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Abstract—Low Voltage Direct Current (LVDC) distribution
systems have recently been considered as an alternative approach
to electrical system infrastructure as they provide the additional
flexibility and controllability required to facilitate the integration
of more low carbon technologies (LCTs). However, DC protection
systems and, more specifically high accuracy DC fault location,
have been recognised as a key challenge to facilitating post-fault
network maintenance. Most of the existing fault location
techniques rely on current derivative or communications-based
methods that are either very sensitive to noise or require a high
level of data synchronisation. Fault energy has been recognized as
a reliable indicator of more accurate fault location estimations.
Therefore, this paper develops a mathematical model for
describing fault energy during the transient period of DC faults.
The method subsequently proposes a new fault let-through energy
based DC fault location working strategy to facilitate post-fault
network maintenance. The proposed method does not require data
synchronisation regardless of the voltage, current, and the size of
the converters connected to the LVDC feeder. The capabilities of
the proposed fault location strategy are validated against different
faults applied on an LVDC test network in PSCAD/EMTDC and
shown to be more reliable and accurate than existing methods.
Index Terms—Fault let-through energy, Fault location, LVDC

I. INTRODUCTION

E

XISTING low voltage (LV) AC distribution networks are
already under pressure to connect growing numbers of low
carbon technologies (LCT) such as electric vehicles, heat
pumps, micro winds turbines, and solar photovoltaics (PVs) [1].
The ongoing electrification of transport and heat will add
significant additional demand to the LV networks. For example,
under a future low carbon scenario in the UK, high penetration
of electric vehicles with an annual demand of up to 90TWh is
expected by 2050, representing an increase of 30% from the
2017 total demand [2]. Also, heat pumps are predicted to
dominate the UK heat sector by 2050 with the expectation that
the utilization of gas boilers will fall by 70% of the present
volume [2]. As a result, these changes to the energy system
require the implementation of new solutions on LV networks to
ensure electricity is delivered cost effectively.
LVDC distribution systems are being considered as an
appropriate solution for increasing the capacity of existing LV
networks to meet the anticipated growth in transport and heat
T
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demands while also facilitating the integration of LCTs.
Currently, the design and implementation of LVDC distribution
systems are being investigated, including examples in Finland,
Japan, Korea, and China [3]. Benefits such as energy saving,
enhanced controllability, and extra capacity have been reported
as outcomes from these projects [3]. Also, these efforts have
been recently supported by the International Electrotechnical
Commission (IEC) [4]. However, one of the key challenging
areas identified by researchers as reported by IEC is the need
for reliable DC protection solutions that provide fast and
discriminative fault detection and precise fault location [4].
Several DC protection solutions have been proposed that can
provide fast fault detection and a good level of fault
discrimination [5]. As opposed to DC fault detection
requirements for fast and selective performance, DC fault
location requires high accuracy in order to facilitate post-fault
maintenance, especially for cable replacement and network
reconfiguration. Most of the existing fault location techniques
are based on external discharge devices that are connected
offline (i.e. after protection operates, the faulted section is
isolated) [6]. However, these methods require the faulted
section to be isolated first to avoid interaction between the
external discharging device and the grid power supply, while
extra operating time is also required [7]. Besides offline fault
location methods, a few online (i.e. fault location scheme
operates during the fault period) techniques have been proposed
in [8][9]. However, these techniques assume the remote end
converter is identical to the main converter. This is less likely
to happen in LVDC distribution networks as varying quantities
of renewables and end-user devices (e.g. electric vehicle
chargers, solar generation, and micro winds) are connected.
Also, the majority of DC fault location methods currently
rely on the relationship between transient voltage, current and
current derivative. However, the magnitude of the current
derivative is difficult to capture and very sensitive to noise,
while high fidelity data acquisition is challenging [10]. Fault
let-through energy (FLTE) is based on the integration of
instantaneous current that has been widely used for traditional
LV overcurrent protection, and has the potential to be used as a
more reliable fault location indicator to provide fault distance
estimation and mitigate significantly the noise effect during the
integration period.
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Therefore, this paper develops a mathematical model to
describe the energy relationship during the transient period of
DC faults and analyses the impact of remote converters on fault
location accuracy. Based on this analysis, a novel FLTE based
fault location strategy is proposed. Furthermore, the estimation
error is optimized using the critical point (i.e. based on the ratio
of local and remote end converter capacitor size) as a reference
to select the most suitable side of the feeder to successfully
locate the fault. The proposed fault location method does not
require data synchronisation. The paper is structured as follows.
Section II reviews the existing fault location techniques and
outlines the key fault location challenges associated with
LVDC distribution networks. Section III introduces the novel
fault location technique. Section IV describes models for
evaluating the proposed fault location method. Section V
presents simulation studies under different fault scenarios for
validating the proposed technique. Finally, conclusions of the
paper are drawn in section VI.
II. LIMITATIONS OF EXISTING FAULT LOCATION METHODS
Existing fault location methods can be classified into offline
and online techniques, where, the former requires an additional
external device to inject current into the isolated faulted cable.
By analysing the dynamic response of the injected current and
the related voltage signals, the fault distance can be estimated.
For example, research in [11] proposed the use of a probe unit
to locate faults for DC traction power systems. A more accurate
noniterative algorithm, which considers the damping frequency
and attenuation constant of the probe currents has been
proposed in [6] to improve the accuracy of the original
algorithm. The probe unit has also been used in DC marine
distribution systems [12] using Fast Fourier Transforms to
derive an active impedance estimation, and the impedance of
the faulted path to estimate the fault distance. Generally, with
the probe unit, the main component used for fault location is the
predesigned resistor-inductor-capacitor (RLC) circuit which
generates the predictable voltage and current waves [12].
Nevertheless, the faulted DC circuit is also an RLC circuit, thus
providing opportunities for fault distance estimation based on
the transient RLC fault response during fault period.
Research in [13] has proposed an online method that relies
on the transient RLC response using the local voltage, current
and current derivative (i.e. dI/dt) measurements to estimate the
impedance within the faulted path. However, this method only
focuses on DC systems without fault current contributions from
the remote ends of the feeders. This is less likely to happen in
LVDC distribution networks when it is widely integrated with
LCTs. When LVDC feeders’ remote ends are integrated with
converters, the downstream fault current contribution is
difficult to predict as it is dependent on the impedance within
the fault path. Also, different smoothing capacitors of remote
end converters have different impact on fault location
estimation. The most straightforward method to eliminate this
impact is to use a communication link to synchronise the
measurements from both sides of the cable as illustrated in [14].
However, the reliance on communication links potentially leads
to additional cost and reliability issues.

