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Contribution of Fault Current Sources in
Multi-Terminal HVDC Cable Networks

Matthias K. Bucher, Student Member, IEEE, and Christian M. Franck, Senior Member, IEEE

Abstract—The scope of this paper is the investigation of the
development of fault currents in a circuit breaker during a pole-
to-ground fault in a generic multi-terminal HVDC cable system
based on Voltage Source Converters. It aims to contribute to
the current discussion of which requirements on breaking time
and peak current HVDC circuit breakers need to fulfill in such
networks. Therefore, the fault current is broken down into the
individual contributions from the different network components
and the influence of the key parameters on the development of
the fault current in the circuit breaker of the faulted cable is
illustrated.

Index Terms—HVDC transmission, Power system faults, Power
system simulation, PSCAD.

I. INTRODUCTION

OFFSHORE wind farms are widely recognized as a
key component of the roadmap towards a low carbon

electricity supply. The installed capacity of fully commis-
sioned offshore wind turbines in Europe reached more than
3200 MW, with another 3850 MW presently under construc-
tion and significantly more installations planned [1]. Up to
now, the power transmission from offshore wind farms has
been exclusively based on point-to-point connections either
using HVAC or HVDC submarine cables. However, aca-
demics, industry consortiums, and environmental NGOs have
envisioned the creation of an interconnected HVDC offshore
power network [2]–[6]. Visions for an offshore network on the
US east coast are similarly ambitious [7]. Expected benefits
from an interconnected HVDC network include increased
system redundancy, higher flexibility for power trading, and
reduced investment and operational costs.

As HVAC cables are not technically viable for long trans-
mission distances, such an offshore network has to be based
on HVDC interconnections. The latest developments in HVDC
technology such as higher ratings of the semiconductor devices
and the introduction of Voltage Source Converters (VSC) make
the Multi-Terminal HVDC (MTDC) network a viable option.

Grid protection is currently one of the main drawbacks for
MTDC networks. While AC side circuit breakers (CBs) can
adequately protect point-to-point HVDC connections, the same
protection concept would not be viable for HVDC grids, as
it requires the de-energization of the entire system [8], [9].
DC CBs are needed to selectively isolate a faulty cable by
quickly and reliably breaking DC fault currents. There are
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several concepts for DC CBs [10], [11], [3], which still have
significant drawbacks in terms of on-state losses or speed.
Other concepts to address fault clearance have to be chosen as
long as no fully satisfying DC CB concept is developed [12].

This paper aims to contribute to the better understanding of
the transient development of the fault current through a DC
CB during a pole-to-ground fault in an MTDC cable network.
Therefore, the fault current is broken down into the individual
contributions from the different network components, such
as DC capacitors, cables, and the adjacent AC network. A
breakdown of the fault current allows for a detailed analy-
sis of the influence of the component parameters and fault
condition on the total fault current in the DC CB. It enables
the specification of DC CB requirements and fault detection
mechanisms, as well as the identification of measures to reduce
the transient overcurrent in the CB without additional Fault
Current Limiters (FCLs). The paper illustrates the sensitivities
of the key parameters in different scenarios, which consider
the converter technology including the required filters and the
fault condition, i.e. the fault impedance.

To do so, this paper analyzes pole-to-ground faults in a
simple, radial, bipolar three-terminal HVDC cable system
with two cable branches only. This is the simplest possible
layout including all available components, which are able to
contribute to the fault current in the CB. While cable faults
occur less frequently than overhead line faults, but are typically
permanent, it is still a condition that a future DC network has
to cope with. The emphasis in this paper is on pole-to-ground
faults, since they are regarded as significantly more frequent
compared to pole-to-pole faults [13], although the latter fault
would lead to more severe conditions [14].

The paper is structured as follows: Section II explains the
transients in an HVDC system during a pole-to-ground fault
and Section III describes the methodology of transient simu-
lation, cable modeling, and the network model implemented
in PSCAD. Section IV presents and discusses the results of
the simulations followed by the conclusions in Section V.

II. TRANSIENTS IN HVDC NETWORKS

Potential sources of transients in an HVDC network include
surges due to pole-to-ground faults, pole-to-pole faults, the
operation of switching devices, and the sudden loss of a
terminal and the subsequent change in the DC voltage. In the
following, only pole-to-ground faults in bipolar underground
cable systems with two-level VSC terminals are considered.

