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ABSTRACT The increasing integration of Power Electronics (PE)-based renewable energy sources into the
electric power system has significantly affected the traditional levels and characteristics of fault currents
compared to the ones observed in power systems dominated by synchronous generating units. The secure
operation of a renewable rich power system requires the proper estimation of fault currents with wide range
of scenarios of the high share of renewables. Although the utilization of detailed and complex time-domain
dynamic simulations allows for calculating the fault currents, the resulting modeling complexity and
computational burden might not be adequate from the operational perspective. Thus, it is necessary to develop
alternative quicker data-driven fault current estimation approaches to support the system operator. For this
purpose, this paper utilizes an Artificial Neural Network (ANN)-based tool to estimate the characteristics
of short circuit currents in power systems with high penetration of power electronics-based renewables.
The short circuits against different penetration of renewables are produced offline using the DIgSILENT
PowerFactory considering the control requirements for renewables (e.g., fault ride through requirement).
The resulting dataset is utilized to train the ANN to provide the mapping between the penetration level and
the characteristics of the short circuit currents. The application of the approach using the modified IEEE
9-bus test system demonstrates its effectiveness to estimate the components of short circuit currents (sub-
transient current, transient current, and peak current) with high accuracy based only on the penetration of
power electronics-based renewables.

INDEX TERMS Artificial neural networks, future power systems, photovoltaic systems, power electronics,
short circuit currents.

I. INTRODUCTION
These days usage of renewable energy sources (RESs) has
grown rapidly over the years and become an important part
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of the electrical industry. The increased penetration of RESs,
e.g., wind and PV, has the potential to change the traditional
dynamics and properties of the power system from those
which have been usually observed in synchronous genera-
tors (SGs)-based conventional power systems [1], [2], [3].
Short circuit (SC) currents are considered one of the system’s
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characteristics that have the potential to be altered due to the
different fault contributions from the RESs in comparison
with the conventional SGs [4]. This is caused by the Power
Electronic (PE) converters that are used for grid integration.
Such PE converters are subjected to the limitation in terms of
their fault current-currying capability to avoid stressing the
switches, e.g., IGBTs [5]. Hence, their SC currents contri-
bution would be remarkably different from the one fed by
SGs [6], [7], [8], [9]. In return, this will result in different lev-
els and characteristics of SC currents in renewable-rich power
systems. As for PE-based RESs, their fault currents contribu-
tions have been usually neglected assuming an imperceptible
effect on the accuracy of the calculations. However, this might
not be applied to renewable-rich power systems. This is also
driven by the grid codes which have recently started to define
the Fault-Ride-Though (FRT) requirement. FRT requires that
RESs must remain connected during fault events and provide
dynamic voltage support by injecting reactive currents during
faults [10], [11], [12], [13]. Hence, the SC contribution from
RESs shows distinct characteristics due to the limitation in
their current-carrying capability, the different control strate-
gies, and the various FRT requirements.

A lot of research work has been done and reported regard-
ing the topic of SC current contribution from RESs. While
some of the reported work has delivered a good perception of
the differences between the SC contribution of RESs and the
conventional SGs [14], other studies have tackled the issue of
modeling of RESs during fault calculations [15], [16], [17].
Moreover, a decent number of studies have suggested meth-
ods for the calculation of the fault currents in power systems
considering the contribution from the RESs [18], [19], [20].
Although reported studies have provided good insight into the
characteristics of SC currents of RESs and their impact on the
fault level in high RESs-rich power systems, there is still a
need to better correlate the SC currents with the penetration
level to achieve more understanding and accurate estimation
of the SC current components, trends, and behavior in the
future power systems.

On the other hand, in recent literature, research on under-
standing the behavior of SC currents during faulty events in
power systems with a high share of RESs is emerging. For
instance, new mathematical-based analysis for fault level cal-
culation under high penetration of RESs have been proposed
in [19]. In [21], the study has also investigated the sensitivity
of the SC currents characteristics to the penetration level of
RESs. It was suggested that the dynamic characteristics of the
SC currents are significantly affected and altered according to
the penetration level of RESs.

This has called for more research on estimating the SC
characteristics in renewable-rich power systems. Traditional
fault level calculation methods utilize steady-state modeling
which has been providing decent approximate results for
conventional SGs-based power systems. Such methods have
been built based on the physical performance of the SGs
during faulty conditions where SGs are modelled as voltage
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sources behind impedances. To an extent, such modeling has
been capable of estimating the dynamic characteristics of the
time-decaying SC currents fed by conventional SGs.

The new version of the IEC 60909 standards [22], which
are commonly used in a major part of the world due to their
simplicity, provides guidance on how to account for such
contributions, especially in the case of high integration of
RESs. For example, RESs that utilize Full-Size Converters
(FSCs), such as PV systems, have been modelled as current
sources with a fixed fault contribution bounded by the maxi-
mum overrating capability of the converter [23]. A modified
IEC-based method for considering the fault contribution of
RESs has been also proposed in [24], where the FSCs-based
RESs have been modelled as a current source considering
the dynamic voltage support and the injected reactive current
more accurately.

