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Abstract— The business activities of the majority of industrial
and commercial customers are dependent on some critical
equipments that are susceptible to voltage sag events. This paper
aims to propose a novel approach to estimate the financial
impacts of voltage sag events on customer operations. The
proposed technique is based on the event tree method. Using this
approach, it is possible to consider the impacts of operational
failure of various sensitive equipments, involved in the customer
operations, on the financial losses expected from voltage sag
events. A quantitative case study is conducted in the paper to
illustrate the applicability of the proposed approach.

Index Terms—Event Tree, Interruption Cost, Power Quality,
Voltage Sags.

I. INTRODUCTION

OLTAGE sag is one of the most significant power quality

issues that can affect the majority of sensitive equipments
like personal computers (PC), adjustable speed drives (ASD),
programmable logic controllers (PLC), semiconductor devices
(SD) and contactors. A voltage sag event is defined as the
decrease in the rms value of voltage between 0.1 p.u. and 0.9
p.u. for durations from 0.5 cycles to 1 minute [1]. The number
of occurrence of voltage sag events is far more than that of
power interruptions. Therefore, for specific customers, the
financial losses caused by voltage sag events may even be
greater than the cost associated with power interruptions. The
increased sensitivity and high costs associated with such
events are acting as a driving factor for increasing interest to
study and to reduce the effects of voltage sags on customer
operations.

The general idea of modeling the voltage tolerance
capabilities of sensitive devices for estimating the effects of
voltage sags on a given process or customer has already been
utilized in some literatures, e.g. [2] and [3]. The approach
proposed in this paper use the similar idea for assessing the
impacts of voltage sag events on the customer operations. The
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commonly used technique in the previously developed
approaches is a block diagram having series/parallel
combination of equipments for modeling a customer
operation. The block diagram method shows the logical
connection of the equipments needed to fulfill a specific
customer operation or process. Employing this modeling
technique for a complex process is bothersome and
complicated. If the customer has more than one process, each
process should be considered individually, and a separate
block diagram has to be established for each customer
operation. In addition, when the order in which the operational
failures of equipments occur is important, the block diagram
method cannot be employed. To overcome these issues, an
evaluation approach based on the event tree technique is
proposed in this paper. The event tree approach is an inductive
method which can provide much detailed results compared to
the block diagram approach.

The rest of the paper is organized as follows. In Section II,
the general concepts and steps of the proposed evaluation
procedure are presented. A typical case study is presented in
Section III using the proposed approach. Finally, a conclusion
is provided in Section IV.

II. THE PROPOSED APPROACH

A. General Concepts

A modular approach has been developed to evaluate the
impacts of the voltage sag events on the customer operations.
This approach relies on the event tree technique and follows
the basic concepts that have already been developed by the
authors for reliability assessment of the automated distribution
systems, e.g. [4] and [5]. Susceptibility of customer operations
against voltage sag events depends on the voltage tolerance
capabilities of its equipments against these events. Therefore,
different failure modes of the customer equipments during a
voltage sag event should be considered in the related analysis.
In the proposed approach, the sensitive equipments involved
in the customer operations are identified. Normally, the
customer operations are carried out based on the sequential
operation of a set of these equipments. Therefore, the
consequence of operational failures of the identified sensitive
equipments on the customer operations is analyzed using the
event tree method [6]. Using this approach, various possible
consequences of a voltage sag event on the customer



operations are identified. By summing up the effects of each
voltage sag event, the overall financial impact on the customer
due to all voltage sag events is estimated.

B. Steps of Evaluation Procedure

The evaluation procedure can be conducted according to the
following steps:

(1) Sensitive equipments involved in the customer operations
are identified. PLC, ASD, PC, SD and contactors are major
sensitive devices that may involve in the customer operations.

(2) Susceptibility of the identified sensitive equipments
against different voltage sag events is provided. The
vulnerability of equipment against voltage sag events can be
represented by a characteristic or tolerance curve. The
characteristic curve represents the sensitivity of the equipment
to voltage sag events in terms of magnitude and duration of
the sagged voltage. Typical characteristic curves for PLC,
ASD, PC, SD and contactors can be taken from [2], [7]-[10].

