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Abstract- To improve power quality assessment,
appropriate methedology and set of tools need o be
utilized. This paper outlines & methodology that
includes modeling and  simulation as well as
recording and analysis of field data. The sofiware
tools include standard and customized simulation
packages, Several examples of the power quality
assessment studies using the proposed methodology
and tools are also given.

L INTRODUCTION

Power quality (PQ) assessment is a process by
which a utility company determines if it has a FQ
problem, how this problem affects its customers,
what may be the appropriate solutions, and what are
the inherent limitations of the particular solutions.
Even though some of the utilities may have a clear
understanding of some of the mentioned steps, and
they may have already been using certain tools and
methodologies to deal with a given PQ task, it is not
very common to find a otility company today that
has a full procedure for the PO assessment in place.

Typically, the PQ problems may be defined
with respect 1o the revenne meter location that
traditionally establishes a well-defined boundary
between the customer and the wility. However, this
boundary may be well defined as far as the revenue
melering poinl is concerned, but it may not be a
natural point of separation for the PQ) issues. This is
an item of potential confusion, misunderstanding,
and even a major dispute berween the two parties [1].
The issues become even more complex when cne
atternpts to define a cost'performance criterion for a
quantitative assessment of the PO problem, its
impact on the overall reliability of the power system
operation  and  related  revenueloss-ci-revenus
consequences, the optimal choice of the required
solutions, and the gains obtained by implementing
selected solutions. To perform such a complex and
potentially far reaching task of defining the
mentioncd PO isswes, a ullity needs o have a set of
relatively  inexpensive tools and  well-defined
methodologies  enabling  efficient and  precise
aszessment of the PO problems and salutions.

Definition  of the methodology for PO
assessment for a given wiility is not a trivial task [2],
It is a complex process where the utility needs 1o
identify what are the disturbances that may be
classified as the PO related, why these disturhances
are of @ particular concern 1o the customer, what is
causing occurrence of these disturbances, how one
can avoid or reduce occurrence and impact of these
disturbances, who is responsible for finding and
implementing the required solutions, how are the
solutions to be implemented, how one can monitor
the future behavior of the power system to establish
the facts about the effecliveness of the implemented
solution. First, this paper discusses the basic steps of
such a methodology.

This paper also describes several sets of tools 1o
be used for the PO assessment. One sei are the
software routines aimed at automating analysis of the
disturbance data recorded by a variety of manitoring
equipment such as digital fault recorders and
dedicated power quality meters. The next set of toals
are modeling and simulation packages aimed at
bener  understanding the causes for the PFQ
disturbances and impacts of selected solutions. Alsa,
appropriate software tols for system-wide studies
are included.

The final part of the paper gives examples of
the methodolegy for using the above mentioned tools
1o perform a power quality assessment study. In
particular, combination of the data analysis and
modeling tools will be emphasized since such a
combination may be needed o perform a
comprehensive study of a complex power quality
problem.

2. POWER QUALITY ASSESSMENT
METHODOLOGY

2.1 The PO Assessment Concept

This concept assumes that the final goal of a
PO study is to relate a PO disturbance 19 a financial
criterion o determine what are the economic impacts
of the PO solution. In order, to achieve this goal, the
PO assessment has o provide answers to a vanety of
questions such as the ones listed in Table L
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Table L Typical Power Quality Assessment Questions

Cluestion

Expectad Answers

What are the PQ disturbances of
intenestT

Selection of a disturbance type: vollage sags or swells: harmonics; voliage
flickers; spikes and transients; power interruptions; changes in (he
fundamental frequency.

Where in the system the PO
disturbances occur?

Identification of the lecation: system-wide; regional; revenue metering
location: terminals of the power apparatus; cuslomer site; customer system.

Why are the PQ disturbances Classification of causes; system faults and protective relaving operation,

present? nonlinear loads; swilching actions; electromagnetic interference; starting
characteristics of cerain power equipment.

When the PQ disturbances are Determination of the duration: continuous; periodic; random; several davs

detecied? or hours; several minutes or seconds; several millisecond or power cycles;

duration not known.

Who should be responsible for the
assessment?

Definition of the type of study; planning; operation; protective relaying;
revenue metering; maintenance, engineering design; new construction;
customer relations; pewer delivery contracts.

How the final solution should be
implemented?

