IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

IEEE POWER & ENERGY SOCIETY SECTION

Received 3 March 2025, accepted 30 March 2025, date of publication 1 April 2025, date of current version 10 April 2025.

Digital Object Identifier 10.1109/ACCESS.2025.3556936

== RESEARCH ARTICLE

Fault Current Limiter and Mechanical DC
CB-Based Protection Against Valve-Side SPG
Faults in HB-MMC Bipolar System

MUHAMMAD USMAN “, YU-JIN KWAK, AND BANG-WOOK LEE ", (Senior Member, IEEE)

HVDC Electric Power Laboratory, Department of Electrical and Electronic Engineering, Hanyang University, Ansan 15588, South Korea
Corresponding author: Bang-Wook Lee (bangwook @hanyang.ac.kr)
This work was supported in part by Korea Institute of Energy Technology Evaluation and Planning (KETEP) grant funded by Korean

Government of the Ministry of Trade, Industry, and Energy (MOTIE) through the DC Grid Energy Innovation Research Center under Grant
20224000000160; and in part by KETEP of Republic of Korea under Grant 20225500000150.

ABSTRACT Valve-side single-phase-to-ground (SPG) faults are atypical yet critical for the operation of
half-bridge (HB) Modular Multilevel converter (MMC) bipolar or asymmetrical monopolar systems. For the
impacted converter station, these faults may result in non-zero crossing currents on the connected AC grid
and cause significant overvoltage on upper arm submodule (SM) capacitors. This article presents an SPG
valve-side fault mitigation strategy using a power electronic (PE) fault current limiter (FCL) installed at
the grounded terminal of the MMC converter, along with a mechanical DC breaker on the DC transmission
line. The FCL transfers converter ground current to a resistive branch during the SPG fault, resulting in zero
crossing currents on the AC side of the grid, thus ensuring fault current clearance by grid-side AC circuit
breakers. Moreover, the proposed topology limits the fault current magnitude, reducing the impact of SPG
valve-side faults on the AC grid. The discontinuous DC line current is cleared by a fast mechanical DC circuit
breaker, halting the charging of the upper arm SM capacitor and limiting the overvoltage stress on converter
insulation. In addition, the severity of upper arm SM overvoltage in case of SPG fault in long distance HB-
MMC bipolar links has been assessed, and the prospect of a passive oscillation DC circuit breaker to curb
such overvoltage has been demonstrated. The effectiveness of the protection topology has been verified
through PSCAD/EMTDC software and compared with previously proposed SPG fault clearance methods.

INDEX TERMS MMC-HVDC bipolar links, dc circuit breaker, passive oscillation dc circuit breaker, single-
phase valve-side MMC fault, PSCAD/EMTDC program.

I. INTRODUCTION

The goal of bulk power transmission through long-distance
DC interconnections has attracted the attention of energy
subsidiaries and researchers toward bipolar VSC-HVDC
links, in contrast to the existing systematic monopolar
scheme [1], [2]. Such links can be operated as an asymmetric
monopole during single-pole maintenance, ensuring reliable
power supply [3], [4]. Currently, NORDLINK, rated at
+525kV/1.4 GW, is one of the world’s latest bipolar systems
in service [5], [6]. Transformer/valve-side single-phase-to-
ground (SPG) faults are rare but peculiar issues in MMC-VSC
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bipolar converters that have gained attention in recent
years [7], [8], [9], [10], [12], [13], [14], [15].

An SPG fault in a half-bridge (HB) MMC station with low-
impedance grounding results in non-zero crossing currents
on the AC grid, which cannot be cleared by grid-side AC
circuit breakers (ACCB) [9]. Issue of non-zero crossing grid-
side currents could be resolved by utilizing full-bridge (FB)
MMC topology at the expense of additional power electronic
components [8], [10], [14]. Additionally, MMC upper arm
submodules (SM) experience capacitor charging during the
blocked state, which results in upper arm overvoltage,
straining the insulation of the converter station. Permanent
or temporary SPG faults between the converter valve and
transformer occur due to insulation failure or flashover at
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wall bushings that separate them [8]. Corrosion or water
infiltration in valve cables could also lead to SPG faults.

Various methods to resolve the above-discussed internal
HB-MMC converter fault have been devised in [9], [11],
[12], [13], [14], [15], and [22]. These methods can be
classified into three categories: dedicated equipment-based
methods, auxiliary converter-circuitry based methods, and
hybrid MMC converter methods (combination of half-bridge
submodules (HBSM) and full-bridge submodules (FBSM).
Dedicated equipment methods, as the name implies, consist
of protection equipment on either the AC or DC side of
the converter station. For example, the Skagerrak HVDC
transmission system utilizes earthing breakers on the grid-
AC side [11], artificially converting valve-side SPG faults
into three-phase faults to produce zero-crossing currents
at the grid-side. However, slow AC circuit breaker (CB)
operation, coupled with prospective voltage drops, might
compromise the stability of the AC grid. Similarly, [9]
proposes an RL grounding circuit for MMC converters to
achieve zero-crossing current on the grid-side. However,
a large inductor in the RL circuit is required to guarantee
continuous zero-crossing currents on the grid-side until the
ACCBs can clear SPG fault, which results in a higher
magnitude of post-SPG fault valve-side voltage on healthy
phases, ultimately worsening upper arm submodule (SM)
overvoltage, as empirically demonstrated in [9]. Additionally,
a larger RL inductor would result in a higher transient
overvoltage across it during fault conditions and would
raise the insulation cost of the grounded pole. Double-
thyristor and anti-parallel thyristor-pair/damping-submodule
based methods deploy additional circuitry with SM modules
to mitigate SPG faults [12], [13]. These schemes respond
faster since they utilize power electronic components. Similar
to the auxiliary ACCB method, the double-thyristor method
produces a three-phase fault at the converter valve side, which
worsens the fault current flowing through the lower arm’s
power electronic equipment and the converter transformer.
The latter method creates discontinuous conduction intervals
in the lower arm currents through the damping modules in
the MMC converter, which are ultimately cleared by the
anti-parallel thyristor-pair module. However, the number of
thyristor pairs required to withstand post-fault line voltage
stress is high, leading to significant steady-state power
losses [13]. In the hybrid SM method [14], a high FBSM-to-
HBSM ratio in the lower arm is required to avoid lower arm
SM overvoltage, which diminishes the economic advantage
offered by the hybrid-MMC [16]. In [15], a grounded
thyristor loop is introduced in a Hybrid-MMC station (with
reduced FBSMs) to clear SPG faults However, an SPG
fault in such a scheme cannot be cleared until the DC-
side fault current is cleared which depends on the blocking
of the remote converter station. Additionally, the inclusion
of extra circuitry within the MMC converter increases its
vulnerability to further faults.

This article proposes a ground-side fault current limiter
(FCL)-based SPG fault mitigation method. The utility of
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FCLs in suppressing the rate-of-rise of fault current during
conventional DC pole-to-pole and pole-to-ground faults has
been demonstrated previously, assisting HVDC converter
stations or DC circuit breakers in clearing such faults [17],
[18], [19], [20], [21], [22]. During steady-state operation,
FCLs do not restrict current flow, having negligible influence
on the power grid. However, once a fault is detected, the
FCL resists the flow of fault current, assisting in fault
current clearance. Depending on the fault current limiting
mechanism, FCLs can be primarily classified as resistive
or inductive types [17], [18]. The scope of this paper is
to assess the application of FCLs on the converter ground
for SPG valve-side fault mitigation, which has not been
investigated previously. It is not intended to devise a novel
FCL topology in this manuscript. As implied from [12]
and [13], induction-type FCLs would not be suitable for
converter station grounding. Resistive-type FCLs can be
further classified as power electronic (PE) resistive FCLs and
superconductive FCLs (R-SFCL) [19], [20], [21]. Here, a PE-
FCL s utilized to mitigate SPG valve-side faults in HB-MMC
bipolar systems.

