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Abstract: An accurate and effective technology for fault diagnosis of a high-voltage transmission line plays
an important role in supporting rapid system restoration. The fault diagnosis of a high-voltage transmission
line involves three major tasks, namely fault-type identification, fault location and fault time estimation. The
diagnosis problem is formulated as an optimisation problem in this work: the variables involved in the fault
diagnosis problem, such as the fault location, and the unknown variables such as ground resistance, are taken
into account as optimisation variables; the sum of the discrepancy of the approximation components of the
actual and expected waveforms is taken as the optimisation objective. Then, according to the characteristics
of the formulated optimisation problem, the harmony search, an effective heuristic optimisation algorithm
developed in recent years, is employed to solve this problem. Test results for a sample power system have
shown that the developed fault diagnosis model and method are correct and efficient.
i

1 Introduction
A high-voltage transmission line (HVTL) is used to transmit
electric power over long distances. It covers a large area of
territory and hence has to face a variety of complex terrains
and different climatic conditions. Therefore the possibility of
a fault taking place in a HVTL is relatively high. A short-
circuit fault of a HVTL may occur because of various causes
such as flashovers between conductor and tower, ageing
insulators and lightning strikes. The fault diagnosis of a high-
voltage transmission line (FDHVTL) involves three major
tasks, namely fault classification, fault location and fault
starting time estimation. Fault classification identifies the
type of faults, and then the extent of repair work can be
determined. Accurate fault location plays an important role in
the quick restoration of the faulted line. Fault starting time
estimation aims to evaluate the protection operations and
validate the setting values of protective relays (PRs).

To date, several kinds of AI-based methods have been
developed for FDHVTL, and they could be roughly separated
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into three categories: artificial neural network (ANN) based
[1–3], fuzzy logic based [4, 5] and optimisation methods
based [6].

An ANN is an adaptive system which changes its structure
and weights based on external or internal information
during the learning phase. It is suitable to model complex
relationships between inputs and outputs and to find
patterns in data. A radial basis function neural network is
employed for fault classification and location in [1]. In [2],
ANN as well as the wavelet transform (WT) are utilised
for fault detection and classification using oscillographic
data: the WT is used to detect the faults and to determine
the fault clearing time, and ANN is used to identify the
fault type. A backtracking search procedure based technique
for analysing the multilayer feedforward neural networks is
presented in [3], for the determination of the fault location.

Fuzzy set theory is an extension of the conventional set
theory, which is able to deal with the concept of partial truth
and is good at modelling the vagueness and ambiguity in
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complex systems. Based on the angular differences between the
sequence components of fault currents, a fuzzy-logic-based fault
classification scheme is presented for identifying ten types of
shunt faults possibly occurring in HVTL [4]. In [5], the
discrete wavelet transform is employed to obtain the wavelet
decomposition of current signals. Then, a fuzzy logic system is
used for the fault section identification and fault classification.

A key issue of an optimisation technique based method
is to build up a criterion that can accurately reflect the
discrepancy between the actual and the expected states of
PRs and circuit breakers (CBs). Consequently, the fault
diagnosis problem can be formulated as an unconstrained
0–1 integer programming problem. Then, an intelligent
or modern heuristic optimisation method, such as the Tabu
search [6], can be applied to search for a hypothesis (or
hypothesises) which minimises the criterion.

Although the approach in [6] is able to accomplish fault
section estimation by utilising the discrete data, that is, the
operational alarms of PRs and the tripping alarms of CBs,
the detailed fault information such as fault type and fault
location cannot be obtained. Similarly, in [7] a criterion is
presented to accurately reflect the discrepancy between the
actual and the expected waveforms by utilising continuous
data, that is, currents and voltages. Then genetic algorithm
is employed to search for the optimal solution and the fault
location of HVTL can then be obtained.

Based on the work presented in [7], some improvements
are made in this work:

1. The variables being solved for the fault diagnosis problem
such as the fault location, and the unknown variables such as
the ground or arc resistance are used as optimisation variables.
Consequently, fault type, fault location, fault time and
indefinite variables can be obtained at the same time.

