
IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 21, NO. 2, APRIL 2006 619

Application of Combined Adaptive Fourier
Filtering Technique and Fault Detector

to Fast Distance Protection
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Abstract—This paper presents the application of a combined
adaptive Fourier filtering technique and fault detector to fast
distance protection of transmission lines. The filtering technique
is extended from the Fourier filters and can be applied under
arbitrary data window length. The proposed filtering technique
possesses the advantage of recursive computing, and a decaying
dc offset component is removed from fault signals by using an
adaptive compensation method. A variable data window scheme
is embedded in the technique to adaptively speed up its transient
response under various system and fault conditions. A fault de-
tector is developed to initiate the process of the technique. For the
sake of speed and security, two phasor estimation methods based
on the proposed technique are designed to achieve fast distance
protection. An algorithm consisting of the two methods is used to
detect internal faults by “OR” logic. Extensive simulation studies
show that the algorithm significantly reduces tripping time of a
distance relay and provides better protection performance than
that of the conventional filters with fixed data windows.

Index Terms—Adaptive filtering, computer relaying, decaying
dc offset, digital distance protection, discrete Fourier transform
(DFT).

I. INTRODUCTION

THE growth of power systems in both size and complexity
promotes the requirements of high-speed relays to protect

major equipment and maintain system stability. Distance relays
are commonly used in the protection of transmission lines.
With the advancements of digital signal processors (DSPs),
many distance relay commercial products are of micropro-
cessor-based systems. Moreover, distance relays can easily
perform various tasks by multiple processors using parallel pro-
cessing techniques. Therefore, it is possible to implement more
complex algorithms to achieve high-speed distance protection
and better performance of additional functions [1], [2].

The accuracy and speed of digital filtering algorithms are vital
for phasor-based digital distance relays. When a fault occurs, the
voltage and current signals are severely distorted. In addition to
the fundamental frequency signals, these signals may contain
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harmonics and decaying dc components [1], [2]. This makes
the fundamental phasors very difficult to be fast and accurately
estimated and affects the performance of a distance relay.

A number of phasor estimation algorithms suitable for trans-
mission-line protection have been proposed [3]–[13]. However,
the discrete Fourier transform (DFT)-based filter is the most pop-
ular algorithm and has become standard in the industry [1], [2].
The computational cost of recursive DFT-based filter is very low
and good harmonic immunity can be achieved. However, its per-
formance can be adversely affected by decaying dc components,
leading to erroneous estimates [9]–[11]. Consequently, distance
relays have a tendency to over-reach or under-reach in the pres-
ence of the decaying dc offset. For a high-performance digital
relay, such a large error cannot be tolerated. A digital mimic filter
is proposed to suppress the dc offset in current waveforms [9].
This filter achieves the best performance when the time constant
of the dc offset is equal to the time constant of the mimic filter. Re-
cently, two DFT-based dc offset removal algorithms, using fixed
full-cycle or half-cycle data windows, were proposed in [10] and
[11]. However, the phasor estimation cannot be very fast due to
the long data window length of the filters.

The filtering capability of the DFT-based filter depends on its
window length. A short data window will give a fast response
but unstable output. A long one gives stable output but the re-
sponse will be delayed. The most suitable window length de-
pends on various factors, such as fault locations, fault types, and
fault resistance, etc. This means that a compromise between the
filter’s delay and its noise suppression capabilities is required.
It is possible to select a suitable filtering algorithm and a data
window at different stages of a fault to complete fast transmis-
sion-line protection [1], [2]. For example, Sidhu et al. proposed
theuseof least-error-square(LES)filtersofdifferentdatawindow
lengths for computing voltage and current phasors and providing
faster tripping of a distance relay [12]. The adaptive data window
approaches overcome the speed and accuracy problems, which
cannot be solved by a fixed data window algorithm.

This paper describes the design and testing of an algorithm
based on the new adaptive filtering technique for fast distance
protection. Theoretical basis, analysis, and derivation of the fil-
tering technique are described. The technique is computation-
ally efficient and no statistical information concerning the sig-
nals is required. The proposed algorithm provides capability for
fast tripping decisions with taking accuracy and security into ac-
count. Extensive simulation tests and comparative studies of the
algorithm with the conventional full-cycle and half-cycle DFT
filters plus digital mimic filters are reported and discussed.

