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Abstract

The well established HVDC power transmission technology
is currently also seen as a viable solution for the medium-voltage
range and there is a growing demand for extruded MVDC
cables. The CIGRE TB 496 gives recommendations for high-
voltage tests on extruded DC cable systems with rated voltage
up to 500 kV, but do not consider the technical differences
between HVDC and MVDC cables. Therefore, the prequali-
fication test described in CIGRE TB 496 is analysed and an
optimised PQ test is proposed for extruded MVDC cables.

1. Introduction

The growing use of renewable energy sources leads to the
need of long-distance high-capacity transmission lines. With the
technical, operational, and economic restrictions (e. g. charging
current, skin effect, cost), the maximum transmission length and
efficiency of AC lines is limited. Therefore, the application of
High-Voltage Direct Current (HVDC) power transmission is
becoming widespread, especially in Europe and China.

HVDC cables, in particular, play an important role in sub-
marine power transmission and offshore renewable energy
integration having lower losses and higher reliability. Also
onshore grids will be increasingly enforced by DC cables [1 - 3].
Since the end of the 1990s, extruded DC cables with polymeric
insulation have been in use, which show environmental benefits
in comparison with oil-filled and mass-impregnated DC cables.

The well established HVDC power transmission technology
is currently also seen as a viable solution for the medium-voltage
range and there is a growing demand for extruded MVDC
cables. The refurbishing of existing MVAC cables resp. the
application of new MVAC XLPE cables for DC operation is
under discussion [4 - 8].

The CIGRE Technical Brochure No. 496 gives recommen-
dations for type test and prequalification test (PQ test) on
extruded DC cable systems with rated voltage up to 500 kV, but
do not consider the technical differences between HVDC and
MVDC cables [9].

MVDC cables generally have the same design as HVDC
cables, but there are differences with respect to conductor cross-
section, insulation thickness, insulation material and electric
field stress during operation and testing. Therefore, in this report
the prequalification test described in CIGRE TB 496 is analysed
and an optimised PQ test is proposed for extruded MVDC
cables, which is based on experimental investigations and data
from literature.

2. Success story of extruded DC cables

DC cables have been used mainly in the form of paper-
insulated submarine cables (OF, MI, PPLP) for transporting
energy over long distances. Since the end of the 1990s, extruded
DC cables with PE/XLPE insulation have also been in use,
which are currently used with DC voltages of up to 320 kV and
are commercially available for 525 kV [1 - 3]. Extruded DC
cables for 640 kV are fully developed and have passed the
required tests [10]. The previous success story of extruded DC
cables can be traced back to the following HVDC projects [1, 3].

e The first HVDC project with XLPE insulated DC cables was
commissioned in 1999 with a transmission capacity of
50 MW and a length of 72 km ("Gotland Link" project). It is
a bipolar 80 kV DC cable system with an insulation thickness
of 5.5 mm.

e Another important milestone was the commissioning of the
400 MW HVDC project "Trans Bay" in San Francisco in
2010. The 200 kV DC cables used for the first time world-
wide have a copper conductor with a conductor cross-section
of 1,100 mm?.

e An XLPE DC cable system with a rated voltage of 320 kV
and a transmission capacity of 800 MW was used for the first
time in the HVDC project "DolWin 1". The transmission line
has a length of 165 km and was commissioned in 2014.

e The German onshore EHV grid shall be enforced by 525 kV
DC cable systems. The cables shall have a conductor cross-
section of 2,500 mm? or more and an insulation thickness of
at least 26 mm. A transmission capacity of 2 GW is planned
for a bipolar DC cable system.

