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Summary

On-load Tap Changer Diagnosis on High-Voltage Power
Transformers using Dynamic Resistance Measurements

It is a modern tendency to perform condition-based rather than time-based
maintenance. In this way, utilities attempt to reduce maintenance costs, extend the
service-life of equipment and prevent possible catastrophic failures. Condition-
based tap changer maintenance requires chagnostlc measurements to identify the
condition of the on-load tap changer (OLTC) in order to determine when and
what maintenance is necessary. In addition, diagnostic measurements can be used
for the pre-failure detection of defects not seen during maintenance and to assess
the condition of parts that are not easily accessible for visual inspection. Although
many service-aged OLTCs are in service and although literature shows that it is
responsible for a major part of transformer failures, it is not common to assess the
condition before returning the power transformer to operation after maintenance.
Maintenance errors, contact degradation and mechanical defects can thus remain
undetected.

This thesis elaborates on the condition diagnosis of the electrical contacts of in-
tank high-speed resistor tap changers using dynamic resistance measurement
(DRM). While originally used to diagnose circuit breakers, it is also suitable for
measuring the resistance while the tap changer is in operation. This study describes
how to perform DRM on tap changers and how to interpret the results.

Following the introduction, an overview of tap changer technology,
degradation and failure is given in Chapter 2. Several contact resistance models
from literature are discussed and the applicability to DRM is clarified.
Subsequently, Chapter 3 discusses the possible methods available to diagnose the
OLTC’s technical condition. The connection between dissolved gas analysis
(DGA) and contact resistance is studied in more depth to determine whether there
is a correlation in the methods. A statistical analysis of DGA and DRM results of a
population of transformers was undertaken but no relationship was found for the
dataset selected.

Chapter 4 shows that contact diagnosis can be applied to different types of tap
changers in service and that DRM can detect a large variety of defects and
degradation mechanisms using a low measurement current. Its results provide
more information about the tap changer condition than static resistance
measurement and important information about the significance and location of
several aging mechanisms can be extracted from the results. The dynamic
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measurements are discussed in detail, including the effect of the measurement
current and circuit resistance.

Because each diagnostic method is sensitive to certain defects, a set of methods
is selected and implemented (Chapter 5), creating a diagnostic system. The building
blocks of the diagnostic system are discussed and hardware demands were
determined for each block. The chapter discusses which results should be clearly
presented after a measurement, so that a power transformer can be re-energised
without the risk of failure.

The aging mechanisms revealed through DRM are addressed in Chapter 6. The
different degradation mechanisms examined are: film formation on the contact
surface, coking at high-temperature spots caused by the load current flow, and
pitting and contact erosion due to arcing. DRM results from approximately 450
OLTCs were examined during this project and measurement data from a number
of these tap changers was compared with findings based on visual inspections. A
substantial number within this population were shown to have degraded contacts.
Chapter 6 proves that dynamic resistance measurement is an effective tool for
assessing the technical condition of tap changers, proving to be highly sensitive to
dominant defects, in particular contacts affected by the long-term aging effect on
the change-over selector or the tap selector, as well as defects that compromise the
main function of the OLTC (switching between taps without interrupting the load
current). Typical DRM plots which reveal these various defects are presented with
an explanation of how these defects can be recognised in different types of tap
changers, in particular in relation to transformer subcomponents that are not
accessible for visual inspection during regular maintenance because they are
enclosed in the transformer tank.

Laboratory experiments (Chapter 7) and several test cases were then used to
verify the aging mechanisms to which DRM is sensitive. In addition to a DC
current of 1 A, other measurement current levels were used during the experiments
(Appendix C). The effect of artificially degraded contacts on measurement results
was studied using a test model. The study shows that the surface film on contacts
is measurable. Contact resistance was shown to increase significantly when
contacts move over a surface film, which can conceal more significant contact
degradation. Arcing contact wear influences the contact timing, thereby changing
the shape and amplitude of the resistance graphs. Interruptions of the current can
appear in the graphs when excessively worn contacts are tested.

This thesis also demonstrates how DRM results can be represented as
condition indices using an interpretation flowchart that categorises them using
boundary values (Chapter 8). Complex diagnostic information is converted into
simple condition indices. This process is dependent on the type of tap changer
being measured. Irregularities can be attributed to the arcing switch, the tap
selector or the change-over selector, and to the drive system. On the basis of the
DRM results, quantities which can be used to reveal the most common defects
were determined. Basically six situations are distinguished: Contacts in good
condition, contacts with an increased contact resistance, tap changers with open
contacts, transition time deviations, worn contacts or phase synchronisation
problems. An example of a flowchart to be used for decision support was
developed and its practical applicability to a large population of OLTCs was
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verified. The deviation of the measurement current with respect to the expected
value was used and limits were determined for decision-making. The technical
condition can thereby be determined, allowing the selection of a set of critical tap
changers that will benefit from failure-reduction efforts.
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CHAPTER 1 - INTRODUCTION

1

Introduction

1.1 On-load tap changers in power transformers

Large amounts of electrical power are transported and distributed by the electricity
grid. In addition, long distances have to be bridged between the generation and
consumption of electrical power and high voltages are used to reduce the power
losses during this transport. Different voltage levels are used in the grid and these
voltages are linked using power transformers.

A power transformer basically has two functions:

e To link different voltage levels in the high-voltage power grid in such a
way that electrical power can be exchanged.

e To keep the voltage at an acceptable level when the load changes.

Figure 1.1 Example of a 50/10 kV (14 MVA) power transformer with on-load tap changer.

— 1
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The second function, voltage regulation, is
accomplished by adjusting the transformation
ratio of the power transformer. For that
purpose, the transformer winding is equipped
with tapped windings that can be selected by an
on-load tap changer. The active and reactive
power flow can be controlled by the tap changer.
On-load tap changers are also used for phase
regulation in phase shifter transformers. In
general, it can be said that on-load tap changers
are used to select tapped windings along the
main transformer windings. The function of an
on-load tap changer can therefore be described
as:

To select another transformer tapped
winding without interrupting the load
current

An on-load tap changer is driven by a complex
drive mechanism for which timing is an

to tapped windings

Figure 1.2 Example of an in-tank
selector switch type on-load tap
changer; 1) selector switch, 2)
coarse tap-selector.

important issue. The OLTC can easily switch 100,000 times during its lifetime,
depending on the function and location of the transformer. The operation of the
on-load tap changer is usually performed by an autonomous control system, but an
on-load tap changer can also be operated from a control room or manually at the
transformer. Different types of tap changers are in service worldwide. These types

can be grouped according to:

e The physical location of the tap changer: tap changers that are installed

inside the transformer (in-tank type’) or tap changers that are bolted onto
the transformer (‘compartment type’).

The electrical location, resulting in types that are installed on the high-
voltage side of the transformer and tap changers that are installed on the
low-voltage side.

The transition impedance that is used: reactor type or high-speed resistor-
type tap changers.

The number of contacts available for load switching: diverter or selector
switch type tap changers.

The winding configuration in which the tap changer is incorporated: wye
or delta connected.

The switching cycle of the transition contacts: flag-cycle or pennant-cycle
operation (symmetrical and asymmetrical).

The capabilities of switching load: on-load tap changers (OLTCs) or de-
energised tap changers (DETCs).

The contact material of the change-over selector, for example copper or
silver-plated contacts.
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Diversity can also be seen in the switching technology of OLTCs. Tap changers
having their arcing contacts submerged in insulating oil are already in use for many
decades. This type of on-load tap changer dominates the market and, due to the
long lifetime of power transformers, degradation of this oldest design is of concern
nowadays.

New developments, like vacuum switching or solid state (thyristor) technology,
are being developed and implemented with the purpose to prolong the
maintenance interval. Solid state tap changers, mostly found in transformers with a
low power rating, are expensive, have high no-load losses and have difficulties with
handling high short circuit currents. Vacuum tap changers (see Figure 1.3) transfer
the load current using vacuum bottle switches and can handle high power ratings,
but are also relatively new and therefore not yet widely implemented. The
application of vacuum switching technology reduces the need for maintenance and

diagnosis.
Besides these newly installed
technologies, manufacturers

continuously improve the design of
oil type OLTCs. For example,
experience with tap  changer
degradation  led to  design
improvements using new contact
materials, higher contact pressure
or wiping contacts. OLTCs that use
oil as arc quenching medium are
still the most frequently installed
type due to their cheap and
improved design. Therefore, this
type will still be in service for at
least 50 years and it is expected that

condition assessment of OLTCs 3 I
will still be beneficial in the future, £%gwre 1.3 Example of an on-load tap changer
. .0 using vacuum switching technology (one phase
although the future population Will  ,fshe switch is shown); 1) Vacuum switch bottle,
face different problems. 2) transition resistor, 3) connections to tapped
windings.

1.2 Failure aspects of on-load tap changers

Tap changers, like transformers, have a long lifetime and a high level of reliability.
However, the average age of the total transformer population is also high [1].
Therefore, degraded transformers remain in service and failures occur regularly [2].
The on-load tap changers are responsible for the major part of the unplanned
transformer unavailability, as follows from power transformer failure studies [3-
12]. This makes the OLTC the most vulnerable part of a power transformer [13].
Its failure can result in unavailability of the power transformer, damage to the tap
changer and surrounding transformer and even the total loss of the power
transformer. A catastrophic failure of a power transformer not only involves

— :
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replacement costs, but safety, environmental issues and, in case a spate transformer
is not directly available, additional costs for not delivered power and penalty costs
should also be considered.

In general, it is the quality of the paper winding insulation that mainly
determines the transformer’s lifetime; repairing relatively small parts like
degenerated contacts is still considered worthwhile as long as the transformer had
yet not reached the end of its life. For example, if the degree of polymerisation of
the cellulose insulation indicates that the paper still has 50% of its life left but the
tap changer is in a critical condition, the tap changer can be given an extensive
overhaul (costing for example €70,000-€150,000) to prolong the transformer’s life.
A new transformer (costing for example between €500,000 for a 40 MVA unit and
€2,500,000 for a 500 MVA unit) will not be needed for at least another 10-15 years.
Diagnostic measurements (costing relatively little and requiring relatively few man-
hours, for example 2 maintenance engineers working for 8 hours each for a
resistance measurement) can be used to determine when such maintenance work
can be cost-effective.

Figure 1.4 shows two examples of such failure studies: 41% of the transformer
failures were related to the on-load tap changer according to an international study

[4] and 56% according to a Dutch study [6].

Cczre Other
Other 3% 10%

12%

Windings
10%

Tap-changer
41% Bushing

Windings 6%

0/
19% Tap-changer
56%

Leakage
18%
Bushing
12% Leakage

13%

Figure 1.4 Failure distribution of an international population [4] and a population of Dutch
50-150 kV power transformers [6].

Dutch failure studies come with higher OLTC failure percentages compared to
other studies and those percentages are lower in the US than in Europe [14]. These
differences can be explained by the difference of types that are in service. The
Dutch on-load tap changer population contains a considerable number of old tap
changers, the design of which makes them more prone to degradation mechanisms
than modern designs by tap changer manufacturers which incorporate design
improvements. Old tap changers are clearly also more service-aged than the
modern types of tap changers. Therefore the current population of OLTCs could
benefit from tap changer diagnosis. In addition, service-aged tap changers provide
interesting case studies that can be used to show the effect of aging on diagnostic
parameters.
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1.3 Tap changer diagnostics

Maintenance is normally recommended by the supplier after a fixed time interval
or a fixed number of operations. A modern tendency is to perform condition-
based rather than time-based maintenance. In this way, utilities try to reduce
maintenance costs, extend the service-life of equipment and prevent possible
catastrophic ~ failures. Condition-based maintenance requires diagnostic
measurements: one needs to know the condition of the tap changer to determine
when and what maintenance is necessary.

In addition, diagnostic measurements on OLTCs can be used for the pre-failure
detection of defects not seen during maintenance and to assess the condition of
parts that are not easily accessible. Although many service-aged OLTCs are in
service and the literature shows that it is responsible for the majority of
transformer failures, it is not yet common to assess the condition before returning
the power transformer to operation after maintenance. Maintenance errors, contact
degradation and mechanical defects can remain undiscovered. A number of
diagnostic tests can be performed and utilities combine different tests to determine
its need for maintenance. A few utilities apply dynamic resistance measurement
(DRM) to OLTCs during regular maintenance. Preliminary results showed that it is
sensitive to major degradation mechanisms in on-load tap changers.

However, few scientific studies of the dynamic resistance of OLTCs have been
performed: most research has focused on the contact degradation process. This
thesis investigates the suitability of dynamic resistance measutrements as a simple,
direct means of detecting defects and degradation mechanisms in OLTCs and
hence of checking the main functions of the tap changer. In particular, underlying
knowledge about how to perform DRM on tap changers and how to interpret the
results obtained in this way requires more scientific research.

Diagnostic measurements, including DRM, result in a large amount of raw
measurement data. The structured interpretation of these results can be helpful in
drawing conclusions about the tap changer condition. Interpretative support that
relates the DRM results to the actual condition of the tap changer is important.

1.4 Objectives of this thesis

This thesis elaborates on the condition diagnosis of high-speed resistor-type tap
changers for the pre-failure detection of frequently occurring defects. The aim is to
establish the sensitivity of dynamic resistance measurements and to provide
interpretation support.

The specific research objectives of this thesis are to:
1. Assess the prioritisation of tap changer degradation mechanisms and defects,

thereby including the application of existing contact resistance models to tap
changers.
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2. Derive a diagnostic methodology which can be used to detect and localise the
dominant electrical and mechanical degradation mechanisms of an on-load tap
changer without opening the transformer tank.

3. Perform a sensitivity verification of dynamic resistance measurements for pre-
failure phenomena in OLTCs.

4. Determine the measurement parameters that are most suitable for detecting
these defects, such as the presence of a contact film or pyrolytic carbon,
contact wear and pitting.

5. Propose a systematic method of interpreting the dynamic resistance curves of
OLTGCs, using concise evidence-based rules, which can be used to support
strategic decisions about the maintenance or overhaul.

1.5 Approach

Firstly, after introducing OLTC technology, an overview of dominant defects and
degradation mechanisms is set up. Several contact resistance models from literature
are discussed and their applicability to DRM is explained. Based on the dominant
failure modes, existing diagnostic methods will be evaluated. The sensitivity,
suitability for the early detection of aging, their limitations and their mutual
relationship will be discussed.

Secondly, dynamic resistance measurements will be discussed in more detail, in
particular the important topics that should be considered when performing
dynamic resistance measurements, such as the effect of the measurement current
amplitude, a short circuit on the secondary side of the transformer and the
reproducibility of the measurements.

Thirdly, the sensitivity of dynamic resistance measurement to defective and
degraded tap changer contacts is verified using field measurements, visual
inspection results, laboratory experiments and transformer failure data. The
sensitivity of DRM to the dominant degradation mechanisms is verified using
artificial defects and accelerated degradation. In total, 20 laboratory experiments
are performed, each consisting of 3-16 measurements. These experiments use a
test model that was developed for this project.

Several methods are selected to assess the dominant failure modes of an OLTC,
and an off-line solution for condition diagnosis is proposed. Up until now, about
700 post-maintenance measurements have been performed with this system, of
which 95% have been measured with a prototype of the proposed system. The
results of these field measurements are used to demonstrate the defects and
degradation mechanisms that can be found using DRM and to discuss their
significance, in order to determine a suitable corrective action. In addition, the
additional value of performing dynamic resistance measurements after tap changer
maintenance is investigated.
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Concise rules are formulated based on the knowledge gained from the experience
of field and laboratory measurements. These knowledge rules can be arranged in
such a way to create a decision-support flowchart. In addition, an example will be
worked through.

1.6 Outline of this thesis

Following this introduction:

e Chapter 2 introduces the reader to the subject by explaining the operation
of some common types of on-load tap changers. An overview of tap
changer degradation mechanisms is discussed and a model for tap changer
contact degradation is derived.

e Chapter 3 describes the possible options for on-load tap changer
diagnosis to assess the condition of the tap changer, including the
mechanical drive mechanism and contact degradation.

e Chapter 4 provides more detail on dynamic resistance measurements (for
example the measurement setup, circuit resistance, measurement current
amplitude and short circuit on the secondary transformer side).

e Chapter 5 presents a measurement device for transformer diagnosis based
on dynamic resistance measurements, OLTC drive motor power
measurements, position measurements on the drive shaft of the on-load
tap changer, transformer turn ratio measurements and DC winding
resistance measurements.

e Chapter 6 discusses the possible itregularities of the dynamic tresistance
measurement data.

e Chapter 7 deals with the measurability of a surface film that is formed on
the tap changer contacts in the early stage of the long-term aging effect.
Experiments with worn arcing contacts are also discussed.

e Chapter 8 presents the main issues related to the assessment of the
condition of on-load tap changers and explains the advantages of
condition indexing.  Decision-support for dynamic resistance
measurements is provided, based on the knowledge rules derived in
previous chapters. An example of the application is given.

e Chapter 9 presents conclusions and recommendations for future research.
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Z

OLTC Technology and
Degradation

The primary function of an on-load tap changer is to select another tap without
interrupting the load current. This can be accomplished in many ways, resulting in
a considerable diversity of tap changer designs [15-16]. This chapter will first
provide an overview of OLTC technology. The terminology used throughout this
thesis follows that given in [17].

2.1 OLTC technology overview

All on-load tap changer designs must transfer the load current and are therefore
equipped with an arcing switch. Two different arcing switch principles are in use,
namely a diverter switch and a selector switch. The main difference between these
designs is that a diverter switch type OLTC uses a tap selector to pre-select taps
without switching current, in combination with a diverter switch to switch the load
from the selected to the pre-selected tap. A selector switch type OLTC combines
the selection of fine tap windings with the switching of the load current. To
expand the regulating range of the arcing switch, the design can be extended by a
change-over selector. The change-over selector can be implemented as a reversing
change-over selector, a coarse change-over selector or a combination of both.
Another difference in design principles is the transition impedance that is used
to control the circulating current that exists when two taps are selected during the
transfer of the load current from one tap to another. A reactor type OLTC, which
uses a reactor as transition impedance, is mainly used in the US. The reactor type
OLTC normally consists of a diverter switch designed as a compartment type
OLTC and can be found on the low-voltage side of the transformer. Most OLTCs
in Burope are in-tank high-speed OLTCs which use a transition resistor during the
transfer of the load current. These tap changers are normally located in the high-
voltage transformer windings. Finally, tap changers using vacuum switches have
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been developed and installed in several hundred transformers. Operational
expetience of the vacuum type OLTC has been gathered for a few years and
indicates satisfactory performance.

2.1.1 Selector switch type tap changer

Selector switch type OLTCs combine the switching of the load current with the
selection of fine winding taps. Selector switches can be used in a stand-alone
manner but their voltage regulating range can also be extended with a (multiple)
coarse change-over selector. When all of the fine tap windings are selected by the
selector switch, a coarse tap winding can then be inserted before the selector
switch can continue.

An example of a selector switch type OLTC is shown in Figure 2.1, with its
selector switch on top of the coarse change-over selector. The selector switch is
accessible at the top of the transformer, while the coarse change-over selector is
mounted deeper within the transformer tank, underneath the selector switch. As a
result, the selector switch can be checked during regular maintenance by removing
the rotor insert, the dirty oil can be replaced, the selector switch inspected and its
arcing contacts renewed when necessary.

The selector switch and the coarse change-over selector both consist of a stator
on which the static contacts are mounted. These contacts are connected to the taps
on the transformer windings, shown on the left of Figure 2.1. The rotor is located
inside the stator and rotated by the drive system. The rotor makes a connection
between the stator contacts. When switching the load current the selector switch
will cause arcs; therefore, its insulation oil is separated from the main transformer
tank and the arcing contacts are made of tungsten. The entire selector switch
movement will take about 30-200 ms.

AT
AB
A5
A4
A3
AZ K
Al

A9
A0

28 /‘j\\

Figure 2.1 Selector switch type OLTC with coarse change-over selector (left). Right: picture
of the stator contacts of a selector switch when the rotor and insulation oil are removed.
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The selector switch changes the voltage ratio with one voltage step at a time. The
coarse change-over selector depicted in this figure makes a voltage change of §
steps when switching from coarse tap A8 to A9 (Figure 2.1). The tap changer as
depicted in Figure 2.1 has now selected the main winding on tap A8. The current is
brought to the selector switch stator by the rotor of the coarse change-over
selector (using contact A in Figure 2.1). The selector switch has selected three fine
tap windings using tap A3. The current leaves the tap changer using a slip ring.
Appendix A describes the switching cycle of a selector switch type OLTC in more
detail.

The transition resistors are necessary to prevent the short circuit of adjacent
fine tapped windings and to provide a non-interrupted current path for the load
current during the switching operation. The resulting circulating current is
determined by the step voltage and the resistance of the selector switch.

2.1.2 Diverter switch type tap changer

A diverter switch type OLTC combines a
diverter switch and a tap selector. The tap

selector has two sets of contacts available for \{( 9

tap selection. One of the two contacts is
selected by the diverter switch and is under y
load. The other contact selects the next tap " Y
(pre-selected tap) without switching current.
The diverter switch then switches from the I n
selected to the pre-selected tap. Diverter \ 5
switch type OLTCs use transition resistors to \
limit the circulating current in the diverter

switch. Figure 2.2 shows a schematic
overview of a tap selector and a diverter
switch. The tap selector can be combined
with a change-over selector to expand the
range of the tap changer, see appendix A. By
switching the reversing change-over selector
one can add or subtract the selected Figure 2.2 Diverter switch with
transformer windings, thus doubling its range. ;Zgigf’;b;fzf;;rs (top) and a tap
A coarse change-over selector can add a

section of the regulating winding to the main

winding, in this way changing the voltage of all tap selector contacts.

In contrast to the selector switch type tap changer, most diverter switch type
OLTCs have no rotor inside the arcing switch. A stationary insert is used instead.
The diverter switch can easily be maintained by removing the diverter switch
insert. The dirty oil can be replaced, the diverter switch inspected and its arcing
contacts replaced.

11
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2.2 OLTC degradation mechanisms

The high failure rate of OLTCs [14] emphasises the need to understand tap
changer degradation. Figure 2.3 provides an overview of the different degradation
mechanisms (electrical, mechanical, thermal and chemical) that are discussed in
appendix A, the overview is based on literature, observations during overhaul and
post-mortem investigation. The arrows indicate the location at which the
degradation mechanisms act and some properties of the subcomponents (as
discussed above) are also summarised. Contact degradation is described in this
chapter, more information about other degradation mechanisms can be found in

appendix A.

Arcing switch
Degradation symptoms °  IREguEr UEEgs _
+ Accessible for inspection
e Contact pittin + Contaminated oil
e P 9 * Switches load current
* ©i a.c Wear_ + Fast operation
s Electrical treeing e Has transition resistors
o Oil leakage » Has arcing contacts
» QOil contamination A
* Friction Coarse tap-selector, reversin
p
switch and tap-selector
+ Long term effect e Infrequent use
(oil film and * Not accessible for
coking) — inspection
» Discharges o Ciell
St + Switches zero current
¢ riction * Slow operation
+ Has no transition resistors
 Has no arcing contacts
o Wear

e Friction ?
e Weak springs \
Drive mechanism

(motor, mechanics, springs)

Figure 2.3 Overview of the different degradation mechanisms. The arrows indicate the
location at which the mechanisms act. Important features of the OLTC parts are listed.

2.3 Contact degradation

An OLTC has sets of contacts that switch different currents at different recovery
voltages. For example, the main contacts of the arcing switch are designed to
transfer the load current to the transition contacts. The arcing contacts of the
arcing switch are designed to break the load current and the circulating current. In
contrast, the contacts of the tap selector and the change-over selector are not
designed to switch current. Therefore these sets of contacts wear differently.
Change-over selector contacts (including tap selector contacts) do not wear as
fast as arcing switch contacts that wear due to the switching of load currents.
These contacts will not switch significant currents, but can show pitting of the

12
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contacts and the development of pyrolytic carbon [18-19]. This contact
degradation is not due to the arcs caused by switching the current but by a long
term overheating process.

Usually, the contacts of the change-over selector are infrequently used and can
be motionless for long periods. This activates the second degradation mechanism
of change-over selector contacts: a long-term aging effect on contacts under oil,
henceforth referred to as the ‘long-term effect’. The long-term effect is the most
common degradation mechanism on the change-over selector in the Netherlands
and causes most change-over selector failures.

Three basic stages of the long-term effect can be distinguished and are shown
in Figure 2.4. This section deals with these degradation stages. Formulae for
contact resistance found in literature will be explained. Finally, in Section 2.3.5, the
formulae will be completed using experimentally derived correction factors, which
correct for OLTC operation and for the measurement current amplitude.

§23.1 §23.2 §2.3.3 §2.3.4
Clean contact DEpesiien off Gemimism Coking Failure
layer on contacts
Low contact resistance Increased contact resistance Increased contact resistance Open contact

Figure 2.4 The long-term effect starts with the formation of a surface film on the contacts.
The increased resistance can cause coking. Thermal runaway can finally cause failure of the
OLTC due to open contacts.

2.3.1 Clean contacts

A clean contact involves a metal-to-metal connection between two contacts. The
resistance of this contact material can be described as:
|l

R, = ,o£ 2-1

A
where Rg is the bulk resistance of the material in Q, p the specific resistivity of the
contact material in Qm, X’ the contact thickness in meter and A the contact cross-
sectional area in square meter. Since the contact
material is deformable, contact between the two
surfaces is made over a small contact area, not at a contact
single point.

For example, let us consider the cross-sectional
contact area between an ideal pair of radial contacts
(two contacting hemispheres, see Figure 2.5) of
diameter D. Due to the contact force, a contact area A
is created a distance P/, - C from the centre of each
hemisphere, which may be written:

D Figure 2.5 Two
_ 2 2 contacting hemispheres
A=r (E) - X 20 2-2 create a contact area A a

distance P/, - C from the
over the range X = 0 to P/»-C, so that two contacting  sphere’s centre.

hemispheres have a bulk material resistance of:

13
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pj2-C
D/2 C -1 Q_ X
-2
R = I ( Y -X?| dX = l/)) In 12) 120] 2-3
0 a4 ?-l-X

0
where C is the part of the radius of each hemisphere involved in the contact. For

example, a 200 amp tap changer with 22 N contact force will have D = 8 mm and
C = 4 pm, so that Rc = 10.5 p€ for copper contacts at 20 °C [20]. This theoretical
resistance would exist if there was no contaminant film between the contact
surfaces and perfect contact was made over the entire contact area. Practical
experience of copper contacts indicates an as-built resistance closer to 50 or 60
u€2, suggesting that true contact is not achieved uniformly over the whole surface
[20].

The small contact atea constricts the current from flowing uniformly: the
current lines are bunched near the micro contact. This gives rise to an additional
resistance, the constriction resistance (often called the contact resistance).
Assuming an infinite volume of bulk material above and below the circular contact
spot, we can calculate the constriction resistance to be:

R= £ 121 2-4

2a
where a is the radius of the circular contact spot in meter and assuming that « is
much smaller than the apparent contact area.

In practice, electrical contact will be made at more than one spot due to the
roughness of the material. It follows that parallel metal-to-metal micro contacts
must be assumed to be present in OLTCs. In addition to the total cross-sectional
area of the contact spots (Rparlel), there will then be an additional resistance due to
interaction between the spots (Rinteraction). Ref. [22] describes this effect on the
assumption of # circular spots on clean contact surfaces, where the contact
resistance of a circular clean contact is given by:

n n %
R = __P Pi=§j; dy 2-5

¢ = "Yparallel + interaction — n +— n
ST
i i
=1 i=1

which can be approximated as:

RwL £ ZZ /2] »

22 111¢111 j

where a; and a; are the radii of contact spot 7 and ;j in meter, and dj is the distance
between the centres of spot 7 and j in meter. The approximation of Equation 2-6
assumes that there is no correlation between the size of the contact spot and its
position, so only the mean radius is considered in the second term (¢ = 4 = a).
Hence, the number of contact spots and the distance between them determine the
ratio of the parallel to the interaction resistance; see Figure 2.6. When the number

14
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of contact spots is low, the contact resistance is mainly determined by the parallel
resistance of the spots, while with a large number of spots the resistance is mainly
determined by the interaction between the spots.

The voltage drop over this cluster of clean circular spots may be written [22]:

I 2«1,
U=LEe2y Ly 27
2 a rmi7d,
where U is the voltage over the contact interface in Volts and I and Ij are the

currents through contact spot 7 and jin Amperes.

Ref. [21] describes the effect of parallel contact spots by the equation:

1 1
R = p(— +—
.= 0( g 2a) 2-8

e
~
1

% Total resistance
* Parallel component
a Interaction component

e L o 9 9
N w S wn D
T T T T T

Resistance (arbitrary units)

o
=Y
T

14

hg
0 20 40 60 80 100
Number of contacts

Figure 2.6 The number of micro-spot contacts determines the ratio of the parallel resistance
of all micro-spots to the resistance due to the interaction between the contact spots [22].

where n is the number of contact spots with radius a
uniformly distributed in a circular area of radius a (see
Figure 2.7).

A higher contact pressure lowers the resistance of
such a clean circular contact spot by increasing the
contact area due to plastic deformation of the metal
OLTC contacts are therefore designed to ensure that the ]
contact pressure is high and the sutface film is wiped off Figure 2.7~ n contacts

. with radius a  are
each time the contacts are operated. distributed  over — an

By way of example, Figure 2.8 shows the effect of  apparent contact area a.
temperature and contact force on the contact area of a
cluster of circular contact spots of equal radius (see [23]). The numerical simulation
performed by [23] employs a finite element model to calculate the material
deformation due to mechanical and thermal stress near an aluminium contact

15
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boundary (similar to that shown in Figure 2.5). It may be seen from Figure 2.8 that
higher contact forces and contact temperatures yield a larger contact area. The
best-fit relation between the temperature T in degree Celsius and the contact area
A, in square metre for contacts with a high contact load (2.3 kN and 4 kN) can be
found from Figure 2.8 [23] to be the exponential function:

A =5.16-10°+7.27-107 51T/ 2.9
with Ty = 1°C.
"l oF=23kN

10+ mF=40kN

Contact area (x10° m?)
@

o 100 200 300 400 500
Temperature (°C}

Figure 2.8 Example of a numerical simulation performed by [23], in which the contact area
Increases with higher temperature and contact force.

Ref. [23] gives the relationship between the resistivity and the contact temperature
as:

p. = 2 BTe ") 2y 2-10
T,

where Lo BT is the bulk resistance, po and Ty are reference values, P is the bulk
T,

contact resistivity factor (related to the applied load and surface condition), T is the

—Cy(T-Ty) . . . . .
temperature, € 7T s the softening effect factor reflecting the increase in

contact area at high temperatures (as a function of the softening point of the
contact material, which is about 200 °C for pure coppet), and y is the contact area
correction factor. The change in contact resistance with temperature according to
Equation 2-10 (adapted for degree Celsius, for 3 = 1000 and y = 1) is plotted in
Figure 2.9. It will be seen that the resistance initially increases with temperature,
due to the bulk resistivity effect [23]. When the temperature rises above the
softening point, the exponential term of Equation 2-10 causes the resistance to fall
as the contact area increases due to the softening of the material [23].

16
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p=(2.99x10% + 1.68x106 T)exp (-1.17x102T)

Contact resistivity (x10° Qm)

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 2.9 Relationship between the contact temperature and resistivity. The resistivity first
rises with temperature due to the bulk resistivity effect, and then falls again as the contact
material softens [23].

2.3.2 Contacts with a surface film

The resistance of a contact will gradually increase during its lifetime. There is
empirical evidence [20][24-26] that this long-term effect starts with surface
oxidation and the formation of organic polymers [19]; these effects reduce the
conductivity. Anorganic layers consisting of tenorite (CuO), cuprite (Cu0) and
sulfides (CuS and CusS) form on copper contacts [19]. Ref. [26] found that the
oxide and sulfide layers always formed in the same sequence; a thin sulphide layer
followed by the curpite later, then the tenorite, see Figure 2.10.

At higher temperatures an organic film is also formed [26]. It follows from [25]
that the organic film is composed of organic compounds in the transformer oil and
consists of polyacrylates and polyfurans [19], giving a red-orange color to the
contact [26]. This layer bonds to the oxide layer formed on the contacts to give a
stable film of low conductivity.

The formation of this surface film is referred to as the eatly stage of the long-
term aging effect.

‘ I||||l

|
4

Fl
1;1I1|i|i

1
4
{
(

Copper sulfide

Copper

Figure 2.10 1600x magnification of a service-aged tap changer contact surface. The contact
was mounted In resin to make this cross-sectional picture. A thin copper sulphide layer forms
on the copper contact, followed by a cuprite and a tenotite layer. [26]
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Experiments described in the literature [18][27] show that the surface film grows
thicker as the contacts age, and that the growth rate of this layer is strongly
dependent on the surface temperature of the contacts. Ref. [18] gives an
expression for this process as a function of time, based on the endurance testing of
OLTC contacts:

s=k *0,7 " 2-11

where s is the thickness of the film layer in A, fis the surface temperature in °C at
which the surface film grows on the contacts and #is the duration of the aging test
in hours. &, 42 and 4; are coefficients that depend on the contact material and oil

composition [18]. For copper contacts immersed in Shell Diala insulating oil, this
expression becomes:

§= ko * €03.862 % t0.3559 [27] 212

with ko = 1.883 10-¢ with an appropriate unit to balance the equation.

Figure 2.11 shows the growth of this surface film as a function of time at
different temperatures for copper and brass contacts. It may be seen from this
figure that the film grows faster on copper than on brass, which means that copper
contacts are more liable to this long-term aging effect. OLTC manufacturers
therefore select the contact material carefully in order to slow the development of
the resistive contact film.

3000
180°C
T 150°C
< 2000
@
;C: Copper
= / — — — Brass
E 120°C
T 1000 / /
o _ 4 180°C
- — L ———|— === 150¢C
— s EmE === — —|— — — — " 120°C
00 510 25 50 75 100 125
Time (h}

Figure 2.11 Regression lines of the surface film growth on copper and brass contacts at
different surface temperatures in Shell Diala D insulating oil [24].

The contact resistance and the power losses at the contact increase as the surface
film grows. Figure 2.12 gives an example of how the contact resistance increases as
a function of thickness when an oxidation film develops on a copper contact in air.
The contact first shows a low contact resistance when the film is relatively thin, but
above film thickness of 1000 A the resistance increases sharply leading to contact
failure [28]. This is due to changes in the conduction mechanism: tunnelling effects
are found in thin films (thinner than 50 — 100 A), while the bulk resistivity of the
film dominates in thick films [28]. Thick surface films of tens of micrometers have
been found on tap changer contacts [26].
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Figure 2.12 Resistance of an oxidation film on
copper contacts in ait, as a function of film
thickness [28].

The contact resistance can now be written:
Rc = R + Rtunnel +RF1LM 2-13

clean

where Ruean is the so called constriction resistance of the metal-to-metal contact,
Runnel 1s the tunnelling resistance for thin films (creating a quasimetallic contact)
and Rrmy the resistance of the thick film. Due to the thick film on degraded
OLTC contacts, Reim can be high compared to Runne and Reiean, as in the example
of Figure 2.12, s0 Runne and Reean can be neglected during DRM on degraded
OLTC contacts [29].

Ref. [30] describes the contact resistance for one circular contact spot of
contact radius # and film resistivity A as:

R =R, +R =Py 2-14

clean film 2
2a rma
where the film surface resistivity 4 is calculated by multiplying the film resistivity pr
by the film thickness or.
For multiple parallel contact spots with a resistive film, the resistance according

to Equation 2-5 becomes:

sy aa’
~~d.(pra +21)(pra.+2A.
Rc: 1 - +£ J U(p i 21)(10 J j) [30] 2_15
a; T a, 2
2ry ——— —
z pra, +24 (Z pra, +24 )

If the contact force increases, the number of contact spots and the contact area
increase. This causes both the film resistance and the constriction resistance to fall,
as shown in Figure 2.13. When the contact pressure is released, the material
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remains deformed so the radius of the contact spots remains large. As a result, the
contact resistance will only increase slightly when the contact pressure is
released [31]. The bulk resistance is independent of the contact force [31].

12+
104 —4— film resistance
—&— constriction resistance

S sl —®— bulk resistance
= —0— total resistance
g
© 6
k]
8
x 4

2,

0

T 1
0.1 1 10
Joint Force (KN}

Figure 2.13 Increasing the contact force has no effect on the bulk resistance, but the film
resistance and constriction resistance both fall because the number of contact spots and the
contact area increase [31].

The resistive behaviour of the film can be simplified by assuming that the film is
conducting when the thickness 8<d. and insulating when 8>8. [32], which
simplifies the behaviour of the film shown in Figure 2.12. The growth of the layer
can thus be described as a process that reduces the effective contact area. If we
assume that the effective contact radius ris reduced to r<a, the contact area of one
circular spot can be described as a function of time by the expression:

LA PO ol {HK&QJ} py 216
a a a

where the diffusion coefficient of the oxidation layer D (which describes the speed
at which the layer grows into the contact area) can be written:

B
D=Dje ? 3 217
where Do is the frequency factor, B the temperature-dependent diffusion

parameter and ¢ the homologous temperature (the temperature in relation to the
melting point Th):

T
0=— 2-18
Tm
Ref. [32] determined contact lifetime of copper contacts using a coefficient Ks:
1)
K;=22-4In éf 2-19

m
The contact resistance of this model can then be written:
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R :2f B DR0 ol 7 200
g {1—1/1{5 /;MHK&;}
a a
where
R =L 221

“2a
It follows from this model [32] that Re— when
2

t=t

= 32, 2-22

"~ K.D 132]

This is the life of the contact under the assumptions used for Equation 2-20. It
corresponds to the time at which the thickness of the film is $>8. everywhere, so
that the contact can be considered to have failed. This contact life depends on a
and is thus related to the initial contact resistance by (1/Ro)2 It follows that a large
initial contact radius z results in a long contact life.

The simplified model can be extended by considering parallel circular contact spots
and a film on the contact surface. The average spot radius 1y and the number of
spots ng can be used to derive the following expression for the resistance:

R= P [32] 2-23
211

Equation 2-16 then becomes:

fD D
’”m:‘{l_‘”g —tz}{HK&—tz} 32 2-24
am am

where z is the initial value of the mean radius and a, is the initial value of the
maximum spot radius. The number of contact spots falls as the film thickness
grows. At time 4 all contact spots with initial radius a<a. disappear, where:

a, =\ K;Dt pz 2-25

so that the number of contact spots can be written:

n, =n,(1—- J Sndx) 1321 2-26
0

whete x=a/ay (the mean divided by the maximum radius), xc=ac/am and fi
describes the contact spot radius distribution. The rise in contact resistance
calculated by [24] and experimentally determined by [33] resembles the calculated
contact resistance of Equation 2-24 (evaluated by [32]) when fi is a beta
distribution with & = 1 and 8 = 1, for which we can use the expression:

S =6x(1—x) B2z 2-27

This distribution describes an electrical contact with large contact spots in the
middle and smaller ones on the outside. The contact resistance can then be written:
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32]

R(t)
1-JK, \/7 1+ 2\/7 \/7 1+K, =

In reality, contacts fail before Re— (Equation 2-22), at the point where the
resistance increases by a factor £ relative to its initial value [32]. The life of a
multipoint contact with a beta distribution of the contact radii can then be
approximated as:

1
t,=0.56¢, (1— Z)z 32 2-29

where tn is calculated from the maximum radius am. Equation 2-28 can be
corrected for this effect by reducing the maximum life (when k=) by a factor
0.56 (i.e. #=/0.56):

R=

For example, the data from Table 2.1 can be used to calculate Ry. Figure 2.14a
shows this curve for 0=t<tm. It can be seen that the resistance goes to infinity as
the contact approaches the end of its life. However, contact failure can already be
expected earlier as described by Equation 2-29. In practice, the contact resistance
will not go to infinity because the thin film will be disrupted due to the applied
voltage, the contact will heat and high hotspot temperatures may arise. It is
therefore assumed here that the calculation of Ry is valid up to k=10 (i.e. up to
10*Ro). This part of the calculated R(t) curve is displayed in Figure 2.14b. A model
that can be used for OLTC contacts at a more advanced stage of contact
degradation will be discussed in the next section.