0885-8977/$20.00 © 2006 IEEE
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II. PROPOSED FAULT DETECTOR AND ADAPTIVE

FOURIER FILTERING TECHNIQUE

A. Fault Detector

In [15], the authors have proposed a robust fault detection
index using two-terminal synchronized phasors and a dis-
tributed line model. Using Clarke transformation to decouple
the interphase quantities, the fault detection index can be
expressed as

(1)

where is total length of the protected line. and are
modal propagation constant and surge impedance, respectively.

, and are the synchronized -modal
phasors of receiving-end/sending-end voltages and currents,
respectively.

The fault detection index (the absolute value of index
) will be held at zero under healthy conditions [15]. It means
is equal to . However, the detection index will rise with

a very large slope when a fault occurs. In this paper, since only
single-end data are obtained, is taken as the fault detector
and it is shown as follows:

(2)

The introduces a bias value under healthy conditions. To
remove the bias value, it is further modified as

(3)

where denotes the absolute value, and is the
value of one cycle ahead of .

Therefore, the value of the index will be equal to zero for
every moving data window under nonfault conditions. The fault
detection index, composed of voltage and current signals, pro-
vides fast and robust ability for fault detection. Taking measure-
ment and calculation errors into account, a predefined threshold
(Th1) is needed to avoid misoperation. It is desired that the pro-
posed fault detector has a fast transient response. Thus, a short
data window of a one-quarter cycle is adopted to detect faults
and then initiate the process of the proposed adaptive Fourier
filtering algorithm.

B. Fourier Filtering Technique With a Full-Cycle
Window Length

The basic principles of the discrete Fourier filter are reviewed
and analyzed in Appendix A. A DFT-based decaying dc offset
removal scheme with a full-cycle data window that accurately
estimates the phasor from a fault current signal has been pro-
posed [11]. The main components of a fault current signal can
be expressed by

(4)

where
amplitude of the current signal;
fundamental angular frequency of the current
signal;
phase angle of the current signal;
decaying dc offset;
time constant of the current signal.

The signal is sampled with samples per cycle to produce
the sample set

(5)

The fundamental component calculated using the full-cycle
DFT filter is given by

(6)

where denotes the index of the moving data window.
Combining (5) and (6), the fundamental current phasor is ex-

pressed as

(7)

where

(8)

(9)

Since the conventional DFT filter does not take the decaying
dc offset into consideration, it incurs errors in estimating the
phasor when the decaying dc offset is presented in a fault signal.
If we want to get the exact solution, we must take into con-
sideration. Thus, we define

(10)

After some algebraic manipulations, it yields

(11)

and

(12)

Then, the accurate fundamental current phasor can be ob-
tained as

(13)

angle (14)

Thus, from (11)–(14), we can remove the decaying dc offset
from the fault current signal using the adaptive compensation
term “ .” The phasor is accurately computed from the three con-
secutive DFT estimates , and by using recursive
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computing, and so the technique is suitable for real-time imple-
mentation. Since the full-cycle DFT is used to estimate phasors,
the technique needs approximately one-cycle delay time to re-
move the dc offset.

C. Fourier Filtering Technique With Arbitrary Window Length

Similarly, substituting sampled values in (5) into the right-
hand side (RHS) of (A.2), we can obtain

(15)

(16)

Combining (A.2), (15), and (16), we then derive the complex
phasor

(17)

where

(18-1)

(18-2)

(18-3)

We can easily prove that and . The proof is
shown in Appendix B. Therefore, (17) can be further rewritten
as the following equations:

(19)where

(20-1)

(20-2)

Using the skills in the above section, we also define
and , and then (11)–(14) still can be used to

compute phasors. So the accurate phasor is estimated from three
consecutive estimates of the Fourier filter in (A.2). It should be
noted that the three estimates are computed using a fixed data
window length and a moving data window scheme. There-
fore, the dc offset removal scheme can estimate a phasor using
an arbitrary data window length . To save the computational
burden, the three estimates can be calculated using recursive for-
mula in (A.8)–(A.10).

