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One of the main short-circuit analysis for the HVDC
connected offshore wind power plants is the asymmetrical
faults at the offshore network between the offshore HVDC
converter and the wind turbines. There have been few
requirements specified for these offshore asymmetrical faults,
e.g. in the recent ENTSO-E HVDC network code, and few
studies in the literature, focusing on the control algorithms for
the HVDC converter and the wind turbines during
asymmetrical faults. However, a fundamental theoretical
analysis focusing on the underlying physics behind the
offshore asymmetrical faults has been missing. In this paper,
physical phenomenon occurring in the offshore network with
the HVDC converter and the wind turbine converters during
asymmetrical faults has been explored. It has been showed
that the negative sequence fault current flow via the HVDC
converter is strictly necessary and there is an interaction
between wind turbine positive sequence fault current and the
HVDC negative sequence current. The classical fault analysis
approach has been utilized and complemented with timedomain simulations. The output provides understanding for
the offshore asymmetrical faults and insights for related
future grid code requirements and converter control design.
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I.

INTRODUCTION

As offshore wind installations are becoming very far
(e.g. >100 km) from onshore connection points, HVDC
connection is becoming the preferred solution over long AC
connection [1]. Today many offshore wind power plants
(OWPPs) are connected via VSC-HVDC links, and more
are already planned to be installed in the near future. In
parallel to these developments in the field, requirements as
grid codes are being proposed by offshore wind pioneering
countries and the ENTSO-E [2] and [3]. The ENTSO-E
HVDC network code [3], that is published in the Official
Journal of EU, has left the requirements for fault-ridethrough capabilities and asymmetrical current injection in
case of offshore asymmetrical faults to be specified by the
relevant system operator in articles 19 and 25 for the “DCconnected power park modules” and “remote-end HVDC
converter stations”. Only in the recent grid code from
Germany [4], negative sequence current injection is
definitely required from Wind Turbines (WTs). In order to
comply with the ever increasing requirements of the grid
code requirements (both onshore and offshore) state-of-theart full-scale converter-based (type 4) WTs and Voltage
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Source Converter (VSC) based HVDC converters are
equipped with advanced capabilities such as among many
others fault-ride-through and independent control of active
and reactive currents both in positive and negative
sequences [5] during asymmetrical faults.
However, with the limited fault current capabilities
(e.g. maximum 1.2 pu) the existing fault ride-through
response of the WTs is not designed or optimized for secure
protection system operation in a network without
synchronous generators, such as offshore ac network of
HVDC connected WPPs. Analysis of offshore symmetrical
faults and control solutions have been widely studied,
whereas offshore asymmetrical faults have been analysed
only in few studies until now [6] - [11].
In [6] and [7] it is shown that positive and negative
sequence current control capabilities of the OWPP and
HVDC converters can be utilized to minimize active power
and dc-link voltage oscillations and to increase the active
power transfer. In [8] control algorithms based on cascaded
voltage control and current control (both in positive and
negative sequences) have been proposed for enhanced fault
response to offshore asymmetrical faults. In [9], impact of
positive sequence current injection from OWPP on the fault
detection during offshore asymmetrical faults has been
studied. However, fundamentals of the offshore
asymmetrical fault, independent of the control algorithms,
have been studied only in [10] and [11], where an approach
similar to the one in this paper has been performed. In [10],
where field experiences of an HVDC manufacturer is
reported, a line-to-line offshore fault is touched shortly
stating that negative sequence current from the offshore
HVDC converter is required for better protection
coordination.
However in [10] OWPP is not considered (i.e. the
OWPP is disconnected from the HVDC) and the analysis is
performed with very few details, where the scope is overall
experience but not specifically offshore faults. In [11],
which stand as the foundation for this paper, the authors
have performed a basic analysis of offshore asymmetrical
faults without considering shunt network components and
interaction between the HVDC and OWPP converters,
which will be explained below.
In this paper asymmetrical (single-line-to-ground,
line-to-line, double-line-to-ground) faults at the offshore

Fig. 1. The offshore grid system
(a) Single line diagram, (b) positive and negative sequence equivalents, (c) zero sequence equivalent

AC network of HVDC connected WPPs are analysed
focusing on the impact of positive and negative offshore
sequence current injection from the OWPP and the HVDC
converter and additionally interaction (i.e. coupling)
between the OWPP and the HVDC converters’ fault current
injection during asymmetrical faults. Compared to the
existing studies, a fundamental faulted network analysis is
performed first utilizing classical power system fault
analysis method based on symmetrical components rather
than purely relying on time-domain simulations. As will be
shown below, this helps to understand better the physical
phenomenon occurring during the offshore asymmetrical
faults and also dynamics of control. One of the objectives
of the paper is to provide insight for the required current
injection behaviour for OWPP and HVDC converters
during offshore asymmetrical faults and guide towards the
future grid code requirements and control solutions. By
analysing the limitations with basic theoretical tools, better
and more realistic requirements can be generated. In the
worst case for future grid code developments, specifying
the same requirements for the offshore components (WTs
and HVDC converters) same as their onshore counterparts
would result problems in protection operation and
uneconomical integration of renewable energy.
II.

