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Abstract—The connection of diode rectifier (DR) based wind
power plants to existing or planned High Voltage dc (HVdc)
interconnectors can lead to important savings on cost and
system robustness. Since the DR station usually operates in a
bipolar configuration, its connection to symmetric monopoles
is particularly challenging. However, there are no published
detailed studies on the protection of DR connection wind power
plants to symmetric monopole interconnectors or even to bipolar
interconnectors.

This paper includes the comparative study of five different
protection strategies for such systems, including both solid and
resistive DR station grounding and strategies with and without
the use of dc-circuit breakers. An analytical study allows for
the calculation of fault current during fault on-set for both
half-bridge and hybrid Modular Multi-level Converter (MMC)
stations. Using detailed Electromagnetic Transient (EMT) sim-
ulation studies, the different protection strategies are evaluated
in terms of current, voltage and isolation requirements of each
element, as well as the need for dc-circuit breakers, fast com-
munication or larger surge arresters. Moreover, a distance fault
detection algorithm is included for the wind turbine converters
to distinguish between local ac-grid and dc-cable faults.

From the simulation results it is possible to conclude that DR
high impedance grounding, together with wind turbine distance
protection can be used for the protection of DR based off-
shore wind power plants connected to symmetric monopole
interconnectors without requiring dc-circuit breakers.

Index Terms—HVdc transmission control, HVdc Diode Recti-
fiers, MMC station, Protection strategies in HVdc grids, Wind
power generation, Multiterminal HVdc links.

I. INTRODUCTION

IODE Rectifier (DR) stations have been proposed for
D the connection of off-shore Wind Power Plants (WPPs)
to High Voltage dc (HVdc) links, [1], [2]. The main benefits
of diode rectifier stations when compared to Voltage Source
Converter (VSC) stations are lower cost and footprint, and
higher efficiency and robustness [3]. Transmission losses can
be reduced by 20% with respect to VSC links [4], [5].
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Manufacturers claim that the total cost of the transmission
system can be reduced by 30% whereas the total topside
volume can be reduced by 80%, compared to existing VSC-
HVdc transmission systems [6].

On the other hand, particularly in Northern Europe, a large
number of interconnectors are planned in close proximity to
off-shore wind power plant development sites. Therefore, the
use of the HVdc interconnectors for both energy trading and
WPP connection can lead to important installation savings
while increasing overall system redundancy.

DC faults in Modular Multi-level Converter (MMC) based
HVdc links have been extensively studied, mainly by means of
simulation models [7], [8]. [7] compares the use of ac and dc
breakers to isolate dc faults and [8] proposes to use full bridge
(FB) cells to interrupt the fault currents at the expense of
higher losses during normal operation. Mathematical models
have been proposed to estimate the maximum fault currents
and their steady-state value for both monopolar symmetrical
[9], [10] or bipolar [10], [11] HVdc links. [9] and [11] provide
analytical expressions to obtain the value of the fault currents,
however, the overvoltages that can appear in the system, spe-
cially in pole-to-ground faults in symmetrical monopolar grids,
are not studied. Moreover, none of them considered the effect
of Diode Rectifier Units (DRUs) on HVdc faults. Even though
half bridge (HB) MMCs behave as a diode rectifier when
blocked, they use ac side point-star reactors for grounding,
whereas Line Commutated Converter (LCC) rectifier stations
typically use dc-side low impedance grounding. Therefore,
these works did not consider the effects of specific station
grounding or wind power plant control on over-currents and
over-voltages during faults.

Specific studies have been carried out for hybrid LCC-VSC
systems. Operation and fault ride through studies of hybrid
LCC-VSC systems, such as the Wudongde multi-terminal
project, have been presented in [12], [13], [14]. A monopolar
configuration, consisting on a single LCC rectifier station and
two MMC inverter stations, used high power diodes to prevent
the half-bridge MMC stations from feeding the faults [12].
Fault currents were cleared by acting on the commutation
angle of the LCC rectifier station. This study was extended
from a single LCC station to a bipolar system including
two MMC inverter stations, an LCC rectifier station and an
LCC inverter stations. The protection strategy also included
the use of high power diodes and fault current blocking
by the thyristor rectifier stations [15]. These strategies are



not applicable to interconnectors since the MMC stations
should operate with bi-directional power flows, therefore diode
protection is not feasible and the LCC diode rectifier stations
cannot be used to clear the fault currents.

The protection strategies for the Wudongde project includes
the use of fast disconnectors and hybrid full-bridge half-bridge
MMC stations with fault blocking capability in a bipolar
configuration, considering a single LCC rectifier station and
two MMC inverter stations [13], [14]. The combined use of
hybrid MMC stations and LCC station phase angle control,
allow for fast fault current reduction during dc-faults, at the
expense of higher system losses. However, since the Wudonge
project uses overhead lines, the likelihood of dc faults is much
larger than when using submarine cables, so the use of hybrid
MMC stations is justified.

