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Abstract —TERNA, the Italian TSO, is planning new HVDC
interconnections  with  neighboring countries including
underground links based on VSC technology; short circuit
transient studies of such links require accurate cable line
modeling in a frequency range from dc to 10 kHz at least. The
finite section approach was used to this purpose. Short-circuit
transient simulation results evidenced significant temporary
overvoltages following a single pole-to-earth cable fault, due to
unfaulted cable charging by free-wheeling diodes has been
evidenced in the study. Results are in good agreement with
theory and proved to be also useful for evaluating the induced
voltage on nearby communication cables and to evaluate the
possible application of surgearresters.

Keywords HVDC, short-circuit, transient studies, current
distribution, induced voltage, cable modé, finite sections, ATP-
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|. INTRODUCTION

Longitudinal coupling by lossless inductive arragsd
appropriate R-C shunt networks complete an indafidtell
assembly, accounting also for dielectric losses amthi-
conductive layers. Pipe/tunnel installation and threar
stratification can also be included. A compreheasiv
description of the FS technique is given in [4] andthe
companion paper [5]. Given their very low probdlilof
occurrence, faults affecting both poles were natsatered:
simulations were focused on single core-to-sheathitd,
investigating the short circuit current magnitudaration and
its distribution between cable sheaths and grounduced
voltages on nearby auxiliary and safety LV circuitsre also
computed.

Il. SYSTEM DESCRIPTION AND MODELING

The considered 200 km long HVDC link will actually
consist of two independent £320 kV multilevel VSgstems,

T_ERNA is currently planning a new 200 km long HVDGyach rated 500 MW, as shown in the single-line rdiagof
international  interconnector [1], entirely made Ofjg 1. The short circuit study was carried outdoe link, as

underground cables. In the course of the feasibgiudy,

the installation of the second is foreseen atex kine.

TERNA examined one Voltage Source Converter (VSC) The 320kV HVDC lines are entirely underground watie

option without dc side capacitors or smoothing rea; and
with ac neutral not effectively grounded on theanter side
of interface transformers. Normal operation of V@@verters
involves several valve commutations for cycle otwuek
frequency, following a given voltage/current cohtpattern;
during short-circuits, however, valves are blocled current
only flows through free-wheeling diodes until acrcait
breakers trip on both sides of the link.

A study of the short circuit transient was needieadyrder to
evaluate the magnitude of fault currents and ta#@ct on the
nearby communication/safety circuits. An EMTP moaofethe
dc link [2] under faulted condition was developed this
purpose, using ATPDraw [3]. Finite Sections (F)htéque
[4] was used since a wide-band cable model wasneztjin a
study involving frequencies ranging from dc to iféet
characteristic harmonics, plus the impulsive cab&eharge.
The model consists of cascaded multi-conductor denbd
pi” cells where constant parameters, lumped R-Ldéad
networks reproduce current distribution within eaolnductor
and in the ground.
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2500 mn3 Al XLPE-insulated cable per pole; the four cables
run together for the whole length of the link, whiicludes
13 km of tunnel installation.

The preliminary project does not have smoothingtaa
or dc side capacitors external to the converterd,there is no
intentional dc grounding in the converter statio@s. the ac
network side the neutral of wye-delta convertengfarmers is
solidly grounded; on the converter (delta windisgje of the
transformers, neutral is high impedance groundddo(e
terminal station of the HVDC link only) via a stg@oint
reactor. The interconnected 400kV 50 Hz networkseHzeen
conservatively simulated by 63 kA fault (Thévenin)
equivalents, with a X/R ratio of 15. Converter sfommers,
400 kV/440 kV, rated 500 MVA, with 16% short cirtui
impedance, have been represented by the ATP-EMTP
SATTRAFO model [3][6].

Fig. 1. HVDC system representation at final inatadn stage

For dc short-circuit simulation purposes each maitel
converter is represented only by its free-wheelifigdes,