Aging of the cable’s main insulation or external damages
due to digging or anchoring in case of sea cables [15] may
lead to a breakdown of the cable insulation. First, an arc
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burns between the pole and the sheath of the cable and a
ground loop through the sheath and the next grounding point
is established. The current through the arc increases rapidly,
which likely leads to explosion and destruction of the cable at
the ground fault location. Subsequently, the arc burns between
the pole and the ground, and a low-ohmic path is established in
between. After the ground fault occurs, the voltage at the fault
location decreases within a few microseconds to a level given
by the fault resistance. Its value depends on the magnitude
of the fault current and the characteristics of the soil, e.g.
the ionization and de-ionization time constants, and the soil
resistivity, as described in [16]. The voltage drop at the fault
location occurs very quickly, but not instantaneously due to
the voltage supporting, distributed cable capacitance and the
inductance in the fault path. The severity of the pole-to-ground
fault depends on the value of the fault resistance and thus on
the characteristics of the discharge path. In general, the higher
the fault resistance, the lower the voltage drop along the line.
Right after the fault occurrence, negative voltage surges start
to travel from the fault location into both directions towards
the terminals. Along its way, the distributed cable capacitance
is discharged gradually into the ground fault. Upon the arrival
at the terminals after the traveling time τ , the negative voltage
surge is reflected back as a positive surge due to the capacitive
termination of the cable given by the DC capacitors [17], [18].
DC capacitors include the VSC capacitors and possible tuned
filter capacitors, which are usually installed at the DC side
of a VSC in order to reduce the voltage ripple injected by
the converter. The converter technology determines the size of
the DC capacitor. In general, multi-level converter topologies
require less filtering, but larger converter capacitors due to
the lower valve switching frequency. A 3-level neutral point
clamped VSC requires an about three times higher capacitor
volume than a 2-level topology for the same target value of less
than 5% voltage ripple on the DC line [19]. Other topologies
such as the Modular Multi-level Converter (MMC) [20] with
a sufficiently large number of submodules do not need any
filter capacitances and the blocked converter valves prevent a
discharge of the storage capacitors during DC faults [21]. In
bipolar HVDC schemes, the midpoint of the DC capacitors is
usually grounded to provide a reference voltage to the pole
voltages [22], [19]. The midpoint is grounded either via a
low-ohmic connection or through a reactor depending on the
requirement, whether the bipole has to be able to be operated
in monopolar mode or not. The grounded capacitor midpoint
and the ground fault form a loop that provokes a discharge of
the capacitors. This discharge current is superposed on the
reflected, backward traveling surge, which can be approxi-
mated by the convolution of the incident wave form and the
impulse response of the DC capacitor [23] (assuming a purely
capacitive cable termination):

vreflected(t) = [−δ(t) +
2

RcC
e−

t
RcC u(t)]∗vincident(t) , (1)

where Rc is the approximated, concentrated cable resistance,
C the DC capacitance, δ(t) a Dirac pulse, and u(t) a step
function.

As the surge arrives again at the fault location, one part is
reflected and the other part transmitted through the fault into
the opposite section of the cable according to the reflection
coefficient Γ and transmission coefficient T as depicted in Fig.
1. The forward and backward traveling waves result in multiple
peaks in the current wave form. The reflection coefficient is
given by:

Γ = −

1

1 + 2
Rf

Zc

, (2)

where Rf is the fault resistance and the surge impedance of
the cable is

Zc =

√

R + jωL

G + jωC
. (3)

Fig. 2 illustrates the dependence of the reflection coefficient
on the magnitude of the fault resistance. The transmission
coefficient is related to the reflection coefficient as follows:

T = 1 + Γ . (4)

Zc

R
fΓ

T

Cable Section 1 Cable Section 2

Ground Fault

Surge

Zc

Fig. 1. Reflection and transmission of surges at fault location
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Fig. 2. Reflection coefficient at fault location as a function of fault resistance

III. METHODOLOGY

A general description of time domain solution approaches
that are evaluated for the simulation of transients, as well as
the cable, converter, and network models are given in this
section.
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A. Solution Approach

A widely used time domain method for the simulation of
transients in power systems is the Electromagnetic Transient
Program (EMTP) [24]. It allows an accurate simulation of
transients in networks modeled by distributed as well as
lumped elements and permits the inclusion of the frequency
dependence of the line parameters. All EMTP based time
domain solutions are based on the decoupling of the sending
and receiving end of the transmission line given by the
traveling time of the wave. Fig. 3 depicts an EMTP two-port
model of the transmission line.