The aforementioned studies considered bipolar systems,
however, most VSC interconnectors are symmetric monopoles.
In these installations, fault response is particularly challenging,
as pole to ground faults lead to large healthy pole over-
voltages [16]. Moreover, pole re-balancing is needed due to
the use of high impedance grounding for the MMCs [17].
The authors of [18] did show the technical viability of a
protection and pole re-balancing system consisting of dc-
circuit breakers (dcCB) and dc choppers using actual control
and protection replicas for all the elements, including converter
stations control replicas. However, the use of dc choppers and
dcCBs, is very costly, particularly for off-shore HVdc stations.
Moreover, it would undermine the simplicity and robustness
of the use of a diode rectifier station.

Faults in hybrid LCC-VSC HVdc systems with Diode
Rectifier-connected Wind Power Plants (DR-WPP) have been
previously studied [4], [19], [20], [21]. However, [4] consid-
ered mainly the efficiency studies, with only marginal fault
studies in monopolar point-to-point systems. This work was
extended to multi-terminal bipolar systems [19]. In both cases,
averaged models of the VSC converters were used and the
fault studies carried out did not include any new proposal for
fault response co-ordination between different elements. Other
studies used either full bridge converters [20] or hybrid MMC
stations [21]. The use of fault blocking converters makes fault
handing relatively easier, at the expense of higher costs and
losses, moreover [21] only considered off-shore ac faults.

Therefore, existing literature did not cover in detail the
protection of WPP-DR wind power plants when connected
to HVdc interconnectors. Moreover, the effects of DR station
grounding or Wind Turbine Generator (WTG) distance pro-
tection to distinguish between local ac-grid and HVdc cable
faults has not been covered in existing literature.

Therefore, the contributions of this paper are:

o Proposal and comparative evaluation of different protec-
tion strategies for the connection of DR-WPP to HVdc
interconnectors (i.e. a type-1 HVdc station connected to
either type-3 or type-4 on-shore stations [16]).

o Study of high impedance grounding on the LCC diode
rectifier station when connecting to symmetric monopolar
MMC stations.

e Develop a WTG distance protection strategy that allows
WTGs to detect if a fault is located in the off-shore ac-

grid or in the HVdc cables and act accordingly.

This paper includes the study of 5 different strategies for
the protection of the combined HVdc interconnector and DRU-
connected wind power plant against HVdc faults, namely:

1) Solid DRU grounding. Baseline scenario with MMCs
connected as a symmetric monopole and the DRU with a
solid connection to ground. Fault clearing using dcCBs.

2) Resistive DRU-HVdc grounding. Resistive grounding to
limit fault currents. Fault clearing using dcCBs.

3) Grounding resistor and WPP blocking. Includes WTG
detection of HVdc faults and WPP blocking. Fault
clearing using dcCBs.

4) WTG distance protection and MMC blocking. Includes
WTG detection of HVdc faults and WPP and HVdc
blocking. dcCBs not used.

5) Hybrid MMC with full fault blocking capability. Bipolar
configuration. No dcCBs required.

These alternatives are analysed regarding the overvoltage
and overcurrent in cables and converters, surge arrester dissi-
pated energy and fault clearing times. It is shown that option
4 is the less costly option, at the expense of somehow larger
clearing times and higher energy dissipated in surge arresters.

II. INTERCONNECTOR WITH INTERMEDIATE WPP

The proposed system is shown in Fig. 1 and consists of a
typical HVdc interconnector with an additional DR-based ter-
minal for the connection of the off-shore WPP. The other two
terminals of the HVdc system are two symmetrical monopolar
MMC converters (HB) to connect to the corresponding two on-
shore grids for protection strategies 1-4, whereas two hybrid
bipolar MMC converters are used for strategy 5. The on-shore
stations are controlled using standard master-slave control,
where one of the stations controls the interconnector HVdc
voltage and the other operates on active power reference.

The off-shore WPP consists of three clusters with fifty 8
MW-rated wind turbines (400 MW each WPP). The wind
turbines are of variable speed with fully-rated converters.The
diode rectifier HVdc station consists of three platforms. Each
platform has two series connected 12-pulse diode based recti-
fiers with the corresponding ac and dc filters. The WTGs are
all grid forming and include P-V and Q-w droops, commonly
used for distributed control of grid forming WTGs when
connected to DR stations [1].

The considered scenario has enough complexity, so the
results are representative of a realistic fault response. The
interconnector is a VSC-HVdc 300km, £320kV and 1.2GW.
Power and voltage ratings correspond to recently completed
HVdc projects. The total cable length (300km) is based on
the CobraCable link, and represents some of the longest
HVdc interconnectors in Europe, therefore, considered cable
charge is in the upper limit of existing installations. The DRU
system consists of a three platform installation, with parallel ac
connection and series dc connection, including an ac ring bus
cable [3]. Diode rectifier valves include the effects of snubbers
and grading resistors. The DR ac-filters and the surge arresters
are also included in the model, as their behaviour is important
during fault onset and fault recovery.
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The studied dc-faults are located in cable-1, i.e. the section
connecting the DR station to the voltage controlling MMC.
This is a more challenging scenario regarding dc faults. As
for off-shore ac-grid faults, a ring bus fault is considered, as
it is a location that would lead to the highest fault currents
within the off-shore ac-grid.

The HVdc link, with a symmetrical monopolar configu-
ration, uses a star-point reactor connected on the ac-side to
provide a ground reference. The MMCs parameters, which are
based on the France-Spain link [22], are presented in Table I.

