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ABSTRACT 

The theory of symmetrical component assumes that the original unsymmetrical 
system is sinusoidal with fundamental frequency, and is contaminated with no 
harmonics. Nowadays, power system networks are subjected to harmonics 
injection due to the widespread use of power electronic equipments in power 
systems transmission and control. In this case, the symmetrical components theory 
is not applicable, and an accurate method is needed to calculate the symmetrical 
components. This paper presents the applications of parameter estimation 
techniques for measuring the symmetrical components for power system 
protection. The least errors square (LES) is the parameter estimation algorithm 
used to estimate these components from the digitized samples of the 
unsymmetrical system. Here, we assume a three phase unsymmetrical system of 
voltages which is contaminated with harmonics. The three symmetrical 
components, namely the positive, negative, and zero sequence components are 
estimated using the proposed technique. Effects of sampling rate and data window 
size, as well as, the frequency drift are examined. The algorithm is tested using 
simulated and actual recorded data. The results obtained are reported in the text 
which form the basis to our conclusions. 
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OIGITAL MEASUREMENT OF SYMMETRICAL COMPONENTS FOR 

POWER SYSTEM PROTECTION 


1. INTRODUCTION 

The symmetrical components theory developed earlier assumed that the N unsymmetrical system of voltages 
and currents, having the fundamental frequency, can be resolved into N symmetrical system of voltages or 
currents with the same fundamental frequency. In the three phase unsymmetrical systems, these components 
are the positive, negative, and zero sequence components. Nowadays, power system networks are subjected to 
harmonics injection due to the widespread use of power electronic equipments in the transmission and control 
of electric energy. The symmetrical components theory has many application in the protection and analysis of 
power system in the abnormal operation, therefore, an accurate method is needed to measure these components, 
especially if the voltage and/or current waveforms are contaminated with harmonics. 

References [1, 4, 6] presented algorithms for fast estimation of symmetrical components in real time. The 
algorithms were based on the space-phasor, which can be evaluated by analog devices. 

This paper presents the application of the parameter estimation techniques for measuring the symmetrical 
components of an unsymmetrical three phase voltage contaminated with harmonics. The least errors square 
(LES) is the parameter estimation algorithm used to estimate these components from the digitized samples of 
the unsymmetrical system. The three symmetrical components, namely the positive, negative, and zero sequence 
components are estimated. Effects of the sampling rate, data window size, and the frequency drifts are examined. 
The proposed algorithm is tested using simulated and actual recorded data. 

2. MODELING OF THE VOLTAGE SIGNALS 

2.1. The Zero Sequence Voltage 

Assume a system of three phase voltage va(t), Vb(t), and vc(t). These voltages are unequal and contaminated 
with harmonics. According to the symmetrical components theory [2], these voltages can be resolved into three 
sets of symmetrical voltages, namely the positive, the negative, and the zero sequence voltages, i.e. 

Va(t) = Val(t) +Va2(t) + vao(t) (1) 

(2) 


(3) 


Adding the above three equations, we obtain: 

[Va(t) +Vb(t) + vc(t)]/3 = vaO(t) . (4) 

Define the zero sequence voltage VaO (t) as: 

VaO(t) = Vao sin(wot + tPo) , (5) 

where 
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Vao is the amplitude of the zero sequence voltage 
<Po is the phase angle of this voltage, 

Equation (4) becomes: 

{Va(t) + Vb(t) + vc(t)}/3 = VaO sin(wot + <Po) . (6) 

Using the trigonometric identity 

sin(wot + <Po) =cos <Po sin wot + sin <Po cos wot 

Equation (6) can be rewritten as: 

(7) 

Define the states xo, Yo as 

Xo =Vao cos <Po (8a) 

Yo = VaO sin <Po (8b) 

and the coefficients 

hn(t) =3sinwot (9a) 

ht2(t) =3coswot. (9b) 

Equation (7) can be rewritten as: 

(10) 

If the three voltages are sampled at a preselected rate, say dt, m samples would be obtained at 
tl, tl + dt, tl + 2dt, ... tl + (m - 1) dt, where tt is the initial sampling time. Equation (10) can be writ
ten as 

Xo 
(11)= 

Yo 

The above equation can be written as 

z(t) H(t)e +w(t) (12) 

where 
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z(t) is a m by 1 measurements vector of the digitized voltage 
H (t) is a m by 2 coefficients matrix of measurements 
e is a 2 by 1 parameters vector to be estimated 
w(t) is a m by 2 errors vector associated with the measurements to be minimized. 

