
Abstract

Power system faults can cause voltage sags that, if

they are less than voltage sensitivity threshold of

equipment, can lead to interruption of supply and

lead to incurring of financial losses. The impact of

distributed generation (DG) on these financial loss-

es is investigated in this work. Using the method of

fault positions, a stochastic approach to determine

voltage sag performance, profiles of magnitudes of

remaining voltages at a monitoring point for faults

occurring along lines in the network is developed. It

follows that an expected number of critical voltage

sags at a monitoring point is calculated and the

expected cost of these sags is derived for various

voltage sensitivity threshold limits. An illustrative

study is carried out comparing the expected costs of

voltage sags for a network without DG with a DG

case, for various mixes of customers. It is shown that

in the presence of DG, the expected costs of voltage

sags are lesser for all voltage sensitivity criteria

assumed and for all customer mixes. The study

demonstrates that the impact of incorporating DG

sources results in a reduction in the expected cost of

voltage sags. 

Keywords: financial costs, stochastic estimation, uni-

form probability density function

1. Introduction

A voltage sag is defined in the IEEE Standard 1159-

1995 as (Bollen, 2000) as the reduction in root

mean square (rms) voltages to a value that lies

between 0.1 and 0.9 for durations in the range of

0.5 cycles and one minute. One major cause of

voltage sags is the faults that occur in the transmis-

sion and distribution system, leading to short cir-

cuits. Another cause is that of large currents that

result when large motors are started or when trans-

formers are energized. 

Together with interruptions, voltage sags are the

power quality problem that accounts for most inter-

ruption of supply to customers. Despite voltage not

being reduced to zero during a sag, the voltage can

be significantly lower than normal values. Thus

large industrial and commercial customers who

own and operate voltage voltage-sensitive equip-

ment, such as Information Technology (IT) and

process control equipment, motors, and variable

speed drives can experience interruptions due to

voltage sags (Dugan et al., 1996). The conse-

quences of this are significant economic losses to

the customer due to loss of production, idled

labour, and other ancillary costs, such as, those

related to damaged equipment and penalties due

for late delivery of products.

In the recent past, a major resurgence (Ipinnimo

et al., 2013) of distributed generation (DG) has

been taking place. Some of the drivers for this are

the initiatives aimed at reducing the global footprint

of carbon dioxide emissions in order to counter

global warming. In developing countries, in which

resources for building large and centralized genera-

tion plants are scarce, DG presented itself as a
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viable alternative. Subsequently, DG offers modu-

larity in its implementation and projects can be

speedily implemented.

Numerous studies reporting the impacts of DG

on voltage sags were conducted involving the

impact assessment of transmission and distribution

faults on voltage sags experienced by a sensitive

load connected at low voltage (Ramos et al, 2014),

the locations and the number of DG units on volt-

age sags (Rojas et al., 2013), as well as of system

short circuit level, rated output of DG and model of

generator (Ramos et al., 2009) used are evaluated.

The impact of penetration levels is discussed in

(García-Martínez & Espinosa-Juárez, 2008) and the

results into the study of various types (i.e., convert-

er-connected, asynchronous and synchronous) of

DG units (Renders et al., 2008) connected to the

low voltage network are presented.

Some studies into the economic aspects of volt-

age sags were undertaken. Economic models for

expressing the benefits of distributed generation

were developed in Gil & Joos (2008). An approach

for simultaneous reconfiguration of the network and

placement of DG to reduce impact of voltage sags,

while minimizing active power losses and associat-

ed financial costs, is presented in Nodushan et al.

(2013). The economic benefits of commissioning

DG to meet load demand is met was compared with

the alternative of installing a large, centralized

power station in Akorede et al. (2010).

A probabilistic methodology for calculating

expected annual financial losses due to voltage sags

and interruptions was developed in Milanovic &

Gupta (2006). This methodology was implemented

in Milanovic & Gupta (2006) in a study to compare

expected annual costs of voltage sags for various

topologies of distribution networks. The methodol-

ogy was again used by Patne and Tharke (2010) to

compare the impacts of various transformer wind-

ing arrangements on financial losses of a distribu-

tion customer due voltage sags resulting from faults

in the transmission system. 

