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ABSTRACT

A shunl capacitor 1s widely used 1 a power system
for supporting the line voltage and compensating the
reactive  power. Its  energizalion causes switching
transient which leads to problems in the system e.g. over
voltage, ferroresonance. voltage magnification, transient
over-swing trip of adjustable speed drives. These
problems can be mitigated by switch the capacitor bank at
the appropriate time (zero voltage target point). The
switching target point is detcrmined by a synchronous
switching controller (SSC) that sends a close signal to a
circuit breaker (CB). The calculation of the switching
target pot has to include the circuit breaker closing
time. However the circuit breaker closing time changes
due to its age, number of operations and environment. It
15 very important to be aware of the change of the CB
closing time m desiguing the SSC.

The paper discusses the basic concept of the SSC or
point on wave controller. The paper also offers the
techmque that can compensate the deviation of the circut
breaker closing tune affected by the number of
operations. This advantage of the technique is achieved
by an adaptive algorithm to compensate closing timne
changc. The SSC applicd with thc new adaptive
algonitln utilize the signal fom a voltage trausfomuer
without additional signal from a current transformer. The
algorithm using Wavelet transforms and noise mitigation
technique. The signals from PSCAD/EMTDC were used
to test the algorithin in MATLAB. 'Lhe results show that
the algorithin was able to compeusate the closing time

changes of the CB following its deviation with robustness
(0 noise.

Keywords: Synucluonous switchiug, Capacitor bank,
point on wave, Wavelet transform. Circuit breaker, Rate
of decrease of dielectric strength(RDDS)

1. INTRODUCTION

Capacitor bank cucrgization causcs severe switching
surge problems [1-8]. There are (lnee ost connnon
practices to nunimize the switching surge to an
acceptable level. These methods are surge amrestor
installation, impedance pre-insertion and synchronous
controlled switching [3-3]. Prior to 199%0’s the
synchronous controlled switching was difficult to use

because the circuit breakers (CB) had a loug closing tinie
with wide deviation. The impedance pre-insertion was the
predominant method although it emploved a complex
mechanism. Since then the development of CBs have
provided faster closing time with smaller deviation. This
has cncouraged the usc of synchronous controlied
swilching. The small deviation of the CB closiug thne can
be compensated by an algorithm in the microprocessor
based Synchronous Switching Controller (SSC) [1,2.6].

Inrush current and voltage surge occur during
capacitor bank energization. The severity of the surge
depends on voltage across CB at the instant of switching
[4,7]. Fig.l shows a simple model of the capacitor
energization. The CB was switched at the zero and 90
degree points on the voltage to obtain the inrush curent
magmtude at different switching points. Fig. 2 shows that
the minimum inrush cwrrent magnitude occurs when the
voltage 1s at 7ero degree. This means n theory we should
switch a CB to energize a capacitor bauk when the
voltage across the CB 1s zero [6-7].
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Fig.1: simple model of the capacitor energization
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Fig.2: Bus voltages and capacitor invush currents at the
0 and 90 electrical degree switching of Vs
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2. CAPACITOR BANK CONTROLLED
SWITCHING

The capacitor bank should be switched at the zero
degree point on voltage across CB. The closing instant
can be controlled by SSC. The SSC is a device that
receives Lhe closiug vormmand fonn the commund ceuter
and predicts the CB trigger point. The SSC trigs the CB
that makes the CD to close near to the zero degree pont
on voltage (target point). Fig.3 shows that after the
closing command arrives, the SSC seeks the reference
point (zera crossing). Next, the SCC waits for the
calculated trigger point. Then it trigs the CB and the CB
closes at the target point [1,4.7]. The procedures require a
precise CB closing time. However the CB closing tume is
not exact. The closing time is deviated by number of
operations, ambicnt temperature, age. changing of Ratc of
Decrease of Dielectric Strength (RDDS), idle time, =tc
[4,6,7].

cs ~
cs .
c4 i
Retere: point Trigge: Hoint Target Pojnt
Lz N ﬁ
o
cz2 Wil tirde s
<4 4
(‘ns it romsnn"a
<6 ving poulit
<8 g
=%,
o

mo 120 140 163 18C  20C

Voitage(kV)

N

Fig.3: Capacitor bank controlled switching timing

The paper presents an adaptive techmque to
conmpensate the deviation of CB closing time. The
compensation technique focuses on the deviation affected
by age and mmber of operations. These canse the
changes in mechanical charactenistic. The vanation of the
closing time of CB tends to increase following the
number of operations as illustrated in Tig 4

i %00

vartaton of closng hiane (ms}
>

a0k Number of oferation (times)

Fig. 4:Variation of the closing times following a numiber
of consecutive operations [1]

The adaptive compensation is the effective method to
compensate the closing time variation duc to the number
of operations. The technique detects the previous closing
instant and adapts the wait tme accordingly. The
technique docs not require a special sensor to detect the
closing instant. This is unlike traditional SSCs that
determine the closing instant by using additional CT to

detect the instant flow of capacitor current [1, 3-4, 6-7]. It
is important to note that the technique is CB and network
independent.

3. WAVEILLT TRANSFORM

Wavelet Transform (WT) is a mathemarical tool that
transforms the signal in tinc domain to time-frequency
domain. Its concept is sinular to Short Time Fourier
Transform (STFT). STFT decomposes the original signal
to a sct of ‘sinusoidal signals’ with different frequencics.
The coefficients of STFT are proportional to the
correlation coefficients of the original signal with the unit
complex sinusoidal in cach frequency.

WT decowposes the oniginal sigual o a set of wave
like signals, called ‘wavelet’. These wavelet signals are
the scaled (dilated) and shifted forms of mother wavelet,
as shown i Fig.5.

A \/\/\/
W =, _,\A,_ Sy (1~

wavelet of diffe

scaletand |

Fig.5: Signal decomposition using wavelet
transformation (2]

The WT coefficient can be calculated by following
EXPIesSION.

C(a,b)= j f(t) w(———~)dt M

Where, vy is the wavelet function and its shape varied
by variables a (dilation) and b (position). Fig. 6 shows the
example of the mother wavelet, dilated wavelet (a = 2)
and position shifted wavelet (b = 10). The observation
can be made that the smaller the dilation means the higher
the frequency. The greater the position shifted means the
longer the delay.
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Fig.6: mather wavelet, dilated wavelet (a=2; and
position shifted wavelei (b= 10)

The great advantage of WT is the ability to analyze
transient signals. This is because 1t is able to decompose
the selected frequency component at any time instant.
Even a small discontinuity barely visible can stll be

detected [91.



4. VOLTAGE DISCONTINUTY DETECTION

‘The capacitor bank energization switchmg canses
sudden change of the bus voltage [4]. The discontinuity
appears on the voltage waveform. This can be
demonstrated by a simple RLC circuit as shown in Fig.1.

The model was simulated m PSCADTMTDC ta
generate the signals for testing the algorithm. CB closing
potats were varied from 190 to 22.6 ms (-18° to 46 8°) in
a step of 0.2 ms.

Fig. 7 shows the comparison of switching points at 0
and 46.8 electrical degrees or at 20 and 22.6 ms
respectively. Switching at the exact zero degree point
causes the smallest voltage signal fluctuation and it is the
wost difficult switching pomt to detect. For this reasou,
the ‘zero switching signals’ are used for algorithm
petfonuance testing, although i the practice ‘zero poiut®
ts not uscd to be the switching target [8].

renl - B _
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38 s s
micro secona vt

Fig.7: comparison of bus voltage that are switched at 0

and 46.8 degree (at 20 and 22.6 ms respectively)

The voltage signal is suddenly changed at the
switching point. The fast changing ot signal (abruption)
reflects the local high frequency signal. That means the
switching point can be detected by seeking the local high
frequency of the signal.
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Fig.8: Detail signals of switching at 0" and 46.8"
(20 & 22.6 ms respeciively)

A low dilated wavelet called “unit scale fifth order
Corflets wavelet” extracts the high frequency component
from the signal as shown in Fig.8. The switching point
can be obtained by evaluating the absolte maximnm the
signal in Fig.8. This causes a delay of approx. 10
nucroseconds  that is negligible. The lowest spike
magnitude occur when apply the zero voltage switching
powt. It confirms that switching at zero voltage point is
the most difficult to detect. The spike magnitude of
switching at 46.8° 1s much lugher and easier to detect.
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4.1 Effects of Noise and Its Mitigation

The noises may interfere with the measured signals.
In the experiment, noises were added to the voltage signal
as shown i 11g.9. Then let the algorithm determined the
switching point again.

VaRage signa! with whita najen
o 5 6 5 3

tree (0f 3pace) B .