Testing of extruded DC cables was described first in 2003
for rated voltages up to 250 kV by CIGRE TB 219 and - due to
technical progress - updated in 2012 for rated voltages up to
500 kV by CIGRE TB 496 [9, 11]. IEC 62895 was published in
2017 based on CIGRE TB 496 and limited to land cables up to
320 kV [12]. Currently CIGRE WG B1.62 is discussing the
testing of DC cable systems up to 800 kV. It should be noted that
today’s high-voltage testing of extruded DC cables follows the
recommendations of CIGRE TB 496 and the main focus is on
the prequalification test (PQ test) with a test duration of 1 year.

The recent demand on MVDC cables can be seen by an in-
creasing number of publications. The refurbishing of existing
MVAC cables resp. the application of new MVAC XLPE cables
for DC operation is under discussion [4 - 8]. In this context, it is
a clear benefit that today’s MVAC XLPE cable technology is
accompanied by a stable and voluminous supply chain and well-
standardised quality assurance methods.
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3. Phenomena in DC Cables

The electric field distribution at DC voltage is determined by
the conductivity, which has a strong dependency on temperature
and electric field strength. This leads to several technical effects
that do not occur under AC stress [1, 2].

Field inversion: The electric field distribution in a DC cable
depends on the temperature and electric field strength dependent
conductivity of the insulation material used. A temperature
gradient AT in the cable insulation caused by the current heat
losses of the cable conductor leads to a reduction in the electric
field strength on the inner conductor and to an increase in the
field strength on the outer conductor.

Accumulation of space charges: Polymer insulating
materials such as XLPE are able to store free charge carriers.
The resulting temperature-, field strength-, time- and location-
dependent accumulation of space charges influence the electric
field distribution in the cable insulation and can lead to failures
especially after a polarity reversal. The measurement of space
charges in thin material samples and thick-walled cable
insulations can be carried out experimentally using various
methods (PEA, TSM). With suitable measures and modifi-
cations of the insulating material, it is possible to minimize the
space charge formation.

Thermal runaway: The temperature-dependent con-
ductivity of the insulation material can lead to low insulation
resistance at high temperatures. This results in an increased
direct current through the cable insulation and a related further
heating of the dielectric. This continuously progressive heating
leads to a thermal breakdown of the cable dielectric. In the past,
the described effect limits the maximum conductor temperature
for XLPE insulated DC cables to 70 °C and is excluded for
modern extruded DC cables by appropriately selected and
modified insulation materials.

4. PQ test according CIGRE TB 496

The prequalification test is intended to indicate the long-term
performance of a complete cable system. It consists of a long
duration voltage test with a minimum duration of 360 days and
a superimposed impulse voltage test. The sequence of tests for
LCC and VSC are different (Table 1, Table 2) and the conditions
can be described as follows (Up = rated DC voltage):

LC: The DC test voltage at a load cycle is kept constant at
Urpi = 1.45 x Upwhereas the tested cable system is heated up by
an appropriate conductor current for 8 hours followed by a cool
down period of 16 hours. The applied heating current shall be
set to reach the maximum conductor temperature as well as the
maximum temperature difference across the insulation for at
least the last two hours of the heating period.

LC + PR: Ataload cycle with polarity reversals the polarity
of the DC test voltage Urpr = 1.25 x Uy is changed every 8§ hours,
whereas the tested cable system is heated with 8/16 hours
heating cycles as described above.

HL: During high load, the heating current as well as the DC
test voltage Urp; are kept constant.

ZL: During zero load, no heating is applied whereas the DC
test voltage Urp; is kept constant.

S/IMP: To check the integrity of the insulation system a
final test with superimposed voltages (DC/SI, optional: DC/LI)
has to be performed. The test parameters are defined as
Up2o = 1.2 x Uy respectively Up; =2.1 x Uy. Previous to the
impulse stress the tested cable system shall be conditioned for at
least 10 hours with Uy of the corresponding polarity as well as
an appropriate heating current. Each impulse polarity shall be
applied 10 times. The complex high-voltage test setup according
to IEC 60060-1 (Figure 1) consists of two voltage generators,
additional electric protection elements and a voltage measure-
ment directly at the test object with a universal voltage divider
[13, 14].