D. Fourier Filtering Technique With Adaptive Window Length

This paper uses the variable data window technique to adap-
tively speed up the response of the proposed filter mentioned
in the above section. The technique requires the proposed fault
detector to initiate the process of the filter. Figs. 1 and 2 show
the overall flowchart and diagram of the proposed filter with an
adaptive data window for phasor estimation, respectively. The
procedure is described as follows.

) Once a fault is detected, the filter starts with an
initial data window win init to calculate one es-
timatebyusing(A.8)–(A.10).After threeconsec-
utive estimates with the same data window, such
as W1, W2, and W3 shown in Fig. 2, (11)–(14)
are utilized to estimate the accurate phasor. After
passing win init samples, prefault samples are
completely removed from the data window since
a fault has detected at least two data samples.

) Then, the phasor is computed using a variable
data window technique. After each estimation
process, the filter progressively increases its
data window length to estimate the phasors.
The noise immunity is adaptively varied with
the data window length. The convergent speed
of the technique is adapted to system and fault
conditions. Moreover, the decaying dc offset is
adaptively removed from the fault signal.

) When the data window length reaches the
full-cycle length (win full), it will be fixed and
does not change again. Then, the filter proceeds
with the phasor estimation using a moving data
window approach.

III. APPLICATION TO TRANSMISSION-LINE

DISTANCE PROTECTION

The distance relay uses fault impedance estimation for
making trip decisions. According to the calculated impedance,
the fault is identified as an internal or external fault with respect
to the protected zone. There are distinct types of possible faults,
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Fig. 1. Flowchart of the proposed adaptive Fourier filtering technique.

Fig. 2. Diagram of the adaptive filtering technique.

and the equations that govern the relationship between voltages
and currents are different for each fault. These estimation
equations of apparent impedance are listed in Table I. The
six elements are evaluated continuously by the distance relay
to measure the apparent impedance to the fault point. In this
paper, the impedance protection used for studies is based on an

distance characteristic.
The phasors utilized in fast distance protection can be accom-

plished by the adaptive filtering techniques proposed in Sec-
tion II. The initial calculations using the short data window may
introduce enormous errors in the current and voltage phasors.
These errors may cause transient over-reach and decrease se-
curity. By increasing the tripping counter, we can increase the
security of the distance relay. However, it will introduce time
delay for the tripping decision. Assume that the first protection

TABLE I
APPARENT IMPEDANCE CALCULATION EQUATIONS

Fig. 3. One-line diagram of the simulated transmission system.

zone setting of the protected line is 80%. We develop two fil-
tering methods to satisfy the requirements of both tripping de-
cision time and security. The two methods are shown as follows.

Method 1) The adaptive filtering technique with an initial
data window cycle incorpo-
rated with a reach setting of 80%.

Method 2) The adaptive filtering technique with an initial
data window cycle incorpo-
rated with a reduced reach setting 65% of the
protected line.

When method 1) is used to estimate phasors and to make
the relay trip decision, extensive simulation studies verify that
method 1) provides a faster trip time of a relay than that of the
conventional DFT filter with a fixed full-cycle data window and
it will not cause misoperation. When faults occur in the range
of 0%–65% of the protected line, method 2) provides a faster
relay response time than method 1) since it uses a shorter initial
data window. However, method 2) cannot detect faults occur-
ring in the range of 65%–80% of the line. Using the parallel
processing technique, we can combine the two methods to de-
tect internal faults by “OR” logic (i.e., one of them detects an
internal fault and then the fault is confirmed). Therefore, the
original reach setting of 80% can be preserved. This combined
algorithm can guarantee a fast trip time for near faults and high
security for remote faults close to the reach boundary. This al-
gorithm provides faster-relay response and higher security than
that of the conventional methods with a fixed data window such
as full-cycle DFT (FCDFT) and half-cycle DFT (HCDFT) plus
digital mimic filters.