Veliage (V)

Fig.9: The volrage signal with white noise interference
and the added white noise

The detail signals which are received from wavelet
transform arc shown in Fig.10. The algorithm
miscalculated the switching point near the zero voltage.
The ncar peak voltage switching could be corrcetly
detected. That means the single scale detection algorithin
1s not robust to the noise interferences.
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Fig.10: comparison of bus voltuge that ure switched a1 0
and 46.8 degree (with noise interference)

4.2 T'he Long Frequency Line Algarithm

The algorithmn is called Long Frequency Line. This is
because the algoritun detects the switching mstaut by
using the property of abruption. The discontinuous point
was decomposed (0 a wide 1ange of frequency siguals.
This mcthod is robust to noises. Fig. 11 shows the wavelct
coefficient plat of zerw pomt switching without noise
intcrference.

scaloe o

26z
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8%¢ 2 2508 201 3.0t
time (or space) b

Fiy.11: Spectrogram of zero point swilching withou! noise

The switching instant (at about 2 ms) has the highest
coefficient and longest continuous vertical line as seen m
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Fig.11. It illustrates that the switching point has the
widest frequency components. The switching point can be
detected by the method of calculating the sun of long
vertical line’s coetticient that reaches the maximum. The
highest score point is determined by sunming all
coefticients that have the same b value as the following
expression.

score(h) = _7: C(a,b) (2

a=1

Where a is the scale (dilaton). Fig.12 1s the gray-scale
coellicient plot of zero point switching (at b— 210" or 20
ms) with strong wnoise. signal. The result of algorithm
show that the position of maximum score 1s at about b=
1*10* (1 ms). The detection was mcorrect because there
are very high coefficient in the region A Therefore, the
maxinmm score is no longer reflex the switching point.

scales a

T e
time (or space) b ~ 1ot
Fig.12: Gray-scale specirogram of zero point swilching
with noise

To solve the incorrect detection. the gray-scale
coefficient plot must be converted to a black and white
plot by using threshold comparator. ‘Lhe threshold was
determined by using Otsu's method [10]. ‘the coefficient
is higher than the threshold will be converted to 1 and the
lower to 0, as shown in Fig.13. Then lct the algorithm
determined the switching point again.

Tl 5

Maximum Score
(switching instant)

scales a

‘. 2
time (or space) b

Fig.13: Bleck & While spectrogrum of zero point
swiiching with noise

After applying (e algoriilmy, it is detected the conect
switching point, b= 2%10* (2 ms). This can be observed
by a summation of vertical lines length (2) that reaches
the maximum value at 2ms.

5. WAIT TIME ADAPTING

After acquiring the switching instant, the SSC will
know whether the wait time is too long or too short. The

SSC will calculate the new adapted value then subuact it
with the previous wait time. The adapted value is not the
closing error, but it is the closing error multiply with
creep factor (c), creep factor is used for the convergent
adaptive reason [4].

Waitlime,,, = Waitlime,, —(error*c)  (3)
The sclected ¢ valuc will be high or low depending

on the performance of the CB, RDDS, scattering of
closing time. The value of ¢ is always less than one.

6. CONCLUDSION & FURTHER WORK

The wavelet transform can he used for transient
analysis. finding the switching mstant. By using Tong
Froquency Tine algorithm can detect the switching point
with more robustness to noise. The techmique can
compensate the deviation of the circuit breaker closing
time. The SSC applied with the adaptive algorithm utilize
the signal from a voltage transformer without additional
signal from a current transforner. The next step is 1o
iniplement this algorithm on a DSP controller then test
witli a digital real-tine sunulator (HYPERSIM).
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Wavelet based Capacitor Bank Adaptive Controlled
Switching and its Application to RDDS
Approximation for already installed Circuit Breaker

Noppadol Charbkaew and Teratam Bunvagul, Member, IEEE

Abstract— The conventional adaptive compensation of
capacitor bank synchronous switching requires additional
current transformers for detection of circuit breaker’s making
point, resulting in increased costs and installation time. This led
to invention of a new algorithm that is adaptively compensates
for variation in closing time. The new algorithm removes the
need for current transfermers or special sensors. It uses only
phase voltage signals. The algorithm can be used with any circuit
breaker model and independent from network’s R, L, C
properties. Using wavelet transform and ‘Widest Frequency
Band algorithm’, the making point can be detected with robust to
noise interference.

A method is also developed to approximate the rate of
decrease of dielectric strength (RDDS), which enables faster
compensation adapting

Index Terms-- Capacitor Bank, Circuit Breaker, Point on
Wave, Rate of Decrease of Dielectric Strength (RDDS), Switching
Transients, Synchronous Switching, Wavelet Transforms, Widest
Frequency Band Algorithm

[. NOMENCLATURE

Closing Time: Time from energizing the closing coil until
contact touch 1n the circuit breaker.

Closing Point: The instant of contact touch m the cucwut
breaker.

Make Point: The instant of current starts to flow in the
circuit breaker.

Wait time: Time from the reference point (zero crossing)
until the circuit breaker trigger point.

II. INTRODUCTION
hunt capacitor is widely used in a power system for
compensating the reactive power and controlling the line
voltage. Its energization lead to severe switching transient
e.g. over voltage, voltage magnification, transient over-swing
trip of adjustable speed drives [1]-[8]. There are many ways to
control the switching surge to be in acceptable level. Such as
installing of surge arrestor, pre-insertion impedance and

This work was supported in sunulation tools by Contrel and Protection
System Division, Electric Generation Authority of Thailand. :

Noppadol Charbkaew and Teratam Bunyagul are with Department of
Electrical Engineering, Faculty of Engineering. King Mongkut's Insti of
Techmology North Bangkok. Bangkok, Thailand

(email: noppadole@kmitnb.ac.th \ teratam@kmitab.ac.th)

synchronous controlled switching [3]-[3]. Prior to 1990’s the
synchronous controlled switching was rarely used because the
circuit breakers (CB) had not good enough performance and
the computing technology at that time was not support for the
synchronous controlled switching technology. Since then the
development of CBs have provided faster closing operation
with smaller deviation. The small deviation of the CB
operation can be compensated by microprocessor based
Synchronous Switching Controller (SSC) [1], [2]. [6].

The severity of the switching surge extremely depends on
switching poiut on voltage wave [4], [7]. Fig. 1, shows a
simple model of the capacitor switching. The CB was closed
at the zero and 90 degree points on the voltage to obtain the
inrush current magnitude at different switching points. Fig. 2,
shows that the minimum inrush current magitude occurs
when making point is at the zero degree. This means i theory
we should switch a CB to energize a capacitor bank when the
voltage across the CB is zero [6]. [7].

S
. 1n O 100pF
O M
v u w
200 kV cB
50 Hz A
Voit Meter Amp Meter

Fig. 1. Simple model of the capacitor energization that is used for simulation
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Fig. 2. Bus voltages and capacitor inrush currents at the 0 and 90 electrical
degree switching
1II. CAPACITOR BANK CONTROLLED SWITCHING

Theoretically. the target of the capacitor bank switching 1s
at the zero degree point on voltage across CB. The making



instant can be controlled by SSC. After the closing command
arrive, the SSC will seek for the reference point and waits for
the calculated trigger point then trig the CB. By these
mechanism, the CB making pomt will occur at the target
point, as shown i Fig. 3, [1], [4]. [7]. However the CB
closing time is not exact. The CB closing time is deviated by
many factors, such as number of operation, ambient
temperature, changing of RDDS, etc [4], [6], [7].

%0
Dielactric Strangth batwean C3's coutact
00 1
Closing command
0 recelying point ]
2
x
>~ w00 4
; Target point
S 1
; - wolt time .
closing
& time sl
100 :
Reference point Trigger point
L L o " .

g 6 76 26 26 3 3§
time (ms)

Fig. 3. Capacitor bank synchronous controlled switching timing

The research is focused on the compensation of CB closing
tune deviation that depends on its age and number of
operations. Many times of CB operation cycles cause the
mechanical characteristic change. The variation of the CB
closing time tends to increase as illustrated in Fig. 4,. The
adaptive compensation is an effective method for mitigate this
problem.

8.0
4.0}
30

20

-1.0

Variation of closing time (ms)

2.0}

Number of operation (times)

3.0k

Fig. 4. Vanation of the closing times following a number of consecutive
operations [1]

The adaptive technique uses the previous making instant
for adapting the new wait time accordingly. The novel
technique does not require a special sensor to detect the
making instant. This is unlike conventioual SSCs that
determmne the making instant by using additional CT to detect
the instant flow of capacitor cwrent [ 1], {3], [4], [6], [7]. It is
important to note that this new technique ts CB and network
independent.

IV. WAVELET TRANSFORM

In this work, Wavelet Transform (WT) is used for the
making point detection. WT is -a mathematical tool that
transforms the signal in time domain to time-frequency
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domain. Its concept 1s similar to Short Tiume Fourier
Transform (STET). STFT decomposes the original signal to a
set of ‘sinusoidal signals’ with different frequencies. The
coefficients of STFT are proportional to the comelation
coefficients of the orignal signal with the umt complex
sinusoidal in each frequency.

WT decomposes the original signal to a set of wave like
signals, called ‘wavelet’. These wavelet signals are the scaled
(dilated) and shifted forms of mother wavelet, as shown in
Figh 5%

. _hhs T
=+

Signal Constituent wavelet of different scales and positions

Fig. 5. Signal decomposition using wavelet transfornation 2]

The WT coefticient can be calculated by following
expression.
1

Cad)= [ 10

Where, v is the wavelet function and its shape varied by
vanables a (dilation) and b (position). Fig. 6, shows the
example of the mother wavelet, dilated wavelet (a = 2) and
position shifted wavelet (b = 10). The observation can be
made that the smaller the dilation means the higher the
frequency. The greater the position shifted means the longer
the delay.

y/(’—_-lz) dr (€))
a

< Mother wavelet

z
= time
-1a s 0 S 10 3 20

o )

o~

Sha ‘—’\/\/\/\/‘ diiated wavelet

2 ] ks L L " L tme
-10 -5 o s 10 15 20

20

o

N o positon shifted waveiet

; -4 time
19 E o S 1 15 20

Fig. 6. Mother wavelet, dilated wavelet (a=2) and position shifted wavelet (b=
10)

The great advantage of WT is the ability to analyze
transient signals. This is because it 1s able to decompose the
selected frequency component at any tme instant. Even a
small discontinuiry barely visible can still be detected [9].