Table 2.1 Overview of simulation parameters used to plot R(t) of Figure 2.14.

Parameter Value Reference
Bulk temperature Ts 50 °C =323 °K assumption
Hotspot temperature T Ts+1 =324 °K [32]
Melting point of copper T 1356 °K
Resistivity of copper p 1.7241%108 Qm
Average contact spot radius a 10 ym [24][32]
Maximum contact spot radius am 30 um assumption
Number of micro contact spots n 45 [24]
Critical film thickness ratio dc/8 0.04 [32]
Diffusion coefficient Dy 1*¥10-5 m?/s [32]
Diffusion parameter B 7 [32]
Coefficient used by [32] Ks 15 [32]
Initial contact resistance Ro 10 pQ assumption
Critical contact resistance increment k 10 [32]
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Figure 2.14 Simulation of resistance-time curve according to Equation 2-28 using the
parameters from Table 2.1. Left: the variation of contact resistance up to the end of contact
Iife. Right: close-up view of resistance variation up to Ry)=10*R,.

At early stages of the long-term aging effect, the film can be wiped off by
switching the OLTC through its cycle of operation. The motion of the contacts
during this cycle partially breaks down the surface contamination [20][34-35], thus
delaying the long-term aging effect.

2.3.3 Contacts with high local temperatures

Section 2.3.2 dealt with a mathematical model that described the early stage of
contact degradation. Another model is needed to describe the advanced
degradation stage, where long-term aging accelerates due to the temperature
dependence of the surface film growth rate. The contact resistance can also fall
during the long-term aging, as the surface film breaks down due to discharges [20]
or contact wiping. Small discharges can restore a better current path by disrupting
the surface film, but the contact resistance can increase by several orders of
magnitude before the contact improves again [20]. These discharges become worse
as degradation proceeds [20], and the oil dissociates due to these discharges and
the high contact temperatures. It is these effects together that constitute advanced
long-term aging.

Breakdown due to the applied measurement voltage can also indicate the stage
reached by the surface film. Under normal conditions, the film has a breakdown
voltage of 0.2-0.6 V, which increases to 1-4 V in the defective condition [36]. The
accompanying electric field over thin films results in high field strengths.

The decomposition of transformer insulation oil leads to the deposition of
carbon between the contacts (Figure 2.4B, [20]|37]). This formation of pyrolytic
carbon is called coking [19]. Oil cracking occurs at local temperatures above 300
°C [20]. Catastrophic conditions can thus be produced when the contact
temperature rises above 300 °C [38], but even a rise in oil temperatute near the
contact to above 100-105 °C can be enough to cause setious defects [36]. Precise
measurement of the hotspot temperature is a complicated procedure, but the
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voltage drop over the contact can be used to calculate the temperature rise from
the expression:

V:=4L({T.-T,) po 231

where L is the Lorenz constant, Tc the temperature increment over the bulk
temperature in degree Kelvin and T the bulk temperature of the contact in degree
Kelvin.

The highest local temperature at the contact interface can also be calculated
based on the I2R losses in the contact area:

e, s
T=T, +ﬂ(—)2 9] 2-32
8y S
where ¢, is the effective electrical resistivity of the contact layer, A4 the thermal
conductivity of the contact layer, ¢ the film thickness and S the surface area. Using
this relation, [39] derived the following expression for the film thickness ¢ on

OLTC contacts in oil:

Ea
,L
% d.2
d5 K-a-t flf“T_K-a-t T+ 3,1”() 2-33
dt p p

where K is the coke deposition rate in cm/day, @ the amount of coke precursor
(g/cm?) generated in the oil every day due to OLTC operation, p the density of the
coke, E, the activation energy of the deposition process in Joule/mol and R the
gas constant in Joule/(mol Kelvin). Expetiments conducted to determine the
parameters [39] led to the values Kz/p = 0.13 cm/day, ¢z = 0.0082 Q cm and

E./R=4730 K. Furthermore, [39] used Az = 0.4 W/mK, I=900 A, T3=300 °K and
5=2 mm?. These parameters can be used to calculate the life of OLTCs, although
the high load current assumed by [39] is not common for the tap changers
considered in this thesis; the calculations performed by [39] may thus be
considered to correspond to an accelerated endurance test at heavy load. Equation
2-33 was evaluated numerically by [39] using these parameters, see Figure 2.15 and
Figure 2.16. Film growth and power losses increase gradually, which causes a rising
super temperature, until the contacts get overheated and failure occurs.

2.3.4 Contact failure due to overheating

In addition to coking, the contact material wears off locally and pitted spots
become visible on the contacts. The contacts are now irreversibly damaged, and
cannot be repaired by switching the OLTC through all its tap positions. An
overhaul is needed to undo the pitting of the contacts. Because of the infrequent
movement of the change-over selector, coking can occur on all stator contacts,
rotor contacts and other movable parts that carry the load current.
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Figure 2.15 Film growth on OLTC contacts loaded at 900 A, as described by Equation 2-33,
which results in a rising super temperature and finally in contact failure [39].
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Figure 2.16 Power loss on OLTC contacts at a heavy load of 900 A due to the film described
by Equation 2-33. The power losses increase gradually until contact failure occurs [39].

The final stage of the long-term aging effect is thermal runaway. The coking
accelerates due to increased contact resistance and the thermal resistance
characteristics of the carbon [9]. Coking between moving parts of the contacts and
around the springs that provide the contact pressure can cause the contacts to lose
pressure. Finally, a considerable amount of contact material disappears and
excessive arcing activates the tap changer protection mechanisms. Figure 2.15
shows that film growth and super temperature increase gradually until thermal
runaway occurs. Figure 2.16 shows how the corresponding power dissipation
increases when the system exceeds the design limitations and the cooling capacity
of the OLTC, leading to failure. Examples of failed contacts due to overheating are
shown in Appendix A.

Figure 2.17 shows the effect of the current on the contact life (characterised by
the moment at which the resistance increases to £*Rg) of a copper-copper contact
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in oil, as determined by numerical simulation [24]. It may be seen that a low
current gives a longer life. Coking is likely to occur when the resistance is rising
rapidly [24]. Figure 2.18 shows the simulated relationship between oil temperature
and contact life; these curves have the same general form as those of Figure 2.17.
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Figure 2.17 Simulated relationship between contact resistance and contact life for a copper-
copper contact in oil at various load current [24]. A higher load gives a shorter contact life.

According to [24], the long-term aging effect is accelerated by:

e Infrequent movement of the contacts
o The surface film is not wiped off the contacts when the change-
over selector is not operated.
e High temperatures
o The formation of the surface film is highly temperature-
dependent.
e High load current
o Power losses at the contact interface increase exponentially with
the load current and lead to correspondingly greater heating of
the contacts.
e Low contact pressure
o Coking and pitting of the contacts are more likely to lead to
contact jamming when the contact pressure is low. The layer of
contamination on the contact surface, which can lead to contact
malfunction or failure, is also more easily disrupted at high
contact pressure.
e Copper or brass contacts
o The growth rate of the surface film is higher on copper and brass
contacts than on silver contacts [24]. Pitting and coking are
reduced by silver-coating of the contact surface; however, older
OLTC designs may use bare copper contacts.
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Figure 2.18 Simulated relationship between contact resistance and contact life for a copper-
copper contact in oil at various load current [24]. A higher oil temperature gives a shorter
contact life.

2.3.5 Corrected model of tap changer resistance

We describe the long-term variation of OLTC resistance Ry by Equation 2-30 for
slightly degraded contacts and the film thickness by Equation 2-33 for severely
degraded contacts, on the basis of the following assumptions:

1. The eatly stage of contact degradation can be modelled by parallel circular
metal-to-metal micro-contacts, as described in Section 2.3.2 The film is
assumed to be conducting when its thickness 8<8. and insulating when
8>3.. The effective contact radius ris therefore reduced to r<a

2. The radii of the contact spots are distributed according to a beta

distribution

A constant contact force is applied

A constant current is applied

The on-load tap changer is not operated during its life

The contact film remains undisrupted

SNl

As indicated above, the model for Ry is based on the assumptions that the OLTC
is not operated during its life and that the contact film is not damaged. These
assumptions are unrealistic, but can be corrected for with the aid of experimentally
fitted parameters. Switching the tap changer will slow down the development of
the contact film and reduce contact resistance. Moreover, differences in the
measured resistance occur at different measurement current amplitudes due to
damage to the film caused by the measurement current; this also needs to be
corrected for. These corrections are illustrated in Figure 2.19. The corrected value
of Ry can be represented by the expression:

R(t) = R(t) 'CDRM ’ COLTC 2-34
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where Corrc represents the wiping effect due to operation of the OLTC, and Cprum
the correction for differences in the measurement current during the dynamic
resistance measutrement.
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Figure 2.19 The calculated resistance R(t) can be corrected for wiping action of the contact
film caused by OLTC operation (Corrc) and for the damage to the film caused by the
measurement current during the resistance measurement (Cpryy).

The correction factor Corrc is a number between 0 and 1, where 0 represents a
wiping action that totally cleans the contacts and 1 represents the complete
absence of wiping action. The actual value of Corrc depends on the contact design,
contact pressure and the mechanical resistance of the film to the wiping action.
Figure 2.20 presents typical experimental data that were used as a basis for the
determination of the value of Corrc. A set of degraded OLTCs, all of the same
type, was selected and the number of operations during a year was plotted against
the contact resistance (estimated on the basis of the assumption that each dynamic
resistance measurement was performed with 1 A and a constant voltage of 2 V,
thus neglecting the change in resistance during the measurement). When multiple
measurements were performed on a given OLTC, the results were averaged. A
trend line was determined from the data points of Figure 2.20 using the least
squate method, resulting in the weak relationship:

R=R,-(2144-032-n) 2.35

where R is the resistance in m€, Ry is the reference resistance of 1m€2 and #, is the
average number of operations during a year (500 < 7, < 4500). It follows that the
correction factor Corrc can be written:

R -4
COch:R_:1_1-49‘10 ‘n, 2-36

ny—o
The data set shown in Figure 2.20 gives a (Pearson) correlation of -0.52, which
indicates that there is a weak relation between the number of operations and the
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contact resistance. We refrain from using this relation for predicting the resistance,
due to the low correlation involved.
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Figure 2.20 Contact resistance as measured by DRM plotted against the number of
operations per year for a set of degraded OLTCs, all of the same type.

Cpry is the ratio of the measured and calculated resistance. The difference
between the two is due to damage to the film caused by the measurement current.
This correction factor thus describes the effect of the measuring procedure on the
results, not related to the degradation produced when the OLTC is in service.
Cpru depends on the measurement current; and is introduced to give a measure of
the degradation process that is independent of the measurement parameters. It is
assumed that the circuit resistance and inductance are kept constant during the
measurement, so that the measurement voltage varies with the current 7 Hence,
Cpruy is a function of #

Copy =—= 2-37

DRM = g

1

where Ry;s is the resistance measured at 2.5 A. Experimental results show that
Cpruy can be written in terms of two exponential functions:

C = = R2’5
pRM T o i) (i) 2-38
k, +kdyn1 e +kdyn2 e
where 7 is the amplitude of the measurement current, 7;; and 72 the rate at which
the resistance decreases when the current is increased, and I, £o, £gnr and £guz
are constants used to fit the expression to the experimental results. Figure 2.21
shows the result of a set of resistance measurements performed on OLTCs

suffering from advanced long-term aging, using currents from 2.5 to 100 A. The
trend line giving the best fit with these results is represented by the expression:
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230
~G-19) —(i-19) 2-39

10+220-e 2> +30000-¢ *

where 7 is the amplitude of the current in the range 25 A< I <100 A and £ is a
constant that is used to make the units of the equation equal. Since the scatter of
the measured data is acceptably low and the (Spearman) correlation is high (-0.95),
we conclude that Equation 2-39 can be used to describe the contact resistance of
degraded OLTC contacts at different measurement current levels.
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Figure 2.21 The black curve is the trend line determined on the basis of a set of resistance
measurements using currents in the range 2.5 A <1 < 100 A.

2.4 Conclusions

This chapter gave an introductory explanation of the operation of common types
of on-load tap changers, namely selector and diverter switch type OLTCs,
including a coarse tap-selector, reversing switch and tap selector. It discussed the
way in which degradation mechanisms can lead to failure of the tap changer. In
this context, failure was defined as the situation in which the OLTC cannot
perform its primary task, i.e. to select another tap without interrupting the load
current. Contact degradation was modelled using equations taken from the
literature and corrected with the aid of experimentally fitted correction parameters
to match the results of dynamic resistance measurements on tap changers. OLTC
condition diagnosis is discussed in the next chapter.
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On-Load tap changer diagnosis

The previous chapter discussed the way on-load tap changers degrade, which
affects the transformer reliability. However, what are the possible options for an
early detection of these irregularities, and what are their limitations? This chapter
considers possible methods employed to assess the condition of an OLTC. There
are two basic kinds of methods which can be used: applying on-line monitoring or
performing off-line diagnosis.

On-load tap changer monitoring entails the continuous checking of parameters
that can be acquired on-line by a fixed, mounted monitoring device. A monitoring
system logs operation parameters and safeguards the normal operation of the tap
changer. Monitoring devices can generate alarms directly when a defect arises.
Most on-line OLTC monitoring systems also generate maintenance advice based
on the total switched current, the tap position history and operation temperatures.

In contrast to on-line monitoring, off-line diagnosis is characterised by periodic
rather than continuous measurements. In this way, more accurate condition
information can be obtained because more advanced measurement systems are
normally used. Diagnostic measurements can be used to supplement on-line
monitoring, for instance when the monitoring system indicates a defect, but can
also be applied separately. The focus of condition assessment techniques is to
identify defects at the earliest stage, before significant damage is caused. Early
discovery and remedy of defects avoids expensive consequences [40].

Table 3.1 shows which of the OLTC diagnostic measurements discussed in this
chapter can be applied on-line. The tap changer is subdivided into the oil /
insulation and the mechanical part. The applicability of the diagnostic methods to
these subsystems is also shown in Table 3.1. The methods that are suitable for
those parts will be discussed separately in Sections 3.1-3.3.
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Table 3.1 Overview of OLTC diagnostic measurements discussed in this thesis and their
applicability to five subsystems.

mechanical electrical contacts dielectric O|not suitable
. suitable as a functional
before | after | arcing | change-over
. . . check for a part of the
springs | springs | switch selector subsystem or for some
Inspection / functional check] \Y defects
offline] 3 2 3 0 2 suitable for a part of the
Dissolved gas analysis] 0 0 1 m VI 2|subsystemor very
offline] 1 1 suitable for some defects
Vibration / Acoustic fingerprin{] | | 3] very suitable
offline] 2 2 1 1 0
Temperature measurement] 0 0 1 2|V 0 Diagnoses (excessive)
friction
Motor power measurement} | Only w hen the arcing
offline] 3 0 0 1 0 lljswitch insert is not
Axis position measurement removed
: offlinel 0 1 1 : 0 0 n Rough diagnoses of
1 1 king
Static resistance measurement co
offlinel 0 0 2” 3 0 vV Diagnoses only the
D " " " current tap position
ynamic resistance measuremc.en 1 1 3 3 0 Only arcing swth
offling] accessible
Transformer turn ratio tesf] Diagnoses discharges
offline] 0 0 1 1 0 Vi and isolation aging

3.1 Oil and insulation diagnosis

3.1.1 Dissolved gas analysis

A frequently used method for transformer diagnosis is the analysis of transformer
oil. This method is called dissolved gas analysis (DGA). A sample of oil is taken
and the gasses which are dissolved in it are analysed, typically hydrogen, methane,
ethane, ethylene, acetylene, carbon monoxide and carbon dioxide [37]. The method
can be applied to oil from the arcing switch compartment [41] and to the oil of the
(coarse) tap-selector. The method is based on the fact that oil decomposes into
different gases depending on the temperature at the location of a defect (see Figure
3.1). A conclusion about the type of defect can thus be drawn. Detectable defects
include contact coking, overheated contacts and insulation degradation. Duval [41-
42] shows that gas development due to defects is temperature dependent (Figure
3.1 and Table 3.2). Some OLTC defects can also be found with DGA. The oil
from the arcing switch compartment can provide valuable knowledge about the
switching performance. [43] gives some examples of DGA results for an OLTC
which suffers from coking, overheating or arcing. Specific gas concentrations can
be used to draw global conclusions about the type of defect (Figure 3.2).
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Figure 3.1 The concentration of dissolved gases is dependent on the fault temperature [44].

Table 3.2 Specific key gases are formed when transformer insulation oil decomposes into
difterent gases. This process is dependent on the temperature at the location of a defect [45].

Key Gas |Characteristic Fault
H2 Partial Discharge
C2H6 Thermal Fault <300 °C
C2H4 Thermal fault 300 °C to <700 °C
C2H2, C2H4 [Thermal Fault>700 °C
C2H2, H2 |Discharge of Energy

DGA provides on-line OLTC diagnosis. However, dissolved gas analysis does not
offer precise information about change-over selector contact wear when it shares
its oil with the transformer oil of the main tank. For example, DGA is effective
when the contact temperature exceeds 400-500 °C due to a low rate of gas
generation below the boiling point [36]. Due to the small heating surface (a few
cm?) the rate of gas generation could be only a few ppm a month; gassing could be
a symptom of severe contact deterioration [36]. Localisation of the defect is always
difficult. In addition, looking at the trend in specific gases only provides a warning
about failure in serious cases, such as overheating and thermal runaway [40].
Moreover, regular leakage of dirty oil from the arcing switch compartment to the
change-over selector makes an unambiguous analysis of oil in the main tank
difficult. To conclude, defects inside the OLTC take some time to show in a DGA.

Oil samples for DGA can be analysed in a laboratory, but on-site devices for
DGA are also available, for example the ones described in [47-49].
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100, O
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Figure 3.2 The Duval Triangle determines the source of the gas by looking at OLTC gas
ratios [41].

3.1.2 Study of the agreement between DGA and DRM results

It is of interest to know if there is a relationship between the gases that are
produced at degraded change-over selector contacts and the results of dynamic
resistance measurements. Both methods are sensitive to coking [43], which occurs
during the long-term aging effect on the OLTC contacts. In this situation, the
gases CHy, CoHg and C;H4 are formed. CoHz and H» are expected to form in the
advanced stages (at higher temperatures). In addition, the contact resistance will
increase, and therefore a relationship with DRM is expected.
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Figure 3.3 shows a possible relationship between DGA and DRM results.
Increasing gas concentrations were measured in the transformer main tank oil,
which triggered the Buchholz alarm three times (indicated with arrows in Figure
3.3). Analysis of the gas concentrations and ratios indicated a serious thermal fault
with coking. DRM results showed increased contact resistance on a few tap
positions, an indication of a tap-selector contact problem. Inspection of the tap-
selector contacts indeed showed overheated contacts as predicted by DGA and
DRM (the overheated and normal contacts are shown in Figure 3.3-inset).
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Figure 3.3 Example of DGA results for an OLTC with overheated tap-selector contacts
(inset). Rising gas concentrations are visible, which caused Buchholz alarms at the dates
indicated by an arrow.

To determine whether there is a general similarity between DRM and DGA results,
a population of OLTCs was selected. Oil samples were taken from the main tank
and a dynamic resistance measurement was performed on all transformers.

The dataset selected contained 72 transformers. The power rating of the
transformers was between 18 MVA and 30 MVA. Most of the transformers had a
voltage ratio of 50 kV/10 kV and have selector switch type tap changers with a
change-over selector. Each change-over selector was measured with DRM:

e 31 were in good condition
e 26 were in moderate condition
e 15 were in severe condition

This information on the condition of the tap changer, together with the results of
DGA tests, was used for statistical analysis.

First, the correlation between the gas produced (or gas ratio) and the condition
of the tap changer is calculated. The result reveals that C;H4 and CsHe and the gas

—
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ratios CoHy4/'T (whete T represents [CHy + CoHy + CoHz)) and CoHz/CoHy have
the best correlation with the information about the condition of the OLTC. Gas
ratios were only calculated if one of the gases exceeds the Duval limits (for
example 3 ppm for C;Hy and 75 ppm for C;Hy). For example, Co;H/CoHy has the
highest correlation of 0.25 with the DRM results, which means that the gas ratio is
expected to decrease as the condition of the contacts deteriorates.

Scatter plots of the gases which have the highest correlation have been made.
Figure 3.4 shows this scatter plot for CoHz/CyHs. There is a large correlation
between the dissolved gases and the three contact conditions as determined by
DRM (good, moderate and severe).

A probability density plot was then made to determine the best fit of the
regression line onto the gases, using the Weibull distribution. Again, a large
correlation was found between the probability density functions of the C2Hz/CyHy
conditions, which was expected regarding the scatter plot.

Using this dataset, only a very weak relationship between the condition of the
OLTC change-over selector contacts (as measured with DRM) and a certain gas
amount or gas ratio was found. A C;Hz/CyHy ratio could not be related to the
DRM results. This can be explained firstly by the large amount of oil in the main
tank: different degradation mechanisms can produce various gases at the same time
and distort the conclusions. Secondly, the main tank exchanges air with the
surrounding environment through breathers, and thus gases formed by coking can
be dissipated. Therefore, it is concluded that DRM can be used for finding contact
problems that did not appear in DGA.
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Figure 3.4 C:H>/C;H, scatter plot for the DRM conditions ‘good’, ‘moderate’ and ‘severe’.
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3.2 Mechanical diagnosis

3.2.1 Acoustic and vibration signature

The moving parts of the drive mechanism produce acoustic waves and vibrations
when the OLTC is in operation. Tap changers with mechanical or electrical
problems produce different signals compared to healthy tap changers. The number
of bursts, the time between them [13], the main frequencies [50] and the strength
of the signal can contain valuable information. Comparing the signal measured
with a known signature will indicate these problems. For this comparison it is
necessary to know the signature of a healthy tap change operation. A large number
of measurements have been used to determine a normal operation for each type of
tap changer. One can also compare the measurements with previous
measurements to see if the tap changer is damaged or whether excessive arcing
occurs. These measurements can be performed periodically or continuously and
can be done on-line. Problems in the arcing switch and the change-over selector
can be distinguished because they operate at another time. Monitoring devices [51]
compare the signatures at every tap change, in this way looking at the development
of wear.

Figure 3.5 shows an example of the acoustic waves that are recorded when an
OLTC operates. Hilbert transform was used to present this envelope. The tap
changer was measured when the transformer was in an energised and de-energised
state. Comparing the recordings of an energised and de-energised transformer can
separate the electrical (arcing) and mechanical sources.

Diverter switch H Change-over selector Diverter switch
—teep

] Arcing Energised

noise _
s DE-ENErgised

o o n I
3 a 3 b
h H N L

Acceleration (m/s?

Time (s}

Figure 3.5 Example of acoustic waves that can be recorded on an energised and de-
energised OLTC, after Hilbert transform [52].

To obtain the desired information from the complex measurement data, a
transformation can be applied to the data, for instance a Fourier transform or
continuous wavelet transform [53]. References [13],[51] and [54-50] discuss this
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diagnostic method in-depth. An example of a method using acoustic and vibration
signatures is given in [57].

3.2.2 Motor power measurement

Defects or friction in the drive mechanism and the OLTC can also be detected by
the measurement of the active power consumption of the drive motor [58]. The
active power consumption is proportional to the delivered torque of the motor.
Irregularities in power consumption can therefore indicate defects in the
mechanical system that is connected to the motor. The springs inside the drive
mechanism act as an energy accumulator and separate the motor drive from the
OLTC itself. Measuring motor power will therefore allow diagnosis of defects in
the drive from the motor to the springs. This measurement can be done both on-
and off-line.

Figure 3.6 provides an example of an off-line measurement of a motor power
curve of an OLTC drive motor. Power variations can be caused by moving the
selector contacts or by loading the springs.

Some tap changer monitoring devices use the motor operation time in
combination with average or maximum active power consumption. The start-up
time of the motor can also provide information about the status of the drive. The
curve can also be compared with earlier measurements. The location and
amplitude of the power peaks can indicate their cause.

Another example of a motor power measurement is described in Ref. [59].
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Active drive motor power (W)

Y \ \ 1
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Figure 3.6 The motor power of a tap changer drive motor shows the inrush current followed
by a stable operation. Power variations can be caused by moving the selector contacts or by
loading the springs.
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3.2.3 Position measurement

Section 3.2.2 showed that the active motor power consumption of the drive motor
can reveal defects and friction in the mechanical system up to the spring system.
Another method is necessary to diagnose that part of the drive mechanism and the
tap changer that is operated after releasing the springs. Measuring the position of
the remote end of the drive shaft is one way, although the drive shaft is not always
accessible at the remote end. Each OLTC operation results in a movement of the
shaft (see Figure 3.7, the DRM-current is also plotted). It can be clearly seen that
the shaft oscillates at the end position.

A position measurement such as this can be used to derive the graphs of velocity
and acceleration. Defects, friction, torsion or synchronisation problems between
the phases alter these graphs, so a comparison with eatlier measurements is
indispensable.
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Figure 3.7 The movement of the remote end of the drive shaft can show defects or friction in
the OLTC.

3.3 Contact status diagnosis

In addition to mechanical and insulation condition assessment, diagnosis of the
contact status can be performed. Three methods for contact diagnosis will be
discussed in this chapter. Apart from the methods discussed here, [60] mentions
that the exciting current and power factor in a transformer turn ratio measurement
and a sweep frequency response analysis can also indicate contact problems.
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3.3.1 Temperature difference measurement

Damaged contacts inside the tap changer, for instance due to coking of the
change-over selector contacts, can lead to increased contact resistance. This is
accompanied by an increased power loss. These power losses may run up to
hundreds of watts for each contact at a nominal current [11]. At OLTCs which are
mounted against the transformer tank, the temperature of the oil can increase
significantly due to power losses on the contact interface. A temperature difference
between the tap changer oil and the main transformer oil will then develop [50]. A
healthy tap changer will produce very little heat and its temperature will be lower
than the main tank. Table 3.3 shows an example of how the temperature difference
can be interpreted.

In the case of an external OLTC, temperature difference measurement can be
used as a diagnostic or monitoring tool to detect bad contacts. This method has
been applied to reactor type OLTCs. Resistor-type OLTCs may warm the oil in the
external tap changer tank through the heat developed in the transition resistors.
However, as only one tap position is measured, the problematic contacts that are
not a part of the current circuit and do not produce heat will not be detected.

Table 3.3 Example of how the temperature difference between the tap changer and the main
transformer tank can be used to diagnose the contacts [45].

CLASSIFICATION | TEMPERATURE EXCESS
Attention 0-9°C

Intermediate 10-20 °C

Serious 21-49 °C

Critical >50 °C

The monitoring of the temperature difference can be done on-line. Fixed sensors
inside the transformer can be used and should be positioned on the same side at
the same elevation [61]. Other heat sources such as sun or a changing load should
not cause warning signals when the OLTC’s oil heats faster than the oil in the main
tank or vice versa [50]. The same problem can occur when the cooling fans switch
on and off [50].

External tap changers can also be diagnosed by infrared thermography, see
Figure 3.8.

Examples of tap changer diagnosis using temperature measurements include

[62] and [63].
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Figure 3.8 Infrared image of an OLTC, where the tap changer temperature is about 7 °C
higher than the transformer main tank due to contact problems [64].

3.3.2 Static resistance measurement

OLTC contact degradation can be measured by means of a resistance
measurement. Additional information is obtained compated to the temperature
measurement because all tap positions are measured. These resistance
measurements are performed when the tap changer is motionless and are therefore
referred to as static resistance measurements.

Static resistance measurement can be performed using a simple DC power
source or a dedicated measurement device. Static resistance measurements can be
used to:

e Determine the resistance of each tap position, see Figure 3.9. A straight line is
seen when the tap changer is in good condition. This method is also called a
transformer DC winding resistance measurement because the tap changer is
measured in series with the transformer windings. As the windings have a large
inductance, this measurement takes a long time: the resistance is measured when
the current through the winding is completely stable. Equation 3-1 shows this
relationship. Resistance is measured when dI/dt=0.

0,4 L
0,3 ()

c
= 00®
o ’“m“ ....oo’
S 0,2 *%0ee eece®®
m“—““”—
- ’ .. ..
E 0g0®
x 0,1
0 rrrrrrrrrrrrrr1rr1rr1rr1rr1rr1rrrrrrrrrrrrrrrrrrrrrrrorrrri
1 26 1
Tap position

Figure 3.9 Graph of the static resistance measurement of all tap positions.
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U=I*R+L* ﬂ 3-1
dt
The results obtained can be compared with earlier resistance measurements, but
one should be careful to correct the readings for changes in the winding
temperature because values depend on the latter, according to Equation 3-2.
s = RM M[ﬁ‘;j 3-2
(T +T,)

Where:
Rs = resistance at reference temperature Ts
Rar = measured resistance
Ts = reference temperature
Ty = temperature at which resistance was measured
Tk = Temperature coefficient, 234.5 for copper and 225 for aluminium

® Determine the resistance of one tap position when the current is increased and
decreased. A considerable memory effect is measured when the contacts are
degraded (see also Appendix C). New contacts barely show this effect. The
resistance of the carbon and the surface film is highly dependent on the current
[11]; therefore a resistance measurement with high measurement currents can
diagnose the degradation at currents that resemble the operation conditions. In
this case, the removable part of the arcing switch is taken out and the
measurement current is directly applied to the change-over selector. In this way,
the main transformer windings are not measured, so a higher current can easily
be applied to the tap changer. A DC power source can be used to measure the
resistance (for example up to 100 A). An example of such a measurement on
degraded contacts is shown in Figure 3.10 [11]. The initial resistance can be in the
range of 500 mQ. When the current is increased, the resistance of the carbon
usually decreases (for example to about 20 m€). A memory effect is present
when the current is decreased, as the resistance does not rise to the initial value
again. Section 4.2.2 will discuss this memory effect in more detail. A coarse tap
winding can be located in series with the measurement in some tap positions.
This value has to be subtracted from the measured contact resistance.

® Detect discontinuity of the OLTC. The tap changer can be operated between
two static resistance measurements and some transformer ohmmeters can detect
discontinuity in the measurement current.

Resistance measurements on tap changers can be performed using transformer
ohmmeters such as [66] and [67].
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3.3.3 Dynamic resistance measurement (DRM)

Dynamic resistance measurement is suitable for detecting irregularities in the
OLTC contact resistance, as are static resistance measurements. The main
difference between dynamic measurements and static measurements is that the tap
changer is operated during the measurement. Important information about the
importance and location of the long-term effect on the change-over selector
contacts can be extracted from the measurement. The contacts do not remain at
each position long enough to allow the measurement current to stabilise
(stabilisation is attained after a relatively long time constant caused by a high
inductance of transformer windings). Despite the fact that DRM can be considered
less accurate than static resistance measurements, it may provide more information
about the type and location of defects inside the OLTC. For example, a typical
dynamic measurement does not allow enough time to stabilise the measurement
current and cannot reveal contacts with resistance increased by 100 u€, whereas
static resistance measurement can do this, but cannot show irregularities in the
transition time. Chapter 4 deals with DRM in more detail.

Examples of diagnostic instruments that are able to show the dynamic
resistance during operation are [12] and [68-70].
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Figure 3.10 Typical resistance measurement example [11]. When the current increases, the
resistance will decrease. In this example the resistance dropped from 237 mS2 to 14 mS2
when the current was increased from 3.5 A to 100 A. At a decreasing current the memory
effect means the resistance cannot rise.

3.4 Discussion

In Table 3.4 we give an overview of the diagnostic methods for OLTC as
discussed in the previous sections. The following can be concluded:
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Visual inspection can be used to reveal degradation in the accessible parts of
the OLTC and drive mechanism. Inspection intervals are determined by the
number of operations or by time intervals, whichever comes first [71].
However, not all parts are accessible for inspection. Change-over selector
contacts, for example, are not accessible in in-tank type OLTCs. Other
diagnostic methods can be used to diagnose these parts and to detect
maintenance errors.

Dissolved gas analysis is in principle sensitive to the irregular operation of
the contacts due to coking and overheating. However, oil samples taken from
the main tank of two-compartment type OLTCs provides information about
all components in the main tank, which masks the sought information about
contact conditions. Other methods can be used to localise the defect. DGA is
insensitive to mechanical defects.

Acoustic vibration measurements on the OLTC are useful for detecting
mechanical and electrical defects. Both types of defects can be distinguished by
comparing measurements of an energised and a de-energised OLTC and by
looking to dominant frequencies in the signal. On-line and off-line
measurements can be performed: on-line measurements can be used to detect
defects and degradation at an early stage, which can limit possible damage to
the transformer.

Different types of OLTCs can produce different vibration signals, the
interpretation of vibration signals can therefore be complex. The method is
insensitive to dielectric degradation.

Temperature measurements on the OLTC can also be useful to detect
increased contact resistances. This measurement is performed on-line but does
not diagnose the tap positions that have not been used. Defects that do not
generate heat are not detected. This method is applicable to reactor type
OLTCs installed in a separate tank.

Motor power and shaft rotation measurements can be used to find
problems in the drive mechanism: active motor power consumption in the
mechanical system up to the spring system and drive shaft rotation for parts
behind the springs.

Static and dynamic resistance measurements can determine the condition
of the contacts. For a dynamic measurement it must be possible to short
circuit the transformers secondary windings, because the effect of the
resistance changes can then be recorded with high time-accuracy. Both
methods use off-line measurements. Section 3.3.3 concluded that dynamic
resistance measurements provide more information about the condition than
static measurements because a larger contact surface is measured. This is an
added value of dynamic resistance measurements.

Other methods than resistance measurements must be used to obtain a full
picture of the insulation condition and mechanical condition (although DRM
is able to detect defects in the drive mechanism that affect the operation of the
contacts).
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DRM results were compared with the results of DGA in Section 3.1.2: statistical
analysis showed that there is no significant correlation between defects that atre
defected with the DGA and the DRM method on the basis of the database and
parameters used. Resistance measurements and DGA can be considered to
supplement each other.

Resistance measurements and ratio measurements are common detection
methods for power transformer defects [72-73] and these methods, together with
inspection and gas analysis, account for 61% of the popular power transformer
measurements [72]. These two methods are particularly suitable for detecting
defective windings. In addition, resistance measurements are also suitable for
detecting contact degradation, especially when applied while the OLTC is in
operation.

Table 3.4 Overview of OLTC diagnostic measurements. Each method diagnoses particular
areas of the OLTC: the practicability is indicated for each method.

Visual inspection
Mechanical Up to springs The drive can be inspected for wear and defects
(drive) Behind springs The drive can be inspected for wear and defects
Arcing switch Accessible for inspection: contact wear can be recognised,
Electrical 9 misaligned contacts could be visible.
contacts -
Change-over selector and In-tank contacts are not accessible for inspection
tap-selector
Dielectric Arcing switch compartment is accessible for inspection
Dissolved gas analysis
Mechanical Up to springs Mechanical defects usually do not influence DGA results
(drive) Behind springs Mechanical defects usually do not influence DGA results
Contact coking, contact wear leading to excessive arcing or
. . overheated contacts can be detected by DGA, but is not considered
Arcing switch ) : ) o .
reliable since the products of oil decomposition by arcing masks the
effect of contact degradation.
Electrical Contact coking, discharges or overheated contacts can be detected
contacts by DGA. In case of two compartment type OLTCs, the oil sample
Change-over selector and Jresembles the condition of all components in the main transformer
tap-selector tank and this method is not considered reliable since the products of
oil decomposition by arcing may leak from the arcing switch
compartment.
Dielectric Iqsulatlon degraqatlon due to high contamination and surface
discharged (treeing) can be detected.
Acoustic vibration measurements
. Mechanical defects can cause deviations in the vibration signature
Up to springs ’
Mechanical compared to recordings from the same type of OLTC.
(drive) . . Mechanical defects can cause deviations in the vibration signature
Behind springs ’
compared to recordings from the same type of OLTC.
. Arcing switch Excessive arcing and friction can be visible in the vibration signature.
Electrical
contacts -
Change-over selector and Excessive arcing and friction can be visible in the vibration signature.
tap-selector
Dielectric Qlelectnc defects and degradation usually do not show in vibration
signatures.
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Temperature measurements

Mechanical Up to springs Mechanical defects do usually not generate heat.
(drive) Behind springs Mechanical defects do usually not generate heat.
Arcing switch Contact coking or overheated contacts that carry the load current can
Electrical 9 generate heat and can be detected.
contacts Change-over selector and |Contact coking or overheated contacts that carry the load current can
tap-selector generate heat and can be detected.
Dielectric Dielectric defects and degradation usually do not generate heat.
Motor power measurements
Up to springs Friction, contact binding and wear can change the active motor power
Mechanical P pring needed for the OLTC operation.
drive, i i i i i
( ) Behind springs The drive mechanism behmd the spring system is not powered by the
drive motor but by the springs.
) Arcing switch The contacts after th_e spring system is not powered by the drive
Electrical motor but by the springs.
contacts Change-over selector and |Friction and contact binding can change the active motor power
tap-selector needed for the OLTC operation.
Dielectric Dielectric defects and degradation usually do not affect the active
motor power.
Shaft angular position measurement
. Defects and degradation in the drive system usually do not affect
Up to springs .
. shaft rotation.
Mechanical - " - -
(drive) The rotation of the remote end of the drive shaft can give condition
After springs information about the mechanical properties of the shaft, friction and
synchronisation problems between phases.
Electrical Arcing switch Friction of the contacts can influence the shaft rotation.
contacts Change-over selector and | The change-over selector and tap-selector are usually not accessible
tap-selector for position measurements.
Dielectric Dielgctric defects and degradation usually do not affect the axis
rotation.
Static resistance measurements
. Defects and degradation in the drive system usually do not affect
. Up to springs .
Mechanical contact resistance.
(drive) . Defects and degradation in the drive system usually do not affect
After springs .
contact resistance.
. . One contact position is diagnosed, defects and degradation such as
Arcing switch . A
X contact wear, coking and misalignment can be detected.
Electrical
contacts e )
Change-over selector and |One contact position is diagnosed, defects and degradation such as
tap-selector contact wear, coking and misalignment can be detected.
Dielectric Dielectric defects and degradation usually do not affect contact

resistance.
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Dynamic resistance measurements
Up to springs Defects and degradation in this part of the drive system usually do
Mechanical P pring not affect dynamic resistance.
(drive) After springs Defects and degradation in the drive system can influence OLTC
pring transition time and can be detected with DRM.
. . All contact positions are diagnosed, defects and degradation such as
Arcing switch . e
. contact wear, coking and misalignment can be detected.
Electrical
contacts ” . )
Change-over selector and JAll contact positions are diagnosed, defects and degradation such as
tap-selector contact wear, coking and misalignment can be detected.
Dielectric Diglectric defects and degradation usually do not affect contact
resistance.

The overview in Table 3.4 can be summarized, as in Table 3.5. From Table 3.5 it
can be concluded that none of the methods provides a full OLTC diagnosis.

Mechanical condition diagnosis can be obtained by:
e Inspection
e Acoustic/vibration measurements
e A combination of:

o Motor power measurement (for defects up to the spring system)

o DPosition measurement on the remote end of the drive shaft (for

defects behind the spring system)

Electrical contacts that are not accessible for inspection may benefit from
resistance measurements. Static and dynamic resistance measurements atre
both performed on all tap positions, but DRM provides more information
about the condition of the contacts than static resistance measurements
because the contact surface for the entire cycle of operation is measured. In
addition, DRM can detect a wider variety of maintenance errors because
contact timing is also checked.