avoiding detailed valve simulation (actual VSC paiive fault occurs in an intermediate section of the eatite peak
arrangement, based on “crowbar” thyristors showidchange value of the fault current isli2due to contribution of two
this behaviour). An ATPDraw schematic of the stddigstem discharging currents waves from both sides.
is represented in Fig. 2. The cables are 2500° iahwith ATP-EMTP simulation results are well matched witlege
aluminum sheaths and XLPE insulation. Electricald arpreliminary calculations as can be seen in Fig. Here
geometrical data are reported in Fig. 3, which akows simulated fault currents are reported. Short circuirent peak
laying arrangement for direct buried portion of dim, i.e. at value is 35 KA if the fault occurs in the middletb& line and
1.2 m depth in a 50@m ground. Cable sheaths are earthed &7 kA if the fault occurs at the end of the lin@llf in
both terminals and every 5 km on independent grawmdd. agreement with (1). The difference (<5%) can beilbsd to
All ground connections have been explicitly repried, the approximation in calculating. 2nd to the lumped nature
along the FS cable model; the 13 km long tunnehllaion of the Finite Sections equivalent circuit. In baises steady-
has been straightforwardly simulated within the ®®8del state short circuit current does not exceed 15Ma r
itself [2]. 10 cabl The simulation does not take into account converter
control, whose behavior modifies significantly $teady-state
current, but should not affect peak current value.

320kV dc, 2500 mm? Al, XL PE insulated cable

P 1 Geometric data
M4 Conductor radius 31 mm A
v [ | Inner semicon thickness 2mm ////
? » » Insulation thickness 18 mm h
T Star point reactor and Outer .semicon thickness 3.2mm
neutral grounding Metalllt_: sheath width 1.2 mm
Total diameter 111.6 mm
t to cable Typical laying data
Fig. 2. ATPDraw sketch of the simulated convestation. Laying distance (D) 200 mm @ v @

Laying depth (h) 1200 mm ‘ 3
Electric data | D

[Il. DC SHORFCIRCUIT CURRENT CALCULATION DC resistance at 20°C 120km —
Single pole-to-sheath faults were considered taioeither Capacitanc 309 nF/kn
at the middle (case A) or at the end of the dcedbhse B). Fig. 3. Cable system description, for one of theli@Minks in Fig. 1.
The steady state fault current is kept at very bnedlues by
the absence of dc grounding and the high impedawce

neutral grounding on the converter side of tramstas. The d faul). A ts. which circulate al bl
peak value of transient short circuit current doe cable end fault). Ac components, which circulate alswtigh cable

discharge, however, does not depend on ground p%%pacitance, depend on fault location as can hbeiseig. 5.

impedance but only on cable electrical charactesisind as 6lhehac component Otf perma;]nent s_hor;_cwcgn Clg(?'”lg, _
such can attain much higher values. armonic current, as shown in Fig. 6 and Fig. §) i

To a first approximation, initial cable dischargerentl; is con5|derably larger than dc for bOth. StUd'.ed falattatlo_n.
Cable terminal currents (at the station with thar gtoint

The mean value (i.e. dc component) of short-circuit
permanent current is 33 A for both cases (mid-bnd line-

iven b
g y E reactor), shown in Fig. 8 for a mid-line fault oatng at t =
Ii = Z (1) 0.2 s, are similar for both the studied cases.
¢ 5
being E the pre-fault pole voltage to ground a#d the ?
coaxial wave impedance of the cable: (kA)
25
i \
Zc = \/:, (2 N
Where L' and C' are the core-to-sheath inductancd a \
capacitance, i.e. the relevant parameters of thaxiab Sp

propagation mode. Wave impedance actually depemds 0’
frequency, being both longitudinal impedance anchitdnce
complex functions of the frequency; in addition tlaes coaxial -5
propagation mode is not the only one involved ire th

discharge phenomenon, the actual discharge cugentsum -5
0,190 0,195 0,200 0,205 0,210 0,215 (s) 0,220

of modal Components._ However, due to its hlg_h fEEquy Fig. 4. Simulated core-to-sheath short-circuit enty vs time: initial transient
content, most of the discharge current reclosethiénfaulted of mid-line fault (solid line), and line-end fayitiotted line). £320 kV pre-

cable sheath so that (1) gives an acceptable ajppatign. fault dc line voltage; fault inception at t=0,2 s.

With a pre-fault voltage E = 320 kV between conduand

cable sheath, considering 219.1Q for the cable in question, As the HVDC control system has not been taken into
the peak discharge currdniccording to (1)s16.8 KA. If the account, the simulated fault current waveform doex

I —




practically change, once the initial dischargevsrpin actual voltage on nearby circuits, according to presemrindard

operation, fault clearing by ac circuit breaker mipg should
normally occur within 100 ms.
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Fig. 5. Simulated core-to-sheath short circuit entrvs. time: steady-state
current for mid-line fault (solid line), and linex@ fault (dashed line). Initial
condition as in Fig. 4
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Fig. 6. Harmonic analysis of steady-state, mid-fim@lt current (solid line in
Fig. 5), RMS values.

harmonic order

Fig. 7. Harmonic analysis of steady-state, line-fndt current (dotted line in
Fig.5), RMS values.

