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Abstract—This paper presents the characteristics of
power supply protection in DC shipboard power sys-
tems utilising de-excitation of a synchronous generator,
which have been used to achieve a breaker-less protection
scheme. From state-of-the-art analyses on the de-excitation
and the DC ship protection, the analytical expressions of
a DC short-circuit fault are introduced with the consid-
eration of the generator dynamics and the de-excitation.
The rectifier protection, based on the analytical expression,
is examined in terms of the peak fault current (or peak
non-repetitive surge current) and the overloading capability
(or limiting load integral) of the rectifier diodes. Finally,
experimental DC short-circuit tests are conducted with the
rectifier-generator system rated of 10 kW and 500VDC. With
the test results, the analytical expression derived in the
paper is verified and, more importantly, the characteristics
of the DC fault behaviours are discussed for different fault
resistance, DC-link capacitance and exciter response.

Index Terms—De-excitation, DC Micro Grid, Marine
Power Distribution Networks, Protection Coordination,
Shipboard Power Systems.

I. INTRODUCTION

Rapid growth in the DC systems for commercial vessels
is imperative, to meet ship energy efficiency regulations for
reducing greenhouse gas emissions, e.g., energy efficiency de-
sign index (EEDI) and/or ship energy efficiency management
plan (SEEMP) [1], [2]. According to the EEDI as presented in
Table I, by 2025, newly constructed ships have to be designed
to have 30 % less energy consumption than those built in 2004.

As one of the promising solutions, a low-voltage DC
(LVDC) solution has been employed in shipboard power sys-
tems (SPS) in commercial use, voltage levels of around 1 kV
and power rating with up to 20 MW (Fig. 1) [3]–[8]. In order
to minimise the electrical installation cost for these solutions,
the use of costly solid-state DC switches is only limited to the
bus-tie purpose, and the feeder and bus faults are protected
by fuses and power supply protection, respectively [9]–[13].
One approach for the power supply protection to handle the
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TABLE I: Reduction factors in percentage for EEDI [1].

Ship Type Phase 0 Phase 1 Phase 2 Phase 3
2013-2014 2015-2019 2020-2024 2025

Bulk carrier 0 10 20 30
Gas carrier 0 10 20 30

Tanker 0 10 20 30
Container ship 0 10 20 30

General cargo ship 0 10 15 30
Refrigerated 0 10 15 30
cargo carrier

Combination carrier 0 10 20 30

fault current from the generator is based on de-excitation of
a synchronous generator without AC circuit breakers between
the generator and the rectifier [11], [12].

For the reliable power supply protection, the fault charac-
teristics limited by the de-excitation have to be characterised
for designing the DC protection scheme and dimensioning the
rectifier. Hence, this paper presents the DC fault characteristics
with the de-excitation protection for a 6-pulse diode rectifier
fed by a synchronous generator not only by the developed
analytical description, but also by the experimental studies.

The paper is divided into five sections. In section II, state-
of-the-art analyses are provided for the LVDC SPS protection
and the de-excitation. The analytical expressions are derived
in three stages: DC short-circuit in diode rectifier, transients
in generator and de-excitation of generator in section III. In
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Fig. 1: Simplified schematic diagram of LVDC SPS.
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the same section, the rectifier protection is also discussed.
Section IV presents the experimental tests of the de-excitation
with the discussion of influences on fault resistance, DC-link
capacitance and exciter response. The last section summaries
the findings and the main results.

II. STATE OF THE ART

The current technologies, directly relevant for the main
topic of the paper, are analysed into two parts: protection of
LVDC ships, both commercially employed and academically
proposed, and fast de-excitation for reducing the fault energy.

A. Protection of Low-voltage DC SPS
Since 2013, a three-level protection has been used as an

economic solution for commercial LVDC vessels [9], [11],
[12]. The three-level protection consists of three different
fault controls which have different operating time frames
(Fig. 2): fast action (1st level) - bus separation with DC
bus-tie switch based on solid-state technology (10−40µs),
medium action (2nd level) - feeder protection with high-speed
fuse (0.2−1 ms) and slow action (3rd level) - power supply
protection (0.003−10 s) [14].

