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Abstract: The main objective of this research is to carry out a probabilistic short circuit
analysis, using the Monte Carlo Method (MCM), applied to Voltage Source Converter (VSC)-
High Voltage Direct Current (HVDC) systems. The definition of stochastic parameters and a
method to ensure statistical significance of the phenomenon under analysis are addressed. Due
to the large number of cases involved in the MCM calculation, parallel programming hosted
in a cloud computing environment was used. This procedure saves a considerable amount of
time in the process, especially considering the time that would be spent using conventional
transient programs. The result is the probabilistic density function that shows the probability
of overcurrent and overvoltage magnitudes that the system may experience. This information is
particularly important for component design, protection setting, life time expectancy assessment,

grid stability and maintenance planning.
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1. INTRODUCTION

High Voltage Direct Current (HVDC) technology allows
more efficient bulk power transfer over long distances. The
main characteristics of HVDC transmission are flexibility
of connections between systems with distinct operation
frequencies, easy power flow control, enhancement of the
Electric Power System (EPS) stability and reduction of
losses in transmission lines (Meah and Ula, 2009, 2007).
Most of the HVDC transmission lines in operation are
based on Line Commuted Converter (LCC) technology
(using thyristors). Recently, the Voltage Source Converter
(VSC) in HVDC transmission systems has been discussed
and used to improve their operational characteristics (Cas-
tro et al., 2015). One of the main advantages of a VSC-
HVDC transmission system is the possibility of using
multi-terminal transmission lines with different architec-
tures, for example, connecting monopolar transmission
lines to bipolar ones. Another potentiality of this technol-
ogy is to integrate wind and solar generation plants into
power systems using such technology (Yang et al., 2010).
This is in tune with the new concept of smart grids, where
smart microgrid concept-based Alternating Current (AC),
Direct Current (DC), and hybrid architecture is gaining
popularity due to the growing use of distributed renewable
energy generation (Sahoo et al., 2021).

One important topic of study concerning VSC-HVDC sys-
tems is their transient behavior, especially during Short
Circuit (SC) events (pole to ground and pole to pole
faults) (Jiang and Gong, 2018). Thus, some research fo-
cusing on transient SC analysis has been carried out

ISSN: 2525-8311

4142

(Lu and Sharma, 2008). Commonly, researchers use the
Electromagnetic Transients Program (EMTP), based on
Dommel’s method, for this kind of analysis (Mauricio and
Exposito, 2006; Yang, 2012; Wang et al., 2018). This choice
is due to the lack of precise analytical methods to calculate
DC short-circuit currents, despite the recent effort of some
researchers to achieve this goal (Li et al., 2017; Kontos
et al., 2014; Mourinho et al., 2015).

The EMTP was used for SC analysis (Sarajcev et al., 2016)
and the recovery of a fault in a VSC-HVDC transmission
line was studied by Yang et al. (2010). In reference (Mauri-
cio and Exposito, 2006), stability analysis was compared
with steady-state models. Additionally, in reference (Yang,
2012), severe SC conditions considering VSC systems was
investigated. These papers discussed SC simulations, but
did not address their probabilities of occurrence. The infor-
mation about the probability of occurrence is paramount
to ensure an economical design of the VSC-HVDC com-
ponents such as: diodes, switches (GTO, Insulated Gate
Bipolar Transistors (IGBTs) and others), reactors, capac-
itors and circuit breakers. Another outcome of this kind
of analysis is the reliability improvement when over/under
magnitude of voltage and current probability of occurrence
are taken into consideration during the system design.

This paper proposes a method to calculate short circuit
current and voltage profiles using Probabilistic Density
Function (PDF) and Cumulative Distribution Function
(CDF). This information is particularly important for
component design, protection setting (Freitas et al., 2018),
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life time expectancy assessment, grid stability and main-
tenance planning.