IV. PERFORMANCE EVALUATION

Fig. 3 depicts the simulated transmission system encountered
in Taiwan. The EMTP/ATP simulator [16] is used to model the
system and generate fault data to test the performance of the
proposed algorithm. The power angle between and is
set as 15 . The related parameters of the simulated system are
given in Appendix C. The three-phase voltage and current sig-
nals at the relay location, which is at bus “S,” are sampled at
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960 Hz (16 points per cycle). These six signals are then filtered
using a second-order low-pass Butterworth filter with a cutoff
frequency of 300 Hz. The phase lag at the fundamental signal is
about 10.4 , which corresponds to a time delay of about 0.48 ms.
The phase delay produced by this filter is about one-half the
sampling period. In order to choose the setting of Th1, we per-
formed extensive simulation studies under various system and
fault conditions. The thresholds Th1 for fault detection are set as
3000. The simulation studies show that the setting value works
well under various conditions. To demonstrate the performance
of the proposed algorithm that can meet the requirement for fast
distance protection, extensive simulation studies for various sys-
tems and fault conditions have been performed. Some results are
presented and discussed below.

A. Examples and Comparative Studies

This paper compares the new adaptive algorithm against the
conventional FCDFT and HCDFT plus digital mimic filters. Dig-
ital mimic filters with a time constant of two cycles are assumed.
Fig. 4 shows the performance of the fault detector, phasor esti-
mation, and convergence locus of the estimated fault impedance
for a phase-A to ground fault. The fault position is set at 90 km
away from bus S. The fault inception angle is 0 with respect to
phase-A voltage waveform to produce a large decaying dc offset,
and the fault resistance is 0.1 . As shown in Fig. 4(a), the pro-
posed fault detector quickly detects the fault at 3.125 ms after
fault inception. Fig. 4(b)–(d) depicts the comparative results of
the phase A voltage and current phasor estimation using various
filters. From these figures, we observe the following.

• The proposed filtering methods with the removal of dc
offset still work well for voltage phasor estimation as
shown in Fig. 4(b).

• Since the fault current contains a large decaying dc
component, the computed results using the FCDFT and
HCDFT filters produce erroneous estimates, especially
for the HCDFT filter as shown in Fig. 4(c).

• The mimic filter cannot completely remove the decaying
dc offset component. As shown in Fig. 4(d), the FCDFT
and HCDFT with mimic filters can only reduce the estima-
tion errors. The FCDFT+mimic filter takes a longer time
to estimate the current phasor. The HCDFT+mimic filter
has fast transient response, but its filtering capability is af-
fected due to its short data window. Therefore, the esti-
mation using the HCDFT mimic filter introduces oscil-
lations in the current phasor and the estimation errors de-
grade the security and dependability of a distance relay.

• From Fig. 4(b) and (d), it is obviously seen that the pro-
posed filtering methods provide fast and accurate voltage
and current phasor estimation. The decaying dc offset is ef-
fectively removed from the fault current signal. The noise
immunity is adaptively varied with the data window length
and the effects of transient components, which are not fil-
tered by low-pass filters, are adaptively suppressed.

Fig. 4(e) and (f) depicts the convergence locus of the esti-
mated impedance. For the sake of security, a trip command is
issued only if two successive computed fault impedances lie
inside the reach setting of the relay. For the internal fault, the

Fig. 4. Postfault results of phasor estimation and impedance convergence
locus for a phase-A to ground fault.

trip time of the FCDFT+mimic, HCDFT+mimic, and the pro-
posed algorithm are 19.792, 14.583, and 12.5 ms, respectively.
As shown in Fig. 4(f), method 2) works well since a reduced
reach setting of 65% solves the overestimate errors of the cur-
rent phasor.

Fig. 5 depicts the relay response for a phase A-B short fault.
The fault is located at 40 km away from bus S. The trip time
of the FCDFT+mimic, HCDFT+mimic, and the proposed algo-
rithm are 13.542, 7.292, and 6.25 ms, respectively. The trip time
of the proposed algorithm is determined by the method 2) with
a reduced reach setting as shown in Fig. 5(b).

The above two studies are internal fault cases. The response
of an external fault, phase A–B to ground fault, is presented in
Fig. 6. The fault is set at 110 km and the fault resistance is 5 .
As shown in this figure, the proposed algorithm provides a cor-
rect relay response. The simulation results verify that the relay
adopting the proposed algorithm has faster response and higher
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Fig. 5. Relay response of the various filters for a phase A-B short fault.

Fig. 6. Relay response of the various filters for an external fault.

security than that of the conventional FCDFT and HCDFT plus
digital mimic filters.

