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Abstract: In paper, an algorithm for fast measurement andhermal noise, switch noise etc.) and harmonicodisins.
estimation of power system frequency is presenfdte In these cases some averaging and prefilteringitigus of
frequency is calculated by an interpolation of #meplitude  measurement signals (interpolations of the time piasn
coefficients of the discrete Fourier transform (DFAn integration by the DFT, etc.) are performed. Howg\adl
analysis is made to study the influence of thedgekeffect such methods involve a compromise between the acgur
when the rectangular window and the Hanning windoer of the frequency measurement and the length of the
used. Interpolations with longer time of measureimard  observation period; accuracy decreases, as theodperi
with larger number of points decrease the systen@ators. becomes smaller.

The proposed method achieves accuracy in measthing

frequency under a hundredth of hertz. 2. FREQUENCY ESTIMATION BY IDFT

o In this paper, an algorithm for fast measuremerd an
Keywords: power system, frequency estimation, ggtimation of the power system frequency is presknthe
interpolated DFT. algorithm uses discrete time values of the inpgnai
sampled At apart. The sampled analog multi-frequency

signal g(t) (N is the number of sampled points; is the
The variable fundamental frequency is the mostndex of component) can be written as follows:

1. INTRODUCTION

important parameter for the safety, stability affiiciency M

of the power system. Deviation of the power-linegfiency g(kAt)N = ZAﬂsin(znfmkAt +¢m) (1)
from its stationary value is a measure of the imbed m=0

between the load and generation. Frequencies lthaerthe _ _

nominal value indicate that the system is overldadad In order to estimate parameters of time dependgnals

frequencies higher than the nominal value indi¢htt the containing any periodicity f,,, A,, @, are frequency,
system has more generation than load. It is negesea amplitude, and phase of a single component, reiseégtis
maintain the frequency of the power system at @sinal  most suitable to use the frequency domain. Integral
value (S0Hz in Europe an.dGOHz in the United States, frequency transformation wite /2™ is in principle the best
etc.), or as close as possible to that value. Theeethe approximation to periodicity in the signal. The ketgp of
average drift of the system frequency and supers®@o the frequency estimation is the determination ditan of
frequency oscillations.  Regular power-line  frequenc the measured componedt, between the DFT coefficients
variations are001- 05%, but under emergency conditions, _,. : . .

, G(l) and G(| +1) surrounding the component (Fig. 1).
they may react2% and more. Several methods for tracking _ _
and estimating the actual power-line frequency ¢an The DFT of the windowed signai(k)cy(k) at the
divided in two main groups: methods that are penfedt in  spectral linei is given by{7]:
the time domain as level crossings methods et8],[&nd
methods of frequency estimation in the frequencynaio -
using discrete and fast Fourier transforms (DFT BRd) G(i)z_lz AmBN(i -6, )e!? —w(i +9m)e'”’m], )
[4-6]. The measurement time in the first group esrirom 210
25ms to 30ms and maximal values of errors are around
002Hz. The second group methods perform thevhereW(D) is the spectrum of the used window afig is
measurements in an integer multiple of the fundaaien the frequency divided by the frequency resolutidntie
period (T, =20,40,60,...ms in 50Hz system) and the time window A f :1/(NAt) and can be written in two parts:

estimation error in measuring the frequency is &bou f
- m

001Hz. Real measurement procedures are often Hm—A—f:im+5m -05<4,,<05, 3)
encountered with noise components (quantization and



where i, is an integer value of the first approximation and |G(im ill |\N(1—5m]

the displacement ternd,, is caused by the non-coherent 20m = |G(iml - |W(5m] 6)
sampling.
| If the function W(8) of window used is analytically
10 known, the J,, = f(a,,) can be expressed (In paper, well
05 , %V\(e—em) known rectangular and Hanning windows are used) tt®
G- rectangle window, the following equations are valithere
04 the amplitude part of Dirichlet kernel is ugé:
3 (6.)= sin(723,,)
- ‘G(im—])‘ |\NR m] rrdm I'N
A Aiy,) |Glin+1)
Thn(0+0 inl77(L- o,
o were) \ W (1-5,,) _ sinl1-3,)) (7a)
/ ‘ ml-o,,)/ N
G, -1) A6, +D) g~ Om - Omr (7b)
2 mR 1- Jm 2¥%mR 1+ amzR

Fig. 1. Leakage influence of the negative part ohe sinus spectrum

with rectangular window at the positive part of thespectrum (i, =6) or expressed by the DFT coefficients:

The amplitude coefficients surrounding one compoénen |G(im +1)|
in the signal (Figl) are composed of the short-range 20mR =S5 Gl J+l6l., +1 (7¢c)
leakage contribution of the window spectrum weighbsy | 'm)| | Im )|
the amplitude of the frequency component and thg-lo . ) i )
range leakage contribution of the negative partsictaring The sign of displaceme s, = sign(d,) can be estimated
only one-component signal. with the absolute value of the difference of thegsh DFT

coefficients s, = sign( ardG(i, )| - ardG(i,, +1)]| - 77/2).
= This approach is much less sensitive to systereatirs and
noise than a well-known approach with the diffeeen€ the

coefficients surrounding the largest on(|G(im]:
= Boiw(s,) £[a(i,) 4 s=sign(G(i, +1) -|G(i, -1)).

For the Hanning window, it can be written as foltow

(6lin) =|- LAW(E e +LAw(a, + g )e %

At a first approximation, we can idealize circunmstas

for displacementd,, estimation of a single component and [VVH (3, ] =N SinE”a_m) .

in the equation (4) neglect the second part ang-leakage 7,1~ 05

contributions of other signal components. That rsean

practice we have been measuring long enough or the sinlra-o

frequency components are sufficiently interspaced. W, (- 5m] =N (m-2,)) (8a)

70, (1= 0,)(2 = ;)
2.1 Stationary case

1+4 La,, -1
The frequency of the measured component can be 20y = 2_5m =  20m :a—mH+1 (8b)
estimated by means of an interpolation of the DFT m 27
coefficients. For two-point interpolation the locabximum : :
in the amplitude part of DFT with the largest caméints 5. = 2|G(lm +1]—|G(lm] (80)
|G(i)| and |G(i +1)|, surrounding the position of component 271G )+ |G +2)
m, have to be found. Considering the equation (4),can
write as follows: In both cases in denomina1sin(nx/N) O/ N is taken

into consideration becau|d,,|< 05 and N is usually large
N>>1 (N=2565121024...). The error of this
approximation decreases even more in the quotinthe
The unknown amplitude?,, can be easily eliminated by ratio a,, not only the amplitude is eliminated but in

ratio of coefficients. presented cases the unwanted sinus function in raioneas
well.

(6] =22 W(S,) | (66,22 =2 W-0,) ©



For the three-point interpolation the long-rangekkge
influences can be equalized in the quotient, in

approximation |A(i, -1) =[A(i,,) =|A(, +2)] and with
subtraction eliminated by paif9].
[G(im) *+|G(im -1)
3am - A A
|G (i)} +[Gli, +2)

window (Fig. 2a.: Il or Ill). At the two-period tieis better
to use the Hanning window (Fig. 2b.: Ill or IV), chat the
three-period observation time the best results \ait
Hanning window and the three-point interpolatioig(FR2c.:
IV). This interpolation automatically adds the sigrf

=10".

max

displacement and the error band is aropﬁ(ﬂ]

_w(s,) +w(t+a,) _\ B R V. AR R

I = (s, )+ Wi-a,) ®)

When the Hanning window, for which the spectrum is
analytically known W, (HXN»l =|sin(ﬂ9]/‘ﬂ9(1—<92]), is
used, all three coefficients of the maximum hawe shme

sign (the main lobe is extended to four frequeresolution
intervals 4Af ) and it can be expressed as: 10"

100
", v

T e 2 305 e ™
1 + 1 b. The two-period observation time
q. = a-m(]-_a-nzq) Jm(1+5m)(2+5m) _ 2_5m
3¥ mH 1 1 - 2+5
+ m
a-m(]-_a-nzw) a-m(l_é-m)(z_a-m)
- |
The displacement term can be expressed with quotie 10
30y O with amplitude coefficients from (9): v
- i +1)-lali. - 10" ‘ : ‘
17 G _ ZEGG(lm 1] |G(Im 1]) (10) | 297 3 303 o >

O 2 |6l -1)* 260, +[Gl 1)

For the rectangular window (the main lobe is exézhd

only to two frequency resolution intervals) the ation can
be rearranged in the following form:

c. The three-period observation time

Fig. 2. Maximal absolute errors of the frequency dsnation with
interpolations of DFT for the rectangular window (I - two-point and Il
- three-point) and the Hanning window (Il - two-point and IV - three-

point)

GG(im +1] +|G(im —1])

2G(i ) + 5 (Glim +1) -[G(i -2
The selection of an algorithm ((7c), (8c), (10)(ad))
We checked the error of the frequency estimatiofor the frequency estimation in the non-stationary
E(6)=(i+J)-6 (6 is the true value of the relative circumstances has following requirements: reducthg

frequency) for one sinus component in the signathwi time of measurement, tha.t the estim_ated averagpidrey
double scan varying both frequency and pheA_ =1; could be as close as possible to the instantarfeagsency;