Zc ZcIs Ir

is ir

v1 vr Rr

Fig. 3. EMTP line model for time domain solution based on [25]

From Fig. 3 follow the equations for the sending end and
receiving end currents using a simulation time step of ∆t:

is(t) =

1

Zc
v1(t) − Is(t −∆t) (5)

ir(t) =

1

Zc
vr(t) − Ir(t −∆t) , (6)

with the past values of the equivalent current sources

Is(t −∆t) =

1

Zc
v1(t −∆t) − is(t −∆t) (7)

Ir(t −∆t) =

1

Zc
vr(t −∆t) − ir(t −∆t) . (8)

The disadvantage of this method is the discrete integration
algorithm, which requires the past history of the network [26].
Moreover, the choice of the discrete simulation time step is
crucial in order to get accurate results. The EMTP method
gives only the sending end and receiving end values for the line
current and voltage and intermediate points cannot be obtained
unless the line is split appropriately [25].

Another time domain method, which mitigates the afore-
mentioned problem, is the state-space transient analysis. It
consists of the derivation of partial differential equations
(PDEs) from the distributed line parameters and the conversion
of these equations into a set of coupled ordinary differential
equations (ODEs) by spatial discretization of the line [26].
Thus, all states of the system are accessible and a high spatial
resolution can be achieved. The disadvantage of the state-space
approach is the computationally expensive repeated inversion
of the coefficient matrix.

The evaluation of the simulation approaches showed that the
EMTP approach is the best choice for models consisting of
transmission lines with distributed, frequency-dependent pa-
rameters and in which only the sending end and receiving end
quantities are of interest. The state-space approach performs
better than the EMTP approach in case of single frequency

TABLE I
PROPERTIES OF THE ASSUMED 320 kV XLPE CABLE

Layer Material Outer Resistivity Rel. per- Rel. per-
Radius (Ωm) mittivity meability
(mm)

Core Copper 21.4 1.72 ⋅ 10−8 1 1
Insulation XLPE 45.9 1 - 2.3 1
Sheath Lead 49.4 2.2 ⋅ 10−7 1 1
Insulation XLPE 52.4 - 2.3 1
Armor Steel 57.9 1.8 ⋅ 10−7 1 10
Insulation PP 61.0 - 2.1 1
1 Including inner and outer semi-conductor layer of 1.2 and 1.3 mm

thickness, respectively

line models with cascaded Pi-sections, where the voltage and
current distribution along the line is of interest and its values
have to be accessible. The EMTP based frequency-dependent
cable model has been selected for this study due to the best
performance, most accurate results, and the fact that only the
receiving end and sending end currents are required.

B. Cable Model
The system is modeled in PSCAD-EMTDC and makes use

of a detailed frequency-dependent, distributed-parameter cable
model. The general design of the cable cross-section is derived
from a real 150 kV XLPE VSC-HVDC submarine cable [27],
[15]. The cross-section was scaled up to a 320 kV cable
respecting the diameter of the copper conductor [28], while
keeping the electric field stress (cold condition) similar. The
material properties are based on values given in [29]. Table I
summarizes the material properties and Fig. 4 illustrates the
cable cross-section dimensions of all cable layers. The cable
sheath is assumed to be grounded at each cable joint every
approximately 900 m as in [30]. Simulations have shown that
the sheath impedance in the aforementioned grounding scheme
contributes only a negligibly small portion to the conductor
current damping and the sheath is, therefore, mathematically
eliminated in the simulations, i.e. assumed to have ground
potential over the whole cable length.

The frequency-dependent cable model is the most accurate
model that also accounts for the frequency dependence of the
cable parameters, it is, however, computationally expensive
and has no straightforward solution in the time domain. It is
widely used in EMTP type simulations when accurate transient
waveforms have to be computed. In this model, the cable is
represented by the propagation function matrix H

H = e−
√
Z⋅Y⋅l (9)

and the characteristic admittance matrix Yc

Yc = Z−1
⋅

√

Z ⋅Y (10)

that are calculated at discrete points in the frequency domain.
These matrices are then approximated and replaced by low
order rational functions through curve fitting methods [31].

