Ingenieria e Investigacion

ISSN: 0120-5609
revii_bog@unal.edu.co
Universidad Nacional de Colombia
Colombia

Estrada, J. H.; Cano-Plata, E. A.; Younes-Velosa, C.; Cortés, C. L.
Entropy and coefficient of variation (CV) as tools for assessing power quality
Ingenieria e Investigacion, vol. 31, nim. 2, octubre, 2011, pp. 45-50
Universidad Nacional de Colombia
Bogotéa, Colombia

Available in: http://www.redalyc.org/articulo.oa?id=64322338007

How to cite [ &\_ /"

Complete issue o .
P Scientific Information System

More information about this article Network of Scientific Journals from Latin America, the Caribbean, Spain and Portugal
Journal's homepage in redalyc.org Non-profit academic project, developed under the open access initiative


http://www.redalyc.org/revista.oa?id=643
http://www.redalyc.org/articulo.oa?id=64322338007
http://www.redalyc.org/comocitar.oa?id=64322338007
http://www.redalyc.org/fasciculo.oa?id=643&numero=22338
http://www.redalyc.org/articulo.oa?id=64322338007
http://www.redalyc.org/revista.oa?id=643
http://www.redalyc.org

REVISTA INGENIERIA E INVESTIGACION Vol. 31 Suplemento No.2 (SICEL 2011), OCTUBRE DE 2011 (45-50)

Entropy and coefficient of variation (CV) as tols assessing power
quality

Entropia y coeficiente de variacion (CV) como herientas para evaluar la calidad de [
energia

J. H. Estrada E. A. Cano-Plafa C.Younes-VelosaC. L. Corté$

Abstract—This paper presents several concepts and techniggie fisicos. En este contexto, la entropia describe é@mplejidad de la

for quantifying electric signal entropy and variability for
assessing power quality, showing their irregularigs, such as the
electrical sine wave which delivers power to indusg and homes.
The paper will review these concepts and show sonmeagnetic
radiated waves measurements taken below 115 KV etdcity line
circuits in the city of Manizales (Colombia) throudh non-invasive
and indirect measurement of the complexity of the wrent
transported by the supply.

Entropy, as an accepted indicator of physical compkity, is
proportional to the logarithm of the number of states in a
thermodynamic system. Some writers have identifieéntropy as
being system disorder, but this is not completelyrtie. Entropy of
information was first defined by Shannon in 1949 ad it is
applied to many physical events. Entropy has beensad for
describing the complexity of the magnetic wave radied by the
line in this paper.

Furthermore, the magnetic waves’ spectral and amplude
coefficient of variation (CV) were obtained using amulti-

resolution wavelet algorithm which measures data dtribution

dispersion. It is a dimensionless number allowinghe variation of
magnetic radiated data having significantly differat mean values
to be compared to a 60 Hz pure magnetic wave as ezénce.

Keywords: Power Quality, Harmonics, Entropy, Wavelets, non-
linear loads, Magnetic wave, Coefficient of variatn.

Resumen—Este articulo presenta varios conceptos técnicosm

cuantificar la entropia de la sefial eléctrica 'y lavariabilidad con

el fin de evaluar la calidad de la energia, mostralo sus irre-
gularidades, como la onda sinusoidal eléctrica, quaiministra

energiaa la industria y a los hogares. El documemt exami-
nard estos conceptos y mostrard algunas medidas odedas
magnéticas radiadas por los circuitos de las lineadéctricas de la
ciudad de Manizales (Colombia) tomadas por debajoed115 KV,
por medio deuna medicibn noinvasivae indirecta ala
complejidad de la corriente transportada por el surmistro.

La entropia, como un indicador aceptado de la comgjidad de

la realidad fisica, es proporcional al logaritmo de nimero de
estados enun sistema termodindmico. Algunos autare iden-
tifican la entropia como un desorden de un sistemaero esto
no es del todo cierto. La entropia de la informacid se definié por
primera vez por Shannon en 1949, y se aplica a mifilles eventos
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onda magnética radiada por la linea.

Ademas, se obtuvo el coeficiente de variacién (C¥spectral y de
amplitud de las ondas magnéticas con un algoritmo ®W/elet de
multirresolucion, que permite la medicién de la dipersion en la
distribucion de datos. Es un nimero adimensional qufacilita la
comparacién dela variacion de los datos magnéticosa-
diados, con valores medios muy diferentes, frente utma onda
magnética pura de 60 Hz como referencia.