Itis worth noting that all the previously mentioned research
and standards require detailed modeling or time-consuming
time-domain simulations in order to observe the potential
changes in the characteristics of the SC currents in future sce-
narios. Moreover, and according to the authors’ best knowl-
edge, there is no artificial intelligence-based application pro-
posed to estimate the characteristics of the SC currents based
on the penetration level of RESs. Hence, this research pro-
poses an Artificial Neural Network (ANN)-based tool that
can estimate the altered dynamic characteristics of the SC
currents in renewable-rich future power systems without a
need for such detailed modeling or repetitive fault calcula-
tions. Using an Al-based tool, more specifically ANN, for
SC currents estimation is motivated by the proven efficacy
of using ANNs when applied in power system problems
for input-output mapping such as pattern recognition, fore-
casting/estimation, classification, and function approxima-
tion [25], [26], [27]. For example, researchers in [25] have
used an ANN-based tool for forecasting power system inertia
in a high share of wind energy. Their results have shown the
capability of the developed ANN-based tool to forecast the
system inertia with various penetration scenarios accurately.
Other research in [27], has demonstrated the superiority of
the ANN among the other Al techniques when applied for
short-term forecasting. Moreover, ANNs have advantageous
characteristics among other Al methods in terms of the ability
to adapt and learn by example in real-time, fast speed, and
generalization.

In this paper, the proposed algorithm directly correlates
the penetration level of RESs with the SC characteristics
by utilizing the power system topology as well as the vari-
ables measured by phasor measurement units. It provides a
fast, simple, and straightforward tool for tracking the altered
dynamic characteristics of the SC currents in renewable-rich
power systems.

Such a tool would also enable researchers and system
operators to achieve a better understanding of the future
changes/alterations that might be observed in the SC char-
acteristics by using the penetration level as the only input
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variable in their network. Such a proposed ANN-based tool
would also benefit planning engineers and system opera-
tors by providing a fast and straightforward scanning tool
that allows determining the SC level that might be avail-
able when scheduling (bringing online/offline) the genera-
tion units. Hence, avoiding weak grid points and marinating
the required minimum SC level to keep stable operation
conditions.

The rest of the paper is structured as follows:
Section II, introduces the SC currents calculation and the
Power Electronics-based RESs modeling according to the
IEC 60909 standards. Section III introduces the concept of
development and application of ANN for SC current estima-
tion. Section I'V presents the proposed ANN-based algorithm
for SC’s current estimating tool. Section V discusses the
simulation results and validates the accuracy of the proposed
algorithm, and finally, Section VI concludes the paper.

Il. OVERVIEW OF SC CURRENTS CALCULATION BASED
ON THE IEC 60909 STANDARDS

The fault calculation based on the latest version of the IEC
60909 standards uses the Thevenin equivalent to calculate
the SC current without considering the RESs. Next, it uses
superposition for calculating the SC current contribution of
the PE-based RESs, which are modelled as current sources.
Fig. 1 shows the characteristics of the SC currents under study
including the maximum initial symmetrical SC current /;’, the
peak instantaneous current /,, and the breaking current I,
which are obtained for each considered scenario of RESs
penetration.

A. CALCULATING THE FAULT CURRENT FROM SGs ONLY

At first, the IEC 60909 standards have been used to calculate
the initial symmetrical SC current I/, without considering
the fault current contribution from the RESs in the system.
This calculation is based on the Thevenin equivalent utilizing
the network topology and the network reduction. The initial
symmetrical fault current 7}/ is calculated using the Thevenin

Current

\ Top envelope

DC component #y. of the short-circuit current

221,

Time

221 =221,

Bottom envelope

FIGURE 1. Short Circuit Current Components according to
IEC 60909 Standards [22].
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FIGURE 2. A typical waveform of short circuit currents a PV generator and
a synchronous generator with the same ratings.

equivalent impedance at the faulty point Z; in addition to
the pre-fault voltage according to equation (1), where c is
a voltage factor that is used to scale the equivalent voltage
source in the calculations to account for variations in the
system voltage, Vi and V[, are the phase and the line voltages,
respectively.

I ¢ X VN c X VL (1)
k// — —
Zk \/5 X Zk

B. MODELING AND CALCULATING THE FAULT CURRENT
FROM PE-BASED RESs

As mentioned above, the fault current contribution of PE-
based RESs, such as PV systems, is limited and may show
a very fast transient followed by a fixed component. Such
characteristics are significantly different from those observed
from traditional SGs as shown in Fig. 2. According to the
latest version of IEC 60909 standards, the fault current contri-
bution of the PE-based RESs, represented by the PV systems,
IPVsc, is calculated by modeling this source in the positive-
sequence system as a current source with infinite impedance.
The value of the current depends on the type of short circuit
and must be provided by the manufacturer. However, it is
typical to assume that the maximum current injected by the
PV, IPV,;4x,1s bounded between 1-1.4 p.u. of the rated current
of the PV system [2]. This is to mimic the fault current
contribution that is limited in order to protect the switches
of the inverter interface utilized for the grid connection. Note
that the positive-sequence infinite impedance Zpy is assumed
to be shunt connected; hence, it is neglected, and it does
not affect the fault contribution from the PV generator to
the faulty bus. The exact fault current contribution to the
faulty point depends on both the transfer impedance between
the PV source and the faulty point as well as the Thevenin
equivalent impedance of the faulty point itself, as given
by (2).

