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Abstract—DC power supply systems utilising voltage source
converters offer several advantages compared with their counter-
parts in marine low-voltage DC power distribution networks. In
case of a two-level voltage source converter fed by a synchronous
generator which is widely employed, a solid-state circuit breaker
or a high-speed fuse is necessary for the converter protection
due to its no fault-handling function and low fault withstand
capability. However, the use of the solid-state circuit breaker and
the high-speed fuse makes such a DC solution expensive and less
reliable, respectively. Hence, this paper proposes a breakerless
protection method for the voltage source converter-based marine
DC power supply systems. The proposed method consists of
an artificial short circuit on AC side (between the generator
and the converter) and generator deexcitation. By employing the
proposed method, the fault energy passing through the converter
can be mitigated by the artificially generated short circuit
between them and the current from the generator finally becomes
zero by the deexcitation. This method allows for managing
the fault energy under the converter and generator withstand
capabilities without relying on the conventional breaking devices.

Index Terms—artificial short circuit, breakerless protection,
DC power supply systems, generator deexcitation, VSC

I. INTRODUCTION

At present there are three-dominant power supply sys-
tems for commercial marine low-voltage DC (LVDC) power
distribution networks (system voltage of around 1 kV and
power rating up to 20 MW): a six-pulse diode rectifier, a
six-pulse thyristor rectifier, and a two-level voltage source
converter (VSC), as presented in Table I. They can be fed
by a synchronous generator (SG), whereas the VSC can also
be coupled with a permanent magnet synchronous generator
(PMSG).

On one hand, for such a voltage level, the two-level VSC is
generally composed of insulated-gate bipolar transistor (IGBT)
modules (an IGBT with an anti-parallel diode in the module).
Unlike the VSC, the others are typically assembled with
press pack devices. As the fault withstand capability of the
IGBT module is lower than that of the press pack devices,
faster protection is required for the VSC protection. On the
other hand, the two-level IGBT-based VSC has no function
to control the fault current through the converter. Albeit the
VSC stops the IGBTs switching after fault detection, the fault

TABLE I: LVDC solutions for marine applications [1].
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current still flows through the anti-parallel diodes, acting as a
six-pulse diode rectifier.

Those are the main reasons why an ultra-fast solid-state
circuit breaker (SSCB) or a high-speed fuse has been em-
ployed for the VSC-based DC power supply systems [2],
[3]. However, the SSCB is not yet readily available on the
market and its expected cost may make the VSC-based DC
solution less competitive. Furthermore, the use of the high-
speed fuse for the power supply protection has an exceptional
disadvantage in protection reliability due to its high tolerance
and passive way of interrupting the current.

To achieve the VSC protection without relying on the SSCB
or the DC fuse, an artificial short circuit (ASC) combined
with an AC circuit breaker, all mature AC technologies, was
proposed by [4] as the circuit breaker alone is too slow to
avoid the failure of the module. The main limitation of this
work is that the method still requires the installation of the
circuit breaker and the protective relay.

The key technology of the diode rectifier protection is
the deexcitation of the synchronous generator having high
subtransient reactance (see Table I) [5]. The fault current
amplitude and energy are controlled within the ratings of
a diode rectifier by the high subtransient reactance and the



deexcitation, respectively. However, the long duration of the
fault current by the deexcitation makes it inappropriate to
the VSC protection. By taking the advantages of the above
two methods, this paper proposes an innovative breakerless
protection method based on the ASC method, mitigating the
through fault current of the VSC, and the generator deexcita-
tion, eliminating the fault current generation without relying
on the AC circuit breaker.

II. PROPOSED BREAKERLESS PROTECTION METHOD

The working principle of the ASC method is presented with
technical discussions on an ASC device and a short-circuit
resistor (RASC) intentionally inserted to adjust the fault level,
followed by the fault current elimination by the generator
deexcitation.

A. ASC Method

When a DC short-circuit fault occurs, the overcurrent pro-
tection of the VSC blocks the operation of the IGBTs by
removing gate signals and then the circuit becomes the same
as the six-pulse diode rectifier (see Fig. 1). The anti-parallel
diodes in the converter experience the fault current during
this period (green-colored dot lines in Fig. 1). The artificial
three-phase short circuit on the AC side enables to mitigate
the fault current passing through the anti-parallel diodes by
providing a low-impedance current path (orange-colored dot
lines in Fig. 1). The ASC can be generated within 4 ms after
the fault detection, considering commercially available fast
earthing switches [6], [7].