Indication of possible approaches: change in the operating practices;
installation of new eguipment; exchange of the existing equipment;
improvements in the enginesring design; contractual solution.

It is obvicus that the questions and expected
answers given in Table I are not all inclusive. The
PQ) assessment has also 1o include 3 number of cther
issues such as the required investments and expected
returns, responsibility for definition of the solution
and its implementation, and the impacts on the
cusiomer relation and satisfaction.

2.2, The Methodalogy Steps
In order to carry out an assessment study, a
utility nezds 1o implement a number of methodalogy
steps as follows:
= Classification of the type of PQ studies.
= Characterization of PO disturbances,
¢ Design of PO assessment procedures for
each type of PO study.
= Sudy of causes and impacts of PQ
disturbances,
= Definition of the criteria for PO evaluation.
= Assessment of the technical and financial
aspects of PO improvements.

Classification of Power OQuality Studies.
Power quality studies can be broadly classified into
two calegories from the perspective of the electric
utiliy:

1.Service inlerruption

2. Compliance 13 standards
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The first category includes studies related 1o events
that result in femporary of permanent service
interruptions to the customers. These events may be
faults, switchings or other system disturbances that
may cause voltage dips or swells at various points in
the system [3]. Az a result of the changes in the
system  voltage, sensitive equipment may be
disconnected via intelligent relays andfor fuses.

This first category of studies can be further
broken down into stwdies involving:

« Voltage sags and swells

* Swilching or fault transients

+ Improper grounding

The second category pertains to the harmaonics
and vollage flicker issues. Harmonics generated by
nonlinear loads and solid state switching equipment,
must be evaluated in order to ensure that the
recommended  practices  andfor standards  are
properly adhered, While these studies appear to
apply more to the large customer loads, such as
industrial plants, utilities may also be interested in
running these studies to explore possible ways of
minimizing harmonic problems at the cusiomer end.

Characterization of PO disturbances, The
characterization entails a precise  quanutative
specification of the disturbance waveform perameters
such as: length, magnitude, frequency comtent,
energy distribution of the waveform components,
percentage change in a given ume period, rate of



Takle 1. Typical Power Cruality Assessment Questions

Question

Expected Answers

What are the PQ disturbances of
inderest?

Sclection of a disturbance type: voltage sags or swells; harmonics; vollags
flickers; spikes and transients; power intermuptions; changes in the
fundamental frequency,

Where in the system the PQ
disturbances occur?

Identification of the location: system-wide, regional, revenue metering
location: terminals of the power apparatus; customer site; cusigmer sysiem.

Why are the PQ disturbances
presentT

Classification of cawses: system faulls and protective relaying operaticn,
nonlinear loads; switching actions; electromagnetic interference; starling
characteristics of cerlain power equipment.

When the PO disturbances are
detected?

Determination of the duration: continuous; periodic; random; several days
or hours; several minules or seconds; several millisecond or power cycles;
duration not known.

Whao should be responsible for the
assessment?

Definition of the type of study: planning; operation; protective relaying;
revenue melering, maintenance; engineering design; new consiruction:
customer relations, power delivery contracts,

How the final solution should be
implemented?

Indication of possible approaches: change in the eperating practices;
installation of new equipment; exchange of the existing equipment;
impravements in the engineering design; contractual solution,

It is cbvious that the guestions and expected
answers given in Table T are not all inclusive, The
P assessment has also to include a number of other
issues such as the required investments and expected
returns, responsibility for definition of the solution
and ils implementation, and the impacts on the
customer relation and satisfaction.

2.2. The Methodology Steps

In order to carry out an assessment study, a
utility needs o implement a number of methodalogy .

steps as follows:

®  Classification of the tvpe of PO studies. .
* Characterization of PQ disturbances.
* Design. of PQ assessment procedures for

each type of PO study.
* Swdy of causes and
disturbances,

& Definition of the critenia for PO evaluation,
= Assessment of the lechnical and financial
aspects of PO improvements.