2

Recently, methods based exclusively on local measurements
have been proposed in order to provide accurate fault location
estimation, even in LVDC distribution networks with remote
fault current contributions. For example, the method presented
in [8] uses the “Prony” method to extract the attenuation factor
and resonance angular frequency to determine the impedance
of the faulted path. Also, the method in [9] introduces an
improved mathematical model that considers remote end fault
current contributions and improves the accuracy of fault
distance estimation when the fault is located within 50% of the
entire cable length. However, both of these two methods
assume that the remote end converter has the same filter
capacitor size as the main terminal converter. In fact, the size of
the smoothing capacitor is dependent on the rating of the power
converter [15]. In LVDC distribution networks, the power
ratings of the converter at the customer end are expected to vary
depending on the local demand and power sources. Thus, the
assumption made in [9] is not sufficient for representing the
impact of the remote end fault current contribution.
The challenges of existing fault location estimation methods
are not only related to the impact of the remote end fault current
contributions, but also to the original current derivative based
mathematical model. Several existing fault location methods
rely on the current derivative [12]-[14]. As the current
derivative is very sensitive to noise (e.g. transducer noise),
using this mathematical relationship to estimate the fault
distance could lead to significant reliability issues and
consequently to misrepresentation of the dI/dt. For example,
Fig. 1 demonstrates the significant impact that noise can have
on the current derivative. Even though the noise magnitude is
only ±0.3% of the original current signal (from an LVDC test
bed [16]), the calculated current derivative significantly
deviates from the actual current derivative signal (e.g. ±85% as
shown in Fig. 1). This will significantly mitigate the accuracy
of the fault location estimation method. Filters have been
introduced in [10] in effort to eliminate the noise impacts, but
the filter design process can be complicated.