V. MAKING POINT DETECTION

The capacitor bank energization switching causes sudden
change of the bus voltage {4]. The discontinuity appears on
the voltage waveform. This can be demonstrated by a simple
RLC circuit as shown in Fig. 1..

The model was simulated in PSCAD/EMTDC to generate
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the signals for testing the algorithm. CB making points were
varted from 19.0 to 22.6 ms (-18° to 46.8%) in a step of 0.2 ms.
Fig. 7., shows the companson of switching points at 0 and
46.8 electrical degrees or at 20 and 22.6 ms respectively.
Switching at the exact zero degree point causes the smallest
voltage signal fluctuation and it is the most difficult making
point detection. For this reason, the ‘zero switching signals’
are used for algorithin performance testing, although in the
practice ‘zero point’ is not used to be the switching target [8].

Voltage (kV)

Valtage (kV)

1 l

1 L
15 2 25 3 35
micro second

Fig. 7. Comparison of bus voltage that are switched at 0 and 46.8 degree (at
20 and 22.6 ms respectively)

The voltage signal is suddenly changed at the making point.
The fast changing of signal (abruption) reflects the local high
frequency signal. That means the switching pomt can be
detected by seeking the local high frequency of the signal.

oo T T T T T T .
0005} "T‘. |
4 0 i
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ot i s
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00151 1 |
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8

s

e Mukang instance

<ol Switching at 22.6 ms detaction

Coofficiont
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0L 1 L i3 1
05 1 8 2 25 3 35 4
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Fig. 8. Detail signals of switching at 0” and 46.8” (20 & 22.6 ms respectively)

A low dilated wavelet called “unit scale fifth order Coiflets
wavelet’ extiacts the high frequency component from the
signal as shown in Fig. 8.. The making point can be obtained
by evaluating the absolute maximum the signal in Fig. 8,. The
lowest spike magnitude occur when apply the zero voltage
switching point. It confinns that switching at zero voltage
point is the most difficult to detect. The spike magnitude of

switching at 46.8° 1s much higher and easier to detect.

4. Mitigation of noise problem

The noises may interfere with the measured signals. In the
experiment, noises were added to the voltage signal as shown
in Fig. 9,. Then ler the algorithm determined the switching
point again.
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Fig. 9. The voltage signal with white noise interference and the added white
noise

The detail signals which are received from wavelet
transform are shown in Fig. 10,. The algorithin miscalculated
the making point of near the zero voltage switching. The near
peak voltage switching could be comrectly detected. That
means the single scale detection algorithm is not robust to the
noise interferences.
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Fig. 10. Comparison of making point detection of switching at 0 and 46.8
degree (with noise interference)

B. The Widest Frequency Band Algorithm

The algorithm is called Widest Frequency Band. This is
because the algorithm detects the making instant by using the
property of abruption. The discontinuous point was
decomposed to a wide range of frequency signals. This
method is robust to noises. Fig. 11, shows the wavelet
coefficient plot of zero point switching without noise
interference.

The switching instant (at about 20 ms) has the highest



coeflicient and widest frequency band as seen in  Fig. 11,.
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Fig. 11. Specrrogram of zero point switching without noise and the

instantaneous score point

It allustrates that the making point has the widest frequency
components. The making point can be detected by the method
of calculating the sum along the vertical line’s coefficient that
reaches the maximum. The highest score point is determined
by summung all coefficients that have the same b value as the
following expression.

score(b) = i C(a,b) @

a=1

Where a 1s the scale (dilation). Fig. 12, is the color-scale
coefficient plot of zero point switching (at b= 2*10* or 20 ms)
with strong noise signal. The result of algorithn show that the
position of maximum score is at about b= 1*10* (1 ws). The
detection was incorrect because there are very high coefficient
at that region. Therefore, the maximum score is no longer
reflex the making point.
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Fig. 12. Color-scale spectrogram and the instantaneous score point of zero
point switching with noise interference
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After applying the algorithm, it is detected the correct
switching point, b= 2*10° (2 ms). This can be observed by a
summation of vertical lines that reaches the maximum value at
2ms.

VI. RDDS APPROXIMATION

Using SSC, the making instant can be detected. As Fig. 14
shows two CB switching, the making instant of the first and
the second switching occur at point A and C respectively.
Also the shifting of closing target can be controlled. That
means the length between point A and B also can be
controlled.( in Fig. 14, length AB is 3 ms ) The RDDS (slope
of line BC) can be determine by the follow equation.

L
RDDS =| =2
e
Where Lep and Lyg are the length of line CD and line DB

respectively.

3
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Fig. 14. The RDDS approximation using twice CB switching

From Fig. 14, the length of line CD and line DB can be
determine by follow
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Lep =65.66-17.53=48.13 kV

Lps =Las-Lap
=0.003+0.00728-.005561)
=0.00128 s

RDDS - LL—“’J

DB
4813
© 0.001281
=37572 k¥is

VII. WaIT TIME ADAPTING

For the conventional SSCs, after acquiring the making
mstant, the SSC will know whether the making instant is too
late or too early. But it can not detect the error of its closing
point. The SSC will calculate the new adapted value then
subtract it with the previous wait time. The adapted value is
not the closing error, but it is the switching error multiply with
creep factor (c). as below

WaitTime,, =WaitTime,, —(making _error*c)

(C))

Creep factor is used because the error that was observed by
conventional SSCs is the making instant error not the closing
contact error. The selected ¢ value will be high or low
depending on the performance of the CB, RDDS, scattering of
closing time and the type of switching error. If the switching
is too late, ¢ will greater than one, vice versa the selected ¢ is
less than one. This adapting method uses more than one
switching cycle to reach the desired target.

The approximate able of RDDS value lead to the new wait
ume adapting method. The closing mstant can be determined
by the follow equation.

v

= make
RDDS

Where tclosing. tmake a1d Vi are the closing point, making
pomt and making voltage (pre-arcing voltage) respectively.
After the closing pomt error is acquired, the new adaptive
method can be done by the following

closing make )

WaitTime,,, = WaitTime,,, — (closing _error) (6)
Using new method, the target can be reached by only single
swirching cycle.

VIII. ADAPTIVE ALGORITHM TESTING

The algorithm with and without RDDS approximation were
done by simulated on PSCAD/EMTDC. The capacitor bank.
SSC and CB with adjustable RDDS were modeled. The
capacitor bank was switched 10 cycles with controlling of
SSC. Every end of switching cycle, the PSCAD/EMTDC will

send the voltage signal to the adaptive compensation module
that ran on MATLAB. The module will detect the making
instant. Then the new wait time was determined and sent back
to the SSC in PSCAD/EMTDC and the next switching cycle
will start again, as shown in Fig. 15,.

P s
=)
4
9
\/ Capacitor
Switching
PSCAD

L (g

Fig. 15. The adaptive algorithm testing process which implemented on
PSCAD/EMTDC and MATLAB

In the simulation. initial value of wait time is 8 ms, the
RDDS 1s 400*27*50 kV/s and the creep factor in (4) is oue.
The target point is set at the zero point. The result, switching
error in each switching cycle is illustrated in Fig. 16,.
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Fig. 16. Comparison the switching ertor between with and without RDDS
approximation.

The result shows that without RDDS approximation, the
target point can be reached but it rakes abour 6 adapting cycle.



While the adaptive algorithm with RDDS approximation can
reach the target with only single adapting cycle.

IX. DiscussiON AND CONCLUSION

The RDDS approximation technique can compensate the
deviation of the circuit breaker closing time with only single
adapting cycle. Acquiring of RDDS also can be used for
monitoring the health of CB. The ‘waveler based widest
frequency band’ was applied with the adaptive algorithm. It
can work without additional signal from a curent transformer
and robust to noise interference.

The approximation of RDDS is sensitive with the scattering
of CB closing time. This problem can be reduced by use the
average values of multiple switching. The RDDS
approximation method has the limitation that it can use only
when the system voltage magnitude and system envelopment
in each switching must be nearly the same value.

. The next working step is to implement this algorithin with
a FPGA target and also on DSP controller then test them with
a digital real-time simulator (HYPERSIM).
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Controlled Switching based RDDS
Approximation of Capacitor Bank Gas Circuit
Breaker by Different Voltage Method

Noppadol Charbkaew, Teratam Bunyagul and Yotaka Chompusri

Abstract—A shunt capacitor is widely used in a power system
for supporting the line voltage and compensating the reactive
power. Its energization causes switching transient which leads to
problems in the system e.g. over voltage, voltage magnification,
trapsient over-swing frip of adjustable speed drives. These
problems can be mitigated by switch the capacitor bank at the
appropriate time (zero voltage target point). The switching target
point is determined by a synchronous switching controller (SSC)
that controls the close signal of a circuit breaker (CB). The
calculation of the switching target point has to include the circuit
breaker closing time. However the circuit breaker closing time
chianges due to its age, number of operations and environment. It
is very important to be aware of the change of the CB closing
time in designing the SSC.

