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Abstract - Fower quality assessment requires definition of powser
quality indicators so thal a given power system disturbance and re-
lated signal distoriion can be qeastified and eventually related to
a cost criteria. Typical power quality indicators considered 5o far
inelude harmonics and harmonic poser unider varioes types al lsade.
Dine b the varlous types of loads and power system aperating con-
ditions, it is desirable that a wide range of powser quality indicators
are defimed 1o cover various types of power system disturbances and
signal distortions.

This paper introduces new digitsl signal processing algorithms
that can be used to measure varices power system indicators which,
in turn, may be ulilized for poser quality assessment.
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Digital Measuremeats, [Ngital Algarithms

INTRODUCTION

Power qeality is an issme that has sttvacted wide interest in
recent years, This is & natural development since istroduction of
some sew types of electronie koads and control equipment have pro
duced a situstion where either these devices are very semsilive Lo the
power system disturbances o1 they create disturbances themselves,
As a result, a number of reseanch projects were initiated withis aca
demic community [1] and power industry [2]. The JEEE has also
been addressing this problem through working groups reports [1].
and standards [4].

An inwesesting observation comisg from a recest survey of re-
wearch directions is that despite significast research results obtained
s far, the power guality problem still remains loceely defined and
larks widely adopted ag 1 on the fund tal concepls is-
valved [3]. Future research will, therefore, still need Lo continue 1o
comcentrate on almaost all the different aspects af this problem.

This paper is focusing on a fendamesial issue of haw to quan-
tify power disturbasces so that various indicators for power quality
can ke sstablithed and correlated 1o & cost eriteria for power quality
improvemment /deterioration. The first step in thie conskdération s
1o identily quantities that peed to be measured and to define oo
responding measurement algorithms that will prodece an indicator
representing gives distarbance. These values can furthes be wsed to
derive various indexes for power quality assessment.

The problem of defining various meassrement algorithms has
prompted a need io define processing conditions for power signal
analysis since the measurement algorithma are, indeed, clearly de-
fined only under & given set of assumptions about signal character
istice, The authors have dealt, in this paper, with digital teckniques
far measurement algorithm definition which assume that power sy
tem voltages and currents are sampled and processed digitally to
produce a defined quantily.

Am carlier study of algorithme for power system protection and
manitaring, performed by the suthars over Lhe pasl &0 yrars, re
sulted in & definition of a new digilal sigeal processing form [6]. I
can be utilized to define & number of digital algerithme for measure-
ment of well defined quantities such as power, line parameters and
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frequency [T-9]. Further stedy isdicated that the same digatal sig
nal processing approach can be utilised 1o define algarithms for the
power quality related measinmements.

The first part of the paper gives discussion of the signal analysis
problem by providing classifieatins of the assumptions about signal
charscteristics. Specific characterstics are a consequence of differ-
enl power system disturbances. The next two sections introduce two
different classes of digital signal processing algorithms, These algo-
rithms can be wtilized for measurement of vasioes quantities whick
may be used to characierize gives disturbances. Am approach o
power quality assessment based o8 varicss measurements i
trated by some examples given i the [ollowing section. Conclusions
and future research activities are outlined at the end.

SIGNAL ANALYSIS CONSIDERATIONS

In order to emphasize the importance of signal analysis eon-
siderations, a block diagram of tke signal processing involved in &

digital measurement is gives in Figure 1
Quantily
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It is well known in the signal processing i oatl &l of the

Figure 1. Signal Processing Steps
processing #1eps indi .ol i Figure 1 have 1o le oo iy designed

1o matel gven signal rharacteristics. This requeres analysis of signals
to determine their characteristics. 10 is impustant to indicate that
false assumptions may lead to inappropriate design of the signal
processing steps which, in lurn, may produce measured quantities
that do not reflect existing sgnal characteristics,
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1t is. therefore, extremely important to understand chasacteris-
tics of the sigeal disturbasces sssochated with power quality changes
w0 that appropriate signal processing stepe may be designed to al-
low measurements of the quantities that, indeed, characterize the
disturbances.