Fig. 1. Comparison of dI/dt with and without noise

FLTE, defined as ∫I2•dt [17], is the integration of the square
of instantaneous current that is a more reliable parameter than
using the current derivative, and has been widely used in
existing inverse-time AC overcurrent protection for fault
detection and discrimination. However, it has not been used for
locating DC feeder faults (i.e. fault distance estimation). In
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contrast to the current derivative, FLTE offers the capability to
eliminate noise impact and reduce or avoid the requirement for
additional filters. For example, in the original current signal of
Fig. 1, the variation of FLTE in a 100µs window is only 0.03%
when there is ±0.3% noise in the current signals. Therefore, the
proceeding section develops an FLTE based fault location
method for LVDC distribution networks. Using local voltage
and current along with the calculated transient FLTE, the fault
location can be estimated during fault transient period.

dI
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III. A NEW TRANSIENT FAULT LET-THROUGH ENERGY BASED
FAULT LOCATION METHOD
A. Description of a mathematical model for DC fault location
based on FLTE
During the fault transient period (i.e. capacitor discharge
period), an equivalent RLC circuit is established as shown in
Fig. 2, where, Cl and Cr represent the capacitors within the local
and remote converters which are considered as the dominant
capacitive elements in the fault circuit. This assumption is
justified by the fact that the equivalent capacitance of LVDC
cables (e.g. 0.1µF/km [18], 12.1nF/km [19], 8.34nF/km [20]) is
much smaller than the converter capacitor (e.g. 12mF [21]), and
therefore can be neglected without significantly affecting the
performance of the method. Rl and Ll are the fault upstream
impedance up to the local converter, Rr and Lr are the fault
downstream impedance down to the remote end converter.
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Fig. 2. Simplified faulted circuit during converter capacitor discharge stage

The relationship between voltage and current at the upstream
side (i.e. left side in Fig. 2) can be described in (1), where, (Vl,
Il) and (Vr, Ir) are the upstream and downstream (i.e. with
respect to the fault) voltages and currents respectively, Vf is the
voltage at the fault point, Ll and Rl are the total inductance and
resistance between the capacitor Cl to the fault point. To obtain
the energy expression, both sides of equation (1) are multiplied
by Il•∆t and subsequently integrated for the time period t1-t2
(i.e. t1-t2 is the first fixed time window for calculating the
energy, t1 is selected based on the overcurrent detection). The
resulting energy equation is illustrated in (2). In the right side
of (2), the first term indicates the FLTE in the resistance within
the Path l as shown in Fig. 2, the second term illustrates the
energy in the inductance within the Path l, where Il-t2 and Il-t2
are the currents recorded at time t1 and t2, while the final term
is the energy in the fault resistance contributed by both
upstream (i.e. Il) and downstream (i.e. Ir) currents.
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To determine the impedance of the fault path, the energy
equation is also applied for the time period t1-t3 (i.e., t1-t3 is the
second fixed time window for calculating the energy). Time t1
is selected based on overcurrent detection. By combining the
two energy balance equations, the inductance of the fault path
can be derived by (3). Each term in (3) is defined in (4). Where,
Il-t3 is the current recorded at time t3. Also, in (3), A1 is the FLTE,
B1 is the energy contribution to the cable inductance, C1 is the
energy dissipated in the upstream side during t1-t2, and D1 is the
fault energy in the fault resistance contributed from upstream
and downstream fault currents. Similarly, A2, B2, C2, and D2 are
the corresponding parameters during time t1-t3. Regarding the
right side of (3), only the first part can be calculated based on
local measurements, while the second part is dependent on the
remote end fault current (Ir) and fault resistance (Rf).
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B. Optimizing location accuracy with critical point
If the fault location relies only on local measurements of one
side, the latter part of (3) is recognized as the estimation error
that can be written as (5). If the ratio of the fault currents (i.e.
Il/Ir) is a constant, the error is theoretically zero. Thus, this fault
distance is regarded as the critical distance and is defined as the
fault location where the fault current ratio of upstream and
downstream is constant. It is necessary to know the critical
point before a DC fault happens. Using (1) and the similar
equation based on Vr, the relationship between the voltage and
the ratio between upstream to downstream current can be
illustrated in (6).
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Equation (6) can also be expressed as in (7). If the voltages
on the upstream and downstream sides are equal during the
transient fault period, the current ratio is equal to the ratio of the
fault distance as seen from the upstream side (i.e. dl, as shown
in Fig. 2) to that seen from the downstream side (i.e. dr, as
shown in Fig. 2) and is shown in (8).
dI l
+ I l  Rl
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measurements at the upstream side as shown in Fig. 2 are
considered. Moreover, the time period t1-t2 and t2-t3 are
assumed equal to the sampling time ∆t. If the fault distance is
less than the critical fault distance, current Il is always bigger
than current Ir during the capacitor discharge stage. The
numerator of (5), defined as error-num can be evaluated based
on Riemann sums left rule [22] as shown in (11). During the
DC fault transient period (i.e. capacitor discharge phase), the
fault current derivative decreases. As the fault path impedance
in the upstream side (i.e. Path l as shown in Fig. 2) is smaller
than the downstream side (i.e. Path r as shown in Fig. 2), the
current derivative of the upstream side reduces faster than the
downstream side. Thus, from time t1 to t2, the ratio Ir/Il is
increasing as illustrated in (12). As a result, the second term in
(11) becomes increasingly greater than the first term, causing
(11) to be negative when the fault distance is less than the
critical point. In contrast, when the fault distance is beyond the
critical point, the sign of (11) is positive. Meanwhile, when the
fault is located closer to the local converter, the current
derivative of the upstream side has the highest transient peak
compared to the other fault location. That results in the biggest
value of error-num with the negative sign. Similarly, when the
fault is located closer to the remote end converter, the errornum has the highest value with positive sign. Thus, the errornum is a monotonic increasing function that is zero at the
critical point.
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Assuming the fault current from the capacitor dominates the
fault current within the fault path during the transient period,
there is a relationship between the voltage and current of
upstream and downstream converters as shown in (9).
Combining (8) and (9), and assuming the voltages from
upstream and downstream sides are equal, the critical distance
can be derived as the capacitor ratio shown in (10). This means
that, theoretically, the critical distance is dominated by the size
of capacitors connected at both sides of the faulted feeder.
dVl

