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An Improved Vibration Analysis Algorithm as
a Diagnostic Tool for Detecting Mechanical
Anomalies on Power Circuit Breakers
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Abstract—This paper deals with the successful application of vi-
bration analysis for circuit-breaker (CB) diagnostic testing with
the aim of detecting mechanical anomalies in CB drive mecha-
nisms and other moving parts in the interrupting chamber. An
improved dynamic time warping algorithm was developed. Sev-
eral case studies of defective mechanical components of SF ¢ power
CBs equipped with hydraulic or spring-loaded drive mechanisms
are presented. It is foreseen that vibration analysis can be used as
a diagnostic tool for all CBs whenever mechanical anomalies are
suspected.

Index Terms—Circuit breakers (CBs), data acquisition, dynamic
time warping (DTW), mechanical anomalies, vibration measure-
ment.

I. INTRODUCTION

HE SECOND CIGRE inquiry [1] on high-voltage circuit

breakers (CBs) reported that 44% of major failures and
39% of minor failures are of mechanical origin. Today, these
data still correspond to the daily tasks of high-voltage (HV) sub-
station maintenance crews. Several developments related to vi-
bration measurements [2]-[9] were accomplished. Online mon-
itoring [3] of vibration patterns during breaker operations was
even envisaged. This paper presents vibration analysis on power
CBs as a result of an improvement of the well-known dynamic
time warping (DTW) algorithm for the analysis of the vibration
pattern.

This paper first describes the technical features of a suitable
data-acquisition system with the capability to detect a wide va-
riety of mechanical anomalies. Typical accelerometer specifi-
cations are also given with an emphasis on their attachment to
specific CB components.

Second, the paper focuses on a vibration signal-analysis soft-
ware program for evaluating defect severity and planning further
maintenance actions. It is based on an improved DTW algorithm
consisting of many features that were implemented and tested
in order to enhance the diagnosis of CB conditions.
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During the completion of the research project, some defects
were simulated in a test laboratory while others were investi-
gated following major CB failures that occurred in HV substa-
tions: driving rod thread stripping, low oil level in the closing
oil-damper, defects in the transmission shaft, excessive contact
travel, etc. The third part of this paper reports three of the afore-
mentioned case studies. For each case, typical vibration sig-
nals are illustrated and amplitude and time deviation graphs are
plotted as a result of the vibration analysis. Furthermore, for
some CB types, by positioning accelerometers for detecting me-
chanical anomalies on drive mechanisms, it is shown that me-
chanical defects in the interrupting-chamber components can
also be detected.

II. MEASURING SYSTEM

A. Data-Acquisition System

Measurements reported in Section IV were performed with
a high-performance data-acquisition system that is easily avail-
able today, thanks to unceasing technology development. The
main features of this system were: a sampling frequency of
> 150 kilosamples/s; a resolution of 16 bits; a required number
of inputs for the analyzed breaker; simultaneous recordings
of vibration signals and breaker contact travel or breaker con-
tact position for thorough vibration analysis; and ideally, the
data-acquisition system trigger should be the current circulating
through the opening or closing coil for accurate synchronization
of all the vibration signals.

It should be acknowledged that other data-acquisition units
with a lower performance rating could be used depending on
the breaker anomalies to be detected.

B. Accelerometers

A large variety of accelerometers is commercially available.
For accurate vibration measurements on power CBs, accelerom-
eter performance should be selected based on the maximum vi-
bration burst that can be expected for the breaker drive mecha-
nism. An example of suitable performance parameters includes:
sensitivity of 1 to 10 mV/g (g = 9.81 m/s?); measuring range
of £1000 g; an upper frequency limit of 20-50 kHz; a resonant
frequency of >70 kHz; and nonlinearity of <1%.

To complete the measuring kit, signal conditioners are
required for powering accelerometers and conditioning their
output signals before reaching data-acquisition inputs. When-
ever possible, accelerometers should be screwed directly on at
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the measuring point or on a specially designed bracket that is
itself adequately attached to the measuring point. Otherwise,
they can be glued in place. Magnetic bases should be avoided
since they reduce the frequency bandwidth of the recorded
vibration pattern.

III. DTW ALGORITHM

A. Introduction to the DTW Algorithm

Since the 1970s, the DTW algorithm has been used for
voice recognition [10]-[12] by applying dynamic programming
techniques. It is currently used in several applications, such as
the mathematical treatment of ultrasonic images [13], signa-
ture verification [14], and curve interpretation and diagnostic
techniques for industrial processes [15].