III. ANALYTICAL STUDY OF MMC-DR SYSTEM DC
FAULTS

This section includes the analytical study of dc-fault cur-
rents and voltages for hybrid DR-VSC systems considering
DR dc-side impedance grounding and both monopolar and
bipolar MMC converter stations.

The behaviour of MMC-1 to a solid pole-to-ground cable-1
fault is analysed considering the equivalent circuit in Fig. 2,

where MMC-1 is not blocked. During the first milliseconds,
the response is mainly influenced by cable discharge (red
path), since the contribution of the ac-side current is limited by
the inductive components of the ac-grid (lines, transformers),
the MMC arm reactors and the dc-breaker reactor. Addi-
tionally, the dc-side neutral voltage is no longer zero but is
displaced towards negative values which provokes that a fault
current starts flowing through the ac-side star-point reactor as
shown with the blue path.

This study is only valid for the first 5-7 ms, i.e., when the
system response is hardly influenced by the system controls
due to both fault detection delays and control delay times.
However, this analysis can help estimating the maximum fault
currents that the power stations, cables and dc-breaker need
to withstand.

From Fig. 2, we have:
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Fig. 3. Comparison of the theoretical and PSCAD currents when the MMC is
not blocked. From top to bottom: MMC-1 dc-current (positive pole); cable-1
current (positive pole); MMC-1 star-point reactor current.

where the first term corresponds to the cable discharge and
the second to the MMC contribution. The cable discharge

dynamics are [23]:
1 (R Zt
L.C. 2L,

where Ejq 0 is the initial pole-to-ground voltage. The dy-
namics of MMC contribution in (1) are (assuming it is not
blocked):
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where Epq , is the dc voltage at the MMC dc-side and V), is
the dc-voltage inserted by the upper MMC arms, which can be
obtained from the submodule capacitor discharge dynamics:

AViap
dt = IVdcl,p - IVdcl,pO

Ceq “4)

where C., is the equivalent capacitance of the MMC and
Iy de1,po 1s the current at the moment of the fault onset.
The dynamics of I are:

dlg:
I %)

where FEry,0 is the nominal pole-to-ground voltage and
E, is the dc-side neutral voltage(E,, = Erip, — En, =
Er1p0 — Enp during the fault). Cable, MMC arm and dc-
breaker impedances have been neglected as ac-side grounding
impedance can be three to four orders of magnitude greater.

Fig. 3 shows the comparison between theoretical and simu-
lation fault currents, showing an underdamped response whose
frequency is given by (2).

If dcCBs are used as protection system, the surge arrester of
the dcCB includes a voltage-dependent resistance in the circuit
which is added to Rg in (3) and (5). Fig. 4 shows both the
theoretical and PSCAD response when the dc-breaker isolates
the fault at ¢ = 5.3 ms approximately. In the theoretical
study, a constant average value has been considered, for this
reason, the steady-state values of I differ. Notwithstanding,
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Fig. 4. Comparison of the theoretical and PSCAD results when the dc-breaker
is opened. From top to bottom: MMC-1 star-point reactor current; MMC-1
dc-voltage (positive pole).
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Fig. 5. Comparison of the theoretical and PSCAD results when the MMC
is blocked. From top to bottom: MMC-1 star-point reactor current; MMC-1
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the analytical expressions allow for a good representation of
maximum fault currents and voltages.

If the MMC is blocked as a protection system, it behaves
like an uncontrolled half-wave rectifier that creates the follow-
ing dc voltage.

E, = Eyy, = Vi (6)

3
7T\/§
where V,, is the rms value of the voltage at the ac-side of the
MMC. In steady-state, the grounding fault current is:

Epix

Ig1 = —

G1 R
Although the MMC behaves as a rectifier and keeps feeding
the fault, the current I is limited to small values when a
high-impedance grounding is used, [22]. Fig. 5 shows the
grounding fault current I; and the MMC ac-side voltages
Vy1, which present a common mode voltage after blocking
the converter. Due to the fault, the positive dc pole voltage is
zero; therefore, the dc voltage is displaced towards negatives
values. This, in turn, provokes a common mode voltage on the

MMC ac-side, which is not solidly grounded (see Fig. 2).

)



Fig. 6. Equivalent circuit of the DRU station.

The previous analysis can be extended to the other MMC
station and to the DRU, Fig. 6. The cable voltage is:
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where the first terms correspond to the cable discharge and
the second terms correspond to the contribution of the DRU
and the MMC-2, where If ), is:

Igip = IRdep — IHoyp 9

The current If2 ;, due to the discharge of the cable-2 and the
contribution of the MMC-2 can be obtained as per (2). The
WPP fault current Irq. ), is computed considering the WPP
as a constant current source that feeds the fault current:

IRdc1,p = IRde1,p0 + IRdc,g (10)

where Irge1,p0 is the DRU current at the fault onset and
IRde,q is the fault current flowing through the DRU grounding
resistor. The voltage at the DRU terminals is:

dI
Enp=Eiip+ L= " (11)
During normal operation, the dc-side neutral voltage

E..prv = Fup — Eg, is zero, as both poles have the
same voltage. However, after the fault onset, the voltage of the
positive pole drops whereas the voltage of the negative pole
increases. This causes a fault current Ir4. 4 to flow through
the DRU grounding (blue loop in Fig. 6):

dl
Enpru = (Re+ Rrg) Irdc,g + (Le + Lo + Lpry) %
(12)
E..pru = Egpo — Eryp (13)

where Fp 0 is the nominal pole-to-ground voltage.