Temperature measurements can reveal serious defects in the OLTC, but
are less sensitive to increased contact resistances compared to resistance
measurements. Defective contacts that are not selected are not recognised by
temperature measurements.

In addition, DGA can also detect arcing and contact coking, but
determining the location where coking occurred is more difficult compared to
resistance measurements.

Dielectric degradation can be detected by dissolved gas analysis. The arcing
switch compartment insulation can be examined during inspection.
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Table 3.5 Overview: suitability of OLTC diagnostic measurements as described in Table 3.4
for finding defects and degradation in particular parts of the OLTC.

Suitability of the discussed methods to diagnose specific OLTC parts
. Inspection, acoustic vibration analysis, active motor power
. Before springs
Mechanical measurement.
drive i ic vibrati i i i
( ) After springs Inspectlon,acousnc vibration analysis, shaft rotation, dynamic
resistance.
. . Inspection, static and dynamic resistance, temperature
. Arcing switch M .
Electrical measurements, acoustic vibration analysis.
contacts Change-over selector and |Static and dynamic resistance, temperature measurements, DGA,
tap-selector acoustic vibration analysis.

Dielectric DGA, Inspection.

3.5 Conclusions

This chapter evaluated the various methods that can be used to diagnose the
condition of an OLTC, thereby detecting irregularities at an early stage, especially
defects that are not seen during inspection and due to maintenance errors. The tap
changer was first subdivided into three parts: oil and insulation, mechanics and the
contacts. Arcing switch contacts were distinguished from change-over selector
contacts (including tap-selector contacts).

Each diagnostic method was shown to be sensitive to defects in particular parts
of the tap changer. Every method also proved to have its limitations. Table 3.4
provided an overview of the methods and their suitability to each of the OLTC
parts. Table 3.5 showed that none of the methods provides a full OLTC condition
diagnosis. Therefore, a combination of different methods would be worthwhile:

e Diagnosis of the mechanical system of the OLTC can be obtained by
inspection, acoustic vibration measurements or through a combination of
motor power and shaft position measurements.

e Electrical contacts that are not accessible for inspection may benefit from
DRM. The following chapter will examine DRM in more detail.

e DGA is a popular method for diagnosing the OLTC dielectric.

Table 3.5 showed that parts of the tap changer can be diagnosed by more than one
method because there is some correlation in their results. Section 3.1.2 elaborated
on the relationship between DRM and DGA results; however, no relationship
between the condition of the change-over selector contacts (as measured with
DRM) and a certain gas amount or gas ratio was found for the dataset selected.
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Dynamic resistance of on-load
tap changers

As mentioned in the previous chapter, static resistance measurements on a
transformer indicate increased contact resistances in the OLTC. These increased
contact resistances can be measured by means of a dynamic resistance
measurement (DRM). However, what is the additional value of this measurement
and what are the important parameters that should be considered when
performing dynamic resistance measurements? This chapter discusses the different
aspects of dynamic resistance measurements, for example the measurement setup,
the influence of the amplitude of the measurement current and voltage, the effect
of circuit resistance and the secondary short circuit.

DRM runs a current through the OLTC to detect increased contact resistances
and interruptions in the current while operating the contacts. The difference from
static resistance measurements is that the tap changer is switched through all its tap
positions during the measurement. The current has no chance to fully stabilise due
to the inductance of the transformer windings. Dynamic resistance measurements
are therefore less accurate in resistance value than static measurements but provide
more information about the type and location of defects. This chapter will show
that DRM finds more defects on OLTCs than can be found using static resistance
measurements.

DRM was originally used for circuit breaker analysis, in which a high current,
typically 100 A or higher, is applied to the closed circuit breaker and the voltage
across the circuit breaker is measured. The circuit breaker is then opened. Valuable
information about the arcing contacts inside the circuit breaker can be extracted
from the contact resistance of the moving contacts and a high resolution can be
obtained by the high measurement current.
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4.1 Measurement setup

When DRM is applied to a power transformer, valuable information about the
condition of the tap changer is obtained. Several options are possible:

e Send a measurement current through the transformer and measure the
secondary voltage while the OLTC is in operation. The tap changer is
measured indirectly by measuring the voltage induced on the side of the
transformer without a tap changer (see Section 4.1.1).

e Send a measurement current through the transformer and measure the total
current while the tap changer is in operation. The effect of irregularities in
OLTC resistance is directly measured (see Section 4.1.2).

e Send a measurement current through the transformer and measure the
impedance [74] while the tap changer is in operation (with or without extra
resistance). The effect of irregularities in OLTC resistance is directly measured
(see Section 4.1.2).

e Send a measurement current through the transformer and calculate the
transformer resistance while the tap changer is in operation (compensate for
the dynamic behaviour of the current). The effect of irregularities in OLTC
resistance is directly measured (see Section 4.1.2).

e Use an oscilloscope to measure the measurement current or voltage, adjust the
trigger level to trigger on the arcing switch operation.

e Use a dedicated recorder to measure both measurement voltage and current.
Use these parameters to calculate impedance, transition times and to show
close-up plots. A dedicated resistance recorder may be more user-friendly than
an oscilloscope.

The accuracy of these options differs in terms of time and amplitude. However,
the basic principle is the same: the measurement of electrical quantities that show
the effect of irregularities in resistance while the tap changer is in operation.

4.1.1 Indirect measurement of the OLTC

Most listed measurement possibilities concern measurements on the windings that
include the tap changer. Only the first option takes a measurement on the
windings without the tap changer. In this case, the voltage induced in the
secondary windings is measured while the tap changer is in operation on the
primary side. The dynamic resistance of the tap changer is indirectly measured.
Figure 4.1 shows an example of this secondary voltage during tap changer
operation. The plot shows a fast response to the transition resistor inside the
OLTC. It can be seen that the voltage decreases because DC does not pass
through the transformer, which is a drawback of the indirect measurement
method.
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Information about the dynamic contact resistance can be obtained with better time
accuracy compared to direct resistance measurements (as will be discussed in
Section 4.1.2), especially when the effect of the transformer ratio is corrected. For
example, Figure 4.1 shows details of the resistance at about 0.1ms, which would
not be visible when the measurement is performed on the primary side, due to the
slow effect of the transformer leakage inductance.

Rapid voltage
changes of 0.1ms

/ are measured
[__..._.,_.1

|
|
M
-l
i
-l
B
il
Transformer ~Secondary
LV

500mY 10.0ms|

Figure 4.1 DRM applied to a transformer with OLTC. The secondary voltage is recorded
while the OLTC switches.

Measurement of the secondary voltage is dealt with in Appendix B. The following
section will elaborate on the options for the direct measurement of the effects of
OLTC resistance. The effect of the transformer ratio is circumvented while the
decreased time accuracy is acceptable. In addition, a secondary short circuit
provides safety in the case of the primary measurement circuit being accidently
interrupted.

4.1.2 Direct measurement of the OLTC

Figure 4.2 shows a schematic representation of the setup for direct measurements
of the OLTC. A DC test voltage is applied to the transformer and the voltage and
current are measured while the transformer is switched through all of its tap
positions. As the basic function of an OLTC is to change from one winding tap to
another without interrupting the load current, DRM can therefore be considered a
direct method of checking the basic functionality.

The resistance and inductance of a power transformer with a tap changer is
significantly higher compared to a closed circuit breaker because of the presence of
transformer windings. For example, transformer windings can have a resistance of
500 mQ, while a closed circuit breaker may have a resistance of 100 puQ. A
dynamic measurement of transformer resistance always measures some of the
transformer inductance because the current has no time to fully stabilise. The
resistance measurement is performed while the tap changer is moving, so the
inductance of the transformer still influences the impedance reading.
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Figure 4.2 DRM applied to a transformer with OLTC. The voltage and current are measured
while the OLTC switches through all its tap positions.

Due to the inductance of the transformer (for example, a leakage inductance of 50
mH), the current through the transformer cannot change quickly. The time
constant of the changing current is given as:

T=— 4-1
R

When the DC voltage is connected to the transformer, two effects occur. First, the
current increases rapidly. The time constant can be calculated by entering the
circuit parameters in Equation 4-1, resulting into Equation 4-2, where R is the
resistance of the measurement circuit, Ry the resistance of the primary transformer
windings, £ the coupling factor between the windings, IN the transformer ratio and
L; the primary winding inductance. A current is induced in the short circuited
secondary windings.

2(1-k)L,
TR AR NRT +
circuit 1 2
As the current flows through the secondary short circuit the main inductance has
no effect and the current is able to change relatively quickly. Figure 4.3 shows the
voltage source connected to the transformer, represented as the T-equivalent
circuit, with a short circuit on the secondary side. The time constant is in the order

of tens of milliseconds. This rapid response is used during the measurement.

Reircut R4 (1-k)L4 N’R;  (1-K)N?L,=(1-K)L,
| S| | S| | S|
+
Usest <> kL1
- - |

Figure 4.3 Schematic of a measurement voltage that is applied to a transformer, depicted as a
T-equivalent circuit, with a secondary short circuit.
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The rapid response is followed by a slower effect, with a time constant which is in
the order of tens of seconds. The current now flows through the main inductance,
while the current through the secondary windings decays to zero. The input
impedance of the winding which is examined is then dominated by high
magnetisation-inductance (for example 200 H). The energy stored in the magnetic
field increases until the secondary current decays to zero, and then the
measurement current stabilises. Equation 4-3 is valid after the first effect has
disappeared (so the leakage inductance can be neglected). Figure 4.4 shows the
path of this slowly varying current. This effect can be largely eliminated from the
dynamic measurement by charging the main inductance before the measurement
starts. The energy stored in the inductance slowly increases during this charging
process, which uses a DC voltage source, and the dynamic measurement begins
when the current through the transformer reaches its equilibrium [75].

(Rcircuit + Rl + N2R2 )Ll [75] 4.3
T, = -
’ ( circuit + Rl )N2R2
Raircuit R; (1-k)L N°R,  (1-k)NL=(1-k)L;
| S| | S| | S|
+
Usest <> kL4
B -

Figure 4.4 Schematic of a measurement voltage that is applied to a transformer, depicted as
a T-equivalent circuit, with a secondary short circuit.

The current response when a stepwise change in the measurement voltage or in the
circuit resistance is applied can therefore be written:

t t
_ o s 4-4
I=C+Cee " +Cie * [735]
The constants Ci-C; can be determined when the boundary conditions are known.
For example, when a step voltage is applied to the transformer, 7i=0) = 0 and Fe=x
= Utest/ Reircuic + R1). Since 11<< 1, the current through the main inductance is still
zero after a few periods of 11, and therefore:

U, =1R,.,+R+NR) 5 45

circuit

Ref. [75] uses this effect to calculate the primary resistance and R, without a
measurement on the secondary side of the transformer:

U
+R =—%" — N°R, 73] 4-6

Yiznrey)

R

circuit
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1 U U
R2 :F ‘ test : test ) [75] 4.7
Yimw) L=

Ref. [75] also uses the difference between the two time constants to calculate the
value of an incremental resistance (dR) that exists in series with the primary
windings to explain the change in the current (di) due to the fast effect (t1):

di(R,,.., + R +N°R
dR — ( czrc'l.ut 1 ' 2) [75] 4-8
[(yegy +di
Conversely, when dR is known di can be calculated from the expression:
di = lieo @R 49
Rcircuit + Rl + dR + N2R2

Since 11<< 12, Equation 4-4 can be simplified to:

t
[=C+Ce " 410

for fast changes in the OLTC resistance, so that adding a series resistor at t=0
results in a current response of:

t

I=1,_, +dil—e ™) 411

(=0)

In practice the measurement is performed on three-phase transformers. When the
transformer windings with the OLTC are star-connected, the three phases can be
measured simultaneously. Three currents are separately recorded and all three
phases are short-circuited on the secondary side. Figure 4.5 shows the setup,
consisting of three times the T-equivalent circuit of a transformer.

Reircuit Ry (1-k)L4 N°R,  (1-k)NLo=(1-k)L4

_:}—KY\’V\;H:_{YYY\_

Ules(

Ry (1-k)L4 N?R;  (1-k)NPL,=(1-K)L

Wye T e B A a g

measurement

Ry (1-k)L4 N?R;  (1-k)NPL,=(1-K)L,

w

Figure 4.5 Dynamic resistance measurement on a star-connected transformer winding.
Three phases can be measured simultaneously.
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Transformers with the OLTC mounted in a
delta-connected winding must be measured by
means of three separate measurements. Only
the phase that is measured needs a secondary 213
short circuit (shown in Figure 4.7). This short
circuit allows for the rapid response of the
current. The other two phases lack this rapid
response, so irregularities in these phases do

. . Figure 4.6 Only 2/3 of the current
not directly influence the current measured. s y 2. o

flows through the tested windings.

Reircuit R (1-k)L N?R;  (1-k)N2Lo=(1-K)L4
w
Utest
Ry (1-k)L4 N°R;  (1-k)N2L,=(1-K)L4
{:—Mﬂ_m
Delta
measurement
Ry (1-k)L4 N°R;  (1-k)N2L,=(1-K)L4
w

Figure 4.7 Dynamic resistance measurement on a delta-connected transformer winding.
Each phase has to be measured individually.

4.2 Measurement current

4.2.1 Winding configuration

This section discusses the influence of the winding configuration on the
measurement results. Chapter 4.1 already discussed the flow of the measurement
current of star and delta-connected transformer windings. It was shown that the
response of the current consists of a fast and a slow part in both cases. It can be
seen that the fast response of the current is comparable in both configurations.
However, there is a difference when the slow response is complete and the current
is totally stable. Figure 4.6 shows the division of the current when the slow
response takes over. The delta connection results in a division of the current. Only
2/3 of the total stabilised current flows through the OLTC phase that is diagnosed.
Because of the lower measurement current, contact resistances will be higher and
irregularities in this phase will be measured with a higher sensitivity.

The measurement current through the contacts should be equivalent when
comparing the results. Therefore, the measurement current should be 50% higher
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at delta-connected windings. For example, when charging the measurement current
through a delta-connected phase to 1 A, the #tal current has to be stabilised to 1.5
A. In this case, the phase of the OLTC is diagnosed with the same current as a
star-connected transformer winding, namely 1 A.

4.2.2 Amplitude of the measurement current

4.2.2.1 Non-linear effect during static resistance measurements

The effect of the measurement current is best demonstrated using static resistance
measurements. Experiments show [11][76] that the resistance of degraded OLTC
contacts is highly dependent on the measurement current and voltage that is used
to determine the contact resistance. This section deals with the relationship
between this effect and DRM.

Figure 3.10 showed a typical example of this current dependency on service-
aged tap changer contacts: the resistance dropped from 237 m€2 to 14 mQ when
the current was increased from 3.5 A to 100 A. Figure 4.8, which shows more
examples of the static resistance of a service-aged OLTC (the contacts are moved
before but not during the measurement) when the current is increased to 100 A.
Again, the contact resistance decreases when the measurement current is increased
and even at 100 A resistance did not reach a stable reading. Section 2.3.5 already
fitted a correction factor Cpry on results from static resistance measurements, in
order to correct measurement results for this effect. Ref. [77] comes with similar
plots for the dynamic resistance of circuit breaker arcing contacts measured up to
875 A and shows that the contact resistance at 2800 A still decreases. Appendlx C
provides additional examples of static resistance measurements on service-aged
contacts using increasing measurement currents.

Another example is shown in Figure 4.9. This figure shows typical results of
static resistance measurements on clean and degraded OLTC contacts. Clean
contacts can have contact resistances in the range of hundreds of micro ohms. The
degraded contacts in this case had contact resistances in the range of hundreds of
milliohms (measured at 2.5 A). As can be seen in the plots, it is easier to
distinguish clean and degraded contacts from each other when the measurement is
performed at low currents. The difference in contact resistance becomes smaller
when the current is increased. However, contact degradation is measured with
higher resolution when the measurement current is low, which makes it possible to
distinguish contact resistance from winding resistance. Variations in the winding
resistance (due to temperature variations) can be higher than the contact resistance
at high currents, making it impossible to draw a conclusion about the contacts.
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Fijgure 4.8  Static resistance measurements of service-aged OLTC contacts. The
measurement current was increased to 100 A. A strong dependency of the contact resistance
on the measurement current is revealed.

Static resistance of new and degraded contacts
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Resistance (mQ)
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0,00 20,00 40,00 60,00 80,00 100,00

Current (A)

Figure 4.9 The contact resistance of clean and degraded contacts when the current is
Increased from 2.5 A to 100 A. Degraded contacts show high resistances at low currents,
while the difference between clean and degraded contacts becomes smaller at higher
currents.

The decreasing contact resistance at higher currents can be caused by several
effects [34]. Firstly, the higher source voltage tends to break the thin insulating film
on the contacts. Secondly, the high current can cause higher hotspot temperatures
in the contact interface, melting the contact material locally. This improves the
contact because the contact surface increases.

In general, it can be seen that the resistance measuring sensitivity to surface
film on the contacts increases when the measurement current is decreased. This
dependency can be a few decades in amplitude. A current that is too low (and
therefore a low measurement voltage) might allow the thick surface film to
interrupt the measurement current. The effect of the surface film decreases when
the current or voltage is increased.
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4.2.2.2 Non-linear effect during dynamic resistance measurements

The effect described above should also be kept in mind when one performs
dynamic measurements: the magnitude of the measurement current influences the
outcome directly. This effect can easily be demonstrated by performing the DRM
on a service-aged OLTC using five different measurement current levels. Figure
4.10 shows the result. The current is plotted as a function of time at the moment
the OLTC operates. The contact resistance may be larger when the current is low,
in this example the current is almost interrupted at 200 mA, while the current
profile looks undisrupted at 20 A. Chapter 7.1.2 explores the effect of the surface
film in combination with low measurement currents in more depth using
laboratory experiments.
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Figure 4.10 Dynamic resistance measurement on the same service-aged tap changer that
sufters from the long-term effect on the change-over selector. Five different measurement
current levels are used to demonstrate the influence of the amplitude.

Figure 4.11 shows an example of two dynamic resistance plots of the same service-
aged change-over selector that moves over a surface film. The movement of the
contact can be seen as spikes before the arcing switch operation. Two different
source voltages are used. The higher voltage of 1.8 V will break the surface film,
with only small irregularities being visible. The lower source voltage of 1 V is
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obtained by removing the transformer windings from the measurement circuit.
This results in frequent interruptions of the measurement current. This effect is
also seen when the voltage is decreased by decreasing the measurement current.

This effect of the measurement current on degraded contacts is shown in
Figure 4.12. OLTCs in three different aging stages were examined using DRM with
five values for the measurement current and the deviation of the current from the
expected value in each tap position was calculated. The expected value is the
current that would be measured when there are no defects present in the tap
changer. Two tap changers were measured in each category; Figure 4.12 shows the
averaged maximum current deviation of those two OLTCs. A distinction between
good, aged and bad contacts can be made at low measurement currents (<5 A),
which is not possible at higher measurement current (e.g. 20 A). In addition, the
correction factor Cpry from Section 2.3.5 depends on the aging stage of the tap
changer.

Transformer ohmmeters that perform static resistance measurements [67-68]
also use low currents for resistance measutements. The ANSI/IEEE C57.12.90-
1987 test code for power transformers advises that the current used should not
exceed 15% of the rated current of the winding whose resistance is to be
measured. Larger values may cause inaccuracy by heating the winding and thereby
changing its temperature and resistance [65]. The selection of a suitable
measurement current amplitude is complicated: on the one hand, sensitivity to
surface film on the contacts increases when the measurement current is decreased,
so a low measurement current, for instance below 10 A, may be desired if one
wants to assess the importance of the long-term effect. On the other hand,
interruptions of the measurement current due to the long-term effect may be
considered undesirable because the surface film itself does not directly endanger
proper OLTC operation and will not cause interruptions of the load current when
the transformer is in service. The interpretation of DRM results may be simpler if
only serious defects cause current interruptions. A current of at least a few
hundred milliamps can be selected to prevent interruptions of the measurement
current due to the thin film.

Within this margin, that is, a few hundred milliamps to 10 A, there will be large
resolution differences in which the degradation can be measured. At low current,
more false positive conclusions will be drawn from DRM. It will then indicate a
defective situation, although no serious defect is confirmed by visual inspection or
by additional measurements. Unnecessary time and money will then be spent on
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Figure 4.11 DRM of a change-over selector moving over a surface film. Left: standard DRM
with a source voltage of 1.8 V. Right: The same movement when the OLTC is measured
separately. The source voltage is only 1 V because the transformer windings are not in series.
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the OLTC. On the other hand, a high current will result in more false negative
conclusions, where a defective OLTC is not recognised by the DRM, which is a
very undesirable situation. These two situations should be balanced carefully by
choosing the optimal measurement current. However, the location where the
degradation appears in the plots and the shape of the resistance irregularities will
be the same. For that reason, this thesis discusses dynamic resistance
measurements using a fixed measurement voltage with an amplitude such that the
initial measurement current at the start of a measurement is 1 A. The current is not
easily interrupted by the surface film at this amplitude, but the measurement is very
sensitive to small defects and degradation. The chance of making false positive
conclusions is then higher than of making false negative conclusions, which is
desired because a transformer failure is more expensive than a diagnostic
measurement.
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Figure 4.12 The deviation of the measurement current from the expected value decreases
when the measurement current is increased. This plot shows averaged DRM results from two
OLTCs with good contacts, two with aged contacts (a surface film) and two with bad
contacts (with contact coking).

Due to this non-linear relationship between the current and the resistance, the
resistance measured at low measurement currents does not resemble the contact
resistance at nominal currents. Contact resistances measured at different current
levels cannot be compared absolutely. When measuring with a low current, for
example 1 A, it is unjustified to extrapolate the resistances measured to the load
current level. For this reason dynamic resistance measurements at low current are
considered less reliable [78]. The current level should be the same when comparing
measurements (for example, from the same type of OLTC, between different
winding configurations or with earlier measurements). Dynamic resistance
measurements on high-voltage circuit breakers normally use currents of 100 A or
higher [77-78]. Circuit breakers are designed to have a very low resistance, so a
high measurement current is necessary to obtain an accurate voltage reading. A
power transformer has a much higher resistance and a high current would result in
a large power supply for the measurement device. The high inductance of the
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transformer windings in combination with a high direct current would also make
the measurement more risky.

However, the results can be very useful when the importance of the long-term
effect on the change-over selector contacts is of interest. When taking the current
dependency into consideration, the long-term effect can be measured with a higher
sensitivity compared to measurements at currents of 100 A or higher. Again, the
measured ohmic values do not resemble the contact resistance at operating
currents.

4.2.3 Sensitivity

During a dynamic resistance measurement the contacts can move over degraded
contact areas and it is possible that the measured resistance only deviates from
normal values over a few milliseconds. The sensitivity of the dynamic resistance
measurement to these brief irregularities in contact resistance is also influenced by
the time that is needed for a defect to change the measurement current such that it
exceeds the noise level. Defects with a high resistance force the measurement
current to change rapidly. Therefore it is possible to detect defects that appear very
briefly if they have a high resistance. Defects with a low resistance need much
more time to change the measurement current more than the noise level
Therefore, contact degradation with a low resistance that is only measured briefly
may remain below the detection limit of DRM. Figure 4.13 shows an example of
the detection limit. This limit is dependent on the circuit parameters and the time
constant of the transformer. Defects under the detection limit will not exceed the
noise level during the dynamic resistance measurement.

10],

Resistance of the defect (Ohm) \\

T 1

T T T
0 0,01 0,02 0,03 4 0,05

Time of the defect (so)’0
Figure 4.13 OLTC degradation that causes increased contact resistance needs time to
influence the measurement current due to the circuit inductance. This graph gives an
example of the detection limit of defects that appear over a certain time (x-axis) and have a
specific amplitude (y-axis). Defects under this line lie below the noise level of this DRM
setup. Simulation parameters: 1 2 circuit resistance; 1V test voltage; 20 mH leakage
inductance; 5 mA noise on current measurement.
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4.3 Circuit resistance

The measurement circuit also influences the sensitivity of the measurement [79].
Differences in circuit resistance have an effect on:

1) The time constant of the measurement circuit. Equation 4-1 shows that a
higher circuit resistance allows for rapid changes in the current. This
increases the accuracy for short irregularities and the influence of the
inductance is less dominant in the plots (the current follows changes in the
resistance more rapidly).

2) The drop in current in terms of percentage. An unwanted resistance in the
circuit causes a smaller drop in current when the total resistance is larger.

3) The power supply that is needed.

4) 'The power losses in the circuit.

In relation to selecting measurement circuit parameters, the first effect is in conflict
with the other three. On the one hand, a high resistance allows briefly registered
defects to be detected; on the other hand, this results in a smaller signal that is
barely distinguishable from the noise. Power losses in an additional resistor should
also be considered.

A simulation has been carried out to obtain greater insight into these
contradictory effects. The circuits shown in Figure 4.5 and Figure 4.7 are used for
these simulations. The simulation parameters are based on a 50/10 kV 10 MVA
transformer. A resistance measurement on the primary and secondary windings

yields:
Ry =0.45Q
Rz =0.0575 Q

NZ2R, =1.44Q

The inductances are based on the time constants of the measurement current
measured:

(1-K)L; = 55 mH

The value of the main inductance could be calculated by the no load current and
losses of the transformer and yielded:

L1 =197 H (rounded to 200 H for the calculations)

When the OLTC is in operation, the transition resistors are switched into the
circuit for a short time. The four effects of the circuit resistance that were
mentioned above are now explained by looking at the effect of the transition
resistors.

A series of tap change operations were simulated on a delta-connected OLTC
[80]. The transition resistor of 2 L was in the circuit for 50 ms each time the
OLTC was operated. An extra resistor was then added to the circuit. The effect of
this extra resistor is listed in Table 4.1. It can be seen that the current drop due to
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the transition resistor decreases from 25% to 2% when the resistance is increased
to 64 Q. A measurement voltage of about 100 V is needed in that case. The time
constant of the circuit also changes, as is depicted in Figure 4.14.

Table 4.1 The eftect of an additional resistor on the current drop, response time and the
measurement voltage.

Q Currentdrop [ 1(ms) Utest

0 -25% 23.5 2.05
0.25 -24% 22.5 2.45

0.5 -23% 21 2.85

1 -21% 19.5 3.63

2 -19% 16.5 5.2

4 -15% 12.7 8.35

8 -11% 9.2 14.62

16 -6% 5.6 27.2

32 -4% 3.1 52.35

64 -2% 1.8 102.7

.30

ER 35 ,

5 g. 20 Time constant (ms)
= T

§ % 15 - ‘~ = = = Current drop (%)
2 = 10 N

= 5 == -

0 \ \ \
0 20 40 60

Extra circuit resistance (Q)

Figure 4.14 The effect of the transition resistors on the DRM current decreases when the
circuit resistance is increased, but the response also becomes faster (the time constant also
decreases).

A close-up view of the transition resistor operation is shown in Figure 4.15. A
complete flag-cycle is simulated. Normally, the measurement circuit has a
resistance of about 1 Q. When an additional resistor is added to increase this value
to 8 €2, it can be seen that the response becomes faster but has a smaller amplitude.
Figure 4.16 shows the effect of the transition resistors in the case of 64 Q
resistance in the measurement circuit. The response is almost direct.
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Figure 4.15 The response of the DRM current to the transition resistors. The amplitude of
the response is larger at a circuit resistance of 1 £2 compared to 8 £2.
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Figure 4.16 The response of the DRM current to the transition resistors at a circuit
resistance of 64 £2. The current follows the resistance almost directly, so the effect of the
inductance almost disappears.

When the circuit resistance is increased further, the current will directly react to
changes in the contact resistance. However, the low amplitude will cause problems.
Figure 4.17 shows a measurement with 75 €2 added resistance. It can be seen that
the noise level is higher than the amplitude of the signal. It is impossible to detect
defects in the OLTC when the signal is so small. The method discussed in
Appendix B should be considered if a high level of time accuracy is desired.

The spikes in Figure 4.17 can be identified as noise because the current through
the transformer is not able to change quickly. Peaks in the dynamic resistance can
be identified as noise when they disappear much faster than the time constants of
the transformer. Single peaks in the dynamic resistance are therefore caused by
noise in the measurement circuit. The same effects can be measured or simulated
in the case of the OLTC being applied to a star-connected winding.
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Figure 4.17 The response of the DRM current to the transition resistors at a circuit resistance
of 75 £2. Noise on the measured signal makes it almost impossible to detect defects in the
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Figure 4.18 Dynamic resistance measurement on the same service-aged tap changer that
sufters from the long-term effect on the change-over selector. Five different series resistors
are used to demonstrate the influence of the circuit resistance.

Figure 4.18 shows an example of a DRM result of a service-aged OLTC with
contact degradation using five different values of circuit resistance. A series
resistance was added to the circuit for this purpose. It can be seen that the current
deviates more from the expected value when a low circuit resistance is used. Inset
A and B of Figure 4.18 show a close-up of the current when the tap changer
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operates, from which it can be seen that the current reacts faster on changes in the
resistance when a high circuit resistance is used (‘B’), which corresponds with the
simulations described in this section.

This effect can also be seen when the deviation of the current from the
expected value is calculated for each tap position. DRM results from OLTCs in
three different aging stages (good, aged and bad) were used, see Figure 4.19. Two
tap changers were measured in each category; Figure 4.19 shows the averaged
maximum current deviation of those two OLTCs. Five different series resistors
were added to the measurement circuit. This example shows that the difference
between the aging stages is higher at low series resistance (<1 Q).

Another consequence of the circuit resistance dependency concerns the
comparison of data between different DRM sets. Different measuring instruments
can perform a dynamic resistance measurement [12][69][81-82], and may have
other circuit resistances. Thus, the difference in the circuit resistance should be
compensated for when comparing the resistances measured. An extra resistance
can be introduced into in the measurement circuit for this purpose.
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Figure 4.19 The deviation of the measurement current from the expected value decreases
when the circuit resistance is increased. This plot shows averaged DRM results from two
OLTCs with good contacts, two with aged contacts (a sutface film) and two with bad
contacts (with contact coking).

4.4 Secondary short circuit

Another issue concerns the effect of a secondary short circuit of the transformer
when carrying out a dynamic resistance measurement. This short circuit has two
functions. Firstly, safety is increased by the short circuit: the secondary short circuit
provides a path for the current in the case of the primary side being interrupted.
Without the shott circuit, the current decteases and the steep dI/dt causes a high
voltage over the inductance, causing an arc to occut.
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More important is the second function of the secondary short circuit. It allows the
measurement current to react quickly to changes in the supply voltage or in the
circuit resistance. Without this fast time constant, short irregularities in the contact
resistance cannot be measured. Section 4.1.2 elaborated on this time constant.

OLTCs in a delta-connected winding have to be measured three times, one
measurement for each phase. In each case, the secondary short circuit is only
applied to the phase(s) being measured (as depicted in Figure 4.20) and not to the
other phases. In other words, the two phases which are not measured lack the
secondary short circuit. In this way, the measurement current through the other
phases is not able to change during the measurement and only a defect in the
tested phase is measured and localisation possible. The secondary short circuit has
to be changed for each measurement, which is a disadvantage (for example, due to
safety).

Rmeasure

T

‘ i
primary Transformer S€conda Short circuit

Figure 4.20 DRM setup for a transformer with the OLTC in a delta winding. The short
circuit is applied to the measured phase only.

Another way to perform DRM is to apply a secondary short circuit to three phases
at once. This situation is shown in Figure 4.21. However, the current through the
two non-tested phases is also able to change quickly. A defect in the tested phase
results in an increased current in the other two phases (due to current division on
parallel paths). In such case, the measurement current supplied by the
measurement system will not change as usual. Short irregularities in the contact
resistance of other phases are also measured and crosstalk between the phases
occurs.

Rmeasure

primary Transgérmer secondary  Short circuit
Lv

Figure 4.21 DRM setup for a transformer with the OLTC in a delta winding. The secondary
short circuit is applied to all phases.
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A simulation was used to investigate the effect of the secondary short circuit. An
increased circuit resistance due to degradation causes an irregular current in the
dynamic resistance measurement. To simulate this degradation, extra resistors can
be introduced into the simulation. The irregularity can appear in one phase only or
simultaneously in three phases. Therefore, three different resistances which create
disturbance resistances are simulated:

* Anincreased resistance in the measured phase
* Anincreased resistance in one of the non-measured phases only
+ Anincreased resistance in all three phases

Again, a 2 Q resistor is switched in the circuit for 50 ms. The other circuit
parameters are as described in Section 4.3. By doing so, the simulation gives the
same time responses as a measurement on a real powet transformer.

Table 4.2 gives an overview of the effect of these three irregularities on both
short circuit conditions. The decrease in the measurement current is determined in
terms of a percentage of the initial current. From the viewpoint of completeness,
the effect of the irregularity in a star-connected measurement is added.

Table 4.2 Overview of simulation results. The change in current is presented for three types
of irregularities and three measurement configurations. A resistance of 2 2 was in the circuit
for 50 ms.

b

3|3

g

2|5

I

o [&]

2| 3

5|5 Location of defect (50 ms, 2 Q)

C

= zo Three phase | Measured phase Non-measured phase
s|aj|1 -24% -24% 0%
E
>3 -33% -22% -11%
5
olY]|3 -28% -38% 14%

From these simulations it can be concluded that a dynamic resistance measurement
on a delta-connected transformer winding is best performed with one secondary
phase short-circuited. In that case, a three-phase defect and a one-phase defect
both give the same response (24% decline in the current), while a defect in a non-
measured phase does not influence the measurement (0%). A three-phase short
circuit would give an inferior result.

The current through one phase can rise at a star-connected tap changer when
another phase has increased contact resistance (see Table 4.2). Figure 4.22 shows
the simulation result in this situation, where the current rises 14%.
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4.5 Determination of the contact resistance

DRM is a direct method for measuring defects on the OLTC contacts. The effect
of variations in the contact resistance is measured quickly (by switching the OLTC
through its cycle of operation). Corrections in the source current and voltage
measured may be needed before the resistance can be displayed.

Section 4.1 discussed the time constants of a transformer in cases where the
voltage and current measurements are performed on the same side of the
transformer. Essentially, the impedance is measured because DRM does not
provide long stabilisation times. Resistance
can only be read after a long petiod.
Corrections are needed in order to
determine the real contact resistance. The
same applies when the voltage response is
measured on one side of the transformer
and current is injected on the other side. A
correction or calculation is needed to obtain
the resistance values in both cases.

Firstly, the other circuit resistances need
to be corrected, for instance the resistance e
of the measurement cables. A 4-point Time
measurement  makes  this  correction  Figure 422 Simulation of an OLTC

: with increased resistance in the
unnecessary. The  resistance  of the 7 djacent phases.
transformer windings should also be
subtracted from the value measured in order to obtain the contact resistances (note
that these values are temperature and frequency dependent).

Secondly, the time constant of the transformer windings to a DC voltage needs
to be corrected. The response of the measurement current to a resistor with a
known value is a way to avoid this: KEMA developed [68] and patented [83] this
method. The resistance is calculated after the effect of the fast time constant
disappears but before the slow response starts, as it is assumed that the current
through the windings has not yet changed. The ohmic value obtained by this
calculation is very close to the static resistance at that particular amplitude of the
current. This value should not be compared to values obtained at other levels of
the measurement current because the contact resistance can be strongly dependent
on the current.

Finally, compensating for differences in the measurement setup could make the
readings obtained less prone to variations in the setup, resulting in more readily
reproducible readings.

1.25A

1.808A

Current

4.6 Conclusions

This chapter discussed aspects of dynamic resistance measurements, such as the
effect of the secondary short circuit, circuit resistance and measurement current
level. It was shown that a short circuit has to be applied to the secondary side of
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the transformer (one short circuit at delta transformers). A four-wire resistance
measurement directly on the transformer bushings can be used to compensate for
the resistance of the test leads. We showed that a high circuit resistance results in
smaller changes in the measurement current, making the readings more prone to
noise, but the dynamic resistance that is measured shows fewer slow effects of the
winding inductance (because © = L/g).

An important topic is the amplitude of the measurement current (and therefore
also the measurement voltage). We showed that when the measurement current is
decreased the sensitivity to surface film on the contact increases (see Figure 3.10).
This variation in the resistance can be a few decades in amplitude. A current that is
too low (and therefore a low measurement voltage) will allow the surface film to
interrupt the measurement current. Because the formation of the surface film on
the contacts is the first stage of the long-term aging effect that leads to coking, it is
of interest to determine if this degradation mechanism has started. The
dependency of the contact resistance and the amplitude of the measurement
current on each other can be used to detect the long-term aging effect at an early
stage. In addition, studying contact degradation by DRM at different current
amplitudes provides information about both the very eatrly stage of contact
degradation (at low currents) and information about the behaviour of contact
degradation at a nominal current during OLTC service (at high measurement
current).

When doing so, a few issues have to be considered. Above all, it is impossible
to determine the ‘real’ contact resistance of degraded contacts. Measurements at
both high current and low current do not indicate a contact resistance that is
independent of the measurement current. Results even fluctuate with the current
when the measurement is performed with 100 A or higher. Examples were given
in this chapter. This current dependency of the contact resistance during static
resistance measurements should also be kept in mind when performing dynamic
measurements as there was no stable reading of the resistance even at 100 A.

To conclude, performing a dynamic resistance measurement on an OLTC with
a low measurement current has important advantages: it is able to detect a large
variety of defects and degradation. The long-term aging effect can be discovered at
an early stage when a low current is used for the measurement. The method
provides more information about the tap changer condition than static resistance
measurements because resistance can be measured at more contact locations.

Using DRM with low measurement current also has disadvantages: it is difficult
to compare results with other measurement results (from other OLTCs or with
earlier measurements on the same unit). Results measured at different currents
should never be compared. One should be careful not to use a measurement
current that is too low: extreme resistances can be measured in such cases, even
causing total interruption of the current.
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Power transformer diagnostic
system

The diagnostic methods described in Chapter 3 do not cover all of the dominant
degradation mechanisms when applied separately. Thus, in order to measure all of
them, a combination of diagnostic measurements is recommended. This chapter
proposes a power transformer diagnostic system that combines a set of diagnostic
measurements which can diagnose the technical condition of the main power
transformer subcomponents, focusing on the dominant failure modes. The
diagnostic system discussed in this thesis focuses on condition assessment of
power transformers with a high-speed resistor-type OLTC. No distinction is made
between testing diverter and selector switch type OLTCs and between in-tank and
compartment type OLTCs.

The subcomponents that are not accessible to visual inspection during regular
maintenance, for example because they are enclosed in the transformer tank, are of
particular interest. The diagnostic measurements used are therefore selected on the
basis that they can reveal defects and degradation without disassembling the power
transformer as they measure quantities that are accessible externally. Examples of
such quantities include terminal voltage, excitation current, acoustic vibrations and
drive motor power.

Certain aspects of two important power transformer subcomponents primarily
determine the application of the transformer diagnostic system. First there is the
OLTC, which is normally found in power transformers installed in transmission
networks and in distribution networks, typically at voltages of 25 kV and above.
The off-line measurements using the proposed diagnostic system are
recommended on-site after regular tap changer maintenance or inspection. In this
way, safe operation of the power transformer is guaranteed when it is re-energised.
Contact degradation and defects that adversely affect the OLTC main function can
be checked using the diagnostic system described in this chapter, which offers a
direct way to detect whether the tap changer is able to select another winding tap
without interrupting the load current.
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The second important transformer subcomponent is the winding. Due to the
diversity of transformer types, the winding configuration must be considered
during diagnostic measurements. Common winding configurations (Figure 5.1) are:

o o

Delta-connected windings

Star (Wye)-connected windings
Autotransformers
Zigzag-connected windings

Although the measurement of winding resistance and transformer turn ratio on
these types of winding configurations are comparable, important differences exist:

The measurement voltage has to be applied on different terminals. Delta
windings are measured phase-to-phase while star-connected windings and
zigzag-connected windings with a neutral point can be tested phase-to-neutral
(Figure 5.1, see also Section 4.1.2).