For the power supply protection, several measures are
available depending on rectifier type. In [15], an artificial
short-circuit method is proposed for an active rectifier. This
method blocks the fault current passing through the rectifier by
providing low-impedance path artificially generated between
the generator and the rectifier. In case of the thyristor rectifier,
the fault current can be extinguished by changing the firing
angle, e.g, 120◦ called fold-back fault control [16]. To achieve
faster fault current clearing, an active fold-back fault control is
proposed by considering DC inductance, generator frequency
and rectifier topology [17]. For the diode-based rectifier,
the de-excitation combined with high subtransient reactance,
specially designed to reduce the peak fault current, have been
used to limit the fault current from the generator [11], [12].
This de-excitation measure is the main topic of the paper.

While [11], [12] provide the principle of the de-excitation
and high sub-transient reactance with one experimental test
result for diode overloading capability and fault energy, there
is lack of information on analytical description, rectifier sizing
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Fig. 2: Operating time frames of three-level protection for
LVDC SPS [14]. Time discrimination in the three-level pro-
tection is coordinated with their different operating times and
the time margins between the actions.
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Fig. 3: Simplified schematic of fast field discharge circuits: (a)
mechanical breaker and (b) IGBT [22].

and multiple system factor impact, e.g., fault resistance, DC-
link capacitance and exciter type (or exciter response). These
technological gaps are covered by this paper with the analytical
and experimental approaches.

B. De-excitation of Synchronous Generator

In conventional protection for AC systems, the de-excitation
of a synchronous machine is considered as the loss of excita-
tion fault and has to be protected by the generator protection
system [18]. As the part of the generator protection, faster
field discharging systems have been proposed in [19]–[21]
and recommended in [22] to prevent machine damage from
a severe fault in the vicinity of the machine or excitation
system. While there are many fast discharge methods, the
principal idea is to install the discharge resistor in the rotor
circuit and to bypass the current flow through the resistor if
the fast field discharge is needed, as shown in Fig. 3. This
can be implemented by installation of the mechanical field
breaker in parallel to the discharge resistor (Fig. 3a). For the
quick operation, the mechanical breaker can be replaced by
an insulated gate bipolar transistor (IGBT) (Fig. 3b).

It is analysed that the main focuses of [19]–[21] are limited
to fast field suppression, discharge circuit topologies, discharge
resistor selection and overvoltage management for brushless
excitation systems. This is because brushless excitation sys-
tems have slower response (or higher time constant) compared
to direct excitation systems.

On the other hand, the new system, which is an off-grid
micro-grid system based on DC technology, opens the door
to use the de-excitation as the protection method without
any circuit breakers, as mentioned earlier. The fault current
and its energy should be carefully managed in case that
the de-excitation is used for the rectifier protection purpose
in DC SPS due to very low overloading capability of the
semiconductor compared to conventional AC equipment. Thus,
the comprehensive fault behaviours with the de-excitation
should be scrutinized into different system factors, as pre-
sented hereafter.

III. DERIVATION OF ANALYTICAL EXPRESSION

The fault current under the de-excitation in DC SPS, which
is a weak-grid system with a low short-circuit ratio, is com-
posed of different system dynamics. To effectively describe
its behaviour, the analytical expression is presented in three
dynamics stages. Moreover, the rectifier sizing is discussed
with the analytical expression introduced.
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Fig. 4: Equivalent circuits of a 6-pulse diode rectifier under a
DC fault: (a) current flow for one positive half cycle and (b)
a simple R-L expression.