The primary function of the classical DTW algorithm is to
estimate the time deviation of the same transient phenomenon
that occurs in two given signals. Originally, the aim was to com-
pare two spoken words to determine whether they are identical.
To do so, the DTW algorithm deals with the variation of the fre-
quency content as determined by Fourier transforms. The basic
idea is to recognize a given word even though it is spoken at dif-
ferent speeds. For voice recognition, the time deviation between
two recordings is not useful and can be perceived as distorted
information. Conversely, time deviations are of paramount im-
portance for assessing the mechanical condition of CBs.

Though suitable for voice recognition, the classical DTW has
major shortcomings when compared to vibration signals. For in-
stance, when a word is spoken, there is no mute interval, whereas
vibration signals of breaker operations have at least one time in-
terval for which there is no new mechanical event, signals ap-
proach the noise level, and signals do not exhibit any time devia-
tion while amplitude deviations are significant. For tools used to
assess CB mechanical conditions, the classical DTW algorithm
must clearly be improved.

B. Mathematical Equation of the Classical DTW

Let define the following vibration signals in the time-fre-
quency domain:

A ={ay, as,...,a,,...ay}

and

B:{b17b27"'7bm7'-~bM} (1)
where a,, and b,, are vectors containing spectral slices of the
corresponding signature with n and m as time indices. The NV
and M values correspond to the size of vectors A and B, with
N =~ M. The time deviation function or dynamic warp function

can be written as follows:

m = w(n). )
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This function will link vibration signatures A and B in such a
way in order to minimize the following distance or time gap:

1 N
D(A,B) =+ g Do) 3)
where d(a,,, b,,) corresponds to the distance of one local spec-
tral slice. This distance can be calculated by three different for-

mulas:
1) Euler

N

> (i = bmi)2. )

=1

d(an,bm) =

2) Euler to the power of two

N
Z Qi — . 5

=1

d(ap,b

3) Sum of absolute values

d(ambm) = Z | (am' -

i=1

where ¢ is the frequency index, and N is the number of fre-
quency bands.

An analysis of several vibration signatures reveals that the
Euler formula (4) yields the best results.

The amplitude deviation (AA,,) before and after mechanical
event retiming, as shown in the graphs of Figs. 3, 6, and 8, is
calculated using the following equation:
|ani — b

PR
AA,, = &Zi=
N

b= {Zw)

with a,; and by; as elements of the reference frequency spec-
trogram and that of the signal to be analyzed.

: before retiming
: after retiming

N

C. Improved DTW Algorithm

The vibration analysis software is based on a comparison of
a reference vibration signal and the one to be analyzed. This
reference signal can be either a vibration pattern taken at CB
commissioning or that of another phase of the same breaker
or another CB of the same family. The diagnostic results are
presented by plotting the following graphs: reference vibration
signal and vibration signal to be analyzed, amplitude deviation,
time deviation calculated by the DTW algorithm, and amplitude
deviation after retiming the various mechanical events.

Based on the amplitude and time deviations, respectively, in
decibels (dB) and milliseconds (ms), minor and major alarm
levels have been set according to several test results. Normal
discrepancies may exist between two vibration signals obtained
from two consecutive CB operations. For instance, an amplitude
deviation of 10 dB or less and a time deviation of 3 ms or less are
considered to be normal while values greater than 15 dB and 5
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ms should trigger major alarms and immediate maintenance ac-
tion. These triggering levels were previously validated by other
authors [2]-[5].

The improved algorithm comprises the following key fea-
tures: signal synchronization, noise suppression using time-fre-
quency domain filtering, signal averaging of several consecu-
tive breaker operations, an innovative concept of time deviation
penalty applied to the DTW, and assessment of amplitude and
time deviations after retiming of the various mechanical events.
Some details of these features will be given.

To produce a revealing vibration analysis, the first mechanical
event of the reference vibration signal and the one to be analyzed
must be synchronized. This synchronization is achieved by cal-
culating the envelope of the first mechanical event (e.g., using
a Hilbert transform [16]) and correlating it with a numerical se-
ries of the vibration signal. This process allows for the detection
of the first vibration transient with an accuracy of +1 sample.

Information contained in an acoustical vibration signal is
usually better discriminated when illustrated on a decibel or
a power-log scale. For this latter reason, the algorithm pro-
cesses a 2-D numerical filter on the log scale of the power
spectrogram. Note that the resulting filter is nonlinear and does
not take account the whole phase information contained in
the original time signal. In fact, when two recordings of the
same vibration event are compared, due to small timing jitters
between mechanical events contained in the vibration signal,
the amplitudes show far better repeatability than the phases.

