Experimental results from field tests
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Abstract-- This paper presents experimental results from two
field tests carried out on a 225 kV underground XLPE cable with
64 km and 17 major sections with cross-bonding of sheaths. The
first test applied a 2 kV surge to a minor and a major sections
having 1080 m and 3952 m, respectively. The second field test
measured the transient current and voltage when energizing the
full cable. Measured results of current show the impact of
transformers in the network and the reactive compensator. The
energization test is simulated in EMTP using detailed and
simplified cable models. Using the simplified model does not
reduce the accuracy of simulations of core voltages and currents.
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transients, EMTP.

I. INTRODUCTION

ROJECTS of new cable installations have taken place

worldwide in the last few years. These cable links are used

for intercontinental connections, to reinforce the grid with

reduced impact in the surrounding environment, and to
connect to renewable energy sources to the grid [1]-[5].

The increase of computer capacity and the improvement of
simulation tools allowed the development of more accurate
cable models used for electromagnetic transient (EMT)
studies, cable fault location and harmonic studies [6]-[13]. A
cable model can be validated based on simulations only [6]-
[11], but a more reliable validation requires a comparison of
the simulation results with measurements from field tests
performed on the actual cable system [7],[9],[13]-[18].

This paper presents experimental results from two field
tests carried out on a high-voltage alternate-current (HVAC)
cable. The first field test applied a 2 kV surge to a minor and a
major sections of the cable having 1080 m and 3952 m,
respectively. The advantage of testing a single minor section is
that we can excite each propagation mode separately and
observe the respective cable responses, which is useful for
model validation. The second field test measured the transient
current and voltage when connecting the full cable to the grid.
The energization test is simulated in EMTP.
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Il. CABLE SYSTEM

The tested system is a 225 kV XLPE underground cross-
bonded cable with 64 km length. The cable phases are
enclosed by high-density poly-ethylene (HDPE) tubes
embedded in concrete. Fig. 1 shows the layout of the cable and
Table 1 contains the cable data. The cable has 17 major
sections. The cross-bonding joints of the terminal major
sections are protected by surge arresters. Reactive
compensators are connected at both cable ends.
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Fig. 1. Layout of the 225 kV XLPE underground cable: a) one-phase layout;
b) burial layout.
TABLE 1. DATA FOR 225 KV XLPE UNDERGROUND CABLE

Parameter 2000 mm? cable | 2500 mm? cable
Core cond. (r=0), I, =345mm’ r,=37.1mm"
p=1.76x10"°% Om

r,=28.4mm" r,=31.9mm"~

A=3mm (thickness)
&,=25, tans=0.0008

Semicond. screens
Core insulation

Metallic sheath r;=56.4mm, r;=59.9mm,
p=2.84x10"°% Qm r,=57.2mm r, =60.7 mm
Outer insulation
I, =62.2mm I, =65.7mm
&, =25 tand =0.001
D, =1985mm, D, =225mm
HDPE tubes
&3=25 , tano=0.001

* Nominal radius of core conductor.
** Corrected radius accounting for section of wires in the strand.

I1l. SURGE TEST

This test applied a 2 kV 1.2/50 ps surge to a minor and a
major cable sections having 1080 m and 3952 m, respectively.
The generator output impedance is 2 Q. Grounding rods had to
be installed next to the two terminals of the minor section and
the receiving end of the major section, for protection of
equipment and operators. The major section sending end is
located in a substation where a grounding network is available.
The DC values of grounding resistance are 30 Q (measured)
for the remote areas and 5 Q (provided by RTE) for the
substation.
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A. Minor section, surge application to core

The circuits in Fig. 2 were used in the field test to apply an
impulse to the core of a minor section and measure the sheath
voltage of the same phase. The two circuits are for the case of
all sheaths open-circuited and for the case of sheaths grounded
(except the measured sheath).