The paper presents a novel algorithin to estimate the gas
circuit breaker (GCB) closing time using Rate of Decrease of
Dielectric Strength (RDDS) value. As a result the SSC will have
an ability to automatically adapt switching point to suit any
GCB. It is importaut to note that RDDS can commonly be
measured from a type test process on an off-line GCB. This
paper also proposes a different voltage technique to calculate the
RDDS of an ungrounded capacitor bank GCB using on-line
monitoring.

Index Terms— Capacitor Bank, Gas Circuit Breaker, Poinf on
Wave, Rate of Decrease of Dielectric Strength, RDDS, Switching
Transients, Synchronous Switching

I. NOMENCLATURE

Closing Time: Time from energizing the closing coil until
contact touch in the circuit breaker.

Closing Point: The instant of contact touch in the circuit
breaker.

Make Point: The instant of current starts to flow in the
circuit breaker.

Pre-arcing time: Time duration from the instant of pre-
strike to contact touching.
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II. INTRODUCTION

HE sudden change of a capacitor bank terminal voltage

when the capacitor is randomly switched into a power
system may cause an inrush current. The high inrush current
leads to many repercussions [1]. for instance, over voltage and
damage of the capacitor bank. These consequences can be
decreased by reducing the sudden change of the capacitor
bank tenninal voltage when switching. There are common
ways to solve the inrush current problem. for example, a pre-
insertion impedance switching or a synchronous controlled
switching. The pre-insertion impedance switching is simple,
applies uncomplicated controller and can be used with any
types of circuit breaker (CB). However, the inrush current
remains high comparing with the steady state current. This is
because there is still the difference at the termninal voltage of
the capacitor bank while switching.

Fig. 1, illustrates a simple model in PSCAD/EMTDC to
demonstrate the inrush current occurred when switching a
capacitor bank with different techniques. The result currents
from the switching are shown in Fig. 2.
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200 km
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.
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400 kW
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Fig. 1. Schematic of capacitor bank switching study

The top most of Fig. 2, shows that the direct switching
results in very high inrush current of 2058A. It is about ten
times of the steady state current. The maximumn current of the
pre-insertion switching is 640A as shown in the middle of Fig.
2,. The synchronous controlled switching yields minimum
inrush current of 256A that almost equals to the steady state
current.

The synchronous controlled switching has an advantage of
very low to near zero inrush current. This is the result of
precision control” on the switching instance. To gain the
advantage, the synchronous switching controller (SSC)
requires the use of high specification circuit breaker. The
circuit breaker also has to be able to close in single pole
operation. The accuracy of the method depends heavily on the
closing time of the circuit breaker. The closing time is
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nflucnced by following operational paramecters, the system
voltage. control voltage, hydraulic oil pressure, ambicnt
temperature and number of consecutive operation, etc [1]-
[12].
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Fig. 2. Tnrush curreut of capaciter bank switching
Although there are more conditions in using SSC than the
pre-insertion impedance switching, modern high voltage
substations prefer employing SSCs. This is because of the
advantage of very low inrush current. The paper developed a
new technique used in the synchronous switching controller
The technique was designed to adaptively compensate the
circuit breaker operation parameters mentioned above to get

more accurate switching instance.

III. CAPACITOR BANK CONTROLLID SWITCIIONG

The key point of the capacitor bank controlled switching is
to control the make point of the circuit breaker to be at the
zero point on the voltage waveform (zero point on wave). The
procedures as shown in Fig.3, are as followed: Firstly the SSC
receives a closing command. The SSC then seeks for a zero
crossing point as a reference point. From the instance of the
reference point the SSC wait for specific ume delay. This
specific delay is called ‘wait time’. When the wait time is
reached, the SSC trigs the circuit breaker. Consequently the
circuit breaker closes on time for the closing pomt that 1s at
the zero point on wave. In the ideal case the capacitor current
will be conducted exactly at the zero point.
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Fig. 3. Capacitor bank synchronons controlled switching fiming

It is very important to notc that the wait time will be
calculated based on known closing time of the circuit breaker
If the closing time of the circuit breaker changes, the SSC has
o be able to calculate a new wait time for the next closing
operation.

The closing time of the circuit breaker tends to be longer
for a number of consecutive cperations. This is caused by the
changes of friction or/and striking forec of the circuit breaker
moving parts [2] and other paramecters as mentioned in the
introduction. A close loop control 15 nceded to caleulate the
new waiting time that i3 influenced by the closing time
deviation of the circuit breaker. The capacitor current
conduction point {make point) is normally used as a fcedback
signal. The makc point can be detceted using current
mansformers installed between the  circuit breaker and
capacitor bank as shown in Fig.4,. Hence the SSC can adapt
the wait time using the information from the fecdback signal.

Tt is also possible to detect the make point without using
the current transformers. This is donc by dctecting abript
change in voltage when the current conducts. The fechnique
nscs wavelet transform and Widest Frequency Brand
Algorithm [3].
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Fig 4. Using of cirrent transformer for making point detection

IV. EFFECT OF RDDS VALUE 70 GCB CLOSING

Rate of Decrease of Dielectic Strength refers to the closing
speed of the circuit breaker contacts. Fig. 5 illustrates the
different RDDS values that affect the making points of the
cirenit breaker. The figure shows that CB1 has higher RDDS
than of CB2. Itis obvious (hat when these two circuil breakers
start to close at the same tume at about 6ms, they arrive at
different making points. CBL has higher RDDS hence it's
dielectric strength decreases faster. From 11ms onwards CR1
has dielectric strength lower than its stress. At this point the
CB1 starts conducting the current.

It is easier to control the making point of the circuit breaker
that has high RDDS. This is because the slope of the dicleetric
strength will be very steep. Then the making point can be
controlled te occur at very low stress (low voltage). Thus the
high RDDS GUB is preferred for the synchronous controlled
switching.



&

S—— I
AXS
O
- S8 cB2
Ve Dielectric Strength

¢ Loy 4
5= cB1 LY
=< i Dielectric Strength “ N )
= \ pr
- i) .

= . S 4
- . :
14 \ L
E e ) ~
] / “ b

) .

g e Stress across N N, §
= cB \ >
s \ N

e .

M ~
% g K
- [y N 1
b \
= " L Y "
. & . ‘ [TH “ FU Y] x*

s 30
time (ms)

lig 5. Closmg of different RDDS CBs

V. RDDS MEASUREMENT

It is common that RDDS can bc acquired from the
switching test. The test is carricd out in an off-line condition
The pre-strike voltage and pre-arcing time arc usced to
calculate RDDS as in (1) [2].

RDDS = Pre— str/k'e vol_tage "
pre _arcing rime
Tor example in [ig. 5. CB1 has RDDS as followed
TSkV 4 4
P % W5 _ -4 @
(12—-1 s K3

Tt is worth mentioning that the pre-arcing time is difficult to
measure. This is because i1 1s difficult o detect the instance of
the contacts touching. Although the auxiliary conracts are
available, there will be some time variation from the main
contacts [12].

VI. ONLINE RDDS APPROXIMATION

A typical SSC controls cach pole of thc GCB to be
switched in scquences For ungrounded capacitor bank in
S0Hz system. the first two poles will be closed at the same
time at the cqual voltage point as shown in Fig. 6,. Then the
third pole will be closed at Sms later.

Normal SSC operation mode

1 and 2~“ phase 3™ phase
-"r.c-\‘- ;"P.“\
/ \'{,
S,
P4 \
o
/ X
.-'/ \‘«
Any where before 2*“phase
Sme
1% phase 2T Phase w2 3 phase

RDDS approximation mode

Fig. 6. CB closing sequence for nornial SSC and for RDDS approximation

The paper proposc the on-line RDDS approximation. The
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switching sequences are slightly different. The first pole
(phase A shown as CB, n Fig. 7.) can be swilch al any tine
instance. Having switched the first pole, the pre-arcing docs
not occur because the capacitor circuit is still opensd. After
the first pole is closed. the stress on the remaining poles will
increase to equal the line voltage. The second pole is then
controlled to close at zero line voltage (V4=0). There will be a
sudden change of the stress across the third pole (CB,). The
vollage ucross CB. w Fig.7. can Le delined by

7 V ) \
Ves. =¥, + ;D =1 I 3)
B4 g/
2 b 'S ‘ A=
1 i _fl
A
=
CBp
A B i N
il
CB,
= I
a b c e
LI
—Eig_ 7. Status of system: befcre the third phase is closed

The phasor diagram in Fig. 8. shows that V. =1.5xV,

Vs
%
v
€
2
Vc Val‘z

Fig. 5. Phasor dizgram of voltage across CB. tu Fig. 7.

The operating sequences indicate that we can control the
voltage across GCB to be 1.5 times or 1.732 times phase
voltage. This depends on the switching sequences.

Fig. 9. illustrates ihat we can control the switching of GCB
(o mve diflereut vollages scross oug of GCB pole. The
dilferent ol'the voltages is 15.4 percent. By energidng the
GCB two times 1 different ocvasions aud dillerent voltages,
the dielectnie strength will cut ucross two vollage levels lrom
the first and second switching, The algorithm can detect the
differences in volrages (V,,V.) and times (i;,1.). Therefore
RDDS can be calculate by

\

(Vz - Vl)

RIDDDS = —(
(t: _rx) /
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Fig. 9. RDDS approxiwmation usiug twice CB switching

VII. WAIT TIME ADAPTING

For conventional SSCs, after acquiring the making point,
SSC will know whether the making point is too late or too
early. However it can not detect the closing point. The SSC
will calculate the time to subtract with the previous wait time.
The subtracted time is the error multiply with creep factor ¢
[13].

