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Abstract—Identifying faulty lines and their accurate location is
key for rapidly restoring distribution systems. This will become
a greater challenge as the penetration of power electronics
increases, and contingencies are seen across larger areas. This
paper proposes a single terminal methodology (i.e., no commu-
nication involved) that is robust to variations of key parameters
(e.g., sampling frequency, system parameters, etc.) and performs
particularly well for low resistance faults that constitute the
majority of faults in low voltage DC systems. The proposed
method uses local measurements to estimate the current caused
by the other terminals affected by the contingency. This mimics
the strategy followed by double terminal methods that require
communications and decouples the accuracy of the methodology
from the fault resistance. The algorithm takes consecutive voltage
and current samples, including the estimated current of the
other terminal, into the analysis. This mathematical methodology
results in a better accuracy than other single-terminal approaches
found in the literature. The robustness of the proposed strategy
against different fault resistances and locations is demonstrated
using MATLAB simulations.

Index Terms—Power system protection, microgrids, Power
distribution faults, fault location.

I. INTRODUCTION

Low voltage DC (LVDC) will play a vital role in future
low-carbon electrical energy systems with solar photovoltaics,
electric vehicles, etc. [1]. Potentially, LVDC will enable the
use of power-denser hardware and bring less stand-by losses,
more control flexibility, and higher power quality [2]-[4].
The protection of DC systems requires reliability, security,
dependability, and selectivity [4] to identify and locate a
fault. Therefore, fault identification techniques help reduce the
impact of contingencies, whereas location methods allow a
timely restoration of the system. Fault location methods are
divided into two categories in the literature: offline and online
methods. Offline methods calculate the fault location after the
fault has been cleared. In contrast, online methods evaluate
the fault distance after the fault has been identified but before
it is cleared.

Discussing the offline methods in the literature, the authors
in [5]-[7] use a probe power unit (PPU) as an active external
injection unit. The authors in [5] neglect the damping coeffi-

cient in the second-order RLC discharging circuit, taking the
damped frequency to be equal to the natural frequency. This
results in a loss of accuracy of the fault distance location.
Authors in [6] use a least squares algorithm to evaluate the
damping i.e., attenuation constant. However, the method’s ac-
curacy is compromised when the attenuation constant is high.
Paper [7] uses a modified PPU to calculate a high value for the
attenuation constant and, therefore, evaluate the fault distance
with higher accuracy compared to [5]-[8]. The authors in [9]
use a fault location module consisting of an inductor, two
switches, and two thyristors to achieve an accuracy of 98.4%
for low resistance faults in an LVDC system. However, the
method in [9] is prone to white Gaussian noise (WGN) in
measurement as it uses a differential term (di/dt) in the analysis
of the fault location. Authors in [10] propose an iterative
method to evaluate the fault location for pole-to-ground (PTG)
faults without any external modification. However, this method
has a dead zone for faults closer to the bus and for pole-to-
pole (PTP) faults [11]. Additionally, it is desirable to have a
robust online method over its offline counterpart. Regarding
online methods, the authors in [11] propose using a current
limiting reactor (CLR) in single and double terminal fault
location methods. The analysis is robust and convincing based
on the ratio of transient voltages (ROTV). The authors in [13]
use an improved solid-state circuit breaker (SSCB) to propose
a curve-fitting method. However, the parameter extraction
method presents low accuracy when the fault occurs close
to the bus [18]. Paper [14] uses multiple capacitive earthing
points as an external modification that can be used to locate
faults. The authors in [16], [17] use current and voltage
measurements from both ends to formulate a fault location
method without any external modification. The method from
[16] uses a Moore—Penrose pseudo-inverse, whereas the au-
thors in [17] use an iterative approach for fault location.
However, the performance in [16], [17] and [14] is affected
by WGN. Moreover, papers [16], [17] require synchronized
double terminal data for accurate fault location. The authors
in [12] propose a Newton-Raphson-based fault detection and
location method for low-resistance faults and a ground current
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TABLE I: FAULT LOCATION METHODS IN LITERATURE

Fault Location Methods ~ Location Sequence/Differential Term

Other Terminal Considered?

Degree of External Modification Required?

