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Abstract: Many new HVAC power cable installations on wind farms, both on- and offshore, have long
lengths. In contrast to traditional power cable connections of a few kilometers, the failures of those
systems usually result in much higher repair and unsupplied energy costs. To support the quality
assurance of newly installed cable systems as well as to create a sound basis for condition-based
maintenance, this paper discusses the technical challenges of the field testing of long-length power
cable systems using a damped AC testing method and also discusses the best practical applications
for the testing and diagnosis of these wind farm HVAC cable systems.

Keywords: asset management; condition-based maintenance; damped AC voltage; dissipation factor
measurement; failures; insulation testing; on- and offshore wind farm installations; partial discharge
measurement; power cables; reliability

1. Introduction

In the field of renewable energy generation, developments of large on- and offshore
wind farms with more generation capacity demand that energy is transported over longer
distances. Furthermore, this must be executed with ever-smaller losses and larger amounts
of power transmitted. According to [1], a long length of insulated cable is considered to
be above 40 km for network voltages below 220 kV and above 20 km for a voltage level of
220 kV or higher.

The increasing lengths of cable lines mean a greater number of joints and cable sections
are installed along the route. When building such cable lines, and especially when using
multiple cable accessories, installation errors are more likely to occur.

The Refs. [1-3] point out that, considering long length on- and offshore power cables,
special attention needs to be paid to post-installation and quality assurance requirements,
but these publications do not provide any specific proposals, e.g.:

(a) How to generate the requested powers onsite to over-stress long-length cable circuits
with, for example, a capacitive load of more than 15 pF [4].

(b) How to localize the partial discharges (PD) in long-length cable systems and how to
detect partial discharges in a sensitive way [4].

(¢) The criteria for providing sufficient quality assurance of newly installed cable circuits
or cable circuits in service operation [4].

Ref. [1] proposes the application of a soak test for 24 h at the grid’s working frequency
of 50 or 60 Hz, at the normal operating voltage, Uo, as an alternative to the over-voltage
test. Due to the lack of over-voltage stress, this solution has no value for controlling the
weak spots present in a newly installed cable system.

Taking into consideration the repair costs of long cable installations, in particular,
those located offshore [5-7], the best procedures have to be agreed upon, considering the
following typical characteristics of long-offshore power cable circuits:
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(@) The need to test for partial discharges of the complete cable drum/carousel in the
factory before shipping and onsite after installation.

(b) The presence of a large number of installed (factory) joints.

(c) The presence of the offshore installed joints (export cables).

(d) The accessibility and space constraints affecting access to the offshore cable.

(e) No possibility for distributed partial discharge measurements on the individual joints
of a subsea cable.

Since long cable lines are characterized by extremely high capacities, testing and
diagnosis performed with conventional AC test systems require large equipment and large
input power. Consequently, this could run the risk of developers or contractors testing
long-length cable systems using the above-mentioned soak test only.

As a result, and with respect to other authors’ publications [6-9], the novelty of this
paper is to present a technical solution for testing long-length on- and offshore wind farm
high-voltage cables (up to 230 kV), with the emphasis on the application of the damped
AC testing and diagnosis method.

2. General Aspects of Quality Assurance

Referring to Ref. [4] and considering the regular lengths of XLPE insulated cable
systems, cable accessories have the highest contribution in failure statistics. Most cable
breakdowns manifest within the first 3 years of service operation. For service-aged cable
circuits that have been 30 years in service, the majority of failures occur within the cable
insulation.

The failure statistics in Ref. [3] show, that there is a chance of a failure every 42 km
of circuit length during the cables’ service life. This requires dedicated condition-based
maintenance for service-aged cables; however, there are no acknowledged methods and
criteria for performing this [5-7].

Considering offshore wind farms, where long cable circuits are frequently used, the
severity and the frequency of the failures of export and inter-array cables, compared to
other components, are highest [10,11]. See Figure 1.
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Figure 1. In offshore wind farms, the total claims account for over 50% of subsea cable issues [10].