(3) The operational failure probabilities of the identified
sensitive equipments against different voltage sag events are
determined. Usually, the normal distribution probability
function is utilized for approximating the malfunction
probability of the sensitive equipments. Figure 1, as an
example, shows the operational failure probabilities of a
typical PLC for different voltage sag events. The parameters
of the normal distribution probability functions have been
taken from [11] to deduce this figure.
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Fig. 1. Distribution of malfunction probability for a typical PLC.

(4) Considering the operational failures of the identified
sensitive equipments, an event tree which reflects the
customer operations is deduced. Assuming two operational
states for each sensitive equipment (one for the normal
operating status and the other for operational failure status),

there are 2" possible outcomes for the deduced event tree,
where n is the number of sensitive equipments involved in the
analysis. For example, in the case of a customer with five
sensitive equipments, the deduced event tree contains 2° = 32
outcomes.

(5) For each outcome of the deduced event tree, possible
consequences on the customer operations are examined. Each
outcome of the event tree can then be assigned by a parameter
designated as “impact factor” which shows to what extent the
customer operations are disturbed when its sensitive
equipments encounter with operational failures. An impact
factor should provide an estimate of the financial impact on
the customer operations. Therefore, the numerical value
assigned to the impact factor can be represented in per unit of
the financial impact imposed on the customer due to a
momentary power interruption as expressed below:

EOC
IPFj =——1 (1)
MIC

Where:
IPF; Impact factor of the event tree outcome number j
EOC; Financial impacts on the customer operations

corresponding to the event tree outcome number j
MIC Financial impacts on the customer operations when

facing with a momentary power interruption

(6) The deduced event tree is analyzed for any possible
modification. It might be possible to combine those event tree
outcomes that result in the same impact factor. This will
reduce the computational efforts in the next steps.

(7) Statistical data associated with the voltage sags events
imposed on the sensitive equipments, during a specific period
(e.g. one year), are provided. This data can be derived either
using stochastic voltage sag prediction studies or power
quality monitoring methods [12], [13] and [14].

(8) Contribution of voltage sag events on the financial losses
imposed on the customer operations is determined. To perform
this task, for the targeted voltage sag event, the probabilities
associated with different states involved in each outcome of
the event tree are multiplied by each other. The result is then
multiplied by the impact factor corresponding to that event
tree outcome (i.e. IPF;) and MIC. This process is repeated for
all the event tree outcomes. Finally, these results are summed
up to find the contribution of the targeted voltage sag event on
the financial losses imposed on the customer. The following
equation can be used for accomplishing this step:



TNE
VSIP, = MIC x > 41PFj x (1) ff}(U;.T)
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Where:

VSIP; Contribution of the voltage sag event number i
on the financial losses imposed on the customer

UP; Set of sensitive equipments which are in the
successful operational status for the event tree
outcome number j

DN,; Set of sensitive equipments which are in the
operational failure status for the event tree
outcome number j

Ui Remaining voltage of the voltage sag event
number i

T; Duration of the voltage sag event number i

fu)ft (U;,T;) Operational failure probability of equipment X,
when encountering the voltage sag event number
i with the remaining voltage equal to U; and
duration equal to T;

TNE Total number of the event tree outcomes

(9) Overall financial impact on the customer due to all voltage
sag events during the study period is estimated by the
following equation:

TNS 3)
VSC = )" (VSIR xVSOR;)
i=1

Where:

VSC Overall financial impact on the customer due to all
the voltage sag events

VSOR; Rate of occurrence of the voltage sag event number i
during the study period

TNS Total number of voltage sag events

III. CASE STUDY

The applicability of the proposed approach, for assessing
the impacts of voltage sag events on customer operations, is
represented here using a typical semiconductor facility. The
momentary interruption cost for the semiconductor facility
with peak load of 30 MW and service voltage of 161 kV is
reported to be around $1,400,000 [15]. In this section, the
calculations are performed for specific operations of this
facility which are estimated to have load of 500 kW. Out of
this S00kW load, the consumptions of sensitive equipments
are assumed to be as shown in Table 1.