Classification of Power Quality Studies.
Power quality studies can be broadly classified into
two caiegories from the perspective of the eleciric

utiligy:
1. Service inlermuption
2. Compliance to standards

impacts of PQ

The first category includes studies related to events
that result in temporary or permanent service
interruptions to the customers, These events may be
faults, swilchings or other system disturbances that
may cause voltage dips or swells at various points in
the system [3]. As a result of the changes in the
system  vollage, sensitive equipment may be
disconnected via intelligent relays andfor fuses,

This first category of studies can be further
broken down into studies involving:
Vallage sags and swells
+ Switching or fault transicnts
Improper grounding

The second category pertaing to the harmonics
and voltage Micker issues. Harmonics generated by
nonlinear loads and solid state switching equipment,
must be cvaluated in order 1o ensure that the
recommended practices  andlor standards  are
properly adhered.  While these studies appear to
apply more to the large custemer loads, such as
industrial plants, wiilities may also be inlcrested in
running these studies to explore possible ways of
minimizing harmonic problems at the customer end.

Characterization of PQ disturbances. The
characlerization entails 2 precise  quantitative
specification of the disturbanice waveform perameters
such as: length, magnitede, frequency content,
energy distribution of the waveform components,
percentage change in a given lime period, rate of
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change, etc In order 1o come up with the
quantitative description of a disturbance, a set of
analytical techniques has to be defined and wtilized.
Typical examples of ithe iechniques are: digital
signal precessing, wavelats, neural nels, expect
systems, fuzzry logic, parameter estimation, model
identification, etc

Once an event is characterized and associated
with one of the P() categories, than a corresponding
power quality assessment procedure will be applied
as discussed next.

Desigm of PO assessment procedures.  Power
quality assessment procedures will depend upon the
type of event studies. However, no matter which
type of event is studied, the following steps must be
executed;

Step 1. Compiling svstem and equipment data for

the part of the system to be studied.

Step 1. Modeling the system in enough detail to
allow the correct representation of studied
evenL

Step 3. Simulation of the event under study,

Step 4. Verification of the mode] and simulations via
the recorded field data

Step 5. Using a customized intelligent system
software to recognize the power quality
problem and carry ol iLs assessment

Study of causes and impacts of PO
disturbances. It relates to a clear identification of
the sources and consequences of the disturbance. As
it 15 well known, these are may be 2 number of
reasons for a disturbance to oceur such as: selection
of inappropriate equipment, inherent property of the
needed equipment, inadequate operating practices,
by-product of required switching sequences, use of
unsound engineering praclices, £Conomis Constrainls
in implementing the system design. In any case, it is
very important to identify the final source of the
disturbance, which typically falls into one of the
following  calegories: cquipment, engineering
design, operating practice, and economic decision

Definition of the criteria for PO evaluation.
This requires a sslection of the cost function
associated with an intended optimization procedure,
In addition, the means of monitering of the
quantitative indicators, as well the approaches for
comparison of thess indicators against the criteria,
need to be specified. Finally, a possibility for
automating the PO evaluation process has o be
explored,

Assessment of the technical and financial
aspects of PO improvements This represents the
most critical pan of the overall assessment. This
siep needs to produce precise relationship between
the P{} performance criteria and related technical
improvements as well as the required cost.  This
approach may result in different types of financial
solutions such as: capital investment in the required
equipment changes; increased operating cost of
improved diagnostics and maintenance; additional
purchasing funds for expandable monitoring and
control instrumentation; change in tarifls and billing
procedures,

3. POWER QUALITY ASSESSMENT TOOLS

3.1, Commercial Software for PO Studies

Thers are seveéril programs for power quality
and related studies. Mot all of them are designed
exclusively for PC analysis. Available programs can
be divided into two classes:

= Steady-state harmonics programs

« Time domain transient simulators

The first class of programs can be designed as
lingar equation solvers, where the phase domain
nodal admittance matrix is built at harmonic
frequencies and the solution of system bus voltages
are obtained based on the assumed harmonic bus
injections. There are also more advanced versions of
the steady state programs, which are the harmonic
power flow programs. Harmonic power flow
programs can take into account the terminal V-
behavior of the harmonics sources (as opposed o
considering them as constant harmonics injections)
and can solve a multi-phase multi-harmonic power
flow. These programs are much more accurate than
the linear eguation solvers, however at a
substantially higher computational cost. They also
require a prespecified harmonics medel for each of
the harmonics generating component.