The causes of offshore cable failures are related to manufacturing, transportation,
installation, operation, and environmental aspects [5]. Ref. [5] discussed the impact of
failures on reliability, availability, and costs of offshore cable installations, and underlines
the urgency of eliminating the underlying causes of failures. Since, in the future, longer
offshore cables with a higher capacity and larger stresses will be needed, an increase in the
probability of failure can be expected.
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The authors of Ref. [5] stated that the present international regulations for quality
control after the installation of power cables are deficient. To reduce the costs resulting
from outages, reliability needs to be increased. This can be achieved by applying dedicated
field-testing methods to ensure newly installed offshore power cable circuits are of a reliable
enough quality to be taken into service operation. Furthermore, cable quality must be
monitored over the on- and offshore wind farm’s operation lifetime. Nowadays, testing
methods are available that have been developed over the past two decades and which
provide advanced technologies by being less destructive and more sensitive to detect
upcoming insulation failures when testing newly installed cables and when used for the
diagnosis of service-aged cables [6,8,12-18].

Referring to Ref. [19], the long-standing necessity to modernize onsite testing methods,
e.g., by being less destructive and more sensitive by using diagnostic parameters [5] for
high-voltage cables, is not taking place with the required speed. This is because of a
noticeable reluctance of manufacturers and the users of the conventional AC resonance test
method to accept any of the alternative testing developments made in this area [6,8,12-18]
over the last 15 years.

The goal is to discuss the reasons for a lack of progress in applying innovative so-
lutions [1-3,20,21] for long-length on- and offshore power cables by highlighting the
experiences and possibilities with a view to improving the process of the onsite testing
and condition assessment towards the predictive maintenance of such systems. Therefore,
in comparison to [5,6,8], the original contribution of this paper is the evaluation of the
damped AC (DAC) and continuous AC (ACRT) testing methods, especially in relation to
the field testing of long wind farm cable lengths, as this brings additional challenges. The
novelty and value of this discussion are illustrated by the results of the field-testing and
condition assessment of long HVAC cable routes that are typical for on- and offshore wind
farms. This testing and assessment were undertaken with existing diagnostic techniques.
The ultimate goal is to provide a basis for alternative testing technologies for such long
cable systems.

3. Basic Characteristics of Long-Length Power Cable Systems

Wind farm cables can be several tens of kilometers long and have, in general, multiple
joints and, in the case of offshore farms, possibly several factory- and/or offshore subsea
joints. Furthermore, in offshore installations, the connection is made onshore at the landfall
to the onshore cable circuit by means of a transition joint.

For onshore cable circuits, the number of joints that need to be installed depends mostly
on the maximum size and weight of the cable drum used for the transport of one cable
section. The required cross-section of the cable conductor defines the maximum possible
length of each section, also taking into account the restrictions of the onsite conditions.

The larger the conductor cross-section, the shorter the cable sections and hence the
more cable joints needed to be installed to obtain the required cable length. An example of
a 50 km long 220 kV cable circuit is given in Table 1, with an indication of the total number
of joints that need to be installed. The range given for the number of installed accessories is
based on a maximum cable drum weight of approximately 20 tons to 40 tons for a cable
with a copper conductor.

Table 1. Example of cable characteristics of a typical 50 km long 220 kV cable circuit for differ-
ent copper conductor cross-sections showing the number of installed cable accessories and cable

capacitances.
Conductor Cross-Section Total Number Installed Cable Capacitance
[mm?] Accessories (per Phase) [uF]
630 84-150 8
1600 129-249 11.8

2500 171-336 13.3
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The cross-section of the cable conductor also has an influence on the overall capacitance
per cable phase, as the typical cable capacitance per kilometer increases with an increasing
cross-section.

