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Abstract The scope of a modern electrical engineering curriculum presents a challenging problem. It
is quite difficult to design a well rounded and all-encompassing curriculum in a rapidly evolving field
such as electrical engineering. In this paper, signal processing tools are presented that allow the
student to see immediately the advantages and limitations of these techniques for electric power
‘quality’. Three signal processing techniques are considered: discrete Fourier transforms, wavelet
filters, and discrete short-time Fourier transforms. The paper explains how the course material and
teaching style respond to various requirements for an integrated design experience.
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The electric power industry is undergoing a major change, both technically and polit-
ically. To prepare future engineers for the challenges they will face, educators must
upgrade the power engineering curriculum to reflect changing trends in the indus-
try. One way to respond to the needs of industry is to introduce engineering students
to technologically current approaches while students are still in the classroom
setting. This may be accomplished by combining traditional and new material.

Electric power quality can be loosely defined as a measure of how well electric
power service can be utilized by customers.'® When wave shapes are irregular,
voltage is poorly regulated, harmonics and flicker are present, or there are momen-
tary events that distort the usually sinusoidal wave, and power utilization is
degraded. One refers to these conditions as degradation of power quality.

The subject of power quality engineering truly encompasses most areas of elec-
tric power engineering, from generation to utilization, and power quality engineer-
ing has been a topic of interest from the inception of the power engineering field.
Some contemporary factors have made it the subject of more focused interest,
however. The advent and widespread use of high-power semiconductor switches at
utilization, distribution, and transmission levels has made non-sinusoidal load cur-
rents more common. Deregulation of the power industry has made power quality a
distinguishing feature of distribution service. Losses in transmission and distribu-
tion systems have come under greater scrutiny in recent years, and certain types of
power quality degradation result in losses. For all these reasons, electric power
quality has become an important topic in power engineering.

At the graduate level, research needs, more advanced application areas, and uni-
versity hiring have added impact the doctoral programme. At master level, there is
a special need in the electric power quality area: this is a subject that relates to main-
taining sinusoidal voltage wave shape at all load buses. Increasing reliability and
selling power quality related services, such as unbundled services, are specialized
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niche needs in industry. Equipment manufacturers have also entered the commer-
cial sector in the marketing of new power system components for power quality
enhancement. Power quality has special importance in an educational programme
because it teaches modelling and interactions of large-scale systems. Measurement
and instrumentation also come into play. Power quality issues are relatively new in
power education programmes because of commercial interest in these areas and
because the advent of high power electronic switched loads has resulted in power
quality degradation in some cases.

The role of modeling in power quality assessment and analysis is crucial. For this
reason, modelling is one focus of graduate level power quality courses. Overall, the
power quality course brings together several areas and disciplines in a way that is
informative and motivational to students.

A key element of modemization is the use of computer programs, similar to those
used by industry. Available programs include: PSCAD, MATLAB, Electromagnetic
Transients Program (EMTP), and TOP. They are user friendly and need only a PC.
The TOP program is freeware (http://www.pgsoft.com/top/) allowing students to
study and to experiment outside the university teaching laboratories.

Signal processing tools

In signal processing, the time-frequency domain has often been exploited to analyse
signals with fast-changing spectral contents. Wavelet analysis’” can be used for
similar purposes, and has been exploited recently for several types of voltage and
current disturbances'®"® and for power system protection.'® Several possible power
system applications for wavelet analysis have been proposed: automated disturb-
ance classification;"® recognition using a wavelet-based neural classifier;'’ propaga-
tion of power system transients;” detection of faults;'®"” and visualization of
time-varying harmonics.'® The stated advantage of using wavelets compared to
Fourier transforms'' is the tradeoff between frequency and time resolution at
different frequencies.

The wavelet transform has received a lot of attention in the literature, at the
expense of the short-time Fourier transform (STFT). The advantage of the latter is
its ease of interpretation. Power engineers are used to thinking in terms of sinusoidal
signals and the STFT fits closest to this. Most of the results obtained using wavelets
can equally well be obtained using STFT.