1 j=M
IPVSC = Z_k ijl Z,:,'XIPVmax (2)
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where:

e M is number of the connected PV systems,

o [PV« is the maximum fault current contribution of
the PV system connected to the j‘h bus,

e [PVyc is the total fault current contribution of all con-
nected PV systems,

e Z;; is the transfer impedance between the bus j and the
faulty bus i,

e 7 is the equivalent impedance at the faulty bus k.

Ill. THE PROPOSED ALGORITHM OF THE SC CURRENT
ESTIMATING TOOL

The proposed algorithm for estimating the characteristics of
the SC currents in PE-rich power systems depend basically
on collecting a large data of the different components of the
SC current in a large number of scenarios of PE-based RESs
penetration. The dataset that has been used for feeding the
inputs of the developed ANN are collected from simulating
many scenarios of PE-based RESs penetration level into the
network under study. These scenarios have covered a wide
range of PE-based RESs (i.e., PV systems) penetration p start-
ing from p = 0%, where the whole installed generators are
conventional SG-based, up to a maximum penetration level
of p = 100%, where all SGs are replaced by PV generators.
During this data collection stage, the studied system would
be first modelled in DIgSILENT PowerFactory software and
then analyzed using Matlab. The dataset covers the selected
components of the SC currents that are calculated based
on the IEC 60909 standards described earlier (Section II),
in addition to the online-measured penetration level of PE-
based RESs. It is worth mentioning that the RESs utilized
here are composed of generic models of PV systems available
in DIgSILENT PowerFactory. They are modelled as a current
source with a maximum fault current contribution of 1.2 p.u.
of their rated currents to account for their fault contribu-
tion according to the IEC 60909 standards. The penetration
level (p) is defined based on the rating capacity of the installed
PE-based RESs as a percentage of the completely installed
generation capacity of the system according to (3).

Vs

PV Penetration = p = PV T 5G.
s s

x 100% 3)

where, SGs and PVs represent the installed capacity of the
SGs and PV systems, respectively. Next, these collected data
will be fed to the developed ANN to be trained in order
to provide the required mapping between the penetration
level and the studied characteristics of the SC currents. After
achieving the target accuracy by measuring the Mean Square
Error (MSE) of the trained ANN, the developed ANN will
be tested and validated for randomly chosen values of the
penetration level (p). The overall algorithm for the SC current
estimation tool comprises five steps. The first step is mod-
eling the test system in DIgSILENT PowerFactory software
where SC current calculations are conducted according to
the IEC 60909 standards. The second step is generating the
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suggested scenarios which include the different penetrations
of PV systems and decommissioning of the SGs.

The third step is conducting SC current calculations on
the selected scenarios using the IEC 60909 standards in
order to collect the required large dataset of SC current
components considering the SC contribution of SGs and PV
systems. Forth step is the development and construction of
an appropriate ANN for SC current estimation. At the fifth
step, where careful consideration has been taken for the ANN
architecture, the proposed ANN is trained to map between
the input (represented by penetration level percentage p)
and the output (represented by the generated dataset of SC
current components) using the various scenarios under the
study. Finally, validation and testing of the trained ANN are
conducted using randomly selected inputs that represent new
scenarios between 0% and 100% penetration levels other than
those scenarios used for the ANN training stage. These testing
scenarios are described in more detail in the results section.
The flowchart of the proposed algorithm is shown in Fig. 3.

Modelling of the system under study in DIgSILENT
software

v

Create the scenarios of PV penetration and perform
short circuit calculations using steady state simulation
based on the IEC 60909 standards.

v

Develop of the Artificial Neural Network (ANN) with
an appropriate structure using Matlab

+

[ Train the developed ANN using the collected dataset ]

Check the
performance

(if MSE < 0.001)

[ Testing the accuracy using random scenarios J

( Ead )

FIGURE 3. A Flow chart of the proposed ANN-based SC estimation tool.

IV. DEVELOPMENT OF THE ARTIFICIAL NEURAL
NETWORK

ANN is a well-known data processing system that consists
of highly interconnected elementary units, called neurons,
which are connected in a number of layers and work in
parallel. The most critical part of the implementation of a
neural network is the selection of the structure, which is also
referred to as its architecture, as it affects the accuracy of
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the results which are going to be obtained from the trained
network. The basic structure is the one in which units are
distributed in three-layer types: an input layer, an output layer,
and one or more hidden layers [28].

In this work, a multilayer feed-forward back propagation
(FFBP) ANN has been developed for estimating the charac-
teristics of the SC currents in the system under study. FFBP
networks are commonly used and suggested in the literature
for input-output mapping problems such as pattern recogni-
tion, classification, and function approximation [25], [26].
ANN:Ss consist of a series of layers in a form of input, hidden,
and output layers. While the first layer has a connection from
the network input, each subsequent layer of the hidden layers
has a connection from the previous layer. The final layer in its
turn produces the network’s output. Such ANN can be used
for any kind of input to output mapping. Each of the hidden
and output layers includes sets of neurons that are connected
to the neurons in the subsequent layer. The number of hidden
layers as well as the neurons is problem-dependent that are
mostly determined by trial and error till a goal performance is
achieved [29]. However, this should be selected based on the
careful consideration to achieve a stable ANN. For instance,
an excessive number of hidden neurons may cause overfitting
meaning that the ANN has overestimated the complexity of
the target problem [30]. A competent network architecture
might be determined depending on the dimensions, features
and complexity of the problem. In some cases, a smaller
number of layers/neurons would be enough to achieve the
minimum target error. For example, an ANN with one hidden
layer and enough neurons can fit any finite input-output
mapping problem. Fig. 4 shows the typical architecture of a
neuron and a multi-layered ANN.