At least two measurements are required to identify the parameters e in Equation (12), we assume m, m > 2, 
measurements are available. The solution for the overdetermined set of equations given in Equation (12), based 
on the least errors square algorithm, is given by [31: 

e =[HT (t)H(t)rl HT (t) z(t) . 	 (13) 

Having obtained the parameter e, (:Co, Yo), then the magnitude and phase angle of the zero sequence v.oltage 
can be obtained as 

v? - (:c 2 + y2) 	 (14)aO - 0 	 0 

<Po =tan- l 	 :Co (15)
Yo 

2.2. The Positive And Negative Sequence Components 

Having obtained the zero sequence component of the voltage, Equations (1) to (3) can be rewritten as 

(16) 


(17) 


(18) 


Define the positive sequence voltage Val (t) and the negative sequence voltage Va2(t) as 

(19) 


and 

where 

(20) 


are the magnitudes of the positive and negative components respectively 
are the phase angles of the positive and negative components respectively. 

Then, Equations (16) to (18) become 

(21) 
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(22) 

(23) 

The above three equations can be written as: 

sinwot o coswot o 

sin wot cos 211"/3 - cos wot sin 211"/3 cos wot cos 211"/3 sin wot sin 211"/3Vb(t) - VbO(t) 
Yl + Y2 

sin wot cos 211"/3 cos wot sin 211"/3 coswotcos211"/3 -sinwotsin211"/3vc(t) - vco(t) 
Yl - Y2 

(24) 
where, we define 

(25) 

(26) 

If the three voltages are sampled at a preselected rate, say fl.t, m samples would be obtained and Equation 
(24) can be written as: 

z(t) =H(t)8 +w(t) (27) 

where 

z(t) is a 3m by 1 vector of measurements 

H(t) is a 3m by 4 matrix of measurement 

8 is a 4 by 1 parameter vector to be estimated 

w(t) is a 3m by 1 errors vector to be minimized. 


Assume m ~ 4; then the solution to Equation (27) based on the least errors square is 

(28) 


having identified the parameter 8, we may define 

where 

8 u · 

8dz 

8,y 

8dy 

= 
Xl +X2 

Xl- X2 

Yl + Y2 

Yl- Y2 (29) 
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Then, the values of Xl, X2, Yl, and Y2 can be determined as 

(30) 

(31) 

(32) 

(33) 

Having obtained the states Xl, X2, YI, and Y2, we can calculate the positive sequence phasor as well as the 
negative sequence phasor using Equations (25) and (26) as 

(34) 

(35) 

and 

(36) 


(37) 


3. TESTING THE ALGORITHM 

3.1. Simulated Data 

The proposed algorithm is tested using simulated data, where we assume a three phase system of unbalanced 
voltages given in the time domain by: 

Va(t) = 212.132 sin(wot +45°) (38) 

Vb(t) =353.55 sin(wot + 150°) 

vc(t) = 141.42 sin(wot +300°) . 

The above three voltages are sampled using a sample frequency of 500 Hz, a number of samples equal to 12 
and data window size 24 IDS. Table 1 gives the results obtained, where we compare the proposed algorithm 
and the symmetrical component theory. It can be noticed, from this table, that the proposed algorithm estimates 
exactly the positive, negative, and zero sequence components of the three phase unsymmetrical voltages. 

The algorithm was also tested, when these voltages are contaminated with an unsymmetrical third harmonic 
having a magnitude equal to half the fundamental magnitude. The three voltage signals, in this case, become 
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Va(t) = 212.132 sin(wot + 45°) + 106.067 sin(3wot + 90°) 

v,,(t) = 353.55sin(wot + 150°) + 176.78sin(3wot - 60°) 

ve(t) 141.42 sin(wot - 60°) + 70.71 sin(3wot + 120°) . 