A. DC Short-Circuit in 6-Pulse Diode Rectifier
When a DC short-circuit fault occurs in a 6-pulse diode

rectifier fed by a three-phase source, the fault current is
conducted through one of the diodes in the positive rail (D1,
D3 and D5) and one of the diodes in the negative rail (D2,
D4 and D6) as shown in Fig. 4a. Each diode conducts the
fault current with the interval angle of 120◦. For the maximum
fault current condition (Rdcf = 0) which allows for neglecting
CDC , the system can, therefore, be expressed as a simple
R-L circuit (Fig. 4b). For this simple circuit, when D1 is
conducting, and the current passing through D1 (iD) is [23]:

iD(t) =
Vm
Z

sin (ωt+ α− φ)− Vm
Z

sin (α− φ)e
−Req

Leq
t (1)

where Vg ac = Vm sin (ωt+ α), Req = 2RS , Leq = 2LS ,

Z =
√
Req

2 + (ωLeq)
2, and φ = arctan (

ωLeq

Req
). In Eq. (1),

the fault current consists of the steady-state current and the
DC component. Depending on the instant of the short-circuit,
the current only consists of the steady-state current (zero DC
component) when α = φ or can theoretically reach 2Vm/Z
with the maximum DC component of Vm/Z when α = φ −
π/2.

B. Transient Phenomena in Synchronous Generator
However, Eq. (1) is only valid for a power system with a

high short-circuit capacity. In reality, the dynamics of the gen-
erator should be considered for transient analyses, especially
in case of an off-grid system directly powered by the generator
like SPS. Under the short-circuit condition, the simplified
model of the generator (Fig. 5) is based on the effective direct
axis (d-axis) reactance due to the lagging current by almost 90◦

with respect to the field voltage [24]. This effective reactance
varies in three stages with their time constants: subtransient
reactance (X

′′

d ) and time constant (T
′′

d ), transient reactance
(X
′

d) and time constant (T
′

d), and reactance (Xd). In addition,
the decay of the DC component is decided by the average
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Fig. 5: Equivalent circuits of a d-axis synchronous generator:
(a) subtransient, (b) transient and (c) steady-state.

value of subtransient d-axis reactance and quadrant-axis (q-
axis) reactance (X

′′

q ) and the stator winding resistance (Ra)
[6]. The fault current under the consideration of the generator
dynamics is:

iD(t) =
√

2E0Y (t) sin (ωt+ α− φ)

+

√
2E0√

Req
2 +X

′′
d

2
sin (α− φ)e−

t
Ta (2)

where, Y (t) =

 1√
Req

2 +X
′′
d

2
− 1√

Req
2 +X

′
d

2

 e
− t

T
′′
d +

 1√
Req

2 +X
′
d

2
− 1√

Req
2 +Xd

2

 e
− t

T
′
d +

1√
Req

2 +Xd
2

and the parameters of Y (t) are provided in Appendix.

Note that Eq. (2) is the same as the fault current equation
in [24], [25], widely used for the maximum fault current
calculation, if Req = 0.

C. De-excitation of Synchronous Generator

Direct and brushless excitation systems (Fig. 6), which
govern the dynamic response of the generator, have been
widely used for marine applications. While the direct excita-
tion system has fast dynamic response, the brushless excitation
system takes longer time to completely remove the excitation
due to its indirect DC voltage generation as well as its inability
to reverse the voltage applied to the rotor winding. Once the
de-excitation is started, the internal stator voltage (E0) is not
constant. Thus, in Eq. (2), the internal voltage decrease in
time should be considered to calculate more accurately fault
current. This phenomenon and the full analytical expression
are described hereafter.

During the de-excitation of the excitation systems, the main
exciter field voltage changes from its initial voltage (Vf0) to
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Fig. 6: One-quadrant AVR combined with synchronous gener-
ator and diode rectifier: (a) direct excitation and (b) brushless
excitation.

zero with the time constant of the exciter (Te). Thus, the
change in the field voltage in S-domain can be expressed as:

∆Vf (s) =
1

1 + sTe

Vf0
s

(3)

Ideally, the time constant for the exciter should be zero for
the direct excitation system, but it is not allowed to avoid
the overvoltage in the circuit and the AVR has the ramp
rate limitation in practice [26]. The time constant should be,
therefore, considered for the brushless excitation as well as
for the direct excitation.

From the d-axis equivalent circuit shown in Fig. 7, the in-
cremental field current (If ) during the short-circuit according
to the change in the field voltage is:

∆If (s) =
∆Vf (s)

Rf + s
(

XadXeq

Xad+Xeq

) =
1

1 + sT
′
d

∆Vf (s)

Rf
(4)

As shown in Fig. 7, the relationship between the field
current and the d-axis current is:

∆Id(s) =
Xad√

Req
2 + (Xeq +Xad)

2
∆If (s)

=
Xad√

Req
2 +X2

d

∆If (s) (5)

vf
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Fig. 7: D-axis equivalent circuit with short-circuited stator and
field voltage.

