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Abstract—An analysis of the distributed generation (DG) and network
topology impact on studies of voltage sags caused by system faults is
presented. The simulation of 62 case studies of phase-to-ground faults
on 13.8, 69, 138 and 230 kV transmission lines were performed and
the voltage of a 380 V sensitive industrial busbar client was monitored.
These lines are part of the electrical system of the city of Goiania,
Brazil. For each case study, different fault positions were simulated by
considering different DG levels connected to the consumer busbar.
Long-term simulation scenarios were obtained by the Monte Carlo
method and analyzed based on their cumulative distribution functions
and probability density curves of voltage sags. This is one major
contribution of this work.
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l. Introduction

N an evolving world, electrical loads and processes demand

sources of power that are free from distortion and within
certain patterns. Voltage sags have been the main source of
problems that affects industrial consumers [1], [2]. Their causes
include short-circuits (i.e., faults), transformer energization,
motor starting and sudden load changes. However, short-
circuits are the cause of the most severe voltage sags in
transmission and distribution networks [1]. Voltage sag is a
reduction in rms value of source voltage, in one or more phases
of the system, to values between 10% and 90% for periods of
time between half cycle and 1 minute [3] and it characterized
by its magnitude (the retained voltage), phase-angle jump,
unbalance and duration [1]. There are many factors that
influence voltage sags and some of them have received
considerable attention from the researchers as, for example: the
fault characteristics (location [4], type [4], impedance [5], [22]
and fault Distribution [6]), pre-fault voltage [7], fault rate [8],
protection system [9], reclosing system [9] and the system
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generation level [2], [23].

Another area of emerging interest for research is distributed
generation (DG). Any power source that is directly connected
to the distribution grid or end user system can be defined as DG
[10]. These kinds of sources have been re-emerging in the entire
world [11], mainly due to environmental questions. Besides,
DG may be seen as a solution for many power quality problems,
such as those related to voltage sags [2], [11]. This study
considers that the DG stays connected to the system when a
fault occurs.

Distribution grids are not commonly designed to
accommodate distributed generators, as they are designed to
supply electrical loads. Moreover, the connection of the DG
changes the radial topology of the distribution networks [12].
Therefore, before the installation of DGs, a previous study on
the impact of these systems on the power grid must be done.
Aspects such as voltage regulation, power quality and short-
circuit level must be considered. For example, the distribution
networks are characterized by the short-circuit level because the
maximum fault current determines the rated value of the
substation equipment. Therefore, the increase of the short-
circuit capacity due to the connection of the DG should not
exceed the maximum values for the safe and reliable operation
of the substation. This fact limits the use of DG in distribution
networks to sources up to 10 MVA [12].

A previous study showed the influence of DG on the
magnitudes of voltage sags caused by faults [2]. However, a
prospective analysis, in probabilistic terms, for an individual
consumer was not made. the topology of the network was also
not considered in quantitative studies of voltage sags per year.

This work presents a research based on simulations, where
the influence of DG on the magnitudes and frequency
distributions of voltage sags caused by faults, at a sensitive
industrial busbar consumer, is analyzed. The software chosen
for simulation is the ANAFAS [13], a well-known software
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used by Brazilian utilities to simulate faults in the frequency
domain. Due to some limitations of this software, which will be
described later on this paper, a computational tool was
implemented. This tool, named ANAFAS-GUI, permits, for
example, to run several cases with different fault locations and
DG levels connected to the monitored consumer busbar. The
simulations of 62 case studies were performed and the voltage
of an industrial busbar consumer was monitored. For each case
study, different fault positions were simulated by considering
different DG levels connected to the high voltage side of the
consumer busbar. In order to manipulate the simulation results,
another specific computational tool was implemented. This tool
performs a Monte Carlo analysis and treats data generated by
ANAFAS-GUI for each level of DG.

Il. Theoretical Background

Quantitative voltage sag studies can be performed by two
different ways: (a) by considering the frequency distributions of
voltage sags, according to the voltage sag magnitude and
duration, or (b) by the probability density of the events [14].

These studies can be made by measurement or by simulation.
The main advantages of each method are described in [1]. The
high cost and long monitoring period result in that measurement
methods are quite unaffordable [1], [14].