The anthors have analyzed typical signal disterbances assori-
ated with power quality indicators such as over voltages, under volt
ages, power cutages, voltige Bickess, switching transients, wpikes, im
pulses, carrent harmonic distortions, ste. The following two classes
of assumptioss about signal characteristics have hoen identified as
result of the signal analysis:

Class I A dominant signal component i & single harmanic whose
frequency may slightly vary. This signal may shortly (ot
on & periodic basis] be rorrupted by some other known sig:
nal companents such as other harmaonics and subharmanics,
transients and noise.

("lass [1: The mais signal is periodic snd may consist of & nember of
harmonic campanents that are alse perbodic.

Itisimportant to note that a Class 1 signal such as the simusoidal
anes i8 straaght forward 1o handle breanse measurement quastities

surh as amplitade, phase, frequency. active pwer, Teaciive pars el
O TROB(442. 5 A TE) (0D 992 IEEE



apparenl power, and power factor are well defined for sinusondal
signals. If the signal contains some known disturbances, digital al-
gorithms can be defined 1o messure either the fundamental signal
quantities or the disturbances quite accurately. In this case, the use
al aaly wveral camples i & cyele may be sufficient to perform the de-
sired meassrement. By monitoring the measired guantities ose can
perform power gualily assessment sither by determining that the
fundamental signal quantitics or the disturbance levels caused by
superposition of seme ather signals are different fram the expected
vilues,

The Class 1] shgnals sre more difficilt to handle since the quan-
tities that are well defined for Class [ signals are nol that well defised
for this case. Since the standard quantities are nod directly applica-
ble vix Claes 11 sagmals, there is & disagreement about their definitions
for the Class I1 signal conditions. Typical examples are definitions
of ibe power and the power factor e nonlinear and wnbalaseed
sitwations [10-12]. Further characteristic of Class 11 signals is that
measurement of these quantities requires synchronized samples Laken
in the entire cycle of the periodic signal. Both signals in Class [ and
Class Il may be pollated by & posse.

Befare different algomthme for measusement of varicus quanti-
ties for the two signal classes are introduced, Figure 2 is presented
to illestrate typical signal disturbances for both of the classes [13]
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Figure 2. Typical Signal Classes [13]
ALGORITHMS FOR CLASS I SIGNALS

Let us assume that samples of signals o{n ) and p(n ) are availalde
&t time instances AL In that case, for & pure harmosic signal, the
discrete Tarma are equal too

#(n) = X cosnf
where: & = ¥ - At

A definition of the new signal processing algorithm form b
been introduced esarlier Lo denote & guadratic form {Q-Form) as
follows 6]

pimh = ¥ cosink 4 &) m
@= phase dillerence,

Nail W=}
QFXHin} =3 % henXin — k)X {n - m} (2

bad m=0
and a bilinear form | B-Form ) & follows [6]:

Mg N=1
BFXYH{n)= 3 ¥ hensin - kigin - m) (3)

k=d m=@
where b, are elements of the weight matriz H.

11 1k signsi ix 8 g harmonic describiog Ly 47 e v valne

“he quadratic form s equal 1o |E|:

11
GFXHn) = %m R Y b P

xe [4)
+ Tlﬂ'"u'-":q ceos[2nb + arg (e~ 7))

Similarly, the valee of the bilinear form is equal 1o [6):

BFXYH(n) = um.-n”% coulé + argH(e=¥)]4

X-¥

i 15
3 cos| + 2nk + arglf (e

+ ¥ (e

where N[~ ) has & eonstant value defined as:

N-f N=|

FijeH)m T T by it (6}
mil ®=d
and H"ia'-“'] also bas a constant value pxpressed s
N1 N1

