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ABSTRACT Capacitor faults are a common issue in modern-day power systems. Such systems employ a
traditional mechanism that solely relies on unbalanced relays as an indicator of faults in capacitor banks;
however, in the case of a relay trip, operators may find it difficult to identify the cause of these faults.
To address this issue, this study aims to detect and discriminate between faults in the capacitor bank
(i.e., internal faults) and those in the transmission line (i.e., external faults) by employing discrete wavelet
transform (DWT). For this purpose, simulations were conducted using PSCAD software and modelled
according to the 115-kV system from the Electricity GeneratingAuthority of Thailand (EGAT). Furthermore,
case studies involving faults with different phases, side and branch connections, row connections, inception
angles, and blown fuses were considered. Moreover, the phase current, unbalanced current, and unbalanced
voltage were analyzed to elucidate fault behaviors and the variation in the coefficient obtained via DWT; the
unbalanced current and unbalanced voltage were used as design criteria for the proposed detection and relay
operation algorithm. Real-world signals were employed to verify the accuracy of the proposed model. The
results indicate that the proposed algorithm achieves satisfactory accuracy in terms of fault detection and the
operation of relays in capacitor banks. The proposed algorithm is expected to enable an improvement in the
performance of protection systems for capacitor banks in the near future.

INDEX TERMS Fault, detection, capacitor bank, discrete wavelet transform, unbalance relay.

I. INTRODUCTION
Currently, economic development has led to an increase in the
demand for power. Consequently, it is necessary to increase
the capacity of existing power systems, while expanding the
power grid to cover all usage areas. However, this would
require an increase in the number of substations, which,
in turn, would increase the complexity of power systems.
Capacitor banks are typically used to increase the voltage
and control the reactive power within substations, which
improves the efficiency of power transmission. The rating
and type of capacitors used in such banks depend on system
requirements. A single capacitor bank installed in the bus is
termed as an ‘‘isolated capacitor bank.’’ Isolated capacitor
banks are more suitable for simple systems, as compared to
‘‘back to back capacitor banks,’’ which refer to more than two
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capacitor banks installed in the same bus and are more apt for
complex systems [1], [2].

Capacitor banks comprise several capacitor units, and each
unit contains capacitor elements (Ce). There are three types
of connections for the capacitor units: single wye, double
wye, and h-bridge. In addition, the Ce can be connected
in four patterns: internally fused, externally fused, fuseless,
and unfused. The type of connection depends on the desired
capacity and application. For instance, internally fused capac-
itor banks offer higher capacity than externally fused ones.
Moreover, fuseless capacitor banks are capable of alleviating
discharge problems. During a fault, the fuse connected to the
capacitor unit is blown and the capacitance of the bank is
reduced. Therefore, the capacitance of a faulty bank is lower
than that of a healthy bank. In such cases, although the current
flowing through the faulty unit ceases, the voltage continues
to increase [3], [4]. Therefore, if such faults are not resolved
quickly, the entire substation would need to be shut down,
thereby degrading the reliability of the power system.
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FIGURE 1. Trip events of the unbalance relay from 2016 to 2019 in Thailand.

When a fault occurs within a capacitor unit, the three phase
current passing through it is unbalanced. This unbalance
occurs due to a reduction in the impedance caused by the
fault, which leads to an asymmetric and unbalanced system.
Thus, the current for the phase at which the fault occurred
decreases, whereas the neutral current increases. Moreover,
the capacitance of this faulty phase also decreases. This
behavior triggers the operation of the unbalance relay, which
is an equipment used for protecting capacitor banks from
unbalanced loads. In an unbalance relay, unbalanced current
is measured via a current transformer (CT) and compared to
the setting (pick-up) value. If the unbalanced current is lower
than the pick-up value, the relay does not function (block);
otherwise, the relay triggers alarm or trip circuits. Such trip
events recorded by the Electricity Generating Authority of
Thailand (EGAT) for the period 2016–2019 are presented
in figure 1. This figure indicates that such unbalances are
unavoidable events that frequently occur in power systems.
Considering 2019, it is evident that a total of 74 trip events
were recorded for 115 kV. Theoretically, unbalance relay trips
occur in the case of faults within the internal zone protection.
However, the recorded data of EGAT indicate that, among
the 74 trip events observed, 26 events were the result of
external faults. Moreover, only 17 events were caused by
internal faults; it was unclear whether the remaining 31 events
were caused by internal or external faults. These discrepan-
cies indicate that the unbalance relay used was ineffective in
terms of detecting and locating faults in the capacitor bank.
Therefore, it is necessary to establish a new method to detect
faults in capacitor banks.

