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RESUMO

Algoritmos Genéticos Aplicados a uma Mais Ra-
pida Protecao de Distancia de Linhas de Trans-
missao

O principal objetivo deste trabalho é implementar uma
nova metodologia baseada em Algoritmos Genéticos
(AGs) para extracao de fasores fundamentais de tenséo
e corrente em sistemas que possibilite uma protegao de
distancia mais rapida. Os AGs resolvem problemas de
otimizacgao baseados nos principios da selegao natural.
Esta aplicacao foi formulada como um problema de oti-
mizagao, tendo como principal objetivo o de minimizar
a estimagao do erro entre as formas de ondas em anélise.
Uma linha de transmissao de 440 kV, com 150 km de
extensao foi simulada através do software ATP (Alterna-
tive Transients Program) para testar a eficiéncia do novo
método. Os resultados desta aplicagao mostram que o
desempenho geral do AG foi altamente satisfatério no
que diz respeito a velocidade e a precisao na resposta
quando comparado ao método tradicional utilizando a
Transformada Discreta de Fourier.
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ABSTRACT

The main purpose of this paper is to implement a new
methodology based on Genetic Algorithms (GAs) to ex-
tract the fundamental voltage and current phasors from
noisy waves in power systems to be applied to a faster
distance protection. GAs solve optimization problems
based on natural selection principles. This application
was then formulated as an optimization problem, and
the aim was to minimize the estimation error. A 440
kV, 150 km transmission line was simulated using the
ATP (Alternative Transients Program) software in order
to show the efficiency of the new method. The results
from this application show that the global performance
of GAs was highly satisfactory concerning speed and ac-
curacy of response, if compared to the traditional Dis-
crete Fourier Transform (DFT).

KEYWORDS: Distance Protection, Discrete Fourier
Transform, Transmission Lines and Genetic Algorithms.

1 INTRODUCTION

The increasing growth in power systems both in size
and complexity has demanded higher speed relays in or-
der to protect major equipment, as well as keeping its
stability. When a fault occurs on a transmission line,
radical changes occur in the voltage and current wave-
forms. The phase and magnitude of the 60 Hz voltage
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and current signals are badly corrupted by noise, in the
form of a DC offset (exponentially decaying transient),
as well as harmonic components. Therefore, a protective
relaying system has to detect them as soon as possible
and isolate the faulty region from the rest of the system,
preventing the propagation of the fault.

Many research groups have been working on digital pro-
tection of transmission lines. Much attention has been
paid to distance relaying techniques lately (Osman and
Malik, 2001; Sidhu et al., 2002). Among many ap-
proaches considered, transmission line protection based
on the fundamental frequency signals is widely used. Ba-
sically, the objective of a relaying scheme is to estimate
the fundamental frequency components from the cor-
rupted voltage and current signals following the fault oc-
currence. For distance relaying, these fundamental com-
ponents are used to determine the apparent impedance
(Phadke and Thorp, 1988). According to the calculated
impedance, the fault is identified as internal or external
to the protection zone.

Some filtering techniques found in the literature can
be applied to this problem. Various digital signal-
processing techniques based on static and dynamic esti-
mation have been suggested to evaluate the fundamental
frequency (60 Hz). Some examples of static estimation
are the Least-Squared Method (LSM) (Alfuhaid and El-
Sayed, 1999) and the Discrete Fourier Transform (DFT)
(Altuve et al., 1996). On the other hand, the Kalman
Filter is an example of a dynamic estimation (Girgis
and Brown, 1985). Genetic Algorithms (GAs) (Osman
et al., 2003a; Macedo et al., 2003) and Artificial Neu-
ral Networks (ANNs) (Osman et al., 2003b) have also
been applied to the distance protection of power sys-
tems. However, the DFT filter has been the most pop-
ular for this purpose and has become a standard in the
industry. This is because its computational cost is low
and a good harmonic immunity can be reached. On the
other hand, its performance can be adversely affected by
the DC component leading to erroneous estimations, de-
pending on the window length utilized. A shorter data
window would give a faster response but an unstable
output. A longer data window would give a stable re-
sult, but the response of the filter would be delayed.
For protection purposes, a data window of one cycle has
been largely used (Chen et al., 2006).

