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Abstract—An analysis of the fault impedance impact on stud-
ies of voltage sags caused by system faults is presented. The simu-
lation 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 380V sensitive industrial busbar consumer was monitored.
These lines are part of the electrical system of the city of Goiania,
Brazil. For each case study, different fault positions were simu-
lated by considering resistive fault impedances of 0, 2, 5, 10, 15 Q
or a random fault impedance with a specific distribution func-
tion. Long-term simulation scenarios were obtained by the Monte
Carlo method and analyzed based on their cumulative distribu-
tion functions and probability density curves of voltage sags. This
is one major contribution of this work. We found that, the great-
er the fault impedance, the smaller the average number of volt-
age sags expected per year at the end-user busbar. However, the
behavior of the average number of voltage sags of a given class of
magnitude with the fault impedance does not follow a general
law.

Index Terms—Power quality, voltage sag, fault impedance,
Monte Carlo simulation.

I. INTRODUCTION

HORTduration undervoltages are called “voltage sags” or

“voltage dips”, the former term preferred by IEEE, and the
latter by IEC. A voltage sag is defined as a sudden reduction
on supply voltage magnitude followed by a voltage recovery
after a short period of time. Specifically, the IEEE Std 1159-
1995 [1] establishes the term “sag” to refer to a decrease of
0.1p.u. to 0.9 p.u. in rms voltage, for a time period of
0.5 cycles to 1 minute. A voltage sag is characterized by its
magnitude (the retained voltage), phase-angle jump, unbalance
and duration [2]. Voltage sags are the main power quality
disturbance that cause malfunction of sensitive loads [2-15].
Their causes include short-circuits, transformer energization,
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motor starting, and sudden load changes. However, short-
circuits are the cause of the most severe voltage sags in trans-
mission and distribution networks [2].

There are many factors that influence voltage sags and
some of them have received a considerable attention from the
researchers as, for example: the fault characteristics (location
[9], type [9], fault impedance [10] and fault distribution [11]),
pre-fault voltage [12], fault rate [13], protection system [13],
reclosing system [13] and the system generation level [15].

In general, the effect of the fault impedance in voltage sags
and protection selectivity studies is ignored due to the lack of
reliable information of the actual fault impedance and because
only the most severe case is analyzed (zero fault impedance).
Therefore, the voltage sag severity tends to be overestimated.
The fault impedance effect is greater in distribution systems,
due to the small short circuit capacity compared to transmis-
sion systems. Therefore the effect of the fault impedance on
voltage sags magnitude tends to be larger at distribution sys-
tems [4], [5].

The representation of the fault impedance is a difficult sub-
ject since the fault arc varies with time and depends on the
type of fault [16]. Besides that, the fault arc impedance also
contributes to the total fault impedance when the fault is to-
ground. The ground impedance also varies with time and de-
pends on the fault location. For this reason, a constant imped-
ance model is, in general, used [2]-[3]. In this paper, specific
values of fault impedance magnitudes in the range of 0 to
15 Q are considered [10].

Due to the random nature of the faults and the transient
process they can cause, voltage sag assessment may need to be
performed by means of a stochastic method, using a time do-
main simulation tool [2]. Previous studies show that time and
frequency domain simulations give similar results for voltage
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sag simulation, without missing significant information about
the voltage sag magnitude [17].

A previous study showed the influence of fault impedance
on the magnitudes of voltage sags caused by faults [9]. How-
ever, a prospective analysis, in probabilistic terms, for an
individual consumer was not made. This work presents a re-
search based on simulations, where the influence of fault im-
pedance 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 [18], which is used by most of the Brazilian
utilities to simulate faults in the frequency domain. Due to
some limitations of this software, which will be described
more ahead, a computational tool was implemented. This tool,
named ANAFAS-GUI, permits, for example, to run several
cases with different fault characteristics, including fault im-
pedance. The simulation of 62 case studies were performed
and the voltage of a industrial busbar consumer was moni-
tored. For each case study, different fault positions were simu-
lated by considering different resistive fault impedances (i.e.,
0, 2, 5, 10, 15 Q or random). In order to manipulate the simu-
lation results, another specific computational tool was imple-
mented. This tool performs a Monte Carlo analysis, and treats
data generated by ANAFAS-GUI for each value of fault im-
pedance.