Current and voltage signals used for the ratio or resistance calculation must be
measured on different terminals. The transformer vector group (e.g. Yd11)
describes which windings are magnetically coupled and which windings are
connected to which terminals. Therefore it determines which secondary
terminals should be used for the measurement (Figure 5.1).

Resistance of the three transformer phases can be measured simultaneously at
star and zigzag-connected windings with a neutral point (Figure 5.1). This not
only affects the measurement circuit, but also the way results can be displayed
(e.g. three phase results can be shown on the same timescale).

Section 4.4 described the secondary short circuit during a dynamic resistance
measurement (DRM), which is dependent on the winding configuration.
Delta-connected windings offer an alternative path in the case of a single-
phase interruption of the measurement current. This should be kept in mind
when interpreting results.

1U
A B

1U
C

2U
2V

1w v | 1w v 1w - 2W Vv | 1w Y

measurement

Three separate
measurements
Correction factor
needed

DC winding
resistance

One measurement if
neutral point
accessible

One measurement if
neutral point
accessible

One measurement if
neutral point
accessible

See above and
vector group

See above and
vector group

See above and

Dynamic
vector group

resistance

See above and
secondary short circuit

measurement

determines secondary
short circuit

determines secondary
short circuit

on same phase

determines secondary
short circuit

Transformer
turn ratio
measurement

Vector group
determines secondary
voltage reading

Vector group
determines secondary
voltage reading

Voltage reading on
same phase

Vector group
determines secondary
voltage reading

Figure 5.1 Common three-phase transformer winding configurations include a) delta, b)
star, ¢) auto and d) zig-zag.

72




CHAPTER 5 — POWER TRANSFORMER DIAGNOSTIC SYSTEM

Taking the above considerations into account, a transformer diagnostic system that
configures the measurement circuit according to the winding configuration can be
beneficial.

This chapter firstly discusses the international testing standards that apply to
power transformer testing (Section 5.1) and proposes a diagnostic system (Section
5.2). Secondly, the chapter elaborates on the aspects of this proposed diagnostic
system by describing: 1) the typical measurement procedure, including practical
aspects of using the diagnostic system (Section 5.3), 2) the hardware configuration
of the proposed diagnostic device and data processing and analysis (Appendix D).

The measurement data from this diagnostic system contains condition
information about the various transformer subsystems and requires interpretation
by a transformer expert. The interpretation of typical diagnostic data will be
discussed in Chapter 6.

5.1 International standards for power transformer testing

International standards are used to measurement different power transformer
types in a consistent way. They advise several checks and measurements be
performed on power transformers, but do not specify exactly how these checks
should be performed. Relevant international standards for power transformer
testing include:

1. ANSI/IEEE C57.12.90-1987: American national standard / IEEE Standard
Test Code for Liquid-Immersed Distribution, Power, and Regulating
Transformers.

2. IEC 60076-1: Power Transformers — Part 1: General.

IEEE Std 4-1995, IEEE Standard Techniques for High-Voltage Testing.

4. IEEE Std 62-1995: IEEE Guide for Diagnostic Field Testing of Electric
Power Apparatus. Part 1: Oil Filled Power Transformers, Regulators, and
Reactors.

5. IEEE Std C57.140-2006: IEEE Guide for the Evaluation and Reconditioning
of Liquid-Immersed Power Transformers.

6. IEC 60214, Tap-changers — Performance requirements, test methods and
application guide.

7. IEEE Std C57.131-1995: IEEE Standard Requirements for Load Tap
Changers.

»

These standards require that the condition of the OLTC contacts and the drive
mechanism, together with contact timing, are determined during regular
maintenance, see Table 5.1. In particular, checking the contact alignment and
film/carbon development is advised. Turn ratio measurements are also advised
during regular maintenance.
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Table 5.1 Summary of general test requirements of international standards for power
transformer testing, describing which tests and checks should be performed during
maintenance or Inspection.

As part of a transformer upgrade and service life extension,)
the contact assemblies should be inspected for evidence off
poor performance, such as discoloration and/or material
flow (melting) of contacts and also film or carbon buildup
(coking) in conducting contact area.

The internal tap assemblies and their operating
shafts/gears should be inspected carefully for alignment
and physical condition.

Contact alignment should be checked and corrected as
needed.

IEEE Std C57.140-2006
IEEE Guide for the Evaluation and
Reconditioning of Liquid-Immersed Power
Transformers

IEEE Std 62-1995
IEEE Guide for Diagnostic Field Testing of
Electric Power Apparatus. Part 1: Oil Filled
Power Transformers, Regulators, and
Reactors.

The ratio in particular is checked during regular (e.g.
annual) inspections and it is recommended that it is also
checked before returning the transformer to service if the
unit has been subjected to a through-fault.

In addition to recommendations concerning what should be checked and
measured, the standards also set general requirements on how to perform the
measurements. The requirements for resistance measurements on power
transformers must be considered in dynamic resistance measurements on OLTCs,
which are summarized in Table 5.2. Transformer turn ratio measurement
requirements are summarized in Table 5.3. It can be seen that these international
standards do not specify precise measurement parameters for the advised
measurements; the most practical parameters can be chosen within the boundaries

described.

Table 5.2 Summary of test requirements of international standards for resistance
measurements on power transformers, describing in general how these resistance
measurements should be performed,

Measurement is made with direct current and simultaneous
readings of current and voltage are taken.

ANSV/IEEE C57.12.90-1987
American national standard / IEEE
Standard Test Code for Liquid-Immersed
Distribution, Power, and Regulating

The voltmeter leads shall be independent of the current
leads and shall be connected as closely as possible to the
terminals of the winding to be measured.

Power Transformers - Part 1: General.

Transformers.
The current used shall not exceed 15% of the rated current
of the winding whose resistance is to be measured. Larger
values may cause inaccuracy by heating the winding and
thereby changing its temperature and resistance.
IEC 60076-1 Tests shall be made at any ambient temperature between

10°C and 40°C.
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Table 5.3 Summary of test requirements of international standards for transformer turn ratio
measurements, describing in general how these ratio measurements should be performed.

ANSI/IEEE C57.12.90-1987
American national standard / IEEE
Standard Test Code for Liquid-
Immersed Distribution, Power, and
Regulating Transformers.

The ratio test shall be made at rated or lower voltage and
rated or higher frequency.

Transformers that have Y diametric connections but do not
have the neutral of the Y brought out shall be tested for
ratio with three-phase power.

IEEE Std 4-1995
IEEE Standard Techniques for High-
Voltage Testing

The test voltage shall be an alternating voltage having a
frequency in the range of 45-65 Hz.

The voltage wave shape should approximate a sinusoid
with both half cycles closely alike, and it should have a
ratio of peak-to-rms values equal to the square root of 2
within +5%.

IEEE Std 62-1995
IEEE Guide for Diagnostic Field
Testing of Electric Power Apparatus.
Part 1: QOil Filled Power Transformers,
Regulators, and Reactors.

If the transformer has load taps, the turn ratio should be
determined for all of these taps.

A meaningful ratio measurement may be made using only
a few volts of excitation. The transformer should be excited
from the highest voltage winding in order to avoid possibly
unsafe high voltage.

The voltmeters used should have accuracies
commensurate with the requirements of a 0.5% ratio
calculation.

5.2 Transformer diagnostic system

To obtain the desired information about the condition of the transformer
subcomponents as mentioned in the previous section, the following off-line
diagnostic methods are combined into a single diagnostic system:

- Resistance measurements (dynamic resistance of the OLTC and DC

winding resistance)

- Transformer turn ratio
- Mechanical condition of the drive system

These measurements can be applied during regular tap changer maintenance and
diagnose the contacts and mechanical drive system, see Table 3.1. Concerning the
latter, to diagnose the mechanical condition and OLTC drive mechanism a
selection of measurements can be made based on the considerations of Section 3.2.
For example, information about the mechanical condition can be gained by

measuring:

a.  The active drive motor power

b. The remote end drive shaft rotation for rotor-type OLTCs with an accessible
drive shaft (e.g. selector switch type tap changers)

c. The timing of protective contactors, for example an excessive switch-time

protective contact
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Table 3.1 shows that these methods, in combination with a visual inspection,
diagnose defects in all the OLTC subsystems from Table 3.1. Figure 5.2 illustrates
the diagnostic methods selected for the proposed transformer diagnostic system.
The condition of the power transformer subsystems, depicted left in Figure 5.2, is
assessed using the four basic diagnostic measurements used in the diagnostic
system (see also Chapter 3). In addition to the measurements included in the
transformer diagnostic system, gas analysis of the transformer insulation oil, visual
inspection of the transformer tank and accessories are also advised in order to
determine the optimal maintenance strategy.

Power transformer Transformer diagnostic system
Magnetic circuit / core e Transformer turn ratio measurement
Windings 3 DC winding resistance measurement
OLTC contacts — . | Dynamic resistance measurement

A

OLTC drive mechanism

Mechanical diagnosis
- Drive motor power

Dielectric (oil/paper) - Drive axis position Maintenance
- - Excessive switch time protection timing strategy

Bushings

Tank + accessories Gas analysis

T s

%ﬂ Inspection

Figure 5.2 The transformer subsystems (left) are diagnosed by the transformer diagnostic
system (centre). Additionally, gas analysis and inspection are advised. As a result, the
optimal maintenance strategy can be determined.

The goal of applying this combination of diagnostic measurements is threefold:

1) To diagnose the power transformer windings and tap changer in cases where
protective devices have switched off the transformer.

2) To assess the contact condition and contact timing after regular tap changer
maintenance or repair, in particular for pre-failure detection of maintenance
errors and to find defects and
degradation  that remained
undiscovered during
inspection.

3) To detect contact degradation
at an early stage and thereby
determine the optimal
maintenance strategy.

In this thesis, the suitability of
DRM on OLTCs is studied using
the Transformer Diagnostic

System desctibed in [12][84] and as  Figure 53  Transformer diagnostic system
shown in Figure 5.3. described by [12] during DRM field testing.
The system is remotely controlled by a laptop.
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5.3 Measurement procedure

Figure 5.4 shows the measurement procedure of the diagnostic system. Prior to the
off-line measurements, the power transformer must first be prepared for the
measurement. The transformer is de-energised, a safety ground is applied, the

high-voltage

connections are 1 3a

uncoupled (Figure Prepare power transformer for /| Load transformer parameters
541 ) and the clamps measurements from database
and sensors are

connected (Figure 2 A / 3b r

5.4‘2)‘ Figure 5435-¢ ‘ Connect clamps and sensors ‘ ‘ Select desired tests
lists the general 3 3¢

measurement ‘ Perform mejasurements ) ‘ Check inp'ut signals
procedure  of  the

proposed  diagnostic 4 . 3d I

system, which applies ‘ Remove clamps and sensors ‘ Perform measurements
for all  diagnostic (§5.3.1-§5.3.3)
methods in the 5 v

proposed diagnostic Prepare power transformer for \ 3e v

system‘ As a first Sth operation

\

in the measurement,
transformer parameters

are entered (Figure — system.

5.4.3a) in order to:

I. Store measurement data in a consistent way

II. Define the transformer terminals that are used during the measurement
and configure the relays in the output stage accordingly

I1I. Make correct secondary short circuits during DRM

IV. Cortrect the measured turn ratio

Subsequently, the desired measurement

methods are selected (Figure 5.4.3b). The
exact procedure involved in the measurement
itself (Figure 5.4.3d) depends on the
diagnostic method selected.

5.3.1 Dynamic resistance of the OLTC

Performing DRM with the proposed
diagnostic system involves the setup of the
measurement circuit, followed by charging,

View results

I

]

‘ Configure setup by relays ‘

II

A

‘ Apply stable test voltage ‘

III

A

\ Perform DRM

(switch OLTC) \

v

A

‘ Disc

harge ‘

I

Figure 5.4 Measurement procedure for measuring power
transformers with the proposed transformer diagnostic

Repeat 3x for delta connected windings

recording and discharging in succession, see
Figure 5.5.

Figure 5.5 General measurement
procedure for DRM.
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Setup configuration
Configuration of the measurement circuit (Figure 5.51) is done by connecting the

DC power source to the transformer windings. Which transformer terminals are
connected is determined by the winding configuration. The secondary short circuit
is applied according to Sections 4.1.2 and 4.4 and also depends on the winding
configuration. Figure 5.6 and Figure 5.7 give examples of a measurement circuit
configuration for an YNd-connected winding. The proposed transformer
diagnostic system has direct connections to all transformer terminals and

configures the setup with relays.

!

!

L

Short circuit

r
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Seconda}y
Lv

Dynamic Resistance Instrument Pri:'n\f\ry Transformer

Figure 5.6 Dynamic resistance measurement applied to an YNd-connected power
transformer. The diagnostic system is connected to the windings with the OLTC while the

secondary side is short-circuited.

111 1 AP i Il

Transformer connections

Mif!j,‘“‘.'

1

=
Diagnostic system
L N Bl -~

Figure 5.7 The transformer diagnostic system connected to the primaty and secondary

transformer terminals.

Charging
Firstly, during the charging process (Figure 5.51I) a DC voltage must be applied
using a controllable DC voltage source. This voltage can be increased quickly (for

example within 1 s) until the desired current is reached.
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Secondly, the voltage needs to be regulated to a lower value to keep the
measurement current at the desired level, due to the saturation of the transformer
core and the effects discussed in Section 4.1.2. An example of a charging process is
shown in Figure 5.8. During field measurements it was seen that, in general, a
stable measurement current can be assumed when the voltage applied remains
within 10% for 90 seconds. During this charging process, attention should be paid
to the following:

1. Do not charge windings without a correct secondary short circuit, which can
be recognized by a slowly rising current during the charging process.

2. Beware of an incorrect transformer connection, which can be recognized as a
negative measurement current or zero current in some phases.

3. Beware of corrosion of the transformer terminals, which endangers a good
electrical contact with the measurement clamps. This can be recognized by
incorrect voltage readings.

4. Beware of saturation effects in the transformer core caused by the DC
measurement current. If not eliminated during the charging process prior to
the measurement, saturation might lead to overcurrent conditions during the
measurement.

It should be kept in mind that transformer windings have a very high inductance
(in the range of hundreds of Henry) and can therefore store a considerable amount

Chargeto: |1 Ampere measure phase L1,L2,L3

' T
a— Testvoltage |
M H
¥ \ o
| r 1~ v Ve cai
- |
3x test current |
Back MNext
Cﬂ Measurement Viewer

Figure 5.8 Charging the transformer windings with a DC current. Initially a higher source
voltage is needed.
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of magnetic energy. The diagnostic system charges and discharges the transformer
windings safely and determines when the charging effect has disappeared and a
stable reading is obtained. Attention should be paid to the current amplitude when
testing delta-connected transformers, see Section 4.2.2.

Measurement

During the resistance measurement itself (Figure 5.511I) the source voltage is kept
constant and the tap changer is operated. The current of the tested phases is stored
together with the voltage difference of the corresponding transformer bushings.
Again, attention should be paid to not overload the power supply, because the
measurement current can increase due to changes in the winding resistance and
contact resistance. During the recording phase, OLTC control can be applied by
the transformer diagnostic system. Therefore the diagnostic system can be
equipped with OLTC control contactors which are designed to control the drive
mechanism. These contacts bridge the control buttons in the control box of the
drive and this way the tap changer can be automatically switched through all its tap
positions.

Discharge

During the discharge process (Figure 5.5IV) the DC power supply is switched off
and a series resistor added to the circuit in order to dissipate the energy that is
stored in the windings. Interrupting a small current through the transformer
windings can still damage sensitive electronics inside the measurement system.
Therefore, when the current reaches safe levels, a short circuit should be applied
by the diagnostic system for safety reasons.

View results

When all phases are measured, results should be displayed in such a way that a
decision about re-energising the transformer, without risk of failure, can be made
on-site (Figure 5.4.3¢). For that purpose, critical parameters from the DRM results
should be clearly visible. The following results should be shown:

1. An overview of the measurement current or impedance during the complete
cycle of operation. Its presentation depends on the winding configuration.
Figure 5.9 provides an example of a DRM current overview graph for an
OLTC in a Y-connected winding (the three phases are measured
simultaneously) in good condition. Appendix D shows an example of an
overview graph of a delta-connected OLTC with contact degradation (three
phases are measured on a different timescale) and an example of the
impedance overview graph.

2. Close-up view of the measurement current or impedance for each tap changer
operation (see Appendix D).

3. Transition times of each operation (for example in a table or a graph, see the
right side of Figure 5.9).

4. The voltage and current that were used for the measurement: to allow
comparison of measurement results, which can be dependent on these
measurement parameters (indicated in the right bottom side of Figure 5.9). It
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can be seen that a decreasing current shows as an increasing impedance
because the measurement voltage is fixed.

|
it

——

!-f-[HfTTT'T' IWH“* J L

AT R

Figure 5.9 DRM results for OLTCs in star-connected windings can be displayed on the
same timescale (A), results can be displayed as current.

5.4 OLTC drive system condition

Signals recorded for the mechanical diagnosis of the OLTC by the proposed
diagnostic system can be displayed as in Figure 5.10. By default (see Section 5.2)
these signals consists of drive motor voltage, drive motor current, drive shaft
angular position and contact voltage of the excessive switch-time protective
contact. Figure 5.10 shows the motor power results, consisting of an overview plot
and a close-up plot. Graphic presentation of motor operation time and average
motor power can give a clear indication of irregular taps. The close-up of the plots
for each tap change operation reveal defects more readily.

In order to create the active motor power plots, the voltage and current

recordings need to be processed. Instantancous power ps, ., of the three-phase
drive motor is defined by:

D3gy = Vawtawy TVswtsey TVewlew 51
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Figure 5.10 Example of active motor power results on an OLTC drive mechanism.

where V),V and V., are the line-to-neutral voltages of the three-phase

drive motor and i, ,lg, and iy, its three currents. Double net frequency

components should be filtered out before results are analyzed. If RMS values are
used, the power factor needs to be considered:

Py=V,cosp,+Vyl,cospy+V.1I.cosp. 52

To reduce the number of measured signals, balanced operation of the drive motor
can be assumed:

Vi=Ve=Ve =V
IA:IB:IC:IPhase 5-3

COSQ, = COS @, = COS @ = COS P

The active power can then be calculated based on RMS values of the phase voltage
and the measured single-phase current:

P3¢ = 3VPh
@ N~

1. COSQ 54
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Figure 5.11 shows the OLTC drive shaft position results, where derivatives of the
shaft rotation resulted in graphs of velocity and acceleration. Appropriate digital
filters (e.g. low pass filters) are applied by the proposed diagnostic system to
reduce noise on these signals. Irregularities in the shaft rotation, velocity and
acceleration can be more readily detected when a graph is plotted with
characteristic values for each tap changer operation. Therefore, the mechanical
switching time, overshoot and maximum values of speed and acceleration are
shown by the proposed diagnostic system. The close-up plots for each tap changer
operation are useful to study faulty operations in more detail.

The timing of an excessive switch-time protective contact can be checked by
plotting changes in the recorded contact voltage (AC or DC) in the dynamic
resistance plots, see Appendix D. Incomplete or defective protection settings can
then be recognized.

- B

n:mn;sﬂﬂ\lnm&uuu
R AR E AR RS R bR

Figure 5,11 Example of drive shaft rotation results on an OLTC drive mechanism.

5.5 Hardware and data processing

Design considerations for such a diagnostic system are discussed in Appendix D.
The diagnostic system is subdivided there into four basic units. The hardware
demands are determined for each unit, on the assumption that the diagnostic
system is designed to perform automated measurements. Appendix D also

—
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discusses the data processing and analysis required as part of the embedded control
of the diagnostic system. Examples of how the measurement results can be
displayed are also given. Special emphasis is laid on the need to present DRM
results clearly, for example by means of:

a dynamic resistance overview plot covering all tap positions
a dynamic resistance close-up plot for each operation
details of the transition times for each operation

values of the voltage and current used for the measurements

This should provide an adequate basis for the decision as to whether the power
transformer can be re-energised without the risk of failure. Chapter 6 deals with
the interpretation of the DRM results.

5.6 Conclusions

Firstly, this chapter explains the effect of the transformer winding configuration on
different diagnostic measurements.

Secondly, it was shown in this chapter that international standards on power
transformer testing do not specify precise measurement parameters for the advised
measurements; the most practical parameters can be chosen.

Thirdly, this chapter discussed a combination of diagnostic measurements that
is sensitive to assess the dominant OLTC degradation mechanisms and defective
power transformer windings:

e Resistance measurements (dynamic and static)
e Turn ratio measurements
e  Mechanical condition of the OLTC and drive

The condition of different transformer subsystems is evaluated using these
proposed diagnostic measurements, after regular maintenance or after protective
relays removed the transformer from service. In particular, the focus is on
transformer subcomponents that are not accessible for visual inspection during
regular maintenance because they are enclosed in the transformer tank. Practical
aspects of using the proposed diagnostic system were discussed.

In the following chapters, the proposed diagnostic system will be used to show
the suitability of DRM to detect the dominant OLTC degradation mechanisms. In
particular, the following chapter will be concerned with the structured evaluation
of the diagnostic data obtained by DRM on OLTCs.
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Evaluation of typical DRM
diagnostic data

Dynamic resistance plots obtained by measuring tap changers that are in good
condition look similar. Many different kinds of irregularities in the results are
expected when DRM is applied to defective or degraded OLTCs. This chapter
presents an overview of possible measurement results and relates them to the
physical condition of the tap changer. The variety of defects and degradation
mechanisms that can be detected before failure occurs [85], shows that DRM is a
valuable tool for the assessment of OLTC condition.

Four basic types of measurement results can be distinguished:

DRM on OLTCs in good condition

DRM on OLTCs with increased contact resistance

DRM on OLTCs with open contacts (infinite resistance)

DRM on OLTCs with contact timing problems (phase synchronism, contact
wear and irregular transition times)

fo o

DRM results obtained in this project could all be assigned to one or more of these
categories, which are discussed in turn below. This subdivision allows the different
types of defects to be analyzed separately, as illustrated in Figure 6.1. The location
where the defect shows in the current curve and the shape of this irregular current
are used in this thesis to find the cause and importance of the defect. DRM plots
can be compared with a reference graph, which may be a plot obtained from an
OLTC without any defects or signs of contact degradation. Finally, a condition
index may be determined as described in Chapter 8.

Most dynamic resistance plots presented in this chapter were recorded with the
Transformer Diagnostic System described in the previous chapter and were
obtained by measuring service-aged OLTCs in the Dutch utility grid. However
some of the dynamic resistance plots were determined during experiments in a
high-voltage laboratory.
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‘Dynamic resistance measurement
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No deviations
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Infinite contact resistance
in DRM graph

Contact timing problems
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Determine location Determine location
of the defect of the defect
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of the defect of the defect

l l

‘ Determine importance ‘ ‘ Determine importance ‘

of the defect of the defect
‘ Determine condition index ‘ ‘ Determine condition index ‘

Figure 6.1 Condition assessment of an OLTC with the aid of DRM. Firstly, the results can
be subdivided into:

® no signs of defects or degradation

e increased contact resistance

® open contacts (infinite resistance)

e contact timing problems
Secondly, the location and cause of the defect is determined, resulting in assessment of the
Importance of the defect (which can be summarized in terms of a condition index).

6.1 Regular DRM plots

If the DRM curve shows no signs of defects or degradation, only two sources of
resistance vatiations are visible in the recorded measurement cutrent:

e Transition resistors
e Resistance of the tapped windings

Figure 6.2 shows a typical example of the measurement current recorded on a
healthy tap changer. The tap changer was switched through its cycle of operation
(from the lowest to the highest tap position and back again) to obtain this
recording. The effects of the two above-mentioned resistances may be clearly seen.
The winding resistance changes when tapped windings are selected or deselected
by the tap changer, resulting in a slope in the recorded current.

The close-up plot of Figure 6.2 reflects the operation of the transition resistors,
while Figure 6.3 shows the relationship between the rotation of a selector switch
(see Appendix A for a more extensive description) and the measurement current.
The transition resistors cause the measurement current to decrease. This fast
changing current is possible due to the short circuit on the secondary side of the
transformer.
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Figure 6.2 Typical DRM current in a healthy OLTC.

First, only one transition resistor is in the circuit and the current given by Equation
4-11. Only the fast response of the transformer, discussed in Section 4.1, is taken
into account here.

Half-way through the OLTC operation, both the transition resistors are in
parallel in the measurement circuit as shown in Figure 6.3. The resistance of the
windings and the transition resistance may then be written:

Sl Ryy) 61

w 2R AR,
where Ry is the winding resistance, R the transition resistance and Rey the tapped
winding resistance. This situation generally causes a less steep decrease in current
(the current may also increase, depending on the contact timing and circuit

V+av V+av

e R\

0 1

IS

—

€

L 08

5

O

0.6-% 1
0 100 200
Time [ms]

Figure 6.3 The relationship between the transition resistors and the DRM measurement
current. The transformer windings are in series with the OLTC.
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resistance). Finally, the transition resistor is removed and the measurement current
stabilizes again. The current during OLTC operation can then be written as
follows, using Equation 4-11 and the values of the different resistances in the

circuit (see also Figure 6.4):
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2
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2 e or U=t<ty
Rcircuit+R1+Rt+N R2
/ Rt (Rt +Rtw)
I 2Rt+Rtw (1
1 2 R(R+R.) g '
O N
M 2
circui 2 Rt + Rtw
R(R+R.) -
] = * _0711 )(Rcircuit+R1+t2R:7tW+N Ry)
! e 20-bL, ) for t;<t<t,
[2_ 12 (Rtvv+Rt) S (-
Rcircuit +R1+Rtw+Rt +N RZ
_(t_t2 )(Rcircuil +R1 +RtW+Rl+N2R2)
e 20-01 ) for <t<t;
_(t_t3 R jreyin Ry +Rtw+N2R2 )
2(1-k) L,
Ip -y —13) e (=04 for £>t3
\
where:
= Ulesl
0"R . _+R
circuit "1
IR _tl(Rcircuit+R1+Rt+N2R2)
I - 07t 5 -, 2(1-k) Ly
Rcircuit+Rl+Rt+N R2
R, (R, +R
R (Ri+Rpy) (1) Ry Ry o i) 2,
I,=I 2R Ry (1- oL
2=~ RR+R) 5. 0 e (=h )
Reircuit tR+ 2R +R +N7Ry
t tw
(1) Rejyeqsig H R+ Ry RN Ry )
et~ Iy (R, +R,) - 20-h)L :
e
Rcircuit +Rl +Rtw+Rt +N RZ
I, = Ulest
4R +R +R
circuit " 1T tw

6-2

88



CHAPTER 6 - EVALUATION OF TYPICAL DRM DIAGNOSTIC DATA

b bt t

Figure 6.4 Definition of the times and currents used in Equation 6-2.

Diverter switch type OLTCs show DRM plots that are similar to those for selector
switch type OLTCs; the plot of Figure 6.3 is typical for flag-cycle type OLTCs.
The timing of the flag cycle (as shown appendix A) can be read off from the plot.

The effect of the transition resistors is made clearly visible when the tap
changer is measured separately, without the effect of the transformer windings
(Figure 6.5). The time constant of the current is no longer influenced by the
leakage inductance of the transformer windings under these citcumstances, and the
current can change rapidly with circuit resistance changes.

Combining the results of Figure 6.3 and Figure 6.5 shows the effect of the
leakage inductance cleatly, see Figure 6.6. The current slowly changes towards the
new equilibrium, but the transition resistors are operated again before the new

equilibrium has been reached.
V+AV V+AV
R
I E E %
R
v v

/
(4

0,35 \
o \ v
g 0,25 M AN M
0,2 v
0,15-% i
15,34 15,36 15,38 15,4 15,42 15,45

Time [s]

Figure 6.5 The relationship between the transition resistors and the DRM measurement
current. The transformer windings are removed from the measurement circuit,
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Various ways of performing DRM
on a tap changer were explained in M
Section 4.1, where it was pointed V\N
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measurement results in comparable
ways.  The  present  chapter
discusses the recorded current
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Figure 6.7 is another way of Time [ms]
displaying the results of a DRM.  Fioure 6.6 The DRM results of Figure 6.3 and
The voltage across the transformer  Figure 6.5 are combined in this graph. The
bushings can be used to calculate  measurement current directly changes when the
OLTC is measured separately, but slowly

changes towards the equilibrium when the
leakage inductance slows the current down.

Current [not on scale]

the impedance. Impedance plots
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Figure 6.7 Impedance plot of a healthy OLTC. This plot corresponds to the current plot in
Figure 6.2.

Another effect that can be found in normal dynamic resistance plots is related to
the design of the change-over selector. Some OLTCs are designed in such a way
that the arcing switch operates two times extra when the change-over selector is
operated [86]. When operating the change-over selector, the arcing switch is
operated twice to change one voltage step; the effect of the transition resistors can
be seen in the plots at the moment when the change-over selector is operated (as
indicated in Figure 6.8).

Figure 6.9 shows another effect that occurs at OLTC designs with a reversing
switch: the tapped windings are reversed, allowing the tap changer to subtract the
voltage of the tapped windings from that of the main windings. The polarity of the
tapped windings is not measured with DRM, since the reversal does not affect the
DC resistance. This gives the plot of Figure 6.9, where it looks as if the OLTC is
switched through its cycle of operation twice — but this is the normal way this type
of OLTC works.
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The tapped winding that is reversed by the reversing change-over selector was
charged in the opposite direction prior to the measurement. Reversal can result in
a situation where the effect of the inductance is still measured. The central portion
of the dynamic resistance plot may therefore look different from that shown in
Figure 6.9. Figure 6.10 gives an example of a plot measured on a delta-connected
OLTC with a reversing change-over selector showing this effect: the central
portion of the plot is flat here, which is not caused by defects or contact
degradation.

Measurement errors can also change the measurement plots, for example due
to irregular switching, changing the measurement circuit or measurement voltage
during the measurement, poor connections to the transformer terminals and
starting the measurement before the current is stable. Figure 6.11 shows an
example of a DRM result with a measurement error: the measurement was started
before the charging phase had finished, resulting in an unstable current during the
measurement. Such measurement errors typically lead to a higher current at the
end of the measurement and a curved instead of a linear current pattern.

Irregularities in the plots due to measurement errors are not due to defects and
degradation and the measurement can be redone to get better results.
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Figure 6.8 DRM results from an OLTC with three centre positions: two extra arcing switch

operations are visible when the change-over selector operates (the arcing switch operates
twice in succession to perform one voltage step).

Current L1 [A]
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Figure 6.9 DRM plot of the cycle of operation of an OLTC with reversing switch.
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Figure 6.10 DRM plot of the cycle of operation of a delta-connected OLTC with reversing
switch.
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Figure 6.11 DRM plot of an OLTC affected by a measurement error: the measurement was

started before the charging phase was completed. This caused the current to stabilize during
the measurement instead of during the charging phase.
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6.2 Irregular DRM plots

It is useful to interpret every deviation from the normal DRM plot (as discussed in
the previous section) directly after the measurement, before taking the transformer
back in operation again [87]. Plots with signs of defects or degradation can be
resolved into different components [88], as illustrated in Figure 6.13:

Figure 6.13-A: Measured plot, equal to the sum of components B+C+D+E

Figure 6.13-B: Effect of winding resistance and measurement errors (this can
be used as the ‘expected value’, see §6.1)

Figure 6.13-C: Effect of the transition resistors (see §6.4.6)

Figutre 6.13-D: Effect of contact resistance

Figure 6.13-E: Effect of open contacts (‘current interruptions’)

The first source of irregularities in dynamic resistance results which is related to
degradation or defects (Figure 6.13D) is caused by increased contact resistance;
this is not always a serious defect. In general, these irregulatities can be caused by:

1 the change-over selector (discussed in Section 6.3), for example changes in
contact resistance due to different stages of long-term aging

2 the arcing switch (discussed in Section 6.4), for example due to contact
resistance or contact timing problems

During a DRM, the change-over selector is always measured in series with the
arcing switch. Defects in both parts of the OLTC will show up in the results.
These will be discussed in detail in the next two sections. First, Section 6.3 will give
an overview of irregularities in the change-over selector. Section 6.4 will then
review the effect of degradation and defects in the arcing switch.

Complete interruption of the measurement current due to open contacts is in
general a more serious problem.

It is important to know the location of the defect when interpreting the
measurement results. All the irregularities occur at specific locations on the current
profile. Figure 6.12 gives a schematic representation of a typical measurement
current recorded on a healthy tap changer as shown in Figure 6.2. This will be used
as a basis for indicating where the defect is expected in DRM plots of the OLTC’s
cycle of operation.

Current L3-L1 [A]

D
Q 100 200 300 350
Time [s]

Figure 6.12 Schematic representation of a typical DRM current recorded on a healthy
OLTC.
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Figure 6.13 Example of a DRM plot of an OLTC (A) which can be separated into the effect
of winding resistance (B), the effect of the transition resistors (C), the effect of contact
resistance (D) and the effect of open contacts (E).
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6.3 Irregularities in the change-over selector

More than 600 dynamic resistance measurements have been performed on OLTCs
within the framework of this thesis project. Almost all change-over selector
irregularities observed in the Dutch utility grid were due to the long-term aging
effect discussed in Section 2.3. The present section deals with DRM where long-
term aging is observed:

1) when the change-over selector selects another tap in combination with a
selector switch (§6.3.1),
a) atan carly stage (§6.3.1.2)
b) atan advanced stage (§6.3.1.3)

2) in the parking position and when the tap changer is at the end of its regulating
range (§6.3.1.4)

3) in the change-over selector at the moment of operation of the arcing switch
(§6.3.1.5)

4) in the tap selector when used in combination with a diverter switch (§6.3.1.6)

Irregularities in the measurement plots caused by the change-over selector appear,
change or disappear while it is operated. A typical irregularity here is the surface
film, which can be recognized when the change-over selector moves. An example
is given in Figure 6.14, which shows a close-up view of the operation of an arcing
switch preceded by spikes in the contact resistance due to contact movement in
the change-over selector. To study this effect, it is necessary to determine when the
change-over selector is moved by the drive mechanism.

1 —_
< 0,8 VMWVTM!V T
g _, | Operation gf the
E Operation of arcing switch
G 66 the change-
over selector
0,4 -4
0 2 4 6 8 o

Time [s]
Figure 6.14 Moving change-over selector contacts cause spikes in the dynamic resistance
just before the arcing switch is operated.

6.3.1 Long-term aging in selector switch type OLTCs

6.3.1.1 Movement of the coarse change-over selector

Depending on the number of fine taps and the desired number of tap positions,
one or two coarse taps are used for expanding the regulating range. The coarse
change-over selector only selects another coarse tap a few times during each cycle
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of operation. This selection is much slower -
than the operation of the arcing switch.
Figure 6.15 shows the corresponding
locations in the recorded current for an
OLTC with one (Figure 6.15A) or two
(Figure 6.15B) coarse taps. The coarse
change-over selection can cover two tap -
change operations of the selector switch.

The contacts of the change-over selector
typically move a few seconds before the
operation of the selector switch. Valuable .

. . . COZI‘SC-['ZP selector moves its contacts
information about long-term aging can be ., soxr tap in an OLTC with one (A)
extracted from the DRM results when the  or two (B) coarse taps.

change-over selector contacts are carrying

current when they move. This section takes

this type of tap changer as an example to explain the movement of the change-
over selector.

The change-over selector contacts can move beyond these two tap positions
due to the design of the drive mechanism. In the case that the drive is designed
that way, the drive mechanism also causes the change-over selector to move a
slightly outside the two positions of the coarse tap selection, to prepare for the
coming coarse tap change. These small movements can occur two positions before
and one position after the mid-position of the change-over selector, depending on
the drive mechanism used. It follows that the total movement of the coarse
change-over selector covers four tap change
operations as indicated in Figure 6.16. e e

During the coarse tap change operations,
the coarse change-over selector makes
contact with both coarse taps, as already
shown in Figure ASC This position will be Figure 616  Positions where the
called the mld'p051non of the coatse-tap coarse-tap selector moves its contacts
selector. It does not always coincide with the ¢ a next tap.
parking position of the selector switch (the
‘k’ contact).

For example, Figure 6.17 shows the DRM plot of a service-aged coarse change-
over selector. The contact resistance increases just before the operation of the
arcing switch and lasts several seconds until the operation of the arcing switch. The
Geneva wheel driver can cause a step in the measurement current, while the
movement of the change-over selector to and from the mid-position gives rise to a
spike, as can be seen in Figure 6.17. In general, moving contacts are visible as
spikes in the contact resistance curve.

Figure 6.17 also shows the relative timing of the change-over selector and the
arcing switch: the change-over selector (or tap-selector) starts to move a few
seconds before the arcing switch operates. The tap change ends with the operation
of the arcing switch, which is recognizable by the effect of the transition resistors.
The OLTC and drive are motionless after the tap change, giving a constant
resistance. This information can be used to recognize the operation of the arcing

)
J

7
s

Figure 6.15  Positions where the
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switch in heavily distorted DRM plots. The plot can be read backwards to detect
tap changes: the first resistance change then normally corresponds to operation of
the arcing switch.
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Geneva wheel driver hooks into notch, causing a slight movement.
Movement of coarse change-over selector to mid-position.

Movement of coarse change-over selector to next stator block.

Geneva wheel driver leaves the wheel, moving the tap-selector slightly.

oW

Figure 6.17 Typical coarse change-over selection covering four tap positions. The contact
resistance is measured during operation of the change-over selector. The driver of the
Geneva wheel causes irregularities “A” and “D”, while irregularities “B” and “C” originate
in the movement of the change-over selector to and from the mid-position.

The movement of the change-over selector can depend on the direction the OLTC
moves through all tap positions, making the range of motion of the change-over
selector asymmetrical. This asymmetry is simply the result of the change-over
selector design: no current switching is allowed. One set of contacts is without
current and switches first, but this depends on the direction in which is switched.
Figure 6.18 gives an example of this asymmetry for a design of selector switch type
OLTC that is commonly used in the Netherlands. When the tap position is
increasing, the irregularities are present at tap positions 8-11. The parking position
(or ‘k’ contact) is used in tap position 9 (indicated by ‘P’), while the mid-position of
the change-over selector occurs at tap position 10 (indicated by ‘M’). With a
descending tap position (shown on the right), a higher contact resistance is also
observed at tap positions 8-11 but the parking and mid-positions are both at tap
position 9 in this case.

In general, these examples show that changes in the contact resistance caused
by the change-over selector can be expected two positions before the mid-position
and one position afterwards it.
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Figure 6.18 Example of DRM on a service-aged OLTC suffering from change-over selector
contact degradation. Asymmetry in the change-over selector movement is observed. When
the tap position Is increasing (left), the irregularities are observed in tap positions 8-11. The
parking position is at position 9 (indicated by ‘P’), while the mid-position of the change-
over selector occurs at position 10 (indicated by ‘M’). With a descending tap position (right),
the irregularities also occur at positions 8-11, but the parking and the mid-positions are both
at position 9.

Finally, in some types of OLTCs the drive system can prepare for a coarse tap
change at the end of the regulating range, but no coarse tap change is actually
made because the end of the regulating
range has been reached. The slight
movement of the coarse change-over
selector can be detected in dynamic
resistance results as a rapid change in contact
tesistance, made visible as a stepwise change  Figure 6.19 All positions where the
in the measurement current. This effect only  coarse-tap selector can move its
shows up in measurement results in  confacts.

combination with long-term aging of the change-over selector contacts. To sum
up, all places where the change-over selector can move are indicated in Figure 6.19.