Fig. 7 shows the evolution of the cable discharge current, the
DRU fault current and the DRU dc-side grounding fault. Dur-
ing the first six milliseconds the theoretical and the PSCAD
results present a good agreement. After that time, the error
increases since the response of the MMC and WPP controllers
has not been taken into account in the analysis.

For a bipolar HVdc system, which has two MMCs with
midpoint grounded at each converter node, a pole-to-ground
fault collapses the dc voltage to zero since it is a short-circuit
between the MMC dc terminals, Fig. 8. As in the symmetrical
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Fig. 7. Comparison of the theoretical and PSCAD currents of the DRU. From
top to bottom: DRU to cable-1 dc-breaker current (positive pole); cable-1
current; DRU dc-current (positive pole); DRU ground current.
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monopolar configuration, two fault paths can be identified.
The red path in Fig. 8 corresponds to the cable discharged,
which has already analyzed in (1) and (2). The second current
path (blue loop) corresponds to the fault fed from the ac-
side. Same analysis as in the case of monopolar symmetrical
configuration can be carried out (equations (3)-(5)). However,
bipolar HVdc grids are usually solidly grounded (Rg = 0) so
the cable resistance and inductance cannot be neglected as in
the previous case [24]. Therefore, (3)-(5) become:

ATy de
Ly—24® — B — By = —Roloi—
dt ’ ’ (14)
dig:
—Lyyc— 4+ Veap — Enrip

dt
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where Lrprc is the equivalent MMC inductance (Lasarc =
2L4rm/3), being Ly, the inductance of each MMC arm.

dVea
Ceq dt L= IVdcl,p - IVdcl,pO (15)
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+(Ra + Re)lcn

Fig. 9 shows the comparison between theoretical and simu-
lated fault currents when no actions are taken to limit the fault
currents.

The fault current could be limited by using a high
impedance grounding on the dc-side. Alternatively, the MMC
can control the dc current by adjusting the dc voltage at the
MMC terminals. In this case, a hybrid MMC using HB and
FB cells is needed given that the MMC arms have to generate
negative voltages. For this purpose, the dc voltage reference is
changed to zero and the MMC changes to dc current current
control. In this case, the voltage Ey;, changes to O in the
previous analysis once the fault is detected. Fig. 10 shows the
results when a hybrid MMC is used to block the fault currents.

This section has included the theoretical analysis for the
fault current and fault voltages for systems consisting on Diode

Rectifiers with resistive grounding and for both symmetrical
and bipolar MMC stations. The expressions have been vali-
dated by means of EMT simulations and allow to calculate
maximum fault currents and voltages for the considered con-
figurations.

IV. WTG DISTANCE PROTECTION

This section includes a description of the proposed distance
protection strategy so WTGs can distinguish, by using only
local measurements, if a fault is located at the off-shore ac
grid or at the dc-cable.

WTG control can contribute to reducing overcurrents and
overvoltages during faults [23], [21], [25]. However, WTG
control needs to distinguish between off-shore ac-grid faults
and HVdc faults. The reason being that, for off-shore ac-grid
faults, the WTGs are feeding the fault and, hence, they can
detect when the fault is cleared. However, for HVdc faults, the
WTGs will reduce the ac-grid voltage so the diode rectifier
stops conducting and the WTG does not contribute to steady
state HVdc fault currents. Therefore, the WTGs cannot know,
by themselves, that the HVdc fault has been cleared and they
will require a command from the protection co-ordination
system to resume active power injection.

Fig. 11 shows the apparent impedances (%) seen from a
WTG when the fault is located at different places: high voltage
side of the WTG transformer (Zw_1), DRU station ac-side
(ZwT_2), and DRU station dc terminals (Zy,7_3), as shown
in Fig. 1. At 50 Hz, there is a clear difference between the
apparent impedance seen by the WTGs for closest and furthest
off-shore ac-grid short circuits and HVdc grid short circuits.
Therefore, the WTG can distinguish between off-shore ac
faults and HVdc faults. From Fig. 11, the corresponding
detection limits are:

o Off-shore ac grid: apparent admittance |Iwrc|/ |[Viwrc|

larger than 4 pu.

e HVdc grid: apparent admittance between 1.25 pu and

3.5 pu.

However, the impedance difference between short circuits
in different parts of the off-shore ac-grid is very small. The
same can be said about short circuits in different locations
of the HVdc cables. Therefore, while detecting if the fault is
in the ac-grid or in the dc-grid is relatively straight forward,
detecting the exact location of ac or HVdc faults using the
proposed method is not.

V. HVDC FAULT PROTECTION STRATEGIES

This section includes the study of the 5 different strategies
for HVdc cable fault protection and recovery, which have been
listed in the Introduction. The first 4 strategies consider a
symmetric monopole, whereas the last one considers a bipolar
configuration.

