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Abstract— This paper discusses an ‘after the fact’ analysis of
distribution circuit precursor faults in underground cables, an
effort which would result in the prediction of faults and their
locations before they lead to permanent faults. The basis of this
work is the algorithm which incorporated a sub-cycle, transient
fault distance calculation formulation that had been developed
using the concept of net fault voltages and currents coupled with
the principles of superposition and negative voltage injection.
This work, shifting the said calculation to graphical
representation, generates estimates of fault distance from the
characteristic points on 2D graphs made by the net currents and
net voltages. It initially preprocesses centrally captured voltage
and current time-domain data to obtain net value samples, maps
out the 2D graphs, and extracts line parameter loci at zero
crossing(s) of the fault loop current as well as those of its time
derivative. A final stage is the estimation of the line fault distance
in terms of two parameters; line resistance (Rline) and line
inductance (Lline) to the fault point. Details of this approach are
outlined with tests involving the use of fault data generated from
modeling and simulation in ATP/EMTP followed by the
comparison of the results with predetermined cable parameters.
Index Terms— Transient faults, AZPs, 2D graphs, distribution
system, underground cable, ATP/EMTP, line resistance, line
inductance, fault location.

I. INTRODUCTION
Underground cables as opposed to the traditional method in
overhead lines have become a more prevalent choice in
distribution system installations. One major cause of faults in
underground cables is a temporary or permanent breakdown in
solid insulation resulting in leakage of current into, through
and around the insulation [1]. Typical examples can be seen in
the water treeing and electrical treeing phenomena; the former
usually being a reliability concern when it initiates the latter.
During these damaging processes, energy exchanges occur
most of which manifest as transient states whose momentary
nature cause system conditions to be restored shortly after [1].
These states are observed at the substation level as sudden,
short-lived deviations from the normal voltage and current
waveform patterns. A postdictive analysis of the transient
states and their relation to the progressive deterioration of
cable insulation could be crucial in efforts to predict and
locate faults before they occur.
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One of the first approaches in solving the location problem
for faults with very short time spans was proposed and was
completely done with a time domain data analysis without the
need for fundamental components of voltage and current. It
did not require any data on line impedance. It was built on an
inverse method of deriving an unknown from a simple
differential equation in the faulted loop between a measuring
point and the fault location [2]. The developed model made
use of three key principles and assumptions which allowed for
an initial line to fault location calculation in terms of the
inductance of the line. Firstly, it eliminated all resistive and
shunt components of the circuit and relied only on the source
inductance, line inductance to the fault point as well as
inductance of the rest of the circuit for its analysis [2].
Secondly, the model used, instead of overall fault quantities,
the net fault voltage and current which was obtained by
subtracting the nominal voltage and current from the fault
voltage and current, respectively, over the time frame of the
transitory fault presence [2]. The final principle employed in
this method was the representation of the transient fault
condition by injecting negative voltage at the fault inception
time and applying the principle of superposition to the
resulting circuit [2]. The application of the superposition
principle allowed for only the injected fault inception voltage
to be considered while ignoring the main source then with the
use of the net fault voltage and current, a formula was drawn
to calculate the fault distance. However, this initial approach
fell short as it failed to capture the true impedance of the line
because the developed model ignored the resistive component
of the impedance. Ignorance of resistance is a common
practice in overhead line modeling, but for cables, it results in
significant error. An improved formulation, as a result, was
later developed. This formulation forms the basis upon which
the method proposed in this paper was built and will be
discussed briefly in the next section.
In this work, a 3-phase, 11kV distribution system is
considered through which a 2D Graph algorithm is
implemented from the processing of 1-cycle transient fault
data and computations from a fault distance formula.
The paper is organized as follows. The next section details
the time-domain, sub-cycle fault location formula with all
components included. In Section III, we discuss the graphical
determination of fault locations. Section IV describes ATP
modeling/simulation and briefly describes the method for
predetermining cable parameters. Validation of the 2D Graph
algorithm is also done in this section. Section V concludes the
paper.