Hv[e-,'i] = E E h.,.r""'*"‘" U}

k=l m=d

1F H(e=*) is zero for § = &, where iy = E A1, then the valus
of the quadratic form given by equation [4) s equal to:

x!
QFXH{n) = ald}- 5 (8]

and the value of the bilinear form given by squation (5] i equal to:

BFXY H{n) = a(#) - P+ 016)-@ (%)
where: .
P-%rué Q:-x!-—-rlilj [1m)
and:
Nt N=1
off) = 3 3 hun coslk — m)d (1)
k= il
M-pn-1
BiE) = 3" Y hunsink - m)é {12)
d=0 m=0

Finally, if z(n) designates voltage samples and gin ) currest i
plos, expresckong (8) = (12] can be wsed 1o define several algosi
far measurement of phasor quantities. Talie | gives a summary of
these algorithme,

Tuble 1. Algorithms for Caleulation of Phasor Quantities

f ‘Quantity | Algorithm | Form Coefficients

| :;L.':: F=Y s BFVIB(s) | atdo) = 1. S(fa)= 0

| :::" Q=Ylaing | BFVIHIn) | aff) =10, At} =1
e | viws=% [ervam [atwren

e | s =5 | 018 | ol =0

Beshdes ohtalning the hasic quantities given in Table 1, the fol-
lowing derived quantities can alss be ohtained wsing the same £x
pressions. The apparent power is derived as:

§= v "j.us 5 ]iMS (13)

aml ther powwer farior s derived as



P

PF:W (4]
llul.r"rlllu

Finally, appropriate selection of two different weight matrices
A and 8 can alse give an algorithm for frequency deviation mea-
swrement using the ssme basie expreasions, In that case, frequency
deviation given as:

§— g = Alfw — uyg) (15)
can be sstimated by using the following expression [9]-
T QFV A}
Af=14 &'Eq—f'l'ﬂ[n] (16)

Further discussion of the measurement algorithms that are de-
signed to measure the fandamental barmonic quantitios while alim-
inating influences of known barmosics, THC offset and variation in
fregquency of 1o landamestal harmanic is given i telerence 1]

As a result af this briel overview of varous algorithms, it is
abvious that the signal processing form discussed in this paper can he
used to define slgorithme that will measnre some main indicators of
the gignal characferistics Tor Class | < VoA b LA g v
quality assessment may be implemented by monitoring deviations in
the measured quantities, which in ture, imlicaie depariure from the
well defined steady state conditions,

It s impartant o note that the distortion may appear in the
fundamental harmonic either as a change in amplitude and for phase
or as an addition of short bursts of superimposed harmonics, suh-
harmonics and molse. Algorithms discussed for Class | signal mea-
eurement applications can be desagaed 1o measure the Fendamental
sagmal quantities by Laking inlo account disturbances in varous says.

In cne case, algorithms can be designed to measure some well
defined quantities while the effect of the disturhances s incleded.
By doing this, the change in the fundamental quastities cassed by
the disturbances can be detected.

The algorithms can also be designed to measure the handamen-
tal signal quantity while being inseneitive to the well defined distur.
bances. In this case, the changes in the fundamental signal alone
can b detected.

Fimally, algorithms can be defined to extrapolate oaly the dis-
turbances while the fundamental signal quantities are not measured
This discussion llustrates that methodology for power quality as-
weiment may be defised in different ways depending on how oae
wante Lo relate measured quantities o the power quality indicators.

ALGORITHMS FOR CLASS 11 SIGNALS

W ane deals with a periodic signal, siteations with measurement
of standard quantities relsted o poser quality beeomes difficalt be-
cause standard quantities do mot hawe the original meaning under
these circumstances. Typical examples are power and power factor
quantities under & presemce of harmonics [10-12]. Further discus-
sion will illustrate that a sumber of digital algorithms can be imple-
mented wnder these conditions to calewlate various quantities ance
they are well dufined.

