cable termination with
resistive stress-grading [4].
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FIGURE 2. Cable termination simplified model. A zoom view from Fig. 1
around the high-stress region.

case, the equipotential lines in Fig. 1 would be equally spaced
over the stress-grading layer.

As exposed to higher frequencies, the stress-grading layer
might lose the ability to grade the electric field properly,
i.e., the electric field distribution distorts so that high-stress
regions are created. For example, high-stress regions can be
identified in Fig. 1 because the equipotential lines are concen-
trated close to the edge of the semiconductive screen. Spa-
tially, the electric field, E, is maximum at the border between
the stress-grading layer and the semiconductive screen and
decays over the layer with the distance from that border. An
example of this behavior is outlined in Fig. 2. Fig. 2 is a zoom
view of Fig. 1 around the high-stress region and shows a sim-
plified model of the cable termination. High power losses hap-
pen in high-stress regions, which in turn create the hotspots on
the surface of the cable termination.

The generated heat inside the cable termination is due to
power losses both in the dielectric material of the cable insu-
lation and in the stress-grading layer of the cable termination
[10], [12], [23]. The power losses in the dielectric are due
to capacitive currents, while the losses in the stress-grading
material are resistive.
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1) DIELECTRIC LOSSES

As explained in [10], the power dissipated in the insulation
material is related to the loss factor, tan(8), the stress voltage,
V, and its angular frequency, w, as follows:

P; = Ctan(8)wV?, 1)

where C is the total capacitance in the model of Fig. 2, and (1)
is valid for sinusoidal stress voltage waveforms. Equivalent
forms of (1) are used in [15], [23], [24] as well to model
dielectric heating. Models to estimate power dissipation in
the dielectric layer of a cable, for arbitrarily waveforms, have
been developed in [24].

2) STRESS-GRADING LOSSES

In Fig. 2, the stress-grading layer is modeled by a non-linear
resistance, this is because stress-grading materials bear a field-
dependent conductivity, o (E). The conductivity is a character-
istic unique for each material and increases with the applied
electric field so:

o (E) = og exp (kE), 2

where oy and k are positive constants that have been obtained
experimentally in previous studies for some materials [17],
[20], [23], and E, the electric field. For the development of
the risk indicator, (2) is not used. An approximation to the
conductivity based on previous research is used instead.

As demonstrated in [18], circuit theory can be used to ap-
proximately describe the behavior of the electric field on a
non-linear dielectric with characteristic (2) using the concept
of the limiting field. The electrical field at the edge of the
non-linear dielectric will be limited to a limiting field value,
E}im, determined approximately by the condition [18]:

o (Ejjm) = ¢w, (3)

where w is the angular frequency of the applied voltage and ¢,
the dielectric constant of the stress-grading material.

In the context of the impact of supraharmonics on cable
terminations, [18] shows that even though the electric field
along the stress-grading layer distorts, the electric field has
a maximum value that can be predicted by (2) and (3). The
maximum conductivity of the material along the layer, which
depends linearly on the frequency of the voltage applied, can
be predicted by the same equations. This conclusion has been
tested by finite element method (FEM) simulations in [23]
where good correspondence of results is reported.

As explained in [18], [23], the density of power dissipation
in the stress-grading material, P, depends on the electric field,
E, and the conductivity, o (E), of the material as follows:

P =E*(E). 4)

The maximum power dissipation P,,, thus presumably
occurs at the limiting electric field. The higher the limiting
field, the higher the power dissipation [18]. Thus, the higher
the frequency (3), the higher is the power dissipation at the
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border between the stress-grading layer and the semiconduc-
tive screen. However, the average power dissipation, P,, =
f P(E, 0)ds, over the distance s from that border (see Fig. 2),
defines the resistive heating in the stress-grading layer [23].
The distribution of the electrical field E as a function of the
distance from the edge of the stress-grading layer depends on
the characteristics of the material and will not be studied here.
It is worth mentioning, though, that the electric potential at
a given point over the stress grading layer is related to the
electric field so dV = —FE - ds.

A simplification of the problem is made using the model
in Fig. 2. First, the voltage over the stress-grading layer is
given by the voltage divider and is proportional to the voltage
applied between the conductor and the semiconductive screen,
V. Assuming the worst case in which the conductivity of
the stress-grading layer is given by (3), the average power
dissipation over the stress-grading layer can be expressed as:

Py =aV?o(E) = aVew, Q)

where a is a factor that accounts for the voltage divider
impedance’s ratio and the geometry of the stress-grading
layer. Simplifying the problem gives an expression for the
stress-grading losses similar to that one in (1), in which the
losses increase linearly with the frequency and more than
linearly with the voltage.