Three methods of simulation are available: (a) wave shape
simulation; (b) dynamic simulation; and (c) fault simulation.
The present study considers only the amplitude of voltage sags
caused by faults and characterizes them by the least reminiscent
voltage. Therefore, the fault simulation method is preferred
here due to its simplicity and because it provides the required
voltage sag magnitude. ANAFAS was the software used in the
simulations. Previous studies show that this software can be
readily used to simulate voltage sags with good accuracy [15].

Although many technologies are available, the most
commonly used types of DG, at least in Brazil, are synchronous
or asynchronous generators [16]. Particularly in this study, DG
is based on synchronous generators and, in order to model these
generators, some classical softwares are available. For example,
ATP [17] has two types of time domain models that are
applicable to voltage sags (models 14 and 59). Model 14 is
suitable to small synchronous generators, which is the case of
DG units, and model 59 to large ones. Model 14, as shown in
Fig. 1, is similar to the frequency domain generator model used
by ANAFAS. Fig. 1(a) shows an ideal voltage source in series
with the positive sequence impedance, Zg. Fig. 1(b) shows the
zero sequence model, which includes the zero sequence
impedance, Zos, and three times the neutral-to-ground
impedance, Zn.

In the present study, the negative sequence impedance is
considered to be equal to the positive sequence impedance. Also
the resistive component of the impedances is considered
negligible.

I11l. METHODOLOGY

There are two modes of simulation in the ANAFAS: the
automatic mode and the interactive mode. Using the automatic
mode, a 1 percent minimum step along transmission lines can
be considered for sliding faults, but the fault impedance is
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always null. In interactive mode, the software permits, for a
fixed fault position, to change the fault impedance. Therefore,
both modes of simulation have limitations.

Besides, the ANAFAS does not allow to interactively insert
generators at any busbar. With the goal of eliminate these
limitations and also to improve the performance by the
execution of various ANAFAS simulations in “background”, a
software was implemented in JAVA language. The
implemented software, named ANAFAS-GUI, permits to run
simulations with different fault positions, short-circuit types,
fault impedances and DG levels at one or more system busbars.

Due to its great frequency of occurrence [2], only phase-to-
ground faults in transmission lines are considered in this study.
The grid comprises approximately 62 lines and 42 transformers

and is shown in Fig. 2.
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Fig.1. Synchronous generator model used by ANAFAS. (a) Positive sequence
model. (b) Zero sequence model.

The industrial busbars consumers monitored is described in
the top of Fig. 2 as “Client C busbar 9112” and “Client B busbar
9106”. The end-user’s transformers are included in the model.
Short-circuits are simulated in all lines of the grid and
vulnerability areas are not considered. The position of the fault
is located along each line from zero to 100 % in steps of 1 %.
For each short-circuit position the impedance is assumed to be
null, and the pre-fault voltages are assumed to be 1 p.u..

Another specific computational tool was implemented in
MATLAB in order to manipulate the simulation results. This
tool performs a Monte Carlo analysis and treats data generated
by ANAFAS-GUI for each level of DG. The Monte Carlo
algorithm is described as follows:

1. Define the busbar to be analyzed,;

2. Define the number of scenarios for simulation;

3. Previously define the number of faults in the grid over one
year, according to the fault rate in each system line. This
procedure resulted in approximately 113 random faults
per year;

4. For each year, randomly take the faulted line (FROM-bar
and TO-bar). This line has any order between 1 and 62.
Then randomly take an integer which represents the fault
position. This last task is repeated 113 times, resulting in
113 voltage values at end-user busbar. These values are
then filtered in order to record only the voltage sag
representing values;

5. After the previous item, the order of the year is
incremented by one, and item 4 is repeated until the
number of years reaches the total of user defined years.

In order to analyze only the effect of the DG level and
network topology on the voltage sag assessment, the fault
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location is locked and only the DG level is varied for each fault
location.

The data of the DGs were obtained on the basis of the data
of a synchronous generator of 9 MVA [18]. Table I shows the
transient (X”) and zero sequence (Xo) reactances for the basic
four DG units in a 100 MVA, 13.8 kV base. The power ratings
of these DGs are in accordance to Brazilian Distribution
Procedures [19], which indicates the power rating values for
specific voltage levels. A previous study shows that the
difference between the voltage sags magnitudes at a given
busbar, obtained by using the subtransient and transient
reactances in the generator model, is not significant [5]. So,
each generator has only the transient and zero sequence
reactance included in the model.