 I l = −Cl  dt

 I = −C  dVr
r
 r
dt

4

(12)

The denominator of the later term of (5), is also given by
(13). In the time domain, from time t1 to t2, as the current
derivative is reducing and current is increasing during the fault
transient period, the ratio of current derivative to the current
(i.e. (dI/dt)/I) is decreasing as illustrated (14).
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The following analysis is based on the aforementioned
critical distance and focuses on the remote end fault current
contributions when capacitor at both ends are the same and local

(14)

As a result, the sign of error-den is always positive.
Considering the distance to the fault and the fact that the current
derivative is directly influenced by the fault distance, the ratio
between current derivative and current magnitude reduces for
increasing distance. This in turn causes the error-den to
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decrease and behaves as a monotonic decreasing function as
fault distance increases far away from local converters.
Table I summarises the above analysis related to the remote
fault current contribution on fault location estimation errors. As
the fault moves further, if the fault distance is less than the
critical point, the estimated fault distance is less than the actual
fault distance. Otherwise, the estimated fault location is further
than the actual fault location.
Table I Summary of behaviours of online fault location errors as fault distance
is increasing
Fault distance
<critical point
>critical point

Sign of error
+

Magnitude of error
decreasing
increasing

Fig. 3 shows an example of estimation errors for different
faults (fault distance is assumed with respect to Cl) on the
simplified circuit shown in Fig. 2, 500m cable length connected
with the same capacitors at both ends. In this case, the mid-point
is the critical fault location as the Path l and Path r are
symmetrical as shown in Fig. 2. For the fixed time window t1t2 and t1-t3, during which the fault current increases rapidly for
any faults along the feeder, the absolute values of error-num are
symmetrical around the critical fault distance. Moreover, since
the error-den is a positive monotonic decreasing function, the
value of error-den for faults before the critical distance is
averagely higher than the one for faults after critical distance.
The above characteristics of error-num and error-den make the
estimation error for faults happening at the upstream side of the
critical distance relatively smaller than faults at the downstream
side. This is also illustrated in Fig. 3, where the average error of
the fault location estimation is significantly smaller for faults
before the critical point. Thus, by combining the fault location
estimations of both sides based on the critical point, a more
accurate fault estimation result is possible. In detail, the strategy
is as follows,
• If the local estimated fault distance is less than critical
distance, then this side’s estimation is selected.
• Otherwise, the remote side’s distance estimation is selected
as a reference.
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relies only on local measurements. The flow chart of the
proposed fault location algorithm is shown in Fig. 4.
The key parameters used by the local fault location devices
are the DC voltages, currents, and the calculated FLTE. The
calculation of the injected energy into the fault path is based on
the integration of the voltage-current product (i.e. Ein=∫V•I•dt).
As discussed in the previous section, the proposed fault
location technique is dependent on the capacitor discharge
stage. It is necessary to set criteria for initializing the fault
location algorithm when it is required and for selecting an
appropriate window to calculate the FLTE. For this purpose, a
combination of overcurrent and a fixed time period is used.
Time t1 is considered as the time instant where the fault current
first exceeds the selected threshold (i.e. Ithreshold, 1.2p.u. in this
case). The time 100μs later of time t1 is recorded as time t2,
while the time 200μs later of time t1, is recorded as time t3. The
window selection is mainly required to ensure the captured data
is within the initial stage of the DC fault transient period.
Start
Measure (V, I, and t)
No
(I>Ithreshold?)
Monitor dI/dt and
calculate FLTE=∫I2·dt
and Ein=∫I·V·dt

