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Analytic Approximation of Fault Current
Contributions from Capacitive Components in

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

Abstract—A novel approach for the calculation of transient
fault current contributions from capacitive network components
in HVDC cable networks during pole-to-ground faults is pre-
sented in this paper. Analytic approximations considering the
skin-effect and the resulting distortion of the wave shape of
the fault surge are proposed. Only fault current contributions
from capacitive components such as dc capacitors and adjacent
cable feeders are taken into account in this paper, since they are
dominant during the first few milliseconds and yield in the highest
rates of rise of the fault current. The results of the proposed
expressions are compared with a benchmark model implemented
in PSCAD and exhibit an accurate representation of the time
development of the fault current. The derived approximations
may serve as a starting point for a short-circuit calculation
standard for HVDC networks and the specification of HVDC
CB requirements.

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

I. INTRODUCTION

MULTI-TERMINAL high voltage dc (HVDC) networks
are widely recognized as a key component in the future

power network, which will have to cope with an increasing
electricity demand and high penetration of new renewable
energy sources. Several initiatives from the academic com-
munity, industry consortia, and environmental NGOs [1]–
[4] envision the creation of interconnected HVDC networks
with the expected benefits of higher redundancy, increased
flexibility for power trading, and reduced operational costs. As
the renewable energy sources are often far away from the load
centers, the transmission distances become longer and cannot
be realized in a technically and economically reasonable way
based on HVAC technology, particularly, in case of offshore
connections with cables.

Recent advances in HVDC technology such as the de-
velopment of Voltage Source Converters (VSC) and higher
ratings of the semiconductor devices make the multi-terminal
HVDC network a viable option. Its protection in case of
a fault is, however, still a major obstacle in the realization
of such a network. While ac side circuit breakers (CBs)
can adequately protect point-to-point HVDC connections, an
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interconnected HVDC network requires dc CBs to selectively
isolate a faulty cable, which cannot be realized by ac side
CBs due to the forced de-energization of the entire system
[5]. DC CB concepts can be found in [6]–[8], which still have
significant drawbacks in terms of on-state losses or speed. To
specify the requirements of such dc CBs and possible fault
clearance support options [9], the maximum and minimum
short-circuit currents, as well as overvoltages have to be
known. For a deeper understanding of the short-circuit current
and its influencing parameters, a breakdown of the prospective
short-circuit current into its individual contributions from the
different network components has been presented in [10]. Fault
feeding network components include dc capacitors, adjacent
feeders at the same busbar as the faulted feeder, and the ac
network, which contributes to the fault current through the
freewheeling diodes of the blocked half-bridge based convert-
ers. Further parameter variations including the transmission
technology (cables or overhead lines (OHL)) can be found in
[11]. All results are based on simulations performed with the
PSCAD simulation software using fully detailed, frequency-
dependent models for the cables and OHLs.

Standardized calculations of the maximum and minimum
values of current and voltage, rather than fully detailed simu-
lations are required to ease the specification of the network
components, e.g. the CBs. Standard calculation procedures
exist for short-circuit currents in HVAC systems, but not
yet for HVDC networks. A summary of technical guidelines
and pre-standardization studies for such HVDC grids has
been published in [12]. Recently, the IEC 61660 standard for
medium voltage dc systems [13] has been used for short-circuit
current calculations in HVDC systems [14]. This standard
provides calculation rules of the short-circuit currents in small
low and medium voltage auxiliary networks. It simplifies,
however, the lines of the network to lumped frequency-
independent series impedances, which is a valid assumption
for medium voltage networks with short interconnections and
small line capacitances. In an HVDC network, however, the
capacitance cannot be neglected. The wave shape of the
propagating surges is distorted, particularly, in systems with
long cable interconnections. Hence, the lines have to be
represented by distributed, frequency-dependent parameters
and the skin effect has to be taken into account. The IEC 61660
standard yields only good results for HVDC networks under
the following conditions: the lines are relatively short and the
dc capacitor, as well as the pole reactor are large, so that
the lumped elements (capacitor and reactor) become dominant
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over the frequency-dependent, distributed line parameters. This
effect is illustrated in Fig. 1 for different sets of line length
and dc capacitor size.

