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Abstract: The increasing integration of
distributed generation (DG), particularly
renewable energy sources such as solar
and wind energy, has significantly
changed the operating characteristics and
fault behavior of modern distribution
power systems. These changes can affect
the  performance of  conventional
protection equipment and make the rapid

detection and classification of symmetrical

and unsymmetrical faults more
challenging. Therefore, reliable and
efficient fault-detection techniques are

essential for maintaining the stability,
security, and continuity of power supply.
This

paper Stockwell

Transform (ST)-based approach for the

proposes  a

detection and classification of faults in
renewable energy-integrated distribution
power systems. The proposed method
utilizes the time-frequency characteristics
of electrical signals obtained through the

Stockwell Transform to construct an S-

284

matrix-based fault index. Appropriate
threshold values and a decision algorithm
are employed to distinguish normal
operating conditions from fault conditions
and to identify different fault types. The
proposed approach is implemented and
evaluated on an IEEE 33-bus distribution
system using MATLAB/Simulink under
renewable-energy-integrated operating
conditions. The results demonstrate the
capability of the Stockwell Transform to
fault-related

effectively extract signal

characteristics and provide rapid and
reliable identification of symmetrical and
unsymmetrical faults. The proposed
method offers a promising approach for
enhancing fault protection and monitoring
in modern distribution networks with

renewable energy integration.
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Distribution Power System; S-Matrix;

Fault  Index;  Symmetrical  Faults;
Unsymmetrical Faults.

I. INTRODUCTION
In Faults are unavoidable in modern

electrical and power systems and can

significantly  affect the efficiency,
reliability, and safety of power networks.
Fault conditions may arise due to
equipment failure, insulation deterioration,
conductor damage, environmental
disturbances, component aging, external
interference, or sudden changes in
electrical signals [1]. If faults are not
detected and cleared rapidly, they can
result in equipment damage, voltage
instability, interruption of power supply,
and, in severe cases, widespread blackouts.
Therefore, accurate and rapid fault
detection, classification, and location are
essential for maintaining the reliability and
continuity of electrical power systems.
Fault diagnosis in power systems involves
the detection of abnormal operating
conditions, identification of the fault type,
and estimation of the fault location. In
transmission and distribution networks,
common fault conditions include Single
Line-to-Ground (LL.G) Fault, Line-to-Line
(LL) Fault, Double Line-to-Ground (LLG)
(LLLG)

Fault, Three-Phase-to-Ground

Fault. Accurate identification of these
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faults enables protection systems to isolate
the affected section quickly and supports
faster maintenance and restoration of the

power supply.

Several signal-processing and intelligent

techniques have been developed for

power-system  fault  detection  and

classification. Conventional approaches

are generally based on electrical quantities
such as voltage, current, impedance, and

phase-angle variations. However, the

nonlinear and transient nature of fault

signals has encouraged the use of

advanced signal-processing techniques
such as WT, Fourier Transform, Stockwell
Transform (S-transform),

ANNSs

fuzzy logic,

other machine

[2].

useful

and learning

approaches These techniques can

extract time-frequency features
from transient voltage and current signals
the

A detailed

and improve reliability of fault

identification. review of
intelligent techniques for fault diagnosis in
electric power transmission systems was
reported in [3], emphasizing the increasing
application of intelligent methods for
reliable fault detection and diagnosis. In
[4], a fault-location technique for multi-
terminal transmission lines was developed
using unsynchronized measurements. The
method

proposed incorporated  a

synchronization procedure to accurately
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estimate the fault location while

minimizing the effects of variations in
fault resistance and source impedance. Its
effectiveness was  evaluated under
different fault conditions, including high
The

indicated that the method provided fast

fault-resistance scenarios. results
and reliable fault-location performance

and showed good robustness against

transient disturbances in the power system.

