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Condition Assessment of Power Transformer Onload
Tap Changers Using Wavelet Analysis and
Self-Organizing Map: Field Evaluation

Pengju Kang and David Birtwhistle

Abstract—An onload tap changer (OLTC) is the most mainte- in a period before maintenance and to prepare an assessment
nance intensive subassembly on a power transformer. Vibration of the condition of the tap changer from data supplied by the
monitoring is an effective technique that can be used to assess themonitoring system. The actual condition of the tap changer, as
condition of an OLTC nonintrusively. The authors have developed - . . . ’

a condition monitoring system for common types of OLTCs that determined from Fhe results of maintenance inspections, was
enables the condition of tap changer contacts and associatedthen compared with the assessments based on results from the
drive system to be inferred from vibration signals. A number of monitoring system. Tap changers have also been monitored for
prototype systems have been installed onto OLTCs in distribution g period after maintenance to observe the effects of corrective
zone substations for field trials. Particular emphasis has been maintenance. Generally, the results of this exercise show that

given to the detection of faults in a particular type of older tap th itori t tel dict th diti f
changer that had been prone to a range of faults associated with € monitoring system can accurately predict the condition o

the switching contacts and drive mechanism. For this type of tap tap changers.
changer, it has been shown to be possible to determine not only  The condition of two tap changers was monitored over a long
that the tap changer is aging but also to identify the particular  period to observe how the condition of the tap changer gradually
part that is degrading. deteriorated. This paper demonstrates that with the use of the
Index Terms—Condition assessment, fault detection, onload tap monitoring system it is possible to detect impending failures at
changer (OLTC), self-organizing map (SOM), wavelet transform. 5 eqarly stage, and it is possible to defer maintenance of tap
changers when the monitoring system indicates minimal wear.
|. INTRODUCTION All of the vibration data presented in this paper were recorded
N onload tap changer (OLTC) is the only moving part of gsing the monitoring system installed on resistance type tap

e changers externally mounted on the main tank of transformer.
power transformer, and causes the majority of transform

. . . o fectrically this type of tap changer is connected to the high
failures in service [1], [2]. The condition assessment of OLTC\%OItage side of the transformer, and the technical details of this

is important for ensuring the reliability of transformers. Vibra- . .
tion monitoring as a noninvasive technique has been found totMBe of tap changer have been described in [3] and [4].

useful for the condition assessment of OLTCs of different man-
ufacturers [3]-[6]. As part of an industry funded project, a con-
dition monitoring system for commonly used tap changers was Condition Diagnostic Indicators

developed by.the authors [2]..The. condition monltorlng syste_mA typical vibration signature caused by the contact move-
has the functions of automatic signature acquirement, on-li

) ; : o Ments of aresistance type tap changer mainly consists of a series
analysis of signatures, detection of faults occurring in the equipr sharp vibration bursts, which correspond to specific contact

ment, and rem(_)te c_ontrol capability for down loading SignaturT"r‘?ovements. As discussed in our previous publication [3], this
forAcIose exarrlnatlog. has b develobed using th %ﬁ)e of vibration signature is best analyzed in the time domain,
numerical procedure has been developed using the Wavelgl 1o condition of the equipment can be evaluated through the

transform for processing and analysis of vibration S'gnaturs%mination of several condition diagnostic indicators, such as
produced by the operation of tap changers [3], [4]. This PaPgls number timing, and strength of bursts.
describes the results of field studies made to increase confidenCﬁ,1 order té) reduc’e the random variation of signal amplitudes

in the use of the monitoring system and to explore the applica;, go by noise, the envelope of measured signals are normal-
tion of the monitoring system as a maintenance tool. The aDad before furthér analysis according to
proach that has been taken has been to monitor a tap changer

Il. SIGNAL PROCESSING ANDANALYSIS
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Fig. 1. (a) Envelope signature of normal condition of a resistance type tap changer operating from tap 7 to 8. (b) CWT ridge plot of the envelape signatur

Peaks in the first order differential curve of the envelope indicaté maxima converging te, when the scale becomes finer [the
the start of sudden transient bursts. However, when the signafétue of scale: in (3) is smaller] [7], [8].