The paper at hand proposes new expressions for the ap-
proximation of overcurrents in HVDC cable networks based
on individual surges and the planar skin effect. The derived
approximations, however, can also be applied to OHL based
systems. Results are only shown for the cable system due to
its higher fault current levels [11]. Approximations are given
for the individual contributions from dc capacitors at the dc
side of the converters and neighboring feeders at the same
busbar as the faulted cable. The contribution from the ac side,
which is present in a half-bridge based converter, is neglected
in this study, since the main focus is on the initial transient
period during the first few milliseconds after fault occurrence.
During this period, the capacitive contributors are dominant
and result in the highest rates of rise of the fault current [10].

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 benchmark simulations and cable
modeling in PSCAD. In Section IV, the alternative calculations
are derived, which are compared with the results from the
simulation in PSCAD in Section V. Section VI concludes the
paper.
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Fig. 1. IEC results (blue) compared with simulations (red) - top: l = 10km,
C = 100µF; middle: l = 100km, C = 100µF; bottom: l = 10km, C = 1µF

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, lightning strokes, and the
sudden loss of a terminal and the subsequent change in the
dc voltage. In the following, only pole-to-ground faults in
underground cable systems 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
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 rapidly and 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 [16]. 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 as explained in [10].

In bipolar HVDC schemes, the midpoint of the dc capacitors
is usually grounded to provide a reference voltage to the
pole voltages [17], [18]. 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 [19]. 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. 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 depending on the fault resistance. The
forward and backward traveling waves result in multiple peaks
in the fault current wave form.

III. SIMULATION MODEL

A description of the PSCAD models used in the benchmark
simulations for the validation of the approximative calculations
of the prospective short-circuit current in the CB is presented
in this section.

A. Network Model

The network used in the simulations is illustrated in Fig. 2.
A solid pole-to-ground fault occurs at a certain distance to the
CB under study. The faulted cable is connected to a dc busbar
together with an additional feeder representing a meshed
dc grid. A dc capacitor comprising the converter capacitors
and possible tuned filter capacitors is installed between the
converter and the dc busbar. The converters can be omitted
in the transients simulations, since they are assumed to have
full-bridge configuration and are blocked immediately after
detection of the fault yielding the equivalent circuit diagram
shown in Fig. 3. The contributions to the CB current icb are
the dc capacitor current ic and the adjacent feeder current if .
The cables are represented by their characteristic impedance
Z0(ω).
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Fig. 3. Simplified equivalent diagram of capacitive fault current contributors

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 [20], [15]. The cross-section was scaled up to a 320 kV
cable respecting the diameter of the copper conductor [21],
while keeping the electric field stress (cold condition) similar.
The material properties and cable cross-section dimensions are
given in [10]. The shunt conductance of the XLPE insulation
is set to 10−12 S/km.

IV. DERIVATION OF NEW EXPRESSIONS

The basics for the derivation of analytic expressions of fault
surges is the well-known traveling wave theory, which implies
the following partial differential equations for the voltage v
and current i at the point x on the cable:

−∂v
∂x

= L∂i
∂t
+Ri (1)

− ∂i
∂x

= C ∂v
∂t
+Gv (2)

with the cable resistance R, inductance L, capacitance C,
and shunt conductance G. The transformation into the Laplace
domain yields

dV

dx
= −Z(s)I (3)

dI

dx
= −Y (s)V (4)

Z(s) = R + sL (5)
Y (s) = G + sC , (6)

where Z(s) is the cable impedance and Y (s) the cable
admittance. Rearrangement of these equations results in inde-
pendent expressions for the voltage and the current

d2V

dx2
− k2(s)V = 0 (7)

d2I

dx2
− k2(s)I = 0 (8)

with the propagation constant k(s) defined as

k(s) =
√
Z(s) ⋅ Y (s) . (9)

The solutions of the second order differential equations (7)
and (8) are

V (x, s) = V +(s)e−k(s)x + V −(s)ek(s)x (10)

I(x, s) = 1

Z0(s)
[V +(s)e−k(s)x − V −(s)ek(s)x] , (11)

which is the superposition of the forward and backward
traveling waves with the initial amplitudes V +(s) and V −(s),
respectively, and the characteristic surge impedance Z0(s)
defined as

Z0(s) =
¿
ÁÁÀZ(s)

Y (s) . (12)

The closed-form solution of the back-transformation into
the time domain for constant, frequency-independent cable
parameters can be found in [22]. In the following, the
back-transformations for frequency-dependent cable parame-
ters considering the skin effect are derived.