The technique often used for Probabilistic Short Circuit
Analysis (PSCA) in EPSs is the Monte Carlo Method
(MCM) (Kalos and Whitlock, 2008). Other methods
rather than MCM, such as the Quasi-Monte Carlo and
Latin Hypercube Sampling (Singhee and Rutenbar, 2010),
can also be applied to PSCA. Most research using the
MCM focuses on AC distribution, transmission and gener-
ation (Balouktsis et al., 1986; Gupta and Daratha, 2017).
There is little published on the MCM in DC systems, espe-
cially VSC-HVDC transmission lines. The MCM requires
a large number of simulations to ensure statistical signif-
icance of the phenomenon under analysis, which requires
long computational time.

The specific focus of this study was PSCA using the MCM
to explore all possible overcurrent and overvoltage values
that circuit-breakers, lines, capacitors, IGBTs and diodes
are exposed to. The MCM was implemented using the
Message Passing Interface (MPI), parallel programming
and was executed in a cloud computing environment. This
saves a considerable amount of time in the process, espe-
cially considering the time spent in conventional transient
programs.

2. PROPOSED METHOD

Numerical simulations have been used successfully to solve
engineering problems, as well as to reproduce actual sys-
tems behavior. In order to carry out these tasks, build-
ing proper models that relate inputs and outputs are
required. However, when the inputs of the models are
non-deterministic, their implementation is not feasible.
PSCA is one of these cases, in which its inputs are ran-
dom, for example, fault location and fault resistance. This
characteristic leads to non-deterministic outputs, such as
transmission line fault currents. The aim of PSCA is to
find PDF and CDF curves, showing the probability of a
given current or voltage to occur.

In order to perform a PSCA based on MCM for HVDC-
VSC transmission systems, the inputs (electrical compo-
nents and related characteristics) and their probabilistic
distributions need to be defined. This paper used the
converter loading conditions (active and reactive power),
a DC fault location, a DC fault resistance and a DC fault
type as random inputs on the PSCA. For these variables,
a sampling method was necessary to randomly select their
values (within their probabilistic distribution).

For each case, an electromagnetic simulation was per-
formed until a post fault steady state was reached. After-
wards, the maximum values of currents and voltages for
each component under analysis were stored. This process
was repeated until the PDF reached convergence, ensur-
ing statistical relevance, resulting in voltage and current
maximum values of PDF for each component under study.

In order to simulate all the SC cases necessary for the
MCM, and reduce the amount of time to obtain the results,
a dedicated cluster was used. The cluster was built in a
cloud computing environment available at the University
of Sdo Paulo (USP) (STI, 2020). The virtual computing
consisted of 6 virtual machines with 8 processors each, pro-
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viding 64 computational nodes. One node was selected as
the master node and it managed the slave nodes. The mas-
ter node received the result of each simulation carried out
in the slave nodes. The task management between nodes
was performed using MPI (Indiana University, 2020). The
flowchart in Figure 1 summarizes the steps of the proposed
technique.

.
2 S
/

/ éet number of simulatio@
b |

maximum number—_Yes
-of simulations?

[
[
\
\
\
\
\
\
\

CDF I
CLOUD USP I
end |
I
|
\ S ) ] |
(MCM set fault position ( obtain the maximum |
I value for each variables

electromagnetic

‘C MCM set fault type Slave < trans:ent simulation >\
I q Nodes

| @CM set fault resistanc9 ( MCM set load > '
7 /
\ @CM set fault inception tim} /

Figure 1. Proposed method flowchart

In the first step, the number of SCs to be simulated
was provided to the master node by the user. Firstly,
approximately a million SC cases were considered, and
from this result, the Euclidean distance was used to
observe the statistics convergence and to optimize the
choice for the future simulations. Aiming to fulfill this
topic, there is a discussion in Section 4.1, to detail the
aspects and emphasize the importance of the number of
SC cases to ensure the statistic relevance of the results.