[11], [12] Online/No No low, current limiting reactor
[13] Online/No No high, improved solid-state circuit breaker
[14] Online/Yes, prone to WGN No high, multiple capacitance earthing
[15] Online/No Yes, estimates other terminal current Not required, high sampling frequency
[9] Offline/Yes, prone to WGN No high, Fault location module

[16]- [17] Online/Yes, prone to WGN Yes, require synchronous data Not required
[10] Offline/Yes, prone to WGN No Not required

[51- [7] Offline/No No high, Probe power unit
[18] Online/No Yes, requires asynchronous data high, modified T-source circuit breaker
[Proposed method] Online/No Yes, estimates other terminal current low, current limiting reactor

relay to locate high-resistance faults (up to 25¢2). However,
this method assumes an overdamped response of current and
voltages in the analysis, even for low-resistance faults. This
reduces the accuracy of the fault location strategy under low
fault resistance scenarios. The authors in [18] use a modified
T-source circuit breaker in a method that is robust to WGN
and effective to high fault resistance. However, the method
requires double terminal asynchronous data to eliminate the
influence of fault resistance.

This paper presents an online single-terminal fault location
method for flexible (point-to-point or multi-terminal) LVDC
systems. The novelty of this method lies in improving the fault
location accuracy for low resistance faults up to 1 €2, which
constitute the majority of faults in LVDC systems (usually
with low resistive earthing [14], [19]). Low voltage systems
have a high possibility of experiencing low resistance pole-
to-ground faults. Likewise, short circuit pole-to-pole faults are
less likely to occur, and high resistance pole-to-ground faults
are rare [5], [13].

The proposed approach is based on estimating the current of
other terminals that are being directly affected during a fault
using only local measurements. Including the estimated current
in the single terminal iterative fault location method improves
fault location accuracy. However, as the fault resistance in-
creases, the fault current contribution in the analysis reduces.
As a result, the merit of using estimated current reduces for
high fault resistances. The proposed method shows similar
accuracy to conventional single terminal methods [S]-[7], [11]
for higher fault resistances up to 5 €). Therefore, the fault
location method is accurate and applicable for a conventional
LVDC system with a fault resistance ranging from 0-5 €.
Briefly, the proposed location method has the following key
attributes:

o Single-terminal. The proposed method does not require
information from other terminals to locate the fault. This
reduces its cost and complexity. However, single-terminal
methods are dependent on fault resistance. The proposed
work estimates other terminals’ current to mimic the dou-
ble terminal methods’ methodology. This eliminates the
dependence of fault location accuracy on fault resistance,
improving the accuracy of fault location.

o No differential term. The method is robust against WGN

in measurements as it replaces the differential current
term with the voltage across CLRs since the use of
differential terms (di/dt and dv/dt) in the mathematical
analysis make these approaches prone to the loss of
accuracy in the presence of WGN in measurements.

e Minimum external modification. To optimise the cost
of the LVDC systems, it is important to do minimum
changes to the existing systems for the purpose of control,
operation and protection. The proposed method requires
a low degree of external modification in the form of
CLRs [11], [12], which is widely suggested and used in
literature for the protection of DC systems. This reduces
the cost and complexity of the fault location method
compared to other strategies such as [13] (improved solid-
state circuit breakers), [14] (multiple capacitive earthing
points), [9] (fault location module), [18] (modified T-
source circuit breaker).

The rest of the paper is organized as follows. Section
IT describes the test system. Section III presents the fault
location algorithm using the estimation of the current ex-
perienced by other terminals and the related validation in
MATLAB/Simulink. Finally, section IV brings the conclusions
of the work.

II. TEST SYSTEM CONFIGURATION

The fault location algorithm is developed to be used ei-
ther in a point-to-point or multi-terminal distribution system.
Therefore, two systems with identical elements but different
configurations (i.e. one as a multi-terminal and the other as a
point-to-point) are considered in Fig. 1. These systems operate
at £380V and are formed by 6 buses. The LVDC system
consists of a fuel cell on Bus 1, an AC grid on Bus 2, a
photovoltaic system on Bus 3, and an energy storage system
on Bus 6. Buses 4-5 have AC loads, DC loads, and constant
power loads [20]. Benchmark controllers used in conventional
LVDC system applications have been implemented to validate
the analysis [21].

