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ABSTRACT 

For the new challenges of energy supply a new generation 

of analytical capabilities with the ability to provide deeper 

insights is mandatory. 

Machine learning in combination with artificial 

intelligence can become the new methodological approach 

for the diagnostics of equipment in the distribution 

network. In that way machine learning is based on pattern 

and evaluation of statistical values and herewith it 

generates knowledge from experience.  

The decision–making process is often impaired by 

unplanned outages. In order to efficiently operate and 

maintain existing systems and prevent critical failures on 

power transformers, the right monitoring and control 

system must be present.  

This paper introduces also an advanced method for 

analysis, visualization and interpretation of vibroacoustic 

of online measurements of on-load tap-changers, 

particularly in relation to their application with 

transformers in service. 

INTRODUCTION 

Intelligence in general is the ability for abstract thought, 

understanding, seeing, hearing and touching, as well as 

thinking, self-learning, deductive reasoning and 

anticipation. In this application, this equates to using 

computational techniques. 

For example, autonomous programs used for operator 

assistance or data mining are also called "intelligent 

agents". 

Intelligent agents are often described schematically as an 

abstract functional system similar to a computer program. 

Users want more and more intelligence and usability in the 

programs which support human decision-making. The 

advent of new methods of data modelling, with 

interpretation using statistical analysis, expert rule systems 

and artificial intelligence systems is now moving from 

research stage to practical field implementation.  

Use cases for artificial intelligence in transformer 

diagnostic are Neuronal Networks, Fuzzy Logic Systems 

or e.g. Expert Systems [1]. 

The full potential of the vibroacoustic can only be achieved 

by a rather in-depth understanding of the operating 

principle of each on-load tap-changer (OLTC) type and 

was first demonstrated on OLTCs in [2].  

The basis of the advanced vibroacoustic diagnostic method 

in offline service application is the time frequency 

 

analysis of recorded acceleration signals by means of 

continuous wavelet transformation in combination with an 

expert system.  

In the process of OLTC operation the acoustic noise and 

vibration reflect mechanical or electrical events during the 

switching process. Information concerning the OLTC 

operation can be extracted from the data set of all 

vibroacoustic measurements. The first experiences and 

results of this method were shown in [3]. 

On the other hand, the active components and the on-load 

tap-changer are exposed to considerable mechanical stress 

due to the vibration of the transformer. Therefore, online 

determination of the mechanical condition of the active 

component of the transformer and also the tap-changer is 

advisable. 

 

VIBROACOUSTIC TAP-CHANGER 

DIAGNOSTIC METHOD AS PROVEN 

MONITORING TOOL 

A. Analysis of the diverter switch  

The on-load tap-changer is one of the most important 

components within a medium power transformer. 

 

 
 

Fig. 1. Time frequency diagram (at the top) and envelope (at the 
bottom) for a diverter switch operation 

 

The vibration of the transformer, motor noise of fans and 

pumps, noise of tap selector and diverter switch as well as 

its sequence in time can be identified by wavelet trans-

formation in a two-dimensional representation. 

The signal structure of the diverter switch operation is 
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complicated. Because the original signal has a broadband 

nature and the vibration reaches the acceleration sensor in 

different ways, the main information of the signal is 

contained in its envelope. 

Degradation and anomalies will show on both the 

amplitudes and timing of the acoustic events. The 

perception is, that the timing will not be affected by the 

sensor type, mounting and location so deviations are 

naturally easier to interpret than for amplitudes. 

Characterization of high-speed operation sequence of the 

diverter switch needs temporal resolution less than 1 ms. 

As the analysis of low frequency component cannot supply 

sufficient temporal resolution, the evaluation of the signal 

is reasonable only for the higher frequency range. In 

practice, the power component of the signal in the 

frequency range higher than some kHz will be used to 

produce an envelope. To improve the signal noise relation 

of the resulting curve, selective filtering of the signal could 

be applied. An example of an envelope curve is shown in 

the Fig. 1 (green curve at the bottom).  