By combining (3), (4) and (5), the change in the d-axis
current in time domain is:

∆Id(s) = (1− F (t))
Xad√

Req
2 +Xd

2

Vf0
Rf

= (1− F (t))
E0√

Req
2 +Xd

2
(6)

where, F (t) =
T
′
de
−t/T

′
d−Tee

−t/Te

T
′
d−Te

Eq. (6) shows that the change in the d-axis current during the
de-excitation is the function of F (t) and thus, by considering
this function to the internal stator voltage, the fault current
from the source is:

iD(t) =
√

2E0Y (t)F (t) sin (ωt+ α− φ)

+

√
2E0√

Req
2 +X

′′
d

2
sin (α− φ)e−

t
Ta (7)

As mentioned earlier, the fault current flows from the
positive rail to the negative rail with the one-third phase
interval in case of the 6-pulse rectifier. Thus, by removing
the sinusoidal term in Eq. (7), the DC fault current (iF ) can
be finally expressed as:

iF (t) =
√

2E0

Y (t)F (t) +
sin (α− φ)√
Req

2 +X
′′
d

2
e−

t
Ta

 (8)

D. Discussion on Rectifier Sizing

During the conduction of one of the diodes, the peak current
passing through the diode (iDpeak), which is the current from
the generator as mentioned, is equal to the peak current
(iFpeak) when α− φ = π/2 and t = 0 in Eq. (8). Hence, the
peak non-repetitive surge current of diodes (IFSM ) should be
sized to sustain the peak fault current as:

IFSM > iDpeak = iFpeak

=

√
2E0√

Req
2 +X

′′
d

2

1 +
X
′′

d√
Req

2 +X
′′
d

2


(9)

By considering the worst condition (Req = 0) in Eq. (9),
the diode should sustain the maximum current, iFpeak−max =
2
√

2E0/X
′′

d .
In case of the 6-pulse rectifier, the amount of the energy

passing through each diode is one-third of the energy of the
DC fault current (I2tF ) due to the conduction interval. In
addition, the time delay (Td) adds the latency of the de-
excitation. With these considerations, the diode has to have
higher overloading capability (I2tD) than one-third of the
maximum fault current energy (φ = π/2) with the time delay
as:
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I2tD >
1

3

∫ ∞
0

iF
2(t)dt =

2

3
E0

2

∫ Td

0

Y (t) +
1√

Req
2 +X

′′
d

2
e−

t
Ta


2

dt+

2

3
E0

2

∫ ∞
Td

Y (t)F (t− td) +
1√

Req
2 +X

′′
d

2
e−

t
Ta


2

dt

(10)

If the fault stresses are kept within the diode ratings
specified in the datasheet, the diodes will remain operational
after experiencing fault event. This implies that the diodes
can sustain a large number of the faults, if the diodes are
properly selected and thermal conditions are favorable (diodes
are cooled down after the fault, and before the new fault event).

IV. EXPERIMENTAL TESTS

In order to verify the analytical expression and characterise
the fault behaviours under the de-excitation, the experimental
tests are conducted with the laboratory setup.

A. Test Setup
Test setup rated for 10 kW and 500 VDC consists of a DC

motor drive, a synchronous generator, a 6-pulse diode rectifier
with DC link capacitors and resistors, as shown in Fig. 8.
The generator, available in the laboratory, has no damping
winding (neglecting the subtransient) and is based on the direct
excitation and, therefore, the brushless excitation dynamics is
emulated by a programmable logic controller (PLC) (Fig. 8a).
When the de-excitation is commanded, the PLC controls AVR
output voltages with respect to given time constants.