A. Frequency-Dependence of Parameters

The frequency dependence of the cable parameters are in-
vestigated in the frequency range from 1 mHz to 1 MHz using
the PSCAD Line Constants Program. The shunt parameters
of the capacitance C and the conductance G are practically
frequency-independent. The resistance R(f) reveals the high-
est dependence on the frequency over the whole frequency
range of this study as illustrated in Fig. 4 (dotted line). This
is due to the skin effect, i.e. the displacement of the current
to the surface of the inner conductor at high frequencies and
corresponding small penetration depths causing an increase
of the effective resistance. Fig. 4 depicts the cable inductance
L(f) (solid line), which decreases rapidly in the low frequency
range below 1 Hz and decreases very little with increasing
frequency above 1 Hz.

B. Short-Circuited, Infinitely Long Cable

In the first step of the derivation of an analytic expression for
the distortion of the wave shape, an infinitely long cable that
is short-circuited at one end as depicted in Fig. 5 is analyzed.
A closed-form expression for the timely development of the
current ix(x, t) and the voltage vx(x, t) at any point x on the
cable shall be derived.

As described in Section IV-A, only the cable resistance
exhibits a strong frequency dependence, whereas the other
parameters remain almost constant over the frequency range
of interest. The ground fault initiates a negative voltage surge
with a very steep wave front, which results in high frequencies.
Even if the wave fronts are flattened out during the propagation
through the cable, as well as after the reflection at the dc
capacitor, the dominant frequency content is still above the
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Fig. 4. Frequency-dependent cable resistance (blue, dotted line) and
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frequency range, where the cable inductance shows a high
dependence (c.f. Fig. 4). Therefore, only the resistance is
modeled as a frequency dependent parameter. Due to the high
frequency content of the traveling waves, the penetration depth
is much smaller than the diameter of the conductor and it is
assumed that the current flows through an indefinitely thin
layer at the surface of the conductor. This so-called planar
skin effect impedance is proportional to the square root of the
frequency [23]. In general, XLPE cables exhibit a very low
dc resistance of the inner conductor and negligible dielectric
losses as indicated in Section IV-A and, therefore, the dc
resistance and the shunt conductance can be neglected. Hence,
the cable impedance and admittance can be described in the
Laplace domain as

Z(s) = L ⋅ s +K ⋅
√
s (13)

Y (s) = C ⋅ s (14)

where K represents the skin effect factor. Expanding the
square root of the propagation constant k(s) and the character-
istic impedance Z0(s) by binomial expansion and truncation
after the second term, one obtains the approximations [23]:

k(s) =
√

(L ⋅ s +K ⋅
√
s) ⋅C ⋅ s

≈ s
c
(1 + K

2L
⋅ s−1/2) (15)

Z0(s) =
√

L ⋅ s +K ⋅ √s
C ⋅ s ≈ R0 (1 + K

2L
⋅ s−1/2) (16)

with the characteristic cable impedance at high fre-
quency R0 =

√
LHF /CHF and the propagation speed c =

1/
√
LHFCHF . The equations for the voltage and current

surges in the Laplace domain are computed using (10) and
(11), while considering only the forward traveling wave V +(s)
and assuming an initial voltage step of magnitude V0 at the
fault location

V +(s) = V0
s

V −(s) = 0

V (x, s) = V0
s
⋅ exp(−x

c
s − x

c
αs1/2) (17)

I(x, s) = V0
R0s(1 + αs−1/2)

⋅ exp(−x
c
s − x

c
αs1/2) . (18)

The time domain solutions are derived in [23] and [24],
respectively:

vx(x, t) =V0 ⋅ erfc( α

2
√
t − T

⋅ T) ⋅ u (t − T ) (19)

ix(x, t) =
V0
R0
⋅ eα

2t

erfc(α
√
t − T + α

2
√
t − T

⋅ T) ⋅ u (t − T ) , (20)

where α = K
2L

is the distortion factor, T = x
c

the traveling
wave delay, u(t) the unit step function, and erfc the comple-
mentary error function [25].

The proposed equations provide a good approximation to
the high frequency behavior of a coaxial cable, where the
planar skin effect is predominant [26]. Other skin effect
models for lower frequencies are the cylindrical skin effect
[27] and the fm-law with 0 <m < 1 as described in [26]. The
general case including dielectric losses is discussed in [28]
and [26], and a model considering a non-zero dc resistance
of the inner conductor is presented in [29]. However, the
aforementioned models cannot be represented by closed form
analytic expressions.