Table 1 also shows the overall cable capacitance of a 50 km long 220 kV circuit for three
different conductor cross-sections. This value is of importance for calculating the input
power needed to test the entire cable length after the installation.

Table 2 shows a comparison of the input power demand needed to energize a 50 km
long 220 kV cable, based on different cable capacitances.

Table 2. Estimation of input power needed for testing a typical 50 km long 220 kV cable (per single

phase).
Test Test Voltages [x Uo] Cable C[f};?mance Requ[llii;iAl])ower
8 117.000
50 Hz AC test 17 11.8 173.000
(as a reference)
13.3 195.000
8 800
AC resonance test
11. 1.2
(ACRT) 17 i >
13.3 1.500
8
Damped AC test
11.8
DAC) 17 15
13.3

It can be seen that, although testing with AC resonance needs considerably less input
compared to the 50 Hz transmitted power, it still is a challenge to generate this amount
of power for onsite testing. To obtain the required power, a number of mobile power
generators are needed.

In contrast with the AC resonance system, the damped AC tests do not compensate for
the reactive losses in the tested object. Since the DAC systems apply a constant energizing
current [13], the input power for such systems is significantly lower compared to the ACTR
technologies, as shown in Table 2.

4. Essential Testing and Non-Destructive Diagnostic Parameters

Developers, contractors, power companies, and investors are in continuous dialogue
on how to secure reliable cable service operation. The important aspects in this respect
are [5]:

1. The quality control of newly installed cable circuits. How can the cable be tested in a
sensitive way to find any possible defects without being destructive?

2. The condition assessment of cable circuits that are in service. How can diagnostics be
performed during service life?

The examples in Tables 3 and 4 summarize several aspects and parameters influencing
the operational reliability of cable circuits, taking into account manufacturing, transporta-
tion, and installation conditions.

Table 3 indicates that during the entire process, starting from the manufacturing phase
until the start of operation, a number of risk elements might occur.

As the occurrence probability is difficult to determine exactly, only verification by
means of dedicated and non-destructive quality control can reduce those risks and provide
insightful information about the actual system conditions [5,9,15].
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Table 3. Examples of needs of dedicated quality control of newly installed long-length power cables
for offshore application.

Source of Problems Probability to Occur

Low up to medium: due to low level of quality testing
(no PD detection and localization) of the long length
spooled on a drum/carousel.

Manufacturing-related defects before
transportation

Medium up to high: due to large volume to be

Transportation-related defects transported/reloaded and the risk of damage, etc.

High: due to large number of accessories, supply chain

Delivery issues with cable accessories . .
discrepancies, etc.

High: because of discrepancies in the supply chains for
Field-installation-associated issues the field installation, high number of accessories to be
installed, poor workmanship, etc.

Table 4. Examples of operational hazards of long-length power cables for offshore application.

Source of Problems Probability to Occur

High: operational stresses, e.g., transient
over-voltages, over-loading, etc. will over-stress the
insulation system [22].

Operational over-stresses of an electrical-,
thermal-, and mechanical type

High: due to the possibility of installation weak
spots, construction activities, environmental
conditions, etc., in combination with the local and
operational factors [5,6].

Processes and assessment of Aging

High: due to the fact that there is no systematic

Remaining life estimation uncertainty knowledge available [6]

The asset management of cable systems is mainly driven to keep capital (CapEx) and
operational expenditures (OpEx) at the best possible level. Refs. [5,6,9] confirm that the
above asset management parameters are strongly dependent on the actual condition of the
infrastructure, including the cable system and possible hazards that might occur during its
service life. See Table 4.

The developments in the last two decades of onsite testing methods for power
cables [4,6,8,12-18,23,24] have provided the technology for performing reproducible cable
condition assessments based on diagnostic PD detection, as shown in Table 5.

Table 5. Testing and diagnostic parameters for newly installed and service-aged long-length power
cables [13].