C. Converter and Network Model
The 3 terminal radial HVDC network shown in Fig. 5 is

modeled in PSCAD using the EMTP approach. A pole-to-
ground fault with a fault resistance Rf is applied at 100 km
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Definition Canvas (IEEEPaper_FinalModel:ABB_Estlink_320kV_1400_Cu)

Segment Name: Cable1f

Steady State Frequency: 0.0 [Hz]

Length of Line: 100.0 [km]

Number of Conductors: 0

20Max. Order per Delay Grp. for Prop. Func.:

20Maximum Order of Fitting for Yc:

1.0E6 [Hz]Curve Fitting End Frequency:

Curve Fitting Starting Frequency: 0.5 [Hz]

Frequency Dependent (Phase) Model Options

Maximum Fitting Error for Yc: 0.2 [%]

0.2 [%]Maximum Fitting Error for Prop. Func.:

Travel Time Interpolation:

100Total Number of Frequency Increments:

On

DC Correction: Functional Form

Passivity Checking: Disabled

100.0 [ohm*m]Resistivity:

Analytical Approximation (Wedepohl)
Analytical Approximation (Deri-Semlyen)Aerial:

Underground:
Mutual: Analytical Approximation (LUCCA)

0.0214

Cable # 1

0.0459
0.0494
0.0524
0.0579

0.061

1.0 [m]

0.0 [m]

Conductor
Insulator 1

Sheath
Insulator 2

Armour
Insulator 3

SC Layer 1
SC Layer 2

Fig. 4. Cable layers

TABLE II
SYSTEM PARAMETERS

Parameter Value
Rated Converter Power (Bipole) 800 MW
DC Voltage ±320 kV
AC Voltage (L-L, RMS) 400 kV
X/R of AC Network 10
Transformer Leakage Reactance 0.1 p.u.
Converter Phase Reactor 0.05 p.u.
Total Resistance of Converter Diodes 0.1691 Ω

away from terminal 1. The converters are modeled as a
±320 kV bipolar two-level VSC topology with concentrated
midpoint-grounded DC capacitors at each terminal as depicted
in Fig. 6. However, the analysis of pole-to-ground faults pre-
sented in this paper would be equally valid for a system based
on asymmetrical monopoles. The converter control protects
the Insulated Gate Bipolar Transistor (IGBT) modules from
overcurrents through blocking of the valves within a few µs
making the half-bridge based VSC an uncontrolled rectifier
[32]. Therefore, the converter model to be implemented for
the transient study can be simplified.

The AC network adjacent to the converter terminal is mod-
eled by its equivalent short-circuit impedance consisting of
RAC and LAC, and a voltage source VAC. The windings of the
converter transformer have star configuration with grounded
neutral on the high voltage side and delta configuration on
the converter side. An additional phase reactor Ls is installed
between converter bridge and transformer for harmonic fil-
tering of the AC currents. The values of system parameters
are summarized in Table II. The value for the converter losses
during the AC infeed are determined by the on-state resistance
RD of the freewheeling diodes. The value for RD is based on
a series connection of 89 4500 kV/2000 A press-pack IGBTs
[33]. Terminal 1 is operated in rectifier mode with a secondary
winding voltage of the converter transformer of 237 kV and
terminals 2 and 3 are operated as inverters with 213 kV at the
AC side of the converter.

IV. RESULTS AND DISCUSSION

The simulations are performed in PSCAD using a time step
of 10µs. The following paragraphs describe and discuss the

Rf

Terminal 3

(A)

CB1

300km

C C

170km

Terminal 1 Terminal 2

C

(D)

(B)

(C)

100km

Fig. 5. Network layout with different fault feeding sources: (A) DC capacitor,
(B) adjacent feeder cable, (C) AC infeed at terminal 3, (D) AC infeed at
terminal 1

C

VAC LAC Ls

C

RAC

Ls

+Pole

-Pole

Fig. 6. Scheme of the converter model (VAC: AC voltage, RAC: AC
resistance, LAC: AC inductance, Ls: phase reactor, C: DC capacitor)

results of the simulation. First, the base case is presented and
then the key parameters are varied to explain their influence
on the fault current in the CB.