C. DC Capacitor Contribution

The voltage across the dc capacitor vc is equal to the sum
of the forward and reflected, backward traveling wave. The
corresponding expression in the Laplace domain for a ground
fault at distance l from the CB is:

Vc(s) = [V +(l, s) + V −(l, s)] = [V +(l, s) + V +(l, s) ⋅ Γ(s)]
(21)

with the reflection coefficient

Γ(s) = Zcap(s)∣∣R0 −R0

Zcap(s)∣∣R0 +R0
= − s

s + 2
CR0

, (22)

which depends on the characteristic impedance R0 and the
impedance Zcap(s) = 1

sC
of the capacitor with value C.

1) Exact Transformation: The exact back-transformation
into the time domain can be found using the transformation
pairs in [30] and the displacement law:
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vc(t) =V0 ⋅ erfc( αT

2
√
t − T

)−

V0
1

2
e
−

2
CR0

(t−T ) ⋅ [e−iαT
√

2
CR0 ⋅

erfc
⎛
⎝

αT

2
√
t − T

− i
√

2

CR0
(t − T )

⎞
⎠
+

e
iαT
√

2
CR0 ⋅

erfc
⎛
⎝

αT

2
√
t − T

+ i
√

2

CR0
(t − T )

⎞
⎠

⎤⎥⎥⎥⎥⎦
⋅ u (t − T ) .

(23)

Note that the error function in (23) has a complex argu-
ment and requires the computation of the Faddeeva-Function
denoted as w(z) in [25].

Hence, the capacitor current contribution ic can be derived
by

ic(t) = −C ⋅
dvc
dt

. (24)

The minus sign in (24) arises from the definition of the
voltage polarity of vc as illustrated in Fig. 3.

2) Approximation: Instead of using the lengthy equation
of the exact time domain solution (24), an approximation
based on the modification of the argument of the exponential
function in the Laplace domain for the reflected voltage wave
in (21) is proposed. To do so, the frequency s is shifted by

2
CR0

in the nominator of

V +(l, s) ⋅ Γ(s) = − V0
R0
⋅ exp (−Ts − Tαs1/2) ⋅ 1

s + 2
CR0

≈ −V0 ⋅ e−T (s+
2

CR0
) ⋅ eT

2
CR0 ⋅ e

−Tα
√

s+ 2
CR0

s + 2
CR0

.

(25)

The error introduced by this frequency shift is compensated
by the factor e

T 2
CR0 for the first term in the exponential

function, but is not corrected for the second term due to
the square root of the frequency. This approximation is only
valid for large s compared to 2

τC
, where τC = CR0 is the

time constant of the dc capacitor. The modified equation in
the Laplace domain (25) allows for the application of the
displacement law when transforming the equation back into
the time domain:

vc(t) = V0 ⋅ erfc( αT

2
√
t − T

) ⋅ (e−
2

CR0
(t−T ) − 1) ⋅ u (t − T ) .

(26)

One obtains the capacitor current contribution using again
the time derivative of the voltage:

ic(t) = −C ⋅
dvc
dt

= −V0 ⋅ [exp(− α2T 2

4(t − T )) ⋅ (t − T )−
3
2 ⋅

(e−
2

CR0
(t−T ) − 1) − 2

CR0
e
−

2
CR0

(t−T )⋅

erfc( αT

2
√
t − T

)] ⋅ u (t − T ) . (27)

D. Adjacent Feeder Contribution

The contribution of the adjacent feeder cable if at the same
busbar as the faulted cable (c.f. Figures 2 and 3) can be derived
in a similar way as the capacitor contribution described in the
previous paragraph. The incident negative voltage surge initi-
ated at the ground fault location is transmitted partly through
the busbar into the neighboring feeder, which is consequently
discharged and contributes to the total fault current in the CB.
Hence, the adjacent feeder current is determined in the Laplace
domain for a ground fault at distance l from the CB by

If(s) = T (s) ⋅ I+(l, s) = [1 + Γ(s)] ⋅ I+(l, s) , (28)

where I+(l, s) is the incident current surge and T (s) the
transmission coefficient. The adjacent feeder is assumed to be
infinitely long and, therefore, unlike in the equation for the
capacitor voltage (21), there is no backward traveling wave
that has to be considered.