If the ASC current is too high, it is a severe fault in
the vicinity of the machine and may cause machine damage.
Furthermore, the making of the ASC device is impossible if
the overcurrent is higher than the device rating. Hence, the
overcurrent level should be managed to be lower than the
making capability of the short-circuit device (Icm = 50 kApeak
in this study [6]). The short-circuit resistance (RASC) which is
not considered in the previous work of [4] is newly employed
to adjust the overcurrent level below the device rating.

The initial amplitude of the ASC current is decided by all
impedances along the paths, i.e., the direct axis subtransient
reactance (X

′′

d ), the AC cable impedances (Rcable and Xcable),
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Fig. 1: Schematic diagram of the proposed breakerless protec-
tion method.

the AC reactor (XF ), the short-circuit resistance (RASC), the
DC busbar reactance (XBUS), and the DC fault resistance
(Rf ). For the reliable making of the ASC device, the short-
circuit resistor should be chosen to limit the maximum making
current at the instant of closing (iASC) below the maximum
conducting current of the ASC device (Icm) as

Icm ≥ iASC =

√
2Vac

2Z
′′
S + 2ZASC//2ZDC

ZDC

ZASC + ZDC
(1)

where
Vac = Vsa − Vsc,
ZASC = RASC ,

Z
′′

S =
√

(Ra +Rcable)2 + (X
′′
d +Xcable)2, and

ZDC =
√

(Rf/2)2 + (XF +XBUS)2.

The management of the fault energy passing through the
IGBT module is discussed in the following subsection.

B. Generator Deexcitation

The generator deexcitation (the demagnetization of the
synchronous generator) can diminish the fault current supplied
from the generator in time and finally makes the current zero.
Due to the way to limit the fault current, the current under the
deexcitation is the function of the exciter and transient time
constants and it takes a relatively long duration to completely
eliminate it [4], [8].

The initial fault current from the generator flows through
the VSC for the DC fault as

iF (0) =

√
2Vac

2Z
′′
S + 2ZASC//2ZDC

(2)

Once the VSC controller detects the fault, it sends a signal
to the ASC tripping unit and thus the ASC is generated at
tASC (4 ms in this study). This provides the branch circuit to
mitigate the through fault current of the VSC as

iF (tASC) =

√
2Vac

2Z
′′
S + 2ZASC//2ZDC

ZASC

ZASC + ZDC
(3)

Comprehensive studies on the generator deexcitation is
conducted by [8]. The work of [8] provides the fault current
change by the deexcitation, also considering the generator
dynamics as

iF (t) =
√

2VacY (t)F (t) (4)

where the contribution of the DC link capacitor and the
unidirectional transient component [9] are not considered.
Y (t) is the equivalent impedance varied by the three distinctive
generator dynamics (subtransient, transient, and steady-state)
and F (t) is the change in the fault current limited by the
deexcitation. Full equations of Y (t) and F (t) are provided in
Appendix.



By combining (2), (3), and (4), the through fault current by
the proposed method is

iF (t) =
√
2VacY (t)F (t)×(
1− u(t− tASC) + u(t− tASC)

ZASC

ZASC + ZDC

) (5)

As the two-level VSC acts as the six-pulse diode rectifier
after the fault detection, each anti-parallel diode experiences
the fault current with the one-third phase interval. Thus, the
limiting load integral of the diode (I2tD) shoud be higher than
the maximum through current energy as

I2tD ≥
1

3

∫ ∞

0

i2F (t)dt (6)

The important thing in this method is to coordinate between
the peak ASC current and the converter through fault energy
by selecting properly the short-circuit resistance (RASC).

III. MODELING OF DC POWER SUPPLY SYSTEMS

This section describes the modeling of the VSC-based
DC power supply systems which consist of a synchronous
generator with a brushless exciter driven by a diesel engine,
a VSC, AC cables, AC and DC filters, DC busbars, a fault
impedance, and two induction machines driven by voltage
source inverters (VSI), as shown in Fig. 2.

