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Abstract - This paper presents a wavelet-based method
for real-time disturbance detection and classification in
transmission power systems. Both wavelet and approxima-
tion coefficients of the voltages and currents are computed
through the maximal overlap discrete wavelet transform, at
first scale, by using the pyramid algorithm adapted for real-
time. The wavelet and approximation coefficient energies of
the voltages and currents are analyzed to detect and classify
the disturbances in real-time. The diagnostic method can de-
tect faults and other power system disturbances with tran-
sients, such as voltage sags and switching transients. The
proposed method was implemented by using the Real Time
Digital Simulator (RTDS).

Keywords - Real-time fault detection, real-time tran-
sient detection, wavelet transform.

1 Introduction

Real-time analysis of faults and power quality (PQ)
disturbances has become an important issue to electri-
cal utilities in order to minimize the harmful effects of
such disturbances and improve system stability. For in-
stance, the real-time detection of fault-induced transients
followed by the real-time fault classification and loca-
tion can provide very fast relay operation in transmission
lines. This paper presents a method for real-time detection
and identification of faults and other power system distur-
bances with transients, such as voltage sags and transients
due to transmission line energization and de-energization.

Voltages and currents during faults and other power
system disturbances with transients are non-stationary
in both time and frequency domains with typical fre-
quency spectrum from a few hundred Hz to various kHz
[1, 2]. These signals can be properly analyzed by using
the discrete wavelet transform (DWT), which is a well-
known powerful tool to detect power system transients
[3, 4, 5, 6, 7], to detect PQ disturbances [8, 9], to detect
and classify faults [10, 11], and to estimate the fault loca-
tion [12, 13]. However, the wavelet transform can also be
used for real-time analysis of faults and PQ disturbances
[14]. In real-time applications, transients in faults and PQ
disturbances can be detected faster by using the maximal
overlap discrete wavelet transform (MODWT) [15, 14], a
variant of the DWT [16].

This paper presents a wavelet-based method for real-
time disturbance detection and classification in transmis-
sion power systems. In order to detect the transients as
soon as possible, both wavelet and approximation coeffi-
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cients of the voltages and currents are computed through
the MODWT, at first scale, by using the pyramid algorithm
adapted for real-time. The wavelet and approximation co-
efficient energies of the voltages and currents are analyzed
to detect and identify the disturbances in real-time. The
Real-Time Digital Simulator (RTDS) was used in order
to evaluate the performance of the proposed method and
good results were obtained.

2 Real-Time Wavelet Transform

The MODWT uses both low-pass filter (g) and high-
pass filter () to divide the frequency-band of the input
signal into low-frequency components (approximation co-
efficients) and high-frequency components (wavelet coef-
ficients) at various scales. There is no down-sampling pro-
cess in MODWT [16]. As a consequence, the approxima-
tion and wavelet coefficients can be computed soon after
each sampling process (the disturbances can be detected
faster).

The simulation time step of the RTDS is At=50 us
(sampling frequency f;=20 kHz). Therefore, the fre-
quency spectra of the approximation and wavelet coef-
ficients at the first scale fall in the ranges [0,5] and
[5,10] kHz, respectively [16]. As a consequence, the
wavelet coefficients at the first scale are well-suitable to
detect the highest frequency components of the distur-
bances. On the other hand, the approximation coeffi-
cients are mainly influenced by the fundamental power
frequency (useful for disturbance identification).

The coefficients of the filter pairs are associated with
the selected mother wavelet. The wavelet Daubechies
4 (db4) [17] provides an accurate detection of the fast
transients in faults and other power system disturbances
[6, 11, 18]. In addition, the four coefficients of the db4 fil-
ters provide a fast computation of the wavelet coefficients,
an excellent feature for real-time applications.

The MODWT is defined in terms of a computationally
efficient pyramid algorithm [16]. Considering the phase
A voltage (v4) with length of k; samples, the approxima-
tion coefficients (A) and wavelet coefficients (1V) of the
MODWT pyramid algorithm, at the first scale, with g and
h which has four coefficients (L=4) are given by:

g(4) 0 0 g(2) g(3) va(l)
g(3) g(4) 0 g(1) g2 va(2)
g(2) g(3) g(4) 0 g(1) va(3)
Avy = | g(1) g(2) ¢(3) 0 0 va(4) |,
o 0 0 93 9@ | [ vatke)
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According to (1) and (2), the k-th approximation and
wavelet coefficient values are only influenced by the last
L samples of the original signal when £ L. In this paper,
the samples of the original signal are obtained in real-time.
In this case, the pyramid algorithm of the MODWT could
be adapted for real-time and both the approximation and
wavelet coefficients soon after each sampling process are
given by [14, 15]:

L

Aua(k) = g(hva(k +1- L), 3)
=1
L
=Y h(hvak+1-L), )
=1

since FH{va(k-L+1),...,ua(k-Dwa(k)}. The real-time
simulator must to be robust enough to solve the network
equations and to compute the approximation and wavelet
coefficients of all voltages and currents in each simulation
time step.