B the relative frequency should be close to the ite@lues
098< 6< 102((2,[3), AF=0.0001 and -7/2< ¢ < 772, (i=1,20r3) to reduce the leakage influences of the other

Ag =/180; N =1024). The absolute maximum values of harmonic components; reducing the noise; robusteess
errors (from 181 iterations) at the given relativequency The optimum for upper requirements can be the esiom
were compared for two-point (7c) and three-pointwith the two-point interpolation and the Hanningndow
interpolation (11) with the rectangular window anith the  (8c). The Hanning window has good capability ofefiing
Hanning window for two-point (8c) and three-pointthe harmonic interferences [10]. In fact, the regtdar
interpolation (10) (Fig. 2). window function would exhibit a heavier bias in the
As a rule the power-line frequency is measuredhim t frequency estimation due to the scallop loss wiilleer
time multiple of the fundamental period for elimiimg the ~ Windows (like higher order cosine windows) exhibilarger
harmonic interference. At the one-period observatime, ~Main lobe and a worse tone resolvability.
we can use a three-point interpolation with thetanegular The two-point interpolation using Hanning windowsha
window or a two-point interpolation with the Hangin the following properties: the sign of displacemeist

30 =Ss (11) 2.2 Non-gtationary conditions



expressed implicitly; it uses only two coefficierdad the
noise is smaller than with the three-point integpiol; if the
second and the third harmonic component are ndhén
signal than it can be used &t=1; if it is used atd=2,
only the second harmonic component should not bihen
signal because the spectrum main lobe is too widéAf ).

The coherence can be improved also with the avegagi
of the estimation results at two widths of the nueament
interval: N, is the number of points where the number o

oscillation of more than two is reached for thestfitime

f,=(2+9,)/af, 0,20; with N,-1 width, the
displacement takes the opposite sign<O0.

- 0 0

f = | b| | al f (12)

AR A AR e

3. SIMULATIONS AND EXPERIMENTAL RESULTS

The method has been tested by the real signalsshwhi
have been measured in the three-phase power sygtem
the short-circuit appear in the line L3. Three agts (Fig.
3: U, is the maximal value of voltage in the stationsigte

at the beginning) and current in line L3 (Fig. @:is the
maximal value of current in the stationary state tha
beginning) were sampled in the time interval of esev
periods before the protection against short-cirduntlly
disconnect line L3. Sampling frequency wis=1kHz and
we have only 20 points in the period of measureghads.
Signals were quantized by 12-bits A/D converter.

Fig. 3. Voltages in the three-phase power system et the short-circuit
appear in line L3: a — voltage in line L1, b - volge in line L2, ¢ -
voltage in line L3

i

140 t/ms

Fig. 4. Currentin line L3

In Fig. 5, the results of the algorithms trackirue t
frequencies of voltages in lines L1 and L2 are ghow

Frequencies of the uncorrupted phases are changing
beginning

opposite from stationary state at the
(f/f,=09998, f,=50Hz). We can see that the three-
point interpolation with the Hanning window usirgettwo-
period measurement time (curves b - L1 and d -rL_Eig.
5) smoothes the frequency changes in comparisam tivét

'Iwo-point interpolation (curves a - L1 and c - LR Rig. 5)

due to more points using in regression. Frequeray he
also estimated on the voltage and current in thiyfgphase
L3 (Fig. 6), but changes are much larger.

£/1,]
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14

0995}

20
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Fig. 5. Estimations of the frequency changes of theltage in line L1 (a
— two-point interpolation and b — three-point interpolation) and voltage
in L2 (c — two-point interpolation and d — three-pant interpolation)
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Fig. 6. Estimations of the frequency changes of theltage in line L3 (a)
and current in line L3 (b)

4. CONCLUSIONS

A simple algorithm for fast measurement and esfimnat
of the power system frequency is presented. Ttguéecy
is calculated from the amplitude DFT coefficienfhe
interpolations with larger number of points andhwlibnger
time of measurement decrease the systematic emndtfs,
smaller number of points there is an inverse agrea:. At
the one-period observation time, the best resuitsnith the
rectangular window (the two- point and the thre@po
interpolations). At the two-period time is better use the
Hanning window and the two-point interpolation aatdthe
three-period time, the best results are with thenrliteg
window and the three-point interpolation. This ipt&ation
automatically adds the sign of displacement andetiner

level is below [E(6) _=10™. The compromise for the



efficient measurement of the power system frequaacat
the two-period measurement time using the Hanning
window and the two-point interpolation.
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