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Abstract—Fast internal detection and location in Shunt Ca-
pacitor Banks (SCBs) can lead to the prevention of damages
to other SCBs’ elements and consequently avoid undesirable
performance and effects in power system operation. This paper
targets the performance of phasor-based algorithms of failure
detection and fault location of SCBs. Being dependent on the
fundamental phasor components which usually are calculated
based on the Discrete Fourier Transform (DFT), the failure
detection and fault location algorithms suffer from almost one-
cycle delay. This paper provides sub-cycle phasor estimation
based on the least-square technique. The proposed algorithm
is evaluated for different configurations of SCBs considering
different fuse protection designs. The proposed method provides
a criterion for relay decision-making in the case of multiple faulty
phases condition. The proposed method is designed to monitor
and detect consecutive failures based on the existing data of
commercial relays. Performance evaluations are conducted under
different circumstances namely voltage unbalance conditions and
multiple internal fault locations.

Index Terms—Fault Detection, Internal Fault, Phasor Estima-
tion, Protection, Shunt Capacitor Banks.

I. INTRODUCTION

The capacitor units, given their wide range of applications in
high voltage power systems, are generally protected by var-
ious fuse-based protection schemes such as externally fused,
internally fused, or even fuseless. Consequently, due to their
adequate reliability along with lower costs with respect to
their life cycle, the internally fused and fuseless schemes have
drawn considerable attention for application in substations [1]-
[3]. The internally fused and fuseless schemes, although pro-
viding higher accessibility in comparison with the externally
fused technology, never-the-less exhibit weakness and have
problems in the identification of failed units. According to
[4], system imbalance has grown into a common occurrence
in power systems, resulting in the necessity of enhanced
algorithms for the protection and control systems of shunt
capacitor banks (SCBs), enabling the detection of phases and

units with failure. Such enhanced methods should be able to
provide fast detection and localization of the failed phases and
units, resulting in quick repair and preparation of the SCBs for
further operation. Also, these algorithms could be applicable
for SCB condition monitoring, therefore helping to prevent
unscheduled service outages. It is useful to note that apart from
several protection schemes relying on per-phase measurements
[1], [5]-[7], due to the inadequacy of the measurements, the
conventional unbalance protection functions face issues in
localization of faulty unit in SCBs [8].

Through the literature review on the area of SCB fault
detection, location, and online condition monitoring empha-
sizing unbalance protection, only a few studies have been
conducted in this area. The previously published literature
can be categorized into two main groups of approaches, as
explained next. The first group of techniques, utilizing current
measurement at the neutral point, are specific to the double-
wye SCB topologies [9]-[11]. Employing a current-base un-
balance relaying scheme, these approaches can distinguish
the faulty phases and the number of failed capacitor units.
Reference [9] provided a comprehensive review of the double-
wye SCB unbalance protection schemes.

The second group of techniques, being the main interest
of this study - relying upon the voltage measurement [12] at
the neutral point - focus on the single-wye SCB topologies
[13]-[15]. According to [16], these approaches are based on
the calculation of the phase angle difference between the
reference of the voltage at the neutral point and the positive
sequence bus voltage. By referencing the phase angle on
the neutral point voltage, the effects of negative sequence
voltages are disregarded on the phase angles of the phase
voltages. The issue has been solved in the proposed method
of [17] for fault localization in single-wye SCB topology,
by disregarding the contributing negative sequence in the
phase angle reference. The most recently published approach,
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proposed in[8], employs the superimposed reactance (SR)
concept. The SR approach is based on the application of
voltage signals available for unbalanced protection relays.
In [18], a comprehensive algorithm was presented that used
the coefficients based on capacitor variations to identify the
internal faults in the SCB.

With respect to the criteria alluded to in [8], although the
SR method shows to be comprehensive in every aspect, there
are several defects associated with this method neither being
investigated nor put forward. Such issues mainly arise from the
protection scheme being unable to perform desirably in case of
simultaneous failure of multiple units in different phases, relay
operation delay time due to power system transient faults, and
the effect of harmonic pollution [19].