The main purpose of this paper is to implement a new
methodology based on GAs to extract the fundamen-
tal voltage and current phasors in power systems to be
applied to the distance protection. The optimization
procedure follows an evolutionary strategy to find the
best solution for a search problem. In order to obtain

a faster distance protection decision, the window length
for the new methodology was analyzed in comparison
to the standard DFT filter, showing some advantages
concerning the new approach.

2 BASIC CONCEPTS RELATED TO GE-
NETIC ALGORITHMS

A Genetic Algorithm (GA) is a search algorithm based
on the mechanism of natural selection and natural genet-
ics. Its fundamental principle is “the fittest member of a
population has the highest probability for survival”. A
GA operates in a population of current approximations,
the individuals, initially drawn in a random order, from
which improvement is sought. Individuals are encoded
as strings, the chromosomes, so that their values repre-
sent a possible solution for a given optimization problem
(Goldberge, 1989).

There is a fitness value associated to each chromosome.
The better the solution the chromosome represents, the
larger its fitness and its chances to survive and produce
offspring. In this context, the objective function estab-
lishes the basis of selection.

At the reproduction stage, a fitness value is derived from
the raw individual performance measure given by the ob-
jective function, as is used to bias the selection process.
The selected individuals are then modified using genetic
operators. Afterwards, individual chromosomes are de-
coded, evaluated, and selected according to their fitness,
and the process continues for different generations. By
manipulating a population of possible solutions simulta-
neously, the GAs can explore various areas of the search
space.

The GAs rely on two basic kinds of operators: genetic
and evolutionary. Genetic operators, namely crossover
and mutation, are responsible for establishing how in-
dividuals exchange or simply change their genetic fea-
tures in order to produce new individuals. Evolutionary
operators deal with determining which individuals will
experience crossover or mutation.

Essentially, a GA tries to minimize or maximize the
value presumed by the fitness function. In many cases,
the development of a fitness function can be based on
this return and can represent only a partial evaluation of
the problem. Additionally, the algorithm must be fast,
because it will analyze each individual from a population
and its successive generations.
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3 THE REPRESENTATION OF THE ES-
TIMATION PROBLEM

3.1 The mathematical model of the input
signals

A periodic signal can be represented as a sum of its
exponential DC, the fundamental frequency, as well as
its harmonic components. In order to estimate the har-
monic components of a nonsinusoidal waveform, a math-
ematical expression can be written as (Pascual and Ra-
pallini, 2001):

N
T (1) =zge Mt + Z Ac,icos (iwgt) + As sin (iwot)

i=1
(1)

where z( is the amplitude of the decaying DC compo-
nent and A is its time constant; and are the cosine and
sine amplitudes of the i** harmonic respectively; is the
fundamental frequency (377 rad/sec - 60 Hz) and N is
the number of harmonics used to represent x(t).

Assuming that the signal z,(t) is sampled at a pre-
defined time interval At, after (m — 1) x At seconds
there will be m samples, z4(t1), Ts(t2)..... Zs(tym), for
t1, to..... tm, where t; is an arbitrary time reference.
The system of equations given by equation (2), where
e(ty), k=1..... m, is the equation error at time tx, and
can be written as:
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In this work, the system (2) is solved using GAs. Solving
the system of equations given by (2), we would be able
to find, A, g, and , ¢ = 1,..., N. However, concern-

ing the distance protection application, only the funda-
mental phasors are required to calculate the apparent
impedances seen by a local relay during a faulty situa-
tion. Therefore, equation (1) was drastically simplified
considering only the cosine and sine amplitudes of the
fundamental component, and, respectively. Taking this
into account, a real-coded GA scheme was used to repre-
sent the cosine and sine amplitudes of the fundamental
voltage and current, as illustrated in Figure 1. Consid-
ering this approach, the GA worked as a filter for the
voltage and current inputs, which is well known for be-
ing corrupted by noise (as mentioned before).