II. TRANSIENT FAULT LOCATION FORMULATION
A. Principles and Assumptions
Fig. 1 captures a final, reduced system circuit consisting of
the path of a faulted phase A from the substation to a fault
point x. This circuit is the result of a breakdown of a 3-phase
setup by the application of the concepts of net fault voltage
and current, negative voltage injection and the superposition
principle. A few assumptions are made during the formula
generation. Firstly, it is assumed that there is pre-existing
knowledge of where or how the faulted phase could be found
in the system; the lines are also thought to be balanced.
Secondly, it is assumed that voltages and currents in
‘unfaulted’ phases are approximately equal for pre-fault and
during fault periods. A final assumption, for the purposes of
preliminary analysis and uncertainty in relation to quantity and
effect, is a zero fault resistance at the point of inception of the
fault [2], [3]. However, effects due to the presence of fault
resistance will be investigated in subsequent work.
Based on the above stipulations, a new formula is derived to
improve location calculation capabilities. The consideration
takes into account not only the inductance but the resistance to
the fault inception point as well. This improvement is more
reflective of real line parameters and allows for the
elimination of error margins associated with earlier
considerations of line inductance only.
B. Formula Generation
In Fig. 1, ∆i, iCF, iRLF and vLS represent net fault currents and
voltages respectively contributed only by the injected voltage
source. Data measurements made by CTs and PTs at central
points, in this case the substation level, capture pre-fault and
during fault data. The net fault quantities are simply obtained
by subtracting the normal, pre-fault values from those
measured during the fault period. Also, the amount of negative
voltage, injected at x, is estimated to be the value of the
measured voltage at the fault inception time t = 0 or t = tF.
This is done to mimic a zero voltage consideration at x under
the assumption that a transient fault with zero fault resistance
occurred [2], [3]. Also, this estimation makes practical sense
as the general allowable voltage regulation in distribution
networks is less than 5%. By employing net fault voltages and
currents and the application of superposition, the source
voltage is removed leaving the injected voltage, vax(0) or
vax(tF) between x and ground in the reduced circuit.
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line current and net fault voltage respectively.
Combining equation (3) with equations (4) and (5) and
with a little manipulation the following equations are further
derived:
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where d vc (t ) is the second derivative of the net fault voltage.

dt

The drop, vLS , at the source end is ignored as source
impedance is small and therefore negligible. In the absence of
a capacitor bank, the following final fault distance equations
are drawn:
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Fig. 1. Final reduced circuit diagram of a Phase A S-L-G fault.
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V ( tF )   i ( Rline )
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(9)

where V(tF) is value of voltage at the measurement point
during the onset of the fault. Represented as vax(0) in Fig. 1.

III. GRAPHICAL DETERMINATION OF FAULT LOCATION
Initially set up from discrete, time-domain pre-fault and
during fault voltage and current signals, the crux of the
method described in this paper is the construction of
continuous line parameter plots on a two-dimensional axis. As
seen in equations (8) and (9), specific parameter inputs are
needed to enable calculations on fault distance. These inputs
are embedded in particular loci of the parameter plots; the
values of which need to be extracted. As a future endeavor, the
ultimate objective is to resolve this method into using single
cycle, precursor transient fault waveforms as some sort of
machine/software readable optical labels through which
location information can be obtained and predictions can be
made on future occurrences of permanent faults. In short, this
method attempts to replicate an application similar to 2D
barcodes/QR codes for the location of faults using one
terminal fault waveforms [4].
An analysis of the derivations made in (8) and (9) leads to
two important assertions that will highlight the graphing
∆( )
system and how points will be extracted thereof. At
=0
in (8), the drop due to the inductance of the line disappears
leaving the simplified formula:
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Fig. 2. 2D graphs showing line parameter loci with AZPs at A and B.
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Similarly, at ∆ = 0 in (9), the drop due to the resistance of the
line disappears leaving the simplified formula:
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Fig. 3. 2D graphs showing line parameter loci with AZPs at C and D.