The approximate linear relationship between the stress-
grading losses and the frequency in a cable termination has
been demonstrated in [17]. The non-linear relationship be-
tween the stress-grading losses and the applied voltage is
hinted by experimental results in [13], [16], [23]. Further
justification for this will be presented in Section III.

C. RELATIONSHIP BETWEEN THE POWER LOSSES AND
THE HOTSPOT TEMPERATURE IN THE CABLE TERMINATION
As explained in [13]-[15], the temperature distribution on the
stress-grading layer of cable termination can be calculated
using the heat equation. In [13], [14], alternative expressions
of the heat equation are used for specific purposes where the
equation is solved using finite element methods to account
for the complexity of the geometry and dynamics of the
problem.

The purpose of this paper is to give an indicator based on
the characteristics of the supraharmonics and so a relation
between temperature and power losses is sought. The heat
equation in steady-state is used for this purpose as in [15]:

«V2T +0 =0, (6)

where 7 is the temperature, Q is the heat source (power
losses), and « is the thermal conductivity material (assumed
constant). In (6), V2T is a representation of how steep the
temperature distribution is. Eq. (6) has the form of Poisson’s
equation, which is linear and follows the superposition princi-
ple. In this paper, only the effect of the heat source, Q, is ac-
counted. Considering constant temperature at the boundaries
of the problem, the temperature rise due to Q is given by T
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in (6). As V? is a linear operator, a change in Q signifies a
proportional change in 7' to maintain the equation.

Detailed thermal models of the cable termination can be
consulted in [14], [15].

D. RELATIONSHIP BETWEEN THE HOTSPOT TEMPERATURE
AND THE DEGRADATION OF THE CABLE TERMINATION IN
TIME DOMAIN

In [16], there is no explicit relationship between hotspot tem-
perature and the degradation of the cable termination. How-
ever, exposure of the cable termination to a signal that caused
a surface temperature rise of at least 5°C during approxi-
mately 80 hours showed to cause aging in the element. Further
experimental information is needed on this matter. A discus-
sion on the time-dependency of the cable aging is presented
in Section V-G.

1ll. DEVELOPMENT OF THE RISK INDICATOR

This paper focuses on the characteristics of supraharmonics
that might lead to accelerated aging of cable terminations.
The characteristics of supraharmonics considered here are
magnitude and frequency. The resulting risk indicator aims
to give guidelines on the decision whether a supraharmonic
component with certain frequency and magnitude existing in
an MV installation might or might not be risky for cable
terminations. A detailed model of the phenomenon is out of
the scope of this paper. The following assumptions have been
made so far:

® The characteristics of the materials cannot be manipu-
lated.

e Except for the conductivity of the stress-grading mate-
rial, the parameters of the materials, e.g., capacitance and
loss factor of the insulation dielectric, are constant with
respect to frequency and voltage.

e The conductivity along the stress-grading layer is uni-
form and depends linearly on the frequency.

® The losses in the cable termination can be modelled by
(1) and (5).

¢ The heat source is given by Q = Py, + Py = fwV?).
Interpret f(x) as a function of x.

e The system is linear so the superposition principle can
be used.

Fig. 3a summarizes experimental data in [23] that shows
the behavior of the temperature rise on the surface of a cable
termination related to the voltage applied and the frequency
of the voltage signal. Sinusoidal waveforms were considered.
The points in each curve were used to find a fitted function
based on (5) and (6), with the voltage V being the variable
and the hotspot temperature rise, T,y = f (V?), a function of
the voltage squared. The fitting exercise resulted in R-square
index values around 0.98. The R-square index shows that, in
general, the quadratic function represents a good fit to approx-
imate the heating phenomenon.