This paper investigates the impact of the sub-cycle phasor
algorithm on the internal-fault detection algorithms of SCBs.
The aim of this investigation is to enhance the speed of
element failure detection so that it can quickly identify element
failure and prevent SCB’s internal damage. The following
contributions are provided in the paper:

• This paper utilizes a sub-cycle algorithm based on the
least squares technique for phasor estimation to enhance
the speed of decision-making in the internal fault detec-
tion in SCB.

• This paper can deal with different challenging conditions
i.e., unbalanced conditions, and multi-phase simultaneous
internal fault scenarios owing to the sub-cycle phasor
estimation algorithm.

• The proposed algorithm utilizes the existing data of
commercial relays, and it can deal with different con-
figurations of SCBs considering different fuse protection
designs.

• Comparing with the state-of-the-art [8] and [18] the pro-
posed algorithm is more efficient in the case of multiple
element failure in different units with fault occurrence
time less than half-cycle.

The organization of the paper is as follows: Section II
describes the SCB protection algorithms and requirements of
the implementation. Section III describes the proposed phasor
estimation algorithms. Section IV provides different simulation
case studies for proposed algorithms and state-of-the-art. Some
comments regarding conclusions are given in Section V.

II. SCB PROTECTION ALGORITHM

Conventionally, the imbalance protection scheme is used to
protect the SCBs against internal faults. However, correct
identification of the failure units requires some criteria to
distinguish internal faults during multiple failures in different
phases of SCB. In the following, the criteria of internal
fault detection and faulty phase identification along with a
determination of the number of failed elements are provided
for different SCB configurations, as shown in Fig. 1 [8].
According to the different SCB configurations shown in Fig. 1,
two ratios (so-called K-factors) are defined as follows:

KA ≜
CA

CC
(1a)

Fig. 1: Configurations of SCB, (a) Ungrounded, (b) Grounded
with a grounding capacitor, (c) Grounded with a current
transformer.

TABLE I: KX for Different Types of SCB Configurations

Ungrounded KX = 1

Grounded by Capacitor KX = 1 + CN
CC

Grounded by CT KX = 1 + −j
2πf×R×CC×CTR

CN: Neutral Capacitance R: Burden of CT
f : System Frequency CTR: Burden of CT

KB ≜
CB

CC
(1b)

where CA, CB, and CC are the capacitance of each phase
respectively. If the Kirchhoff’s Current Law (KCL) is applied
at the neutral point, the following expressions are derived:[

KA

KB

]
=[

V re
A − V re

N V re
B − V re

N

V im
A − V im

N V im
B − V im

N

]−1 [
V re
N (KX)− V re

C

V im
A (KX)− V im

C

] (2)

where VA, VB, VC are the fundamental phasor components
of the different phase voltages, VN, is the neutral point voltage,
subscripts re and im denote the real and imaginary parts
respectively of the phasor components. Also, KX is the ratio
for the different types of SCB configuration, defined in Table I.

A. Criteria for Faulty Phase Identification

According to the definitions of K-factors, several criteria are
presented for faulty phase identification for different types
of SCB’s fuse protection scheme. The criteria are obtained
relying on the following two assumptions [18]:

• There are no simultaneous capacitor failures in all three
phases.

• Capacitor failure in the internal fused type of SCB will
decrease the total capacitance of the faulty phase after the
fuse is blown. For fuseless SCBs, the total capacitance
of the faulty phase will increase after the fuse is blown.
For external fused SCB, the total capacitance of the
faulty phase will increase before blowing the external
fuse; however, after melting the external fuse, the total
capacitance of the faulty phase will decrease.
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TABLE II: Criteria for Faulty Phase Detection in Internally
Fused SCBs