Based on a literature review [5]–[31], several methods
have been proposed for detecting faults in capacitor banks
based on parameters such as the phase voltage unbalance
phasor [6]–[9], neutral voltage unbalance phasor [10], phase
current unbalance phasor [11], and neutral current unbal-
ance phasor [12], [13]–[18]. The method used in [19], [20]
employed the superimposed reactance method considering
voltage and current; the results proved that the relay algo-
rithm based on measuring unbalance factors was effective
and capable of operating even when faults occurred within
a short processing time. Previous studies [21]–[23] have also
proposed methods based on unbalance factors for detecting
faults in capacitor banks, whereby all types of internally fused
capacitor banks were considered. These results reveal that
the system connected to the ground should analyze unbal-
ance factors based on the neutral current for the purpose of
fault detection. Moreover, single wye connections should be
analyzed based on voltage differences, whereas double wye
and h-bridge connections should be analyzed according to
differences in the current. However, these studies were unable
to accurately locate fault positions; they could only indicate
the phase or zone of faults. When considering a systematic
component [24]–[27], the voltage and current of all sequences
depend on the unbalanced conditions [24]; however, zero-
sequence voltage and current can be used to estimate the fault
position in a distribution system [25]. Similarly, the Fourier
transform (FT) of zero-sequence voltage and current has been
employed to obtain the vectors of voltage and current. In addi-
tion, the direction of negative sequences was calculated via
Discrete Fourier Transform (DFT) [29].
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To summarize the case studies in literature, including the
statistical data from EGAT, it is evident that fault detec-
tion incapacitor banks is generally achieved by measuring
the magnitude and phase angle of the unbalanced volt-
age or current. Moreover, the traditional unbalance relay,
which is solely based on unbalanced current, was inade-
quate for realizing satisfactory accuracy in identifying the
cause of faults in the capacitor banks. Thus, this study
focuses on improving the detection of faults in capacitor
banks and discriminating between faults in the capacitor
bank (i.e., internal faults) and those in the transmission line
(i.e., external faults).

The novelty and primary contributions of this study are
summarized as follows:

• This study investigates the behavior of the faults in
capacitor banks (i.e., internal faults) and those in the
transmission line (i.e., external faults) under various
conditions.

• The position of the faulty capacitor unit, such as on the
side of a wye connection or the branch of a parallel
connection; the connection rows; and the number of
blown fuses are considered as system parameters. The
unbalanced current and voltage are used as the criteria
for these system parameters in order to design the pro-
posed algorithm.

• The proposed algorithm, based on the discrete wavelet
transform (DWT) methodology, offers considerable
benefits, such as quick fault detection, accurate identifi-
cation of fault causes, and accurate operation of relays,
as compared to the conventional method employed by
EGAT.

• Real-world signals recorded during the occurrence of
faults in capacitor banks were used to verify the effi-
ciency and reliability of the proposed algorithm.

The analysis of system parameters and the design of the
proposed algorithm are summarized in figure 2; these consist
of the following three steps:

First, this study system, which was based on the power
system of EGAT, was simulated using PSCAD software,
as discussed in Section II. Subsequently, characteristics of
the parameters affected by faults in the capacitor units—
unbalanced voltage, and unbalanced current—were analyzed,
as presented in Section III.

Second, the fault signals obtained from PSCAD were fur-
ther analyzed via DWT, which is the basis of the proposed
detection algorithm. Characteristics of the wavelet coefficient
are discussed in Section IV.

Finally, the proposed algorithm for discriminating between
internal and external faults, which is based on the system
parameters analyzed in the previous step, is presented. The
efficiency of the proposed algorithm, as compared with
the traditional protection method (EGAT standard), is pre-
sented in Section V. Conclusions of this study are drawn in
Section VI.

II. HIGH VOLTAGE CAPACITOR BANK SIMULATION
The characteristics of system signals during the occurrence
of faults in the capacitor unit was simulated using PSCAD.
The system of the Phangnga1 (PNG1) 115-kV substation of
EGAT, as depicted in figure 3(a), was considered as a case
study. The PNG1 substation is equipped with three capacitor
banks consisting of two 48-Mvar capacitor banks and one
39.6-Mvar detuned capacitor bank.

This study only focuses on capacitor bank no. 1 (i.e.,
the one with a capacity of 48 Mvar); the second bank
was neglected in order to simulate an isolated connection
and avoid the phenomenon of inrush current. As shown
in figure 3(b), capacitor bank no. 1 comprises one connection
per phase; these connections are then further divided into two
branches, and each of these branches contains ten capacitor
units. Furthermore, as shown in figure 3(b), each capacitor
unit comprises an array of 9× 4 capacitor elements, and each
of these elements is internally fused.

As shown in figure 4(a), the PNG1 substation was mod-
eled using PSCAD in order to generate the fault signals.
As discussed previously, this case study focuses on the bay on
which capacitor bank no. 1 (CAP1) is installed; the internal
connections for capacitor bank no. 1, modeled using PSCAD,
are presented in figure 4(b). This capacitor bank featured
a double wye connection; it was ungrounded and internally
fused. The unbalance detection mechanism was installed at
the neutral line and measured the voltage and current. The
system parameters for the PNG1 substation of EGAT, i.e., the
capacitance (c), current phase (Ibank), and voltage phase
(Vbank), were used to determine the parameters required for
the PSCAD simulation.

The capacitance of the 48-Mvar capacitor unit is 26.74 µF.
The current and voltage phases are 223.25 A and 66.43 kV,
respectively. These parameters are used for the normal condi-
tion (i.e., without an internal blown fuse). An internal blown
fuse indicates that the fault has occurred within a capacitor
unit. When a fault occurs, the first fuse is blown, which
affects the voltage of the affected phase (Vln), the current in
this affected phase (Iph), and the neutral current (In). These
parameters—Vln, Iph, and In—are calculated by using the
IEEE Guide for the Protection of Shunt Capacitor Banks [4].
The results thus obtained are summarized in TABLE 1; these
results are subsequently used to assess the accuracy of the
proposed method.