A. Generator

Whereas the electrical networks are formed of DC, the
power generation has still relied on conventional and economic
AC generators. One of the common primary power sources
in the networks is a brushless synchronous generator driven
by a diesel engine. The simulation study is conducted with
this common source, consisting of a synchronous generator,
an IEEE AC5A (a simplified model for brushless excitation
systems) [10], and a governor model of a diesel engine
provided in [11]. The parameters used for the generator system
modeling are provided in Table II.

As variable speed-generation is allowed in marine DC
power distribution networks, this function is additionally im-
plemented in the power controller block in Fig. 2. Two-
different speed levels in the block are assumed to find a
higher fault condition: speed reference of 0.83 pu for light load
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Fig. 2: Schematic diagram of the studied DC power supply
systems.

TABLE II: Parameters used for the generator system modeling
[10]–[12].

Generator

Parameters Values Parameters Values

Capacity 5 MVA Ra;Xl 0.0036 pu; 0.052 pu

Voltage 480 V Xd; Xq 1.56 pu; 1.06 pu

Power Factor 0.8 X
′
d 0.296 pu

Frequency 60 Hz X
′′
d ; X

′′
q 0.177 pu; 0.177 pu

Poles 6 T
′
d 0.37 s

Speed 1200 rpm T
′′
d ; T

′′
q 0.05 s; 0.05 s

Exciter Governor

Symbols Values symbols Values

KA; TA 400 pu; 0.02 s KP 12 pu

VRMAX ;VRMIN 7.3 pu; -7.3 pu T1c; T2c 0.01 s; 0.02 s

KF 0.03 pu T3c 0.2 s

TF1; TF2; TF3 1.0 s; 0 s; 0 s T1a; T2a 0.25 s; 0.009 s

KE ; TE 1.0 pu; 0.8 s T3a 0.0384 s

Vfd1; Vfd2 5.6 pu; 4.2 pu TMAX ; TMIN 1.1 pu; 0 pu

SE [Vfd1];SE [Vfd2] 0.86 pu; 0.5 pu TD 0.024 s

conditions (< 50%) and speed reference of 1.0 pu for heavy
load conditions (≥ 50%). Note that the continuous variation
of engine speed with regards to load conditions should be
necessary for the studies on energy efficiency that is out of
the scope of this study.

B. VSC

For the 2-level VSC, vector current control commonly used
for VSCs is implemented in the simulation model (see Fig. 3)
[13]. This control scheme is developed in d-q frame and
involves outer loop and inner loop to independently maintain
DC bus voltage of 1 kV and reactive power of 0 MVar.

The overcurrent protection of the VSC is set to 2 pu and
can block the IGBTs within a few hundreds of microseconds,
considering the switching frequency of 3 kHz in the VSC.

C. Lines and Filters

The electrical power generated by the generator is delivered
via AC cables of 50 m to the VSC. The AC cable is modeled
by using the π model that consists of lumped resistance,

Id

Iq

Id_ref

Iq_ref

LF

LF

Vd

md

mq

Vq

Kpi +

Kpi +

ω

VDC

VDC_ref

Kiv

sKpv+

KAW

VDCMAX

VDCMIN

Q

Qref

QMAX

QMIN

IdMAX

IdMIN

IqMAX

IqMIN

Kpq+

OUTER
CONTROL

INNER
CONTROL

Kii

s

Kiq

s
Kii

s

KAW KAW

KAW
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lumped inductance, and equally divided capacitance at both
ends [9]. Several single core cables in parallel are used to carry
the rated current. The parameters of the single core cable with
1 kV and 631 A are 0.082 Ω/km, 0.284 mH/km, and 0.834
µF/km [14].

The marine DC power distribution networks are based on
the centralised configuration [1]. The DC parts are, therefore,
assumed to be connected through metallic busbars of 1 m and
their inductance is 1 µH [15].

The AC side inductance (XF in Fig. 2) is added in series
between the generator and the VSC to reduce the converter
through fault current. This inductance is considered as 0.1 pu
[16].

The DC-link capacitor (CDC in Fig. 2) mitigates a voltage
ripple by filtering out harmonic currents. Furthermore, the
capacitor decreases harmonic coupling between converters on
an instantaneous basis. It can be calculated as a function of
the energy to power ratio (ES) [17]

CDC =
2SCES

V 2
DC

(7)

where SC is the converter power rating and ES can be chosen
to be in the range of 10 - 50 kJ/MW. With SC = 4 MW, ES

= 10 kJ/MW, and VDC = 1 kV, CDC is considered as 80 mF.

