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Abstract—This paper assesses the fault behavior of power
distribution networks with distributed energy resources and
uncertainties related with the representation of different grid
components and parameters. The algorithm is based upon an
impedance representation of the grid, relying on information
about the network topology and electrical parameters of the
feeders. In addition, distinct types of loads and distributed energy
resources are represented as non-deterministic parameters, as
well as the fault impedance and fault distance parameters and
errors in the phasor quantities. As an outcome, the implementa-
tion of the proposed method shall provide a comprehensive, but
accurate estimation of the points of fault by considering a range
of possible fault scenarios. Furthermore, the methodology is
demonstrated in a small overhead distribution network simulated
under different operating conditions. For a given short-circuit
current, the results indicate a range of possible fault distances —
and vice versa.

Index Terms—distributed energy resources, fault currents,
fault location, modeling, power distribution faults, uncertainty,
ZIP loads

I. INTRODUCTION

Despite the modernization of electricity infrastructures, ac-
curate fault location in power distribution networks is still a
challenging task. The topology of power distribution networks
is typically radial, consisting of a primary feeder connected
to lateral branches, with fault locators usually centralized at
the substation bus. As a consequence, the presence of multi-
terminal lines and meshes, the non-homogeneity of lines,
type of neutral grounding, and inaccurate representation of
distributed generation, loads, and fault currents still represent
stumbling blocks to accurate fault location in power distribu-
tion networks [1].

The impact of errors and uncertainties in fault location has
been studied in [2], which obtained the probability functions
of variables involved in power system faults from real mea-
surements acquired by power quality monitors in distribution
substations; in [3], which evaluated application requirements
and modeling limitations and uncertainties to define appropri-
ate fault location methods; in [4], which used pre-fault voltages
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measured by smart meters along the feeders with and without
measurement noise in a L1-norm minimization method to test
the system performance under distinct fault conditions; in [5],
which presented an impedance-based method for fault location
considering different sources of errors to evaluate accuracy
and robustness; and in [6], which evaluated the sources of
errors affecting the accuracy of fault location. In turn, [7]-
[9] evaluate the short-circuit current contribution of distributed
energy resources and their impact on power system protection
schemes, among others.

Although previous fault location methods have taken into
account errors in the measurements and uncertainties in the
modeling of loads, distributed generation, and fault impedance
parameters, such errors and uncertainties have only been
applied deterministically to assess the accuracy and robustness
of the proposed algorithms in different scenarios. On the other
hand, a thorough evaluation of the effect of such errors and
uncertainties on the range of possible results can provide
comprehensive information about possible fault scenarios, but
is still missing in the previous fault location strategies.

In this context, this article presents a new approach to
analyze the fault behavior of power distribution networks,
using information about the network topology and electrical
parameters of the feeders, stored in the utility’s database,
together with estimations of loads, distributed generation
units, and fault parameters. The text is structured as follows:
Section II describes the methodology, Section III features a
case study, Section IV presents the results, and Section V
summarizes the conclusions.

II. FAULT ANALYSIS

This section is divided in three parts: initial assumptions are
described in II-A, the short-circuit calculations are explained
in II-B, and the modeling of uncertain parameters is finally
described in II-C.

A. Assumptions

This analysis is valid for any power transmission and
distribution systems, but especially convenient for power dis-
tribution networks with variable loads and distributed en-
ergy resources along their feeders. It requests information
about the network topology and electrical parameters of the



feeders, stored in the utility’s database, estimations of the
operating status of loads, distributed energy resources, and
fault impedance parameters, and uncertainties associated with
the voltage and current phasor quantities measured at the
substation bus. It is based on phase components to deal with
unbalanced networks, which implies that all phasor quantities
and admittance matrices are expressed in terms of circuit
phases. Essentially, the algorithm computes the equivalent
admittance matrix of the network, then calculates the fault
current at each line section under investigation to determine
the fault behavior of the network over a range of scenarios.
This procedure is described in the next paragraphs.

B. Algorithm

The methodology consists of an optimization via simula-
tions approach conducted in OpenDSS. Thereby, the algorithm
implemented in this software is briefly introduced in the
following paragraphs.

