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Abstract - In this paper, simple algorithms for fast measumetrand estimation of the unknown changing
frequency, amplitude, and phase difference of iessidal signals from two channels with the samgudency,
and other parameters for evaluation of the powelityudisturbances are presented. Parameters &related
from the DFT coefficients around the component pedihe improvements for reducing the influenceshef
harmonic components can be the estimation withhree-point interpolation and the Hann window.

|. Introduction

The main consequence of the growth of the nonlitesds is the increase of the harmonic contenh®fpiower
network and this leads to serious power quality)(R&ues. Harmonic pollution is one of the majonaarns of
voltage quality (VQ) and power quality, and mamgposals for measurement of the power quality eveah
be found in the literature [1]-[2]. Two main cateigs of PQ disturbances can be introduced: variatiand
events [3], belonging respectively to steady staid transient phenomena. Variations can be dividewvo
categories defined as harmonic and interharmorgtodions, while events comprise interruptions,sdipags,
swells and so on. Requirements for measuremenuimsnts and methods are defined in [4]. This stahda
suggests the realization of a measurement instrub@sed on algorithms in the frequency domain.

Therefore, an accurate estimation of the power Igupgquency as a basic signal parameter is reduésen in
the presence of disturbances. Beside estimatiotheoffrequency of the fundamental power compondrd, t
changing amplitude and phase have to be estimatedlauate the values of the active poviRer the apparent
power S, and the reactive poweD [5]. The problem of measurement and evaluatiorthef power quality

disturbances can be reduced to the parametersatistinof each spectral component (frequency [6plaude
[10]) for VQ and phase difference for PQ in thegamce of the non-coherency and the noise.

I1. Signal analysis and estimations

Non-stationary signals are generally multi-companen The sampled versiong(kAt)N (1) is obtained in two
measurement steps. The data cord is extracted &woginal signal by sampling f; =1/At - sampling
frequency) and Windowingv(/(k) - windowing coefficients).

g(kat), = w(k)g(kat), = ; A, (kat)sin27(s,, kot + £, Jkat + g, | @)

Components have time-varying frequencié§(t), amplitudes An(t) and phases¢m(t). If the time of
observation is short enough, we can approximatéréagiency changing by a linear variation with ffegjuency
slopes, ; , where f_ and ¢ are the initial frequency and phase of the statippart of the component. Due to

the changing frequency and with this the non-cafiteeampling conditions the problem of leakage édfec
increases. There are several methods to improverente, among which the most important are: re-kagnpf

the signal [7], the adaptive Fourier analysis {Bg Chirplet transformation [9], etc. This papezgants effective
algorithms for fast measurement and estimationhef unknown changing frequency, amplitude, and phase
difference of the signal component for tracking plosver quality disturbances.

In the stationary state, the DFT at the spectnalili is given by

G(i) = —%Z Am[\/\/(i -Gy )e!?m —w(i + em)e‘”’m] )

whereW([) is a spectrum of the window functiolk) and g, = f, /Af =i +J,, is a frequency divided by the
frequency resolutior f :1/(NAt) . The displacement teriy,, is due to the non-coherency.
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In Fig. 1, the changes of the DFT coefficients wifr@quency is linearly changing are presentedhinlocal
maximum of the amplitude part of the DFT, where ghert-range leakage of the window spectrum (tfs¢ fiart
in (2)) is dominant, the coefficients on the fr@ide — direction of the frequency movement — inseeg@rig. 1:

|G(i = 3)| 1) and on the rear side decrease (FidGii: :1X L).

0 |
8,i—i»
P kit —
Figure 1. Influences on the amplitude DFT coeffits (the Hann window) when frequency is changiomfég, =2 (a) to
6,=24(c)

The DFT coefficients are changing according todiere of the main lobe of the used window, if thegliency
is changing linearly. In the complete figure of ffiméents’ changing, we should consider also theglwange
leakage parts of the window spectrum (the secomtlipa(2) and curve d in Fig. 1). Considering aghn
component anch = n(N —1)/N in (2), this equation can be rearrange:
) . i+8,) _
|G(I)| :%[\N(I _eml [\N( m)| i2(aBntdm) 3)

_[vvii—em]e

The long-range leakage contributions (the secomtipd3)) are frequency and phase depended. Thioeseof
the coefficients, when frequency is linearly chaggihave two parts: the bias contribution, whicla isinction
of the window spectrum main lobe.

5

E=E._. =2 [wi-6do-wli-2*%

E_Ebias_ﬁz—ﬁlé[w(l 6)do w(| . ] @)
2

and the long-range contribution with double depacdeon frequency and phase. The long-range cotitritsu
drop with increasing relative frequendyzl/ 6° with the Hann window andl 1/6 with the rectangular window.