1) Exact Transformation: The exact transformation into the
time domain is computed by partial fraction decomposition of
the denominator of (28):

If(s) =I+(l, s) −
V (l, s)

(1 + αs−1/2)(s + 2
CR0

)

=I+(l, s) − V (l, s)
α2 + 2

CR0

⎛
⎝

2
CR0

2
CR0
+ s
+

αs1/2

2
CR0
+ s
− α

α + s1/2
⎞
⎠

. (29)

The first and last term in (29) can be directly transformed
into the time domain using the transformation pairs in [30] and
[31], whereas the nominator and denominator of the second
term have to be multiplied first by s1/2 to be transformed,
which implies the derivative of the resulting time domain
solution:

αs
2

CR0
s1/2 + s3/2

= d

dt
L−1

⎧⎪⎪⎨⎪⎪⎩

α
2

CR0
s1/2 + s3/2

⎫⎪⎪⎬⎪⎪⎭
. (30)

The equation in the time domain is too long to be repro-
duced here.

2) Approximation: A simpler, approximative solution can
be obtained again by applying a frequency shift to I+(l, s +

2
CR0

) and corresponding correction factors, except for the
square root terms, to make use of the displacement law. The
resulting time domain equation is

if(t) =
V0
R0
⋅ eα

2t ⋅ erfc(α
√
t − T + αT

2
√
t − T

) ⋅

(1 − e−
2

CR0
(t−T )) ⋅ u (t − T ) . (31)

This approximation is again valid for s≫ 2
CR0

.

E. Total CB Current

The total fault current during the first surge is obtained by
the superposition of the individual fault current contributions
from the dc capacitor and the neighboring feeder as:

icb(t) = if(t) + ic(t) . (32)
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To consider also the subsequent surges, which have been
reflected at the fault location, the travel delay in the equations
for the dc capacitor current ic and the adjacent feeder current
if have to be incremented by 2 ⋅ T for each new surge. The
CB current including N subsequent surges is then

icb(t) =
N−1

∑
m=0

[if(t − 2 ⋅ T ⋅m) + ic(t − 2 ⋅ T ⋅m)] . (33)

Note that no backward traveling surges on the adjacent
feeder cable are considered here due to the assumption of an
infinitely long and, therefore, reflectionless adjacent feeder.

V. COMPARISON AND DISCUSSION

In this section, the results of the analytic calculations and the
benchmark simulations are compared and validated. First, the
results of a single current surge on a short-circuited, infinitely
long cable are compared and later, the total CB current is
evaluated for different distances to the ground fault and dc
capacitor sizes.

A. Parameters

The required input parameters for the analytical calculations
are derived from the cable model described in Section III-B
evaluated at 1 MHz using the PSCAD Line Constants Program.
The resulting values are: R = 2.886 Ω/km, L = 1.531 ⋅
10−4 H/km, and C = 1.882 ⋅10−7 F/km. The skin effect factor
K is then computed as [24]:

K = R(1 MHz)√
π ⋅ 1 MHz

= 1.628 ⋅ 10−3 Ω/km . (34)

B. Single Surge

Figures 6 and 7 show the comparison of the results of the
benchmark model (solid curves) and the analytic calculations
(dashed curves) for a single voltage (19) and current surge (20)
at various distances from the fault location. The wavefronts of
the analytic expressions exhibit a very good agreement with
the simulations, whereas an increasing discrepancy can be
seen for increasing time. This is due to the assumptions of
constant inductance and planar skin effect, which are valid
at high frequencies. The wave tails, however, contain also
lower frequencies and the value of the inductance becomes
slightly higher, which damps the current amplitudes as seen
in Fig. 7. At low frequencies, the skin depth increases and the
square root law of the planar skin effect is not valid anymore.
In general, the error of the analytic calculation is negligible
during the first few milliseconds for short distances to the fault,
whereas it increases with increasing distance and time.