contaminated with noise, itis well known that differential-based A set of vertical maxima lines is defined as the vertical ridges
method give inaccurate results. The wavelet transform as a mofilCWT, which gives information about the number of bursts in
tiresolution differential operator decomposes the first order didvibration signal, and the timing between bursts. The strength
ferential of the original signal into a time scale structure witbf a burst describes the steepness and height of the sudden rise
different resolutions. In this way the noise in the differentiah the amplitude. The strength of a bufstan be characterized
curve can be decoupled from the true curve. For this purpogethe wavelet domain as

it is necessary to use a wavelet with one vanishing moment. A

waveletq)(t) with one vanishing moment can be expressed as b= /a |CWTy(a, b)| da. (4)

the first-order derivative of a fast decaying functiin) referred '

as the scaling function [7], [8] The effect of noise has negative consequences on the local-

ization of bursts by introducing uncertainty into the position
P(t) = do(t) (2) of local maxima across all scales. These maxima produced by
dt noise were removed by truncating the local maxima against a

As a consequence of a single vanishing moment, the contftiedetermined threshold [3], [4].

uous wavelet transform (CWT) can be written [7], [8] as Fig. 1(a) shows the envelope of a vibration signature of a re-
sistance type tap changer, and the corresponding CWT ridge

CWTy(a, b) =a M (3) plot of the envelope is given in Fig. 1(b). The measured vibra-

dt tion signal was initially in volts and was proportional to acceler-

where ation. As this signal was normalized following Equation (1), the
1 P—b vibration signals shown in this paper are dimensionless unless

Oup = N 0 ( - ) specified. The ridge plot shown in Fig. 1(b) is a two-dimensional

(2-D) display of dominant local maxima of the CWT performed
The symbok in (3) represents the convolution operation bean the normalized envelope signal shown in Fig. 1(a) at different
tweenz andé,;, andb is the shift factor of the wavelet on thetime and scale values. The detailed procedure of obtaining the
time axis. The resolution of the wavelet transform is adjusted biglge plot can be found in [4]. Each ridgeline in Fig. 1(b) repre-
changing the value of scale facter The local maxima of the sents the occurrence of a vibration burst in the original signal.
wavelet transform are the maxima of the first order derivative of As can be observed, the vibration signature of this type of
the functionz smoothed by the functioé,; (¢). The quadratic OLTC contains four dominant transient bursts, shown as busts
spline wavelets with one moment were selected as the analyz{ty-(4) in Fig. 1(a), and there are four dominant ridgelines, as
functions for OLTC vibration signatures [3], [4]. shownin Fig. 1(b). The condition indicators for this type OLTCs
A rising edge is defined as the sudden increase in the amplave been established asii,[ds, 63, 04, dt12, dtes, disy],
tude of vibration signature, which indicates the occurrence ofaere 61, 6o, 63, 64 are the strengths of bursts 1 to 4 re-
vibration burst. If a vibration signature produces a rising edgpectively defined in the wavelet domain [see (4)], and
attq, then a plot of the modulus of the wavelet transform coeft 1, dto3, dts, are the time delays between the designated
ficients of the envelope of the signal consists of a vertical linmursts. At higher scale values in the ridge plots, times may be
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TABLE | alignment improves the SOM’s generalization performance.
CONDITION INDICATORS FOR THENORMAL CONDITION OF THE TAP CHANGER Auto-correlation of the envelope is used to realize automatic
Burst No 1 2 3 a shift alignment. The auto-correlation of a smoothed envelope
3 16.9 25.6 46.3 40.3 x is given by
dt (ms) [ 315 | 31 | 203
1 n—r—1
R..(1)=— Z x(i—1)x(i), 7=0,1,2,...,n—1.
in error, caused by poor localization accuracy of wavelets of noi
coarse resolution, but as scale is decreased the times converge (6)
to the correct values. Therefore, the time delays were extracted he normalized auto-correlation is given by
using the CWT values of the envelope signal at a lower scale Ry (7)
value (e.g.1/a = 8.5). The procedure for the time indicator Te(T) = RM(O)’ 7=0,1,2...,n-1 (7)
g

extraction has been presented in [3], [4]. These condition indi-
cators may be used to diagnose the actual physical conditiorwgfere R,...(0) is the auto-correlation at zero lag. The normal-
the tap changer. The values of the condition indicators for tieed auto-correlations of all the envelope signatures are auto-

signature shown in Fig. 1 are given Table I. matically aligned at the maximum point—tio¢h lag correla-
tion.
B. Overall Condition Indicator Given a feature patterf’ = r,, and a SOM trained using