Here, the results of a study into the impact of DG

on the expected cost of voltage sags are presented.

The voltage sag performance of the power system

was determined by using stochastic method of fault

positions. From this, the expected number of critical

voltage sags was determined. The last step was to

calculate the expected cost of voltage sags for vari-

ous customer mixes and compare the values for

case without DG and with DG.  

The remainder of the paper is arranged as fol-

lows. The impact of distributed generation on volt-

age sags is discussed in Section II. The approach for

calculating the expected financial losses with and

without DG is discussed in Section III. In Section VI,

the approach for the case study done is discussed.

The results and discussions are presented in Section

V. Finally, conclusions are drawn in Section VI.

2. Analysis of voltage sags in the presence

of distributed generation

A radial power system with a DG source (encircled)

and a sensitive load, both connected at the point of

common coupling, is shown in Figure 1. In the

absence of the DG source, if a fault occurred at the

location shown, the voltage sag experienced by the

customer would be the voltage at the point of com-

mon coupling (PCC). By applying the voltage

divider rule (Hambley, 2014), this voltage, VSAG,

can be expressed in terms of the impedance

between the source and PCC, ZS, and the imped-

ance between the fault and the PCC, ZF, as 

(1)

In the presence of a local generator, the voltage at

its terminals during a voltage sag can be related to

the voltage at the point of common coupling by  

(2)

The improvement in voltage level can also be

inferred from the fact that even if the voltage at the

PCC dropped to zero (0), the magnitude of the volt-

age sag at the customer, Vsag (min), could be

expressed by equation (3) and is never zero (0).

(3)

Thus, in addition to (Bollen, 2000) increasing short

circuit strength of  networks, thereby helping to

decrease the severity of voltage sags, the DG also

maintains voltages during faults by feeding into

faults, consequently ameliorating voltage sags.

Figure 1:  A single line diagram of a radial

network with a DG source (within the circle)

and a sensitive load connected to the point of

common coupling 

(Bollen, 2000)
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3. Stochastic estimation of the economic im-

pact of distributed generation on voltage sags  

In this section, an approach for estimating the

expected costs of voltage sags is presented. First, a

stochastic approach to estimate voltage sag per-

formance, using method of fault positions, is pre-

sented. Then a method of determining the number

of critical voltage sags is discussed and ultimately.

for estimating the cost of voltage sags is presented.

3.1 Voltage sags at a monitoring point

To determine system performance, monitoring,

involving recordings, is a direct way that can be

used (Bollen, 2000). The main disadvantage of

monitoring is that it requires long periods of meas-

urement. As an alternative to this approach, sto-

chastic prediction methods for estimating the num-

ber of voltage sags were proposed, with the advan-

tage that information was generated instantly and

prediction of voltage sag performance of future net-

works, for which data does not exist, was made

(Bollen, 2000; Juárez & Hernández, 2006).

One of these widely used stochastic methods for

predicting voltage sag performance is the fault posi-

tioning method (Thasananutariya & Chatratana,

2005; Bollen et al., 1996). It is based on assuming

fault positions distributed throughout the network,

with each position representing a location of faults

in a particular part of a network. An illustration of

this is made in Figure 2 where a transmission line

between busses p and q is shown, with a possibility

of a fault to occur at some location i. 

Figure 2: A power system, with a line between

busses p and q, on which a fault can occur at

location i 

(García-Martínez & Espinosa-Juárez, 2008)

A parameter, Ψ, is used to describe the location

of a fault at position i along the transmission line,

i.e., to determine whether the fault has occurred at

the beginning of the line (0) or at some location

along the line or at the end of the line (1). Thus, this

parameter may be expressed as 

(4)

with Lpi representing the fault position i from bus p

and Lpq being the total length of the line.

Now, suppose there is a customer location m at

which voltage sag performance is to be monitored

(i.e., monitoring location). To illustrate this, Figure 3

depicts the function Vam (Ψ), i.e., how the magni-

tude of remaining voltage on the faulted phase at

monitoring point varies with fault position, i, on line

p-q. 