According to the Parseval theorem, the energy of a
signal can be decomposed in terms of the energy of the
approximation coefficients and the energy of the wavelet
coefficients at first scale, as follows [16]

ke
RIP 4D 1A, (k)
k=1

k¢ k

> lva(k)? =

k=1

2, )

Or . ..
E=E+E,

where  E=Y"7", [va(k)[%:
E=STN L (W, (R)|2: wavelet
g‘;":Eﬁ‘:l |A,, (k)|?: approximation coefficient energy.

The real-time approximation and wavelet coefficient
energies (5; and 5) of a signal (voltage or current), at the
first scale, are computed at the sample k as follows:

6)

energy of the signal;

coefficient energy;

i} k—Ak+1
Ek) =Y lAm) @)

m=k

. k—Ak+1
ER)y=">_ [W(m)P, ®)

m=k
since  I{A(k-Ak+1),...,A(k-1),A(k)} and FH{W(k-
Ak+1),. W (k-D),W (k)}; Ak=fs/f is the coefficient

amount equivalent to one cycle of the fundamental power
frequency (f).

According to (7) and (8), in each simulation time step,
the energies of a signal are computed considering the last
approximation and wavelet coefficients in one cycle (real-
time sliding windows).

3 Real-Time Transient Disturbance Detection and
Classification

3.1 Transmission Line Faults

Faults upon overhead transmission lines are usually
characterized by transients soon after both fault inception
and clearance times as a consequence of travelling waves
[1, 19]. In this paper, the incidence of these transients at
monitoring points is called transient inception (TT). Fig. 1
depicts an actual oscillographic record with single-line-
to-ground (SLG) fault. This record presents four TIs: pre-
fault transients at sample k;, fault-induced transients at
sample ko, transients due to fault clearance at local end at
sample k3, and transients due to fault clearance at remote
end at sample k. The beginning of the i*" TI is located at
sample k;.

Fig. 2 depicts the wavelet coefficient energies &, s
EUB, EUC, &A, 515, and 5 o regarding the fault shown in
Fig. 1. The normalized approximation coefficient energies

EvirEups 51;0, &y, and 5 are shown in Fig. 3.

The wavelet coefficient energies related to steady-state
system operation are due to electrical noises and present
almost constant values. However, a fast-rising energy oc-
curs at least in one energy waveform regarding each TI.
This parameter is used by the proposed method to de-
tect and locate the various TIs in real-time. According to
Fig. 2, four TIs could be detected through fast-rising en-
ergy variations. At wavelet coefficient energy waveforms,
a TI is detected at sample k; .

Fig. 4 depicts some binary diagnostic variables used
for real-time detection and classification of power sys-
tem disturbances. The binary variable Ep; indicates the
real-time detection of a TI. When a TI is detected at least
in one of the wavelet coefficient energies &, s SUB, EUC,
&A, 813, and &c, Er; presents high level (Epr=1) dur-
ing a half-cycle. During this interval, the method does
not search for a new TI. The beginning and end time of
the fault are identified in real-time when Ep;=T. In addi-
tion, in a case of fault, a minimum of two TIs are detected

(nrr=>2).

The binary variable F4;5:=1 indicates that the power
system operation may be under the influence of transient
disturbances. In a case of fault, at least one energy wave-
form presents values greater than a typical value during
the steady-state system operation. According to Figs. 2
and 4, F ;=1 from the first TI detection to the end of the
fault.

The binary variable Epr=T indicates the end of the
disturbance at sample k; p7. In a case of transmission line
fault, at least one phase current tends toward zero after the
fault clearance. In this case, the related approximation co-
efficient energy drops to zero (Fig. 3). During Eg;5=1,
when &A, &B, or &c drops to zero, Epr=1 and Eg; =] .
Epr=1 during the dead time, which has been assumed to
be 20 cycles in this paper. The proposed method does not
work during Epr=1, from k;pr to kfpr=k;pr+20Ak.
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According to Fig. 2, the fourth TI (related to the fault
clearance at remote end) would be detected by the pro-
posed method. However, during E'pr=1, TIs are not de-
tected.

