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Abstract—Successful deployment of High-Voltage Direct Cur-
rent (HVDC) grids necessitates effective DC fault handling
strategies, which can minimize the severe consequences caused by
DC faults on the AC and DC side of the HVDC grids. Therefore,
this paper investigates the enhanced DC fault performance of the
Customized Hybrid Modular Multilevel Converter (CH-MMC),
in which a limited number of full-bridge sub-modules (FB-SMs)
is added into the arms of the conventional MMC in an effort to
significantly extend the timespan between fault inception and
fault clearance, thus allowing the use of relatively slow and
cheaper DC circuit breakers. Based on this converter, a dedicated
DC fault handling strategy for CH-MMC based HVDC grids is
proposed, which aims to improve the fault resiliency and security
of HVDC grids for pole-to-pole faults. Moreover, the proposed
DC fault management strategy guarantees the continuous op-
eration of the grid during pole-to-ground DC faults, including
full reactive power provision from the converter stations. The
performance of the strategy is demonstrated using comprehensive
electromagnetic transient (EMT) simulation studies conducted on
an illustrative four-terminal meshed HVDC grid, which consider
a range of scenarios with different fault current limiting inductors
and DC circuit breaker operation times.

Index Terms—DC fault ride-through, DC grid protection,
HVDC grids, modular multilevel converter (MMC).

I. INTRODUCTION

IGH Voltage DC transmission is widely used for in-

tegrating offshore wind farms to mainland AC grids
and for interconnecting asynchronous AC zones due to its
ability for bulk power transmission over very long distances.
HVDC grids are considered as the natural evolution of existing
point-to-point transmission links that enable the integration
and better utilization of massive amounts of offshore energy.
Moreover, they offer a plethora of attractive features such as:
enhanced controllability, flexibility and redundancy, improved
reliability and security, lower investment costs, etc [1].

As with any developing technology, the HVDC grid concept
has its challenges, with the requirement for sufficient DC fault
ride-through capability being the most prominent. When a DC
short-circuit fault occurs in a HVDC grid, distributed cell ca-
pacitors of the commonly used Half-Bridge MMC (HB-MMC)
tend to contribute currents to the DC fault prior converter
blocking, while further current stresses are induced on the
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converter semiconductor devices by the additional distributed
capacitors of the DC lines [2]. Moreover, pole-to-ground DC
faults can cause severe voltage stress on insulation of the non-
faulted DC pole of a symmetrical monopole transmission line,
and expose converter transformers to significant DC offsets.

Fault management strategies for HVDC grids primarily
rely on the use of AC circuit breakers (ACCBs), DC circuit
breakers (DCCBs) or fault blocking converters. The use of
ACCSBs for fault clearance in HVDC grids is an economic and
simple approach, which has been discussed in [3], [4], where
the AC grid fault current contributions are eliminated using
ACCBs. Subsequently, when DC fault currents drop to zero,
fast disconnectors are used to isolate the faulty DC line/cable.
Nevertheless, these approaches lead to de-energization of the
DC grid and the post-fault recovery process may take several
hundreds of milliseconds, which is not suitable for critical
power corridors.

The second option is to incorporate fast acting DCCBs at
all line ends of the HVDC grid. Several hybrid DCCBs have
been developed, which can interrupt fault currents within 2-
3 ms [5], [6]. Moreover, the use of sizeable DC inductors
has been proposed as one of the viable measures for slow-
ing the rate of rise of DC fault currents and to facilitate
fault interruption before the fault current exceeds the DCCB
breaking capacity [7], [8]. The use of hybrid DCCBs in
conjunction with DC fault detection and discrimination meth-
ods has been extensively investigated for fast and selective
isolation of the faulted line [9]-[12]. In addition, coordination
of the HB-MMC with hybrid DCBBs has been proposed in
[13], [14], where the Half-Bridge Sub-modules (HB-SMs) are
immediately bypassed after DC fault detection in an effort
to suppress the DC fault current and support the DCCBs.
The main shortcoming of the above solutions is that hybrid
DCCBs require designs with large footprint and high capital
cost. Alternatively, mechanical DC circuit breakers can be used
for fault isolation in HVDC grids at the expense of increased
breaking speed but larger DC inductors are required [15], [16].

An alternative method for addressing HVDC grid vulnera-
bility to DC faults is to use converters with fault current block-
ing capabilities, such as the Full-Bridge MMC (FB-MMC)
[17], [18]. Unlike the HB-SMs, Full-Bridge Sub-modules (FB-
SMs) can recreate any DC voltage the DC fault may present
at its DC terminal if the bipolar capability of the FB-SM is
fully exploited; thus, providing greater controllability during
DC faults.

Fault management strategies for multi-terminal HVDC grids



based on FB-MMCs have been developed using mechanical
DCCBs [18], [19], or fast disconnectors [20]. Both strategies
can control fault currents and facilitate continuous operation
with limited periods of power interruption.

Moreover, the conventional Hybrid MMC (H-MMC) that
employs equal number of HB-SMs and FB-SMs in each arm,
has been proposed to offer improved DC fault ride-through
capability at reduced semiconductor losses than the FB-MMC
[21]. Other hybrid topologies with similar functionality, which
combine HB-SMs with FB-SMs or other SM types have
also been proposed [22]-[24]. A fault management strategy
based on the H-MMC for HVDC grids has been proposed
in [25], which explores the capability to control either the
converter current or the line current to clear the DC fault with
limited power interruption. Despite the fault current limitation
capability, the increased investment and operational costs,
and the higher conduction losses cannot justify the additional
functionalities offered by the FB-MMC and H-MMC.