It has been shown, through extensive runs, that third harmonics contaminating the wave signal have no effect 
on the estimation of the symmetrical components of the fundamental unsymmetrical voltages. However, if the 
matrix H(t) is modified to take into account this harmonics contamination, (this can easily be done by replacing 
Wo by 3wo),we can obtain the symmetrical components of the unsymmetrical third harmonic voltages. We found 
also, through extensive runs, that the proposed algorithm behaves as a digital filter. 

3.1.1. Frequency Drift 

Effects of the frequency drift on the estimated components of the fundamental voltage have been tested, 
where the frequency drift changes from a small value, ill = -0.1 Hz to a large value ill = -1.0 Hz. Table 2 
gives the results obtained for these two values of the frequency drift. Examining this table reveals the following: 

The small frequency drift, ill =-0.1 Hz, has no effect on the estimated parameters either on the magni
tudes or on the phase angles. 

However, the large frequency drift, ill = -1.0 Hz, has no appreciable effect on the estimated magnitudes, 
but it has appreciable effect on the phase angles estimate. 

In order to avoid the errors due to the frequency drift, the proposed algorithm needs, in advance, a frequency 
measurement technique and this frequency is used in the matrix H (t). 

Table 1. Results of the Simulated Example. 

Positive Sequence Negative Sequence Zero Sequence 


Magnitude Phase Magnitude Phase Magnitude Phase 


Symmetrical 
Components 48.0 -87.7° 163.2 40.5° 52.2 112.7° 

Proposed 
Components 48.01 -87.6° 163.21 40.45° 52.189 112.7° 

Table 2. Effects of the Frequency Drift. 

Positive Sequence Negative Sequence Zero Sequence 

Frequency drift Magnitude Phase Magnitude Phase Magnitude Phase 

ill =-0.1 48.05 -87.975° 163.22 40.535° 52.14 112.4° 

ill =-1.0 48.36 -91.393° 163.22 36.5° 51.51 105.0° 
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3.2. Actual Recorded Data 

The proposed algorithm has also been tested using actual recorded data of a practical system in operation. 
The EMTP is used to compute the three phase voltages at a certain bus on a system during the switching-on of 
500 kV transmission system. Figure 1 gives the waveform of the three voltages Va, Vb, and VC' 

It can be seen from this figure that, during the first two cycles, the three voltages are unbalanced. The output 
data from the EMTP, the voltages magnitudes and the time, are in the form of samples. The sampling frequency 
used in this test was 10 000 Hz (the sampling time at = 0.1 ms). A computer program is written to change this 
sampling frequency, as well as, the number of samples. 

These samples are used to calculate digitally the positive, negative, and zero sequence components of these 
three unbalanced voltages, using the proposed algorithm. Table 3 gives the results obtained, when the chosen 
number of samples equals 100 samples, with a sampling frequency equals 10 000 Hz. 
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Figure 1. The Three·Phase Transient Voltage. 
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3.2.1. Effects of Number of Samples 

The effects of the number of samples on the estimated parameters have been studied. Table 4 gives the 
result obtained, when the number of samples changes from m =25 samples to m =100 samples with a sampling 
frequency of 10 000 Hz. Examining this table carefully reveals the following: 

variation in the number of samples at a constant sampling frequency (variable data window size) has·a 
great effect on the estimated parameters, especially the estimated phase angles; 

the positive sequence component, both magnitude and phase angle, is less affected by the variation in data 
window size; 

the estimated parameters are not constant, since their magnitudes change as the number of samples changes, 
which simply means that they are time varying parameters. Indeed, this is true, since the three phase 
voltages are contaminated with harmonics, especially in the first few cycles, which is the transient period; 

although the voltages are harmonics contaminated, the most effective component is the positive sequence 
component. 