TABLE |
SYNCHRONOUS GENERATORS DATA.

Goiamia Leste

1000 EVA
AW

AW
1000 EVA

Known data of a DG units data on the basis of the 9 MVA
9 MVA unit [18] unit data in a 100 MVA, 13.8 kV base
kVA 9000 9000 1000 2250 4500
kv 6.9 13.8 13.8 13.8 138

X' (p.u %) 40.8 113.33 1020 453.32 226.67
Xo (p.u %) 12.5 50 450 200 100

I11. Simulation Results

Voltage sags are assessed in terms of their magnitudes and
frequencies of occurrence. A first study shows the number of
voltage sags obtained at an end-user busbar. For more detailed
information, the study is performed for a period of 1,000 years.

Client C
bushar 9112 (380V)

Pinneus
HKavantes

Planalto Y, ¥ Anapolis
| . Independéncia a1 Meia Ponte - Eq3
O v, ¥ O qReal Gn}'a_‘ . ) v, ¥ g
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Fig. 2. Goiania electrical grid (2009).
A second study shows the average number of voltage sags, 1 Nyears
obtained for an end-user busbar, according to the voltage sag Nogg = ——— Z X; (1)
magnitude [20] and the third study shows the impact of the Nyears o
network topology on the number of voltage sags for the same  \Where:
faults in the system. Nsag Average number of voltage sags in a Nyears SCenario;

The results illustrated in Figs. 3 to 5 show a general view of
the performance of the end-user busbar in relation to voltage
sags when there is not DG next to it. These results constitute a
tool to assess the economic impact of voltage sags on sensitive
loads, which is one of the major impacts of voltage sags [21].
Fig. 3 shows the random character of the number of voltage sag
events. It is observed that the number of events varies year by
year. However, the average value, given by (1), tends to a
unique value.
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Xi Number of voltage sags during one year.

Fig. 3 shows the tendency of the average number of voltage
sags expected per year. It can be seen that for 1,000 Monte
Carlo simulations (SMC), the average number of voltage sags
tends to be approximately 67. It should be reminded that the
analysis error is not zero, because the number of years of
simulation is finite.

The information in Fig. 5 provides support to the correct
choice of a device for voltage sag mitigation. For example, Fig.
4 shows that the end-user will have approximately 67 voltage
sags in one year, but there is a 20 % probability of the
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occurrence of 72 or more voltage sags during one year.
Considering that the end-user grid is planned to operate for 30
years, the number of voltage sags exceeds 72 during 6 of these
30 years. Fig. 4 also shows the advantage of the Monte Carlo
method for voltage sag studies. In Fig. 4 the information on
number of voltage sags is obtained in a continuous manner,
according to the cumulative distribution curve.

As shown earlier, the average number of voltage sags is 67.
Fig. 5 shows that the most frequent voltage sags are those with
magnitude from 0.70 to 0.90 p.u.. Within this range, voltage
sags in the ranges of 0.70-0.85 p.u. and 0.85-0.90 p.u. have the
same probability to occur.

Figs. 6 to 8 show the average number of voltage sags
obtained for the same end-user busbar with a 4,500 kVA DG
connected next to this busbar.

The consequence of the DG is a reduction of the number of
voltage sags. Also, the voltage sags with magnitude in the range
of 0.70-0.85 p.u. are now less frequent. Another aspect is the
reduction of the number of voltage sags with a magnitude in the
range of 0.50-0.70 p.u..

Simulation performance
Mean

Number of voltage sags per year

100 200 300 400 500 600 700 800 900 1000
Simulations or scenarios

Fig. 3.Performance of the simulation and average number of voltage sags
at 9112 busbar with 0 kVA DG.
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The generation levels of 1000 and 2250 were not plotted due
to space limitations, however, they are being considered in table
Il and Figs 9 to 10.