In this research, all the SC cases considered were located on
the transmission line, but the proposed method is able to
deal with SC in different system components. The location,
type, SC resistance and converters’ load conditions were
randomly defined by the MCM regarding their probability
distribution function. The DC fault inception time was
also defined randomly.

Having defined the SC parameters, a simulation task was
dispatched to one of the slave nodes. The simulation
duration was set to 200 ms. This value was used to ensure
that the most relevant period of the transient (SC current
and voltage peaks) was taken into consideration by the
simulation. When a slave node finished a simulation task,
it sent the relevant information (SC current and voltage
maximum values) to the master node.

When all the SC cases were considered, the master node
computed the PDF histogram and CDF graph from the
data collected. The number of bins (bars) used to build the
histograms was set according to the Square-Root Choice
(Maciejewski, 2011). Section 4.2 describes this method.
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3. THE ELECTRIC POWER SYSTEM STUDIED

The methodology proposed was applied to a symmetrical
monopolar VSC-HVDC transmission system. However, the
authors would like to emphasize that the proposed tech-
nique can be applied to other VSC-HVDC topologies. It
consists of two 200 MVA VSC stations connected by a
100 kV transmission line, 75 km long. Each VSC station
was simulated as a two-level converter with ideal switches.
In order to save time concerning the number of SC cases
needed according to Section 4.1, the EPS shown in Figure 2
was simulated in the cloud computing environment. As
mentioned before, this procedure would save a consider-
able amount of time in the process, if implemented in a
dedicated single-tenant cloud infrastructure.
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Figure 2. Representation of the EPS under study

Four sets of equipment can be observed in Figure 2: the
AC, 100 KV 50 Hz, equivalent system with parameters
L, = 23 mH, Ry, = 0.125 Q, Ly = 5.86 puH, and
Rsy = 2.6 ; the voltage harmonic filter (shunt filter)
with Ly = 0.8956 mH, Ry = 11.25 Q and C; =
7.07uF; the current (series filter) with Ly, = 23 mH and
Ryp = 0.073 €; and the two-level converters with ideal
switches and DC voltage ripple filter with C' = 280 uF'.
The transmission line (75 km long) was simulated as a
Bergeron model, without magnetic coupling. The line data
are L =25 72 R =0.1088 & and C = 6.321 7L These
distributed parameters were calculated from the physical
parameters (conductor positions, tower dimensions and
distance between towers) of a 110 kV transmission system
(Ali, 2013), using the Line Constant routine from the
Alternative Transients Program (ATP).

Six IGBTs were used for each VSC in the converter sta-
tions. Their self-commutation provided the independent
active and reactive power control between the VSC termi-
nals. For the VSC control, two different control strategies
are commonly used: the direct control method and the vec-
torial control (Meshram and Borghate, 2012). The direct
control method does not control the full range of currents
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in VSC. For this reason, the vector control method was
used to control both VSCs (Chen et al., 2014).

In this research, each station must control two variables,
active and reactive power or DC voltage and reactive
power. Figure 3 and Figure 4 show the control loops for
active and reactive power. In Figure 3, PI; provides the
control of the direct current component and Pl provides
the activity power control. In Figure 4, PI; provides the
control of the quadrature current component and Pls
provides the reactive power control. Finally, Figure 5
presents the DC voltage control used.
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Figure 3. Converter control loops-active power control
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Figure 4. Converter control loops-reactive power control
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Figure 5. Converter control loops-DC voltage control

During the PSCA, active and reactive power references
were defined randomly within operation limits. Therefore,
it is important to check the settling time, the overshoot
and to explore the capability curve of the converter to
define proper operation limits. In order to validate the
control settings (Figure 6), different reference values were
set to the active and reactive power during the simulation
time. The simulations showed that the overshoot occurs
only for active power (oversignal amplitude 2 0.05 pu) and
the margin of the capability curve was explored without
causing over modulation.
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Figure 6. VSC control test

During fault events, the current in the IGBTs can easily
exceed its supportable limit. In order to avoid damaging
the switch, the converter control has a protection scheme
that blocks the converter switches during over-current
events. A typical value chosen to trigger this protection
is 2 p.u. (Lu and Sharma, 2008).
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Figure 7 depicts the IGBT protection used for this study:
the I, is the positive DC cable current and the I, is the
current from the negative DC cable. If I, or I, increases
over the pickup value, a blocking signal is sent to the IGBT
converter and a flip-flop device is used to keep the block
state until reset is requested.