A by-product of the wavelet procedure is that we can géier., feature patterns of signatures of a newly-maintained tap
a smoothed envelope from the CWT of the original envelogdanger, the minimum quantization errerde) for this data set
using the scaling functiof,, is defined as the minimum Euclidean distance betwEeand

all of the weight vectorsu;)
CWTy(a, b) = x * Ogp. (5)
mge = min ||w; — .|| . (8)

The operation given in equation (5) is a progressive ) )
smoothing of the input signat(t). Therefore, the wavelet Extremelyhlghv_zqe values may occur for two reasons: either
transform of a noisy envelope of a vibration signal at a pred@-ere are outliers in the data set, or the datum belongs to a fault
termined scale value is the smoothed envelope. Fig. 2 shows#7ss- ] ] ]
smoothed envelope of a vibration signature of a resistance typd N€ré exist several possible modes by which a tap changer
OLTC for tap operation from 7 to 8. The smoothed envelog8a fai:
will be used for automatic detection of the changes in the shapel) sudden failure;
of the envelope that is caused by faults developed in a tap2) spasmodic changes before failure;
changer. 3) gradual degradation.

The self-organizing map (SOM) [10], [11] is a convenienfFaults by failure mode 1 and 2, such as a broken component, will
tool for mapping complex data in multi-dimensional space inteause a sudden increase in the value of condition indieager
2-D clusters while preserving the inherent topological relatiofrsaults of failure mode 2, such as contact wear, will normally
among the input feature data. The map is created in an unsause thenge to gradually drift upward as shown in Fig. 3.
pervised way known as competitive learning [10], [11] from th&he mean value of the:ge undergoes a monotonic process: a
input feature data. The training algorithm for SOM is given iseries of upward shiftg;;, p2 - - - u,,—1, before it approaches
Table 1. the critical value ., after which faults may start to develop in

Training of the SOM takes place in two principle phases: tHbe OLTC. When the mean is belqw, the OLTC is regarded as
ordering and the fine-tuning phases [11]. The ordering phaseing in normal condition. As soon as is exceeded, an alarm
takes place first. During this stage, the topological ordering should be raised with minimum detection detayso that field
the map units takes place. The learning rat@ the ordering personnel can be notified and remedial actions are to be taken
phase is maintained relatively large. Initiallyis selected close on the faulty tap changer. As long as the mean is updgethe
to 1.0. Upon finishing the first training phasgwill not be typ- equipment is deemed to be in a normal condition.
ically reduced below 0.1. During the fine-tuning stage, the map The up-drift mean path of the ramge samples is estimated
units are adjusted to closely match the distribution of the inpusing restricted regression in which the distance of raw data
data. To this end, a much smaller value for both learning rasamples from the mean path is minimized subject to the mono-
and neighborhood function is desirable. Typicallys selected tonic constraint
to be 0.01 or less. Normally, the initial neighborhood size is set n m;
to half of the size of the competitive layer. The neighborhood minz Z llmagei; — pil|
size is exponentially reduced to 0 when 10% of the maximum i=1 j=1
iteration is reached. o . subject tou; < pis < -+ < i 9)

Although a SOM can handle temporal shifts in the signals,
unaligned envelope signatures require a SOM with a large maperen is the number of subgroups into which the original data
size to generalize the differences in the time shifts betwesaries is dividedin; is the number ofnge samples in the sub-
envelopes caused by the data acquisition system. Good siggralupi, anduy, us - - - 1., are the corresponding mean values of
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Fig. 2. Wavelet smoothed envelope of the vibration signature of a resistance type tap changer operating from tap 7 to 8. The amplitude of theoemvidope sh
not normalized.