(11)

With all underlying conditions satisfied, equations (10) and
(11) enable the calculation of the line impedance parameters.
These assertions birthed the concept of two separate 2D
graphs; one that provides inputs for line resistance calculation
and another that provides inputs for line inductance
∆
calculation. The first 2D graph represents a plot of V and ( )
both on the vertical axis against ∆i on the horizontal axis. The
second 2D graph represents a plot of V and ∆i both on the
∆
vertical axis against ( ) on the horizontal axis. A set up of
these graphs allows for line parameter loci at zero crossings to
be extracted as Algorithm Zero Points (AZPs). Fig. 2 and Fig.
3 show sample plots each displaying the corresponding AZPs.
In Fig. 2, the point labeled A represents our first AZP and
∆
the point labeled B represents our second. With ( ) on the
horizontal axis, line resistance can be calculated from A and
B. A simple one-step ratio as seen in (12) produces our first
distance output, Rline. The process is repeated for Fig. 3 with
points C and D representing our third and fourth AZPs
respectively. With ∆i on the horizontal axis, line inductance
can be calculated from C and D and the corresponding onestep ratio can be seen in (13). Thus, produces our second
distance output, Lline.
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The 2D Graph algorithm trivializes the general problem of
transient fault location and is easily implementable given the
necessary input data can be obtained. For the purposes of this
work, testing and evaluation are carried out through
distribution system design, underground cable modeling and
transient fault simulation in the form of coordinated, transitory
S-L-G faults at different sections on Phase A of the modeled
cable. These are outlined in the next section
IV. MODELING AND SIMULATION
The modeling and simulation process adopts ATP/EMTP, a
universal program system for digital simulation of transient
phenomena [5]. It is used in conjunction with a graphical,
mouse-driven preprocessor known as ATPDraw [6]. The setup
involves three phases; distribution system design, underground
cable modeling and transient fault simulation.
A. System Design
A simplified system design is adopted with signal
acquisition at the substation level (sending end). Fig. 4 shows
the line design which involves the following system
components and specifications:
 11kV, 3-phase neutral-grounded ac source with 60Hz
frequency
 Source Impedance
 Current and Voltage probes
 An underground cable model (Bergeron)
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3-phase star-grounded load with series RLC
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Fig. 4. 3-phase, 11kV distribution system design with wye connected load

TABLE I
TRAINING SCENARIOS FOR SIMULATION
Transitory Single-Line-To-Ground fault
Fault Type
0.0125, 0.02917, 0.04583, 0.0625, 0.07917,
Fault Inception Times
0.09583, 0.01125, 0.01292 secs
0.02923, 0.0459, 0.06256, 0.07923, 0.0959,
Fault Clearance Times
0.1126, 0.1292, 0.1459 secs
0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.5 km from
Fault Distance
sending end
B. Underground Cable Modeling
The cable system used during design is a BERGERON
model which is a simple, constant frequency method [6]–[8].
It consists of 3 conducting cables where each cable represents
one phase in the distribution system. The modeling frequency
is set at system frequency of 60Hz. Fig. 5 and Table II show
the configuration and material properties of the modeled cable
respectively.
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Fig. 5. Cable configuration and geometric properties (Units on the left in mm)

TABLE II
UNDERGROUND CABLE MATERIAL PROPERTIES
Specification of MV underground cable material
(XLPE Stranded Copper Conductor, Bergeron Model)
ρc = 1.7E-8 Ωm , μc = 1.0
Core Conductor
Insulation

Ɛi = 2.7 , μ i = 1.0

ρsh = 2.5E-8 Ωm , μsh = 1.0
Sheath
where ρc = core resistivity, μc = core relative permeability, ρsh = sheath
resistivity, μsh = sheath relative permeability, Ɛi = insulation relative
permittivity and μi = insulation relative permeability