Faulty K-factors Capacitance
Phases Variations After Fault

B, C Knew
A > Kold

A &Knew
B ≤ Kold

B

Cnew
c

Cold
c

=
Kold

B
Knew

B
Cnew

a

Cold
a

=
Kold

B
Knew

B
× Knew

A

Kold
A

A, C Knew
B > Kold

B &Knew
A ≤ Kold

A

Cnew
c

Cold
c

=
Kold

A
Knew

A
Cnew

b

Cold
b

=
Kold

A
Knew

A
× Knew

B

Kold
B

C if {| Kold
A

Knew
A

− Kold
B

Knew
B

| < TR1}
Cnew

c

Cold
c

=
Kold

A
Knew

A

B, C

K
n
e
w

A
>

K
o
ld

A

K
n
e
w

B
>

K
o
ld

B

if { Kold
A

Knew
A

< 1
TR2

× Kold
B

Knew
B

}
Cnew

c

Cold
c

=
Kold

B
Knew

B

Cnew
a

Cold
a

=
Kold

B
Knew

B
× Knew

A

Kold
A

A, C if { Kold
B

Knew
B

< 1
TR2

× Kold
A

Knew
A

}
Cnew

c

Cold
c

=
Kold

A
Knew

A

Cnew
b

Cold
b

=
Kold

A
Knew

A
× Knew

B

Kold
B

A Knew
A < Kold

A &Knew
B = Kold

B Cnew
a

Cold
a

=
Knew

A

Kold
A

B Knew
B < Kold

B &Knew
A = Kold

A
Cnew

b

Cold
b

=
Knew

B

Kold
BA, B Knew

B < Kold
B &Knew

A < Kold
A

Considering the above assumptions, the criteria for faulty
phase identification are provided in Tables II and III.

B. Estimating the Number of Failed Elements

The number of failed elements (Nd) is calculated as:

Nd = Nold
e −Nnew

e = (1− Nnew
e

Neold
old

)Nold
e (3a)

Cnew

Cold
=

Nnew
e

Nold
e

× (
Vold

Vnew
)2 (3b)

Nnew
e = Nold

e −Nd (4)

Nold
e = Ns ×Np ×Nus ×Nup ×Nbr (5)

where Nold
e is the original number of elements, Ns is the

number of series sections in each unit, Np is the number of
parallel elements in unit’s series section, Nus is the number
of unit’s series sections per branch, Nup is the number of
parallel units in unit’s series section, and Nbr is the number
of branches in each unit.

III. PHASOR ESTIMATION ALGORITHM

Since the internal unit failure detection in SCB relies on the
fundamental phasor components of the neutral voltage, it is
mandatory to estimate the phasor from the neutral voltage
signal [20]-[28]. In the following, two phasor estimation
algorithms including full-cycle Discrete Fourier Transform
(FCDFT) and sub-cycle least square (SCLS) technique are
presented.

A. Full-Cycle Discrete Fourier Transform

To decide, digital relays require fundamental phasor compo-
nents of the voltage and current signals. It is assumed that the
voltage signal is discretely expressed as follows:

v(n) = V sin (2πfnTs + α) (6)

TABLE III: Criteria for Faulty Phase Detection in Externally
Fused, and Fuseless SCBs

Faulty K-factors Capacitance
Phases Variations After Fault

B, C Knew
A < Kold

A &Knew
B ≥ Kold

B

Cnew
c

Cold
c

=
Kold

B
Knew

B
Cnew

a

Cold
a

=
Kold

B
Knew

B
× Knew

A

Kold
A

A, C Knew
B < Kold

B &Knew
A ≥ Kold

A

Cnew
c

Cold
c

=
Kold

A
Knew

A
Cnew

b

Cold
b

=
Kold

A
Knew

A
× Knew

B

Kold
B

C if {| Kold
A

Knew
A

− Kold
B

Knew
B

| < TR1}
Cnew

c

Cold
c

=
Kold

A
Knew

A

B, C

K
n
e
w

A
<

K
o
ld

A

K
n
e
w

B
<

K
o
ld

B

if { Kold
A

Knew
A

> 1
TR2

× Kold
B

Knew
B

}
Cnew

c

Cold
c

=
Kold

B
Knew

B

Cnew
a

Cold
a

=
Kold

B
Knew

B
× Knew

A

Kold
A

A, C if { Kold
B

Knew
B

> 1
TR2

× Kold
A

Knew
A

}
Cnew

c

Cold
c

=
Kold

A
Knew

A

Cnew
b

Cold
b

=
Kold

A
Knew

A
× Knew

B

Kold
B

A Knew
A > Kold

A &Knew
B = Kold

B Cnew
a

Cold
a

=
Knew

A

Kold
A

B Knew
B > Kold

B &Knew
A = Kold

A
Cnew

b

Cold
b

=
Knew

B

Kold
BA, B Knew

B > Kold
B &Knew

A > Kold
A

where V and α are the magnitude and phase angle of the
fundamental phasor component of the voltage signal, f is the
frequency of the system and it is equal to 50 Hz, Ts is sampling
time, and it is obtained from Ts =