The reference signal and the one to be analyzed are derived
from the average in the frequency domain of several consecutive
opening or closing operations, an innovative feature that enables
diagnostic reliability and accuracy.

To circumvent some inherent limits of the classical DTW
[17], [18], atime-deviation-penalty parameter was implemented
in the improved algorithm, thus creating a robust DTW algo-
rithm focusing on the main mechanical events. It prevents the
time warp function (time deviation) from being solved when the
vibration amplitude or energy is low. All results presented in
Section IV were obtained with this improved DTW algorithm.
For illustrating the effect of this feature, Fig. 1 shows the time
deviation (At) for case study No. 1 of Section IV with the im-
proved algorithm [Fig. 1(a)] and the classical DTW [Fig. 1(b)].
Fig. 1(b) clearly shows that the classical DTW does not con-
verge. As a result, an unacceptable false indication of a time
deviation of —31.6 ms would be given.

Finally, an assessment of the amplitude and time deviations
after retiming the various mechanical events is helpful for de-
ducing whether the anomaly might be related to breaker syn-
chronization.

D. User-Interface Inputs/Outputs

To facilitate the vibration analysis, the user interface includes
a certain number of useful functions:
* selection of the vibration analysis time interval;
* selection of the number of frequency bands and fast Fourier
transform (FFT) in a given time interval;
» frequency spectrograms (time-frequency diagrams) de-
picting relevant frequencies of the vibration pattern and
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Fig. 1. Calculation of the time deviation for Case study No. 1 (Section IV). (a)
Convergence of the improved DTW. (b) Divergence of the classical DTW.

Fig. 2. Accelerometer attached to the frame of the spring-loaded drive mecha-
nism.

allowing the frequency level that generates the maximum
deviation to be identified.

IV. TEST RESULTS

Three case studies of the detection of mechanical anomalies
are presented in the following section.

A. Case Study No. 1

Vibration analysis allowed the detection of a severe mechan-
ical anomaly on a 230-kV SFg CB equipped with three spring-
loaded drive mechanisms, one per phase. The breaker has com-
pleted 210 operations.

Fig. 2 shows the accelerometer’s position inside the breaker
mechanism housing. Fig. 3 shows typical graphs produced by
the analysis software. The top left-hand-side graph depicts the
reference signal comprised of three consecutive closing oper-
ations (F5, F6, and F7) of the phase-B operating mechanism
which exhibits a normal vibration pattern.

The bottom left-hand-side graph contains the phase C vibra-
tion signal (F6 and F7) to be analyzed and compared to the ref-
erence one (Phase B). As a result of the vibration analysis, on
the right-hand side, Fig. 3 contains three graphs:
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Fig. 4. Distorted transmission shaft of the spring-loaded drive mechanism.

1) amplitude deviation with a peak value of 28.4 dB which
triggers an alarm (i.e., >15 dB);

2) time deviation with a peak value of 6.9 ms, also over the
alarm threshold of 5 ms;

3) amplitude deviation after retiming with a similar peak (i.e.,
27.1 dB) than that before retiming, which confirms that the
suspected anomaly is not just a matter of synchronization.

It must be pointed out that this high amplitude deviation of
28 dB is the result of an additional mechanical event at 130 ms.

The maintenance crew discovered a very severe mechanical
anomaly consisting of a distorted transmission shaft in the op-
erating mechanism (Fig. 4).
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g.3. Graphs of the vibration analysis on a 230-kV SFs CB equipped with spring-loaded drive mechanisms (Case study No. 1).

Fig. 5. Accelerometer screwed on a specially designed bracket attached to the
operating rod of a hydraulic drive mechanism.

B. Case Study No. 2

The second case study deals with a mechanical anomaly in
the interrupting chamber of a hydraulic drive mechanism of a
315-kV SFg CB with two breaks per phase (Al, A2, B1, B2,
C1, and C2) and having completed 4000 operations.

The accelerometer has been screwed on a specially designed
bracket attached to the operating rod (Fig. 5).