Unlike the above discussed steady state
programs, lime domain transient simulaltors do not
require a harmonics moedel for any  system
compenent.  Instead, each and every component,
whether it is linear or nonlinear, is modeled in Ume
domain by a discrete time model based on some
numerical integration rule used by the program, A
commonly used transients  simulator @5 the
electromagnetic transients program, several versions
of which are available [4]. The essential advantage
of using a transients program is its flexibility and
accuracy in  modeling  unconventional system
components as well as switching scenarics.  One



shortcoming however, s the lack of robust
initialization schemes for tramsient simulations
involving several nonlinear elements. This
necessitates the simulation to be run for long encugh
time to let the transients die oul, so thai the sieady
slate harmonics can be recovered from the resulting
simulation records. Despite this shortfall, transients
simulation programs semain 1o be popular choices
as tools to evaluate power quality problems.

1.2, Commercial Recording Instrumentation

Omne of the most impanant steps in a PO study
is 10 acquire field data related 1o PQ dismrbance,
The uses of data may be different, depending on the
type of study. Table II shows some examples of the
use of recorded data and related requirements.

Table I1. Typical Uses of and Requirements for

Recorded Data
Study Data Fecording
Requirements
Verification of Sensitive recording
existence of PO instrument capable of
disturbance capturing a variety of
different PO disturbances

Compliance with Recording instrument
Standards for a designed to continuously
specific PQ record specific fype of PO
disturhance type disturbance
Validation of Recording instrument that
madeling and can be programmed to

simulation for a trigger on the events of
given PO disturbance | special interest for the
bpe validation process

Revenue metering An instrument capable of
under a new type of producing high accuracy
PO} standard measurcment of the
standardized wavelorm
parameters

As a result, 3 variety of recording instrument
are available on the market. Thess instruments are
<apable of not only data recording but also analyzing
the recorded data. A number of dedicated software
packages are being developed 1o facilitame user
interfacing required o set-up the instruments and to
prepare study repors.

One problem with the existing data recording
instrumentation i that it is developed to
accommodate nesds in the areas where there has
been a standardization of the PQ disturbance
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definition and characterization, Typical examples
are harmaonics, flickers, and revenue metering of
energy. In those areas, there is well established line
of dedicated instruments such as Power Harmonic
Analysers from Fluke, BMI, Voltech, California
Instruments, eic. Once the data recording needs are
beyond the PO applications that are standardized,
and into such applications as voltage sags and swell
as well as transients, spikes and noise, it becomes
more difficult to select the most appropriate
recording instrument, In those cases one may have
o utilize same of the existing instruments originally
nol aimed at those applications, but capable af
recording the PO disturbances of interest afier some
customized changes in hardware andfor software are
made.

3.3, Digital Simulators

The use of analog and hybrid simulators in
studying some disturbances such as electromagnetic
transients is a well known practice.  Recent
developments in this area have resulied in a number
of low cost digital simulator products capable of
genesaling transients for a varety of power system
models [5]. These simulators have a very flexible
user interface allowing for an easy way of building
the. models of power system components and
specifying the conditions for the power system event
simulation.  In addition, thess simulators are
equipped with inputfoutput (1'0) interfaces allowing
for an external device 1o be connecled 1o the
simulator for the purpose of lesting using the
simulator-generated output waveforms as test inputs
to the device, The test wavelorms can also be
recorded in the field and replayed through the
simulators.  Such simulators have been extensively
used in the prodective relay testing area [6, 7).

With further needs for modeling, simulation,
and testing being  defined through a nmew
methodelogy for PO assessment, the role of digital
simulators in PO studies may dramatically increase.
As an example, PQ studies related to the fault
events, such as voltage sags and swells, can be
canveniently studied using existing digital simulator
developed for relay testing. The simulators can be
enhanced o provide a us=ful study tool for ather PO
disturbances such as flickers, harmaonics, spikes, ele

The main features of a digital simulator ars
shown in Figure 1. As it can be observed from
Figure 1, there is a variety of methodolegical study
sieps that can be accomplished using  digital
simulator features. When tied with data recording
instrumentation, digital simulators can provide a
stucy environment for evaluation of PO disturbances



by performing modeling and simulations as well as
companson with recorded data and testing of
impacts on various deviess. Future use of digital
simulators in PO assessment studies 15 vel 1o be
explored and further developed.
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3.4, Customized Toals

The customized @ools are needed when
commercial solutions are not readily available for
some new applications.. Typical examples of such
applications are the uses of software packages for
automated detection, classification and
characterization of PQ disturbances aimed at
menitoring of occurrence of these disturbances in a
power system.