To achieve an adequate and cost-effective solution for
improved security of supply in hybrid AC/DC grids, an alter-
native approach that relies on converters with partial DC fault
tolerant capability and less expensive DCCBs is required [26].
Therefore, this paper proposes a fault management strategy for
handling DC faults in HVDC grids using the bespoke design
of the Customized H-MMC (CH-MMC), in which the number
of FB-SMs represents 25% of the total converter SMs, a ratio
which is selected for the desired level of resiliency against
pole-to-pole DC faults and for relaxed operational speed and
current breaking capacity of mechanical DC circuit breakers.
The CH-MMC uses its FB chain-links to present opposing and
increasing counter-voltages, which tend to suppress the AC
side, arm and DC side currents at the expense of increased
SM capacitor voltages. It has been found that the 25%
ratio is sufficient to block half of the nominal DC voltage
thus, enabling the strategy to achieve continuous HVDC grid
operation during pole-to-ground (P2G) faults, in which full
controllability of the converters is maintained. For pole-to-pole
(P2P) faults, the proposed strategy can significantly improve
the DC fault survival of HVDC grids. The main contributions
of this paper are the following:

o Development of a DC fault management strategy (FMS)
for HVDC grids that employ CH-MMCs with partial fault
tolerant capability in order to extend the time frame for
DC fault clearance to levels compatible with mechanical
DCCB operation times. This is achieved through the
substantial suppression of the arm, AC and DC side fault
currents, leading to further reduction in the maximum cur-
rent breaking capacity of the DCCBs. The relaxation of
DCCB requirements indicates that less expensive DCCBs
can be utilized as a result of the proposed strategy.

« Through quantitative studies and qualitative discussions,
it has been shown that the CH-MMC leads to enhanced
station and system wide performance. The CH-MMC
with 25% ratio provides practical trade-offs that prioritize
extension of fault clearance and high converter efficiency.
At the same time the over-currents and over-voltages
exerted on the semiconductor switches and SM capacitors
as a result of P2P DC faults remain within tolerable levels.

« Rigorous simulation studies on an illustrative meshed
HVDC grid, with detailed converter control and pro-
tection systems included, confirm the suitability of the
proposed FMS in handling P2G and P2P DC faults.

The rest of the paper is organized as follows: Fundamentals

of the CH-MMC under investigation and its associated control
systems are described in section II. Section III presents the
HVDC grid that is used in Section IV to explore the fault
management strategy for CH-MMC based HVDC grids and to
conduct extensive simulation studies in Section V. Section VI
provides further insight into the results and finally, conclusions
are drawn in section VIL

II. Customizep HyBrRID MobDULAR MULTILEVEL CONVERTER
A. Fundamentals and Circuit Topology

Fig. 1 shows a generic diagram of the CH-MMC topology
with asymmetrical ratio of FB-SMs and HB-SMs, in which
Npyp and Npp is the number of HB-SMs and FB-SMs per arm,
respectively. The ratio of Ngp to the total number of SMs per
arm, N, is denoted as R and is defined as
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Fig. 1. Structure of the CH-MMC topology.

Theoretically, in the CH-MMC, the ratio R could be set
anywhere between 0 and 1. Nevertheless, the proposed be-
spoke design of the CH-MMC uses limited number of FB-
SMs incorporated in its arms to extend the controllable range
of DC voltage, benefiting from the combined negative voltage
capabilities of the FB chain-links beyond that of the the con-
ventional HB-MMC. In this paper, R=0.25 which is equivalent
to 25%, is found to be beneficial for reasons that will be
elaborated later. The HB and FB-SM capacitors are designed
to have the same rated voltage Vs, as shown by

_Vpc _Vup Vs

Vsi = —28 = HE - JB

N Nuyp Nrp

where Vpe is the rated pole-to-pole DC voltage and Vg,
Vrp are the blocking voltages of HB and FB chainlinks,
respectively. For ease of explanation in the rest of the section,

subscript j is the phase index (i.e. j = a,b,c) and k refers to
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upper and lower arm (i.e. k = u for the upper arm and k =/
for the lower arm). Taking the upper arm as an example, the
arm voltage for any phase j of the CH-MMC is given by

1
Viu@®) = EVDC - (Myccos(wt +6;) + mpc) 3)

where M,c and mpc are the AC and DC modulation index,
respectively. The component My is related to the magnitude
of fundamental AC voltage and it varies in the range 0 <
Myc < 1. The mpe component reflects the extent at which the
customized hybrid MMC can achieve operation over a wide
range of DC voltages, exploiting the bipolar output voltages
of the FB-SMs. The minimum value of the DC modulation
index depends on R and is given by

Mpc-min =1-2-R (4)

The DC voltage range for which the CH-MMC retains
controllability is

1>V >1-2-R (5)

B. Converter Control

Fig. 2 shows the control system of the CH-MMC with
asymmetrical blocking voltages of the HB and FB chainlinks.
The control system consists of DC voltage or active power,
and AC voltage or reactive power controllers in the outer
loops along the d and q axes. The standard vector control is
employed in the inner current loops that regulate positive and
negative sequence currents, and define the AC components of
the modulation functions of the arms. Nearest level modulation
is used to generate the IGBT firing signals [27].
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Fig. 2. Control system of the CH-MMC.

The employed per phase circulating current suppression
controllers (CCSC) modify the modulation index in an effort
to suppress the second-order current harmonics from the
converter arms [27], [28]. These controllers dominantly inject
small second-order harmonic components into the modulation
functions of the phase-legs to suppress the circulating currents,
which largely contain second-order harmonic currents.

The horizontal and vertical energy balancing controllers
modify the DC and AC components of the modulation func-
tions for the HB and FB chain-links. The conventional imple-
mentation of vertical energy controller that ensures the upper
and lower arms of each phase-leg have the same total average
capacitor voltage is adopted [28]. The per phase horizontal
energy controllers ensure that all three phase-legs have the
same mean DC voltage to prevent DC circulating currents
between the phase-legs.

In CH-MMC with asymmetrical ratio of HBs and FBs (e.g.
75% HB-SMs and 25% FB-SMs), explicit horizontal energy
controllers are required to ensure correct voltage or energy
sharing between the FB and HB chain-link of each arm.
These controllers primarily introduce a small DC component
into the modulation function of the HB and FB chain-link of
each arm. Typically, the set-point for the per phase horizontal
controller defines the total arm blocking voltage or energy.
Fundamentally, the necessary condition for SM capacitor
voltage balancing is that the energy exchange between the SM
capacitors of the HB and FB chain-links, and both chain-links
with the AC side, must be zero as described in (6) and (7).