Recent researches address the upper arm SM capacitor
charging by blocking it utilizing anti-parallel thyristor
pair [13], [14]. Although high-speed DC circuit breakers (5)-
10 ms) could prevent upper arm SM capacitor charging, they
are not considered a viable solution for such overvoltage
faults due to their high cost and on-state losses (in the
case of hybrid DC CBs) [22]. However, because of the
discontinuous nature of line current and the relatively
slower progression of SM capacitor charging in the case
of blocked faulty HB-MMC converter station under an
SPG fault, mechanical DC CBs and passive oscillation-
type DC circuit breakers could be utilized for upper arm
overvoltage prevention. These DC CBs have a fault clearance
time of 14-30 ms but are more economical compared to
state-of-the-art DC CB topologies [23], [24]. The clearance
of conventional DC-side faults through the coordinated
operation of DCCBs and hybrid-MMC converter station
blocking has been investigated previously [25], [26]. The
utility of mechanical DC CBs in conjunction with blocked
faulty converter station in preventing severe SM overvoltage
has been investigated in this manuscript.
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FIGURE 1. General model of an HVDC HB-MMC point-to-point bipolar
link.
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Salient contribution of this manuscript include:

o Assessment of converter grounding PE-FCL in limiting
and clearing non-zero-crossing grid-side fault currents
caused by SPG valve-side faults in a bipolar MMC
converter station.

« Evaluation of the utility of a mechanical DC CB in
suppressing upper arm SM overvoltage, with and with-out the
blocking of the remote converter station.

o Challenge of upper SM overvoltage suppression for
long-distance overhead (OH) transmission line due to
non-zero crossing line current under SPG valve-side
fault have been investigated.

« Prospect of passive oscillation-type DC CBs to curb SM
overvoltage for long-distance OH MMC bipolar link
have been assessed, especially in cases where remote
converter stations are unlikely to be blocked due to
commutation delays or failures.

o A comparison of the proposed SPG valve-side fault
mitigation technique with the existing solutions have
been presented.

This paper is further organized as follows. Section II
provides a brief description of the considered +320 kV
bipolar VSC-MMC link, along with an empirical analysis of
the impact of SPG valve-side fault on the upper and lower
converter arms. In Section III & IV, FCL and DC CB method
is employed to resolve issues caused by SPG fault, while
Section V compares the presented methods with previous
ones. Finally, Sections VI and VII provide a generalized
evaluation and conclusion, respectively.

Il. HB-MMC TOPOLOGY DESCRIPTION
Assessment of SPG valve-side fault is carried out in a
+320kV OH HB-bipolar link as depicted in Fig. 1, with
system parameters provided in Table 1. The bipolar converter
station can be solidly grounded, grounded through a resistor,
or use RL grounding method. In a converter station with
high-resistive grounding, the grid-side current exhibits zero-
crossing behavior, as negligible fault current flows through
the lower arm of the converter [12]. However, to avoid higher
insulation costs and the need for increased air clearance at
the grounding pole, ideally, both converter stations should be
solidly grounded. For a point-to-point HVDC link with one
high-impedance grounding MMC station, the other converter
station has to be either low-resistive or solidly grounded so
that earth current can flow during normal operation [27]. In a
high-impedance grounded converter station, the advantage of
alow-rated earthing pole is lost. Furthermore, the steady-state
post-fault voltage on the healthy pole could reach up to 2 p.u.,
while detection and clearance of ground faults are difficult
for high-impedance grounding [27], [28]. In low-resistance or
solidly grounded systems, SPG faults result in a distinct grid-
side current. Given the advantages of low-resistive grounding,
this study considers solidly grounded HB-MMC converters.
Each pole of the bipolar configuration can operate as an
independently controlled asymmetric monopolar link; hence,
only the +ve pole of the HVDC system is investigated in this
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TABLE 1. Parameters of HB-MMC bipolar DC link.

Converter station
1" (Active power control) & 2™ (V. control)
Power rating per pole 750 MW
DC rated voltage +320 kV
Submodules per arm 40

Parameters

Transformer leakage reactance 0.1 p.u.
Transformer ratio (kV/kV) 230/175
Submodule capacitor 5.1 mF

AC frequency 60 Hz

Arm inductance (Lgm) 50mH

Arm resistance (Rgym) 0.2Q
Pole reactor 50 mH

Modulation Index (m) 0.89

section. A frequency-dependent transmission line model is
used in PSCAD/EMTDC software to accurately simulate the
transient response of a 400 km long transmission line. The
AC side of the grid is modeled as an R/L-L equivalent circuit
with a short-circuit ratio of 2.6 @ 85.9° [29]. Transmission
line parameters are presented in Appendix of this manuscript.

A. SPG FAULT CHARACTERISTIC AT UPPER ARM

Fig. 2 depicts the +ve pole of considered HB-MMC converter
system. The converter transformer is in a Y/A configuration,
which eliminates zero-sequence currents on the valve side of
the MMC converter [7]. When an SPG fault occurs, a large
fault current flows through the MMC SMs, causing the SM
capacitors to discharge. As a result, the converter station is
immediately blocked after fault detection (within 2ms). Once
the converter station is blocked, the upper arm SMs behave
differently from the lower arm SMs due to the current’s
direction [12]. The impact of valve-side SPG on lower arm is
discussed in the next section. In case of HB upper arm SMs,
fault current could traverse from +ve pole towards the valve-
side via SM capacitors and diode path. Equivalent model
of upper arm SMs is shown in Fig. 2 (a). The maximum
cumulative voltage across upper arm SMs (1, ), assuming the
lower arm current is blocked, can be expressed as:

diy 4
_upper . /
- Rarmlx_upper - ux(x =a,b,c)

ey

tyxy = Ve — Larm

where, V;. is +ve pole voltage, Ly, and Ry, and arm
inductance and resistance respectively. While «, is post-fault
valve-side ac voltage and ix_pper is arm current. If valve-side
SPG fault occur on phase ‘a’, the post-fault valve-side phase
voltages can be expressed as follows: u), = 0, u;, = -usp and
u.. = uca. From (1), it can be inferred that the upper arm
SMs charge only when the potential difference across them
exceeds the SM voltage capacitors. The maximum upper arm
overvoltage (i,x_max) after periodic charging of SM capacitor
can be estimated as:

Uux_max = Ve +max |ux| + AVge = (1 + 0.866m) V4,
+AVye (2)
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FIGURE 2. (a) Equivalent circuit of +ve pole of a bipolar link in the case of SPG valve-side fault at phase ‘a’ of power receiving converter. (b) SPG fault

equivalent circuit on AC side of the converter station.

AV, represents the change in dc voltage due to transients
after the converter enters the blocking state. The maximum
valve-side voltage (max |uy|) is /6 times the valve-side pre-
fault phase voltage U,, which is related to V. and modulation
index ‘m’ as:

Ur =mVae2V2 (0<m<1) )

For the considered transmission system, m is estimated
to be 0.89. Thus, from (2) & (3), uyx max = 1.77Vy. for
healthy phases (b and c). For faulted phase (a), 4,4_max €quals
Viae+AVge.