Fig. 3 shows the measured sheath voltages. The high
waveform attenuation indicates that the mode observed is an
earth-return mode. There is also a contribution of a coaxial
mode which can be observed from the peaks in the waveforms
in Fig. 3. Using the cable length and the time between the
second and third peaks (12.6 us), the propagation speed is
calculated as 2x1080/12.6 =171m/us which is close to the

value calculated from the light speed ¢, =300m/us and the
cable insulation permittivity ¢, =3.23 (section V.A.2) as
c=0o/ [, =300//3.23 =167 m/ps .

In Fig. 3, the voltage corresponding to the sheaths being
grounded becomes negative after a certain time as a result of
negative reflections transmitted from grounded terminals.
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Fig. 2. Field test circuits for core—to—grE)und surge application on a minor
section: a) sheaths open; b) sheaths grounded.

1500

Phase 8

I+

L

—Sheaths open
—Sheaths grounded

1000

Voltage (V)
a
8

b 50 100 150 200 250 300 350 400
Time (us)

Fig. 3. Sending end sheath voltage for core-to-ground surge application on a
minor section.

Fig. 4 illustrates the circuit used in the field test to apply a
surge between the core and sheath of a phase in a minor
section. The three sheaths and the two non-used cores were
grounded together with the surge tester. The core voltage at
the sending end is shown in Fig. 5. The spikes observed are
caused by the inductance of the wire connecting to the tester
and the fast variation of current.
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Fig. 4. Test circuit for core-to-sheath surge application on a minor section.
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Fig. 5. Sending end core voltage for core-to-sheath surge application on a
minor section.

B. Minor section, inter-sheath surge application

The circuit in Fig. 6a was used in the field test to apply a
surge between two sheaths of a minor section. The sheath
voltage at the sending ends is shown in Fig. 7. Using the
average time between same-polarity peaks (42.1 ps) and the
length of the minor section, the propagation speed is calculated
as v=4x1080/42.1=102.6 m/us. The initial sheath voltage

in Fig. 7 is substantially lower that the applied surge of 2 kV,
which shows that the source grounding has an important effect
on the measured result.
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Fig. 6. Surge test circuit for inter-sheath surge application on a minor section:
a) two-phase application; b) three-phase application.
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Fig. 7. Sending end voltage for 2-phase inter-sheath surge application on a

minor section.

The circuit in Fig. 6b was used in the field test to apply a
surge between the sheaths of the minor section, involving all
the three phases. The waveforms measured at sending and
receiving ends are shown in Fig. 8 and Fig. 9. The period of
oscillations of voltage waveforms at the receiving end is
approximately 38 ps. Using the cable length, the propagation
speed is calculated as ¢ =4x1080/38=114m/ps . This result

shows that the 2-phase and 3-phase inter-sheath modes have
different speeds: 114 m/us compared to 102.6 m/ps calculated
from Fig. 7. The speed of the 3-phase inter-sheath mode is
higher because the current returns through 2 phases instead of
1. Therefore, the inductance of the current path is lower
(parallel of the 2 phases) and the speed is higher.
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Fig. 8. Sending end voltages for 3-phase inter-sheath surge application on a

minor section.
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Fig. 9. Receiving end voltages for 3-phase inter-sheath surge application on a
minor section.

C. Minor section, sheath-to-ground application

The circuit of Fig. 10 was used in the field test to apply a
surge between the sheaths and the ground, with the receiving
end open-circuited. The sheath voltages measured at the
receiving end of the minor section are shown in Fig. 11 to Fig.
13 with peak values of 1149 V, 750 V and 623 V for surge
applied to one sheath, two sheaths, and three sheaths,
respectively. The differences in peak voltages are due to the
current splitting between one, two and three sheaths. The ratio
between the voltages is not simply 1/3 and 1/2 as could be
expected because the current returns through the ground and
thus the earth-return impedance has a major impact in the
result.

Fig. 10. Surge test circuit for earth-return mode excitation on a minor section.
1250 T T T T T . :

1000
750
500

Voltage (V)

250

0

%50 100 150 200 250 300 350 400
Time (us)
Fig. 11. Receiving end voltage for surge application on one sheath of a minor

section with the receiving end in open-circuit.
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Fig. 12. Receiving end voltages for surge application on two sheaths of a

minor section with the receiving end in open-circuit.
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Fig. 13. Receiving end voltages for surge application on three sheaths of a

minor section with the receiving end in open-circuit.