When using wavelet transforms it is often difficult to extract the fundamental or
any other single harmonic component of the signal. For an analysis tool to become
widely accepted in power system engineering, it is important that it enables analy-
sis in terms of harmonic signals. This paper shows how the spectral contents as a
function of time can be obtained by using the STFT.*** Although the STFT has a
fixed frequency resolution for all frequencies once the size of the window is chosen,
it enables easier interpretation in terms of harmonics.

Studies of power quality phenomena have emerged as an important subject in
recent years due to renewed interest in improving the quality of the electricity supply.
As sensitive electronic equipment continues to proliferate, power quality will be
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further emphasized. The identifying features are derived from well-documented the-
ories,>*"**2® power engineers’ heuristics gained through long years of experience,
and power quality data collected in recent years.

Power quality disturbances

Modem adjustable speed drives (ASD) employ power electronic devices to gener-
ate the variable frequency power supply for AC motor speed control, and harmonics
are produced in the process.”” It has commonly been assumed that an ASD can be
modelled as harmonic current sources.

An ASD consists of a rectifier, a direct current link, and an inverter.”® There are
two mechanisms through which an ASD generates harmonic currents. The first
mechanism is the rectifier operation, which injects harmonic currents into the supply
system by an electronic switching process. The second mechanism is the inverter
operation. The inverter can introduce additional ripple into the DC link current. This
ripple in tum can penetrate to the supply system side. The extent and frequency of
inverter-caused ripple are largely a function of inverter design and motor parame-
ters. An ASD can therefore be represented by a generic three-phase bridge converter
circuit. A feature of this circuit is that the inverter and motor are collectively mod-
elled as a current source. The magnitudes and phase angles should be determined
from the inverter design and motor operating conditions.

Capacitor energising transient events are one of the most common transient events
present in power systems. These transient events occur when a capacitor is switched
on. At the switching instant, a fast change in the bus voltage occurs because the
voltage in the capacitor cannot change instantaneously. The transient frequency is
determined by the combination of the capacitance of the capacitor bank and the
system inductance. The oscillation in the voltage waveform lasts for less than half
a cycle of the power frequency.

There are several kinds of capacitor energising event: normal energising, back-
to-back energising, and restrike on capacitor opening events.

We shall present normal energising. Energisation of utility capacitors is a daily
operation in the utility system. They are switched into the system in anticipation of
load increase at a customer site, to correct power factor, to support voltage on the
system, and so on. This energisation of utility capacitors is considered normal ener-
gising. The following are the identifying features of normal capacitor switching.

Overvoltage: At the switching instant, the voltage in the capacitor cannot change
instantaneously. The bus voltage is pulled down, and then rises as the capacitor
begins to charge. During the process, the capacitor voltage may overshoot and ring
at the natural frequency. The overvoltage in normal energising is usually between
1.1 and 1.4p.u.

Polarity and magnitude of step voltage: One of the most common identifying fea-
tures of normal energising of utility capacitors is the ‘polarity’ of the step voltage.
If the power quality monitor is located at or near capacitors that have no series
reactor, a fast initial voltage step will be observed. The voltage step at the instant of
closing cannot go beyond zero if the capacitor has no initial net charge at the closing
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instant or if the capacitor is grounded. If the power quality monitor is located farther
away from the capacitor, the voltage step change may not be observed, or at least it
is not as prominent. In any event, sudden changes of voltage never cross the zero
line, i.e. they do not change polarity. This behaviour is exhibited in nearly all normal
energising of utility capacitors.

Oscillation frequency of the phase voltage during the energising event: The oscil-
lation frequency of the phase voltage during any kind of capacitor energising is gen-
erally between 300 and 1000Hz. Thus, the frequency of oscillation is helpful in
identifying capacitor energising in general, but it cannot be used to discriminate
normal energising from other types of capacitor energising. Extracting the oscilla-
tion frequency from the capacitor energising transients is difficult.