The amplitude of the vibration signal during the switch 

over of the diverter switch can change in a few orders of 

magnitude. For this reason, the signal level will be 

represented in the logarithmic scale (in dB). To get rid of 

transformer noise on the envelope it will be filtered 

resulting in blue curve in the Fig. 1.  

The software calculates the threshold for the background 

noise and identifies significant peaks means multi 

resolution analysis.  

 

B. Recognition of acoustic events 

The peaks on the envelope of the sound signal are acoustic 

events and each of them corresponds to a mechanical event 

in the tap-changer. 

The maxima of the sound signals are the acoustic events 

and they are in a relation with the mechanical events in the 

OLTC. This relation can be figured out by learning of 

construction and accurate testing of the OLTC. The 

acoustic events do not represent directly the electrical 

events, open and close of contacts, but these events are 

often in a certain relation to each other. E.g. the opening of 

a contact does not produce directly any sound. 

Nevertheless, the sound can be produced by actuation 

mechanisms.  

Not all mechanical resp. electrical events will be 

represented by acoustic events. Loud ones could cover 

quiet sounds. 

Fig. 2 shows the result of matching for different diverter 

switch operations. The software allows to identify and to 

name important events and save their characteristics as a 

reference. The measurement results of the examined tap-

changer can be matched to the references based on built-in 

criteria from OEM’s knowledge of the normal and 

abnormal conditions.  

Such representation can identify difference to the 

reference curves. For already characterized tap-changers 

the positions of recognized peaks can be compared with its 

allowed tolerances. 

By factoring in the tap-changer manufacturer’s knowledge 

of the design and switching sequence, predefined timing 

tolerances of all events can be applied to determine the 

normal/abnormal operation of the diverter switch. Since a 

simple measurement shows the full performance, no 

trending or statistical comparisons are necessary before a 

diagnostic can be made. In addition to the deviation in 

timing, an anomaly in the system can also be recognized 

by the appearance or absence of expected acoustic events. 

Such representation as shown in Fig. 2 identifies 

differences to the reference curves. For referenced OLTCs, 

the positions of recognized peaks can be compared with its 

allowable tolerances. 

 

 
 
Fig. 2. Matching of envelopes (blue curves) to a reference (green curve)  

 

TRANSITION TO VIBROACOUSTIC ONLINE 

MONITORING OF TAP-CHANGER AND 

TRANSFORMERS 

A. Basic research on acoustic online monitoring 

Over the past five years, following the first demonstration 

of the procedure based on a wavelet transform, the offline 

analysis of the operating condition of a tap-changer has 

established itself as an excellent tool for tap-changer 

service. With the current introduction of a new generation 

of monitoring systems for transformers and tap-changers, 

the question of using vibroacoustics as a new and 

innovative technology for the online monitoring of this 

equipment in substations was also raised. The available 

sensor modules and the high computing power of modern 

systems make it possible, even from the existing motor 

drive, to provide a new quality of data processing directly 

at the transformer.  

For the new challenges of energy supply a new generation 

of analytical capabilities with the ability to provide deeper 

insights is mandatory. 

This requires an investigation into the potential of new 

technologies to examine and analyse the operating 

condition of these items of high-end equipment. 
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For the new, intelligent transformer monitoring systems 

based on integrated smart modules, one of the goals was to 

develop self-learning systems.  

A first step was therefore to explore possibilities that could 

potentially guarantee the online monitoring of tap-

changers by vibroacoustic methods. The basis for this was 

the knowledge that had been gained from the worldwide 

service deployment of vibroacoustics. 

Whenever a switching operation occurs, the tap-changer 

and particularly the diverter switch generates characteristic 

sound signatures which are recorded and evaluated via 

acceleration sensors. The sound signatures in offline 

measurements (transformer switched off) are identical to 

the signatures that are generated by a transformer or 

transformer that is in operation. In this case, however, the 

sounds of the active part and the cooling system are 

overlaid on those of the switching tap-changer (Fig. 3). 

 

 
Fig. 3. Example for sound intensity of tap-changer and ONAF cooled 

medium power transformer 

 

Using wavelet-based filtering, the useful signals, e.g. from 

a tap-changer, can be separated from the noise of other 

major components of the transformer and evaluated 

separately. 