First, the algorithm computes the nodal admittance matrix
of the network, denoted by Y, representing a specific operating
condition of the network previously defined in the input data.
This procedure includes all loads as admittances, as well
as the equivalent admittance of all generation buses. Thus,
all generation buses (i.e. slack bus and connection points of
distributed generation units) are converted to their Thevenin
equivalents. Then, the equivalent system is described by (1),
where I denotes the vector of current injections into the
network and V is the vector of node voltage to the ground.

I=YV (1)

Next, a direct solution of Y is calculated with source
injections and generator injections. This procedure allows for
computation of the resulting open-circuit voltage vector Voo
and short-circuit admittance matrix Yg¢, from which the short-
circuit current vector I sc can be calculated. The short-circuit

currents are then computed at each bus using the Thevenin
equivalent model as in (2).

Isc = YscVoc ()

The short-circuit currents and fault distances representing
a specific operating condition of the network are then saved.
The algorithm proceeds with an update in the estimations of
uncertain parameters, described as follows in Section II-C,
until all operating scenarios of interest are evaluated. A
flowchart of the proposed algorithm is schematized in Fig. 1.

C. Estimations and uncertainties

The algorithm described in Section II-B may be computed
over a range of scenarios representing variations of the fault
operating conditions of the network. Thus, consider that the
exact operating status of loads, distributed energy resources,
and fault impedance parameters are unknown, but can be
estimated over a range of values. In addition, assume that the
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Fig. 1. Flux diagram of the algorithm

phasor quantities may present inaccuracies caused by mea-
surement errors and/or noise. Such uncertainties are further
described in the following paragraphs.

The loads of the network may be a combination of constant-
impedance, constant-current, and constant-power models.
Thereby, the load estimation depends on its correspond-
ing electrical behavior, represented by (3) for a constant-
impedance model, by (4) for a constant-current model, and
by (5) for a constant-power model.
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In (3), Y7, is known and constant; in (4), fL is known and Y7,
may assume a range of values proportionally to VL_l; in (5),
the apparent power S, is known and Y7, may assume a range
of values proportionally to V; 2 Inturn, Iy is proportional to
VL in (3) and proportional to VL_l in (5). Considering that
VL is lower and upper bounded, that is, ﬁ < VL < VL, the
minimum and maximum values of Y7, and I, in (3) to (5) can
be determined.



The voltage and current phasor quantities at the connec-
tion points of distributed generation depend on the type of
generator and might be obtained from IEDs or estimated
otherwise. For distributed generation units interfaced with
power electronics, the output current is assumed to be constant
and nearly equivalent to the rated current [10]. Thereby,
con51der1ng a lower and upper bound for Ipg and Vpg,
IDG < IDG < IDG and VDG’ < VDG’ < VDG hold. In
particular, for P-V generators, VDG is fixed and thereby I DG
is proportional to the active power Pp¢ supplied to the grid,
according to (6).

PDngeal{VDijpg*} —)pDGO(‘jpg‘ (6)

Although the fault admittance is assumed to be infinite in
Section II-B, a range of finite pre-specified values can be
used to calculate the short-circuit currents at a given point
of fault denoted by d. Considering a lower bound & and

upper bound Yr, Yr < Y < Y holds. Alternatively, the
same fault impedance Yz can be used to compute the short-
circuit currents at different locations along the feeders such
that 0 < d < dypaz, Where dy,q, 1s the length of the feeder.

In addition, consider that the voltage and current phasor
quantities at the substation bus, denoted by Vs and Ig, may
be inaccurate due to measurement errors and/or noise and
that the uncertainties are denoted by AVS, Al 5. Thereby, the
actual voltage and current phasor quantities are comprised in
the ranges Vs — AVg < Vg < Vg + AVg and Ig — Alg <
Ig < Ig+ Alg. This produces an offset in the short-circuit
currents calculated with (2).

As a result, the short-circuit currents calculated determinis-
tically with (2) change as a function of Y, I, Vi, Ype, Inc,
Vpg, VS, I g, Yr, and d. To this extent, a few possible fault
scenarios can be investigated so that a range of short-circuit
currents can be determined and associated with a specific point
of fault. Additionally, if historical data of fault events are
available, the uncertainties aforementioned can be associated
with specific probability distribution functions such that the
conditional probability of occurrence can be determined for
each fault scenario under evaluation.