Both contributions can be reduced by interpolatéthe DFT coefficients. It has been shown [6] ttregt best
estimation results in reducing long leakage effgites the three-point estimation using the Hanndaw. In

the estimation of the particular component the three largest local DFT coefficied@(im —1)| ,|G(im)|, and
|G(im +1)| are used for frequency:

Glim +1) - |Glim - 2)
1Glim —1)+ 2G(im ) +|Glim +1)
When the displacemend,, for the specific component is determined, it issgble to estimate also the

amplitude by summing the largest three local DF&fiicients around the signal component in the semaaner
as in the frequency estimation [10]:

2 2
o Dsir:g%m)(l 5”’):&4 %)t a1+ 200 06 ) ©)
The price for the effective leakage reduction isirioreasing of the estimation uncertainties relai@dhe
unbiased Cramér-Rao bounds fixed by the SignaldiséRatio for particular componeiNR,, = A%/(Zatz)
corrupted by a white noise with standard unceryaint [6].

30, U2 (5)

In the cases of two channels acquisition systemgdaver measurements the values of phases of éacinel
are not required. The only value needed is intfagtphase differencg, - ¢, of the investigated components

from channelu and i with the same frequencyf,,. The leakage effects can be very reduced if the
simultaneousness of the sampling on both changelssumed and the measurement time of signale sathe.
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The assurance of these conditions gives equaladiepientsd,,, = J,,; = J,, if the measurement frequency is
the samed,,, =6, =6,
The component phase can be expressed as [11]:

8 = 2dG(i, ) -2, + 2 .89 (i,) (7)

where A¢(im) is the disturbing angle due to the long-range dgakcontributions. Looking for the phase
difference of two signals with the same frequenieg,frequency depended pad,, can be eliminated:

18,718, =ardG, (in)) - ardG (in)) ¥.80, (in) £:86, () ®

Neglecting the disturbing angles@,(i.,) and ;A (i,,)), the estimated phase difference could be expressed
only by the difference of the arguments of the largest locdl @fefficients:

1#u=1# =ardG, (i) - ardG () ©)

The single phase estimation can be improved with the argumetite ¢hree largest local DFT coefficients
¢, =ardG(i,)] where the disturbing anglgA(i,,) is much smaller thapAg(i,,) [11]:

(1_ 6m )¢im—1 + 4¢im + (l+ 5m )¢im+1 - 2a5m +£i3A¢(im)
6 3 2

Using the arguments of the three largest local DFT coefficientsdth channels, the phase difference can also
be estimated with weighted phase differences of the largest loGat@#ficients of both signals.

3¢u 3 ¢i = %(((éu,im—l - ¢i ,im—l)"' 4(¢u,im - ¢i,im )"‘ (¢u,im+1 - ¢i,im+1)) (11)

Decreasing the systematic errors increases the noise error caoribittie Cramér-Rao lower bound for the
phase difference [12] is.

UCRB(A(”)/deg:%)M%?S\\IE (12)

The CR bound is achieved with the rectangular window at alcobs&trent sampling conditions but considering
together systematic and noise error contributions the Hardowigives better results.

P = (10)

I11. Results of estimations

The proposed algorithms using the Hann window in the é&ecy domain were tested by real signals [2] and
results have been compared with the time domain estimation thdétHowest achievable noise, the four-
parametric sine-fitting maximum likelihood estimation (MLEB]. For this estimation nine iterations have been
used with the frequency position of the largest local DFT miexfit as initial frequency value.

For the estimation of the harmonic distortion, the one-@lvattage signal has been used with the amplitude
normalization toU =230V (Fig. 2). The voltage signal was sampled with samplingugeqy f, =50 kHz

So, in one period we havd = 10Qints. From very large amount of samples the samples péréds have
been taken into investigation, where parameters of the signajek@mnificantly.
u/u

Figure 2. Distortion of the one—phase voltagealign

First, the frequency of the fundamental component and the &bsallue of the erroiE(f) = f; ., —50Hz

were estimated (Fig. 3). The ten periods wind8w  &0proposed in [4] was used. The estimated vélue o
frequency is related to the central point of thadew. The window has been moved along the time anxiswe
can notice very smooth estimation of the frequerarjation by the interpolated DFT method in compami to

the four-parametric sine-fitting method.

34



17" Symposium IMEKO TC 4,8 Symposium IMEKO TC 19 and f3WADC Workshop
Instrumentation for the ICT Era
Sept. 8-10, 2010, Kosice, Slovakia

E (f,)/mHz

a

20 -~

s
0 /Lijh/\g ; ”\ﬂf\/» Plen], : b 232 >
40 80 120 ‘\]vr‘ﬂ%ﬁwﬁ/ﬁﬂw&\fm t/ms

-20

Figure 3. Error of the frequency estimatEa(fl)/mHz ; a — estimation by the three-point estimation K6}, estimation by

the four-parametric sine-fitting method

The estimation of the amplitude of the fundameotahponent by the three-point estimation (6) wa$opered
on the basis of the estimated frequency (5) andoeagpared to the four-parametric sine-fitting meiifior the
amplitude (Fig. 4).
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Figure 4. The amplitude estimation of the fundataletomponen#\ /U ; a — estimation by the three-point
estimation, b — estimation by the four-parametinesitting method