The performance of each protection strategy is evaluated
by means of detailed EMT simulations. To ensure results
as close as possible to an actual HVdc system, the EMT
simulations carried out used HVdc frequency dependant cable
models based on a geometry verified by manufacturers. WTG
converter models have also been validated to behave in the
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Fig. 11. Impedance seen by the WTGs for different fault locations.

same way as current commercial type-4 WTG converters, con-
trollers use a control-software-in-the-loop approach, so delays
and possible numerical issues are representative of an actual
wind turbine converter controller. MMC simulations include
transformers, grounding and individual cell modelling based
on existing operational interconnectors. System parameters are
included in Appendix A.

The dcCBs are located at both HVdc cable ends and are
shown as green squares in Fig. 1. The fault current at any of
the DRU poles (Irq4c) is cleared when the corresponding cable
current Iz is cleared. For the scenarios where dcCBs are not
used, they are substituted by disconnectors placed at the same
locations as the dcCBs.

All dc cable fault studies assume a fault at the mid-point of
the positive pole cable connecting MMC1 to the DRU-HVdc
converter, which corresponds to fault 1 in Fig. 1.

MMC-1 is initially controlling the HVdc voltage (master),
whereas MMC-2 and the OWPP are controlled to follow an
active power set point. Once the fault is cleared, MMC-2
switches to voltage control mode.

For all the following fault studies, the DRU connected WPP
is initially generating a 1 pu power, whereas MMC-2 has an
active power setpoint equal to 0.5 pu and, hence, MMC-1 is
drawing the remaining 0.5 pu power being injected by the
WPP. When the fault is detected, the dc-breakers disconnect
the faulty DC cable (both poles) isolating MMC-1, and MMC-
2 turns to control the DC voltage (E12). At this stage, the WPP
curtails its active power production to 0.5 pu, in this way the
impact of a cable-1 fault on on-shore ac grid 2 is minimised.
The DR station can easily detect if the fault has been in cable-1
or cable-2 and then send the corresponding power curtailment
signal to the WPP controller.

The total clearing time for the considered dcCBs is 5 ms
from fault onset to zero dc current [18], [26].

A. Fault response with solid DRU-MMC grounding

In symmetric monopole configurations, the high ac-side
grounding impedance of the MMC stations lead to relatively
small short-circuit currents, at the expense of healthy pole
overvoltage, that might require the use of dc-choppers for pole
voltage re-balancing [18].
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Fig. 12. Strategy 1: Converter terminal voltages (pu). From top to bottom:
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Fig. 13. Strategy 1: Cable voltages (pu). From top to bottom: cable-1 voltages;
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The use of a solid ground for the DRU station does away
with the need of dc-chopper for pole voltage re-balancing, at
the expense of much larger short-circuit currents.

Fig. 12 shows the voltages at the terminals of each converter
for a positive pole-to-ground fault at t=0.02s. The fault is de-
tected and the corresponding dcCBs (BKy1,pm and BKu1 pm
in Fig. 1) clear the fault in 5 ms and both cable poles are
disconnected permanently. At this stage, MMC-2 switches to
voltage control mode and both MMC-2 and DRU voltages
return to their pre-fault values in less than 100 ms.

Fig. 13 shows the cable voltages at both ends of each cable.
The top graph corresponds to the cable from MMC-1 to DRU
and clearly shows that the voltage of the positive pole goes to
zero as a result of the fault. The negative pole voltage is limited
by the surge arrester and reaches -1.4 pu when the dcCBs are
opened. On the other hand, the cable from the DRU to MMC-2
returns to £1 pu voltage once the fault is cleared.
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Fig. 14. Strategy 1: HVdc currents (pu). From top to bottom: MMC-1 dc-
currents; DRU to cable-1 dc-breaker currents; DRU dc-currents; DRU to cable-
2 dc-breaker currents; MMC-2 dc-currents.

The currents during the short circuit are shown in Fig. 14.
The MMC-1 dc-side current Iy 4.; becomes negative, as it is
flowing now through the HB cell diodes. After approximately
3 ms, the dcCB opens and the current now flows through the
dcCB surge arresters until it reaches zero.

The dc-side DRU pole current (Igq. ) reaches a peak value
of 2 pu, which is well within the overcurrent capability of the
diode rectifiers. The large ground fault current through the
diode rectifier ground (Igqc,q) can also be clearly seen, with
a value larger than -1.5 pu. On the other hand, the MMC-2
dc side current (/v 4.2) reaches a value of 1.4 pu during fault
recovery.

B. Fault response with resistive DRU-HVdc grounding

By using resistive grounding for the DRU converter, it is
possible to limit the short circuit transient currents to ade-
quate levels. However, resistive grounding could cause DRU
converter overvoltages which would lead to somehow higher
isolation requirements and higher stress to sourge arresters.

To analyze the effect of the resistive DRU grounding, a
sensitive analysis has been carried out when a mid-point cable
fault occurs between MMC-1 and DRU station. Fig. 15 shows

the reduction of the maximum dc-fault current as a function of
the DRU grounding resistance (Rpq). This reduction occurs
when Rpg > 1 ) and ceases when surge arresters increase
their conduction at Rpg > 1000 €.

Fig. 15 also shows the increase of the maximum dc-voltages
as a function of Rp. Now dc-voltages increase from Rpg =
1 Q to Rpg = 1000 2. Therefore, based on the sensitivity
analysis, a resistance value of Rpg = 100 2 has been chosen.