According to the EGAT protection standard, the unbal-
ance relay triggers a trip event when the voltage on any
element exceeds 150% of the normal value or the unbalance
current exceeds 250 mA. When a single fuse is blown in
the capacitor unit, the voltage of the affected element (Ve)
does not exceeds 150%, as shown in TABLE 1. Therefore,
the unbalance relay does not trigger any event. A similar
behavior is observed when two or three fuses are blown.
However, when four fuses are blown, the voltage on the
affected element is 107.886 kV, which is more than 150% of
the normal value; consequently, the unbalance relay triggers a
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FIGURE 2. Fault classification based on the simulation results from PSCAD.

trip event. In addition, the capacitance of the faulty unit
decreases from 26.743 µF to 22.268 µF. Therefore, in the
simulation, the capacity of the faulty unit was set as
22.268µF, whereas the capacity of the healthy unit was set as
26.743 µF.

Additionally, if the relay does not trigger a trip and the
fault is not eliminated, the number of blown fuses will
continue to increase, causing the capacitance to reduce

to zero. As mentioned previously, the voltage and cur-
rent depend on capacitance. As the capacitance decreases,
the current in the affected phase (Iph) also decreases; how-
ever, the voltage of the affected phase (Vln) increases.
The current of the affected phase directly influences the
neutral current (In) and the voltage between neutral and
ground (Vng), both of which increase when the fuse
is blown.
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FIGURE 3. (a) PNG1 substation (reference system). (b) Connection in capacitor bank No. 1.

The characteristics of voltage and current under the normal
and fault conditions, obtained via the PSCAD simulation, are
presented in figure 5 and figure 6, respectively. By consider-
ing figure 6, fault occurred in the capacitor unit at phase C,
right side of wye connection and left side of branch paral-
lel connection, row number 1 connection with 0 inception

angle (CRl1-0). As recorded by the simulation, which was
conducted for 1 s, the capacitor bank energized at 0.15 s, and
the fuses were blown at 0.2, 0.3, 0.4, and 0.5 s.

When the power system is operated under the normal
condition, the three-phase voltage and current are balanced,
as shown in figure 5. When the fault occurs in the capacitor
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FIGURE 4. (a) Simulation system modeled using PSCAD. (b) Internal connections of capacitor
bank no. 1 modeled using PSCAD.
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TABLE 1. The fundamental parameters of the capacitor bank.

bank, characteristics of the voltage under this fault condition
are similar to those under the normal condition, as depicted
in figure. 5(a) and 6(a). Considering the current shown
in figure 6(b), it is evident that all the phase currents were
lower than those during the normal condition and that the cur-
rent of the phase where the fault occurs (i.e., the internal fuse
is blown) is lower than those of the other phases. As shown in
TABLE 1, as the number of blown fuses continues to increase,
the capacitance of the phase is reduced, causing a decrease in
the current of the affected phase, which corresponds to the
current of phase C in figure 6(b).

In figure. 5(c) and 6(c), which top of the figure was
real time signal and bottom of the figure was root mean
square (rms) signal. With regard to these figures, for the nor-
mal condition, the real-time signal of the unbalanced voltage
was a smooth sinusoidal wave, where the rms unbalanced
voltage is near zero. On the contrary, both the real-time and
rms unbalanced voltage signals continue to increase during
the fault condition. Similarly, the real-time and rms unbal-
anced current signals were near zero in the normal condition,
and they continue to increase during the fault condition,
as shown in figure 5(d) and 6(d). Both unbalanced voltage and
unbalanced current start increasing when the fuse is blown.
This effect of phase current result in the unbalance detection
point at the neutral line can be detected the unbalance current
and voltage.

In addition, considering the time of the fault shown
in figure 6(b), the current of the affected phase changes when
the fuse is blown and shifts toward a new stable state. Thus,
when a fault occurs, there is a small delay before the sys-
tem reaches a new stable state. The unbalanced voltage and
unbalanced current also exhibit a similar delay, as shown
in figure 6(c) and 6(d), respectively. This delay affected the
amplitude value of the unbalance factor from fault occurrence
in capacitor bank, so the consideration based on amplitude
might measure discrepancies

To clearly differentiate between the faults occurring in the
capacitor bank (i.e., internal faults) and those occurring in the
transmission line (i.e., external faults), a fault between phase
C and the ground on the transmission line was considered as
a representative external fault. The parameters in the case of
such an external fault, i.e., the voltage phase, current phase,

unbalanced voltage, and unbalanced current, are depicted
in figures 7(a) to 7(d), respectively.

When a fault occurs between phase C and the ground at
time simulation 0.5 s, the phase voltage changes; the voltages
of phase B and phase C decrease, whereas the voltage of
phase A increases. It is observed that the voltage of phase C
is lower than that of phase B.In addition, figure 7(b) indicates
that the currents of all the phases increase suddenly when
a single line to ground fault occurs, converging to a new
stable state that is lower than the normal condition. Based on
a comparison between phases, it is found that the currents
for phase A and B decrease, whereas the current for phase
C, which is the faulty phase, falls below those of the other
phases. The unbalanced voltage and unbalanced current in the
case of a fault between phase C and the ground are shown
in figure 7(c) and 7(d), respectively, where the real-time
signals are presented at the top of the figures, whereas the
rms signals are shown at the bottom. The unbalanced voltage
increases sharply when the fault occurs at 0.5 s. However,
the unbalanced current remains zero, similar to that in the
normal condition.

On comparing the internal and external faults, as shown
in figure 6 and figure 7, the phase voltage remains unchanged
in the case of an internal fault, whereas the phase voltage
changes notably after 0.5 s in the case of an external fault.
Considering the phase current before 0.5 s, it is evident that
the currents of all phases are similar to those in the normal
condition in the case of an external fault, whereas the currents
in the case of an internal fault are lower than those in the
normal condition because three internal fuses were blown.