FAULTED NETWORK ANALYSIS

In order to understand the dynamics during the studied
asymmetrical fault, the classical power system fault analysis
method [12] has been applied to the studied system, whereas
similar approach has been utilized for WT’s onshore
asymmetrical fault analysis in [13]-[16]. The studied
offshore grid system is shown in Fig. 1(a), which is a
simplified generic network, with parameters given in Table
I. The WPP is represented as a single (1000MW) WT with
aggregated collector grid. The export cable between the two

transformers (OWPP and HVDC) and collector grid are
modelled as PI cable models, with series resistive-inductive
impedance and shunt capacitances on both ends. As seen in
the zero sequence equivalent in Fig. 1(c), the wye-delta
winding of the WPP and HVDC transformers isolate the
converters from zero sequence network and the grounded
neutrals on the export cable side provides the path for the
zero sequence fault current flow, which could also be
provided via grounding transformer(s) as well [1]. A zigzag
transformer is shown to ground the collector grid, which will
not play an important role in this study.
A. Single-Line-to-Ground Offshore Fault Analysis
The equivalent sequence network connection during a
single-line-to-ground fault is shown in Fig. 2. For a
conventional synchronous generator, the induced internal
voltages are balanced pure positive sequence, while the
negative sequence is pure impedance [12]. However, for the
OWPP and (VSC) HVDC, both the positive and negative
TABLE I.

ELECTRICAL DATA OF THE STUDIED OFFSHORE GRID
SYSTEM IN FIG. 1 [PU] SBASE = 1000 MVA (IF NOT GIVEN)
rating

Xhvdc
HVDC
transf.
OWPP
transf.
WT
transf.
Export
cable 25km
Collector
grid

1200 MVA
ygD1
1000 MVA
Ygd1
1000 MVA
ygY
Positive
Negative
Zero
Positive
Negative
Zero

R
0.1
0.12

X
0.01
0.012

0.12

0.012

0.08

0.008

0.04
0.04
0.4
0.005
0.005
0.06

0.05
0.05
0.03
0.005
0.005
0.003

B

0.2
0.2
0.4
0.01
0.01
0.03

sequence currents can be controlled during the fault, as
represented by the current sources (I1wpp, I1hvdc ,I2wpp, I2hvdc)
in Fig. 2. The equivalent sequence network in Fig. 2 implies
that the positive, negative and zero sequence currents
flowing into the fault have to be equal (and in phase) to each
other. Considering that the shunt impedances in all
sequences are relatively large compared to the series
impedances, the positive and negative sequence currents are
mainly provided by the converters (OWPP and HVDC) in
the offshore AC network. Hence, observing Fig. 2,
suppression of for instance negative sequence current
implies suppression of the fault current and extremely high
voltages in the other sequences, as will be verified with
time-domain simulations in the next section below. This
phenomenon with the negative sequence current interruption
can also be understood to be similar to zero sequence current
interruption, which occurs in case of an ungrounded (or
poorly grounded) power system, which results in floating
neutral point due to high zero sequence voltage with respect
to ground and close to nil fault current.
Moreover, it is very important to note that any current
injection from the OWPP in either positive or negative
sequence can have impact on the opposite sequence in the
HVDC converter. For instance if the OWPP injects positive
sequence current during the single-line-to-ground fault, it
can flow as a positive sequence current to the HVDC
converter but also as a negative sequence current to the
HVDC converter, depending on the phase differences and
impedance characteristics of the network and the fault. This
implies that interaction (i.e. coupling) between positive and
negative sequences between the OWPP and HVDC
converters are possible, which can impact their control
dynamics considerably.
B. Line-to-Line Offshore Fault Analysis
The equivalent sequence network connection during a
line-to- line fault is shown in Fig. 3, where the zero
sequence network does not appear. In case of line-to-line
fault total positive and negative sequence fault currents are
having equal magnitudes but in opposite phase. Similar to
the previous single-line-to-ground fault case, considering the
shunt impedances as open circuit, suppression of negative
sequence current during a line-to-line fault implies
suppression of the positive sequence current as well. Hence,
it becomes impossible to flow pure positive sequence
current, which implies that converter controls would not be
able to realize a pure positive sequence current reference. In
other words, the pure positive sequence current injection
from the HVDC and/or OWPP converter would only flow
over the shunt component impedances, which would result
in very high voltage for injection of very small magnitudes
of current or extremely high voltages for injection of rated
current.
C. Double-Line-to-Ground Offshore Fault Analysis
As seen in Fig. 4, in case of double-line-to-ground fault,
the positive sequence fault current is sum of the negative
and zero sequence currents. Hence it is important to note
that in case of double-line-to-ground fault, it is possible to
suppress the negative sequence current and inject pure
positive sequence current (which will create anti-phase zero
sequence current flow on the zero sequence network).
However, developing a control algorithm using this fact
might require detection of the fault type, which might bring
complexity. Moreover, depending on system grounding and

fault location, the zero sequence impedance may be very
large and similar constraints as for the line-to-line fault
would arise.