Wavelet Transform-based techniques have
also been extensively investigated for
monitoring, detecting, classifying, and
locating faults in transmission lines [5]. In
such approaches, voltage and current
signals measured at different locations of
the transmission line are analyzed using
wavelet-based coefficients or energy-
related indices. In some systems, GPS
synchronization is employed to
synchronize measurements obtained from
both ends of a transmission line. Fault
indices derived from current or voltage
signals are compared with predefined

threshold values to identify abnormal

conditions. Artificial Neural Networks
have also been applied for fault
classification and location by using

extracted features from the approximate
and detailed components of voltage and

current signals.
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The increasing penetration of Distributed
Generation (DG) has introduced additional
challenges in power-system protection and
fault diagnosis. DG refers to small- or
medium-scale generation units connected
close to electrical loads within distribution
networks. Renewable energy sources such
as solar photovoltaic and wind energy are
among the major forms of DG. Although
DG improves energy efficiency, reduces
and the

transmission losses, supports

integration of renewable energy, its

presence changes the magnitude and
direction of fault currents and modifies the
overall behavior of distribution networks.
Consequently, conventional protection
systems may experience difficulties in
detecting and  discriminating  faults
accurately. The number, location, and
operating conditions of DG units can vary
significantly, resulting in changing fault-
current characteristics and protection
requirements. The introduction of DG can
therefore affect the coordination and
operating characteristics of protective
devices in distribution networks [6]. These
challenges highlight the need for advanced
fault-detection and classification
techniques capable of operating reliably
under varying network configurations and

renewable-energy penetration levels.
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II. PROPOSED METHODOLOGY

Distribution The proposed method for
power transmission line safety involves
fault detection using approach of fault
index. For fault detection, the ST matrix is
used. In the subsections that follow, we'll
go over how to calculate fault index and a
of the Stockwell

quick  overview

transform.
2.1 Fault Transform Index

To distinguish between the defective and
healthy stages, a fault index is suggested.
On the EHV transmission line, this index
is often used to distinguish between
different faults. The following measures

are used to measure the fault index:

e The current of all phases is recorded
on the test system's bus 800.

e Current signals are disintegrated

using the Stockwell Transform at a

sampling rate of 20 kHz, yielding an

S-matrix.
e The S-median matrix's is found.

e The perfect value of the median is
estimated and the fault index is

assigned.

e The fault indices is used to locate and

detect faults

2.2 Stockwell
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STFT of the signal c(t) is defined by the

following relation.
STFT(5,f) = [* c()h(z — t)e T2 dt (1)

where spectral localization time and
Fourier frequency are denoted by and f,
respectively, and g(t) is a window
function. The S transform can be derived
from the above equation by substituting
the Gaussian function for the window

functiong(t).

£2¢2
g e

h(t) = Nor e

(2)

Hence,

+00 g Pen? .
Swh = [, cpe 2 el dt(3)

The S transform is thus a variant of the
STFT with a Gaussian window function. If
the time domain window of the S-
transform is larger, it can results higher
frequency resolution for lower frequencies.
Even though the window is smaller, it can
results improved time resolution for higher
frequencies. The S-transform produces an
S-matrix, which is a matrix. The S-matrix
can be used to extract knowledge about the

signal's frequency and amplitude.
III. PROPOSED TEST SYSTEM

The proposed. system is a typical IEEE-
33 bus test system. All of the feeders used
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in the test system are three step, with
lengths equal to the feeders' original
lengths. The loads in the test device are all
3 ¢ loads. Spot loads in the centre of the
feeders are used to simulate distributed

loads.
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in Tables 1-5, respectively. These
parameters are used to develop and
simulate the distribution network under
different operating and fault conditions.
For evaluating the proposed fault detection

and classification method, different fault

) ) conditions are introduced at the specified

As shown in Fig. 1, the test system
location of the test system, as described in

considered in this study is based on the

IEEE 33-bus distribution system. The

the simulation results section. The fault

) cases are analyzed to evaluate the
system consists of three-phase feeders,
_ o effectiveness of the proposed methodology
with the feeder Ilengths maintained
) o in detecting and classifying power system
according to the original IEEE test-system
) ) ) faults.
configuration. All loads in the test system

are considered as three-phase loads. Spot

loads are placed at appropriate locations

along the feeders to represent the
802 806 808 812 814

distributed loading conditions of the

network. The detailed parameters of the v

test system, including transformer

828 830 854 856

Fig 1: IEEE 33 Bus test system for fault

specifications, distributed load data, spot-

load information, capacitor-bank ratings, .
' analysis

and line-segment parameters, are presented

Table 1: Phase Parameters For Distribution Network

S. Node | Node |Load |Ph-1 |Ph-1 |Ph-2 |Ph-2 |Ph-3 |Ph3
No. | A B Model | KW KVAr | KW KVAr | KW KVAr
01. |802 806 Y-PQ |0 0 30 15 25 14