The heat generated inside the cable termination is given by:

0 = Py + Py = (a+ Ctan(8)) wV?, (7
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FIGURE 3. Comparison experimental temperature rise and power losses
model curves.

where (a + Ctan(5)) depends on the design of the cable
termination. The power losses inside the cable termination
at rated operation are then Q,yeq = f (Vr%z[ od@rated)- EqQ. (7)
can be analyzed for different magnitude, Vsy, and angular
frequency, wsg, of voltage supraharmonics. It is useful to
represent the losses due to a supraharmonic component, Qspy,
as a ratio with respect to the rated losses, Qrared SO:

0, Osy (a4 Ctan(8)) wsuVy
" Qrarea  (a+Can(8)) wrareaV ey
wsu Vg fsuVe
Opu = SH SH (8)

2 - 2 ’
Wrated Vrated Jrated Vrated

where f and V are frequency and voltage magnitude. This ap-
proach was also used in [24]. To decide whether a certain O,
due to a supraharmonic component might be a risk to the cable
termination, the Eagle Pass case [4], where a failure occurred
on-site is chosen as the reference. In that case, V,40q = 13.9
kV RMS and f,40.q = 60 Hz. The conditions when the cable
terminations failed in [4] are used as a benchmark, Q,,— 4
that is compared against any other Q,, due to supraharmonics
in MV. Qp,— rqi1 is the summation of the power losses of
supraharmonics at 1.26 kHz, 3.78 kHz and 12.4 kHz with
RMS amplitudes 3.12 kV, 0.85 kV and 4.16 kV RMS, re-
spectively. The validity of the summation of power losses
is explained in [24] for dielectric losses. The benchmark is
then Qp,— rair & 20, i.e., the cable terminations in Eagle Pass
failed when there was sustained heating (during days) due to
supraharmonics that created power losses 20 times the power
losses at rated operation.

The power losses, Oy, are visualized as in Fig. 3b as a
function of supraharmonic voltage magnitude. f,4.; = 60 Hz
and V,4.q = 13.9 kV are considered in (8) for creating the
plot. The dashed line represents Q4. The tendencies in
Fig. 3b are in accordance to those in [13], [23] and [16].

Assuming that Q,,_ 4 is exactly the border condition in
which Eagle Pass cable termination failed, one can define
risk/non-risk regions as: 0, < 20 represents a safe operation,
and Qp, > 20 represents risk of failure. The curve in Fig. 4
shows the pairs voltage magnitude and frequency, (Vsg, fsu),
that cause as much losses as the failure reference, i.e., it
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FIGURE 4. Failure border for Eagle Pass case.

represents (8) for Qpy = Qpu—rair = 20. In Fig. 4, any pair
(Vsu, fsu) below the curve signifies a safe condition for op-
eration of cable terminations based on Eagle Pass case. Any
pair (Vsg, fsg) above that curve represents risk of cable ter-
minations failure.

In practice, it is uncertain that Q,,— rqi; ~ 20 for another
cable termination or even for the Eagle Pass case: it might
be that the power losses that the cable terminations could
withstand were lower. An attempt to manage the uncertainty
about the value of @y, is to consider a factor m s0: Qpu,,,; =
20m. The failure borders are given by supraharmonic voltage
magnitude vs. frequency pairs in (8) that meet the condition
Opu = Qpu—fait = 20m for different m. The failure borders
considering uncertainty are defined as:

fSHVgH

— 20m. 9)
f rated Vrzat ed

qu—fail =

This expression can be rearranged as:

_ \/qufailfrated _ \/zomfrated

Vsu (10)

fsu fsH

Equation (10) defines a family of curves (failure borders)
for a given f,.q. Every value of m defines a failure border as
shown in Fig. 5. Cable terminations are designed to operate
between 48 and 62 Hz [25], i.e., the same termination can
operate in a 50 Hz or in a 60 Hz system. For consistency with
the previous sections, frqeq = 60 Hz.

Vrated

IV. IMPLEMENTATION OF THE RISK INDICATOR
A. NARROWBAND SUPRAHARMONICS
Further simplification of the failure border curves (Fig. 5) can
be achieved by picking the results of Vsy for fsy = 20 and
150 kHz (see the data-boxes in Fig. 5), for m = 0.25, 0.5
and 1. This leads to the risk areas in Fig. 6, where m gives
an indication of risk. The upper borders of these areas are
summarized next:

® Red area (m > 1): no upper border.

e Orange area (0.5 < m < 1): Vsg =24% and 9% for fsy

lower and higher than 20 kHz, respectively.
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FIGURE 5. Failure borders for different m based on Eagle Pass case. The
markers represent data of cases available in the literature (Table I).
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FIGURE 6. Proposed risk areas based on m and Eagle Pass case. Test cases
superimposed.

e Yellow area (0.25 < m < 0.5): Vs =17% and 6% for

fsu lower and higher than 20 kHz, respectively.

e Green area (m < 0.25): Vsy =12% and 4% for fsy

lower and higher than 20 kHz, respectively.