TABLE I Ill. FIELD EVALUATION
TRAINING ALGORITHM OF SOM .
A. Gradual Degradation

1. Initialise the weight vectors wj(0), the learning rate
7(0), and neighbourhood function Aj(0).
2. Present each training feature vector F to the input layer

A monitoring system was connected to a resistance type tap
changer in a distribution substation immediately after the equip-

of the map and determining the wining neuron in the ment was maintained. This system has been continuously moni-
competitive layer using the Buclidean criterion. The index of toring the condition of the tap changer for an entire maintenance
the winning unit wil be: period scheduled under a time based maintenance regime. The
i(F) =n, when |, - F| < |w; - F| hardware capability of the monitoring system has been given
3. Update the weight matrix. in [3]. The monitoring system records the vibration signal each
Wy (k) = wy (k=D +7(R)F = w; (k=] ifje Aun(k) time OLTC changes the taps in either up or down directions.
w;k) = w;(k=1) ifj& Aink) The condition assessment of contact condition has to be tap po-
4. Update the learning rate 7Xk), and shrink the sition dependent, since the vibration signatures of different tap
neighbourhood function Ay, (k). positions can be different. Each vibration envelope signature has
Repeat steps 2 to 4 until the stop condition is satisfied. 2000 samples. In this monitoring cycle, there were no abrupt

faults detected in the OLTC. However, the monitoring system

. . “ . indicated a trend of gradual degradation of contact condition,
then subgroups. A numerical algorithm known as “pool-adja- , . . )

: N : . - . . ““which was observed from the gradual changes in the time de-
cent-violators” [12] is available for finding the maximum like-

lihood estimate of the mean path. This algorithm works in lays bet_weenthefourvibration bursts in the vibration signaftures
. ) . ' . acﬁftaps in frequent use. We correlated the rate of change in the
lterative way b.y arranging th? data sequence .|nto a numberg%lay times with the number of tap operations and found that the
subgroups until the monotonic mean change is no longer Vifore tap operations made on the taps, the greater the changes
lated. appearing in the corresponding time delays. We have found that

_The automatic fault detection procedure uses the overall cqflg strengths of the vibration bursts remained constant in this
dition indicatormge to indicate the global progressive deviay, sintenance cycle of this OLTC.
tion of the present signatures from those of newly maintainedgig 4 shows the changes in the mean paths aftheand the
equipment. The condition degradation of the contacts can be yisjays in the time between vibration bursts for the signatures of
sualized by following the trend of theige. A limit for mge is 3 resistance type tap changer operating from 7 to 8 for a period of
set according to the data of known fault conditions. Once th& g7 operations. This overall condition indicator shows mono-
limit for the glObal condition indication is Surpassed, awarninﬁ)nica"y increasing trend with respect to the gradua| degrada_
is issued. After that, the signatures will be down loaded to an of contact condition. The overall condition indicatege
office PC via telephone connection, where they can be exa@-used to automatically initiate the need for closer inspection
ined in detail. The actual diagnosis of the tap changer conditigfvibration signatures. The critical mean vajuefor this type
is conducted using individual condition indicators: the numbesf OLTC has been determined to be 4.50 from the data of con-
the delay time, and the strength the major bursts in vibration sigelled experiments as well signatures recorded before and after
natures. maintenance. The presenye value is 36% of its critical value.
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Fig. 3. Schematic illustration of gradual degradation of contact condition of resistance type tap changers.
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Fig. 4. (a) Plot of the mean path of the overall condition indicator against the number of operations. (b) Plot of the mean paths of the timingratinditios i

against number of operations.