Figure 3:  Variation of magnitude of the

remaining voltage recorded at monitoring point

with position of fault along the line 

(García-Martínez & Espinosa-Juárez, 2008) 

The graph shows that the probability of having a

voltage sag at m with a magnitude of remaining

voltage between Vlow and Vup is equivalent to the

probability of having a fault between locations Ψlow
and Ψup. This can be expressed as

(5)

where P(Vlow ≤ V ≤ Vup) is the probability that the

magnitude of the voltage sag at point m lies

between Vlow and Vup, P(Ψlow ≤ Ψ ≤ Ψup) is the

probability that a fault occurs between Ψlow and

Ψup, and f(l) is the probability distribution function

of faults, with V and l in per unit.

3.2 Number of critical voltage sags

If a uniform probability density function were

assumed for faults occurring in this system, equation

(5) can be re-written (Wackerly et al., 2008) as

(6)

The expected number of voltage faults/annum,

λq, for a network can be obtained from historical

performance data for a particular power system.

This can then be used to calculate the number, of

voltage sags at a node m with the magnitudes in the

Vlow to Vup, i.e. N
a
q, can be expressed using the

equation 

(7)
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Finally, the number of critical voltage sags at

node m, i.e., those that results in equipment trips,

can be calculated by considering the sensitivity of

equipment connected at node m, i.e., the number

of critical voltage sags is the total of all those that

have magnitudes that are less than the voltage

threshold sensitivity of the connected equipment.

The sensitivity of equipment to voltage sags is

determined by using the voltage-tolerance perform-

ance curves, where the Computer Business

Equipment Manufacturers Association (CBEMA) and

Information Technology Industry Council (ITIC)

curves (Ipinnimo et al., 2013) are widely used.

3.3 Estimation of the cost of voltage sags

The approach for calculating the estimated cost of

voltage sags is illustrated in Table 3. Here, the

assumed criterion for the occurrrence of voltage sag

is 0.8 per unit kV. The number of critical voltage

sags at bus 1 due to single phase to ground faults,

in this illustration, in the system can be calculated

by using equation (8) 

(8)

where

N1φ-crit is the number of critical voltage sags 

recorded at bus 1

lj is the length of  line j

m is the number of lines in the system

λq is the number of faults/km/annum for the

network

p1φ is the fraction of single phase to ground 

faults, translating to the probability of such 

faults

ρsag(j) is the probability of a voltage sag at bus 1 

due to a fault on line i. 

Once the number of critical voltage sags is deter-

mined, the estimated cost of voltage sags due single

phase to ground faults can be established by using

equation (9):

(9)

where

R1φ is the cost of voltage sags/annum of cus-

tomers connected to a monitoring point of 

interest due to critical voltage sags caused 

by faults in the power system

Ncr is the number of critical voltage sagas 

recorded at monitoring point due to faults 

in the power system

pi is the percentage of load that is of type i

(industrial, commercial, residential, etc.)

csag(i) is the estimated cost per voltage sag for 

customer of type i

coperate(i) is the correction factor for duration of oper

ation, representing fraction of time that 

customer type i is running its operations

cseverity is the scaling factor for severity of voltage 

sag, with a very low scaling factor for less 

severe sags

The above calculation is then repeated for phase

to phase, phase to phase to ground faults, and for

three phase faults. Finally, total estimated cost of

voltage sags are obtained by adding the estimated

costs for each of the four fault types.

4. Illustrative case study

This section provides the details of the illustrative

case study done to assess the impact of distributed

generation on the economic consequences of volt-

age sags. In this case study, transient stability stud-

ies are used to create faults at various locations

along the lines, and voltage sags at some monitor-

ing point are recorded. 

The Power System Simulator for Engineering

(PSS/E) (PSS/E, 2009) software is utilized in the

case study. The software consists of well-established

programs for running loadflow analyses and tran-

sient stability studies. The main steps in the

approach of creating voltage sags are summarized

as follows:

• Create a loadflow model of the network.

• Incorporate dynamic models of machines and

controller, ensuring that all models initialize cor-

rectly.

• Run the system model without applying any dis-

turbance to, for instance, 1 second to ensure that

the model is stable. 

• Apply a fault at a particular location in some line

to initiate a disturbance in the system. For this

case study, four types of faults are studied (i.e.,

single phase to ground, phase to phase, phase

to phase to ground, and three phase faults). The

duration of the fault used is 0.05 second.