02. | 808 810 Y-I 0 0 16 8 0 0

03. | 818 820 Y-Z 34 17 0 0 0 0

04. | 820 822 Y-PQ | 135 70 0 0 0 0

05. | 816 824 D-I 0 0 5 2 0 0
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06. | 824 826 Y-1 0 0 40 20 0 0
07. |824 828 Y-PQ |0 0 0 0 4 2
08 828 830 Y-PQ |7 3 0 0 0 0
09. | 854 856 Y-PQ |0 0 4 2 0 0
10. | 832 858 D-Z 7 3 2 1 6 3
11. | 858 864 Y-PQ |2 1 0 0 0 0
12. | 858 834 D-PQ |4 2 15 8 13 7
13. | 834 860 D-Z 16 8 20 10 110 55
14. | 860 836 D-PQ | 30 15 10 6 42 22
15. | 836 840 D-1 18 9 22 11 0 0
16. | 862 838 Y-PQ |0 0 28 14 0 0
17. | 842 844 Y-PQ |9 5 0 0 0 0
18. | 844 846 Y-PQ |0 0 25 12 20 11
19. | 846 848 Y-PQ |0 0 23 11 0 0
Total 262 133 240 120 220 114
Table 2: % Resistance and % Reactances of Trasnformers
Transformer | KVA kV-high kV-low R (%) X (%)
Substation 2500 69 -D 249 -Gr'W |1 8
XFM-1 500 249 — Gr.W 416 -Gr.W | 1.9 4.08
Table 3: Phase Parameters for Spot Nod Ph-A Ph-B Ph-C
st (kVAD) (kVar) (kVAr)
S. Load | Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-4 844 100 100 100
No. Node Model | KW [ KVAr| KW | KVAr | KW | KVAr
01. 860 | Y-PQ 20 16 20 16 20 16 848 150 150 150
HEIREEEREEEE 7 o7 Total 250 250 250
03. 844 Y-Z 135 105 133 103 135 105
24 ::z D;Q 12;0 iﬁ 12500 iﬁ 12500 iﬁ Fig. 2 depicts the proposed test method as
6 |80 Dz | 1O 10 B modeled in MATLAB. This model also
Total 344 224 344 224 359 229

Table 4: Capacitor phase parameters

289

depicts the data collection system used in
this analysis. The 3 ¢ Simulink block is
used to model the feeders. Simulink three
step load blocks are used to simulate the

loads. Simulink 3 ¢ fault block is used to
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model power system faults. A generator

block simulates the utility grid.

Table 5: Line Segment Parameters

S. | Node | Node
No.| A B Length(ft.) | Config.
01 | 800 | 802 2580 300
02 | 802 | 806 1730 300
03 | 806 | 808 32230 300
04 | 808 | 810 5804 303
05 | 808 | 812 37500 300
06 | 812 | 814 29730 300
07 | 814 | 850 10 301
08 | 816 | 818 1710 302
09 | 816 | 824 10210 301
10 | 818 | 820 48150 302
11 | 820 | 822 13740 302
12 | 824 | 826 3030 303
13 | 824 | 828 840 301
14 | 828 | 830 20440 301
15 | 830 | 854 520 301
16 | 832 | 858 4900 301
17 | 832 | 888 0 XFM-1
18 | 834 | 860 2020 301
19 | 834 | 842 280 301
20 | 836 | 840 860 301
21 | 836 | 862 280 301
22 | 842 844 1350 301
23 | 844 | 846 3640 301
24 | 846 | 848 530 301
25 | 850 | 816 310 301
26 | 852 | 832 10 301
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27 | 854 | 856 23330 303
28 | 854 | 852 36830 301
29 | 858 | 864 1620 302
30 | 858 | 834 5830 301

The simulation parameters of the proposed
power system model are presented in Figs.
3-7. Fig. 3 shows the grid parameters used
for the simulation, while Fig. 4 presents
the parameters of the substation
transformer. The simulation parameters of
the power transmission line are illustrated
in Fig. 5. The parameters of transformer
XFM-1 connected in the Simulink model
are shown in Fig. 6, and the parameters of
the load connected to the Simulink model
are presented in Fig. 7. These parameters
define the major components and
operating conditions of the test system

used for the simulation and analysis.
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neutral point of the Wye. -

- Click the Apply or the OK button after a change to the Units popup to confirm
- the conversion of parameters.