T
EHB/J; = f (mHB . iarm/‘k(t)) dt=0 (6)
0

T
EFB/‘J; = f (mFB . iarm/-,k(t)) dt=0 (7)
0

The DC offset of the modulating signal myp and mgp of the
HB and FB chain-link is manipulated in order to ensure that
the HB and FB chain-links exchange zero net energy or active
power with the AC side. Modulation index mpyp and mpp are
adjusted according to the SM energy as shown in (8) and (9).
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III. HVDC Grip ToroLoGY

The meshed HVDC grid illustrated in Fig. 3 will be used
to assess the performance of the proposed fault management
strategy when CH-MMCs are used. The test system is mod-
elled with the PSCAD/EMTDC simulation tool. All converters
are modelled as CH-MMCs with asymmetrical ratio of FB-
SMs to total number of sub-modules, which can be set to an
arbitrary value (between 0% and 100%). All converters are
modelled based on extensively validated average value mod-
elling, in which appropriate measures are taken to accurately
represent the converter behavior during blocking state [29].
All converters have 350 sub-modules and the capacitance is
calculated assuming the same minimum inertia constant of
30ms (or 30kJ/MVA) as suggested in [30].

All transmission media are assumed to be DC cables,
which are represented based on the frequency-dependent cable
model available in PSCAD library, and the parameters are
adopted from [31]. The network is operating at +£320kV in



a symmetric mono-pole configuration, in which converters
C1 and C2 are configured to control the active power, while
converters C3 and C4 employ DC voltage droop control to
regulate the DC system voltage. Moreover, all converters are
configured to control reactive power. AC grids are modelled by
a voltage source and their equivalent short-circuit impedance
that comprises of a series resistance and inductance. Strong
AC networks are assumed at all terminals to demonstrate the
performance of the fault management strategy for high fault
current levels. The main parameters of the HVDC grid and
CH-MCCs with 25% ratio are summarized in Table I. The
converters’ operating conditions are also shown in the table.

. F2 L12 ‘
cl é 200km €2

Gl

B Protective Relay
X DCCB

ENDIC -

Fig. 3. HVDC grid test system.
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TABLE 1. System and converter parameters.

Parameter Value
Nominal DC voltage + 320 kV
Rated AC (line-to-line) voltage 400 kV
Short circuit ratio of AC grids 15
X/R of AC grids 10
Rated power (C1~C4) 1000 MVA

700,700,-800,-600 MW
100,100,—100,—100 MVAr

Active power setpoint (C1~C4)
Reactive power setpoint (C1~C4)

Total number of SMs 350
Arm inductance 42 mH
Arm resistance 0.08 Q
Total FB-SMs capacitance 125.68 uF
Total HB-SMs capacitance 41.89 uF

IV. DC FauLr MANAGEMENT STRATEGY
A. Converter Behaviour during pole-to-pole Faults

Pole-to-pole faults have severe consequences on the safety
and operation of HVDC grid and consequently, they must be
isolated as quickly as possible. It is worth reiterating that the
bespoke design of CH-MMC being perused in this paper aims
to extend the time frame for fault detection and isolation so as
effective protection coordination with slow mechanical DCCBs
in the order of 5 ms to 15 ms becomes technically feasible
[15], [16], [32]. The fault behaviour of the CH-MMC in this
time frame can be divided into two stages.

1) Fault current prior converter blocking: This stage initi-
ates when travelling waves induced by the fault reach the con-
verter after a short propagation period through the transmission

medium, resulting in the discharge of sub-module capacitors
into the fault and causing a rapid increase of the fault current.
As the converter retains controllability in this stage due to the
active capacitor voltage balancing algorithm, equal discharge
of the SM capacitors of the arms will be observed. The rate
at which the SM capacitors discharge is largely limited by the
arm inductance and the effective DC side inductance (current
limiting inductor and DC cable inductance). In the worst-case
of a DC fault at converter DC terminals, the fault network can
be considered as an equivalent RLC circuit as follows

2Rarm
R =

2Larm
+Rp. L=+ Lpc. C=6:-Cop  (10)

where R, is the fault resistance, Lpc is the DC current
limiting inductor, Ry, Lam and Cg,y, are the converter’s arm
resistance, inductance and capacitance, respectively. The fault
current flowing to the DC fault can be derived as

() =e" [ZVDC \/gsin(wt) + Iocos(a)t)] (11)

R 1 R\? 1 :

where 0 = 37, W = 76— (Z) ~ \/; and Iy is the pre-
fault current. This stage lasts until the worst-case converter
arm current hits the pre-set over-current threshold, or until
the DC link voltage has fallen below a specified threshold.
Alternatively, the converter can block upon DC fault detection,
if required.

2) Fault Current after converter blocking: This stage starts
once the converter blocks, which subsequently triggers block-
ing (switching off) of the IGBTS of the HB and FB chain-links.
The latter contribute to a build-up of reverse voltage, which
helps to reduce the DC fault current.

During normal operation, approximately 50% of the SMs
are inserted, hence N SMs (equivalent to one arm) contribute
to the fault. The contribution of each phase to the fault current

is determined by

(12)

Cs M (d(uj,u_uj,l))
Lpaunr, = e

——(2Nrp — 1
N( rB— 1) 7

From (12) it is observed that the fault current can be
controlled according to the number of FB-SMs in each arm.
However, in case where Npp is less than approximately 50%
of N, the total reverse blocking voltage capability is less than
the peak AC line-to-line voltage, V/(@*. This results in the
over-voltage of FB-SM capacitors, until the total phase FB
chainlink voltage matches V¢*. The voltage rise in the FB-
SMs is determined by the magnitude of the DC fault current
in each phase ifq;, and the total capacitance of the FB-SMs
Crp and is described by

T
Ven = [ igoundi+ Vi, (13)
Crp Jo !
where Vg B is the initial voltage of the FB chainlink of phase j
the moment the second stage initiates. To enable the fault-ride
through functionality of the converter, the capacitors should
be designed to withstand overcharging for a short period of
time, and for their protection, a maximum allowable limit on



FB-SM over-voltage should be set, beyond which the FB-
SM capacitors are bypassed (using similar techniques as in
HB-SMs, e.g. dedicated thyristors [14]). In this work, this
limit is set to 1.6 p.u., which has been found to be adequate
even when slow mechanical DCCBs are employed. Moreover,
equation (13) indicates that the higher the value of Crp and
hence, the higher the individual FB-SM capacitance Cgy—pp,
the slower the rate of voltage increase in the FB chainlink.
Consequently, another method to limit the over-voltage rate
until fault clearance is to utilize capacitors of greater size.
Once the fault current is cleared, all sub-module voltages will
converge to their pre-fault level due to the separate employed
capacitor voltage balancing control.