Palabras claves: Calidad de la energia, armoénicos, entropia,
Wavelets, cargas no-lineales, onda magnética, caéinte de
variacién

I. INTRODUCTION

The users of electricity (industrial and domestic) a
concerned about electric power quality, since poor qua
causes damage and malfunctions for different kinds of Ic
(Santoscet al., 1996). Some industries are very sensitive a
many losses occur from instabilities, harmonic distortio
shorts, line disturbances, impulses, notches, glitch
interruptions, over voltages, under voltages, wave fau
computer lockups, flicker, equipment damage (at part
load),data processing equipment PFC instability, ovengad
problems when switching heavy loads, overheated neu
wiring, problems with long lines, nuisance trippingility
metering claims, etc. There is thus great interest in impgov
electric power quality to lower the cost of protectio
equipment (Santos@&t al., 1996). Many sources of sucl
disturbances must be identified to take appropriate actior
mitigate such effects.

There are several commercialtools for protection, such
surge protection, UPS, true RMS metering equipme
dedicated circuits, total rewiring, meshed earth passivesfilte
active conditioner, TN-S rewiring, etc.

Upsized neutral comparison of adjacent cycles, netl
networks, wavelet transforms for analysing harmor
distortion are methods for evaluating power quality (Santc
et al., 1996); they all have advantages and drawbacks. T
paper proposes using an entropy and coefficient oati@ni
(CV)for multi-resolution wavelet transform analysis toatee
indicators by comparing magnetic radiated waves from I
lines to clean 60 Hz magnetic radiated waves as reference.

Entropy is an intuitive procedure because it can visug
distinguish between a clean and distorted signal. Furthreym
entropy is independent of absolute scales such
signalamplitude or frequency. Signalentropy can be compu
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in two ways: Shannon entropy is considered in the tirv#avelet theory has many applications. Wavelet transfor
domain and spectral entropy in the frequency domain. May be understood as time-frequency representation
combination of time and frequency domains is desirable dnalogue signals, so they can be related to harmonic anal
optimise this. Wavelet transforms use discrete-time filter banks. They
The CV is obtained via multi-resolution waveletalled the wavelet and scaling coefficients in wavelet thec
transform;this is a mathematical tool, similar to Fouriérhese filter banks may include finite-impulse response)(Fl
transform,for analysing stationary and non-stationarmad§y or infinite impulse response (lIR) filters. Wavele
by their decomposition into different scales having défer transformsare divided into continuous, discrete and mu
levels ofresolution. Such decomposition is possible becaussolution-based.
wavelet transform is supported by a predictable signal.

The signal of interest may be represented on every freque
A. Multi-scale entropy, coefficient of variation and band between f and 2f fé»0. The signal can thus be rebuil

wavelet multi resolutionfor processing data by integration on all bands.

Shannon (Shannon, 1948) proposed entrbippf arandom The mother wavelet may be written as (Burrus, 1998):
variable X, having multiple valuesy{, ...x.} as,

Cn o :sin(2nt)— singt )
H(X) = E(1 (X)) @ @(t)=2sin(2 )- sirc { ) p 4

Ewas the expected value one expects,lianthe amount Child wavelets are defined as:
ofinformation ofX.

1 t-b
I(X) is defined as a random varialpléndicatesthe probability ‘//a,b (t) —T‘/’ 7 (5)
function of X, then, the entropy canbe written as(Shannon, a
1948):

X takes the following form:

H(X) =2, pOON(X) =2 p(X)log, PX)@  x (1) = [WT,03(a b @49 dbe)

The entropy (ApEn) derived from the above equation is"{10se wavelet coefficients are:
statistical expression quantifying regularity and compyexi

having many potential applications to a wide variety of areas Wﬂa{ R(ah = <X 7, b> = J‘ X, (Ddt ()
0

with relatively short (greater than 100 points) and wois

time-series data, and is applied in this paper to magnetic

waves radiated by HV lines, thereby permitting a great amoynt . .