With Rpg = 100 2, pole-to-pole voltages at MMC-1 and
MMC-2 are below 1.1 pu, and shows a 1.3 pu overvoltage
at DRU station. Surge arrester energies are bellow 500 kJ,
except the surge arresters of the dc-breaker which opens the
cable current Iz 5, (Fig. 1). This surge arrester has a total
dissipated energy of 2700 kJ.

Figs. 16 to 17 show the dc-side voltages and currents for
the same fault as the one considered in the previous section
but including a DRU grounding resistor.

Maximum voltage values shown in Fig. 16 are almost the
same as those in Fig. 12. However, Fig. 16 does not show the
voltage oscillations seen in Fig. 12.

Fig. 17 also does away with the oscillations seen in Fig. 14,
particularly in Ir4., so clearly the grounding resistor cancels
those oscillations. However, the use of a grounding resistor
has only limited influence on the peak voltages and currents
seen by the converters.

C. Fault response with grounding resistor and WPP blocking

This test case includes the use of a DRU grounding resistor
and WPP reducing its production to zero once the dc-short
circuit is detected by the WTGs. Once the short circuit is
cleared, the WPP resumes production. The results are shown
in Figs. 18 and 19.

Converter voltages in Fig. 18 do not show substantial dif-
ferences from the previous two cases. However, Fig. 19 shows
that currents Ir4. go to zero when the WPP is blocked (i.e.
its voltage is reduced so the HVdc-DRU does not conduct).
Moreover the peak value of MMC-2 converter current (v 4.2)
is greatly reduced. Power through MMC-2 resumes 100 ms
after the fault onset, however, in the previous two cases, active
power is resumed in less than 20 ms after the fault onset.

D. dcCB-less Strategy for Symmetric Monopole

The fourth strategy consists on the use of WTG distance
protection and MMC blocking without using dcCBs. Clearly,
this strategy is the most cost efficient, as relatively costly
dcCB are substituted less expensive dc disconnectors. Fault
currents are drawn to zero by a combination of MMC converter
and WPP blocking. Fault energy is partly absorbed by MMC
capacitors, and partly dissipated in the DRU grounding resistor
and system surge arresters. Once fault currents are zero (or
very near to zero), the fast dc disconnectors are opened and a
signal is sent to the WPP to resume power production.

The results for the same fault as that in previos sections are
shown in Figs. 20 and 21. Fig. 20 shows that fault currents
take longer than in the previous case to reach zero and hence
fault clearing times are larger in this case. However, the rest
of the currents are similar to those in previous cases. Fig. 21
shows that voltages are also very similar to previous cases.
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E. Bipolar HVdc Fault Blocking with Hybrid MMCs

Figs. 23 and 22 shows the response of the system in
the event of a dc fault when the HVdc grid has a bipolar
configuration. In this case, the HVdc grid is rigidly grounded at
the dc-side and hybrid MMCs with 50% of FB-SMs are used.
Similarly to the previous cases, the MMC-2 is in power control
mode and the MMC-1 regulates the HVdc voltage. When a
pole-to-ground occurs at the positive pole at ¢ = 0.02 s, the dc
voltage of the positive pole collapses, Fig. 22. However, due
to the use of FB-SMs, the MMCs can continue their operation
and avoid large overcurrents. As soon as the fault is detected,
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2 T T :
1.5 1
~ 1
= 0.8 F —E, |
h.:: .()? + Efim|
A5F % 1
3 . . .
0 0.05 0.1 0.15 0.2
2 T T T
1.5r 1
= [ 4
g ot — ]|
o -0.? - —Bun| A
-1.5F 8
3 . . .
0 0.05 0.1 0.15 0.2
2 T T T
151 1
-1
5 0’8 [ EIZ~P ]
L,.F 05 —Bpm| A
-1
-1.5F 8
3 . . .
0 0.05 0.1 0.15 0.2
Time (s)

Fig. 18. Strategy 3: Converter terminal voltages (pu). From top to bottom:
MMC-1 dc-voltages; DRU dc-voltages; MMC-2 dc-voltages.
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Fig. 20. Strategy 4 (dcCB-less): HVdc currents (pu). From top to bottom:
MMC-1 dc-currents; DRU to cable-1 dc-breaker currents; DRU dc-currents;
DRU to cable-2 dc-breaker currents; MMC-2 dc-currents.

2 T T T
1.5F 5
— 1
g 057 —E ]
~ 0r E ]
- —0.? ;MT\\J‘ T | -
-1.5 8
) | | |
0 0.05 0.1 0.15 0.2
2 T T T
151 8
1
2 051 E 5
= —O.? r Hm |
_].5 V -
) | | |
0 0.05 0.1 0.15 0.2
z —Fuy ||
X —Epm|
o 12,

0.1
Time (s)

0.15 0.2

Fig. 21. Strategy 4 (dcCB-less): HVdc voltages (pu). From top to bottom:
MMC-1 dc-voltages; DRU dc-voltages; MMC-2 dc-voltages.