As shown from equation (12), a higher ratio of FB-SMs to
total number of sub-modules results in lower current in each
arm, which in turn leads to a reduction in total fault current. To
illustrate this effect, a solid P2P DC fault is applied at location
F1 (shown in Fig. 3) on cable 13, 1 km away from converter
C1 and the cable current of the faulted pole is shown in Fig. 4a
for different ratios R of the CH-MMC, without enforcing the
capacitor over-voltage limit. The current limiting inductance,
Lpc, is set to S0mH and the circuit breaker operation time is
assumed to be f,,=15ms. The fault is applied at time t=0.1s.
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Fig. 4. Effect of R on (a) Cable fault current and (b) Maximum value
of FB-SM voltages.

In the initial stage of the fault, the cable current is composed
of the SMs capacitor discharge current and the current contri-
bution from the adjacent cables. The effect of ratio R during
this period is minimal and the rise of fault current is mainly
determined by the DC inductor size. Around 7=1.025ms, the
converter blocks, and the fault current is regulated. It is evident
that in comparison with lower ratios, R=25% and R=35% lead
to a more profound reduction in the fault current, which is
controlled within a reasonable range until the DCCB operates.

Moreover, the maximum value of the FB-SM capacitor
voltages for all arms for the entire fault duration is depicted
in Fig. 4b for all ratios. As the fault current flows through the

FB-SMs, the capacitors continue to charge, leading to voltage
increase. It is evident that ratios lower or equal to 15% lead to
rapid increase of FB-SM capacitors voltage. For R=25%, even
for a fault at very short distance, an extended time window
of reverse DC voltage is provided and the maximum voltage
reaches 1.76 p.u. approximately 15 ms after the fault. The
charging of the FB-SM capacitors is further restrained in the
case of R=35%, where the voltage rises to 1.35 p.u.

It can be argued that the significant fault current limitation
bestowed by the use of at least 25% ratio implies that the
current stresses on system components are decreased and that
the time provided for protection system response and fault
isolation can be significantly extended; therefore, slower but
less expensive DCCBs can be utilized. As a consequence of
the blocking action of the converter, power transfer capability
during and after fault clearance is lost, as well as the ability
for ancillary services provision to the connected AC grids.
Nevertheless, since the converter remains blocked only for
a short period of time (10-20 ms) only to allow for slow
mechanical DCCBs to operate, the influence on the connected
AC grid can be minimized.

B. Converter Behaviour During pole-to-ground Faults

When a pole-to-ground fault occurs, the voltage of the
faulted pole collapses to zero. On the other hand, the healthy
pole can experience a significant over-voltage up to twice
the nominal voltage. To mitigate the impact of the fault on
the HVDC grid and to ensure continuous operation of the
converters, when a P2G fault is detected, the voltage reference
is set to 0.5 p.u.

To accomplish 50% reduced DC voltage operation during
P2G DC faults, the DC components of the upper and lower
arm voltage being contributed by the FB chain-links are
adjusted. In this way, the required number of FB-SMs to allow
controlled operation at 0.5V, during P2G faults is 25%, as
described by (4). Thus, the modulation functions for the upper
and lower arms become

mjy = Myc - cos(wt) +0.25 (14)

mj; = —Myc - cos(wt) + 0.25 (15)

The issues that are overcome in the event of P2G faults and
the benefits of using the CH-MMC converter with R=25% are:

» Healthy pole over-voltage avoidance: The P2G voltage
of the healthy pole can be maintained at nominal; hence,
the risk of DC cable insulation failure is prevented.

« Fault current elimination. The controlled operation at
50% of the rated DC voltage retains the ability of the
converter to synthesize the full AC grid voltage and con-
trol active and reactive power, while also the uncontrolled
flow of AC current from the AC grid is eliminated. Also,
the DC currents associated with the rise of healthy DC
pole across the DC grid can be dramatically reduced.
In cases where DCCBs of the HVDC grid are designed
for interrupting fault currents originating only from P2G
faults rather than P2P faults, the DCCBs current breaking



and energy absorption capabilities can be greatly reduced,
or even instead of DCCBs, high-speed DC switches with
reduced cost and footprint can be employed.

» Mitigation of DC offset in converter transformer volt-
age. In HB-MMCs, converter transformers are exposed
to severe DC voltage stresses during P2G DC faults. In
contrast, with the utilization of the CH-MMC, the DC
voltage stress on transformer can be reduced to iVDc-
The DC offset can be further reduced when using a higher
ratio R.

« Continuous HVDC grid operation. During P2G DC
faults, the proposed converter retains full control of active
and reactive power exchange with the connected AC
grids. Since the DC grids operate at %VDC, they retain
at least half of the rated power capability, which can lead
to faster post-fault power flow restoration.

C. Proposed DC Fault Management Strategy for HVDC Grids

Based on the aforementioned discussions, the CH-MMC
with at least R=25% is promoted for the proposed DC Fault
Management Strategy (FMS) for CH-MMC based HVDC
grids, which requires coordination with local protection relays.
Taking converter C1 of Fig. 3 as an example, the basic
flowchart of the FMS along with the coordination scheme
with the protection relays are shown in Fig. 5. Since P2G and
P2P faults require different fault handling techniques, the FMS
receives information from the protection relays about whether
a P2G or P2P DC fault is detected, and then activates the
corresponding measures for the converter. This process takes
place at each converter station individually.
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Fig. 5. Flowchart of the proposed FMS.
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To detect every probable fault on any cable of the HVDC
grid, protection relays are placed at both poles of each cable
end. Owing to the fact that DC faults have distinctive impact
on DC voltages, under-voltage is used for fault detection. If

both poles are affected a P2P fault is detected, otherwise a
P2G fault is detected.