During the IGBT blockage, the currents flow through
fly-wheel diodes. Therefore, the VSC becomes a non-
controlled rectifier; see Figure 8 (Yang, 2012). Figure 9
shows a pole-ground fault inserted at ¢ = 0.15 s. The
positive DC line current and the IGBT block signal can
be observed.
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Figure 7. IGBT Over-current protection
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Figure 8. VSC circuit for non-controlled rectifier mode
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Figure 9. Pole-ground fault event and IGBT block signal

4. MONTE CARLO METHOD PARAMETERS

The aim of this study was to build short circuit cur-
rent /voltage profiles using PSCA. The method was based
on identifying the variables of the system model that
presents random characteristics. Values generated by
MCM was assigned to such variables. Considering this, the
variable probability distribution was necessary to describe
the actual behavior of fault events.
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Fault type probability distribution of occurrence was con-
sidered 23 % for pole to pole faults, 38.5 % for positive
pole to ground faults and 38.5 % for negative pole to
ground faults. Given the lack of reliable data about fault
event statistics in HVDC transmission systems, the values
chosen for this study were inspired by the fault statistics
observed for High Voltage Alternating Current (HVAC)

transmission systems.

Distribution function P(x), Equation (1), defines the prob-
ability of a short circuit to occur at a given transmission
line location, x, where L is the transmission line length. It
considers the uniform distribution, which implies that any
position of the transmission line has equal probability (%)
of fault occurrence (Balouktsis et al., 1986).

P(a) = + 1)

The fault resistance probability, P(Rs.), Equation 2, is
also defined using uniform distribution. This value was
considered between a low value (Rpzin = 0 Q) and a very
high value (Rpsq. = 100 §2), which are typical values of SC
resistance in a VSC-HVDC system (Bucher and Franck,
2013). Therefore, any value between Rpsin, and Rpsq, has
equal probability to occur.

1
P(Ry) = —
( ) RMaac - RMl’ﬂ

(2)

The system load was defined by the active and reactive
power supplied to each converter. Their limits were defined
by their capability curve. Hence, for each fault, active and
reactive power was sorted by MCM, which means a differ-
ent power flow through the transmission line and different
reactive power exchange between converters and AC grids.
The random selection of a load condition respected the
converters’ operating limits.

4.1 Random sampling generations and number of short
circuit cases

PSCA is a method to describe the probability linked with
over-currents/voltages created by fault events in the elec-
trical system. Following this method, stochastic param-
eters representing different fault conditions were chosen.
Various techniques can be used to generate these param-
eters. The most commonly used are the Pseudo-Random
Generator (PRG) and Low-Discrepancy Sequences (LDS).
PRG produces a random sampling while LDS creates pa-
rameters uniformly distributed. According to references
(Keller et al., 2007) and (L’Ecuyer, 2017), many studies
have used LDS due to the better convergence rate com-
pared to the PRG. While the LDS convergence rate is
O(1/N) and the PRG is O(1/v/N), where N is the number
of samples.