D. Major section, sheath-to-ground application

The circuit in Fig. 14 was used in the field test to measure
the response of a major section to a surge applied between the
three sheaths and the ground. The test was repeated with the
sheaths at the receiving end open-circuited, bonded, and
grounded, respectively. The sending end sheath voltage and
the source current are shown in Fig. 15 and Fig. 16.

Both results with open-ended sheaths and short-circuited
sheaths in Fig. 15, show a positive reflection at 225 ps. Using
that value and the cable length, the propagation speed is
calculated as v=4x3953/225=70m/us . This positive
voltage reflection is accompanied by a negative current
reflection observed in Fig. 16. The reflections are not observed
in the case of sheath grounded at the receiving end because in
this case the earth-return loop is not interrupted.
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Fig. 14. Surge test circIJit for sheath to ground application on a major section.
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Fig. 15. Sending end sheath voltages for zero-sequence surge application to
the sheaths of a major section for different sheath terminations.
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Fig. 16. Sending end currents for zero-sequence surge application to the

sheaths of a major section for different sheath terminations.
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IV. ENERGIZATION TEST

An energization test of the full RTE 225 kV cable was
carried out before the cable was put in service. The sending
end is in the substation of Boutre with a short-circuit power of
7740 MVA at the time of the test and the receiving end is in
the substation of Trans (Trans-en-Province) with 4194 MVA.
Both substations have X/R = 7. A shunt compensator of 80
Mvar and 175 kW at 225 KV is located at the Trans terminal.
The cable was first energized from the substation of Boutre,
with the far end open-circuited. The cable was then energized
from the substation of Trans. This is illustrated in Fig. 17.
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Fig. 17. Field test circuit for energising the RTE 225 kV cable.

A. Energization from Boutre substation

Fig. 18 shows the currents and voltages measured when the
cable was energised at the Boutre substation. The closing
times are t =4.5ms, t = 6 ms and t = 6 ms for phase-0, phase-4
and phase-8, respectively. Fig. 19 shows the details of the
transient current. The initial current drawn by the cable is very
high. Phase-8 has an initial peak of 3533 A which damps out
to 776 A after 5 cycles (100 ms). The peak currents in the
other phases are 3210 A in phase-0 and 3151 A in phase-4.
The voltage reaches steady-state faster than the current, which
does not attain steady-state during the measurement. This is
caused by resonance due to transformers in the network.
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Fig. 18. Currents and voltages during energization of the cable from the
substation of Boutre.
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Fig. 19. Initial transient currents during energization of the cable from the

substation of Boutre.
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B. Energization from Trans substation

Fig. 20 shows the currents and voltages measured during
the energization of the cable from the Trans substation. The
source is applied at t = 648.3 ms for phase-0, t = 646.7 ms for
phase-4 and t=648ms for phase-8. The detailed current
waveforms are shown in Fig. 21. The currents have a decaying
DC component due to the shunt compensator. After
energization, the voltages are reduced from 1.09 pu to 1.04 pu
which shows that the network absorbed part of the reactive
power generated by the cable.
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Fig. 20. Currents and voltages during energization of the cable from the
substation of Trans.
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Fig. 21. Initial transient currents during energization of the cable from the

substation of Trans.
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V. SIMULATION OF CABLE ENERGIZATION INEMTP

A. Cable modeling

The 225 kV cable is modeled in EMTP using a wideband
phase-domain model [19]-[21]. Classical cable data
calculation functions in EMT-type software (e.g. [22],[23])
cannot handle features such as semiconducting screens,
stranded core conductors and HDPE tubes. These require
corrections to the input data as explained next [25].