One such customized solution shown in Figure
2 is under development at Texas A&M University,
This software package has software routines based
on  signal processing,. meuwral net and  wavelet
technigues.  The “raw™ data samples are first
processed to detect any PQ disturbance of inferest.
The processing combines a wvariety of sigmal
processing, neuwral net and wavelet technigques 1o
cxtract  waveform  information  relevant for  the
detection procedure.  In addition, samples are
processed to extract waveform properties needed to
classify the type of PO disturbance.  After that, an
expert system 15 used to perform the classification
step.  Finally, the PO disturbances are characterized
based on a member of indices that are obtained
through perameter estimation procedurss. As a
result, several PO indicators are computed for the PO
ASRCISMCNT PUIPOSES,

The =oftware package can be used to perform
the mentioned processing steps automatically,.  The
froni end instruments that can be utilized for data
sampling are digital fault recorders (DFRs). These

recorders can be retrofitted with this software to offer
a mew system for automated menitoring and analysis
of PQ disturbances [8].
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Figure 2. Customized Software for PQ Disturbance
Detection, Classification and Charscterization

4. SAMPLE CASE STUDIES

4.1. Fault Initiated Voltage Sag

Consider the system shown in Figure 3. The
ulility system behind the transformer is represented
by a Thevenin equivalent (short circutt eguivalent).
The pari of the system studied is a radial section
with 2 tail composed of two parallel lines of about
the same length, terminating at the common load bus
3. We study the effect of a mid point fault along one
of the parallel lines on the load bus voltage. [t will
be assumed that the fault is of temporary nature and
it clears ftself allowing reclosing of the line at both
ends. The two circuit breakers are assumed to
operate and isolate the fault and then reclose 0.08
seconds after the clearng of the fault. Load bus
vaoltage transients are simulated using a transients
simulation program and the waveform shown in
Figure 4 is obtnined. As can be observed, the load
voltage goes through a temporary sag during the
fault. Depending on the type of lead connected to
bus 5, this sag may or may not allow the connected
equipment o “ride” through this system disturbance.
Froper modeling of any existing sensitive lead is
therefore of utmast importance for successful power
quality assessment of such a system,
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Figure 4. Voltage at Bus 5

4.2 Harmoaic Pollution at the Utility Bus

This case illustrates the power quality nelated
probiems generated by non linear loads, such as a
diode bridge rectifier connected to the wtility system
and driving a variable speed ac. motor via an
inverter. A simple diagram of such a system in
shown in Figure §, where the utility system is again
modeled by a short circuil equivalent behind a
transformer.  The prmary of the transformer is
monitored o0 make sure that the distortion in the
sysiem voltage 15 in compliance with the [EEE 319
[9] recommended practices and standards. A
transients simulation program is usad agzin (o obdain
the sampred voltage waveform at bus 2 as shown in
Figure 6, A Fourier analbysis is carried out excluding
the initial transients and the results given in Table
11 are obained. As expected from the theory of &
pulse diode bridge operation the voltage at bus 2 has
significant ™ T and 11® harmonic components.
The cakoulated total harmonic distortion (THD) level
of 8. 7% is also higher than the threshold set by the
[EEE 519 standard which is about 5% for the voltage
at the common coupling point.  Hence, in this
particular example, the harmonic contamination at
the utility bus is found w be umacceptable with
respect 1o the [EEE standards

128 POWELR QUALITY - JUME 19497 FROCEEDNNGS

Table II1. Harmonic Spectrum of V5

Harmonic Number %5 of the fundamental
15t L0 0
5 th T.04
Tth 273
11 th 196
13 th 2.27
17 th 1,47
19 th 1.56
THDY: 8.7

00 W
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E-PILAE

CHODE BRIDGE
RECTIFIER

Figurs 5. Harmenics Compliance Example
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Figure 6, Voltage at Bus 2

4

5 CONCLUSIONS

Discussion given in this paper indicates that;

s A full asseszment of PO dishurbances needs
development of a comprehensive PO
assessment methodelogy,

s Availability of a vanety of study els is
essential  for  implementation of the
methodology.

«  P{) assessmend 15 guite often based on a
combined use of modsling and simulation
as well as data recording and processing
which requires development of dedicated
study environments and wser inlerfaces.
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