Chromosome real representation

0.364 0.834

Figure 1: Individual representation.

3.2 The fitness function

The evaluation function (F4) is responsible for deter-
mining the fitness of each individual. Its objective is to
evaluate the estimation error (e), in (3) . The coded pa-
rameters in equation (2) are compared to the measured
value in each time step in order to calculate the error
(e) (Figure 2).

e(tr) = ws(ty) — xe (tr)

The error represented in (4) was used in this work.

As the objective of the GAs is to maximize the chro-
mosome’s fitness, it is necessary to transform FEp into
a fitness function (F). This is done using equation (5)
, where A is a very small positive constant, 0.00001,
aimed to avoid overflow problems.

1

Fa= E A (5)

Concerning the reproduction process, some of the pa-
rameters should be mentioned, such as: population of
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Figure 2: The estimation error evaluation.

100 individuals, chromosomes with real representation,
the tournament operator; the considered crossover and
mutation rates of 90% and 10%, respectively. The stop
criterion in each run was 5,000 generations or 100 gen-
erations without improvement.

3.3 The Discrete Fourier Transform

Traditionally, the Fourier technique is widely used to
analyze currents and voltage waveforms from an electric
power system. In this work, the DFT technique is used
in order to compare it to the new methodology proposed.

Considering the Fourier filter, the real and imaginary
components of the fundamental frequency phasor (for
one cycle of data with Ne¢ samples per cycle), are
given by the following equations (Pascual and Rapallini,
2001):

where and are the peak value of the real and imaginary
components of the fundamental frequency phasor of the
input signal z(n), respectively. For a half cycle and one
quarter of a cycle, 2/Nc¢ should be replaced by 4/Nc and
8/Nc in equations (4) and (5) , respectively.

4 TEST RESULTS

4.1 Transmission line simulation

In order to obtain the voltage and current signals, which
will be applied to distance protection, transmission lines
with source equivalents at the ends were simulated (Fig-
ure 3). This work makes use of a digital simulator of
faulted EHV (Extra High Voltage) transmission lines
known as the Alternative Transients Program - ATP
(ATP, 1987).

A typical 440 kV transmission line, illustrated in Figure
4, from CESP (Companhia Energética de Sao Paulo — a
Brazilian utility) was utilized.

It should be mentioned that although the technique de-
scribed is based on Computer Aided Design (CAD),
practical considerations such as the Capacitor Voltage
Transformer (CVT) and Current Transformers (CT),
anti-aliasing filters and quantisation on system fault
data were also included in the simulation. The data
obtained was very close to that found in practice. The
technique also considered the physical arrangement of
the conductors in the structure (Figure 4), the char-
acteristics of the conductors, mutual coupling, and the
effect of earth return path. Perfect line transposition
was assumed.

D E F G
TL1 TL2 TL3
Relay
10GVA 9GVA
| | | |
80 km 150 km 100 km
440 kV

Figure 3: Power system simulated using ATP software.

The transmission line parameters are presented in Ta-
ble 1. Tables 2 and 3 show the equivalent parameters
concerning the generators and data from D and G ter-
minals, respectively.

For this approach, the voltage and current fault values
from busbar E were utilised as inputs. A sampling fre-
quency of 2.400 Hz to distance protection calculations
was used.

The simulated data were obtained applying different
faults in the TL2 transmission line (150 km) between
busbars F and F'.
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Figure 4: Transmission line structure (440 kV).