In the event of communication failure or delay during
SPG valve-side fault, the opposite/remote converter station
might not be blocked. If the SPG fault occur at DC voltage
and reactive power (V4.-Q) controlling converter, unblocked
active power controlling remote converter (RC) would rapidly
rise transmission line voltage, resulting in upper arm SM
overvoltage of about 2 p.u. for healthy valve-side phases [14].
Therefore, either HB-MMC converter insulation should be
designed to withstand such faults or an effective protection
scheme is needed to be implemented.

B. SPG FAULT CHARACTERISTIC AT LOWER ARM

The fault current from the converter ground is fed into the
transformer delta winding through the lower arm freewheel-
ing diodes of phases b and c, ultimately flowing out of phase
a to the fault location, forming a current loop, as illustrated
in Fig. 2(b). The fault ground resistance (Zy) is considered
zero to emulate worst-case scenario. During an SPG valve-
side fault, the blocked lower arm conducts the fault current
in a single direction through the submodule (SM) diode
only (without involving the capacitor), thereby preventing
capacitor overvoltage. The insignificant lower arm current
(ia_tower) of faulty phase a, due to arm inductance, decays
to zero, as shown in Fig. 2(a). During the fault condition,
the following relationship between healthy valve-side phase
voltages and lower arm phase currents (i, and i.) can be
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deduced:

“

di .
[ Up = UAB = Larm% + ipRarm,
di .
Ue = UCA = _Larmf — 1cRurm,
The initial condition for healthy lower arm currents for (4)
can be estimated as:

i (0+H) =i (0-) =L, &x=b,0) )

By substituting (5) into (4), lower-arm currents can be
expressed as (6):

. _ Rarm
iy = Ay sin (ot + @) — By cos (wt + ¢,) + Cye Larm !
RarmUn
Rgrm*‘r(CULarm)z

x =

— _ 0LamUp
Bx - Rgrm*f’(CULarm)z
Cy = I + By cos (¢x) + Ay sin (¢y)

(6

Due to delta configuration, post-fault valve-side phase
voltage (i) can be expressed as line voltages: u, =
U, sin (wt + ¢,) during SPG fault [9]. Where, U, is the
peak line voltage, w is AC system frequency, and ¢, is the
post-fault phase angle of the healthy phase. Since Ry is
negligible, A, can be ignored, while B, can be approximated
asv2 U x/®Lgrm. Thus, the healthy-phase lower-arm current
can be presented as a combination of aperiodic and periodic
components, as expressed in equation (7) and in [13]. From
equation (7), i, and i, can be estimated as follows:

. Un _ Rarm t
iy =1L+ cos (@) | e Larm
®Larm
Uy

wLgpm

cos (of + ¢x) @)

Ryrm and Ly, are estimated to be 0.2€2 and 0.15H respec-
tively. The aperiodic DC component [Ix + (V2U «/®oLarm)
cos (¢x)] in (7) does not decay significantly for several
hundred milliseconds, clamping the lower-arm current. The
lower-arm current remains +ve due to the continuous
unidirectional nature of the free-wheeling diodes, which
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almost conduct current throughout the entire AC cycle. The
ground fault current, iy can be expressed as shown in (8).

ip +ic = if, ®)

From Fig. 2(b), the relationship between converter trans-
former’s valve-side phase and line currents can be formulated
as (9), Where, isp,ipc and icq are line currents on
transformer delta side.
lqg = IAB — iCA,
ip = IBC — iAB, ©)
lc = icA — IBC,
The grid-side of the transformer is in wye formation with a
turn ratio K. Therefore, current transformer delta-side line
currents could be expressed in terms of grid-side phase
currents (igq, 1y, &) as:
iap = Kiy,/v/3,
ipc = Kifg,b/x/g, (10)
ica = Kiy./V/3,

The grid-side phase current waveforms can be estimated in
terms of valve currents i, and i, from (9) & (10).

o = —K N3(2ip + i),
iy = K N3 — ic). (11)
e = K /\/3(ip + 2ic),

From (11), It can be inferred that i:'za and i;,;c would have a
non-zero crossing waveform due to aperiodic components in
ip and i.. while, i;,b exhibits a zero-crossing behavior during
an SPG valve-side fault.

IIl. GROUND FCL BASED VALVE-SIDE SPG FAULT
MITIGATION

As analyzed in Section I, if the DC offset of i}, and i, can be
quickly attenuated, the grid-side currents can be clamped to a
zero-crossing value during a valve-side SPG fault, which can
be cleared by ACCBs. This can be done by resistive damping
of the lower arm of MMC converter station. Additionally,
from (6), resistive damping would result in reduction of By,
which dictates the magnitude of periodic element in i, and .
This could limit the magnitude of grid-side fault current i:g,a
and iy, and curb the impact of SPG fault on the connect AC
grid.

This paper proposes power electronic fault current limiter
being installed at the MMC station ground ‘G’ (where RL
circuit or ground resistance is placed) as shown in Fig 3. The

FCL consists of main power electronic branch, resistive
branch and surge arrester branch. The PE branch is in on-
state before fault inception thus offering negligible resistance
to ground current during normal operation. Once the SPG
fault is discriminated the PE branch is blocked. This cause
the ground fault current ir to be commutated into the resistive
branch which ultimately produce zero-crossing current on all
three phases at AC-grid side which can be cleared by ACCBs
with in 100ms after SPG fault detection.
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FIGURE 4. (a) Basic Model of Power electronic FCL. (b) FCL consisting
diode-bridge & IGCT based PE module. (c) IGBT-diode bi-directional PE
module. (d) Depiction of multiple PE module FCL.

The basic structure of FCL model is depicted in Fig. 4(a).
The PE branch module is composed of two series connected
IGBT modules in opposite direction along with anti-parallel
diodes for bi-directional current conduction as shown in
Fig. 4(c). Furthermore, FCL module with reduced cost and
less full-controlled switches can be composed by bridge-
type PE branch consist of diodes D;-D4 and an Integrated
Gate-Commutated Thyristor (IGCT) or IGBT as shown in
Fig. 4(b). The diode bridge would conduct current only when
IGBT/IGCT is in on-state. The PE branch, based on FCL
voltage rating, can be devised as a series combination of
multiple PE modules as depicted in Fig. 4(d).

From (6) and (8), it can be estimated that i initially
contains a large DC component, which is damped within
1-2 AC cycles due to the FCL resistance. Consequently,
a surge arrester branch is installed across the FCL to restrict
the initial overvoltage across the PE branch. This measure
significantly lowers the required withstand voltage across the
PE branch, resulting in a reduction of on-state losses. The
FCL is installed at the converter station grounding, which is
typically designed with a low basic insulation level (BIL).
That is advantageous in terms of ground-side equipment
costs, such as lower insulation costs of arm inductor and
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air clearance. The upper limit of the FCL and surge arrester
voltage rating is thus defined by the grounded pole BIL. For
a £320 kV bipolar link, a practical example of a switching
impulse protection level (SIPL) of 150kV @ 10kA for ground-
side surge arrester is presented in preview literature [7].

From (6), the damped i, and i. (after the aperiodic
component has decayed swiftly) due to the FCL resistance
can be estimated as shown in (12).

. Ly Uy
iy = — cos (wt + ) (x =b,c) (12)
! (Requ)2 + (C’)Larm)2 ’
Here, R4y is the resistance, which constitute of equivalent
FCL resistance on each healthy lower arm. From (11)
and (12), the magnitude of the grid-side fault current can be
estimated. The PE branch voltage rating can be calculated
as irR.