The approximation coefficient energy analysis is re-
lated to the real-time disturbance identification. The bi-
nary variables F,.. and E,,. indicate the status of the
currents just before and soon after the disturbances, re-
spectively. For instance, in a case of fault, Si s El 5» and
& o present values according to steady-state system opera-
tion. Therefore, F,.=1 after the first TI detection. On the
other hand, 51 4o Sl s OF EZC present null values soon after
the fault clearance. In this case, I},,5:=0 during Epr=I.

Fault clearance time

Fault inception time

3.2 Voltage Sags due to Faults

Voltage sags are short or long duration reductions in
rms voltage, caused by faults, overloads, and the starting
of large motors [6]. Faults are the main cause of voltage
sags in transmission lines, and sags due to other events
will not be dealt with in this paper. Fig. 5 depicts an ac-
tual oscillographic record with voltage sag due to the SLG
fault shown in Fig. 1.

Fig. 6 depicts the wavelet coefficient energies &, s
&, 5. and gvc regarding the voltage sag shown in Fig. 5.
The normalized approximation coefficient energies &, s
& 5. and E;vc are shown in Fig. 7 and the binary diagnos-
tic variables are shown in Fig. 8.

Fault clearance time

= at local end i atremoteend Phase A
= ]
5 KN ———— Phase B
.;;30 o e —— Phase C
5 I ]
=
k,

NI
=
z AN

=28
S I I I | I )

k, k, Sample ; k y
(b)

Figure 1: Actual oscillographic record with CG fault: (a) phase voltages; (b) phase currents.
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Figure 4: Binary diagnostic variables.
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According to Fig. 6, the wavelet coefficient energies
related to steady-state system operation were almost con-
stant (at samples k<k;g). However, various fast-rising
energies were detected at fault inception and clearance
time (at samples k1 g, kog, ksg, and k4g), indicating the
beginning and end time of the voltage sag. In addition, in
a case of voltage sag due to fault, a minimum of two TIs
is detected (npr=>2).

In a case of voltage sag, the energies & ™ 52 5»and E"l-c
present values according to steady-state system operation
before the fault. In this case, Fy,.=1 after the first TI de-
tection. After the fault-clearing time, the phase voltages
and currents tend to stead-state normal system operation.
As a consequence, & e 51 5. and Sic present almost con-
stant values. As a consequence, Ep,,..=1 and Ep,.=1 dur-
ing Epr=1. When E,,,=1, the dead time is only four
cycles of fundamental power frequency. After this time,
the next TI detection will be associated with a new distur-
bance.

The binary variable F,q is used for real-time identi-
fication of voltgge sags."During FEg;s:=1, the values of the
energies &, ,, &,,, and £, are compared to the respective

Fault clearance time

.Fault inception tim

energy value at steady-state system operation (before the
first TT detection). For instance, if the energies év s S;U B
and/or fjvc present values less than 95% of the reference
value, E,,4 presents high level. In a case of E,.4=1 for
more than half cycle, a voltage sag is confirmed in real-
time.

3.3 Transmission Line Energization/De-energization
and Switching Transients

A switching operation to energize a transmission line
is transient in nature. Therefore, transients can be detected
in various power system points. However, the voltages and
currents present distinctive features at different monitor-
ing points.

Fig. 9 depicts a simplified transmission system where a
transmission line is opened in both terminals. The phase A
voltage and current at three distinctive monitoring points
and the respective wavelet coefficient energies at the first
scale and binary diagnostic variables are also shown in
Fig. 9.

According to Fig. 9(b), at switching point, the wavelet
coefficient energies present a hard increase and the switch-

Fault clearance time
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Figure 5: Actual oscillographic record with voltage sag: (a) phase voltages; (b) phase currents.
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Figure 8: Binary diagnostic variables.
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ing operation can be detected in real-time. In this case,
the wavelet and approximation coefficient energies of the
currents before the switching are null and tend to return to
steady-state a few cycles after. As a consequence: Fp,.=0,
E,0st=1, and np;>1 when Epp=1. This transient distur-
bance is termed as energization.