As mentioned earlier, although the direct excitation system
has fast response, it cannot immediately remove the excitation
due to the AVR protection. Thus, the fastest excitation removal
is tested and the time constant of 0.1 s (Te = 0.1 s) is observed
from the test result in Fig. 9. Te = 1.0 s is taken into account
for the brushless excitation system. The excitation responses,
which are commended to turn-off immediately for the direct
excitation and to regulate the excitation current with the time
constant of 1.0 s for the brushless excitation, are shown in Fig.
9.

There is a time delay associated with activating the de-
excitation due to fault detection, post-processing, protection
coordination, and so on. This time delay (Td) is also replicated
by the PLC.

B. DC Fault Behaviour
The DC short-circuit tests are performed in the test setup

with the condition of CDC = 2.3 mF and RF = 0.9 Ω. In Fig.
10, general DC fault behaviours are seen considering that the
DC fault current is composed of the current from the DC link
capacitor with the maximum amplitude of VDC/Req , mainly
contributing to the first peak, and the current contribution from
the generator, which is important for the rectifier protection
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mentation - rectifier and load side.
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Fig. 10: DC short-circuit behaviours: (a) without de-excitation and (b) with de-excitation.

TABLE II: Parameters for DC short-circuit current calculation.

Parameter Symbol Case 1 Case 2

Applied voltage
√
2E0 500 500

Generator
Y (t)

(
1√

0.92+1.12
− 1√

0.92+9.82

)
e−

t
0.118 + 1√

0.92+9.82

(
1√

1.32+1.12
− 1√

1.32+9.82

)
e−

t
0.135 + 1√

1.32+9.82transient

De-excitation F (t) u(t− 1)

(
0.12e

− t−1
0.12 −0.1e

− t−1
0.1

0.12−0.1

)
u(t− 1)

(
0.13e

− t−1
0.13 −1.0e

− t−1
1.0

0.13−1.0

)

and can be recognised from the second peak in the DC fault
current. On another point, the AC and DC currents are initially
very high due to low transient reactance and turn into the
steady-state with the reactance in this stage.

Similar to the current, the DC voltage is firstly dropped with
the function of capacitance and inductance values, and then the
DC voltage is decided by the positive peak AC voltage varied
with the generator dynamics. As mentioned earlier, the direct
excitation system is used for the test. Hence, in the setup, the
field current is the same as the exciter current and its transient
behaviour is a linear function of the fault current (the d-axis
current) as shown in Fig. 10 and described in Eq. (5).

Furthermore, the effect of the de-excitation is investigated
by conducting the DC short-circuit tests without and with the
de-excitation. Although there is the steady-state short-circuit
current without the de-excitation protection (Fig. 10a), the
current diminishes in time and then goes to zero with the
protection by the de-excitation (Fig. 10b).

C. Verification of Analytical Expression
In order to verify the analytical expression, the DC fault

currents and energies tested are compared with the calculated
values by Eq. (9) and Eq. (10). Two results are shown in Fig.
11: Case 1 (Fig. 11a) - RF = 0.9 Ω (fault resistance), Td =
1.0 s (de-excitation time delay) and Te = 0.1 s (exciter time
constant) and Case 2 (Fig. 11b) - RF = 1.3 Ω, Td = 1.0 s
and Te = 1.0 s. The parameters for the analytical equations
are shown in Table II.

In the analytical expression introduced, the first peak of the
DC current is not considered and this makes some deviation
between them. However, this does not represent a big issue
in terms of the energy passing through the rectifier due to its

very short duration. Rather than this, it is observed that the
current deviation during the subtransient and transient periods
develops the bigger energy difference because the deviation is
squared and integrated in time.

The comparison shows that although there are certain differ-
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Fig. 11: Comparison of fault current and its energy between
experimental results and analytical values calculated by Eq.
(8): (a) Case 1 and (b) Case 2.
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ences in the fault current and, more noticeably, in the energy,
the equations introduced are reasonably matching with the test
results. Hence, the equations could be used for the rectifier
sizing and protection purpose.