Input Hidden QOutput

layer layer layer

D

Gl
e

j>
[
=Y
r———
i
fc-g=
aw

€))
-

55

e

&)
U

FIGURE 4. The typical structure of an artificial neural network [25].

The input layer of the ANN is fed by the inputs, which are
directly sent to the neurons in the hidden layer after being
modified by some weight coefficients. This process will be
repeated as the neurons of the first hidden layer pass their
weighed output to the neurons of the subsequent layer until
reaching the output layer in the designed ANN. In this work,
the inputs are represented by the values of the penetration (p)
reflecting the PV penetration scenarios, where the outputs
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are represented by the SC current components extracted from
the calculated SC current at different nodes in the system
considering various scenarios. Six outputs (3 at each bus) are
represented by the sub-transient SC current, I/, the transient
SC current, / ,2, and the peak SC current, /,, corresponding to
each scenario.

V. RESULTS AND DISCUSSION

A. MODELING THE MODIFIED IEEE 9-BUS TEST SYSTEM
IN DIgSILENT POWERFACTORY

The IEEE 9-bus test system [31] is modelled in DIgSILENT
PowerFactory to perform the SC currents calculations for
collecting the data required for the developed ANN. The
system consists of 9 buses, six lines, three generators, three
transformers, and three loads. The nominal voltage of the
transmission buses is 230 kV, and the nominal frequency
is 60 Hz. The SC calculations have been done by simulat-
ing the system under different scenarios of PV penetration.
Initially, the system is fed by SGs only. Then, the RESs
(i.e., PV systems) have been introduced in a step of 5%
penetration to displace the SGs at all generation locations.
Hence, 200 PV penetration scenarios have been simulated
accordingly. The three components of the SC currents under
study have been obtained at two selected buses in the system,
namely bus 5 and bus 8 using the modified IEC 60909 stan-
dards explained above. Note a three-phase bolted fault has
been assumed in all scenarios in order to obtain the maximum
fault currents. Fig. 5, shows the adjusted IEEE 9-bus test
system with the installed PV systems at the generation buses.

i—DLoad c

FIGURE 5. The Modified IEEE 9-bus test system.

B. GENERATING THE RESULTS OF THE SC CURRENTS AT
DIFFERENT PV PENETRATION SCENARIOS

The modified IEEE 9-bus test system has been utilized to
perform the SC currents calculations for collecting the data
required for the developed ANN. The simulated scenarios
have considered the installation of PV systems at all genera-
tion buses with the decommissioning of the existing SGs in
such a way to keep the total generation capacity fixed. Note
that the PV systems are assumed to be operating at power
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factors like those of displaced SGs, hence supplying both
active and reactive power. The amount of the supplied power
of these PV systems is picked in such a way as to equal the
amount of the power of the decommissioned SGs. The gen-
erated scenarios include calculating the corresponding fault
current contribution of each SG, each PV system, and the total
fault current at the selected buses. For illustration purposes,
Bus 5 and Bus 8 are adopted to represent the variations in
fault levels as shown in Fig. 6 and Fig. 7, respectively.
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FIGURE 6. The SC currents at Bus 5 with different penetration
percentages (a) fed from SGs, (b) fed from PVs, (c) fed from SGs and PVs.

This cover extracting three components of the SC current,
namely, the sub-transient SC current, I;’, the transient SC
current, I;, and the peak SC current, Ip, corresponding to each
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FIGURE 7. The SC currents at Bus 8 with different penetration
percentages (a) fed from SGs, (b) fed from PVs, (c) fed from SGs and PVs.

scenario. It can be observed that all components of the SC cur-
rent fed by SGs have witnessed a decline with the increased
penetration level of PVs on both studied Buses, as shown
in Fig.6.a, and Fig.7.a. On the other hand, the components
of the SC currents fed from PVs have increased with the
increased penetration level of PVs, as shown in Fig.6.b, and
Fig.7.b. While the components of the SC current contribution
of SGs decrease exponentially, it can be noticed that the
components of the SC current contribution of PVs increase in
a linear relationship with the increased penetration scenario.
This confirms the different characteristics, hence the different
modeling of these two different types of generation in terms
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of the SC contribution. As the value of the decommissioned
SGs might be reflected as an increase in the generator equiv-
alent impedance with fixed rating, the value of the current
source model of the PVs is proportionally increasing with the
increased penetration scenario accordingly.