Table 1: Transmission line parameters

Positive Sequence

R (ohms/km) L (mH/km) C (uF/km)

3.853E-02 7.410E-01 1.570E-02
Negative Sequence

R (ohms/km) L (mH/km) C (uF/km)

1.861E+00 2.230E4-00 9.034E-03

Table 2: Equivalent parameters from D and G generation ter-

minals

Generation Terminal D

Positive Seq. Negative Seq.
R (ohms/km) 1.6982 0.358
L (mH/km) 5.14E+4-01 1.12E4-01

Generation Terminal G

Positive Seq. Negative Seq.
R (ohms/km) 1.7876 0.4052
L (mH/km) 5.41E+401 1.23E+01

Table 3: Data from D and G Generation Terminals

Generation Generation
Terminal D  Terminal G
Power (GVA) 10 9
Voltage (pu) 1.05 0.95
Phase (grade) 0 -10

Figures 5 and 6 show a typical situation of an a-phase-
to-earth fault in the TL2 transmission line at 75 km
from busbar E.
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Figure 5: Voltage waveforms at the TL2 transmission line.
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Figure 6: Current waveforms at the TL2 transmission line.

The obtained data (voltage and current waveforms) were
filtered using a 2"¢ order Butterworth filter with a cut-
off frequency of 360 Hz in order to eliminate some of the
high frequency components, as well as to prevent the
aliasing effect. Moreover, the voltage and current wave-
forms were digitalized using a 12 bit analog to digital
converter (ADC).

4.2 Distance protection algorithm results

Impedance relays are from the family of distance relays.
They are used to calculate the apparent impedance up
to the fault point by measuring voltages and currents at
one single end. As is known, they compare the apparent
impedance/fault distance measured to a protection zone
to determine if a fault is inside or outside it.

A complete scheme for a distance protection relay is
shown in Figure 7. The voltage and current signals come
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from the power system shown in Figure 3, simulated
in the ATP software. The first step of the algorithm
was the fault detection. Samples of current signals were
stored in the memory. When a new sample came, it was
compared to the corresponding sample one cycle earlier.
If the change was bigger than 0,05 p.u and this change
was confirmed by a counter four consecutive times, the
fault situation was detected.

The next step was digital filtering. In this work, the tra-
ditional DFT, as well as an alternative method, Genetic
Algorithms (GA), were utilized in order to estimate the
fundamental frequency phasors, as shown in 7 . Both
methodologies were used to appropriately estimate these
phasors as discussed in section 3.

The fault classification was also implemented because
of the need to choose the voltages and currents involved
in a fault adequately in order to correctly calculate the
apparent impedance seen by the distance relay. The
method adopted in the design consists of calculating the
peak value of the three line currents and zero sequence
current from the estimated states from the filters, as
mentioned in Girgis and Brown (1985). Table 4 show
the equations for fault impedance calculation according
to the fault type (IEEE Std. C37.1147M 2004).

Current and
Voltage
Signals

| S

Fault Detection i N

’ -/ Discrete
Fourier

Transform

=
=
=
= and
=
=

Digital Filtering <~

Genetic
Algorithm

WIOVOW>»IT

414448

~

Fault N - /
Classification N .

Apparent
Impedance
(Fault Distance)

Fault Zone
(Trip Decision)

Figure 7: A basic diagram for a distance protection relay.

In Table 4, A, B and C indicate the phases involved, G is
for ground, V and I are voltage and current phasors, k =

Table 4: Fault impedance equations for different types of faults.

Fault Type Equation
AG Va/(Ia + 3kIp)
BG Vi /(g + 3klo)
Ca Vo /(o + 3kIo)
AB or ABG (Va—Vpg)/(Ia—1p)
BC or BCG (Ve —V¢o)/(As —1¢)
CA or CAG (Ve —=Va)/(Ic —14)
ABC The same as a phase-to-phase

(Zo"Z1)/Z1, Zy and Z; correspond to zero and positive-
sequence line impedance, respectively, and I is the zero-
sequence current.

Finally, after the apparent impedance calculation, that
is proportional to the distance to the fault, the protected
zone is inferred.

Considering the power system shown in Figure 3, all
types of faults were simulated in order to test the pro-
posed technique compared to the traditional DFT fil-
tering method. For brevity, the results presented are
concentrated in line-to-ground faults (AG) and phase-
to-phase faults. The system behavior for the other fault
types is similar to those presented.