6.3.1.2 The surface film layer

The surface film layer on change-over selector contacts, which is caused by long-
term aging, results in increased contact resistance. This early stage of the long-term
aging effect is measured when the contacts are moved over the film while the
contacts carry the measurement current. This less conductive layer described in
Section 2.3 grows slowly, so when DRM is performed during regular tap changer
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maintenance — normally once every few years — the increase in contact resistance
can be observed in different stages.

The eatly stage of long-term aging (i.e. the surface film) can be recognized by
small changes in the contact resistance at the moment the change-over selector
moves. Figure 6.20 shows an example. It is clearly visible here that the change-over
selector is moved twice during the measurement. The recorded current curve
remains linear after the coarse tap selection has been completed. The increased
resistance is only observed in this example at tap positions which are infrequently
used (no overheated contacts, as described in Section 2.3.2). It is clear that the
irregularities originate in the change-over selector and not in the arcing switch.
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Figure 6.20 DRM diagnostic data showing contamination of the coarse change-over
selector.

Figure 6.21 shows an example of a DRM plot of a service-aged OLTC with 8 fine
windings and another plot for a tap changer with 5 fine windings. The latter makes
two coarse tap changes instead of one to reach the same number of tap positions.
The tap change operations indicated by rectangles involve the change-over
selector. Both tap changers also show irregularities in contact resistance at the end
of the regulating range. Once again, the arcing switch does not give rise to any
irregularities in this example: contact degradation is only observed when the
change-over selector moves, and thus only involves the contacts used at the few
tap positions where the change-over selector operates. Since the change-over
selector contacts in this example are infrequently used, they will be coated with a
surface film (as discussed in Section 3.2.2.1). Several inspections reveal that these
contacts are normally not degraded. As long as contact resistance is only present
on change-over selector contact areas that are used briefly during OLTC operation,
these contacts will not be pitted or covered with pyrolytic carbon. In general, this
early stage of long-term aging should not be considered as critical, but the above-
mentioned surface film could lead to coking in the long-term. It may be regarded
as harmless in itself, in the absence of contact overheating leading to carbon
formation.

It should be noted that this change-over selector contamination is only
observed when the change-over selector contacts move to another position while
carrying the measurement current, which is not always the case (as discussed in
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appendix A). For example, small irregularities from normality will remain
undiscovered in most diverter switch type OLTCs.
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Figure 6.21 Typical irregularities caused by a moving coarse change-over selector. Top:
DRM plot for a tap changer with 8 fine windings, using one coarse winding. Bottom: DRM
plot for a tap changer with 5 fine windings, using two coarse windings.

6.3.1.3 Contact coking

When long-term aging develops further, the
eatly change-over selector degradation
discussed in the previous section will also
lead to higher contact resistances when the
change-over selector is motionless. The
advanced long-term aging is defined as a
state where a higher contact resistance is also  Fioure 622 The positions where
present in tap positions where the change-  advanced long-term aging is observed.
over selector is motionless. This situation

allows contact coking to occur. High contact

temperatures are expected, as described in Section 2.3.3. The tap changer reached a
part of its lifetime where the resistance increases rapidly and coking occurs, as
shown in Figure 2.17 [24]. The measurement current will thus drop to lower values
during significant parts of the regulating range. This stage of long-term aging can
be recognized when the DRM diagnostic data shows stable changes in the contact
resistance when the contacts are motionless. The high contact resistance leads to
the deposition of low-conductivity carbon at the tap positions where the OLTC is
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often positioned when transformer is in service. We observed during overhaul that
this phase of long-term aging is accompanied by the presence of a thick surface
film, pyrolytic carbon and deep pitting of the contact surface.

A frequently observed irregularity of the recorded current plot is found when
the change-over selector is moved and a stable resistance for that particular coarse
tap is formed. Figure 6.23 shows two typical examples of measurement results
from service-aged OLTCs. One of the coarse taps is in better condition, but extra
resistance is introduced in the circuit when another coarse tap is selected. The extra
resistance remains in the circuit until the change-over selector operates again. This
is typical of change-over selector contact degradation.
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Figure 6.23 DRM diagnostic data showing increased contact resistance in one of the coarse
change-over selector contacts.

6.3.1.4 The parking position

Another frequently observed irregularity of
service-aged OLTCs with advanced long-
term aging of the change-over selector is a
rise or fall in the resistance when the change-
over selector moves. We say that the parking
position is visible, as illustrated in the DRM
plot of Figure 6.25. The change-over Figure 6.24 Typical location of the
selector now uses parts of the stator contact  parking position.

blocks without carbon formation or pitting.

This contact area is not thermally degraded

but a layer with low conductivity exists on the contact, as described in Section
2.3.2. The irregular contact resistance may also be observed away from the parking
position, since the movement of the change-over selector can cover up to four tap
positions (see Figure 6.24).

Such defects look local, and hence not severe, at first sight but it should be
borne in mind that the contacts at the parking position are usually in better
condition than those at other tap positions, because they are only used at a few tap
positions and are therefore not likely to suffer from severe contact coking. In this
case, the other contacts of the change-over selector will be more liable to long-
term aging.
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Figure 6.25 DRM diagnostic data showing a stable resistance in all positions, but less in the
parking position.

6.3.1.5 Vibrations in the change-over selector due to operation of the arcing switch

Long-term aging of the change-over selector
does not only show up when its contacts are
moved by the drive mechanism. Small
vibrations due to the arcing switch operation
can also affect the contact resistance of
heavily degraded change-over selector
contacts. The change-over selector then
causes changes in the contact resistance at > 09

points where it is normally motionless. This OfI Wbtfltwn of the ifa:ge_of,et
I . . selector due to operation of the arcing
is the area where arcing switch defects are  swirch can be observed.

normally observed, giving the plot a chaotic

appearance.

A trial was performed to investigate the effect of arcing switch vibrations on
long term aging of a change-over selector. An OLTC with advanced long-term
aging was removed from the transformer tank and mounted on a drive
mechanism. A DRM plot was recorded for the change-over selector of this device
without the arcing switch. Vibrations due to the mechanical operation of the drive
mechanism and the arcing switch were found to have an effect on the contact
resistance of the change-over selector. Figure 6.27 gives an example of the DRM
plot of such a change-over selector, which is kept stationary. The contact
resistance changes at the moment when the arcing switch is operated (indicated by
* in the plot).

Irregularities in the change-over selector resistance due to operation of the
arcing switch can be recognized by:

Figure 6.26 Locations where the effect

1 The presence of advanced long-term aging of the change-over selector

contacts (see §6.3.16.3.1.3).

A time of inception that is related to operation of the arcing switch.

3 Contact resistance variations of an amplitude that is not related to the
position of the arcing switch (see §6.4.1.2.

4 Irregularities in the current curve at points where the change-over selector
is normally motionless.

\S]
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Figure 6.27 Close-up view of the DRM plot of a change-over selector. Vibrations in the drive
mechanism and the arcing switch led to changes in the contact resistance.

These irregularities are easily confused with long-term aging of the arcing switch
contacts themselves. In both cases, the resistance changes stepwise when the
arcing switch operates. In general, the arcing switch is likely to cause irregularities
in the dynamic resistance if the contact resistance when the change-over selector is
motionless is out of proportion with the changes found when the change-over
selector is operated. To put it the other way round, severe long-term aging of the
change-over selector is likely to cause contact resistance changes when the OLTC
operates. Contact degradation located in the arcing switch may hence remain
undiscovered in this case.

6.3.1.6 Diverter switch type tap changers

The previous section considered a change-over selector design where the contacts
were moved (not switched) while the measurement current flowed through them.
The surface film on the contacts showed clearly in the DRM graphs at these types
of OLTCs. However, diverter-switch type OLTCs normally move their tap-
selector contacts without current. In that case, the surface film on the briefly-used
contact area is not measured and only the stationary contact locations will be
diagnosed. Early long-term aging of the change-over selector contacts may remain
undiscovered. If the aging progresses further, a step change in the resistance can be
observed when the diverter switch selects the next position of the coarse tap-
selector (as shown in Figure 6.28). Diverter
switch type tap changers normally use snap
contacts (also called tap selector contact
terminals, see Figure 6.29) to pre-select the
next winding tap. These contacts have a
strong mechanical wiping effect on the
surface film and are thus less prone to long-  Fjoure 6.28 The locations where
term aging. An example of the DRM plot  defects are observed in a coarse tap-

for Such an OLTC is glven ln Flgure 6.30. selector in combination with a diverter
switch.
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Figure 6.29 Change-over selector  Figure 6.30 A typical current profile of a tap changer
contact of a diverter switch type  which moves its coarse tap-selector contacts at zero
tap  changer. Two  contact  current. Only the stationary resistances are visible.
terminals for (pre) selecting a

transformer winding are shown.

The bottom terminal has been

selected.

Another typical example is shown in Figure 6.31, which presents the plot of a
diverter switch type OLTC with a number of overheated tap-selector contacts.
Several tap positions show increased contact resistance. These tap-selector contacts
did not have any surface film, and inspection showed that they were already heavily

pitted.
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Figure 6.31 Example of a DRM plot of a service-aged OLTC with a tap-selector using snap
contacts. Increased contact resistance was observed at several tap positions. Overheated tap-
selector contacts were found during inspection.

6.3.2 Current interruptions due to the change-over selector

The second source of changes in the dynamic resistance measurement results that
is related to degradation or defects (Figure 6.13E) occurs when the measurement
current is completely interrupted by the tap changer. In that case, problems can be
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expected when the OLTC is in setvice. The contacts are not designed to handle
interruptions in the load current: the tap changer and the transformer surrounding
it can be seriously damaged when the OLTC tries to interrupt the load current.
Several factors can cause the measurement circuit to be totally interrupted during
diagnostic measurements. These factors may be classified according to the location
of the interruption (arcing switch or change-over selector).

The duration of the interruption and its location in the cycle of operation
provide information about the site of the interruption. The influence of the
amplitude of the measurement current can provide further information about the
cause of the interruption.

Current interruptions caused by the change-over selector will appear and
disappear when the change-over selector is operated, and typically last longer than
the transition time of the arcing switch. Interruptions longer than 200 ms that
appear in the area of the DRM plot where the change-over selector is moved are
typically caused by the change-over selector. These interruptions may take place
only when the change-over selector moves (Figure 6.32A) or may cover complete
coarse taps (Figure 6.32B). Two examples of these defects as measured in the
Dutch utility grid are shown in Figure 6.33 and Figure 6.34. The first concerns an
OLTC with contact timing problems in the change-over selector due to a
maintenance error. Wrong timing due to incorrect reassembly caused incorrect
contact timing between the selector switch and the change-over selector. As a
result, the change-over selector switched before the current was transferred to
another contact. The interrupted current was recognized as a serious defect and
the error was corrected before the transformer was re-energised. The example of
Figure 6.34 concerns a change-over selector that did not establish a correct
connection in one of its coarse taps due to advanced long-term aging. This
transformer was damaged beyond repair when it was energized directly after the
taking of the DRM of Figure 6.34 (note: this plot was recorded with the system
described in [81]). Both cases involved complete interruption of the current: such
current interruptions due to the change-over selector or tap-selector should be
considered to be critical.

In general, interruptions of the current due to the change-over selector can be
caused by:

YT ——
[ P ———

[ ——
[

Figure 6.32 Current interruptions due to the change-over selector can occur when the
change-over selector moves (A) or can cover larger parts of the cycle of operation (B).
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1 Long-term aging (leading to a thick surface film or coking). DRM results
recorded during previous OLTC maintenance will already show signs of
long-term aging. The contact resistance will depend on the measurement
voltage and current amplitude. Interruptions of the measurement current
may disappear when the current amplitude is increased.

2  Wrong contact timing; such interruptions are independent of
measurement voltage and current amplitude.

3 Mechanical damage to the OLTC; these interruptions are also independent
of measurement voltage and current amplitude.
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Figure 6.33 Dynamic resistance measurement on a tap changer with a change-over selector
which interrupted the current due to incorrect contact timing.
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Figure 6.34 Dynamic resistance measurement on a service-aged tap changer with a change-
over selector which interrupted the current due to long-term aging.

6.4 Irregularities in the arcing switch

It was demonstrated in the previous section that defects in the change-over
selector show up when the change-over selector contacts move. In general,
irregular values of the contact resistance appear, change and disappear when the
contacts move. This also applies to the arcing switch: irregularities in the contact
resistance caused by the arcing switch appear, change or disappear when it is
operated. It should be noted that the arcing switch operates throughout the entire
cycle of operation. Hence, the arcing switch can give rise to changes in the contact
resistance that are more frequent but shorter-lived than those caused by the
change-over selector.
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The arcing switch is also operated more frequently during the service life of the
power transformer than the change-over selector, typically 1-10 times a day. Long-
term aging gets less chance to develop on the moving contacts under these
conditions, because the surface film is wiped off during each operation of the
arcing switch.

This section will elaborate on how defects in the arcing switch can lead to
irregularities in the DRM plot. The following defects are considered:

Long-term aging (see §6.4.1)

Contact wear (see §6.4.2)

Timing difference between phases (see §6.4.3)
Maintenance errors (see §6.4.4)

LN -

Defects and contact degradation in the arcing switch can be checked during regular
maintenance.

6.4.1 Long-term aging in the arcing switch

Despite the frequent movement of the moving contacts in the arcing switch, we
observed that pyrolytic carbon deposition can occur here. This slow degradation
effect can develop between fixed contacts
(interfaces) that often carry the load current,
and is similar to the long-term aging of the

change-over selector contacts. It shows up
in the contact resistance as a disturbance of
the linear profile (Figure 06.35) during

operation of the arcing switch. In general,  Figure 6.35 The positions where step
the presence of a linear pattern in the plot  changes in the current due to the
points to an arcing switch without long-term ~ #rcing switch are observed.

aging. Two types of arcing switches (those

used in selector-switch type OLTCs and in diverter-switch type OLTCs) are
discussed in turn below.

6.4.1.1 Selector switch type OLTCs

The effect of long-term aging on this type of arcing switch was investigated by
plotting the DRM current curve for a separate arcing switch to ensure that contact
degradation of the change-over selector did not influence the readings. A selector-
switch type OLTC which had been in service for 50 years was used for this trial.
Inspection of the contacts showed signs of coking due to long-term aging.

For this experiment, the selector switch was measured separately by
disconnecting the arcing switch from the change-over selector and the transformer
windings. Figure 6.36 shows the current recorded while the tap changer was
switched through all tap positions. It may be clearly seen that the resistance is
increased by long-term aging of the contacts of the selector switch. Variations in
the resistance occur at the moment when the selector switch operates. The
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Figure 6.36 Step changes in the resistance are visible in this DRM plot of a separate arcing
switch.
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resistance remains constant between selector switch operations, because the switch
Figure 06.37 shows a 1.2
close-up view of the current WWW
J
operation. The effect of the
transition resistors is UU
200-300 ms. The spikes
caused by moving contacts 0 200 400 600 800 10‘00
are visible before and after  Figure 6.37 Close-up view of Figure 6.36.
the transition resistors are
change operation (see Figure 3.7) and the spikes in the dynamic resistance ate
measured during these oscillations.
the power transformer is also visible in the DRM plots. Figure 6.38 gives an
example: the increase in resistance shows up here as a drop in current. This effect

is then motionless.
plot during arcing switch [
|
measured during the interval
over degraded fixed contacts Time [ms]
used. It will be recalled that the selector switch contacts can oscillate after each tap
The small increase in contact resistance when the arcing switch is installed in
is also visible in the DRM plots of circuit breakers [78].
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Figure 6.38 Close-up view of the measurement current variation during a dynamic
resistance measurement on a selector-switch type OLTC. The contact resistance increased
just before the contacts separated.
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6.4.1.2 Diverter switch type OLTCs

Unlike a selector-switch type OLTC, a diverter-switch type OLTC has only two
sets of contacts available for tap selection. One is selected by the diverter switch
and is under load. The second set of contacts is used to select the next tap (pre-
selected tap) at zero current. The diverter switch switches from the selected to the
pre-selected tap each time the tap changer is operated (see also Appendix A). A
typical irregularity of the current appears when one of these contact sets has an
increased resistance. The measured resistance will then alternate. An example of
such a dynamic resistance measurement is shown in Figure 6.39, which was
obtained by measuring a tap changer with a defect that had been artificially applied
in order to investigate this effect.
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Figure 6.39 Dynamic resistance measurement on a diverter switch type OLTC with one set
of deteriorated contacts.

6.4.2 Contact wear of the arcing switch

Wear of arcing switch contacts also changes the DRM plots because it influences
the timing of the transition resistors. This effect is short-lived and shows up at
throughout the entire cycle of operation where the arcing switch operates (Figure
0.40).

Figure 6.41 shows a typical plot for a
service-aged arcing switch (from a diverter-
switch type OLTC) which uses one of the
transition resistors a little longer. This causes
the measurement current to drop to lower
values. Trigger points are added to the figure
to show up the minima more clearly.

This effect can be caused by contact wear ~ Figure 6.40 The positions where
or by an irregular switching speed. contact wear of the arcing switch
Experiments have been designed to show shows up.
how the contact timing can be affected. The
results will be presented in Section 7.2.

Heavily worn contacts can also cause short-lived current interruptions during
DRM. These interruptions will be discussed in Section 6.4.5.
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Figure 6.41 The depth of the current drop during the tap change operations alternates due
to changes in the switching speed or contact wear in one set of diverter switch contacts.

6.4.3 Timing difference between phases

The three phases of the OLTC are designed to switch at the same time. Defects in
the drive mechanism or in the drive shaft can cause loss of synchronism between
the phases. The difference in the timing of the transition resistors can be revealed
by DRM. When there is a loss of synchronism, the transition resistor is introduced
in one phase earlier than in another phase. The measurement current during an
OLTC operation will then briefly increase in the path with the lowest resistance
(le. the phase without transition resistors). Figure 6.44 gives an example: the
current through the three phases is shown at the moment when the defective
OLTC operates. Two phases switch prematurely, causing the current through the
third phase to increase. A simulation of this defect has already been shown in
Figure 4.22.

The effect can be seen most clearly when the three phases are measured
simultaneously. When only one phase is measured, for example in the case of an
tap changer in a delta-connected transformer
winding, only the increasing measurement
current is observed, thus indicating when the
other phases switched. The increasing
current typically appears very close to the
point of operation of the arcing switch, and
can show up throughout the entire cycle of Figure 642 The location where
operation, as illustrated in Figure 6.42. contact timing problems are observed.

6.4.4 Maintenance errors

In addition to typical degradation-related DRM results, atypical irregularities in the
plot may be caused by errors in the maintenance of the arcing switch. These errors
may affect the transition times, cause interruptions of the current or cause irregular
contact resistances. An example is shown in Figure 6.43. The irregularities
observed in this DRM plot could not be ascribed to severe long-term aging
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(contact coking), since they would then appear at several locations in the plot. Nor
could they be attributed to other forms of long-term aging or to other contact
degradation mechanisms. In fact, they were due to a maintenance-induced problem
leading to interruption of the measurement current in one phase. The recorded
current was not interrupted because the OLTC was mounted in a delta-connected
winding so that an alternative path for the current was still available. A current
interruption in a delta-connected transformer leads to a drop of current in another
phase. In this case, the defect resulted in incorrect operation of the arcing switch
and total loss of the power transformer after it was energised after taking this
DRM. If follows that inspection (or re-inspection) of the arcing switch is advisable
when atypical irregularities appear in the plot.
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Figure 6.44 Example of a recording of the DRM current in an OLTC with synchronisation
problems between the phases.

The example of Figure 6.43 shows clearly that a critical situation can arise due to
an irregular dynamic resistance in only one tap position. While a tap position can
be used for a long time, a defect on one particular tap position can cause a
catastrophic failure of the 1,25

transformer. Once again, L ——T 1| T T
it may be said that a chain =~ _ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
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weakest link. o 05

‘5 )

o

0 [ [
0 100 200 300 330
Time [s]

Figure 6.43 Dynamic resistance measurement on a tap
changer with a defect in the arcing switch.
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6.4.5 Current interruptions due to the arcing switch

Interruptions of the measurement current
that originate in the arcing switch are
characterized by their short duration —
normally only part of the transition time
(typically  10-200 ms) or the time
corresponding to one complete tap
position. Such irregularities in the DRM
plot can be attributed to the arcing switch ~ Figure 6.45 Interruptions due to the
when they appear at moments when the =~ 2% switch are short and can occur
. . roughout the entire cycle of operation.
change-over selector is motionless. Longer
interruptions are unlikely to originate in the arcing switch because it is operated
more frequently than the change-over selector.
All interruptions appear when the arcing switch is operated, as indicated in
Figure 6.45. Three causes are discussed in this section: oil between the contacts,
contact wear and damaged transition resistors.

6.4.5.1 Short interruptions due to a surface film

Short current interruptions when the arcing switch operates can be caused by a
thin layer of oil that has to be pushed away by the moving contacts before a low-
resistance contact can be made. This phenomenon occurs at low measurement
currents in arcing switches that use contact blocks. The oil layer will not cause
current interruptions in normal operation, because the open-circuit voltage is then
higher (for instance 300 V instead of 3 V) and the current is also higher. Short
interruptions of this type are therefore not critical, but if they occur the OLTC
should be checked to ensure that it is indeed subject to this effect.

6.4.5.2 Short interruptions due to wear

Wear of arcing switch contacts can lead to incorrect timing, causing an arcing
contact to take over the current too late. This effect accelerates contact wear even
more. OLTC types using roller contacts are particularly prone to this effect. Figure
0.46 shows a typical DRM plot for a service-aged selector switch type OLTC with
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Figure 6.46 DRM plot of an OLTC with roller contacts. Current interruptions are visible due
to selector switch contact weatr.
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roller contacts where current interruptions due to the arcing switch are visible. It
may be clearly seen that only specific selector switch contacts are involved. Visual
inspection inside the OLTC showed that excessive arcing during normal operation
had already damaged the contacts. A close-up view of the relevant portion of this
DRM plot reveals one or multiple interruptions in succession (see Figure 6.47).
The current expected in the absence of interruptions is shown by a dotted line.
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Figure 6.47 Close-up view of a DRM plot of an arcing switch with contact wear. The current
Is interrupted one or more times in succession.

6.4.5.3 Short interruptions due to damaged transition resistors

The measurement current can also be interrupted due to damaged transition
resistors. The resistors are not designed to carry the load current for a long time.
Damage to the transition resistors can lead to an open measurement circuit. The
pressure relay of the arcing switch immediately switches the transformer off the
moment the resistor fails. The open circuit can also be detected with the aid of
DRM, and shows up in the plot at locations where the arcing switch normally uses
the damaged resistor. An example can be seen in Figure 6.48, where one of the
damping resistors caused an open circuit. The total recorded current plot is shown
on the left and a close-up view of one operation on the right. The interruption of
the measurement current is observed each time the OLTC operates. The current
falls to zero at the moment the resistor should

take over the current.
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Figure 6.48 DRM plot (left) and close-up view (right) of a slowly-switched OLTC with one
damaged transition resistor in the arcing switch. The current falls to zero each time the
OLTC operates.

6.4.6 OLTC transition times

The third source of changes in DRM plots that is related to degradation or defects
— OLTC transition times — was already mentioned in Figure 6.13C. The transition
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time is determined for each operation in the cycle of operation. Mechanical defects
or friction can result in longer transition times. This can accelerate arcing contact
wear because the switching arc will persist for longer. Irregular transition times can
be seen at locations in the DRM plot where the arcing switch operates (Figure
6.49), and may be detected by comparing the
results with earlier measurements or with
standard transition times for that type of
OLTC.

Figure 6.50 shows three examples of the
use of DRM to detect irregular transition
times due to a defective drive mechanism. In
each case, the transition times are shown for  Figure 6.49 Irregular OLTC transition
all tap change operations in the cycle of  #mes show up each tme the

. : transition resistors are used.
operation. The three cases considered are:

1. OLTC with 2 broken energy-accumulation springs in the drive mechanism
(transition time between 80 and 90 ms),

2. The same type of OLTC with 1 broken energy-accumulation spring in the
drive mechanism (transition time between 50 and 60 ms),

3. The OLTC of example 2 after repair of the defect (transition time between 35
and 40 ms).
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Figure 6.50 Three examples of the use of DRM to measure OLTC transition times. All
transition times in the cycle of operation are displayed for the three phases. The cases shown
are: an OLTC with two broken energy-accumulating springs (1), an OLTC with one broken
energy-accumulating spring (2) and the same OLTC after repair of the drive mechanism (3).

It will be seen that longer transition times are observed when less mechanical
energy is available to move the contacts.

Figure 6.51 shows close-up views of the current during the operation of the
arcing switch for the examples of Figure 6.50. The transition resistor is used longer
due to the slower OLTC operation.
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It can be concluded that the transition time can be interpreted by comparing
results with eatlier measurements. Ref. [89] considers a transition time deviation
more than 10 ms as unacceptable and recommends visual inspection.

B 1. OLTC with two broken
P—W\ v energy-accumulating springs.
2. OLTC with one broken
/ 1 energy-accumulating spring.
/ 2 3. Same OLTC after repair of
wgl; 3 drive mechanism.
0,5~
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Time [ms]
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©
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3

Current [A]

Figure 6.51 Close-up view of the current through the arcing switch for the three examples of
Figure 6.50.

6.5 Defects in both parts of the OLTC

Exact localization of the defects and degradation mechanisms can be difficult
when long-term aging causes resistance changes in all parts of the DRM plots. An
example is given in Figure 6.52. All that can be concluded from this plot is that:

e the long-term aging is severe (thermally degraded contact exist, as described in
Section 2.3.3, and the tap changer is in an aging stage where the resistance can
increase rapidly, as shown in Figure 2.17.

the contact resistance of the change-over selector has increased
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Figure 6.52 Dynamic resistance measurement on an OLTC with different types of long-term
aging.

The enormous amount of contact degradation on the change-over selector
contacts in this example makes it difficult to say whether the arcing switch also has
higher resistance. Inspection of the arcing switch can give the decisive answer here.
A trial of a service-aged selector switch type OLTC provides a good example of
this approach (see Figure 6.53). Measurements were first carried out on the OLTC
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Figure 6.53 DRM plots of a service-aged selector switch type OLTC when the selector
switch and the change-over selector were measured in series (top) and separately (bottom)

as a whole (top). The low measurement voltage (0.75 V) in combination with the
degraded contacts caused short interruptions of the measurement current. The
results of separate measurements on the selector switch and the change-over
selector showed clearly that both parts of the OLTC contributed to distortion of
the contact resistance. The change-over selector distorts the DRM when its
contacts are moved. The selector switch, which uses the same contacts every 9 tap
positions, shows the same distortion twice. The degradation of the arcing switch
contacts did not show up when both parts were measured in series.

This example shows clearly that increased resistance of change-over selector
contacts can mask arcing switch contact degradation in DRM results; the absence
of a linear current pattern can be caused by the arcing switch and the change-over
selector.

6.6 Conclusions

This chapter dealt with typical DRM results for high-speed resistor-type OLTCs.
Firstly, measured plots were subdivided into:

1) Plots showing no effects of defects or contact degradation

2) Plots showing current interruptions, which can lead to OLTC damage in
service. The current interruption may be located:
a) on the change-over selector, or
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b) on the arcing switch.
3) Plots showing current changes caused by contact resistance, leading to higher
local contact temperatures and sometimes ultimately to thermal runaway,
a) on the change-over selector, or
b) on the arcing switch.
4)  Plots showing irregular transition times due to mechanical defects.

It follows that the change-over selector, the arcing switch and the drive system can
be diagnosed separately with the aid of DRM. The location of the defects can
generally be determined on the basis of the moment when the resistance changes.

Secondly, it was shown that many defects and degradation mechanisms lead to
changes in resistance, which makes DRM a useful tool for OLTC condition
assessment. In particular, it was shown that DRM is sensitive to a variety of defects
and degradation such as:

1) Long-term contact aging on the contacts
a) early (local effects of the surface film)
b) advanced (widespread effects of surface film and coking)
2) Wear of the arcing switch contacts
3) Timing differences between phases
4) Maintenance errors
5) Irregular transition times

Typical DRM plots revealing these various defects were presented and it was
explained how these defects can be recognized in different types of OLTCs. As
will be clear from the complicated relationship between the OLTC design, the
degradation mechanisms and the DRM method, these results need to be
interpreted by a specialist. This specialist needs to have expert knowledge of tap
changer operation and aging, and of the DRM method applied. This way, the
containing information on the OLTC condition can be extracted from the
measurement results.
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/

Laboratory verification of
selected failure mechanisms

It is important to be able to assess the condition of tap changer parts which are not
accessible for inspection during regular maintenance (which only examines the
arcing switch). An example being contacts of the change-over selector, at which
the long-term aging effect is a major source of contact irregularities observed in the
DRM results. However, defects or wear in the arcing switch are also of interest
because they may be overlooked during visual inspection. This chapter discusses
experiments with typical tap changer degradation, using artificial degraded contacts
mounted in a physical tap changer model. The following topics are studied in
depth:

Measurability of the surface film using resistance measurements §7.1)
Correlation between DRM and contact degradation §7.1.1)
Measurability of arcing contact wear (§7.2)

7.1 Measurability of the surface film using DRM

7.1.1 Correlation between DRM and contact degradation

The exact localisation of contact irregularities provides a better understanding of
the stage of development of contact degradation in the OLTC. However, a direct
relationship between dynamic contact resistance and the contact condition is not
observed.

Chapter 6 revealed that it is possible to determine whether the irregularities in
contact resistance originate in the arcing switch or the change-over selector by
examining the moment they appear. This section is dedicated to the localization of
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contact degradation on the change-over selector contacts. The movement of the
change-over selector contacts is related to the physical location and condition of
the contacts. The contact status was examined during OLTC overhaul and using
overhaul reports. This section will demonstrate that a higher (static or dynamic)
resistance does not necessarily mean that the contact surface at that location is in a
bad state.

‘ Dynamic resistance measurement
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Figure 7.1 This section elaborates on the location of contact degradation in the change-over
selector.

The change-over selector moves several times for each coarse tap change, thereby
using different contact areas. These dynamic movements of the change-over
selector can provide valuable information about the stage of development of the
long-term aging effect. This section takes a closer look at how these change-over
selector contact areas are measured with DRM.

Different types of tap changer are available to study the long-term aging effect
using DRM. A typical case study is discussed here, using a selector switch type
OLTC with a change-over selector. The type discussed in this section moves its
roller contacts while they carry the load current (more information about this type
of tap changer can be found in Chapter 2.1.1). The movement of the change-over
selector, covering four tap positions, as discussed in Section 6.3.1, can be divided
into ten sub-positions, as shown in Figure 7.2. A different DRM result was
observed for each sub-position. The mid-position of the change-over selector
forms the centre, recognisable by spikes in the current which are observable on
both sides of the mid-position (indicated by M). These spikes are caused by the
moving roller contacts of the change-over selector. Resistance deviations begin
two positions before the mid-position (M-2), in terms of a stepwise change in the
current. A stepwise change in the current was also observable one position after
the mid-position (M+1).
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Figure 7.2 A typical deviation originating from the change-over selector covers four tap
positions. The change-over selector moves at these tap positions. This movement can be
divided into ten parts.

Figure 7.3 shows the stator of a coarse change-over selector with one coarse tap
winding, which can be selected by placing the rotor contacts on contact block CT.
The load current flows through contact block A, except in the parking position,
where block A0 is used. Visual inspection of these contacts revealed an advanced
long-term aging effect, see Figure 7.3.
To selector
switch

coarse tap
winding

Coarse tap-
selector

main winding

Figure 7.3 Stator contacts of a coarse tap selector. The coarse tap is selected when the rotor
selects contact block CT. Block A0 is used in the parking position.
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The ten change-over selector positions of Figure 7.2 are related to the position of
the rotor. The amount of pitting and carbon is determined for all rotor positions
and expressed as a condition index using the condition indices of Table 7.1.
Condition indices for the DRM results are also determined on the basis of Table
7.1, resulting in the overview in Figure 7.4, which shows the contact status (stator
and rotor average) as seen during inspection and the corresponding dynamic
resistance results. All three phases of the transformer and all ten change-over
selector positions are considered. Figure 7.4 also shows a linear trend line through
these 30 data points. A direct relationship between the contact status and the
corresponding irregularity in the DRM plots was expected. Figure 7.4 shows the
opposite: an increased contact resistance is measured when the contacts are in
good condition, while there is a decrease in resistance when the contacts are in
poor condition. The following section investigates this important issue in more
detail.

Table 7.1 Overview of condition indices for assessing change-over selector degradation.

Condition code Contact status DRM result
0 No pitting and no carbon No additional contact resistance
1 Light pitting and carbon Light additional contact resistance
2 Deep pitting and carbon Considerable additional contact resistance

Number of contacts

Figure 7.4 Relationship between the condition of 30 contact positions as measured with
DRM and as seen by inspection. A linear trend line through these 30 data points is plotted.
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7.1.2 Effect of the surface film on DRM

A more detailed investigation shows that the presence of the surface film deviates
more clearly the DRM plots than the more dangerous pyrolytic carbon. Figure 7.5
shows our assessment on the relationship between the OLTC contact surface and
the contact resistance. The plot shows a decreased measurement current caused by
the contact resistance of one of its coarse taps.

Stationary Stationary Stationary
11 contact M contact CT contact M
_ 08~
<
IS
g
5 04-
O

0 -5 T T T i
0 100 200 \300 370
\j Time [s]

Stationary contact M Stationary contact CT

Figure 7.5 Localisation of change-over selector degradation. There is carbon present in the
measurement circuit at places where the DRM plots are linear. Irregularities appear in the
DRM plots when the slightly aged stationary contacts (right) are used.

It can be observed that the contact resistance of stationary contact CT is higher
than the contact resistance of stationary contact M. Visual inspection showed that
the contact surface of stationary contact M was affected by coking (as described in
Section 2.3.3), while stationary contact CT only showed a thick surface film (due to
infrequent use, see Section 2.3.2). When the contact resistance is related to the
contact condition, the location with higher contact resistance relates to the surface
film on the contacts.

Figure 7.6 shows our assessment of the relationship between the DRM plot and
the physical condition of the contacts at the moment the change-over selector
moves. Spikes occur in the dynamic resistance when the contacts move over a
surface film. This effect is typical for this type of service-aged OLTC. A higher
resistance is present at these contact locations which, being less frequently used,

—
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are covered with an insulating surface film. This film layer causes a relatively high
contact resistance.

To conclude, this case study, as well as results obtained from other service-aged
OLTCs, confirms that DRM at 1 A measures an increased contact resistance due
to the surface film. This layer can be measured with a higher amplitude, compared
to contact locations subject to coking and pitting. From these observations it
follows that the conductivity of pyrolytic carbon is better than the conductivity of
contact film.

1_

Current [A]

Figure 7.6 Relationship between the DRM plot (top) and the physical condition of the
change-over selector contacts. Moving contacts, in combination with a thick surface film,
cause spikes in the dynamic resistance.

7.1.3 Accelerated degradation tests

The measurability of the surface film is important because it indicates the onset of
the long-term aging effect that leads to coking. In addition to visual inspection of
service-aged OLTCs, accelerated degradation tests on a test model [90] can be used
to show in a controlled way that the surface film can be measured with DRM.

7.1.3.1 Setup: the test model

Several degraded tap changer contacts were examined in the laboratory to
determine the influence of a surface film on their dynamic resistance. A model was
developed to test artificially degraded contacts at different stages of degradation.
The test model (Figure 7.7) consists of one phase of a 60 kV/630 A selector switch

—
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type OLTC with two 2.4 Q transition resistors. The regulation winding was
simulated by eight series-connected 43 m&2 resistors that can be selected using 9
stationary contacts. The model was connected in series with a power transformer
to provide the required circuit inductance. The transformer (three phase
50 kV/14 MVA) was equipped with a tap changer that would not cause
irregularities in the dynamic resistance plots and which was not operated during
these experiments. The test model was hand-driven and switched in 45-70 ms, a
little slower than normal high-speed resistor-type OLTCs. Tap selection was
performed with roller contacts using the contact pressure of the original design
(108 N). The tap changer model was not submerged in

+ Ushont - ‘

+

G@ 030V

==

Figure 7.7a Schematic representation of the Figure 7.7b The OLTC test model
OLTC test model. used for experiments with artificial
degradation.

transformer oil because the contacts tested already showed the same resistive
behaviour as contacts in oil (see [11]). A constant DC measurement voltage was
applied to the test model (and the series-connected transformer) and regulated in
such a way as to provide 1 A initial measurement current. As soon as the current
was stable the test model was 1.2+
switched through all its tap
positions and the current was
recorded. A sequence of reference
DRMs showed that this test
model did not cause irregularities

in the contact resistance when . » o
clean contacts were used, as Time [s]

shown in Figure 7.8. In total, 20 Figure 7.8 The reference current pattern recorded
laboratory  experiments  wete  on the test model with clean contacts using the

performed, each consisting of 3- DRM technique. The transition resistors reduce
the current when the OLTC moves to the next tap.

-
1

Current [A]

0,5

16 measurements.
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7.1.3.2 Accelerated degradation tests

Thermally accelerated degradation tests were carried out on the test model using an
artificially grown surface film to investigate its effect on DRM. Service-aged Shell
Diala transformer oil was used for accelerated degradation on nine contact blocks
of a selector switch. The bulk oil was heated, resulting in a surface film on the
entire surface of the contacts. The formulae of [24] were used to calculate the test
time (see also Chapter 2): submerging the contacts for 6 hours in oil of 165 °C
simulated 40 years of service at 60 °C, which is the average age of the OLTC
population evaluated in [11] and tap changer with an age of 25-35 years show
increased contact resistances in DRM at 1 A. The thickness of the surface film that
is formed during these tests was not verified by ellipsometry or other methods, but
visual inspection of the contact surface confirmed the presence of surface film.
These accelerated degradation tests caused 300 €2 additional contact resistance
during a static resistance measurement at 100 A, which could not be measured
with DRM due to the noise level of the setup. Ref. [11] describes these
measurements in more detail, with no increased contact resistance being measured.

Section 7.1.2 showed that a surface film is expected to have a significant effect
on contact resistance. Therefore, the accelerated degradation tests as described
above were continued, with the objective of generating the plots as measured in
the field. During this accelerated degradation test both the contact blocks and the
roller contacts were submerged in hot oil, in contrast with [11]. This doubled the
thickness of the surface film (note: tap changers in service can have two of such
contact sets in series).

The first accelerated degradation test concerned contacts that were aged at
180 °C (temperature controlled between 176-182 °C) for 5.5 hours. Those contacts
showed increased contact resistances at only a few of the DRM plots at 1 A. The
effect is small and appears only when the contacts are moved. Figure 7.9 provides
an example of a plot measured for one of these contacts. In other measurements,
the thin film broke and was not detected with DRM.

The final experiments artificially aged the contacts for 14.7 hours at an oil
temperature of 201 °C (temperature controlled between 199-202 °C). This time all
the contacts tested showed an increased contact resistance in the plots, causing up

102- Contact resistance of the
! change-over selector
<
€1- Operation of the
qg’ arcing switch
(@]
0,98 o
[}
0 5 10 15 20 25

Time [s]

Figure 7.9 DRM plot of an artificially aged OLTC contact (5.5h at 180 °C oil). The contact
resistance shows a few spikes when the contacts are moved (t=7-10 s) just before the OLTC
is switched (t=18 s).
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to 8% variation in the 1 A measurement current (Figure 7.10). This effect is still
small compared to the contact resistances measured during field tests (for example
50% variation in the measurement current). The thin film breaks easily and is
quickly wiped away when the contacts are continuously moved for some time
(Figure 7.11). However, the typical spikes in the contact resistance correspond with
the results of field tests.
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Figure 7.10 DRM plot of artificially aged Figure 7.11 The surface film is wiped away
OLTC contacts (14.7 h ar 201 °C oil). The when the contacts are continuously moved
measurement current drops by 8%. for25's.