2. The formulated problem is a mixed integer programming
one with both discrete and continuous valuables.
The harmony search (HS) [8], an effective heuristic
optimisation algorithm developed in recent years, is
employed to solve this problem.

2 Model for FDHVTL based
on waveform matching
2.1 Basic principle

As shown in Fig. 1, FDHVTL is formulated as an
optimisation problem with the following two key points:

1. the variables being solved for the fault diagnosis problem
such as the fault location, and the indefinite variables such
as ground resistance are used as optimisation variables; and

2. the matching degree of the waveforms, that is, the
discrepancy between the actual and the expected waveforms, is
2
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employed as the optimisation objective. The actual and the
expected waveforms are produced with digital fault recorder
(DFR) and Matlab Simulink, respectively.

Then, HS is employed to solve the established optimisation
problem.

2.2 Fault hypothesis

A fault hypothesis is a possibility of the detailed fault
information of HVTL, and can be classified into two types:
one consists of the variables being solved for the fault
diagnosis problem, that is, fault type p, fault location d and
fault starting time tf; the other one involves indefinite
variables in the fault diagnosis problem, that is, ground
resistance rg and phase resistance rp. Therefore the fault
hypothesis can be represented by a vector X ¼ [p, d, tf, rg,
rp]. The elements in X are specified as follows:

1. Fault type p: Short-circuit faults of HVTL is modelled as
shown in Fig. 2. p, an integer belonging to {1, 2, . . . , 11}, is
used to mark different fault types by the coding scheme
displayed in Table 1.

2. Fault location d: As shown in Fig. 3, d represents the
fault location of a HVTL. Suppose that L is the total

Figure 2 Schematic model of short-circuit faults of HVTL

Figure 1 Flowchart of the HVTL fault diagnosis based on
waveform matching
IET Gener. Transm. Distrib., 2010, Vol. 4, Iss. 7, pp. 801–809
doi: 10.1049/iet-gtd.2010.0104



IET Gener. Transm. D
doi: 10.1049/iet-gtd.

www.ietdl.org
Table 1 Coding of fault types

p Symbol Fault type Sa Sb Sc Sg

1 A–G phase A to ground fault 1 0 0 1

2 B–G phase B to ground fault 0 1 0 1

3 C–G phase C to ground fault 0 0 1 1

4 A–B phase-to-phase (AB type) fault 1 1 0 0

5 B–C phase-to-phase (BC type) fault 0 1 1 0

6 A–C phase-to-phase (AC type) fault 1 0 1 0

7 A–B–G phase-to-phase (AB type) to ground fault 1 1 0 1

8 B–C–G phase-to-phase (BC type) to ground fault 0 1 1 1

9 A–C–G phase-to-phase (AC type) to ground fault 1 0 1 1

10 A–B–C three phases (ABC type) fault 1 1 1 0

11 A–B–C–G three phases (ABC type) to ground fault 1 1 1 1

Note: 0 – open; 1 – close
length of a HVTL, and the range of d is specified as
d [ [0, L].

3. Fault starting time tf: As shown in Fig. 4, several time
points are defined as follows:

† ts is the starting time of DFR to record during-fault
waveforms;

† tf is the fault time;

† tbr is the tripping time of CB.

The range of tf is specified as tf [ [ts, tbr].

4. Ground resistance rg and phase resistance rp: In Fig. 2, the
definitions of rg and rp are illustrated. Suppose that rU

g and rU
p

are the upper bounds of rg and rp, respectively, and the ranges

Figure 3 Fault location

Figure 4 Process of a fault
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of rg and rp are determined as rg [ [0, rU
g ] and rp [ [0, rU

p ],
respectively.

2.3 Objective function

The waveform matching is made between the actual
waveforms derived from the DFR and the expected
waveforms produced from the simulation studies. M points
in the actual and the expected waveforms in [ts, tbr] are
sampled, respectively. An objective function that reflects
the discrepancy between the actual and the expected
waveforms is given as follows

f (X ) = f (p, d , tf , rg, rp) =
∑

i=A,B,C

∑M

j=1

|Vi, j − V ∗
i, j(X )|

+
∑

i=A,B,C

∑M

j=1

|Ii, j − I ∗i, j(X )| (1)

where i ¼ A, B or C represents phase A, B or C, respectively; j is the
jth sampling point ( j [ {1, 2, . . . , M}); Vi,j and Ii,j are the
sampling points of the during-fault voltage and current,
respectively, which are obtained from DFR in an actual fault
scenario; V∗

i,j(X ) and I∗i,j(X ) are the sampling points of the
during-fault voltage and current, respectively, which are
produced by simulation studies corresponding to a given fault
hypothesis X.