The system needs the addition of CLRs to limit the rate
of change of the current during faults. For the point-to-
point configuration, CLRs are present at both cable terminals.
However, for a multi-terminal configuration, CLRs may not
be present at both cable terminals (see Fig. 1(b)). As a
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Fig. 1: LVDC Test System formed by (a) point-to-point, (b) multi-terminal configuration
result, the fault location method is independently analyzed Ly d Di-d L,

for point-to-point and multi-terminal systems. For the point-
to-point system, the fault contribution from other buses is
neglected since the converter "s controllers’ slow bandwidth
and the path’s high inductance would limit the current from
other buses [16], [17]. This permits simplifying the faulty
point-to-point network as shown in Fig. 2. Similarly, for the
multi-terminal system, the contribution from other buses is
neglected, but the contribution from other nodes is considered
(see Fig. 3). This makes the analysis of fault location slightly
tedious for the multi-terminal system compared to the point-
to-point system. Fig. 3 is used as the effective and simplified
single-line network for a multi-terminal system.

A bipolar line configuration with a frequency-dependent
transmission model (FDTL) of an underground cable (UGC)
is considered. The LVDC system consists of different cables
modeled as single-core cables with copper conductor, XLPE
insulation (2.8 mm thick), and PVC sheathing (2.5 mm thick).
The grounding capacitance of the UGC is 0.5uF/km while
the equivalent DC capacitor of the converter is around 103-
10* pF. Hence, the fault contribution from the grounding
capacitance of cables and lines can be ignored for short to
medium cables. As a result, the R — L representation of UGC
is used for the fault location analysis. The grounding scheme
considered is TN-S, which provides mid-point grounding at
each converter terminal. The fault contingencies considered
in the test system are of different types, i.e., PTP, P-PTG,
and N-PTG. The sources and loads in the setup are protected
using an intelligent electronic device on the source side (IEDy)
which is a combination of DC current transducer and DC
over-current relays and DC circuit breakers as shown in Fig.
1. The cables in the system are protected using intelligent
electronic devices of load side (IED;) [4], [22]. The fault

VlT(t) Rgl Ich(t) A Vg(t)
Vdcl(t) Vdcz t) r{
Tl T
L 1 LZ
(a) Ly le d e D1-d :I L,
) 1 - . . T
Vl;(t) @ Vdj_l” (t) id:p(;) _IR fl id:Z/J?) Vdfp( t) M sz-l_( t)
vli(t) =V ﬁln( t) ) ?/dchz(t) - T Omi(t)
(b) b b

Fig. 2: Simplified network for point-to-point configuration
under (a) PTP fault, (b) P-PTG fault

current used in the analysis is supplied by the discharging DC
bus capacitance, not the inverters and converters upon fault
inception. The converters should trip as soon as overcurrent
hits. This is indicated in Fig. 1 using DC circuit breakers in
IED; and IED;.

III. FAULT LOCATION ALGORITHM

A. Estimation of other terminal current, ige(t)

Fig. 1(a) shows the point-to-point system with a fault
between bus 1 and bus 2 (shown as F; in Fig. 1(a)). Fig.
2(a) shows the simplified network under a PTP fault, whereas
Fig. 2(b) shows the simplified network under a P-PTG fault.
Since the method is single terminal, 94.2(t) and T2 (t) are
unknowns [23]. The analysis assumes vy (t) = 02(t) as voltage
collapses slowly due to the energy dynamics of the DC bus as
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Fig. 3: Simplified multi-terminal test system

a result of its equivalent capacitance. Applying KVL in Fig.
1(a), following equations are obtained [24]:

digel (t)

Vae1 (t) = 2rdige (t) + 21d + Ryliger (t) + taca(t)],

dt
N A_ 0
d)idc2 (t) + QZ(Dl _ d) dld:;(t)