The voltages and currents monitored in other power
system points far from the switching can also present
transients and a disturbance can be detected in real-time.
However, these disturbances present different features
from energization and are termed as switching transients
in this paper. Generally, the wavelet and approximation
coefficient energies of the currents before the switching
are in steady-state and tend back toward steady-state a
few cycles after (Fig. 9(a)). As a consequence: E,..=1,
E,ost=1, and nrr>1 when Epr=T. In some cases, the
wavelet and approximation coefficient energies of the cur-
rents before and after the switching are null (Fig. 9(c)) and
Epre=0, Epost=0, and npr>1 when Epr=T.

In a case of transmission line de-energization, tran-
sients in voltages and currents at switched point are
detected as de-energization in real-time with E,..=1,
Epost=0, and npr>1 when Epr=T. On the other hand,
transients in voltages and currents far from the switched
point are detected as switching transients in real-time with
either E,,..=1, E,,=1, and np;>1 when Epr=T or
Epre=0, Epost=0, and npr>1 when Epp=T.

Phase A voltage

VAVAVAVA

Phase A current

VAV VAVE

Wavelet coefficient energy
of phase A voltage

Wavelet coefficient energy
of phase A current

Binary diagnostic variables

Phase A voltage

Phase A current

Wavelet coefficient energy
of phase A voltage

4 Proposed Method

Fig. 10 depicts the simplified flowchart of the pro-
posed real-time disturbance detection and classification.
From the simulation time step k, where the energies can
be computed, both wavelet coefficient energies (é‘v ™ é"v B
S@C, c‘fi 4o .z- 5»and & ) and approximation coefficient en-
ergies (ffu s E;v 5»and SUC) are computed in each time step.
The flags Etr, Faist, EpTs Fsag, Epre, and Epoe are

modified in real-time as addressed in the previous section.

The disturbances can be identified in real-time accord-
ing to the parameters summarized in Tab 1.

5 Proposed Method Performance Evaluation

In order to evaluate the performance of the proposed
disturbance detection method in real-time simulations, the
system model depicted in Fig. 11 was modeled by using
the RTDS. This system is based on the model proposed by
[20]. Each 230 kV transmission line is 45 miles long.

A total of 1000 faults on line 1 was simulated in real-
time, each one with random values of fault resistance
ry€{0, 100} €, fault inception angle §,€{0°, 180°}, and
fault location dye{15, 68} km from bus 1. With regard
to the fault type, 67% were SLG faults, 25% were LL
faults, 3% were DLG faults, and 5% were three-phase
faults [21]. The fault-clearing time in each simulation was
about 50 ms (3 cycles of 60 Hz).

line 2

line 1

Phase A voltage

Phase A current

Wavelet coefficient energy
of phase A voltage

Wavelet coefficient energy
of phase A current

Wavelet coefficient energy
of phase A current

Binary diagnostic variables

Binary diagnostic variables

(b)

(c)

Figure 9: Transients due to a transmission line energization with opened remote terminal. Monitoring device at: (a) parallel transmission line;

(b) switched point; (c) remote terminal of switched line.

17" Power Systems Computation Conference

Stockholm Sweden - August 22-26, 2011



éu éiu é,‘(-
P

Detect null no
currents

yes

Epost =0

Edisl =0

Epr =1
k1= k+20Ak

— 1
Classify
disturbance 4‘?

Epost =1
Egist =0
Epr =1

& & b iy &y Eic ko= r4nk

U

Detect steady-state

1

Figure 10: Flowchart of the real-time detection method.

According to Fig. 11, for each fault simulation, the
proposed method was simultaneously evaluated at four
distinctive points (at both terminals of lines 1 and 2). At
line 1, the method must detect a transmission line fault
at both ends in real-time. On the other hand, at line 2, the
method must detect a voltage sag at both ends in real-time.
The disturbance detection method was evaluated in 2000
real-time simulations.

Table 1: Parameters used for real-time disturbance classification.

. Parameters
Disturbance
Epre Epost npr Esag
fault 1 0 >1 -
Voltage sag 1 1 >1 1
Energization 0 1 =1 -
De-energization 1 0 =1 -
Switching transients 1 1 =1 0
Real-Time Real-Time
Disturbance Disturbance
Detection Detection
PT "‘1" “LVPT
cB3 line 2 CB4 T Bus3
Bus Iy cr | ces line 3 cB6 |ca7 E :
cB1 line 1 cB2
i - aBus 2 s2
Fault e A D
PT NT“ NTV\PT
Real-Time Real-Time
Disturbance Disturbance
Detection Detection

Figure 11: Power system model proposed by [20].