Finally, FDHVTL is formulated as an optimisation
problem as follows

Min f (p, d , tf , rg, rp)
s.t. p = 1, 2,. . ., 11

0 ≤ d ≤ L
ts ≤ tf ≤ tbr

0 ≤ rg ≤ rU
g

0 ≤ rp ≤ rU
p

(2)
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3 Harmony search algorithm and
its application in FDHVTL
As shown in (2), the established optimisation problem is a
mixed integer programming one consisting of continuous
and discrete optimisation variables. According to the
characteristics of the problem, the HS [8], an effective
modern heuristic optimisation algorithm developed in
recent years, is employed to solve this problem.

3.1 Basic principle of the harmony search

The HS algorithm [8, 9], a new meta-heuristic algorithm
proposed by Z. W. Geem, has recently been developed to
imitate the musical improvisation process of searching for
a perfect state of harmony. The musical improvisation
process seeking a pleasing harmony (a perfect state) as
determined by an aesthetic standard is similar to the
optimisation process that seeks to search for a global
solution (a perfect state) as determined by an objective
function. The HS algorithm has been very successful in a
wide variety of optimisation problems. For instance, the
HS algorithm has been employed in the field of power
systems, such as economic dispatch [10], power network
planning [11], control of inverter in distributed generation
[12] and control of current reduction by series compensator
in distribution systems [13].

Because FDHVTL is a hybrid integer programming
problem with continuous and discrete optimisation
variables, the HS algorithm proposed in [9] is not directly
applicable for dealing with this problem, and hence some
further development is made in this work to cater for the
need. The main improvement lies in the scheme according
to (4) and (5). As shown in Fig. 5, the procedure of the
improved HS algorithm is carried out by the following five
steps:

Step 1: Initialise the optimisation problem and the algorithm
parameters.

First, the optimisation problem is formulated as follows

min f (X )

s.t. xi [ [xL
i , xU

i ] (i = 1, 2, . . . , N )

where f (X ) is the objective function; X is the vector of the
optimisation variables, that is, X ¼ [x1, x2, . . . , xN] and N
is the number of optimisation variables; xi

L and xi
U are the

lower and upper bounds of the optimisation variable xi,
respectively.

The parameters that are needed for the HS algorithm in
the next steps are defined here:

† Kmax is the stopping criterion, that is the maximum
permitted number of improvisations.
4
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† SHM is the number of optimal solution vectors stored in
harmony memory.

† RHMC is the harmony memory consideration rate.

† RPA is the pitch-adjusted rate.

Step 2: Initialise the harmony memory.

As shown in (3), a two-dimensional matrix HM, which
is filled with SHM optimal solution vectors and sorted
according to the values of the objective function, that is,
f (X (1)) ≤ f (X (2)) ≤ · · · ≤ f (X (SHM)), is specified as the
harmony memory.

H M =

X (1)

X (2)

..

.

X (SHM)

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦ =

x(1)
1 x(1)

2 . . . x(1)
N

x(2)
1 x(1)

2 . . . x(1)
N

..

. ..
. ..

. ..
.

x
(SHM)
1 x

(SHM)
2 . . . x

(SHM)
N

⎡
⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎦

(3)

where X ( j ) is the jth solution vector stored in HM and xi
( j ) is

the ith variable in X ( j).

Figure 5 Procedure of HS
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For initialising HM, SHM solution vectors are generated
randomly according to

xi =
xL

i + rand × (xU
i − xL

i ), xi is a continuous variable

xL
i + ⌊rand × (xU

i − xL
i )⌋, xi is a discrete variable

{

(4)

where ⌊†⌋ indicates rounding down to the nearest integer
and rand is a random number uniformly distributed between
0 and 1.