The use of these areas depend on how conservative one
wants to be. Be reminded that the values are based on the
Eagle Pass case.

Data of cases available in the literature are now compared
against the failure borders in Fig. 5 and the risk areas in Fig. 6.
These data, in the form of pairs (fsy, Vsi), are represented by
markers in the plots. The three Eagle Pass points represent the
three supraharmonic components existing in the Eagle Pass
failure case; they are considered individually in the plots. In
Test Paulsson [4], the tested cable terminations failed when a
supraharmonic voltage of 5.7 kV RMS at 8 kHz was super-
imposed to the fundamental frequency. Similarly, the voltages
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Probably
fine

Vspy<12
P rated
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FIGURE 7. Decision algorithm for risk of failure of cable termination due
to supraharmonics.

failure

and frequencies tested in [12], [13] are also plotted and labeled
as Test Ming and Test Banerjee. For Test Ming, V,ueq = 24
kVy—p is assumed. Unpublished represents the unpublished
cable termination failure case.

In Fig. 5, the Eagle Pass 12.4 kHz point falls close to
the failure border for m = 1, while Eagle Pass 1.26 kHz and
Eagle Pass 3.78 kHz fall in the safe zone below the border
for m = 0.25. Test Paulsson falls on the failure zone of the
plane when considering the border corresponding to m = 1.
Test Ming and Test Banerjee fall in the failure zone high above
the border curve for m = 1.5 which leads to think that the
conditions would have led the tested cable terminations into
failure over time. Unpublished falls on the safe operation zone
even for m = 0.25.

In Fig. 6, most cases fall on the highest risk area defined
by m > 1. The exceptions are Eagle Pass 1.26 kHz and Un-
published that fall in the area for 0.5 < m < 1, and Eagle
Pass 3.78 kHz that falls in the area for m < 0.25. Differences
between the approaches in Fig. 5 and 6 are pointed out now.

® FEagle Pass 1.26 kHz is classified in Fig. 5 as a safe
condition, but it is very close to the highest risk area
(m > 1) in Fig. 6.

e Unpublished falls on the safe operation zone in Fig. 5
but it is classified as a risky condition using the approach
in Fig. 6. The conclusion is that the last approach would
have been able to predict Unpublished.

The idea behind Fig. 6 is to take a rather conservative stance
as long as the lack of further information persists. For exam-
ple, in the case of a single component with the characteristics
of Eagle Pass 1.26 kHz or Unpublished, the recommendation
from the authors would be to perform a detailed study. One
can be pessimistic and consider that everything that is not
inside the green area is a risky condition and needs a closer
look. The result is a straightforward decision tree: Fig. 7
shows the algorithm to decide whether supraharmonics, with
magnitude Vsy and frequency fsy, existing continuously in an
MYV network can create problems on the cable terminations.

B. MULTIPLE NARROWBAND SUPRAHARMONICS

The literature review conducted in Section I showed no reg-
ister about systematic experiments to test the impact of mul-
tiple narrowband supraharmonic components on cable termi-
nations. The recommendation of the authors on how to treat
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FIGURE 8. Example of a voltage spectrum with more than one
supraharmonic component.

these cases is to evaluate two steps to identify red flags. The
decision is then made based on the worst of the two results.
1) Compare every component individually and make a de-
cision based on the risk areas in Fig. 6 or using Fig. 7.
2) To account for the power loss summation [24], calculate
(8) for every supraharmonic component and then sum
the results. This can be expressed as:

i VSZHfSH

2 b
SH=1 Viarealrated

(1)

qu—sum =

where N is the number of narrowband supraharmonic
components to be considered. Make a decision based
on the 25% of Qpy— 4 in the Eagle Pass case, i.e.,
Qpu—sum > 5 means a risky situation for the integrity of
the cable termination.

The spectrum in Fig. 8 is taken as an example. Comparing
the components individually to the risk areas reveals that the
components at 50 kHz and 100 kHz have magnitudes that
might affect the cable termination. Calculating (11) for this
spectrum results in Q py—gum = 6.