These different kinds of faults were obtained considering
the TL2 transmission line in Figure 3. The distances
considered from busbar F were: 15, 45, 75, 105, 135 and
145 km. The apparent impedances and fault distances
were calculated for all kinds of faulty situations, taking
into account not only the DFT but also the GA method.
Windows of one, half and quarter of a cycle, i.e., 40,
20 and 10 samples from voltage and current waveforms
were used as input for both methodologies. The fault
inception angles for the simulations presented here were
considered to be 0° and 90°. Moreover, fault resistances
of 0, 50 and 100 Ohms were also included. Zone 1 was
set to 80 % of the total line length. Consequently, fault
distances of 15, 45, 75 and 105 km corresponded to the
first zone and 135 and 145 km to the second zone.

Figure 8 shows the impedance trajectory from the pre-
to the post-fault data, considering the use of a DFT filter
(one and half cycle windows), as well as a GA filter of a
quarter cycle. A single line to ground (SLG) fault was
located in the middle of the line with no fault resistance
for this case study.

Figures 9 to 14 show the stabilized values for the
impedance calculation for different faults located along
the line and different types of faults, considering the
DFT and AG filtering methods. A standard quadrilat-
eral characteristic for the first zone was adopted in the
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Figure 8: Impedance trajectory for a SLG (AG) fault considering
DFT and AG filters.

W . tiv :
figures as well as a representation for the positive se
quence line in question.

Figure 9 illustrates the estimated apparent impedances
using both DFT and GA filters, considering the dis-
tances described earlier along the line length versus the
fault resistance variation for a single line to ground fault.
The results show a good and correct estimation for both
methods with one cycle data window.

Figure 10 illustrates the same situation using a half cycle
data window. It can be observed that both methods
presented similar results.

Finally, Figure 11 shows the same situation for a quar-
ter cycle window. Considering the quarter cycle window
of data, the use of GA shows a better result, especially
because it kept the same type of response of the pre-
vious cases. The same did not happen with the DFT
technique, as already expected.

The fault distance estimations, as well as the zone in
which the faults are located (1- inside the primary zone
and 0- otherwise), for the cases illustrated in Figures 9,
10 and 11 are shown in Table 5. The results are shown
in function of the error calculated according to 8:

e (%) — |destimateLd_dactual| * 100 (8)

where, destimateq 18 the fault distance estimated by the
GA; ductuar is the actual fault distance; and L is the
total length of the transmission line.

It can be observed in Table 5 that generally the GA
methodology shows a better performance (in terms of

errors) if compared to the DFT method. This can be
better observed in the cases using a quarter data win-
dow. For these cases, the fault distance estimations,
as well as location zones, were on average much more
precise, if compared to the traditional method, provid-
ing better conditions to the new method to distinguish
different relay zones with this very short window.
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Figure 9: R — X diagram for a SLG (AG) fault with 0, 50 and
100 Ohms fault resistances and one cycle data window.
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Figure 10: R — X diagram for a SLG (AG) fault with 0, 50 and
100 Ohms fault resistances and half cycle data window.

Figure 12 presents a R — X diagram for a double line
fault (AB) with fault resistance of 1 Ohm, considering
a one cycle data window. A good estimation for both
methods can be seen.

Figure 13 shows the same situation for a half cycle data
window. Once more, both methods had approximately
the same performance.

Finally, Figure 14 presents the same situation for a quar-
ter data window. As shown, a better performance can be
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Figure 11: R — X diagram for a SLG (AG) fault with 0, 50 and
100 Ohms fault resistances and quarter cycle data window.

observed considering the GA technology. This behavior
can also be found considering the distance estimations
presented in Table 6 where the GA technique with a
quarter cycle data window presented much smaller av-
erage errors if compared to the DFT.

It must be emphasized that, the GA methodology can
present different results depending on its initialization.
Considering this, in order to have a realistic result, each
test was run individually 30 times and its average per-
formance is presented in the tables.