Moreover, DC cable faults are cleared selectively to ensure
continued operation of the remaining HVDC grid. Towards
this aim, fault discrimination is performed by protection relays
to identify the faulted cable and issue a trip command to
the corresponding DCCBs. Recent proposed DC protection
solutions offer discriminative protection at very high speeds
(less than 100us signal processing time) [9]-[12]. Neverthe-
less, a simplified non-unit protection method based on du/dt is
employed, in which pole voltage measurements are used with
a sampling frequency of 20 kHz. It is worth noting that du/dt
is selected in this paper for illustration only, and the proposed
FMS is applicable for any fault discrimination method that is
employed, including unit protection techniques.

Also, a Central Grid Controller (CGC) is introduced for
exchanging information between converters, if required. Due
to the severity of P2P DC faults and the requirement for fast
fault clearance, the fault management strategy for P2P faults
precludes the use of the CGC. On the contrary, in case of
a P2G fault, the CGC is employed to coordinate converter
actions before commencing grid restoration process after fault
clearance. More details on the fault management strategy
and the sequence of events during P2P and P2G faults are
subsequently provided.
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(a). Fault management strategy for P2P faults.
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(b). Fault management strategy for P2G faults.

Fig. 6. Sequence of events during the fault management strategy.

1) Sequence of events for pole-to-pole faults: Fig. 6a shows
the sequence of events when the FMS is activated for a P2P
fault that occurs at #p and starts to propagate in the HVDC
grid. The fault is detected by the corresponding protection



relays at instance #4,. Provided a P2P fault is detected, the
FMS initiates when any converter arm current Iy, exceeds
the maximum overcurrent limit, 7,,,,,=1.8 p.u., or when the DC
link voltage V, falls below the peak AC line-to-line voltage,
Vie™. In this way, unnecessary blocking of the CH-MMC in
the event of non-critical faults with limited impact (e.g. highly
resistive faults) is avoided.

Following activation of the FMS for a P2P fault, the
converter HB-SMs and FB-SMs will be blocked, prompting
the FB chain-links to gradually recreate the reverse DC voltage
as explained in Section III-A. During this process, the voltages
of all FB chain-links are continuously monitored. If any of the
FB chain-link voltages exceeds the maximum allowable limit
VEB—max=1.6 p.u., all FB-SMs of the converter are bypassed
to protect the SM capacitors. When the fault is discriminated
by the protective relays of the faulted cable, a trip signal
is generated for the corresponding DCCBs, which trip after
the operation time, 1., has elapsed. The converter exits the
strategy when information is received by the corresponding
relays that the fault is successfully is cleared. Once the DCCBs
are opened and the converter exits the strategy, grid restoration
process will start, at time t,.;. To ensure security of the FMS
during P2P faults, a dead time dr=5 ms is introduced between
circuit breaker operation, at #,,_,,, and the grid restoration
starting time, t,,;. For converters in which the FMS has been
activated but are not connected to the faulted medium, the DC
fault is deemed to be cleared when time (¢, + dt) has passed
after fault discrimination stage.

It is worth noting that fault discrimination is realized by
the protection relays independently from the converter actions.
Therefore, the converter may block during or after the fault
discrimination stage, depending on the impact of the DC fault
on converter voltage and arm currents. Moreover, the strategy
can be activated for all converters of the HVDC grid or at
least for the local converters (i.e. connected to the faulted
medium). If blocking of only local converters is required,
appropriate measures should be taken, (e.g. use of high line
inductor value), for ensuring that arm over-current or under-
voltage limits of the remote converters are not violated. It is
worth noting that for P2P faults, the FMS is applicable for any
ratio R of the CH-MMC, while for the effective operation of
the strategy during P2G faults, a ratio of R>25% is required.

2) Sequence of events for pole-to-ground faults: Fig. 6b
shows the corresponding sequence of events when the FMS
is activated for both temporary and permanent P2G faults.
When the P2G fault is detected by the local protection
relays, activation of the FMS is triggered at each converter
terminal individually, and the modulation signals for the upper
and lower arms of all grid converters are modified based
on equations (14) and (15). Voltage controlling converters
set DC voltage reference to 0.5 p.u., while converters that
regulate active power also reduce their active power orders
in proportion to the DC voltage to avoid overloading of the
DC cables. As the proposed CH-MMC design is able to retain
controllability during P2G faults, the FMS remains active until
the protection systems perform fault identification, (i.e. to
identify whether the fault is temporary or permanent). Since
all converters participate in the fault management process in

an effort to achieve controlled operation of the HVDC grid,
knowledge of fault nature, i.e., temporary or permanent, is not
required instantaneously. Therefore, this paper assumes that if
the fault is not deemed temporary within 180ms (Z,¢m — fger),
then a trip command is sent to the DCCBs of the faulted cable.

For P2G faults, the central grid controller is utilized to
ensure that all grid converters exit the strategy and resume nor-
mal operation almost simultaneously. When the CGC receives
information that either a temporary or a permanent P2G fault
has been cleared, it distributes a grid restoration start signal
to all converters. To account for the communication delay
between the grid controller and the converters, a conservative
fixed time delay 7;,=30ms is assumed.

V. PERFORMANCE OF DC FAuLT MANAGEMENT STRATEGY

The enhanced DC fault ride-through performance of the
CH-MMC and the performance of FMS during P2P and P2G
faults are assessed in this section using the illustrative meshed
HVDC grid of Fig. 3. Various values of ratio R, current
limiting inductances Lpc, and operating speeds of DCCBs
tyr, are tested to evaluate the performance of the DC fault
management strategy over a wide range of scenarios and to
provide an operating envelope for the proposed strategy.