Il. THEORETICAL BACKGROUND

Electrical faults are classified as three-phase faults (LLL),
line-to-line faults (LL), three-phase line-to-ground faults
(LLLG), two phase-to-ground faults (LLG) and line-to-ground
faults (LG). The great majority of faults that occur in power
systems are LG faults, reaching 75% as shown in Table I [2].
Therefore, in this paper, only LG faults are considered.

TABLE |
PROBABILITY OF OCCURRENCE OF FAULT TYPES.

Faulttype LLL LL LLLG LLG LG
Probability 2% 3% 3%  17% 75%

P (k)
>

Iai /0
+

G |

Fig. 1.Schematic representation of LG fault.

A schematic representation of the LG fault [18] is shown in
Fig. 1.

A LG fault at busbar k affects the voltage at busbar i. Using
symmetrical components, the sequence voltages are calculated
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by (1) [19], [20].

E;x° 0 Zi°
Eul| = (B | - Eai Zut | (D)
L at Zi kM +Zig P+ 21k 43 (Zan+ Zng) | 7 VF
E;\” 0 Zi*
The voltages of phases A, B and C at busbariare obtained
by (2).
Eai,k 1 1 1 Ei,ko
lEbi’k‘ = [1 a® al|l|Ey," )
E, 1 a a* E.’
Where:
Eaix Ebix Ecixk  Vvoltages of phases A, B and C, respectively,
at busbar i during LG fault at busbar k;
E.’ Eil, Ei®  zero, positive and negative sequence voltag-

es, respectively, at busbar i during LG fault
at busbar k;

driving point impedance at fault position,
transfer impedance between busbars i and k,
fault impedance between phase and neutral,
fault impedance between neutral and ground;
and

pre-fault voltages at busbars i and k.

Zkkl Zi,k! Zana an

ref ref
Eip ’ Ekp

According to (1) and (2) the magnitude of a voltage sag,

due to a LG fault, depends on the following variables:

Pre-fault voltage at monitoring busbar, E”"";

Pre-fault voltage at fault position, E,”™";
System self impedance, Z; and

System fault location, Z;y..

According to (1) the voltage sag magnitude also depends on
the composition of the fault impedance (Z., and Z,4). However
this impedance is neglected in most voltage sag studies [16].
Therefore, this paper has the aim of showing the quantitative
impact of the fault impedance on voltage sags.

I1l. METHODOLOGY

Voltage sag quantitative assessment can be performed by:
(a) the number of voltage sags according to magnitude and
duration classes; and (b) the probability density function ac-
cording to the sag magnitude [21].

These studies are performed by measurement or by simula-
tion [1]. The quantitative voltage sag study by measurement is
often not feasible at large power systems due to the high costs
of measuring equipment and the post-measurement engineer-
ing work [1], [21].

There are three main methods to simulate voltage sags:
waveform simulation, dynamic simulation and fault simula-
tion. Due to the characteristic of voltage sags treated in this
paper, the work is based on the fault simulation method. This
type of simulation can be performed by the software ANAFAS
[18]. Previous studies show that this software can be readily
used to simulate voltage sags with good accuracy [17]. How-
ever, this tool does not permit the interactive insertion of fault
impedance during simulation. In order to overcome this limita-
tion, a computational program, called ANAFAS-GUI, was
developed. This tool allows the insertion of fault impedance
by interactive windows.

ANAFAS software performs fault simulations in automatic
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and interactive modes. In automatic mode a 1 % step can be
used to locate the fault along any transmission line, but the
fault impedance is always null. In interactive mode, the soft-
ware permits, for a fixed fault position, to change the fault
impedance. With the goal of eliminating these limitations and
also to improve the performance by the execution of various
ANAFAS simulations in “background”, a software was im-
plemented in JAVA language. The implemented software,
named ANAFAS-GUI, permits to run simulations with differ-
ent fault positions, short-circuit types, fault impedances and
distributed generation levels at one or more system busbars.
The analyzed system has 62 transmission lines and 42
transformers, including end-user transformers. The system is
shown in Fig. 2. The industrial busbar consumer monitored is
described in the top of Fig. 2 as “Client C busbar 9112”. The
consumer transformers are included in the model. Short-
circuits are simulated in all lines of the grid. In each fault

Yo ¥

study, the fault location ranges from zero to 100 % in steps of
1 % for every line. Also, for each fault position, resistive fault
impedances of 0, 2, 5 10 and 15 Q are considered. A second
set of simulations considering a random impedance value was
performed. For both studies a pre-fault voltage of 1 p.u. is
always assumed.