In order to verify which method had better convergence
considering the PSCA applied to HVDC-VSC, PRG and
LDS were evaluated. To implement PRG, the plain Monte
Carlo was used and, for LDS the Sobol and Niederreiter
sequences (Lemieux, 2009) were implemented. The result
of the PSCA was a histogram representing probability
versus the overcurrent and overvoltage values, caused by
fault events.
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To evaluate the influence of the sampling method on PSCA
convergence, twenty PDF histograms were carried out us-
ing PRG and the same number using LDS. Each histogram
comprised a different number of cases; the smallest con-
taining 100x 10% cases and the largest containing 1000x 103
cases of SC simulations. As a convergence metric, the Eu-
clidean distance measure between consecutive histograms
was used. Therefore, the Euclidean distance between his-
togram a = ay, s, ..., a;, and histogram 8 = Gy, Bo, ..., Bn,
was obtained by Eq. (3).

d(a,B) = /(a1 — B1)2 + (a2 — B2)2 + oo + (@t — Bn)?

3)

Where « and [ represent the values of bins for the two con-
secutive histograms. The distance reduction between two
consecutive histograms indicates the process convergence.

Figure 10 shows the normalized distance for the PDF
considered in the transmission line current on the positive
pole by the plain Monte Carlo, Sobol and Niederreiter
methods. The PDF histogram was built at every 5 x 103
simulations. For example, the first histogram used the first
100x 10° samples («); the second histogram was built using
150 x 10% samples (3) and so on. Through the normalized
distance by the sampling methods, it can be concluded
that the plain Monte Carlo method converged faster than
the others.
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Figure 10. Euclidean distance between PDFs using Sobol,
plain MCM and Neiderreiter methods

To ensure that other variables have the same convergence
tendency using the plain Monte Carlo as the random
sampling method, the normalized distance was performed
(Figure 11) for ipp, ve1, i1 and % (see Figure 2). It
can be observed that the other variables had the same
convergence rate.

Another outcome of this analysis is the number of simula-
tions required to ensure statistical relevance for PDF and
CDF histograms. This can be inferred if the Euclidean dis-
tance does not decrease significantly when the simulation
cases are increased between 150 x 103 to 300 x 10? resulting
in a small variation of A3% (see detail in Figure 11).
Therefore, the authors considered that 150 x 103 samples
had shown the statistical significance and was used for the
results presented in the next section.

4.2 Choice of a class interval
An important parameter to construct the histogram to

represent the PDF is the number of bins. Each bin rep-
resents an interval of a current/voltage. As the number
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Figure 11. Euclidian distance by plain MCM for all the
variables analyzed

of bins defines the data outline, some methods can be
used to determine their proper size (Venables and Ripley,
2002). Equations (4) and (5) represent the Square-Root
Choice Maciejewski (2011) and Sturges’ Rule (Bowman
and Robinson, 1987), respectively.

A (4)
k=1+logyn (5)

where k is the number of bins and n is the number of
samples (SC simulations). Considering that 150 x 10% SC
cases were simulated, Equations (4) and (5) result in 388
and 18 bins, respectively. The latter method results in a
reduced number of bins that could lead to information loss.
In order to be more representative, 388 bins were used
in this research, which can be observed in the PDFs of
Figures 12, 13, 14, 15 and 16.

5. PSCA RESULTS

This section shows the PSCA results for the proposed
method applied to the EPS described in Section 3. Pole to
pole, positive pole to ground and negative pole to ground
faults were considered, totalizing 150 x 103 faults.
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Figure 12. PDF and CDF for current iy,

Figure 12 shows the PDF of maximum current values at
the transmission line positive pole, ip,. From the PDF
curve, it can be observed that currents between 0.5 kA and
1 kA have the highest probability of occurrence followed
by the current interval between 4 kA and 5 kA. It can also
be observed that there are two regions (probability peaks)
at the PDF curve. This phenomenon is associated with the
fault type. Pole to ground faults have a greater chance of
occurring than pole to pole faults. Conversely, pole to pole
faults present higher current intensity. The CDF is also
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shown in this figure, showing that fault currents higher
than 6 kA have less than 7% probability of occurring.
This result highlights that designing a component for the
worst case (with low chance of occurrence) could lead to an
oversized project. For example, selecting a circuit-breaker
with disruptive capacity over 8 kA (it depends on the
reliability required) may not be necessary for the system
under analysis.
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Figure 13. PDF and CDF for C; voltage