III. SIMULATIONS

The methodology was simulated and tested in OpenDSS.
Three-phase short-circuit simulations were performed in a
modified version of the IEEE 4-bus DY-balanced system,
whose topology is illustrated in Fig.2. This distribution system
has 5 buses and is composed of a 12.47/4.16 [kV] distribution
substation connecting the primary distribution feeder to two
lateral branches, where the distributed generation DG1 and the
load L1 are installed. The total length of the primary feeder is
2000 [ft], whereas the length of each lateral branch is 250 [ft].

The external grid is represented as an infinite bus with
200 [MVA] short-circuit power. The load was modeled as
100% constant power, 100% constant impedance, and 100%
constant current in distinct scenarios, with a total consumption
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Fig. 2. Tested distribution network: stiff source at bus 1 (slack bus),

distribution substation transformer at buses 2— 3, load at bus 4, and distributed
generation at bus 5
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Fig. 3. Arrangement of distribution pole and conductors

between 4.2 [MW] and 6.6 [MW] (power factor of 0.9). In turn,
the distributed generation was modeled as a P-V equivalent

source with ‘VDc;‘ = 1.02 [p.u.] and injected power varying

from 1.0 MW] to 2.0 MW].

The poles and conductors used in the simulation cases,
typical of medium voltage distribution level, are displayed in
Fig. 3. The line sections are all composed of 336.4 MCM
ACSR Linnet phase conductors and 4,/0 Penguin ground wires.

The faults were simulated in OpenDSS in fault study mode
along the lateral branches where DG1 and L1 are connected,
with fault admittances introduced every 25 [ft] along these
laterals. This provided 21 simulated faults for every possible
combination of Ppg and Py, (i.e. 10 simulations along each
branch and 1 simulation at the connection node per combina-
tion of PDg, pL ).

The fault scenarios evaluated consist of:

1) Ppg = 1.5[MW] fixed and load modeled as 100%
constant power, 100% constant impedance, and 100%
constant current with Pr, € [4.2,6.6] [MW], 0.6 [MW]
step;

2) P, = 5.4[MW] fixed in 100% constant power, 100%
constant impedance, and 100% constant current models,
and distributed generation with Ppg € [1.0,2.0] [MW],
0.25 [MW] step;

3) Ppg = 1.0[MW] and P;, = 6.6 MW] versus Ppg =
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Fig. 4. Short-circuit currents at phase A with varying Ppg and Pr, = 5.4 [MW] constant impedance, current, and power load models

2.0 MW] and P;, = 4.2[MW] fixed in 100% constant
power, 100% constant impedance, and 100% constant
current models.

IV. RESULTS AND DISCUSSION

This section presents the short-circuit currents obtained over
a range of scenarios. For clarity, the results of the case studies
aforementioned are illustrated graphically along the lateral
branches 3 — 4 and 3 — 5 of Fig. 2. All graphs of Fig. 4 to 6
show three-phase short-circuit currents simulated at a single
phase. Solid lines show the fault currents along the branch
3 — 4, whereas dashed lines show the fault currents along the
branch 3 — 5.

A. Scenario 1

The results of the proposed method for the first scenario
(with varying power consumption and load types) are illus-
trated graphically in Fig. 4 with a constant impedance, constant
current, and constant power load model (graphs of Fig. 4 from
the left to the right). A comparison between solid and dashed
lines of the same color shows that the differences between
the short-circuit currents along the branches 3 —4 and 3 — 5
increase as Pp¢ increases. In turn, a comparison between solid
and dashed lines of different colors shows that Pp introduces
an offset in the short-circuit currents simulated. Moreover,
the graphs show that, for the same fault distances, the grid
setting with a constant-impedance load presents the highest
short-circuit current magnitudes, followed by the constant-
current load and the constant-power load. However, the short-
circuit levels do not vary significantly with the load model in
use. This is explained by the changes made in the equivalent
representation of the grid calculated with (2), as the current
injections increase as Ppg increases.