T
N , where T is fundamental

period, and N is the number of samples in one cycle.
FCDFT is conventionally employed in digital relays to

extract the fundamental phasor component as follows:

VRe =

N∑
n=0

v(n) sin (
2πf0nTs

N − 1
) (7)

VIm =

N∑
n=0

v(n) cos (
2πf0nTs

N − 1
) (8)

Having real (VRe) and imaginary (VIM) parts of the phasor
components obtained by DFT, the fundamental phasor com-
ponent of the voltage signal is calculated as follows:

V =
√
V 2
Re + V 2

Im (9)

α = tan−1 (
VIm

VRe
) (10)

B. Sub-Cycle Least Square Technique

The previous methods were full-cycle phasor estimation al-
gorithms which means that they require one cycle of data to
authenticate the value of the fundamental phasor component.
However, the LS technique can extract the phasor component
in a sub-cycle. To such an aim, equation (6) can be expanded
as follows:

v(n) = V cos (α) sin (2πfnTs)+V sin (α) cos 2πfnTs (11)

To find unknown variables V and α, the equation (11) can be
expressed in matrix format as follows:

[Vi]k×1 = [Vs]k×2 × [Vx]2×1 (12)
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Fig. 2: Test System.

TABLE IV: Elements of the test system shown in Fig. 2

Source Impedance Z1 = 1.5 + j10, Z0 = 15 + j30

Line Impedances Z1 = 25.45∠85.9◦, Z0 = 68.76∠74.6◦

Load 120MW, 0.9Lag

Capacitor Bank 70MVAR

where [Vi] is the voltage samples matrix; signals, [Vx] is the
unknown variables matrix, and [Vs] is the known components
matrix and are expressed as follows:

[Vi]k×1 =
[
v(1) v(2) v(3) ... v(kTs

]TR

(13)

[Vx]2×1 =
[
V cos (α) V sin (α)

]TR

(14)

[Vs]k×2 =



sin (2πf0Ts) cos (2πf0Ts)

sin (2πf02Ts) cos (2πf02Ts)

sin (2πf03Ts) cos (2πf03Ts)
...

...
sin (2πf0kTs) cos (2πf0kTs)


(15)

To find the unknown variables in (14), least squares (LS)
technique provides fast solution as follows:

[Vx]k×2 =

[[
[Vs]

TR [Vs]
]−1

[Vs]
TR

]
[Vi] (16)

By calculating [Vx], the fundamental phasor component of the
voltage signal is calculated as follows:

V =
√
V 2
x (1) + V 2

x (2) (17)

α = tan−1(
Vx(2)

Vx(1)
) (18)

IV. SIMULATION RESULTS AND DISCUSSION

To assess the effectiveness of the SCLS-based phasor estima-
tion in internal fault detection in SCBs, several case studies
considering different conditions are presented in this section.
The internal faults contain consecutive element failures in
single and multiple phases of SCBs. The required signals of
the performance evaluation are obtained from the test system
(Fig. 2) which is simulated in MATLAB environment. The test
system’s specifications are provided in Table IV. As shown in
Fig. 2, the test system contains an SCB which is utilized for
the evaluation of the different fused-protected configurations
of the SCBs. Table V shows the specifications of the different
fused-protected configurations of the SCBs.