+ Rf [idcl (t) + %dCQ (t)]a (2)

where vg.1(t) and O4.2(t) are the terminal voltages at each
side of the cable, ige1(t) and ige(t) are the currents fed
into the fault by the terminals on each side. r and [ are
the unit resistance and inductance of UGC. L,, is defined
as the value of the CLR, and R; is defined as the fault
resistance. D; is the cable length whereas d is the fault
distance from bus terminal. Considering the voltage drop
across the CLR, the current derivative terms can be obtained,
avoiding substitution errors due to differential calculations [2].
This improves the algorithm’s performance in the presence of
WGN. These terms are given as d”;i(t) = Ul(t);g’f“(t) and
diges(t)

Vdea(t) = 2r(Dy —

c2(l) — 220 Paee® pividing (1) with vy (¢) and (2) with
02(t), (3)-(4) are obtained, where the ratio of transient voltages
_ vaci(t) Dac2(t)

is defined as, v1(t) = O and 5 (t)= R OR

A j2rdiaa(®) W daa(®) +ae(®)
i P 7 | A ) R I R ()
)
5o(l) = Lo 2r(Dy — d)%dCQ(t) I(Dy — d)
V2 L2 + Z(Dl — d) @2 (t) Lg
4 Ryl Tiaa(®)|

0o (1)

2Tdidc1 (t)

Considering (3) and discussing ORI generally 2rd < 1

for LVDC systems and ““(g) is at its minima right after the
fault inception. During the fault transient, i1 (¢) rises and
v1(t) drops which cumulatively increase the value of ider(t)

’Ul(t) °
Similarly, W(Z)Ittiu(t) in R ”“(?I;;“(t) is at its minima

right after the fault inception. During the fault transient,
ide1(t) and ig.9(t) rise and vy (t) drops which cumulatively

increase the value of % High resistance faults

(HRFs) can increase the value of the time-varying term,
but the effect is not dominant enough to compensate low
tae1(t)+iaea (t) right after the fault. Further, as the maximum
value 02 a fault resistance under the analysis is limited to 52
(considering an LVDC system), the effect of this term is fairly
limited. Additionally, the total sum of time-varying terms is
Ry Zd“(?;rzd&(t) + 2Td”(‘;1)(t) < M right after a fault. This
results from a low CLR (L4) value used in LVDC systems.
As a result, the time-varying terms in (3)-(4) are neglected
immediately after the inception of a fault, as they increase

gradually (see Fig. 3). Therefore, for t = 0% in (3)-(4), time-

. . -\ 1d
varying termlsDaIedneglected to give, 71(07) = 47; and
42(07) = %. A similar analysis can be carried out
1
0.8
S
IS
= 0.6
=
0.4 J
i [=-a=100m ——d=700m
0.2 e | e d=300m ====d=900m
—-=-d=500m
0999 1 1.001 1.002 1.003 1.004
Time (sec)

Fig. 4: Variation of ratio of transient voltages, 1 vs time for different fault
distances.

for a PTG fault using the voltage and current measurements of
the faulty pole. By subtracting (3) and (4) and using (5) and
(6), the estimated value of other terminal currents for ¢t = 0"
is defined as (7a) for a PTP fault and (7b) for a P-PTG fault.

lae2(t) = Hhgider (t) : PTP (52)
lae2(t) = 5y Py e (8) : P-PTG (5b)

The analysis is valid for a point-to-point configuration, but
multiple node currents are involved in the analysis for a multi-
terminal configuration. As a result, the estimation gets com-
plex. Fig. 1(b) shows a multi-terminal LVDC system, whereas
Fig. 3 shows its simplified configuration. The objective of
the analysis is to find the relation between iger(t)[$_, and
idc1(t). The application of KVL considering buses 1-6, sim-
plifying the ratio of transient voltages, gives the relationships
between chk( )\2:2 and idgl(t). The identities %dch(t) =
g Zd(’Q(t)9 Z(irél(t) = D4€-D7 7:dc2(t)7 7:clc5(t) = %idCQ(t)
and ZdCG(t) = butps +D chg(t) are used to define %dcg(t) in terms
of ige1(t) for t = 0F as in (6).

o d
Ldc2 (t) =

Z.clcl (t)

D2+(Dlid) 1+D2+Z Dk+D7

(6)
For a P-PTG fault (F; in Fig. 1(a)), Fig. 4 shows the time
variation of error (g;) (defined as the difference between
estimated other terminal current (Edcg) and actual current
(24c2))- Fig. 5(a)-(c) show &;, i4c2, tdc1 and %dcg for a fault
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current reduces, and the merit of using estimated current in the
calculation is reduced. Therefore, even if the defined estimated
current closely resembles the actual measured current for fault
resistance up to 5 €2, the proposed method shows the merit of

better fault location accuracy for fault resistance up to around
1 Q.