The insertion of a 4,500 kVA DG next to 9112 busbar
decreases the average number of expected voltage sags to
approximately 43, as shown in Figs. 6-10. This represents a
difference of 24 voltage sags compared to the case without DG.
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Fig. 6. Simulation performance and average number of voltage sags for
4,500 kVA DG at 9112 busbar.
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Fig. 7. Distribution and cumulative distribution of voltage sags for 4,500

kVA DG at 9112 busbar.
0.4

|

0.35 ‘

@
8
Cumulative frequency of voltage sags (%)

T T T
0,1<=sag <09
085<sag<09 |
0,7 <sag <= 0,85
05<sag<=07 ||
01<=sag<=05

03 |

Probability density
o o
B o N
[

o
[

™~

0.05f | ,‘J \ /
/ AN

o N
-10 0 10 20 30 40 50 60 70
Number of voltage sags per year

Fig. 8. Probability density of voltage sag classes for 4,500 kVA DG at 9112
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Fig. 5.Probability density of voltage sag classes at 9112 busbar with 0 kVA
DG.

Figs. 6 to 8 show the average number of voltage sags
obtained for the same end-user busbar with a 4,500 kVA DG
connected next to this busbar.
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Fig. 9.Probability density of voltage sags for different levels of DG at
9112 busbar.

Fig. 8 shows that the most severe voltage sags, with
amplitudes in the range of 0.10-0.50 p.u., not occur next to the
end-user busbar. Also, a reduction is obtained for voltage sags
with magnitude in the classes of 0.50-0.70 p.u. and 0.85-
0.90 p.u.. However, the number of voltage sags with magnitude
between 0.70 and 0.85 p.u. is equal to that found in the base
case (i.e., without DG).
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Fig. 10.Cumulative distribution curves of voltage sags for different DG
DG at 9112 levels.

Figs. 9 and 10 show a comparative analysis of the simulated
different DG levels next to the end-user busbar. These figures
show, respectively, the probability density and cumulative
distribution curves for different DG levels. Both these figures
show a displacement to the left in the curve for a given DG level
as this level increases. This indicates a reduction on the average
number of voltage sags according to the increase of the DG
level.

Table Il summarizes the results obtained herein is busbar
9112. This table shows the average number of voltage sags at
the end-user busbar, according to the DG levels and the voltage
sag magnitude classes. From this table one can observe that, in
general, the average number of voltage sags decreases when the
DG level increases. There was no event for the class of more
severe sags, from 0.1 to 0.5 p.u..

Table 11l shows the relative variation of the number of
voltage sags, according to the voltage sag magnitude classes,
for minimum and maximum level of DG. The relative variation,
ANsqg, is calculated by (2).

TaBLE I
NUMBER OF VOLTAGE SAGS AT END-USER BUSBAR ACCORDING TO DG
LEVEL AND VOLTAGE SAG MAGNITUDE.

DG levels Voltage sag magnitude classes (p.u.)
(KVA) 0.1-0.5 0.5-0.7 0.7-0.85 0.85-0.9 0.1-0.9
0 0 21.028 23.036 22.779 66.843
1000 0 18.481 22.097 18.649 59.227
2250 0 12.468 23.831 16.627 52.926
4500 0 7.275 23.023 12.208 42.506
TABLE I1
VOLTAGE SAG FREQUENCY VARIATION FOR ZERO AND 4,500 KVA DG.
Voltage sag
magnitude 0.1-0.5 0.5-0.7 0.70.85 | 0.85-0.9 | 0.1-0.9
classes (p.u.)
Variation (%) 0 ‘ -65.40 ‘ -0.06 ‘ -46.41 ‘ -36.41
N, — N,
ANsag — ( 5ag,4500 kVA sag,0 kVA) 100 (2)
Nsag,o kVA
Where:

Nsag,4500 kva Number of voltage sags for 4,500 kVA DG level;
Nsag,0 kva Number of voltage sags for zero DG level.

According to the last column of Table Il the average
variation on the number of voltage sags, for maximum and
minimum DG, is -36.41 % and, for the range of 0.10-0.50 p.u.,
there is no variation. Also, the most severe voltage sags, in the
range of 0.5-0.7p.u., present an average reduction of 65.40 %.
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Subsequently, the impact of the same levels of GD on
another sensitive bar (9106) is shown, connected at a point in
the system in which the network topology has changed.