In order to manipulate data from the simulation results, an-
other specific computational tool was implemented in
MATLAB. This tool performs a Monte Carlo analysis and
treats data generated by ANAFAS-GUI for each fault imped-
ance value. The Monte Carlo algorithm is described as fol-
lows:

1. Choose the busbar where the study is to be performed;

2. Choose the number of scenarios or years of simulation;

3. Previously obtain the number of faults on the system,

according to the fault rate of each line. The fault rates of
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Fig. 2.Goiania power grid (2009).

transmission lines, according to voltage level, are shown
in Table 1. According to the fault rates per kilometer per
year and the length of the lines, a total of 113 faults per
year are simulated,;

4. For each simulated year, the faulted line is chosen
(FROM-busbar and TO-busbar): this number varies from
1 to 62. Then, randomly choose a number that represents
the location of the fault. For each year, this procedure is
repeated 113 times, producing 113 recorded values of
voltages at end-user’s busbar. These values are lately fil-
tered in order to select only those which represent volt-
age sag.

5. After item 4, the year is increased by 1. If the number of
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years is less than or equal to the total years of simulation
defined by the user, the software repeats item 4. If not,
the simulation is stopped and the results are reported.

TABLE Il
TRANSMISSION AND DISTRIBUTION LINES FAULT RATES.

Voltage (kV) 230 138 69" 138"
Fault rate 0,0232 10,0399 006 054
* Fault rate assumed by utility company
** Fault rate assumed by authors

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

RE&PQJ, Vol.1, No.13, April 2015



IV. SIMULATION RESULTS

Voltage sags are assessed in terms of frequency and magni-
tude. First, the number of voltage sags at one end-user bursars
analyzed. These results are observed in tendency curves for a
1,000-year scenario. In a second approach, the average num-
ber of voltage sags according to the sag magnitude class is
analyzed. Results are shown according to IEC 61000-2-8 [22].

Figs. 3 to 5 show the number of voltage sags obtained for
the end-user bushar, considering only solid faults.In Fig. 3 the
average number of voltage sags is calculated by:

Nyears
N, = — Z X, 3)
49 Nyears i—1 '
Where:
Neag  Number of expected voltage sags;

Nyears Number of years of simulation;
Xi  number of voltage sags for a specific year.

The results give a general view of the performance of the
end-user busbar, in terms of voltage sag frequency. For exam-
ple, for an end-user with a sensitive equipment or process, the
results can help in estimating per year costs. In this kind of
analysis, it is necessary to know the sensitivity of the process,
obtained from equipment manufacturers, according to sensitiv-
ity curves such as CBEMA or ITIC [1], [5], [14].In order to
consider the time as a variable in the adopted methodology it
would be necessary the adjustment of the each line protec-
tions.

Curves in Figs. 3 to 5 show that, for 1,000 Monte Carlo
simulations (SMC), the average number of voltage sags for the
end-user is 67. Fig. 3 shows that there is a large variation in
the number of expected sags between years, however, in the
long term the average value converges fast. Fig. 4 shows that
the maximum number of voltage sags (bar graph) coincides
with the same average value.

The frequency of voltage sags according to sag magnitude
classes can be assessed by Fig. 5. It can be seen that the end-
user has a greater number of voltage sags in the classes of 0.70
to 0.85 p.u. and of 0.85 to 0.9 p.u.. The number of voltage sags
in the class of 0.50 to 0.70 p.u. is slightly lesser. Fig. 5 also
shows that the busbar 9112 has a very low probability of volt-
age sags in the class of 0.10 to 0.50 p.u., when solid faults are

simulated.
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Fig. 3. Performance of the simulation and estimation of the average number