C. BROADBAND SUPRAHARMONICS

In normal operation, supraharmonics in MV networks usually
present a broadband characteristic [3]. Evaluating a spectrum
with this characteristic is very challenging due to the lack of
information about the impact of broadband supraharmonics
on cable terminations and about the lack of consensus about
the processing of broadband supraharmonics. It is recom-
mended that these components be treated case by case. In
some cases, single-frequency components might appear as
broadband components when looked at in the frequency do-
main. The general recommendation is to group the spectrum
using a 2 kHz-bandwidth complying with IEC 61000-4-30
[26] and then apply the approach explained in section IV-B.
An example is presented next in Section IV-D.

D. EVALUATING A FREQUENCY SPECTRUM IN THE
SUPRAHARMONIC RANGE

A frequency spectrum might reveal both narrowband and
broadband supraharmonic components. The recommenda-
tions given here are based on the strategies presented in
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FIGURE 9. Example of the evaluation of a voltage spectrum with narrow-
and broadband supraharmonic components.

Section IV-A and IV-B. The method to evaluate broadband
supraharmonics in MV networks is to use an indicator based
on (11) and the harmonic power factor proposed in [24]. This
is a frequency domain approach and it is assumed that the
spectrum of the voltage waveform to evaluate is available and
that a suitable pre-processing has been made to take care of
the background noise.

First, the grouping bandwidth is 2 kHz complying with IEC
61000-4-30 [26]. Then, the two-step evaluation explained in
IV-B is applied. The raw spectrum (5 Hz resolution) in Fig. 9a
is taken as an example. The spectrum consists of a narrowband
component at 16 kHz and a broadband component around
45 kHz. The spectrum is grouped with a 2 kHz-bandwidth
and the first step is to compare it to the risk areas in Fig. 9b.
The broadband component surpasses the green area so it is
recommended that a detailed study be done to evaluate the
impact of it on the cable terminations.

To continue with the second step in IV-B, (11) is updated to
account for the range from 2 up to 150 kHz, and the indicator
of power losses in the cable termination that might lead to
failure due to supraharmonics is defined as:
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P
Qsu = Z Vs /s

—_ 12
B=1 Vritedfrutea' (12
where Vp and fp are the voltage magnitude and central fre-
quency of a certain frequency band, B. The Eagle Pass case
can serve as a reference again, so Qgg_Egpass X0.25= 20 X
0.25 = 5. The indicator for the spectrum in Fig. 9b is Qgsg =
14 so even this one is a red flag.

E. STATISTICAL EVALUATION OF THE RISK INDICATOR
According to experimental evidence in [16], the temperature
rise in the surface of a cable termination stabilizes approxi-
mately 6 hours after constant application of a PWM voltage
signal with 3 kHz switching frequency. The power dissipation
during short events, e.g., a lightning impulse is not of much
consequence as the event is normally too short of causing ap-
preciable heating. However, the steady-state power dissipation
must be acceptable for the cable termination not to heat to
problematic values [20].
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The Qgsy can be evaluated statistically by considering the
99% percentile values calculated every 10 minutes. The values
are then aggregated into two-hour periods similar to what is
done with the flicker severity indices (Pst and PIt). The eval-
uation could be performed during a long period, for example,
for a whole week. Further work is needed to quantify the
loss-of-life associated with the accelerated aging of the cable
termination.

V. DISCUSSION AND CONCLUSION
A simple and quick way to relate cable termination failure
conditions to the characteristics of supraharmonic distortion
present in the system is introduced in this paper. The pro-
posal of such an indicator stood up as a research gap in the
literature about cable termination accelerated aging due to
supraharmonics. The indicator can be used to give guidelines
and recommendations to industry engineers to evaluate the
risk of failure of cable terminations under the presence of
supraharmonics in MV networks.

A discussion on different aspects of this contribution is
presented below.

A. RELEVANT SUPRAHARMONIC CHARACTERISTICS AND
MODELING OF THE PHENOMENON
Amplitude and frequency have been identified as attributes
of the supraharmonic voltage distortion that give information
about their effect on the cable termination power losses and
therefore impact their aging. Higher amplitudes and higher
frequencies of supraharmonics are related to a higher proba-
bility of insulation failure in cable terminations [4], [12], [27].
The model used in this paper considers that the heating in
the cable termination is proportional to the frequency of the
voltage applied and to the square of the voltage magnitude.
A simplified model of the temperature rise in the cable
termination has been used here for developing the risk indica-
tor. Although experimental results published by other research
groups show that the simplified model is a good approxima-
tion of the phenomenon, further work should be done to con-
firm that the relationships hold. This holds especially for the
case of broadband supraharmonic distortion. An exponential
relationship of the temperature with the magnitude of the ap-
plied voltage fits also well for some experimental results in the
literature [13]. Future work should confirm this relationship
and its association with theoretical models that involve both
the frequency and magnitude of supraharmonics.