B. Consecutive sample manipulation for fault location

Due to space constraints, the evaluation of fault location
is explained for a point-to-point PTP fault in line with total
length, D7 = 2 km. Including the above conclusion in eq. (1),
we can redefine vq.1 (t) as:

. dide
vaerlt) = d(mdd( )+ dd;( )> TR B

Rearranging for the calculated fault location, d, we can write
the following quadratic polynomial:

Vdeq (t1)
] _d[ ’Llltl)

— DyRy.

tac1(t). (7)

ul(tl
Lvn 7Al(tl)

|+ +7D; +

lD1 ui (t1)

Ly i1(t1) (8)
Vae, (1)
il(tl)
Evaluating eq. (8) at ¢ = t5 can give us another equation with
the constant D12y on the RHS. Subtracting eq. (8) and the

equation at ¢ = t, would give us eq. (9).

+D;

l D
d>——a(ty, t2) — d|:ﬁ(t17t2) +=

D =
I Lma(tlth):|+ 18(t1,t2) =0

(C))

Fig. 6: (a) a(t1,t2) and B(t1,t2) vs time (sec), (b) Fault distance solutions
(km) vs Time (sec) for a line of total length 2 km.

where Oé(tl, tg) [u1 (tl)il (tg) — Uz (tz)il (tl)} and
,B(tl, tz) = [Udcl (tl)il(tg) — Vdel (tz)il(h)]. Continuous sub-
sequent current and voltage measurements [23] are used to
solve the quadratic expression. Fig. 6(a) shows the plots
for a(ty,t2) and B(t1,t2) with a window of 3 samples i.e.,
to = t1 + 3AT,;. A window with fewer samples gives a
triangular distance behavior (instead of a trapezoidal behavior)
solution, while a window of abruptly high samples, such as 20
samples, gives an erroneous fault distance solution. A window
of 3-10 samples is recommended to implement consecutive
sample manipulation where ATs=60pus for the given case. The
fault information is packed within the black dotted rectangle
in Fig. 6(a) and the black dotted ellipse in Fig. 6(b). The
quadratic polynomial gives two solutions for the fault distance.
One of the solutions is negative for the most part and is defined
as the invalid distance (shown with red line) in Fig. 6(b).
The valid distance (shown with a blue line) in Fig. 6(b) gives
valuable information on accurate fault distance for nearly 4us.
Fig. 7 shows the presence of the DC fault at different locations

e.,d=05km, d=1km and d = 1.5 km. The algorithm
gives accurate fault location for faults at different locations,
as evident from Fig. 7, where the second transient of the valid
solution gives the accurate fault distance. In each case, the
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Fig. 7: Calculated fault distance (km) vs time (sec) for a fault at a distance of (a) d = 0.5 km, (b) d = 1 km, (c¢) d = 1.5 km.

fault distance lingers around its true value for nearly 4us. This
time can be increased with an increase in the window size of
consecutive sample manipulation. However, increasing it to a
very high value may jeopardize the method’s accuracy. The
future scope of the work includes generalizing the algorithm
for a low-voltage system irrespective of its configuration.
Further, the proposed method can be validated in the real-time
digital simulator (RTDS).

IV. CONCLUSION

The proposed method estimates the adjacent terminal cur-
rent using local current measurement and mimics double
terminal fault location analysis methods. This eliminates the
dependence of accuracy on the resistance of the fault. The
simple algorithm accurately determines the distance using a
consecutive sample manipulation. The proposed methodology
presents highly accurate performance for low resistance faults,
but as the fault resistance increases, the fault current contribu-
tion reduces, and the performance of the approach decreases.
Nevertheless, the accuracy for high fault resistances is still
comparable to other single terminal methods discussed in the
literature.
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