Figure 7.12 shows the results of 16 dynamic resistance measurements on the
contacts that were aged for 14.7 h at 201 °C. All of the measurements show
increased contact resistances above the noise level.

These accelerated degradation tests show that a surface film on contacts can
indeed cause a considerable increase in the contact resistance as measured at 1 A.
This confirms findings from DRM on service-aged contacts. A thin layer is not
detected in every measurement because it often breaks and the conductive path is
restored. However, a thick layer is observable as increased contact resistance in
every measurement [91]. High local temperatures are needed to grow an insulating
layer that is thick enough to be observed in every DRM plot. Service-aged OLTCs
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Figure 7.12 Sixteen experiments were performed with degraded OLTC contacts to show that
the surface film can be measured. All measurements show increased resistances above the
noise level,
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in the utility grid can be exposed to such high local temperatures, as suggested by
the carbonisation of the oil observed in some service-aged OLTCs.

Therefore, it can be argued that the maximum contact resistance that is
measured with DRM can inform us about the thermal degradation stage of the
contact surface. DRM may be useful in finding the cause of increased contact
resistance: the long-term effect can be recognised due to the current spikes in the
plot as shown in Figure 7.6. Static resistance measurements could not have
assessed this contact area because it is not used in static situations. A thick surface
film on the contacts indicates an advanced long-term aging effect and coking may
have occurred on locations where the load current heats the contacts. In order to
draw a conclusion about the presence of pyrolytic carbon due to coking, the aging
mechanism and the length of time that the thick surface film has been present
should be considered. Therefore, previous DRM results for the same OLTC
should be considered in order to reach a solid conclusion about the presence of
pyrolytic carbon.

7.2 Arcing contact wear

Contact wear can be determined by visual inspection during regular maintenance
but can also be measured by DRM because it affects contact timing. Irregularities
in the transition time can be measured by DRM when contacts are worn, with even
short interruptions of the measurement current appearing in the plots. Section
6.4.5.2 presented an example of DRM where arcing contact wear influenced
contact timing. This section discusses two further ways to detect arcing contact
wear:

1) determine the size of the arcing contact using DRM in combination with a
position sensor

2) reveal contact timing differences by comparing contact timing with a
reference

Figure 7.13 shows how wear of the arcing contact is defined: a new arcing contact
has 0% wear, while the contact wear is 100% when the contact material of the
arcing contact is abraded until the main contact. The example shown in the picture
is therefore 65% worn.

7.2.1 Arcing contact dimensions

Dynamic resistance results provide information about the arcing contact
dimensions, in particular when they are combined with a contact position
measurement using a position sensor on the remote end of the drive shaft (see also
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Figure 7.13 An arcing contact about 65% worn.

Figure D.8). Figure 7.14 shows a combination of the measurement current (black
line) and the position measurement (grey line) during an arcing switch operation.
The contacts of the arcing switch start moving at T and the main contact moves
to the end of the stator contact (Xz). During this movement, the main contact
(without transition resistor) carries the measurement current, with the latter (black
line) indicating an increase in contact resistance. The main contact leaves the
contact block at T, thereby introducing a transition resistor. The main contact
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Figure 7.14 The combination of dynamic resistance measurements (black line) and the
position measurements of the OLTC contacts (gray line) during an arcing switch operation.
The rotor starts moving at T1 and the transition resistor is used at T2. The main contact
reaches the next tap at T3.
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then moves to the next tap, reaching it at T3 and comes to a standstill at position
Xy, after some mechanical oscillations. Comparing these two measurements
provides information about:

Xo-Xi:  the size of the arcing contact before the main contact disconnects
X3-Xo: the distance between the contacts
X4-Xs: the size of the arcing contact after the main contact connects

The degree of contact wear of an arcing contact can then be determined in terms
of the total distance that the main contact travels over the contact block, which can
be read from the combined plots. The width of the main contact and the length of
a new arcing contact should be considered in this case. Figure 7.15 shows that the
moment the main contact arrives at the stationary contact of the diverter switch
(indicated by T3) and the moment it leaves (T4) can be read from the current curve.
In this example, this yields a contact length of Xprw’. Contact wear is then
calculated as Xnpw-Xpry. This example demonstrates that contact wear does not
affect the results of the position measurement, but the timing T3 and T4 of the
transition resistors does change. Contact wear can then be determined with an
accuracy of a few millimetres when DRM is performed with a 1 ms resolution.
Visual inspection will be more accurate.
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Figure 7.15 The length of the OLTC contact can be determined when the dynamic
resistance and the shaft angular position measurements are combined. The main contact of
the diverter switch arrives at moment Tj; and leaves the contact again at Ty, resulting in a
contact length of Xpry=X4-X3.

130



CHAPTER 7 - LABORATORY VERIFICATION OF SELECTED FAILURE
MECHANISMS

7.2.2 Arcing contact timing

Contact wear can be revealed without determining the exact contact dimensions if
the timing of the arcing switch contacts is compared with a reference. A previous
DRM result for the OLTC in question or a typical result for that type of OLTC
can be used as a reference. The effect of contact wear on the transition time is
small. However, these small variations change the shape and depth of the DRM
plot when the arcing switch operates, due to the large dI/dt of the measurement
current (as already demonstrated in Figure 6.41).

Measurements of artificially worn arcing contacts were performed with the test
model (as described earlier in this chapter) to confirm the effect of contact wear on
DRM. Figure 7.16 provides a typical example of the results of these experiments.
Figure 7.16a shows a close-up view of the OLTC operation using arcing contacts
with 0% wear. The plots change significantly when arcing contacts that were 80%
worn are used (Figure 7.16b). The length of time that both transition resistors are
used in parallel (Tp) is shortened, while the length of time that only one transition
resistor is used is extended (Tri and Tro). The current will drop (from 0.6 A to
0.55 A in Figure 7.16) because one tesistor causes a higher dI/dt than two parallel
resistors.

To eliminate variations in the transition time of the test model, measurement
results are displayed as the percentage of the transition time in which only one
transition resistor is used:
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Figure 7.16a Close-up view of a DRM plot at Figure 7.16b Close-up view of a DRM

the moment the OLTC switches. The arcing plot ar the moment the OLTC

contacts are 0% worn. switches. The arcing contacts are 80%
worn.

Figure 7.17 shows this percentage for each tap change operation in the OLTC’s
cycle of operation. Contact 3 was 80% worn, which is cleatly indicated at each tap
change operation involving contact 3. This example demonstrates that small
changes of the contact timing at worn arcing contacts can be measured with DRM.
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Figure 7.17 Graph of the percentage of the transition time in which only one transition
resistor is used. The average and standard deviation of 6 measurements are displayed for
every tap change operation in the cycle of operation. The contact of tap 3 is 80% worn,
which is clearly indicated in the graph.

Equivalent effects were also observed in service-aged OLTCs. Three examples are
provided in Figure 7.18.

Another experiment revealed the effect of extremely worn arcing contacts.
Figure 7.19 shows an example of a roller contact from a selector switch about to
leave a stator contact block. At this moment, two contacts are on the stator block:
the main roller contact (which is about to leave) and the arcing roller contact
(which has just arrived at the stator block). The stator contact block is wide
enough for both roller contacts. When the arcing contacts are heavily worn, this
contact is endangered. This can result in a short interruption of the measurement
current due to the main roller contact leaving the contact block too early.
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Figure 7.18 Three examples of the transition resistor timing in service-aged OLTCs: the
percentage of the transition time in which only one transition resistor is used is plotted. The
transformer windings have two coarse taps, therefore in this example the selector switch uses
the same arcing contacts three times.
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Figure 7.19 A roller contact at the moment it leaves the stator contact block. The contact
block is wide enough for both roller contacts, but contact wear can endanger good contact
timing.

Experiments with 100% worn arcing contacts mounted in the tap changer test
model generated such interruptions of the measurement current. Figure 7.20
shows a recorded current plot of such an experiment. The arcing contact of tap 3
was artificially worn, resulting in short current interruptions when that contact was
involved in the tap change operation. Figure 7.20b provides a close-up view of the
current interruption.
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Figure 7.20a DRM plot of the OLTC test Figure 7.20b Close-up view of a DRM
model. The arcing contacts of tap position 3 plot at the moment the OLTC switches.
are 100% worn. The arcing contacts are 100% worn.

Another experiment shows that there is no significant effect of the measurement
current on the transition time, see Figure 7.21. DRM can be used at any current to
determine the timing of the transition resistors.

It should be noted that the wear of the arcing contacts is a slow process which
can be recognised in an early stage during normal inspection of the arcing switch.
There is no specific need for arcing contact diagnosis with DRM for the current
generation of OLTCs; however, the effect of wear may be indicated by DRM and
should be recognised in order to determine the condition of the tap changer.
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Figure 7.21 OLTC transition times are determined for an OLTC in good condition, using
different measurement currents. A trend line is added. No significant change in the OLTC
transition time was seen.

7.3 Conclusions

Firstly, this chapter closely examined the relationship between DRM and the
physical condition of tap changer contacts. Dynamic contact resistance was shown
to increase significantly when contacts move over a surface film. This can conceal
more significant contact degradation.

Secondly, this chapter discussed experiments on a tap changer test model with
worn arcing contacts and with a surface film. A measurement current of 1 A was
used. Experiments with surface film on the contacts showed that the early stage of
the long-term effect sometimes causes small irregularities in the contact resistance,
but may not always appear, because a thin layer of oil associated with the early
stage of the long-term effect often breaks down. However, the effect of the surface
film is observed in all measurements when the layer grows thicker. The artificially
grown surface film only causes increased contact resistances when the OLTC is
operated. Service-aged OLTCs with a more advanced long-term effect show that
the static contact resistance also changes significantly when the tap changer is
motionless. From experiments it can be concluded that the long-term aging effect
influences the dynamic resistance. The surface film is measurable with DRM at 1 A
and can be recognised by spikes in the plots when the current-carrying contacts
move over it (which is not the case in every type of OLTC). It was also shown that
a thin surface film can be wiped away when the contacts move over it, reducing
contact resistance. For that reason, reproducible irregularities in plots are more
severe than irregularities whose resistance decreases when the OLTC is switched a
few times though its cycle of operation. It was demonstrated that the maximum
contact resistance measured with DRM can indicate the stage of development of
the surface film. A thick surface film on the contacts indicates an advanced long-
term aging effect, while coking may have occurred on locations where the load
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current has heated the contacts. Previous results measured on the same tap
changer should be considered in order to estimate the length of time that the
advanced long-term effect has been present, leading to the development of
pyrolytic carbon on the contacts. Historical information of the OLTC’s tap
positions being used can also be used to estimate the amount of carbon and film
on the contacts, using the experience that infrequently used contacts are likely to
have a contact film and that frequently used contacts are sensitive to contact
coking. Further study may include research into the effect of coking on contact
resistance.

Thirdly, the experiments confirmed that arcing contact wear influences contact
timing, changing the shape and amplitude of the effect of the transition resistors in
the DRM plots. The timing of the transition resistors showed no significant
dependency on the amplitude of the measurement current. Interruptions of the
current can appear in the plots when excessively worn contacts are tested. Contact
wear of the arcing contacts can also be detected by:

1 comparing the timing of the transition resistor during DRM with
earlier measurements on the same OLTC
2 DRM in combination with a shaft angular position measurement
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8

DRM knowledge rules for
decision support

Tap changers which are in critical condition and will best profit from efforts to
reduce failure (e.g. maintenance) can be selected on the basis of the dynamic
resistance measurement results. DRM is particularly suitable for assessing OLTC
degradation processes and defects that potentially lead to failure, and therefore on
this basis can be used to reduce the failure rate.

Such huge amounts of diagnostic data are acquired with the aid of DRM that it
is difficult to pick out relevant information about the condition of the tap changer.
The diagnostic data must therefore be transformed into a statement about the
condition which can be done using derived quantities and boundary values. In
other words, these results require interpretation before they can be used for the
strategic prioritisation of maintenance or the overhaul of the OLTC. For that
purpose, a simple way of expressing the results of DRM will be beneficial. An
example of the application of this process will also be presented.

8.1 Condition assessment

This chapter elaborates on the technical aspects of a specific class of asset
management decisions, namely condition assessment based on DRM at the
component level. Selecting the optimal maintenance strategy on the basis of
information about the reliability of the tap changer and its life-cycle costs involves
more than implementing the diagnostic method described in this chapter, as
information about an OLTC’s technical condition is only one input in the
maintenance decision process. Figure 8.1 shows that an OLTC which is subject to
degradation mechanisms and defects can be diagnosed by performing
measurements with a diagnostic instrument. A selection of diagnostic methods can
be applied in such a way that the symptoms of degradation which occur most
frequently are diagnosed (see Chapter 5).
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OLTCs in critical condition can
be selected for overhaul or repair
using the results of a single
measurement or from successive
measurements over time. In this
way, the transformer population
can be maintained cost effectively
and with a certain reliability.

Economical, societal and
safety aspects are not considered
in this chapter. In particular,
additional information such as
operational data (temperature,
load profile), failure statistics and
the results of visual inspection
must also be considered, see
Figure 8.1. Furthermore, the cost
of failure, the consequence of this
failure for the surrounding power
transformer and the continuity of
power delivery should also play
an important role.

8.2 DRM knowledge rules

Residual life estimation and
decisions for intrusive
maintenance actions are often
based on fuzzy information [92].
The interpretation of diagnostic
data, as introduced in Figure 6.1,
can be structured by using
knowledge rules to extract
information about degradation
and defects from the diagnostic
data (see Figure 8.1). Criteria for
interpretation are described as
knowledge rules [93], which are
derived in order to support the
condition-based maintenance
process [93]. Parameters from the
DRM plots that reflect the OLTC
condition (see Figure 8.2) are
used as the basis for this process.
Boundary wvalues can then be
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Figure 8.1 Assessment of OLTC degradation for
the determination of an optimal maintenance
strategy. Symptoms of degradation are measured
and interpreted, which results in a selection of
higher risk OLTCs. Knowledge rules are used
during the localisation of the defect to find its
cause and determine its significance.
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applied to categorize results in a condition index.

In general, knowledge rules are based on degradation mechanisms on the
different OLTC parts and the effect of these failure modes on the DRM results.
Knowledge rules ate based on the following facts:

e findings from visual inspection and DRM on service-aged OLTCs during
regular on-site maintenance

e laboratory studies with artificial degraded OLTC components

e post-mortem investigation of tap changer degradation processes

All these sources of knowledge were considered in this thesis, resulting in the
application example of Section 8.5. In particular, collecting and analyzing
measurement data is important in the process of knowledge rule generation.

In order to determine the parameters that reflect the OLTC’s condition, the
overview of Table 8.1 is generated, which summarises the directives for
interpretation that were discussed in this thesis and the pages where they were
introduced or discussed, structured according to the condition assessment
flowchart of Figure 6.1.

Chapter 6 Section 8.3 Section 8.4

Parameters reflecting
"1 the OLTC condition 3

DRM diagnostic data Condition informaticn

Knowledge rules/
boundary values

Figure 8.2 Parameters that reflect the OLTC condition can be used to extract condition
Information from dynamic resistance measurement results. Boundary values are needed
for this purpose.

Table 8.1 Overview of major DRM knowledge rules from this thesis and the page where they
are discussed.

Directives for DRM interpretation

General
1.1 | Deviation from the standard plots can be related to degradation or defects and Page
should be investigated before re-energising the transformer. 93
OLTC failure can be prevented this way.
1.2 | The interpretation of results should not only consider the maximum resistance: Page
the location and nature of the resistance variation should also be taken into 85

account. The location and shape of the irregularity can be used to determine the
cause and importance of the defect.
Degradation mechanisms have different effects on contact resistance; separate boundary
valnes should be used.

1.3 | The current pattern can be read backwards to recognise tap change operations. Page
This helps to determine the defective tap position(s). 97
Localization
2.1 | The change-over selector, the arcing switch and the drive system can be diagnosed Page
separately. 85

Because DRM  provides information about transition times, contact timing, contact
resistance, open contacts and location (based on the location in the DRM plot).
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2.2 | Irregularities in the plots that are caused by the change-over selector appear, Page
change or disappear when it is operated. 95

2.3 | Irregularities in the plots that are caused by the arcing switch appear, change or Page
disappear when it is operated. 106

2.4 | The change-over selector is likely to cause changes in the plots that are less Page
frequent but persist longer than those caused by the arcing switch. 106

Because the change-over selector is used less frequently.

2.5 | The absence of a linear current pattern can be caused by the arcing switch and the Page

change-over selector. 116
Becanse the arcing switch is used during every tap change, which can influence the resistor of
the change-over selector due to mechanical vibrations.

2.6 | The interruption time and its location in the cycle of operation provide Page

information about the location of the interruption. 105
Each contact is used at particnlar locations in the OLTC cycle of operation and is nsed a
particular tine.

2.7 | The arcing switch is likely to cause problems if the irregularities in the plot that Page
occur when the change-over selector is motionless are out of proportion 103
compared to the irregularities that occur when the change-over selector is
opetated.

2.8 | A current interruption at a delta-connected transformer can manifest as a Page
decreasing measurement current in another phase. 111

Becanse delta-connected windings offer an alternative path for the current if one phase is
interrupted.

Cause (degradation and defects)

3.1 | The presence of a linear pattern in the plot points to an arcing switch with no Page
long-term aging effect. 107

The arcing switch is operated every tap change, so it will change the contact resistance
during the entire DRM.

3.2 | Change-over selector contact areas that are only used briefly during OLTC Page
operation will not be pitted and are not covered with pyrolytic carbon. 99

See the following knowledge rule.

3.3 | Frequently used contacts that carry the load current can be subject to contact Page

coking. 100
Contact pitting and coking occurs when the load current flows throngh the contacts for an
extended period.
3.4 | The surface film is measurable at 1 A and can be recognised by spikes in the Page
resistance when the current-carrying contacts move over it. 134
See page 134.
3.5 | Carbonised oil on the contacts is measurable. Page
As observed during on-site measurements. 35

3.6 | Contact resistance can decrease during the long-term aging effect: the surface film Page

breaks and pitting can occur. 23
A low contact resistance is not enongh to conclude that the OLTC is in good condition: the
location of the defect and the degradation mechanism shonld also be taken into account.

3.7 | A thin surface film can be wiped away when the contacts move over it, reducing Page

the contact resistance. 134
This can be used for testing the development stage of contact degradation and to clean the
contact sutface.

3.8 | The surface film grows thicker as the contacts age and this oil-film growth rate is Page

strongly dependent on the surface temperature of the contacts. 181
Therefore a thick film with high resistance indicates a medinm or advanced stage of contact
degradation.

3.9 | A thin surface film is not detected in every DRM, because the thin layer breaks Page
and the conductive path is restored, while a thick layer will be detected. 127

Therefore a thick film appearing in every DRM indicates a medium or advanced stage of

contact degradation.
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3.10 | Low measurement voltages and low currents will allow a very thick surface film to Page

interrupt the current. The interruptions disappear when the current is increased. 57
This can be used for testing the development stage of contact degradation.

3.11 | A short increase in the measurement current during OLTC operation can be Page
caused by asynchronous operation of the OLTC phases. 110

Importance

4.1 | The distinction between increased contact resistance and open contacts is Page
important: in general interruptions are more critical. 93

Becanse an OLTC with gpen contacts during its cycle of gperation may not be able to select
some taps, an interruption of the load current may be destructive.

4.2 | Single peaks in the measurement cutrent are caused by noise in the measurement Page
circuit. 64
Rapid current changes cannot flow through the windings due fo the high inductance.

4.3 | The worst tap position of all phases determines the condition index of the tap Page

changer. 111
Because one tap can be used for a long time and one defective tap can canse failure of the
OLTC.
4.4 | The importance of contact degradation can be investigated by performing DRM Page
with different measurement currents. 59

Contact resistance becomes smaller when the current is increased and sensitivity to surface
Siln on the contacts increases when the measurement current is decreased. A low current
may be desired if one wants to assess the importance of the long-term effect.

4.5 | Short measurement current interruptions when the arcing switch operates are not Page

always critical. 112
They can be cansed by a thin layer of 0il that has to be pushed away by the moving contacts
before a low-resistance contact can be made. The oil layer will not canse current
interruptions in normal operation.

4.6 | The way in which measured results change with time can provide valuable Page

additional information about the importance of contact degradation. 151
A lower condition index: can be assigned when the irregularity in the DRM plots increases
in tinee.

4.7 | Reproducible irregularities in plots are more severe than irregularities whose Page
resistance decreases when the OLTC is switched a few times though its cycle of 134
operation.

Becanse light contact degradation can be wiped away by moving contacts.
4.8 | An advanced long-term effect on the OLTC contacts will appear in every DRM. Page
Because advanced contact degradation cannot be easily wiped away by moving contacts. 127

8.3 Quantities reflecting the OLTC condition

In general, diagnosing the condition of high-voltage components can be done
using characteristic quantities which reflect the condition of the component,
thereby reducing the complex measurement result to a set of numbers. For
example, discharge measurements on insulating systems use a pattial discharge
inception voltage (PDIV) as a quantifier, and dissolved gas analysis on insulation
oil uses gas ratios to summarise the results of gas analysis. Boundary values can be
applied to these quantities, see also Figure 8.2. These quantities should be carefully
selected because defects that do not influence these quantities will no longer be
revealed after quantification. In the case of DRM, the following quantities will
cover the most typical OLTC defects and degradation mechanisms (see also Table
8.2):
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1 OLTC transition time
Measured as the time that the transition resistors are used. This
quantity is sensitive to contact misalignment, mechanical defects and
friction, see also Section 6.4.6.

2 Timing of the transition resistors
This quantity expresses the timing of the transition resistors in relation
to the transition time and is therefore also sensitive to contact timing
differences (for example due to contact wear, see also page 131).

3 Timing difference between phases
This quantity can be used to check synchronism between the three
phases. The final time of the OLTC operation can be used because it is
easy to recognize in dynamic resistance plots.

4 Time that the measurement current is interrupted
This quantity is defined as the time that the measurement current is
below 10% of its initial value, see also Section 8.5.1. It is sensitive to
misaligned contacts, defective transition resistors, a thick film on the
contacts, advanced long-term aging, mechanical defects and to contact
wear that causes incorrect contact timing.

5 Maximum contact resistance when using infrequently used contacts
An example of such a contact occurs when the change-over selector is
in operation. A film can develop on these contact locations, as
described in Section 2.3.2, but thermal degradation described in Section
2.3.3 is not present here; this parameter represents the thickness of this
layer and therefore the stage of development of long-term aging, in
particular for light contact degradation.

6 Maximum contact resistance when OLTC is using frequently used contacts
Contacts through which the load current flows are more sensitive to
contact coking and less subject to the development of a surface film.
Therefore these contact locations provide information about the
advanced stage of the long-term aging effect, which involves pyrolytic
carbon, as described in Section 2.3.3.

Table 8.2 shows how these quantities are calculated and which knowledge rules
from Table 8.1 should be considered. In addition, Figure 8.3 shows how the
quantities can be calculated from a DRM plot. These quantities can be used as
input for condition assessment to reveal typical OLTC defects, as depicted in
Figure 8.4. DRM results can be checked for problems that affect the transition
time, contact timing, phase synchronisation, contact resistance or that interrupt the
current. This way, the condition of the tap changer can be determined using
boundary values, as will be discussed in the next section.
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Table 8.2 Quantities derived from DRM which represent the OLTC condition, including the
OLTC defects to which they are sensitive, the way they are calculated and the knowledge
rules from Table 8.1 that must be considered.

Calculated by (see Knowledge
Quantity: Sensitive to: Figure 8.3): rules:
Contact misalignhment 11132324
1 | Transition time Defective drive mechanism | T, (Ms) 2.83.104.2
Friction 4.3
Contact wear 11132324
5 Timing of the transition | Contact misalignment T+ T #1700 (70 2.8
resistors Damaged transition R 4.1-4.3 3.10
resistors 3.11
Timing difference Contact misalignment max {T}-'_ND-A 7TF,ND-BJTHND-C} ]
3 | between between phases min {TEND-A’TEND-B’TEND-C}
phases A, B and C (ms)
Contact wear
. Contact misalignment 1.1
Time that the . | Damaged transition 21242834
4 | measurement current is resistors Tyigy, (M) 3.10
interrupted Advanced long-term aging 4.1-454.7438
effect
Maximum contact 11-1.3
. 21222427
resistance when the . . I 1. o
5 | OLTC uses Long-term aging effect: o9 min 4100 (%) 31323436
. surface film 3.73.93.10
infrequently used exp 414446
contacts 4.8 o
1.1-1.3
Maximum contact 2.1
6 resistance when the Long-term aging effect: Lyigh ~Liow 100 (%) 2.3-2.7
OLTC uses frequently | pyrolytic carbon i 3.1-3.6 3.8
used contacts ¢ 4.1-4.3 4.6-
4.8

8.4 Condition indexing

It is important that condition assessment is as objective and consistently applied as
possible. Ideally, a scoring system would be used [40] to model the continuous
degradation process as a discrete process. Condition indexing can be used for this
purpose, based on the derived quantities described in the previous section.
Condition indexing is the process of assigning limited index numbers to the
condition of the tap changer. These condition indices provide fast, simple and
systematic information about the condition to the asset manager. For example, the
OLTC subsystem condition can be described in terms of ‘Good’, ‘“Aged’ and ‘Bad’.
Ref. [94] uses the categories ‘Not aged, not worn out’, ‘Aged’ and ‘Worn out
(noticeably)’ to classify the condition.
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Quantity 5: Quantity 6:
Infrequently used contact surface Frequently used contact surface

100%

Quantity 4: Quantity 1-3:
Test current interruptions  Transition time and transition resistor timing

Figure 8.3 Quantities that reflect the OLTC condition can be used to extract condition
Information from DRM results. This figure shows a set of quantities that can be used to
reveal the most common OLTC defects.

To apply condition indexing, boundary values are needed to convert the selected
continuous parameters from DRM (see Section 8.3) into a few categories. Section
8.5 describes an application example of these boundaty values, based on the
relationship between DRM results and visual inspection of the OLTC contacts.
Statistical analysis on derived quantities could also be used to derive norm values,
see [95]. If the boundaries are too conservative, more false positive conclusions
will be drawn, unnecessarily high maintenance expenditure may result and the early
replacement of the OLTC components may occur. However, if the boundaries are
too tight, unreliable tap changers may remain undetected (false negative
conclusions), which can result in serious damage to the transformer. It is very
difficult to decide when a fault is serious enough to justify radical action [40].
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‘ Dynamic resistance measurement‘

! }

‘ Quantity 1 }—»{ Check transition times ‘ ‘ Determine location of the defect ‘

I I

‘ Quantity 2 }—»{ Check contact timing ‘ ‘ Determine degradation mechanism ‘
‘ Quantity 3 }—»{ Check phase synchronization ‘ ‘ Determine importance of the defect ‘
‘ Quantity 4 }—»{ Check for current interruptions [: ‘ Determine condition index ‘

I

‘ Quantity 5+6 }—»{ Check for contact resistance |
«

I

OLTC condition

Figure 8.4 The quantities from Table 8.2 can be used to check DRM results for typical
Irregularities in a structured way. Transition times, contact timing, phase synchronism, open
contacts and contact resistance can be checked this way.

Information about condition is lost during the process of condition indexing.
However, this final step of condition assessment is advantageous because of its
simplicity: the condition index allows different OLTCs to be easily compared,
critical OLTCs to be selected and decisions about the maintenance strategy to be
made.

The relationship between DRM results and condition indices can be expressed
as a membership function. Membership functions have a value between 0 and 1
that expresses the degree that a continuous parameter from the diagnostic data is a
member of a linguistic variable. This value is called the degree of truth. The
linguistic variables that assess the condition are by definition vague, for example
‘Good’, ‘Aged’ and ‘Bad’. This allows the condition of the OLTC to be described
by a more human classification system, which makes it suitable to present the
results to an expert. Figure 8.5 shows an example in which numerical condition
indices are used. The condition is described by condition ‘Good’, ‘Aged’ and ‘Bad’.
Fixed boundaries are used, based on the deviation of the measurement current in
the DRM results. Limits for condition indexing can be obtained by:

a

T 3 1 Good
N .

Ei I — — —  Aged
G |

g I ....... Bad
> i

8 o —

Deviation in the DRM graph, D

Figure 8.5 Example of deriving condition indices from the deviation in the DRM plots,
using fixed boundaries for the membership function.

145



CHAPTER 8 - DRM KNOWLEDGE RULES FOR DECISION SUPPORT

e A study of service-aged components (see Section 8.5)
o  during overhaul
o after failure

e A statistical analysis of historical diagnostic data (see [95])

Less information is lost during condition indexing when the result is expressed as a
fuzzy membership function. Another advantage of fuzzy membership functions is
apparent when DRM is performed on large populations of OLTCs. Many
engineers are involved in the process of taking these measurements, and therefore
different interpretations of measurement data are inevitable when no strict
flowcharts for condition indexing are used. If a comparison of condition indices is
required, these decision flowcharts should be based on precisely prescribed
quantities.

Figure 8.6 provides an example of a fuzzy membership function, where the
condition is defined by fuzzy logic using trapezoidal membership functions. It
gives the degree of truth of the deviation in dynamic resistance results for the three
linguistic variables (in this example ‘Good’, ‘Aged’ and ‘Bad’). For example, a
measurement result plot with a certain irregularity can have a degree of truth of 0.7
to the variable ‘Aged’ and 0.3 to ‘Bad’.

a

Degree of truth, u(D)

Deviation in the DRM graph, D

Figure 8.6 Example of a membership function of the deviation in DRM plots for the
linguistic variables ‘Good’, ‘Aged’ and ‘Bad’.

8.5 Application example

The condition indexing of DRM results for OLTCs is type dependent, as each type
has a different sensitivity to degradation mechanisms. In general, a faulty condition
is expected when the contact resistance is increased 5-10 times the initial value of
contact resistance [40].

This section describes the application of DRM at a Dutch utility [96], where
condition indexing was used to assess the contact condition of a large number of
OLTCs. In this example, parameters from DRM which reflect the tap changer
condition are combined with experience from laboratory experiments, failure
studies and knowledge about the degradation processes (as shown in Figure 8.2).
The condition indices ‘A’, ‘B’ and ‘C’ are used to indicate the condition,
corresponding with ‘Bad’, ‘“Aged’ and ‘Good’ as described eatlier. To begin with, a
distinction is made between:
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1) OLTCs with open contacts (8.5.1)
2) OLTCs with an increased contact resistance (8.5.2)

8.5.1 Open contacts

The tap changer has open contacts when the measurement current is interrupted
during DRM. The duration of the interruption and the location in the plot are used
to determine its source (see Section 8.3). The boundaries from Table 8.3 ate set as
follows:

e 200 ms is the maximum transition time of the OLTCs in the population

e Short interruptions as observed in this population are normally less than 3 ms,
10 ms is taken as the boundary

e 20 s is the maximum expected time between two operations and depends on
the motor operation time of the drive mechanism and time delay relays

e An open contact is defined here as a measurement current that drops below
10% of the initial current. This limit is required because the zero current of
short interruptions is not always sampled at a 1 kHz sampling rate. The slowly
increasing current will be sampled before it reaches the 10% limit again.

Condition indexing is uncomplicated in the case of open contacts: all contacts
which remain open for longer than 10ms are given condition index A’
(bad/critical). Shorter interruptions of the measurement current ate given
condition index ‘B’ aged) when roller contacts are used and condition index ‘C’
(good) when contact blocks are used. Figure 8.7 can be used in the case that fuzzy
logic is preferred.

‘C’ (good, for contact blocks)
‘B’ (aged, for roller contacts)

------- ‘A’ (bad)

Degree of truth, p(D)
—

1
10 —_—
Test current
interruption time (ms)

Figure 8.7 The relationship between the interruption time of the DRM measurement current
and the OLTC’s condition can be displayed as a fuzzy membership function.
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Table 8.3 The interruption time measured with DRM versus the location of the interruption.
Boundary values are applied to find the cause of the interruption.

Interruption time

Location of the interruption

Arcing switch operates

Change-over selector moves

ti<io% < 10 ms

A harmless layer of oil can be
measured when the arcing switch
uses contact blocks to establish a
connection.

When roller contacts are used,
the arcing contacts of the stator
can be worn.

The long-term effect is measured;
most likely a thick surface film.

10 ms < ti<100% < 200 ms

Defective transition resistors.

The long-term effect is measured;
most likely a thick surface film.

200 ms < tr<100 < 20 s

Change-over selector problems are
measured covering a single tap
position.

Ti<io% = 20 s

Open contacts inside the change-
over selector are measured
covering multiple tap positions.

8.5.2 Contact resistance

Tap changers with an increased contact resistance can show irregularities in the
dynamic resistance results; the location of the degradation or defect is determined
by observing the moment the irregularity does (or does not) occur. The timing of
resistance changes can be related to the operation of specific contacts, a process
requiring knowledge of the OLTC construction and mechanical operation.
Answering the following questions can determine the location:

A. Does the resistance change when the change-over selector moves?
B. Does the OLTC have higher contact resistance when the change-over selector

is motionless?

C. Is there a linear pattern in the dynamic resistance plot?

Table 8.4 shows the relationship between contact resistance and the location and
type of defect. Again, answering three questions can help:

e Do the contacts on that location carry current during normal service
conditions and are therefore prone to contact coking?

e Are the contacts on that location switched often and therefore less prone to

contact coking?

e Is the resistance constant for the duration of the tap position, or are spikes
present in the measured resistance?
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Table 8.4 Irregularities in the DRM current pattern can be localised by 1) examining at
which moment it occurs and 2) whether there is a linear section in the DRM plot.

A B C
Resistance deviation | Resistance deviation | Resistance Linear Indication of the
when change-over when change-over deviation pattern location
selector moves? selector is B=Ar present?
motionless?
No Yes - - . .
Yes Yes Yes No Arcing switch
Yes Yes Yes Yes
Yes Yes No - Change-over selector
Yes No - -

Depending on the location of the defect, the aging mechanisms and the type of
OLTC, different boundary values are required. As an example, a flowchart for the
condition indexing of change-over selector contact degradation has been made, see
Figure 8.8. Table 8.4 should be used prior to this flowchart, thereby taking into
account the location of the defect. This example uses condition indexing based on
the deviation from the expected value, using the maximum of parameters five and
six from Table 8.2. The four questions from Table 8.4 are included in this
flowchart (top). The expected value in a DRM plot cannot be determined when
the results are extremely distorted. In such cases maximum and minimum values
are used as an approximation. Figure 8.8 shows the flowchart for the condition
indexing of the change-over selector using DRM at 1 A. Boundaries are
determined on the basis of the selector’s physical condition as seen during
overhaul or after failure [11], when the contact condition can be compared with
the measurement results.

The 10% boundary is used to exclude noise, and the 40% limit to distinguish
between aged and critical contacts. This 40% boundary is based on observations
made during the overhaul of the OLTC or after failure: coking and critical pitting
are present in the population under consideration when the deviation due to the
long-term effect exceeds 40%. To determine this boundary value, eight case studies
were selected, see Table 8.5. These boundary values were used for all contact
materials: silver-plated contacts were diagnosed

Table 8.5 Eight case studies of OLTCs at an advanced stage of development of the long-
term aging effect. The maximum deviation of the DRM measurement current with respect to
the expected value is given, together with the contact status as observed during visual
Inspection of the change-over selector contacts.

DRM current deviation Visual inspection of OLTC contacts
Case 1 25% About to be critical
Case 2 35% Not critical
Case 3 40% Critical
Case 4 45% About to be critical
Case 5 50% Critical
Case 6 60% Critical
Case 7 80% Critical
Case 8 100% Failed
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the irregularities in the DRM plots at 1 A, based on the questions and boundaries discussed
this section.

in

Figure 8.8 Example of the detivation of condition indices for the change-over selector from
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using the same decision rules as non-silver-plated contacts. The way in which the
results change over time can also provide valuable additional information [40].
Therefore, the contact deterioration was compared with previous results and a
lower condition index was assigned when the irregularity in the plots increased
over time.

Condition indexing based on fuzzy membership functions can be applied to
this application example as well, using the same boundary values; in that case
contact degradation in the change-over selector can be assessed by the
membership function of Figure 8.9 for degradation that is not changing over time.
The membership function shifts when degradation increases over time, see Figure
8.10.
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Deviation in the DRM graph, D

Figure 8.9 Example of a fuzzy membership function for assessing the condition of the
change-over selector in case the degradation is not increasing over time, based on DRM at
1A.
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Figure 8.10 The membership function of Figure 8.9 shifts when the degradation increases
over time.

If there is insufficient failure data available for a particular type of OLTC, it is
impossible to make a good prediction of its end-of-life [97]. In such cases, a
statistical analysis using the DRM database can be used to determine boundary
values [95], because degradation and aging mechanisms are statistical in nature [97].
If the cause of irregularities in the DRM results is not immediately clear, additional
measurements can be performed:

e to determine if the results are reproducible

e to determine if the contact degradation in the form of a surface film can be
wiped away, by switching the OLTC through its cycle of operation a few times

e to determine whether the resistance due to degradation is dependent on the
current (attention should be paid to not heating the contacts), by using
different measurement current amplitudes
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8.5.3 Flowchart verification

To verify the flowchart of Figure 8.8, it was applied to the OLTCs of a Dutch
utility. The utility used DRM as a method to pre-select critical tap changers, which
would then undergo additional measurements, and to detect maintenance errots.
This population of tap changer, 455 in total, consisted of 33% diverter switch type
OLTCs from manufacturer A and 52% selector switch type OLTCs from
manufacturer B (the remaining 15% is from different producers, mostly diverter
switch type OLTCs). Most of the transformers were 50/10 kV and the average
power rating of the population was 39 MVA. Figure 8.11 shows the condition
indices of the total population in relation to the year of installation. It shows that
the flowchart of Figure 8.8 correctly does not classify the relatively new OLTCs as
‘B> (aged) while tap changers older than 20 years did show irregularities in the
DRM plots and were assigned a condition index ‘B’ (aged) or ‘A’ (bad).

25

20

B Condition ‘A’
& Condition ‘B’
~ @ Condition ‘C’

Number of OLTCs

10 5

il

Year of installation
Figure 8.11 DRM results (after condition indexing using the flowchart of Figure 8.8) for the
total population of OLTCs, sorted by the year of installation.
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Figure 8.12 shows the subpopulations selected and their average ages. OLTCs are
grouped according to their condition, their type of contact and contact material. A
special subpopulation was created to compare OLTCs with roller contacts to
OLTCs using snap contacts (‘old snap contacts’), ensuring that the average age of
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both subpopulations was equal. Differences in design are seen when the flowchart
of Figure 8.8 is applied to the DRM results from this population, see Figure 8.13.
It can be seen that tap changers using roller contacts at the change-over selector
show more effects of long-term aging than tap changers using snap contacts at the
same location. Change-over selectors using roller contacts also have the highest
number of critical condition indices.
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Figure 8.12 Overview of the year of installation of each selected OLTC subpopulation.