In the case of a tap-changer, the individual sound 

signatures of the diverter switch determine the type of tap-

changer, and in their chronological progression they 

continue to be characteristic of the mechanical operating 

condition of the respective diverter switch. 

Due to the high resolution of the sound signal generated by 

the acceleration sensor on the head cover of the tap-

changer with subsequent analogue / digital conversion in 

the monitoring system, a correspondingly high data 

volume is generated. In addition to the noise of the tap-

changer before and after a switching operation, this data 

set also depicts the noise of the active part of the 

transformer with basic and harmonic waves.  

An envelope is created from the high-frequency portions 

of the data set. The individual types of switching 

operations can generate different-looking envelopes, and 

in a further step, clusters of similar switching operations 

are formed [4]. 

 

 

B. Vibroacoustic online monitoring via a tracking 

method 

During the further development of the vibroacoustic online 

method, and with the aim of simplifying the hierarchical 

cluster analysis, an essentially pragmatic working 

procedure with low resolution was developed. This is 

labelled as the tracking method. 

Each tap-changer switching operation is checked to see 

whether it matches the stored historical data set. 

In this acoustic monitoring system, tested on a 250 Mvar 

variable shunt reactor, a self-learning algorithm was tested 

at the same time.  

As with cluster analysis, the database is recorded for every 

switching operation of the shunt reactor's tap-changers. 

For the evaluation of the tap-changer switching operations, 

the significant part of the recorded data set for generating 

envelopes is reduced to about one hundred grid points 

during signal processing. 

Assuming a Gaussian probability distribution, the 

significant peaks of the recorded curve are subsequently 

expanded. As a result, a limit value curve is generated over 

the sound-signal peaks that characterise the tap-changer 

switching operation. Fig. 4 shows this limit value curve in 

the middle.  

 

 
 

Fig. 4. Online Tracking Analyses: Screenshot of the switching noise 
from a VACUTAP® VRG tap-changer 

 

At the same time, an overlying limit value curve at the top 

is generated from the statistics, which represents an 

absolute limit value for the acoustic signal. 

The limit value curves are determined independently by 

the system on the basis of the stored historical data. 

Statistical methods are used for this purpose. 

The resulting limit value curve I is used as an alarm limit 

value and at the same time is also used for flexible 

adjustment of the just-still-permissible amplitude range. 

The limit values are therefore updated. Through this 

tracking procedure, the system iteratively learns during 

switching operations what the acoustic signature of a 

correctly functioning tap-changer looks like, in order to 

use the self-created envelope to check that the progression 

of all subsequent tap-changer switching operations is 

correct. 

The ETOS® monitoring system (Embedded Transformer 

Operating System) generates these limit value curves for 
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each type of switching operation and can thus check 

whether, with each new switching operation of the tap 

changers, the respective OLTC is still moving within the 

permissible range with regard to the amplitude of the 

switching noise and the chronological progression of the 

switching operation.  

If a deviation is detected, an alarm message can be sent via 

the monitoring system, which has an IEC 61850 control 

system interface 

USE CASE IN THE ANALYSIS OF 

OPERATING NOISE OF A TRANSFOMER 

During the course of 2017 / 2018, two vibroacoustic 

measurements, using the same acceleration sensors and a 

separate measuring system in each case, were carried out 

on the transformer under investigation in order to find 

starting points for an analysis of the operating condition of 

this transformer.  

 

 
 

Fig. 5. Typical use case: Digitalization of a 40 MVA ONAF -

transformer by an ETOS system 

 

At the same time, recordings were made using the online 

system described above for vibroacoustic analysis of the 

installed tap-changer. 

As previously mentioned, this data set contains not only 

the noise of the tap-changer before and after a switching 

operation, but also the noise of the active part of the 

transformer. Fig 6 shows the complete vibration spectrum 

of the investigated transformer in service. 