V. STATISTICAL ANALYSIS

To verify the robustness of the proposed algorithm, extensive
fault simulations under various system and fault conditions were
performed. The fault cases are described as follows:

• fault location 10, 20, 30, 90, 110, and 120 km;
• fault types: A-G, A-B, A-B-G, and A-B-C-G;
• fault resistance: 0.1, 1, 5, and 10 ;
• fault inception angle: 0 , 45 , and 90 with respect to

A-phase voltage waveform at bus S;
• prefault load flow: power angle is set as 10 , 15 , and

20 , respectively.
• system impedance: and are simultaneously in-

creased and decreased by a multiple of 5, respectively.
Fig. 7 shows the statistical results of the tripping decision time

for internal fault cases. It is seen that the tripping decision time
of the proposed algorithm is faster than that of the FCDFT
and HCDFT plus mimic filters with a fixed data window,
respectively. Although the HCDFT mimic filter has a fast
response, it sometimes may cause misoperation. Considering
the tripping decision time and security, the proposed algorithm
provides the best performance. For external faults, the proposed
algorithm never causes misoperation. The proposed filtering
technique presents a new approach to fast transmission-line

Fig. 7. Statistical results of tripping decision time under various system and
fault conditions.

protection with adaptive features. It can also be used to achieve
a fast accurate fault location estimation.

VI. CONCLUSION

An algorithm based on a fault detector and a new adaptive
Fourier filtering technique for distance protection is presented
in this paper. A robust fault detector is developed to initiate the
process of the filtering technique. The basic principles and de-
tail formulation with proofs are given. The filtering technique
combined with an adaptive window length for fast and accurate
phasor estimation is described.

Digital technology provides the chance for diverse implemen-
tations of the distance protection function. The algorithm based
on the adaptive filtering technique has been presented to provide
fast distance protection. The simulation studies have shown both
faster time response and better steady-state accuracy of the pro-
posed algorithm. The comparative studies indicate that the relay
trip time of the proposed algorithm is faster than that of conven-
tional DFT filters with fixed data windows. With the availability
of fast and cheap signal processors, the proposed algorithm can
be easily implemented. The algorithm shows great promise in
fast digital distance relaying for transmission lines.

APPENDIX A

Consider a voltage or current signal of fundamental frequency
given by

(A.1)

where is an error signal, which models all nonfundamental
frequency signals.

The signal is sampled times per cycle and the resulting
sample values are denoted by , where

. The parameters and can be estimated from the
sampled values by the least squares
technique and the formula is shown as follows [2]:

(A.2)

where

(A.3-1)
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(A.3-2)

(A.3-3)

(A.3-4)

Then, the complex phasor of the signal is expressed by

(A.4)

From (A.2)–(A.4), we can estimate the fundamental phasor
using the arbitrary data window length . In particular, if the
data window length equals one cycle or a half cycle, we obtain

, and . When , (A.2) can be
rewritten as

(A.5-1)

(A.5-2)

Thus, the conventional full-cycle DFT filter is given by

(A.6)

Similarly, when , and then we derive half-cycle DFT
shown as follows:

(A.7)

Conventionally, a moving data window technique is utilized
to estimate phasors [2]. A more popular approach for the im-
plementation of the Fourier filters is to use a recursive estima-
tion procedure [2], [3]. From (A.2), we can estimate the real and
imaginary parts of a complex phasor by the following equation:

(A.8)

The right-hand part of (A.8) can be calculated by a formula,
which is given by

(A.9)

where denotes the index of the moving data window. Thus, the
complex phasor can be expressed by

(A.10)

From (A.8)–(A.10), we can estimate a phasor using a recursive
formula, which is valid for the arbitrary data window length .

The elements , and in (A.8) are held to be constant
when the data window length is fixed. These elements can be
computed offline and stored a priori to save the amount of time
required to perform online calculations.

APPENDIX B

1) The proof of
We know that

(A.11)

Substituting (A.3) and (A.11) into (18-1), we can get
the following equation:

(A.12)

Then, (A.12) can be further reduced as

(A.13)

Therefore

(A.14)

2) The proof of .
Similarly, substituting (A.3) and (A.11) into (18-2), we

obtain

(A.15)
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Then, (A.15) can be rearranged as follows:

(A.16)

Since , we can prove that

(A.17)

APPENDIX C

The parameters of the simulated system are shown as follows:

Equivalent source impedance

Transmission-line parameters
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