Figs. 11 to 13 show the average number of voltage sags
obtained for the same end-user busbar with a 0 kVA DG
connected next to this busbar.
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The insertion of a 4,500 kVA DG next to 9106 bushar
decreases the average number of expected voltage sags to
approximately 43, as shown in Figs. 14-18. This represents a
difference of 24 voltage sags compared to the case without DG.
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Table IV shows for each bar and each GD level the expected
number of voltage sags in one year and shows that the two bars
will be subjected to approximately the same amount of sags.
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The impact of GD on the quantity of sinkings as a whole, as
shown in Table 1V, does not accurately provide the influence of
such sources on the amplitude and consequently on the severity
of such events. Therefore, Tables Il and V also show the
impact of GD on voltage sags classes for consumers B (9106)
and C (9112).

TABLE IV
VOLTAGE SAG FREQUENCY VARIATION FOR ZERO AND 4,500 KVA DG
IN BUSBAR 9112 AND 9106.
Level DG (kVA)
Busbar 0 1,000 2,250 4,500
9106 65 59 53 43
9112 67 59 53 43

Aiming provide general results in terms the DG level vs Scc
of the network, was verified for this system that the number of
severe sags, magnitude 0.5-0.7pu, decreased by 91.96% at a
point short-circuit lower (Client B - Busbar 9106), being more
sensitive to inserting GD sources.

TABLE V
NUMBER OF VOLTAGE SAGS AT END-USER BUSBAR 9106 ACCORDING TO
DG LEVEL AND VOLTAGE SAG MAGNITUDE.

DG levels Voltage sag magnitude classes (p.u.)
(kVA) 0.1-0.5 0.5-0.7 0.7-0.85 0.85-0.9 0.1-0.9
0 0 28,1517 23,565 12,939 64,661
1000 0 23,198 24,734 11,224 59,156
2250 0 12,319 27,582 13,253 53,154
4500 0 2,263 31,679 9,549 43,491
TABLE VI
VOLTAGE SAG FREQUENCY VARIATION FOR ZERO AND 4,500 KVA DG.
Voltage sag
magnitude 0.1-0.5 0.5-0.7 | 0.7-0.85 | 0.85-0.9 | 0.1-0.9
classes (p.u.)
Variation (%) 0 ‘ -91,96 ‘ 34,43 ‘ -26,19 | -33,74
ANygy = (NsagA-SOO kva — Nsag,o kVA) .100 3)
Nsag,o kVA

Where:
Nsag,4500 kva Number of voltage sags for 4,500 kVA DG level;
Nsag,0 kva Number of voltage sags for zero DG level.

Table V shows the relative variation of the number of voltage
sags, according to the voltage sag magnitude classes, for
minimum and maximum level of DG at 9106 busbar. The
relative variation, ANsag, i calculated by (3).

According to table V there was an increase in the number of
voltage sags with magnitudes between 0.7-0.85 p.u., which
shows the impact of the network topology in some classes of
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voltage sags. In this case the Distributed Generation did not
offer benefits for the reduction of voltage sags, and the main
reason for this is the connection point (busbar 9106) in the
system (network topology).

IVV. Conclusion

The paper shows the impact of DG and network topology on
voltage sag magnitude and frequency for a sensitive end-user.
Voltage sags indices were obtained by the simulation of short-
circuits. Long term simulation scenarios were obtained by the
Monte Carlo method.

For each level of DG, the cumulative distribution function
and the probability density curves for different classes of
voltage sags were obtained. According to the results, the level
of DG and network topology next to a sensitive end-user
influences the total number of voltage sags and the number of
voltage sags classified by classes of magnitude.

In general, it is shown that the greater the level of DG next
to the end-user busbar, the smaller the number of voltage sags
expected per year. Besides that, the most severe voltage sags
become less frequent and the less severe voltage sags become
more frequent with the increase of DG level (i.e., DG power
rating).

In general, the client connected to the point of lowest level
of short-circuit (Client B), there was a greater reduction in
severe dips (i.e., class 0.5-0,7) for the same level of DG
connected at bar 380V.

However, most of the voltage sags, that is, those more
frequent, occur at the point of lower level of short circuit. This
type of study can influence the best point of location of a
sensitive consumer, in order to avoid stops due to voltage sags,
considering the level of GD, network topology and consumer
sensitivity (voltage sags class).
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