A. Base Case

The base case assumes a constant fault resistance Rf of
7 Ω, which corresponds to the ground resistance of a sparking
ground connection in wet loamy sand at the current peak of
19.35 kA [16]. The dependence of the fault resistance on the
fault current is neglected in all the simulations, as well as
the sheath impedance, which might be present after the fault
occurrence for a very short time. The default value of the DC
capacitor is 100µF and the DC pole reactor is neglected in the
base case. The Short Circuit Ratio (SCR) of the adjacent AC
networks at the Point of Common Coupling (PCC) is assumed
to be 10 for each terminal. The SCR is defined by the ratio of
the short circuit capacity of the AC network at the PCC and
the rated power of the converter as follows:

SCR = Ssc
PCC/S

rated
converter . (11)

The cables are initially at rest at 320 kV and no current
is flowing. This simplification is justified by the negligible
influence of the initial steady-state current on the transient
peak current. Figures 7 and 8 illustrate the development of
the fault current in the CB (solid line) and distinguish the
different fault current contributors as labeled in Fig. 5: A) DC
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capacitor, B) adjacent feeder cable, C) AC infeed at terminal 3,
and D) AC infeed at terminal 1. As shown in Fig. 7, the fault
appears at terminal 1 after a short delay (about 0.5 ms) given
by the line length of 100 km between fault and terminal 1. The
first peak corresponds to the discharge of the DC capacitor at
the arrival of the negative voltage surge generated at the fault
location. The subsequent peaks originate from the forward
and backward traveling initial surge. After the second peak
at around 2.5 ms, a sudden decrease of the CB current can be
observed, which arises from a positive surge from terminal 2
transmitted through the fault.

The first 5 ms are dominated by the capacitive discharge
current contributions as depicted in Fig. 8 (areas A) and
B)), which gives an overview of the first 100 ms after fault
occurrence. The surge propagates through the busbar into the
neighboring feeder and its cable capacitance is discharged
through the busbar into the faulted cable. Due to the distributed
nature of the neighboring feeder capacitance, the cable is
discharged gradually as the negative voltage surge propagates
through the cable towards terminal 3. Note that the adjacent
feeder contribution (area B in Figures 7 and 8) includes the
contribution of the concentrated DC capacitor at terminal 3.
The DC capacitor and the adjacent feeder cable capacitance
are discharged simultaneously. The lumped DC capacitance
is the dominant contibutor during the first few milliseconds,
whereas the cable capacitance contribution is larger afterwards
due to its distributed nature.

After 10 ms, the capacitive discharge contributions fade out
and a steady-state period dominated by the AC infeed at
terminals 1 and 3 begins (c.f. areas C) and D)). The AC infeed
starts as soon as the DC voltage drops below the voltage of the
AC side of the converter and the freewheeling diodes become
conducting. Current from the AC side is injected into the DC
network through one or two diodes (depending on the phase
of the AC voltages and the magnitude of the DC voltage)
in the upper half and a return path is set up through the
grounded filter midpoint and one or two diodes in the lower
half of the 6-pulse bridge. This results in a phase-to-phase
fault or two simultaneous phase-to-phase faults as seen from
the AC side. The current contribution from the AC side rises
slower compared to the capacitor discharge contributions as it
is limited by the AC impedance.

All terminals connected to the busbar with the faulted feeder
also contribute to the fault current in CB1. DC capacitor
discharge and AC current feeding start once the voltage surge
arrives at terminal 3. The reflected surge plus the discharge
current and the AC current travel to terminal 1 and superpose
the current in CB1 as depicted in Fig. 7 (area C). A higher
delay for the AC infeed at terminal 3 as compared to terminal
1 can be observed due to the travel time of the initial negative
voltage surge on the line between terminals 1 and 3 after
having passed through the busbar, and the travel time back to
terminal 1. Over the whole simulation period, the contribution
from terminal 3 is smaller than the contribution from terminal
1, because of the long cable of 300 km and, consequently,
higher attenuation.

After 30 ms, a 300 Hz ripple from the converter 6-pulse
bridge is visible (c.f. Fig. 8). During this period, the cable

and filter capacitances are periodically charged and discharged.
The charging of the capacitances (negative currents) is trun-
cated in Figures 7 and 8, since it does not contribute to the
CB current.
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Fig. 7. Breaker current contributions, zoomed - A): DC capacitor, B):
adjacent feeder cable, C): AC infeed at terminal 3, D): AC infeed at terminal
1, solid line: total CB current
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cable, C): AC infeed at terminal 3, D): AC infeed at terminal 1, solid line:
total CB current