1 7E11,p b
E; 051 — By
= or
S5

15 . . . . .
0 002 0.04 006 008 0.1

0.16 0.18 02

0.12 0.14

0.16 0.18 0.2

15 . . . . .
0 002 004 006 0.08 0.1

Time (s)

0.12 0.14 0.16 0.18 0.2

Fig. 22. Strategy 5 (Bipolar). MMC-1 short-circuit: voltages (pu). From top
to bottom: MMC-1 dc-voltages; DRU dc-voltages; MMC-2 dc-voltages.

the MMC-2 connected of the positive pole changes its current
reference to zero. Moreover, the MMC-1 of the positive pole
changes to power control mode with a current reference of zero
too. In this way the fault current fed from both MMC stations
drops to zero as seen in the first and fifth graphs of Fig. 23.
Additionally, the WPP also stops injecting power to the HVdc
grid so none of the three power stations feeds the fault (third
graph). At this time, the dc switches are opened to isolate
the faulty cable. Next both MMC-2 converters change to dc
voltage control and the MMC-1 connected to the negative pole
change to power control and the WPP resumes its operation.
With this configuration, the negative pole is continuously in
operation so ac grid 1 is not completely disconnected form the
HVdc grid. Therefore, there is not a complete loss of power
as in the monopolar configuration.

VI. COMPARISON OF CONSIDERED STRATEGIES

The comparison of the considered strategies is carried out in
terms of maximum pole-to-ground and pole-to-pole voltages,
maximum currents during the fault, surge arrester dissipated
energy and fault recovery times.

Table II shows the maximum pole voltage values for the
each fault clearing strategy. The maximum pole voltage is 1.62
pu for the four symmetric monopole cases. It is worth noting
that the DRU healthy pole voltage reaches 1.59 pu. Clearly,
the different parts of the system should be designed for the
isolation levels in Table II. The WTG voltages are within limits
in all cases (up to 1.1 pu).

Table III shows the maximum pole-to-pole voltages, which
determine the number of required diodes for the DRU valves
(Egr). The sum of the cell voltages of each MMC arm is
equal to the pole-to-pole voltage, therefore, the MMC power
switches can withstand up to 2 pu pole-to-pole voltage without
increasing the number of cells, albeit with increased isolation
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Fig. 23. Strategy 5 (Bipolar). MMC-1 short-circuit: currents(pu). From top
to bottom: MMC-1 dc-currents; DRU to cable-1 dc-breaker currents; DRU
dc-currents; DRU to cable-2 dc-breaker currents; MMC-2 dc-currents.

requirements. The voltage Ef shows that the DRUs valves
need to be rated to 1.32 pu voltage for the first two strategies
and only by a 7% for the dcCB-less strategy.

Table IV shows the maximum values of currents for the
considered test cases. The currents Iy gc1,p.m and Iyvgc2pm
show the current peak levels that the MMCs shall support
in order to avoid damage. Ipipm and Igsop., show the
maximum currents through the HVdc cables. The worst re-
sults (2.61 pu) are obtained for strategy 4. In any case, the
duration of the peak current is shorter than 5 ms which is
not enough to damage the cable. Irgcp, g,m Show the peak
current levels at DRU terminals. The largest fault current
through the DRUs is obtained for the solid DRU grounding.
However, a 1.9 pu current for a diode rectifier for a short
period of time (13 ms) is perfectly acceptable. The maximum
current peak of WTGs Iyyr is 1.33 pu for strategy 3. The
overcurrent lasts for a few milliseconds, and is within the
short time overload capability of high power IGBTs. However,
this possible overcurrent should be taken into account when
designing the WTG converter.

Table V shows the surge arrester dissipated energy. In any
configuration, the surge arresters disipate energy in order to



TABLE II
MAXIMUM POLE VOLTAGE VALUES (PU)