Withstand Test Partial Discharges Dielectric Losses

PD ignition/extinction ..
gnition/e cuo Dissipation factor Tan & value

voltage (PDIV/PDEV)
PD litude in pC
Withstand testing to verify if amprtude m p
O vert [5,13,27-29]
breakdowns during min.
50 DAC excitations are PD amplitude-test voltage
created. Maximum test (qV) characteristics The ratio of tip-up Tan &

voltages conform to Phase-resolved PD patterns (A Tan §)

[5,6,8,17,25,26] (PRPD)

PD localization (PDmapping)
in a complete cable circuit
[13,16]
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Table 6 summarizes recommended testing scenarios based on the authors” experiences
from the worldwide testing of power cables at hundreds of different installations up to
230 kV [5-9]. The cable is accepted for service operation after passing the test when the
testing parameters and criteria could be met; see Table 6.

Table 6. Testing parameters and criteria for newly installed and service-aged long-length power
cables with a cable voltage class up to 230 kV [12,13].

Testing Criteria Evaluation Criteria
According to standards: IEC 60840, IEC 62067, IEEE 400.4, IEEE 400
Test voltage level Post-installation test with a voltage level of: 1.4 to 2.0x Uo

(depending on the cable voltage class)

PD measurement with electromagnetic
background-noise level Below 25 pC with tolerance of +20% [5]
(conforms to [27-29])

Withstand test (50 damped AC excitations), respectively, (1 h using
Withstand test acceptance criterion ACRT) at the maximum test voltage level, with no observed
breakdown

PD detected above the background-noise level does not show a
PD detection acceptance criterion concentration of more than 6 PD events per cycle up to the
maximum test voltage level

Up to the maximum test voltage level Tan $ values should be below
0.4% and the A Tan 6 value below 0.2% (with tolerance of £20%),
values up to the type of cable insulation material

Dissipation factor pass criterion
conforms to [6]

5. Onsite Energizing Methods for Long-Length Power Cables

In order to effectively detect all material deficiencies and installation errors, it is
necessary to use testing technology combining both the possibility of energizing test objects
with large capacitive loads and with sufficient sensitivity (before breakdown occurs) to
detect weak spots in the test object in a non-destructive way. The testing methods accepted
in the international and national recommendations [12,13,19,25,26,30-32] include:

1.  AC 20 to 300 Hz—Test with a sustained resonant alternating voltage (ACRT)
2. Damped AC 20 to 300 Hz—Test with a damped resonant alternating voltage (DAC)

Figure 2 shows the principal differences between the above-mentioned test methods.

continuous sinusoidal AC (20-300Hz) damped sinusoidal AC (20-300Hz)

AIJ M\IJ M\/IJ , ANay Ifi‘:s'ii””
VVV Y VY

Figure 2. Visualization of onsite energizing and diagnosis at continuous AC (ACRT) and at damped
AC (DAC) voltages.

Based on Refs. [7,8,15-17,23,24], the following statements can be made regarding the
results of both methods as a consequence of the same type of insulation defects:

(@) There is no difference between PD inception and PD extinction voltages.

(b) There is no significant difference between the detectable PD levels.

(c) The PD pattern information of a single DAC voltage cycle is more informative than
that of an AC voltage cycle; this is due to the fact that PD occurrence by decaying
DAC voltage is visible.

(d) There is no difference at the maximum voltage level between voltage stress effective-
ness in kV/mm.
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(e) The test voltage destructiveness of DAC is lower than that caused by AC stresses; this
is due to the decaying character of the DAC voltage.

(f)  There is no significant difference between the dielectric losses at similar test voltage
levels and frequencies.

To illustrate the necessary approach for the sensitive testing and diagnosis of long-
length power cables, four basic aspects will be discussed in the following paragraphs.