WaitTime,,, =WaitTime,,, —(making _error*c) (5)

Creep factor is used because the error that was observed by
conventional SSCs is the making point error not the closing
contact emror. The selected ¢ value can be high or low
depending on the performance of the GCB, RDDS, scattering
of closing time and the sign of making point error. If the
switching is too late, ¢ will be greater than ome. If the
switching is too early, the selected ¢ is less than one. This
adaptive method uses more than one switching cycle to reach
the desired target.

The approximation of RDDS value in this paper leads to
the new wait time adapting method. The closing instant can
be detenmined by

Ve
— _make 4of

6
RDDS «

closing make
Where tclosing. tmake a0d Vi, are the closing point, making
point and making voltage (pre-arcing voltage) respectively.
After the closing point error is acquired, the new adaptive
method can be done by the following
WaitTime,,, = WaitTime,,, —(closing _error) (7
Using the new method, the target can be reached by only
single switching cycle.

VIII. ADAPTIVE ALGORITHM TESTING

The algorithm with and without RDDS approximation were
simulated on PSCAD/EMTDC. The capacitor bank, SSC and

GCB with adjustable RDDS were modeled. The capacitor
bank was switched 10 cycles with controlling of SSC. Every
ending of switching cycle, the PSCAD/EMTDC will send the
voltage signal to the adaptive compensation module that run
on MATLAB. The module will detect the making point. Then
the new wait time is determined and sent back to the SSC in
PSCAD/EMTDC and the next switching cycle will start again,

as shown in Fig. 10,.
{ Stat )
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(&2]

New wait time

gl
MATLEE

Make time
detection

]

New
wait time
calculation

| E

Fig. 10. The adaptive algorithm testing p
PSCAD/EMTDC and MATLAB

In the simulation, initial value of wait time is 8 ms, the
RDDS is 400*2x*50 kV/s and the creep factor is one. The
target point is set at the zero point. The result, switching error
in each switching cycle is illustrated in Fig. 11,.

The result shows that without RDDS approximation, the
target point can be reached at about 6 adapting cycle. While
the adaptive algorithm with RDDS approximation can reach
the target with only single adapting cycle.

which impl: d on

Switching Error (ms)

\ With RDDS approximation

4 s 6 ] s i 10
Number of operation cycle
Fig. 11. Comparison of switching error between with and without RDDS
approximation.
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TX. DISCLSSION AND CONCILUSION

‘I'he abulity of monitoring of RDDS value not only be used
in the adaptive process of SSC, it can also be used for the CB
condition assessment. If the RDDS value is not in the
acceptable value, SSC will send warning signal.

The approximation of RDDS 1s sewsilive with e
scattering of CB closing time. This problem can be reduced by
use the avernge values of mulfiple switching. The RDDS
approximation with different  voltage method has  the
limitation that it can usc only with ungrounded capacitor bank.
And it gives accurate RDDS when the system voltages in each
switching are reasonably different.

The selection of RDDS approximation method depends on
the CB operating type (single or three pole operation) and the
system voltage at the second energization. The RDDS
approximation with different voltage methed can be applied
only with single pole operation CB. If the system voltages of
first and the second are nearly the same, the RDDS
approximation by different target point method [3] is
preferred. On the contrary, if the system voltages of each
swiiching are differenl, the dillerent vollage wethod is
selected.
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Vibration Signal Analysis for Condition Monitoring
of High Voltage Circuit Breakers

T. Suwanasri'. N. Charbkeaw”. T. Bunyagul®
"The Sirindhom International Thai-German Graduate School of Engineering
*Electrical Engineering Department, Faculty of Engineering
King Mongkut's Institute of Technology North Bangkok, Bangkok, 10800, Thailand

Abstract- Nowadays, the goals of electrical supply utilities are
to reduce equipment failures, to extend service life, to increase
equipment reliability and to reduce their related operating and
maintenance costs. High voltage circuit breaker is alse an
important element in the electrical network. In order to
determine or to detect the abnormal conditions inside the circuit
breakers, the powerful vibration techniques have been proposed
for many years. Thus, vibration technique by analyzing the signal
in time-frequency-domain was performed in this work under no-
load switching operations with a commercially available high-
voltage puffer-type circuit breaker without opening its major
parts. Vibration of circuit breaker poles and operating
mechanism as well as various monitored parameters were
recorded under normal and variable operating conditions, which
were the variations of auxiliary supply voltage, hydraulic oil
pressure and SFg gas pressure. After that, a sensitivity of
vibration method to the variable operating conditions was
evaluated.

I. INTRODUCTION

Up ull now, the preventive maintenance 1s predominantly
used to maintain circuit breakers after specific tune interval or
after specific number of operations. Even though nowadays.
the reliability of the circuit breaker has been continuously
unproved by various measures in design and construction of
the circuit breakers [1], [2], failures still exist and sometimes
cause costly consequences. Therefore, inaintenance is
inevitably needed. However, this task is very costly, time-
conswning and sometimes can incorporate wintentional
defects due to excessively invasive maintenance.

The condition momtonng and diagnostic tests, especially
with non-invasive techniques, have been developed with
aiming to facilitate maintenance activity. Some techniques
have been developed so far by many researchers, such as
measurement of enclosure vibration to detect abnormal contact
condition inside GIS [3]. development of acoustic analysis by
measwing vibration signals of circuit breaker in laboratory
and in field test [4], [5], [6]. The idea is that mechanical
malfunctions and abnormal behaviors should be detected as
changes in the vibration signatures of the circuit breakers.

In this paper. the diagnostic method by analyzing the
vibration signatures in tine-frequency domain was presented.
The tests were perfonned with a commercial 110kV SF
puffer-type circuit breaker, which is a free-standing pole
model with 3-pole operating mechanism. At first, the vibration
signature was recorded during no-load switching operations
under normal operating condition as a reference fingerprint.
After that, the signatures under variable auxiliary supply
voltage, variable hydraulic oil pressure and SF gas pressure
variation were recorded. After comparison with the reference
fingerprint, these intentionally variable operating conditions

could be detected as changes in the analyzed vibration
signatures.

II. EXPERIMENTAL SETUP

Tlus experiment was performed with a 110kV SFg putfer-
type circuit breaker with hydraulic operating mechanism as
shown in Fig. 1 for the experimental setup. The mvestigation
was performed under no-load switching operations. The
vibration signals of the free-standing poles and of operating
mechamism  were recorded under nommal and varable
operating conditions that could probably occur in service, e.g.
variation of control voltage supplied from station service
power source or battery from the secondary circuit, SF
pressure change due to leakage or over-filling and hydraulic
oil pressure change caused by seal and gasket aging.

Motor cument

Maun contact limioy

7] Preamplifict

Vibration signals
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During each no-load switching operation, other parameters
such as close and trip coil current. hydraulic pumping motor
curtent and time, main contact timing, dynamic contact
resistance, were also measured as shown in Fig. 2. The
measured vibration signatures under normal operating
condition were used as a reference base line. The signatures
under variable operating conditions summarized in Table I
were compared with the reference signature. The tests and
measurements were performed in a laboratory because of the
readily controlled testing conditions.

The main components of the test system and their details
were described as follows:

e A 110kV, 1250A, and 31.5kA puffer-type SFs circuit
breakers with three-pole-operated hydraulic operating
mechanism

o S accelerometers type 4501 (B&K) mounted extemally at
the middle of each pole, hydraulic operating mechanism
and pumping motor of the circuit breaker

e 3 preamplifiers type 2626 (B&K) for vibration signal

conditioning  with  optical cable connection to
accelerometer

e 1 circuit breaker testing device ACTAS P16'.

e | dynamic contact resistance measurement device
DMO01000'

e Measurement cables and coaxial cable for serial

connection between notebook and measurement device

1 notebook as a control unit with ACTAS software
program

2 variable DC or AC power supply for control circuit and
pumping motor

o SFs storage and filling unit.

S

Figure 2. Vibration signals and other measured paramerers recorded during
closing operation

! KoCoS MeBtechnik AG, Sitdring 42. D-34497 Korbach, Germany

TABLE I
SUMMARY OF TESTING CONDITIONS
Test conditions | Voltage | Oil SFs | Nr.of
Pressure | (bar) SW
(bar) per test
[Normal or rated 100% 320 6.5 15
loperation
Variable supply 115% 320 6.5 15
voltage 70% 320 6.5 15

100% 280 6.5 15
100% 2505 6.5 15
100% 280 8 15
100% 250 835 15

Variable o1l pressure

Variable SFg
pressure

The vibration signals during closing and opening operations
were recorded by using accelerometers and a data acquisition
system. The vibration measurement consists of the following
components:

1. Sensors: The piezoelectric accelerometer is used to measure
the vibration signal propagating to the extemal structure via
various parts of the internal mechanism and insulating
medium. They were temporanly mounted with adhesive glue
on circuit breaker enclosure surface. It produces a charge in
proportional to the acceleration (pC/ms™2).

2. Preamplifier and signal conditioner: These devices are
needed in order to match the impedance and amplify the signal
from accelerometer to reasonable value.

3. Data acquisition: The sampling rate was set at 10kHz. The
total record time was set at 200ms for closing operation and
150ms for opening operation.