D. Simulation Model Verification

Step-load changes are carried out to verify the simulation
model implemented: the first step-load change from 0.25 pu to
1.0 pu at 10 s; and the second step-load change from 1.0 put
to 0.25 pu at 20 s (see Fig. 4). When the load draws electrical
power of 1 MW, the networks can keep the rated voltage of
1 kV. The machine speed is also adjusted as 0.83 pu by the
variable-speed function implemented in the power controller
block.

The step-load change from 0.25 pu to 1.0 pu causes a sudden
DC voltage drop and then the voltage is recovered by the
voltage regulating function with the time constant of the VSC.
The simulation results show that the VSC model has a good
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Fig. 5: Fault characteristics of variable-speed generation sys-
tems: (a) DC voltages, (b) DC currents, and (c) generator
speeds.

performance in voltage regulation with low voltage drop and
fast recovery.

During the step-load increase, the generator speed is de-
creased for a short time and then the speed approaches its
rated value (1.0 pu) that is the target speed for the heavy load.
The simulation model also works for the step-load decrease
case (see Fig. 4).

IV. PROPOSED METHOD ASSESSMENT

Considered study conditions including fault resistance,
IGBT ratings, and initial conditions are presented in this
section. More importantly, the performance of the proposed
method is analysed with regards to the ASC resistance.

A. Study Conditions

The work of [18] conducted a live DC short-circuit in the
marine DC electrical networks and the peak fault current in
the work is approximately 50 kA. With its nominal voltage of
930 V, the fault resistance (Rf ) is a range of 10 - 20 mΩ and
thus 10 mΩ is considered in this study.

Two high-power IGBT modules of 5SNA 3600E170300
[19] in parallel are considered to handle the rated line voltage
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of 480 V and the rated DC current of 4 kA. With this parallel
connection, the modules can be characterised as the rated
voltage (VCE) of 1700 V, the rated current (IC) of 7200 A,
the peak surge current (IFSM ) of 36 kA, and the limiting load
integral (I2t) of 12.96 MA2s.

The VSC is set to detect the overcurrent level of 2 pu (=
8 kA). The generator deexcitation and the ASC are activated
in 3 ms [5] and 4 ms [6], [7], respectively, after the instant of
the fault detection.

A system fault is an unintentional event and can occur under
any load conditions. To find higher fault conditions, the fault
simulations are conducted under the light load condition (1
MW) and the heavy load condition (4 MW), as shown in
Fig. 5. It is observed that the fault current and its energy
under the light load are higher than those under the heavy
load. This is due to the decreased reactance with the lower
machine speed. With this result, the light load condition is
considered in the study.

B. Proposed Method Performance

Aforementioned, the ASC resistance plays an important role
to manage the peak making current and the through fault
energy. Hence, the performance of the proposed method is
analysed with regards to the different ASC resistances: 0 mΩ,

1 mΩ, 2 mΩ, 3 mΩ, 4 mΩ, 5 mΩ, and 6 mΩ, as shown
in Fig. 6. As expected, the lower resistance brings with the
higher making current and the lower fault energy. This means
that the ASC resistance should carefully be selected to meet
the requirements of both (1) and (6).

In detail, the ASC with the zero resistance (RASC = 0)
which is impossible in practice allows for the very low through
fault energy of 0.24 MA2s (1.9 % of the rating). However, this
may cause the making failure as the the making current (82.1
kApeak) developed by this impedance is much higher than the
making rating of the ASC device (Icm = 50 kApeak). In case
of the high resistance ASC (RASC = 6 mΩ), the ASC cannot
protect the converter due to its high fault energy (14.6 MA2s,
113 %), whereas the making current (27.5 kApeak, 55 %) is
controlled much lower than the device rating.

Fig. 6 shows that the three cases of RASC = 3 mΩ, 4 mΩ,
and 5 mΩ enable to successfully govern both the current and
the energy with the fulfilment of the requirements. Among
the three cases, the case of RASC = 4 mΩ which has enough
margins in the making current and the limiting load integral
is presented in Fig. 7 with its transient characteristics and the
fault control actions.

