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1. INTRODUCTION 
 
 Lightning Location Systems (LLS) are 
modern and powerful tools that provide 
detailed information about lightning incidence.  
 The application of such information is a 
valuable resource to several applications in 
power system processes that allows improving 
their performance and reducing their costs.  
 In spite of that, in authors’ opinion, 
presently these applications are very poorly 
explored by users, being restricted to a limited 
number of tasks usually involving correlation of 
stroke events to individual system occurrences 
and evaluations of accumulated stroke data.  
 The authors believe that there is still a 
large field of applications of LLS data to power 
systems to be explored. It has motivated the 
LRC group to develop a specific research topic 
in this area [Visacro, 2005.a].  
 In this respect, the presented paper 
reports an innovative work under development 
related to the application of data provided by 
LLS to power system expansion plans, 
computing the effect of voltage sags in these 
plans.  
 Though most evaluations of transmission 
system performance are focused only on 
outages [Soares, 2005.a], the economical 
impact promoted by voltage sags may be very 
relevant. This event is usually associated to 
short-circuits and may occur even without 
outages. This aspect makes the event 
occurrence much frequent than outages, 
stressing its relevance.  
 
2. VOLTAGE SAG  
 
 Voltage sags in electrical systems are 
characterized by a short duration reduction in 
rms voltage. Technical literature presents 
some specific definitions for voltage sag. 
According to the IEEE Std 1159-1995, this 
event consists in the reduction in voltage rms 
value to a range within 0.9 to 0.1 of its nominal 

value, during a time interval between 0.5 cycle 
and one minute. 
 The main sources of voltage sag are the 
starting of large motors and short circuits. In 
power systems, short circuits are more 
relevant.  
 This event is able to cause damage to 
consumers and also to power utility. It is 
considered one of the most frequent sources 
of power interruption (total or partial) and 
malfunction on several types of equipment. In 
industrial environments, these effects may 
result in important losses, mainly related to 
damages to sensitive control equipment and 
computers that are responsible for industrial 
processes. The event also impacts power 
quality for commercial and residential 
consumers.    
 Three parameters are of special interest 
concerning voltage sag effects: voltage 
magnitude, duration and frequency [Bollen, 
2000]. The evaluation of the effect severity to 
power systems requires these parameters to 
be determined. 
 Though the literature deals with the 
determination of the two first parameters, the 
frequency is poorly explored. As mentioned 
before, short-circuits are the main cause of 
voltage sags and lightning is responsible for 
most of system faults. Thus frequency is 
intimately related to lightning activity in the 
region where the system is installed. This 
paper explores this aspect.  
 
3. EXPANSION PLANNING ACTIVITIES 
AND VOLTAGE SAG 
 
 Power System activities involve Operation 
and Expansion tasks. While Operation process 
decides about the best use of the already 
existing system resources, Expansion tasks 
are related to the system growth, including the 
acquisition of new facilities, in order to 
guarantee future energy supply.  
 Expansion decision process involves a 
planning step. This is based on the analysis of 
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the system behavior under present and 
expected future operative conditions. Planner 
staff prepares studies, where a set of different 
expansion alternatives is evaluated, in order to 
decide the best alternative, considering 
technical and economical aspects.  
 Usually, the decision process involves six 
planning steps: (i) future load prediction; (ii) 
system diagnosis; (iii) prognosis of future 
system condition; (iv) expansion alternative 
proposals; (v) technical and economical 
evaluations of the alternatives; (vi) final 
planning decision. 
 Power flow simulation, short circuit 
calculations and system stability evaluation 
are usually considered in preparing plans. 
However, nowadays to the best of authors 
knowledge, voltage sag analysis is not 
included in expansion studies yet, being dealt 
only by corrective approach. Due to the 
relevance of voltage sag effects, the authors 
believe that the evaluation of their impact 
should be included in the planning expansion 
activities.   
 In this perspective, it should be introduced 
in steps (ii), (iii), (iv) and (v). Regarding 
diagnosis (ii), this analysis would allow 
identifying weak areas along the system. This 
would impact the choice of the bus to install 
new loads. In respect to prognosis (iii), this 
analysis would provide support for the decision 
where investment in system expansion would 
be more effective. Concerning the proposals 
(iv) and evaluations (v) of alternatives, the 
analysis is able to indicate the best one in 
terms of voltage sag. 
 This picture has motivated the LRC to 
develop a specific investigation concerning the 
voltage sag evaluation in expansion planning. 
This paper focus is concentrated in the impact 
of the frequency of voltage sag occurrence, 
based on the application of LLS data.  
  