Regarded as t1 once I>Ithreshold, Yes
capture It1, and (dI/dt)t1

No
t-t1>100μs ?

Yes

Record
It2, FLTE t1 and Ein-t1

Monitor t and
calculate FLTE=∫I2·dt
and Ein=∫I·V·dt
No

Calculate distance ‘d’
Yes
Record
It3, FLTE t2 and Ein-t2

FLTE t1
FLTEt2
FLTEt1
(It22-It12)-(It32-It12)·
FLTEt2

(Ein-t1)-(Ein-t2)·

Distance
‘d’≤ critical distance?

t-t1>200μs ?

Use local result for
estimating as fault location
reference

Yes

No

Use remote end result as a fault
distance estimation reference

End

Fig. 4. Flow chart of the proposed online fault location strategy

IV. MODEL FOR EVALUATING THE PROPOSED FAULT
LOCATION METHOD
A. Test Network Modelling
An LVDC test network is developed as shown in Fig. 5. The
parameters of the developed test network are given in Table II.
Table II Parameters of the LVDC test network
Fig. 3. An example of fault location errors for faults on an ideal circuit with the
same capacitors are connected at both ends

C. Description of an FLTE based fault location algorithm
Based on the previous analysis, a novel fault location
technique based on FLTE is proposed. The distance estimation
is optimized by the critical point based working strategy. The
proposed method does not require any data synchronisation and

Parameter
AC supply
Fault level
Transformer
VSC
LVDC distribution voltage
LVDC feeder
DAB converter
DC customers

Value
11kV
156MVA [23]
11kV/0.4kV
1MVA, 5mF
±0.75kV (pole-to-pole)
0.164 Ω/km, 0.00024 H/km [5], 500m
±0.75kV kV/±0.2kV, 200kW, 2.5mF
200 kW
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The LVDC is interfaced to an AC grid through a two-level
voltage source converter (VSC). The VSC provides ±0.75kV
DC pole-to-pole voltage. The LVDC feeders are modelled as an
equivalent R-L circuit with 500m. The LVDC network supplies
four aggregated end users (200kW each) that are interfaced
through a dual active bridge (DAB) converter.
11kV AC supply
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V. VALIDATION OF THE PROPOSED FAULT LOCATION
TECHNIQUE
In the simulation studies, DC pole-to-pole faults are applied
along the 0.5km cables with 0.1Ω fault resistance intervals in
the range from 0.1Ω to 1Ω. Faults are applied on feeder ‘b’ to
test the case where the feeder has converters of different size
connected to its ends.

11kV/0.4kV

±0.75kV DC (PCC)
a2

b1

Feeder a

Feeder b

a1

Bus5

b2

d2

Bus2

c1
±0.2kV

±0.2kV
48V

Feeder d

Feeder c

48V

c2

Bus4

A. Fault location estimation accuracy
Fig. 7 shows the fault location errors of device ‘b1’ for faults
on feeder ‘b’ for different fault distances and fault resistances.
Within 167m, the fault location estimation of device ‘b1’ has a
relatively small error (1.7m, 3%, the fault at 50m away device
‘b1’). When the fault moves beyond 167m, the fault location
error increases significantly (up to 393m, 87%, the fault at
450m away device ‘b1’).