 

 
Fig. 6. Vibration spectrum of transformer in service 

Because such a modern medium power transformer is 

equipped with a transformer monitoring system, all the 

relevant operating parameters of the transformer were 

available for an extended evaluation of the vibroacoustic 

data sets. The aim of our deliberations has been to develop 

a methodology, which in the long term can provide status 

information describing the operating condition of the 

transformer and, above all, its active part. 

One of the variants considered the correlation between the 

analysis of the vibration spectra of the active part of the 

transformer and the operating data recorded in the 

transformer monitoring system. The following transformer 

operating data were used over a period of four months: 

 

 Top oil temperature 

 Ambient temperature 

 Load current,   Phase 1U 

 Operating voltage,  Phase 1U  

 Tap-changer position 

 

The linear regression method used is a purely statistical 

procedure and represents a special case of regression 

analysis. An attempt is made to explain an observed 

dependent variable by one or more independent variables. 

The complete method of linear regression is described in 

[5]. The task now was to simulate vibration values for 

significant frequencies of the vibration spectra using a 

suitable model.  

The solution of this problem was a linear regression model. 

The output data for the signal levels of the selected 

frequencies of 100 Hz, 200 Hz and 400 Hz were extracted 

from the data sets of the vibroacoustic tap-changer 

monitoring system, as this system automatically records 

the data from the active part of the transformer in parallel 

with the operation of the tap-changer.  

Fig. 6 shows, for example, the entire frequency spectrum 

of the transformer at a single point in time during the 

investigation interval. 

RESULTS 

The linear regression analysis is a purely statistical 

evaluation method: Fig. 7 shows one of the results of the 

linear regression analysis of the monitoring data at a 

selected discrete vibration frequency of 200 Hz. 

Simultaneously, the diagram in Fig. 7 does not show that 

the data cloud of the measured values (blue) has been 

separated from the result values of the model (red). 

A change in the linear dependencies is not yet visible with 

the selected model. 

This is not to be expected at this point in time either, as the 

transformer under consideration has only been in operation 

for a few months and shows excellent performance. 

Therefore, the diagram in Fig. 8 for the discrete frequency 

of 200 Hz shows an almost symmetrical data cloud around 

the regression line. 
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Fig. 7. Result of the linear regression analysis of the vibration 
and monitoring data 

 

 
Fig. 8. Significant regression line for vibration at 200 Hz 

 

In addition, however, the diagram in Fig. 7 shows a 

relatively high deviation in the accuracy of the model. 

There are various reasons for this: 

 

 The number of monitoring parameters selected 

for the transformer / reactor is not yet sufficient 

to describe the model with sufficient precision 

 Parameters characterised by a non-linear 

dependency were used for the model 

 For future models, several accelerometers should 

be used as the data source 

 

Nevertheless, due to the scattering of the data cloud, the 

diagrams show that no indication of a changing condition 

could be found. This confirms the very good operating 

condition of the transformer active part. 

SUMMARY 

Based on the experience gained from the vibroacoustic 

analyses of tap-changers in the service sector, this paper 

has shown that it is possible to develop online systems for 

the vibroacoustic monitoring of tap-changers by using 

suitable data reduction procedures.  

Extensive basic research has led to the discovery of 

mathematical procedures that also make it possible to 

implement self-learning monitoring systems. The tracking 

procedure described above can thus significantly enhance 

the functionality of future monitoring systems for tap-

changers in transformers and reactors. Particularly for 

heavily utilised equipment such as heavy loaded 

transformer, this opens up a new level of quality for 

monitoring and functional analysis.  

Furthermore, it was shown that – aside from the known 

methods – vibroacoustic analysis offers sufficient potential 

to open up new avenues for the condition analysis of the 

active part of transformers or reactors.  

The correlation of data from transformer monitoring 

systems and the application of established statistical 

evaluation methods enables data mining for describing the 

operating condition of the active parts of transformers. 

When working with the functional models, however, it was 

also discovered that, in terms of the available historical 

operating data and the number of parameters to be 

measured, the current database is not yet sufficiently 

comprehensive to be able to generate precise models. In 

the future, however, statistical data evaluation directly at 

the equipment will become one of the essential 

characteristics describing an intelligent transformer.  
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