3.2.2. Effects of Sampling Frequency 

The effects of sampling frequency on the behavior of the proposed algorithm has also been studied. Table 5 
gives the results obtained when the sampling frequency varies from 2 000 Hz to 10 000 Hz, when the number of 
samples equals 100. (Data window size in this case varies from 2:5 cycles to 0.5 cycles). Examining this table 
reveals the following: 

Table 3. Estimated Components for m =100, f~ = 10000 Hz. 

Positive Sequence Negative Sequence Zero Sequence 

Magnitude (p.u.) 0.84735 0.074915 0.017944 


Phase Angle (degree) 78.938 -153.0914 -79.88 


The base voltage = 500 k V 

Table 4. Effects of Number of Samples, Sampling Frequency = 10 kHz. 

Number Data Positive Sequence Negative Sequence Zero Sequence 
of Window 

Samples Size Magnitude Phase Magnitude Phase Magnitude Phase 
m (p.u.) (Degree) (p.u.) (Degree) (p.u.) (Degree) 

25 1/8 eyc. 0.774 82.20 0.1108E-3 170.02 1.950E-6 12.954 

50 1/4 eyc. 0.778 82.11 4.0200E-3 -123.0 4.225E-3 -26.460 

75 3/8 eyc. 0.816 80.32 4.9060E-2 -133.44 4.563E-3 134.29 

100 0.848 78.94 7.4915E-2 -153.09 1.794E-2 -79.880 
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the estimated parameters change as the sampling frequency changes; 

as the data window size increases, the negative and zero sequence magnitudes decrease. Indeed, that is the 
case, because as the data window size increases, e.g. to 2.5 cycles, the three phase voltages become almost 
sinusoidal, and harmonics contamination is reduced greatly; 

the component parameters are nonstationary (time-varying parameters). 

4. DISCUSSION 

The proposed algorithm has been tested on simulated and actual data. It is clear, from the results obtained, 
that the three voltages have time-varying magnitudes, we therefore recommend that a dynamic state estimation 
algorithm, such as Kalman Filtering (KF) algorithm or dynamic least absolute value (DLAV) algorithm qeveloped 
by the first author, be used to estimate these parameters. This is the current research interest of the authors. 

The proposed algorithm can be implemented as a harmonics identification and measurement algorithm. We 
tested, through extensive runs, this implementation for the actual recorded data. It has been found that the 
voltage signal waveforms are contaminated with the 2nd, 3rd, 4th, and 5th harmonics. 

It has been shown that the three phase harmonic voltages are unsymmetrical, and hence we can obtain, for 
each harmonics component, the corresponding symmetrical components. 

The proposed algorithm can be used as a digital filter algorithm. This can easily be done by changing the 
frequency Wo in the matrix H(t) to the required harmonic frequency to be filtered. 

5. CONCLUSIONS 

In this paper, we have discussed the implementation of the least errors square parameter estimation algorithm 
for measuring the symmetrical components for power system protection. The proposed algorithm has been tested 
on simulated and actual recorded data. Effects of sampling frequency, number of samples as well as the frequency 
drift are discussed in the body of the text. It has been found that the magnitude as well as the phase angle of 
these components are non-stationary (time-varying), and a dynamic state estimation algorithm is needed, which 
is the authors current area of research. 

Table 5. Effects of the Sampling Frequency, Number of Samples = 100. 

Sampling Window Positive Sequence Negative Sequence Zero Sequence 
frequency SIze 

Cycle Magnitude Phase Magnitude Phase Magnitude Phase 
Hz (p.u.) (Degree) (p.u.) (Degree) (p.u.) (Degree) 

2000 2.5 1.01380 87.975 1.115E-2 -147.78 5.708E-3 20.312 

2500 2.0 1.0144 86.415 2.352E-2 -144.34 1.076E-2 24.965 

3300 1.5 0.9854 86.787 2.023E-2 -151.239 1.704E-2 02.134 

500 1.0 0.9934 83.374 4.020E-2 -143.580 2.549E-2 -41.00 

1000 0.5 0.8474 78.938 7.492E-2 -153.091 1.794E-2 -79.88 
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