Furthermore, considering unbalanced voltage and current,
in the case of an external fault, the unbalanced voltage
was higher than in the case of an internal fault. However,
the unbalanced current in the case of an external fault was
near zero, whereas the unbalanced current increased in the
case of an internal fault. In addition, the delay time was also
affected in the case of an external fault (i.e., the fault on the
transmission line) as shown in figures 7(a) to 7(c). All the
system parameters were changed at 0.5 s and converged to a
new stable state, with the exception of the unbalanced current,
which was maintained at a value similar to that in the normal
condition.
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FIGURE 5. Variation in variables under the normal condition.

The PSCAD model was verified by comparing the param-
eters obtained via the PSCAD model to those obtained from
the IEEE guide for the Protection of Shunt Capacitor Banks.
These parameters were compared under two conditions: the
normal and fault conditions; the comparison results are sum-
marized in Table 2. While, the fault in capacitor bank caused
each internal fused to continues blown from 1 fuse to 4 fuses.
However, the fault condition in this article based on 4 fuse
blown at 0.5 s because the voltage on affected element was
over than 150% of heathy element and causing the unbalance

relay to trips. Thus, the situation of internal fuse blown before
4 fuse blown was not considered.

Considering the data in TABLE 2, the parameters
analyzed include reactive power, system voltage (Ea),
unbalanced voltage (Vub), unbalanced current (Iub), volt-
age of the affected phase (Vln), and current of the
affected phase (Iph). The results indicate that the PSCAD
model generates parameters similar to those obtained
via the IEEE calculation, under both normal and fault
conditions
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FIGURE 6. Variations in system parameters when a fault occurs at position CRl1-0.
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FIGURE 7. Variation in system parameters when an external fault occurs (SLG:CG).

III. CHARACTERISTICS OF SYSTEM PARAMETERS
After verifying the accuracy of the PSCADmodel, the system
parameters were varied in order to validate the proposed

algorithm under different conditions. Based on the data from
TABLE 1, the unbalance relay triggers a trip event when the
voltage on the affected element exceeds 150% of the normal
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TABLE 2. Performance between simulation data and calculation data.

FIGURE 8. Variations in system parameters for a fault at position BRl1-0.

value, which occurs when four fuses are blown. Therefore,
this section focuses on the characteristics for the condition
that a maximum of four fuses are blown. the fault position
is varied in terms of the phase, side of the wye connection,
branch of the parallel connection, the connection row, incep-
tion angle, and number of fuses blown. The reactive power
of the capacitor bank, system voltage, unbalanced voltage,
unbalanced current, and the voltage and current phase are the
system parameters observed.

A. INFLUENCE OF PHASE (ph)
The phase of the fault was varied in order to analyze corre-
sponding changes in the characteristics of the system param-
eters. Figure 8 presents the change in unbalanced voltage,
and unbalanced current when a fault occurred in the capac-
itor unit at position BRl1-0. Thus, the unbalance detection
pointsinstalled at the neutral line able to detect the unbal-
ance voltage and current which based on the neutral current
and voltage as shown in figure 8(a) and 8(b), respectively.
Through further analyses and based on a comparison with
the position CRl1-0 shown in figure 6, it was concluded that,
even if the fault phase changed from phase C to phase B,
the system parameters exhibited a similar trend. This similar-
ity is caused by the capacitor units in both cases, BRl1-0 and
CRl1-0, having identical values.For a more detailed analysis
of the influence of phase on the characteristics of system
parameters, the changeswith respect to variations in the phase
are presented in TABLE 3. Based on the data in TABLE 3,
when the fault phase is varied, the position of the fault
does not have a significant impact on the system parameters.

Moreover, the reactive power depends on the system voltage.
The capacity of the capacitor bank was 48Mvar at its rated
voltage. As the system voltage was lower than this rated
voltage, the capacitance was also lower than 48Mvar.

B. INFLUENCE OF THE SIDE OF FAULT POSITION (X1, X2)
The influence of the fault position can be divided based on the
side of the wye connection (X1) and the branch of the parallel
(X2) connection; these were varied, both to the left- and
right-sides, to analyze their influence on the characteristics
of system parameters.

The unbalance voltage and current was observed and com-
pared with the case of a fault at position CRl1-0, as illustrated
in figure 9(a) and 9(b). respectively.

The influence of fault positions on the branch of the parallel
connection, the behaviors were the same as those for the side
of the wye connection. This is attributed to the capacitor units
have the same value, even though the position of the fault was
changed. The effects of variations in the side and branch of
the fault on the system parameters are displayed in TABLE 4.
It can be seen that, even if the side and branch positions of the
fault are varied, the system parameters exhibit similar trends
because the capacitance value remains unchanged. Therefore,
the side or branch positions of a fault do not affect the system
parameters.

C. INFLUENCE OF ROW CONNECTION (n)
The row connection was varied to analyze its influence
on system parameter characteristics. Figure 10 shows the
behavior of unbalance voltage and current when fault occurs

180032 VOLUME 8, 2020



P. Lertwanitrot, A. Ngaopitakkul: Discriminating Between Capacitor Bank Faults and External Faults

TABLE 3. Behavior of parameter when the fault phase varied.

FIGURE 9. Variations in system variables for a fault at position CLr1-0.