Table 1. Sequence of tests for LCC

No. of . Test
No. Test cycles/days Polarity voltage
1 LC 30 cycles + Urpi
2 LC 30 cycles - Urpi
3 LC+PR 20 cycles + Urtp2
4 HL 40 days + Urpi
5 HL 40 days - Urpi
6 ZL 120 days - Urtpi
7 LC 30 cycles + Urpi
8 LC 30 cycles - Urpi
9 LC+PR 20 cycles + Urp2
10 S/IMP - bipolar Up2,0/Upi
Table 2. Sequence of tests for VSC
No. Test No. of Polarity Test
cycles/days voltage
1 LC 40 cycles + Urpi
2 LC 40 cycles - Urpi
3 HL 40 days + Urpi
4 HL 40 days - Urp1
5 ZL 120 days - Urpi
6 LC 40 cycles + Urpi
7 LC 40 cycles - Urpi
8 S/IMP - bipolar Up2,0/Upi
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Figure 1. HV test setup for superimposed voltage test
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5. Comparision of cables for MVDC and HVDC

MVDC cables generally have the same design as HVDC
cables. The main differences, however, are conductor cross-
section, insulation thickness, insulation material and electric
field stress during operation and testing. Table 3 is summarizing
the main parameters for MVDC and HVDC cables.

In this context it should be mentioned that in medium-term
the insulation material for MVDC cables will be XLPE and most
likely AC XLPE resp. MVAC XLPE cables will be used for
certain MVDC applications.

Table 3. Comparison of extruded cables for MVDC and HVDC
by consideration of generally available data

Parameter MVDC HVDC
rated voltage 10- 50 kV 80 - 525 (640) kV
conductor ross- | g5 _ 30 1o up to 3,000 mm?
section
insulation 3.4,5.5,8.0mm 55_26 mm
thickness (based on MVAC cables) )
mean field stress 10 kV/mm 20 KV/mm
in service
insulation PE, XLPE, PP
material XLPE (pure or modified)
converter LCC, VSC (LCC) VSC
technology

6. Experiment: PQ test on a MVVAC cable

For the prequalification test, the test setup was made of two
cable loops with a length of 10 meters each. The cables were
combined with 12/20 kV outdoor slip-on terminations with
geometrical field control and one cable loop was additionally
equipped with a 12/20 kV heat-shrinkable joint with refractive
field control. Both test loops were combined to a 20 meter long
test setup and used for experiments according to CIGRE TB 496.
The tested cable was a new standard 12/20 kV AC XLPE cable
(NA2XS(F)2Y 1x150RM/25) with an insulation thickness of
s=5.5 mm. As a result of preliminary tests with impulse and
superimposed voltages the rated DC voltage of the test setup was
set to Upc =55kV due to the withstand level of the applied
cable terminations. Further preliminary tests regarding the
temperature rise of the described cable are described in [8].

With respect to worst case testing a LCC test procedure was
chosen. The LCC test procedure was modified with respect to
the load cycles due to the fact that the required temperature
conditions can be achieved with a 5.5 mm thick cable insulation
within cycles of 4/8 h (Table 4). For the long-term test an AC
heating current of I =440 A was chosen resulting in a sheath
temperature of 3 =56 °C and a corresponding conductor tem-
perature of 3 =78 °C (Figure 2). The joint mounted in the test
loop shows a different temperature behaviour compared to the
cable, with a greater thermal time constant and a lower
maximum sheath temperature.