C. STRUCTURE OF THE PROPOSED ANN

The proposed ANN in this work is basically structured of
three layers using Matlab software as shown in Fig.8. The
input layer is the receiver of the input values, which is repre-
sented by the penetration level of RESs “p”” in our work. Note
that the nodes of the input layer are passive, meaning that
they duplicate each value and then send it to the hidden nodes
without performing any numerical processing. These nodes
are fully connected to the hidden layer nodes using synaptic
weights links that would be later adjusted through a learn-
ing procedure to improve the network performance. Similar
weighted links exist between the hidden and the active nodes
of the output layer, where they combine and change the data
to produce two sets of three outputs as follows: the sub-
transient SC current, [}/, the transient SC current, /;, and
the peak SC current, Ip, for each of the studied bus 5 and
three for the bus 8. It is worth mentioning that the number
of neurons and hidden layers is problem-dependent and can
be determined by trial and error till a goal performance
(e.g., MSE) is achieved. In this research, one hidden layer
is chosen while the number of neurons is nominated after
careful testing in such a way as to achieve the minimum
training error. Fig. 9, shows the developed ANN in Matlab.
During the structuring process, where one hidden layer of
feed-forward network with “logsigmoid”” activation function
and linear output neurons (fitnet) is chosen, several MATLAB
simulations are run to find the proper number of hidden
neurons in the hidden layer that would provide a proper fit
this multi-dimensional mapping problem properly. Hence,

Inputs

ANN-FF
1x20x6

Hidden Layer 1

Output Layer

Input Layer

FIGURE 8. The proposed topology of the ANN.
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FIGURE 9. The calculated SC currents at Bus 8 with different.

different numbers of neurons (e.g. 10, 20, 25, and 30) have
been tested in this work.

D. TRAINING AND VALIDATION OF THE PROPOSED ANN

Initially, the weights of the neurons of the adopted ANN are
initialized with small random numbers when the network is
first created. After that, the output dataset of the SC current
components has been normalized to their initial maximum
values at the base scenario before being fed to the network
for determining the newly updated weights in what is called
the training or learning process. As supervised learning is
employed in this developed ANN, it is required to teach the
unlearned network for input/output mapping, hence sets of
input/output patterns are linked by adjusting weights using
an appropriate training algorithm. It is worth noting that the
size of the learning dataset has to be suitable to the com-
plexity of the model to avoid overfitting which may occur
during the training stage. In this work, 200 samples of output
associated with each of the current components described
above, which represents 200 scenarios of PV penetration,
are chosen for training, validation, and testing of the results
obtained at each bus. The collected dataset is divided into
70% training, 15% validation, and 15% testing, respectively.
Hence, 70% of samples are fed to the network during training,
where the network is adjusted in such a way as to minimize
the cost function. The goal is to achieve the best training
performance by minimizing a prescribed error measure (i.e.,
the cost function), which is reflecting the difference between
the target and the predicted outputs of the network as possible.
Note that the statistical indicator, MSE, is used as a cost
function during the learning process to determine the best
training performance, which tries to minimize the average
squared error between the network’s output and the desired
output. Bedside that, the best structure (i.e., the number of
neurons) has been identified based on the best combination
of both the values of the MSE and the Regression (R). It is
worth mentioning that the optimal value of this indicator is
targeted to (MSE=0, and R = 1). Note that (R = 1) means a
linear relationship between the input and the output, hence an
optimal fitting, while (R=0) represents a random relationship
and a poor fitting. Hence, the closer MSE to zero, and R
to zero, the better the structure and the training accuracy.
The results show that the minimum training error has been
noticed when a hidden layer of 20 neurons is used where
it has been found the most suitable as shown in Table 1.
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The 15% of the validation samples are used to measure
network generalization, and to halt training when generaliza-
tion stops improving. On the other hand, the testing phase
where 15% of the samples have been used independently, can
provide an independent measure of the ANN performance
during and after training without any effect from the train-
ing phase. It is worth pointing to the effect of the training
algorithm on the accuracy and speed of the training process.
In this regard, the effects of the training algorithms such as
Bayesian Regularization (trainbr) and Levenberg-Marquardt
(trainlm) have also been investigated in this work. While the
first algorithm (i.e., trainbr) typically requires more time,
it may lead to better generalization for difficult, small or
noisy datasets. Note that the training through trainbr stops
according to adaptive weight minimization.

On the other hand, trainlm algorithm requires more mem-
ory but less time as its training would automatically stop
when the generalization stops improving, as indicated by an
increase in the MSE of the validation samples. The detailed
evaluation results of the training, validation, and testing
phases of the simulated ANN are presented in Table 1. It can
be seen that an ANN with 20 neurons in the hidden layer
provides the best performance in terms of the MSE and R
when trained using the trainbr training algorithm where the
minimum gradient was reached at all iterations as highlighted
in gray in Table 1. Observe Fig.10 which also shows the value

Fumnction Fit for Output Elerment 1

Training Tanges
+  Training Outputs

Output and Target

Error

Inpaut
(el
: R=0.99999

Qutput ~= 1*Target + 000028

0.3
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Target
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FIGURE 10. The ANN performance (a) the regression R values function fit.
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of R of 0.99999 and the function fit of element 1 (i.e., I at
bus 5).