Fig. 2. Single-line-to-ground fault equivalent sequence network

Fig. 3. Line-to-line fault equivalent sequence network

Fig. 4. Double-line-to-ground fault equivalent sequence network

III.

VERIFICATION VIA TIME-DOMAIN SIMULATIONS

As explained above, the main focus is to perform a
fundamental analysis of fault current injection from the
OWPP and the HVDC converter; hence, detailed analysis of
controls during steady-state periods or power flow to the
onshore side are not within the scope of this study;
moreover, it is assumed that controls are able to meet the
desired performance to generate positive and/or negative
sequence voltages and/or currents by the OWPP and HVDC
converters [5]. The generic network in Fig.1 is modelled in
Simulink SimPowerSystems toolbox. In order to verify the
fault sequence network analysis of the previous section
without any impact of control dynamics and without fault
instant and post-fault transients, only the results from
steady-state period of the faults are shown, where the
HVDC and OWPP converters are generating positive and/or
negative sequence currents and/or voltages within their
limits. Only single-line-to-ground fault (at phase-a) analysis
is presented in this section, with the following responses
from HVDC and OWPP converters:
Case I: Pure positive sequence current by the HVDC
converter (limitation by the HVDC VSC Vmax) during fault
Case II: Pure positive sequence voltage by the HVDC
converter (limitation by the HVDC VSC Imax) and pure
positive sequence current by the OWPP (injected in the
second half of the case II) during fault
Results for Case I, where only the offshore HVDC is
injecting balanced positive sequence current, are shown in
Fig. 5. As explained above, the pure positive sequence
current injection experiences high impedance since the
OWPP and HVDC converters behave as open circuit in
negative sequence in this case and the fault current has to
flow over the shunt negative sequence impedances, which
are large-valued. Owing to this fact, the HVDC pure
positive sequence current can only be injected with a
magnitude of 0.12 pu as shown in Fig. 5 (a), which results in
rated voltage magnitudes at the HVDC converter terminal as
seen in Fig. 5 (b). As expected, the fault current (into the
fault impedance) flows only in the faulted phase-a, which
implies equal positive, negative and zero sequence currents
as seen in Fig. 5 (c). In Fig. 5 (d) Irh, current at the export
cable side of the converter transformer (see Fig. 1), is
shown, where the 0.03 pu zero sequence current flows over
the transformer neutral grounding. A similar zero sequence
current flows over the WPP transformer neutral ground path,
as will be seen in the following case. As observed in Case I
results in Fig. 5, when the HVDC converter tries to inject
pure positive sequence current to a single-line-to-ground
faulted network, the fault current is less than 0.2 pu, which
is unfavourably low for proper overcurrent protection. Being
not shown here, when the HVDC is set to inject rated (1 pu)
pure positive sequence current (neglecting the voltage limits
of the converter), it is observed that the HVDC voltages
reach unacceptable values as high as 20 pu, which occurs
due to the fact that the negative sequence path (see Fig. 2)
behaves as high impedance circuit, as the OWPP and HVDC
converters are suppressing (i.e. behaving as open circuit) the
negative sequence current in this case. It is important to note
that such cases can result in control instability and
simulation non-convergence issues.

Fig. 5. Response during Case I – [pu] vs. time [s]
phase-a (blue), phase-b (green), phase-c (red)
(a) HVDC VSC current, (b) HVDC VSC voltage, (c) Fault current,
(d) Irh current