To provide the test voltage for the long-term test a DC
voltage generator with an internal voltage divider capable of

polarity reversals within 20 s was used. For the superimposed
voltage tests a water resistor protects the DC generator, whereas
the impulse generator was coupled to the test setup via a
coupling capacitor (C =130 nF). A self-built universal voltage
divider applicable for lightning impulses up to Ur; = 300 kV and
direct voltages up to Upc =200 kV was used to measure the test
voltage directly at the tested cable system (Figure 3). The
resulting PQ test voltages for LCC are as follows:

Upc=Up= 55kV

UTpl = 80kV
UTPZ = 69 kV
Upz,o = 66 kV

Upl = 1 16 kV

Table 4. Modified PQ test for MVDC LCC

. Test
No. Test No. of cycles/days | Polarity voltage
10 cycles, 8/16 h
! LC 20 cycles, 4/8 h " U
10 cycles, 8/16 h
2 LC 20 cycles, 4/8 h i} Urni
40 cycles, 4/8 h
3| LOPRY ery 20 3x PR (4h) U
4 S/IMP - bipolar Ur2.0
5 HL 40 days + Urp1
6 HL 40 days - Urpi
7 ZL 120 days - Urpi
8 LC 80 cycles, 4/8 h + Urpi
9 LC 80 cycles, 4/8 h - Urp1
40 cycles, 4/8 h
10| LC+PR every 2": 3 x PR (4 h) = Ut
11 S/IMP -—- bipolar | Upz,0/Upi
70
_an _ 8h .
o 60 et e
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Figure 2. Modified load cycle test with 4 hours heating and
8 hours cooling (LC 4/8 h)
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Figure 3. Arrangement for superimposed voltage test [8]
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During the ongoing PQ test the tests no. 1 - 10 of the modi-
fied PQ test for LCC were passed without any objection. A
S/IMP test was performed additionally after test no.3 with
superimposed switching impulses to check for thermal/electrical
aging of the cable loop. The test loop is currently (May 2019)
going through test no. 11. This final S/IMP test with super-
imposed voltages (DC/SI, DC/LI) will be carried out to check
the integrity of the insulation system.

7. Discussion of PQ test for MVVDC cable

MVDC cables generally have the same design as HVDC
cables. The main differences, however, are conductor cross-
section, insulation thickness, insulation material and electric
field stress during operation and testing. Therefore, some aspects
and specifications of CIGRE TB 496 can be discussed and
simplified for PQ test on MVDC cables. The testing of MVAC
cable systems for DC operation should also be considered.

Test loop: A cable length of 10 m including accessories (two
terminations and one joint) seem to be suitable for testing. The
benefit is the saving of material and laboratory space.

Temperature time constant: The duration of the heating
period and the cooling period at load cycles (LC) can be adjusted
according to the thermal behaviour of the MVDC cable. The
requirement of at least 2 hours at maximum conductor tem-
perature and maximum temperature difference over the cable
insulation must be met. Durations of 4/8 hours or 6/6 hours seem
to be suitable for insulation thickness of about 5.5 mm.

HV test equipment: The magnitude of test voltages is in the
range below 100 kV for DC and 140 kV for SI/LIL. For the
mentioned voltage levels the application of blocking capacitors
can be realized easily and the disadvantages of using blocking
spark gaps can be avoided [13, 14]. Further on the direct
measurement of the superimposed voltages with a universal
divider or RC-divider is feasible without great effort.

Long duration voltage test: A design life of 40 years for
extruded DC cables and the voltage-time characteristics based
on the inverse power law model was chosen for the calculation
of test duration. A life exponent of N = 10 and a test duration of
360 days lead to a test factor of 1.45 for the PQ test according to
CIGRE TB 496. The mentioned life exponent of N = 10 was
choosen by CIGRE WG members on conservative assumptions.
There are some publications available that describe life
exponents of up to N = 26 for DC material sheets tested with
electric field stress of E > 100 kV/mm [15, 16]. For a DC model
cable a life exponent of N=18-24 is described in [17]. In
general, the life exponent for DC is considered to be greater than
for AC and in this context a life exponent of N =12 - 15 is stated
for AC cables [18]. Table 5 shows the test factor for different
test durations and life exponents and a design life of 40 years. In
case of a life exponent of N = 15 the test factor is 1.40 for a test
duration of 90 days and 1.44 for a test duration of 60 days. A
lifetime exponent of N = 13.7 results from a test duration of 90
days and with the application of a test factor of 1.45.