The signals r{n) and gin) are now difined as:

A

Fln) = Zx.cm[fné'l'mlflu 117)
A=l
L

yin) = Ey,m{gnn )+ ¥y (18}

=1

These signal sxpressions are known as geometrical polyvnomi
als and can be obiained by Bltering a perislic signal. The o

of harmonics left in the signal, densted as M, will depend on the
number of samples X that are taken is the ssgnal period. This i
pendence is defined by a well known sampling theorem which state
the following relationship between the number of harmonics M and
the number of samples ¥:

M<

N
T {19)

This means that with & given number of samples ¥, available
in the signal period, caly | number of harmaonics can be measured,
whera § < §.

Sinee our interest relates Lo digital algorithms for measarements,
it s important b understand what are the properties of quadratic
and bilinesr formss under these conditions. In an earlior paper [7],
ronditions for the seight matrix § have been discussed for a case
when the forms have a consiani valee. 1t has been shown that
quadratle and bilincar forms of periodic signals, under particolar
comdilions imposed o8 seight matriz #, do not depend on nas long
as their periodicity is undistrubed. The cosditions are that matrix
elements on the main diagonal and the sub diagosals are the same.
This alse means that k. is a function of {k - m). This class of
matrices is called Toeplite's matrices. Usder these conditions, the
quadratic form can be expressed as:

i -1
Qr.rm:n]-zm-izf-h-.x: (20}

=l

while the bilinear form can be expressed as:

M
BEXYH(n) =} P+ AiQ0 + oy i21)

™

1f 2{m) denotes current and g{n) voltage, then coefficients F
and Jy can be defined &8 active and reactive harmosic power, re-
spactively. The expressions for their ralculation are:

Fi= x;r. cosf gy — ¥ (22)
Q= '1":;" sinf gy — ¥ (23)

while
Po=Vo-lo and Q=0 (24)

Analysis of expressions (200 and (21) indicates that their vales
represents linear combination of squares of WAS valees of all har
mdics in the case of the guadratic frm and lnear combanati., =4
active and reactive powers for all harmoaics in the case of bilisear
form_ This property of the forms can be utilized t0 measure various
signal quantities under hatmoaic conditions, By properly defining
varigas power quality indicators based on these quantities, and by es-
tablishing a criterion for power quality assessment, one may be able
to monitor power quality indexes and, altimately, the power quality
through a messarement procedure. However, the main cbetacle in
thie approach is lack of definitions for the guantitis to be measured
under harmonic distortions. Owr discossion relates o capabilities
of quadratic and bilinear forms when wsed for measarement of well
defined quantites, To illustrate how powerlul the algarithm imple-
mentation approsch is, diferent definitions of variows quantities sre
adopted from the litersture [10-12]. It < wnderstond that there is
no agreement, at present, on the physical meaning of seme of these
definitions. This will need 1o be resalved if a power qulli!r ARRRE-
it 15 to be hased on these definitions. Howewer, for the proposs
of demonstrating various approaches to algorithm implementation,
the existing definitions can be used 2 an example,

The possibilities of varioes algorhm implementations based on
thet use of guadratic and hilinear forms are summarieed in Tables 1T



Table 1. Sooe Quantities Direcily Messured Using Quadratic
and Hilinear Forms

Quantity Algorithm Coefficients
Arctive rE= ay =1
Harmonke = Yals confey ~ ¥y} | ANl other
Pt k#0 ag, By =0
Rpartive Je = =1
Harmomic = Yl gin(gy = ¥,) | Al other
Power kg oy, s =0
. L Al ay =1
Total Active EP‘- —
Power 1 All 3 = 0
Enll\kplu L Allay=0
LTS R =
Power 4 %‘,’Q. All fg=1
RS 3 ay = |
for Voltage % = Vs All pther
Harmonics e e =00
Il;iilrf ME? for v i“ All ey =1
oltage T=2 Viams
Harmanics k= G Al =1
Ll All oy = g5
Losees L:ZE.V,'_ kAD k£1
k=2 g =0, oy =10
All =10

ami 011, The quastities that can be measured by an algoritm which
directly uses sither a quadraiic or bilinear form are given in Tahle
1l. ther quantities that can be defined as & combination of the
quantities given in Table 11, are cutlined in Tahle TI1. Each of the
tables containg indbcation of the quantity measured, defisition of
the signal processing form implemented for that messaremest, sod
valses of the coefficients used in the processing form for a given
quastity. Again, it sball be woted that deflinitions of quantities for
reactive power and power factor used in Tables 1l asd 111 asre only
some examples of the many definitions introduced so far [10-13],