E. TESTING OF THE PROPOSED SC CURRENT ESTIMATION
TOOL USING RANDOMLY CHOSEN SCENARIOS

Evaluating the constructed model is an essential step used
once the model is completely trained. Hence, the general-
ization capability of the proposed ANN-based SC current
estimation tool is examined using new input/output test-
ing pattern sets of different percentages of PV penetrations
obtained from untrained scenarios. This step provides an
independent measure and an extra testing for the perfor-
mance of that developed tool. Each new scenario is simulated,
and the actual values of the SC current components have
been extracted at each of the studied buses. These scenar-
ios are then fed to the developed ANN to obtain the esti-
mated/predicted values correspondingly. Note that 30 random
samples of the penetration level, p, have been fed to the input
of the network, and 2 sets of (3 SC current components at
each bus) are predicted are obtained as outputs. The results
obtained from the simulations and those obtained from the
ANN-based estimation tool have been tabulated in Table 2
and 3 for the analysis and performance comparison at buses
5 and 8, respectively. While the absolute error between the
actual and predicted values of each component of the SC
current is calculated in each scenario, the mean absolute
percentage error (MAPE) is calculated for all the estimated
values together as expressed in (4).

1 N SCActual _ SCPredicted
MAPE = — > P 2 x 100 (4)

N p=1 SCActual
P

where, SCI’;‘C”"” , is the actual SC current component obtained

from the simulation. SCﬁredwted, is the predicted SC current
component obtained from the ANN-based estimation tool.
N, is the number of penetration scenarios. Observe Table 2
which presents the comparison results of the actual and the
estimated values of the SC current components at Bus 5.
Note that a set of 30 scenarios represented by the differ-
ent values of the penetration percentage p, is tested. These
have been randomly chosen in such way to cover the whole
range of the penetrations between 0 and 100%. Note that
the values in the Table of all the current components are
normalized to their corresponding maximum values initially
at the base scenario (p = 0%). Hence, to calculate the
values of these current components at Bus 5, in Amber
(A), they have to be multiplied by the original maximum
values as follows: I}’ = 4994.65 A, I; = 4675.18 A, and
Ip = 7063.502 A. It can be observed that the ANN-based
estimation tool has provided predicted values with marginal
errors in comparison with the actual values obtained from the
simulations according to the IEC 60909 standards. Observe
the maximum absolute error corresponding to each of the
SC current components, as marked in bold in Table 2. While
a maximum error of 0.0428 has been registered for the
component I}, higher absolute errors of 0.055 and 0.058 have
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TABLE 1. Performance indicators of the trained ANN.

No. Hidden Training Testing Training Number MU Gradient
Nﬁﬁgs Performance Performance Function of
MSE R MSE R epochs
1 10 3.3e-7 9.999¢-1 5.12e-5 9.990e-1 trainlm 118 0.001 0.682
2 10 2.4e-10 9.998¢-1 4.00e-10 9.999¢-1 trainbr 470 0.005 0.654
3 20 1.32e-6 9.999¢-1 2.078e-6 9.998e-1 trainlm 31 0.001 0.852
4 20 5.30e-11 9.999¢-1 2.34e-12 9.999¢-1 trainbr 432 0.005 1.45
5 25 2.05e-7 9.998¢-1 7.12e-7 9.994¢-1 trainlm 36 0.001 1.11
6 25 9.09¢-11 9.999¢-1 4.90¢e-6 9.999¢-1 trainbr 235 0.005 234
7 30 491e-7 9.998¢-1 4.54¢-7 9.996¢-1 trainlm 30 0.001 1.52
8 30 3.33e-11 9.999¢-1 3.58e-10 9.999¢-1 trainbr 459 0.005 1.42
TABLE 2. Validation of the Proposed ANN-based SC Estimation Tool at Bus 5.
L I I
No. p - - -
SCActual | gCPredictsd Error | SCpetual | gcPredicted | prop | ScActual | gcPredicted | pyyoy
1 0.75 0.875 0.875 0.0000 0.755 0.756 0.000 0.875 0.875 0.000
2 3.25 0.521 0.522 0.0010 0.345 0.345 0.000 0.521 0.522 0.000
3 5.25 0.375 0.377 0.0021 0.237 0.238 0.002 0.375 0.377 0.002
5 11.25 0.197 0.211 0.0137 0.133 0.139 0.005 0.205 0.211 0.005
6 12.25 0.192 0.198 0.0063 0.106 0.133 0.026 0.172 0.198 0.026
7 14.75 0.144 0.176 0.0315 0.116 0.123 0.007 0.169 0.176 0.007
8 19.25 0.133 0.153 0.0206 0.110 0.116 0.006 0.147 0.153 0.006
9 24.25 0.115 0.143 0.0284 0.106 0.116 0.011 0.132 0.143 0.011
10 28.75 0.111 0.141 0.0295 0.107 0.121 0.015 0.126 0.141 0.015
11 3475 0.122 0.144 0.0217 0.104 0.132 0.027 0.116 0.144 0.027
12 39.75 0.135 0.150 0.0146 0.136 0.142 0.006 0.143 0.150 0.006
13 43.25 0.143 0.155 0.0117 0.133 0.150 0.016 0.138 0.155 0.016
14 47.25 0.105 0.161 0.0563 0.153 0.159 0.006 0.155 0.161 0.006
15 50.75 0.130 0.168 0.0376 0.113 0.168 0.055 0.113 0.168 0.055
16 53.25 0.130 0.173 0.0428 0.174 0.174 0.000 0.173 0.173 0.000
17 55.75 0.154 0.178 0.0243 0.123 0.181 0.058 0.120 0.178 0.058
18 61.25 0.175 0.190 0.0151 0.191 0.195 0.004 0.185 0.190 0.004
19  69.25 0.185 0.208 0.0232 0.191 0.217 0.027 0.182 0.208 0.027
20  75.75 0.216 0.224 0.0076 0.212 0.235 0.023 0.201 0.224 0.023
21 78.25 0.220 0.230 0.0100 0.225 0.242 0.017 0.213 0.230 0.017
22 80.25 0.186 0.235 0.0488 0.223 0.248 0.025 0.209 0.235 0.025
23 83.75 0.222 0.244 0.0212 0.231 0.258 0.026 0.217 0.244 0.026
24 85.25 0.199 0.247 0.0486 0.253 0.262 0.009 0.238 0.247 0.009
25  87.75 0.231 0.254 0.0225 0.238 0.269 0.031 0.223 0.254 0.031
26 88.75 0.235 0.256 0.0207 0.232 0.272 0.040 0.216 0.256 0.040
27 9275 0.227 0.266 0.0393 0.243 0.284 0.041 0.226 0.266 0.041
28  95.75 0.268 0.274 0.0063 0.260 0.292 0.032 0.242 0.274 0.032
29 9725 0.277 0.278 0.0014 0.275 0.297 0.022 0.256 0.278 0.022
30  99.25 0.276 0.283 0.0074 0.284 0.303 0.018 0.265 0.283 0.018
MAPE 2.047% 1.855% 1.855%