4. ADOPTED METHODOLOGY 
 
4.1 General considerations 
 
 Analysis of voltage sags in power systems 
requires the evaluation of the parameters 
magnitude, duration and frequency.   
 The voltage sag magnitude is determined 
from short-circuit calculations. One very usual 
practice adopts the so-called sliding short-
circuits. First, the busbar to be analyzed 
(reference bus) is selected - a relevant load 
bus, for example. After that, short-circuit faults 
are simulated in different positions all along 

the transmission system. In this way, it is 
possible to identify the impact of the position of 
each fault (in terms of magnitude) in the 
reference bus.   
 The duration time is usually assumed as 
the fault clearing time and is taken from 
information about the protection system. 
 Commonly, voltage sag frequency is 
determined from the voltage level of the 
transmission lines. Due to their insulation 
level, the lines with higher operational voltages 
have lower outage rate, as shown in Table 1, 
typically adopted by Brazilian utilities. This 
frequency is also proportional to the line 
length.  
 

Table 1 – Transmission line outage rates 
Voltage level Outages/100km/ year 

69kV 5.8 
161 kV - 138 kV 4.1 
230 kV - 345 kV 2.1 
500 kV 0.9 

 
 If the values suggested to the outage rates 
(Table 1) are adopted, the fault distribution 
along the line will be uniform. In this way, all 
fault positions of a line will have the same 
outage probability. These values do not 
compute the local lightning incidence rate 
along the lines that is known as one very 
influent outage factor.  
 The proposal of this work is the use of LLS 
data to weight the outage values presented in 
Table 1 according to the local lightning 
incidence rate. In this way, fault location 
becomes relevant not only to magnitude but to 
frequency determination as well. 
 
4.2 Developments: a case study 
 
 The severity of voltage sag occurrence is 
a function of the three mentioned parameters 
(magnitude, duration and frequency). The 
availability of indices that are able to indicate 
the level of severity would be very useful for 
expansion plans elaboration. This subject is 
under investigation in the LRC.  
 In order to provide practical support for 
such investigation, the voltage sag occurrence 
in real systems is being evaluated. Figure 1 
represents the electrical system selected for 
analysis in this paper. It is installed in Minas 
Gerais State, Brazil, being composed by 18 
transmission lines, whose voltage level ranges 
from 69 to 500 kV and 18 substations. In this 
study the reference bus is an industrial 
consumer indicated in the figure .   
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 The developments comprised three steps: 
(i) First, each line was divided into 10 pieces, 

corresponding to 10% of its total length. It 
is assumed a single line-to-ground fault 
occurrence at the limit of each line piece 
and the voltage sag Vsag at the reference 
bus is calculated for each case. Then, the 
per unit voltage sag (vr = Vsag/Vnominal) was 
calculated in the reference bus (sliding 
short-circuit method). An amplitude index 
related to the voltage sag magnitude was 
attributed to each fault position (piece of 
line): IA = (1/vr). This index value increases 
with the severity of voltage sag promoted 
in the reference bus due to a fault in the 
corresponding line position. 

(ii) Once this index was found, a frequency 
index (IF) was determined computing both 
the outage rates (IO) prescribed in Table 1 
and the relative incidence rate of each 
length. This incidence rate was 
determined considering a strip 2 km wide 
all along the lines. For each rectangle 
given by the 10% length and 2 km width, 
the cloud-to-ground stroke density (IS) was 
taken. This density was calculated from 
LLS data for a seven years period (1999-
2005). The value of IF was assumed as 
the simple product of the outage rate by 
the stroke density: IF = IO . IS .  