The most striking contrast is seen in Figure 8.13 when comparing the type of
contact material used at the change-over selector. According to the flowchart of
Figure 8.8, the copper-brass contacts had aged to an extreme degree compared
with the silver-plated contacts. The flowchart successfully assessed this effect
because:

e OLTCs using copper-brass contacts were older (average year of construction
1968 as opposed to 1981)

e OLTCs using coppet-brass contacts had no overhaul, while some tap changers
with silver-plated change-over selector contacts were silver-plated during their
service life (and therefore contact degradation was removed)

e OLTCs using copper-brass contacts are subject to a more rapid long-term
aging effect on the change-over selector [24]

The flowchart from Figure 8.8 takes into account contact deterioration over time
gu
by looking at the difference between latest measurements and those taken
Y 8
previously. It was seen that about 50% of the tap changers had degraded since the
previous measurement and on this basis were assigned a lower condition index.

—
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Figure 8.13 Overview of the condition index as determined by the flowchart of Figure 8.8 for
each OLTC subpopulation selected from the population studied.

When the flowchart of Figure 8.8 is applied to the OLTCs of Table 8.5 it can be
seen that 7 out of 8 cases is categorised according to results from visual inspection.
Only case 4 is categorised as ‘A’ (bad) because it has a measurement current
deviation of 45% while the boundary value of Figure 8.8 is 40%, which is incorrect
because visual inspection showed that the contacts were about to be critical, but
the OLTC could remain in service for some more years (a false positive
conclusion). The fuzzy logic approach of Figure 8.9 and Figure 8.10 circumvents
this issue when relating DRM results to visual inspection results.
The flowchart of Figure 8.8 was verified in more detail by selecting:

e one OLTC that was categorised as ‘C’ (good, 0% measurement current
deviation)

e one categorised as ‘B’ (aged, 24% measurement current deviation, not
trending)

e one of category ‘A’ (bad, 48% measurement current deviation, not trending)

The contact resistance of the change-over selector was determined at 100 A for
each position of the change-over selector. DRM was performed and the deviation
of the current from the expected value was calculated at the same tap positions as
for the static measurement. Figure 8.14 shows the static resistance versus the
dynamic resistance for the investigated tap position of these OLTCs. The trend
line is added, including 80% confidence bounds. It can be seen that the flowchart
assesses the good OLTC correctly: the contacts with no irregularities in the DRM
results also have a low static contact resistance (~5 m&2) and group nicely near
zero. Good contacts are also easily distinguished from aged and bad contacts,
which have higher static and dynamic contact resistance. Finally, the trend line
shows a light statistical relationship between static and dynamic resistance, but this
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relationship is too weak to predict the static resistance based on the dynamic
resistance and vice versa.

Static vs.dynamic OLTC resistance, incl 80% confidence interval
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Figure 8.14 Static resistance at 100 A versus dynamic resistance at 1A. Five tap positions
were measured at three OLTCs in different aging staged. The trend line and the 80%
confidence interval are drawn.

8.6 Conclusions

This chapter discussed how to deal with dynamic resistance measurement results
from OLTCs and demonstrated how these results can be represented as condition
indices using a flowchart that categorises them using boundary values. It was
shown how the technical condition can be determined by applying boundary
values to derived parameters from DRM graphs. By doing so, a set of critical tap
changers can be selected that will benefit from failure-reducing efforts (e.g.
maintenance). This chapter also concluded that DRM alone does not provide
enough information to determine an optimal maintenance strategy for a population
of OLTCs, other sources of information, such as results from visual inspection,
should be considered as well.

Firstly, knowledge rules were derived from different sources, such as field
measurements, laboratory experiments and failure investigation. On this basis a list
of DRM knowledge rules was provided.

Secondly, the chapter explained which quantities that are determined from
dynamic resistance results will cover the most common defects.

Thirdly, it was shown that with the use of a condition indexing flowchart it is
possible to convert complex diagnostic information into simple condition indices,
which depends on the type of tap changer being measured. The categories
resulting from a condition indexing flowchart can be expressed in vague linguistic
variables or as clear numbers using fixed boundaries. Information is lost during
this process of condition indexing, but the simplified representation can be an
advantage for the asset manager when making decisions about OLTC maintenance
or replacement.
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An example of a condition indexing flowchart was also presented and its
application to a population of OLTCs discussed. Clear differences between tap
changer contact materials and transformer age were seen; it was shown that type of
contact under consideration has a relationship with the condition indices.
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Conclusions & recommendations

This thesis has explored contact resistance measurements for the diagnosis of
high-speed resistor-type on-load tap changers (OLTCs), extensively used in high-
voltage power transformers. The feasibility of wusing dynamic resistance
measurements (DRM) for the pre-failure detection of frequently observed
degradation mechanisms and defects has been investigated. Also, the additional
value of performing DRM after maintenance has been demonstrated in relation to
its capacity to detect the different defects.

9.1 Conclusions

In line with the research goals, the conclusions of this thesis are summarised as
follows:

1. Tap changer degradation

e The on-load tap changer showed to be responsible for a major part of the
transformer failures. Dominant failure modes include contact degradation,
mechanical defects and maintenance errors.

e Contact resistance models from literature have been discussed and corrected
to make them suitable for resistance measurements on tap changers, thereby
compensating for the contact operation and for the amplitude of the
measurement current.

2. Diagnostic methodology for on-load tap changers

e No relationship between the electrical condition of the change-over selector
contacts and dissolved gas-in-oil amount (or gas ratios) has been found for the
dataset selected.
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A transformer diagnostic system has been derived by combining several
diagnostic measurements for power transformers, ie. measurement of the
transformer turn ratio, static and dynamic resistance, drive motor power and
drive axis rotation. The proposed measurements are advised in combination
with visual inspection and dissolved gas analysis.

Dynamic resistance measurements assess a larger contact area than static
measurements and more degradation mechanisms are detected, e.g. mechanical
defects and contact weatr.

This thesis discussed dynamic resistance measurements on the transformer
windings with OLTCs (a direct measurement) and on the windings without
OLTC (an indirect measurement). Indirect measurements are more sensitive to
rapid changes in the contact resistance but the results are dependent on the
transformer ratio. Direct measurements are safer because a secondary short-
circuit is applied.

3. Sensitivity verification

DRM has been found to be a dedicated method for :

i. Assessing the basic function of an OLTC in a direct and non-
destructive way, because it is sensitive to current interruptions
that may lead to failure.

ii. Discovering contact resistance caused by different kinds of
contact degradation that may reduce the reliability of operation.

i. Assessing the condition of parts which are not accessible for
inspection during regular maintenance.
Therefore, this method can be used to detect a large variety of defects and
degradation mechanisms before failure can occur, in particular in combination
with regular tap changer maintenance.

DRM can also be used for localisation of defects. Localisation is important for
risk assessment.

Laboratory experiments with artificially degraded tap changer contacts show
no sensitivity for non-critical thin contact films at 1 A. A thick film can be
detected. The measurement of medium contact degradation is inconsistent at
1 A and the film may be wiped away by the moving contacts.

4. Dynamic resistance measurement parameters

Resistance measurements are more sensitive to surface film and light contact
degradation if a low measurement current is used. The initial stage of long-
term contact degradation, leading to contact coking, is then revealed, which
makes DRM suitable for pre-failure diagnostics. Results measured at low
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current can vary due to the tendency of the contact film to break. Therefore, a
trade-off should be made.

Contact resistance measured at different current amplitudes should be
corrected before they are compared, due to the non-linear relationship
between current and resistance, in particular at degraded contacts. Contact
resistance does not resemble the values at nominal current. A correction factor
has been introduced to compensate for this effect.

The measurement current at a tap changer in a delta-connected winding
configuration also flows through the parallel phases. A 50% higher
measurement current should be used to compensate for this effect in cases
where results must be compared with, for example, star-connected tap
changers.

A measurement circuit with higher circuit resistance results in smaller changes
in the measured current, and therefore a lower signal-to-noise ratio, but a
higher sensitivity to rapid resistance changes is obtained.

International standards for power transformer measurements do not specify
the exact measurement parameters for resistance measurements: most practical
parameters can be freely chosen, but standardisation would be beneficial
because contact resistance depends on the amplitude of the measurement
current.

5. Interpretation of DRM results

The measurement results can be subdivided into those showing:
1. no irregularities
. the effects of contact resistance
ii. open contacts
iv. irregularities in contact timing (e.g. phase synchronisation,
transition times or timing differences due to wear).
Due to this categorisation a more systematic interpretation is possible.

DRM plots can be interpreted by comparing them with reference
measurements. The following procedure provides a more advanced
interpretation:
1. Localisation of the defect — the arcing switch, change-over
selector and drive system can be separately diagnosed
i. Determining the cause — the degradation mechanisms on the
specific location should be evaluated
iii. Determining the importance — interpretation of results is type
dependent
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9.2

160

Results can be summarised as a condition index, as is demonstrated in this
thesis. On the basis of the dynamic resistance results, criteria which can be
used to reveal the most important defects were determined; boundary values
can be applied to these quantities during interpretation. These boundary values
depend on the type of tap changer and the measurement parameters.
Condition indexing using flowcharts is beneficial due to its simplicity and
objectivity in supporting management decisions.

The following characteristics of dynamic resistance results should be
interpreted to ensure that the transformer can be re-energised safely:
i. A dynamic resistance overview plot of all tap positions
ii. A dynamic resistance close-up plot of each tap changer operation
iii. The transition times of each tap changer operation
All these characteristics should be in correct state, considering the voltage and
current that were used for the measurements

It is recommended that dynamic resistance measurements should be carried
out on all on-load tap changers directly after maintenance and that the results
of these measurements should be interpreted before the tap changer is
returned into operation.

Suggestions for future work

Additional accelerated degradation experiments with tap changer contacts
should be performed to confirm the boundary values for the condition
indexing of DRM results, as were derived in this thesis using the relation
between contact resistance and the observed degree of degradation. Criteria
should be derived for each type of tap changer and degradation mechanism.

The distinction between coked contacts and contacts with a thick contact film
should be further investigated to make a better distinction between aged and
critical contacts. An overhaul could be used to obtain better insight into the
location of excessive contact resistance: the behaviour of contact resistance at
different aging stages can be further investigated by cleaning the change-over
selector step by step, measuring each phase of degradation separately. A
transformer which failed due to a winding defect and having aged tap changer
contacts would be most suitable for these tests.

A correction factor for variations in the measurement current amplitude was
determined for 2.5 A and higher (Cpry, as introduced in Section 2.3.5).
Additional experiments could be conducted to derive a correction factor for
lower values of the measurement current (e.g. from 0.5 A and higher) in order
to make more sophisticated corrections for contact resistance at lightly aged
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contacts. Furthermore, different correction factors can be derived for tap
changers in different aging stages.

A database with DRM case studies can be used to compare results directly
after a measurement with previously measured results; most similar results
from the database can then be shown on-site to the test engineer. These case
studies provide more detailed information about the tap changer condition.

An on-line monitoring system can be developed to detect overheated tap
changer contacts when the power transformer is in service. Different sensors,
for example measuring local contact temperatures in the change-over selector
or measuting contact voltages, can be applied to detect severely aged contacts.
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Appendix A

OLTC technology, degradation and
protection

This appendix takes a closer look at a tap change operation of the selector switch
and a diverter switch (Section A.1). In addition, OLTC degradation is discussed in
detail (Section A.2) and common ways of OLTC protection are discussed (Section
A3).

A.1  OLTC technology

Chapter 2 already gave an introduction to the operation principles of an OLTC. It
was discussed that OLTC types can be subdivided into types with a diverter and a
selector switch. This section describes how these types of OLTC switch from one
winding tap to another by using an arcing switch, tap-selector and change-over
selector.

A.1.1 Selector switch type OLTC

The selector switch type OLTC as depicted in Figure A.1 consists of a selector
switch on top of the coarse change-over selector. The selector switch is accessible
at the top of the transformer, while the coarse change-over selector is mounted
deeper within the transformer tank, underneath the selector switch. The selector
switch and the coarse change-over selector both consist of a stator on which the
static contacts are mounted. These contacts are connected to the taps on the
transformer windings, shown in Figure A.1. The rotor is inside the stator and
rotates using a drive system. The rotor makes a connection between the stator
contacts. The OLTC has now selected the main winding on tap A8. The current is
brought to the selector switch stator by the rotor of the coarse change-over
selector (using contact A in Figure A.1). The selector switch has selected three fine
tap windings using tap A3. The current leaves the tap changer using a slip ring.
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Selector switch cycle

A selector switch cycle is passed through when a
fine tap winding is (de-)selected. This cycle is
built up from a few small steps, shown in Figure
A.2. The rotor of the selector switch consists of
four sets of roller contacts (Figure A.3) for each
phase: the main roller contact, two transition
contacts which are in series with a low ohmic
transition resistor and a set of roller contacts
which connects to a slip ring. The roller contacts
of the arcing switch are made from tungsten to
prevent extreme wear due to arcing. The stator
contacts are also equipped with tungsten edges.
These tungsten contacts are called arcing
contacts.

When the selector switch moves from
contact block A3 to A4, the first transition
contact takes over the load current. The main
roller contact will leave contact block A3 (Figure
A.2-2). When the rotor moves a little further, the
second transition roller contact will reach tap A4

AT
AB
A5
A4
A3
AZ K
Al

A9
A0

" /)

Figure A.1 One phase of a
selector switch type OLTC with
coarse change-over selector.

(Figure A.2-3). The load current now flows through both transition resistors. The
transition resistors are necessary to prevent the short circuit of adjacent fine tapped
windings and to provide a non-interrupted current path for the load current during
the switching operation. The resulting circulating current is determined by the step

voltage and the resistance of the selector switch.

Figure A.2 A selector switch cycle. Normally the load current flows through the main contact
(1). When the selector switch moves to the next tap, a transition contact takes the load for a
moment (2). Then, the second roller makes contact with the next tap causing a circulating
current to flow (3). The rotor moves further and the first roller leaves its contact block (4). The
switch cycle is completed when the main contact once again takes over the load current

(5).198]

174



APPENDIX A — OLTC TECHNOLOGY, DEGRADATION AND PROTECTION

Following this, the main roller contact will
move to contact block A4 (Figure A.2-4) and
take over the complete load current (Figure
A.2-5). The selector switch has now selected
another tap and is ready for the next switching
cycle. The entire selector switch movement will
take about 30-200 ms.

This thesis will focuses on a diagnostic method
which assesses the timing of this selector switch
cycle. The corresponding vector diagram of this
tap change operation can be represented as in
Figure A4, with the output voltage and the

Figure A.3 Roller contacts of a load
1 oal 5\7 N7

selector switch rotor. A V+AV
curren s’

t that flows through the tap changer being e
depicted. In general the current Ip.Z¢ will TR 4";’ ¥+, AV
lag the voltage. The OLTC switches the L
output voltage from V to V+AV using %TL*R .
the five steps from Figure A.2. The -
output voltage drops because of the IL*R
voltage over the transition resistor. The

output vector follows the shape of a flag

when switching from step 1 through to 5,

which is why this tap change operation is P
called a flag-cycle operation. All OLTCs
that transfer the load current from the
main  contacts before creating a
circulating current show this vector

diagram.

Figure A.4 Vector diagram of a selector
switch type OLTC (flag-cycle operation).

Coarse change-over selection

To lower the secondary voltage, the selector switch can select more fine tap
windings on the primary side by switching from Al to A7 (as described in Section
A.1.1). When all of the fine tap windings are selected by the selector switch (see
Figure A.5A), a coarse tap winding has to be selected before the selector switch
can continue. The coarse change-over selector shown at the bottom of Figure A.1
makes a turn for that purpose. The steps of the coarse change-over selector
movement are depicted in Figure A.5.

Firstly, one contact of the coarse change-over selector moves to tap A9 (Figure
A.5B). Note that the roller contact switches no current because the load current
flows through contact A. The voltage on the k-contact is increased with 1 coarse
voltage step which is equal to 8 fine voltage steps. The position of the change-over
selector in Figure A.5B is called the mid-position. The two contact sets of the
change-over selector are on different coarse tap contacts.
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Secondly, the selector switch now switches to the k-contact (Figure A.5C). As a
result, the selector switch experiences only one voltage step difference. The k-
contact of the selector switch is connected directly to the coarse change-over
selector. When the selector switch is at the k-contact, the load current flows
through coarse change-over selector contact AO. The roller contact which normally
carries the load current is now free to move. This tap is called the parking position.

Finally, the second roller contact of the change-over selector is moved to tap
A9 (Figure A.5D). As a result, the first roller contact moves over contact A9 while
carrying current. After switching the coarse change-over selector, the selector
switch is ready to make another rotation.

A7 A7
AB AB

A5 A5

A4 A4

A3 A3

A2 K A2 K
Al Al

A A

A9 A9

/fi AQ \/\Ao
A8 //:A\ A8 /\JA\1
A B

A7 A7

AB AB

A5 A5

A4 A4

A3 A3

A2 K A2 K
Al Al

A A

A9

Ca
A8 /\’A\ A8 \Kl A
C D

A9

Figure A.5 Switching the coarse change-over selector of a selector switch type OLTC.

176



APPENDIX A — OLTC TECHNOLOGY, DEGRADATION AND PROTECTION

A.1.2 Diverter switch type tap changer

A diverter switch type OLTC combines a diverter switch and a
tap selector. The tap selector has two sets of contacts available
for tap selection. One of the two contacts is selected by the

diverter switch and is under load. The other contact selects the {(
next tap (pre-selected tap) without switching current. The
diverter switch then switches from the selected to the pre-
selected tap. Figure A.6 shows a schematic overview of a tap
selector and a diverter switch. The tap selector can be
combined with a change-over selector to expand the range of
the OLTC. Again, the change-over selector can be designed as

a coarse change-over selector (Figure A.7) or a reversing
change-over selector (Figure A.8). By switching the reversing
change-over selector one can add or subtract the selected
transformer windings, thus doubling its range. A coarse
change-over selector can add a larger winding to the main
winding, in this way changing the voltage of all tap selector
contacts.

Diverter switch type OLTCs can also use transition
resistors to limit the circulating current in the diverter switch. — Figure A.6
Over a short period, both taps of a different voltage are Diverter  switch

. . . with transition
Fonnected to the same output, causing a circulating current, as  ogicsor (top) and
is the case with the selector switch type tap changer. The flag- 2 ap = selector
cycle vector diagram of Figure A.4 also applies to this diverter  (bottom).
switch type OLTC.

In contrast to the selector switch type tap changer, most diverter switch type
OLTCs have no rotor inside the arcing switch. A stationary insert is used instead.
The diverter switch can easily be maintained by removing the diverter switch
insert. The dirty oil can be replaced, the diverter switch inspected and its arcing
contacts replaced.

A.2 Degradation mechanisms

This section elaborates on OLTC degradation, as introduced in Chapter 2.
Mechanical defects and contact degradation on all OLTC contacts show to be
especially important and it is discussed in this section that maintenance errors also
contribute to a significant part of OLTC failure. Degradation can lead to failure, a
situation in which the OLTC cannot perform its primary task, i.e., to select another
tap without interrupting the load current.

Degradation and failure modes can be evaluated using a failure mode, effects,
and criticality analysis (FMECA). An example of such a FMECA, which is used at
a utility, is shown in Figure A.9. A score is assigned to each OLTC failure mode,
based on the pre-failure detection chance and the risk. The risk is calculated by
multiplying the failure chance and the consequence (which includes the repair time,
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repair costs, safety and environmental factors). Using a FMECA, utilities can direct
their maintenance expenditure to prevent OLTC failure. In this example, a broken
OLTC drive shaft, contact coking by the long term effect and electrical treeing
show to be most important, this section discusses these failure modes.

Figure A.7 Diverter switch type OLTC with Figure A.8 Diverter switch type OLTC
coarse change-over selector. with reversing change-over selector.

A.2.1 Electrical treeing

In-tank tap changers are insulated from the ground by an insulating support
cylinder. The high electric field strength that is present over the cylinder can cause
partial discharges over the surface of the cylinder. Electrical trees (tracking) can be
the result. Electrical treeing is a slow process of creeping surface discharges along
the cylinder [99], creating a track that cannot be repaired. These tracks grow
slowly, weaken the insulating properties and can cause flashover. Tap changers
installed in wye-connected windings can be located at the neutral point and are
able to insulate only a part of the line-to-neutral voltage. Tap changers installed in
delta-connected windings have to cope with higher electrical stress, for they have
to insulate the line-to-line voltage. Tap changers that are installed in delta-
connected windings are therefore more prone to electrical treeing than tap
changers located at the neutral point of the transformer [100].
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A.2.2 Contact degradation

Chapter 2 already discussed that the arcing switch and the change-over selector
wear differently, because the operation frequency and the amplitude of the current
that is switched are different. Normally, an OLTC that is installed in a power
transformer in the utility grid will switch a few times a day to compensate for
voltage changes in the network. Therefore, the OLTC will stay in one position for
several hours and usually only a limited number of tap positions are used. In cases
where this limited number of tap positions involves the operation of the change-
over selector, the latter may be used every day. However, the change-over selector
is not necessarily used on a daily basis and can be motionless for extremely long
periods.

Change-over selector contact degradation

Change-over selector contacts (including tap selector contacts) do not wear as fast
as arcing switch contacts that wear due to the switching of load currents. These
contacts will not switch significant currents, but can show pitting of the contacts
and the development of pyrolytic carbon [18-19]. This contact degradation is not
due to the arcs caused by switching the current but is caused by two other
degradation mechanisms.

Floating windings

The first cause of change-over selector contact A7

degradation discussed here is the small capacitive A6

current that is switched off when the change- A5

over selector operates. The fine tapped windings Ad

are temporarily disconnected from the main A3

windings when the tap changer is on the k- o «
contact [15]. Figure A.10 shows this situation for

a selector switch type tap changer with a coarse A

change-over selector. The floating windings take A

a potential based on the capacitive coupling

between the transformer windings and earth

[71]. A small capacitive current in the order of A \/&
tens of milliamps is switched at a recovery

voltage of tens of kilovolts [15]. The change- \ A
over selector contacts can be slightly damaged by A8

the discharges that occur.

Long-term effect

The long-term effect can be initiated on

infrequently operated OLTC contacts. Three  Figure A.10 Floating fine tapped
basic stages of the long-term effect can be — windings (A-A7) in a selector
distinguished and are shown in Figure A.11. switch type OLTC.

Section 2.3 already elaborated on this long term

aging effect.
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The long-term effect starts with the formation of a thin layer of oil deposited on
the contacts [20][24], which reduces conductivity.

Literature describes experiments [18][27] showing that the surface film grows
thicker as the contacts age and that the growth rate of this layer is strongly
dependent on the surface temperature of the contacts. It can be described as:

§ = kO * 003.862 *t0.3559 A-1

where s is the thickness in A of the film layer on copper contacts under Shell Diala
insulation oil, 6 the surface temperature in °C at which the surface film grows, #
the duration of the aging test in hours and ko = 1.883 -10-¢ with an appropriate unit
to balance the equation.

The surface film can be reduced by switching the tap changer through all its tap
positions. By doing so, the film layer is partially wiped off and the long-term effect
is slowed.

Clean contact Do @ et Coking Failure
layer on contacts
Lol
Low contact resistance Increased contact resistance Increased contact resistance Open contact

Figure A.11 The long-term effect starts with the formation of a surface film on the contacts.
The increased resistance can cause coking. Thermal runaway can finally cause failure of the
OLTC due to open contacts.

Contact resistance and power losses on the contact increase as a result of the
surface film. At this early stage of the long-term effect, the surface film can be
wiped away by switching the OLTC through its cycle of operation: the structure of
the contact contamination is changed due to the moving contacts [20][34-35].

Due to the temperature dependence of the surface film growth rate, the long-
term effect accelerates. The insulation oil dissociates because of discharges and the
high contact temperatures. This is the advanced stage of the long-term aging effect.
Decomposed transformer insulation oil results in carbon between the contacts
(Figure A.11B, [20][37]). This formation of pyrolytic carbon is called coking [19].
Oil cracking occurs at local temperatures over 300 °C [20]. In addition to coking,
the contact material wears off locally and pitted spots become visible on the
contacts. The contacts are now damaged and cannot be repaired by switching the
OLTC through all its tap positions. An overhaul is needed to undo the pitting of
the contacts. Because of the infrequent movement of the change-over selector,
coking can occur on all stator contacts, rotor contacts and other movable parts
that carry the load current

The coking accelerates due to increased contact resistance and the thermal
resistance characteristics of the carbon [9]. Coking between moving parts of the
contacts and around the springs that provide the contact pressure can cause the
contacts to lose pressure. Finally, a considerable amount of contact material
vanishes and excessive arcing activates the tap changer protection mechanisms.
Figure A.12 shows an example of change-over selector stator roller contacts
damaged in the advanced stage of the long-term effect.
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The long-term effect is accelerated by [24]:

e Infrequent movement
o The surface film is not wiped off the contacts when the change-
over selector is not operated.
e High temperatures
o The formation of the surface film is highly temperature
dependent.
e High load
o Power losses on the contact interface increase exponentially with
the load current and heat the contacts.
e Low contact pressure
o Coking and pitting of the contacts will cause jammed contact
more easily when the contact pressure is low. The layer of
contamination on the contact surface is also more easily damaged
at high contact pressure.
e Copper or brass contacts
o The growth rate of the surface film is higher on copper and brass
contacts compared to silver contacts [24]. Pitting and coking is
reduced by silver-coating of the contact surface; however, older
OLTC designs may use bare copper contacts.

Figure A.12 Change-over selector stator roller contacts are damaged in the advanced stage
of the long-term effect.

Three examples of failed OLTCs due to the long-term effect are discussed below.
Damaged contacts can be compared with contacts from another phase of the
OLTC, because it can be assumed that they are used and loaded equally but have
worn differently (one set of contacts failed in the following examples).

Example 1

One of the results of the long-term aging effect is that the spring system loses
resilience. The roller contacts may remain pressed in, see Figure A.13. This breaks
the contact and results in an electrical arc. Inspection of the change-over selector
during several OLTC overhauls shows that the sliders (and holders) and the
stationary contacts are both degraded.
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Figure A.13 Example of sliders which are blocked. Normally, the sliders reach beyond the
holders, as can be seen left (correct sliders). At blocked sliders (right), the sliders and
holders are at the same position. Contact pressure is threatened.

Example 2

Figure A.14 shows an example of a change-over selector contact with pitting and
carbon due to the long-term effect. The contact shown on the right already
exhibits the effect of extreme arcing. The left contact is from another phase and
represents the condition of the contact just before arcing occurred. In this case the
Buchholz protection relay detected the development of gas, the transformer was
switched off and further damage was prevented.

development due to arcing was detected by the Buchholz protection relay and the
transformer was switched off.

Example 3

When the Buchholz protection relay does not detect gas development from the
change-over selector in time, flashover occurs and the transformer can be switched
off by the Buchholz or the differential protection mechanism. Figure A.15 shows
an example of a change-over selector after a flashover. Again, a contact from an
undamaged phase was taken as a reference and is shown on the left. The long-term
effect which caused this failure, was diagnosed using dynamic resistance

—
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measurements (pre-failure), and displayed considerable current interruptions. The
decision rules found in Chapter 8 will diagnose these last two examples as critical.

Figure A.15 Example of stator contact blocks before (left) and after (right) flashover. The
transformer was switched off by the differential protection and the Buchholz protection
relay.

Arcing switch contact degradation

Basically, the arcing switch has two different modes of contact degradation.
Contacts that switch the current can wear due to arcing, while contacts that never
switch current are liable to the long-term effect.

The circulating current can increase or reduce the current that is interrupted by
the arcing switch contacts depending on the direction of operation. This results in
different wear of the arcing contacts on both sides of the main contacts, but this
effect is largely compensated for by the bidirectional movement of the tap changer
rotot.

Before the current is switched to another winding tap, it is transferred from the
main contacts to the transition contacts that switch off the current. Both the main
contacts and the transition contacts will be pitted due to arcing. The arc is normally
quenched at the first zero current.

The arcing switch contacts are normally roller contacts or contact blocks. The
tungsten arcing roller contacts and accompanying stator contacts normally do not
show carbon on the contacts due to coking.

The long-term effect is also active at the arcing switch, especially on contacts
that carry the load current and that are not subject to arcing or wiping. The long-
term effect at the arcing switch does not develop as fast as the long-term effect at
the change-over selector because of the more frequent movement of the arcing
switch contacts.

A.2.3 Mechanical degradation and failure

In addition to the electrical contacts of the tap changer, the mechanical
components of an OLTC are also liable to wear and are responsible for a
substantial number of OLTC failures [13]. Some frequently reported mechanical
problems are:

—_
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e Loss of synchronism between the arcing
switch and the change-over selector due to a
broken or damaged shaft, see Figure A.16.

e Operating too slowly or stopping when the
main contacts are not on a contact block,
resulting in damage to the transition resistors.

e leakage of the arcing switch oil onto the
change-over selector and into the transformer
tank.

e Insufficient contact pressure due to broken or
damaged springs or due to excessive carbon
build-up between the sliders.

e Defective braking mechanism of the Geneva
wheel or a broken lock system.

e Too much play or broken components in the
drive mechanism due to wear and vibrations.

e The spring energy accumulator may lose its

elasticity. —
Y Figure A.16 Broken drive shaft
of the selector switch.

A.2.4 Maintenance-induced failures

Finally, another cause of OLTC failures can occur during normal maintenance.
The arcing switch compartment is opened, cleaned and provided with new
insulation oil. Incorrect maintenance is a key contributor to OLTC failure [13] due
to the mechanical complexity of the tap changer and the stringent requirements
that have to be met during and after maintenance. Several failure studies
[13][52][101] conclude that maintenance and reassembly-induced failures can
certainly not be ovetlooked. Figure A.17 shows an example of a study of the
causes of OLTC failures, where 33% of the failures are related to incorrect or
inadequate maintenance or reassembly. Therefore, diagnostic measurements that
check the quality of maintenance could significantly reduce OLTC failure [13].

A.3 On-load tap changer protection

When the OLTC fails, for instance due to a defect in the drive mechanism or
through the long-term effect, protective relays can switch off the transformer to
prevent damage. In addition to local damage to the OLTC, an OLTC failure can
also cause damage to the associated transformer. This section discusses protective
devices that are used to detect OLTC defects and limit the consequences of OLTC
failure.

—
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Excessive moisture Other Design Manufacture

pollution |8% /10% 8%
5%
Incorrect operation
Aged/deteriorated
components
23% \ Overdue
maintenance
8%
Incorrect or
inadequate

maintenance/
reassembly
33%

Figure A.17 Poor maintenance and reassembly are responsible for a considerable number
of OLTC failures [13].

When a failure occurs within the arcing switch compartment, gas can be generated
by an electrical arc. Due to this gas, a flow is generated in the oil pipe connecting
the tap changer to the conservator (see Figure A.18). To deal with this, a flow relay
is mounted in the oil pipe to protect the arcing switch compartment. The change-
over selector and, when present, also the tap selector, is indirectly protected by the
Buchholz relay of the transformer main tank, in the case of the change-over
selector sharing its oil with the transformer tank (see Figure A.19). This
configuration is called a two-compartment system. In a three-compartment

™ 1

Il
g

h
EJ—-'
Nal

=

‘ a — drive mechanism
b — tap selector
c — diverter switch oil compartment
d — protective relay diverter switch
L

e — transformer windings

f — protective relay main tank

g —stop valves

h — oil conservator diverter switch
i — oil conservator main tank

j —silica gel breathers

Figure A.18 The oil of the arcing switch (in this case a diverter switch) is separated from the
main tank. Flow relay ‘d’ protects the diverter switch compartment. The change-over
selector shares its oil with the main tank (two-compartment configuration), thus Buchholz
relay ‘ also protects the change-over selector.
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configuration, the change-over selector also has a separate oil tank. In this case, the
change-over selector can be protected by a separate protective relay, as is the
arcing switch (see Figure A.19).

Change-over selector

Three compartmentsm— .
protective relay

Change-over Generation |
selector coking of gas

Two compartments=——  Main tank buchholz relay

Figure A.19 Defects in the change-over selector can lead to the generation of gas, which can
be detected by a protective relay. The change-over selector can have its own relay (three-
compartment configuration) or share with the main tank (two-compartment configuration).

As discussed earlier, the mechanical drive system of the OLTC is also a significant
source of tap changer failures. To detect problems in moving the rotor (Figure
A.20), the OLTC can be protected with a switching-time control relay (tap change
incomplete protection). If the switching procedure takes too long, the switching-
time control relay will switch off the transformer to prevent arcing inside the
OLTC or burnout from the transition resistors. For this purpose, a contactor for
switching-time control is mounted inside the drive mechanism to detect the
switching (also called the tap change in progress or tap change incomplete
contactor). This contactor activates the switching-time control relay. This relay will
operate the power switch and turn off the transformer. In the case of arcing, the
resulting oil flow can trigger a flow relay.

Excessive
operation time

Switch time control relay

Slow operation or
stopping of rotor

Oil flow Flow relay

Figure A.20 Defects in the OLTC drive can cause slow operation or stop the operation of the
contacts. The switch-time protective relay can detect excessive operation times. Oil flow due
to heated insulation oil or short circuits can trigger a flow relay.

Other OLTC protection mechanisms are also used to protect against failure, for
instance systems that block the drive mechanism in the case of excessive load
cutrents, out-of-step protection in the case of parallel transformers being in a
different tap position, protection against an undesirable oil level, running-through
protection, limit switches to detect the end of the cycle of operation or switches
that block the drive motor when the OLTC is operated manually.

In addition, transformer protection relays can also detect OLTC failures, as can
a differential protection relay or an over current relay. Figure A.21 shows examples
that can cause failure of the arcing switch and trigger protection through an oil
flow or short circuit current.
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Oil contamination
and dirt

Electrical treeing

Qil flow Flow relay
Insufficient contact
pressure, play or Arcing switch failure
loose connections Short circuit Differential or over current
current protection
Worn arcing

contacts

Damaged bridging
resistors

Figure A.21 Examples that can lead to failure of the arcing switch. A resulting oil flow can
trigger the flow relay or a short circuit current can be detected by transformer differential
protection or over current protection.

The protective devices described above cannot guarantee the prevention of heavy
damage to the tap changer or pollution and damage to the adjacent transformer
windings in the case of a failure. Transformer protection mechanisms are used to
switch off the transformer in the case of failure, but pre-failure detection of OLTC
degradation can be useful in the prevention of damage. An example of damaged
transformer windings caused by an OLTC defect is shown in Figure A.22. In this
particular case, the OLTC switch operation was not completed due to a
mechanical failure, causing the transition resistors to heat the surrounding
insulation oil. A short circuit finally triggered the protective devices, but the
transformer was destroyed. Pre-failure detection of OLTC degradation using
diagnostic measurements could thus be useful here.

Figure A.22 Example of transformer ndings that are destroyed due to OLTC failure,
showing that protective mechanisms do not always react quickly enough to prevent
transformer damage.
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Appendix B

Indirect measurement of the OLTC
dynamic resistance

This appendix deals with the measurement of the voltage on the secondary side of
the transformer when the OLTC switches a DC current. In this way, the OLTC
resistance is measured indirectly.

B.1 Introduction

The resistance of an OLTC changes abruptly when the transition resistors are
switched in the circuit. Results of a dynamic resistance measurement should show
this change in resistance directly. However, Figure 6.5 showed that the inductance
of the transformer windings prevents rapid changes in the current. The result is
that the dynamic resistance graphs also show effects of the inductance.

The first way to improve the response of the measurement current is discussed
in Chapter 4.3: connecting an extra resistor in series with the OLTC. This
improves the response time of the system (which is described by t=L/R). A
disadvantage is that the amplitude of the signal is reduced, resulting in an
insufficient degree of accuracy (as shown in Figure 4.17).

A second way to reduce the effect of the winding inductance was introduced in
Section 4.1.1: the voltage over the transformer windings can change quickly when
the transition resistors are switched in contradiction to the current through the
windings. Measuring this voltage on the secondaty side of the transformer at the
moment the OLTC switches a DC current will indicate the OLTC resistance
indirectly. The effect of the inductance is reduced while the signal-to-noise ratio is
kept high. This allows the OLTC resistance to be analysed with a high degree of
time accuracy.
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B.2 Dynamic resistance measured on the secondary side

As discussed in the previous section, the advantage of performing a dynamic
resistance measurement on the secondary side of the transformer is the fast
response to changes in the circuit resistance. There is also a drawback of this
method: a DC current through the transformer windings is dangerous when it is
interrupted. There is no alternative path available for the current due to the open
secondary side. An attempt to interrupt the DC current will result in a high voltage.
These interruptions can be caused by defects in the OLTC or by operation errors.
To prevent these situations, the OLTC should firstly be checked for open circuits
before performing this measurement. This can be done by a dynamic resistance
measurement with the secondary side of the transformer short circuited. Secondly,
the measurement circuit should be completely discharged after the measurement.
Figure B.1 shows the procedure to perform this measurement in a safe way.

Check for open circuit Connect a voltage source Charge until Switch the OLTC Dieehame
during OLTC operation on primary side Usec is zero and record Usec 9

Figure B.1 Procedure for a dynamic resistance measurement with an open circuit on the
secondary side of the transformer. The circuit should be checked for open contacts during
OLTC operation before the measurement is performed.

A simple setup is used to measure the secondary voltage when the OLTC is in
operation (Figure B.2). A measurement voltage is applied to the primary side of the
transformer and a current begins to flow. The voltage over the inductances will be
zero during DC conditions. Therefore, no voltage is measured on the secondary
side when the measurement circuit is stable. In this case the applied voltage U
equals the voltage over the circuit resistance Ug.

|test Rcircuit
—>

| S|
+ * Un + *
R
Utest <> U|_ Usecondary

n:1
Figure B.2 Simple representation of the measurement setup for measuring the dynamic
resistance of the OLTC on the secondary side of the transformer.

The transition resistor (Reansiion) 1S added to the circuit when the OLTC is in
operation. This causes a change in the voltage on the transformer inductance that
can be measured on the secondary side of the transformer. Because the
measurement current through the transformer windings is not able to change
quickly, it can be assumed that the measurement current will not change as long as
the OLTC transition time remains less than the time constant of this LR-circuit.
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Therefore the voltage over Reircuir remains at Ures: (and Uty has a fixed value). The
voltage Ut = Iis*Riransiion Will appear on the primary transformer inductance (so
Up. = Ur). This can be measured on the secondary side; however, the amplitude
will be different for each tap position due to the changing transformer turn ratio.

Figure B.3 shows an example of the secondary voltage that is recorded when
the OLTC on the primary side switches to another winding tap. The measurement
was performed on a 50/10 kV Ynd7 power transformer equipped with an OLTC
with one transition resistor of 2.4 £ (pennant-cycle operation). Figure B.3 shows
the effect of this transition resistor, which is used for about 35 ms. The
measurement was performed with 1 A and a series resistor of 23 Q.

500my 10.0ms

Figure B.3 Example of a secondary voltage measurement of an OLTC operation. The
transition resistor is measured directly.

B.3 Effect of the circuit resistance

In the previous section it was assumed that the current through the measurement
circuit will not change due to the quick OLTC transition time. In practice, the
measurement current will change in reaction to the extra resistance during the
OLTC operation. The voltage that is measured on the secondary side will decrease.
This effect can be seen in Figure B.3 as a small decrease in the amplitude of the
secondary voltage during the OLTC operation.

Changes in the primary current can be reduced by using a series resistor or by
adjusting the measurement voltage during the measurement. The measurement
circuit can be calibrated for each position of the OLTC by briefly adding a resistor
with a known value in series with the voltage source and reading the change in the
secondary voltage.

The effect of permanently adding an additional series resistor in the
measurement circuit affects the time constant of the system. The time constant is
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proportional to Liow/Reoul. Figure B.4 shows an example of a secondary voltage
measurement of the same tap change operation: the deepest curve was measured
with a series resistor of 15 € and the upper curve with 23 Q. The secondary
voltage returns to zero faster when the primary circuit resistance is higher. In
contrast, a small circuit resistance results in a slow system, so the inductance has
no chance to affect the results during the OLTC operation. This is desirable
because the inductance should not be measured; only the OLTC resistance is of
interest.