III. VIBRATION SIGNAL ANALYSIS

A.  Circuit breaker’s Vibration Signal

Vibration signal monitoring can refer to the movement of
moving parts inside circuit breaker. The use of vibration signal
can be compared with the hearth beating sound. Dector can
analyze the body health by the rhythm of beating. Like m
circuit breaker condition assessment, the circuit breaker
conditions can be acquired by vibration signal. Fig. 3 shows
example signals of circuit breaker during opening and closing
operations.

Vibration Signal (Vor)

Vibration Signal (Volt)
w

100 120 140 160 180 200

0 w0 60 %0
Time (ms)

Figure 3. Opening (upper) and closing (lower) vibration signal.



Many sources of acoustic vibration are detected during the
closing or opening operation such as the instant of solenoid
coins, the impacted of arcing and main contacts. Each source
of vibration will generate different vibration signature.

B. Waveler transform

Wavelet Transform (WT) is a mathematical tool that
transforms the signal in time domain to tumne-frequency
domain. Its concept is similar to Short Time Fourier
Transform (STFT). The STFT decomposes the original signal
to a set of ‘sinusoidal signals’ with different frequencies. The
coefficients of STFT are proportional to the correlation
coefficients of the original signal with the umit complex
sinusoidal in each frequency.

WT decomposes the original signal to a set of wave like
signals, called ‘wavelet’. These wavelet signals are the scaled
(dilated) and shifted forms of the mother wavelet, as shown in
Fig. 4.

Wavelet
—
Transform

+ — = N Y
B !

Signal Constituent wavelet of different scales and positious

Figure 4. Signal decomposition using wavelet transformation [2]

The WT coefficient can be calculated by using the following
expression.

C‘((l,b) = jvf(’)v!.:‘l//(f:é) (l’ (l)
=8 a

a

Where, y is the wavelet function and its shape varied by
variables a (dilation) and b (position). Fig. 5 shows the
exawple of the mother wavelet, dilated wavelet (a = 2) and
posttion shifted wavelet (b = 10). The observation can be
made that the smaller the dilation means the higher the
frequency. The greater the position shifted means the longer
the delay.

1

Mother wavelet

w(t)

B time
-10 - ) 5 10 s 20

.

~

Sl dilated wavelet

b £ time
10 K3 ) 5 0 16 2

SR

o

) position shifted wavelet

2, tme
-10 - o 6 10 15 20

Figure 5. Mother wavelet, dilated waveler (a=2) and position shified wavelet
(b=10)

The great advantage of WT is the ability to decompose the
selected frequency component at any time. Therefore it is

suitable to analyze instant transient signals. Even a barely
visible small discontinuity can still be detected [7].
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The event extraction of time domain vibration signal as in
Fig. 6 1s not easy to perform by human eye, especially opening
vibration signal. The Wavelet transform is applied to enhance
the event detection. Wavelet ransforn 1s a mathematical tool
that transforms a signal in time domain to time-frequency
domain. For this resowrce, the complex morlet with 1
bandwidth parameter and 1.5 wavelet center frequencies is
selected. Fig. 6 shows the comparison between opening
vibration signal and its transformed signal.

Vibroton Synal (Vo

[ %0
Time (ms)

Figure 6. Time domain opening vibration signal (upper) and its wavelet
transformed spectrogram (lower)

The wavelet transforined spectrogram in Fig. 6 shows the
magnitude of signal in each frequency. At the vertical axis, the
higher number of a (dilation) refers to the lower frequency
signal. The value of horizontal axis is time in nullisecond.
Moreover, the darker color means the higher magnitude, e.g.
the large magnitude low frequency signal (a=60) appears at
60ms.

C. Information Extraction from wavelet spectrogram

The wavelet transformed spectrogram contains a lot of
information such as moving instant of solenoid armature and
its speed, moving instant of moving contact. Fig. 7 shows the
wavelet spectrogram of opening operation at normal operation
as in table I compared with dynamic resistance (solid line) and
delayed solenoid coil current signal (dash line).

T

Diiation a

0

) 120 10

"
Time (ms)

Figure 7. Spectrogram of normal condition closing operation compared with
coil current (dash line) and dynamic resistance signal (solid line)
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There are a lot of event signatures in the wavelet
spectrogram shown in Fig. 7. The starting of shaded area of
high frequency scale, at dilation = 1, relates to the starting
movement of moving parts. The dark area A at scale of 30
refers to the scratching of arcing contact, and the arcing
contact is fully separated at the end of this dark area. This
result is confirmed by the companson with dynamic resistance
signal.

IV. RESULTS

A.  Effect of control voltage to vibration signal

Practically, the dedicate power supply is used to supply the
power to every control device including trip circuit. The
variation of this control voltage affects to electromechanical
mechanism. Fig. 8 shows the comparison between transformed
vibration signal of closing operations at 70%, 100% and 115%

control voltage.
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Figure 8. Spectrogram of vibration signal of circuit breaker closing operation
which different control voltage
The higher the control voltage, the earlier appearance of the
shaded zone of spectrograms occurs. However, the distance
between signatures is still similar. Thus, there is no change of
contact moving speed.

B.  Effect of hydraulic pressure io vibration signal

Because the operation of puffer-type circuit break requires
extremely high power and high speed, the hydraulic operating
mechanism is selected. In the experiment, the hydraulic oil
pressure is reduced from 320bar to 280bar and 250bar. The
transformed signal is presented in Fig. 9. Each signature
shows the same position of starting movement. For the higher
hydraulic oil pressure, the faster moving occurs. Therefore, the
event signature in this case occurs earlier and the signature
becomes shorter, e.g. in Fig. 8, the arcing contact signature of
closing operation at 320bar hydraulic oil pressure is much
shorter than the others at 280bar and at 250bar.

C.  Effect of SF; pressure to vibration signal

There is no significant effect of SF¢ pressure to the vibration
signal. It is not easy to explicitly identify the event signature in
the wavelet spectrogram.
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Figure 9. Spectrogram of closing vibration signal which different hydraulic oil
pressure

V. CONCLUSION

The vibration signal analysis was performed in this work by
using the wavelet transform i order to investigate the
sensitivity of this method according fo the variations of circuit
breaker operating conditions. The varation of auxiliary supply
voltage and hydraulic oil pressure results in reasonable
changes in the transformed vibration signature. The variation
of SF, gas pressure can not be detected by this method.

The changes i the transformed vibration signatures
according to the variation of its operating conditions have
been verified in this work. Thus, this vibration analysis can be
used to observe the significant events occurring inside the
circuit breaker. Therefore, further development of this method
is reconnnended to use this as circuit breaker diagnostic tool.
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Abstract

A current differential protection protects the winding of a
generator. The relay must not operate on the occurrence of
external fault. There is a power plant in Thailand where the
generators were tripped by external fault. The tripping of
generator results in severe stability problem. The case study
shows single line to ground extemnal fault on a transmission
line. The fault current wave shapes were distorted from
sinusoidal. This causes generator current differential relay
mis-operate. The paper presents the investigation of external
faults tripping of the differential relay. By looking into the
current signal. the investigation shows that CT saturation
might not be the cause of the distortion. The study also
simulates a simple magnetic field model using finite element
software to investigate the possibility of stray flux
interference between CTs.

1 Introduction

In a power system, generator is a very importance unit. It
must be run reliably. The high capacity generator has to be
protected by several protection relays [1,4,7.9.10]. If an
abnormal event occurs in the generator, the generator has to
be separated from the power system before it causes more
damage. On the other hand. if there is nothing wrong with the
generator, it must run without any interruption.

In the middle of Thailand. a power plant was constructed in
the surrounding of rice fields. In the sununer, farmers burn
their fields to prepare the paddy fields. The burming smoke
under the transmission line leads to the breakdown of the air
from the transmission line to the ground. Most of the fault
occurs on phase C. This is because the phase C was installed
at the lowest height. The fault should have tripped only the
transmission line but the generator was also tripped by the
current differential relay. Unnecessary tripping causes several
problemns, for example power system instability.

1.1 Current differential relay

The cumrent differential relay is used to protect generators
which its capacity is higher than 5 MVA [6]. The protection
principle based on Kirchhoff’s Current Law. The internal
fault can be detected by monitoring of current that flow in and
out from the stator winding [1,4,7,9,10], as shown in Fig. 1. If
the cwrent L,y is not equal to I, there must be a leakage of
the current in the stator winding. This 1s called intemal fault.
Then the protection relay sends trip signal to isolate the
generator from the power system.
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Fig. 1 Current differential protection

As mentioned above, differential current relay works by
detect the difference between incoming and outgoing current.
There fore, the error of current measurement may affect the
operation of the relay. Especially during high current through
fault, the error of measurement system is high. To reduce the
effects of measurement error and CT saturation, the biased
differential relays have been introduced. Their characteristics
are shown as in Fig2.
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Fig. 2 characteristic of biased differential relay



PICKUP value i Tig. 2 defines the minimum differential
curent required for tripping operation.