IV. FAULT CURRENT DISTRIBUTION BETWEEN CABLE SHEATHS
AND GROUND

The determination of the actual fault current ritisition
between the metallic sheath of the faulted cabtegound is
of paramount importance for the calculation of ioell

procedures [7].
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Fig. 8. Current at the dc busbars for a mid-lingdtfgpositive pole (black) and
negative pole (thick grey line).

This is immediate when using the FS model, which
explicitly represents all cable system conductocduiding the
ground return path. Fig. 9 shows the current distion at
fault point, for a mid-line fault: at the beginningf cable
discharge most of the current interests only thdtéd cable
sheath, whereas during the following oscillatiohs turrent
distributes more evenly between the two cablesatite It is
noticeable that almost only dc current flows in ¢gineund rod.
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Fig. 9. Sharing of line-end fault current (see Fg.solid line), among

different return paths, vs time: total current:ckhisolid line, faulted cable

sheath current: dotted line, unfaulted cable sheattent: dashed line, ground
rod current: thin solid line.

V. AC SIDE CURRENTS

The simulated multilevel VSC scheme is not providéith
ac harmonic filters: as a consequence operation kldcked
valves (i.e. as an uncontrolled six-pulse Graetizige) is
associated to heavily distorted ac side currentefiams, as
shown in Fig. 10. Characteristics ac harmonicshef@-pulse
converter, i.e. current harmonics of order 6n+1stiyos" and



7" are clearly recognizable in the reported waveforfihis is connected between each pole and ground. ATP-EMTR fa
confirmed by Fourier analysis of the steady-staietign of simulations were thus repeated with the additioM@ISAs,
Fig. 10, shown in Fig. 11; largd"®mnd 7' harmonic distortion represented by Type 99 non-linear resistors, adgtie V-I

is clearly visible, with smaller but significant 1,011" and characteristic of commercially available statioass arresters.

13" harmonics as well.
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Fig. 10. AC line currents on the primary (networklde of converter
transformer, vs time, for a near line-end faultwdag at t=0.2.
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Fig. 11. Harmonic analysis of the R phase ac lumeent in Fig. 10.

VI. CONVERTER STATION VOLTAGE

Since neither converter controls nor protectiveickey and
manoeuvres are simulated, the faulted pole voligekly
drops to zero; on the other hand the absence eftinhal
grounding on the dc side of the converter causésaease of
the healthy pole voltage to ground, up to the whated pole-
to-pole voltage (i.e. 2x320 kV), as shown in Fig. This can
be regarded as a temporary overvoltage sincetg ladil the
fault current is interrupted by circuit breakersenjmg at both
terminal stations (after 100 ms at least), and rhagaken into
account for the
converters. The severe healthy pole overvoltageldche
mitigated by Metal
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Fig. 12. DC cable fault at the line end: healthyepolid line) and faulted
pole (dashed line) voltages to ground at the neeobyerter station, vs. time.
No dc side MOSAs.

Two alternate MOSA arrangements were simulated:
a) U,=360 kV, 8 parallel columns
b) U,=390 kV, 6 parallel columns
Simulation results, obtained for a conservativedguamed
fault elimination (ac circuit breaker tripping) t@mf 0.3 s, are
shown in Fig. 13.
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Fig. 13. DC cable line-end fault; healthy pole agks to ground at the nearby
converter station, for different MOSA arrangements,time. Solid line: no
MOSAs; dotted line: 8x360 kV MOSA (alt. a in thetfe dashed line: 6x390
kV MOSAs (alt. b in the text)

The two solutions differ markedly, as higher ral@SAs
(alt. b) only clip the initial transient spike, wieas lower rated
ones (alt. a) also reduce the sustained overvoltag.88
p.u.(602 kV), from the initial 2.03p.u. (650 kV)lua (see Fig.
13). Moreover, the steady-state fault current iases as
MOSASs connected to the sound cable, offer a funtbelosing
path to the fault current injected into the grouasl,shown in

insulation coordination of cablead a Fig. 14. The peak value (i.e. the capacitive disgéRis not

affected by SAs, whereas the dc component thatsflmainly

Oxide Surge Arresters (MOSAsSh the ground increases significantly, and ac comepds,

reclosing through the sheath of the faulted calie fpllowing



the loop having the lowest reactance) do not Sicanitly
change. This can be regarded as another checkeofiahd
response of the Finite Section modeling technique.
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Fig. 14. DC cable line-end fault current, for difat MOSA arrangements, vs

time: Solid line: no MOSAs; dashed line 8x360 kV BI&s (alt. a); dotted
line: 6x390 kV MOSAs (alt. b)