A. SIMULATION VERIFICATION
The impacted converter station is blocked 2ms after SPG
fault inception, assuming that the converter fault detection
system or blocking mechanism can be triggered within this
period, as suggested in the previous literature [12]. However,
to discriminate an SPG fault, zero-sequence current on the
valve side of the converter station, which is zero under
nominal conditions due to balanced upper and lower arm
currents, can be utilized [30]. This balance is lost during
an SPG fault due to different in fault current conduction in
the upper and lower arms of the faulty converter station,
as explained in Section II, which can be exploited for SPG
fault detection. The FCL PE branch is blocked 1.5ms after the
MMC converter station is blocked to account for the added
delay in discriminating the SPG fault. PSCAD/EMTDC
simulations are conducted without a DC pole reactor to
emulate the maximum ground current before the MMC

=

Valve-side
Current (kA)
(=)

Grid-side
Current (kA)

3 3.02 304 3.06 3.08 3.1
time (s)

FIGURE 5. Valve and grid-side current waveforms during an SPG
valve-side fault at low impedance grounded MMC converter station.

converter is blocked. Empirical investigation of the grid-
side and valve-side currents during an SPG fault in a
low-impedance grounded bipolar system is validated by the
waveforms depicted in Fig. 5.
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FIGURE 6. Grid-side current (iga” & igc’) w.r.t varying FCL resistance.

Fig. 6 depicts impact of variance in FCL branch resistance
on grid-side current. It is observed that zero-crossing grid
current can be achieved from FCL resistance as low as
5. However, higher FCL branch resistance of 202 & 50€2
restrict the peak grid-side fault current to 2 and 1.2 times
the steady state respectively as assessed by (12). This curbs
the impact of the SPG valve-side fault on the connected
AC system until it is cleared by the grid-side ACCBs.
Fig. 7 depicts that the FCL branch resistance is inversely
related to MMC ground-side current during an SPG fault.
Although the freewheeling diodes in the lower arm of the
MMC converter are designed to withstand the peak current
and heat losses incurred during an SPG fault [12], higher
FCL branch resistance would further reduce the lower arm
diode current for the healthy phase, ultimately reducing the
diode’s heat loss (Izt). However, a large resistance FCL
could increase the insulation requirements on the converter
station’s ground side. For instance, with a 502 FCL, the
peak overvoltage reaches up to 178kV, as depicted in Fig. 8.
Therefore, a tradeoff between the converter ground-side BIL
and grid-side AC current restriction during an SPG fault
would have to be made. Nevertheless, for an FCL resistance
branch of 20€2, the ground-side overvoltage remains below
the SIPL of the surge arrester and the converter’s ground-
side BIL, for a practical £320kV bipolar HVDC system as
discussed earlier.

' ' f+R= 5000 =R=20Q=R= 50
—~ 0 A Y F oeacl
YN T
;ﬁ: N WAl
= ]
10+ | .
E \
215} — 1
O - FCL PE branch blocking
_20 | inception -15 > s ™ — Converter blocking .
3 302 3.04 306 3.08 3.1 3.12

time (s)

FIGURE 7. Ground-side current at faulty MMC converter station w.r.t
varying PE-FCL resistance.

The surge arresters’ VI characteristics in PSCAD, with
maximum continuous operating voltages (MCOV) of 62kV,
132kV, and 162kV, are utilized for 52, 202 and 502 FCL,
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FIGURE 8. Prospect of voltage across FCL with varying branch resistance
during an SPG-valve-side fault.
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FIGURE 9. (a) P.E branch topology (b) Stack design for P.E branch.

respectively, and are tabulated in Table 2. The total energy
absorbed by the FCL surge arrester during an SPG fault is
depicted in Table 3.

B. PARAMETRIC DESIGN OF P.E. AND RESISTANCE
BRANCH

It can be inferred that the P.E. branch is required to conduct
ground-side current during steady-state operation. Thus, the
designed P.E. branch must be able to carry the continuous
grounded pole current and reliably withstand the thermal
stress associated with it under normal conditions. For the
HVDC system described in Section II, with an estimated
ground current of 2.34 kA, the IGBT-diode P.E. branch,
as depicted in Fig. 4(c), can practically be modeled using
a series combination of 4.5kV/3kA StakPak IGBT-diode
modules (SSNA3000K452300) [32]. Since the peak ground
current could exceed 3kA during SPG fault, a parallel
combination of StakPak IGBT modules would be utilized for
higher current handling capability. For instance, a 202 FCL
with a surge arrester rated at 132 kV requires 31 units of
5SNA3000K452300 modules. As the post-SPG fault ground
current reaches a peak magnitude of 4-5 kA before it is
cleared/commutated by the P.E. branch, two parallel semi-
conductor modules would be utilized, as depicted in Fig. 9(a).
The cooling system for power electronic systems is designed
based on power losses incurred due to continuous DC ground
pole current. The conduction/power losses (P..) associated
with each IGBT can be approximated by considering the
IGBT’s on-state zero-current collector- emitter voltage (Vo)
as the DC source voltage, with a collector-emitter on-state
resistance (R..o) in series [33].

. . 2
Pee = veeice = VeeOice + Rceolcgv (13)
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TABLE 2. Ground-side FCL surge arrester parameters.

FCL Resistance: 5Q, 20Q, 50Q
Arrester MCOV: 62kV, 132kV, 162kV

I kA Voltage (p.u.)
0.003 1
0.03 1.0271
0.1 1.0296
0.2 1.0332
0.38 1.0396
0.65 1.0493
1 1.0618
3 1.1333
12 1.2042
30 1.2604
200 1.7917

TABLE 3. Energy absorbed by FCL surge arrester during SPG fault.

FCL Resistance () Energy Absorbed (kJ)
5 402
20 1344
50 3673

where, v., and i, are the nominal collector-emitter voltage
and current, respectively. Similarly, the power losses across
the diodes (Pp) can be estimated using the diode’s on-state
resistance (R,,) and forward voltage drop (vrvp).

Pp = vpip = vevpip + Ronis, (14)

vp and ip are the instantaneous voltage drop and diode
current, respectively. According to [32] and [33], the PE.
branch (depicted in Fig. 9(a)), with a fault current handling
capability of 6kA, incurs steady-state power losses of 2.54kW
and 2.44kW in each current-conducting IGBT and diode,
respectively, for the nominal pole-ground current. These
losses must be managed by the thermal management system
of the P.E. branch. A practical PE. branch would be a
compact structure consisting of a busbar, isolators, a gate
unit, and semiconductor modules, with a cooling mechanism
to account for on-state power losses, similar to the load
commutation switch in a hybrid DCCB, as shown in Fig. 9(b)
[34]. The configuration of power electronic module used
in PE. branch as well as thermal losses associated with
them (as estimated here) dictate the physical size/foot print
of the P.E branch. A similar assessment could be carried
out to devise an IGCT-diode-based P.E. branch depicted
in Fig. 4(b). As discussed in Section III-A, higher FCL
resistor would require more power electronic modules with
more thermal management requirement overall i.e. for a fault
current handling capability of 6kA for 502 FCL with an
MCOV of 162kV require 40 x 2 StakPak IGBT.

The turn-off time for the StakPak IGBT module is 5.13us,
which is accounted for within the SPG fault discrimination
and P.E. branch turn-off time delay (1.5 ms) considered in
Section III-A. The rate of rise of the ground fault current is
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limited by the transformer impedance. Therefore, the turn-off
time delay of the StakPak IGBT has an insignificant impact
on the peak P.E. branch current before it is commutated.
Furthermore, to curb the rate of rise of the fault current in
case the turn-off time delay of a power electronic module is
significantly high, a ground pole reactor could be installed.