• Record the voltage at the monitoring point (bus

1).

• Repeat the studies for every line starting end

and every 5% of length.

• Studies are done for case with and without DG. 

The single line diagram of the network used is

shown in Figure 4. Faults are applied along the lines

in the network and voltage sags are measured at

bus 1. 

The details of data used are summarized as fol-

lows:

• Lines at 150 kV. The positive (and negative)

sequence impedance is 0.097 + j0.39 Ω per

unit/km. The line charging is 0.010000 S per

unit /km. The zero sequence impedance is 0.497

+ j2.349 Ω per unit/km. 

• Lines 1-2, 2-3, and 3-4 at 20 kV. The length
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used for these lines is 10 km. These lines have

the following parameters: (I) positive (and nega-

tive) sequence impedance is 0.22+j0.37 Ω per

unit/km, (II) line charging is 0.003000 S per unit

/km, and (III). The zero sequence impedance is

0.37+j1.56 Ω per unit/km. 

• Lines 2-5 and 3-6 at 20 kV. Both have lengths of

10 km. Their positive (and negative) sequence

impedance is 1.26+j0.42 Ω per unit/km, their

line charging is 0.001000 S per unit /km, and

their  zero sequence impedance is 1.37+j1.067

Ω per unit/km.

• All loads have the size of 1.07 MW + j0.1 MVAr.

Generator at bus 9 generates 3 MW + j3.8

MVAr, with the rest of the generation require-

ments provided by machine at bus 8, which is at

the system swing bus.

In the case where DG is incorporated in the sys-

tem, the steam turbine generator is assumed, for

which a PSS/E model GENROU is utilized and the

exciter model IEEET2 is used.

The rates of fault occurrence used in calculating

the number of faults on 20 kV and 150 kV lines are

(Patne & Tharke, 2010) one (1) and 0.1

fault/km/annum, respectively. In addition, the prob-

abilities of occurrence of various fault types, for the

two voltage levels, are as follows. For 150 kV level

the probabilities are 0.8 for phase to ground faults,

0.07 for 3 phase to ground faults, 0.07 for phase to

phase to ground faults, and 0.06 for phase to phase

faults. In the case of 20 kV level, the corresponding

probabilities are 0.65, 0.17, 0.08, and 0.1.

Different customer will suffer different costs in

their operations due to voltage sags. The costs per

voltage sag assumed in the study for various types

of customers are as follows: £0 for residential cus-

tomers, £1 000 for commercial customers, £163

000, and £581 000 for large users.

The equipment used by the customer would be

affected differently by occurrence of voltage sags

than would be the case by occurrence of interrup-

tions. The latter would take all equipment out of

operation.  Lesser effect will occur in the case of a

sag that does not culminate in an interruption.

Weighting factors in Table 1 are assumed in the

study to account for severity of voltage sags.

Table 1: Weighting factors for costs severity of

voltage sags 

(Patne & Tharke, 2010)

Voltage sag magnitude Weighting factor for costs

range in economic evaluation

Interruption 1

Voltage sag with magnitude 0.85

in the range 60-74%

Voltage sag with magnitude 0.4

in the range 75-84%

Voltage sag with magnitude 0.15

in the range 85-100%

Three customer mix scenarios, as shown in

Table 2, are used in the illustrative case study. The

last consideration made takes into account the fact

that the exposure that customers have to the inter-

ruptions is dependent on the fraction of the time

that operations are carried out in a given period.

The correction factors used on the study are 0,

0.238, 0.357, and 1 for residential customers, com-

mercial customers (two days off every  week, 8 hour

a day operation), industrial customers (one day off

per week, 10 hour a day operation) and large users

(continuous process, 365 day operation), respec-

tively.