The average running times for the proposed algorithm,
considering fault detection, classification and location
are 19.17 ms, 10.84 ms and 6.67 ms considering one,
half and quarter cycle data windows, respectively.
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Figure 12: R — X diagram for a double line (AB) fault with 1
Ohm fault resistance and one cycle data window.
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Figure 13: R — X diagram for a double line (AB) fault with 1
Ohm fault resistance and half cycle data window.
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Figure 14: R — X diagram for a double line (AB) fault with 1
Ohm fault resistance and quarter cycle data window.

4.3 Practical implementation

This work has been developed on a simulation basis.
However, it should be mentioned that an embedded
methodology using FPGAs (Field-Programmable Gate
Arrays) would be very suitable for this application. The
system on chip concept makes intelligent digital distance
relays possible in practice. A similar approach was im-
plemented in Souza et al. (2008) for on-line applica-
tion of a frequency relay (estimating frequency devia-
tion, phasor magnitude and phase angle) with very good
results, facing all the restraints concerning an on-line re-
lay application.
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5 CONCLUSIONS

This work presented an efficient technique based on Ge-
netic Algorithms applied to distance protection of power
systems. Considering the study, the proposed method-
ology performed better compared to the traditional Dis-
crete Fourier Transform method.

A basic algorithm for distance protection was tested and
situations such as different types of faults, fault resis-
tances, fault distances and size of the input data window
were considered.

It can be concluded that the size of the window is very
important for a good estimation. As far as distance
protection is concerned, a shorter data window would
give a faster response. In this context, the deprecia-
tion of the results when the size of the data window
was made shorter could particularly be observed in the
case of the DFT technique. The use of one, half and
quarter cycle data windows showed an interesting com-
parison between the Genetic Algorithm and Discrete
Fourier Transform with better performances in favor of
the GA methodology. This is particularly important if
we have in mind the times normally required for com-
mercial relays (between one and two cycles) concerning
the fault detection, classification and location for trans-
mission lines.
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ion for a SLG (AG) fault with one, half and quarter data windows.

Istance estimat

Di
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Table 6: Distance estimation for a double line (AB) fault with one, half and quarter data windows.

Target] Target Estimate Fault Distance
Rf Zone | Distance DFT Zone | Eror GA Zone | Error
(Q) (km) (km) (%) (km) (%)
1 15 254585 | 1 | 69723 | 283264 | 1 | 8.8843
o 1 45 407422 | 1 | 28385 41801 | 1 |20733
5 1 1 75 565220 | 1 |12.3187| 60.3663 | 1 | 9.7558
o 1 105 | 99.0110| 1 |3.9927 |111.3835] 1 | 4.2557
o 0 135 |133.4565] 0 | 1.0290 | 140.4249] 0 | 3.6166
0 145 |149.9801] 0 |3.3201|151.1982] 0 | 4.1321
Av. Error 5.0785 | Av. Error 5.4529
o 1 15 182005 | 1 | 21937 | 180957 | 1 | 2.0638
o 1 45 270539 | 1 |11.9641| 247307 | 1 |13.5129
© 1 1 75 294580 | 1 |30.3613| 319811 | 1 |28.6793
° 1 105 | 584500 | 1 [31.0273]| 58.0636 | 1 |31.2909
§ 0 135 | 785676 | 1 |[37.6216| 785758 | 1 |37.6161
0 145 | 847035 | 1 [40.1977| 865001 | 1 |38.9999
Av. Error 25.5609 | Av. Error 25.3604
] 1 15 | 305322 | 1 |10.3548 188957 | 1 | 25971
e 1 45 305676 | 1 | 96216 | 2094383 | 1 |[14.7041
S 1 75 340375 | 1 |27.3083| g7.5402 | 1 | 49732
£ ! 1 105 | 502044 | 1 [36.4704| 838300 | 1 |14.1067
% 0 135 | 729268 | 1 |41.3821|109.6211| 1 |[16.9193
5 0 145 | 809051 | 1 |427299|1199412| 1 |16.7059
Av. Error 27.9779 | Av. Error 11.6677
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