Manified transient voltages: Energising a shunt capacitor from a predominantly
inductive source creates an oscillatory transient voltage that can approach twice
the normal peak voltage. This energising transient is important because it can excite
an LC circuit, resulting in magnified transient voltages at remote locations. When
customers apply low voltage capacitors for power factor correction, significantly
higher transient voltage magnitudes can occur at the low voltage bus. ASDs that
have large capacitors in the DC link to supply voltage source inverters are particu-
larly sensitive to these capacitor switching transients. There are two reasons for this
sensitivity:

1. The DC capacitors form part of an LC circuit (with the inductance between the
drive and the switched capacitor) that can be excited by the capacitor switch-
ing transient. The result is a significant current surge into the DC capacitor,
increasing the voltage on the DC link.

2. The drive controls are very sensitive to overvoltages on the DC link. In order
to protect the DC capacitor and inverter components, controls are usually set to
trip whenever the DC link voltage exceeds approximately 1.2 times the normal
DC voltage.

The result is that small ASDs often trip when utilities switch capacitors on the
primary distribution system.

Case studies

Two case studies are presented. For the purpose of harmonics education, an ASD
with a six-pulse converter is designed and implemented to simulate a nonlinear load.
In EMTP this can be done using MODELS. The simulation examples presented are
based on the EMTP.

Case 1
This case is tested on a system consists of 13 buses and is representative of a
medium-sized industrial plant.”” The system is shown in Fig. 1, and shows normal
energising of the utility capacitor, with the switching instant at 133 ms.

The limitations of the DFT for non-periodic signals can be illustrated using
a signal containing a transient impulse; such a signal is typical of a capacitor
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Fig. 1 Medium-sized industrial plant.

switching transient. The waveforms are shown in Figs 2 and 3 and the resulting DFT
outputs are depicted in Figs 4 and 5. These figures were obtained using TOP.*

Figures 6 and 7 show two examples in which discrete STFT is used to obtain
pseudo-harmonic signals. Figures 6 and 7 are associated with a high-frequency-
resolution and a high-time-resolution case, respectively. Since the product of time
and frequency resolution remains a constant according to the Heisenberg-Gabor
uncertainty principle,®

Af At > 1/4x (1)

High frequency resolution implies a low time resolution, and vice versa.

Figure 6 shows the output from STFT, with the size of the Hamming window
L =256 corresponding to a higher resolution in the frequency domain. The window
size of one cycle restricts time resolution to within one cycle. This value was chosen
experimentally because it presents good frequency resolution. The sampling fre-
quency was set at 4kHz, which satisfies the Nyquist limit. High frequency resolu-
tion harmonic signals may provide useful information for analysing power system
harmonics. A larger harmonic component is represented by a brighter area.

In Figure 7 the Hamming window size is L = 16, containing only a quartercycle
of the signal, resulting in a higher time resolution. The sampling frequency was set
at 13.5kHz. Each filter output contains a large number of harmonic frequencies,
which is not very useful for harmonic-related analysis. However, this output is useful
to detect transient changes in a signal.
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Fig. 3 Waveforms. Energising of utility capacitor.
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Fig. 5 Discrete Fourier Transform. Energising of utility capacitor.
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Fig. 7 Outputs from discrete STFT. Energising of utility capacitor.
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Fig. 8 Outputs from wavelet. Current due to ASD.

By applying dyadic Daubechies wavelets, the time-frequency diagram of the indi-
vidual waveforms is obtained, as shown in Figs 8 and 9 for frequency components
from 60 to 960Hz. As indicated for the discrete STFT, a larger harmonic compo-
nent is represented by a brighter area. Observation of these figures reveals the most
significant harmonics compared with others.* These diagrams can be used for filter
design in order to suppress unwanted distortion. In addition, they are also beneficial
for making decisions. Figures 6-9 were obtained using MATLAB.*

Case 2
The transient overvoltage of a capacitor switching event frequently causes protec-
tion equipment to operate to disconnect the customer load. ASDs tend to be particu-
larly susceptible to this problem because overvoltage protection thresholds are lower
than in other customer equipment to protect the semiconductor components.

The general circuit illustrated in Fig. 10 is used to illustrate this concern and to
evaluate the various parameters which affect the DC overvoltage the occurs during
capacitor switching. The base conditions for this analysis are as follows:
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Fig. 9  Outputs from wavelet. Energising of utility capacitor.