5.1. Test Characteristics

For the after-laying acceptance test, a test voltage level of 1.4 Uo up to 2.0 Uo is
recommended [13,25,26,30], depending on the operational voltage level of the cable. The
actual test level should be agreed upon between the purchaser and the manufacturer. The
DAC test applies a selected number of excitations, i.e., a minimum of 50 excitations and
for ACRT, a test time of 30 to 60 min is recommended [13,25,26,30]. For a maintenance or
diagnostic test, in general, the voltage levels are lowered to e.g., 80% of the after-laying
acceptance test. The test voltage level and time duration should be defined in agreement
between the test service provider and the cable owner.

The goal of an after-laying test is to verify the quality of the accessories and that the
installation worked, as well as to show that the cable system can be taken into service
operation. Therefore, the effectiveness of the after-laying testing is important. The main
goal of an ACRT test is to create a breakdown in a possible defect. This is only effective for
significant insulation defects because of the application of a pass/fail destructive criterion
during voltage withstand testing [13,25,26,30].

With DAC testing, the effectiveness is higher as it is applicable to all types of possible
insulation defects due to PD-monitored voltage withstand testing. The PD detection and
localization give information on possible future defects. Although DAC is less destructive
than continuous AC, it is possible to create a breakdown with the DAC testing in the
presence of very rough insulation defects [7,9,15,16], as with ACRT.

As has already been discussed in this paper, with increasing cable length and con-
sequently increasing cable capacitance, ACRT requires more units to be installed which
results in increased size and weight and an increase in the required input power. In com-
parison, DAC systems are more compact with a very low input power demand. This makes
it possible, with a single system, to energize cable lengths of up to e.g., 100 km in length.
Moreover, the integrated PD and dissipation factor measurement, applicable for both the
after-laying and maintenance testing, provides the possibility of detecting and localizing
discharging defects.

5.2. Partial Discharge Detection

For effective partial discharge detection, a standardized PD measurement is recom-
mended. A centralized standardized (IEC 60270 compliance) PD detection at the cable
termination(s) is normally performed. In the case of long lengths, the application of dual-
side PD detection on both ends of the cable can be performed [13,19,23,24]. In this way, PD
localization along the complete line length can be performed, including the terminations,
all joint types, and the cable insulation [7,27-29].

With ACRT testing, unconventional distributed PD measurements at the cable acces-
sories can be performed that have an accessible sheath connection, e.g., at cross-bonding
joints. The voltage source of a resonance test set generates a high level of background noise
that influences the sensitivity of the PD measurement. Therefore, high-frequency PD detec-
tion is performed locally at terminations and cross-bonding joints only. As a result, this
method is not suitable for standardized PD measurements. Moreover, a limited detection
distance from the sensor positions is possible and no full detection for the complete cable
length can be carried out. Localization based on time domain reflectometry (TDR) is not
possible on a complete cable system.
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5.3. Cable Condition Assessment

Testing for dedicated quality assurance can be obtained by combining the obtained
measurement results, based on the following parameters:

1. Breakdown Yes/No

2. PD detection in relation to voltage

3. PD localization in relation to the cable system length
4.  Dissipation factor (tan ) relative to test voltage levels.

The testing and measurement techniques must be suitable to detect the following
problems:

1. Major installation errors which result in a breakdown
2. Allinstallation problems not causing direct breakdowns but that cause PD
3. Distributed or localized PD activity.

Referring to the foregoing evaluation, it allows for the conclusion that in contrast to
pure voltage withstand testing with ACRT, it is possible to measure those parameters and
to detect possible upcoming problems with DAC technology [4,7,9,16].

5.4. Physical Test System Characteristics

As previously discussed, the testing system size and weight are also relevant. With
DAC test systems, a small setup footprint (below 15 m?) and low overall system weight
(truckload capacity below 1.5 tons) are required. For testing longer lengths, the same
system can be applied, keeping the size, weight, and input power demand at the same level.
ACRT systems require a much larger footprint (up to 120 m?) and have a heavy weight and
fixed equipment installed on truck trailers (1 trailer: 40 ft over 25 tons weight). For testing
longer lengths, several trailers and more input power are required. Both technologies
have over 20 years of application history in onsite cable testing, which provides a large
knowledge base.