The observed dispersion (in gray scale, Fig. 6) of the vibration
measurements in the time domain demonstrates the necessity of



1990

F1-F5 (Breaks Al, B1, B2, C1, C2)

Reference
6000
5000
k I |
3 J |
Yy 1 i A ol | o
F] Ly Al s AR ai - ]
g i 4 N
£
< |
-2500 i |
|
-5000
6500 i
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110
Time (ms) el
X F1-F5 (Break A2)
Analysis
4800
4000
000
000 ‘
2 - TH {1t
£ 1000
2 1
g ) .
g [ p v
i
1000 1 i
|
000 i
-3000 t \i
e 1 1
5 10 15 20 25 30 35 40 45 S50 55 60 65 70 75 80 85 90 95 100 105 110
Time (ms) Rl
Fi

TABLE I
SUMMARY OF THE VIBRATION ANALYSIS ON THE 315-KV SF¢ SIX-BREAK CB
EQUIPPED WITH A HYDRAULIC DRIVE MECHANISM

Break identification |Amplitude deviation (AA)|  Time deviation (At)

dB) (ms)
Al 13.1 -5.3
A2 17.5 -3.6
Bl 11.3 -7.5
B2 8.2 4.0
Cl 17.6 10.0
C2 11.3 2.0

averaging these signals in the frequency domain before further
processing. This dispersion is usual, not exceptional, for a vi-
broacoustic measurement of a sequence of mechanical events
taking place during the operation of a CB.

The vibration analysis was performed by comparing a given
break (A2) to all of the other breaks. As shown in the left-
hand-side graphs in Fig. 6, five closing operations (F1-F5) for
break A2 are compared to 25 other vibration signals (i.e., five
operations for each of the five other breaks (A1, B1, B2, C1, and
C2). This analysis was similarly completed for all breaks in an
attempt to identify mechanical anomalies.

Table I summarizes the amplitude and time deviation for all
of the breaks. Amplitude deviations for breaks A2 and C1 are
higher than the alarm threshold of 15 dB (i.e., 17.5 and 17.6 dB,
respectively), while the corresponding time deviations are —3.6

Amplitude (dB)

Time (ms)

Amplitude (dB)
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g. 6. Graphs of the vibration analysis on break A2 of a 315-kV 6-break SFs CB equipped with a hydraulic drive mechanism (Case study no. 2).

Fig. 7. Loosening of the auxiliary closing contact of the 315-kV 6-break SF¢
CB equipped with a hydraulic drive mechanism.

and 10 ms. Time deviations on breaks Al (—5.3 ms) and Bl
(—7.5 ms) were not investigated.

An inspection of interrupting chambers A2 and C1 revealed
that the auxiliary closing contact started to unscrew (Fig. 7). No
other anomalies have been detected on these breaks and all other
breaks of the breaker. Consequently, these amplitude deviations
of 17.5 and 17.6 dB are not due to natural differences between
breaks.

C. Case Study No. 3

The third case study involves a low oil level in a closing oil
damper of a spring-loaded drive mechanism on a 120-kV SFy
CB. A laboratory test setup was designed for simulating the vari-
ation of the oil level in the closing oil damper, which can take
the form of missing oil volume.

In our simulation test setup, the total oil volume (i.e., ~125
ml) was reduced from 5 to 25 ml. This simulation is of particular
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interest since the maintenance crew already reported oil leaks of
closing oil dampers in some CBs.

The accelerometer was positioned at the same location as the
one shown in Fig. 2.

Table II shows amplitude and time deviations as a function of
the oil volume reduction in the closing oil damper. It indicates
that this anomaly is detected by excessive amplitude deviation
rather than time deviation that remains below the threshold level
of 5 ms. When the oil volume is lowered, the amplitude devia-
tion increases up to a peak value of around 17 dB (i.e., from —19
to —25 ml). Based on these results, it may be concluded that a
red alarm (i.e., >15 dB) is triggered from an oil-volume reduc-
tion of 16 ml. Fig. 8 contains graphs of the vibration analysis
for an oil volume reduction of 25 ml (—25, Table II). The refer-
ence signal (i.e., full oil volume) comprises seven consecutive
measurements that are averaged in the time-frequency domain
for the analysis. Meanwhile, four vibration measurements for
an oil-volume reduction of 25 ml are considered and compared
to the reference one. The amplitude deviation reaches a peak of
16.7 dB, which exceeds the threshold level of 15 dB.

After retiming the various mechanical events (AA after re-
timing), the amplitude deviation is lower (i.e., 7.3 dB), thus con-
firming that low oil volume in the closing damper is mainly af-
fecting the timing of the mechanical events.

D. Correlation With the Breaker Contact Position

For a thorough analysis, it becomes crucial to correlate the vi-
bration signal with the breaker contact position. Fig. 9 shows an
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g. 8. Graphs of the vibration analysis for an oil volume reduction of 25 ml in the closing oil damper (Case study No. 3).