B. EVALUATION OF THE RISK INDICATOR

A risk indicator has been introduced to decide whether given
levels and frequencies of supraharmonics in the MV network
represent a risk to cable terminations. The model used here
allows for a quick evaluation where the parameters of the ca-
ble termination design are not needed. However, the decision
criterion is based on one sample data (Eagle Pass), and more
field information is crucial to improve the approach and to
obtain a more accurate decision benchmark.
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C. PROCESSING OF SUPRAHARMONICS

The magnitude of broadband components depends on how
they are grouped. Therefore, the method of the risk areas
introduced in this paper is strongly impacted by the grouping
bandwidth used and is recommended to be used mainly for
narrowband components. Narrowband components that vary
over time might appear as broadband components in the fre-
quency domain. The authors have seen that a 2 kHz-band
represents the magnitude of a broadband component better
than a 200 Hz-band in some cases; further study is needed
to generalize this hypothesis. A 200 Hz-grouping band gives
a better possibility to identify narrowband components; it
should be used in case of narrowband supraharmonics very
close to each other. On the other hand, the Qgyg accounts
for the summation of energy, and Qgy is independent on the
grouping bandwidth used. The guidelines given in this section
should be used with flexibility based on the specifics of every
case.

D. COMPARISON WITH STANDARDIZATION STATUS

The reference levels for PLC (up to 3 kHz) and unwanted
narrowband voltages (up to 9 kHz) recommended in IEC
61000-2-12 are within the green area proposed in this paper.
The reference level for unwanted broadband voltages (up to
9 kHz) in IEC 61000-2-12 slightly surpasses the green area
(about 0.03 percentage points). The treatment recommended
by IEC is to use a 200 Hz grouping bandwidth, while in this
paper, 2 kHz is advised. Again, further work is needed to
decide which one is more suitable.

E. ENVIRONMENTAL TEMPERATURE

The environmental temperature has not been taken into ac-
count for the development of the risk indicator. This follows
from the aim of the authors to focus on the attributes of the
supraharmonics as well as to maintain simplicity. It is un-
certain how much the environmental temperature effects the
process of degradation of the cable termination in conditions
of high supraharmonic distortion [4]. However, studies [28]
have demonstrated increased failures of underground cable
accessories (cable joints) during summer periods. This might
affect electrical systems especially in countries where high
temperatures happen during these periods.

F. APPLICABILITY TO OTHER CABLE ACCESSORIES

The extension of this work to cable joints is of interest, as the
number of failure of cable joints might be higher than those
of cable terminations in some countries [28]. Association of
these failure cases with supraharmonics require the study of
the methods of field control in cable joints susceptible to non-
rated frequency conditions.

G. INTERMITTENT SUPRAHARMONICS EMITTING
EQUIPMENT

The emission of supraharmonics depends on the type of equip-
ment and its mode of operation. The stress to which cable
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terminations are exposed to in case of, e.g., solar genera-
tion installations, is not constant. The available information
about loss-of-life of the stress-grading type termination due to
supraharmonics is summarized as:

® A cable termination continuously exposed to suprahar-
monics failed within 470 h in [4].

® A cable termination exposed to supraharmonic distortion
during 90 h showed significant increment of partial dis-
charge levels after the test in [16].

e The surface temperature of the cable termination in [16]
reaches 75% of its maximum after 6 h of continuous
exposition to supraharmonics.

The latter indicates that the damage is cumulative and that
continuous exposition to supraharmonics for lapses longer
than 6 h will accelerate the aging of the materials. The aging
caused by short expositions (<6 h) might be negligible com-
pared to the aging caused by longer exposition of the cable
termination to supraharmonics.

Methods for the monitoring of the loss-of-life of cable
insulation have been developed [29] and are based on the
profile of the cable’s delivered current and the temperature
of the environment. For evaluating supraharmonics, it is the
profile of the emission what matters, and the methods already
developed for the cable insulation [29] could be extended to
the supraharmonics problem.
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