Two-level
VSC
Bus1

d1

Bus3

NOP

±0.2kV

±0.2kV

Fig. 5. A test model of an LVDC distribution network

B. Model of FLTE based fault location
The model developed for the implementation of the proposed
fault location algorithm is illustrated in Fig. 6.

Holdt1
>

t

Hold t1 in out

I

in out FLTE t2
Hold

100μs 200μs
>

Holdt1
Hold
in out

Holdt3 FLTE t1

Holdt3
It1
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Hold
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It2
Holdt3
Hold
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FLTE

∫I2·dt
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FLTE
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(It22-It12)-(It32-It12)· FLTEt1

>

rst

Ein-t1

Fault distance=

1.2p.u
I

in out
Hold

(Ein1-t1)-(Ein2-t2)· FLTEt1

I

∫V·I·dt
rst

Holdt2

Local measurements voltage V, current I, and time t

V
I

Fig. 6. Model of fault let-through energy based fault location

Devices ‘b1’, and ‘b2’ shown in Fig. 5 are fault location
devices. For each fault location device, only voltage, current,
and time are monitored with 1MHz sampling frequency [10].
Each device is updated with the associated critical point (i.e.
‘b1’ is 167m, ‘b2’ is 333m). To add the credibility to the
simulation results, voltage and current measurements are
contaminated with noise signal (0.3% variations) captured
from a real LVDC testbed [16].

Fig. 7. Fault location errors of device ‘b1’ when fault distance and fault
resistance change on feeder ‘b’

For device ‘b2’, the fault location error is relatively small (up
to 3.5m (i.e. 0.7%), for a fault at 450m away device ‘b1’) for
faults that occur within the critical point (333m away from
device ‘b2’) as shown in Fig. 8.

Fig. 8. Fault location errors of device ‘b2’ for different fault distances and fault
resistances on feeder ‘b’

When the fault occurs beyond the critical point, the
estimation error can reach up to 213m, representing 426%
distance error for the fault 50m away from device ‘b1’. It is
evident that the fault location estimations from both sides of the
cable are significantly different when the LVDC feeder is
connected with different converters at each end. It is therefore
necessary for a workable estimation algorithm to select the
appropriate device (‘b1’ or ‘b2’) to be used as a reference for
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locating the DC fault. The existing strategy for locating DC
faults as proposed in [9], namely the 50% rule, relies on each
protective relay being responsible for locating DC faults in the
first half of the feeder. Nevertheless, if this strategy is used in
this particular example, errors will arise because device ‘b1’ can
provide more accurate fault location estimation for the first
33.3% of the feeder rather than the rest 66.7% of the feeder.
For example, considering Bus1 as a reference, Fig. 9 shows
the errors of the proposed estimation method for a 500m
connected with converters (local to remote capacitor ratio is
2:1). Its estimation errors are within the range of (-2.5m to 3.5m,
average 0.6%). In terms of the improvements of fault location
working algorithm, compared to the existing 50% fault location
strategy, the proposed critical point based strategy has smaller
estimation errors and provides more accurate fault location
estimation especially for the faults located in the range of 167m
to 250m away from device ‘b1’. For example, when fault
resistance is 0.1Ω, using capacitor ratio based fault location
strategy, fault estimation error can be reduced up from 2.1% (i.e.
5.4m) to 0.5% (i.e. 1.4m). The simulation results of this basic
case illustrate the effectiveness of the proposed method that is
using FLTE and critical point based fault location working
algorithm.
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the distance estimation are getting negatively affected leading
to increased errors when local and remote estimations are
combined based on the critical point based working strategy.

Fig. 10. Fault location errors based on 50% rule and critical point for a 500m
feeder with converter capacitor ratio 4:1

The increasing estimation errors for highly resistive faults
becomes less when locating faults for a 1000m feeder
connected with different converters (local to remote capacitor
ratio is 4:1). In this case, the critical distance is 200m away
from device ‘b1’. Fig. 11 shows that the errors of using the
proposed fault location strategy in this case are within the range
of (-1.4m to 4.6m, average 0.4%). Also, the estimation errors
are smaller than the ones from the existing 50% based fault
location working algorithm. For example, for a 0.1Ω fault, the
estimation error can be reduced from 3% (i.e. 15m) to 0.12%
(i.e. 0.6m). Compared to the results in the 500m feeder case
shown in Fig. 10, the reduced fault estimation errors are mainly
caused by the increased cable impedance. The impact of the
increasing fault resistance in the total fault estimation error (as
illustrated in (5)) becomes less significant than the remote fault
current contributions.