The FCL resistive branch is not required to conduct ground
pole current during the pre-fault condition and thus does not
require a cooling mechanism to handle steady-state losses.
Consequently, it can be modeled as a Neutral Earth Resistor
(NER) [35]. The physical size and thermal management
requirements for such a resistor would be similar to those
of an RL grounding NER, which does not conduct current
during steady-state conditions [9]. However, the NER should
be able to withstand the energy dumped (tRiJ%) in the resistor
during SPG valve-side fault mitigation.

HVDC NER’s can be manufactured from high-temperature
stainless steel alloys, offering fast cooling and stable
resistance over the device’s lifespan as compared to liquid
resistors that cool down slowly [35]. For example, RP resis-
tors are constructed from a continuous stainless steel strip
wound edgewise into oval coils. These coils are supported by
rigid ceramic insulators and can handle high temperatures of
up to 1100°C without strain. Such material is also efficient
at packing large resistor mass into a compact space. As the
FCL branch can be modeled using versatile off-the-shelf
power system equipment, its exact dimensions and footprint
depend on the power electronic components used, as well as
its thermal management system and resistive branch material.
This section only analyzes the necessary constraints and
properties that need to be assessed to devise a practical
grounding FCL.

IV. SM OVERVOLTAGE SUPPRESSION BY

MECHANICAL DC CB

As discussed in section II, the upper arm SMs capacitor of
the faulty converter station get charged after it is blocked.
For the considered modulation index (m), the upper arm SM
overvoltage could reach to 2 p.u. if the remote active power
controlling converter station is not blocked, as estimated
by (2). The charging process won’t terminate until the grid-
side ACCBs isolate the fault or until the SM capacitors
charge to their maximum limit. Therefore, it is crucial to
terminate this charging process before the insulation of the
MMC converter station is compromised.

Fig. 10 depicts the nature of the current in the faulty
converter station during an SPG fault after the station is
blocked. It is observed that the DC line current falls to zero
after several milliseconds. This occurs because the charging
of the upper arm SM capacitors in the impacted converter
is a periodic process; the SM capacitors are charged only
during the negative half-cycle of the valve-side voltages.
Furthermore, the charging duration is reduced with each
AC cycle due to the high SM voltage from the previous
cycle. As a result, the current conduction duration is also
reduced, as observed at the +ve converter pole. For the
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considered 400km transmission line, the pole current reaches
its first zero-crossing at approximately 30ms and 48ms for the
blocked and unblocked remote converter, respectively. The
remote converter would be blocked either by local protection
mechanisms or by a blocking signal from the faulty converter.
A remote converter blocking delay of 5ms is included to
emulate communication delay. It is inferred that the pole
reactance has an insignificant impact on the time required
to reach the first zero-crossing of the pole current. A pole
reactance of 50mH was chosen for comparison in Fig. 10.

From [13], the change in SM capacitor voltage, AV, can
be estimated as:

AV, Par (15)
“ 7 3V4Coum

where, At is the time period between the power-receiving
converter blocking and when the SM capacitor charging
stops. Cspy is the equivalent arm capacitor. The higher the
power transmitted (P) and Af, higher the SM capacitor
voltage (> 1.866mV 4.). Its inferred from Fig. 10 that the pole
arm current can be cleared using a mechanical breaker when
it reaches zero-crossing, preventing further aggravation of
SM overvoltage. Fig. 11 depicts the upper arm SM capacitor
overvoltage for three combination of protection strategies:

« RC blocked and mechanical DC CB operation.

« Remote converter unblocked and DC CB operation.

o Unblocked RC without DC CB
Upper SM capacitor reach voltage up to 1.88 p.u. for
the healthy arm until the fault is cleared by the grid-side
ACCBs after 100ms in the 3™ protection strategy. In the
case where a mechanical interrupter clears the fault with the
remote converter station blocked, the maximum SM capacitor
overvoltage is 1.3 p.u., significantly lower compared to the
estimated overvoltage without any protection scheme. The
mechanical DC CB in PSCAD is modeled as an ideal switch
that can only interrupt fault current when it reaches zero-
crossing, after 30ms of fault inception. Furthermore, it has
been noted that even without the RC station being blocked,
the mechanical DC CB limits the SM voltage to 1.68 p.u.
of the steady-state SM voltage. From a design point of view,
the converter station should be designed to withstand an SM
overvoltage of at least 2 p.u.; thus, the mechanical DC CB
method would effectively limit SM overvoltage during an
SPG valve-side fault, especially for a blocked remote power-
controlling converter.

A. IMPACT OF TRANSMISSION LINE LENGTH ON SM
OVERVOLTAGE

The length of the transmission line is expected to play a
crucial role in shaping the transient response of the line
current (affecting AVy.), as a longer transmission line would
have higher line inductance. For the considered bipolar
system, the length is varied between 100 and 1000 km, and
its effect on the upper arm SM overvoltage in healthy phase C
is assessed with mechanical DC CB protection, as shown in
Fig. 12. It is observed that for relatively shorter transmission
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FIGURE 12. Prospect of upper arm SM overvoltage w.r.t variation in

transmission line length and mechanical DCCB based protection
implemented.

lengths (100-400 km), the mechanical DC CB effectively
limits Az, which ultimately reduces AV, whether the remote
converter is blocked (RC-BLK) or not. However, for longer
transmission lines, due to the higher line inductance, the pole
current takes more time to reach zero- crossing, making a
mere mechanical interrupter less effective in limiting SM
overvoltage. SM capacitor overvoltage is most severe when
the remote converter is not blocked, reaching up to 1.81 p.u.
for an 800 km transmission line. It is also noted that for
a 1000km DC line, SM capacitor charging is interrupted
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earlier than for the 800 km line when the remote converter
is unblocked. This uncertainty in DC CB operation can be
attributed to the shorter zero-crossing period of the pole
current. In the case of RC-blocked, although it takes longer to
clear the DC line current using the DC CB, SM overvoltage
remains below 1.45 p.u. Thus, for very long-distance bipolar
ptp system, a different upper arm SM overvoltage suppression
strategy should be adopted to limit SM overvoltage during an
SPG fault.

B. PASSIVE OSCILLATION DCCB BASED SM OVERVOLTAGE
MITIGATION

For a multi-terminal DC system (MTDC), it is expected
that the remote power sending converter station might
not be blocked to ensure a redundant power supply to
healthy converter stations [13]. Additionally, the higher
the transmitted power (P) and the longer the transmission
line, the less effective the mechanical DC CB-based SM
overvoltage mitigation technique will be. In such scenarios,
passive oscillation-type DC CBs could be utilized to clear
the pole current within 20-30 ms. These DC CBs consist of
an LC branch and a surge arrester branch in parallel to a
mechanical interrupter (S1), as depicted in Fig. 13. The LC
branch produce artificial current zero-crossing in S; during
the current interruption process. After current zero has been
generated in the Sy, current is completely commutated into
LC branch while S; transitions to an open-state. This result
in rise in LC branch capacitor (Cp) voltage, which is clamped
by the parallel surge arrester branch. Once DC CB interrupts
the fault current, a residual breaker (S;) is utilized to clear
any residual current.