The key factor for choosing between alternativeara) b)
is given by the energy absorption duty of simulat@SAs,
shown in Fig. 15. The energy absorbed by a single I8/
column (alt. a) reaches 10.5 MJ, a destructivelleven for
class 5 arresters; 390 kV arresters (alt. b) arehmless
stressed at a tolerable 2.5 MJ, but on the othed liaey are
practically ineffectual against the TOV. Given thestained
nature of the latter, its reduction is not possiblth standard
arresters: application requirements resemble idstease of
MOSAs for series capacitor banks protection. Thestjan
deserves further investigation.
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(SPDs, cable shielding...). Furthermore, in normatrapon,
the converter injects small non-characteristic toder
current harmonics on the dc side, whose effectldhalso be
evaluated.
Basically two approaches can be applied:
- Frequency domain analysis
- Time domain analysis

The first method implies Fourier transformatiortloé short
circuit current waveform (obtained by
simulation), calculation of frequency componentsirafuced
voltage and then inverse Fourier transformatione $hcond
method only requires adding the parallel LV calole,which
induced voltages are calculated, into the time-doma
simulation model. This has been easily done with Emite
Sections approach, simulating the presence ofghesgore 2.5
mn? LV cable installed at different distances from ti¢DC
cables. Simulation results evidence considerablpulsive
overvoltages for close installation (Fig. 14, ard®00 V/km
at 0.5 m), quickly decreasing with time to a fewtymer km,
as shown in Fig. 16. Given a 4 kV insulation lefgglthe LV
cable, and assuming it is 13 km long, installatdistance
must be at least 2.5 m. In practice, countermeaswitt be
most likely adopted at LV level, given the physicahstraint
on spacing imposed by tunnel installation.

400

d=2.5m

200

--------

i\
\N-
\

-400 d=0.5m

10

- —— —

-
-

0
0,0 01 02 03 04 05 Time(s) 06

Fig. 15. Dc cable line-end fault: energy absorpiioione MOSA column, vs
time. Solid line: Y=360 kV (alt. a); dashed line;£B90 kV(alt. b)

VII. INDUCED VOLTAGE ON NEARBY CIRCUITS

In the 13 km long tunnel stretch of the line routiee
HVDC cables run parallel to LV auxiliary (safetyphie
circuits. The voltage induced in such circuits by cable
fault currents, must be evaluated in order to decide
minimum installation distance between HVDC and Lables
and, in case, take some measures to protect theilcdits
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Fig. 16. Transient overvoltage induced in 1km of t&ble laid along the dc
line at different distances; d=0.5 m (solid lin€1.5m (dotted line) and
d=2.5 m (dashed line), vs time.

VIII. CONCLUSIONS

The ATP-EMTP short circuit transient study of arplad
200 km long HVDC-VSC underground cable link, indhgl
detailed “Finite Sections” modeling of HVDC cables,
including tunnel installation, was presented. Satioh results
show that:

- steady state currents for dc pole-to-ground, alsteable

core to sheath, faults are very small (a few tehs o

Amps), due to high-impedance ac neutral grounding o

the converter side of transformers and absencecof d

grounding.
- The initial value of fault current is however muaigher
(tens of kA) due to the discharging capacitancehef

200 km-long cable; although peak value and specific

energy ft of the fault current do not endanger the cable

time-domain



sheaths.

Finite Sections cable modeling allows accurate

- In case of pole-to-ground dc faults the healthyleab representation and analysis of phenomena of inteasher
affected by a sustained (temporary) overvoltagehieg developments include the optimization of MOSAs ectibn
2.0 p.u. due to operation with ac neutral high idgee level and energy absorption capability.

grounded and dc ungrounded.

- Control of such overvoltages by MOSAs requires very
high energy absorption capability, even within natrmq
operating times of ac side tripping of circuit brees. [2]
MOSAs are moreover found to increase significattily
steady state fault current. 3]

- Transient overvoltages induced on adjacent cirowais [4]
be of concern. Proper spacing between HVDC and
parallel LV circuits is to be foreseen, along withs]
installation on the latter of SPDs.

The simulated 2 p.u. healthy pole overvoltage ig ng
specific to the selected VSC design: it is indeecommon (6]
feature of balanced VSC-HVDC transmission systamsase [7]
of dc line (cable) fault, as recently stated in [Bh the other
hand, current waveforms at converter stations amendent (8]
on the actual converter topology.
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