L Configuration Parameters | Advanced |

units [pu =
Nominal power and frequency [ Pn(VA) , fn(Hz) 1

[(2500e3, 60 ]

{IFE Winding 1 parameters [ V1 Ph-Ph(Vrms) , R1(pu) , Li(pu) 1

£ [[345e3 0.001 0.008]

” i Winding 2 parameters [ V2 Ph-Ph(Vrms) , R2(pu) , L2(pu) ]
- |(24.9e3 0.001 0.008]

Magnetization resistance Rm (pu)

[soo

Magnetization inductance Lm (pu)

|s00

= 1 Saturation characteristic [ i1, phil ; 12, phi2 ; ... ] (pu)
IfU 0;0.0024 1.2;1 1.52]

Initial fluxes [ phiOA , phiOB , phiOC ] (pu):

IfU.UUUU'J -0.80003 0.7]

[

‘ OK | Cancel | Help | Apply

Rl — Fig 4: Simulation parameter for

substation transformer

ol B i e 2 series elements conn cen
&) i input
and output terminals and two sets of shunt capacitances lumped at both
s d cexpgﬁe line.
= = S < 2 = £ RLC elements are computed using hyperbolic corrections yielding an "exact"
- ! S = representation in positive- and zero-sequence at specified frequency only.
L L 0 ! To obtain an extended frequency response, connect several PI section blocks
in cascade or use a Distributed Parameter line.
Parameters
= L 3 Frequency used for rlc specification (Hz):
: |60
] " Positive- and zero-sequence resistances (Ohms/km) [ r1 r0 ]:
_ X | B R |[0.6960 1.0873]
X 3 = .' : 1 3 { Positive- and zero-sequence inductances (H/km) [ 11 10 ]:
) (g o |{ 1.3735e-3 3.9004e-3]
S Positive- and zero-sequence capacitances (F/km) [ c1 <0 ]:
- = |[1.2821e-9 0.83119e-9]
=k Line length (km):
. . . |0.131826
Fig 2: Simulink model for proposed .

‘ oK I Cancel | Help | Apply

IEEE 33 bus test system ' N
Fig 5: Simulation parameters of power

L
Three-Phase Source (mask) (link)
‘ Three-phase voltage source in series with RL branch. ‘

transmission line

Parameters | Load Flow |
Phase-to-phase rms voltage (V):

[345e3
Phase angle of phase A (degrees): 2 7S

[85 Click the Apply or the OK button after a change to the Units popup to confirm the
Frequency (Hz): conversion of parameters.

60

I Configuration ~ Parameters | Advanced |

Internal connection: v =

Units [pu |
Nominal power and frequency [ Pn(VA) , fn(Hz) ]

[[ 500e3, 601

Winding 1 parameters [ V1 Ph-Ph(Vrms) , R1(pu) , L1(pu) ]

[{ 24.9e3, 0.0190, 0.0408]

™ specify impedance using short-circuit level

3-phase short-circuit level at base voltage(VA):
[1800e6

Base voltage (Vrms ph-ph):

l:;:[lo: Winding 2 parameters [ V2 Ph-Ph(vrms) , R2(pu) , L2(pu) 1
& | 4.16e3 , 0.0190, 0.0408]
Magnetization resistance Rm (pu)
[s00
ok | cancel s R Magnetization inductance Lm (pu)
————— |s500
Saturation characteristic [ i1, phil ; iz, phiz ; ... ] (pu)

Fig 3: Grid Parameters for simulation Io% ot Lo

Initial fluxes [ phi0A , phioB , phioC ] (pu):
[fos,08,07]

-

ok | cancel | meln | apply ﬂ

Fig 6: Simulation parameters of
Transformer XFM-1connected in

simulink model
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=) Block Parameters: |_B_802-806_1 ﬂ
Three-Phase Parallel RLC Load (mask) (link)
Implements a three-phase parallel RLC load.
parameters I Load Flow 1
Configuration |Y (floating) j
Nominal phase-to-phase voltage Vn (Vrms)
[24.9e3
Nominal frequency fn (Hz):
[60
Active power P (W):
|36.6666666666666667e3
Inductive reactive Power QL (positive var):
|19.33333333333383
Capacitive reactive power Qc (negative var):
[o
Measurements |None j
oK Cancel ‘ Help ‘ Apply

Fig 7: Simulation parameters for Load

connected in simulink

IV.  RESULTS & DISCUSSION

The complete IEEE 33 bus test system is
evaluated with the two types of results; in
first result current waveform is obtained
and another one result fault index graph is
obtained for symmetrical and
unsymmetrical faults. Effect of various
types of faults mentioned in subsections
are evaluated and plotted at the 6 cycle of

the simulation of 12 cycles.