6. Comparison of Onsite Energizing Methods for Long Length Power Cables

Referring to Refs. [12,19] different test voltages can be used for the onsite testing of
power cables. Considering the above discussion on testing HVAC long-length power cables,
a comparison of the two most applicable methods, ACRT and DAC, was made. For this
purpose, the eleven most relevant technical parameters have been selected as shown in
Table 7.

Table 7. Example of technical parameters to compare AC resonance test and damped ac test methods
regarding long-length power cables.

Technical Parameters

Destructiveness to create a breakdown during 1 h over-voltage test.

Sensitivity to detect using PD those weak spots that do not break down by A.

Conformity with international recommendations and guidelines.

Low system erecting effort.

Low required input power to energize the system.

System size and weight.

Low PD background-noise level of a complete energizing circuit.

T Q|0 ool n|lw| >

No electromagnetic interferences generated by the voltage source.

PD localization in the complete cable system: consisting of all possible joint types,
cable terminations, and all cable sections.

] Dedicated solutions for testing on- and offshore long-length cables.

K Standardized PD detection [27-29].
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These parameters, based on practical experience, pertain to the assessment of both
after-laying newly installed circuits as well as the service-aged cables.

To quantify the selected technical parameters, typical values from practical applications
used for testing a typical 50 km long 220 kV cable were chosen. The comparison shown in
Figure 3 confirms that the DAC technology outperforms the ACRT method in the efficient
testing and condition assessment of long-length power cable connections.

Typical values to test a 50 km long Satisfaction degree
220 kV cable L —

A During 1 hour overvoltage of strong in-
homogeneous defects is ACRT more
destructive than the DAC [6,13,14,25]

>
(@)
]
I l
d o

DAC

B Due to parameters G - I, see below is ACRT
the ACRT is much less sensitive than

1

the DAC pac__ I
N C The test parameters as given in ACRT _
[10,13,14,23,27-31] are used by both
Al the ACRTand DAC pac NG
‘el D ACRT: > 24 hours ACRT [Jf= = == o o = =
PAC: = 2hours pac NN
H
E ACRT: > 1.000 kVA ACRT = == o o o o =
M [ pac [N
| FACRT:>100000kg /120 ACRT [ = == = o o =y
. 2
R c
8 G ACRT > 5.000 pC ACRT === = = = =
DA 205 pac_
K -
H ACRT: > 1.000 pC ACRT = = == o= e e =y
bAC: < 2KC pac__

I ACRT: Terminations on- and off-shore, ACRT
Joins cross-bonding on-shore only and
not or cable sections
DAC: on- and offshore in all types of ~ DAC

joints, terminations and cable sections

J ACRT: NO due to conventional ACRT
solutions for onshore only
DAC: YES due to transportation,

1
1
1
1
1
&

I
I
I
I

¢

operation and installation for offshore LS _
K ACRT:NO ACRT [ == == = o o ey
e pac I

Figure 3. Example of a comparison of ACRT and DAC testing techniques based on different technical
and practical parameters for testing a 50 km long 220 kV cable system.

Moreover, in case of high-ohmic cable breakdowns, DAC testing can be used for
less-destructive fault localization due to the possibility of PD localization over the complete
cable system length [9,15]. This, in turn, might minimalize the repair effort and costs.
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7. Practical Examples

This manuscript presents several examples of post-installation tests of on- and off-
shore cables that have been performed with damped AC voltages with partial discharge
monitoring.

7.1. After-Laying Test of a 110 kV Cable System (30.7 km Long)

A newly installed XLPE insulated cable circuit with a voltage class of 110 kV, with a
total circuit length of 30.7 km connecting an onshore wind farm to the power grid, was
tested after installation.