of powerto be analysed. The theory of complex systeras computer program ba_sed on multl-resolutllon wavelet w

not yetbeen completely delineated. As electric engineers beﬂﬁr‘?d to compute the CV in multiple scales by:

to work on complex systems, they will obtain better

understanding of their properties and how to use them to X, (t) :I\/\/Tw{)g,( ab w,()db@®)

analyse power; however, the idea differs from engineer to ‘ '

engineer. The complex systems studied to date have been

biological ones, i.e. systems related to people: individuaj any wavelet transform there are a finite number of wave

groups, culture, internet, electric power networks, etc. coefficients on the upper half plane. Each coefficient needs
application of an integral. To make it easy, one can use

The CV is denoted as the ratio of standard devia@brto auxiliary function: the father wavelgp(] L*([] ) . Subspaces

mean A/ (Shannon, 1948): can thus be constructed from the father wavelet:
o - V,, = span(g,,:n00), whereg, =2"?¢(2™t-n)
| 1] (9)andW,_, = span(y,,, :nO0) where

=22y (27"t —n) (10).
This is the inverse of the signal to noise ratio. The €V |wm‘n ¥l ) (10
defined for non-zero mean and the absolute value is taken for
the mean to be sure it is positive; it can also be expressed as
percentage (CV multiplied by 100%).
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Such sub spaces are the is for creaing the multiple-
resolution scale

B. Tools and methods
TABLE |

grained time serie:Applying MSE software
to amagnetic time series, used the follow
parameters values: r = 0.15 and m

2 parameters values: r =0.15 and m

Step Computaibnal Too
Hardware 16 bits Dsp converter contained in the
sound blast¢
Magnetic fieldmeterref:MCI-190
Acquisitior Cool edit softwar
Formatting Microsoft Office Wort
Proces Wavelet EM

Wavelet EM: wavelet multi resolutioiThe
power quality analysis technique (pgA
proposed by Cano et al. (20(usingMatlab
platform, is a technique that uses multile
onedimensional wavelet analysisf time
series to calculate the decomposition le'
that will provide information about th
magneic wave radiated byn HV line.

Multi- scale entropy (MSl
Microsoft Office Exce

The procedurefor usng software for
analysingentropy on multiple scales is

follows: free domain MSE based in

language sourcewas downloaded for a
programme that peforms mult-scale
entropy analysis. The progrme can be
compiled using any ANSI/ISO C compile
and should be linked to the C math library
only useghe sqgrt function from that library
For example, using the freely available Gl
C compiler, mse.c n be compiled into a
executable mseThe values of parametem
andr defining pattern length and similari
criterion,respectively, have to be fix to
calculate entrog; their default values ar
m=2 andr = 0.15. ptions-m and -rmay
be used to cinge the default values. It
possible to run MSE for a set of differem
andr values using option-M, -b, -Rand-c
specifying respectively, maximurm value,
the difference between consecutm values,
maximum r value and the differenc
between conwcutive r values. The entir
magnetic series or a segment may
selected for MSE analysis. By def; the
first 40,000 data points (or the entire ti
series if it contains fewer than 40,000 c
points) are select.

The user may select a different sent
using optionsi and-l specifjingasegmer’s
first and last points. MSE data is calcula
for a range of scales, typically from 1 to
data points. Each scale defines the lengt
the window used for building the coa-

Il. DATA AND CONCLUSIONS

Figures 1 and isuggesian industrial networthaving high
harmonic generation. To understand in suchpower systenr
a harmoniccan e defiredas asinusoidal component of
periodic wave having a frequency that is an integmuatiple of
fundamental frequency. Tt, for a power systenhavingf,
fundamental frequency, the freque of the h-th order ofthe
harmonicwould behf,. Harmonics are often used to def
distorted sine waves associated with currents avithges
having different amplitudes and frequencentropy
evaluatioiis usedor this (Figure 1).

A distorted periodic wave shape of any conceivablgpe
can be composelly using different harmonic frequenciat
different amplitudes. Conversely, any distortediquic wave
shapecanbe decomposdinto a fundamental wave and a se
highharmonic entrop). This technique canbe used fo
systematically anasing the effects of nonlinear elements
power systemvia nor-intrusive measurement technis.