TABLE II
AMPLITUDE AND TIME DEVIATIONS AS A FUNCTION OF THE OIL VOLUME
REDUCTION IN THE CLOSING OIL DAMPER

Oil volume reduction | Amplitude deviation (AA) | Time deviation (At)

(m)) (ms) (ms)

0 (Start and End) 7.4 1.3
-5 4.1 0.5

-10 12.7 1.5

-13 13.4 1.7

-16 153 2.0

-19 17.2 2.5

-22 16.9 3.0

-25 16.7 2.9

example where the vibration signature of a spring-loaded oper-
ating mechanism is plotted in conjunction with the contact po-
sition for closing [Fig. 9(a)] and opening [Fig. 9(b)] operations.

The occurrence of the various vibration bursts can be studied
in relation to the breaker contact position. In fact, for a given
breaker type, the detailed breaker kinematics of the moving
parts can be studied in terms of maximum acceleration values.

For closing and opening operations of an SFg CB with a hy-
draulic drive mechanism, Table III gives the event chronology
during contact motion that was derived from the geometry of
the interrupting chamber and breaker contact travel.

High-speed images of the operating rod motion along with the
recordings of the contact travel and vibration signals may ease
correlating the vibration signature with the breaker mechanical
events. Fig. 10 shows the result of such analyses over which
three curves are superimposed:
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Fig. 9. Vibration analysis complement by correlating the vibration signature of
a spring-loaded operating mechanism and contact position. (a) Closing opera-
tion. (b) Opening operation.

TABLE III
TYPICAL CHRONOLOGY OF MECHANICAL EVENTS DURING
CONTACT MOTION OF AN SF¢ CB

Events Position of the Chronology
moving part Closing operation |Opening operation

(mm) (ms) (ms)

Open breaker 200 0 31

Fixed arcing 77 30 13.5

contact close to

the inner walls of

the nozzle

Arcing contact 46 36 10

touch or part

Main contact 22 41 6.5

touch or part

Closed breaker 0 47 0

* the coil signal and the breaker-contact position plotted in
linear scale (right-end-side Y-axis) for which the ampli-
tude values are not identified since only the time transitions
are relevant;

* the envelope of the vibration signal traced in logarithmic
scale (left-end-side Y-axis).

Calculating the envelope of the vibration signal implies
taking the absolute values of the vibration signal and tracing
the curve joining the peak values. Tracking discrepancies in the
maximum acceleration value for the various mechanical events
might provide a better diagnosis of the breaker condition.

For the arcing contact touch or part, no specific acceleration
variation is visible. One possible explanation could be a mis-
aligned fixed arcing contact, thus already exerting a significant
force on the inner walls of the nozzle before the final arcing con-
tacts touch.
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operating mechanism and contact position. (a) Closing operation. (b) Opening
operation.

V. CONCLUSION

This paper presented an improved DTW algorithm for de-
tecting mechanical anomalies in breaker drive mechanisms and
internal parts of the interrupting chambers of power CBs. The
three case studies presented here confirm that the vibration anal-
ysis can be used as a diagnostic tool for all CBs whenever me-
chanical anomalies are suspected. It is anticipated that a large
variety of mechanical anomalies can be detected, such as defects
in transmission shafts, loosening of internal parts in breaker in-
terrupting chambers, low oil levels in closing and opening oil
dampers, contact overtravel, driving rod thread stripping, etc.

Vibration analysis is based on a comparison of a reference
signal to the one to be analyzed. The reference signal could be
recorded at CB commissioning or may be composed of signals
of other phases of the same breaker or another breaker of the
same family. The excellent performance of the new algorithm
is due to the implementation of many analysis parameters, such
as noise suppression and filtering, analyzed vibration signals re-
sulting from the average in the time-frequency domain of sev-
eral consecutive measurements, DTW focusing on the main me-
chanical events (i.e., where the vibration energy is significant).

When performing vibration analysis, it should be emphasized
that the correlation of the vibration signal with the breaker con-
tact position is crucial for improving diagnosis of the breaker
condition. In fact, breaker contact travel and vibration signals
should be recorded simultaneously.

Moreover, the maintenance crew is provided with relevant
criteria for selecting the operating mechanisms or interrupting
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chambers that should be inspected and refurbished. In fact, the
diagnostic tool can be used to track CB mechanical conditions
in order to better determine when maintenance tasks are re-
quired. It is expected that a reduction in maintenance costs can
be achieved by dismantling the defective interrupting chambers
prior to a costly major failure while keeping the healthy ones in
service.
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