System source strength at the substation = 200 MVA
Switched capacitor bank size = 3 Mvar

Total feeder load = SMW

Customer transformer size = 1500kVA (6% impedance)
Customer power factor correction = Qkvar

Customer resistive load = 200 kW

DC capacitor size = 400 uF

ASD choke size = 0.5mH

The circuit in Fig. 10 is the basis for the EMTP model. Figures 11 and 12 provide
typical waveforms for the base case conditions, which illustrate the concerns about
transient overvoltage on the DC link. Figure 11 shows the transient current on the
DC side. Note that the transient lasts for only one half cycle of the oscillation fre-
quency (300-800Hz). This is because the transient current charges up the DC bus
(Fig. 12) and the diodes in the rectifier front end cannot conduct again until the DC
voltage decays.
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Fig. 11 ASD DC output current.
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Fig. 12 ASD DC link voltage.

By employing wavelets, the time-frequency diagram of the individual waveforms
can be obtained, as shown in Figs 13 and 14.

Outcomes and assessment

While the students were provided with harmonics and their impact on distribution
systems, they were also given the opportunity to renegotiate the scope or project
task at any time. Students were told to consider themselves to be employees of a
company. Individual initiative in identifying and formulating alternative approaches
or tasks which address the general problem was rewarded.

Some of the knowledge, tools and components used in these design projects were
not available a few years ago. The design projects use the same tools and methods
currently used in industry, e.g. TOP and EMTP, to address realistic and emerg-
ing challenges for the electric power industry. The authors have used these tools to
teach a group of 40 graduates learning signal processing theory and power quality
concepts.

To determine how these tools and techniques were being used, students were
asked to answer several questionnaires throughout the term. The questionnaire
included a question on the student expectation of the use of these tools. Students
feedback indicates that theoretical developments in lectures on power systems were
only appreciated after the uses of these tools.

Several students indicated in their answers that the theory made a lot more sense
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Fig. 13 Outputs from wavelet. ASD DC output current.

after using these techniques. The students liked the use of signal processing tools
and felt that they provided insight into how the methods could be applied to more
complex industrial applications.

Conclusions

The objectives of this course are straightforward. First and foremost, students who
complete the course should be able to use and understand the signal processing tools.
This means that the students must have a fundamental understanding of time and
frequency domain analysis.

The course described in this paper has been well received by students, as evi-
denced by both the increasing embolients and quarterly course evaluations. The
authors of this paper have found this course to offer fertile ground for introducing
new topics into the electric power curriculum while stimulating students enthusiasm
by using innovative teaching techniques, using industry grade tools, addressing con-
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Fig. 14  Outputs from wavelet. ASD DC link voltage.

temporary issues in electric power, and promoting efficient communication in a team
setting. With this course, electrical engineering curricula offer hands-on experience
in application signal processing tools and power quality.

References

1 W. Shepherd and P. Zand, Energy Flow and Power Factor in Non sinusoidal Circuits (Cambridge
University Press, Cambridge, 1979).

2 G. T. Heydt, Electric Power Quality (Stars in a Circle Publications, Scottsdale, AZ, 1996).

3 R. C. Dugan, M. F. McGranaghan and H. W. Beaty, Electrical Power Systems Quality
(McGraw-Hill, New York, 1996).

4 B. W. Kennedy, Power Quality Primer (McGraw-Hill, New York, 2000).

5 M. H. J. Bollen, Understanding Power Quality Problems-Voltage Sags and Interruptions (IEEE
Press, Piscataway, NJ, 2000).

6 G. Porter and J. A. Van Sciver, Power Quality Solutions: Case studies for Trouble-shooters
(Fairmont Press, Lilburn, GA, 1998).

7 G. Strang and T. Nguyen, Wavelets and Filter Banks (Wellesley Cambridge Press, 1996).

International Journal of Electrical Engineering Education 41/1



42 F. Jurado and M. Valverde
8 C. K. Chui, A. K. Chan and S. J. Liu, Wavelets in a Box (Academic Press, New York, 1998).
9 S. Mallat and W. L. Hwang, ‘Singularity detection and processing with wavelets’, IEEE Trans. Inf.
Theory, 38 (1992), 617-643.