Figure 13 shows the PDF and CDF of voltage maximum
values at the capacitor associated to the converter positive
pole, v.1. Considering the PDF curve, a peak of probability
for the voltage range between 110 £V and 130 kV can be
observed. CDF shows that this interval has up to 60% of
chance of occurrence. The figure shows that the capacitor
is exposed to over-voltages up to 200 £V, but with low
probability (less than 5%).
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Figure 14. PDF and CDF for C; current

Besides over-voltage, another variable that can be ob-
served in capacitors, especially during fault events, is its
current. Extreme currents can damage the capacitor, dis-
abling the converter operation. Figure 14 shows PDF and
CDF curves for the current flowing through the capaci-
tor connected to the converter positive pole. The highest
probability of occurrence is restricted to the 5 kA to 7.5 kA
interval, with a maximum probability at 6 kKA. CDF shows
that up to 98% of the currents are lower than 7.5 kA.
This narrow range indicates that the choice of maximal
current the capacitor has to support is critical for system’s
reliability.

Figure 15 shows the PDF and CDF for the current i3, (see
Figure 8) flowing through the fly-wheel diode d1 during
fault events. From CDF, it can be observed that 60% of
the currents are lower than 500 A. The PDF shows two
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Figure 15. PDF and CDF for d1 Diode current 7%,

distinct regions: one from 0 kA to 3 kA and the other from
4 kA to 8 kKA. The first is related to pole to ground faults
and the second to pole-to-pole faults. It is worth noting
that PDF indicates a high probability of currents lower
than 200 A. The presence of two regions at PDF brings
an important project aspect. If the design team selects a
transmission layout that reduces the probability of pole-to-
pole faults (this happens with cable transmission), diodes
with lower maximum forward current rating can be used,
reducing the project’s overall cost.
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Figure 16. PDF and CDF for s1 IGBT current (i%)

Even with the protection that blocks IGBT operation for
currents over 2 p.u. (4 kA in this simulation), the switches
can experience higher SC currents for a short period of
time, while the protection does not send the trip signal.
This behavior can be observed in Figure 16, which shows
PDF and CDF curves for the current ¢, of phase A up-arm
switch. From the PDF, current probabilities are verified to
range from 3 kA to 7 kA, with a peak near 6 KA. The CDF
curve indicates that up to 99% of the SC currents observed
are lower than 7 kA.

6. CONCLUSION

This paper proposed the use of parallel computing in a
cloud environment in order to use the MCM to carry
out a PSCA in a VSC-HVDC transmission system, as a
way to minimize time spent in the process. The system
under analysis had two-level VSC converters consisting of
a monopolar symmetrical topology. The PSCA was used
to build the PDF and CDF of the maximum current and
voltage that the equipment was exposed to during fault
events. Plenty of numerical simulations considering the
system under analysis was presented and discussed in the
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last section of the paper. This kind of information is crucial
for maintenance planning, circuit design and protection
algorithms.

The necessary number of simulations to ensure statistical
relevance for AC systems by MCM was addressed by
several papers, but no attention has been given to DC sys-
tems. This study gave special attention to DC systems and
it proposed calculating the Euclidean distance between two
consecutive PDFs as a criterion to determine the number
of simulations to achieve statistical convergence. Besides,
a comparison between three methods for sampling genera-
tion was presented, which was a key factor for PSCA. The
results showed that the MCM plain sampling method pre-
sented faster convergence for a VSC-HVDC application. It
was also shown that the Square-Root Choice method was
adequate to define the histogram number of bins.

Finally, it must be highlighted that the authors consider
that such a facility could be available to the Utility, imple-
mented in a dedicated single-tenant cloud infrastructure,
in a very near future.
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