Then, SHM solution vectors are sorted by the values of the
objective function corresponding to each solution vector.

Figure 6 New harmony improvisation
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Step 3: Improvise a new harmony.

This step is essential for the HS algorithm. The
improvisation of a new harmony X′ ¼ [x′

1, x′
2, . . . , x′

n] is
based on the following three rules

† harmony memory consideration,

† pitch adjustment, and

† random selection.

As shown in Fig. 6, the parameter RHMC, which varies
between 0 and 1, is the rate of picking one value from the
historical values stored in HM, whereas (1 2 RHMC) is the
rate of selecting one value from the values in the possible

Figure 8 HS algorithm with adaptive parameter
Figure 7 Procedure of new harmony improvisations
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Figure 10 Implementation of the fault diagnosis system

Note: The M-file ‘read_comtrade.m’ is used to parse the Comtrade format file; the model file of Matlab Simulink ‘TestSystem.mdl’
employed to model the test power system; sim(‘∗.mdl’) is a Matlab function used to simulate the model file ∗.mdl

Figure 9 System model built up by PSB in Matlab Simulink
region. Therefore x′
1 is generated by choosing one value from

the historical values stored in the HM with the probability of
RHMC or from the possible region with the probability of
(1 2 RHMC).

Figure 11 Sample system
The Institution of Engineering and Technology 2010
Furthermore, the parameter RPA, which varies between 0
and 1, is used for examining the values obtained from HM

to determine whether they should be pitch-adjusted. The
value of RPA sets the possibility of doing pitch adjusting,
whereas the value of (1 2 RPA) sets the possibility of
doing nothing. Suppose that x( j)

i , which is chosen from
the HM, is needed to be pitch adjusted, it is replaced in
terms of

x′i =
x

(j)
i + rand × bi , xi is a continuous variable

x
(j)
i + ⌊rand × bi⌋, xi is a discrete variable

{
(5)
IET Gener. Transm. Distrib., 2010, Vol. 4, Iss. 7, pp. 801–809
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Table 2 Parameters of the equivalent sources

M side N side

voltage of equivalent source, V EM ¼ 5.04 × 105/21 EN ¼ 5.02 × 105/0

positive-sequence impedance, V ZM1 ¼ 1.0515 + j43.76 ZN1 ¼ 1.0577 + j44.92

zero-sequence impedance, V ZM0 ¼ j29.0925 ZN0 ¼ j37.47
where bi is the adjustment bandwidth for the ith optimal
variable in the new solution vector.

As stated above, the parameters RHMC and RPA play an
important role in improving the global and local solutions,
respectively. The detailed procedure of new harmony
improvisations is given in Fig. 7.

Step 4: Update the harmony memory.

If the objective function value corresponding to the new
harmony vector X′ is better than the worst harmony in the
HM, that is, f (X ′) ≤ f (X SHM

), X′ is added in the HM and
the worst harmony in HM is excluded. Otherwise, go to
step 5.

Step 5: Judge the stopping criterion.

If the number of improvisations (or stopping criterion)
Kmax is satisfied, the computation is terminated. Otherwise,
steps 3 and 4 are repeated.

3.2 HS algorithm with adaptive
parameters

The parameters RPA and bi in the HS algorithm are essential
for fine turning the optimal solution vectors. As shown in
Fig. 8, in an early generation, bi and RPA should be
maintained larger and smaller, respectively, for increasing
the diversity of the new harmony vector, which is beneficial
for finding the local optimal solution quickly. However,
small bi values with large RPA values play a part in fine
turning in later generations, which is useful for searching
the global optimal solution rapidly [14]. Hence, the rate of
convergence is increased.

Table 3 Parameters of the HVTL

Positive sequence Zero sequence

resistance, V/km r1 ¼ 0.02083 r0 ¼ 0.1148

inductance, mH/km l1 ¼ 0.8984 l0 ¼ 2.2886

capacitance, mF/km c1 ¼ 0.01291 c0 ¼ 0.00523

length, km L ¼ 200
Distrib., 2010, Vol. 4, Iss. 7, pp. 801–809
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The adaptive parameters RPA and bi developed in [14] are
obtained as follows

bi(k) = bU
i × eci×k (6)

ci =
ln (bL

i /bU
i )

Kmax

(7)

RPA(k) = RL
PA + (RU

PA − RL
PA)

Kmax

× k (8)

where bi
L ≤ bi(k) ≤ bi

U and RPA
L ≤ RPA(k) ≤ RPA

U .