TABLE 4. Behavior of parameter when side of fault position varied.

at position CRl8-0. A comparison between Figures 6 and 10
demonstrate that the characteristics of unbalanced current and
voltage were similar to those obtained when fault occurred
at position CRl1-0. The detailed analysis of parameter char-
acteristics when fault position varied from row 1 to row 10
is summarized in TABLE 5. The result demonstrates that
the row variation did not influence the system parameters
because the capacitance of the capacitor unit for each case
was similar.

D. INFLUENCE OF INCEPTION ANGLE (θ)
The inception angle was varied to analyze its influence
on the characteristics of system parameters. To this end,
position CRl1-150 was considered and the result is shown
in Figure 11 and summarized in TABLE 6. The unbalance
voltage and current of figure 11 were compared with that
unbalance voltage and current at figure 6 when the inception
angle (phase A as reference angle) varied from 0◦ to 150◦.The
comparison shown that the characteristic of unbalance factors
was the same. In addition, the characteristic of both unbalance

factors also same as those obtained for the previous cases
when phase, side of fault position and row connection was
vaired. To further clarify, the inception angle was varied
from 0◦ to 330◦, while the fault position was fixed at CRl1.
Considering the results summarized in TABLE 6, the incep-
tion angle was found to have no influence on the system
parameters.

E. INFLUENCE OF FUSE BLOWN (fuθ)
Finally, the influence of the number of fuses blown on system
parameters was investigated.When fault occurs in a capacitor
bank, three fuses were blown within 0.5 s. As previously
discussed, the number of fuses blown affected the current,
unbalanced voltage, and unbalanced current. Therefore, con-
sidering the number of fuses blown to be 1, 2 and 3, the dif-
ference in system parameter characteristics was observed.
The characteristics of the unbalance factors when three fuses
were blown are shown in Figures 12(a) to 12(b), which are
similar to those in Figures 6(c) to 6(d), which shows the
unbalance voltage and current when four fuses were blown.
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FIGURE 10. Behavior of the system parameters when fault occurs in the capacitor unit at position CRl8-0.

TABLE 5. Behavior of parameter when the row of capacitor connection varied.

FIGURE 11. Behavior of the system parameters when fault occurs in the capacitor unit at position CRr1-60.

These figures prove that the number of fuses blown directly
affected only the amplitude of both the unbalanced current
and voltage. When the number of fuses blown increased,
the capacitance of the capacitor unit decreased. Then, the cur-
rent decreased relative to that under normal conditions such
that the unbalanced current increased. The behavior of the

system parameters for different number of fuses blown has
been summarized in TABLE 7.

The table lists the average values of the system param-
eters when fault occurred at positions CRl1-0 to CRl10-0.
As mentioned before, the result demonstrates that when the
number of fuses blown increased, the capacitance of the fault
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FIGURE 12. Behavior of the system parameters when the fault blew three fuses of the capacitor.

TABLE 6. Behavior of parameter when inception angle varied.

unit decreased. This result is observed when the capacitor is
connected to the blown-out fuse, forming an open circuit.
In addition, a decrease in the capacitance also results in a
decrease in the reactive power.

The results of the above investigations on the characteristic
of the system parameters help conclude that the amplitudes of
unbalanced voltage, and current were influenced by the fault
in the capacitor unit. Considering that the fault occurred at
0.5 s, the system parameters varied and shifted toward a new
stable state after 0.5 s, exhibiting a small delay. The difference
in the amplitudes during this delay led to a difficulty in the
detection process. Thus, this difference was mathematically
estimated. The application of a DWT has been discussed in
the following section.

IV. DISCRETE WAVELET TRANSFORM (DWT)
Traditionally, the operation of an unbalanced relay depends
on the unbalanced current. The above investigations on the
characteristics of the system parameters demonstrate that the
unbalanced current initially increases when a fuse is blown.
This current steadily increases and then attains a new stable
state after exhibiting a considerable delay, which can affect
the detection performance. The simulation time was extended
to 0.8 s before the relay trip in order to clearly observe

the fault characteristics. Owing to this extension, the current
characteristic could also be clearly observed, compared with
that of voltage. This characteristic demonstrated that the fac-
tors considered in the wavelet method when a fault occurred
were unbalanced voltage, and unbalanced current.

Wavelet transform in one of the mathematic method that
can be viewed as the projection of a signal into a set of basis
functions named wavelets. The wavelet based on the dilation
and translation of the ‘‘mother function. The mother function
define an orthogonal basis as follow:

∅ (s, l) (x) = 2
−s
2 ∅(2−sx − l) (1)

When the variables s and l are integers that scale and dilate
the mother function ∅ to generate wavelet such as Daubechies
wavelet (Db). The scale index s indicates the wavelet’s width
and the location index l show the position.
Discrete wavelet transform (DWT) able to provide high

frequency resolution at low frequencies and high time resolu-
tion at high frequencies so to span the data domain to different
resolution, the analyzing wavelet is used in a scale equation
as follow:

W (x) =
∑N−2

K=−1
(−1)kBk+1∅(2x + k) (2)
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TABLE 7. Behavior of parameter when the number of blown fuses varied (fault unit at CRl1-0 position).

FIGURE 13. Unbalance factors obtained mathematically under normal conditions.

When W (x) is the scaling function for the mother wavelet
function ∅ and Bk is the wavelet coefficient which k is coef-
ficient index. The useful features of wavelet were able to
choose the defining coefficient for a given wavelet system
to be adapted for a given problem such as multiresolution
analysis (MRA).