Afver all of the algorithms in Talsdes L 1L and [0 are desived, the
question of hos to use the measired quastities for the power quality
assesement remains yei o be answered. The following section gives
some examples of possible approaches in this direction.

POSSIBLE APPLICATIONS OF
Q-FORMS IN POWER QUALITY ASSESSMENT

Examples in this section fall into two groups
# Class [ Sigmals
# Class 11 Signals

Class | signal characteristics can be measured, as discussed ear-
lier, in three different ways. One approach is Lo messsre ithe fun
damental quantities, under the presence of disturbances. This Beue
has extensively been studied for standand power meters and will
nol be discussed here [10]. The other appraach is to messure the
Tunad. tal guantities making insensilive Lo known
disturbances. This approach has been discussed by the authors in
their earlier references [14]. The third approach is to measure the
disturbances anly. An example of algarithms used for this approach
is discaesed below,

Az an example of & disturbance of short duration, the signal
given in Figure Ja is considered. Tt shall be observed that the signal
alsn has & slight variatbon in the fundamental Trequency.
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Table 11 Quantities Derived from the ones Biven i

Table 11.
Quantity Algorithm Coefficients
IS fir 7
L Vi See Table 1
Harmonics g
Apparent
Harmanic e = o Vipurslhrus 5o Tabde 11
Power
Harmaonic
‘ower PFum B See Table 11
aclor
Total
Apparent Sr=yW K Soe Table 11
Power
Total
Power FPFr=§ See Table 11
Faclor
Fryzs
Huaetive Qr = /5= See Table 11
Pawer
Budenan
Thstortion b= S5 -F{-Q% Seear Tahle 11
Pawer
A Q-Farm
Total Harm. " iy = ull =D
ag =
Distortion | 2 Vinws B : Q-Form
= =y
(TMD) T for RMS of the
1 Harmasic
o A : B-Form
Kuslers
ke
Heactive & TR T
E*Ih‘ﬂ.\!s B : Q-Form
Power k=1 ay =4, agml
Heactive i R
soam iy = 40— i) Soe Tabie 1

In order to measare such & disturbance, an algorithm having
pere output for sinesoidal part has been implemented. This alge
rithm needs oaly 4 samples taken in .l fraction of a cycle. The
expression for this algorithm is squal 1o

QFVin) m XaZn-t = ZuXn-1 (25)

where:

Zy maXe g+ bua 4+ eXaey (26}

Coefficientz a, b and ¢ are determined by the following expres-
s

(e *) =0 (27}
He ™) =0 = "; (28}
dH (e %) Core
S e e T il
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Vi re Bhe Chutpat ol the Disturbance Detegiion Alger:

Conditions given by the above sxpressions can be explaised as
follows: sxpression (27) — assures that QFV ks constant; expressios
(28} - sspures that the valee of QFV is zero at the fesdamental
frequency; expression (28) - assures that the value of QFV s zera
for slight variations of the fundamental frequency.

The algorithm given by expressions {23) and [36) is tested using
the following expression for the signal given in Figure 3

Xin) = {: h u.zm‘?‘] . [ﬁ. 402550 {30}

The results are chowing algorithm ostput being soro for all times
except when the disturbance is present, This is quite impressive sinee
the result was not afected by the variations in both amplivede 03]
and frequency [5%)] of the fundamental barmonie, The results ar
shawn bn Figure 3he It can be obeerved that a significant departure of
the algorithm outpul frem gero valoe is present when a distuerbans
is roeountensd .