1 15Q

= =
Figure B.4 Example of a secondary voltage measurement of an OLTC operation: the
deepest curve is measured with a series resistor of 15 2 and the upper curve with 23 £2.

B.4 Effect of the transformer ratio

A second variation in the secondary voltage measured is caused by the transformer
ratio. The value of the transition resistor is equal for each tap position, but on the
secondary side of the transformer it is measured with different amplitudes due to a
different transformer ratio. The effect of the transformer ratio on the amplitude of
the secondary voltage is dependent on the regulating range of the transformer and
is typically around 20%. Figure B.5 gives an example of a secondary voltage
measurement of an OLTC operation: three tap change operations are shown. The
different transformer ratio at these tap positions caused a variation of 25% in the
amplitude of the secondary voltage.
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500mv
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Figure B.5 Example of a secondary voltage measurement of an OLTC operation: three tap
change operations are shown. The different transformer ratio caused a variation of 25% in
the amplitude of the secondary voltage.

B.5 Discussion

This appendix discussed the secondary voltage at the moment the OLTC switches
a DC current. An advantage of this method is the fast response to changes in the
resistance on the primary side of the transformer. In this way, the effect of
inductance on the measurement is minimal. A disadvantage is the danger of
interrupting the DC current.

Two effects were discussed: the effect of the transformer turn ratio and the
effect of the primary circuit resistance (which determines the time constant of the
circuit). A high resistance is desired on the primary side to keep the changes in the
measurement current low. However, a low resistance is desired to keep the LR-
system slow (the time constant L/R is then large compared to the OLTC transition

time).
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Appendix C

Examples of static resistance

measurements with increasing
current on service-aged OLTC

contacts

This appendix presents examples of static resistance measurements on service-aged
change-over selector contacts. It is shown how degraded contacts react to different
amplitudes of the measurement current. The contact resistance memory effect and
the power losses on the contacts are also shown. Typical values of static resistance
measured on clean and service-aged OLTC contacts are plotted as a function of
measurement current intensity. It can be seen that:

e Resistance of clean silver-plated contacts is approximately constant and stays
within the hundreds of micro-ohm range (see the example of Figure C.2)

e Resistance of degraded contacts measured at a low current of 2.5 A may be as
high as hundreds of milliohms (see the example of Figure C.3)

The difference between the clean and degraded contacts can be readily detected
when resistance is measured at a low current. However, such differences in contact
resistance become smaller when the current is increased.

Measurement at a low current allows for distinguishing between the contact
and winding resistance. The change of winding resistance caused by temperature
variations is negligible at a low current and does not mask the contact resistance of
degraded contacts.

Section 2.3.5 uses measurement results from static resistance measurements to
derive a correction factor Cprym to account for the effects described in this

appendix.
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Contact resistance
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Figure C.1 Example of static resistance measurements on service-aged and silver-plated
change-over selector contacts.
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Figure C.2 Example of static resistance measurements on silver-plated change-over selector
contacts. The resistance is about 600-700 uf2.
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Figure C.3 Typical example of static resistance measurements on service-aged change-over
selector contacts with a severe long-term aging effect. The initial resistance can be high, but
decreases when the current is increased.

Similar resistance vatiations in degraded circuit breaker contacts measured with a
current up to 2800 A were reported in [77]. Figure C.4 shows the breaker contact
resistance as a function of the measurement current, Figure C.5 on its main
contacts. The main circuit breaker contact resistance behaves similarly to clean
OLTC contacts, while arcing contacts of a circuit breaker are comparable with
OLTC contacts that suffer from the long-term effect. The current was increased to
875 A but the resistance readings remained current dependent ([77] shows that this
effect is still present at 2800 A).

Resistance measurement of windings and an OLTC without movable contacts
shows a very small resistance variation (in this case 0.6 mQ) when the current is
increased to 100 A (see Figure C.6). The changes in contact resistance discussed in
this appendix ate therefore caused by movable change-over selector contacts (the
arcing switch is not measured).
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Figure C.4 Example of static resistance on circuit breaker arcing contacts, as discussed in

[77].
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Figure C.5 Example of static resistance on circuit breaker main contacts, as discussed in

[77].
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Figure C.6 Example of static resistance measurement on parts of the OLTC and tapped
windings without movable contacts. The resistance only changes 0.6 mS{2 when the current is
Increased to 100 A.

Resistance (mOhm)

Static resistance measurements on service-aged change-over selector contacts can
show a memory effect. Resistance decreases when the current is increased to 100 A
but remains low when the current is reduced again. A typical result is shown in
Figure C.7 and an example of DRM results for all change-over selector contact
positions is shown in Figure C.8.

Clean silver-plated contacts show very little memory effect, with the resistance
following almost the same line when the current is increased or decreased.

Figure C.9 gives a typical example of the power loss on change-over selector
contacts that suffer from the long-term effect. These losses were measured during
a static resistance measurement when the current was increased to 100 A. During
these measurements, the power loss on the contact can be as high as 150 W for
each phase. Power losses during normal operation can be much higher, resulting in
higher contact temperatures.

199



APPENDIX C — EXAMPLES OF STATIC RESISTANCE MEASUREMENTS WITH
INCREASING TEST CURRENT ON SERVICE-AGED OLTC CONTACTS

350

= 300 1
=
o 250

£
— 200

ce

= 150

100 x

——Up

Down

Resista

SEEN

a

¥
0

0,00 20,00 40,00 60,00 80,00 100,00

Current (A)

Figure C.7 Typical example of static resistance measurements on service-aged change-over

selector contacts with a severe long-term aging effect. The initial resistance can be high, but
decreases when the current is increased and remains low when the current is reduced.
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Figure C.8 Typical example of static resistance measurements on all contact positions of a
service-aged change-over selector contacts with a severe long-term aging effect. The initial
resistance can be high, but decreases when the current is increased and remains low when

the current is reduced.
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Figure C.9 Example of power loss on change-over selector contacts during static resistance
measurements when the current is increased to 100 A. The contacts suffered from the long-
term effect.
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Appendix D

Design considerations of a
transformer diagnostic system

This appendix gives a more detailed description of the transformer diagnostic
system proposed in Chapter 5.

Firstly, some examples are given of a user interface that presents key aspects of
the DRM results to the user. Secondly, the method used to test the transformet’s
winding resistance and turn ratio is briefly described. Thirdly, the hardware design
of such a transformer diagnostic system is discussed in detail; and finally, ways of
processing the measurement data before it is presented to the user are explained.

D.1 Examples of a DRM user interface

It was mentioned in Section 5.3.1 that DRM measurement results should be
displayed in such a way that critical defects should be recognisable. An example of
one simple DRM user interface for presenting relevant measurement results has
already been shown in Figure 5.9. Three further examples of such user interfaces
are given below.

1. Figure D.1 shows an example of an overview plot for a delta-connected
OLTC with contact degradation (with the three phases measured on different
time scales).

2. Figure D.2 shows the same measurement data in the form of an impedance
overview plot. The voltage was held constant during the measurement so the
impedance graph looks like the current graph, only upside down.

3. Figure D.3 gives an example of a user interface that shows DRM close-up
plots for each OLTC operation, the timing of the excessive transition time
protection and a plot of the estimated resistance for each tap position.

The transition times of each OLTC operation are shown on the right of the user
interface, in the form of a Table (Figure D.1) or a graph (Figure D.2).
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Figure D.1 DRM results for the phases of delta-connected OLTCs are recorded on a
different timescale. Results can be displayed as current.

Figure D.2 Signals for mechanical diagnosis can be checked prior to the measurement to
reveal erroneous connections. Motor voltage is shown in this example.
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D.2 Procedure for OLTC drive system measurements

The measurement procedure for DRM has already been discussed in Chapter 5.
This section deals with the mechanical diagnosis of the OLTC and OLTC drive
mechanism, which depends on the diagnostic methods selected, the local situation
in the substation and the transformer type used. The transformer type and
implementation determine which diagnostic methods are technically possible. For
example, if the drive shaft is inaccessible the angular position of the shaft cannot
be measured and the OLTC drive may not be equipped with excessive OLTC
switch-time protection. In general, the procedure illustrated in Figure 5.4 applies.

Firstly, the transformer is de-energised (Figure 5.4.1) and the clamps and
sensors are connected to the test object (Figure 5.4.2). Secondly, a short signal
check, by switching the OLTC once, can reveal erroneous connections before the
measurement begins (Figure 5.4.3c). Figure D.4 shows a signal check screen for
motor power signals (motor voltage is displayed), and Figure D.5 a signal check of
the excessive switch-time contact voltage.

No charging or discharging is necessary when the OLTC drive system
condition is assessed separately from DRM, for example in the case of a drive
motor power measurement when the transformer is energised, because no DC

57 0.50 |0.01
55 0.50 | 0.00
57 0.45 | 0.01
57 0.50 |0.01
58 0.48 |0.01
58 0.46 |0.01
57 0.45 |0.01
57 0.4 |0.01
56 0.43 |0.01
55 042 1001
56 0.41 |0.01
58 0.41 |0.01
56 0.41 |0.01
57 0.33 |0.01
57 0.38 [0.01
57 0.35 | 0.01
57 0.35 |0.01
56 0.3 |0.01
58 6.33 | 0.01
55 0.33 |0.01
57 0.32 |0.00
58 0.32 |0.00
2 0.30 |0.00
23 0.29 |0.00

Figure D.3 Signals for mechanical diagnosis can be checked prior to the measurement to
reveal erroneous connections. Excessive switch-time contact voltage is shown in this
example.
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Figure D.4 Signals for mechanical diagnosis can be checked prior to the measurement to
reveal erroneous connections. Motor voltage is shown in this example.

Chargi [ viewer |

Figure D.5 Signals for mechanical diagnosis can be checked prior to the measurement to
reveal erroneous connections. Excessive switch-time contact voltage is shown here.
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current is applied to the transformer windings in such a case. As discussed in
Section 3.2, measurements of the OLTC drive system can also be performed in
combination with DRM. If all of the methods proposed in Section 5.2 are selected,
simultaneously recorded signals can be related to each other on the same timescale.
Although the mechanical properties of the drive system and drive shaft can be seen
when one tap change operation is recorded, friction may occur at specific tap
change operations. Therefore, measuring the complete cycle of operation is
advisable.

D.3 Winding resistance and turn ratio measurement
procedure

The procedure and transformer connection used in DRM can also be used in
winding resistance measurements (as showed in Figure 5.4 and Figure 5.5). Both
methods could also be combined into a single measurement. The primary and
secondary transformer terminals are connected to the diagnostic system and the
system configures the measurement circuit. Compared to DRM, the charging
process is prolonged and a longer period between OLTC operations must be
maintained because the current needs to be stable so that a high level of accuracy
can be attained. The stability of the resistance reading can be used to determine
when a pure DC situation has been reached. Each tap position should be measured
while discharging between measurements on the same phase is unnecessary.

Discharging is identical to DRM: a resistor is switched in added to the circuit
until the energy from the windings is dissipated.

The turn ratio is measured by applying a low AC voltage to the high-voltage
windings of the transformer using the output stage. Again the measurement
procedure of TFigure 5.4 applies and all taps should be measured. A short
measurement time is sufficient to obtain high accuracy and a discharge process is
not needed when using AC voltages.

D.4 Hardware configuration

The hardware which is schematically depicted in Figure D.6 can be used to
facilitate the diagnostic measurements described in the previous sections. The
diagnostic system (Figure D.6B) forms the interface between the user (Figure
D.6A) and the transformer under test (Figure D.6C). Inside the diagnostic system,
the embedded control (Figure D.6.4) converts the demands of the user into
control signals for the power source (Figure D.6.1) and the output stage (Figure
D.6.2). The power source is needed to energise the windings during the off-line
resistance and ratio measurements.

The main function of the output stage is to configure the measurement circuit
by connecting the power source to the test object and to apply a secondary short
circuit. Meanwhile, the embedded control converts the diagnostic parameters, as
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measured by the signal conditioning block (Figure D.6.3), in such a way that they
can be displayed to the user (for example by scaling and filtering the signals). Its
four basic building blocks are discussed in this section for each of the selected
diagnostic measurements. Figure D.7 provides a more detailed schematic of the
output stage, which forms the interface between the voltage sources and the power
transformer. Its basic functions include configuration of the measurement circuit,
discharging and current measurements. The specific demands for this block
diagram are also discussed in this section.

D.4.1 Dynamic resistance of the OLTC

For each building block of Figure D.6.1-4, technical demands for performing
DRM are set up and summarized in Table D.1.

Power source

As a power source (Table D.1.1), a controllable DC voltage source is necessary to
supply a DC current. Due to the short circuit on the secondary windings, the
current rises quickly and a low source voltage can be used (for example, a few volts
are sufficient when measuring with currents <5 A). The diagnostic system used for
the work of this thesis is designed to take resistance measurements up to 8 A

and 30 V, ratio measurements are performed with 20 V at 0-300 mA magnetizing
current.

B
Transformer Diagnostic System
1 Power % Output _ C
source T stage — <):> ‘ Powertransformer‘
A A

3

A 4
j D _ | Embedded | _ Signal
“| control | | conditioning

A

—_

Power source|Energize the test object

2 Output Stage|Configure the test circuit:

- connect the power source to the test object

- apply secondary short circuit

3 | Signal conditioning|{Scale measured signals

4| Embedded control|Converts user demands into control signals for the
power source and the output stage

Scale and filter meaured signals for display to the
user

Figure D.6 Simple block representation of the proposed transformer diagnostic system and
the main function of the four building blocks.
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Output stage
The main functions of the output stage (Table D.1.2) during DRM include
configuration of the measurement circuit, discharging and overvoltage protection:

1.

2.

The output stage configures the measurement circuit using relays (Figure
D.7D).

During the discharge process, the discharge resistor is added to the circuit by
the output stage (Figure D.7B) to dissipate the energy stored in the
transformer windings safely. During discharge, the voltage on the transformer
bushings is dependent on the total measurement current and the value of the
discharge resistor. This voltage can exceed the maximum range of DC power
supply and the signal conditioning. The value of the discharge resistor should
be selected based on this discharge voltage.

The output stage also offers overvoltage protection (Figure D.7E). An
overvoltage is shunted to ground by overvoltage diodes or spark gaps, for
example in the case of a current interruption, thereby reducing the stress on
the signal conditioning block.

Table D.1 Hardware demands for DRM with the proposed transformer diagnostic system.
Demands for the basic building blocks of Figure D.6 are listed and discussed in this section.

1

Power source|Stable DC source, controllable by embedded control
for automatic accurate charging

2

Output Stage|Three current measurements

Relays to connect power source to primary
transformer connection

Relays to short-circuit transformer secondary side
Overvoltage protection

Discharge resistor

Signal conditioning|VVoltage measurement on primary transformer
connection

Embedded control|Digital outputs for relay control of the output stage
Analogue output for voltage source control
Analogue inputs for voltage and current
measurement

OLTC control relay contacts

[$)}

Transformer connection|Four-point measurement to measure the voltage
separately from the injected current

Signal conditioning

The signal conditioning block (Table D.1.3) is responsible for the scaling of the
measured signals, filtering and for the electrical insulation between the embedded
control and the transformer.
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Figure D.7 Detailed schematic of the output stage, as shown in Figure C.6, for the proposed
transformer diagnostic system.

A voltage and current measurement are needed to record the dynamic resistance.
Three phase measurements can be supported when three current and voltage
measurements are implemented. These DC currents, for example in the range of 0-
10 A, can simply be measured by means of a current shunt (Figure D.7C). Voltage
measurements, by means of voltage dividers, are needed on all terminals on the
OLTC side of the transformer. The maximum range is determined by the
maximum voltage of the DC voltage source or by the maximum current multiplied
by the value of the circuit resistance, including the discharge resistor.

Embedded control

The embedded control (Table D.1.4) selects the voltages and currents that are used
for the calculation based on the transformer vector group, the winding
configuration and the tested phase. Analogue measurement channels are included
to measute these signals at 1 kS/s (or higher when oversampling is desired). OLTC
control is added to the proposed transformer diagnostic system, which gives an
OLTC operation command in case the next tap can be measured. Relay contacts
are included to bridge the OLTC control buttons in the OLTC drive control box.
In this way, the results are easier to interpret because the OLTC is switched at
regular intervals.

Transformer connection
Four-point measurement must be used according to international test standards to
measure the voltage on the transformer terminals [102-103] (Table D.1.5).
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D.4.2 OLTC drive system condition

The hardware configuration for the diagnosis of the mechanical condition consists
of signal conditioning with filtering, amplitude adjustment and electrical insulation.
Its hardware demands for the building blocks of Figure D.6 are discussed in this
section and are summarized in Table D.2.

The proposed transformer diagnostic system is equipped with a multi-purpose
connector which can be configured to support the diagnostic measurements
described in Section 3.2.

Power source

As is standard, the transformer diagnostic system measures the active drive motor
power, the remote end drive shaft rotation and the timing of a protective contact
(see Section 5.2). Only an auxiliary power source is necessary (Table D.2.1). This
low-voltage auxiliary power source is available for measurement of the contact
voltage of de-energised protective contacts.

Output stage
Overvoltage protection of the output stage (Table D.2.2) should be designed to
manage the incorrect connection of this auxiliary voltage.

Signal conditioning
Inside the signal conditioning block (Table D.2.3), active motor power is measured
by recording the motor voltage (phase-to-neutral, see Section 5.4) and motor
current (of one phase, see also Section 5.4). Motor current is measured using a
standard current probe, and motor voltage by an electrical insulated voltage
divider. The remote end drive shaft rotation is measured using a position sensor
connected to a 0-10 V analogue input without specific hardware demands.

The timing of a protective contact is measured by recording the contact
voltage, for example at an OLTC-in-operation contact.

Embedded control

The embedded control (Table D.2.4) has analogue measurement channels available
to digitize the analogue signals from the signal conditioning block (at 1 kS/s or
higher when oversampling is desired). Control signals are sent to the power source
and output stage using digital outputs.

Transformer connection

An example of transformer connections (Table D.2.5) is depicted in Figure D.8.
Clamps for the motor voltage and the excessive switch-time contact are connected
to the drive mechanism and a current probe is used to measure the motor current
(Figure D.8A). A rotation sensor for the drive shaft rotation is connected to the
remote end of the drive shaft (Figure D.8B).
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Table D.2 Hardware demands for diagnosis of the mechanical condition of the OLTC and
OLTC drive using the proposed transformer diagnostic system. Demands for the basic
building blocks of Figure D.6 are listed,

1 Power source|Auxilliary voltage source to measure protective
contacts

2 Output Stage|Overvoltage protection

3 Signal conditioning|Insulated line voltage measurements of drive motor

voltage and protective contacts
Noise reduction on drive motor current and axis
rotation signal

4 Embedded control|Digital output for relay control of auxilliary voltage
Analogue inputs for signal measurement from signal
conditioning

5| Transformer connection|Current probe to measure drive motor current

360° rotation sensor for axis rotation

D.4.3 Winding resistance and turn ratio

Table D.3 lists the hardware demands for the building blocks of Figure D.6 for the
measurement of DC winding resistance, in addition to the demands for DRM. The
same voltage and current are measured: differences include a higher accuracy and
an extra current measurement of the DC current on the secondary side of the
transformer.

The winding resistance is relatively low compared to the inductance; values of
0.1-2 Q are typical for power transformers in the high-voltage distribution and
transmission network. Compared to dynamic resistance measurements, DC

Figure D.8 Example of a connection for motor voltage and current measurement, using
clamps and a clamp-on current probe (A), and an example of a rotation sensor connection
on the remote end of a selector switch rotor (B).
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winding resistance measurements can use a high output DC voltage to saturate the
transformer core faster, thereby achieving a DC situation more quickly.

Power source
The transformer turn ratio can be measured by adding an AC voltage source.
Using the same output stage as defined in Figure D.7, this low AC voltage is
applied to the high-voltage windings of the power transformer. Voltage is
measured on the primary and secondary transformer terminals and the voltage
difference between two terminals is used for ratio calculation.

Typical power transformer ratios are in the range of 1:2 to 1:15. The proposed
diagnostic system should be accurate in this range (a deviation in the turn ratio of
maximum 0.5% is considered acceptable).

Table D.3 Hardware demands for winding resistance testing and transformer turn ratio
measurements with the proposed transformer diagnostic system. Additional demands not
found in Table D.1 are listed for the basic building blocks of Figure D.6.

1 Power sourcellow AC voltage, line frequency, 3 phase

2 Output Stage|1 more current measurement for secondary side
3 Signal conditioning|no additional demands

4 Embedded control{no additional demands

5| Transformer connection|no additional demands

Output stage

In the output stage, the primary excitation current is also measured. This current is
in the range of milliamps and can be measured with the same hardware as is used
for winding resistance measurements.

D.5 Data processing and analysis

Measurement data must be analyzed immediately after each measurement or when
the stored measurement data is being opened. This section is dedicated to filtering,
processing and selection of relevant measurement data by the proposed
transformer diagnostic system, whereupon it is displayed to the user. Each of the
diagnostic methods of the transformer diagnostic system faces different issues,
which this section elaborates on.

D.5.1 Dynamic resistance of the OLTC

The measurement current during DRM has a typical time constant in the order of
tens of milliseconds. Dynamic resistance results can therefore be processed and
shown in 1ms resolution without losing information about the OLTC condition.
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In order to generate the results displayed in Figure D.1-3, the recorded voltages
and currents are filtered. In this way, undesired signals that are superimposed on
the recorded voltages and currents can be removed. In addition to hardware noise
filters, digital signal processing (e.g. low pass filters and sample averaging) and
oversampling can be used to optimize the accuracy.

Figure D.9 gives two examples of the most common noises in the DRM
signals. Firstly, spikes can be visible on the recorded signals (Figure D.9A, at
1100 ms), for example due to switching transients that are generated when
operating the OLTC motor drive. These current spikes cannot flow through the
transformer windings due to the slow time constant and must therefore be caused
by noise. A spike filter can be applied to the recorded measurement current to
remove these spikes.

Secondly, net frequency noise (Figure D.9B) can occur, especially when using
unshielded measurement cables, which makes the determination of the OLTC
transition time impossible and reduces the sensitivity of DRM to low-resistive
defects. Digital net frequency filters can be applied to reduce this noise, but care
should be taken, as excessive filtering can affect the determined OLTC transition
times.
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Figure D.9 Example of a DRM current with A) a spike on the recorded current at 1100 ms
and B) net frequency noise during OLTC operation.
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After filtering, the filtered signals can be used to calculate the impedance and to
determine the moments of OLTC operation. Close-up views of the plots of the tap
change operations are made (see Figure D.10A) to study defects in the arcing
switch in more detail. A close-up period of 300 ms is sufficient, because OLTCs
typically have operating times of <200 ms. Graphic presentation of tap position
characteristics can give a clear indication of irregular taps. The proposed diagnostic
system graphically presents:

a. A median of the measurement current or impedance of each tap position and
for each phase (Figure D.10B).

b. The fluctuation of the measurement current or impedance (maximum minus
minimum value) in each tap position and for each phase (Figure D.10C).
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c. OLTC transition times for each phase and for each tap transition (Figure
D.10D), based on the moment the main contact of the arcing switch breaks
and restores the contact.

Chapter 6 elaborated further on the analysis of DRM results.

Figure D.10 Analysis of a DRM file results in close-up plots of the current or impedance
during OLTC operation (A), plots of the median values (B) and fluctuation (C) of the current
or impedance for each tap position and a transition time plot (D).

D.5.2 Winding resistance and turn ratio

For winding resistance measurements, the proposed transformer diagnostic system
averages the measured current and voltage over multiple seconds to increase the
accuracy of the measurement. These average values are used to calculate the
resistance and should be stable before final resistance values can be determined.

In the case of a wye-connected transformer winding without a neutral point,
the current can flow from one phase to another while measuring the voltage on the
third phase. Values read from delta-connected transformer windings can be
multiplied by 1.5 to obtain the one-phase winding resistance in the case of equal
winding resistances, because the two other windings are measured in parallel.
Values obtained from delta-connected windings with unequal winding resistance
can be corrected using the formulae found in [104]. After this calculation and
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correction, values for each phase and tap position are displayed, together with the
accuracy that was reached by the diagnostic system.

Average values can also be used during turn ratio testing: the proposed
transformer diagnostic system averages the measured primary and secondary
voltages until the desired accuracy is reached. Ratio measurements on some
transformer vector groups are also subject to correction factors to convert the
measured ratio to the transformer turn ratio. A factor of V3 should be used when
line-to-line values are compared with line-to-neutral values. For example, an YynO
transformer indicates the turn ratio directly while the measured turn ratio at an
Ynd7 transformer needs a factor of V3 to obtain the line-to-line voltage ratio. In
cases where there is no accessible neutral, a factor of 0.5%V3 can be applied [105].

In addition to the turn ratio, information about the presence of winding and
core defects is also obtained by the proposed diagnostic system through the
measurement of:

a. The primary excitation current

b. The phase angle between the primary measurement voltage and secondary
voltage

c. The phase angle between the primary measurement voltage and primary
current
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List of abbreviations

AC
ANSI
DC
DETC
DGA
DRM
HV
1IEC
IEEE
KEMA
LV
OLTC
RMS

Alternating Current

American National Standards Institute

Direct Current

De-Energised Tap Changer

Dissolved Gas Analysis

Dynamic Resistance Measurement

High Voltage

International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
NV tot Keuring van Elektronische Materialen te Arnhem
Low Voltage

On-Load Tap Changer

Root Mean Square

List of gasses

C,H>
CoHy
CoHg
CsHg
CsHg
CHy
Ho

T

List of units

°C
pe2
Q
A
A
F

Acetylene

Ethylene

Ethane

Propene

Propane

Methane

Hydrogen

Total amount of CH4+ CoHy+ C2H»

Degree
Degree Celsius
Micro Ohm
Ohm

Ampere
Angstrém
Farad
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H Henry

Hz Hertz

kg Kilogram

kS/s Kilo samples per second

kV Kilo Volt

mQ Milli Ohm

mA Milli Ampere

MVA Megavolt Ampere

N Newton

s Second

\Y Volt

W Watt

List of symbols

Z Angle

o Apparent contact radius (meter)

B Bulk contact resistivity factor

Y Contact area correction factor

) Film thickness (Angstrém)

Sc Critical film thickness (Angstrom)

Om Maximum film thickness (Angstrém)

AE, AV Electric potential difference (Volt)

AT Temperature difference (degree Kelvin)

0 Homologous temperature in relation to the melting point
0o Contact surface temperature (degree Celsius)

A M, A Surface resistivity of contact film (Ohm-square meter) at spot 7and /
Neft Effective thermal conductivity of contact film (Watt/Kelvin)
u(D) Degree of truth

P Specific electric resistivity (Ohm-meter)

T, T, T2 Time constant (Seconds)

Tit, Ti2 Constants used to describe the effect of the current amplitude
D, Phase angle (Degree)

Peff Effective electrical resistivity of contact film (Ohm-meter)
A Cross sectional contact area (square meter)

a Contact radius (metet), amount of coke precursor (g/cm?)
ac Critical contact spot radius (meter)

a, 2 Contact spot radius of spot 7 of / (meter)

am Initial maximum contact spot radius (meter)

An Winding tap (n = 1,2,...)

B Temperature dependent diffusion parameter

cosQ Power factor

COS Py Power factor of phase N (N = A..C)

C,C, G Constant

CbruM Cortrection factor for the contact resistance

Cortc Cortrection factor for the contact resistance
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Stator contact of a change-over selector (connected to the coarse
tap)

Coefficient of contact wear

Deviation in the DRM graph (% of expected value), distance
(meter), diameter (meter), diffusion coefficient of contact film
(m2/s)

Frequency factor of contact film growth (m?2/s)

Current difference due to changes in circuit resistance (Ampere)
Derivative of the current (A/s)

Distance between centres of contact spots 7 and j (meter)
Dynamic resistance variation (Ohm)

Electric potential (Volt)

Activation energy of the coke deposition process (Joule per mol)
Frequency (Hertz)

Contact spot radius distribution

Current (Ampere)

Expected current in DRM plot (Ampere)

Trend line of the DRM current of a coarse tap with highest current
(Ampere)

Injected current (Ampere), current through contact spot I (Ampere)
Current through contact spot / (Ampere)

Load current (Ampere)

Trend line of the DRM current of a coarse tap with lowest current
(Ampere)

Minimum cutrent in DRM within a tap position (Ampere)

RMS current of phase N (N = A..C) (Ampere)
Current of phase N (N = A..C) as function of time (Ampere)

Constant used to describe the effect of the current amplitude
RMS current in balanced operation (Ampere)

Current at time x (Ampere)

Test current (Ampere)

Coke deposition rate (cm/day)

Coupling factor, critical contact resistance increment
Coefficients

Coecfficient of approximation derived by [32]

Constant used to describe the effect of the current amplitude
Inductance (Henry), Lorenz constant (Volt?/degree Kelvin?)
Primary inductance (Henry)

First transformer connection

Second transformer connection

Third transformer connection

Mid-position of the change-over selector contacts, stator contact of
a change-over selector (connected to the main winding)
Transformer ratio, transformer neutral connection, number
Number of contact spots, as a function of time

Initial number of contact spots
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Number of OLTC operations per year
Three-phase RMS power (Watt)

Three-phase instantaneous power (Watt)

Parts per million

Resistance (Ohm), gas constant (Joule per mol ‘Kelvin)
Resistance as a function of time (Ohm)

Effective contact radius (meter)

Initial contact resistance (Ohm)

Primary resistance (Ohm)

Secondary resistance (Ohm)

Contact resistance measured at 2.5 Ampere (Ohm)
Effective average contact radius as a function of time (meter)
Contact resistance of a circuit breaker (Ohm)

Bulk resistance (Ohm)

Contact resistance (Ohm)

Contact resistance as a function of time (Ohm)

Circuit resistance (Ohm)

Contact resistance of a clean metal-to-metal contact (Ohm)
Resistance of a thick film (Ohm)

Contact resistance measured at 7 Ampere (Ohm)

Contact resistance due to interaction between contact spots (Ohm)
Measured resistance (Ohm)

Measurement resistance (Ohm)

Contact resistance when the OLTC is not operated (Ohm)
Contact resistance of a circuit breaker (Ohm)

Contact resistance due to parallel contact spots (Ohm)
Resistance at reference temperature Ts (Ohm)

Transition resistance of the OLTC (Ohm)

Tunnelling resistance of a thin film (Ohm)

Resistance of a tapped winding (Ohm)

Winding resistance (Ohm)

Contact surface area (square meter)

Thickness of the contact film layer (Angstrém)
Temperature (degree Kelvin)

Time, duration (Seconds)

Bulk temperature (degree Kelvin)

Super temperature increment over the bulk temperature (degree
Kelvin)

End time, with X = A..C (Seconds)

Time that the current is below 10% of its expected value (Seconds)
Winding material constant

Contact lifetime (Seconds)

Melting point of the contact material (degree Kelvin)

Temperature at which resistance was measured (degree Celsius)

Maximum contact lifetime (Seconds)
Time (n = 1,2,...) (Seconds)




Tp

Tri1, Tr2
Ts

Trr

U

UL

Ur

Ur

UtCSt

v

VN

VN

v

Phase
W
Wa
Wa0
X, X
Xa

YNd

YynO

Z
Z1

Time with two transition resistors in parallel (Seconds)
Time with one transition resistor in use (Seconds)
Reference temperature (degree Celsius)

OLTC transition time (milliseconds)

Voltage (Volts), first transformer connection

Voltage over winding inductance (Volt)

Voltage over a resistor (Volt)

Voltage over transition resistor (Volt)

Test voltage (Volt)

Second transformer connection, voltage (Volt)

RMS line-to-neutral voltage of phase N (N = A..C) (Volt)
Line-to-neutral voltage of phase N (N = A..C) as function of time
(Volt)

RMS line-to-neutral voltage in balanced operation (Volt)

Third transformer connection

Stator contact of a change-over selector

Stator contact of a change-over selector

Length (meter)

Position (n = 1,2,...) (millimetre)

Transformer vector group: primary star with neutral, secondary
delta

Transformer vector group: primary star, secondary star with neutral,
zero phase shift

Stator contact of a change-over selector
Stator contact of a change-over selector
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Samenvatting

Regelschakelaardiagnose aan hoogspannings
vermogenstransformatoren gebruikmakend van
dynamische weerstandsmetingen

Het is een moderne tendens om toestandsathankelijk onderhoud in plaats van
periodiek onderhoud uit te voeren. Op deze manier proberen nutsbedrijven
onderhoudskosten te reduceren, de levensduur van materieel te verlengen en
mogelijk  catastrofale  storingen te  voorkomen.  Toestandsathankelijk
regelschakelaaronderhoud benodigd diagnostische metingen om de conditie van de
regelschakelaar (on-load tap changer, OLTC) te bepalen, om daarmee vast te
stellen wanneer en welk onderhoud nodig is. Daarnaast kunnen diagnostische
metingen gebruikt worden voor het detecteren van defecten die niet tijdens
onderhoud gezien zijn voordat ze een storing veroorzaken en om de conditie te
beoordelen van onderdelen die niet gemakkelijk voor visuele inspectie toegankelijk
zijn. Ondanks dat er veel verouderde regelschakelaars in bedtijf zijn en ondanks
dat de literatuur laat zien dat het verantwoordelijk is voor een groot deel van de
transformatorstoringen, is het ongebruikelijk om na onderhoud de conditie te
bepalen alvorens de transformator weer in bedrijf te nemen. Onderhoudsfouten,
contactdegradatie en mechanische defecten kunnen dus onopgemerkt blijven.

Dit proefschrift weidt uit over de conditiebepaling van elektrische contacten in
regelschakelaars met schakelweerstanden gebruikmakende van dynamische
weerstandsmetingen  (DRM). Van  oorsprong is het toegepast op
vermogensschakelaars maar het is ook geschikt om de weerstand te meten terwijl
de regelschakelaar schakelt. Dit proefschrift beschrijft hoe DRM uitgevoerd kan
worden en hoe de resultaten geinterpreteerd kunnen worden.

Volgend op de introductie geeft Hoofdstuk 2 een overzicht van OLTC
technologie, veroudering en  storing.  Verschillende modellen  voor
contactweerstand uit de literatuur worden besproken en de toepasbaarheid op
DRM is toegelicht. Vervolgens worden in Hoofdstuk 3 de mogelijke methoden
besproken die beschikbaar zijn om de technische conditie van regelschakelaars te
diagnosticeren. Het verband tussen gas-in-olie analyse (DGA) en contactweerstand
is verder onderzocht om te kijken of beide methoden overlappen. Een statistische
analyse is uitgevoerd op DGA en DRM resultaten van een onderzoekspopulatie
transformatoren maar er was geen relatie gevonden tussen de geselecteerde
gegevensverzamelingen.

Hoofdstuk 4 laat zien dat conditiebepaling op verschillende typen
regelschakelaars toegepast kan worden en dat DRM een grote variatie aan defecten
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en verouderingsmechanismen kan detecteren door gebruik te maken van een lage
meetstroom. Extra informatie over de conditie van de regelschakelaar is verkregen
ten opzichte van statische weerstandsmetingen en belangrijke informatie over de
ernst en locatie van verschillende verouderingsmechanismen kan uit de resultaten
gehaald worden. Dynamische weerstandsmetingen worden in detail besproken,
waaronder het effect van de meetstroom en circuitweerstand.

Omdat elke diagnostische methode gevoelig is voor bepaalde defecten is er een
set methoden geselecteerd en geimplementeerd (Hoofdstuk 5) met een
diagnostisch meetsysteem als resultaat. De bouwstenen van een dergelijk
diagnostisch systeem zijn besproken en hardware-eisen voor elk deel vastgesteld.
Het hoofdstuk bespreekt welke resultaten na een meting duidelijk zullen worden
gepresenteerd zodat de transformator in bedrijf genomen kan worden zonder het
risico van een storing.

De verouderingsmechanismen die door DRM ontdekt kunnen worden zijn
geordend in Hoofdstuk 0. De verschillende onderzochte
verouderingsmechanismen  zijn: filmvorming op het contactoppervlakte,
koolvorming op plaatsen met hoge temperatuur veroorzaakt door de
belastingsstroom, putvorming en contacterosie door vlambogen. DRM resultaten
van ongeveer 450 regelschakelaars zijn gedurende dit project onderzocht en
meetdata van een aantal van deze regelschakelaars was vergeleken met bevindingen
van visuele inspecties. Een substantieel deel binnen deze onderzoekspopulatie
blijkt gedegradeerde contacten te hebben. Hoofdstuk 6 bewijst dat DRM een
effectief hulpmiddel is om de technische conditie van regelschakelaars te toetsen,
het blijkt hoogst gevoelig voor de dominante defecten, in het bijzonder voor
contactveroudering door het lange termijn verouderingseffect in de grofkiezer,
omschakelaar of voorkiezer, en voor defecten die conflicteren met de hoofdtaak
van de regelschakelaar (schakelen tussen aftakkingen zonder de laststroom te
onderbreken). Typische DRM grafieken die deze gevariecerde defecten onthullen
zijn gepresenteerd met uitleg over hoe deze defecten kunnen worden herkend in
verschillende soorten regelschakelaars, in het bijzonder in delen van de
transformator die tijdens regelmatig onderhoud niet toegankelijk zijn voor visuele
inspectie omdat ze zijn ingesloten in de transformatorbak.

Laboratoriumexperimenten (Hoofdstuk 7) en verschillende testcases zijn
vervolgens gebruikt om te verifiéren voor welke verouderingsmechanismen DRM
gevoelig is. Naast DRM met 1 A zijn ook andere meetstroom niveaus gebruikt
tijdens experimenten (bijlage B). Het effect van kunstmatig verouderde contacten
op de meetresultaten was bestudeerd met een testmodel. Het onderzoek laat zien
dat filmvorming op het contactoppervlakte meetbaar is; de contactweerstand bleek
significant toe te nemen als de contacten over een oppervlaktefilm bewegen, wat
ernstigere contactdegradatie kan verbergen. Slijtage van de afbrandcontacten
beinvloedt de timing van contacten en verandert daardoor de vorm en amplitude
van de weerstand graficken. Stroomonderbrekingen kunnen in de graficken
verschijnen wanneer buitensporig versleten contacten gemeten worden.

Dit proefschrift demonstreert ook hoe DRM resultaten gerepresenteerd
kunnen  worden  door  conditie-indices  gebruikmakende < van  een
interpretatiediagram die ze categoriseert door toepassing van grenswaarden
(Hoofdstuk 8). Complexe diagnostische informatie is omgezet in simpele conditie-
indices. Dit proces is afhankelijk van het gemeten type regelschakelaar.
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Afwijkingen kunnen worden toegewezen aan de lastschakelaar, de voorkiezer,
grofkiezer of omschakelaar, en de aandrijving. Kwantiteiten waren afgeleid uit
DRM resultaten die gebruikt kunnen worden om de meeste gebruikelijke defecten
te ontdekken. In principe kunnen zes situaties ongescheiden worden: contacten in
goede conditie, contacten met een verhoogde contactweerstand, regelschakelaars
met open contacten, schakeltijd afwijkingen, versleten contacten of fase
synchronisatieproblemen. Een voorbeeld van een interpretatiediagram voor
beslissingsondersteuning was ontwikkeld en geverifieerd voor praktische
toepassing op een grote populatie van regelschakelaars. De afwijking van de DRM
stroom ten opzichte van de verwachte waarde was gebruikt en limieten waren
vastgesteld voor het maken van beslissingen. De technische conditie kan hierdoor
vastgesteld worden, wat het mogelijk maakt een selectie te maken van kritische
regelschakelaars die voordeel hebben van storingreducerende maatregelen.
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