Fig. 12 depicts the voltages and currents at both ends
of the line 1 and at line 2 - bus 1, during a real-time
fault simulation on line 1, with the following parameters:
05=26.8°, ry=12.8 Q) e dy=27 km from bus 1. The binary
parameters used for disturbance detection in real-time are
also shown in Fig. 12.

According to Fig. 12, transients regarding the fault in-
ception and clearance time were all detected in real-time
(E7r=T). The disturbances seen from terminals of line 1
were classified as fault (Ep,.=1 and Ep,5:=0 in Epr=T,
with nprr=2 in Figs. 12(a) and 12(b)). On the other hand,
the disturbance seen from the bus 1 terminal of line 2 was
classified as voltage sag (Ep,.=1 and Ep,5=1 in Epr=T,
with npr=2 and Es.,=1 in Fig. 12(c)). The dead-time in
all cases was adjusted to be 4 cycles in real-time simula-
tions.

The proposed method performance evaluation is sum-
marized in Tab. 2. In all monitoring points, the method
detected transients in all real-time simulation and a suc-
cess rate of 100% was obtained in disturbance detection.

The transients at monitoring points in line 1 regarding
the fault inception were not detected in 11 real-time sim-
ulations. In these cases, the faults were classified as trans-
mission line de-energizations and a success rate of 98.90%
was obtained in disturbance classification. With regard to
monitoring points in line 2, all disturbances were classi-
fied as voltage sags.

Table 2: Proposed method performance evaluation during real-time fault
simulation on line 1.

monitorin Amount Success rate Success rate
line e of at disturbance  at disturbance
simulations detection classification
line 1 - bus 1 1000 100% 98.90%
line 1 - bus 2 1000 100% 98.90%
line 2 - bus 1 1000 100% 100%
line 2 - bus 2 1000 100% 100%

A total of 1000 faults was also simulated in real-
time on line 3 (Fig. 13), each one with random values
of fault resistance ry€{0, 100} €, fault inception angle
67€{0°, 180°}, and fault location dye{15, 68} km from
bus 3. In these simulations, the proposed method was si-
multaneously evaluated at four distinctive points. With re-
gard to the fault type, 67% were SLG faults, 25% were
LL faults, 3% were DLG faults, and 5% were three-phase
faults [21]. The fault-clearing time in each simulation was
about 50 ms (3 cycles of 60 Hz).

Real-Time Real-Time
Disturbance Disturbance
Detection Detection

Real-Time Real-Time
Disturbance Disturbance
Detection Detection

Figure 13: Power system model proposed by [20].
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Figure 12: Voltages, currents and diagnostic variables for real-time disturbance analysis. Monitoring point at: (a) line 1 - bus 1; (b) line 1 - bus 2;

(c) line 2 - bus 1.

The proposed method performance evaluation is sum-
marized in Tab. 3. In all monitoring points, the method
detected transients in all real-time simulation and a suc-
cess rate of 100% was obtained in disturbance detection.

The transients at monitoring points at busses 2 and 3
(line 3), regarding the fault inception were not detected
in 12 and 11 real-time simulations, respectively. In these
cases, the faults were classified as transmission line de-
energizations and a success rate of 98.80% and 98.90%
were obtained in disturbance classification at busses 2 and
3, respectively. With regard to monitoring points on line 1,
all disturbances were classified as voltage sags.

Table 3: Proposed method performance evaluation during real-time fault
simulation on line 3.

monitorin Amount Success rate Success rate
line J of at disturbance  at disturbance
simulations detection classification
line 3 - bus 3 1000 100% 98.80%
line 3 - bus 2 1000 100% 98.90%
line 1 - bus 1 1000 100% 100%
line 1 - bus 2 1000 100% 100%

6 Conclusions

This paper presented the wavelet and approximation
coefficient energies as tools for detection of faults and
power system disturbances with transients. The distinc-
tive feature of the proposed wavelet-based method is the
ability to detect and classify the disturbances in real-time.

The method was evaluated 8000 times in real-time
simulations. All disturbances were detected in real-time
and a success rate of 99.44% was obtained in real-time
disturbance identification.

The proposed method provided meaningful distur-
bance detection in real-time simulations and it will be fur-
ther implemented into a digital signal processor in order
to detect disturbances in real applications.
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