Table I

CONSUMPTIONS OF SENSITIVE EQUIPMENTS (IN PERCENTS OF S00KW)

PLC PC ASD Contactors

10 % 18 % 65 % 7%

A. Estimating the Financial Impact of Voltage Sag Events

The proposed evaluation approach is applied to this case
study according to the following steps:

(1) Sensitive equipments involved in the targeted customer
operations are identified. In this case, PLC, ASD, PC and
contactors are assumed to be the sensitive equipments for the
targeted customer operations.

(2) Voltage sage tolerance curves and hence the operational
failure probabilities are provided for the identified sensitive
equipments. The data provided by equipment manufacture
and/or achieved by the laboratory tests are the most trusted
sources to accomplish this task.

(3) An event tree is deduced and the impact factors are
assigned to its outcomes. For accurate and realistic estimation
of financial impacts of voltage sag events, impact factors are
assigned based on engineering judgment in the absence of
detail actual data.
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Fig. 2. Event tree diagram deduced for the case study.

(4) Then, the deduced event tree is analyzed for any possible
modification. The modified event tree is assumed as shown in
Figure 3. The events having the same impact factors are
summed up in one event. This modification helps in reducing
the complexity of the process and also in time savings in
performing calculations. It shows that in case of PLC
malfunctioning, voltage sag event completely disrupts the
whole process.
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Fig. 3. Event tree diagram deduced for the case study.

(5) A typical voltage sag statistical data based on a large
power quality survey conducted in [14] is used in this paper
for representing the annual voltage sag events imposed on the
facility. The distribution of these voltage sag events are shown
in table II.

TABLE II
ANNUAL DISTRIBUTION OF VOLTAGE SAG EVENTS [14]

Duration (seconds)
Voltage
Magnitude | 45 0204 0406 0608 0810

80-90% 87 4 4 0 2
70-80% 16 2 1 1 0
60-70% 5 5 1 0 0
50-60% 6 2 0 0 0
40-50% 5 2 0 1 0
30-40% 1 1 0 0 0
20-30% 1 0 0 0 0
10-20% 2 1 0 1 0
0-10% 0 1 0 0 0

(6) For each voltage sag event, the probabilities associated
with the event tree outcomes are determined. As an example,
Figure 3 shows these probabilities for a sample voltage sag
event with the remaining voltage equal to 12 percent of the
nominal voltage and the duration of 50 msec.
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Fig. 4. Probabilities associated with the outcomes of the deduced event tree
for a sample voltage sag event.

(7) The contributions of each voltage sag event on the
financial losses imposed on the customer operations are
determined using (2). Table III shows the contribution of all
the voltage sag events, within the specified range, on the
financial losses of the target customer operations.

TABLE III
FINANCIAL IMPACT OF VARIOUS VOLTAGE SAGS ON THE CUSTOMER, EUR/YR

Voltage Duration (seconds)

Magnitude | 002  02:04 04-06 06-08  08-1.0
80-90% 306 179 314 0 348
70-80% 12614 6459 6287 26 0
60-70% 12390 42943 7238 0 0
50-60% 15319 32181 0 0 0
40-50% 45456 33056 0 17152 0
30-40% 16082 16830 0 0 0
20-30% 16414 0 0 0 0
10-20% 19739 17558 0 17568 0
0-10% 0 16931 0 0 0

(8) The overall financial impact of the voltage sag events on
the targeted customer operation is estimated using (3). This is
equal to the sum of all the contents of Table III. The annual
financial impact of the voltage sag events on the targeted
facility operation is estimated to be around 353,390 Euro.

IV. CONCLUSION

This paper proposed a methodology for assessing the
impacts of voltage sag events in terms of financial losses on
the consumer operations. The proposed approach was based

on the event tree method. Compared to the previously
developed evaluation techniques, which are mainly based on
the block diagram approach, the implementation of the
proposed technique is much easier. In addition, the different
failure modes of the sensitive equipments and their possible
consequences can be taken into account in this approach. The
evaluation procedure is generic and can be applied on a
variety of the customers.

For demonstration of the proposed technique, a typical case
study was discussed in the paper for a semiconductor industry.
The financial impacts of various voltage sag events on the
facility concerned in this case study were evaluated.
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