4.1.1dentification of Faults without

Renewable Sources

The IEEE-33 bus test system shown in
Fig. 1 is considered for the analysis.
Different types of faults are introduced at
Bus 838, and the corresponding three-
phase current signals are recorded for
Each waveform

analysis. simulation

consists of 12 cycles, with the fault
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initiated at the sixth cycle. Based on the
analysis of 30 fault cases for each fault
type, a threshold value of 10 is selected for
the proposed fault index. The simulation
results for different fault conditions are
presented and discussed in the following

sections.
A. Analysis of Line to Ground Fault

A LG fault is created by connecting Phase
A to ground at Bus 838. The

corresponding three-phase current
waveforms are presented in Fig. 8. Before
the occurrence of the fault, the three-phase
currents remain within their normal
operating range. When the fault is initiated
at the sixth cycle, the magnitude of the
Phase-A current increases significantly,
from approximately 50 A to 300 A. In
contrast, the currents in the healthy phases,
Phases B and C, remain comparatively
stable. This significant increase in the
current of the faulted phase indicates the

occurrence of an LG fault.

Ampors

L L L L -
01 612 04 016 018 02
Time {s)

Fig. 8: Three-phase current waveforms

during the line-to-ground fault at Bus
838
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The corresponding fault index values
obtained using the proposed Stockwell
Transform-based method is shown in Fig.
9. The fault index of the faulted Phase A
increases significantly and reaches a
maximum value of approximately 13,
which is higher than the selected threshold
value of 10. In comparison, the fault index
values of the healthy Phases B and C
remain below the threshold. Therefore, the
proposed fault index successfully detects

the occurrence of the line-to-ground fault

and identifies the faulted phase.

Fault Index

0
a8
6 Threshold
4
2
L]

. .
02 004 006 008 01 012 01 016 018
Time: {s)

Fig. 9: Stockwell Transform-based fault

index for the line-to-ground fault
B. Analysis of Double Line Fault

A LL fault is created by short-circuiting
Phases A and B at Bus 838. The
corresponding three-phase current
waveforms during the LL fault are shown
in Fig. 10. Before the fault occurrence, the
phase currents remain at their normal
operating levels. When the fault is initiated
at the sixth cycle, the current magnitudes
of Phases A and B increase significantly
from approximately 50 A to 350 A. In

comparison, the current magnitude of the
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healthy Phase C remains nearly

unchanged. Thus, the fault results in a
substantial increase in the currents of the
two the

faulted phases, indicating

occurrence of an LL fault.

400 T T T T T T T

200

Ampere

20

_4']] | | 1 1 1 1 1 1 1
0 @ 0 0K 0 01 012 0M 0% 018 02

Time i3
Fig. 10: Three-phase current waveforms

during the double-line fault at Bus 838

The corresponding values of the proposed
fault index for the three phases are
presented in Fig. 11. The fault indices of
the faulted Phases A and B increase
significantly and reach a maximum value
of approximately 16, which is higher than
the predefined threshold value of 10. In
contrast, the fault index of the healthy
Phase C remains approximately zero and
well below the threshold. Therefore, the
proposed Stockwell Transform-based fault
index successfully detects the LL fault and
identifies Phases A and B as the faulted

phases.
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Fig. 11: Stockwell Transform-based
fault index for the double-line fault at

Bus 838

C. Analysis of Double Line to
Ground Fault

A LLG fault is created by simultaneously
connecting Phases A and B to ground at
Bus 838. The corresponding three-phase
current waveforms during the LLG fault
are presented in Fig. 12. Before the fault
occurrence, the phase currents remain
within their normal operating range. When
the fault is initiated, the current
magnitudes of the faulted Phases A and B
increase significantly. In comparison, the
current in the healthy Phase C remains
comparatively stable. The substantial
increase in the currents of Phases A and B
indicates the occurrence of a double-line-

to-ground fault.