TABLE Il

TIME INDICATORS EXTRACTED FROM THE SIGNATURES OFNEWLY MAINTAINED
OLTC AND FROM THE SAME EQUIPMENT AFTER 2787 CPERATIONS

Newly Due for Rate of change
maintained | maintenance (Dg) in %
No of 1 2787

operations
dt;, [ms] 34.02 22.90 Dg;, = 32.65
dty3 [ms] 30.26 33.47 Dgy; = -10.65
dt;4 [ms] 21.10 17.00 Dgsq = 20.00
dty4 [ms] 85.38 73.37 Dgis = 14.07

while observing rate of contact wear [4] and by acquiring sig-
natures before and after maintenance. Using the signatures of
wear conditions, we have also been able to correlate the values
of the condition indicatofnge to different wear conditions for

a common type of tap changer.

Fig. 5 shows the CWT ridge plot of a vibration signature of a
resistance type OLTC immediately after previous maintenance
and the corresponding ridge plot after 2787 operations. Small
changes in timing of the major bursts after over three year’s
operation are observable in the CWT ridge plots. However, the
strengths of the four bursts were found to remain constant over

Table Il gives the results of changes in the timing of the burst#de entire monitoring period of this tap changer. This is due to
in the vibration signatures for the resistance type tap chand@e fact that the degree of contact wear has reached approxi-
operating from 7 to 8. We defin®g as the rate of change inmately 36% of its allowable wear limit. The maintenance crew
time delay related to the value for a newly maintained OLTdater confirmed that the actual physical degree of contact wear
This rate of change of the time delay indicator is given in thg comparable with the estimation made from the monitoring
fourth column of Table IIl. The values dbg are related to the data. It has been demonstrated that with the help of the mon-
degree of contact wear, and we have been able to correlateithgng system, the maintenance of OLTC can be scheduled at
values of Dg with contact degradation. The data used in thia later time until the remaining life of the contacts has been
correlation was obtained by conducting controlled experimergached.
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Fig. 5. Comparison of CWT ridge plots of a newly maintained resistance type OLTC and the same equipment after 2787 tap operations from 7 to 8
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Fig. 6. (a) CWT ridge plot of a signature of good condition. (b) CWT ridge plot of a signature of abnormal condition.

B. Sudden Changes in Vibration Signatures drive shaft. At that stage, the rate of occurrence of the abnormal

Fig. 6(a) shows a typical CWT ridge plot of vibration Signa_signatures appeared to be constant (not increasing). There was
ture of anotherresistance type tap changer measured immediafiefpncern that the abnormal contact sequence could be causing
after the maintenance. This is a typical signature obtained for ffé2nNges to the tap changer condition and might lead to cat-
tap changer operating from tap 7 to 8, and is considered to be @rophic failure. It was therefore recommended that the tap
signature of the tap changer in normal condition. The monitoriig/anger be inspected at the earliest opportunity.
system gave awarning 6 mo after the maintenance that there weré/hen field crew disassembled the drive wheel shaft, the slip-
occasional abnormal signatures. A typical CWT ridge plot of &¥age in the shaft was identified in the key and keyway of the
abnormal signatureis shownin Fig. 6(b),inwhich, one ofthe fouseneva wheel. There was about 1-2 mm of play within the
bursts normally appearinginthe normal signature is missing. Tkeyway, which, when taken at the extremities of the moving con-
abnormal signature occurred in signatures of all tap positiongacts, equated to approximately 40 mm of play. Considering that

It appeared that there were significant changes in the contttie distance between the fixed contact is about 50 mm if this

operating sequence leading to abnormal signatures. It was bgndition were left unchecked then a failure would have been
pothesized that this could be due to slipping of the tap changeevitable.
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C. Deferral Maintenance The methodology presented is also applicable to tap changers

In another case, a tap changer of the same type, had bggﬂth_ertypes. The mai|_1 practical issue regard?ng the use of the
inspected during maintenance three times in the past, andt®ghnique is the gstgbhshment of refergnce vibration patterns.
each occasion, no degradation was observed. In the most j&-2PPly the monitoring system on a different type of OLTC,

centinspection, the tap changer was monitored before the scHEER Necessary that controlled experimental study be conducted
uled maintenance, and the condition indicator of the monitorifig Understand the vibration mechanism of the tap changer under
system was found well below the alarming threshold. This indiliTerent fault conditions.

cated that the equipment was still in a healthy state. Subsequent
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