Previously, many passive oscillation type DC CB have
been devised [23]. In this manuscript, CIGRE passive
oscillation-type DC CB have been analyzed to clear DC
line current during an SPG fault. The LC branch resonance
frequency is 14.5 kHz. Further DC CB specifications are
shown in Table 4. modeling depth for the DC CB concerning
system-level studies in EMT software represents a trade-off
between computational burden and the required accuracy of
results. For system-level analysis, the mechanical interrupter
is usually modeled as an ideal switch, meaning it does
not account for internal physical phenomena and breaks
current on demand. Similarly, critical internal data like
current commutation and LC capacitor voltage stress are not
required in system-level studies. Moreover, detailed internal
phenomena are assessed during the DC CB design process in
EMT software with appropriate time steps. Thus, a simplified
model of the considered DC CB has been utilized in a bipolar
HVDC system [31]. S; and S; are modeled as an ideal
switch in PSCAD/EMTDC software, while the LC branch is
simplified by removing the inductance as shown in Fig. 13.
This setup can estimate the voltage waveform and energy
absorbed by metallic oxide surge arrester branch (MOSA)
during DC CB interruption process.
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TABLE 4. Passive oscillation type DC CB specification [23].

Type I Volt™ L C f Commutation
(kA) kV) (0H)  (0F)  (kHz) time (ms)
SFs 2.2 500 40 3 14.5 14

*Current, “"Voltage rating

Once the current is interrupted by the mechanical branch,
the LC branch capacitor charges, dictating the rate of rise of
voltage across the DC CB before it is clamped by the MOSA.
It should be noted that the considered simplified model has a
slight margin of error in estimating initial transient interrupt
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FIGURE 13. Depiction of a passive oscillation-type DC circuit breaker and
its simplified model for large DC network simulation.

voltage, as explained in [31]. However, for a large network
simulation, it reasonably estimates the transient interrupt
voltage, DC CB current, and surge arrester energy. Current
and voltage waveforms, as well as energy dumped in the
surge arrester branch for the considered DC CB at the
faulty converter station of an 800 km long point-to-point
(ptp) bipolar system, are shown in Fig. 14. Sy interrupts at
16 ms after fault inception. The energy absorbed by the surge
arrester is around 2.5 MJ, which is relatively lower than in
conventional applications of DC CBs, as the line current at
the time of interruption is 0.5kA (1/4 of the steady-state
current) during an SPG fault. After line current is interrupted,
S, is actuated to clear any residual line current at 25ms.
The pole current clearance limits arm SM overvoltage to a
safe limit (1.35 p.u.) for healthy phases in the 800 km long-
distance HVDC bipolar system as shown in Fig. 15. The
voltage-current characteristics of the surge arrester utilized
in PSCAD/EMTDC are shown in the Appendix.

V. COMPARISON WITH OTHER SPG FAULT
MITIGATION SCHEMES
A. SPG FAULT MITIGATION SCHEMES
The proposed mechanical DCCB-FCL strategy is compared
with previously proposed methods. Thus SPG fault is insti-
gated at the +ve pole of the power-receiving active power-
controlling converter station (rather than Vg4.-Q controlling
converter) within a 400 km HB MMC bipolar link. As a result,
the estimated upper arm SM overvoltage would be less severe
compared to the one discussed in Section IV.

Valve-side and grid-side currents, upper arm SM capacitor
voltage, and DC line voltage are assessed and depicted
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in Fig. 18 for the FCL-DCCB method, LR grounding
method [9], auxiliary ACCBs on the grid side [11], double
thyristor-based protection [12], mixed-SM methods [14],
Thyristor-pair/damper module method [13] and grounded
thyristor with hybrid MMC method [15]. An FCL branch
resistance of 302 is utilized with a surge arrester rating of
170@10KkA. To ensure current zero-crossing on the grid side
for 100ms in the RL method, R and L are set to 202 and
0.75H, respectively. Location of RL circuitin MMC converter
station is depicted in Fig. 3. In case of auxiliary breaker
method, the grid side is connected with grounding ACCBs
with a series resistance of 10€2 on each phase. During an SPG
valve-side fault, these auxiliary ACCBs are closed before the
grid-side ACCB operates, i.e., the auxiliary branch closes at
100ms after fault inception, producing a three-phase grid-
side fault, after which the ACCB clears the fault at 200ms.
For double-thyristor method, the converter’s SPG fault is
converted into an artificial three-phase valve-side fault within
2.5ms (after fault discrimination) by triggering the double-
thyristor modules in each lower arm. As discussed in [14],
to avoid lower arm overvoltage during SPG fault mitigation in
a mixed-SM converter strategy, at least m86.6% of the lower
arm bridge modules should be full-bridge. Therefore, 31 out
of 40 SMs are taken to be FBSMs for mixed-SM method.

For the thyristor-pair and damper module method [13],
depicted in Fig. 16, the lower arm is equipped with a resistive
damper module, which restricts the lower arm current and
creates a non-conduction interval while the converter station
is blocked; subsequently, the anti-parallel thyristor pair clears
the SPG fault. Here, the damper resistor is set to 5€2. The
upper arm consists only of anti-parallel thyristor modules,
as the negative voltage from the SM capacitor generates
zero-crossing, as explained in Section II-A. During normal
converter operation, the thyristor-pair/damper modules are in

the on-state, conducting the arm current. However, once
the SPG fault is discriminated from conventional faults, the
power electronic components of these modules are blocked.
The recently proposed grounded thyristor loop-based hybrid
MMC [15], reduces the required number of FBSMs to 7%
of the total SM to clear the SPG fault. The thyristor loop
when triggered creates a short circuit-loop across upper
and lower arms of the MMC, in addition to a temporary
three-phase short circuit on valve-side of the transformer.
The DC-side current is first interrupted using mechanical
switches (S; and S», as depicted in Fig. 17) after the RC
is blocked. Subsequently, the valve-side thyristor loop is
blocked, which clears the three-phase valve-side current at
the first current zero-crossing. For this study, the DC-side
mechanical breakers are set to clear the fault 18 ms after its
inception, after which the thyristor loop is blocked 0.5 ms
later.

SPG fault protection mechanisms are investigated either
with or without the remote converter being blocked. All the
studied methods achieve zero-crossing currents on the grid
side of the MMC converter (see Fig. 18). For the proposed
method, it can be seen that the grid-side current achieves zero
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FIGURE 16. Anti-parallel thyristor/damper module depiction on upper &
lower arms of phase b in HB-MMC converter, as presented in [13].

crossing and is limited to 1.6 p.u. of steady-state magnitude
before being cleared by the ACCBs. However, in the case of
an RL circuit, the grid-side fault current rises above 3 p.u.,
which may severely impact the voltage of the connected AC
grid before being cleared by the ACCBs at 100 ms. Moreover,
the current zero crossing in the case of an RL circuit is not
uniform, and large inductance could further elevate the upper
arm overvoltage (to 1.71 p.u.), as seen in Fig. 18(b). In the

59836

case of the auxiliary ACCB and double thyristor method, the
upper submodule (SM) overvoltage is limited to 1.27 p.u. and
1.25 p.u., respectively, when the remote converter is blocked.
However, an artificial three-phase fault further elevates the
grid and valve-side fault current magnitude (to 4-5 p.u.),
which could damage lower arm power electronic devices and
the converter transformer.

The mixed-SM MMC converter effectively clears or limits
the grid-side current once faulty converter station is blocked.
However, with this method, if the remote converter station
is not blocked, the upper arm SM overvoltage can reach up
to 2 p.u. Thus, for such a scheme, a separate upper arm
overvoltage mitigation technique must be deployed.