The corresponding fault index values
obtained using the proposed Stockwell
Transform-based method are shown in Fig.
13. The fault indices of Phases A and B
reach a maximum value of approximately

16, which is higher than the predefined
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threshold value of 10.

Ampere

| |
1 012 014 016 DB 02
Tme 5}

m |
0 0 0M 06 0OB

Fig. 12: Three-phase current waveforms
during the double-line-to-ground fault

at Bus 838

The fault index of the healthy Phase C is
approximately 4, which remains below the
threshold. Therefore, the proposed fault
index successfully detects the occurrence
of the LLG fault and identifies Phases A
and B as the faulted phases.

m ] ] | ]

1A —
Threstoid

10 /

Fault Index

=n
T

0@ 04 D006 008 01 O 0¥ D016 013
Time {s)

Fig. 13: Stockwell Transform-based
fault index for the double-line-to-

ground fault at Bus 838

D. Analysis of Three Phase Fault

Involving Ground

A LLLG fault is created by simultaneously
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connecting Phases A, B, and C to ground
at Bus 838. The corresponding three-phase
current waveforms are presented in Fig.
14. Under normal operating conditions, the
three-phase currents remain within their
respective steady-state values. When the
LLLG fault occurs, the current magnitude
in all three phases increases significantly
and reaches approximately 400 A. This
considerable increase in current indicates
the occurrence of a severe three-phase-to-

ground fault.

Ampere

-4[00 0@ 004 D06 008 01 012 014 016 088 02

Time (5}
Fig. 14: Three-phase current waveforms
during the three-phase-to-ground fault
at Bus 838

The corresponding fault index values
obtained using the proposed Stockwell
Transform-based median approach are
shown in Fig. 15. It is observed that the
fault index values of all three phases
increase significantly and exceed the
predefined threshold value of 10. The fault
index values are greater than 25, clearly
indicating the presence of a fault in all

three phases. Therefore, the proposed
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algorithm  successfully  detects and

identifies the LLLG fault.

BB o=

Fault Index
= -
.

Threshold

al
T

\

0@ o0 006 008 of 02 014 016 018
Tire (s)

Fig. 15: Stockwell Transform-based
fault index for the three-phase-to-

ground fault at Bus 838
E. Comparative Study

The peak fault-index values obtained for
the different fault conditions are presented
in Table 6. The proposed fault index
provides a clear distinction among the
different types of power system faults
based on the magnitude and distribution of

the index values across the three phases.

The LLLG fault produces the highest
fault-index values because all three phases
are involved in the fault. The LG fault
produces comparatively lower fault-index
values, with only one phase being
primarily affected. For the LL fault, the
fault indices of the two faulted phases are
significantly higher than those of the
healthy phase. In the case of the LLG
fault, the two faulted phases also exhibit

high fault-index values, while the healthy
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phase shows a comparatively lower value.
Therefore, the proposed fault index can
effectively distinguish among LG, LL,
LLG, and LLLG faults by analyzing the

peak index values of the three phases.

Table 6: Peak Fault-Index Values For
Different Fault Conditions at Bus 838

S. No. Type of Fault | Phase-A Phase-B Phase-C
1 LG 13 7 7
2 LL 16 16 0
3 LLG 16 16 4
4 LLLG 27 M M

4.2 Identification of Faults with

Renewable Energy Penetration
A. Analysis of Line to Ground Fault

A LG fault is introduced on Phase A at

Bus 838 in the presence of the wind

energy conversion system. The
corresponding three-phase current
waveforms are presented in Fig. 16.

Before the occurrence of the fault, the
three-phase currents remain within their
normal operating range. When the fault
occurs at the 20" cycle, the current
magnitude increases significantly,
particularly in the faulted phase. The
variation in the current waveform clearly
indicates the occurrence of the LG fault

under wind power penetration.

The corresponding variation in the

proposed fault index is shown in Fig. 17.
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The fault index of the faulted Phase A
increases to a value greater than 35,
exceeding the selected threshold value of
4. In comparison, the fault-index values of
the healthy phases remain below the
threshold and reach approximately 2.5.