B. Dependence of Fault Current on Fault Resistance

Fig. 9 illustrates the dependence of the maximum fault
current in CB1 on the fault resistance. The maximum values
within 5 ms of the CB current and its contributions from the
individual components are given for certain values of the fault
resistance. The other system parameters are kept equal to the
base case. The short simulation period is chosen in order to
account only for the initial discharge peaks with the highest
di/dt. Depending on the SCR of the AC network, the CB
current may increase up to much higher values at a later point
in time. As can be seen in Fig. 9, low values for the fault
resistance result in high peak currents during the first 5 ms
after fault occurrence. This is due to the larger voltage drop
initiated at the fault location given the lower fault resistance.
The DC capacitor has the highest contribution amongst all
fault current contributors for the whole range of fault resis-
tance as the capacitor discharging is the dominant process
during the first few milliseconds. Note that the adjacent feeder
contribution in Fig. 9 includes the AC infeed at terminal 3,
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which has a marginal share in this simulation. At very high
values of fault resistance (> 50 Ω), the DC capacitor is the
only contributor to the fault current in the CB (neglecting a
minor contribution from the adjacent feeder) and the AC infeed
contribution decreases to zero. To explain this fact, the time-
to-peak-current has to be considered, i.e. which surge of the
forward and backward traveling wave leads to the maximum
current. As the DC capacitor discharge current after the first
surge decreases rather slowly given the high DC capacitance in
this simulation, the subsequent discharge current is superposed
on the first one and depending on the magnitude of the second
negative voltage surge, i.e. the fault resistance, the second
discharge current peak might be higher than the first one. The
magnitude of the second surge at terminal 1 depends on the
reflection coefficient at the fault location and thus, on the fault
resistance. For zero fault resistance, the reflection coefficient
is -1 (c.f. Equation (2) and Fig. 2) and, hence, the entire wave
is reflected back to terminal 1, but with opposite sign. For
very high fault resistances, the reflection coefficient tends to 0
and the surge is entirely transmitted through the fault towards
terminal 2. Low fault impedances up to 50 Ω result in a high
reflection coefficient and, thus, the second surge is responsible
for the maximum current in the CB as indicated in Fig. 9. At
this time, the current from the AC side has already increased
and contributes a small share to the total CB current. During
high impedance fault conditions (> 50 Ω), however, the first
surge leads already to the maximum current in the CB. The
AC infeed current has not increased yet due to the high AC
inductance and the DC capacitor current is the only contibutor
to the CB current. Fig. 10 depicts the CB current waveforms
for fault resistances of 0.5, 20, and 100 Ω and illustrates the
above stated.
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Fig. 9. Contributions from fault current sources to the maximum CB current
within 5 ms; ◯: maximum CB current, ◻: DC capacitor, △: adjacent feeder,
◇: AC infeed at terminal 1

C. Influence of DC Capacitor on Fault Current

The maximum fault current in the CB increases almost
linearly with the value of the DC capacitance as depicted
in Fig. 11. For very low filter capacitances, such as in
MMC topologies, only the AC infeed and the adjacent feeder
contribute to the initial fault current in the CB. Note that
the adjacent feeder contribution in Fig. 11 includes the AC
infeed at terminal 3. As indicated in Figures 11 and 12 (left),
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Fig. 10. Breaker current contributions for Rf = 0.5 Ω (left), Rf = 20 Ω
(center), Rf = 100 Ω (right) - A): DC capacitor, B): adjacent feeder cable,
C): AC infeed at terminal 3, D): AC infeed at terminal 1; Note the different
current scales on the y-axis

the time-to-peak-current is higher than in converter topologies
with large DC capacitors and corresponds approximately to the
fourth surge at t = 7τ , where τ corresponds to the travel time
on the cable from the fault to terminal 1. For DC capacitances
above 7µF, the first surge leads to the maximum current
in the CB and, hence, the capacitor has the largest share
on the total current as shown in Fig. 12 (center). For even
higher values above 50µF, the second negative voltage surge
at t = 3τ produces the maximum current and, consequently,
the contribution from the AC infeed is higher compared to DC
capacitors with 10 − 20µF. In general, the second negative
voltage surge is responsible for the maximum current in case
of high values of the DC capacitance, because the second
capacitor discharge peak is superposed on the still high first
discharge current given the increased capacitor time constant
(c.f. Fig. 12, right).
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Fig. 11. Contributions from fault current sources to the maximum CB current
within 5 ms; ◯: maximum CB current, ◻: DC capacitor, △: adjacent feeder,
◇: AC infeed at terminal 1

D. Influence of AC Short Circuit Capacity
As shown in Fig. 13, a variation of the SCR at the PCC

has no influence on the first peaks within 5 ms, as they are
exclusively originated in the discharge of the DC capacitor
and cable capacitance. A higher SCR, however, results in a
higher steady-state fault current of up to 12 p.u. in case of a
strong AC network with a SCR of 20.



IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 28, NO. 3, JULY 2013 7

0 2 4
0
1
2
3

5
6
7
8
9

Time [ms]

C
B

C
ur

re
nt

[p
.u

.]

0 2 40 2 4
Time [ms] Time [ms]

A)

B) B)

B)

D)

D)D)

C) A)

A)

4

Fig. 12. Breaker current contributions for Cfilter = 0.5µF (left), Cfilter =

20µF (center), Cfilter = 100µF (right) - A): DC capacitor, B): adjacent
feeder cable, C): AC infeed at terminal 3, D): AC infeed at terminal 1

0 10 20 30 40 50 60 70 80 90 100
0

2

4

6

8

10

12

14

Time [ms]

C
B

C
ur

re
nt

[p
.u

.]

SCR=3

SCR=5
SCR=7

SCR=10

SCR=20

Fig. 13. Influence of the SCR at the PCC on the development of the fault
current in the DC CB

E. Influence of Neighboring Feeder Length

The length of the neighboring feeder at the busbar of
terminal 1 determines the delay of the contribution of terminal
3 to the CB current. It also has an impact on the duration of the
cable capacitance discharge. The longer the cable is, the later
the contribution from terminal 3 appears and the longer the
cable capacitance discharge into the fault lasts, which depends
on the travel time of the surge. The cable discharge starts as
the forward traveling negative voltage surge penetrates into the
feeder via busbar and ceases after twice the travel time on the
cable between terminals 1 and 3, when the positive backward
traveling voltage surge arrives again at terminal 1.

F. Influence of DC Pole Reactor

DC pole reactors serve multiple purposes such as DC
current filter or Fault Current Limiter (FCL) in series with the
CB. The latter is needed to limit the rate of rise of the fault
current in hybrid HVDC CBs, such that the current does not
exceed the CB’s maximum breaking current capability within
the breaking time. For a maximum rise of the fault current
of 3.5 kA/ms in a 320 kV MTDC with 10 % overvoltage, a
100 mH DC pole reactor is required [34]. Fig. 14 illustrates the
influence of the pole reactor Lr on the CB current development
within the first 10 ms after fault occurrence for various reactor
sizes. A higher inductance reduces considerably the rate of

rise of the current during the capacitive discharge dominated
period. The peak of the prospective CB current within the
considered time frame is reduced and delayed. A larger
DC reactor also reduces the steady-state fault current level,
increases, however, the systems time constant and deteriorates
the performance of the converter control.
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current in the DC CB

V. CONCLUSIONS

This paper has illustrated the contribution from each net-
work component to the fault current in a DC CB and has
explained their dependencies on the network parameters. Sim-
ulations have been performed in a simple, radial HVDC
network using PSCAD. The results have shown that filter
and cable capacitance discharges are dominant during the first
10 ms, whereas the AC infeed contributions from terminal 1
and 3 are exclusively present after 10 ms. Measures to reduce
the first peaks from capacitive discharges are: the reduction
of the DC capacitors’ size (including filter capacitors), i.e.
change of the converter topology, the limitation of the number
of feeders per busbar to reduce the cable contributions to the
CB fault current, and the increase of the pole reactor size
to limit the rate of rise of the discharge current. In order to
reduce the maximum CB current during the later AC infeed
dominated period, the converter topology has to be changed
to a full-bridge configuration that allows the control of the
AC infeed, but does not isolate the faulty cable branch in a
MTDC network. Alternatively, the phase reactor between the
converter and the transformer has to be increased to reduce the
rate of rise of the AC infeed and the number of DC feeders
per busbar has to be limited to reduce the contributions from
the AC side at remote terminals.

Converter topologies with low DC capacitor requirements
are favorably in terms of maximum CB current and time-
to-peak within 5 ms, but still have the disadvantage of high
contributions from the AC infeed after several tens of millisec-
onds and, thus, high CB currents that have to be interrupted.
The rate of rise of the CB current is comparable to converter
topologies with large DC capacitors due to the similar behav-
ior of the distributed cable capacitance. This capacitance of
neighboring feeder cables is crucial. The higher the number
of feeders at the same bus, the higher the capacitance discharge
contribution during the first period.
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Foreseeable DC CBs will require additional fault clearance
support, such as FCLs, e.g. inductance in series with the CB.