The total cable capacitance was 5.9 LUF per phase with 37 cable joints installed on each
phase. The cable was tested at a maximum voltage level of 2.0 x Uo with a withstand test
of 50 DAC excitations. Prior to the withstand test, a voltage ramp-up test was performed
where the test voltage level was increased in steps from 0.4 Uo up to 2.0 Uo.

The DAC frequency was 28 Hz and the background-noise level during the PD mea-
surement was 25 pC.

The test setup can be seen in Figure 4, with the DAC test system installed at the near
end and the additional PD detector installed at the remote end of the cable phase.

Figure 4. Test setup with the DAC system connected to the 110 kV cable phase under test at the near
end and an additional PD detector at the remote end of the same cable phase.

PD activity was detected during the ramp-up test in cable phase L2; see Figure 5a,b.
Starting at a voltage level of 1.7x Uo, a clear PD pattern could be seen; see Figure 5a. After
the ramp-up test, the voltage withstand test of 50 DAC excitations was performed, with
a duration of 65 min. The analysis resulted in a PD location at cable joint No. 11, located
7520 m from the near end.

The PD mapping is a graphical representation of the cable length that shows the
concentration of the localized PD pulses along the cable length, see Figure 6.
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Figure 5. Test result overview of the PD-monitored ramp-up test (a) Obtained phase-resolved PD
pattern at 1.8 Uo, (b) Overview of the ramp-up test from 0.4 Uo to 2.0 Uo prior to the voltage

withstand test, duration 25 min.

PD (pC)

12 00 3
1000d .- .0
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Figure 6. PD mapping showing the overall cable length versus the PD concentration. The black dots

represent the joint locations.

As the PD level was in the range of 100-12.000 pC, it also produced an increase in
the dissipation factor tan 9; see Figure 5b. The conclusion was reached that PD could be
detected and localized by means of a double-sided measurement.
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PD activity was found above the operating voltage in phase L2 at a joint position. The
joint at this position was replaced and the test was repeated after the replacement. During
the 2nd measurement, the absence of PD activity could be confirmed, and the cable was
successfully energized into operation.

7.2. After-Laying Test 132 kV XLPE Cable (60.3 km Long)

A newly installed 132 kV cable circuit connecting an onshore wind farm to the power
grid was tested with DAC including a double-sided PD detection. The total length of each
cable phase was 60.3 km with a cable capacitance of 13.3 uF per phase. A total of 62 joints
per phase (cross-bonding) were installed.

Each phase was tested with DAC with a voltage level of 1.73x Uo and 50 excitations
at the maximum voltage level. The DAC frequency was 18.7 Hz. The background-noise
level for the PD measurement was 15 pC. The complete setup on both sides of the cable is
shown in Figure 7.

Figure 7. Test setup with the DAC system connected to the 132 kV cable phase being tested at the
near end and an additional PD detector at the far end of the same cable phase.

The test on three phases (executed separately on each phase) resulted in a clear pass as
there were no breakdowns and no internal PD was detected in all three phases; see Figure 8.

150
100
S0

Voltage (kV)
'
Sin
===
N

-150

600

400

PD (pC)

200

0
0 10 20 Time (ms)30 40 50

Figure 8. DAC phase-resolved PD pattern only showing the background-noise level.
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In Figure 9, an overview of the voltage withstand test for 50 DAC excitations per phase
is shown, indicating there was no breakdown during the test. As a result of this successful
after-lying test the cable circuit was successfully taken into service operation.
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Figure 9. Test result overview of the PD-monitored voltage withstand test for 50 DAC excitations,
with a duration of 1 h 25 min.