The interpolated DFT method is also very usefulestimation of the effective ®MSvalue of the signal since
the estimation by the definition

1T 1 N-1
Upe = —juzdt ;U= =Yk,  k=0..,N-1 (13)
T N &

has an error in the case of the non-cohereficy T, = NAt #x1/f, ). The leakage error can be reduced by
the interpolation in the frequency domain. We can compare the \afltlesU . estimation in the time domain
by (13) and in the frequency domain (Fig. 5) where the effectimlue of signal was evaluated by

M
U, e :\/_Z(Aﬂ/\/i)2 . The amplitudes of all harmonic components-1,...,M are estimated on the basis of
m=1

well-known frequencies of these harmonif;s = mf; by the three-point interpolation of DFT coefficiet(6).

A
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Figure 5. RMSvalue of the signal; a — estimation in the freqyethemain, b — estimation by (13)
Improvements can be noticed also in the phase a&#tins of the fundamental component (Fig. 6), whaee
error of estimatiorE( 1) =@~ (#,(t =0) + 277t (50Hz) was related to the first point &t Oms and then, the

reference value of the phase was increased byntiee t
E (4,)/mrad
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Figure 6. Error of the phase estimatE;(@l)/rad; a — estimation by the three-point estimation (b0} estimation
by the four-parametric sine-fitting method
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The proposed algorithms were also tested for pastimations (P, S, Q) when voltage and currentassgn
suddenly change (Fig. 7). The voltage and curréghass were simultaneously sampled with frequency
f,=50kHz and at time instant t=240ms, the signals parameters were changed from

u,/V =1000sin(2nf t + n/2) + 100sin(6nf,t + 7/6), i, /A =5&in(2nf t +n/3)+1sin(6xf t +n/4), f, =499Hz
with values of the active powd? = szmI mCOSP =U, I, cosp, +U;l;cosp, =22134W (@, =y, 1, =P\ )

the apparent power S, =Ul :\/Ul2 +U2 E{/If +12 =25622VA, and the ‘pure reactive’ power
Q, = Zmuml wsing.. =U,l; sing, +U,l;sing, =12371VAr to the new values of the voltage and the current
u,/V = 9003in(2xf t +n/2) + 8Lsin(6nf t +n/6), i,/A = 4sin(2xf t +0)+1sin(6nf t +n/4), f, =50.1Hz with

new values of the powerd, = 309 WS, =18429VA , andQ, =17917VAr .

Figure 7. Voltage, current and instantaneous paivére one—phase load. Amplitudes of the sigrtalare normalized to
their peak values.

Before and after the signals steps, there are the non-cohereningaoapiditions if we take approximately ten
periods in the measurement interval as sugested by the standad: [
f,=499Hz - @g,=f, 010000 f =998 and f,=501Hz - 6, =1002.

The estimation of the active pover by the definition
T N-1
p=2[udt ,P=-Yulmk),  k=0..,N-1 (14)
T 0 N k=0

has an error in the case of the non-cohereficy ..., = NAt #x1/f, ). The leakage error can be reduced by

the interpolation in the frequency domain if wereate the amplitudes by (6) and the phase differeiy (9) of
the significant components.

P:Zmumlmcowm 1 ¢m:¢u,m_¢l,m (15)
If we have periodic signals the amplitudes andpin@se differences of all harmonic componeants 1,...,M are

estimated on the basis of well-known frequenciethe$e harmonics,,, = mL¥,.
The same is valid for the ‘pure reactive’ power)(a6d also for the apparent power (17):

Q=3 Uplnsing, . #n=0un-b1n (16)
s=ul =\/mi=1(An(u)/\/§)2 E{/é(#\n(i)/ﬁ)z 17)

If the window of N =10000 sampling points (ten signal periods) has been thaleng the time axis the active
and the apparent powers have been decreased apdriaeeactive’ power has been increased (FigdI8lil).
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I. Changing of the active poweP(=22134W - P, =309W)
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Ill. Changing of the reactive powe€) =12371VAr - Q,=17917VAr)
Figure 8. Changing estimations of the powersgatimation in the time domain ((14) fBr (13) forS, and for
Q =+/S? - P?), b — estimation in the frequency domain by IDET; the reference value

I11. Conclusions

In this paper, simple algorithms for fast measummend estimation of the unknown changing frequency
amplitude, phase difference, and other parametersvialuation of the power quality disturbancesmesented.
Parameters are calculated from the DFT coefficiantgind the component peaks. Whenever the distoelsan
are presented in the power systems, at leasteljedncy variations can be taken into considerati@hthe non-
coherent measurement conditions appear. In all pbemrof signal parameters estimation and trackangy lwe
noticed very good smooth behavior of the threevpestimations using the Hann window.
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