4 Software implementation
Based on the developed method, a software system is
developed for addressing the following four key issues:

1. Building up the system model: As shown in Fig. 9, the
system model is built up and saved as a.mdl file (the format
of model file in Matlab Simulink), based on the platform
of Power System Block (PSB) in Matlab Simulink. Then,
the fixed parameters of the HVTL, such as the length
of the line, the positive-sequence and zero-sequence
resistances, inductances and capacitances per unit length of
the HVTL, are specified.

2. Determining the model file according to the pre-fault
operating state of the power system (Fig. 10).

In this step, the equivalent voltage, zero-sequence and
positive-sequence impedances on both sides of the HVTL
in the model file are determined according to the pre-fault
operating state of power system. The function that is used
to set the parameters in Matlab Simulink is as follows

set_param (Component ID, The parameter of the
component, The value of the given parameter)

3. Extracting data from the comtrade file. The data needed
to be extracted from the Comtrade files by the Comtrade
Parser consist of Vi,j, Ii,j, tbr, ts and fs. tbr, ts and fs are set
in the model file by the function set_param, and Vi,j and Ii,j

are employed in the calculation of the objective function in
the next step.
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Table 4 Comparison between the actual fault situations and the diagnosis results

Fault type Fault location, km Fault time, s Ground resistance, V

Case 1

actual fault situation A–G fault 91.5 0.225 1

diagnosis result A–G fault 91.5856 0.22511 0.89977

Case 2

actual fault situation A–B–G fault 42.5 0.175 1.3

diagnosis result A–B–G fault 42.5343 0.17488 1.1534

Figure 12 Diagnosis result of Case 1
4. The determination of f (X ). First, a new fault hypothesis
X is generated by the HS module. Then, the function
set_param is used to set the detailed fault information (the
parameters of the red component in Fig. 9) in the model
file according to X, such as the fault type and fault location.
The simulation for the established model file is carried out
and the expected waveforms corresponding to fault
hypothesis X that is, V ∗

i,j(X ) and I ∗
i,j(X ) are then produced.

According to Vi,j, Ii,j, V ∗
i,j(X ) and I ∗

i,j(X ), f (X ), the value
of the objective function corresponding to X can then be
determined.

5 Application examples
A sample system, as shown in Fig. 11, which is modelled as
two sources connected by a HVTL, is served to demonstrate
8
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the developed model and method. The parameters of the two
equivalent sources in both sides and the HVTL are listed in
Tables 2 and 3, respectively.

The parameters related to the HS algorithm, that is Kmax,
SHM, RHMC, RPA

U , RPA
L , bi

U and bi
L, are shown in Fig. 12.

Two fault cases, one is phase A to ground fault (A–G
fault) and the other phase-to-phase (AB type) to ground
fault (A–B–G fault), are taken as scenarios. A comparison
between the actual fault situations and the diagnosis results
by the developed software is made as shown in Table 4. It
is known from Table 4 that the diagnosis results are very
close to the actual fault scenarios.

The graphical user interface (GUI) of the developed
software is shown in Fig. 12. The computation time
IET Gener. Transm. Distrib., 2010, Vol. 4, Iss. 7, pp. 801–809
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required for Case 1 is around 10 min, on a PC with 2.1 GHz
dual-core processor (AMD Athlon 64 X2 Dual) and 2 GB
memory. The curve displayed in Fig. 12 illustrates the rate
of convergence. It can be concluded that the HS algorithm
has a rapid convergence rate and after 750 iterations the
result is close to the optimal solution. The time spent for
each simulation by using PSB in Matlab Simulink takes
about half a second.