Enp En,, FEwp FEd, FEnp FErm Vwr
Solid DRU-MMC ground 1.36 -1.62 1.45 -1.28 1.27 -1.26 1.1
Resistive DRU-HVdc grounding 1.36 -1.62 1.08 -1.55 1.01 -1.35 1.04
Grounding resistor and WPP blocking 1.36 -1.62 1.06 -1.34 1.01 -1.35 1.0
WTG distance protection and MMC blocking 1.4 -1.62 1.06 -1.59 1.49 -1.64 1.07
Bipolar 1.0 -1.06 1.3 -1.06 1.04 -1.05 1.0
TABLE IIT
MAXIMUM POLE-TO-POLE VOLTAGE VALUES (PU)
Enn  Eg  Er2
Solid DRU-MMC ground 1.1 .32 1.04
Resistive DRU-HVdc grounding 1.1 132 1.04
Grounding resistor and WPP blocking 1.1 .15 1.02
WTG distance protection and MMC blocking  1.18  1.07  1.52
Bipolar 1.0 .13 1.02
TABLE IV
MAXIMUM CURRENT VALUES (PU)
IVdcl,p IVdcl,m IHl,p IHl,m Iqup IRdc,g IRdc,m IHQ,p IHZ,m IVch,p IVch,m IWT
Solid DRU-MMC ground -0.81 -0.81 2.55 0.5 1.9 -1.4 1.31 1.38 1.32 1.34 1.34 1.2
Resistive DRU-HVdc grounding -0.82 -0.82 2.5 0.5 1.6 -0.48 1.04 1.08 0.91 1.31 1.31 1.19
Grounding resistor and WPP blocking  -0.8 -0.8 2.5 0.5 1.6 -0.48 1.04 -0.88 0.83 0.6 0.6 1.33
WTG distance protection and MMC -0.88 -0.88 2.61 -0.59 1.62 -1.0 1.0 -1.64 0.78 0.62 0.62 1.17
blocking
Bipolar -1.67 0.5 2.39 0.5 1.55 -0.47 1.11 0.77 -0.52 0.95 0.95 1.1
TABLE V
SURGE ARRESTER DISSIPATED ENERGY (KJ)
WIl,p WIl,m WIWl,p W}Wl.m WHl,p WHl,m WHZ,p WH?,m WI\JZ,p WIWZ,m WIZ,p WIZ,m
Solid DRU-MMC ground 0.3 332.6 2424 126.52 3279 0.0 0.0 0.0 0.0 0.0 35.8 36.2
Resistive DRU-HVdc grounding 0.3 3335 2423 125.7 2690 0.0 0.0 0.0 0.0 0.0 35.8 36.2
Grounding resistor and WPP blocking 0.3 3335 2423 125.7 2626 0.0 0.0 0.0 0.0 0.0 35.8 36.2
WTG distance protection and MMC blocking ~ 4.09 276.7 29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 34.7 2316
Bipolar 0.2 0.2 0.0 0.0 2764 0.0 0.0 0.0 0.0 0.0 0.2 0.2
TABLE VI HVdc connections” (0.14 s).
FAULT RECOVERY TIMES
Time from fault Time to recover VII. CONCLUSIONS
ge‘ec“O‘} o Previous power This paper includes the study of five protection strategies.
ault clearing (ms)  generation (ms) X ]
Solid DRU-MMC ground 3 0 Three of them require the use of dcCBs for the symmetric
Resistive DRU-HVdc grounding 3 80 monopole connection. When both WPP and MMC converters
G di Sist d WPP blocki 2 70 . .
Wr”(lzandlirsltgar:i:;fc:t::tion and N?K/lén%]ocking 10.5 87 are blocked, dcCBs can be substituted by fast disconnectors
Bipolar 3 80

maintain the voltages in safe limits. The worse case is the
symmetric monopole with solid ground (3279 kJ). When the
DRU grounding resistor is used, there is a reduction on surge
arrester energy. In any case, it is worth noting that different
strategies lead to subtantially different surge arrester use.
Finally, table VI shows the fault recovery times for each
strategy. As expected, the longest clearing time (13 ms) is
obtained with a symmetric monopole with both WPP and
MMC blocking. In this case, HVdc fault clearing time is
13 ms, with relatively fast power recovery (80 ms), which
is within the limits fixed in “(ENTSO-E) Network Code for

(or dcCBs of a much smaller rating). For this approach, it is
required that the WTGs include distance protection features to
distinguish between ac-collector faults and HVdc faults. For
the sake of completeness, a case including hybrid MMCs in
a bipolar configuration with full blocking capability have also
been studied.

For each strategy, the maximum voltages, currents, surge
arrester energy and fault clearing times have been studied. The
comparative advantages and disadvantages of each approach
are shown in table VII.

Moreover, this paper has been shown that it is possible to
use a protection strategy for symmetric monopole connectors
without use of dcCBs, at the expense of longer clearing times
and higher energy dissipated in surge arresters. This solution



TABLE VII

ADVANTAGES AND DISAVANTAGES OF THE CONSIDERED CONFIGURATIONS

Advantages

Disadvantages

well known in literature
Solid DRU-MMC ground

Communication to WPP to clear faults not required

requires 35% extra DRU isolation
dc-circuit breaker required

Resistive DRU-HVdc
grounding

extra DRU isolation not required

dc-circuit breaker required

Communication to WPP to clear faults not required

Grounding resistor
and WPP blocking

extra DRU isolation not required

Communicatiion to WPP to clear faults required
dc-circuit breaker required

WTG distance protection
and MMC blocking

dc-circuit breaker not required

longer clearing times
Communication to WPP to clear faults required

dc-circuit breaker not required

Bipolar additional redundancy

Increased cost
requires 20% extra DRU isolation

TABLE VIII
SYSTEM PARAMETERS

‘Wind Turbines

Grid-side converter: 8 MW, 1.2 kVcc, 690 Vac, 50 Hz

Grid-side filter: Rp = 476.1 u$2, L = 18.94 uH, C = 2674 uF
Transformer: 9.2 MVA, 0.69/66 kV, Ry, = 0.004 pu, Xy = 0.1 pu,
Saturable

Off-shore ac-grid

WTG to WTG distance: 2 km

WTG to ring-bus distance: 4 km

Distance between DRU platforms: 10 km

String cable sections: C = 150 mm?2, B = 185 mm?, A = 400 mm?
String with 8 WTGs: C-C-B-B-B-B-B-A

String with 9 WTGs: C-C-B-B-B-B-B-A-A

DRU Platform

Filter and compensation filter bank according to [27]
Transformer: 215 MVA, 66/43/43 kV, RTrr = 0.004 pu, X7r = 0.27 pu

dc-smoothing reactor: 66.67 mH

is particularly attractive as it is the less costly and allows
active power flow through the healthy cable in a relatively
short period of time after the fault.

APPENDIX A
SYSTEM PARAMETERS

Table VIII shows the parameters values of the system
components.
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