The total length of the modeled underground cable is set at

C. Transient Fault Simulation
From the system circuit in Fig. 4, a single cycle, transient
condition is simulated on Phase A. The circuit is simulated
before, during and at the end of the transient fault to generate
voltage and current signals. These signals are picked by
probes mounted on Phase A at the sending end of the circuit.
Simulations are run at 8 different sections corresponding to
different fault inception points along the cable.
The
simulation settings used are: 15360 samples per second, 5 μs
time-step, and 0.15 seconds per simulation with 60 Hz power
frequency.
Pre-determined line parameters are generated using
sequence components (SC) which are generated prior to,
though can be done after, the simulation using the Line Check
in ATPDraw [6]–[9]. This generates both the positive phase
sequence and the zero phase sequence series impedances. A
conversion method is then used, in turn, to calculate the phase
impedance matrix where the Phase A parameters for resistance
and inductance are produced for that section of the cable.
Voltage and current data recorded by probes during fault
simulation are initially assessed and prepared for time domain
analysis.
The captured data requires some form of
preprocessing to enable 2D plotting. The subsequent
subsections discuss the data preparation process and the
graphing procedure that leads to the extraction of our AZPs.
D. Data Preprocessing
Simulation recorded data contain raw voltage and current
values synchronized with timestamps and are of two forms;
pre-fault data and during fault data. Both data forms are
necessary for preprocessing and generation of the following
parameters: (i) net fault voltage and current (∆v and ∆i
respectively) (ii) the first discrete derivative of the net fault
∆
current with respect to time ( ).
Computation of the net fault voltage and current is done
over the duration of the entire fault presence. It is simply done
by subtracting the normal, pre-fault values from the fault
values. A synchronized attempt at this computation is highly
crucial as any mismatch of data points could lead to wrong net
fault values and introduce huge error margins. A coordinated
sample by sample difference calculation between normal
simulated data points and those done under fault conditions
generate net fault values. As expected, the difference values
pre-fault should be zero whereas non-zero values
corresponding to data points of net fault parameters are
observed within the duration of the fault. Fig. 6 illustrates the
net fault current, net fault voltage and a reference normal
current waveform. Samples for net parameters are taken from
the first point of fault inception to the 256th point.
The distance calculation, as seen by the formula, requires
∆

the time derivative of the net fault current, ( ), for a Phase A
fault. A more complicated and arguably more accurate
approach will be to use some form of interpolation say spline
to connect a parabola between points [n – 1] and [n + 1] and

then find the derivative. However, this method was not
implemented as the time varying signal, ∆i, has a rate of
change under a constant time step.
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Fig. 7 and Fig. 8 show the four final graphs that are used to
extract AZPs A, B, C and D.

Fig. 6. Net fault current (in Amps), net fault voltage (in Volts) and a reference
Phase A normal current, IN (in Amps)
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Fig. 7. First two plots for initial input parameter extraction for Rline
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E. 2D Graphing Procedure
To ensure the right quantities for the AZPs, the selection of
points necessary for curve generation is of paramount
importance. As mentioned in earlier discussion, two separate
graphs need to be mapped out. These graphs are initially
generated, however, for the purposes of more uniform scaling
and easier extraction, the two graphs are further decomposed
into four other graphs; two from each initial graph. The first of
the two initial graphs corresponds to a plot of the Phase ‘A’
fault voltage and the time derivative of the net fault current on
the vertical axis against the net fault current on the horizontal
axis. The second corresponds to a plot of the Phase A fault
voltage and the net fault current on the vertical axis against the
time derivative of the net fault current on the horizontal axis.
The data points chosen to map out these plots are selected in
accordance with the number of sample points covered within
the timeframe of the fault presence. With reference to normal
conditions, the said timeframe covers 256 sample points with
the initial point for each parameter being the one that
corresponds to the fault inception time. 255 points after that
initial point are then singled out for each parameter and used
to generate the initial graphs.
Following the same graphing format, four other plots are
generated to complete the final phase of the graphing process.
Using the same sample points, the following plots are
generated:
a) Phase ‘A’ fault voltage against net fault current, ∆i
∆
b) Time derivative of the net fault current ( )
against the net fault current, ∆i
c) Phase ‘A’ fault voltage against time derivative of
∆
the net fault current ( )
d) Net fault current ∆i against time derivative of the
∆
net fault current ( )
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As a result, the numerical differentiation method used is the
finite difference method. It is appropriate under this
application since the time values are evenly spaced and the
proximity of data points allow the use of a slope. The finite
difference method for computing the first derivative is given
by: (
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Fig.8. Last two plots for final input parameter extraction for Lline