This method was implemented using Daubechies wavelet
order 4 (db4) as a mother wavelet due to its commonly
used for solving the power system transient issue [32]–[40].
Consequently, the results obtained from the DWT are shown
in Figures 13 and 14.

Considering the unbalanced voltage under normal and fault
conditions, as shown in Figures 13(a) and 14(a), the coef-
ficient of the unbalanced voltage signal that applied DWT
abruptly varies when the fuse is blown. A comparison
between the unbalanced signal and the coefficient demon-
strated that the delay time of the unbalanced voltage signal
was longer than that of the DWT, which instantaneous varied
during the occurrence of a fault. In terms of the coefficient of
the DWT, only the first peak that was observed when a fuse
was blown will be considered; the other peaks were neglected
by algorithm.

Similarly, considering the unbalanced current, as shown
in Figures 13(b) and 14(b), the wavelet coefficient cannot by
obtained under normal conditions because the fuse was not
blown and the system was balanced. When a fault occurred
and four fuses were blown, the wavelet coefficient suddenly
increased the instant the fuse blown, exhibiting a similar
trend to that of the unbalanced voltage. This abrupt variation

can be used as an index for fault detection in the algorithm.
In addition, considering the relay trip at 0.8 s, the wavelet
coefficients of unbalanced voltage and unbalanced current
suddenly increased, which was observed owing to the abrupt
variation of the initial signal at 0.8 s.

The wavelet of the unbalanced voltage, as shown in
Figures 14(a) and 15(a), demonstrates the influence of the
inception angle; the coefficient of the unbalanced voltage
at CRl1-0 and CRl1-150 was 9.8297E-16 and 1.2536E-12,
respectively. However, the inception angle has a relatively
small influence of the coefficient of unbalanced current,
which was approximately 10−7 at CRl1-0 and CRl1-150.

Considering the details summarized in TABLE 8, the study
cases of normal and fault occurrence were demonstrated.
In which the fault occurrence cases considered the factors
such as phase (ph), side and branch of fault position (X1,
X2), row (n), inception angle (θ), and number of fuse blown
(fu). According to the characteristics of the PSCAD signal
previously obtained, the variation in the unbalanced voltage,
and unbalanced current cannot be obtained. This is because
when fault occurs at different phases and inception angles,
the signals obtained are similar. This is in turn because unbal-
anced voltage, and unbalanced current only depend on the
capacitance of the capacitor unit. While, applied DWT and
considered in term of DWT coefficient, it can be seen that
the coefficient was clear emphasis than the characteristic of
signal generated by PSCAD which the changing of and both
unbalanced factors can be detect when phase and inception
angle variation.
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FIGURE 14. Signal obtained mathematically when fault occurred at position CRl1-0.

TABLE 8. Wavelet coefficients when fault position variable.

Moreover, when considered the coefficient of both unbal-
ance factors compared to the coefficient of these unbalance
in normal conditions, it can be seen that the coefficient of
unbalance voltage morependulous than the unbalance cur-
rent, which the coefficient value of unbalance current was
close to the coefficient of unbalance current in case of normal
condition but the coefficient value of unbalance voltage was
higher than the coefficient of unbalance voltage in case of
normal condition.

In summary, the DWT evidently exhibited faster detec-
tion and analysis compared with the initial signal obtained
from PSCAD. Thus, the proposed algorithm will apply DWT
before fault discrimination, as discussed in the following
section.

V. PROPOSED ALGORITHM FOR ANALYSIS OF FAULTS
A fault discrimination algorithm based on DWT has been
proposed in the capacitor bank. This algorithm has been
implemented using DWT to extract the coefficient value that
abruptly increased when a fault occurred, thus reducing the
delay time, which affected the accuracy of the detection

process. To verify the performance of the proposed algorithm,
a case study of a fault on the capacitor unit (Internal fault)
was considered, as mentioned in the previous section. More-
over, faults in the transmission line (External fault), such as
single line to ground fault (SLG), double line to ground fault
(DLG), line to line fault (LL), and three phases fault (3P),
have also been included. An analysis of the characteristics of
the obtained signal demonstrated that the capacitor current
as well as unbalanced current and voltage were evidently
influenced by the internal fault. Considering an external fault,
which is a phase C to ground fault, the behavior of the wavelet
obtained from both unbalanced current and voltage is shown
in Figure 16.

By considering the unbalanced voltage for both the inter-
nal and external faults shown in Figures 14(a) and 16(a),
when fault occurred at 0.5 s, the coefficient of unbal-
anced voltage for both internal and external faults suddenly
increased. Moreover, the coefficient for an external fault was
considerably higher than that for an internal fault owing
to the effect of external fault on the impedance of the
system.
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FIGURE 15. Signal obtained mathematically when a fault occurred at position CRl1-150.

FIGURE 16. Current obtained mathematically when an external fault occurred (SLG:CG).

Similarly, the characteristics of unbalanced current for
an external fault were compared with those for an internal
fault, as shown in Figures 14(b) and 16(b). The coefficient
of the unbalanced current for an external fault was close to
zero. The figure shows that the unbalanced current detected
at the unbalanced detection point depended on the balance
in the capacitance of the capacitor unit. Thus, the external
fault did not affect the unbalanced current in the system.
This unique characteristic of the unbalanced current was
suitable to classify faults the occurred in the capacitor bank.

To demonstrate the difference in the internal and external
faults, both unbalanced current and voltage generated by
PSCAD and obtained from the wavelet coefficient after
applying DWT were compared in TABLE 9.