E! H

6

lH

R '(

i

‘H

I
i

(1

" o | I I I I | |
| i 2 ) 4 05 06 7 0k 09 1

Time )

Fig. 16: Three-phase current waveforms
during the LG fault in the presence of
WECS

Therefore, the proposed fault index clearly
distinguishes the faulted Phase A from the
healthy phases in the presence of WECS.
The results demonstrate that the proposed
Stockwell Transform-based fault index
remains effective for fault detection even
after the integration of wind power
generation into the distribution network.
The fault index also exhibits a relatively
rapid rise following fault inception,
enabling timely identification of the fault

condition.
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Fig. 17: Variation of Stockwell

Transform-based fault index during the

LG fault in the presence of WECS
B. Analysis of Double Line Fault

A LL fault is created by short-circuiting
Phases A and B at Bus 838 in the presence
of  wind The

power  generation.

corresponding three-phase current
waveforms recorded at Bus 800 before and
after fault occurrence are shown in Fig. 18.
Following fault initiation, significant
disturbances are observed in the currents
of the faulted Phases A and B. Their
current magnitudes initially increase
considerably and subsequently decrease to
values lower than the normal operating
level. After the transient period, the
currents gradually move toward their post-
fault operating values. The healthy Phase
C experiences comparatively smaller
disturbances. These changes in the three-
phase current waveforms clearly indicate
the occurrence of an LL fault in the

presence of WECS.

The corresponding variation of the
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proposed fault index for the three phases is
presented in Fig. 19. The fault-index
values of the faulted Phases A and B
increase significantly and reach a
maximum value of approximately 8.4,
which is higher than the selected threshold
value of 4. In contrast, the fault-index
value of the healthy Phase C remains close
to zero and below the threshold. Therefore,
the proposed fault index successfully
distinguishes the faulted Phases A and B
from the healthy Phase C in the presence
of wind power generation. The results
further indicate that the proposed fault
index responds rapidly after fault
initiation, enabling timely identification of
the LL fault under renewable energy

penetration.
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Fig. 18: Three-phase current waveforms
during the LL fault in the presence of
WECS
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Fig. 19: Variation of the Stockwell

Transform-based fault index during the

LL fault in the presence of WECS

C. Analysis of Double Line to
Ground Fault

A double-line-to-ground (LLG) fault is
created by simultaneously connecting
Phases A and B to ground at Bus 838 in
the of the wind

presence energy

conversion system. The corresponding
three-phase current waveforms recorded at
Bus 800 are presented in Fig. 20. The fault
is initiated during the simulation, resulting
in significant transient disturbances in the
current waveforms. The magnitudes of the
currents in the faulted Phases A and B
change fault

considerably  following

inception and subsequently decrease

toward lower values. The current in the
healthy Phase C also experiences a
transient variation but gradually returns
toward its normal operating condition.
These waveform changes demonstrate the
effect of the LLG fault on the distribution

system with wind power generation.
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Fig. 20: Three-phase current waveforms
during the LLG fault in the presence of
WECS
The corresponding fault-index variations
for all three phases are shown in Fig. 21.
The fault-index values of the faulted
Phases A and B increase significantly and
reach approximately 9, which is well
above the selected threshold value of 4. In
comparison, the fault-index value of the
healthy Phase C remains close to 2.5,
which is below the threshold. Therefore,
the proposed Stockwell Transform-based
fault index effectively identifies the LLG
fault and distinguishes the faulted Phases
A and B from the healthy Phase C in the

presence of wind power generation. The

rapid increase in the fault index
immediately  after  fault  inception
demonstrates the capability of the

proposed method to detect the LLG fault

within a short response time.
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Fig. 21: Variation of the Stockwell
Transform-based fault index during the

LLG fault in the presence of WECS

D. Analysis of 3¢ Fault Involving

Ground

A three-phase-to-ground (LLLG) fault is
created by simultaneously connecting
Phases A, B, and C to ground at the test
location in the presence of the WECS. The
current

waveforms recorded at Bus 800 are

in Fig. 22. Before

corresponding three-phase

presented fault

occurrence, the three-phase currents

remain within their normal operating

range. Following fault initiation, the

current magnitudes of all three phases
increase significantly, followed by a
reduction toward lower values during the
The  considerable

transient  period.