1) Core and Metallic Sheath Conductors

The sheath conductor is modeled as a hollow cylindrical



conductor with the resistivity given in Table 1. Eddy currents
caused by proximity between sheaths are neglected due to the
wide separation between the phases. The core conductor, made

of stranded enameled copper (pcopper =1.76x107° Qm) \

requires a modification of the resistivity to account for the
gaps between the strand wires which reduce the effective
section of the core conductor. The modified resistivities

become 2.6x10°0Qm and 2.83x10°Qm for the

2000 mm? and 2500 mm? core cables, respectively [24],[25].

2) Core Insulation and Semiconducting Screens

The cable semiconducting (SC) layers may have an
important impact on the propagation of coaxial waves,
particularly affecting the shunt admittance [26]. To account for
SC layers, it is generally accurate enough to use a modified
value of permittivity to account for the new thickness of the
cable insulation [25],[26]. The modified values of g,

become 3.23 and 3.22 for the 2000 mm? and 2500 mm?
respectively [25].

3) Outer Insulation and HDPE Tube

The outer cable insulation is composed of three layers, i.e.
the sheath insulation, the air gap, and the HDPE tube (see Fig.
1), which are not concentric (the cable lies on the bottom of
the tube). The impact of the HDPE tubes can be modeled by a
modified permittivity of the sheath insulation calculated as
explained in [27]. The modified permittivities become
£r2,, =0.339 and 0.371 for 2000 mm? and 2500 mm? cables.

4) Cross-bonding points and sheath grounding

The cross-bonding of the 225 kV cable uses 300 mm?
copper wires with an inductance of 20 pH connecting the
metallic sheaths of adjacent minor sections [16]. The sheath
grounding impedance is also modeled by 5 Q.

B. Modeling of energising circuits

The networks at the two cable ends are modeled by
balanced voltage sources in series with coupled RL branches.
The shunt compensator at the Trans substation is modeled by
an uncoupled three-phase RL branch. The values of the RL
branches are derived from the short-circuit power and R/X
ratio given in section IV.

C. Simulation results

Two alternative cable models are used to simulate the
energization test presented in section IV. Model 1 uses a
separate model for each cable minor section. Model 2 uses a
homogeneous equivalent for the whole cable length, assuming
all cable sections having 2000 mm? core conductors.

Fig. 22 shows the field test results of current and voltage at
the cable sending end for energising from the Boutre
substation as well as the simulated results. Cable models 1 and
2 show nearly the same response. This is because the
reflections transmitted from cross-bonding points are highly
attenuated by the network.
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Fig. 22. Field test and simulation results, energization of the cable from the

Boutre substation.



D. Discussion

Several conclusions are drawn from the results in Fig. 22.
Firstly, detailed modeling of every minor section of the cable
(model 1 in Fig. 22) does not improve the agreement with
measured results when compared to model 2, which uses one
single wide-band segment to represent the whole cable, even
though model 1 requires a significantly larger effort for circuit
setup and computation.

Secondly, the fact that the two cable models in Fig. 22
generate the same results shows that the transient involves
mainly inter-core modes. In that case, accurate modeling of the
core and sheath conductors, as well as semiconducting layers,
explained in section V.A is important as these have direct
impact on the characteristics of core modes. On the other hand,
accurate modeling of HDPE tubes and cross-bonding wires
have little impact on the results of Fig. 22.

The above conclusions are valid because the simulated test
concerned only core conductor quantities. If sheath voltages
and currents had to be simulated, then model 2 might not be
accurate enough.

Another important aspect in the simulation of the
energization test is the modeling of the equivalent networks.
As observed in section 1V, the core currents are particularly
affected by the network having a longer transient than the
measured voltages. This is due to the effect of transformers in
the network. Therefore, a more accurate modeling of the
equivalent networks could possibly improve the simulation
results for the currents in Fig. 22.

VI. CONCLUSIONS

This paper presented a surge test and an energization test
carried out on a 225kV underground AC cable. The
energization test was simulated in EMTP using two alternative
cable models and it was found that using a single wideband
segment to model the whole cable length does not reduce the
accuracy of simulations as far as core voltages and currents are
concerned. The simulation results of currents are less accurate
than the results of voltages due to the modeling of the
equivalent network which does not represent the impact of
transformers inside that network.
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