TABLE V: The SCBs’ Specifications

Bank Type S P Us Up br Celement

Internal Fuse 3 14 6 2 2 1.36 µF
Fulse-Less 6 1 12 1 5 1.36 µF

External Fuse 8 3 5 14 1 1.36 µF

TABLE VI: Specifications of Internal Fault Scenarios for
Internally-Fused Ungrounded SCB

FIT
0.2 0.35 0.363 0.377

NoFE
Phase A 2 0 1 1
Phase B 0 1 0 2
Phase C 1 2 1 0

A. Internally-Fused Ungrounded SCB

Table VI provides the internal fault scenarios for an internally
fused ungrounded SCB. As can be seen in Fig. 3a, the neutral
voltage signal has zero value before internal fault inception.
However, after applying the internal fault scenarios in Table V,
the neutral voltage signal varies corresponding to the fault
severity. As illustrated in Fig. 3a, the fundamental phasor
component is estimated by the SCLS-based phasor estimator
within 6ms after the fault inception.

As illustrated in Fig. 3b, while both methods correctly
identified the number of failed elements (NoFE) for internal
fault at t = 0.2 s, it is observed that FCDFT based method fails
to detect internal faults after t = 0.35 s. This is because it is
assumed that there are no simultaneous capacitor failures in all
three phases. Since FCDFT requires one cycle data for phasor
estimation, the internal fault during t = 0.363 s creates a mal-
functioning for full-cycle internal fault detection algorithm.
However, the proposed sub-cycle phasor estimation correctly
tracks the NoFE in a sub-cycle.

B. Fuse-Less Grounded SCB with Capacitor

Table VII shows the internal fault scenarios for a fuse-less
grounded SCB with capacitor. As shown in Fig. 4a, the SCLS
based phasor estimation algorithm measures the fundamental
phasor component with 6ms delay. Also, as it can be seen
in both Figs. 4b and 4c, both algorithms correctly identified
the NoFE given in Table VII. The only difference between the
two methods is that the proposed SCLS algorithm identifies
the internal faults faster than FCDFT.

TABLE VII: Specifications of Internal Fault Scenarios for
Fuse-Less Grounded SCB with Capacitor

FIT
0.2 0.35 0.363

NoFE
Phase A 0 the 2 1
Phase B 0 1 1

SCLS-based2 0 0
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(a)

(b)

(c)

Fig. 3: Performance evaluation of the phasor estimators for
internal fault scenarios for internally-fused ungrounded SCB
(a) neutral voltage signal, (b) NoFE obtained by FCDFT, (c)
NoFE obtained by SCLS.

TABLE VIII: Specifications of Internal Fault Scenarios for
Externally-Fused Grounded SCB with CT

FIT
0.2 0.35 0.36

NoFE
Phase A 0 2 1
Phase B 3 0 0
Phase C 0 3 0

C. Externally-Fused Grounded SCB with CT

The internal fault scenarios for an externally-fused grounded
SCB with CT are tabulated in Table VIII. Like the previous
case, the SCLS based algorithm measures the fundamental
phasor component with 6ms delay. According to both Figs. 5b
and 5c, while both algorithms correctly identified the NoFE
given in Table VIII, the proposed SCLS algorithm identifies
the internal faults faster than FCDFT.

V. CONCLUSION

Failure in quick and precise condition monitoring of the SCB’s
elements may lead to considerable destruction to the SCBs.
This paper was dedicated to investigating the performance of

(a)

(b)

(c)

Fig. 4: Performance evaluation of the phasor estimators for
internal fault scenarios for fuse-less grounded SCB with
capacitor (a) neutral voltage signal, (b) NoFE obtained by
FCDFT, (c) NoFE obtained by SCLS.

the sub-cycle phasor estimation for fast online monitoring of
the SCBs. To such aim, the fundamental phasor component of
the neutral voltage signal was estimated using sub-cycle least
square technique. Afterwards, the estimated phasor component
was compared with full-cycle DFT to detect the internal fault
and to determine the number of failed capacitor units. It
was observed that the sub-cycle phasor estimation can detect
the internal failures in different fused-protected configurations
of SCBs. Also, by employing sub-cycle phasor estimation,
capacitor element failures were detected in less than quarter
of cycle. Moreover, consecutive failures in less than a cycle
which are not seen by full-cycle phasor estimation algorithm,
was detected using sub-cycle phasor estimator. Moreover, by
employing the sub-cycle phasor estimator, the multiple internal
faults in different phases can be detected. As a result, the
proposed sub-cycle phasor estimation can be employed to
detect the internal faults in SCBsan with good accuracy and
speed.
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