6 Concluding remarks
By taking the fault type, fault location, fault time, ground
resistance and phase resistance as the optimisation variables
and employing the matching degree between the actual and
the expected waveforms as the optimisation objective,
FDHVTL is then formulated as a mixed integer
programming problem. The HS, an efficient heuristic
optimisation algorithm developed in recent years, is
employed to solve the developed optimisation formulation.
It is demonstrated by simulated fault scenarios of a sample
system that the developed model is correct and the
HS-based method is computationally quite manageable.
Because this tool is designed for application to high-voltage
transmission confusing issues such as high load harmonic
currents or non-linear arc faults are able to be avoided.

7 Acknowledgments
This work is jointly supported by National Natural Science
Foundation of China (50477029) and National Key
Technology R&D Program (2008BAA13B10).

8 References

[1] MAHANTY R.N., GUPTA P.B.D.: ‘Application of RBF
neural network to fault classification and location in
transmission lines’, IEE Proc. Gener. Transm. Distrib, 2004,
151, (2), pp. 201–212

[2] SILVA K.M., SOUZA B.A., BRITO N.S.D.: ‘Fault detection and
classification in transmission lines based on wavelet
transform and ANN’, IEEE Trans. Power Deliv., 2006, 21,
(4), pp. 2058–2063

[3] SIDHU T.S., MITAL L., SACHDEV M.S.: ‘A comprehensive
analysis of an artificial neural-network-based fault
direction discriminator’, IEEE Trans. Power Deliv., 2004,
19, (3), pp. 1042–1048
Gener. Transm. Distrib., 2010, Vol. 4, Iss. 7, pp. 801–809
i: 10.1049/iet-gtd.2010.0104
[4] DAS B., REDDY J.V.: ‘Fuzzy-logic-based fault classification
scheme for digital distance protection’, IEEE Trans. Power
Deliv., 2005, 20, (2), pp. 609–616

[5] PRADHAN A.K., ROUTRAY A., PATI S., PRADHAN D.K.: ‘Wavelet
fuzzy combined approach for fault classification of a
series-compensated transmission line’, IEEE Trans. Power
Deliv., 2004, 19, (4), pp. 1612–1618

[6] WEN F.S., HAN Z.X.: ‘Fault section estimation in power
systems using a genetic algorithm’, Electr. Power Syst.
Res., 1995, 34, (3), pp. 165–172

[7] KEZUNOVIC M., LUO X., SEVCIK D.R.: ‘A novel method
for transmission network fault location using genetic
algorithms and sparse field recordings’. IEEE Power
Engineering Society Summer Meeting, 2002, vol. 3, no. 3,
pp. 1101–1106

[8] GEEM Z.W., KIM J.H., LOGANATHAN G.V.: ‘A new heuristic
optimization algorithm: harmony search’, Simulation,
2001, 76, (2), pp. 60–68

[9] LEE K.S., GEEM Z.W.: ‘A new meta-heuristic algorithm for
continuous engineering optimization: harmony search
theory and practice’, Comput. Methods Appl. Mech. Eng.,
2005, 194, pp. 3902–3933

[10] VASEBI A., FESANGHARY M., BATHAEE S.M.T.: ‘Combined heat
and power economic dispatch by harmony search
algorithm’, Electr. Power Energy Syst., 2007, 29, (10),
pp. 713–719

[11] FU Y., XU Z.L., CAO J.L.: ‘A heuristic particle swarm
optimization method and its application in power
network planning’. The First Int. Conf. on Intelligent
Networks and Intelligent Systems, November 2008,
pp. 107–110

[12] BAGHAEE H.R., MIRSALIM M., SANIARI M.J.: ‘Power control
strategy of parallel inverter interfaced DG units’. The 13th
Power Electronics and Motion Control Conf., September
2008, pp. 629–636

[13] BAGHAEE H.R., MIRSALIM M., SANIARI M.J., GHAREHPETIAN G.B.:
‘Fault current reduction in distribution systems with
distributed generation units by a new dual functional
series compensator’. The 13th Power Electronics and
Motion Control Conf., September 2008, pp. 750–757

[14] MAHDAVI M., FESANGHARY M., DAMANGIR E.: ‘An improved
harmony search algorithm for solving optimization problems’,
Appl. Math. Comput., 2007, 188, (2), pp. 1567–1579
809

& The Institution of Engineering and Technology 2010