Considering the unbalanced voltages listed in TABLE 9,
the unbalanced voltage for an external fault was observed
to be higher than that for an internal fault, except for line
to line and three phase faults. This is observed because of
the influence of ground in case of line to line fault and the
influence of the three phase impedance in case of three phase
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TABLE 9. Average values of simulation result.

FIGURE 17. Detecting internal fault algorithm.

fault. In addition, by considering the wavelet coefficient of
unbalanced voltage, it can be seen that the coefficient was in
the same trend as the unbalanced voltage signal. In the same
way, when observed the unbalanced current signal, the obtain
value shown that the unbalanced current was corresponding
to its coefficient from DWT. The unbalanced current for an
internal fault was higher than that for an external fault. The
difference in the coefficients of the unbalanced current in case

of faults occurrence can be used as an index to indicate the
fault types between an internal and external fault.

In summary, the coefficient of the unbalanced current
exhibits unique characteristics that help discriminate between
the internal and external faults. The unbalanced voltage var-
ied with the inception angle and fault type. Thus, the pro-
posed algorithm considered on both unbalanced factors. The
proposed algorithm will be applied to an unbalanced relay
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FIGURE 18. Unbalanced current when a fault occurred in the capacitor unit.

located in a substation to solve the inability of traditional
relays to indicate the occurrence of a fault in the capacitor
bank. The proposed algorithm is implemented in two proce-
dures: (1) discriminating between an internal and an external
fault based on the coefficient ratio of unbalanced current
and (2) relay operation based on both ratios of unbalanced
current and unbalanced voltage. The proposed algorithm ana-
lyzed by divided the signal into short period time which call
‘‘Moving window’’and these ratios were extracted by com-
paring the value that the currently observed moving window
and the previously observed moving window, observed at
time t and t-1, respectively, as show in Figure 17.

The figure shows that the proposed algorithm first dis-
criminated faults based on the wavelet coefficient of the
unbalanced current. The coefficient ratio of the unbalanced
current was extracted by comparing the coefficients obtained
at time t and t-1. The results obtained demonstrate that the
coefficient ratio of the unbalanced current was lower than
5E+14; thus, the algorithm decided that a fault has occurred
in the capacitor unit of the capacitor bank (Internal fault).
In contrast, when the wavelet ratio of the unbalanced current
was higher than 5E+14, the algorithm decided that a fault has
not occurred in the capacitor bank.

The second procedure helps assess the situation and the
signal of the relay operation. Here, the unbalanced current
ratio, which is the unbalanced current at time T to the

unbalanced current at time t-1, was considered as a checking
condition. In addition, the ratio of the unbalanced voltage
was used as a double-checking condition. The unbalanced
relay triggers a trip when both the unbalanced ratios exceeded
54% and results in a block when the unbalanced ratio was
less than 54%, provided the voltage of capacitor unit in
which the fault occurred exceeded 150% of the voltage of the
healthy element used for traditional method (EGAT capacitor
protection standard).

The proposed algorithm was applied to the selected case
studies as summarized in TABLE 10. Using the data in this
table along with the algorithm, the unbalanced factors and the
wavelet coefficient of the unbalanced current were obtained
as initial parameters.

An internal fault at phase C of the capacitor unit, on the
right side, on the left branch, at row 1, for an inception angle
of 0◦ with four fuses blown (CRl1-0, fu=4) was considered
as an example. The wavelet coefficient of the unbalanced cur-
rent at time t and t-1was 4.16E-07 and 5.51E-06, respectively.
Thus, the coefficient ratio of the unbalanced current at time
t to that at t-1 was 0.0754. Therefore, at CRl1-0, this ratio
was lower than 5E+14, which satisfy the first checking con-
dition. Thus, the algorithm detected the analyzed signal as the
occurrence of an internal fault. By varying the position of the
fault, and not the inception angle or the fault phase, the coef-
ficient ratio was observed to be lower than 5E+14, such that
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TABLE 10. Detection faults in the capacitor unit.

TABLE 11. Performance of fault detection algorithm.

the proposed algorithm decided these signals resulted in the
occurrence of an internal fault.

Considering an internal fault that occurred owing to the
variation of the fault phase and inception angle, the result of
the coefficient ratio in these cases also lower than 5E+14 so
the proposed algorithm classified as the internal fault. Con-
sidering a single line to ground fault (External fault), the coef-
ficient ratio was observed to be 7.70E+21, which was
higher than the checking condition. Therefore, the algorithm
neglected the analyzed signal and continued to analyze the
initial parameters at time t+1. The coefficient ratio for an
external fault was high as the initial signal substantially varied
when a fault occurred, which resulted in a high wavelet
coefficient. After an internal fault was successfully detected,
the relay was operated based on the second checking con-
dition. Considering the data summarized in TABLE 10, the
unbalanced current ratio for four blown fuses and that when
the position of the faulty capacitor unit varied exceeded 54%.
Simultaneously, the unbalanced voltage ratio, whichwas used
as a double-checking condition, also satisfied the criteria.
Thus, the algorithm will send a signal to trip the relay. In con-
trast, considering that three fuses are blown, both ratios of the
unbalanced current and voltage were lower than 54%; thus,
the algorithm will send a signal to block the relay.

In summary, the proposed algorithm will determine the
occurrence of a fault based on whether all initial parameters
satisfy the checking conditions. This helps ensure that the
unbalanced relay correctly classifies faults and continues to
function even when a fault occurs in the capacitor unit.