Table 2: Customer load mix cases used in the

case study 

(Patne & Tharke, 2010)

Load mix Type of load Load Cost/sag 

case no. (%) (£)

I Residential - -

Commercial - -

Industrial 30% 163 000

Large user 70% 581 000

II Residential - -

Commercial 9.5% 1 000 

Industrial 75% 163 000

Large user 9.5% 1 000

Large user (commercial) 0.5% 581 000

III Residential 50% 0

Commercial 28.5% 1 000

Commercial  (Large) 1.5% 581 000

Industrial 20% 163 000

Large user - -

5. Results and discussion

The results of the magnitudes of remaining voltages

at on the faulted phase at the monitoring point are

summarized in Figures 5 to 7. The plots presented

are for faults along various lines and for different

15 Journal of Energy in Southern Africa •  Vol 27 No 1 • February 2016

Figure 4:  Single line diagram of the network

used in the case study. For the case with DG, a

machine is connected at bus 1 

(Moschakis and Hatziargyriou, 2006)
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Figure. 5:  Magnitude of voltage recorded on faulted phase at bus 1 for faults along line 1-2-3-4 and 2-5

Figure 6:  Magnitude of voltage recorded on faulted phase at bus 1 for faults along line 3-6 and 7-9



types of faults. The results for Base Case (without

DG) and for case with DG are plotted side by side

in each of the figures to facilitate comparison.

It is evident from the figures that for each plot for

a particular fault types, the magnitudes of voltages

that remain at the monitoring point are generally

higher, and often significantly so, for the case with

DG compared with Base Case. The positive impact

of DG on improving the magnitudes of voltages is

evident.

The procedure for calculating the estimated cost

of critical voltage sags was introduced in Section 2

and in Table 3 illustrative results, obtained for the

case of a single phase fault and the assumption of a

0.8 per unit kV sensitivity criterion, are presented.

Further to the results in Table 3, the outcomes of the

analysis of expected of cost critical voltage sags for

various customer mixes are presented in Figure 8.

For each mix, results are provided for various volt-

age sensitivity criterion. 

It is evident that as the voltage sensitivity criteri-

on is tightened (i.e., increased), the expected cost of

critical voltage sags generally increases. The excep-

tion to this is the 0.8 per unit kV case for customer

mix II, where costs are lower than for the other two

criteria. 

This apparent deviation can be resolved with the

aid of equation (8) which shows that net expected

cost of voltage sags is influenced by an interaction

between the number of voltage sags, which tends to

17 Journal of Energy in Southern Africa •  Vol 27 No 1 • February 2016

Figure 7:  Magnitude of voltage recorded on faulted phase at bus 1 for faults along line 7-8 and 8-9

Table 3:  Calculation of estimated costs of critical voltage sag 

(assuming 0.8 per unit kV criterion) for single phase faults

Type of Voltage Name of Fraction of Length of Expected no. Expected no. Expected no. Estimated cost of

fault level a line voltage sags, line (km), of faults on of single phase of sags per annum critical voltage sags

ρsag(i) li line i per faults on line i due to single phase due to single

annum per annum faults on line i phase faults

Single   150 kV Line [7-8] 1.000 500 50.00 40.00 40.00 £ 11,518.21

phase 150 kV Line [7-9] 1.000 100 10.00 8.00 8.00

to 150 kV Line [8-9] 1.000 200 20.00 16.00 16.00

ground 20 kV Line [1-2-3-4] 0.333 30 30.00 19.50 6.50

20 kV Line [2-5] 0.000 5 5.00 3.25 0.00

20 kV Line [3-6] 0.000 5 5.00 3.25 0.00



increase the costs,  and the severity of voltage sags,

represented by weighting factors that decreases as

the severity of sags decreases.

A comparison of the expected costs for the DG

Case and Base Case, for all the customer mixes

evaluated, show that the costs are consistently lower

for the DG Case compared with the Base Case for

all voltage sensitivy criteria.

6. Conclusions

The results of a study into the impact of distributed

generation on the expected cost of voltage sags was

presented. A stochastic approach, using method of

fault positions, was used to predict voltage sag per-

formance from which expected number of critical

voltage sags/annum and ultimately the expected

cost/annum has been derived.

It was demonstrated that with the incorporation

of DG, in relation to the case without DG, the mag-

nitudes of voltages that remain in the system fol-

lowing faults are improved, with the expected num-

ber of critical voltage sags being reduced.

Substantial reduction in the expected cost of voltage

sags was achieved. 

It was shown that, in addition to documented

benefits of incorporating DG resources in power

systems, the DG improved voltage sag perform-

ance, reduced the likelihood of interruptions of pro-

duction, as well as reduced associated expected

financial losses. 
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