For the Thyristor-pair/damper module method, SM over-
voltage is restricted to 1.49 p.u. even with the RC unblocked,
and the grid and valve-side currents are cleared within 20 ms.
In the case of a hybrid MMC with a grounded thyristor
loop, SM overvoltage remains below 1.2 p.u., with the
SPG fault cleared within two AC cycles. However, if the
remote converter station is not blocked on time, the current
interruption time of the DC mechanical switches increases,
which can lead to premature blocking of the thyristor loop,
rendering it ineffective in clearing the artificial three-phase
fault. Furthermore, if the lower mechanical switch fails to
clear the fault, the voltage across the lower arm FBSMs
could rise to as high as 5 p.u., as shown in Fig. 19, severely
impacting the MMC station.

-y + }Idc
5 FBSM | FBSM [ | FBSM
Stack Stack Stack
Mechanical } : !
Switch HBSM HBSM HBSM
Stack Stack Stack
7B, TB: Ty
a Ugdva lga
RO
OB
Aﬁ ACCB =

TB;

= GND

FIGURE 17. Depiction of grounded thyristor loop & hybrid MMC based
SPG fault mitigation method [15].

For the compared methods, the upper SM module overvolt-
age cannot be suppressed reliably unless the remote converter
station is blocked, except for the FCL-DCCB and Thyristor-
pair/damper module method. In general, blocking the remote
converter station results in a larger overvoltage surge on the
healthy (-ve) pole of the bipolar system compared to when
the remote converter is unblocked.

VOLUME 13, 2025



M. Usman et al.: FCL and Mechanical DC CB-Based Protection Against Valve-Side SPG Faults IEEEACCGSS

Upper arm Valve-side Cirid-side DC Pole
Z13 (]l’l;;;e (). s 4k ~ 500 v
& .32 p.  Phasel | ] 2
212 ! : E‘?L B) g =2 <
L1 P o] = o
(ﬂ)%] . ¥ Phasc A E 0 g 0 El 0 ~unblocked RC
21 < g » = 4
= (1.14 p.u) 3 AN I i = RE
[ 5 i, i 4 -500 *——--blocked RC -ve
3 3.02 3.04 3.06 3 302 304 306 308 31 3 302 3.04 306 308 31 3 3.05 31 315
time (s) time (s) time (s) time (s)
~18 S 0 - 600
= l‘ha:eLw,_,,,,_’ e
EL6F(L71 pa) i 5 = St S 400
o ) <9
14 e = 1 T 2
(b)za P }311,51: B E 0 50 2 0
; 12 [« Phasc A (1.58 p.u.) 2 s g E—ZOO unblocked RC __--ve
@ (146p.u.) £ 400
-10 z
30302 304 306 308 3l 4 2, : 3l 315 32 325 33
43 300302 304 306 308 31 312 3 302 304 306 308 31 302 3365 31 315 32 325 33
time (s) time (s) time (s)
13 < 2 time (s)
~ [ Phase C_ 20 i 500
£ (1.25pu) - B =
=12 A S f z
(C)éu “Phase B 2 = & 0
g [ PhascA  (127pu) |5 0 £, < DlockedRC
5] = =
z (118 p.u) =3 s ‘ . ‘
3 30z 304 306 308 1 03 305 31 31s 32 3 305 31 315 32 3 3.05 3.1 315 32
time (s) time (s) time (s) time (5)
~ 12 T i 500
3 o = 10
: ~Phase C N z =
%‘I,WS a 1';\; w) Phase B 15 s ] By
(d)_én 11 Phase A (1.21 p.u) g0 G“;” 2
Zios + (1.03pu) ) O
= 5] =
Z 1 -10 -500
3 302 304 306 308 31 3 302 304 306 3.08 3.1 3302 304 106 308 3.1 3302 304 306 308 31
time (s) time (s} time (s) time (s)
- <o 4 ] 4 )
il_g Phase C s - Lgr’ —~ 400
) (1.92 p.u.y . o2 1T o >
516 - =2 2 g 200 +ve
(e) 2 Phase B =0 = ‘o o
S g 50 2 o0
2 (1.76 p.u.) £ £ 2
e Phase A 52 1E SN = . ——ve
s 0 3 3-2 tga < -200 unblocked RC —
= (1.57 pu.) 4 { Pt s A e
1 4 -400
33402 304 306 308 3.1 3302 304 306 308 31 3302 304 306 308 31 3 3.05 3.1 3.15
time (s) time (s) time (s) time (s)
= 10 7
;51_"4 ¥ Phasc C - S g _ s00f 2
i3 (142 p.u) é 5 fv‘ R g m
GE R = z £0 E
G PHEGE ~PhaseB | & 0 s 2 of
=1 ass (12pu)] B e = unblocked RC Ve
2 gy 02w & St \foeey R VP
Z & tga
-500t
3342 304 306 3.08 3 3 302 304 306 308 3 300302 304 300 308 31 3 3.05 3.1 315
time (s) time (s) time (s) time (s)
12 5
ERRE ™ =z Iz z 300
(g)g Phase A, B, C = = 5
£ (117 pu) g 5 g0
Z 105 5 & S blocked RC -
= LS5 o b2
2 N n ' . . 220 -500
3302 304 306 308 31 - 3302 304 306 308 31 30302 304 306 308 31 3 3.05 31 315
time (s) time (s) time (s) time (s)

FIGURE 18. Results of implementing the seven considered protection methods. (a) FCL and DC CB method. (b) The LR-circuit method.
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module method. (g) Grounded thyristor loop with hybrid MMC.

Although the proposed FCL-DCCB method requires
assistance from the ACCB on the grid side to clear SPG
faults, it is both economical and less prone to additional faults,
in contrast to the costly or complex fast SPG fault mitigation
techniques proposed in [13], [14], and [15]. Additionally,
it limits the grid-side fault current, reducing its impact on the
AC grid, the converter transformer, and the power-electronic
components of the MMC lower-arm healthy phases before
SPG fault is cleared.

B. ON-STATE POWER LOSES COMPARISON OF FCL-DC CB
AND THYRISTOR-PAIR/DAMPER MODULE METHOD

The proposed FCL-DCCB method and the thyristor-
pair/damper module method both restrict the lower arm
current to clear the SPG fault. However, damper modules
are used only to create a current-zero interval in the latter
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method, assisting the anti-parallel thyristor in clearing the
fault. Thus, the anti-parallel thyristor has to withstand the
post-fault side voltage. The required number of upper and
lower arm thyristor modules (N7y & Nrr) can be estimated
as (16) and (17) respectively [13].

(Vaig + Un)/Nru < Urny (16)
U./N1r < Urhy (17

Here, Vg is voltage difference between V4. and upper
arm SM capacitor voltage (u,,), while Urgy is maximum
thyristor withstand voltage. The damper module in the lower
arm of the MMC consists of an IGBT and a thyristor
connected in parallel with a resistive branch (as depicted
in Fig. 16). The number of IGBTs/Thyristors required for
the damper modules depends on the maximum voltage
applied across them during SPG fault mitigation. From (7),
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damper modules must withstand a cumulative voltage of:
[Ix + (2V2U . JwLgpm)cos (gox)] Rp, where Rp is the damper
resistance. For the case studied in section V-B, a damping
resistance of 5X2 requires a damper voltage rating of 44 kV in
each arm. For instance, if 4.5k V/3kA thyristor from Zhangbei
project were utilized [13], 10 dampers in series with a
resistance of 0.5€2 would have to be required.

)

—Failed DC-side Current Interruption
Successful DC-side Current [

5

Iy

| SRV
Current (kA)

SM Voltage (p.u

3302 304 306 3.08 3.1 3 3.02 304 3.06 3.08 31
time (s) time (s)
(a) (b)

FIGURE 19. Prospect of (a) lower arm FBSM voltage and (b) grid-side
current for the grounded thyristor loop & hybrid MMC method w.r.t the
failed interruption of DC-side current by mechanical switches.