Fig. 9. Fault location errors based on 50% rule and critical point for a 500m
feeder with converter capacitor ratio 2:1

B. Stability and reliability analysis
The following section will validate their stability and
reliability against different converter capacitor ratios, different
length of cable, and noises. To investigate the stability of the
proposed fault location strategy, the ratio of capacitor size of
local and remote converters increases to 4:1. Fig. 10 shows the
errors of the proposed estimation method for a 500m connected
with converters (local to remote capacitor ratio is 4:1). Its
estimation errors are within the range of (-0.9m to 10.3m,
average 1.6%). In term of the improvements of fault location
working algorithm, compared to the existing 50% fault location
strategy, when the fault resistance is relatively small (≤0.2Ω),
the proposed critical point based strategy provides more
accurate fault location estimation in this case. For example,
when fault resistance is 0.1Ω, using the critical point based fault
location working strategy, fault estimation error can be reduced
from 2.4% (i.e. 6m) to 0.3% (i.e. 0.9m). However, as fault
resistance increases, it dominates the estimation error more than
the remote fault current contribution (see (5)), and the errors of

Fig. 11. Fault location errors based on 50% rule and critical point for a 1000m
feeder with converter capacitor ratio 4:1

From the above analysis, it can be summarised that the ratio
of capacitor size and cable length will influence the
performance of the proposed fault location algorithm compared
to the existing 50% rule. However, for a relatively small fault
resistance (e.g. 0.1Ω), the proposed algorithm is always more
accurate (e.g. error reduction up to 15m, 3%) among the studies.
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Apart from the improved accuracy, enhanced reliability against
noise impact is another key improvement. For example, Fig. 12
shows the behaviours of current, current derivative, and FLTE
with white Gaussian noise (signal-to-noise ratio (SNR) 40dB
and 20dB) under a 250m 0.1Ω fault (at 0.2s) on a 500m feeder.
It can be seen that current derivative signals are almost
destroyed with SNR 40dB and 20dB noise signals.
Comparatively, the SNR 40dB white noise has negligible
impacts on the FLTE as shown in Fig. 12 (c). Even for the
significant SNR 20dB white noise, it only creates a small range
of FLTE variations (0.23%). The high reliability of FLTE
allows the proposed FLTE based fault location technique to
provide fault distance estimation with a good level of accuracy
under significant noise conditions.
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Table III Average estimation errors of the proposed method under different
noise levels and comparison with current derivative (dI/dt) based method
SNR
(dB)
60
40
20

Average Estimation Error (1Ω)
500m feeder
1000m feeder
Proposed
Existing
Proposed
Existing
(FLTE)
(dI/dt)
(FLTE)
(dI/dt)
0.58%
1.1%
0.65%
3.42%
2.5%
7.6%
0.94%
11.80%
4.7%
18.85%
2.54%
24.88%

VI. CONCLUSIONS
This paper has developed a fault let-through energy based
fault location technique that can be applied successfully for
LVDC fault location estimation. An analytical method has been
presented for assessing the fault location estimation errors and
the critical distance beyond which the error increases
significantly. Based on the critical distance, the device of the
more suitable end of the feeder is selected in order to minimize
the estimation error. Its high accuracy has been verified against
different cable lengths with fault resistance less than 1Ω (e.g.
average error 0.6%, with a maximum 3.5m for a 500m feeder
and 0.4% average error, 4.6m maximum error for a 1000m).
The proposed critical point based working algorithm can reduce
estimation errors up to 15m (3%) for a 1000m feeder compared
to the existing 50% rule. The improved accuracy allows DC
faults to be located within area shorter range and facilitates
rapid post fault cable maintenance where different converters
are installed at each end of a feeder. In addition, the high
reliability and satisfying accuracy of the technique have been
verified under a significant noisy environment.
Future work will focus on testing the proposed method in a
wider range of LVDC networks, while steps will also be taken
towards validation and demonstration in real networks to
further assess the practical feasibility of the method.
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