Most elements and loads in a power system resjansame
in positive and negative hcycles. The procced voltages an
currents have hewave symmetry. Therefore, harmonics
even orders are not characteristic. Also, triplesil{iples of
third harmonic) caralway< be blocked by using thr-phase
ungrounde-wye or delta transformer connections in a kced
system, because triples are entirely zero sequEven-ordered
and triples arethus often ignored in harmonic analys
Generally, the frequencies of interests for harmanialysis ar
limited to the 5\“‘multiple; the rate between the noise and al
is thusused. Figure

Multi-scale entropy (Time domain)
0,16

Ve

1 2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20
Scales
« Industrial Magnetic Field
Reference Magnetic Field 60hz

Residential Magnetic Field

Figure 1.
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Figures 1 and 5 show a lot of harmonic sots. The static
power converteis the main source of harmonin the powe
systen.

The current harmonics generated by p-pulse line-
commutated converter can be cheerised by I, =1,/h and
h=pn+1 (characteristic harmonicin ideal operating
condition;, where n =1, 2, ... an p is an integral multiples ¢
six. If the converter input voltages are unbalancedinequa
commutating reactan exists between phases or unequ
spaced firing pulses are present in the converiggdn then th
converter will produce ne¢-characteristic harmonics in additi
to the characteristiones. Nor-characteristic harmonics &
those that are not integerultiples of the fundamental pow
frequenc; this is traditional in industrial feeders, as besen
in Figure 2.

Multi-scale entropy (Frequency domain)
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Figure 4.

Figures 2 and 4 also show great harmactivity, especially
in the industrial networkHarmonic frequecies which are not
integral multiples of the fundamental power frequerare
usually called inter harmonics. This phenomenon te
evaluated more exactly using the entropy methodma#jor
source of inter harmonics is the cycle conve(Figure 2). One
special subset of inter harmonics is called-harmonic; they
have frequency values that are less than that at of
fundamental frequency. Lighting flicker is one ication of the
presence of si-harmonics. A we-known source of flicker i
the arc funace.

Figure 1 shows higher entropy values for the indus
power radiated magnetic waves network caused by rect
AC andDC motor controllers, adjustable frequerAC motor
circuits, uninterruptable power supplies (UPS), arc furr
static and dyamic motors and generators, cycle conver
motor starters, electronic lighting, switch mode power sep
etc. These loads are sensed as nonlinear loads ar
magnetically coupled to the HV lir,therebyincreasing tht
complexity of the industrial ngnetic wave by introdiing
additional waves as harmoni

Entropy means higher complexity, understood as hi
harmoniccontent; his affects and distorts thwaveform
(Figure £). Industrial higher entropy is caused by nonlir
loads which may be conered as additional electric
generators in parallel to the main gener The generator i
built to produce sinusoidal voltage , when nonlinear currel
is taken, the harmonic currents interact with sys
impedance causing voltage distortion. Thi<o means highe
entropy

An industrial network Figure 5) contains comple
magnetic wavs that repeain a given patter; however,suc
pattern is far froma sine wave.The complex wavethus
consists not only of one frequency sine wébut also a
number of ifferent frequency superimpossine wave. In the
time domain, the repeated time of the w's pattern gives th
period of lowest frequency contained within the com
magnetic wave. All other frequencies are integer multipfe
this lowest frequency. e complex radiated magnetic wave
created by resonances whose frequencies are harmoi
related,emitting other complex tones. Higher entropy (an
industrial network) suggesan irregular shapd envelopefor
the wave in the time doma
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It should be emphasied that the percentage of tc
harmonic current distortiois notthe mainconcernhere; he
magnitude of the harmonic currents is more important.
magnitudes of these harmonic currents interacting
impedances produces total harmonictage distortion(see
Figure €).Total harmonic voltage distortion thus themair
preoccupatiorfor decreasingadverse effectin an installed
systen;the intention of harmonic mitigatiomust thus beto
reduce total harmonic voltage distorti

Figure 1, ndicates lower entropy fca residential networl
(seeFigure 7) because the magnetic wave is sir,having
less harmonconten. The magnetic residence wave measi
below the HV line is a pure o, consising of a single
frequency. The magnetic wave kg recorded is n almost
perfect sine patte, repeated over and ovaging ata given
repetition rate

Figure 3 shows the coefficient of variation for multi
scale decomposition. As expected by theory, its viwas
zero. However, the coefficient of véation for industria
network increasd suddenljor scales 18 and 19, indicati
high noiscconten.