Yer another test of this algorithm was done with a sagsal having
impulses as disturbances. The sgnal s shown in Figure 4 and Lhe
algorithm sutput for this case is also shown in Figure 4. The output
is squared to give positive indicators of the distirhances. Again, a
sharp indication of the disturhanee is nbtained.

U examniphe of this algorihim ol
B Ulase | sigais .
telimed what action shall be taken in this case to assess pose

1 ibist el
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quality in this case but the fact that a disturbance can easily be
deterted is considered a necessars <tep s this dinecton

Clase 11 signal characteristics can be measured in a sumber of
different ways, depending on defisitions of the quantities of is1erest.
This section gives an example of bow an indicator for voliage Bicker
intemsity can be measered.

Valtage ficker is a disturbance which is characterized by the
Tundamental harmonic heing madulsted with & pernddic signal hav-
ing frequency that is bawer than 10 Silansental harmmic s awe

As an indicator of the waliage Ricker disturbance, an inleasity
imibex ke defined as [15):

L]
Ipe. = Z'Jl-lr'f-f (an
r=l

whare: w, -vilhl e (Tocaients
e, - amplitudes of harmonics present in
the voltage signal envelope

The woltage signal in the case af & ficker can be represented as:

R
2in)= A [l-a- Ec,rmn«i] < vos[mmé) {12)

ral

where: mf = wydd uwy - sominal freqeency
§ = wy it A6 - nterval hotwesn samphes

The voltage signal, given by equation (32}, can also be repr
~ented in the following form .

M
X{n) = Acosfmnd] + 3 Ae Joos(m — rjné & cosim + rjnd] (33)

el
The expression (33) cam be developed as a Fourier series of a
perindic signal with freqruncy wy. By doing this, expression for the
M
imtensity becomes a special case of the algarithm Eme- given in
k=0
Table 11

In order to ohtain such an expression. the following has to be
recognized:

¥Fm=A m+r=k

Ve = Ar;

I'herefore:

2 - detector signal

L

1 - orip ~al signal

|
i

Figure 4. Signal with an Impulse [sturbance and Output of the
Disturbance Detection Algorithm



The intensity is then equal la

" V2 L y2
Ip=Y 1w} = LT 2“'}_,‘%:
=l - haml -
e (36]
Y ww
k=il
. 7

From equation (36] it can be ohserved thatl imensity [pp tan
be obtained as & quotissl of twe quadratic forms {JFVy and QFV;
Coefficients far QFV, are squal to:

= 1 -
my =AW, I.—m+1. e Mo M an
ay = otherwise
Coefficients for Qb are as follows:
aym] k=m ay=0 kfm (I8}

It shall alen be noted that the sampling rate for both forms needs o
be greater than 2(m + M.

In order to demanst rate the wee of the algonthms for caleulation
al the fecker intensity, the following voltage signal has been simulated
as an example of & Ricker disturbance:

Fid il
e 80
This signal is shown in Figare 5. Cosfficient 0y has been assigned
the following valee in the simulations:

&0[k - 6O}
T
The resulis obtained for the intensity are within the expected error.

Zrn
F[ﬂ]=1[1+l’nl|--'l' ﬁ]-m (3]

ay =4 (40]

CONCLUSIONS

& Q-forms asd B-forms can be used to define & sumber of alge-
rithms that may be ssefel for power qualily assessment
Examples of the algorithme for disturbance monitoring, inten-
sity of the harmonics, and voltage Bicker demonstrate bow mea
surements of possible power guality indicators can b armple-
mented using Q-forms

Fature algorithm developments using Q-forms and B-forms need
1o eancenttate on definition of some sdditional power quality in-
dicators

Methadology for power qualily assessment using varicus algoe-
rithms for the power quality indicators also pesds Lo bhe devel.
aped in Lhe Totore

"

= =]
——ee———
S —

30 Tl

i 0

Figure 5 Voltage Plicker Sigual
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