In the case of the FCL-DCCB, upper arm SM voltages
during an SPG fault are suppressed using a mechanical DC
CB, which typically does not incur steady-state power losses.
Power losses due to the solid-state FCL depend on the number
of IGBTs or other power electronic components used in its
PE branch. For a 302 FCL, the post-fault current reaches
up to 5.14 kA during SPG fault mitigation. The PE branch
should be rated at >155 kV with a surge arrester rated at
170kV @ 10KkA. It can be inferred that required IGBT module
of a 302 FCL is similar to that of a 5 damper installed
on each lower arm of the HB-MMC converter in thyristor
pair/damper module method. Additionally, the FCL-DCCB
method eliminates the need for a large number of thyristor
pairs required to clear SPG faults in HB-MMC converter
stations.

Following are the distinguish features of the proposed
FCL-DCCB method as compared to pre-existing methods:

« In contrast to pre-existing SPG valve-side fault mitiga-

tion methods, the FCL-DCCB method suppresses MMC
grid (g, iy, &iy.) and valve-side currents (iy, i, &i)
before they are cleared by the ACCBs. This approach
limits the impact of the SPG fault on the connected AC
grid and MMC converter station equipment e.g. lower
arm diodes.

o The proposed method limits the upper arm SM over-
voltage (up to 1.32 p.u.) utilizing mechanical DCCB
which do not incur steady-state losses in contrast to
pre-existing thyristor-pair based upper arm SM voltage
suppression method.

e The FCL-DCCB method does not necessitate mod-
ifications to the converter station topology, thereby
minimizing the risk of additional converter station faults,
unlike the hybrid MMC approach with a grounded
thyristor loop, as presented in Fig. 19.

o Compared to the thyristor-pair/damper module method,
the proposed FCL-DCCB method eliminates the
requirement for thyristor-pairs in the upper and lower
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arms of the converter station for SPG fault clearance,

thereby have lower steady-state power losses.
In summary, the grounding FCL and DC CB methods
perform well in suppressing and mitigating SPG grid-
side fault currents and upper arm overvoltage, especially
when compared to conventional auxiliary equipment-based
methods. Although the proposed method requires a grid-
side ACCB to ultimately clear the SPG valve-side fault,
it can help avoid high on-state losses associated with fault
current clearing thyristor pairs on each upper and lower
arm of MMC converter in thyristor-pair/damping module
topology. Furthermore, techniques that involve implementing
additional circuitry within the converter station, such as the
grounded thyristor-loop with hybrid MMC, are more prone
to additional internal faults.

VI. GENERALIZED EVALUATION

To assess the efficacy of the proposed grounding FCL and
DCCB-based SPG valve-side fault protection at the MMC
converter station in a bipolar transmission system, extensive
time-domain simulations and empirical investigations have
been conducted.

Following are the salient assessments of this article:

o DC offset in Grid side currents (i;,a & i;,c) under an
SPG valve-side fault can be attenuated within a single
AC cycle with grounding FCL resistance as low as 5€2.
Thus, zero-crossing grid-side currents can be effectively
cleared by ACCBs.

o Higher FCL resistance can limit the grid-side fault
current magnitude in addition to attenuating the ape-
riodic component, thus reducing the fault’s impact on
the connected AC grid. For example, in the considered
bipolar system, 202 resistance could limit the fault
current magnitude to 2 times the nominal value.
However, the upper limit of FCL resistance depends on
the ground-side BIL of the MMC converter station.

« Exploiting the discontinuous nature of the pole current
during an SPG fault, mechanical DC CB have been
proposed to limit upper arm SM overvoltage, keeping it
below 1.5 p.u., if the remote converter station is blocked
(for the studied 400km, £320kV bipolar transmission
line).

o This paper analyzed the impact of transmission line
length on upper arm SM capacitor charging. A longer
transmission line, due to its larger line inductance,
tends to have a longer duration of non-zero-crossing
pole currents after the faulty converter station is
blocked. Consequently, mere mechanical DC CB
cannot effectively terminate SM overvoltage if the
remote converter station is not blocked. Furthermore,
the previously proposed anti-parallel thyristor pair
method [13], [14] would also take longer time to clear
such fault.

o The utility of cost-effective passive oscillation DC
circuit breakers (DC CBs) for upper arm SM overvoltage
suppression has been demonstrated for long-distance

VOLUME 13, 2025



M. Usman et al.: FCL and Mechanical DC CB-Based Protection Against Valve-Side SPG Faults

IEEE Access

TABLE 5. VI characteristic of the considered DC CB surge arrester.

Discharge current (kA) Voltage (kV)
0.01 483
0.1 494
2 526
6 555
8 563
10 570
14 581
20 590

HVDC bipolar lines or situations where the remote
converter station cannot be blocked (such as in MTDC
transmission systems). These DC CBs can clear line
current within 25-30 ms, limiting the upper SM over-
voltage to 1.4 p.u., as estimated from the simulated case
of an 800 km line. The energy absorbed by the DC CB’s
surge arrester is notably lower compared to conventional
pole current fault interruption, because the pole current
is already attenuated due to pre-charged SM capacitors.
Thus, the cost of such DC CBs can be further reduced
for SPG fault clearance application.

The proposed ground FCL and DC CB are effective in
clearing and limiting the impact of the SPG valve-side fault
on converter station peripherals without altering the MMC
converter topology.

Future research is required to assess alternative resistive
FCL topologies, such as superconducting FCLs, for their
application in converter station grounding to mitigate single-
phase-to-ground valve-side faults and other internal converter
faults.

VIl. CONCLUSION

Worldwide interest in bulk power transmission has led to the
development of HB-MMC HVDC bipolar systems. However,
a single-phase-to-ground fault at the converter station valve
results in AC grid-side current with a large DC offset in such
transmission systems, which conventional ACCBs cannot
clear. Additionally, such internal converter faults lead to
severe voltage in upper arm sub-modules. In this manuscript,
a dedicated grounding FCL and mechanical DC CB-based
SPG fault mitigation strategy is proposed. The presented pro-
tection topology, assessed using PSCAD/EMTDC software,
can effectively limit SPG grid-side fault current as well as
upper arm SM overvoltage, compared to other equipment-
based strategies. Furthermore, the proposed technique can
be integrated into conventional bipolar systems without
altering the converter station topology. Mechanical and
passive oscillation-type DC CBs ensure upper arm SM
overvoltage suppression without incurring steady-state power
losses. Although FCL incur on-state power losses, these are
less severe compared to the previously proposed thyristor-
pair/damper module method.

VOLUME 13, 2025

Mid-Span Sag-—¥—
19.1 [m] for Conductors]
17.g[m] for Ground Wirgs

Tm
11.9 [m]
a1 | @

L ®

4572 [m] 15.8 [m)

*e
. Tower: DC12

33.2[m] Conductors: chukar
Ground_Wires: 1/2_HighStrengthSteel

0 [m]

Aerial: Analytical Approximation (Deri-Semlyen)
Underground: Analytical Approximation (Wedepohl)
Mutual: Analytical Approximation (Lucca)

FIGURE 20. Overhead transmission line dimensions and configuration in
PSCAD.

APPENDIX

Dimensional aspects of the OH line used in this manuscript
are shown in Fig. 20. The SA branch VI characteristic in the
passive oscillation DC CB is tabulated in Table 5.
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