of voltage sags at busbar 9112 for 1,000 years, for a fault impedance of 0

(zero) Q.
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1000

According to the second set of simulations, where the fault
impedance was a random variable, the number of average
voltage sags falls to 59, as shown in Figs. 6-8. Fig. 8 shows a
small increase in the number of voltage sags in the class of
0.10 to 0.50 p.u.. However, the number of voltage sags in the
other classes diminished, mostly those voltage sags in the
class of 0.50 to 0.70 p.u..
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According to Figs. 9 to 11, where a large fault impedance is
simulated (15 Q), the average number of voltage sags falls to
35. Fig. 9 shows that the variability of the expected number of
sags does not change compared with the previous set of simu-
lations. Fig. 10 shows that the most common number of sags is
36, although the average number of sags is 35. Fig. 11 shows
that the number of sags in the class of 0.1 to 0.5 p.u. is similar
to the number of sags obtained in the set of simulation with
0 Q. Fig. 11 shows also that the difference between the sag
magnitude classes is larger than in the previous sets of simula-
tions.
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Fig. 9. Performance of the simulation and calculus of average number of
voltage sags at busbar 9112 for 1,000 years, for a fault impedance of 15 Q.
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TABLE 11
AVERAGE NUMBER OF VOLTAGE SAGS ACCORDING TO VOLTAGE CLASS AND
FAULT IMPEDANCE AT BUSBAR 9112.

Fault Sag magnitude classes (p.u.)
impedance
@ 0.1-05 | 05-07 | 0.7-0.85 | 0.85-0.9 | 0.1-0.9
0 0 21.0 23.0 23.0 66.8
Random 41 144 19.1 21.1 58.6
2 5.1 14.7 20.3 20.5 60.5
5 5.3 14.0 18.6 22.0 59.9
10 0 16.6 9.3 26.1 52.0
15 0 23 19.6 12.6 345
TABLE IV

RELATIVE VARIATION OF VOLTAGE SAGS AT BUSBAR 9112 FOR 0 (ZERO) AND
15 Q FAULT IMPEDANCES.

Sag magnitude

classes (p.u.) 0.1-05 05-0.7 0.7-0.85

Variation (%) 0 -88 -15 -45 -48

0.85-0.9 0.1-0.9

Finally, the effect of the fault impedance on voltage sags at
the monitored end-user busbars summarized in Table IlI. This
table shows the average frequency of voltage sags for each
magnitude class. Also it is seen that the increase of the fault

0 r I I I I I I r I . .
100 200 300 400 500 600 700 800 900 1000 jmpedance leads to a considerable decrease of the voltage sags
Simulations or scenarios
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frequency (class of 0.1 to 0.9 p.u.). That cannot be concluded
to the most severe voltage sags (class of 0.1 to 0.5 p.u.), where
the sag frequency does not reduce with the increase of fault
impedance.

In order to quantify the variation of voltage sag frequency
for each sag magnitude class due to the fault impedance, the
percent relative variation is calculated by (4). The fault im-
pedances for this calculation are 0 (zero) and 15 Q. The results
are shown in Table I1V. According to this table, it can be con-
cluded that: (a) the number of voltage sags in the class of 0.1-
0.5 p.u. does not change; (b) the number of voltage sags in the
class of 0.5-0.7 p.u. decreases 88 %; (c) the number of voltage
sags in the class of 0.7-0.85 p.u. decreases 15 %; (d) the num-
ber of voltage sags in the class of 0.85-0.90p.u. decreases 45
%; and (e) in general, the number of voltage sags decreases 48
%.

ANy = (Nsag,l]i]ﬂ - Ngag,OQ) .100 @)
sag,0Q
Where:
ANgqg percent variation of voltage sag frequency;
Nsagoo  Number of voltage sags for 0 Q fault impedance;

Nsag15o Number of voltage sags for 15 Q fault impedance.

V. CONCLUSION

This paper shows the effect of the fault impedance in volt-
age sags assessment. Quantitative studies were performed at
an end-user busbar. The fault impedance was considered to be
random, 0 (zero), 2, 5, 10, and 15 Q.

A scenario of 1,000 years was considered in order to verify
the tendency of voltage sags. Probability density and cumula-
tive frequency curves were analyzed. We observed that, the
greater the fault impedance, the smaller the average number of
voltage sags expected per year at the end-user busbar. Howev-
er, the behavior of the average number of voltage sags of a
given class of magnitude with the fault impedance does not
follow a general law. Therefore, if the fault impedance is
modeled as a random variable, the obtained results are more
probable to occur.
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