been observed for the I’k and Ip, respectively. Note that the
maximum MAPE is limited to 2.047% as observed at bus 5
for the component /;’. These results prove the capability of the
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developed ANN-results of the proposed ANN-based estima-
tion of the SC components at randomly chosen scenarios of
PV penetrations. The proposed ANN-based tool have shown
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TABLE 3. Validation of the Proposed ANN-based SC Estimation Tool at Bus 8.

I I Ip
No. p SCI;\Ctual chredicted Error Scll;lctual SC;rediCtEd Error SC{;{Ctuul SC;reaiC[Ed Error
1 075 0875 0.875 0.000  0.755 0.756  0.000  0.875 0.875 0.000
2 325 0521 0.522 0.001  0.345 0.345 0.001  0.521 0522 0.001
3525 0374 0.377 0.003  0.237 0.238 0.001 0374 0377 0.003
51125 0.194 0211 0.017  0.134 0.139  0.005  0.194 0211 0.017
6 1225 0192 0.198 0.007  0.125 0.133 0.007  0.192 0.198  0.007
7 1475 0.140 0.176 0.036  0.102 0.123 0.020  0.140 0.176  0.036
8 1925  0.134 0.153 0.019  0.081 0.116 0035  0.134 0.153 0.019
9 2425  0.104 0.143 0.039  0.102 0.116  0.014  0.104 0.143 0.039
10 2875  0.101 0.141 0.040  0.116 0.121 0.005  0.101 0.141 0.040
11 3475  0.122 0.144 0.021  0.105 0.132 0.027  0.122 0.144  0.021
123975  0.122 0.150 0.028  0.130 0.142 0012 0.122 0.150  0.028
13 4325 0152 0.155 0.003  0.106 0.150  0.044  0.152 0.155 0.003
14 4725  0.104 0.161 0.057  0.127 0.159  0.032  0.104 0.161 0.057
15 5075  0.166 0.168 0.002  0.132 0.168 0.036  0.166 0.168  0.002
16 5325  0.149 0.173 0.024  0.136 0.174  0.038  0.149 0.173 0.024
17 5575  0.157 0.178 0.021  0.155 0.181 0.026  0.157 0178  0.021
18 6125  0.190 0.190 0.000  0.158 0.195 0.037  0.190 0.190  0.000
19 6925 0207 0.208 0.001  0.209 0217  0.008  0.207 0208  0.001
20 7575 0.196 0.224 0.028  0.210 0.235 0.025  0.196 0224 0.028
21 7825 0.176 0.230 0.053  0.221 0.242 0.022  0.176 0230  0.053
22 8025  0.176 0.235 0.059  0.235 0.248 0.013  0.176 0.235 0.059
23 8375 0.209 0.244 0.034  0.229 0.258 0.029  0.209 0244  0.034
24 8525 0231 0.247 0.017 0212 0.262 0.050 0231 0247  0.017
25 8775 0233 0.254 0.021  0.242 0269 0027 0233 0254  0.021
26 8875 0222 0.256 0.034  0.241 0.272 0.031 0222 0256  0.034
27 9275 0212 0.266 0.054 0272 0284 0012 0212 0266  0.054
28 9575 0.261 0.274 0.013  0.258 0.292 0.034 0261 0274  0.013
29 9725 0253 0.278 0.025  0.280 0.297 0.017 0253 0278  0.025
30 9925 0274 0.283 0.009  0.270 0.303 0.033 0274 0.283 0.009
|  MAPE | 2.221% | 1.129% | 2.220% |