Initially, a sensitivity analysis for the size of the current
limiting inductance is performed and its impact on pole-to-
pole fault current is investigated. Subsequently, the FMS is
evaluated and the fault response of the CH-MMC based HVDC
grid in terms of voltage and power recovery times is assessed.
Finally, exemplary P2P and P2G fault cases are selected and
discussed to further demonstrate the effectiveness of FMS for
handling DC faults.

A. Impact of series inductor

The size of current limiting DC inductors is one of the
dominant factors that determine the rate of rise of fault current,
and directly affects the available time margin for protection
response. To investigate this effect, 50, 100 and 200 mH DC
current limiting inductors are selected for further analysis. The
maximum fault currents observed in DC cable current values
are depicted in Fig. 7, for different values of R of the CH-
MMC, when a solid P2P fault is applied at location F1. This
fault location has been selected due to its direct proximity
with converter C1 and because three cables are connected to
the same terminal. This study aims to reveal potential trade-
offs between the R ratio of the CH-MMC, magnitude of Lpc
and DC circuit breaker operating times. In other words, the
study aims to identify potential savings in the size of minimum
current limiting inductance required to enable the use of a
range of existing mechanical circuit breakers, with operating
times ranging from 5 ms to 15 ms [15], [16].

The observations drawn from the results in Fig. 7 are
summarized as follows:

o For R>25%, a significant decrease in fault current is

achieved when compared to R<0.25%.

o In comparison to R=0% (i.e. typical HB-MMC), the

proposed R=25% achieves a reduction in peak DC fault
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current of 40.5%, 47.5% and 41.5% for Lpc=50, 100,
200 mH, respectively, when f,,=15ms.

« It is worth noting, that the differences between R=35%
and R=25% are marginal in all scenarios, and the ob-
served current magnitudes for both ratios are almost iden-
tical for all DC circuit breaker operating times. Similar to
the case shown in Fig. 4a, the maximum current values
are observed in the early stage of the fault, i.e. within
Sms in Fig. 7a and within 8ms for Fig. 7b and 7c.
Afterwards, both ratios achieve successful regulation of
the fault current at lower levels for an extended period
of time as long as the FB-SM capacitor voltages remain
below the designated limit (1.6 p.u.).

In summary, the above discussion shows that the customized
current suppression capability exhibited by FB chain-links of
the CH-MMC for various R values can replace or minimize
the required current-limiting role of series inductors when the
proposed FMS is adopted. The reduction observed in the fault
currents with the increase of R is practically meaningful as it
leads to reduction in DCCB current breaking capacity.

B. Fault Management Strategy Evaluation for pole-to-pole
Faults

As P2P DC faults provoke serious disruption of power
flows across HVDC grids and the surrounding AC networks,

the priority is to minimize the power flow interruption by
quick isolation of the faulted section; however, the cost of
fast acting hybrid DCCBs to realize such an approach can be
prohibitive. An alternative approach as proposed in this paper,
is to create a shielding state in which the converter terminals
must contribute to minimization of magnitude and duration of
system wide power flow interruption, and facilitation of rapid
resumption of power flows to pre-fault or new post-fault states.
The indicators used to assess DC grid recovery from a P2P
DC fault are the DC voltage and power flow recovery times.
The former and the latter represent the times that DC voltage
and power recover within +5% of the nominal voltage and
+10% of the post-fault steady state power flow, respectively.
This subsection assesses the extent of improvement in
HVDC grid performance when FMS and CH-MMC are em-
ployed, considering the cases listed in Table II, which are
denoted by A, B and C. In cases A and B, converters Cl
through C4 of the four-terminal HVDC grid of Fig. 3 are
simulated as CH-MMCs with R=0% and 25%, respectively,
when also the minimum DC side current limiting inductance
that is required to prevent blocking of remote converters is
used (calculated using the approach presented in [7]). Recall
that R=0% resembles conventional HB-MMC. Based on the
findings of the previous subsection, Case C uses R=25% and
Lpc=50 mH (significantly smaller than that in cases A and B)
to demonstrate the broader benefits of FMS, when temporary
blocking of the FB chain-links of all CH-MMCs is permitted
based on DC under-voltage or arm over-currents thresholds.

TABLE II. Case studies for FMS evaluation for P2P faults.

Case Study Description Comment
A HB-MMC (R=0%) Local converters are
with high Lpc allowed to block
B CH-MMC (R=25%) Local converters are
with high Lpc allowed to block
c CH-MMC (R=25%) All converters are

with Lpc=50mH allowed to block

Fig. 8a, 8c and 8e, and 8b, 8d and 8f present the DC voltages
of converter terminals C1 through C4 and their respective
active powers for each case, when the DC grid in Fig. 3 is
subjected to a solid P2P fault at location F1 and the DCCB
operating speed (#;,) is set to 10ms. At this operating speed, the
calculated minimum DC side current limiting series inductance
to prevent blocking of remote converters (C2 and C4) is 320
mH. The main observations drawn from Fig. 8 are:

o The continuous operation of the remote converters is
maintained in cases A and B, in which DC voltage
collapse is observed only at DC terminals of converters
C1 and C3 (the nearest to the fault point).

« The use of CH-MMCs with R=25% in case B instead of
conventional HB-MMCs leads to a reduction in voltage
and power recovery time by 30% and 19%, respectively.

« Despite the temporary blocking of all converters, it is
evident that case C leads to much faster power and voltage
recovery times when compared to the base-case A, i.e.,
35% and 50.3% reduction in DC voltage and power
recovery times, respectively.
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Fig. 8. System transients for fault F1 for all case studies (#,,=10ms).

Furthermore, Fig. 9 displays the most affected arm current,
the upper arm of phase A of converter Cl, which is the
nearest to F1. It can be seen that the use of CH-MMC leads
to reduced peak arm currents during the fault. In detail, the
arm current reaches 3.31 p.u. for case A, while the maximum
observable current in case B is limited to 2 p.u. The peak arm
current is further reduced to 1.8 p.u. in case C, even though
a significantly smaller current limiting inductance is used.