SLOPE] defines the ratio of differential to restraint current. If
the operating point is at above the line, relay will operate.
This slope is used to stabilize the relay due to the CT
transformation error of a load cutrent. The transformation
enor is proportional te the mput current of CT. The higher the
load current leads the higher the CT error. [1,4.7.9,10] The
Ingher the SLOPE] the relay gams more olevance to the CU
transformarion ervor. [1.4.7,9,10|

SLOPE2 15 applicable for restraint currents above the
BREAK POINT2. This slope 1s set to ensure stability under
heavy external fault conditions that could lead to high
differential currents as a result of CT saturation. [1,4,7.9,10]

BREAK POINTI defines the end of the Slopel region. It
should be set just above (he maxnoum vonuoal operating
cwrrent level of the generator. |7}

BREAK POINT?2 is setting that defines the start of the Slope
2 region. It should be set to the level at which any of the
protection CTs are cxpected to begin saturation. [7]

Previously the biased differential relay in the case study was
sct as follow

PICKUP =025 A
BREAK POINTI - A
DBREAK POINT2= 15 A

ST.OPEI=7%
SLOPE2-20%

2 Generator current during the external fault at
phase C

In the case study, most of transmission line faults occwred on
phase C. lhese faulls were on (he extemnal zone of the
generator protecton. But the generator prolecton relay
alerted thar the canse of tnipping came trom phase B of the
gencrator. Fig3 shows the recorded data from the digital
relay. The cffects of the fault current to the gencrator have
been investigated.

Current (kA)
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Fig. 3 Recorded current signal
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2.1 The generator configuration and the model

Fig. 4 shows the model used for the simulation. The generator
18 comnccted with the delta side of dclta’wye step up
transformer. At the wye side of transformer, the sending end
of 230 kV transmission line is comnected. The 200 MV A load
is supplied at the receiving end of transmission line. The
phase C single line to ground fault is applied at the 500 m of
transmission line.

312MVA
15KV 7 230kV 200 MVA Load
Zt=g2&62% 230 kV Transmission line
3¢ o2
262.TTMVA YR C to Ground fault
15kvl () al SC0
Xd=16.6%

e

Tig. 4 Simulation Model

The fault current acquired form the simulation is shown in
Fig. S. The fault current appears only on phase C of the
transmission line.
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Fig. § The simulated fault current (C to grouad faulr)

The tfanlt current in phase C causes the high cwrrent at the
other side of the nansformer (delta side) as shown in Fig. 6

Current (kA)

Fig. 6 Generator’s current during fault

At the delta side of transfonmer, the current signals of phase A
and C arc higher than of phasc B. This is because phase €
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fault current ar high voltage side (wye side) is ransforined to
phase A and C currents at the delta side. The fault has no
effect to phase B current, as shown in Fig.7. Where Ly, Iy,
and Iy, are cuurents at wye side in each phase. I, Iy, and
Iecs; are line currents at the delta side and 1 1s the tum ratio of
the transformer. It is importance to note that Iy, and I, are
nearly in the opposite direction.

Fig. 7 Phasor of generator’s currents during the fault

3 Distortion of the current signal

On the occurrence of extemal faults, the current differential
relay has incorrectly tripped the generator. The relay setting
was modified for getting more stability. The increasing of the
SLOPEl and SLOPE2 gams the relay aclieves more
immmunity to the CT emor. The setting of relay 1s shown as
below

PICKUP=0.5 A
BREAK POINTI =5 A
BREAK POINT2= 15 A

Although, there have been several attempts to change the
setting of the differential relay, the unwanted tripping of the
generator still occurred. To find the root of the problem, the
power plant engineers have started recording the current
waveforms of the secondary side of the CTs. The cumrent
signals from the terminal ends and neutral ends of the
generator were compared. There are significantly different in
the current waveforms of phase B as illustrated in Fig. 8. It is
obvious that the curent at the terminal ends are heavily
distorted during the fault. In the case of the extemnal fault, this
contradicts with the fact that the current of both ends must be
the same. Then the differential current from the terminal ends
and neutral ends should be zero.

SLOPEI1= 15%,
SLOPE2=25%

3.1 Investigation into incorrect tripping

The investigation was started by recording the signal duing
the fault. There are twelve events of incorrect tripping which
were recorded. One of them is shown in Fig. 8.

Current (kA)
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Tinwe (ms)

220 240

Fig. 8 Companson of output currents of CT at the termunal
and neutral sides of the generator

The recorded signals were then mapped into the setting of the
biased ditferential current characteristic. The result shown in
Fig. 9 indicates that the stabilized setung can not solve the
problem. This is because the high differential current of phase
B appears in the low restraining current region. Even we
mcreased SLOPE] or SLOPE?2, it still can not block the trip.
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Fig. 9 Ditferential and restrain current mapped
mto the biased characteristic

The dot line represents the biased differential relay setting.
The locus of phase A lies on zero differential current. This is
because there is no distortion in phase A. The difference is
always zero. In phase C, the graph is also lies on the zero
line. And at about 20 A of restraining current, there is some
different current. Although there is differential current, it is
not enough to trip the circuit breaker. The differential current
of B phase appears at the low restraining region. The locus is
exceeds the operating region. This leads to the tripping of the
generator.



3.2 Analysis of recorded signal

As mentioned above, the generator was tripped by the
extemal faults. The relay alerted that the faults occured at
phase B, even though the fault currents did not affect phase B
currents. The signals recorded by the relay were analysed in
this section. Fig. 10 shows the RMS value of the differential
current between the terminal side and the neutral side of the
generator during the fault. The differential current of phase B
1s the highest and there is no differential current in the phase
A. On the other hand, the restrain current of phase B is the
lowest cowparing with other phases as shown in Fig. 11.
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Fig. 11 Restrain current in each phase
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The biased parameter (SLOPEI) of the relay is set at 15
percent and the pickup curent is 0.5 A. So the tripping
decision can be calculated by equation (1) and (2). Where Ly
and I, are differential and restrain current respectively.

Operating Current = ( Ly - Lei*0.15)-0.5 (1)

Tripping Decision = 1 = Trip, if Operating Current >0 (2)
The result is shown in Fig. 12. At about 177 ms, the operating

current of B phase is positive. Then the trip signal is
activated.
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Fig. 12 Tripping decision of biased differential relay

3.3 Why CT saturation is not the cause of signal distortion

At the begmning of the study, satwation of current
transformer 1s suspected. After the cument signals were
analysed, there are some other reasons that against the
asswnption.

The first reason, the RMS value of saturated CT signal is
never greater than the healthy one. The recorded signal of
fault current, the instantaneous and RMS value of the
distorted signal are greater than the healthy one. as shown in
Fig. 13 and Fig. 14 respectively. Therefore it is not CT
saturation.
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Fig. 13 Recorded current signals
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Fig. 14 RMS Value Recorded current signal
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The second reason, the fault at transmission line on phase C
causes the high current and DC offset only m phase A and C
of the generator, there is no effect on phase B. If any
saturation could happen, it could have been on phase A and
C. The CT of phase B which has lower cuirent then lower
magnetic flux should not be saturated as shown in Fig. 15.
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Fig. 15 Comparison of C and B phase current
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The third reason, the CTs are 15,000/5 A, C800 class. This
means that measurement of 20 times of rated curent (300
kA), 8 ohm burden, the error is less than 10 percent {5, 8].
The cwrent less than 10 kA without DC offset and low
impedance burden should not cause saturation.

4. Suspected stray flux interference

At the generator terminals, CTs were installed for the
protection purpose. During the external fault, the current
obtained from CT at the terminal side was distorted. Fig.16
shows that CT of each phase was located very close to each
other. The position of phase B’s CT is in the middle between
phase A and phase C.

Fig. 16 CT of generator at line side

The fault is C phase to ground fault type. Fig.6 shows that the
generator curents at phase A and C are very high. And
phasor of phase A current is nearly in the opposite direction
to phase C. This situation leads to very strong flux density at
the CT of phase B because the magnetic flux which produced

by phase A and C are in phase at the location of phase B, as
shown i Fig.17.

Fig. 17 magnetic flux plot of CTs

To find the relationship of the current in phase A and C to the
error of phase B, I,-L signal is compared with the differential
current as shown in Fig.18. It shows that there is similarity
between them. The error occurs only at the peak point of I-I.
signal.

80

Current (kA)
8 & 8

=

4 4
J

- 2
180 220

Time (ms)

240

Fig. 18 Comparison between signal I,- I. and error I

To study more details about the magnetic field, a finite
element simulation would be a proper tool [23]. The



simplified CTs and conductors were modeled. The fault
currents were injected to each conductor. The acquired flux
density is shown in Fig. 19. It indicates that the magnetic flux
can pass through the magnetic shield of the CT. Tlus
mterferes in the measurement of phase B current. This should
be the reason of the distortion of the phase B current signal.

Fig. 19 magnetic flux densi plot of CTs at B phase

5. Conclusion

The investigation shows that the burning smoke leads to the
fault on the transmission line. And these through faults affect
the biased differential relay causing unnecessary tripping of
the generator. The analysis of the recorded signals indicates
that the CT saturation is not the cause.

During the fault, the currents at phase A and C were very high
and their phasors were nearly i the opposite direction. The
magnetic field simulation indicates that these two currents
generate the magnetic flux that might interfere phase B CT.
This results m the differential current in phase B, then the
generator 1s tripped.

The further work must study on magnetic flux model. Then
the experiment can be set up to shield the flux between each
CT. This is to ensure the correct assumption about the flux
mterference. The incorrect tripping can then be prevented
from the external fault.
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A4bstract-High veoltage circuit breaker is a device that vequires

frequent maintenance. This leads fo high cost and time consuming.