As aresult, the long duration voltage test can be significantly
shortened on the basis of a life exponent in the range of N = 15.
However, this depends on the intended number and type of test
cycles and the dielectric time constant of the insulation material.

Table 5. Test factor for different test durations and life exponents

Design life, .
test duration Life exponent Test factor
40 years 10.0 145/1.66/1.73
| 12.5 1.34/1.50/ 1.55
360790760 days 15.0 1287140/ 144

Duration of test cycles: The duration of each test should
consider the necessary time to reach steady state electric field
distribution in the insulation. The relevant dielectric time con-
stant T is given by volume resistivity p and permittivity € where
the resistivity resp. conductivity of the insulation material is
strongly influenced by temperature and electric stress (1).

T=¢ & p(T,E) )

CIGRE TB 496 mentioned the dielectric time constant with
5.5 - 430 hours at 20 °C and less than 30 min at 90 °C and
considers a time for stability of 10 T equal to 100 % steady state
for the duration of test cycles. In this context it should be noted
that 95 % of steady state is achieved after 3 T and 99 % after 5 t.

Figure 4 shows measurement results of volume resistivity for
typical insulating materials at temperatures from 20 °C up to
90 °C according to [16, 19]. At 20 °C a volume resistivity of
about 5x10'> Q m for DC materials and about 1x10' Q m for
AC materials can be seen. The resistivity can change by 2 to 3
orders of magnitude in the before mentioned temperature range
and resistivity of DC materials is about 100 times higher
compared with resistivity of AC materials. This indicates that
the dielectric time constant for testing MVAC cables for DC
operation is much shorter than the figures given and considered
by CIGRE TB 496 for the duration of test cycles. A further
shortening can be observed taking 5t (99 %) into account for
reaching steady state conditions instead of 10 t. Therefore, the
time for stability (5 t) is about 3 hours at 20 °C and 2 min at
90 °C. This confirms that the dielectric time constant is often
short compared to temperature time constant [20].
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Figure 4. Volume resistivity of typical insulation materials at
different temperatures [16, 19]

As a result, the duration of the test cycles (LC, HL, ZL) can
be significantly shortened on the basis of the above mentioned
correlations. However, the resistivity of the insulating material
under test must be taken into account.
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Accumulation of space charge: The space charge pheno-
mena can distort the electric field distribution within the
insulation bulk. Particularly after polarity reversal the presence
of space charge can led to considerable electric field enhance-
ment and can easily cause insulation breakdown. The injection
of charge carriers occurs at the insulator/conductor interface
when the applied electric field is higher than the threshold field
for the specific insulation material. The threshold field depends
on temperature and for PE/XLPE materials typical values of
E =10kV/mm at 25 °C and E = 3 kV/mm at 70 °C are reported
[1,2]. The space charge behaviour in polymeric materials is
based on multiple factors, such as amplitude and duration of the
applied electric field, temperature, temperature gradient in the
insulation, electrode material, material properties, impurities and
additives. For investigation of space charge behaviour material
sheets or extruded cable insulation can be analysed with the non-
destructive PEA method. The reduction of space charge accu-
mulation is important for extruded DC cable technology and
different measures are under investigation. However, it should
be noted that in general the electric field stress for MVDC cables
is about 2 times lower than for HVDC cables.

The PQ test shall verify in any case that the cable system is
not affected by space charge phenomena. In this context, the
polarity reversal during load cycles (LC + PR), the duration of
HL test cycle and S/IMP test are of particular importance.