-2 —— Case A
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—— Case C ||

Arm current [p.u.]
I
_
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Time [s]

0.14 0.16

Fig. 9. Comparison of arm currents for all case studies. The arm
current shown is the upper arm of phase A.

The same P2P fault is repeated for different DCCB op-
erating times and the observed voltage and power recovery
times are summarized in Fig. 10. For cases A and B, the
derived series inductor values for #,,=5, 8, 10, 12, 15ms are
Lpc=110, 230, 320, 425 and 590 mH, respectively, while in
case C, Lpc=50 mH. For cases A and B, as the circuit breaker
operating speed increases, a higher inductor value is required
to ensure continuous operation of the remote converters, while
also system recovery times increase. Case C exhibits much
faster recovery times than the other cases, a trend which
remains consistent for all DCCB operating times. The results
suggest that temporary blocking of all CH-MMCs leads to

improved converter and system response during DC faults.
In addition, incorporation of sizeable series inductors is not
required, thus reducing DCCB cost and footprint, and avoiding
their interference with the upper level converter controls that
may lead to erratic behaviour during post-fault recovery.
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Fig. 10. Voltage and power recovery times for all cases.

For a more rigorous performance assessment of the FMS
under P2P DC faults, several fault locations are simulated,
in which all converters are permitted to participate in the
proposed FMS (as performed in Case C). In the assessment,
solid P2P DC faults are applied in the beginning, middle, and
end of each cable of the HVDC grid. Table III summarizes
the average voltage and power recovery times for different 7,
and R, with Lpc fixed at SOmH.

TABLE III. Average voltage and power recovery times for P2P faults.

FB-SM Voltage Recovery [ms] Power Recovery [ms]

Ratio DCCB speed, 1, [ms] DCCB speed, 1, [ms]
[%] 5 8 10 12 15 5 8 10 12 15
0 105 125 147 235 343 100 139 162 183 209
15 92 99 124 188 266 78 126 142 151 163
25 69 77 91 149 205 65 71 81 95 116
35 67 73 86 129 188 61 68 77 86 107

The main conclusions of this study are the following:

« In comparison with HB-MMC (R=0%), it is evidently
clear that the DC voltage and power recovery times
reduce consistently as the ratio R increases.

» Ratio R=25% reduces power recovery times to less than
4-5 fundamental cycles for DCCB operating times up to
12 ms. This reinforces the benefits of the CH-MMC and
the proposed DC fault management strategy, i.e. reduced
protection requirements in terms of DC fault detection
speed, series inductor size and breaking operation speed,



without significantly compromising DC grid security dur-
ing DC faults, and the speed of power system restoration.

o Moreover, use of R=35% for the CH-MMC further im-
proves system recovery time for DCCB with a slower
operating time than 12 ms.

C. Exemplary pole-to-pole Fault

For a detailed demonstration of the DC fault behaviour
of a HVDC grid that employs CH-MMCs (R=25%) and
operates under the fault management strategy for P2P faults,
an exemplary fault scenario is selected, in which a solid fault
is applied at location F1 at time 7=0.1s, when Lpc=50mH
and #,,=8ms. Selected simulation results are shown in Fig.
11. Within a short time from fault inception, the FMS is
initiated at all converters, at different time instances depending
on the moment the converter blocking criteria are satisfied.
Meanwhile, protection relays of cable L13 discriminate the
DC fault and send a trip command to the cable DCCBs. The
main observations are summarized as follows:

« Fig. 11a shows that the activation of the FMS has led to
brief collapse of DC voltages at all converter stations and
to relatively fast recoveries, approximately 100ms after
fault inception.

o Fig. 11b shows that the proposed FMS significantly
reduces the converter DC currents and thus, the DCCBs
let-through current and breaking capacity.

o The temporary loss of controllability over the active and
reactive powers exchange with the surrounding AC grids
has led to brief interruption of power flows across the DC
grid, which are re-established in less than 80ms as shown
in Fig. 11c and 11d.

o Fig. 11e and 11f display the DC voltages across the HB
and FB chain-links of all arms for the most affected
(nearest) converters (C1 and C3). It is evident that in
the moment the fault management strategy starts, HB-
SMs are blocked, while the FB-SMs that provide counter
voltages are charged by the fault current. In this way,
higher counter voltages are generated in the arms of
the CH-MMC, which aid to suppress the AC-side fault
current contribution as well as the DC fault currents. It
is worth mentioning that the capacitor over-voltage limit
(1.6 p.u.) is not reached in any of the converters’ arms.

« Following fault clearance, all HB and FB chain-links
briefly exhibit disturbances and eventually converge to
the nominal set-points as designated by the horizontal
controllers.

o Fig. 11g and 11h show the upper arm currents for the
same converters. It is observed that converter arm currents
remain within normal operating range.

D. Exemplary pole-to-ground Fault

This subsection illustrates the performance of the proposed
FMS when the HVDC grid is subjected to a permanent P2G
fault at location F2 (shown in Fig. 3) on cable L12, 1 km away
from converter C1. R, Lpc and 1, are fixed at 25%, 50mH
and 8ms, respectively. The fault is applied at 0.1s and the
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Fig. 11. Exemplary P2P fault waveforms: (a) converter voltages, (b)
converter currents, (c) active power of CH-MMC:s, (d) reactive power
of CH-MMCs, (e) C1 chain-link voltages, (f) C3 chain-link voltages,
(g) C1 arm currents, and (h) C3 arm currents.
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Fig. 12. Exemplary P2G fault waveforms: (a) converter voltages, (b)
cable voltages at bus B1 (c) converter currents, (d) cable currents
at bus B1, (e) active power of CH-MMCs, (f) reactive power of
CH-MMCs, (g) C1 arm currents, and (h) converter C3 transformer
secondary voltage.

simulation results are presented in Fig. 12. When protection
relays in the proximity of each converter detect a P2G fault,
the FMS for pole-to-ground faults is activated. Followingly,
protective relays of cable L12 discriminate the DC fault as
internal. Since the fault is not identified as temporary within
180ms from FMS activation, a trip command is sent to
the DCCBs of cable L12. For the entire fault duration, all
converters participate in the fault management process and
controlled continuous HVDC grid operation is retained with
partial loss of power transfer capability. Following isolation
of cable L12, the CGC is notified that the fault has been
cleared and a grid restoration start signal is distributed to all
converters (assuming 30ms delay). The main observations are
summarized as follows:

« Fig. 12a shows that all converter DC voltages are halved
in a controllable manner, and after fault clearance they
are simultaneously restored to nominal value as a result
of the actions of the CGC.