To estimate the minimum CB requirements (di/dt and peak
current), zero DC capacitance has to be assumed and the initial
discharge current from adjacent feeders has to be calculated.
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Eindrücke und Erwartungen
Der Stromkongress sorgt für Transparenz in Fragen der Elektrizitätswirtschaft und der 
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ausgesprochen werden. Es hat auch Platz fürs persönliche Gespräch. Impressionen von 
Studierenden und Fachleuten vermitteln einen Einblick in die thematischen Schwerpunkte 
und Grenzen des Schweizerischen Stromkongresses. 

Spannungsfeld der Meinungen
Am Stromkongress wollte ich die 

Sicht von Politikern und Stromprodu-
zenten kennenlernen. Da ich im The-
menfeld HGÜ-Netze doktoriere, interes-
siert mich besonders die Diskussionen 
zum Netz. Auch in den Podiumsdiskussi-
onen wurde die Netzproblematik ange-
schnitten, ohne jedoch Lösungen zu prä-
sentieren. 

Der Vortrag von Frau Bundesrätin 
Leuthard war für mich ein Highlight. In 
einem schwierigen Umfeld hat sie über-
zeugend ihre Position dargelegt. Das 
Spannungsfeld der Meinungen war inspi-
rierend. 

Spektrum an 
Präsentationstechniken

Mich interessierte, wie die Stromer-
zeuger die Zukunft gestalten wollen – ein 
hoch brisantes Thema wegen dem Atom-
kraftausstieg. Da man sonst nur die 
durch die Medien «gefilterte» Meinung 
der Stromversorger hört, ist es wertvoll, 
die Sicht der Stromversorger direkt zu 
hören und in die Komplexität der Prob-
lematik einzutauchen. Eine seriöse Su-
che nach Lösungen ist wichtig.

Interessant waren auch die unter-
schiedlichen, persönlich gefärbten Prä-
sentationstechniken (Einsatz von Folien, 
freie Rede, visuelle Schilderungen, ...). 

Technologische Perspektiven
Das Thema «Networking» ist für mich 

wichtig – Leute aus dem Stromumfeld 
kennenzulernen. Die Diskussionen fand 
ich auch spannend. Gerade den Kontrast 
zwischen der Sicht von Frau Leuthard, 
die sie recht locker und charmant präsen-
tiert hat, und die Vorträge der Stromer-
zeuger, die ihre wirtschaftlichen Interes-
sen in den Vordergrund gestellt haben, 
fand ich interessant.

Am Anfang war ich skeptisch zur Po-
diumsdiskussion, aber Herr Girod hat 
mit Sachverstand neue Ideen – Stichwort 
Gas aus Windenergie – hineingebracht, 
die man vorher noch nicht so gesehen 
hat. Die welsche Schweiz war leider ein 
wenig untervertreten.

Künftige Rahmenbedingungen
Als Zulieferer ist es wichtig, am Puls 

der Kunden zu sein und zu sehen, mit 
welchen Herausforderungen sie konfron-
tiert sind. Meine Hauptmotivation zur 
Teilnahme ist zu verstehen, in welchen 
Rahmenbedingungen wir uns in den 
nächsten 5 bis 10 Jahren bewegen wer-
den. Wir wollen vorbereitet sein, um mit 
den richtigen Kapazitäten rechtzeitig zur 
Verfügung zu stehen. 

Der Austausch mit aktiven Führungs-
persönlichkeiten der EVUs und mit der 
Politik ist wertvoll. Allerdings wäre es 
schön, wenn man nach dem Kongress 
eine klare Aussage hätte, wohin die Reise 
der Strombranche geht. � No

Einmaliger Teilnehmer-Mix
Der Stromkongress ist eine hervorra-

gende Plattform, um Leute zu treffen, mit 
denen man über die neusten Entwicklun-
gen diskutieren kann. Man trifft hier die 
Crème de la Crème der Schweizer Ener-
giewelt. Nicht nur die Energieversorger, 
die Vielzahl von Beratern, sondern auch 
die Industrie und die Politik. Dieses Teil-
nehmerspektrum ist in der Schweiz ein-
malig. 

Referate zu den neuen Erneuerbaren 
aus Industriesicht hätten im Programm 
noch Platz. Ausserdem könnte man die 
zahlreichen Studierenden, die teilneh-
men, aktiver einbinden, damit sie ihre 
Sichtweise einbringen können.

Analytische Lösungen fehlten
Als Plattform für unterschiedliche 

Meinungen gefällt mir der Stromkon-
gress. Die Stromerzeuger, Mitglieder ei-
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kann, Gedanken macht, ob es nun eine 
Eiger-Nordwand-Besteigung oder eine 
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