Industrial Magnetic Field
0.02 T T T T T T T T

D015t : ; : |

0.005

Magnitude [pT)

-0.005 : ; ‘
001 ¢
0015

002 -

e ; : i i ;
0 20 40 B0 a0 100
Tirne (ms)

i i i
120 140 160 180

Figure 5The dashed sine exhibits high harmcontent

Industrial Magnetic Field
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0o1a

DU | ot s Lo

Magnitude (pT)

T b e e S

14 24
Time [ ms)

Figure 6. Zoorimg onto the waves peak shows high harmocontent

(R ol R ORI

It should beremembeedthet CV is defined as the ratio
noise to signal. Tis means thathe magntc wave begins t
be similar t«noisefor suchscale; suchconclusion agrees wi
higher entropy foran industrial network. It must thus
beacceptedthanoise generatic from higk-voltage linesis

caused by the discharge of energy when electrical

strength is greater than 'breakdown strength' (the

intensity needed to initiate a flow of electric current) ofafe
around the conductor. This discharge also causes radic, a
visible light close to the conduct(energy loss known ¢
corona los). Corona dischargédntensity and the resultir
noise are affected by weatt(humidity, air density, wind an
water) Wate, in the form of rain or fog, increases 1
conductivity  the airtherebyincreasing discharintensity.
Also, defectsin the conductor, like sharp points and
contaminants, may increase corona acti

Residential Magnetic Field
B : ! ! ! ; : ! !

0.z

Magnitude (pT)

ok s ...... o ....... ...... [ ....... o B J

i) e — ......... op— ........ ......... LA ......... R J

04 i i i i ;
1] 20 40 50 80 100
Time (ms)

Figure 7. Residential network magnetic wave is@lds a pure sir

i 1 1
120 140 160 180

Higher industrial network entry mayalsobeexplained by
inter harmonics(Figure €. As well a: harmonics, othe
frequencies can be meast,thougt not beingan integer o
the fundamental. They surge as discrete frequencies incre
the spectrum. Inter harmonics can be considerda system’s
harmonic componentinter-modulatirg with other frequenc
elements. These can be observed with nonlinear loads:
AC frequency converter drives, as cycle converiThepeak
voltage deviations caused inter harmonic voltagthus also
increas the CV(Kgure €).

FFT Industrial Magnetic Field

Magnitude (pT)

i] 500

1000

1500 2000 2500 3000 3500 4000 4500 50001

Freguency (hz)

Figure 8. Spectrum showing harmonics caused b-linear load

REVISTA INGENIERIA E INVESTIGACION Vol. 31 Suplemento No.2 (SICEL 2011), OCTUBRE DE 2011 (45-50)49



ENTROPY AND COEFFICIENT OF VARIATION (CV) AS TOOLS FOR ASSESSING POWER QUALITY

FFT Residential Magnetic Field
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Figure 9. The residential network also shows haios

Figure 2 shoved entropy in the frequency dom. Here,
higher entropy meana wider spectrum: powelinecables
syplying  harmonic loads, introdingelectromagneti
interferenc(EMI). High entropy valuemay b¢ observed fo
the industrial network on scales 1, 2 andHigh-voltage
transmission lin€EMI field is caused by corona, as explair
before. The corona effectadds more frequencin the
frequency domain,thereby increasing entropy ancthe
spectrurr Such “EMI noise” interferes with telephones
televisions, radios, computers, control systems and tthes
of electronic equipmer

Figure 4 indicates zerCV for the first 16 scales. F«
further scales, the fundamental frequency suffers ¢
deviation andthe presence of harmonictigure 8), cause
especially by no-lineal load which reflects on the me
generator. Power systems designed to work 60 Hz
fundameral frequency are prone to erronedehaviour.The
Figure thus shows fundamental frequency drift as m
nonlinear loads are connecteca network.

A. Benéfits of a macro network power quality
monitoring for quality assessment
e Carrying ou prevenatve and [redictive
maintenance, identifying the source and timing
events causing damages or -functioning;
* Develofing new schedules assisted by new qui
trends;
* Creaing plans and strategies to mitigate harmonic
reducelamagcaused tequipment;
e Analysing harmonics and impring factor
correction, by adjusting active and passive fi;
* Improving equipment opereon and performang;
» Evaluaing electric and electronic netwcsensitivity
to disturbanc;
e Servidng many utilitiesto performfor their industial
and key custome;
 Detecing, solving and prevering problems
regardingcustomer power syste;;

e Monitoring for information about disturbance
preventing user complair; anc
< Protecing (enhancin¢ power quality reputatio
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