IT the internal component of circnit hreaker cam be inspected
without any disassembly. L'he period of the maintenance can be
extended. This puper propuses the method of indirect inlernal
compouncnt inspection.

The experiment was applied with 110KV SF¢ puffer-type
circuit breaker with hydraulic operating mechanism. The defect
civcuit breakers were tested. Then the vibration signals were
recorded. The analyzing of vibration signal in time domain is
difficult for the detection of simall defect. Using wavelet transform
the detection of small defect can be performed. This detection
reduces the risk of the follure in operation of circuit breaker.

[.  INTRODUCTION

Higli voltage circuit breaker (CB) 1s a switcling device (Lat
is generally used in substation. In the normal situation, CBs arc
used for circuit switching purpose. In the abnormal situation,
when fault or emergency event occurs. CB is a protection
device that separates the fault part from the power system. The
[a1l operation ol circuil breaker leads to sever damage of power
system device. CB mmst operare with high reliability
Therefore circuit break needs frequent maintenance. Every 6 to
12 meonths, CBs have to be inspected even though the fault
never happen [l]. This leads to high cost. Especially the
internal wspection, CB must be disassembled so it conswmes
long e for maintenance. The [equency ol mletnal
inspection depends on experience and statistic. For the lower
than 230kV CB, internal inspection has to be applicd after 10
times fault interruptions or less [1]. And the time between each
internal inspection must be never longer than 4 years [1]. It is
possible that the fail operation occurs before the detection of
defect element.

The rescarch attempts to find the mcethod to detect the
intcral defect part without disassembling the CB before the
occurrence of fail operation. There are several signals that can
be monitored such as operating coil current. contact timing,
vibration of CB, etc.[2,3.1,5,0]

In tlus puper, (he iformaton extiaction liom vibratiou
signal is focused. Vibration signal monitoring can refer 1o the
movement of moving parts inside circuit breaker. The vsc of
vibration signal can be compared with the heart beating sound.
Doctor can analyze the body health by the rhythm of beating

>

Similarly, circuit breaker condition assessment, the circuit
breaker conditions can be acquired from vibration signal. Fig.
1 shows example signals of circuit breaker during opening and
closing operations.

15
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Vibration Signal (Volt)

Vibration Signal (Vott)
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Figwz {. Opzning (upper) and closiag (lower) vibration signals.

Several sources of acoustic vibration are detected during the
closiug or opening eperation such as the mstani ol solenoid
coin movement, the impact of arcing and main contacts. Fach
source of vibration will gencrate different vibration signature.

II. THE LXPERIMENTAL SETUP

The experiment was performed with a 110kV SF¢ puffer-
type circuit breaker with hydraulic operating mechanism as
shown in Tig. 2 for the experimental setup. The investigation
was performed under no-load switching operations. The
vibration signals of the free-standing poles and of operating
mechanism were recorded under normal operating conditions
The vperating environments were kepl coustantly al the noimnal
condition such as the mted 110 VDC control voltage supplying
from station service power source or battery from the
secondary circuit, 6.5 bar SFs pressure and 320 bar hydraulic
il pressure.
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Coit current Motor current

Main contact tinmg

Preamplifier
‘Vibration signals

Laptup
Figure 2. Experimental setup

During each no-load switching operation, other parameters
such as close and trip coil current, hydraulic pumping motor
current and time, main contact timing, dynamic contact
resistance, were also measured as shown in Fig. 2. The
measwed vibration signatures under normal operating
condition were used as a reference base line. The tests and
measurements were performed in a laboratory because of the
readily controlled testing conditions.

The artificial defects such as bush defect, damaged fix
contact of pole B, cut rod and removed rod as shown in Fig. 3
were incorporated. Then, various measured parameters were
evaluated and compared with those before defects. The
arrangement of defective severity and the number of switching
per test (both close and open operations) are also listed in
Table L

TABLE
SUMMARY OF SIMULATED DEFECTS
Sunulated defects Severity | No. of switching
of defect Per test
INo defect (reference) - 20
Remove bush of the rod low S
Fix contact damage high 5
Cut connecting rod very high 5
Remove connecting rod extlrs::;lely S

Remave bush of connecting red of Pole A

4 i

Fix contact of Pole B nmnlpubsted (0 dunmge  Cut connecifing rod of Pole A

Figure 3: Incorporated artificial defects

The vibration signals during closing and opening operations
were recorded by using accelerometers and a data acquisition
system. The vibration measurement consists of the following
components:

1. Sensors: The piezoelectric accelerometer is used to measure
the vibration signal propagating to the external structure via
various parts of the internal mechanism and insulating
medium. They were temporarily mounted with adhesive glue
on circuit breaker enclosure surface. It produces a charge in
proportional to the acceleration.

2. Preamplifier and signal conditioner: These devices are
needed in order to match the impedance and amplify the signal
from accelerometer to reasonable value.

3. Data acquisition: The sampling rate was set at 10kHz. The
total record time was set at 200ms for closing operation and
150ms for opening operation.

III. VIBRATION SIGNAL ANALYSIS

A Time Domain Analysis

After the vibration signals of all cases were acquired. They
were analyzed in time domain. The comparison of vibration
signal is shown in Fig 4.
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Figure 4: Comparison of vibration signal in time domain



Fig.4 shows that the difference between reference signal and
the extremely high severity of defect is clearly seen. At about
100 ms of without rod, the vibration signal is very low. This is
because the fix and the moving contact did not hit together at
that time. But for the other signal, they are not clearly different.

The aim of research, the detectable of defect at low severity
level by time domain analysis still can not achieve. The
wavelet transform which gives the transformed information in
both time and frequency is applied.

B.  Wavelet (Time-Frequency) Domain Analysis

Wavelet Transform (WT) is a mathematical tool that
transforms the signal in time domain to time-frequency
domain. Its concept is similar to Short Time Fourier Transform
(STFT). The STFT decomposes the original signal to a set of
‘sinusoidal signals’ with diftferent frequencies. The coefficients
of STFT are proportional to the correlation coefficients of the
original signal with the unit complex sinusoidal in each
frequency.

WT decomposes the original signal to a set of wave like
signals, called ‘wavelet’. These wavelet signals are the scaled
(dilated) and shifted forins of the mother wavelet, as shown in
Fig. 5.

e |
Canstitaent wavelet of different scales and positions
Figure 5. Signal decomposition using wavelet transformation [2]

Wavelet
—
Traosform

Signal

The WT coefficient can be calculated by using the following
expression.

1 t—b
=
Vo g
Where, y is the wavelet function and its shape varied by
vanables a (dilation) and b (position). Fig. 6 shows the
example of the mother wavelet, dilated wavelet (a = 2) and
position shifted wavelet (b = 10). The observation can be made

that the smaller the dilation means the higher the frequency.
The greater the position shifted means the longer the delay.

Cla.b)= [ 1) ) dt )
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=, fime
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Figure 6. Mother wavelet, dilated wavelet (a=2j and position shified wavelet
th=10)
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The great advantage of WT is the ability to decompose the
selected frequency component at any time. Therefore it is
suitable to analyze instant transient signals. Even a barely
visible small discontinuity can still be detected [7].

The event extraction of time domain vibration signal as in
Fig. 6 is not easy to perform by human eye. especially opening
vibration signal. The Wavelet transform is applied to enhance
the event detection. Wavelet transform is a mathematical tool
that transforms a signal in time domain to tune-frequency
domain. For this resowrce, the complex morlet with 1
bandwidth parameter and 1.5 wavelet center frequencies is
selected. Fig. 7 shows the comparison between opening
vibration signal and its transtormed signal.

Vibratien Signal (Y ek}

Dilation a
8 8 & &8 %

60 L
Time ms)

Figure 7. Time domain opening vibration signal (upper) and its wavelet
tansformed spectrogram (lower)

C. The Result of Reference Signal Transformation

Fig. 8 shows the result of closing operation. There are three
bright zones, at about 45, 120 and 150 ms. The bright zones are
mn lump shape.

Fig. 9 shows the transformed signal of bush defect closing
operation. Comparing with the reference, there are clear
differences in signatures. Such as the defect has a lot of small
red dot. And every bush defect signal has a big red dot at about
45 ms and dilation is about 20.

The reference opening is illustrated in Fig. 10. At dilation of
30, there is lined with bright area. And tlns bright area is in the
lump shape. This differs from Fig. 11, the transform of bush
defect vibration signal that the bush defect has many small dots
at dilation is 10-20. )

By use of these differences, the low severity defect, bush
defect, can be detected. Every defect type such as damage
contact, defect rod has its own signature.

Not only the mechanical defect can be detected, the
environment condition, hydraulic pressure, battery voltage also
can be monitored by use this method.[8]
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Figure 9. Wavelet transform of bush defect closing operation

Dilation (a)

140

100

20 40 80 80

Time (ins)
Figure 10. Wavelet transform of reference opening operation
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Figure 11. Wavelet transform of bush defect opening operation

IV. CONCLUSION

The frequency of circuit breaker maintenance can be
optimized if the internal part of CB can be inspected without
any disassembly. The vibration signals during opening and
closing operation were used. In the time domain, there is
difficulty to distinguish between the healthy signal and the low
severity signal. This experiment shows that the healthy and
each defect type can be classified by using the wavelet
transform.

If the non-severe defect is detected, the CB needs to be
repaired in order to prevent the fail operation. So the frequent
in maintenance can be subsequently mininuzed.
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