F. Fault Location Calculation
The final step to this method is the extraction of parameter
input values whose one-step ratios give us distance
information. At the initial points of fault inception, the curves
are susceptible to noise due to switching in simulation. It is
however noticed that these points stabilize about a half cycle
into the simulation. Therefore the AZPs are extracted at
almost a half-cycle wave if not more. The points of interest are
the zero crossings of the loci of the voltage and the net fault
current for the resistance calculation and those of the voltage
and the time derivative of the net fault current for the
inductance calculation. To accurately determine these zero
crossings, four interpolation methods are used namely
forward, backward, linear and cubic spline. It is observed that
the cubic spline interpolation gave the best results with respect
the range of values within which the zero crossings lie.
Two important observations are made during the extraction
process. From Fig. 7, the two plots for extraction of AZPs A
and B both contain zero crossings at the positive cycle above
the horizontal axis and the negative cycle beneath the
horizontal axis. However, this is not observed with the two
plots for the extraction of AZPs C and D. As a result, two
different calculations are made for distance estimation in
terms of the resistance, Rline. The first uses extracts from the
positive cycle and the second uses those from the negative
cycle. The two results made very interesting comparisons
which will discussed in the next section.
After interpolation of the zero crossings and extraction of
AZPs, the algorithm is poised to yield results. As with the
simulation, pre-determined resistance and inductance
parameters of the underground cable have already been

sought. These are used as the yardstick against which the
accuracy of results of this work is measured. As indicated
earlier, the pre-determined parameters are sought from a
method involving a sequence component to phase component
conversion [8], [9].
G. Results and Validation
Preliminary testing of the 2D algorithm using simulation
data is presented, the results of which will be evaluated and
validated. Validation of this approach is done with respect to
the pre-determined cable parameters. In the case of the line
resistance, it is noted during computation that the 2D graph
algorithm generated values for both the positive and negative
cycles are very close. As a result, the comparison is made
using only results for the positive cycle. Table III shows
preliminary results for fault distance estimation from the 2D
Graph algorithm as against pre-known parameters. Table IV
shows the corresponding percentage errors margins.
TABLE III
PRELIMINARY RESULTS FOR FAULT DISTANCES
Simulation
Number

Predeterm
ined (SC)
Rline/Ω

Algorithm
Calculated
Rline/Ω

Predetermi
ned (SC)
Lline/mH

Algorithm
Calculated
Lline/mH

01 (0.5 km)

0.124133

0.125427

0.177723

0.186482

02 (0.75 km)

0.1862

0.188219

0.266585

0.279881

03 (1 km)

0.248266

0.251064

0.355446

0.373456

04 (1.25 km)

0.3103325

0.313921

0.4443075

0.467144

05 (1.5 km)

0.3724

0.376889

0.533169

0.561144

06 (1.75 km)

0.4344655

0.439883

0.6220305

0.654109

07 (2 km)

0.496532

0.502454

0.710892

0.747127

08 (2.5 km)

0.620665

0.628514

0.888615

0.937483

TABLE IV
PERCENTAGE ERROR FOR LINE PARAMETERS
Simulation
Predetermined Rline
Predetermined Lline vs.
Number
vs. Algorithm
Algorithm Calculated
Calculated Rline (%)
Lline (%)
1.031517985
4.6972236
01 (0.5 km)
02 (0.75 km)

1.072634045

4.750692526

03 (1 km)

1.114456872

4.822420657

04 (1.25 km)

1.143184978

4.88847436

05 (1.5 km)

1.191302818

4.985266692

06 (1.75 km)

1.231667301

4.904122984

07 (2 km)

1.178654691

4.849937199

08 (2.5 km)

1.248740083

5.212721633

As seen from the tables above, the 2D algorithm worked quite
well in estimation of the fault location. Specifically for the line
resistance comparisons in Table IV, the percentage errors were
very small as the model almost perfectly estimates the
resistance parameter. The inductance comparisons, on the
other hand, show relatively higher error percentages.
V. CONCLUSION
This paper described a 2D graphical approach to a fault

distance calculation scheme through postdictive transient fault
analysis to enable the prediction and location of faults. This
method combined the efforts of a fault distance calculation
formula and graphical analysis to make estimations on
location in terms of the resistance and inductance of the line to
fault point. A distinctive feature of this approach is the
extraction of algorithm zero points which are used as inputs to
a distance formula. Detailed steps were outlined to show how
the algorithm works with tests done on simulated fault data.
The method was validated using pre-existing determinations
of the fault location parameters. With the popularity of 2D
barcodes/QR codes and improved image processing
capabilities, this method can similarly be implemented on user
friendly software and application platforms. After such an
implementation, image sensor-equipped devices such as
cameras can be used for fault waveform scanning and
digitization thus allowing for real time and on the spot fault
location estimation.
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