In Case II, HVDC operates as a positive sequence grid
forming voltage source allowing the negative sequence
current flow, in other words similar to a conventional
synchronous generator. It is important to note that the
HVDC positive sequence voltage is reduced in order to keep
the peak value of the HVDC converter current within its
limits. In the second half (between time 1.25 s and 1.4 s) of
the Case II results below, the OWPP is set to inject pure
positive sequence current. As shown in Fig. 6 (a), the
HVDC voltage is kept at 0.42 pu during the Case II. As seen
in Fig. 6 (b), HVDC current stays around rated (1pu) current
when there is no injection from the OWPP side. However,
current injection by the OWPP that starts at time equal to
1.25 s (see Fig. 7) causes the HVDC current to increase over
1.5 pu. As explained in section 2.1, it is important to see in
Fig. 6 (d) that the positive sequence current injection from
the OWPP causes increased positive sequence but also
negative sequence currents at the HVDC converter. This
phenomenon can also be explained as; when the positive
sequence current from the OWPP flows into the fault and
increases the fault current as seen in Fig. 8 (a), then the
negative sequence fault current that has to be equal to the
positive sequence is induced at the HVDC converter.
Similar negative sequence current increase is also seen in
Fig. 6 (c) in Irh. The positive sequence active and reactive
power from the OWPP is shown in in Fig. 7 (b). It is
important to state that the impact of the OWPP positive
sequence current on the HVDC negative sequence current is
also observed to be on the contrary to the mentioned above,
such that for certain OWPP current phase angle, the fault
current and hence HVDC negative sequence current
decreases with increasing OWPP positive sequence current,
which can be explained with the network impedances. As
expected Irw current at the export cable side of the OWPP
transformer and WT voltages, and the fault point voltage, in
Fig. 7 (c) and (d) and Fig. 8 (b) respectively, increase with
increasing WT’s (highly reactive) current.
IV.

DISCUSSION

The analysis in this paper show that offshore
asymmetrical faults have specific characteristics in terms of
positive and negative (and zero) sequence current flow,
which must be complied by the HVDC and/or OWPP
converters. It can be concluded that the positive and
negative sequence current injection schemes from the
OWPP and HVDC converter have to obey the
characteristics of the asymmetrical fault, similar to the solid
symmetrical fault case where the X/R ratio of the
impedance from a generator to the fault dictates the active
and reactive current flow. On the contrary to symmetrical
fault cases, where the HVDC and OWPP converters can
independently control their (positive sequence) current
magnitudes, positive and negative sequence current flows
from HVDC and OWPP converters are coupled to each
other in asymmetrical fault cases. Hence any current
injection scheme specifying strict positive and negative
sequence current magnitudes for HVDC and OWPP
converters during asymmetrical faults needs to be carefully
investigated. The scheme in Case II, where the HVDC
converter behaves as a positive sequence voltage source
allowing flow of negative sequence current (within the
voltage and current limits) and the OWPP converters
contribute with controlled positive (and possibly negative)
sequence currents, is a candidate for HVDC and OWPP
converter control scheme development.

Fig. 6. HVDC response Case II – [pu] vs. time [s] phase-a (blue),
phase-b (green), phase-c (red)
(a) HVDC VSC voltage, (b) HVDC VSC current (c) Irh current (d)
HVDC VSC current symmetrical components

Fig. 8. Fault response Case II – [pu] vs. time [s]
phase-a (blue), phase-b (green), phase-c (red)
(a) Fault current, (b) Fault voltage

It is also observed that the shunt components (e.g. cable
capacitance) play an important role for the flow of negative
sequence current, in case the converters do not provide a
path for it. It also implies that the offshore asymmetrical
fault analysis should include analysis of shunt currents to
avoid any possible damage. It is important to note that the
analysis approach here applies also for a network, which is
composed of very high share of power electronic converters,
for instance a microgrid without synchronous generators or
future 100% power electronics-based power systems [17].
The results imply that while implementing any negative
sequence current injection schemes, for instance the recent
German grid code [4], specific characteristics of the pure
converter based offshore networks should be taken into
account. Voltage levels at converter terminals must also be
analysed to formulate clear requirements.
V.

Fig. 7. WPP response Case II – [pu] vs. time [s]
phase-a (blue), phase-b (green), phase-c (red)
(a) WT current, (b)WT pos. seq. power (c) Irw current (d) WT voltage

CONCLUSION

An important physical phenomenon, which has been
omitted in the previous studies, has been explored in this
paper. It is shown with classical power system fault
analysis methods that positive and negative sequence
current injection by the HVDC and OWPP converters in an
offshore isolated network cannot be independently dictated
for offshore asymmetrical faults as the asymmetrical fault
characteristics dictates the characteristic of the current flow
and interaction (i.e. coupling) between those converters.
For instance, positive sequence fault current injection from
the OWPP converter can result in increased negative
sequence current at the HVDC converter. In a conventional
(onshore) power system, conventional power plants with

the directly connected synchronous generators provide the
path for the negative sequence current flow. However, in an
isolated offshore converter-only network, the converters
have to provide the negative sequence current flow or as
minimum should not suppress it. This fact resembles that
the converters should provide “negative sequencing” of the
network for negative sequence current flow, similar to the
well-known “grounding” scheme for the zero sequence
current flow.
The results are important to give insight for national
implementation of the ENTSO-E HVDC Network Code,
especially for the asymmetrical current injection
requirement from the “DC-connected power park modules”
and “remote-end HVDC stations”; and also for control and
protection scheme development for offshore wind
installations.
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