10 S. Santoso, E. J. Powers, W. M. Grady and A. C. Parsons, ‘Power quality disturbance waveform
recognition using wavelet-based neural classifier. I. Theoretical foundation’, IEEE Trans. Power
Deliv., 15 (2000), 222-228.

11 W. A. Wilkinson and M. D. Cox, ‘Discrete wavelet analysis of power system transients’, IEEE Trans.
Power Syst., 11 (1996), 2038-2044.

12 G. T. Heydt and A. W. Galli, ‘Transient power quality problems analyzed using wavelets’, /EEE
Trans. Power Deliv., 12 (1997), 908-915.

13 L. Angrisani, P. Daponte, M. D’ Apuzzo and A. Testa, ‘A measurement method based on the wavelet
transform for power quality analysis’, IEEE Trans. Power Deliv., 13 (1998), 990-998.

14 T. Zheng and E. B. Makram, ‘Wavelet representation of voltage flicker’, Electr. Power Syst. Res.,
48(2) (1998), 133-140.

15 C.T. Hsieh, S. J. Huang and C. L. Huang, ‘Data reduction of power quality disturbances-a wavelet
transform approach’, Electr. Power Syst. Res., 47(2) (1998), 79-86.

16  O. Chaari, M. Meunier and F. Brouaye, ‘Wavelets: A new tool for the resonant grounded power dis-
tribution system relaying’, IEEE Trans. Power Deliv., 11 (1996), 1301-1308.

17 W. Zhao, Y. H. Song and Y. Min, ‘Wavelet analysis based scheme for fault detection and classifi-
cation in underground power cable systems’, Electr. Power Syst. Res., 53(1) (2000), 23-30.

18 S.J. Huang and C. T. Hsieh, ‘Visualizing time-varying power system harmonics using a Morlet
wavelet transform approach’, Electr. Power Syst. Res., 58(2) (2001), 81-88.

19 G. P. Tolstov and R. A. Silverman (Translator), Fourier Series (Dover Publications, New York,
1976).

20 Y. H. Gu and M. H. J. Bollen, ‘Time-frequency and time-scale domain analysis of voltage disturb-
ances’, IEEE Trans. Power Deliv., 15 (2000), 1279-1284.

21 J. Arrillaga, N. R. Watson and S. Chen, Power System Quality Assessment (John Wiley, Chichester,
2000).

22 L. R. Rabiner and R. W. Schafer, Digital Processing of Speech Signals (Prentice-Hall, New York,
1978).

23 B. Hannaford and S. Lehamn, ‘Short time Fourier analysis of the electromyogram: Fast movements
and constant contraction’, IEEE Trans. Biomed. Eng., 33 (1986), 1173-1181.

24 A. Greenwood, Electrical Transients in Power Systems, 2nd edn (John Wiley & Sons, New York,
1991).

25 R. C. Dugan, M. F. McGranaghan and H. W. Beaty, Electrical Power Systems Quality
(McGraw-Hill, New York, 1996).

26 P. Chowdhuri, Electromagnetic Transients in Power Systems (Research Studies Press, Somersent,
1996).

27  W. Xu, H. W. Dommel, M. B. Hughes, G. W. K. Chang and L. Tan, ‘Modelling of adjustable speed
drives for power system harmonic analysis’, IEEE Trans. Power Deliv., 14 (1999), 595-601.

28 N. Mohan, T. M. Undeland and W. P. Robbins, Power Electronics (John Wiley, Chichester, 1995).

29 IEEE Task Force on Harmonics Modeling and Simulation, ‘Test systems for harmonics modeling
and simulation’, IEEE Trans. Power Deliv., 14 (1999), 579-587.

30 TOP, The Output Processor (Electrotek Concepts, Inc., USA, 2001).

31 A. Teolis, Computational Signal Processing With Wavelets (Applied and Numerical Harmonic
Analysis) (Springer Verlag, Berlin, 1998).

32 MATLAB (Math Works, Inc., Natick, MA, 2000).

International Journal of Electrical Engineering Education 41/1