C. Total CB Current

To validate the analytic expression for the CB current
derived in this paper, a variation of the dc capacitor size C
and distance to fault l is presented here and plots are shown
for the first surge.
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PSCAD simulations, dashed curve: analytic calculations
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1) Variation of DC Capacitor Size: For a low dc ca-
pacitor size of 1µF, the superposition of the exact back-
transformations of the capacitor and feeder contributions (dot-
ted curve) shows a very good agreement with benchmark
simulations (solid curve) as depicted in Fig. 8. The approxima-
tive transformation (dashed curve), however, overestimates the
CB current peak due to the frequency shift introduced in the
Laplace domain (25). To improve the approximate solution,
a simple scaling factor for the capacitor contribution (27),
which is dominant in this case, is proposed and the result for
a visually estimated scaling factor of 0.88 (dashed-dotted line)
is illustrated in the same plot. The adjacent feeder contribution
(31) remains unscaled.

Fig. 9 illustrates the results for a large dc capacitor size
of 100µF. On the one hand, the exact transformation exhibits
again a good accuracy for the wavefront, but a somehow larger
discrepancy afterwards due to the smoothing of the surge
by the capacitor and, consequently, a downwards frequency
shift. On the other hand, the approximative solution reveals a
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high correlation with the temporal development of the solution
of the benchmark simulations, but with a certain offset and
slightly exaggerated slope of the wavefront. The same scale
factor for the capacitor contribution as in the previous case
is applied and the results plotted (dashed-dotted curve) in
the same figure. The scaled approximation shows the best
agreement for the large dc capacitor.
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The relative error of the peak CB current imax
cb during the first

surge of the analytic expressions (exact and approximative) is
analyzed and summarized in the first and second column of
Table I for the two capacitor sizes. A clear trend of increasing
relative error of the exact solution for increasing capacitor
size is visible, whereas the approximative solution shows the
opposite trend. A larger capacitor shifts the waves’ dominant
frequency downwards and, hence, deteriorates the accuracy of
the exact solution based on the planar skin effect, which is

TABLE I
RELATIVE ERROR OF imax

cb IN %

100km/1µF 100km/100µF 10km/100µF
Exact 1.03 6.56 2.83
Approximative 20.35 13.61 4.33
Approx. scaled 8.96 0.47 1.6

TABLE II
RELATIVE ERROR OF (di/dt)avg IN %

100km/1µF 100km/100µF 10km/100µF
Exact 5.2 6.06 1.62
Approximative 11.26 29.8 6.51
Approx. scaled 5.39 14.31 2.25

only valid at high frequencies as explained in Section V-B.
The performance of the approximative solution, however, is
improved by a larger capacitor, because its time constant τC
is higher and so 1/τC smaller compared to the frequency s
reducing the error introduced in (27) and (31) (c.f. Sections
IV-C and IV-D). The exact and approximative expressions
yield a higher average (di/dt)avg of the wavefront up to the
peak than the PSCAD benchmark results as indicated in Table
II and reveals an increasing error towards larger dc capacitors,
particularly, for the approximative solution. In general, the
approximative solution matches better the wave tails and the
exact solution better the high frequency wave fronts. However,
its analytic expression is not as compact as the approximative
solution and has a very long form for the adjacent feeder
contribution. The performance of the approximative solution
can be considerably improved by a scaling factor, but this is
rather a model fitting factor.

2) Variation of Distance to Fault: A variation of the dis-
tance to the fault has only little influence on the results as
shown in Fig. 10, where the distance to fault l is reduced to
10 km. The overall fault current level is higher as compared
to the 100 km cable between fault and CB in Fig. 9 given the
lower damping. In the benchmark results in Fig. 10 (solid line),
the current increases again at 0.16 ms due to the arrival of
the second surge of the forward and backward traveling wave
on the short 10 km cable. The relative error of the analytic
calculations (exact and approximative) is smaller compared to
the case with a 100 km cable and 100µF capacitor as indicated
in the third columns of Tables I and II.

VI. CONCLUSIONS

New analytic time domain expressions for the calculation
of fault currents through the CB in HVDC grids during pole-
to-ground faults have been proposed. These take into account
the planar skin effect and an adjacent feeder in case of meshed
HVDC networks. In general, good accuracy is achieved with
the expressions based on the exact back-transformation from
the Laplace domain. The peak values and the average di/dt
of the wavefronts stay in good agreement with the benchmark
simulations. The formulas of the exact transformations have
performed better for small dc capacitors and the scaled ap-
proximative solutions better for high values of the capacitor.
The proposed equations allow a simple CB specification and
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a highly accurate representation of the temporal development
of transient CB currents without detailed simulations, even
for very complex current curves with multiple surges. These
equations may serve as a basis for future HVDC fault current
calculation standards.
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