Transient overvoltages: In case of a DC pole-to-ground
fault in symmetrical monopolar VSC DC systems the healthy
pole experiences a high transient overvoltage. The voltage stress
applied is driven towards 2 p.u. of the nominal DC voltage and
rise and decay time of such overvoltage is longer than what is
typically tested in cable system qualification tests [21, 22].
Today, testing with a corresponding waveform is under dis-
cussion and further information from simulations and break-
down experiments is necessary to make a final decision on the
modification of the PQ test procedure.

8. Proposal for PQ test on MVDC cables

The new proposal for the PQ test on MVDC cable systems
follows the general principles of CIGRE TB 496 and consists of
the long duration voltage test, which should have a minimum
duration of 60 days, followed by the superimposed impulse
voltage test (Table 6, Table 7). The sequence of tests for LCC
and VSC are based on the experimental results described in
chapter 6 and the discussions in chapter 7. A cable length of
10 m should be tested. The different tests and the additional
requirements for MVDC can be summarized as follows:

Test voltages (Utp1, Utpz, Up2,0, Up1): see CIGRE TB 496.

LC: test according to CIGRE TB 496, but the tested cable
system is heated up for 6 hours followed by a cool down period
of 6 hours (“12 hours” load cycle).

LC+PR: test according to CIGRE TB 496, but the polarity
of the DC test voltage Urp, is changed every 6 hours, whereas
the tested cable system is heated up and cooled down with
6/6 hours cycles as described above. There is no PR at the end
of the 5" load cycle.

HL: test according to CIGRE TB 496.

S/IMP: test according to CIGRE TB 496.

The test with zero load (ZL) is not part of the PQ test for
MVDC cables based on technical reasons and for saving time. A
failure during ZL test is not expected, because the breakdown
voltage of the insulation material at room temperature is much
higher than at elevated temperature as it occurs during HL
testing. In addition, all relevant space charge effects are covered
by the other intended PQ tests. However, it is assumed that a ZL
test is part of the development test.

Table 6. New PQ test for MVDC cable systems, LCC

No. of . Test

No. Test cycles/days Polarity voltage
1 LC 25 cycles, 6/6 h + Urpi
2 LC 25 cycles, 6/6 h - Utpi
3 LC+PR 10 cycles + Utp2
4 HL 15 days + Urp1
5 HL 15 days - Urpi

6 S/IMP -—- bipolar Ur2,0/Upi

Table 7. New PQ test for MVDC cable systems, VSC

No. of - Test
No. Test cycles/days Polarity voltage
1 LC 30 cycles, 6/6 h + Urp1
2 LC 30 cycles, 6/6 h - Utpi
3 HL 15 days + Urpi
4 HL 15 days - Urpi
5 S/IMP - bipolar Up2,0/Up1
9. Summary

CIGRE TB 496 gives recommendations for a PQ test on
extruded DC cable systems with rated voltage up to 500 kV, but
do not consider the technical differences between HVDC and
MVDC cables. MVDC cables generally have the same design as
HVDC cables, but there are differences with respect to con-
ductor cross-section, insulation thickness, insulation material
and electric field stress during operation and testing. Therefore,
an optimised PQ test is proposed for extruded MVDC cables
taking into account their related thermal behaviour, dielectric
time constant, life exponent and space charge behaviour.

The new proposal for the PQ test on MVDC cable systems
follows the general principles of CIGRE TB 496 and consists of
the long duration voltage test, which should have a minimum
duration of 60 days, followed by the superimposed impulse
voltage test. The test factor 1.45 and all test voltages are un-
changed. However, for each test the number of cycles and
duration was optimised for MVDC cables. The LC test consists
of “12 hours” cycles with 6 hour heating up and 6 hours for
cooling down. The LC + PR test was optimized accordingly. HL
test and S/IMP test are unchanged. The ZL test is not longer part
of the PQ test due to technical reasons and for saving time.

The new PQ test for extruded MVDC cables will ensure the
long-term performance of the complete cable system. The long
duration voltage test of 60 days together with the S/IMP test will
be equivalent to 40 years operation at rated voltage.
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