variation in the three-phase currents
indicates the occurrence of a severe LLLG
fault in the presence of wind power

generation.
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Fig. 22: Three-phase current waveforms
during the LLLG fault in the presence
of WECS

The corresponding variation of the
proposed Stockwell Transform-based fault
index is shown in Fig. 23. It is observed
that the fault-index values of all three
phases exceed the selected threshold value
of 4. The maximum fault-index value
reaches approximately 12 for one phase,
while the values for the other two phases
are approximately 8. Since the fault-index
values of all three phases are higher than
the threshold, the proposed algorithm
successfully detects the occurrence of the
LLLG fault and identifies the involvement

of all three phases.
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Fig. 23: Variation of the Stockwell
Transform-based fault index during the

LLLG fault in the presence of WECS
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4.3.Comparative Analysis

The maximum fault-index values obtained
for the different fault conditions in the
presence of renewable energy generation
are presented in Table 7. The results
demonstrate that the proposed fault index
can effectively distinguish among LG, LL,
LLG, and LLLG faults based on the
magnitude and distribution of the fault-

index values across the three phases.

The LLLG fault produces the highest
fault-index values, whereas the LG fault
produces the lowest values. For the LL
fault, the fault-index values of Phases A
and B are approximately equal, while the
index of the healthy Phase C is zero. In the
case of the LLG fault, Phases A and B
exhibit high fault-index values, whereas
Phase C has a comparatively lower value.
Thus, the proposed fault index can be used
to distinguish between LL and LLG faults
by examining the fault-index value of the

third phase.

Table 7: Maximum Fault-Index Values
for Different Fault Conditions in the

Presence of Renewable Energy
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S.No. | Type of fault | Phase-A | Phase-B Phase-C
1 LG 5 23 25
2 LL 83 83 0
3 LLG 9 9 25
4 LLLG 12 8 8

Furthermore, the fault-detection elapsed
time of the proposed Stockwell Transform
(ST)-based method is compared with the
NRHV-based method reported by Guillen
et al. The comparison is presented in Table
8. The results show that the proposed ST-
based approach requires less detection
time for all the considered fault types. The
detection time is 0.09 ms for LG, 0.257 ms
for LL, 0.912 ms for LLG, and 0.098 ms
for LLLG faults. The lower detection time
indicates that the proposed ST-based
method can identify faults rapidly and with
a lower computational burden. Therefore,
the proposed methodology demonstrates
its effectiveness for fast fault detection in
with renewable

transmission  systems

energy penetration.

Table 8: Comparison of Fault-Detection

Elapsed Time
S. No. Fault Type | NRHV Method (ms) | ST Method (ms)
1 LG 1118 0.09
2 L 1313 0257
3 LLG 0.988 0912
4 LLLG 1.118 0.098
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V. CONCLUSIONS

This research presented a fault detection
and identification method based on the
Stockwell Transform (ST) for power
and without

The

system networks with

renewable  energy integration.
proposed method uses the median value
obtained from the S-matrix of the three-
phase current signals to develop a fault
index. The method was implemented and
evaluated in MATLAB/Simulink using the
IEEE-33 bus test system. In the absence of
renewable energy sources, the proposed
detected  and

method  successfully

identified different of faults,

types
including LG, LL, LLG and LLLG faults.
The fault index values were used to
distinguish the faulty phases from the
healthy phases and to classify different
fault types. The LLLG fault produced the
highest fault index values, whereas the LG
fault produced the lowest values. The LL
and LLG faults showed similar fault index
values in the faulty phases; however, their

values in the healthy phase helped to

distinguish between these two fault types.

The proposed method was also evaluated
with a 1.5 MW wind energy conversion
system integrated into the IEEE-33 bus
network. The results demonstrated that the
method remained effective in the presence

of wind power generation and successfully
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detected LG, LL, LLG, and LLLG faults.

The obtained fault indices clearly
distinguished faulty phases from healthy
phases. The comparative analysis also
showed that the proposed Stockwell
Transform-based method required less
fault detection time than the considered
conventional ~method, indicating its
suitability for fast power system fault
detection. Overall, the study demonstrates
that the proposed Stockwell Transform-
based fault index provides an effective and
computationally efficient approach for
detecting and identifying different types of
faults under both

power  system

conventional and  renewable-energy-

integrated operating conditions.
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