B. Scenario 2

The results of the proposed method for the second scenario
(varying injected power from distributed generation unit with
different load types) are presented in Fig. 5 for a constant
impedance, constant current, and constant power load model
(graphs of Fig. 5 from the left to the right). A comparison
between solid and dashed lines of the same color shows that
the differences between the short-circuit currents along the

branches 3 — 4 and 3 — 5 increase slightly as P, decreases.
In turn, a comparison between solid and dashed lines of
different colors shows that Pr, introduces a small offset in
the short-circuit currents simulated. In addition, the graphs
show that, for the same fault distances, the grid setting with
a constant-impedance load presents the highest short-circuit
current magnitudes, followed by the constant-current load and
the constant-power load. However, the short-circuit levels do
not vary significantly with the load model in use and remain
roughly the same for different values of Pr. Furthermore, the
changes in the fault behavior of the grid presented hereby
are much smaller than those verified in Section IV-A with
varying Ppg. This is attributed to the changes made in the
Thevenin equivalent calculated with (2); the power injected
by the generator changes the current injections of the grid
considerably, whereas the load admittance is much smaller
than the fault admittance and does not produce significant
changes in the equivalent admittance at the point of fault.

C. Scenario 3

The results of the proposed method for the third scenario
(minimum and maximum fault currents with different load
types) are displayed in Fig 6. A comparison between solid
and dashed lines of the same color shows that the differences
between the short-circuit currents along the branches 3—4 and
3 — 5 increase as Pp¢ increases and Pr, decreases. In turn, a
comparison between solid and dashed lines of different colors
shows that the offset in the short-circuit currents decreases
with the distance along the branch 3 — 4 and increases with
the distance along the branch 3 — 5.

D. Interpretation of the results

The results presented in Sections IV-A to IV-C can be
interpreted in two ways: looking at a fixed short-circuit current
and looking at a fixed distance. The former shows which points
of fault may present the same fault current, whereas the latter
shows which fault currents may occur at a given point of fault.

For illustration, consider the simulation results plotted in
Fig. 4 in two distinct situations: a 12 [kA] fixed short-circuit
current and a 200 [ft] fixed fault distance. The resulting fault
distances and short-circuit currents obtained with different
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operating conditions are summarized in Table I and Table II,
respectively.

This analysis shows that a range of possible scenarios
has to be evaluated for a fixed short-circuit current and/or
fault distance when uncertainties are taken into consideration.
Additionally, if historical data of fault events are available, the
uncertainties aforementioned can be associated with specific
probability distribution functions. For instance, if a short-
circuit is more likely to occur when Py, is the highest and
Pp¢ is the lowest (blue lines of Fig. 6), then this operating
condition shall be prioritized in the search for faults. In this
case, for a given short-circuit current, the closest fault distance
to node 3 shall be investigated first; for a given point of fault,
the smallest short-circuit current shall be considered.

The examples aforementioned may be extended to the
graphs of Fig. 5 and Fig. 6 and take into consideration different
short-circuit currents and fault distances.

V. CONCLUSION

The methodology is able to provide a comprehensive, but
accurate estimation of possible fault locations and short-
circuit currents, considering a range of values to estimate
loads, distributed generation, and fault distance and impedance
parameters, represented as non-deterministic parameters. The
results obtained over a range of fault scenarios, representing
different operating conditions subject to uncertainties, are
comprehensive enough to provide a good overview of the
possible fault conditions of the grid. For a fixed short-circuit

TABLE I
RESULTS: POSSIBLE FAULT DISTANCES CALCULATED WITH A 12 [KA]
SHORT-CIRCUIT CURRENT IN FIG. 4

Setting Lateral Ppg (MW) fault distance (ft)
constant-impedance load 3 —4 1.0 46
1.25 68
1.5 90
1.75 111
2.0 132
3—5 1.0 48
1.25 74
1.5 100
1.75 128
2.0 157
constant-current load 3—4 1.0 42
1.25 65
1.5 87
1.75 109
2.0 130
3—-5 1.0 45
1.25 71
1.5 97
1.75 126
2.0 155
constant-power load 3—4 1.0 39
1.25 62
1.5 84
1.75 107
2.0 128
3—5 1.0 42
1.25 68
1.5 94
1.75 123
2.0 153

current, the results indicate a range of possible fault distances
— and vice versa.
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