For the fault at 5 s, the VSC controller promptly detects it
by measuring the DC link discharge current. The controller



stops the IGBTs switching and activates the deexcitation and
the ASC in 3 ms and 4 ms, respectively.

The making current of the case of RASC = 4 mΩ is observed
as 35.4 kApeak (70.8 %). The peak through fault current is
decreased from its original peak value of 8.4 pu (33.6 kA)
in Fig. 5b to 4.9 pu (19.7 kA, 54.7 %) in Fig. 7 which is
much lower than its rating (36 kA). Moreover, the fault current
gradually diminishes in time by the continuous decrease in
the exciter output and finally becomes zero. The result also
verifies that the propose method can manage the through fault
energy (9.0 MA2s, 69.4 %) by the mitigated and diminished
fault current within the IGBT module rating (12.96 MA2s).

V. CONCLUSION

This paper has proposed the new breakerless protection
method for the VSC-based marine DC power supply systems.
The proposed method is based on the ASC method on AC side
to mitigate the through fault current and its energy, and the
generator deexcitation to eliminate the fault current supplied
by the generator.

The simulation study verifies the performance of the pro-
pose method and also provides important information on the
proposed method. The ASC resistance should carefully be
selected to achieve the safe making operation of the ASC as
well as to manage the through fault energy. Fast ASC action
allows for noticeably mitigating the amplitude of the peak
through fault current.

The method can be implemented with commercially avail-
able technologies and additionally requires the only ASC
device in the circuit. In other words, the method is technically
reasonable and economic. Hence, it could be considered as an
alternate protection way for the VSC-based marine DC power
supply systems.

VI. APPENDIX

The parameters for Y (t) and F (t) in (4) are

Y (t) =

(
1

2Z
′′
S + 2ZASC//2ZDC

−
1

2Z
′
S + 2ZASC//2ZDC

)
e
− t

T
′′
d

+

(
1

2Z
′
S + 2ZASC//2ZDC

−
1

2ZS + 2ZASC//2ZDC

)
e
− t

T
′
d

+
1

2ZS + 2ZASC//2ZDC
,

Z
′
S =

√
(Ra +Rcable)2 + (X

′
d +Xcable)2,

ZS =
√

(Ra +Rcable)2 + (Xd +Xcable)2,

F (t) =1− u(t− td) + u(t− td)
T

′
de

−(t−td)/T
′
d − Tee−(t−td)/Te

T
′
d − Te

where

X
′

d is the direct axis transient reactance,
Xd is the direct axis synchronous reactance,
T

′′

d is the direct axis subtransient time constant,
T

′

d is the direct axis transient time constant,
td is the time delay to activate the deexcitation after the

fault instant, and
Te is the exciter time constant.
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de Lausanne (EPFL), 2020.

[13] M. A. Hannan et al., “Advanced Control Strategies of VSC Based HVDC
Transmission System: Issues and Potential Recommendations,” IEEE
Access, vol. 6, pp. 78352-78369, 2018.

[14] TMC, Cheonan, Republic of Korea. Marine & Shipboard
Cable (2010). Accessed: May 4, 2021. [Online]. Available:
https://www.powerandcables.com

[15] “IEEE Guide for the Application of Shunt Reactor Switching,” IEEE Std
C37.015-2009 (Revision of IEEE Std C37.015-1993), vol., no., pp.1-70,
12 Feb. 2010.

[16] U. Javaid, F. D. Freijedo, D. Dujic and W. van der Merwe, “Dynamic
Assessment of Source–Load Interactions in Marine MVDC Distribu-
tion,” IEEE Transactions on Industrial Electronics, vol. 64, no. 6, pp.
4372-4381, June 2017.

[17] D. Jovcic and K. Ahmed, High Voltage Direct Current Transmission:
Converters Systems and DC Grids. Hoboken, NJ, USA:Wiley, 2015.

[18] S. Settemsdal, L. Barstad, and K. Tjong, “Fault Ride-Through Testing of
LV Power Solution BlueDrivePlusC”, in Proc. Dyn. Positioning Conf.,
2016, pp. 1-15.

[19] ABB, Lenzburg, Switzerland. HiPak IGBT Module - 5SNA
3600E170300 (2014). Accessed: May 4, 2021. [Online]. Available:
https://search.abb.com