marginal errors in predicting the SC current components at
bus 8 when compared with those calculated using steady-
state simulation based on the IEC 60909 standards. Like the
case of Bus 5, the actual values of the current components at
Bus 8, (in A), can be obtained by using the estimated values
of the ANN-based estimation tool that have been multiplied
by the original maximum values as follows: [} = 5743.29 A,
I, =4637.27A, and Ip = 8122.23 A.Observe Table 3 which
shows that a maximum absolute error of 0.059 has been
registered for I = at the scenario of 22% penetration. While
lower error values of 0.050 and 0.057 have been observed
for the 1,2 and Ip, respectively. On the other hand, the max-
imum MAPE is limited to 2.221% as observed at bus 8 for
the component /;’. It is worth mentioning that the effect of
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the Bus location on the accuracy of the proposed ANN-
based estimation tool is marginal. It can be observed from
Tables 2 and 3 that Bus 8 which has a higher original fault
level (i.e. located closer to the generation centers), shows
a lower accuracy when it comes to estimating both the
sub-transient SC current, / ,é’ , and the peak SC current, Ip, but
shows a higher accuracy when estimating the and the transient
SC current, / ,é Taken together, all the above illustrated figures
illustrate the efficacy of the proposed ANN-based estimation
tool at the variety of scenarios and locations when applied to
newly randomly chosen penetration scenarios with an aver-
age of MAPE of 1.89%. In other words, the average accuracy
of the proposed ANN-based SC estimation tool is 98.11%
approximately.
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VI. CONCLUSION

In this paper, an ANN-based tool has been developed and
validated for the estimation/forecasting of the SC currents in
power systems rich of PE-based RESs, mainly PV systems.
The proposed ANN-based tool relies on the online pene-
tration level of the PE-based RESs as an input fed to the
ANN for estimating the SC current components accordingly.
The development stage involves the training of the proposed
SC estimation tool with the SC currents collected for large
number of scenarios that have been simulated offline on
the modified IEEE-9 bus test system modelled in DIgSI-
LENT PowerFactory software. The fault calculations have
been done by steady-state simulations based on the IEC
60909 standards. The training phase of the developed ANN
includes anticipating of the best structure and the best train-
ing performance that have been identified using the values
of the statistical indicator (MSE) and the Regression (R).
Thus, a Feedforward back propagation ANN structured of
one input layer with one input (the penetration percentage of
PV, p), one hidden layer of 20 neurons, and an output layer
of 6 outputs has been picked as it has provided the best per-
formance. Note that 200 samples of outputs associated with
each of the current component, that represents 200 scenarios
of PV penetration, are chosen for training, validation, and
testing of the results obtained at each bus. These estimated
outputs are: the subtransient SC current, I/, the transient
SC current, Iy, and the peak SC current, Ip, three for the
studied bus 5 and three for the bus 8. It worth mentioning
that the values of the collected SC currents have shown
new mixed characteristics that is different from what has
been traditionally observed in traditional power systems with
SGs only.

All the components of the total SC current show maxi-
mum values at the base scenario (p = 0%), before show-
ing decaying behaviour when reaching the minimum values
at around the to their minimum at around the scenario of
(p = 30%). Then, they experience a steady increase to
a higher level at the last scenario of (p = 100%). This
implies that the dominated SC contribution before reaching
(p = 30%) scenario, while the SC contribution of the
PE-based RESs will be the dominated elsewhere after that
till reaching the scenario of (p=100%).

The generalization capability of the proposed ANN-based
SC current estimation tool is also examined using new
input/output testing pattern sets of different percentages of
PE-based RESs penetrations obtained from untrained sce-
narios. The accuracy of the proposed ANN-based tool is
validated by comparing the actual and the estimated results
represented by the absolute error of each component of the
SC current at each scenario. In addition, the overall accuracy
has also been evaluated using the mean absolute percent-
age error (MAPE) considering all the simulated scenarios
simultaneously. The results have proven the applicability of
the proposed ANN-based tool in estimating the SC current
components at various range of PE-based RESs penetration
scenarios, with an overall accuracy of 98.11%.
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Taken together, it can be concluded that, when employed,
the developed ANN-based tool can provide a powerful tech-
nique for fast and effective estimation of the SC currents
in future power systems with high penetration of PE-based
RESs systems at different locations by one input only,
namely, the penetration percentage of PE-based RESs in the
system. In other words, these results show the effectiveness of
the developed tool in mapping the SC current with the pene-
tration percentage of PE-based RESs, hence, providing accu-
rate insight on the estimated SC currents and the expected
fault current shortfalls that may be experienced in future
RESs-rich power systems with the knowledge of the pene-
tration level scenario without a need for detailed modeling or
repetitive calculations at each newly faced scenario. Although
this proposed ANN-based has been applied to estimate SC
currents at some selected buses/nodes in this work, it can
also be applied, when required, to estimate the SC currents
at different areas, subsystems, and nodes depending on the
availability of the training dataset. It is worth noting that this
proposed ANN-based SC estimation tool is limited in this
work to the PE-based RESs that utilize full-size converters
such as (PV and type-4 wind generators). Also, it is pointing
out that changing the system topology or the PV penetration
scenarios like introducing PVs to non-generation buses might
require a new structured ANN and larger dataset for training
depending on the topology and the size of the network. These
provide a headroom for potential improvements by including
other types of RESs such as DFIG wind generators, appli-
cation of the methodology to other systems with different
topologies and a wider range of RESs penetration scenarios,
and practical implementation of a test case using real-time
data as future work.
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