To validate the proposed algorithm under possible scenar-
ios, it was applied to all case studies considering various
factors. The number of case studies considered to verify the
effectiveness of the proposed algorithm was 1,536, which
consisted of 12 cases under normal conditions, 1,476 cases

with a capacitance unit fault, and 48 cases with a transmis-
sion line fault. The performance of the proposed algorithm
relative to the traditional method which was EGAT capacitor
bank protection standard is summarized in TABLE 11. The
unbalanced relay under the EGAT protection standard can be
operated when the voltage of a faulty element exceeded 150%
that of the healthy element, or when the unbalanced current
exceeded 250 mA.

The data summarized in TABLE 11 demonstrate that the
EGAT protection standard was largely efficient for fault
detection. However, there is an error when a fault occurs in the
capacitor unit and when three fuses are blown. In such cases,
the unbalanced relay should not be operated. This is because,
although the value of the voltage element would be less than
150%, the unbalanced current for three blown fuses would
be 290 mA, which is higher than the setting value (250 mA).
This will result in faulty operation of the relay. In case that
relay using proposed algorithm, the result shown that the
performance is 100% accurate with correctly detected fault
in capacitor bank which was double wye unground 48 Mvar
and effective in the relay operation.

To verify the proposed algorithm, the real unbalanced
current signal when a fault occurred in the capacitor unit
recorded by the unbalanced relay in the RANOD substa-
tion of EGAT was observed and compared with the unbal-
anced current signal generated by PSCAD. Considering the
real signal and simulated signal in Figures 18(a) and 18(b),
respectively, both signals are observed to show similar char-
acteristics; the signals abruptly varied during the occurrence
of a fault and tended to zero within four cycles, due to
the unbalanced relay trip. Moreover, considering the wavelet
coefficient shown in Figures 18(c) and 18(d), the wavelet
coefficient was evident during the occurrence of a fault and
exhibits similar characteristics for both signals. However,
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FIGURE 19. Unbalanced voltage recoded by PSCAD when a fault occurred in the capacitor unit.

TABLE 12. Detecting faults in the capacitor unit based on real fault signal.

the EGAT protection standard only analyzes the unbalanced
current when a fault occurs in the capacitor bank and the
unbalanced voltage was not recorded. However, the proposed
algorithm considers both unbalanced current and voltage; the
unbalanced voltage and its coefficient of DWTobtained using
PSCAD is shown in Figure 19.

Figure 19 shows that the characteristics of the unbal-
anced voltage and its wavelet were similar to those of the
unbalanced current, as shown in Figure 18. This unbalanced
voltage increased during the occurrence of a fault, and the
wavelet coefficient could be evidently observed when that
fault occurred. In addition, the initial parameter when fault
occurred in the RANOD substation was testing on the pro-
posed algorithm to verify its accuracy relative to the EGAT
standard, as shown in TABLE 12

The RMS value of a practical signal, listed in TABLE 12,
has been used as an input for both the proposed and EGAT
algorithms. The results obtained reveal that the proposed
algorithm can detect faults in the capacitor bank and transmit
a signal to the relay to modify operation accurately, similar to
the EGAT standard. Therefore, in conclusion, the proposed
algorithm can be implemented in practical capacitor bank
protection systems, which will help improve the performance
of the power system protection in the future. Moreover,
by considering the operating time in Figure 20, it can be
seen that the unbalance relay detected faults at 0.18 s, and
the relay was set to record the pre fault signal for the fault

FIGURE 20. Performance of fault detection operated by unbalance relay.

detection processing; thus, the signal started recording at
0.168 s. In term of alarm, the relay alarm sounded when
the unbalance current immediately increased, and the relay
stopped operating when the fault was eliminated. In the
same way, the relay started the trip procedure after the relay
alarm sounded. However, when fault occur at 0.168 s, relay
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detection process will be operated at 0.18 s and the fault was
completely eliminated by breaker at 0.195 s. The duration
of the traditional relay process from the fault occur to com-
pletely eliminated fault was 0.027 s. Therefore, the operation
of unbalance relay based on the EGAT standard showed a
time delay before the unbalance relay alarm and trip. This
delay issue of traditional relay operation can be solved when
the fault decision of the relay is based on wavelet.

By considering the wavelet signal in figure 20, it can be
seen that the coefficient of unbalance current occurred at the
fault occurrence time. Thus, the relay was trip operating at
0.168 s, and the fault was eliminated by the breaker at 0.185
s. The duration of the time that the fault occurrence and
eliminated fault based on wavelet was 0.017 s, which faster
than the EGAT standard.

VI. CONCLUSION
This study investigated the characteristics of both internal and
external faults. In addition, an algorithm used to detect faults
occurring in a capacitor unit was proposed. The simulations
in this study were conducted using PSCAD, considering a
115 kV substation with a 48 Mvar capacitor bank, based on
tradition method (EGAT standards). The proposed algorithm
was implemented via two procedures: one to discriminate
the faults and the other to help modify relay operation. The
statistical data verified that the proposed algorithm accurately
detected faults in the capacitor bank and helped relay oper-
ation with 100% accuracy, which is better that the 97.65%
accuracy exhibited by the traditional EGAT standard. More-
over, the characteristics of a practical signal from EGATwere
used to model the simulated signal, which helped prove that
the proposed algorithm can be implemented in practical sig-
nal and protection systems. However, the proposed algorithm
can only distinguish the cause of the fault, but cannot identify
the exact position of the fault. Future studies should consider
this limitation.
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