(iii) The duration of voltage sag (D) for each 
line piece was determined according the 
fault clearing time for each specific line, 
according to Table 2. 

 
Table 2 - Voltage sag duration 

Nominal voltage ( kV ) Clearing time (s) 
500 0.065 

345  -  230 0.1 
138 - 161 0.5 

69 1.0 

 
 The composition of a global index related 
to the voltage sag severity requires the above 
indices to be considered together, each one 
properly weighted:  
 
                Isev = f ( IA, IO, IS, D ) . 
 
 The way such indices are related is still 
under investigation. 
 In this paper the authors are exploring the 
relevance of computing the effect of lightning 
incidence in the frequency index. 
 
 

5. RESULTS AND ANALYSES 
 
 In order to perform a sensitivity analysis 
intended to denote the relevance of each 
studied index, several evaluations where 
developed and are following presented. 
 Figure 2 shows the per unit voltage sag 
(vr) for each piece of the transmission lines. 
With this information, planners have an idea 
about the impact of the different fault location 
in the magnitude of voltage sag in the 
reference bus. As expected, the critical voltage 
sags are caused by the line that feeds the 
reference bus. Due to this aspect, this line was 
suppressed in Figures 4 and 5. Those lines 
whose vr values were larger than 0.8 for all 
pieces were excluded from Figure 2, since 
voltage sag was not considered relevant in this 
condition.   
 Cloud-to-ground stroke density, IS, for the 
same system are indicated in Figure 3 all 
along the lines. It is very clear a large variance 
in the stroke density along the system, which 
is able to impact the probability of voltage sag 
occurrence in the different system positions. 
With this map, it is possible to identify the 
critical areas and process such information in 
terms of its influence in the voltage sag 
severity.   
 In a prospective evaluation, the authors 
analyzed the simultaneous effect of the 
amplitude index and some of the frequency 
indices, assuming they are related by a 
function given simply by their direct product. 
 First, the frequency effect was evaluated 
in Figure 4, computing only amplitude (IA) and 
outage rates (IO) indices. In relation to the 
difference shown among the pieces of lines in 
Figure 2, the general effect of this product is 
an increase in the relative amplitude of the 
product for the lines with higher voltage level 
and a decrease for those with lower voltage 
levels. 
 Finally, the computation of information 
about stroke density (presented in Figure 3) 
was included in Figure 5. When the three 
indices are considered together, it is possible 
to have a more realistic idea about the 
influence of each piece of line in both the 
amplitude and the probability of voltage sag in 
the reference bus. This picture reveals 
important information that is not contemplated 
in Figures 2 and 4. For example, it allows 
perceiving that the pieces of lines indicated by 
the arrows in Figure 5 deserve special 
attention concerning expansion plans. 
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6. CONCLUSIONS 
 
 In this paper, the authors explore an 
innovative application of LLS data that allows 
improving the power system expansion 
planning activities. Such improvement is 
based on the computation of voltage sag 
severity in the perspective of planning 
decisions. 
 Up to the moment, even in voltage sag 
studies prepared for operation purposes the 
application of lightning incidence rates 
distributed along the system is not used. A 
similar procedure should be adopted in this 
case. 
 In the prospective evaluations performed 
assuming certain relations among the 
parameters that determine the severity of 
voltage sag, it was clear the significant impact 
of computing distributed lightning incidence 
rate along the system. Presently, the 
computation of this impact is only possible by 
the application of data provided by Lightning 
Location Systems.  
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Figure 1 – Electrical System Configuration 
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Figure 2 – Voltage sag magnitude 
 
 
 
 
 

 
 
 
 

Figure 3 – Cloud-to-ground stroke rate 
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Figure 4 – Product IA x IO 
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Figure 5 – Product IA x IO x IS 