« Fig. 12b shows the positive and negative pole-to-ground
voltages at the cables connected to bus B1 (DC bus of
converter C1). It is evident that the DC voltages of the
faulty poles are collapsed to zero, while those of the
healthy poles are maintained at nominal level.

« Moreover, it can be noticed from Fig. 12¢ that shortly
after fault detection, the converter currents are controlled
at the pre-fault set-points. With the employed FMS, the
current of the faulted cable (/};) decays rapidly towards
zero as shown in Fig. 12d.

« After P2G fault detection, converters operate at almost
half of the prefault power setpoints, as demonstrated
in Fig. 12e. Once the fault is cleared, power flows are
quickly re-established. Owing to the continuous operation
of the HVDC grid, reactive power flows are marginally
affected (Fig. 12f). It is evident that the proposed FMS
allows the converters to retain controllability for the entire
fault duration and thus, the capability to provide ancillary
services to the connected AC networks.

» Fig. 12g shows that the nearest converter to the fault
is not experiencing current stresses in any of each arms
throughout the fault period.

o The converter transformer is experiencing a DC offset
equal to 1/4 of total Vpe (Fig. 12h). In comparison with
a converter transformer connected to a HB-MMC, the DC
offset is decreased by 50%.

VI. DiscussioN

The proposed fault management strategy that is developed
particularly for HVDC grids that employ the CH-MMC offers
a plethora of functionalities achieved at reduced capital and
operational costs. Table IV summarizes the findings of the
comprehensive quantitative studies presented in this paper,
in the form of high-level qualitative comparison, in which
the ratio R of the CH-MMC is varied, with emphasis given
to the following aspects: fault current contribution, breaking
speed, system recovery times in P2P DC faults, and continued
operation in the event of P2G DC fault. For completeness,
a qualitative loss indicator, which assumes that the converter



total semiconductor loss varies proportionally with ratio R, is
provided in Table IV.

It is evident that the CH-MMC with 25% ratio represents
an attractive option for the practical realization of the of the
proposed fault management strategy, in which the HVDC grid
P2P and P2G fault performances can be achieved at reasonable
overall costs (capital and running costs). At granular level, the
sensitivity analysis has shown that the CH-MMC with R =25%
offers practical compromises in terms of the magnitude of
the fault currents that the mechanical DCCBs can interrupt,
and the system recovery times following DC faults clearance.
Furthermore, it has been demonstrated that the CH-MMC
with R =35% can lower fault current during P2P faults and
further extend the time window for the protection systems.
However, the enhanced fault performance of the CH-MMC
with R > 35% is achieved at the expense of increased cost of
semiconductor losses over project lifetime. It is worth stating
that the overall performance improvement in the latter case,
with R =35% is marginal compared to that with R =25%.

TABLE IV. Comparison between different ratios of the CH-MMC.

Performance indicator R=15% R=25% R =35%
Converter fault current medium low very low
contribution (P2P faults) y
Break'l ng Sp e(?d high low very low
requirements
System recovery time
(P2P faults) low very low very low
Continuous operation o es os
(P2G faults) - 4
Converter transfomer DC hich low very low
offset (P2G faults) & R
Converter losses low medium high

Even though the R=25% has been put forward as a mini-
mum requirement for achieving all the desired functionalities
for technically sound and cost-effective HVDC grids, the final
design in a particular project may differ, depending on the
required balance between practical design considerations and
broader system operational objectives and priorities, which
are beyond those accounted for in this paper. For example,
in certain scenarios where the extended downtime is allowed,
the P2P DC fault-ride-through may not be a stringent require-
ment. In such cases, CH-MMC with lower R ratios might
be adopted, and the proposed FMS can still be used to
coordinate protection actions, reduce fault currents and for the
effective use of DCCBs with reduced requirements. However,
continued operation during P2G DC faults cannot be achieved.
In conclusion, the proposed FMS may be tailored according
to the given requirements in order to mitigate the capital and
operation costs, and ensure the desired degree of full or partial
controllability during DC faults.

VII. CoNcLUSION

This paper has proposed a DC fault management strategy
for HVDC grids that employ CH-MMCs, in an effort to
align the security of supply requirements of HVDC grids
with those of the conventional HVAC grids, while at the
same time maintaining the affordability of total system cost

at reasonable levels. Initial parametric studies have revealed
that the 25% ratio, the number of FB-SMs with respect to the
total number of sub-modules per arm of the CH-MMCs, is
critical for the proper operation of the proposed FMS and its
effective coordination with DCCBs. Furthermore, simulation
results from a representative 4-terminal meshed HVDC grid
have demonstrated that the proposed FMS enables continu-
ous operation during pole-to-ground faults, and fault-tolerant
operation with minimum power flow interruption during pole-
to-pole DC faults. It has been shown that the current limiting
modes of the CH-MMCs enable the extension of fault clear-
ance times to levels compatible with the mechanical DCCB
operation times, and significantly reduce the magnitudes of
fault and arm currents during pole-to-pole DC faults. In this
way, DCCBs’ current breaking capacities are reduced using
significantly smaller current limiting series inductances. Also,
it has been demonstrated that the proposed FMS results in
improved DC voltage and power recovery times with respect
to conventional HB-MMC based HVDC grids. The above-
mentioned features collectively, lead to a satisfactory trade-off
between cost, efficiency and DC fault-ride through capability,
which constitutes the proposed strategy an attractive option
for the technical and economical feasibility of future HVDC
grids.
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