D. Influence on Fault Resistance

The DC line-to-line short-circuit includes certain value of
fault resistance which is a function of the arc length and
circuit current [27]. Thus, the DC fault can occur with different
fault resistance values depending system condition. For the
investigation of the fault resistance influence, the DC short-
circuit tests are conducted with four different fault resistance
by combining the three resistors in Fig. 8c in series or parallel:
4.8 Ω, 2.5 Ω, 1.3 Ω and 0.9 Ω. The test results show that low
fault resistance develops high voltage drop and high AC/DC
fault current, as expected (Fig. 12).
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Fig. 12: Fault behaviours under different fault resistance: (a)
DC voltages, (b) DC currents and (c) AC currents. The zoomed
figure for the initial DC currents is provided in Fig. 12b.

E. Influence on DC-link Capacitance

The DC-link capacitor, which is a part of the rectifier, not
only helps to mitigate the voltage ripple, but also plays a
role of the inertia in the DC system. The capacitor values
are different with system voltage, power rating, requirement,
control, and so on. In order to examine the effect on the
capacitor value, DC short-circuit tests are carried out with four
capacitor values by connecting or disconnecting the capacitors
in Fig. 8c: 2.3 mF, 4.6 mF, 6.9 mF and 9.2 mF.

The test results show that the higher capacitor value comes
with lower voltage drop and higher DC fault current (Fig. 13a
and Fig. 13b), as expected. Otherwise, the amplitude AC fault
is hard to compare because its first peak is dependent on the
instant of the short-circuit making. For the further discussion,
the energies for the four conditions are calculated from the
measured data and compared in Fig. 13c. This comparison
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Fig. 13: Fault behaviours under different capacitance: (a) DC
voltages, (b) DC currents and (c) AC currents. The zoomed
figures are provided in each figure: in Fig. 13a - initial DC
voltage drops, in Fig. 13b - initial DC currents and in Fig. 13c
- different fault energies.
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gives an important information. The influence on the capacitor
value is small enough to be negligible in terms of the fault
energy passing through the rectifier. Thus, while capacitor
banks installed in the DC SPS have direct impact on the
developed short circuit current peaks, they are not crucial
element for rectifier sizing (e.g., diode selection is the analysed
case).

F. Influence on Exciter Response

Depending on exciter type, the de-excitation characteristics
are different. In the study, the direct and brushless excitation
systems are analysed with the different exciter time response
implemented by the PLC: Te = 0.1 s for the direct excitation
and Te = 1.0 s for the brushless excitation. Moreover, the time
delay associated with the de-excitation activation is studied
with different time delay: 0 s, 0.5 s, 1.0 s. For the comparison
purpose, no de-excitation results are added in Fig. 14.

When the de-excitation is activated, the rate of rise of fault
energy becomes lower with its time constant. In the study, The
fault energies are 11.8 kA2t and 12.9 kA2t for the direct and
brushless excitation systems, respectively. This implies that the
rectifier for the brushless excitation should have around 10 %
higher overloading capability than the direct excitation in the
study condition.

The time delay is also an important factor to increase the
fault energy. The less time delay allows to aid to mitigate
the fault energy, as shown in Fig. 14b. Hence, this time delay
should be considered for the design of protection schemes and
rectifier sizing, as described in Eq. (10).
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Fig. 14: Fault behaviours under different exciter response: (a)
exciter time constant and (b) time delay to be taken to activate
de-excitation after fault instant.

V. CONCLUSION

This paper has presented the comprehensive study results
on the protection method by the de-excitation of the generator
combined with the diode rectifier. The analytical expressions
for the de-excitation are introduced and, from the analytical
expression, the rectifier sizing is discussed in terms of the
peak fault current and its energy. The experimental tests are
carried out and discussed for different fault resistance, DC-link
capacitance and exciter response.

The DC fault characteristics and analytical expressions
under the de-excitation, which are described with the consid-
eration of the generator dynamics and the de-excitation, are
verified with the test results. This implies that the introduced
analytical equation can be used for developing the protection
scheme and dimensioning the rectifier.

The experimental test results show that the protection
method by the de-excitation has to consider the system factors,
e.g., DC fault resistance, exciter type and de-excitation delay
time. On the other hand, the capacitor banks only have direct
impact on the developed DC fault current peak and they are
not crucial elements for the rectifier sizing.

VI. APPENDIX

The parameters for Y (t) in Eq. (2) are:
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