7.3. After-Laying Test of an Offshore Inter-Link 66 kV Cable System (10.8 km Long)

In accordance with [13], the after-laying test of a newly installed XLPE off-shore wind
farm 66 kV inter-connector cable system between two offshore substations (OSS) was
performed by partial-discharge-monitored damped AC (DAC) testing at 2.0 Uo within the
recommended frequency testing range (20 Hz-300 Hz) at 79 Hz power; see Figure 10.

66 kV Inter-connector cable

Figure 10. Onsite testing of a 66 kV 10.8 km long XLPE inter-array connector cable system. The HV
system is connected to one of the cable section phases. DAC voltages and PD patterns as observed
during DAC-monitored voltage withstand testing.
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The length of the cable system was 10.8 km, and the cable capacitance was 3.04 pF.
The connection from the array cable to the system was made via a test adapter cable on the
T-connector. The PD background-noise level was below 30 pC.

Due to the fact that no PD was detected and there was no breakdown during the volt-
age withstand test, the 66 kV cable inter-connector was successfully taken into operation.

As a result, the after-laying testing using a damped AC voltage with a DAC HV110os
system combined with PD detection proved to be effective for the PD-monitored testing
of a long-length, 10.8 km newly installed 66 kV inter-cable system between two offshore
substations; see Figure 11.
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Figure 11. Onsite testing of a 66 kV 10.8 km long XLPE inter-array connector cable system: (a) PD
pattern as observed up to 2.0 Uo test voltage (b) PD mapping showing that there is no PD observed
above the background-noise level of 30 pC.

7.4. Overview of Long-Length Cable Circuits That Have Been Recently Tested Using
PD-Monitored DAC Voltages

In recent years, DAC voltage in combination with PD measurement has been used
for testing HV power cables longer than 10 km in five different countries; see Table 8. In
all cases, the after-laying testing was successful and since starting operation, all circuits
operate without failure.
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Table 8. The overview of after-laying testing using damped ac test methods of 11 km up to 60 km

long HVAC power cables.
Cable Lengths Voltage Class Cable Insulation
38 km, 28 km, 19 km, 16 km, 50 km 110 kV XLPE
60 km 132 kV XLPE
31 km, 31 km, 27 km, 21 km 110 kV XLPE
22.2 km, 18 km 50 kV XLPE
28 km 230 kV Oil-filled
27 km 230 kV Oil-filled
Different lengths up to 14 km 33kV XLPE *
Different lengths up to 30 km 66 kV XLPE *
14 km 220 kV XLPE
18 km 150 kV XLPE
* Complete inter-connectors or strings of inter-array cables connecting > 10 wind turbines each to the offshore
substation.

Following the survey statistics of PD occurrence and the voltage breakdown at max-
imum test voltages [13], and having systematic practical experiences of testing different
types of long-length power cables, we have observed that up to 5% of newly (onsite) in-
stalled accessories show discharging defects and that up to 1% of discharging defects were
localized within the cable insulation.

8. Conclusions
From the discussion presented in this paper a number of conclusions can be drawn:

1.  The present international IEC and IEEE regulations are very general, and therefore,
deficiency in providing explicit guidance for the quality control of long-length power
cables both on- and offshore.

2. Considering offshore wind farms, where long cable circuits are frequently used, it has
been shown by several studies that the severity and the frequency of the failures of
export and inter-array cables are the highest.

3. Specific aspects of long-length on- and offshore cable connections were evaluated and
the need for a dedicated onsite testing solution was discussed.

4.  The criteria required for dedicated quality assurance were proposed, supported by a
technical discussion.

5. To provide dedicated quality assurance, testing methods suitable for on- and offshore
applications were evaluated considering technical and operational factors.

6. The main conclusion from this comparison is that, compared to the ACRT method,
DAC technology shows much higher applicability for the efficient testing and condi-
tion assessment of long-length power cable connections.

7. Practical examples illustrated that PD-monitored damped AC voltage testing was
successfully applied for the quality control of newly installed on- and offshore long-
length HV cable connections. Such tests form a sound basis for condition-based
maintenance during service life.
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